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An increasing population faces the growing demand for agricultural products and accurate 
global climate models that account for individual plant morphologies to predict favorable human 
habitat. Both demands are rooted in an improved understanding of the mechanistic origins 
of plant development. Such understanding requires geometric and topological descriptors to 
characterize the phenotype of plants and its link to genotypes. However, the current plant phe-
notyping framework relies on simple length and diameter measurements, which fail to capture 
the exquisite architecture of plants. 

Cover image: Anna Jurkovska/Shutterstock.com

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/research-topics/4300/plant-morphological-modeling-unleashing-geometric-and-topologic-potential-within-the-plant-sciences


3 October 2017 | Morphological Plant ModelingFrontiers in Plant Science

The Research Topic “Morphological Plant Modeling: Unleashing Geometric and Topological 
Potential within the Plant Sciences” is the result of a workshop held at National Institute for 
Mathematical and Biological Synthesis (NIMBioS) in Knoxville, Tennessee. From 2.-4. September 
2015 over 40 scientists from mathematics, computer science, engineering, physics and biology 
came together to set new frontiers in combining plant phenotyping with recent results from shape 
theory at the interface of geometry and topology. In doing so, the Research Topic synthesizes the 
views from multiple disciplines to reveal the potential of new mathematical concepts to analyze 
and quantify the relationship between morphological plant features. As such, the Research Topic 
bundles examples of new mathematical techniques including persistent homology, graph-theory, 
and shape statistics to tackle questions in crop breeding, developmental biology, and vegetation 
modeling. The challenge to model plant morphology under field conditions is a central theme 
of the included papers to address the problems of climate change and food security, that require 
the integration of plant biology and mathematics from geometry and topology research applied 
to imaging and simulation techniques. The introductory white paper written by the workshop 
participants identifies future directions in research, education and policy making to integrate 
biological and mathematical approaches and to strengthen research at the interface of both 
disciplines.

Citation: Bucksch, A., Chitwood, D., eds. (2017). Morphological Plant Modeling: Unleashing 
Geometric and Topological Potential within the Plant Sciences. Lausanne: Frontiers Media. 
doi: 10.3389/978-2-88945-297-2

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/research-topics/4300/plant-morphological-modeling-unleashing-geometric-and-topologic-potential-within-the-plant-sciences


4 October 2017 | Morphological Plant ModelingFrontiers in Plant Science

Table of Contents

07 Morphological Plant Modeling: Unleashing Geometric and Topological Potential 
within the Plant Sciences
Alexander Bucksch, Acheampong Atta-Boateng, Akomian F. Azihou,  
Dorjsuren Battogtokh, Aly Baumgartner, Brad M. Binder, Siobhan A. Braybrook, 
Cynthia Chang, Viktoirya Coneva, Thomas J. DeWitt, Alexander G. Fletcher, 
 Malia A. Gehan, Diego Hernan Diaz-Martinez, Lilan Hong, Anjali S. Iyer-Pascuzzi, 
Laura L. Klein, Samuel Leiboff, Mao Li, Jonathan P. Lynch, Alexis Maizel,  
Julin N. Maloof, R. J. Cody Markelz, Ciera C. Martinez, Laura A. Miller,  
Washington Mio, Wojtek Palubicki, Hendrik Poorter, Christophe Pradal,  
Charles A. Price, Eetu Puttonen, John B. Reese, Rubén Rellán-Álvarez,  
Edgar P. Spalding, Erin E. Sparks, Christopher N. Topp, Joseph H. Williams and  
Daniel H. Chitwood

23 Quantification of Overnight Movement of Birch (Betula pendula) Branches and 
Foliage with Short Interval Terrestrial Laser Scanning
Eetu Puttonen, Christian Briese, Gottfried Mandlburger, Martin Wieser, 
Martin Pfennigbauer, András Zlinszky and Norbert Pfeifer

36 The Application of Leaf Ultrasonic Resonance to Vitis vinifera L. Suggests the 
Existence of a Diurnal Osmotic Adjustment Subjected to Photosynthesis
Domingo Sancho-Knapik, Hipólito Medrano, José J. Peguero-Pina, 
 Maurizio Mencuccini, Maria D. Fariñas, Tomás G. Álvarez-Arenas and 
Eustaquio Gil-Pelegrín

47 Modeling Tree Growth Taking into Account Carbon Source and Sink Limitations
Amaury Hayat, Andrew J. Hacket-Pain, Hans Pretzsch, Tim T. Rademacher and 
Andrew D. Friend

62 Models for Predicting the Architecture of Different Shoot Types in Apple
Emna Baïram, Mickaël Delaire, Christian Le Morvan and Gerhard Buck-Sorlin

78 Why Be a Shrub? A Basic Model and Hypotheses for the Adaptive Values of a 
Common Growth Form
Frank Götmark, Elin Götmark and Anna M. Jensen

92 Sweet Pepper (Capsicum annuum L.) Canopy Photosynthesis Modeling Using 
3D Plant Architecture and Light Ray-Tracing
Jee Hoon Kim, Joon Woo Lee, Tae In Ahn, Jong Hwa Shin, Kyung Sub Park and 
Jung Eek Son

102 Deploying Fourier Coefficients to Unravel Soybean Canopy Diversity
Talukder Z. Jubery, Johnathon Shook, Kyle Parmley, Jiaoping Zhang, Hsiang S. Naik, 
Race Higgins, Soumik Sarkar, Arti Singh, Asheesh K. Singh and  
Baskar Ganapathysubramanian

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/research-topics/4300/plant-morphological-modeling-unleashing-geometric-and-topologic-potential-within-the-plant-sciences


5 October 2017 | Morphological Plant ModelingFrontiers in Plant Science

112 Mistletoe Berry Outline Mapping with a Path Curve Function and Recording the 
Circadian Rhythm of Their Phenotypic Shape Change
Renatus Derbidge, Stephan Baumgartner and Peter Heusser

128 Co-ordination in Morphological Leaf Traits of Early Diverging Angiosperms Is 
Maintained Following Exposure to Experimental Palaeo-atmospheric 
Conditions of Sub-ambient O2 and Elevated CO2

Christiana Evans-Fitz.Gerald, Amanda S. Porter, Charilaos Yiotis, Caroline Elliott-Kingston 
and Jennifer C. McElwain

139 Digital Morphometrics of Two North American Grapevines (Vitis: Vitaceae) 
Quantifies Leaf Variation between Species, within Species,  
and among Individuals
Laura L. Klein, Madeleine Caito, Chad Chapnick, Cassandra Kitchen,  
Regan O’Hanlon, Dan H. Chitwood and Allison J. Miller

149 Does Size Matter? Atmospheric CO2 May Be a Stronger Driver of Stomatal 
Closing Rate Than Stomatal Size in Taxa That Diversified under Low CO2

Caroline Elliott-Kingston, Matthew Haworth, Jon M. Yearsley, Sven P. Batke,  
Tracy Lawson and Jennifer C. McElwain

161 3D Surface Reconstruction of Plant Seeds by Volume Carving: Performance and 
Accuracies
Johanna Roussel, Felix Geiger, Andreas Fischbach, Siegfried Jahnke and Hanno Scharr

174 Using a Structural Root System Model to Evaluate and Improve the Accuracy of 
Root Image Analysis Pipelines
Guillaume Lobet, Iko T. Koevoets, Manuel Noll, Patrick E. Meyer, Pierre Tocquin, 
Loïc Pagès and Claire Périlleu

185 A Model Analysis of Mechanisms for Radial Microtubular Patterns at Root Hair 
Initiation Sites
Pawel Krupinski, Behruz Bozorg, André Larsson, Stefano Pietra, Markus Grebe and 
Henrik Jönsson

197 Cocowood Fibrovascular Tissue System—Another Wonder of Plant Evolution
Oswaldo M. González and Khoi A. Nguyen

209 Analysis of Network Topologies Underlying Ethylene Growth Response Kinetics
Aaron M. Prescott, Forest W. McCollough, Bryan L. Eldreth, Brad M. Binder and 
Steven M. Abel

222 DRACO-STEM: An Automatic Tool to Generate High-Quality 3D Meshes of Shoot 
Apical Meristem Tissue at Cell Resolution
Guillaume Cerutti, Olivier Ali and Christophe Godin

237 Modeling the Morphometric Evolution of the Maize Shoot Apical Meristem
Samuel Leiboff, Christopher K. DeAllie and Michael J. Scanlon

247 A Bistable Switch Mechanism for Stem Cell Domain Nucleation in the Shoot 
Apical Meristem
Dorjsuren Battogtokh and John J. Tyson

251 Mechanical Behavior of Cells within a Cell-Based Model of Wheat Leaf Growth
Ulyana Zubairova, Sergey Nikolaev, Aleksey Penenko, Nikolay Podkolodnyy,  
Sergey Golushko, Dmitry Afonnikov and Nikolay Kolchanov

266 Computational Modeling of Auxin: A Foundation for Plant Engineering
Alejandro Morales-Tapia and Alfredo Cruz-Ramírez

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/research-topics/4300/plant-morphological-modeling-unleashing-geometric-and-topologic-potential-within-the-plant-sciences


6 October 2017 | Morphological Plant ModelingFrontiers in Plant Science

274 Morphogeometric Approaches to Non-vascular Plants
Daniel E. Stanton and Catherine Reeb

282 Reshaping Plant Biology: Qualitative and Quantitative Descriptors for Plant 
Morphology
Mathilde Balduzzi, Brad M. Binder, Alexander Bucksch, Cynthia Chang, Lilan Hong, 
Anjali S. Iyer-Pascuzzi, Christophe Pradal and Erin E. Sparks

https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/research-topics/4300/plant-morphological-modeling-unleashing-geometric-and-topologic-potential-within-the-plant-sciences


fpls-08-00900 June 20, 2017 Time: 18:25 # 1

REVIEW
published: 09 June 2017

doi: 10.3389/fpls.2017.00900

Edited by:
Katrin Kahlen,

Hochschule Geisenheim University,
Germany

Reviewed by:
Evelyne Costes,

Institut National de la Recherche
Agronomique (INRA), France

Leo Marcelis,
Wageningen University and Research,

Netherlands

*Correspondence:
Alexander Bucksch
bucksch@uga.edu

Daniel H. Chitwood
dhchitwood@gmail.com

Specialty section:
This article was submitted to

Plant Biophysics and Modeling,
a section of the journal

Frontiers in Plant Science

Received: 05 October 2016
Accepted: 12 May 2017

Published: 09 June 2017

Citation:
Bucksch A, Atta-Boateng A,

Azihou AF, Battogtokh D,
Baumgartner A, Binder BM,

Braybrook SA, Chang C, Coneva V,
DeWitt TJ, Fletcher AG, Gehan MA,

Diaz -Martinez DH, Hong L,
Iyer -Pascuzzi AS, Klein LL, Leiboff S,
Li M, Lynch JP, Maizel A, Maloof JN,
Markelz RJC, Martinez CC, Miller LA,

Mio W, Palubicki W, Poorter H,
Pradal C, Price CA, Puttonen E,

Reese JB, Rellán-Álvarez R,
Spalding EP, Sparks EE, Topp CN,

Williams JH and Chitwood DH (2017)
Morphological Plant Modeling:

Unleashing Geometric
and Topological Potential within

the Plant Sciences.
Front. Plant Sci. 8:900.

doi: 10.3389/fpls.2017.00900

Morphological Plant Modeling:
Unleashing Geometric and
Topological Potential within the Plant
Sciences
Alexander Bucksch1,2,3*, Acheampong Atta-Boateng4, Akomian F. Azihou5,
Dorjsuren Battogtokh6, Aly Baumgartner7, Brad M. Binder8, Siobhan A. Braybrook9,
Cynthia Chang10, Viktoirya Coneva11, Thomas J. DeWitt12, Alexander G. Fletcher13,
Malia A. Gehan11, Diego Hernan Diaz-Martinez14, Lilan Hong15, Anjali S. Iyer-Pascuzzi16,
Laura L. Klein17, Samuel Leiboff18, Mao Li14, Jonathan P. Lynch19, Alexis Maizel20,
Julin N. Maloof21, R. J. Cody Markelz21, Ciera C. Martinez22, Laura A. Miller23,
Washington Mio14, Wojtek Palubicki9, Hendrik Poorter24, Christophe Pradal25,
Charles A. Price26, Eetu Puttonen27,28, John B. Reese29, Rubén Rellán-Álvarez30,
Edgar P. Spalding31, Erin E. Sparks32, Christopher N. Topp11, Joseph H. Williams29 and
Daniel H. Chitwood11*

1 Department of Plant Biology, University of Georgia, Athens, GA, United States, 2 Warnell School of Forestry and Natural
Resources, University of Georgia, Athens, GA, United States, 3 Institute of Bioinformatics, University of Georgia, Athens, GA,
United States, 4 School of Forestry and Environmental Studies, Yale University, New Haven, CT, United States, 5 Laboratory
of Applied Ecology, Faculty of Agronomic Sciences, University of Abomey-Calavi, Cotonou, Benin, 6 Department of Biological
Sciences, Virginia Polytechnic Institute and State University, Blacksburg, VA, United States, 7 Department of Geosciences,
Baylor University, Waco, TX, United States, 8 Department of Biochemistry and Cellular and Molecular Biology, University of
Tennessee, Knoxville, Knoxville, TN, United States, 9 The Sainsbury Laboratory, University of Cambridge, Cambridge, United
Kingdom, 10 Division of Biology, University of Washington, Bothell, WA, United States, 11 Donald Danforth Plant Science
Center, St. Louis, MO, United States, 12 Department of Wildlife and Fisheries Sciences–Department of Plant Pathology and
Microbiology, Texas A&M University, College Station, TX, United States, 13 School of Mathematics and Statistics and Bateson
Centre, University of Sheffield, Sheffield, United Kingdom, 14 Department of Mathematics, Florida State University,
Tallahassee, FL, United States, 15 Weill Institute for Cell and Molecular Biology and Section of Plant Biology, School of
Integrative Plant Sciences, Cornell University, Ithaca, NY, United States, 16 Department of Botany and Plant Pathology,
Purdue University, West Lafayette, IN, United States, 17 Department of Biology, Saint Louis University, St. Louis, MO, United
States, 18 School of Integrative Plant Science, Cornell University, Ithaca, NY, United States, 19 Department of Plant Science,
The Pennsylvania State University, University Park, PA, United States, 20 Center for Organismal Studies, Heidelberg
University, Heidelberg, Germany, 21 Department of Plant Biology, University of California, Davis, Davis, CA, United States,
22 Department of Molecular and Cell Biology, University of California, Berkeley, Berkeley, CA, United States, 23 Program in
Bioinformatics and Computational Biology, The University of North Carolina, Chapel Hill, NC, United States, 24 Plant Sciences
(IBG-2), Forschungszentrum Jülich GmbH, Jülich, Germany, 25 CIRAD, UMR AGAP, INRIA, VirtualPlants, Montpellier, France,
26 National Institute for Mathematical and Biological Synthesis, University of Tennessee, Knoxville, Knoxville, TN, United
States, 27 Department of Remote Sensing and Photogrammetry, Finnish Geospatial Research Institute, National Land Survey
of Finland, Masala, Finland, 28 Centre of Excellence in Laser Scanning Research, National Land Survey of Finland, Masala,
Finland, 29 Department of Ecology and Evolutionary Biology, University of Tennessee, Knoxville, Knoxville, TN, United States,
30 Unidad de Genómica Avanzada, Laboratorio Nacional de Genómica para la Biodiversidad, Center for Research and
Advanced Studies of the National Polytechnic Institute (CINVESTAV), Irapuato, Mexico, 31 Department of Botany, University
of Wisconsin–Madison, Madison, WI, United States, 32 Department of Plant and Soil Sciences and Delaware Biotechnology
Institute, University of Delaware, Newark, DE, United States

The geometries and topologies of leaves, flowers, roots, shoots, and their arrangements
have fascinated plant biologists and mathematicians alike. As such, plant morphology
is inherently mathematical in that it describes plant form and architecture with
geometrical and topological techniques. Gaining an understanding of how to modify
plant morphology, through molecular biology and breeding, aided by a mathematical
perspective, is critical to improving agriculture, and the monitoring of ecosystems
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is vital to modeling a future with fewer natural resources. In this white paper, we begin
with an overview in quantifying the form of plants and mathematical models of patterning
in plants. We then explore the fundamental challenges that remain unanswered
concerning plant morphology, from the barriers preventing the prediction of phenotype
from genotype to modeling the movement of leaves in air streams. We end with a
discussion concerning the education of plant morphology synthesizing biological and
mathematical approaches and ways to facilitate research advances through outreach,
cross-disciplinary training, and open science. Unleashing the potential of geometric and
topological approaches in the plant sciences promises to transform our understanding
of both plants and mathematics.

Keywords: plant biology, plant science, morphology, mathematics, topology, modeling

INTRODUCTION

Morphology from the Perspective of
Plant Biology
The study of plant morphology interfaces with all biological
disciplines (Figure 1). Plant morphology can be descriptive
and categorical, as in systematics, which focuses on biological
homologies to discern groups of organisms (Mayr, 1981; Wiens,
2000). In plant ecology, the morphology of communities defines
vegetation types and biomes, including their relationship to the
environment. In turn, plant morphologies are mutually informed
by other fields of study, such as plant physiology, the study of the
functions of plants, plant genetics, the description of inheritance,
and molecular biology, the underlying gene regulation (Kaplan,
2001).

Plant morphology is more than an attribute affecting plant
organization, it is also dynamic. Developmentally, morphology
reveals itself over the lifetime of a plant through varying
rates of cell division, cell expansion, and anisotropic growth
(Esau, 1960; Steeves and Sussex, 1989; Niklas, 1994). Response
to changes in environmental conditions further modulate
the abovementioned parameters. Development is genetically
programmed and driven by biochemical processes that are
responsible for physical forces that change the observed
patterning and growth of organs (Green, 1999; Peaucelle et al.,
2011; Braybrook and Jönsson, 2016). In addition, external
physical forces affect plant development, such as heterogeneous
soil densities altering root growth or flows of air, water, or
gravity modulating the bending of branches and leaves (Moulia
and Fournier, 2009). Inherited modifications of development
over generations results in the evolution of plant morphology
(Niklas, 1997). Development and evolution set the constraints
for how the morphology of a plant arises, regardless of whether
in a systematic, ecological, physiological, or genetic context
(Figure 1).

Plant Morphology from the Perspective
of Mathematics
In 1790, Johann Wolfgang von Goethe pioneered a perspective
that transformed the way mathematicians think about plant
morphology: the idea that the essence of plant morphology

is an underlying repetitive process of transformation (Goethe,
1790; Friedman and Diggle, 2011). The modern challenge
that Goethe’s paradigm presents is to quantitatively describe
transformations resulting from differences in the underlying
genetic, developmental, and environmental cues. From a
mathematical perspective, the challenge is how to define shape
descriptors to compare plant morphology with topological
and geometrical techniques and how to integrate these shape
descriptors into simulations of plant development.

Mathematics to Describe Plant Shape and
Morphology
Several areas of mathematics can be used to extract quantitative
measures of plant shape and morphology. One intuitive
representation of the plant form relies on the use of skeletal
descriptors that reduce the branching morphology of plants to
a set of intersecting lines or curve segments, constituting a
mathematical graph. These skeleton-based mathematical graphs
can be derived from manual measurement (Godin et al.,
1999; Watanabe et al., 2005) or imaging data (Bucksch et al.,
2010; Aiteanu and Klein, 2014). Such skeletal descriptions
can be used to derive quantitative measurements of lengths,
diameters, and angles in tree crowns (Bucksch and Fleck, 2011;
Raumonen et al., 2013; Seidel et al., 2015) and roots, at a
single time point (Fitter, 1987; Danjon et al., 1999; Lobet
et al., 2011; Galkovskyi et al., 2012) or over time to capture
growth dynamics (Symonova et al., 2015). Having a skeletal
description in place allows the definition of orders, in a biological
and mathematical sense, to enable morphological analysis from
a topological perspective (Figure 2A). Topological analyses
can be used to compare shape characteristics independently
of events that transform plant shape geometrically, providing
a framework by which plant morphology can be modeled.
The relationships between orders, such as degree of self-
similarity (Prusinkiewicz, 2004) or self-nestedness (Godin and
Ferraro, 2010) are used to quantitatively summarize patterns
of plant morphology. Persistent homology (Figure 2B), an
extension of Morse theory (Milnor, 1963), transforms a given
plant shape gradually to define self-similarity (MacPherson and
Schweinhart, 2012) and morphological properties (Edelsbrunner
and Harer, 2010; Li et al., 2017) on the basis of topological
event statistics. In the example in Figure 2B, topological
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FIGURE 1 | Plant morphology from the perspective of biology. Adapted from Kaplan (2001). Plant morphology interfaces with all disciplines of plant biology—plant
physiology, plant genetics, plant systematics, and plant ecology—influenced by both developmental and evolutionary forces.

events are represented by the geodesic distance at which
branches are “born” and “die” along the length of the
structure.

In the 1980s, David Kendall defined an elegant statistical
framework to compare shapes (Kendall, 1984). His idea was
to compare the outline of shapes in a transformation-invariant
fashion. This concept infused rapidly as morphometrics into
biology (Bookstein, 1997) and is increasingly carried out using
machine vision techniques (Wilf et al., 2016). Kendall’s idea
inspired the development of methods such as elliptical Fourier
descriptors (Kuhl and Giardina, 1982) and new trends employing
the Laplace Beltrami operator (Reuter et al., 2009), both relying
on the spectral decompositions of shapes (Chitwood et al.,
2012; Laga et al., 2014; Rellán-Álvarez et al., 2015). Beyond
the organ level, such morphometric descriptors were used to
analyze cellular expansion rates of rapidly deforming primordia
into mature organ morphologies (Rolland-Lagan et al., 2003;
Remmler and Rolland-Lagan, 2012; Das Gupta and Nath,
2015).

From a geometric perspective, developmental processes
construct surfaces in a three-dimensional space. Yet, the
embedding of developing plant morphologies into a three-
dimensional space imposes constraints on plant forms.
Awareness of such constraints has led to new interpretations
of plant morphology (Prusinkiewicz and de Reuille, 2010;
Bucksch et al., 2014b) that might provide avenues to
explain symmetry and asymmetry in plant organs (e.g.,
Martinez et al., 2016) or the occurrence of plasticity as a
morphological response to environmental changes (e.g.,

Royer et al., 2009; Palacio-López et al., 2015; Chitwood et al.,
2016).

Mathematics to Simulate Plant Morphology
Computer simulations use principles from graph theory, such as
graph rewriting, to model plant morphology over developmental
time by successively augmenting a graph with vertices and edges
as plant development unfolds. These rules unravel the differences
between observed plant morphologies across plant species
(Kurth, 1994; Prusinkiewicz et al., 2001; Barthélémy and Caraglio,
2007) and are capable of modeling fractal descriptions that reflect
the repetitive and modular appearance of branching structures
(Horn, 1971; Hallé, 1971, 1986). Recent developments in
functional-structural modeling abstract the genetic mechanisms
driving the developmental program of tree crown morphology
into a computational framework (Runions et al., 2007; Palubicki
et al., 2009; Palubicki, 2013). Similarly, functional-structural
modeling techniques are utilized in root biology to simulate the
efficiency of nutrient and water uptake following developmental
programs (Nielsen et al., 1994; Dunbabin et al., 2013).

Alan Turing, a pioneering figure in 20th-century science, had a
longstanding interest in phyllotactic patterns. Turing’s approach
to the problem was twofold: first, a detailed geometrical analysis
of the patterns (Turing, 1992), and second, an application of
his theory of morphogenesis through local activation and long-
range inhibition (Turing, 1952), which defined the first reaction-
diffusion system for morphological modeling. Combining
physical experiments with computer simulations, Douady and
Coudert (1996) subsequently modeled a diffusible chemical signal

Frontiers in Plant Science | www.frontiersin.org June 2017 | Volume 8 | Article 900 | 9

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00900 June 20, 2017 Time: 18:25 # 4

Bucksch et al. Plant Morphological Modeling

FIGURE 2 | Plant morphology from the perspective of mathematics. (A) The
topological complexity of plants requires a mathematical framework to
describe and simulate plant morphology. Shown is the top of a maize crown
root 42 days after planting. Color represents root diameter, revealing topology
and different orders of root architecture. Image by Jennifer T. Yang and
provided by JPL (Pennsylvania State University). (B) Persistent homology
deforms a given plant morphology using functions to define self-similarity in a
structure. In this example, a geodesic distance function is traversed to the
ground level of a tree (that is, the shortest curved distance of each voxel to the
base of the tree), as visualized in blue in successive images. The branching
structure, as defined across scales of the geodesic distance function is
recorded as an H0 (zero-order homology) barcode, which in persistent
homology refers to connected components. As the branching structure is
traversed by the function, connected components are “born” and “die” as
terminal branches emerge and fuse together. Each of these components is
indicated as a bar in the H0 barcode, and the correspondence of the barcode
to different points in the function is indicated by vertical lines, in pink. Images
provided by ML (Danforth Plant Science Center).

produced by a developing primordium that would inhibit the
initiation of nearby primordia, successfully recapitulating known
phyllotactic patterns in the shoot apical meristem (Bernasconi,
1994; Meinhardt, 2004; Jönsson et al., 2005; Nikolaev et al., 2007;

Hohm et al., 2010; Fujita et al., 2011), the number of floral organs
(Kitazawa and Fujimoto, 2015), the regular spacing of root hairs
(Meinhardt and Gierer, 1974), and the establishment of specific
vascular patterns (Meinhardt, 1976).

EMERGING QUESTIONS AND BARRIERS
IN THE MATHEMATICAL ANALYSIS OF
PLANT MORPHOLOGY

A true synthesis of plant morphology, which comprehensively
models observed biological phenomena and incorporates a
mathematical perspective, remains elusive. In this section, we
highlight current focuses in the study of plant morphology,
including the technical limits of acquiring morphological data,
phenotype prediction, responses of plants to the environment,
models across biological scales, and the integration of complex
phenomena, such as fluid dynamics, into plant morphological
models.

Technological Limits to Acquiring Plant
Morphological Data
There are several technological limits to acquiring plant
morphological data that must be overcome to move this field
forward. One such limitation is the acquisition of quantitative
plant images. Many acquisition systems do not provide
morphological data with measurable units. Approaches that rely
on the reflection of waves from the plant surface can provide
quantitative measurements for morphological analyses. Time of
flight scanners, such as terrestrial laser scanning, overcome unit-
less measurement systems by recording the round-trip time of
hundreds of thousands of laser beams sent at different angles
from the scanner to the first plant surface within the line of sight
(Vosselman and Maas, 2010) (Figure 3). Leveraging the speed of
light allows calculation of the distance between a point on the
plant surface and the laser scanner.

Laser scanning and the complementary, yet unitless, approach
of stereovision both produce surface samples or point clouds as
output. However, both approaches face algorithmic challenges
encountered when plant parts occlude each other, since both
rely on the reflection of waves from the plant surface (Bucksch,
2014). Radar provides another non-invasive technique to study
individual tree and forest structures over wide areas. Radar
pulses can either penetrate or reflect from foliage, depending
on the selected wavelength (Kaasalainen et al., 2015). Most
radar applications occur in forestry and are being operated from
satellites or airplanes. Although more compact and agile systems
are being developed for precision forestry above- and below-
ground (Feng et al., 2016), their resolution is too low to acquire
the detail in morphology needed to apply hierarchy or similarity
oriented mathematical analysis strategies.

Image acquisition that resolves occlusions by penetrating plant
tissue is possible with X-ray (Kumi et al., 2015) and magnetic
resonance imaging (MRI; van Dusschoten et al., 2016). While
both technologies resolve occlusions and can even penetrate
soil, their limitation is the requirement of a closed imaging
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FIGURE 3 | Terrestrial laser scanning creates a point cloud reconstruction of a Finnish forest. (A) Structure of a boreal forest site in Finland as seen with airborne
(ALS) and terrestrial (TLS) laser scanning point clouds. The red (ground) and green (above-ground) points are obtained from National Land Survey of Finland national
ALS point clouds that cover hundreds of thousands of square kilometers with about 1 point per square meter resolution. The blue and magenta point clouds are
results of two individual TLS measurements and have over 20 million points each within an area of about 500 m2. TLS point density varies with range but can be
thousands of points per square meter up to tens of meters away from the scanner position. (B) An excerpt from a single TLS point cloud (blue). The TLS point cloud
is so dense that individual tree point clouds (orange) and parts from them (yellow) can be selected for detailed analysis. (C) A detail from a single TLS point cloud.
Individual branches (yellow) 20 m above ground can be inspected from the point cloud with centimeter level resolution to estimate their length and thickness. Images
provided by EP (Finnish Geospatial Research Institute in the National Land Survey of Finland). ALS data was obtained from the National Land Survey of Finland
Topographic Database, 08/2012 (National Land Survey of Finland open data license, version 1.0).

volume. Thus, although useful for a wide array of purposes, MRI
and X-ray are potentially destructive if applied to mature plant
organs such as roots in the field or tree crowns that are larger
than the imaging volume (Fiorani et al., 2012). Interior plant

anatomy can be imaged destructively using confocal microscopy
and laser ablation (Figure 4) or nano- or micro-CT tomography
techniques, that are limited to small pot volumes, to investigate
the first days of plant growth.
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FIGURE 4 | Imaging techniques to capture plant morphology. (A) Confocal sections of an Arabidopsis root. The upper panel shows a new lateral root primordium at
an early stage of development (highlighted in yellow). At regular intervals new roots branch from the primary root. The lower panel shows the primary root meristem
and the stem cell niche (highlighted in yellow) from which all cells derive. Scale bars: 100 µm. Images provided by AM (Heidelberg University). (B) Computational
tomographic (CT) x-ray sections through a reconstructed maize ear (left and middle) and kernel (right). Images provided by CT (Donald Danforth Plant Science
Center). (C) Laser ablation tomography (LAT) image of a nodal root from a mature, field-grown maize plant, with color segmentation showing definition of cortical
cells, aerenchyma lacunae, and metaxylem vessels. Image by Jennifer T. Yang and provided by JPL (Pennsylvania State University).
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The Genetic Basis of Plant Morphology
One of the outstanding challenges in plant biology is to link the
inheritance and activity of genes with observed phenotypes. This
is particularly challenging for the study of plant morphology,
as both the genetic landscape and morphospaces are complex:
modeling each of these phenomena alone is difficult, let alone
trying to model morphology as a result of genetic phenomena
(Benfey and Mitchell-Olds, 2008; Lynch and Brown, 2012;
Chitwood and Topp, 2015). Although classic examples exist
in which plant morphology is radically altered by the effects
of a few genes (Doebley, 2004; Clark et al., 2006; Kimura
et al., 2008), many morphological traits have a polygenic basis
(Langlade et al., 2005; Tian et al., 2011; Chitwood et al.,
2013).

Quantitative trait locus (QTL) analyses can identify the
polygenic basis for morphological traits that span scales from
the cellular to the whole organ level. At the cellular level, root
cortex cell number (Ron et al., 2013), the cellular basis of carpel
size (Frary et al., 2000), and epidermal cell area and number
(Tisné et al., 2008) have been analyzed. The genetic basis of
cellular morphology ultimately affects organ morphology, and
quantitative genetic bases for fruit shape (Paran and van der
Knaap, 2007; Monforte et al., 2014), root morphology (Zhu et al.,
2005; Clark et al., 2011; Topp et al., 2013; Zurek et al., 2015),
shoot apical meristem shape (Leiboff et al., 2015; Thompson et al.,
2015), leaf shape (Langlade et al., 2005; Ku et al., 2010; Tian et al.,
2011; Chitwood et al., 2014a,b; Zhang et al., 2014; Truong et al.,
2015), and tree branching (Kenis and Keulemans, 2007; Segura
et al., 2009) have been described.

Natural variation in cell, tissue, or organ morphology
ultimately impacts plant physiology, and vice versa. For example,
formation of root cortical aerenchyma was linked to better plant
growth under conditions of suboptimal availability of water and
nutrients (Zhu et al., 2010; Postma and Lynch, 2011; Lynch,
2013), possibly because aerenchyma reduces the metabolic costs
of soil exploration. Maize genotypes with greater root cortical
cell size or reduced root cortical cell file number reach greater
depths to increase water capture under drought conditions,
possibly because those cellular traits reduce metabolic costs of
root growth and maintenance (Chimungu et al., 2015). The
control of root angle that results in greater water capture in
rice as water tables recede was linked to the control of auxin
distribution (Uga et al., 2013). Similarly, in shoots, natural
variation can be exploited to find genetic loci that control shoot
morphology, e.g., leaf erectness (Ku et al., 2010; Feng et al.,
2011).

High-throughput phenotyping techniques are increasingly
used to reveal the genetic basis of natural variation (Tester
and Langridge, 2010). In doing so, phenotyping techniques
complement classic approaches of reverse genetics and often lead
to novel insights, even in a well-studied species like Arabidopsis
thaliana. Phenotyping techniques have revealed a genetic basis
for dynamic processes such as root growth (Slovak et al., 2014)
and traits that determine plant height (Yang et al., 2014).
Similarly, high-resolution sampling of root gravitropism has
led to an unprecedented understanding of the dynamics of the

genetic basis of plasticity (Miller et al., 2007; Brooks et al., 2010;
Spalding and Miller, 2013).

The Environmental Basis of Plant
Morphology
Phenotypic plasticity is defined as the ability of one genotype
to produce different phenotypes based on environmental
differences (Bradshaw, 1965; DeWitt and Scheiner, 2004) and
adds to the phenotypic complexity created by genetics and
development. Trait variation in response to the environment
has been analyzed classically using ‘reaction norms,’ where the
phenotypic value of a certain trait is plotted for two different
environments (Woltereck, 1909). If the trait is not plastic, the
slope of the line connecting the points will be zero; if the reaction
norm varies across the environment the trait is plastic and the
slope of the reaction norm line will be a measure of the plasticity.
As most of the responses of plants to their environment are non-
linear, more insight into phenotypic plasticity can be obtained
by analyzing dose-response curves or dose-response surfaces
(Mitscherlich, 1909; Poorter et al., 2010).

Seminal work by Clausen et al. (1941) demonstrated using
several clonal species in a series of reciprocal transplants that,
although heredity exerts the most measureable effects on plant
morphology, environment is also a major source of phenotypic
variability. Research continues to explore the range of phenotypic
variation expressed by a given genotype in the context of different
environments, which has important implications for many fields,
including conservation, evolution, and agriculture (Nicotra et al.,
2010; DeWitt, 2016). Many studies examine phenotypes across
latitudinal or altitudinal gradients, or other environmental clines,
to characterize the range of possible variation and its relationship
to the process of local adaptation (Cordell et al., 1998; Díaz et al.,
2016).

Below-ground, plants encounter diverse sources of
environmental variability, including water availability, soil
chemistry, and physical properties like soil hardness and
movement. These factors vary between individual plants (Razak
et al., 2013) and within an individual root system, where plants
respond at spatio-temporal levels to very different granularity
(Drew, 1975; Robbins and Dinneny, 2015). Plasticity at a micro-
environmental scale has been linked to developmental and
molecular mechanisms (Bao et al., 2014). The scientific challenge
here is to integrate these effects at a whole root system level and
use different scales of information to understand the optimal
acquisition in resource limited conditions (Rellán-Álvarez et al.,
2016) (Figure 5).

Integrating Models from Different Levels
of Organization
Since it is extremely difficult to examine complex interdependent
processes occurring at multiple spatio-temporal scales,
mathematical modeling can be used as a complementary
tool with which to disentangle component processes and
investigate how their coupling may lead to emergent patterns
at a systems level (Hamant et al., 2008; Band and King, 2012;
Band et al., 2012; Jensen and Fozard, 2015). To be practical, a
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FIGURE 5 | The environmental basis of plant morphology. Root system architecture of Arabidopsis Col-0 plants expressing ProUBQ10:LUC2o growing in (A) control
and (B) water-deficient conditions using the GLO-Roots system (Rellán-Álvarez et al., 2015). Images provided by RR-Á (Laboratorio Nacional de Genómica para la
Biodiversidad, CINVESTAV) are a composite of a video originally published (Rellán-Álvarez et al., 2015).

multiscale model should generate well-constrained predictions
despite significant parameter uncertainty (Gutenkunst et al.,
2007; Hofhuis et al., 2016). It is desirable that a multiscale model
has certain modularity in its design such that individual modules
are responsible for modeling specific spatial aspects of the system
(Baldazzi et al., 2012). Imaging techniques can validate multiscale
models (e.g., Willis et al., 2016) such that simulations can reliably
guide experimental studies.

To illustrate the challenges of multi-scale modeling,
we highlight an example that encompasses molecular and
cellular scales. At the molecular scale, models can treat some
biomolecules as diffusive, but others, such as membrane-bound
receptors, can be spatially restricted (Battogtokh and Tyson,
2016). Separately, at the cellular scale, mathematical models
describe dynamics of cell networks where the mechanical
pressures exerted on the cell walls are important factors for cell
growth and division (Jensen and Fozard, 2015) (Figure 6A).
In models describing plant development in a two-dimensional
cross-section geometry, cells are often modeled as polygons
defined by walls between neighboring cells. The spatial position
of a vertex, where the cell walls of three neighboring cells
coalesce, is a convenient variable for mathematical modeling of
the dynamics of cellular networks (Prusinkiewicz and Runions,
2012). A multiscale model can then be assembled by combining
the molecular and cellular models. Mutations and deletions of the
genes encoding the biomolecules can be modeled by changing
parameters. By inspecting the effects of such modifications
on the dynamics of the cellular networks, the relationship
between genotypes and phenotypes can be predicted. For
example, Fujita et al. (2011) model integrates the dynamics of

cell growth and division with the spatio-temporal dynamics of
the proteins involved in stem cell regulation and simulates shoot
apical meristem development in wild type and mutant plants
(Figure 6B).

Modeling the Impact of Morphology on
Plant Function
Quantitative measures of plant morphology are critical to
understand function. Vogel (1989) was the first to provide
quantitative data that showed how shape changes in leaves reduce
drag or friction in air or water flows. He found that single
broad leaves reconfigure at high flow velocities into cone shapes
to reduce flutter and drag (Figures 7A,B). More recent work
discovered that the cone shape is significantly more stable than
other reconfigurations such as U-shapes (Miller et al., 2012).
Subsequent experimental studies on broad leaves, compound
leaves, and flowers also support rapid repositioning in response
to strong currents as a general mechanism to reduce drag
(Niklas, 1992; Ennos, 1997; Etnier and Vogel, 2000; Vogel, 2006)
(Figure 7C). It is a combination of morphology and anatomy,
and the resultant material properties, which lead to these optimal
geometric re-configurations of shape.

From a functional perspective, it is highly plausible that leaf
shape and surface-material properties alter the boundary layer of
a fluid/gas over the leaf surface or enhance passive movement that
can potentially augment gas and heat exchange. For example, it
has been proposed that the broad leaves of some trees flutter for
the purpose of convective and evaporative heat transfer (Thom,
1968; Grant, 1983). Any movement of the leaf relative to the
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FIGURE 6 | Integration of tissue growth and reaction-diffusion models. (A) Vertex model of cellular layers (Prusinkiewicz and Lindenmayer, 1990). K, Ela, and El0 are
the spring constant, current length, and rest length for wall a. KP is a constant and SA is the size of cell A. 1t is time step. Shown is a simulation of cell network
growth. (B) Reaction diffusion model of the shoot apical meristem for WUSCHEL and CLAVATA interactions (Fujita et al., 2011). u = WUS, v = CLV, i = cell index, 8 is
a sigmoid function. E, B, AS, Ad, C, D, um, Du, Dv are positive constants. Shown are the distributions of WUS and CLV levels within a dynamic cell network. Images
provided by DB (Virginia Tech).

movement of the air or water may decrease the boundary layer
and increase gas exchange, evaporation, and heat dissipation
(Roden and Pearcy, 1993). Each of these parameters may be
altered by the plant to improve the overall function of the leaf
(Vogel, 2012).

The growth of the plant continuously modifies plant topology
and geometry, which in turn changes the balance between
organ demand and production. At the organismal scale, the
3D spatial distribution of plant organs is the main interface
between the plant and its environment. For example, the 3D
arrangement of branches impacts light interception and provides
the support for different forms of fluxes (water, sugars) and
signals (mechanical constraints, hormones) that control plant
functioning and growth (Godin and Sinoquet, 2005).

MILESTONES IN EDUCATION AND
OUTREACH TO ACCELERATE THE
INFUSION OF MATH INTO THE PLANT
SCIENCES

Mathematics and plant biology need to interact more closely to
accelerate scientific progress. Opportunities to interact possibly
involve cross-disciplinary training, workshops, meetings, and
funding opportunities. In this section, we outline perspectives
for enhancing the crossover between mathematics and plant
biology.

Education
Mathematics has been likened to “biology’s next microscope,”
because of the insights into an otherwise invisible world
it has to offer. Conversely, biology has been described as
“mathematics’ next physics,” stimulating novel mathematical
approaches because of the hitherto unrealized phenomena that
biology studies (Cohen, 2004). The scale of the needed interplay
between mathematics and plant biology is enormous and may
lead to new science disciplines at the interface of both: ranging
from the cellular, tissue, organismal, and community levels to
the global; touching upon genetic, transcriptional, proteomic,
metabolite, and morphological data; studying the dynamic
interactions of plants with the environment or the evolution
of new forms over geologic time; and spanning quantification,
statistics, and mechanistic mathematical models.

Research is becoming increasingly interdisciplinary, and
undergraduate, graduate, and post-graduate groups are actively
trying to bridge the gap between mathematics and biology
skillsets. While many graduate programs have specialization
tracks under the umbrella of mathematics or biology-specific
programs, increasingly departments are forming specially
designed graduate groups for mathematical/quantitative
biology1,2 to strengthen the interface between both disciplines.

1BioQuant at University of Heidelberg, http://www.bioquant.uni-heidelberg.de
(retrieved February 28, 2017)
2Quantitative Biosciences at Georgia Tech in Atlanta, http://qbios.gatech.edu
(retrieved February 28, 2017)
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FIGURE 7 | Modeling the interaction between plant morphology and fluid dynamics. (A) 3D immersed boundary simulations of flow past a flexible rectangular sheet
(left) and disk with a cut from the center to edge (right). Both structures are attached to a flexible petiole, and the flow is from left to right. The contours show the
magnitude of vorticity (the rotation in the air). The circular disk reconfigures into a cone shape, similar to many broad leaves. (B) Reconfiguration of tulip poplar leaves
in 3 m/s (left) and 15 m/s flow (right). The leaves typically flutter at lower wind speeds and reconfigure into stable cones at high wind speeds. (C) A cluster of redbud
leaves in wind moving from right to left. The wind speed is increased from 3 m/s (left) to 6 m/s (middle) and 12 m/s (right). Note that the entire cluster reconfigures
into a cone shape. This is different from the case of tulip poplars and maples where each leaf individually reconfigures into a conic shape. Images provided by LM
(University of North Carolina, Chapel Hill, NC, United States).

This will necessitate team-teaching across disciplines to train the
next generation of mathematical/computational plant scientists.

Public Outreach: Citizen Science and the
Maker Movement
Citizen science, which is a method to make the general public
aware of scientific problems and employ their help in solving
them3, is an ideal platform to initiate a synthesis between
plant biology and mathematics because of the relatively
low cost and accessibility of each field. Arguably, using
citizen science to collect plant morphological diversity has
already been achieved, but has yet to be fully realized. In
total, it is estimated that the herbaria of the world possess
greater than 207 million voucher specimens4, representing
the diverse lineages of land plants collected over their
respective biogeographies over a timespan of centuries.

3For example, see the White Paper on Citizen Science for Europe, http://www.
socientize.eu/sites/default/files/white-paper_0.pdf (retrieved May 29, 2016)
4List of herbaria, https://en.wikipedia.org/wiki/List_of_herbaria (retrieved May 29,
2016)

Digital documentation of the millions of vouchers held by
the world’s botanic gardens is actively underway, allowing
for researchers and citizens alike to access and study for
themselves the wealth of plant diversity across the globe
and centuries (Smith et al., 2003; Corney et al., 2012; Ryan,
2013).

The developmental changes in plants responding to
environmental variability and microclimatic changes over
the course of a growing season can be analyzed by studying
phenology. Citizen science projects such as the USA National
Phenology Network5 or Earthwatch6 and associated programs
such as My Tree Tracker7 document populations and individual
plants over seasons and years, providing a distributed,
decentralized network of scientific measurements to study
the effects of climate change on plants.

5https://www.usanpn.org/# (retrieved May 29, 2016)
6http://earthwatch.org/scientific-research/special-initiatives/urban-resiliency
(retrieved May 29, 2016)
7http://www.mytreetracker.org/cwis438/websites/MyTreeTracker/About.php?
WebSiteID=23 (retrieved May 29, 2016)
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FIGURE 8 | Milestones to accelerate the infusion of math into the plant sciences. Group photo of the authors from the National Institute for Mathematical and
Biological Synthesis (NIMBioS) meeting on plant morphological models (University of Tennessee, Knoxville, September 2–4, 2015) that inspired this manuscript.
Workshops such as these, bringing mathematicians and plant biologists together, will be necessary to create a new synthesis of plant morphology.

Citizen science is also enabled by low-cost, specialized
equipment. Whether programming a camera to automatically
take pictures at specific times or automating a watering
schedule for a garden, the maker movement—a do-it-
yourself cultural phenomenon that intersects with hacker
culture—focuses on building custom, programmable
hardware, whether via electronics, robotics, 3D-printing,
or time-honored skills such as metal- and woodworking.
The focus on programming is especially relevant for
integrating mathematical approaches with plant science
experiments. The low-cost of single-board computers
like Raspberry Pi, HummingBoard, or CubieBoard is a
promising example of how to engage citizen scientists into
the scientific process and enable technology solutions to specific
questions.

Workshops and Funding Opportunities
Simply bringing mathematicians and plant biologists together
to interact, to learn about new tools, approaches, and
opportunities in each discipline is a major opportunity for
further integration of these two disciplines and strengthen
new disciplines at the interface of both. This white paper itself
is a testament to the power of bringing mathematicians and
biologists together, resulting from a National Institute for
Mathematical and Biological Synthesis (NIMBioS) workshop
titled “Morphological Plant Modeling: Unleashing Geometric
and Topologic Potential within the Plant Sciences,” held
at the University of Tennessee, Knoxville, September 2–
4, 20158 (Figure 8). Other mathematical institutes such
as the Mathematical Biology Institute (MBI) at Ohio
State University9, the Statistical and Applied Mathematical
Sciences Institute (SAMSI) in Research Triangle Park10,
the Institute for Mathematics and Its Applications at

8http://www.nimbios.org/workshops/WS_plantmorph (retrieved May 29, 2016)
9https://mbi.osu.edu/ (retrieved May 29, 2016)
10http://www.samsi.info/ (retrieved May 29, 2016)

University of Minnesota11, and the Centre for Plant
Integrative Biology at the University of Nottingham12 have
also hosted workshops for mathematical and quantitative
biologists from the undergraduate student to the faculty
level.

There are efforts to unite biologists and mathematics
through initiatives brought forth from The National Science
Foundation, including Mathematical Biology Programs13

and the Joint DMS/NIGMS Initiative to Support Research at
the Interface of the Biological and Mathematical Sciences14

(DMS/NIGMS). Outside of the Mathematics and Life Sciences
Divisions, the Division of Physics houses a program on the
Physics of Living Systems. Societies such as The Society
for Mathematical Biology and the Society for Industrial
and Applied Mathematics (SIAM) Life Science Activity
Group15 are focused on the dissemination of research at the
intersection of math and biology, creating many opportunities
to present research and provide funding. We emphasize the
importance that funding opportunities have had and will
continue to have in the advancement of plant morphological
modeling.

Open Science
Ultimately, mathematicians, computational scientists, and plant
biology must unite at the level of jointly collecting data,
analyzing it, and doing science together. Open and timely
data sharing to benchmark code is a first step to unite these
disciplines along with building professional interfaces to bridge

11https://www.ima.umn.edu/ (retrieved May 29, 2016)
12https://www.cpib.ac.uk/outreach/cpib-summer-school/ (retrieved May 29,
2016)
13https://www.nsf.gov/funding/pgm_summ.jsp?pims_id=5690 (retrieved May 29,
2016)
14http://www.nsf.gov/funding/pgm_summ.jsp?pims_id=5300&org=DMS
(retrieved May 29, 2016)
15https://www.siam.org/activity/life-sciences/ (retrieved May 29, 2016)
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between the disciplines (Bucksch et al., 2017; Pradal et al.,
2017).

A number of platforms provide open, public access to
datasets, figures, and code that can be shared, including
Dryad16, Dataverse17, and Figshare18. Beyond the ability
to share data is the question of open data formats and
accessibility. For example, in remote sensing research it is
unfortunately common that proprietary data formats are
used, which prevents their use without specific software.
This severely limits the utility and community building
aspects of plant morphological research. Beyond datasets,
making code openly available, citable, and user-friendly is
a means to share methods to analyze data. Places to easily
share code include web-based version controlled platforms
like Bitbucket19 or Github20 and software repositories like
Sourceforge21. Furthermore, numerous academic Journals (e.g.,
Nature Methods, Applications in Plant Sciences, and Plant
Methods) already accept publications that focus on methods
and software to accelerate new scientific discovery (Pradal et al.,
2013).

Meta-analysis datasets provide curated resources where
numerous published and unpublished datasets related to a
specific problem (or many problems) can be accessed by
researchers22. The crucial element is that data is somehow
reflective of universal plant morphological features, bridging the
gap between programming languages and biology, as seen in the
Root System Markup Language (Lobet et al., 2015) and OpenAlea
(Pradal et al., 2008, 2015). Bisque is a versatile platform to store,
organize, and analyze image data, providing simultaneously open
access to data and analyses as well as the requisite computation
(Kvilekval et al., 2010). CyVerse23 (formerly iPlant) is a similar
platform, on which academic users get 100 GB storage for free
and can create analysis pipelines that can be shared and reused
(Goff et al., 2011). For example, DIRT24 is an automatic, high
throughput computing platform (Bucksch et al., 2014a; Das
et al., 2015) that the public can use hosted on CyVerse using
the Texas Advanced Computing Center25 (TACC) resources at
UT Austin that robustly extracts root traits from digital images.
The reproducibility of these complex computational experiments
can be improved using scientific workflows that capture and
automate the exact methodology followed by scientists (Cohen-
Boulakia et al., 2017). We emphasize here the importance of
adopting open science policies at the individual investigator and
journal level to continue strengthening the interface between
plant and mathematically driven sciences.

16http://datadryad.org/ (retrieved May 29, 2016)
17http://dataverse.org/ (retrieved May 29, 2016)
18https://figshare.com/ (retrieved May 29, 2016)
19https://bitbucket.org/ (retrieved May 29, 2016)
20https://github.com/ (retrieved May 29, 2016)
21https://sourceforge.net/ (retrieved May 29, 2016)
22BAAD: a Biomass And Allometry Database for woody plants, https://github.
com/dfalster/baad (retrieved May 29, 2016)
23http://www.cyverse.org/ (retrieved August 20, 2016)
24http://dirt.iplantcollaborative.org/ (retrieved August 20, 2016)
25https://www.tacc.utexas.edu/ (retrieved August 20, 2016)

CONCLUSION: UNLEASHING
GEOMETRIC AND TOPOLOGICAL
POTENTIAL WITHIN THE PLANT
SCIENCES

Plant morphology is a mystery from a molecular and
quantification point of view. Hence, it fascinates both
mathematical and plant biology researchers alike. As such,
plant morphology holds the secret by which predetermined
variations of organizational patterns emerge as a result of
evolutionary, developmental, and environmental responses.

The persistent challenge at the intersection of plant
biology and mathematical sciences might be the integration
of measurements across different scales of the plant. We have to
meet this challenge to derive and validate mathematical models
that describe plants beyond the visual observable. Only then
we will be able to modify plant morphology through molecular
biology and breeding as means to develop needed agricultural
outputs and sustainable environments for everybody.

Cross-disciplinary training of scientists, citizen science, and
open science are inevitable first steps to develop the interface
between mathematical-driven and plant biology-driven sciences.
The result of these steps will be new disciplines, that will add to
the spectrum of researchers in plant biology. Hence, to unleash
the potential of geometric and topological approaches in the
plant sciences, we need an interface familiar with both plants
and mathematical approaches to meet the challenges posed by
a future with uncertain natural resources as a consequence of
climate change.
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The goal of the study was to determine circadian movements of silver birch (Petula

Bendula) branches and foliage detected with terrestrial laser scanning (TLS). The study

consisted of two geographically separate experiments conducted in Finland and in

Austria. Both experiments were carried out at the same time of the year and under similar

outdoor conditions. Experiments consisted of 14 (Finland) and 77 (Austria) individual laser

scans taken between sunset and sunrise. The resulting point clouds were used in creating

a time series of branch movements. In the Finnish data, the vertical movement of the

whole tree crown was monitored due to low volumetric point density. In the Austrian data,

movements of manually selected representative points on branches were monitored. The

movements were monitored from dusk until morning hours in order to avoid daytime

wind effects. The results indicated that height deciles of the Finnish birch crown had

vertical movements between -10.0 and 5.0 cm compared to the situation at sunset. In

the Austrian data, the maximum detected representative point movement was 10.0 cm.

The temporal development of the movements followed a highly similar pattern in both

experiments, with the maximum movements occurring about an hour and a half before

(Austria) or around (Finland) sunrise. The results demonstrate the potential of terrestrial

laser scanning measurements in support of chronobiology.

Keywords: terrestrial laser scanning, plant movement, chronobiology, circadian rhythm, time series

INTRODUCTION

Terrestrial laser scanners have gone through rapid development during the past 10 years (Dassot
et al., 2011). They produce accurate 3D point clouds of target objects often down to millimeter
resolution. Thus, the point clouds provide detailed information about the structure and spatial
properties of the targets.

In addition to structural modeling and scene mapping, terrestrial laser scanning (TLS)
data are widely used in engineering applications to monitor possible changes in the targeted
objects or in a target area. TLS-based change detection studies cover a wide range of different

23

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
http://dx.doi.org/10.3389/fpls.2016.00222
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2016.00222&domain=pdf&date_stamp=2016-02-29
http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive
https://creativecommons.org/licenses/by/4.0/
mailto:eetu.puttonen@nls.fi
http://dx.doi.org/10.3389/fpls.2016.00222
http://journal.frontiersin.org/article/10.3389/fpls.2016.00222/abstract
http://loop.frontiersin.org/people/287355/overview
http://loop.frontiersin.org/people/319829/overview
http://loop.frontiersin.org/people/318966/overview


Puttonen et al. Quantifying Birch Branch Displacement by TLS

applications. These include geodynamic processes such as
landslide detection and monitoring (Travelletti et al., 2008;
Ghuffar et al., 2013) and morphodynamic changes in coastal
beaches (Lindenbergh et al., 2011), thermal karst formations
(Barnhart and Crosby, 2013), or in riversides (Milan et al., 2007;
Vaaja et al., 2011; Saarinen et al., 2013). Short interval scans
are also used in determining dynamic structural stress (Grosse-
Schwiep et al., 2013). TLS techniques are utilized to improve
safety in quarries and mines by monitoring wall stability over
time (Abellan et al., 2011; Hu, 2013; Kovanic and Blištan, 2014).
In vegetation studies, TLS is being actively used in static forest
and forest parameter mapping (Hopkinson et al., 2004; Moskal
and Zheng, 2012; Liang, 2013), tree modeling (Fleck et al., 2004;
Hosoi and Omasa, 2006; Bucksch and Fleck, 2011; Eysn et al.,
2013; Raumonen et al., 2013), and in estimating forest biomass
(e.g., Kaasalainen et al., 2014).

Although TLS is utilized in a wide range of both temporal
and vegetation studies for scientific and engineering applications,
one field of study which has not yet gained wider interest
in the TLS community is circadian or diurnal and nocturnal
changes in vegetation. In ecology and plant physiology, these
changes in plants and their driving factors have been studied
intensively for a long time. It has been known for centuries
that plants show diurnal cycles of leaf motion, described as
“sleep” already by Darwin and Darwin (1880). It has been
observed that these motions also happen if the plant is placed
in darkness, therefore suggesting an internal mechanism for
measuring time. The molecular mechanism of this circadian
oscillator has beenmost extensively studied inArabidopsis (Barak
et al., 2000), but orthologues of the Arabidopsis genes controlling
the diurnal rhythm of flowering time have been identified
in various tree species such as Poplar (Populus tremula) and
Chestnut (Castanea sativa) (Solomon et al., 2010). However, for
obvious reasons, carrying out controlled experiments or even
quantitative observations on fully grown trees is much more
difficult, therefore both the background and the effects of sleep
motions in trees are less well-understood. Circadian rhythms of
leaf motion are evident for some tree species such as Robinia
pseudoacaia. The movement of leaves is connected to changes
in turgor pressure (Holmes and Shim, 1968) which is controlled
by the osmotic state of the cells. Changes in water transport and
in the concentration of various metabolites result in changes in
osmotic flow and thus, through changes in the shape of individual
plant cells, eventual movement at the scale of individual plants
or plant parts. The literature identifies two common reasons
that drive these changes, namely plant water balance (Chapin
et al., 2002) and photoperiodism (McClung, 2006; Nozue and
Maloof, 2006; Sysoeva et al., 2010). It would be plausible that the
changes in turgor pressure resulting in a circadian rhythm of leaf
movement also apply to the branches and thus cause a circadian
rhythm of branchmovements in trees. However, in an earlier case
study where quantification of diurnal movement was attempted
using height measurement of weighted lines attached to branches
in a Walnut orchard (Juglans regia), diurnal change was found
insignificant (Way et al., 1991). To our best knowledge, circadian
movement of tree branches has never been successfully quantified
before in the presented level.

Methods to monitor plant water balance at a diurnal time
scale include: (a) leaf or fruit sample collection and water
content measurements (Klepper, 1968; Acevedo et al., 1979);
(b) sap flow monitoring (Köstner et al., 1998); (c) leaf and
stem conductance measurements (García-Orellana et al., 2013);
(d) leaf and stem water potential, photosynthetic capability and
hydraulic conductivity measurements (Andrews et al., 2012);
(e) branch growth and xylem morphometry measurements
(Correia and Martins-Loucao, 1995; Correia et al., 2001). Most
of these are invasive processes that involve sampling and are
difficult (but possible) to carry out regularly in intervals of a
few hours (Chapotin et al., 2006). Therefore, in case of trees,
the most common way of observing circadian rhythms is with
a dendrograph, an instrument that measures changes in tree
diameter or circumference with sub-millimeter precision (e.g.,
Pesonen et al., 2004).

In order to monitor photoperiodism, the amount of light
received by plants can be controlled by constructing external
shading structures (Wayne and Bazzaz, 1993) or by using external
lighting setups with selected filters (e.g., Mockler et al., 2003).
Alternatively, in order to monitor the internal clock, a plant
can be placed in continuously lit or dark conditions to observe
periodic changes in its physiology.

Plant physiology measurements are localized and typically
consider selected parts of a plant. The measurements often take
place in laboratory conditions. This presents a clear challenge
when results are extrapolated to model wider areas of multiple
plants. Acquiring results also involves a significant amount of
manual labor, as experiment setups and sample collection are
hard to automatize.

TLS measurements offer a potential solution to generalize
plant physiology results on larger spatial scales, like whole
individual trees, or on orchard plot, and stand levels. Laser
scanners can measure individual targets accurately tens of
meters away with sub-centimeter point resolution. Moreover,
scanning can be performed outdoors with short intervals
between individual scans. Furthermore, as the scanners are active
measurement devices that both produce and receive the signal,
they are insensitive to varying external lighting conditions, i.e.,
available sunlight and cloudiness.

Laser scanning point clouds cannot provide direct
biochemical parameters from plants, but they can be used
in plant shape and dimension monitoring over time (e.g.,
branch inclination, branch, and stem swelling, leaf inclination
distribution at crown level). If a clear correlation between the
geometric changes in point clouds and laboratory or in situ
results can be established and verified, the parameterized spatial
changes can then act as proxies that estimate physiological
changes in a plant.

Puttonen et al. (2015) detected and reported birch branch
movements during a day-long classification study. The study
was carried out with the Finnish Geospatial Research Institute
(FGI) Hyperspectral Laser Scanner (HSL) (Hakala et al., 2012).
The movements were detected from the variation of the
birch Normalized Difference Vegetation Index (NDVI) response
during on an observation period of ca. 26 h. A more detailed
inspection revealed a visible change in birch branch stances over
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time. The study is to our knowledge the first to report spatial
changes in tree branch geometry over a day-long cycle. However,
the authors did not attempt to quantify the movement amplitude.

Hitherto, vegetation time series in TLS have been collected
mainly for longer scale time series analyses, typically to determine
seasonal changes in tree canopy (e.g., Hosoi and Omasa, 2009;
Nevalainen et al., 2014; Hakala et al., 2014; Portillo-Quintero
et al., 2014; Calders et al., 2015; Griebel et al., 2015).

In imaging, longer term time-series studies have been carried
out both in the field and in a laboratory with a close range
setup (e.g., more recently by Li et al., 2013; Nijland et al.,
2014). However, the use of cameras inherently limits the
experimental setup to daylight hours or requires the use of
external light sources. Additionally, radiometry measurements
and their calibration are typically rather complex. Furthermore,
even a short use of external light sources may interrupt the
plant photoperiod (e.g., Salisbury, 1981). Meanwhile, since laser
scanners are activemeasurement systems their working efficiency
is stable in nighttime conditions with no external light (Arslan
and Kalkan, 2013). With modern laser scanners, the laser beam
footprint up to a few centimeters in diameter illuminates only
a localized patch of the plant surface at a time. Moreover, the
footprint swipes over each spot in sub-second scale and the
typically used infrared (IR) wavelengths have strong reflectance
from green vegetation. Therefore, most of the transmitted
energy is not absorbed by the plant. Thus, we assume that
plant disturbance with a modern laser scanning system is not
significant during an individual scanning measurement.

This study now aims (i) to analyze to which degree overnight
birch branch movements can be measured with two different
TLS scanners and (ii) whether quantifications of crown/branch
movements are possible. With these goals in mind, we aim to
show that TLS data provides an effective tool to detect and to
monitor circadian changes in tree geometry with a centimeter
scale spatial and within-hour temporal resolution. As the main
focus of the study is in confirmation and quantification of
geometric changes in birch branches over time, without further
investigation of the cause or mechanism of these movements, the
measurement setups did not include comprehensive weather or
soil data.

MEASUREMENTS AND DATA

This section is structured as follows: In section Measurement
Sites and the Collected Data, descriptions of both the Finnish
and the Austrian measurement sites and data collected from
them are given. Section Object Point Cloud Delineation describes
object delineation from the scanned point clouds. Section FGI
Hyperspectral Lidar provides a detailed description of FGI HSL
and its properties. Section RIEGL VZ-4000 Long Range Laser
Scanner gives a detailed description of the RIEGL VZ-4000 laser
scanner.

Measurement Sites and the Collected Data
Measurements were carried out in two geographically different
locations, in southern Finland (Kirkkonummi, 60◦09′40′′N,
24◦32′48′′W) and in northern Austria (Horn, 48◦39′31′′N,

FIGURE 1 | The birch and reference markers at the Finnish

measurement site. Reference markers were used in monitoring the HSL

ranging stability. Reference target sizes in the figure have been emphasized for

visualization purposes. The scanner was located in the origin (0,0,0).

15◦39′48′′E). Both measurements were performed in the
middle of September close to the solar equinox to guarantee
approximately similar lengths of night at both sites (http://
www.timeanddate.com, accessed on 25th February 2015).
Measurement dates were 13–14 September 2013 (Finland) and
19–20 September 2014 (Austria). In both measurements, the
test trees were measured from sunset to sunrise. In Finland, the
nighttime measurements lasted about 11 h in total, during which
14 separate scans were collected with FGI HSL. Scan intervals
were approximately 1 h. Near sunrise and sunset the scan interval
was shortened to 40min. In Austria, data acquisitions were
repeated every 10min for about 12 and half hours, resulting in
77 separate scans.

The Finnish measurement site was located on a shallow slope
facing southward. The size of the test site was about 7 × 20
m2. The site included the main target, a small silver birch
(Betula pendula). Low understory, a large silver birch and goat
willows (Salix caprea) were located behind the target. The site
was partially surrounded from its eastern side with a sparse, half-
open canopy of full-grown birches. The nearby FGI building was
located on the western side of the site. The shadow of the building
shaded the target site for about half an hour before the sunset.
Figure 1 illustrates the Finnish test tree and the referencemarkers
placed around it. The markers were used to validate the distance
measurement stability over the experiment. The measurement
setting also included an external reference plate (Spectralon R©)
to calibrate laser radiometry during the experiment. The FGI
HSL was mounted on a solid platform and a plastic tent was
set up around the scanner to protect it from possible rain and
moisture. A heating fan was kept on whole night time inside the
tent. This guaranteed a constant airflow and prevented possible
surface condensation.
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The Austrian measurement site was located on the northern
part of an outdoor test and calibration range, an open,
cut grass field of size about 130m by 100m. The target
birch had four stems and it was standing about 10m
away of a manufacturing hall. Thus, the tree was not
shaded during sunrise or sunset. The scans were taken to
the westward direction and the laser scanner was under a
protective roof. Four white polystyrene foam spheres were
attached to the birch as reference markers to detect branch
movement. Figure 2 illustrates the Austrian test tree and
the branches of which movements were followed during
the experiment. The branch point clouds were manually
selected in CloudCompare software [Available in: http://www.
cloudcompare.org/ (Girardeau-Montaut, 2014)].

The weather conditions in both measurement sites were
similar during data acquisition. The air was calm, with no wind
(qualitative observation), during the night. For this reason, the
time of sunset was selected as the initial point for monitoring
the branch movement. There was no rainfall during either
measurement. In the Finnish test site, the leaves of lower branches
were verified not to have visible moisture condensation on their
surfaces during nighttime.

Object Point Cloud Delineation
A manual workflow was used to delineate birch and reference
target point clouds spatially from the whole point cloud. The
same procedure was used for both datasets.

The differentiation was started by viewing an object (birch
or reference target) point cloud as a 2D projection from a user
selected angle and then cutting the object outline by hand with
a clear buffer zone. Points inside the outline were included and
the rest were rejected. After the cut, a new 2D projection of the
included points was taken from another angle and the manual
cutting was repeated. In total, 4–5 projections were required
to form a sufficiently accurate 3D delineation for the objects
in both cases. As the objects had no spatial overlap in either
measurement setup, there was no mixing between the object
point clouds. The buffer zones in each cut were selected so wide
that possible temporal movements within the object point cloud
and noise point fluctuations around the object edges (e.g., due
to partial hits) were captured for all measurements. All points
within the selection area were kept. Intensity-based filtering was
not performed.

FGI Hyperspectral Lidar
The FGI Hyperspectral Lidar (HSL) is a laser scanning
system that transmits hyperspectral (white) laser pulses with
a continuous spectrum of 400–2500 nm to the target. It can
measure up to eight separate wavelength bands from returning
pulses. The number of bands is limited by the spectral sensitivity
of the silicon detector, but the wavelengths are selectable within
the transmittance range. In this study, spectral information was
used only to emphasize differences between leaf and stem returns
with the Normalized Difference Vegetation Index (NDVI).

FIGURE 2 | (A) The birch at the Austrian test site. The selected target branches and the three detected reference markers have specific coloring. Ground points are

presented with cyan. Reference target sizes have been emphasized in the figure for visualization purposes. The scanner was located in the origin (0,0,0). (B) A

close-up of Branch 1 at two different times. Triangles represent the manually selected representative points of which total 3D movements were followed over time.

Dark triangles represent the initial point locations at sunset (19:08), bright triangles the corresponding point locations at the time of the movement maximum (04:38).
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The main components of the HSL system are the SM5-he
supercontinuum laser source (Leukos, Limoges, France), a 2D
scanning mechanism (Newport Corp., Irvine, CA, USA), the
wavelength separating spectrograph (Specim, Oulu, Finland),
a 16-channel high speed detector element (First Sensor AG,
Berlin, Germany), and the measurement computer with digitizer
cards (National Instruments Corp., Austin, Texas, USA). The
HSL works by sending laser pulses to the target in a sweeping
pattern and then recording returning waveforms for each
wavelength band detected. The waveforms are digitized with 1
GHz frequency, thus giving the system a nominal 15 cm range
resolution. However, individual laser pulses can be localized
to the waveforms with a de facto range resolution of a few
centimetres. The HSL can measure up to 5000 waveforms per
second and amaximum of three discrete returns are fitted in each
waveform.

A more detailed description of the HSL system, its properties,
and its measurement configuration are given in articles by Hakala
et al. (2012) and Nevalainen et al. (2014).

The properties of both the FGI HSL and RIEGL VZ-4000
scanners are compared in Table 1.

RIEGL VZ-4000 Long Range Laser Scanner
The RIEGL VZ-4000 has been developed for surveying
applications in which very long ranges are required (RIEGL,
2014). The scanner has a net measurement rate of up to 222 kHz.
The maximum measurement range of the VZ-4000 is 4 km for
targets with 90% reflectance at 23 kHz measurement rate. At
222 kHz the instrument is still capable of measuring targets with
only 20% reflectance up to 1000m.

The RIEGL VZ-4000 works, like the HSL, by sending
laser pulses to the target, but analyses the recorded waveform
internally. The nominal ranging precision is 10mm.

The VZ-4000 can be controlled via its built–in touch screen,
viaWIFI or LAN. It has a built-in camera, GPS receiver, compass,
and tilt sensor, and there are interfaces to attach an additional
camera (e.g., IR camera) and/or a high-precision RTK GNSS.

RESULTS

Finnish Point Cloud Time Series
A total of 14 scans were selected from the Finnish point cloud
time series in order to determine the temporal variation in
the birch crown. Since the FGI HSL is a prototype device,
its relative ranging precision during the experiment was first
validated. Movements of the reference targets set around the
birch were monitored for the duration of the experiment.
Table 2 lists the reference target distances to the scanner and
their relative movements compared to the initial scan. The
target ranges and movements were calculated with respect
to the target center that was determined with a least squares
sphere fitting (MATLAB code by Alan Jennings, available in
www.mathworks.com/matlabcentral/fileexchange/34129). The
table shows that the reference targets were detected reliably and
with higher precision (less than 5mm standard deviation) than
the nominal sampling frequency of the system would imply.
This assumption is valid as long as the laser returns can be

TABLE 1 | Property comparison between the laser scanners used in the

Finnish and Austrian test sites.

Laser system FGI HSL

LEUKOS-SM-X-OEM

RIEGLVZ-4000

Laser wavelength (nm) 420–2100 1550

Average output power (mW) 41 Setting

dependent

Measurement rate (kHz) 5.3 23–222

Pulse width ≤1 ns 3 ns

Central wavelength of a detected

channel (nm)

545.5, 641.2, 675.0,

711.0, 741.5, 778.4,

978.0

1550

Channel FWHM (nm) 20 –

Collecting optics field of view 0.2◦ –

Transmit beam divergence 0.02◦ 0.009◦

Transmit beam diameter (cm)

at stem distance (m)

0.7

(7.5)

1.9

(14.7)

Scanning resolution, horizontal 0.1◦ 0.002◦

Scanning resolution, vertical 0.02◦ 0.002◦

expected to come from a single reflection, but cannot be directly
generalized to more irregular targets, like differently positioned
leaves, or to partial hits coming from edges. Nevertheless, the
ranging stability test verified the HSL system accuracy for fixed
target distances and that the HSL point cloud did not present a
systematic drift during the measurement period.

After the range precision measurements, points were
manually delineated into a new individual point cloud of the
studied tree for each measurement as described in Section
Finnish Point Cloud Time Series. Then, the point cloud
was differentiated into crown and stem point clouds. The
differentiation was based on the NDVI distribution of all birch
points. The differentiation was performed using a hard NDVI
threshold of 0.2, where the points with NDVI values below
the threshold were classified as stem and thick branches. The
bounding box of the crown point clouds had dimensions of
3.7 × 3.0 × 6.6 m3 (depth, width, height) when averaged over
all measurements. The median point number for the crown
point clouds was 154,310± 10,030 points corresponding to 6.5%
variability in the total point number.

The goal of the division was to select the returns reflecting
from leaves and most of the branches of the birch and to
leave the trunk and the thickest branches out of the analysis.
After this, five different height percentiles were calculated for
the crown point cloud for each scan (Figure 3). The height
percentiles in the analysis were: 10th, 30th, 50th, 70th, and the
90th percentile. For example, the 90th percentile is located at the
height at which 90% of the points of the whole cloud are below it.
Height percentiles were calculated because a manual selection of
corresponding points in consecutive scans was not possible due
to the low volumetric point density. Height percentiles, on the
other hand, are robust descriptions of the measurement height
distribution and should therefore allow a reliable tracking of
vertical movements of the crown point cloud.

The results show clear and systematic temporal variation in
height statistics of the birch crown point cloud (Figures 3, 4,
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FIGURE 3 | (A) Movement of height percentiles of birch crown points in the Finnish dataset. Height and time are reported with respect to the scan closest to sunset.

Vertical lines mark sunset (blue) and sunrise (red). (B) Maximum movement of height percentile positions overnight. Black points represent the birch crown at sunset.

Blue points represent the birch crown at the time of sunrise. Red points represent the birch stem and the thickest branches. The stem and crown points were

differentiated with NDVI thresholding. Horizontal lines represent the height percentile locations at sunset (dashed, about 19:40 o’clock) and in morning (solid, 06:40

o’clock).

Video 1). In Figure 3, all height percentiles show a declining
temporal trend about 1 h after sunset (blue vertical line). The
four highest percentiles also share another common trend: the
height percentiles after sunrise (red line) were still lower than
their sunset value. At this point, their values have decreased about
0.05m from their sunset value. After reaching the minimum, all
four percentiles show a rapid return toward the sunset value. The
return takes about 3 h. The lowest percentile shows a differing
temporal response compared to the others. Its value declines
more slowly than the others during night, to about 0.03m from
the sunset value. Furthermore, the lowest point is reached about
an hour later than for the other percentiles. The overall trend
of the lowest percentile is also not as clear as with the other
percentiles: the declining trend is less clear and shows more
variance.

Austrian Point Cloud Time Series
The RIEGL VZ-4000 was factory calibrated and mounted on
a solid pillar throughout the experiment, and so its ranging
properties were not inspected as with the Finnish datasets. The
bounding box around the birch had average dimensions of 6.0×
7.0 × 9.3 m3 (depth, width, height). The median point number
inside the bounding box was 9,388,000± 724,000 corresponding
to 7.7% variability in the total point number.

Manual branch point selection was carried out for three
branches. Reference target movement was measured from the
fitted sphere center. Three of the four attached reference targets

TABLE 2 | The ranging stability of the FGI HSL point cloud during the

experiment.

Ref

Ball

No.

Distance from

the scanner

(m)

Distance from

the scanner,

standard

deviation (m)

Fitted radius,

mean (m)

Fitted radius,

standard

deviation (m)

1 6.540 0.002 0.120 0.001

2 7.113 0.002 0.122 0.001

3 8.517 0.003 0.120 0.002

4 7.784 0.004 0.125 0.002

The table shows the reference target distances from the scanner and the radii fitted in

their point clouds. Both the ranges and radii were compared to the initial measurement

close to sunset. All standard deviation values were calculated from 14 scans.

were detected reliably. The fourth one was not detected due to
it being occluded from the scan position by birch branches and
leaves. Figure 5 illustrates the total movements of the selected
points on the branches and the reference target centers.

The graphs in Figure 5 show clearly how all points measured
on branches had a similar movement pattern over time. The
absolute branch point movement was limited mainly to within
2 cm, with the exception of a few points, until 5 h after the
sunset. Thereafter the movement trend began to increase,
reaching its maximum around 9–11 h after sunset. Themaximum
movements varied from 5.0 to 8.5 cm for Branch 1, from 3.5 to
7.0 cm for Branch 2, and from 6.5 to 10.0 cm for Branch 3. After
the movement maximum was reached, all branches returned
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FIGURE 4 | (A) Finnish birch point cloud profiles at the time of sunset (black) and at the time of the maximum movement around 06:40 o’clock (red). Black frames

mark zoomed in boxes in the upper (B) and in the lower (C) crown. Video 1 visualizes the geometrical change in the Finnish birch point cloud over night. It is provided

in the Supplementary Material.

rapidly toward their sunset values around sunrise (about 07:00 h
in the graph). The movement was dominated by the downwards
component, but included also a comparatively small radial
contribution.

In addition to the similar time response, the amplitude of
point movements was dependent on the point distance from
the trunk in general. For every branch, the point indexing was
selected so that the index increased when moving away from the
trunk (Figure 2). As a general trend, points with higher index
values moved more compared to points with smaller indices. The
subplots show exceptions from this rule at different times, but the
general trend is visible.

For reference targets attached to the branches, movement
of their centers showed a similar, but attenuated, temporal
trend compared to the branch points. Reference targets 1
and 3 showed relatively little movement until about 6 h after
sunset, excluding occasional noise points. Then, both reference
target centers showed a sharp movement with amplitude of
1 cm. The movement then increased until 05:30 o’clock, after
which it diminished rapidly by about an hour after sunrise.
Reference target 2 differed from the two others in that its
movement amplitude was lower and the maximum movement
occurred already around 05:00 o’clock. However, the movement
diminished in the same way as in the case of the other reference
targets.

Considerations on Result Comparability
The results show similar temporal behavior between the two
birches. This is despite the difference in location of over 12
degrees of latitude, and the difference in form of growth: the
Austrian tree was a cultivar with mainly hanging branches while
the Finnish study tree had more erect branches with only the
branchlets hanging. Growing conditions in the measurement
sites also differed from each other, the Finnish site was more
covered and in a slope, whereas the Austrian site was on an open
and flat grass field.

Although both experiments showed clear temporal correlation
in birch branch movement overnight, the absolute branch
movements cannot be compared directly. The spatial resolution
obtainable with the FGI HSL was not detailed enough to
determine individual branch points reliably between consecutive
scans. Thus, the temporal development of the Finnish birch
was treated on a crown level. The use of crown point height
percentiles shows how the different parts of the crown move with
respect to each other, but this level of detail was not sufficient to
analyze the movement amplitude of individual branches.

The RIEGL VZ-4000 point clouds were dense enough for
individual representative point monitoring. In addition, the
reference markers attached to birch branches gave another point
of reference to determine the movement amplitude. Since the
representative points on branches were picked by hand, this
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FIGURE 5 | (A) Total movements of the representative points on Branch 1 over time. (B) Total movements of the representative points on Branch 2 over time. Branch

2 is missing the last epoch due to internal occlusion. (C) Total movements of the representative points on Branch 3 over time. (D) Total movement of reference target

centers over time. Vertical lines in all subplots mark sunset and sunrise. All values in (A–D) represent the absolute 3D movement compared to the initial point selection

at the scan closest to sunset. Manual point selection in (A–C) was performed by picking scans once per hour which was sufficient to represent the general movement

trend over time. In (D), reference centers were extracted automatically for all 77 scans. The reference spheres were attached on thicker branches and closer to the

stem than Branches 1–3. This resulted in smaller movement amplitudes in the sphere center movement than with the branches.

resulted in an uncertainty of about 1 cm. However, all manually
selected branch points showed systematic movement amplitudes
of several centimeters that was several times larger than the point
ranging uncertainty and were thus interpreted as a result of
changes in branch position. In the Finnish dataset, the thickest
lower branches adjacent to the stem were measured to be about
15mm in diameter. In the Austrian dataset, the selected branches
were about 10–20mm in diameter as measured from the point
clouds.

In order to better compare the results for estimating required
point densities for future measurement planning, a comparative
table of the two measurement setup is presented in Table 3. The
table sums up both the differences and the similarities between
the measurements.

The question arises, which density of the point cloud is
required for doing the first or the second type of movement
analysis, i.e., height percentiles vs. points on individual branches.
To achieve this, the point density must be quantified. This was
done by calculating the number of populated 5×5× 5 cm3 voxels
for the point clouds, and this was further monitored through
time. The normalized cumulative number of voxels populated
with at least a given number of points is illustrated in Figure 6

for both cases. In other words, the metric shows howmany voxels

contain at least n points within the voxel point cloud. This value
is normalized by dividing through the number of voxels which
have at least 1 point. The point density graphs were drawn at
three different times in order to evaluate whether scanning time
would have had a significant effect on point cloud density due to
any external factors.

In the Finnish full canopy point clouds, the Figure 5A

illustrates clearly how the cumulative point density in voxels
decreases rapidly. This means that most of the populated voxels
had only a few hits in them. Only about 35–40% of the populated
voxels have five or more laser returns localized in them. There
is also about a 5% percentage point difference between the
scans taken at sunset and at night. In the Austrian point
cloud, the corresponding number shows that over 65% of the
populated voxels have at least five hits in them and there is
no significant difference between the scans taken at different
times.

The amount of voxels with one or two laser returns is
important as they represent spatially isolated returns of which a
significant portion may consist of noise, and partial or otherwise
low quality hits on target. The graphs in Figure 6A) show that
while there is some variation in the point density on the crown
and tree level, the point densities between different scans drop
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FIGURE 6 | Normalized cumulative number of voxels populated with at least N points. Voxel size was set to 5× 5 × 5 cm3 in each Finnish and Austrian birch

point cloud. (A) Normalized cumulative number of voxels with at least N points calculated for the Finnish birch crown point clouds and for the full Austrian birch point

clouds. (B) Normalized cumulative number of voxels with at least N points calculated for the selected branch point clouds differentiated from the full Austrian point

clouds.

in a consistent manner for both scanners regardless of scanning
time.

The graphs in Figure 6A) showed the point density for the full
crown and tree point clouds. Thus, the inherently noisy backsides
of the point clouds with lower point densities are also included.
Therefore, similar graphs were also produced separately for the
differentiated Austrian birch branches (Figure 6B) that were
used for movement measurements to see if they would show
different point density variations compared to the full tree point
cloud. The branches were selected on the outer edge of the birch
and with clear visibility to the scanner (Figure 2). The graphs
show that about 85% of all populated voxels inside the bounding
boxes of branches 1 and 2 have five or more hits, and over
75% of the voxels have 10 or more hits. The only exception
here is the sunrise measurement of the branch 1, where the
results are several percentage points lower. Branch 3 results show
systematically lower point densities. About 80% of these voxels
have at least five hits, and about 65% of the voxels have at least
10 hits. In general, the number of multi-hit branch voxels is over
10% points higher than the number of corresponding voxels in
the whole birch point cloud.

Results on the point density variation in the Finnish and
Austrian datasets and their effect on manual branch point
selection give a rough metric to estimate required point densities
for future studies. The representative point monitoring was
possible with manual selection for all branches delineated from
the Austrian datasets, whereas for the Finnish data similar
monitoring was not possible due to lower point density. The
lowest tested branch point density here had about 80% of hits
coming from voxels with at least five points ormore, which would
correspond to a point density of at least 40,000 pts/m3. Voxels

with 10 or more hits (at least 80,000 pts/m3) constituted about
65% of all voxels. In the Finnish dataset, the voxel population
ratio of over 65% was obtained only when voxels with at least
two points (16,000 pts/m3) were included. Thus, to perform a
similar point selection from a natural birch branch surface (i.e.,
without additional reflective material), the point densities should
be at least close to 40,000 pts/m3. This estimated value is not a
universal lower limit, but it gives an initial approximation for
planning new similar experiments.

Measurement settings and weather conditions were also
similar between the experiments:

i) Both experiments were carried out with a single scanner
setup. Therefore, only one side of the test trees could be
monitored over the duration of the experiments. This is
sufficient to determine individual branch movements, but
determination of the whole crown movement is not possible
and would require a minimum of two separate scans from
different positions, preferably more. Multiple scans would
allow branch movement determination around the tree to get
a better insight on possible directional movement differences
within the crown. Multiple scans would also provide better
information about effects related to growing location or sun
position.

ii) In both experiments the weather was similar, with no
observed wind and no rainfall during night. As high-
resolution laser scans require typically minute-long collection
times for tree-sized objects, this means that themeasurements
are susceptible to occasional gusts of wind and need to
be accounted for in measurement planning. In order to
eliminate most wind effects from point clouds, external wind
covers would be needed or the scans should be performed in
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an enclosed setting, for example in a greenhouse. However, in
our experiments no disturbance by wind occurred.

DISCUSSION

The Study in Context with Previous
Research
In this study we quantified a diurnal cycle of branch motion
in mature birch (Betula pendula) trees growing under natural
conditions, and therefore demonstrated the potential of TLS
point clouds to monitor diurnal branch movements in birch
trees. To our knowledge, the study is the first to report overnight
branch and crown movement with centimeter level spatial
resolution and with (less than) hourly intervals. The study
approach presented here is novel in utilizing TLS point clouds
with short interval outdoor scanning.

The study comprises two separate measurement settings with
different equipment and geographic location, namely Finland
and Austria. Target objects were individual birch trees located
in the study areas and night time movements were detected
by scanning their canopies for a period lasting from sunset to
sunrise. The results obtained from the measurements showed
that the crown movement in the Finnish and the branch
movement in the Austrian study case presented similar temporal

TABLE 3 | Comparison between the similarities and differences in the

Finnish and Austrian measurement setups.

Similarities

Type Description

Tree species Birch, Betula pendula

Time of the year Finland: 13–14 of September

Austria: 19–20 of September

Weather conditions Clear weather with some overcast

No observed wind (operator

observation)

No rainfall

No visible surface condensation

Differences

Geographic location Separation distance: about

1500 km

Difference in latitude: about 12◦

Crown bounding box dimensions (depth ×

width × height, m3, median)

Finland: 3.7× 3.0× 6.6

Austria: 6.0× 7.0× 9.3

Total volume of the tree point cloud (sum

over populated voxels, m3, median)

Finland: 4.20

Austria: 45.23

Growing spot Finland: Semi-open, on a slope

Austria: Open, flat field

Laser scanning systems Finland: Experimental (FGI HSL)

Austria: Commercial (RIEGL

VZ-4000)

Year of measurement Finland: 2013

Austria: 2014

response. Close to sunrise, the branches were hanging lower than
at the time of sunset. Detected crown and branch movement
amplitudes varied from a few centimeters up to 10 cm from
their initial locations at sunset, depending on the position of the
branch and the measurement point on it. The movements were
observed to happen systematically over a time span of several
hours, which ruled out occasional wind effects.

Both the molecular background of the circadian rhythm and
the resulting movement of various plant parts (the leaf, stem,
and flower) have been extensively described for small herbs
growing under laboratory conditions. The circadian activity
pattern of trees is also of interest, both for generalizing the
findings of experimental chronobiology and for commercial use
of tree products such as the tree sap [e.g., for the gum tree
(Hevea brasiliensis)] and the wood (which is best harvested when
it has a low water content). Understanding ecophysiological
processes of individual trees, including their diurnal water use
pattern and how this changes under water stress is becoming
increasingly important for climate research, as near-global
coverage of high-resolution remote sensing has revolutionized
the up-scaling of findings from individual tree-based models
to continental scale (Shugart et al., 2015). Until now, in situ
measurements at the scale of full trees were not possible due
to the lack of a non-invasive, non-contact method with high
spatial accuracy. Our study demonstrates that TLS satisfies these
criteria.

To our knowledge, previous and present TLS time series
literature on vegetation mainly concentrates on detecting
seasonal changes. The seasonal change studies have mainly
focused on collecting physiological parameters, like leaf or needle
chlorophyll content (Hakala et al., 2014; Nevalainen et al., 2014),
or to follow the growth and phenological changes by studying
changes in Leaf area index (LAI), plant area index (PAI), and
Plant Area Volume Density (PAVD), e.g., in Griebel et al. (2015)
and Calders et al. (2015). A study by Hosoi and Omasa (2009)
determined the seasonal changes in vertical leaf area density
(LAD) profiles. Measurement intervals in these studies vary from
daily and weekly measurements to individual seasonal scans.
These scan intervals are sufficient for detecting overall changes on
crown level, but cannot capture systematic inter—and intraday
dynamics as reported here.

Most of the TLS time series studies are performed during light
hours, mainly due to technical restrictions that require presence
of measurement staff to set up and monitor the data collection.
A change to this is a new operational system, VEGNET, that
has been developed and successfully applied for long-term forest
monitoring (Portillo-Quintero et al., 2014; Griebel et al., 2015).
The main limitation of VEGNET is its limited spatial resolution
and a fixed angle rotation plane that have been designed to
monitor overall crown structural dynamics around the system
instead of focusing on individual trees. The VEGNET operates
night time to optimize its ranging capabilities and to minimize
possible wind effects. In general, any wind or local airflows
present a significant source of noise in TLS point clouds and
have to be accounted for either during themeasurement. Another
reported error source is precipitation on the scanning equipment
and on target.
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Another feasible approach to collect longer-term time series
data with high temporal resolution is short-interval photography.
Li et al. (2013) performed a plant growth analysis study
where they studied the structural changes in a pot plant in
laboratory conditions for 35 days where the same viewing
geometry was repeated every 5min. A 4D (3D structure and
time) point cloud representation was then post processed
from the imagery to study geometrical changes in the plant.
Nijland et al. (2014) used infrared converted consumer grade
cameras to collect plant health and phenology information in
an outdoor setting for several months with 1-h interval. The
main weakness of the imaging approach is the requirement of
external lighting and comprehensive radiometric calibration to
guarantee correct radiometry between imagery taken in dynamic
lighting conditions. Li et al. (2013) applied constant lighting
on their targets, whereas Nijland et al. (2014) had to limit
their outdoor imaging sequences to light hours. Neither solution
allows studying of possible dark time dynamics in plants as
reported in this study.

SUMMARY AND FUTURE WORK

The study scope was limited to analysis and quantification of
the geometric movements in birch crown and branches. The
validation of possible mechanisms behind the movement was not
possible within the study scope and further investigations are
required. Possible mechanisms contributing to the branch and
crown movement may be related to plant water balance or to
plant photoperiodism, but their validation was out of the scope
of this article.

Circadian changes in plants have been studied extensively in
plant physiology and they can be quantified with high detail
in laboratory conditions or in-situ for individual plants and
their parts (e.g., Perämäki et al., 2001). However, extending the
results to larger areas is prohibitively laborious. We conclude
that whereas laser scanning point clouds are not able to give
as detailed information about the physiological changes in
plants as laboratory or on-the-spot measurements, they still
have a significant potential to provide additional geometrical
information that can be correlated with the physiological
measurements, and then possibly extended to cover whole plants
in their natural environment and over wider areas. Perhaps
the most important open question is whether the observed
branch movements take place under the influence of light from
sunset and sunrise, or if they are independent from light and
governed by the internal circadian clock of the plant. The fact
that some branches started returning to their daytime position
already before sunrise would suggest this latter hypothesis, but
the temporal frequency of our investigations is not sufficient for
confirming or rejecting it: ideally, measuring several full 24-h
cycles of a tree isolated from natural light would be required
for this.

To explore the potential of TLS-based sleepmovement of trees
as an indicator of water use and water stress, further studies
are required with simultaneous physiological measurements of
trunk diameter, water potential, and photosynthetic activity
and reference comparisons. This will allow (i) quantification
of the limits of reliability of different terrestrial laser scanners
to detect the temporal movements in different plant and
tree species and (ii) modeling and further simulation of the
relationship between the detected geometric behavior and direct
physiological observations of plant water use and circadian
rhythms.
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Video 1 | Animation of the overnight movement in the Finnish birch point

cloud from sunset to sunrise. Video is created by drawing birch point cloud of

each scan collected during night. The point cloud scanned around sunset (19:40

o’clock) is drawn with black as a reference. The laser scanner was located in

origin (0,0).
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The Application of Leaf Ultrasonic
Resonance to Vitis vinifera L.
Suggests the Existence of a Diurnal
Osmotic Adjustment Subjected to
Photosynthesis
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Maurizio Mencuccini4, Maria D. Fariñas5, Tomás G. Álvarez-Arenas5 and
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The main objective of this study was to apply the air-coupled broad-band ultrasonic
spectroscopy in attached transpiring leaves of Vitis vinifera L. to monitor changes in leaf
water potential (9) through the measurements of the standardized value of the resonant
frequency associated with the maximum transmitance (f/fo). With this purpose, the
response of grapevine to a drought stress period was investigated in terms of leaf water
status, ultrasounds, gas exchange and sugar accumulation. Two strong correlations
were obtained between f/fo and 9 measured at predawn (pd) and at midday (md) with
different slopes. This fact implied the existence of two values of 9 for a given value of
f/fo, which was taken as a sign that the ultrasonic technique was not directly related to
the overall 9, but only to one of its components: the turgor pressure (P). The difference
in 9 at constant f/fo (δ) was found to be dependent on net CO2 assimilation (A) and
might be used as a rough estimator of photosynthetic activity. It was then, the other
main component of 9, osmotic potential (π), the one that may have lowered the values
of md 9 with respect to pd 9 by the accumulation of sugars associated to net CO2

assimilation. This phenomenon suggests the existence of a diurnal osmotic adjustment
in this species associated to sugars production in well-watered plants.

Keywords: diurnal osmotic adjustment, drought, gas exchange, leaf ultrasonic frequency, Vitis vinifera, water
potential

Abbreviations: A, net CO2 uptake; Ca, ambient CO2 concentration; em, early morning; f/f o, standardized frequency; gs
stomatal conductance; md, midday; pd, predawn; P, turgor pressure; RWC, relative water content; π, osmotic potential; 9 ,
water potential.
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INTRODUCTION

Grapevines are one of the world’s most important commercial
crops, not only from an economic point of view, but also because
of the extension of its worldwide cultivation. A significant
proportion of these vineyards grows under Mediterranean-type
climates (Tonietto and Carbonneau, 2004), where Vitis vinifera
L. has to cope with a summer water deficit that may affect
berry quality (Chaves et al., 2007; Chaves et al., 2010). In such
environments, climate change models (García-Mozo et al., 2010)
predict an increment in extreme high temperature and drought
events, which may represent a risk for the wine industry forcing
it to a more frequent use of irrigation for affordable crop
production (Chaves et al., 2007). The high water requirements
of grapevines during the growing season (Netzer et al., 2005;
Zhang et al., 2007) and the large dependence of berry quality
parameters on soil water availability (Medrano et al., 2003; Keller
et al., 2008; Flexas et al., 2010; Romero et al., 2010; Pou et al.,
2011) justifies special attention in the optimization of water use
during vineyard irrigation to achieve a more environmentally
sustainable viticulture with a reasonable fruit quality (Jones,
2004).

Direct measurements of the plant stress response, ‘plant stress
sensing’ according to Jones (2004), have been suggested as a better
way to implement adequate irrigation scheduling compared to
only estimating atmospheric water demand or soil moisture
status (Jones, 1990, 2004, 2007). Among the methods that use
the plant as an indicator, the air-coupled broad-band ultrasonic
spectroscopy technique (Álvarez-Arenas et al., 2009; Sancho-
Knapik et al., 2010, 2011, 2012), has been proven recently as a
non-destructive, non-invasive and non-contact method for the
dynamic determination of leaf water status in V. vinifera (Sancho-
Knapik et al., 2013a; Fariñas et al., 2014). This method is based
on the excitation of thickness resonances of the leaves and on
the analysis of the spectral response in the vicinity of the first
order thickness resonance (Álvarez-Arenas et al., 2009), and has
been revealed as a good indicator of the water potential (9) and
the RWC of leaves through changes in the f/f o at the maximum
transmittance (Sancho-Knapik et al., 2010, 2013a). These changes
in f/f o that occur before turgor loss can be attributed to changes
in the macroscopic effective elastic constant of the leaf in the
thickness direction (c33) (Sancho-Knapik et al., 2011) that are
mainly associated with changes in the tautness of the microfibrils
in the cell wall (Gibson and Ashby, 1997) and therefore with
changes in the bulk modulus of elasticity of the cell wall (ε
the change in turgor pressure for a given fractional change in
the weight of symplasmic water) (Tyree, 1981; Sancho-Knapik
et al., 2011). As ε is dependant on the variations in turgor
pressure (Tyree and Jarvis, 1982), changes in f/f o before the
turgor loss point can be attributed mainly to the variations in
turgor pressure.

Leaf 9 is the sum of turgor pressure, or the outward
hydrostatic pressure which is opposed by the cell wall (P,
positive), osmotic potential, the component of the water potential
due to the presence of solutes (π, negative) and matric potential,
the component relative to the binding of water molecules to
non-dissolves structures of the cells, which is negligible as

compared with the other two (Koide et al., 1989). Loss of water
from turgid attached leaf tissues in response to transpiration
can decrease 9 not only through a significant decline in P,
but also through a decline in π. Although variations in π can
occur following passive concentration of solutes, this is generally
less important when compared with the variation in P (Richter,
1978; Koide et al., 1989), associating the decrease in 9 when
a turgid leaf losses water, mainly with a decrease in P. In
this case, the relation between f/f o and 9 in attached leaves
may be in line with previous works where processes occurring
during leaf dehydration were studied (Sancho-Knapik et al., 2010,
2013a). On the other hand, photosynthetic products, besides
being upload immediately to the phloem or converted into starch,
can be accumulated, reducing also leaf π by a net increase in
solutes (Acevedo et al., 1979). This process, called diurnal osmotic
adjustment, has been revealed as a mechanism playing a key role
in leaf expansion by minimizing the opportunities for significant
water loss from leaf tissues (Acevedo et al., 1979; Girma and
Krieg, 1992). Diurnal osmotic adjustment induces a significant
reduction in 9 without any decrease in P, so that, a variation
in 9 caused only by a net increase of solutes in the leaf may
not induce a variation neither in RWC nor in f/f o. In this
second case, the air-coupled broad-band ultrasonic spectroscopy
technique may be used to appreciate mechanisms at leaf level
that have been interpreted as the consequence of diurnal osmotic
adjustment associated to photosynthesis when no changes in f/f o
occur during a decrease in 9 . In this sense, the aim of this study
is to apply the air-coupled broad-band ultrasonic spectroscopy
on V. vinifera to (i) monitor changes in f/f o with changes in leaf
water potential on attached transpiring leaves and (ii) analyse the
mechanisms that can suggest the existence of a diurnal osmotic
adjustment associated with photosynthesis.

MATERIALS AND METHODS

Plant Material and Experimental
Conditions
Two-year-old rooted cuttings of Vitis vinifera cv. Grenache were
planted in 75-L containers with a mixture of 80% compost
(Neuhaus Humin Substrat N6; Klasman-Deilmann GmbH,
Geeste, Germany) and 20% perlite. Plants grew during 2 years in
a common garden located at CITA de Aragón (41◦39′N, 0◦52′W,
Zaragoza, Spain; mean annual temperature 15.4◦C, total annual
precipitation 298 mm) with irrigation employed when necessary.
Two weeks before the beginning of the experiment (starting date
on 16 July 2014), three pots of each variety were placed under
a transparent greenhouse tunnel of alveolar polycarbonate that
allowed passing 90% of PPFD. The use of covers in water-stress
experiments had the advantage of performing measurements in
more controlled environmental conditions, avoiding re-watering
by storms or unwanted rainfall events.

Watering was stopped on 15 July 2014 and measurements
in well watered plants started on 16 July 2014. During the
following days, measurements of water potential, gas exchange
and ultrasounds were performed every 2 or 3 days with increasing
levels of drought stress. pd measurements of ultrasounds and
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water potential (9pd) were conducted strictly between 3 and 4 h
(solar time), while md measurements of ultrasounds and water
potential (9md) were made at 12 h (solar time). Measurements
of gas exchange were made at 8 h solar time (em) and at
md. Drought stress was imposed during 20 days. Finally, after
the last measurement under drought stressed conditions, plants
were rewatered and measurements were performed again after
2 days. In addition, leaves were collected at pd, em, and md for
the measurement of sugars concentration, osmolality and RWC
during the first and the last days of the drought period (when
plants were well watered and just before rewatering, respectively).
Leaves for RWC were previously measured with ultrasounds and
water potential was also measured at em.

A second complementary experiment was carried out during
summer 2015 on a well watered specimen located inside a
plant chamber at low CO2 concentration (40–80 µmol mol−1).
Water potential, ultrasounds and sugars concentration were
measured on 10 leaves at pd and at md in order to obtain
the response of a well watered plant when photosynthetic
activity was impaired due to the almost complete absence of
CO2. Under these conditions, the decrease of water potential
at midday (9md) with respect to that measured at predawn
(9pd) would be only affected by concentration of solutes due
to the loss of water through transpiration and not by the
accumulation of photosynthates. For more details of the plant
chamber, see section below. The effect of low CO2 concentration
on plant photosynthesis was previously checked on the same
specimen during the previous day by measuring gas exchange
at controlled cuvette CO2 concentration (Ca) between 30 and
90 mol mol−1).

Air-Coupled Ultrasonic Measurements
Two attached mature leaves per plant from three plants were
selected and marked at the beginning of the experiment in
order to perform all the pd and md ultrasonic measurements
systematically on the same leaves. Magnitude and phase of the
transmission coefficient were measured in the frequency domain
(Sancho-Knapik et al., 2012). Then, in real time, the computer
program adjusted theoretical curves to the measured curves
of magnitude and phase and gave the value of the resonant
frequency associated with the maximum transmitance at the peak
curve (f, Hz) (Sancho-Knapik et al., 2010, 2012). One ultrasonic
measurement was taken between 30 and 60 s. Afterward each
value of f was divided by the value obtained before dawn at
the beginning of the experiment when the plants were well
watered (f o, Hz). The f/f o (non-dimensional) associated with the
maximum transmittance at the peak curve was then obtained
(Sancho-Knapik et al., 2011).

The air-coupled ultrasonic system used to obtain the resonant
frequency of the leaves in this study was a more portable and
easy-to-handle device (Álvarez-Arenas et al., 2016) compared to
the one used in previous physiological studies (Sancho-Knapik
et al., 2013a,b). The new device (Figure 1) consists in one pair of
air-coupled transducers embedded in a U-shaped holder which
was connected to a small pulser/receiver and to a laptop. The
transducers were developed, designed and built at the Spanish

National Research Council with a center frequency of 650 kHz,
frequency band of 350–950 kHz and area diameter of 20 mm
(see Álvarez-Arenas, 2004 for further details). The U-shaped
holder maintains the transducers facing each other at a distance
of 20 mm providing the necessary robustness that can be easily
manipulated without affecting the integrity of the signal. The
holder also had a slot in which leaves could be easily positioned
between the transducers for the measurements (see Álvarez-
Arenas, 2013 and Fariñas et al., 2014 for further details). The
pulser/receiver is a commercial device (ULTRASCOPE USB,
Dasel Sistemas, Madrid, Spain) which was used to drive the
transmitter transducer with a semicycle of square wave (200 V
amplitude), tuned to the transducers centre frequency, to amplify
(40 dB) the electrical signal provided by the receiver transducer
and to digitize this received signal for further processing. It
includes pass-band digital (filtering) and extraction of the Fourier
transform (using a built-in FFT algorithm). The measurement
process was controlled via a graphical user interface (GUI)
managed in LABVIEW and also designed by the Spanish National
Research Council for this purpose.

Water Potential, Gas Exchange and
Relative Water Content
Predawn and midday leaf water potentials (9pd and 9md, MPa)
were measured in one mature leaf per plant of V. vinifera with
a Scholander pressure chamber following the methodological
procedure described by Turner (1988). Briefly, in this technique
a leaf was cut and placed in the pressure chamber with the cut
end of the petiole just protruding from the chamber. The pressure
inside the chamber was gradually increased by compressed
nitrogen gas until the sap just returned to the severed ends
of the xylem vessels. In this moment the pressure inside the
chamber was recorded and taken as the value of water potential
with the opposite sign. Net CO2 uptake (A, mol CO2 m−2 s−1)
and gs (mmol H2O m−2 s−1) were measured in two mature
leaves per plant located along the middle of the stem with
a portable gas exchange system (CIRAS-2, PP-Systems, Herts,
UK). Measurements were performed at controlled cuvette CO2
concentration (Ca = 400 mol mol−1), PPFD incident on the leaf
surface [∼1300 and 1800 mol photons m−2 s−1 at em and md,
respectively] and ambient relative humidity. RWC was calculated
at the beginning and the end of the drought period as a ratio
of the difference between leaf fresh weight (FW) minus leaf dry
weight (DW) and the difference between leaf turgid weight (TW)
minus leaf DW. To obtain RWC, 5 discs per leaf (1.8 cm in
diameter) from one half of each blade from two leaves per plant
were obtained with a cork borer and subsequently weighed (FW).
Afterward discs were introduced in a stove (70◦C, 72 h) to obtain
DW. The other half of the blade was rehydrated to full turgor by
cutting carefully their petioles and submerging them in distilled
water. Leaves were wrapped in plastic seal and stored in the fridge
overnight. TW was then obtained from 5 disks per leaf.

Pressure-Volume Curves
Pressure-Volume (P-V) curves were determined using a
Scholander pressure chamber following the free-transpiration
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FIGURE 1 | Schematic picture of the portable air-coupled broadband ultrasonic device.

method described in previous studies (Turner, 1988; Dreyer
et al., 1990). The weight and water potential were measured
at different levels of RWC, starting at full turgor (TW) and
until close to −2.5 MPa were reached. Two leaves per plant
were collected at pd from well watered plants. Their petioles
were carefully cut and submerged in distilled water until full
rehydration. Afterward, leaves were wrapped in plastic seal and
left overnight in the refrigerator. After the measurements, leaf
DW was obtained by keeping the plant material in a stove (70◦C,
72 h). RWC was then calculated as explained above being FW the
sample fresh weight at any moment. Additionally, ultrasounds
measurements were simultaneously performed in order to relate
the values of turgor pressure (P) derived from P-V curves with
f /f o.

Leaf Sugars Analysis and Osmolality
Two leaves per plant of three different plants were collected
at pd, at em and at md from well watered plants (at the
beginning of the experiment) and from drought stressed plants
(just before rewatering). Leaves were cut from the plants and
were introduced in glass tubes closed hermetically and kept in ice
for leaf preservation. Immediately after, tubes were carried to the
laboratory and were stored in a freezer at −80◦C until analysis.
To obtain the expressed leaf sap, frozen leaves were easily broken
with a glass rod and they were centrifuged at 5000 rpm for 20 min
(Yu et al., 1999). For sugars analysis, 20 µL of the expressed sap
extract was filtered by 0.45 µm nylon filters and injected in a
HPLC 360 (Kontron, Milan, Italy), equipped with a double piston
pump, self-sampler, and regulated furnace at 40◦C. The column
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used was a 250 mm × 4.6 mm i.d., 5 mm, Kromasil Amine.
The mobile phase was an isocratic elution of acetonitrile:water
(75/25). Detection of sugars (fructose, glucose, and sucrose)
was based on a liquid chromatographic method (AOAC, 1990)
using a differential refractive index (RI) detector model ERC-
7512 (Erma Inc., Tokyo, Japan) at 40◦C temperature. The linear
range for the concentration determination of each compound was
0.05–2 g/100 ml. Identification of chromatographic peaks was
based on retention times by comparison with known standards
(Merck, Darmstadt, Germany). An external calibration curve was
prepared for each carbohydrate standard to calculate the amount
of these compounds present in the leaf extract. The percentage
weight:volume (% w:v) of sugars (fructose, glucose and sucrose)
was finally obtained. On the other hand, another aliquot (10 µl)
was used for measuring the osmolality (mmol Kg−1) of expressed
sap of em and md samples with a calibrated vapor pressure
osmometer (Wescor Vapro model 5500, Wescor, Logan, UT).
Osmotic potential of the expressed sap was then calculated from
the osmolality using the Van’t Hoff equation (Callister et al.,
2006).

Plant Chamber
The chamber consisted of a Teflon FEP (Fluorinated Ethylene
Propylene copolymer) film rolled and stapled into a wood
rectangular frame (80 cm × 80 cm × 150 cm). A tape was
used to seal the chamber and a 10-cm2 hole was left in one of
the upper corners to have an open flow. Teflon FEP was used
because of its low permeability to liquids and gasses and its
excellent transmission in the infrared and visible range of the
solar spectrum (Liu et al., 2000). The plant chamber was screwed
on a wood base (100 cm × 100 cm) where a few holes were cut
to accommodate the plant stem (3.8 cm in diameter) and the air
inlet tubes (10 mm in diameter). The base was then cut in half
through the stem opening so that it could be moved on and off the
plant. Two chest-latches held the base together during operation.
A sleeve of sealed-cell foam was placed around the plant stem.
The foam was slightly larger in diameter than the opening for
the vine stem, enabling the chamber base to compress the sleeve
and form a tight seal around the stem. This design separated the
plant from the potting soil to eliminate the effects of soil and root
respiration on CO2 determinations (Miller et al., 1996). Finally,
the joining between the chamber and the base was sealed with a
plastic adhesive tape.

The air-supply system consisted of an air compressor (model
LX 108, Atlas Copco AB, Stockholm, Sweden) with an output
of c.a. 2000 l/min and a maximum pressure of 10 bar. This
compressor was attached to a “T” connector through an 8-mm-
i.d., polyamide tube. From the connector, two polyamide tubes
ended in two clear acrylic pipes (38-mm-i.d., and 1.30 m in
length) that were filled up with soda lime and molecular sieve
(90:10) in order to lower the air CO2 concentration inside the
chamber. Two more polyamide tubes connected the end of the
pipes to the base of the plant chamber. CO2 concentration was
measured during the experiment with a Carbon Dioxide Probe
(GMP343, Vaisala CARBOCAP, Helsinki, Finland) obtaining
concentrations levels inside the chamber between 40 and 80 ppm.
Two small electric fans (12 cm× 12 cm× 3.8 cm) were located on

the wood base to stir the air throughout the chamber. Finally, a
small rocking piston (model ROA-P201-BN; Gast Manufacturing
Inc., Benton Harbor, MI, USA) with an output of 35 l/min and a
maximum pressure of 6.9 bar was used to recirculate the chamber
air through another acrylic pipe filled with silica gel in order to
dry the chamber air and avoid a water-saturated atmosphere.

Statistical Analysis
Relationships between mean values of f/f o and water potential
obtained at predawn (f/fpd

o , 9pd) and at md (9md, f/fmd
o ) were

adjusted to a linear function. One-way ANOVAs were performed
to compare 9 , f/f o, A, gs, RWC, π and sugars concentration
among the different times of the day (pd, em, and md) for plants
well watered and drought stressed plants just before rewatering.
Multiple comparisons were carried out among the different
times of the day using the post hoc Tukey’s Honestly Significant
Difference test. A Student’s t-test was used to compare the same
parameters between well watered and drought stressed plants. All
statistical analyses were performed with the program SAS version
8.0 (SAS, Cary, NC, USA).

RESULTS

The evolution of pd water potential (9pd) and f/f o (f /f pd
o ) for

Vitis vinifera cv. Grenache showed that plants started the drought
period with values close to full turgor (9pd

=−0.01± 0.00 MPa,
f/fpd

o = 1.00 ± 0.00) (Figure 2). Six days after the last watering,
9pd and f/fpd

o became slightly lower, reaching values of
−0.06 ± 0.03 MPa and 0.994 ± 0.007 respectively. From here,
9pd and f/fpd

o dropped to −1.14 ± 0.05 MPa and 0.872 ± 0.014,
respectively, at the end of the drought period. Two days
after rewatering, values of 9pd and f/fpd

o became similar to
those obtained at the beginning of the experiment. Midday
measurements for water potential and ultrasounds showed a
similar trend than that found at pd (Figure 2). Thus, plants
experienced a slight decrease of 9md and f/fmd

o during the
first days of the experiment followed by a drop at the end
of the dry period and a recovery to the initial values after
rewatering. Regarding gas exchange measurements, plants started
the drought period with values of A and gs at em of 13.0± 0.5 mol
CO2 m−2 s−1 and 148.8± 17.1 mmol H2O m−2 s−1, respectively
(Figure 3). The values of A and gs measured at md at the
beginning of the experiment were very similar than those
measured at em (Figure 3). These values remained practically
constant at em and md during the first 6 days of the experiment.
Since this day, both A and gs started to decline, especially at
md, until they reached values close to zero at md (Figure 3).
A recovery was observed at em and md two days after rewatering,
with values of A and gs at em of 10.98 ± 0.54 mol CO2 m−2 s−1

and 96.2± 8.1 mmol H2O m−2 s−1, respectively (Figure 3).
Plants well watered – at the beginning of the drought period –

did not show statistically significant differences at p < 0.05
between pd and md for f/f o and RWC (Figure 4). However,
significative variations between pd and md (p < 0.05) were found
for 9 (from−0.07± 0.02 to−0.84± 0.12 MPa) and sugars (from
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FIGURE 2 | Evolution of water potential (9) and standardized
frequency (f/fo) to drought for Vitis vinifera cv. Grenache measured at
pd (blue circle) and md (red triangle) along the drought stress
experiment. Values are expressed as mean ± standard error of six
measurements for f/fo and three for 9. Dotted line indicates plant rewatering.

1.99 ± 0.06 to 3.17 ± 0.23 in % w:v) (Figure 4). Differences in π

obtained from the osmolality of the expressed sap were also found
between em and md (p < 0.05) (Table 1). On the other hand, at
the end of the drought period plants did not show statistically
significant differences at p < 0.05 between pd, em, and md for
f/f o, RWC, 9 , sugars (Figure 4) and between em and md for
π (Table 1). In other words, although f/f o and RWC did not
show changes between pd and md neither for well watered nor
for drought stressed plants, plants well watered showed a great
decrease in 9 and a great increase in sugars between pd and md
when compared to drought stressed plants (Figure 4).

Two linear relationships between f/f o and 9 at pd and md
were obtained with the values of both parameters measured
during the drought cycle (Figure 5; R2

= 0.99, p < 0.001 for pd
and R2

= 0.91, p < 0.001 for md). It was observed that a decrease
in f/f o was associated with a decrease in 9 and a convergence
between the relationships at pd and at md toward lower values
of f/f o. In addition, Figure 5 shows that for a given value of f/f o
there was a corresponding value of 9 at pd and a different value at
md. The difference between the two values of water potential for a
given f/f o (δ was related to the value of net CO2 uptake measured
at midday (Amd) (Figure 6). This relationship showed that the

FIGURE 3 | Evolution of Net CO2 uptake (A) and stomatal conductance
(gs) to drought for Vitis vinifera cv. Grenache measured at early
morning (blue circle) and md (red triangle) along the drought stress
experiment. Values are expressed as mean ± standard error of six
measurements.

highest value of δ (0.4 ± 0.1 MPa) occurred at the time of the
highest value of Amd (16.2 ± 0.2 mol CO2 m−2 s−1). When Amd

became lower due to drought stress, δ also decreased, reaching
values of zero when Amd also reached zero.

Finally, the grapevine plant forced to live for 1 day under a
CO2 concentration (between 40 and 80 mol mol−1) lower than
the atmospheric one (p < 0.05) showed statistically significant
differences at p < 0.05 between pd and md for 9 (from
−0.11± 0.01 to−0.56± 0.05 MPa) and f/f o (from 0.990± 0.002
to 0.939 ± 0.006) (Table 2). However, the concentration of
leaf sap sugars under low CO2 concentration did not show
statistically significant differences between pd and md (Table 2).
The measurement of gas exchange at md under low CO2
concentrations during the previous day confirmed the absence of
net CO2 uptake (−0.2± 0.6 mol CO2 m−2 s−1).

DISCUSSION

The air-coupled broad-band ultrasonic spectroscopy has proved
useful in this study to monitor how changes in the f/f o varied
with water potential (9) in attached transpiring leaves of Vitis
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FIGURE 4 | Water potential (9), standardized frequency (f/fo), Net CO2 uptake (A), stomatal conductance (gs), percentage weight:volume (% w:v) of
leaf sap sugars (fructose, glucose and sucrose) and relative water content (RWC) for well watered (green circle) and drought stressed (orange
square) plants of Vitis vinifera cv. Grenache during three moments of the day: pd, em, and md. Measurements on well watered and drought stressed plants
were taken the first and the last day of the drought period, respectively. Values are expressed as mean ± standard error. Asterisks indicate statistically significant
differences between well watered and drought stressed plants (Student’s t-test, p < 0.05). Different letters indicate significant differences among pd, em, and md for
well watered and drought stressed plants (Tukey test, p < 0.05).

vinifera. When plants became drought stressed, 9 and f/f o varied
simultaneously (Figure 2) resulting in good correlations between
the two variables (Figure 5), as shown for detached leaves during
previous dehydration studies (Sancho-Knapik et al., 2010, 2013a).
The development of a new smaller and easy-to-use ultrasonic
device used in this work provided the possibility of measuring
attached leaves under field conditions, in contrast to previous
studies made under laboratory conditions with a more complex
and non-portable apparatus (Sancho-Knapik et al., 2010, 2011,
2013a,b). It should be noted that, at present, this device cannot
be used for plant species with small leaves due to the size of

the transducers. This is a matter that deserves further technical
improvements.

The methodology used in this study is based in two main
assumptions which were validated by the results obtained. On
the one hand, the ultrasonic technique was only measuring
one of the components of 9 the turgor pressure (P), and on
the other hand, Vitis vinifera plants developed diurnal osmotic
adjustments that facilitated the maintenance of leaf turgor during
md. Both assumptions have emerged from the occurrence of two
different 9 values, one at pd and other at md, for a given value
of f/f o (Figure 5). Regarding the first assumption, the positive
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TABLE 1 | Osmotic potential (π, MPa) obtained from the osmolality of the
expressed leaf sap measured on well watered and drought stressed plants
of Vitis vinifera cv. Grenache during two moments of the day: em and md.

em md

π (Well watered) −1.17 ± 0.05 a −1.33 ± 0.06 b∗

π (Drought stressed) −1.19 ± 0.05 a −1.18 ± 0.05 a

Measurements on well watered and drought stressed plants were taken the
first and the last day of the drought period, respectively. Values are expressed
as mean ± standard error. Asterisks indicate statistically significant differences
between well watered and drought stressed plants (Student’s t-test, p < 0.05).
Different letters indicate significant differences among em and md for well watered
and drought stressed plants (Tukey test, p < 0.05).

FIGURE 5 | Relationships between water potential (9) and
standardized frequency (f/fo) for Vitis vinifera cv. Grenache measured
at pd (blue circle) (R2 = 0.99, p < 0.001) and md (red triangle)
(R2 = 0.91, p < 0.001). δ indicates the difference between the value of md 9

and pd 9 for a given f/fo. Values are expressed as mean ± standard error.

linear relationship found between P and f/f o (Figure 7) showed
that a higher f/f o value can be related to an increased P-value,
independently of the time of the day when measurements were
carried out (i.e., pd or md). Taking this into account, plants with
low values of water potential at md (9md) but with relatively
higher values of f/fmd

o , would have P-values close to full turgor.
Therefore, the difference between both 9 values (δ) could not be
associated with changes in P because f/f o remained constant.

Concerning the second assumption, we found that δ was
dependent on net CO2 uptake (A) (Figure 6), which could
be used as a rough estimator of photosynthetic activity. To
the extent of out knowledge, this is indeed the first time
in which a quantitative relationship between δ and A has
been described, and this relation might change for other
cultivars (e.g., Syrah, data not shown) or species with different
photosynthetic rates. Considering (i) that P was not the factor
leading to the occurrence of δ in Figure 5, and (ii) the actual
existence of a relationship between δ and A, we propose that
the remaining component of 9 , i.e., the osmotic potential
(π), may have induced the decrease of 9md with respect
to 9pd through the synthesis of carbohydrates. Indeed, we
have found a significant decrease in π between em and md

FIGURE 6 | Relationship of the difference between the value of md and
pd water potential for a given standardized frequency (δ) and Net CO2

uptake measured at midday (Amd) for Vitis vinifera cv. Grenache.
Values are expressed as mean ± standard error.

TABLE 2 | Leaf water potential (9), standardized frequency (f/fo), net CO2

uptake (A) and percentage weight:volume (% w:v) of leaf sap sugars
measured on well watered plants of Vitis vinifera cv. Grenache at low CO2

concentration (Ca = 40–80 µmol mol−1).

pd md

9 (MPa) −0.11 ± 0.01 −0.56 ± 0.05

f/fo 0.990 ± 0.002 0.939 ± 0.006

A (µmol CO2 m−2 s−1) 0 −0.2 ± 0.6

Sugars (% w:v) 5.31 ± 0.25 4.98 ± 0.19

Measurements were performed at pd and md. Values are expressed as
mean ± standard error (n = 10). For sugar analysis, not significant differences
(P < 0.05) were found between pd and md.

FIGURE 7 | Relationship between turgor pressure (P) and standardized
frequency (f/fo) measured on six leaves of Vitis vinifera cv. Grenache
(R2 = 0.98, p < 0.01). Values are expressed as mean ± standard error.
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estimated with the osmometer (Table 1), despite the discrepancy
between this and other methods for the measurement of
π (Callister et al., 2006). These dynamic changes in π

can be explained through the daily accumulation of solutes
due to photosynthesis in order to maintain P (i.e., the so-
called “diurnal osmotic adjustment” according to Acevedo
et al., 1979). The solutes that can lower π are divided in
four classes (Sanders and Arndt, 2012): (i) sugars, that are
considered the main component for the change in diurnal
osmotic adjustment (Acevedo et al., 1979); (ii) organic acids,
which could represent less than −0.01 MPa according to
Acevedo et al. (1979); (iii) inorganic ions which play a minor
influence in osmotic adjustment (Warren et al., 2011) and
(iv) free amino acids (specially proline) which mainly increase
at higher drought stress levels in prolonged dry periods
(Irigoyen et al., 1992; Aranjuelo et al., 2011; Masoudi-Sadaghiani
et al., 2011). In this study, the high photosynthetic activity
measured in fully irrigated plants induced the production
and accumulation of sugars at md (Figure 4). These solutes
may have induced a decrease in π between pd and md
(the diurnal osmotic adjustment), which was noticeable due
to the decrease of the water potential at midday (9md)
with respect to that measured at predawn (9pd) without
any significant reduction in f/f o and RWC (Figure 4). That
is, water loss by transpiration did not induce a significant
reduction in 9md. Furthermore, when RWC at md in well
watered plants (Figure 4) is expressed in terms of the value
of 9 given by the P-V curves (data not shown), this value
(−0.30 ± 0.06 MPa) is less negative than the one measured
during the experiment (−0.72 ± 0.12 MPa, Figure 4). The
difference between both values may then represent the diurnal
osmotic adjustment due to the effect of solute accumulation
due to photosynthesis. Moreover, this difference is similar to
the one estimated with sugar concentrations for well watered
plants (Figure 4) using the equation of Acevedo et al. (1979),
which yielded a theoretical change of ca. 0.3 MPa in the
osmotic potential between pd and md. The adjustment observed
was larger at the beginning of the experiment, when plants
had higher values of net CO2 uptake (A) and increased
sugar concentrations (Figures 3 and 4, respectively) than at
the end of the drought period when net CO2 assimilation
was almost negligible (Figure 3). Consequently, in drought
stressed plants it was not detected neither an accumulation of
sugars in leaves (Figure 4) nor an increment in π (Table 1)
and, therefore, 9 was not lowered between pd and md.
In this situation, the expected values of 9 based on the
measurements of f/fmd

o corresponded with the measured 9md

values.
The measurements obtained from the experiment of a

well-watered Grenache plant under low CO2 concentration
inside a chamber confirmed that changes in f/f o were
associated to changes in P. The low CO2 concentration
inside the plant chamber induced close-to-zero net CO2
uptake. Despite pd values of sugar content higher than
those seen in the previous experiment, here an accumulation
of sugars at md was not seen (Table 2). Acevedo et al.
(1979) also reported a lack of accumulation in sugars and

a lack of π diurnal change when a close-to-zero net CO2
uptake was induced in sorghum leaves by artificial plant
shading, suggesting an association between photosynthesis
and the observed diurnal osmotic adjustment. Therefore, it
is then logical to assume that in V. vinifera under low
CO2 concentration no decrease occurred in π between pd
and md, leaving P as the only responsible component
of the decrease in 9 . Observed changes in 9md were
indeed very small and compared to those seen in water-
stressed plants. Under these circumstances, measured values
of f/fmd

o should reflect measured values in 9md without the
confounding factor of diurnal osmotic adjustment. Consistent
with this idea, if f/f o and 9 values of the Grenache
specimen at low CO2 concentration measured at md (Table 2)
are plotted over the relationships between f/f o and 9 for
that appears in Figure 5, it can be observed that values
at md from Table 2 fitted the relationship obtained at
pd.

It should be noted that, although the seasonal osmotic
adjustment may be a common phenomenon in many
plant species (Hsiao et al., 1976) including V. vinifera
(Martorell et al., 2015), the diurnal osmotic adjustment
has been studied and detected only in a few species during
the last decades (Acevedo et al., 1979; Rada et al., 1985;
Koroleva et al., 2002). This physiological response has
been interpreted as an adaptive mechanism for plants
that may experience drought stress by means of an active
increase in the concentration of cell solutes that may
maintain positive turgor potentials above thresholds for
stomatal closure and growth cessation (Rada et al., 1985).
In contrast with these previous studies that detected the
osmotic adjustment through the direct measurement of π

in the laboratory, our investigation has served to suggest
this phenomenon on attached transpiring leaves under field
conditions.

CONCLUSION

This study demonstrates for the first time that plant water
status of V. vinifera can be monitored on transpiring leaves
under field conditions through the measurement of ultrasonic
frequencies. Moreover, our results suggest the existence of
a diurnal osmotic adjustment in this species associated to
sugars production, which plays a key role in the decrease
found in 9 between pd and md in well-watered plants. These
facts, together with the possibility of measuring ultrasonic
frequencies continuously (Fariñas et al., 2014) make the
ultrasonic technique a promising tool to be used in plant
sciences.
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Increasing CO2 concentrations are strongly controlled by the behavior of established

forests, which are believed to be a major current sink of atmospheric CO2. There are

many models which predict forest responses to environmental changes but they are

almost exclusively carbon source (i.e., photosynthesis) driven. Here we present a model

for an individual tree that takes into account the intrinsic limits of meristems and cellular

growth rates, as well as control mechanisms within the tree that influence its diameter and

height growth over time. This new framework is built on process-based understanding

combined with differential equations solved by numerical method. Our aim is to construct

a model framework of tree growth for replacing current formulations in Dynamic Global

Vegetation Models, and so address the issue of the terrestrial carbon sink. Our approach

was successfully tested for stands of beech trees in two different sites representing part

of a long-term forest yield experiment in Germany. This model provides new insights into

tree growth and limits to tree height, and addresses limitations of previous models with

respect to sink-limited growth.

Keywords: tree growth, vegetation modeling, sink limitation, source limitation, height growth

1. INTRODUCTION

Forests are an important component of the global carbon cycle and are currently thought to
be a major sink of atmospheric CO2 (Bonan, 2008; Pan et al., 2011). Being able to predict the
future responses of forests is therefore of great interest. Many models have been used to address
this issue, but they are almost exclusively carbon source-driven, with plants at any particular
location treated as a pool, or pools, of carbon mainly driven by photosynthesis (e.g., Cramer
et al., 2001; Anav et al., 2013; Friend et al., 2014). However, it is likely that many other factors,
such as the intrinsic limits of meristems and cellular growth rates, as well as control mechanisms
within the tree, have large influences on forest responses (Körner, 2003; Fatichi et al., 2014). A
few research groups have addressed the issue of sink-limited growth in a modeling context with
respect to carbon sequestration. The potential for sink-limited growth to affect carbon storage
and treeline position was addressed by Leuzinger et al. (2013) using a global vegetation model.
However, their approach was highly empirical and only addressed temperature limitations. A more
mechanistic approach was presented by Schiestl-Aalto et al. (2015), in which a tree-level carbon
balance model was constructed with both carbon source and sink parameterizations. The sink
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parameterizations were based on thermal-time and included
different ontogenetic effects between tissue types and xylogenetic
processes for secondary growth. However, while this paper
makes a significant contribution, the various parameterizations
were very simply incorporated, with no effect of moisture on
wood growth, fixed durations for xylem enlargement, and no
overall tree growth across years. Gea-Izquierdo et al. (2015) also
presented a tree-level model parameterization that addressed the
effect of growth processes independently of photosynthesis, and
in this case looked particularly at soil moisture effects. However,
they did not explicitly treat meristem growth, but instead used
modified allocation coefficients depending on temperature and
soil water.

Grossman and DeJong (1994) examined the consequences
of explicit consideration of sink-limited growth for growth
partitioning through the growing season in fruit trees. Sink
growth was parameterized using a priority order and as a
function of carbohydrate supply up to potential rates for different
tissues, which were modulated by daily temperature and season.
It was concluded that source and sink limit at different times of
the year, with carbohydrate supply limiting stem growth during
the spring and autumn periods, presumably related to the total
sink strength being maximal at those times. Derived from this
type of approach, a number of so-called “Functional-Structural
Plant Models” (FSPMs) have been developed which typically
explicitly consider both source and sink functions (Allen et al.,
2005). While the emphasis of these models has been on allocation
to plant form, the focus on sinks makes them relevant for the
sink-source debate, and potentially useful tools to address it.
However, as far as we know they have not been directly used
for this purpose. The LIGNUM model (Perttunun, 2009), for
example, computes stem growth using available photosynthate in
order to conform to the pipe model, based on foliage area. The
tree grows as a coordinated whole, and storage is not considered.
It has primarily been used to study the three-dimensional aspects
of crown shape and light capture.

Most of the published growth and yield models that are
routinely applied to forest ecosystem management and scenario
analyses are based on statistical relationships between tree
growth and environmental conditions (Pretzsch et al., 2007).
Thus, they inherently consider the sink aspect of growth, in
terms of parameterized resource-growth relationships, more
than the source approach. Examples are the individual tree
models TASS (Purves et al., 2008), SILVA (Pretzsch et al., 2002),
PROGNAUS (Sterba and Monserud, 1997), SORTIE (Pacala and
Deutschman, 1995), MELA (Hynynen, 2002), and HEUREKA
(Wikström et al., 2011). They represent successful but maybe too
exclusively sink-orientedmodels, in which new knowledge of tree
responses to environmental conditions is difficult to integrate
due to their empirical nature. In contrast, the generation of
mainly source-driven models such as BALANCE (Grote and
Pretzsch, 2002), TREEDYN (Bossel, 1991), and 3PG (Landsberg
and Waring, 1997) represent hypotheses about biogeoeco-
physiological mechanisms, but so far are little established beyond
scientific applications. This is mainly due to the lack of evaluation
and comparison with empirical growth and yield records. In
response to this current one-sided focus on modeling either

taking the sink or the source aspect into account, an integration
of both seems most promising for taking forward understanding
and prognosis of tree and stand growth.

Here we present a new framework for addressing tree growth
responses to environmental change, building on knowledge
of tree physiology to develop approaches for predicting the
development of an individual tree, and thereby enabling a better
understanding of forest responses to environmental change than
purely source-driven models can achieve, as well as addressing
the limitations of previous sink-limited approaches. Our aim
is to derive an approach that can be applied in global models,
specifically Dynamic Global Vegetation Models (DGVMs).
Therefore, we seek the minimal level of detail necessary in order
to compute behavior at the global scale, and to be compatible
with the other highly aggregated process representation in
DGVMs.

In this paper we suggest that this objective can be realized
using differential models, that is to say growth models using
differential equations. We propose here a first differential model
taking into account control mechanisms and the intrinsic limits
of meristems and cellular growth within trees together with
the carbon balance, as well as direct environmental controls
on meristematic activity. The paper is presented as follows.
First we make several hypotheses concerning physiological
considerations, then we give a description of the model. We
show how the model is used to predict tree height and stem
volume in two sets of three different stands of beech trees. Finally,
we discuss the results and the behavior of the model in several
situations.

2. MODEL AND FRAMEWORK

2.1. General Considerations
To describe the development of the tree, we suppose that it
has two types of meristems, apical and lateral, and that the
apical meristem increases the height through sustaining primary
growth, while the lateral meristem (i.e., the vascular cambium)
increases the radius through sustaining secondary growth. We
recognize that trees will usually have many separate apical
meristems distributed acrossmany branches, but for convenience
we treat these together as one apical meristem; we also ignore
apical root growth for now. We further assume that the stem
can be represented by a cylinder and that the crown (i.e., the
branches and foliage) occupies a cylindrical volume and has
dimensions that are proportional to the stem dimensions, i.e.,
the crown depth is proportional to the height of the tree stem
and its radius to the radius of the tree stem. In this way we need
only obtain information about the radius r and the height h of
the stem to describe the growth of the tree. Future developments
will include introducing other crown and stem shapes, as well as
root meristems. Here our objective is to keep the model as simple
as possible in order to explore the realism of its fundamental
assumptions.

In order to derive the dynamics of r and h we need three types
of equations:

• constitutive equations—related to the structure of the tree;
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• control equations—representation(s) of the intrinsic controls
that the tree has on itself;

• carbon balance equations—related to the balance of carbon
between the tree and its environment, and the balance within
the tree.

2.2. Constitutive Equations: Allometric
Relationships
Physiologically, plant growth is sustained by meristems
producing new cells which subsequently enlarge and increase in
mass (Aloni, 1987). We suppose that for each type of meristem,
growth is proportional to its volume, that is to say that the
mass of carbon allocated to a meristematic region will depend
proportionally on the volume of meristem, which determines the
maximum potential production rate of new cells.

We also suppose that a tree controls the activities of
the meristems and therefore the relative demand for carbon
between the meristematic regions: it can favor either height
or diameter growth in this way, depending on environmental
signals. Moreover, we suppose that this is the only control the
tree has on its growth. With this hypothesis we soon get:

dh

h
= 2α2

dr

r
(1)

where α2 is the ratio of activities between the apical and lateral
meristems, i.e., when the activity of the lateral meristem produces
1 g of carbon growth, α2 g of carbon growth occurs from the
apical meristem. It is the control parameter.

Note that we suppose here that the volume of the apical
meristem is proportional to the top surface area of the
(cylindrical) stem and that the volume of the lateral meristem
is proportional to the lateral surface area of the stem. This
hypothesis is used as it is more realistic than assuming that the
volume of the lateral and apical meristems are proportional to the
volume of the tree, i.e., that the thickness of the lateral meristem
area increases proportionally with the radius and the thickness of
apical meristem increases proportionally with height. Although
even under this alternative hypothesis we would get the same type
of equation with α2 being the proportion of growth per unit of
volume of apical meristem relative to proportional lateral growth,
only adding a numerical coefficient in front of α2.

Knowing the definition of the volume and integrating we get
the following constitutive equations:

h = γ r2α2 (2)

Mc = g1r
2h (3)

We recognize Equation (2) as the usual allometric relationship
where γ is a constant. As it is true for any time t, it can be
expressed as h0/r

2α2
0 , with h0 and r0 the height and radius at some

time origin t = 0.
Equation (3) is simply the definition of the volume of the stem

plus canopy (containing the branches and leaves) in relation to its
mass, Mc. We assume naturally that branches, stem, and leaves
have different densities, but for each of them we suppose that
their mass is proportional to r2×h with potentially a geometrical

coefficient. That implies that the general mass is proportional
to r2 × h, and in Equation (3), g1 is the global proportionality
coefficient. Therefore, g1 takes into account the density of the
stem, the density of the branches and foliage, their contribution
to the mass of the tree, and geometric factors. g1 can therefore be
found using the proportionality coefficients we assumed between
crown radius and stem radius and crown height and stem height,
and their relative densities. Or if we call a the geometrical factors
and d the densities: g1 = afoliagedfoliage + abranchesdbranches +
astemdstem. Here a takes into account the geometry and the
volume of each element.

2.3. Control Mechanism of the Tree
We want now to take into account the intrinsic control that
the tree has on itself, parameterized in our model by α2, the
ratio between the activities of the apical and lateral meristems.
For this we need to consider what happens physiologically
(for convenience we use teleological terminology): the tree uses
internal controls to be able to adapt its shape and physiology to
the surrounding environment, for instance other competing trees
(e.g., Ritchie, 1997), through phytohormonal signaling networks
(Brackmann and Greb, 2014; Aloni, 2015). Many behaviors could
be taken into account, but here we focus on the behavior of a
tree competing for light by trying to grow taller faster than its
competitors by increasing α2. The modeled tree is assumed to
detect the presence of surrounding trees by sensing the ratio
of downwelling red radiation (i.e., wavelengths between 655
and 665 nm) to downwelling far-red radiation (i.e., wavelengths
between 725 and 735 nm). A low ratio signals potentially more
neighboring trees and therefore a potential threat of shading. In
that case the tree reacts by increasing the activity of the apical
meristem relative to the lateral meristem, while a higher ratio
potentially means no threat and so the tree reacts by balancing
the activities of the two meristems as it needs to compete less for
light (Franklin, 2008). We hypothesize that this reaction can be
modeled as:

α2 = α0 exp(−α3Ra) (4)

Where α0 is the highest limit for α2 beyond which the tree
breaks due to mechanical failure, and Ra is the ratio of received
downwelling red:far-red ratio. α3 is a scaling parameter such that
α0 exp(−α3) is the value of α2 when the tree is unshaded (i.e.,
when it detects no other tree around).

This approach is based on the findings of several studies
(e.g., Morgan and Smith, 1976; Franklin, 2008). In particular,
Morgan and Smith (1976) observed the laboratory behavior of
two similar young trees grown for 21 days with the same intensity
of photosynthetically active radiation (PAR), but different red:far-
red ratios. They experimentally obtained a relationship which,
extended by limited development for short trees, is coherent with
the relationship we give in Equation (4).

A potential limitation to our approach is that we may not
have access to direct measurements of Ra. For a lone tree this
would not be a real problem: the allometric relationship would
be constant in our model and the red:far-red ratio maximal.
For individual trees growing in a stand in a forest, however, the
situation is different as the trees shade each other.
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Finding a dependency rule of the red:far-red ratio for trees in a
stand is therefore a challenge that does not seem to be overcome
yet. Because of this and our desire to keep the model simple1,
when we do not have access to measurements of the red:far-red
ratio we make the assumption that α2 is constant for each stand,
as it would be for a lone tree. When the value of this constant is
required, it will be estimated as a typical value consistent with
the empirical allometric relationship. This is likely to be our
most limiting factor as we are here trying to model the internal
control that the tree has on itself, which is probably the most
complicated phenomenon to take into account, and likely the
least-well understood component of our model (cf. Li et al., 2011;
Aloni, 2015). Although the model seems to work realistically,
further work may require a more precise dependency of the
red:far red ratio.

2.4. Carbon Balance
The variation of carbon in the tree over time can be written as the
sum of the carbon used for volume growth and the carbon stored:

dMtot

dt
=

dMc

dt
+

d((S− S1)
g1

(1+S1)
πhr2)

dt
(5)

where Mc is the carbon used for volume growth, Sc =

S
g1

(1+S1)
πhr2 the carbon stored, S is defined as carbon stored

per unit volume of stem, Sc0 = (S − S1)
g1

(1+S1)
πhr2 is the

carbon stored above the storage limit S1 under which the
tree is considered in danger. This distinction has a physical
interpretation and therefore in this model the density of the
tree can then be seen as a standard density related to the
carbon used for growth plus an increase of density due to the
storage.

We also know that the variation of carbon is given by:

dMtot

dt
= A(Q1,Cg ,T,ψ , h, r)− C1hr

2 −
C2(1+ S1)

g1π
Sc (6)

where A is the carbon assimilation due to gross photosynthesis
minus a foliage respiration part proportional to photosynthesis,
while C1 is a constant grouping a part of the respiration and
a litter component proportional to the volume, together with
the geometrical factor g1π (such that C1/g1π is the respiration
and litter component constant). We assume here that there is
no other litter component, that is to say that litter is completely
proportional to the volume of the stem. We note that this also
means that the litter is proportional to the volume of the crown
with our previous assumptions. Also we assumed here that we are
dealing with trees where the living volume can be approximated
as proportional to the total volume. This is an approximation
and further work could include a variable corrective coefficient,
however this is a secondary issue compared to the main advance
of this model concerning sink-limited growth. Finally, C2 is
the same type of constant but for the carbon storage. A is
assumed to depend on PAR (Q1), the concentration of CO2 in

1Variation of α2 could strongly increase the complexity of the equations as α is an
exponent in our model.

the atmosphere (Cg), temperature (T), water potential (ψ), and
the dimensions of the tree (h and r).

Therefore:

dMc

dt
+

dSc0
dt

= A(Q1,Cg,T,ψ , h, r)−Chr2−
C2(1+ S1)

g1π
Sc (7)

The system is so far incomplete as there needs to be a relationship
that controls which part of the carbon is allocated to growth and
which part is allocated to storage. Also, the volume growth of the
tree is sustained by meristematic cell division and enlargement,
with a maximal rate determined by intrinsic physiological limits
or environmental controls.

We assume that the tree grows in volume as much as it can, as
long as it keeps enough storage to avoid being in danger, such
as for repairing damage and surviving poor growing seasons.
We assume that there is one tree specific storage pool, although
we acknowledge that localized storage with various turnover
times are more realistic (Sprugel et al., 1991; Palacio et al., 2014;
Richardson et al., 2015). Therefore, if there is enough carbon
assimilation then the rate of growth is equal to the meristem-
sustained growth-rate limit and the storage can increase using
the difference of these two. Also, if the carbon assimilation rate
becomes too low but there is enough storage, then the storage
delivers carbon to the meristematic region to maintain a rate
of growth equal to its maximal sustainable rate. Then density
decreases as the carbon of the storage is used to maintain the
volume growth. This is likely to occur for instance when buds
appear while photosynthesis is not yet high enough to support
the maximal growth potential due to meristem reactivation (note
that bud-burst and other seasonal phenological phenomena are
not yet treated by the model). However, if there is not enough
carbon assimilation or storage then the rate of growth is equal
to the carbon assimilation rate and the storage per unit volume
remains constant.

This behavior can be translated into evolution equations. As
growth occurs at a cellular level we can assume that the maximal
meristem growth is proportional to the volume of meristems. We
denote this maximal meristem-sustained growth per volume by
Rmax, the volume of the meristems by Vme.

If there is enough photosynthesis or storage, i.e.,

if A(Q1,Cg,T,ψ , h, r)− Chr2 − C2Shr
2 > RmaxVme or S > S1

(8)
then:

dMc

dt
=

RmaxVme

1+ (S− S1)
(1+ S1)

(9)

d((S− S1)π
g1

(1+ S1)
hr2)

dt
= A(Q1,Cg,T,ψ , h, r)− Chr2

−C2Shr
2 −

dMc

dt
(10)

but if A(Q1,Cg,T,ψ , h, r) − Chr2 − C2Shr
2 ≤ RmaxVme

and S = S1 (11)
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then

dMc

dt
= A(Q1,Cg,T,ψ , h, r)− Chr2 − C2Shr

2 (12)

dS

dt
= 0 (13)

Note that the case where for some reason the carbon assimilation
by photosynthesis is insufficient even to cover the cost of
maintenance is treated by Equations (8–10). In that case there
will be a depletion of storage to sustain themaintenance cost until
the storage reaches a critical level or until the photosynthesis rate
increases sufficiently.

2.5. Modeling Photosynthesis
We assume the following dependencies of photosynthesis on
water potential, atmospheric CO2 concentration (Cg), PAR (Q1),
temperature, radius, and height:

1. Photosynthesis increases with CO2 concentration and PAR
exponentially and tends to saturate:

A α (1− exp(−
Cg

Cr
)) (14)

A α (1− exp(−
Q1

Qr
)) (15)

Cr and Qr refers to the critical constants.
2. As a first approximation photosynthesis of each leaf decreases

linearly with a reduction in soil water potential. We also
suppose that water potential and hence photosynthesis
decreases linearly with height (Friend, 1993):

Aleaf α
h1 − h

h1
(16)

Where:

h1 =
(ψsoil − ψlim)

Rh
(17)

With ψsoil the water potential in the soil and ψlim the limit
water potential below which any photosynthesis cannot be
performed due to a lack of turgor pressure in the leaves and
increased probability of xylem cavitation. Rh is the hydraulic
resistance per unit length. Overall for the whole canopy we
suppose a dependency of the form:

A α (
h1 − βh

h1
)h (18)

In particular this means that there are two antagonist effects:
one that tend to increase photosynthesis with the depth of
the canopy due to more leaves and another that tends to
make photosynthesis decrease with height due to the decline
in water potential. Note that β is a numerical coefficient that
depends on the ratio between the crown depth and the height.
We assumed in our simulations that β = 3/4. Also, the
dependency of both height and water potential is given above.

3. We assume a dependency with temperature given by an
asymmetric parabola:

A α (1− (
|T − Topt|

Ti
)2) (19)

With Ti being 21◦C if T > Topt and 25◦C otherwise. We set
here Topt = 18◦C. These values are inspired by previous studies
(e.g., Precht et al., 1973).

4. We suppose that photosynthesis is proportional to the surface
area of the crown, and so proportional to r2.

Overall we get:

A = Amax(1− e−
Cg
Cr )(1− e−

Q1
Qr )(1− (

|T − Topt|

Ti
)2)

(
h1 − 3h/4

h1
)r2h (20)

2.6. Maximal Meristem-Sustained Growth
Intuitively, as meristem-sustained growth occurs at a cellular
level, we assume that the limit to meristem-sustained growth per
volume increases with temperature up to a certain temperature
and increases with water potential (cf. Deleuze and Houllier,
1998). Therefore, we assume the following dependencies:

1. Themeristem-sustained growth limit decreases with height as:
Rmax α

(h2−h)
h2

h2 =
(ψsoil − ψlim2)

Rh
(21)

With ψsoil the water potential in the soil and ψlim2 the
limit water potential below which meristem-sustained growth
cannot occur. Physically this gives us a maximal height h2 due
to the limit on meristematic growth.
We define therefore Rmax0 the reference maximal meristem-
sustained growth per volume independant of water potential
by: Rmax = Rmax0

(h2−h)
h2

We could also suppose that the limit to meristem-sustained
growth per volume increases with temperature using a

standard Q10 formulation: Rmax α Q
T−T2
10

10 . However, seen the
difficulty to know preciselyQ10 and in order to keep themodel
as simple as possible we assumed that Rmax0 remains constant
with time.

2. As stated previously, we suppose that the volume of meristems
is expressed as: Vme = (t1πr2 + 2πrht2), where t1 is the
effective thickness of the apical meristem and t2 is the effective
thickness of the lateral meristem.

2.7. Final Evolution Equations
Using the previous elements we finally get:

dMc

dt
=

Rmax0(
h2 − h
h2

)Vme

1+ (S− S1)
(1+ S1)

(22)
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dSc0
dt

= (Amax(1− e−
Cg
Cr )(1− e−

Q1
Qr )(1− (

|T − Top|

Ti
)2)

(
h1 − 3h/4

h1
)− C)hr2 − C2Shr

2 −
dMc

dt
(23)

or

dMc

dt
= (Amax(1− e−

Cg
Cr )(1− e−

Q1
Qr )(1− (

|T − Top|

Ti
)2)

(
h1 − 3h/4

h1
)− C)r2h− C2Shr

2 (24)

dS

dt
= 0 (25)

depending on whether carbon supply from photosynthesis plus
storage is sufficient to meet demand for growth (Equations 22
and 23) or not (Equations 24 and 25).

2.8. Deriving the Values of the Parameters
So far we need to know the values of the following physiological
parameters to use the model (Table 1):

Amax, g1, C, C2, S1, Cr, Qr, h1, h2, t2Rmax0

The most accessible are probably Cr and Qr. These are usually
well known and can be obtained from the curve of photosynthesis
activity as a function of atmospheric CO2 mixing ratio (in ppmv)
or as a function of PAR, respectively.

Amax can be obtained by direct measurements of the
carbon exchange at a given height, ambient CO2 concentration,
temperature, PAR, and compensating for respiration as in
Campioli et al. (2011). Acting similarly and measuring litter
with litter traps gives access to C. These values can also
be deduced from net primary production and gross primary
production and the typical litter flux rates. Note that here we
use data coming from forest stands, although in the model
we suppose that we have an individual tree without shading
because data for lone standing trees are seldom available. This
means that we may underestimate the growth of isolated trees,
but at the same time the values of Amax and C obtained
enable to take into account the shading effect by neighbors of
a forest with the same density, which is a hidden parameter
of this model (i.e., not explicitly taken into account). Also,
depending on the typical time length of the study, we choose
a model timestep and therefore we use averaged values of
the parameters on this timestep. In this analysis, we chose
1 year as the timestep although smaller timesteps could be
considered.

Finding h1 is equivalent to finding theminimal water potential
that can sustain photosynthesis. h2 is its equivalent with respect
to growth. Combined, these two parameters take into account
all water potential-dependant limits in trees such as cavitation
in the xylem conduits, minimal turgor potential to maintain the
shape of the leaf and enable stomatal opening, etc. While h1 (or
equivalently ψmax1) has been extensively studied (e.g., Friend,
1993; Koch et al., 2004; Du et al., 2008), and is believed to be equal
to around 90 m for redwood trees (Koch et al., 2004), h2 seems to

TABLE 1 | Numeric values of the parameters used in the model.

Symbol Value Quantity

g1 365 kg.m−3 Density of carbon of the equivalent

cylinder representing the tree

C/π 73 kg.m−3.y−1 Respiration and litter

coefficient

C2/π 73 kg.m−3.y−1 Respiration coefficient

for the storage

t2Rmax0/g1 0.0201 m.y−1 Reference maximal

corresponds to a maximal meristem-sustained

radius expansion of 1.5 cm.y−1 lateral growth per area

independent of water

potential

t2/t1 1 Ratio between lateral and

apical meristem thickness

βh1 67.5 m Limit height of

occurrence for photosynthesis

h2 47 m Limit height of occurrence

for meristem-sustained

growth

S1 0.2 Critical value of the

storage per unit mass

Amax/π 206 kg.m−3.y−1 Maximal assimilation

of carbon per

unit volume by photosynthesis

Qr 1000 W.m−2 Characteristic PAR

dependency

α2 0.34–0.43 Ratio of meristematic activity

Cr 500 ppm Characteristic CO2

mixing ratio dependency

β 3/4 Geometrical integrand for h1

Topt 18 ◦C Optimal temperature for

carbon assimilation

be less known. However, knowing h1 and the other parameters,
as well as the effective limit height for the considered species, h2
can be estimated by assuming that it is the limiting parameter in
regions with very good conditions for photosynthesis. Therefore,
looking at the effective limit height would give access to h2 for
these particular regions. Using Equation (22) and regressing on
the water potential we would have access to ψlim and Rh and
therefore we would be able to estimate h2 in any region from a
measure of ψsoil.

We can find Rmax0, at least approximately, by looking at the
tree rings of many trees across several geographical locations
and assuming that the largest ones correspond to the maximal
increment dr achievable in a year, which is directly linked
to Rmax0, the maximal meristem-sustained growth rate under
perfect water potentials. Then we can deduce the value of Rmax0,
or at least its order of magnitude.

3. RESULTS

The model described above is ordinary, first order, non-linear,
and has no widely known explicit analytical solution in the case
where 2α2 is not an integer. Therefore, it was solved numerically
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by the Runge-Kutta-Fehlberg (RK45) method (Dormand and
Prince, 1980). Coherence both with the analytical solution
in simplified cases and with other solving methods (i.e., the
trapezoidal rule and numerical differentiation formula) was
tested.

As some parameters can depend, a priori, on the considered
species, we derived the parameters explained previously for
beech trees from the data provided in Campioli et al. (2011)
and Zianis and Mencuccini (2005). Beech trees were chosen
because of their importance in European forests, especially in
Germany where they represent more than 15% of the forest
and in France where they comprise 15% of the non-conifer
forest. Therefore, a great number of studies have focussed
on beech trees, enabling easier comparisons with our current
study.

As the computation of the parameters is based on independent
measurements that have sometimes a non-negligible margin
of error, we allowed the parameters thus obtained to vary
with a 20% margin to account for this error, and to allow a
small adaptation of the model (as it is only a simplification
of reality) by fitting them with reference measurements of
a standard beech tree stand in Fabrikschleichach, Germany
that we refer to as “first stand” in the following. As Rmax0

was more coarsely estimated we allowed it a variation of
50% in order to maintain the right order of magnitude.
Also, as no precise data on the soil water potentials over
the tested period A.D. 1870–2010 were available for these
stands, we allowed a 50% variation of h2, the height where
meristem-sustained growth cannot occur due to cell turgor
limits. We obtained then a final vector of parameters for our
model using a non-linear least-square method (trust-region-
reflective algorithm: http://uk.mathworks.com/help/optim/ug/
equation-solving-algorithms.html).

We then used ourmodel to predict the time variation of height
and volume of an average tree in other stands of beech trees.
It should be emphasized that there is a substantial difference
between fitting and prediction. Fitting a model to some data gives
a partial understanding of the data but does not usually enable
prediction for another tree or even for future data points as the
fitting is done on a restricted set of measurements. Prediction, on
the other hand, is much harder to achieve as it supposes the use of
previously-derived parameters and environmental information
(e.g., air temperature, soil moisture, CO2 concentration, etc.)
to predict the measurements. Usually most models are fitted
rather than predicting as it is much harder to predict anything
without any fitting, although when it works it gives much more
information: a better understanding and a reliable way to deduce
future measurements before they occur even for other trees (e.g.,
height or volume prediction).

On these stands the model was tested without any additional
fitting. In that sense it is, at least partially, a prediction. Of
course a fitting on these stands would give a better result than
the (still good) results we obtain, however it is not the goal
of our approach. This is the reason why in the figures, to
emphasize the difference of treatment between the standard
stand and the others, two labels appear: “partial fit” and
“prediction.”

We first considered three stands of beech trees that are part
of a long-term experiment on forest yield science performed
by the Chair of Forest Growth and Yield Science at the
Technische Universität München. The stands are in southern
Germany, about 60 km from Würzburg in the heart of the
Steigerwald, a richly forested hillside, near a small village named
Fabrikschleichach (49.9 ◦N; 10.5 ◦E). They cover roughly 0.37
ha, are located within immediate proximity of each other (i.e.,
they have experienced the same environmental conditions), and
differ only in silvicultural management, especially thinning with
consequences for the development of stem densities during the
experiment. The beech trees were planted and then measured at
irregular intervals averaging 8 ± 3 (mean ± standard deviation)
years from an age of 48 y in A.D. 1870 to 188 y in A.D. 2010. For
each stand we considered the average height of the 100 trees with
the largest stem diameter at breast height. The first stand was the
reference stand used to partially fit the parameters (within the
20% margin). As the model needs initial values for both h0 and
r0, and as measurements only started at an age of 48 y, all the
computations were run starting at an age of 48 y as can be seen in
Figure 1.

As expected, our partially fitted model agrees well with
the measurements from this stand (Figure 1A; R2 = 0.924).
Predictions with the model were then performed for the two
other stands (Figures 1B,C).

The results give a very good prediction for the second stand
(R2 > 0.925), and a small, although non-negligible, error for the
third one (R2 = 0.89). However, this could be at least partially
explained by the change in the density of trees during the 120
y due to different rates of thinning in the different stands (i.e.,
from 3,500 tree ha−1 to 200 tree ha−1 in the first stand, 6,400
tree ha−1 to 200 tree ha−1 in the second, and 2,400 tree ha−1 to
200 tree ha−1 in the third). Therefore, the red:far-red radiation
ratio changes with time in the real forest while it was assumed
constant in our model.

To complete the analysis by testing the model thus calibrated
on another site where the conditions may be different, it was
also used to predict the height of dominant trees in three other
stands at a different site in the Spessart, Hain (50.0 ◦N; 9.3
◦E), a low wooded mountain range in central Germany, located
approximately 100 km from the first site where the beech trees
were also planted and then measured from an age of 48 y in
A.D. 1870 to 188 y in A.D. 2010 (Figure 2). As data were missing
concerning the water potential during the growth period from
A.D. 1870 to compare with the first stand, we allowed the model
to adapt its value of h2 within 20% by keeping the calibration
derived previously and fitting only this one parameter on the
first of the three new stands. Then the new calibration was
used to predict the heights of the three stands according to the
model. To avoid the potential error induced by the different
variations of the red:far-red ratios within the stands, we restrict
our analysis to data when the density was lower than 1,000
tree ha−1 and started the simulations from these ages. As before,
the predictions are in strong accordance with the observations
for all three stands, with a nearly exact correspondence with the
measurements (R2 = 0.99, R2 = 0.92, R2 = 0.99 respectively),
except for the second stand.
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FIGURE 1 | Size of the modeled tree with age at the first site (Fabrikschleichach). Continuous curves are computed with the model while circles correspond

to experimental measurements. (A) Represents the results of the partial fit on the reference stand. (B,C) Represent the results of the prediction with the parameters

obtained by partial fitting.

We should note that the correspondence is very close but not
exact, and that the data we have might limit the accuracy: firstly,
from our equations we can see that there is a propagation of error
from the initial conditions. An error on the initial height of 1
m could imply an error of the predicted height of up to 2.5 m
after 50 years even if the model were perfect. Also, no data were
available for the difference of water potentials between the stands
on a same site, while it seems logical that for a certain density of
trees, the stands with higher density will have less water available
per tree. Therefore, this could induce a small error in h2 and h1
that could be corrected if we knew the average water potential
during the growth period in each stand.

To exam the sensitivity of the model to the initial condition,
we investigated how this impacts its predicting potential.
Figure 3A shows predictions by the model for the second stand
of the first site (Fabrikschleichach) when we add an error on the

initial condition for r0 between −20% and +20% (in blue) with
an increment of 4%. We also show the effect of combining this
error on r0 with a −20% error on h0 (in cyan) and a +20% error
on h0 (in magenta). Experimental measurements are represented
in red. In Figure 3B we show the result of the model with a
full range of error for r0 and h0 between −20% and +20% with
an increment of 4%, while the experimental measurements are
again represented in red. In these simulations some knowledge
on the experimental measurement is still necessary as we need
to known the allometric relationship a priori. However, we
could avoid this assumption by estimating it for instance using
the allometric relationship of the first stand used for partial
fitting. Figure 3B would not change much: the result of this
procedure is given in Figure 3C. Of course the prediction is
likely to be more precise if we knew more than the single initial
point. The existing but small dispersion of the model prediction
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FIGURE 2 | Plot of the size of the tree with age at the second site (Hain). Continuous curves are computed with the model and start when the tree density is

lower than 1,000 tree ha−1, while circles correspond to experimental measurements. Parameters for beech trees are obtained from the first site and h2 was allowed

to vary up to 20% to compensate for the lack of data concerning water potential from A.D. 1870 on the two sites. Panels (A–C) represent, respectively, the results for

stands 1–3.

due to variation in the initial condition as demonstrated by
the panels in Figure 3, is encouraging. It appears that the
sensitivity or our model to the initial condition is not a significant
concern regarding the ability of the model to reproduce actual
behavior.

Finally, mortality is not addressed by the model, although
the model does produce cessation of growth under stressful
circumstances. Therefore, tree mortality due to critical events
(e.g., disturbance, pathogens, etc.) other than a limit on growth
due to the external conditions, can create discontinuities in
the data which are not captured by the model. Although the
continual use of the 100 trees with largest DBHs tends to average
this discontinuity (as the probability that a large change in those
100 trees occurs in 1 year is low), this might have created another
limit to the accuracy. For instance, we note that we have observed

in the 2010 measurements, i.e., after 188 years, the death of
several of the 100 trees with the largest DBHs, which seems to
have caused a decline of the average height of the 100 living trees
with the largest DBHs as taller trees were replaced by smaller trees
in this group, which is a result of size-related mortality dynamics
(cf. Holzwarth et al., 2013).

If we wanted to address further this question, especially if we
wanted to simulate many individual trees that interact together
in a forest, we could multiply the height h by a random process
M(t) that would be equal to 1 when the tree is alive and 0 when
the tree is dead. Then the probability p(M(t) = 0|M(s<t)= 1) of
transition between a living tree and a dead tree could be derived
using experimental measurements and even be a function of the
size of the tree. So far, though, this doesn’t seem to be needed in
the present application.
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FIGURE 3 | Plot of the size of the tree with age at the second stand of the first site (Fabrikschleichach) when some error is added to the initial

conditions. On every plot the error on r0 ranges between −20 and +20%, while the error on h0 depends on the plot. (A) Three groups of initial conditions are

represented: no error on h0 (blue), -20% error on h0 (magenta), +20% error on h0 (cyan). (B) Error on h0 ranges between −20% (cyan) and +20% (magenta) with a

4% increment. (C) Same as the previous but, in addition, allometric relationship of the stand is assumed unknown.

So far, the only things we assumed to be known for
predicting the height are the external variables (i.e., temperature,
water potential, PAR, and CO2 concentration), the species of
the tree, and the allometric relationships for each stand. No
other knowledge about the trees was used to perform the
predictions. Measurements in themselves were used to compare
our predictions with reality.

We chose to predict height as there is usually a relatively small
error of measurement in height compared to other variables.
It should be noted that the same procedure is possible taking
instead the stem volume as the quantity to predict. However,
the results would be less precise because they will be susceptible
to cumulative measurement errors of the radius and the stem
height, among other reasons, but they would still be accurate (the
highest error is around 25% after 75 years) and are presented in
Figure 4. As in Figure 1, we find again between 168 and 188 years
that the effect of thinning reduces the precision and explains

the apparently strange experimental values. Also, we chose to
predict height instead of radius or diameter as the measurements
performed on the radius were the DBH which might be different
from the equivalent cylindrical diameter, especially for the 100
trees with the largest DBH, and this would have added an artificial
error of measurement.

3.1. Notable Behavior
The results of this model are very encouraging and are not limited
to predicting the height of dominant trees but show notable
qualitative behaviors in other respects.

Firstly, it is known that forest stand growth dynamics have
significantly changed since 1870, as shown in Pretzsch et al.
(2014), and many experiments have been conducted to measure
the impact of climate and CO2 change on forests. Climate and
CO2 change also shows an impact on this individual tree model,
as the model depends on external conditions such as temperature
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FIGURE 4 | Plot of the stem volume with age at the first site (Fabrikschleichach). Continuous curves are computed with the model and start when the tree

density is lower than 1,000 tree ha−1, while circles correspond to experimental measurements. Panel (A) represents the partial fit on the reference stand. Panels (B)

and (C) represent the results of the prediction with the parameters obtained by partial fitting.

and soil moisture, as well as CO2 concentration. For instance,
using the model with a constant CO2 concentration (from 1870)
rather than the actual CO2 concentrations gives biased results
and a slower growth of trees (Figure 5)2. This seems coherent
with both the idea that atmospheric CO2 had an impact on forest
stand growth and that present forest stands are growing more
rapidly than comparable stands before.

Also, if we consider a small tree in a forest, shaded by the
canopy above, it would receive only a small amount of light.
Therefore, the model would predict a very limited maximum
height and the tree would remain near this height with very small
growth until a big tree nearby falls. Then the light received would

2The three last experimental points are likely to be decreasing because of the
thinning.

be higher and enough for the tree to grow taller very quickly. If
the tree were very close to the dead big tree then the aperture
is large enough and the tree would reach the canopy. If not,
and if the tree is still significantly partially shaded compared to
the rest of the trees, then its limit height would be lower than
the forest height and it would reduce its growth progressively
until it were close to this height. This behavior would seem to
be qualitatively in accordance with reality Nagel et al. (2007),
but due to a lack of data we have not been able test this
quantitatively.

Finally, we have examined the response of our model to a wide
range of maximal carbon assimilation parameter values (Amax)
in order to investigate the conditions under which sink-limited
growth dominates (Figure 6). Under the reference simulation,
the growth of the tree was source-limited when young, but
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FIGURE 5 | Comparison of simulations with and without increasing

atmospheric CO2.

switched to being sink-limited when it reached 84 y old (this
simulation is equivalent to that presented in Figure 1B, with
Amax obtained after a partial fit on the first stand from the
value in Table 1. At low values of Amax (i.e., approximately <
80% of the reference value), the tree remained source-limited to
maturity, whereas at high values it was sink-limited for most of
its life.

To examine further the idea of the importance of considering
the sink limit in this model we performed a similar simulation
but we switched off the sink limit, letting photosynthesis being
the only limiting factor. We then computed the difference of the
two simulations. This difference is shown in Figure 7. As we can
see for regions where Amax is large, the difference in tree heights
between the two simulations can reach around 40 m after several
100 years.

4. DISCUSSION

Our aim in developing this model has been to provide a
means of representing realistic tree growth and forest/vegetation
dynamics at the global scale. To simulate individual tree
competition our preferred method is to use a gap model of
succession. Our global gap-model, HYBRID (Friend and White,
2000), computes individual-level photosynthesis and allocates
photosynthate to leaves, stems, and roots, without consideration
of sink limitations. All other DGVMs do something similar
(Fatichi et al., 2014), usually at the big-leaf level (i.e., they do not
consider individuals at all). The motivation of the new model
described here is to explore a framework for introducing, in
DGVMs, sink-limited growth. We have suggested as simple a
scheme as possible to avoid reaching the point where we can
no longer simulate dynamics at the global scale due to limited
computing resources. The approach to modeling photosynthesis
in DGVMs is similar to ours, in that the whole canopy is
typically simulated as one leaf, and so it seems appropriate to
simulate the meristems with a similar approach. We have chosen

two meristem types—apical and lateral, in order to simulate
the essential properties of height and diameter growth. Our
new model is a major advance over current global models,
and we expect that it could have significant consequences for
our understanding of the historical and future global terrestrial
carbon sink.

Our model starts from physiological considerations about
trees and several hypotheses to derive differential equations that
are solved over time to obtain the growth of a tree and predict
its size. Although the model is fairly simple and far from taking
every possible parameter of the tree into account, it seems to
obtain very good results and predictions which agree closely
with observations from different stands of trees with different
environmental conditions.

Interestingly, our approach gives rise to two limiting tree
heights: h1, the limit height above which photosynthesis cannot
occur, and h2, the height above which growth is limited by
the capacity of the meristematic regions themselves to grow
at low water potential. These two heights represent different
processes: h1 includes the factors that limit photosynthesis such
as minimal turgor potential and possible xylem cavitation (i.e.,
source limitations), whereas h2 takes into account intrinsic
meristem factors such as the physiological limits of cell division
and growth limits such as cell wall extension when the water
potential is too low (i.e., sink limitations).

While h1 (and, more generally, source processes) is often
considered as the only limiting height to explain the maximal
height of trees (e.g., Koch et al., 2004), under some external
conditions of light and temperature it could be that h2 (i.e.,
sink activity) becomes limiting (cf. Friend, 1993). Although
in this model, water potential is still the critical factor which
limits the height of trees, the amount of light received and the
temperature during the growth period also play roles that could
produce one or other limit and influence its value. Hence, our
approach could give a new and more complete understanding
of the limits of tree height, and growth more generally,
through a balanced consideration of both source and sink
limitations.

Concerning the derivation of the results, we could have
avoided assuming known allometric relationships for each stand
and tried to estimate them as described in Section 2.3 (“Control
mechanism of the tree"). Another way to estimate the allometric
relationship on the second and third stand could be to estimate
it close to the allometric relathionship of the first stand used
for partial fitting. In that case we would still get good results
with R2 around 0.8 − 0.9. The small difference of accuracy
between this case and the previous one is mainly due to the
model becoming more sensitive to measurement error when we
estimate the allometric relationship, and also to the estimated
allometric relationship being a constant as explained in Section
2.3, whereas the allometric relationship in reality changes with
changes in tree density and therefore time. Lastly, our model for
α2 is probably too simple as we also explained in Section 2.3.
Nevertheless, we can note that the accuracy of the results is still
very good considering that we try here to predict the heights of
three stands without knowing anything but the species, the CO2

concentration, the temperature, the soil moisture, the PAR, the
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FIGURE 6 | Effect of maximal carbon assimilation (Amax) and time on simulated tree height. Also shown is the limiting process for growth: source or sink.

Amax is normalized to 1 at its value in Table 1.

number of trees per ha, and the initial tree dimensions. This
last point also underscores an additional motivation to build
such a relatively simple model: collecting data about the external
variables can be difficult. Therefore, data can be limiting and
in order to be practical the model should stay as simple as it
can relative to the required data, provided that it can still give
accurate results.

As a first dynamic model for an individual tree using
such considerations about control mechanism and the maximal
meristem-sustained limited rate of growth, improvements
could probably be made by introducing additional parameters,
especially taking the roots into account explicitly, and improving
the function of the red:far-red ratio. Nevertheless, the model
already gives very good results while being relatively simple,
allowing its wider use such as through allowing many trees to
interact with each other via shading, water potential, etc., and
obtaining a model for the whole forest. So far the partial fitting
of the parameters within bounds of 20% takes less than 120 s
on a desk-top computer, and computing height over 100 y less
than 0.1 s, which suggests that its use as a growth simulator
within a forest model could be achieved with today’s computer
resources.

Our model makes the interesting prediction that under
standard conditions/parameterization, trees shift from being
source- to sink-limited as theymature. This behavior is consistent
with field and experimental evidence for a lack of stem growth
response to elevated CO2 in mature trees, despite increased
photosynthesis (e.g., Körner, 2005; van der Sleen et al., 2014),
whereas young fast growing trees show significant responses (e.g.,

Norby et al., 1999). In our model, the cause of the change in
growth limitation as trees grow appears to be a combination of
the effect of the limiting height for meristem activity, h2, and the
dependency of the balance of photosynthesis and respiration on
height.

The relative simplicity of the model and its extremely
encouraging results should stimulate further use of similar
differential models in the future. Starting from physiological
considerations to derive differential equations and an
individual tree model as a cornerstone for simulating a
whole forest may considerably improve our understanding
of forest behavior, including, but not limited to, the
prediction of overall responses of forests to increasing CO2

concentrations in order to address the future terrestrial carbon
sink.

A number of other models have the potential to address the
issues considered in this paper. For example, the L-PEACHFSPM
(Allen et al., 2005) contains a number of features that make
it applicable to the source-sink debate, including carbohydrate
storage dynamics, product inhibition of photosynthesis, a
transport-resistance framework for sugar partitioning, a sink
growth control from available carbon, a direct effect of water
supply, and an intrinsic size limit. The pipe model constraint is
used, making overall growth a strong function of leaf growth,
which itself is determined by carbon supply. However, it is not
clear the extent to which this model would predict either source-
or sink-limitations under different environmental conditions
and/or timescales. This would be a very interesting exercise.
FSPMs are also relevant to the calculation of canopy red:far red
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FIGURE 7 | Difference in height growth with Figure 6 when sink-limited growth is switched off.

ratios as they explicitly treat light interception throughout the
canopy. In fact, some herbaceous crop models already compute
the canopy red:far red ratio distribution and its influence
on morphogenesis (e.g., Chelle et al., 2007). Such approaches
could be simplified for implementing dynamic red:far red ratio
responses in our model.

To conclude, we have proposed a differential model for
modeling tree growth over time under external conditions
such as temperature, soil moisture, and CO2 concentration.
This model takes into account not only photosynthesis and
the carbon balance but also meristem behavior and cellular
growth limits. We established a procedure to parametrize the
model with measurable quantities and reference measurements.
This model seems not only to fit data very well but
also to give accurate predictions for tree height and tree
volume.
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In apple, the first-order branch of a tree has a characteristic architecture constituting

three shoot types: bourses (rosettes), bourse shoots, and vegetative shoots. Its overall

architecture as well as that of each shoot thus determines the distribution of sources

(leaves) and sinks (fruits) and could have an influence on the amount of sugar allocated

to fruits. Knowledge of architecture, in particular the position and area of leaves helps to

quantify source strength. In order to reconstruct this initial architecture, rules equipped

with allometric relations could be used: these allow predicting model parameters that are

difficult to measure from simple traits that can be determined easily, non-destructively and

directly in the orchard. Once such allometric relations are established they can be used

routinely to recreate initial structures. Models based on allometric relations have been

established in this study in order to predict the leaf areas of the three different shoot types

of three apple cultivars with different branch architectures: “Fuji,” “Ariane,” and “Rome

Beauty.” The allometric relations derived from experimental data allowed us to model

the total shoot leaf area as well as the individual leaf area for each leaf rank, for each

shoot type and each genotype. This was achieved using two easily measurable input

variables: total leaf number per shoot and the length of the biggest leaf on the shoot.

The models were tested using a different data set, and they were able to accurately

predict leaf area of all shoot types and genotypes. Additional focus on internode lengths

on spurs contributed to refine the models.

Keywords: Malus x domestica Borkh., apple, leaf surface, shoot architecture, allometry, modeling, apple branch

INTRODUCTION

The study of plant architecture is a discipline that attempts to understand and explain plant form
and structure and the processes underlying its formation (Barthélémy, 1991). Vascular plants have
developed different architectures as part of their genetic blueprint and in response to a changing
environment (Sussex and Kerk, 2001). The size, shape and spatial orientation of plant organs are,
therefore, not pure coincidence but the result of a morphogenetic program which is carried out by
a whole range of physiological processes. Therefore, “reading” the architecture could be a starting
point for a better understanding of this underlying program. Of these architectural traits, leaf area
has a particular impact on fruit quality as it is directly involved in several physiological processes
such as light interception and photosynthesis (Björkman andDemmig-Adams, 1995; Štampar et al.,
1999).
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Studies on the influence of tree architecture on physiological
functioning can be conducted in several ways: Two suitable
tools are ecophysiological experimentation and functional-
structural plant modeling (FSPM) (Vos et al., 2010; Buck-
Sorlin, 2013): Ecophysiological experiments aim at changing
the microenvironment of a selected plant and its organs and
even at pushing it to an extreme limit, in order to obtain
knowledge about the growth and developmental potential in a
certain parameter space. FSPM aims at the integration of the
dynamics of known physiological processes with information
about the topology and geometry of organs (plant architecture)
using mainly rule-based mathematical modeling (Buck-Sorlin,
2013).

In order to represent initial architecture there are several
methods at hand and it is worthwhile to invest some time
in developing a work flow to obtain “good” plant architecture
with reduced effort. Casella and Sinoquet (2003) name several
approaches: (1) describe architecture as a collection of individual
3-D geometric shapes; (2) model 3D architecture of a population
of plants using stochastic, fractal or Lindenmayer-system
(Lindenmayer, 1968a,b) methods or (3) describe architecture
using a 3D digitizing method. All these methods have their
advantages and disadvantages (for a review see Prusinkiewicz,
1998): The first method is suitable for the representation of
the context of a detailed tree model, but too coarse for the
modeling of leaf photosynthesis. The second one, despite being
relatively quickly put into place, can still turn out to be too
inaccurate for the description of leaf-scale photosynthesis since
due to the stochastic method of architecture construction the
reproducibility of a given real architecture is difficult. Apart from
that, this method requires extensive calibration with measured
data sets. The third method, though the most accurate one, is
unsuitable for logistic reasons in the orchard: in the absence
of a socket an electricity generator needs to be used, and there
might be interference with the steel wires used for fixing the drip
irrigation system, quite apart from the fact that digitizing is a
tedious task and the structure to be digitized is often too complex
to be acquired in 1 day.

Yet another, alternative approach is to use allometric relations
between traits at the organ and intermediate (shoot, branch)
scales: The principle is to obtain faithfulmodels for the prediction
of traits that are difficult to measure or that involve destruction of
the organ, e.g., leaf area, by traits that are more readily measured
(e.g., leaf blade length) or easily and non-destructively scored
in the orchard (leaf number, rank, order). Once such allometric
relations are established they can be used routinely to recreate
initial structures. As with all indirect measures they need to be
well tested as they bear the risk of cumulative error.

In apple two types of buds are distinguished: the mixed and
the vegetative bud. The mixed bud, independent of its position
on the shoot (apical or lateral), contains primordia of vegetative
and reproductive organs and will develop into a spur. Thus
the spur consists of a short shoot called “bourse” on which the
primordia of preformed leaves will extend, as well as one or
two sylleptic shoots called “bourse shoots” and the inflorescence
(Fanwoua et al., 2014). The vegetative bud develops into a
vegetative shoot. In temperate species, short axes are composed

of preformed organs only whereas long axes are composed of
both preformed and neoformed organs successively (Costes et al.,
2014); therefore, branch architecture is essentially determined by
the developmental fate of these two bud types (Figure 1).

In this study we decided to concentrate on the prediction of
leaf area: of all the traits contributing to branch architecture (leaf
area, leaf blade and petiole orientation in space), it is the one that
is most easily determined (as will be shown below) and yet very
influential for light interception (Falster and Westoby, 2003). It
was shown for apple that leaf area was the secondmost influential
trait for light interception, after internode length (Da Silva et al.,
2014). The distribution of leaves on the shoot and their size
distribution clearly have an influence on light interception and
leaf photosynthesis at the branch scale (Massonnet et al., 2008).

Any good model should be minimal in terms of number of
input variables and the time invested in measurements but also
efficient in simulating the output variable of interest. Therefore,
the main aim of this study was to find models predicting the area
of leaves of the threemain shoot types of apple: bourse shoot (BS),
rosette (RO) and vegetative shoot (VS), and this as a function of
other traits on the same shoot that were either easy to score (total
leaf number per shoot) or relatively quickly measured (length of
the longest leaf of a given shoot). A secondary aim was to model
the position of leaves on the shoot (length of the internodes) as a
function of simple measured traits (length of the shoot). Such leaf
area distributions can then serve to reconstruct the architecture
of an apple branch used as an input for a functional-structural
plant model of the first-order branch of apple, with emphasis on
sugar transport (Bairam et al., unpubl.).

MATERIALS AND METHODS

Plant Material and Experiments
All experiments were performed on apple trees planted in 2008
in an experimental orchard at the INRA experimental unit in
Beaucouzé, France. The cultivars selected for this experiment
were “Ariane,” “Fuji,” and “Rome Beauty” (in the following
abbreviated as AR, FU, and RB, respectively). The main purpose
of this study was to develop an allometric model for the
prediction of the distribution of individual leaf areas along a
certain shoot type, as well as of the total leaf area for a given shoot,
namely the bearing spurs and vegetative shoots as they are the
most cumbersome to be measured in the orchard. The models
presented here were developed to take into account the impact
of the genotype (G, with values AR, FU, and RB, see above) and
the type of the shoot (j, which has the value “BS” for the bourse
shoot, “RO” for the rosette and “VS” for the vegetative shoot).
Shoots of each type were collected, and the leaves were scanned
using a flatbed scanner (HP Scanjet G4010) with a resolution of
150 dpi and saved in portable network graphics (png) format.
Leaf blade area, length and width were measured using ImageJ
1.48v software, assuming that leaf shape is elliptical (Freeman and
Bolas, 1956). Total leaf area on each shoot was calculated as the
sum of its individual leaves.

The models predicting individual/total leaf area use allometric
relations between easily recorded input variables such as the
length of the ellipse of the biggest leaf on the shoot (Lmax), the
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FIGURE 1 | Representation of the three shoot types on the first-order

branch of apple. RO, rosette; BS, bourse shoot; and VS, vegetative shoot.

Figure produced using the GroIMP platform (Hemmerling et al., 2008).

number of leaves (nl) and the acropetal leaf rank (R). These
models were built using different parameters and each of them
was estimated using regression models. For rosettes and bourse
shoots, enough data was available to be split into training and
testing sets: the first data set was used for the estimation of
the parameters and the second one for the testing of the model
(Snee, 1977; Montgomery et al., 2015). Therefore, models were
parameterized, calibrated and tested. For vegetative shoots, a
simple model was built as there was not enough data for testing it.

Modeling the Leaf Area of Bourse Shoots
and Rosettes
Data used in this study consisted of a first data set from an
experiment conducted in 2014 and a second, complementary
data set collected in 2015 (Bairam et al., unpublished). The
variables describing architectural traits of bourse shoots and
rosettes [shoot length, number of leaves, leaf individual surface,
leaf length, leaf width, and leaf rank (the latter only for bourse
shoots)] extracted from the two sets were used for modeling
total shoot leaf area and individual leaf area distribution along
the stem. In the 2014 experiment, spurs of AR and RB were
collected at eight different developmental stages from full bloom
to harvest, and spurs of FU were collected at full bloom, 2 weeks
after full bloom and at harvest. The experiment conducted in
2014 aimed at studying the impact of removing bourse shoot
leaves, rosette leaves or both of them at full bloom and 2
weeks after full bloom, on fruit quality, bourse shoot and rosette
(bourse) morphological traits. To develop an allometric model
for the prediction of final leaf area, we needed a sufficiently
large data set. However, the data set available in this study
(2014 experiment, Bairam et al., unpublished) already included
three defoliation treatments. In order to enlarge the database
for the parameterization of our model beyond the control data,
we checked whether the defoliation treatments had a significant
impact on the following variables used in the model: total

leaf area and number of leaves of bourse shoot and rosette,
respectively. The statistical tests were carried out separately,
on each genotype for each sampling date and each type of
shoot. Results (ANOVA, Kruskal-Wallis) showed that there was
no significant influence of the defoliation treatments (Bairam
et al., unpublished). This allowed us to pool the data available
for these variables, involving all defoliation treatments, and to
use them in the model. 174, 49, and 134 rosettes of AR, FU
and RB, respectively, as well as 336, 80, and 280 bourse shoots
of AR, FU and RB, respectively, were retained from the 2014
experiment. Afterwards, for AR and RB, tests (ANOVA, Kruskal-
Wallis) were conducted on 2014 data in order to establish the
phenological stage of development expressed in growing degree
days (GDD) since FB from which onwards each type of shoot
for each genotype was fully developed in terms of number of
leaves and total leaf area. This developmental time was first
measured using growing degree hours [GDH, base temperature
Tb = 7◦C (Anderson and Richardson, 1982)] calculated using
hourly air temperatures (◦C) obtained from the weather station
of Beaucouzé (47◦ 28′ N, 0◦ 37′ W, 50m a.s.l.) and accessed from
the INRA Climatik platform, https://intranet.inra.fr/climatik_
v2/:

GDHi =
∑24

h= 1
(HTh − Tb) (1)

Here, HTh is replaced by Tb if HTh < Tb; HTh is the
hourly air temperature at hour h; and GDHi are the growing
degree hours on day i. Cumulated GDD (GDDcum) for each
sampling day were calculated using Equation 2. The starting
point of GDDcum is full bloom (FB) which, in 2014, occurred
for AR on April 10th, for FU on April 14th and for RB on
April 22nd while in 2015, full bloom occurred for FU on
April 20th.

GDDcum =
∑D

i = FB

GDHi

24
(2)

where FB is day of full bloom and D is the number of days since
FB.

During the second experiment conducted in 2015, the same
variables as in 2014 were recorded plus the ranks of rosette
leaves; however, based on the results of the 2014 experiment
no defoliation treatments were applied and only spurs of FU
at different phenological stages (FB, FB+2, FB+4, FB+6, FB+9
weeks) were considered. For FU, ANOVA and Kruskal-Wallis
analysis were carried out on 2015 and 2014 data to compare
total leaf area and number of leaves (rosettes and bourse shoots)
as a function of developmental stages (expressed in GDD)
in order to establish the sampling stages at which the spur
shoots were fully developed. Therefore, fully developed bourse
shoots and rosette shoots, respectively, were pooled for each
genotype. All shoots of the same type and the same genotype
considered to be fully developed in terms of total leaf area
and numbers of leaves were used in this study for building
the allometric models. Total leaf areas and numbers of leaves
of bourse shoots of AR, FU, and RB, were fully developed at
345, 201, and 275 GDD, respectively. Groups of bourse shoots
of each genotype were selected from these physiological ages
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onwards, until harvest. Rosette shoots were assumed to be fully
developed at full bloom as the mean total leaf areas for the
three genotypes were the highest at the earliest sampled spurs.
However, even if a significant difference was found between
groups of rosettes sampled at different phenological stages
for a same genotype, still the means are not correlated with
phenological sampling dates and the only group really apart in
terms of rosette total leaf area and number of leaves for the
three genotypes, respectively, was the one collected at harvest
(Bairam et al., unpublished). Therefore, only rosettes collected
before harvest were retained for the rest of the study. Only
selected spurs were used for the rest of this study and data selected
for each genotype and each shoot type was split randomly into
a training set (2/3 of data) and a testing set (the remaining
1/3 of data) for setting up the models. The procedure to build
the models for predicting bourse shoot and rosette individual
leaf area is summarized in Figure 2. In the following, the steps

followed for building the models described in the flow chart are
explained.

The variation of individual leaf areas of 153, 97, and 112
bourse shoots, respectively, of AR, FU, and RB, as a function of
leaf rank is shown in (Figures 3A–C), and of 80 rosettes of FU
considered to be fully grown shoots in (Figure 3D). Based on
these observations, it was assumed that leaf size follows a rank-
specific pattern typical for both bourse shoots and rosettes. In
this study, we aimed to establish the pattern and parameterize
it for each genotype and each type of shoot. However, the total
leaf area of the shoot which can be calculated by integrating the
sum of the areas of individual leaves of each rank seemed to be
correlated with the number of leaves per shoot and the area of
the biggest leaf (Figure 3). Furthermore, if this hypothesis would
prove to be true, the result would confirm the existence of an
allometric relation between the total leaf area on the one hand
and the number of leaves and individual leaf area on the other.

FIGURE 2 | Diagram summarizing the steps involved in modeling bourse shoot and rosette individual leaf area (for further explanations see text and

equations).

Frontiers in Plant Science | www.frontiersin.org February 2017 | Volume 8 | Article 65 | 65

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Baïram et al. Predicting Shoot Architecture in Apple

FIGURE 3 | Distribution of individual leaf area as a function of leaf rank

of AR, FU, and RB bourse shoots (N = 153, 97, and 112, respectively)

(A–C) and of FU rosettes (N = 80) (D). Each line joins the individual leaf areas

of a single shoot.

Moreover, if individual leaf areas follow a stable pattern along
the shoot, this would mean that only one of these areas would be
necessary as an input to the model, and that then the biggest leaf
area would be an appropriate variable. Therefore, the assumption
made and expressed in (Equation 3) implies that total leaf area
(TLA) of the shoot is somehow related to the area of the biggest
leaf (Amax) and the number of leaves (nl).

TLAj,G = βj,G.(nl.Amax) (3)

ANOVA andKruskal-Wallis tests were carried out on the selected
data set in order to check if there is a significant difference of the
parameter βj,G among genotypes for a same shoot type. Groups
of samples showing no significant difference were pooled and the
training setestablished before were used in order to fix βj,G using
linear regressions between the variable TLA and the variable
nl.Amax.

Therefore, total leaf area of a shoot can be estimated by two
variables: the area of the biggest leaf on the shoot (Amax) and
the number of leaves (nl) it bears. Thus, we made the assumption
that the normalized individual leaf area [N(AR), expressed as the
ratio of the individual leaf area by the biggest leaf area on the
shoot (Equation 4a)] is a function of the normalized leaf rank
[N(R)], calculated as the ratio of the rank of the leaf divided by
the number of leaves on the shoot (Equation 4b). However, we
could observe that in bourse shoots, the leaf with the biggest area
was by far the most often the second one (Table 1). Hence, in
order to adjust a maximum of the curves describing N(AR) as
a function of N(R), the normalized rank for bourse shoots was
calculated by dividing [the rank (R) minus 2] by the number of
leaves (Equation 4c). Indeed, subtracting two from the rank of

TABLE 1 | Distribution of the leaves with the biggest area on bourse

shoots with respect to their rank for AR, FU, and RB genotypes.

Genotype Rank

1 2 3 4 5 6

AR 0.65% 50.00% 26.62% 15.58% 5.84% 1.30%

FU 8.08% 68.69% 14.14% 3.57% 0.89% _

RB _ 87.50% 8.04% 3.57% 0.89% _

the biggest leaf (2) will result in a normalized rank which is always
zero and will lead to a very good alignment of the curves. Besides,
with thismethod, the entire curve is just shifted to the left without
being stretched or compressed.

N(AR) =
AR

Amax
(4a)

NRO(R) =
R

nl
(4b)

NBS(R) =
R− 2

nl
(4c)

Themodels were established from predicting the normalized area
of each leaf N(AR) as a function of the normalized leaf rank
Nj(R) by using the area of the biggest (in terms of leaf area) leaf
(Amax) on each shoot as a predictor of the other leaf areas. This
hypothesis is expressed by Equation (5).

N(AR) = fj,G(Nj(R)) (5)

For each type of shoot and each genotype, we looked for a
function fj,G that models the normalized area of each leaf on the
shoot as a function of its normalized rank. N(AR) was plotted
as a function of Nj(R), giving a certain pattern (Figure 4). We
then tried to find a model that best described this relationship:
a bilinear (broken stick) model and a Lorentz function. The first
model requires five parameters while the second one only needs
three. The Lorentz function has been successfully used by other
workers (Buck-Sorlin, 2002; Evers et al., 2005, 2007; Gu et al.,
2014) to predict leaf length in cereals and cotton. In this study,
this function was chosen to model leaf areas of bourse shoots and
rosettes.

fj,G(x) =
M

1+ (x− x0)
2

s2

; jǫ{BS;RO} (6)

The maximum is reached for x= x0, withM being the maximum
value. s defines the slope of the curve of the function fj,G. For both
bourse shoots and rosettes, fj,G (x) corresponds to the normalized
leaf area and x to the normalized leaf rank. x0 is the normalized
rank of the leaf with highest area on the shoot [Nj(RAmax)].
Consequently, the maximum of the function has the value of the
normalized biggest area, i.e.,M= 1 (Equation 7).

fj,G(Nj(R)) = N(AR) =
1

1+
(Nj(R)−Nj,G(RAmax ))

2

s2j,G

; jǫ{BS;RO}

(7)
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FIGURE 4 | Distribution of individual normalized leaf area plotted

against normalized leaf rank of AR, FU, and RB bourse shoots (N =

153, 97, and 112) (A–C) and FU rosettes (N = 80) (D).

After normalization for each type of shoot, Equations 7a and 7b
are obtained:

fBS,G(NBS(R)) = N(AR) =
1

1+ (NBS(R))
2

s2BS,G

(7a)

fRO,G(NRO(R)) = N(AR) =
1

1+ (NRO(R)−NRO,G(RAmax ))
2

s2RO,G

(7b)

Therefore, based on the fact that (i) the total leaf area (TLAj,G) of
a shoot of type “j” is the sum of the individual areas AR of leaves
and (ii) its value depends on the pattern described by Equations
7a and 7b, the models (Equation 3) were derived as follows:

TLAj,G = βj,G.(nl.Amax)
∑nl

R= 1
AR = βj,G.(nl.Amax)

∑nl

R= 1

AR

Amax
.
1

nl
= βj,G

∑nl

R= 1

N(AR)

nl
= βj,G

∫

fj,G(Nj(R)).dNj(R) = βj,G



















∫

nl− 2
nl

−2
nl

1

1+ (NBS(R))
2

s2BS,G

.dNBS(R) = βBS,G

∫ 1
0

1

1+
(Nj(R)−NRO,G(RAmax ))

2

s2RO,FU

.dNRO(R) = βRO,G











[sBS,G.atan(
NBS(R)
sBS,G

)]
nl− 2
nl

−2
nl

= βBS,G (8a)

[sRO,G.atan(
NRO(R)−NRO,G(RAmax )

sRO,G
)]10 = βRO,G (8b)

When solving Equation 8a used for the bourse shoot leaf area
model, the only parameter to fix was sBS,G and its different values
were calculated as a function of the value of βBS,G (which is
unique for a same genotype and shoot type) and nl (from 1 to
18). Equation 8b used for parameterizing the rosette leaf area
model does not take into account the number of leaves and it
was solved using only βRO,G. However, in this second equation
two parameters of the model [sRO,G and NRO,G(RAmax)] had to
be fixed. Both equations 8a and 8b were solved using the solver
functionality of Microsoft Excel software (Microsoft, Redmond,
WA, USA).

Starting from Equation 7, the model is expressed as:

N(AR) =
1

1 +
(Nj(R)−Nj(RAmax ))

2

s2j,G

; jǫ{BS;RO}

AR =
Amax

1 +
(Nj(R)−Nj(RAmax ))

2

s2j,G

; jǫ{BS;RO} (9)

AR =
Amax

1 +

(R−RAmax )
2

nl2

s2j,G

; jǫ{BS;RO}

AR =
Amax

1 +
(R−RAmax )

2

nl2·s2j,G

; jǫ{BS;RO} (10)

By fixing the latter parameters, it was possible to calculate the
normalized area of each leaf, using only the number of leaves
on the shoot and the area of its biggest leaf. However, as the leaf
area is not easilymeasurable non-destructively, further allometric
relations are required for predicting leaf areas using variables
that are more easily accessible. Leaf length and width seem to
be the most obvious candidates for modeling the leaf area as we
consider the leaf blade to be elliptical (Equation 11). Observations
of leaves indicate that the length/width ratio is constant for a
same genotype and shoot type (Equation 12). Assuming this is
confirmed, only the variable “length of the leaf” (L) could be
retained for calculating the individual leaf area. This assumption
is stated as follows: (i) the ratio between the length (L) and the
width (W) of a leaf is a constant parameter (kj,G) for the same
shoot type (j) and the same genotype (G) and (ii) apple leaves
have the shape of an ellipse (Freeman and Bolas, 1956). These
two hypotheses are captured by Equations 11 and 12.

A = π
L.W

4
(11)

W

L
= kj,G (12)

The Shape of an ellipse is defined by its eccentricity e, i.e., the ratio
between the distance from the center to a focus and the distance
between that focus to a vortex (Equation 13a). Therefore, kj,G can
be expressed as a function of ej,G (Equation 13b). If ej,G is proven
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to be invariant for a same genotype and a same type of shoot, it
could be used in the model as the constant for leaves on shoots of
type j and of cultivar G; 0 < kG,j ≤ 1

ej,G =

√
L2 − W2

L
(13a)

kj,G =

√

1 − e2j,G (13b)

Therefore, ej,G was calculated for each leaf used in this study
using Equation 13a, as it is an indicator of the shape of the
ellipse defined by the leaf. Then, a first test was done in order to
check if there is a significant difference in ej,G among the leaves
of different ranks in a shoot within the same cultivar for each
type of shoot. A second test was conducted to verify if there
is a significant difference of ej,G among the three genotypes for
each type of shoot. Moreover, even if the leaf shape is genotype
dependent, the environment can influence it during the last
stages of leaf development (Tsukaya, 2004). Therefore, a test was
done in order to check if there is a significant difference of ej,G
between 2014 (N = 323 and N = 159, for bourse shoots and
rosettes, respectively) and 2015 (N = 385 andN = 363, for bourse
shoots and rosettes, respectively) leaves of FU. Leaf data with no
significant difference in e were pooled and the training set of the
bearing spurs was used to fix kj,G using a linear model.

Combining Equations (11) and (12), the following relation
(14) is obtained:

A =
π

4
.kj,G.L

2 (14)

By combining Equation (10) and Equation (14), equation (15) is
obtained.

AR =

π
4 .kj,G.L

2
max

1 +
(R−RAmax )

2

nl2·s2j,G

; jǫ{BS;RO} (15)

In this way, Lmax (the length of the biggest leaf on the shoot) and
nl are the only two required input variables.

Using the models established we calculated individual leaf
area and total leaf area on a shoot as the sum of the calculated
individual leaf areas on the training set. Comparisons were made
using the linearmodel betweenmeasured and calculated total leaf
areas on each type of shoot and each genotype separately. Then,
calibrations were made using a parameter αj,G referring to the
slope of the axis defined by measured total leaf area on a shoot
(TLAj,G) as a function of calculated total leaf area on a shoot
(CTLAj,G) of the training set. αj,G was calculated for each type
of shoot and each genotype separately.

The final model calculating individual leaf area is:

AR = αBS,G

π
4 .kBS,G.L

2
max

1 +
(R− 2)2

nl2 .s2BS,G

(16a)

AR = αRO,G

π
4 .kRO,G.L

2
max

1+
(R−nl.NRO,G(RAmax))

2

nl2 .s2RO,G

(16b)

The testing set was then used for calculating individual and
total leaf areas. Using the testing data set, comparisons were
made between measured and calculated data (i) for each
established parameter, (ii) for individual leaf area and (iii) total
leaf area on each shoot of each genotype using the linear
model. P-values and coefficients of determination R2 were
calculated in order to analyze and interpret the significance
and the goodness of fit of the models. For rosettes, as the
ranks of leaves on the bourse were not recorded in the 2014
experiment, comparisons between measured and calculated
values of individual area were done only on data from
2015.

Modeling the Leaf Area of Vegetative
Shoots
For modeling the leaf area of vegetative shoots, 20 vegetative
shoots each of AR and FU were collected on July 3rd, 2015 when
they were considered to be fully developed, then scanned and
analyzed as described for bourse shoots and rosettes. Total leaf
area on each vegetative shoot was calculated as the sum of areas
of individual leaves. Leaf ranks on each shoot were recorded, and
lengths and dry weights of the shoots and the leaves measured.
The variation of individual leaf areas of the 20 vegetative
shoots of AR and FU as a function of leaf rank is shown in
(Figures 5A,B): leaf area increases with rank for both genotypes.
However, the pattern is heterogeneous when based on absolute
leaf length measurements and ranks. We therefore normalized
both leaf areas (Equation 4a) and ranks (Equation 4b). On visual
inspection, the distribution of N(AR) as a function of N(R) on
vegetative shoots of both genotypes (Figures 5C,D) seems to
describe a linear pattern (Equation 17). We made the assumption
that AR is proportional to the square of leaf length LR

2 as for
bourse shoots and rosettes (Equation 14). Eccentricity (eVS,G)
of the ellipse was calculated for each leaf and comparison tests
were made between the two genotypes, then kVS,G (ratio between
width and length of the leaf blade) was fixed for the model.
Afterwards and using the previously fixed kVS,G, a parameter p
which describes the slope of the curve was calculated for each leaf
using Equation 17 and a statistical comparison was carried out
between the two cultivars in order to check if they were different
with respect to p. Based on this comparison, p was fixed using
a linear regression model. The vegetative shoot model (Equation
18) is a descriptive model allowing calculating the individual leaf
areas of AR and FU vegetative shoots using only two variables,
Lmax and nl. A regression test was carried out using the linear
model between the calculated individual areas and the measured
ones.

N(AR) = p.N(R) (17)

AR

Amax
= p.

R

nl

AR = p.
R

nl
.Amax

AR = p.
R

nl
.
π

4
.kj,G.L

2
max (18)
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FIGURE 5 | Distribution of individual leaf area as a function of leaf rank

(A,B) and distribution of individual normalized leaf area as a function of

normalized leaf rank (C,D) of AR and FU vegetative shoots (N = 20 vegetative

shoots for each cultivar).

Modeling Length of Spur Internodes
The internode lengths of 20 spurs of “FU” were measured in the
orchard in July 2016. As the bourse internodes are very short,
we assigned to each one the mean value of the bearing spur
calculated as the ratio of “Length of the bourse”/“Number of
internodes on the bourse.” For each spur, a “cumulative shoot
length” DI between the base of the bourse (rosette) and the
node (leaf insertion point) for each bourse and bourse shoot
leaf was measured. For bourse shoot nodes, this cumulative
shoot length is equal to the sum of the lengths of the rosette
internodes from the base of the bourse to the node on which
is inserted the bourse shoot (BL) and the sum of the internode
lengths from the base of the bourse shoot to the considered node.
The rank of each internode, on each spur, was also recorded
from the first rosette leaf to the last bourse shoot leaf, assuming
that the rank of the first internode of the bourse shoot has
the value of the rank of the bourse internode on which it is
inserted, plus one. Among the 20 spurs, 16 were bearing only one
bourse shoot and the remaining ones were bearing two bourse
shoots. Plotting this cumulative shoot length DI as a function of
cumulative (bourse and bourse shoot) rank RI corresponded to
a logistic pattern for each spur (Figure 6). However, the pattern
seemed to be dependent upon the length of the shoot (bourse
plus bourse shoot). Therefore, normalized cumulative internode
lengths [N(DI)] between each leaf base and the base of the bourse
(Equation 19a) and normalized rank [N(RI)] (Equation 19b) were
calculated assuming that the bourse and the bourse shoot are
the same shoot unit (and that, therefore, the bourse shoot is a

FIGURE 6 | Cumulated length of bourse and bourse shoots, expressed

as the distance from the base of the bourse to the point of insertion of

a bourse or a bourse shoot leaf of internode rank 1–18 in FU [N = 24,

continuum: bourse ( ) - bourse shoot ( )].

sylleptic extension of the bourse). The normalized cumulative
shoot length was calculated as a function of the sum of BL and
the bourse shoot length (BSL).

N(DI) =
DI

BL + BSL
(19a)

N(RI) =
RI

nl
(19b)

Afterwards, the parameters qi and si of the internode model were
fixed by fitting a logistic model (Equation 20) to the distribution
of the N(DI) as a function of N(RI).

N(DI) =
1

1 + exp
(

qi−N(RI )
si

) (20)

Once established, this descriptive model would estimate the
cumulative shoot length of each leaf insertion point of rank
RI on the bourse or the bourse shoot from the bottom of
the bourse providing 3 input variables: nl, (BL+BSL) and RI
(Equation 21).

DI =
1

1 + exp
(

qi−
RI
nl

si

)

.(BL + BSL) (21)

Statistical Analyses
Statistical analyses were done using R Studio software version
0.98.1062.0 running R version 3.2.2. and the statistical computing
environment of the R-package “agricolae,” version 1.2-2.
Normality of data used for each analysis was tested on residuals
using the Shapiro-Wilk test for data sets with more than 50
samples per group or sample distributions considered to be
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normal (P > 0.05); ANOVA tests were used to check if there
was a significant difference among groups (P < 0.05). Otherwise
differences between groups were tested with the Kruskal-Wallis
test (P < 0.05), or both ANOVA and Kruskal-Wallis. Fit of
data to selected models was checked using the lm function in
R software for linear distribution models. The logistic model
was parameterized using the SSlogis function in R software and
coefficients of determination (R2) and root mean squared errors
(RMSE) were calculated to test the fit of the model.

RESULTS

Modeling the Leaf Area of Bourse Shoots
(BS)
ANOVA made on βBS,G of bourse shoots showed there was no
significant difference between AR (mean βBS,AR = 0.71) and FU
(mean βBS,FU = 0.70). However, bourse shoots of both AR and
FU were significantly different from RB with respect to βBS,G

(mean βBS,RB = 0.53). Therefore, the same value of βBS,G was
used for the training data set of AR and FU bourse shoots,
while for RB bourse shoots a separate training data set was used,
thus necessitating the parameterization of two linear regression
models (Figures 7A,B). For both groups, the linear model was
significant (P < 2.10−16). The coefficients of determination for
both the AR|FU model and the RB model were sufficiently high
(R2 = 0.95 and R2 = 0.89) to support the assumption that the
values of βBS,G (βBS,AR/FU = 0.67 and βBS,RB = 0.50) were robust.

Using the values of βBS,G Equation 8a was solved and sBS,AR|FU
and sBS,RB were established as a function of the number of leaves
on the bourse shoot. The number of leaves recorded on bourse
shoots sampled varied from 1 to 16, 13 and 18, respectively, for
AR, FU and RB. Thus 18 values for sBS,G were established for each
one of the two groups of genotypes (Table 2).

eBS,G was significantly different among genotypes (p <

2.2.10−16), with means of eBS,G equal to 0.79, 0.76, and 0.74 for
AR, FU and RB, respectively. ANOVA tests showed no significant
differences among the shapes of leaves of different ranks on

a bourse shoot (eBS,G). However, leaves above rank 14 in AR
and leaves above rank 15 in RB seemed to indicate a significant
difference, but based on the weak frequencies of these leaf ranks
(only one bourse shoot of AR and 15 bourse shoots of RB having
more than 13 and 15 leaves, respectively), it was decided not
to take into account this difference. Furthermore, eBS,FU was
not significantly different between 2014 and 2015 (p = 0.59).
Therefore, it was considered that the impact of the factor year
was not significant.

kBS,G was fixed for AR, FU and RB using linear regression
models on the training set of each genotype (Figures 8A–C)
and the leaf length of each genotype was significantly correlated
with its width (P < 2.10−16 for all the genotypes’ models), with
coefficients of determination of 0.68, 0.73, and 0.72 for AR, FU

TABLE 2 | Parameterization of sBS,G.

NL AR & FU RB

1 2.13 1.48

2 0.70 0.43

3 0.38 0.23

4 0.35 0.22

5 0.36 0.22

6 0.38 0.23

7 0.40 0.24

8 0.42 0.25

9 0.44 0.25

10 0.46 0.26

11 0.48 0.27

12 0.49 0.28

13 0.51 0.29

14 0.52 0.30

15 0.53 0.31

16 0.54 0.31

17 0.55 0.32

18 0.55 0.32

FIGURE 7 | Parameterization of βBS,G (N = 180 and 80 bourse shoots, respectively; A,B).
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and RB, respectively. kBS,G values were fixed to 0.60, 0.64, 0.66 for
AR, FU and RB, respectively.

Once sBS,G and kBS,G were fixed, all leaf areas of the bourse
shoot training set were calculated using Equation 15, with the
rank of the leaf and the variables Lmax and nl of each bourse
shoot as input. Total leaf area on each shoot was calculated
as the sum of individual leaves. Calculated and measured total
leaf areas (CTLABS,G and TLABS,G) of the bourse shoots were
compared for each genotype using a linear regression where the
slope αBS,G of each regression model of TLABS,G as a function
of CTLABS,G was expected to be equal to 1 if the calculated
and the measured area were identical. The slope parameter was
equal to 1.2, 0.99 and 1.87 for AR, FU and RB, respectively
(Figures 9A–C), which led us to assume that the parameter
αBS,G was genotype dependent. Therefore, values of αBS,G fixed
using the training set were retained for calibrating the model.
The model defined in Equation 15 and built for bourse shoots
including the three parameters (sBS,G, kBS,G and αBS,G) and using
the variables Lmax and nl for the prediction of individual leaf
areas was used to calculate individual areas for each leaf of the
testing set and the comparison with measured individual data
was conducted using a linear model. In the testing set, though
linear models of calculated individual leaf area as a function of
measured individual leaf area were significant for all genotypes

(P < 2.10−12), the coefficients of determination were very small
(R2 = 0.17, 0.20, 0.30 for AR, FU and RB, respectively). In
contrast to this, linear regression modeling of TLABS,G as a
function of CTLABS,G yielded significant results for all genotypes
(R2 = 0.84, 0.67 and 0.64; slope= 1.02, 1.05 and 0.95 for AR, FU
and RB, respectively; Figures 10A–C).

Modeling the Leaf Area of Rosettes (RO)
Both ANOVA and Kruskal-Wallis test showed there was no
significant difference between the three genotypes with respect
to βRO,G. Thus βRO,G was fixed to 0.69 using a linear regression
model on the training set of rosette data of bourses sampled
before harvest of the three genotypes (Figure 11A). The model
was significant (P< 2.10−16) and the coefficient of determination
was high (R2 = 0.97). Afterwards, the values of parameters sRO,G
and NRO,G(RAmax) were fixed to 0.38 and 0.63, respectively.

eRO,G was significantly different among genotypes (P =

3.46.10−8 < 0.05), with means of eRO,G equal to 0.65, 0.66 and
0.68 for AR, FU and RB, respectively. When comparing eBS of
different ranks on rosettes of FU sampled in 2015, both ANOVA
and Kruskal –Wallis test showed there were no significant
differences among the shapes of leaves of different ranks on the
bourse. eRO,FU did in fact significantly vary between the 2 years
(P = 2.162.10−7).

FIGURE 8 | Parameterization of kBS,G (N = 763, 465, and 655 bourse shoot leaves, respectively; A–C).

FIGURE 9 | Calibration of the bourse shoot leaf area model: parameterization of αBS,G (N = 114, 66, and 80 bourse shoots, respectively; A–C).

Frontiers in Plant Science | www.frontiersin.org February 2017 | Volume 8 | Article 65 | 71

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Baïram et al. Predicting Shoot Architecture in Apple

FIGURE 10 | Testing of the bourse shoot leaf area model (N = 40, 33, and 34, bourse shoots respectively; A–C).

FIGURE 11 | Parameterization of βRO,G (N = 232 rosettes).

kRO,G was established for AR, FU, and RB using linear
regression models on the training set of each genotype
(Figures 12A–C) and the leaf lengths of each genotype were
significantly correlated with leaf width (P < 2.10−16 for all the
genotypes’ models) with R2 = 0.86, 0.85 and 0.85 for AR, FU
and RB, respectively. kRO,G values were fixed to 0.75, 0.74 and
0.71 for AR, FU and RB, respectively. Regression models of
TLARO,G as a function of CTLARO,G conducted on the training
data set showed a significant relationship (P < 2.10−16) for
the three genotypes with R2 of 0.83, 0.88 and 0.91 for AR, FU
and RB, respectively. However, the CTLARO,G were bigger than
the TLARO,G as can be seen from the slopes. Therefore, their
values were assigned to αRO,G (0.86, 0.92, 0.92, respectively) to
calibrate the rosette model (Figure 13). After that, individual
and total leaf areas for each rosette were established for the
testing set. The linear regression model of measured individual
leaf area as a function of calculated individual leaf area showed
a significant relationship (P < 2.10−16) for FU samples of 2015
(R2 = 0.52). The slope of the regression model (ratio between
measured and calculated leaf area) was equal to 0.92. Linear

models simulating TLARO,G as a function of CTLARO,G were all
significant (P < 2.10−16). The predictive models (Figure 14) had
high coefficients of determination (0.88, 0.85 and 0.70 for AR, FU
and RB, respectively) and the slopes were equal to 1 for the three
genotypes (1.06, 1 and 1, respectively).

Modeling the Leaf Area of Vegetative
Shoots (VS)
Neither ANOVAnor Kruskall-Wallis tests showed any significant
difference in eVS,G between AR and FU (P = 0.54 and 0.49,
for each test, respectively). Thus, kVS,G was fixed (kVS,G = 0.56)
using a linear regressionmodel using data of both genotypes. The
regression model showed a significant relationship between leaf
length and width (P < 2.10-16) and R2 was equal to 0.79. Besides,
neither ANOVA nor Kruskal-Wallis test showed any significant
difference in the variable p between genotypes AR and FU. The
linear model used to fix pVS,G (pVS,G = 0.95) was significant (P <

2.10−16) with R2 = 0.83.

Modeling Internode Lengths of Spurs
Parameterization of the internode model fixed the value of qi
to 0.62 and that of si to 0.12 (Figure 15). Both the coefficient
of determination and the RMSE indicated a very good fit of
the model to the distribution of measured data (R2 = 0.96;
RMSE = 0.08). Indeed, the model exhibited a common pattern
involving bourse and bourse shoot internodes. Moreover, the
model showed that rosette internodes correspond to the first part
of the logistic equation (exponential phase), while bourse shoot
internodes belong to the second part (linear phase).

DISCUSSION

Several studies show the determinism of plant architecture traits
(Lauri and Trottier, 2004; Kahlen and Stützel, 2007; Massonnet
et al., 2008). In this study we assumed that the distribution of
normalized individual leaf area as a function of normalized rank
is described by a similar pattern regardless of shoot size and,
therefore, that the total leaf area of a shoot is proportional to
the product of the leaf number times the area of the biggest leaf.
Spann and Heerema (2010) also showed relationships between
shoot leaf area and the product of the number of leaves and
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FIGURE 12 | Parameterization of kRO,G (N = 375, 303, and 475 rosette leaves, respectively; A–C).

FIGURE 13 | Calibration of the rosette leaf area model: parameterization of αRO,G (N = 87, 67, and 78 rosettes, respectively; A–C).

FIGURE 14 | Testing of the rosette leaf area model (N = 57, 33, and 40 rosettes, respectively; A–C).

length of longest leaf, for different species. However, the models
presented here were conceived with the aim to link parameters
that have the same unit (i.e., cm2), both being expressions of
surface. This is also the reason why in our final model, which
only takes into account leaf lengths and numbers, leaf length is
expressed as the square of itself. What is more, the linear model
linking measured shoot total leaf area (TLA) with the product of

leaf number (nl) and area of the biggest leaf (Amax), exhibits a
larger coefficient of determination than the regression between
TLA and the product of nl and the length of the longest leaf (Lmax)
(data not shown). Although the predictive capacity of our models
with respect to individual leaf area was not optimal, the model
was nevertheless based on a very good prediction of the total
shoot leaf area. Indeed, in the case of the rosette and the bourse
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FIGURE 15 | Parameterization of the cumulative shoot length model on

FU spurs. N(RI), normalized rank; N(DI), normalized cumulative shoot length

from the base of the bourse [N = 24, continuum: bourse (x) – bourse shoot (x)].

shoot, we have chosen to construct our model as a function of
the parameter β which is described by the slope of TLA versus
nl.Amax, and not by parameterizing a Lorentz function, on the
distribution of the point cloud which describes the normalized
individual leaf surface as a function of the normalized rank. This
choice was made on the one hand because of the absence of a
particular pattern and therefore, the scatter of data points was
considered to be too big; on the other hand, because of the
proven robustness of β which we wanted to conserve for the
development of the model. Besides, it is not unlikely that the fact
that we had to use a calibration parameter (α) for each genotype
and each shoot type (rosette and bourse shoot) is due to the
way the point cloud deviates from the chosen Lorentz equation
according to the genotype. Furthermore, even if the prediction of
individual leaf area is not ideal, it is still faithful to an existing
pattern of distribution of individual leaf area as a function of
rank. Similar patterns were described for wheat (Pararajasingham
and Hunt, 1996; Bos and Neuteboom, 1998; Hotsonyame and
Hunt, 1998) and for rice (Tivet et al., 2001; Zhu et al., 2009).
As an alternative to the Lorentz equation, we tested a bilinear
equation with five parameters. However, apart from the higher
number of parameters compared to Lorentz, this equation also
yielded a higher RMSE.

Furthermore, the models developed were thought to go
beyond predicting only shoot total leaf area. Indeed, the
prediction of individual leaf area is more relevant if we aim to
use this in an FSPM because in this approach parameterization
takes place at the organ scale. Moreover, unlike the rosette which
can be considered a compact functional unit in terms of leaf
area, the bourse shoot usually exhibits a more open structure
conveying more importance to the individual leaf with respect
to light interception or exposure to liquids or dusts (in the
case of chemical treatments: Dekeyser et al., 2013; Duga et al.,
2015). However, even in a rosette, individual leaf area and its
distribution along the shoot will determine the mutual shading
of leaves and, therefore, light interception. Furthermore, in an

FSPM, the position, shape and orientation of each organ are
required as an input. The model proposed in this study is an
attempt to optimize and simplify the reconstruction of branch
architecture which is needed as an input for many FSPMs. As
pointed out by Fisher (1984), the leaf surface of the crown
is determined by phyllotaxis of the shoot, leaf orientation,
clustering of new leaves on short shoots, internode lengths, and
distribution of leaves along a branch (Fisher, 1984). Therefore,
besides predicting leaf area (and its distribution along the shoot)
our model also integrated internode lengths distribution and
phyllotactic leaf angles (data not shown).

The data set used for the establishment of the leaf length
model for bourse shoots was based on leaves sampled from shoots
from a wide range of dates. This was justified as we determined
the time (in GDD) from which onwards shoot leaf areas did
no longer differ significantly from final leaf areas in the three
different genotypes. This time roughly coincides with the date
found by Da Silva et al. (2014), who indicated the 30th of June of
each year as the end of annual primary shoot extension for most
shoot types.

We found that the shape of rosette leaves, independent
of genotype, was always more circular than that of bourse
shoots which is not surprising as rosette leaves are preformed
(Lauri, 2007). In this study, AR exhibited extreme values for
the parameter that describes leaf shape (k), with bourse shoot
leaves being much more elongated (kBS,AR = 0.60) than rosette
leaves (kRO,AR = 0.75). This was in sharp contrast to RB where
bourse shoot leaves (kBS,RB = 0.66) and rosette leaves (kRO,RB =

0.71) were much more similar in shape. FU was intermediary
between AR and RB. An interesting observation made in this
study was that the descriptive model of internode lengths could
be optimized if we considered the bourse rosette and the bourse
shoot as one single continuous morphogenetic unit. The bourse
shoot being a sylleptic extension of the bourse, it in fact represents
the continuation of the rosette. We can thus state that the base of
the rosette up to the insertion point of the bourse shoot, plus the
bourse shoot itself, is forming a unit that is characterized by a
basal zone with short internodes, followed by a median zone with
longer internodes (base of the bourse shoot), and a subapical zone
with short internodes (Buck-Sorlin and Bell, 2000). This tentative
conclusion gives rise to the idea that leaf length prediction could
be further improved by considering leaf length distribution of the
continuumof rosette plus bourse shoot instead of treating the two
shoots separately. It would furthermore be interesting to see if
there are allometric relations between the length of an internode
and the area of the leaf that is inserted on it, given the fact that
both have been produced by the vegetative meristem during the
same developmental event. According to Da Silva et al. (2014) it
is unlikely that leaf area changes independently from internode
length, as metamers exhibit a strong allometry (Fisher, 1986).

In the present study we chose to split our data into training
and testing sets: the first one was used to calibrate our model
while the latter was employed to test it. Admittedly, some aspects
of this procedure are arguable: first of all, it could be claimed
that the splitting (two thirds training to one third testing) was
arbitrary. However, enough data was available to have sufficiently
large training and testing sets and more data was needed for
calibration than for testing. Secondly, we confounded the FU data
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sets of the two experimental years (2014 and 2015)—whereas
for AR and RB only data of 2014 was available—and randomly
distributed the data into the two sets, instead of using 1 year’s
data set for calibration and the other one for testing. However, the
data sets revealed no significant inter-annual variation, except for
the shape of rosettes in FU. As the 2015 data set was smaller than
the one from 2014 and contained data only for FU, future testing
with independent data sets has to be conducted to further prove
the robustness of our models. Thirdly, as an alternative we could
have neglected model testing and just have included a description
of the variance (as was in fact done for the leaf area of vegetative
shoots in this study). However, this would have meant neglecting
the clearly robust and stable patterns that emerged among some
of the meristic (leaf number) and continuous (length of the
biggest leaf, total and individual leaf area) traits. In this study,
the use of a test data set was necessary to check the fit of the
final model. Indeed, the final model cumulates all the errors of
the intermediate steps of parameterization and calibration, and
the testing allowed us to quantify this cumulated error.

An accurate prediction of total shoot leaf area for each shoot
type, and of the distribution of single leaf area as a function of
leaf rank, in connection with individual internode length, are the
first steps toward the faithful reconstruction of architecture, to
be used in an FSPM to compute light interception or even to
estimate the percentage of hidden surfaces in simulations of the
efficiency of pesticide spray applications (Dekeyser et al., 2013;
Duga et al., 2015). With respect to light interception, leaf area
and internode length are in fact the two most important traits
contributing to plant architecture whereas branching angle seems
to have only little impact on this functional trait (Han et al., 2012;
Da Silva et al., 2014). It also appears that in order to explain leaf
distributionwithin the tree the shoot scale is themost appropriate
one (Da Silva et al., 2014). This justifies the choice we have
made in this study, namely to concentrate on the modeling of
leaf area distribution along different shoot types and to neglect
divergence angles. As the spatial distribution of leaves in apple
trees is not random (Da Silva et al., 2014) but rather characterized
by a certain clumpiness (also reported for other tree species by
Cohen et al., 1995; Chen et al., 1997; Da Silva et al., 2008), the
next step in the reconstruction of branch architecture has to be
to position and orient the different shoot types. In doing so, it
has to be considered that the proportion of long and short shoots
differs among genotypes (Lauri et al., 1995). The genotypes used
in this study exhibited such a numerical variability at the scale
of the first-order branch, with bourse shoots in AR being much
more important than in RB (data not shown). The analysis of the
distribution of shoots within the branch will be the subject of a
follow-up study (Bairam et al., unpubl.). In any case, it is thus
necessary to count the number of shoots of the different types or
better still, create a topological map of the branch and its different
organs (see Buck-Sorlin and Bell, 2000, for an example) in order
to finalize the reconstruction of branch architecture.

CONCLUSIONS AND PERSPECTIVES

In the present study, we provided a new model allowing the
reconstruction of the initial branch architecture as an input for

a Functional Structural Plant Model of apple, with an emphasis
on the prediction of leaf area at the shoot and leaf scale, using
allometric relations among shoot architecture variables. The
model was calibrated and tested using sufficiently large training
and testing data sets, proving that it is robust enough for the
prediction of leaf area of the three apple cultivars used in this
study, which exhibit a contrasting leaf and shoot morphology.
Combined with light response curves measured in 2015 (Bairam
et al., unpubl.), the initial architecture thus modeled will help
to create a mapping of photosynthetic potential for each leaf.
Furthermore, the combination of this information with the
developmental kinetics of each fruit on such a branch (Bairam
et al., unpubl.) will then allow finding coefficients for daily sugar
transport rates from source leaves to fruits.

This study has shown that the distribution of leaves along
a shoot of the same type follows certain clear endogenous
regularities that seem to be genotype dependent (cf. Lauri, 2007),
with rather little phenotypic plasticity. Further experimental
and modeling studies will be conducted to try to decipher and
quantify the physiological mechanisms behind these regularities,
in order to improve the modeling of apple fruit quality
in the context of the first-order branch as an experimental
system.
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Shrubs are multi-stemmed short woody plants, more widespread than trees, important

in many ecosystems, neglected in ecology compared to herbs and trees, but currently

in focus due to their global expansion. We present a novel model based on scaling

relationships and four hypotheses to explain the adaptive significance of shrubs, including

a review of the literature with a test of one hypothesis. Our model describes advantages

for a small shrub compared to a small tree with the same above-ground woody volume,

based on larger cross-sectional stem area, larger area of photosynthetic tissue in bark

and stem, larger vascular cambium area, larger epidermis (bark) area, and larger area

for sprouting, and faster production of twigs and canopy. These components form

our Hypothesis 1 that predicts higher growth rate for a small shrub than a small tree.

This prediction was supported by available relevant empirical studies (14 publications).

Further, a shrub will produce seeds faster than a tree (Hypothesis 2), multiple stems in

shrubs insure future survival and growth if one or more stems die (Hypothesis 3), and

three structural traits of short shrub stems improve survival compared to tall tree stems

(Hypothesis 4)—all hypotheses have some empirical support. Multi-stemmed trees

may be distinguished from shrubs by more upright stems, reducing bending moment.

Improved understanding of shrubs can clarify their recent expansion on savannas,

grasslands, and alpine heaths. More experiments and other empirical studies, followed

by more elaborate models, are needed to understand why the shrub growth form is

successful in many habitats.

Keywords: woody plants, stem, multi-stemmed, shrubland, scrub, tree, growth, canopy

“...since Theophrastus (born c. 370 BC), botanists have generally distinguished between trees, shrubs,
and herbs.” (Petit and Hampe, 2006, p. 189)
“Shrubiness is such a remarkable adaptive design that one may wonder why more plants have not
adopted it.” (Stutz, 1989, p. 325)

INTRODUCTION

Trees and shrubs are two major growth forms in many natural and semi-natural habitats. Here, we
focus on shrubs, a widespread category of woody plants, and elucidate their adaptive significance.
We present a model based on scaling relationships where shrubs are compared with trees, outline
hypotheses for the adaptiveness of shrubs, and test one of the hypotheses, based on the literature.
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Many theoretical and empirical studies of trees address their
adaptive significance, for instance variability in height among
species, and maximum height (e.g., Horn, 1971; Ryan and Yoder,
1997; Loehle, 2000). In contrast, the adaptive significance of
shrubs is only discussed briefly in the literature. For instance,
Whittaker and Woodwell (1968, p. 11) stated that shrubs “may
have high production per unit leaf weight and surface... and
smaller expenditure of this production on supporting stem and
branch tissue than is the case in forest trees.” Givnish (1984, p.
78) suggested that shrubs are favored in open habitats where tree
crowns have been destroyed, by having “more meristems active,
[and] more potential points for stem regeneration.”

Another suggestion is that the shrub growth form is
“a design strategy of relatively small, low-investment, low
risk, “throwaway” stems that are expendable in high-stress
environments” (Wilson, 1995, p. 92). Stutz (1989) stated that
shrubs usually are tall enough to dominate herbs and do not
need to rebuild as much biomass each year as herbs. On the
other hand, shrubs often occur in grassland, for instance savanna,
where grasses and/or fires may control woody vegetation,
including shrubs (Bond and vanWilgen, 1996; Sholes andArcher,
1997). Shrubs are sometimes discussed on the basis of their
low, broad canopy in disturbed habitats, and Givnish (1984)
argued that such a canopy is favored by multiple stems. It is
often suggested that shrubs are associated with disturbed and
stressful environments (e.g., Rundel, 1991; Givnish, 1995; Sheffer
et al., 2014). However, elaborate hypotheses and models for
the adaptive significance of the shrub growth form seem to be
lacking. Moreover, the recent expansion of shrubs in several
regions globally (e.g., Naito and Cairns, 2011; Formica et al.,
2014) motivates more basic research about shrubs.

Below, we first define “tree” and “shrub.” Because shrubs have
been neglected compared to herbs and trees (see Discussion),
we briefly outline their importance. We then describe our basic
model and four hypotheses that potentially can explain the
adaptive significance of shrubs, compared to trees. Our main
contributions are the basic model (Section The Basic Model and
Hypotheses), and Hypothesis 1 and the preliminary test of it
(Section Hypothesis 1: The Multiple Stems of a Small Shrub Give
Faster Growth than for a Small Tree). The Hypotheses 2, 3 and
4 (Sections Hypothesis 2: The Fast Maturity of Shrubs Enables
Earlier Seed Production Compared to Trees, Hypothesis 3: The
Multiple Stems in Shrubs Insure Future Survival and Growth
if One or More Stems Die, and Hypothesis 4: The Short Stems
of Shrubs Improve Survival through Three Traits, Compared
to Tall Tree Stems) are complementary and also important
ideas, supported by some evidence. Finally, we discuss ecological
aspects of shrubs and trees, and identify research needs.

Delimitation and Definition
It is sometimes difficult to identify a woody plant as a tree or a
shrub, and intermediate forms exist (see Rundel, 1991; Wilson,
1995). Sheffer et al. (2014) stated “In contrast to shrubs, trees
have a single stem, but this distinction is not absolute... 9.2%
of the tree species we analyzed were also qualified as shrubs by
some contributors in the trait database.” In tropical rainforest,
the woody growth forms are diverse, with more forms than just

tree/shrub (see Givnish, 1984, Table 4;Rundel, 1991). In South
African savanna, in a study of 23 woody species, Zizka et al.
(2014) recognized shrubs (mean value: 13 stems), SSTs (“shrubs
sometimes small trees,” 3.6 stems) and trees (2.2 stems). Some
shrubs are semi-woody, being woody in the lower stem parts and
herbaceous in the upper (trees also have herb-like shoots that
become woody with time).

Here, we define a tree as a tall perennial plant with a single
self-supporting woody stem, and a shrub as a short perennial
plant with multiple self-supporting woody stems, branching at
or near the ground. However, trees can have multiple stems,
and the shrubs we discuss below range from very small (e.g.,
Vaccinium spp., about 0.2m tall) to large Corylus spp. (up to
about 10m tall). Figure 1 illustrates a shrub of a common
type (about 50 cm tall); a tree with one central stem (many
conifers and angiosperms); a tree with one short stem, branching
early to produce a broad canopy forming >50% of the height
of the tree (e.g., Ulmus spp., savanna trees); and a tree with
multiple stems which we suggest may be distinguished by
stem form as well as height (see Discussion). Photographs
in Figure 2 illustrate two types of shrubs and two multi-
stemmed trees. Shrub-like bamboos are also relevant, some of
which have strong stems more than 25m tall (Wang et al.,
2014) and may also dominate trees (Griscom and Ashton,
2003), but we did not include them in our literature review
below.

Despite problems in defining some species as shrubs, the
term shrub is widely used and shrubs are important in many
ecosystems (see next section). In addition, biology and ecology
contain many terms that are difficult to define precisely (e.g.,
“forest”) but useful in research and management.

The Occurrence and Ecological
Importance of Shrubs
Shrubs are important components in at least 9 of 11 global biomes
(Archibold, 1995; see also McKell, 1989), forming much of the
vegetation in tropical savannas, arid regions, Mediterranean
ecosystems, and polar and high mountain tundras. They are
also frequent in terrestrial wetlands and in the understory
and canopy gaps in forests, where both shade-tolerant and
pioneer (shade-intolerant) shrubs occur (e.g., Denslow et al.,
1990).

Olson et al. (2001) classified 14 terrestrial biomes, and
“shrubland” or “scrub” occur in the name of 5 biomes. Shrubs
occur in at least 13 of the 14 biomes. Gong et al. (2013) used
satellite data to estimate global land-cover types; forest covered
28.4% of the land and shrubland covered 11.5%. Because shrubs
also occur in forest, they grow, or can grow, on about 40% of the
land surface. Shrubland was defined as having a vegetation cover
of>15%, but some bare land with sparse vegetation also contains
shrubs (see Gong et al., 2013), so the total area where they can
grow might be close to 45% of the global land surface.

Given the vast global distribution of shrubs, they are
important for climate control, soil stabilization and production,
ecosystem water balance, carbon uptake and storage, and for
many associated species such as grazing and browsing mammals
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A B C D

FIGURE 1 | Four types of woody plants: (A) Shrub, here with five stems, branching as in the basic model (about 50 cm tall). (B) Tree with main stem

throughout the plant. (C) Tree with short main stem with many branches, forming most of the plant. (D) Tree with multiple stems. (C,D) are from Ceco.NET, (B) is from

Natural Resources Canada (red alder; tidcf.nrcan.gc.ca), and (A) is our own drawing.

and livestock, birds, fungi, and invertebrates. “Nurse plants” favor
other plants, including trees, and in a review of such plants
“shrubs were the dominant nurse life-form” (Filazzola and Lortie,
2014). Moreover, shrubs exhibit high species richness in several
regions on the earth (Qian, 2015; Qian and Ricklefs, 2015; see
also Rundel, 1991). Currently, shrubs and “shrubification” are
much studied in tropical and temperate grassland and in arctic
and other cold habitats that lack trees, often in relation to climate
change (e.g., Hallinger et al., 2010; Ratajczak et al., 2012; Formica
et al., 2014; Ogden, 2015).

The next section describes our basic model, which is relevant
for Hypothesis 1 in Section Hypothesis 1: The Multiple Stems of
a Small Shrub Give Faster Growth than for a Small Tree. All our
four hypotheses focus on the adaptive value of shrubs compared
with trees. For trees, we assume that their main adaptive value
or advantage is height development, leading to elevated canopies
that shade competitors (including shrubs) and large root systems
that also help dominate shrubs. In addition, a tall tree with a large
canopy can potentially produce more seeds and disperse pollen
and seeds more widely.

THE BASIC MODEL AND HYPOTHESES

To explore functional trait differences between single- and multi-
stemmed woody plants (trees vs. shrubs), we built a basic
volume-based growth model. Biomass partitioning occurs only
between above-ground woody parts, thus foliage and roots
are not included in the model. The following traits were
studied: cross-sectional stem area, bark surface area, branching,
canopy development (branching), and stem bending moment
(intuitively, the strain when forces act on the stem so that
it bends). We modeled above-ground woody biomass [that is,
stem(s) and branches] using the functions Vt(ht) and Vs(hs,n),
which give the volumes of a tree of height ht , and a shrub of height

hs, and number of stems n. For a given volume v we can solve
Vt(x) = v and Vs(x,n) = v numerically and obtain heights ht(v)
and hs(v,n), compared in Figure 3A.

For simplicity, tree and shrub volumes Vt(ht) and Vs(hs,n) are
calculated by modeling stems and branches as truncated cones
with basal radius proportional to length, or as cylinders when
the basal radius is small enough. We explain the parameters
in Table 1; all are constants which can be varied freely. When
a stem reaches the length lmin, branches of length p∗lmin are
added, which then grow proportionally in length with the
main stem. We add at branches per stem for a tree and
as for a shrub, corresponding to Whitney (1976) branching
coefficients at+1 and as+1, respectively (Whitney counts the
stem tip as a child branch; we do not). These branches in
turn get “child branches” in the same way when they grow
long enough. The model does not include thinning within
individuals during growth, so we only apply it to small trees and
shrubs.

Note that the above description is simplified: to avoid child
branches p∗lmin cm long appearing out of nowhere when parent
branches reach the length lmin cm (making the volume functions
discontinuous), child branches begin to grow when parent
branches are 2/3∗lmin cm long, and grow linearly to reach the
length p∗lmin cm when the parent branch is lmin cm long. The
number 2/3 is rather arbitrary, but affects the results very little—
it only specifies how the discontinuous parts of the function are
“glued together.” The parameters rtip (the radius of a branch tip),
bt , and bs (the ratio of the basal radius of a stem or branch
and its length for trees and shrubs, respectively), lmin, and p
were chosen from inspection of small trees and shrubs of several
species, to be: at = as = 2, p = 0.5, lmin = 20 cm, rtip =

0.1 cm, bt = bs = 0.0075, gs = 1. All parameters probably
vary among species and habitats, but we have tried different
realistic values and the scaling relationships between trees and
shrubs seen in Figure 3 still hold. Note that to reach the same
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FIGURE 2 | Two species of shrubs and two species of trees, multi-stemmed: (A) Cassinia arcuata (Asteraceae), Drooping Cassinia or Chinese Scrub,

an evergreen shrub in central Victoria, Australia. This species has colonized thousands of hectares in the area during the last 40 years, when land use changed

(see Lunt, 2011). The trees are Eucalyptus sideroxylon (Red Ironbark). (B) A large Salix sp. shrub (probably a hybrid) in winter on moist ground in Sweden, with

horizontal growth by sprouts on lying stems. Deciduous Salix spp. are common especially on moist soils in cold and temperate regions in the northern hemisphere.

(C) Chamaecyparis lawsoniana (Cupressaceae) or Port-Orford-cedar, an evergreen conifer from western North America. It is normally single-stemmed but may

become multi-stemmed after damages, e.g., from browsing (picture from botanical garden, Sweden). (D) Betula pendula (Betulaceae), Silver Birch or Warty Birch in

multi-stemmed version probably caused by browsing or cutting damage on seedling/sapling (Pixbo, SW Sweden). Note self-thinning (dead stems). Normal

single-stem birches grow in the background. Note also uprising stems of the multi-stemmed trees in (C,D), which would reduce the bending moment of heavy leaning

stems (see Discussion and Figure 4). Photographs: Ian Lunt (A) and Frank Götmark (B–D).

height as a tree, a shrub with n stems and with at = as, bt =
bs, must increase in above-ground woody volume n times as
fast as a tree (that is, gs = n). This follows since one shrub
stem with its branches is modeled the same as a tree stem with
branches.

Once we have ht(v) and hs(v,n) we can calculate other
important traits, for example the basal radius of a stem and thus
the total cross-sectional area at stem base(s). Investing inmultiple
stems, compared to a single stem, gives a greater total cross-
sectional area at the stem base(s), increasing with n (Figure 3B).
We can also calculate the total surface area of stem(s) and
branches. Investing in multiple stems gives a greater total bark
surface area, increasing with n (Figure 3C). The same holds for
the stem-photosynthetic area, the area of vascular cambium, and
area for sprouting, e.g., on the lower 25% of the stems (all graphs
would be similar to Figure 3C). All these results are illustrations
of the general mathematical principle that volume and area

scale differently. The number of twigs (outermost generation
of branches) is larger for shrubs than for trees, given the same
above-ground woody volume (Figure 3D). A more realistic twig
model requires knowledge of the relative thinning and allocation
strategies of trees and shrubs.

Our model uses a simple proportional relationship between
stem height and basal radius for small stems (Whittaker and
Woodwell, 1968; Niklas, 1994). In Equation (5) in Niklas
and Spatz (2004) a relationship L = k5D2/3 − k6 is derived
between height L, basal stem diameter D, and empirically
determined constants k5 and k6. This relationship is a good
model for both small and large trees (as opposed to the
common model L = kD2/3 for large trees). Substituting this
relationship instead of the simple proportional function in
our model, the functions Vt(ht) and Vs(hs,n) will change, but
the height and area comparison between trees and shrubs
will not be much affected (see graphs in Data Sheet 1 in
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A B

C D

FIGURE 3 | (A) Trees are taller than shrubs with the same above-ground woody volume. (B) A small shrub with the same above-ground woody volume as a small tree

has a larger total cross-sectional area at stem base(s), increasing with number of stems. (C) A small shrub with the same above-ground woody volume as a small tree

has a larger surface area, increasing with number of stems. This is true for bark (epidermis) as shown here, but also for sprouting area, cambium area, and area of

photosynthetic tissue on and within stem. (D) A small shrub with the same above-ground woody volume as a small tree produces twigs (outermost generation of

branches) faster than a tree. The parameter values in (A–C) are: at = as = 2, p = 0.5, lmin = 20, rtip = 0.1, bt = bs = 0.0075, gs = 1.

Supplementary Material). That is, the graphs in Figure 3 would
be similar.

The bending moment around the origin of a point-mass
at location a is |F|·|b|, where F is the force applied to
the mass, and b is the component of a which is at right
angles to F. We set the origin at the stem base. In our case
the force will be gravity which acts vertically, so that the
bending moment increases the farther we get from the origin
horizontally. This is why a straight stem will have higher

bending moment the more it leans outwards. Since a stem
is not a point mass, we have to add all the contributions
along its length, which leads to an integral. For simplicity,
we omit the branches, and we use the stem taper function
from Niklas and Spatz (2004; Figure 4; calculations in Data
Sheet 1 in Supplementary Material). We use these results in
Hypothesis 4.

All calculations are implemented in Matlab (see Supporting
Information).
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TABLE 1 | Definition of parameters used in the basic model.

Parameter Definition

n The number of stems.

at and as The number of child branches added in each step to each parent

branch/stem for trees and shrubs, respectively.

p The ratio of the length of a child branch and the length of its parent

branch/stem.

lmin The length at which a branch or stem gets child branches (in cm).

rtip The radius of the outermost tip of a branch or stem (in cm).

bt and bs The ratio of the basal radius of a stem or branch and its length h

for trees and shrubs, respectively (an exception is made when

bt · h or bs · h is less than rtip; the basal radius is then set to rtip,

making the stem or branch a cylinder).

gs The ratio of the growth rate of the above-ground woody volume of

a shrub and that of a tree (we set gs = 1, but in case of e.g.,

known faster growth rate in a shrub, it could be changed).

FIGURE 4 | The bending moment (Nm) as a function of the length of a

straight stem (neglecting branches and foliage) growing in an angle of

15, 30, and 45◦ from the vertical, and the bending moment for a more

uprising stem such as a multi-stemmed tree often has (cf. Figures 1D,

2C,D). The latter stem first grows at an angle of 20◦ off vertical, and when it

has reached a horizontal distance of 1m from its starting point, it grows

straight upwards. Taper function from Niklas and Spatz (2004). (For

calculations, see Supporting Information).

Hypothesis 1: The Multiple Stems of a
Small Shrub Give Faster Growth than for a
Small Tree
We suggest that a small shrub has at least six functional traits
that lead to higher growth rate than in a small tree with the
same above-ground woody volume and grown under similar
conditions.

First, shrubs have greater sapwood area compared to trees
of the same above-ground woody volume. When partitioning
biomass to multiple stems instead of height growth (Figure 3A),

shrubs develop a larger total stem cross-sectional area than in a
tree (Figure 3B). Assuming similar heartwood proportions and
sapwood efficiency in shrubs and trees, a larger total stem cross-
sectional area would give a larger functional stem sapwood area.
As hydraulic conductance scales positively with leaf area and
mass (see Mencuccini, 2003; Rance et al., 2014), this indicates
that a small multi-stemmed shrub may produce more leaves
than a small tree with a single stem. While a greater sapwood
area would result in greater rate of respiration (Lavigne and
Ryan, 1997), we argue that this is negligible compared to the
potential greater canopy C assimilation in shrubs. For plants
of the same size, for example 500 cm3 volume, our model
predicts a 39, 61, and 75% greater total cross-sectional sapwood
area in shrubs with 3, 5, and 7 stems, compared to a single-
stemmed tree (Figure 3B). Although slope (sapwood area to
leaf area ratios) depends on species, growth conditions, and leaf
water conductance (Whitehead et al., 1984; McDowell et al.,
2002), recent work on different tropical trees suggests that cross-
sectional sapwood area is a critical morphological trait for growth
and biomass accumulation (van der Sande et al., 2015). Further,
there is evidence that shrubs have higher canopy density than
trees in savanna (total leaf area in m2 per canopy volume in
m3; Zizka et al., 2014) and have higher leaf area index (LAI,
m2 m−2) than trees in several mesic forests (Knapp et al.,
2008: p. 620). Put differently, the larger sapwood area of a
small shrub could potentially support a greater leaf area/mass
than in a small tree, leading to higher C uptake and growth
rate.

Second, shrubs have greater stem-photosynthetic area for
additional C acquisition compared to trees. Although foliage in
most shrubs and trees is the primary producer of photosynthates,
C assimilation also occurs in stems and twigs (Stutz, 1989;
Nilsen, 1995; Pfanz et al., 2002; Vick and Young, 2009; Avila
et al., 2014). Our model predicts a 35, 53, and 74% greater
total epidermis area in shrubs with 3, 5, and 7 stems, compared
to a single-stemmed tree (for 500 cm3 above-ground woody
volume, see Figure 3C). Reported light-saturated rates of bark
photosynthesis (Asat) at ambient CO2 (360–400 ppm) are lower
(0.6–2.2 µmol CO2 m−2 s−1) than foliage rates (7–35 µmol
CO2 m−2 s−1; Wullschleger, 1993; Wittmann and Pfanz, 2007;
Jensen et al., 2012, 2015), but this related stem area advantage
for shrubs may be especially beneficial during leafless periods
such as early spring and late autumn, after severe droughts
(Maurits et al., 2015), or after insect defoliation events. However,
the primary function of corticular photosynthesis may not
be net photosynthetic uptake of CO2 but rather sustaining
physiologically active tissues by re-assimilation of respired
CO2 (Pfanz et al., 2002; Wittmann and Pfanz, 2007; Teskey
et al., 2008). Multi-stemmed shrubs may thereby be able to
maintain a greater cambium area than small single-stemmed
trees.

Third, shrubs have greater total cambium area than trees
with the same above-ground woody volume, facilitating
greater secondary xylem and phloem growth in all emerging
stems and branches. However, a greater active cambium
area requires additional C investment both in cambium
development and maintenance. A greater total cambium
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area per se does not ensure higher growth rates, but is a
precondition for accelerated growth. So shrubs have an
advantage over trees for plants grown without resource
limitations.

Fourth, especially after disturbances, shrubs have greater bark
area for sprouting and potential development of new organs
compared to trees with the same above-ground woody volume.
Epicormic and dormant adventitious buds underneath the bark
of stems, stem bases, and branches can contribute to growth.
Assuming that a small tree and a small shrub have equal
density of such buds on their stems above ground, a shrub
with its greater bark area may gain a growth advantage by
higher sprouting potential. Sprouts will also have more space
available for growth on the spread-out stems of a shrub than if
they all grow on a single-stem tree. However, as both external
conditions (e.g., light, water availability, disturbances) and
internal conditions (e.g., growth hormones and stored resources)
may trigger sprouting, the role of bark area per se remains to be
clarified.

Fifth, assuming the same branching pattern (as = at), a small
shrub can produce more branches and twigs than a small tree
(Figure 3D) and its canopy can expand horizontally to capture
more light than a small tree that tends to grow mainly upwards
(see also Pickett and Kempf, 1980; Givnish, 1984; Küppers, 1989;
Sun et al., 2010).

Sixth, multiple stems in a shrub may allow continued
horizontal growth. The stems can grow close to the ground;
as their length and mass increase, some stems lean against the
ground allowing new roots and vertical shoots to develop, further
horizontally expanding the canopy (one example in Figure 2B).
Pickett and Kempf (1980) suggested that “shrubs represent a
horizontally oriented strategy for reduction of [self-]shading,”
referring to clones and root suckers in the shrubs they studied
(see Discussion).

Based on the six traits and the mechanisms described above,
we predicted higher above-ground growth rate in small shrubs
than in small trees with the same woody volume, and tested
this prediction by a review of the literature. Using the Web of
Science database and reference lists in published articles and
books, we searched for articles containing the term “shrub”
where the authors had quantified growth in both shrubs
and trees. After exhaustive search, we found 14 such studies.
We also looked for evidence for Hypotheses 2–4, but not
systematically.

We categorized the 14 studies into those with (1) disturbed
habitat and mainly resprouting plants—five studies, (2)
disturbed habitat and mainly seeders (pioneer plants)—one
study, (3) laboratory experiments—three studies, (4) field
experiments—two studies, and (5) natural colonization
and growth—one study. Two studies were not easy to
categorize. The 14 studies are presented in Table 2. Studies
of both absolute and relative growth rate were included.
Overall, we find support for our prediction in 12 studies
(good support in three studies), while two studies were
inconclusive (see Table 2). For a description of the 14 studies
with additional information, see Data Sheet 2 in Supplementary
Material.

Hypothesis 2: The Fast Maturity of Shrubs
Enables Earlier Seed Production
Compared to Trees
Because a shrub does not grow tall, it will reach reproductive
size earlier (e.g., Hoffmann and Solbrig, 2003), and produce
seeds earlier than a tree (e.g., Hermann et al., 2012). This gives
shrubs an extra fitness benefit after processes that reduce tree
dominance. Early seed production should facilitate seed dispersal
to new, unoccupied patches. A tall tree with a large canopy can
produce many more seeds than a shrub, but for most trees, the
time lag in seed set is a disadvantage. This hypothesis may be
less relevant for tropical rain forests where small tree species
also occur (e.g., understory treelets), with apparently fewer multi-
stemmed shrubs.

Hypothesis 3: The Multiple Stems in
Shrubs Insure Future Survival and Growth
if One or More Stems Die
A single-stemmed tree faces a lethal risk if the stem breaks and
dies due to e.g., harsh weather conditions, falling trees/branches,
drought, disease, or browsing, and trampling animals. In
contrast, a shrub can afford to lose some of its stems and still
survive (Wilson, 1995; Sheffer et al., 2014). Loss of a stem during
the growth season will result in loss of foliage, reducing C uptake.
A tree would lose its entire canopy, whereas a shrub would
only lose part of it. In the dormant season, if a single-stemmed
tree breaks it loses all its dormant terminal and lateral buds,
delaying foliage, and canopy development and C uptake the
following year. Further, woody plants may store resources (e.g.,
nitrogen, water, and non-structural carbohydrates) within the
stems for re-growth, and a tree loses all such stored resources
if its stem breaks near the ground. Multi-stemmed shrubs may
also have an advantage over single-stemmed trees if a stem suffers
hydraulic failure. This may be especially true for hydraulically
modular shrubs, such as Ambrosia dumosa in arid ecosystems in
California, USA (Espino and Schenk, 2009).

Hypothesis 4: The Short Stems of Shrubs
Improve Survival through Three Traits,
Compared to Tall Tree Stems
We suggest that short shrubs have at least three structural traits
that improve survival, compared to taller trees. Being short or
tall is a trade-off; trees gain other advantages from being tall, as
mentioned at the end of Section The Occurrence and Ecological
Importance of Shrubs.

First, shrubs can bend and thus survive storms, snow load,
avalanches, etc., which may otherwise result in stem breakage. In
cold and alpine areas, low vegetation survives extreme weather
and strong winds better, due to better aerodynamic resistance and
improved temperature conditions (Grace, 1988; Hallinger et al.,
2010; Neuner, 2014). In areas with landslides and avalanches,
shrubs are favored by short and flexible stems compared to trees,
which may fall (review in Givnish, 1995; Stokes et al., 2012).
Recently, Larjavaara (2015) emphasized the advantages of stem
flexibility in shrubs, and suggested that this limits their height.
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TABLE 2 | Result of literature review to test the prediction from Hypothesis 1: higher above-ground growth rate in small shrubs than in small trees.

Category and

country

Habitat Comparison Main result Type of evidence

for Hypothesis 1

(++, +, +/−, −)

References

DISTURBED HABITAT, MAINLY RESPROUTING

Brazil Grassland 2 shrub and 3 tree

species

Shrubs regained more basal area and

height than trees after fire/cutting

++ Hermann et al., 2012

Brazil Forest-grassland

ecotone

38 shrub and 42 larger

woody species

Shorter multi-stemmed shrubs

dominated early regrowth after fire

+ Müller et al., 2007

Brazil Savanna (Cerrado) 4 shrubs/subshrubs

and 3 tree species

Diameter growtha; basal area,

biomass, and heights not given

+/− Hoffmann and Solbrig,

2003

Sweden Mixed forest with

Quercus

1 shrub and 13 tree

species

Shrubs had higher growth rate and

survival rate than trees after partial

cutting

+ Leonardsson and

Götmark, 2015

Japan Mixed forest with

Quercus and Carpinus

7 shrub and 24 larger

woody species

Shrubs had stronger resprouting than

the other species

+ Shibata et al., 2014

DISTURBED HABITAT, MAINLY SEEDERS

Mexico Tropical deciduous

forest

47 species; mix, but

more trees than shrubs

Shrubs and trees did not differ in

height growth after clear-cut and

burnb

+/− Miller and Kauffman,

1998

LABORATORY EXPERIMENTS

Lab Species from British

isles and northern Spain

25 shrub/sub-shrub

and 55 tree species

Shrubs had higher relative growth rate

than trees (only tested up to day 21)

+ Cornelissen et al., 1996

Lab The tropics;

meta-analysis of 15

studies

17 shrub, 12

intermediate and 61

tree species

Shrubs accumulated more biomass

than trees after nutrient addition

(P < 0.07)c

+ Lawrence, 2003

Lab Karst habitats, SW

China

2 shrub and 4 tree

species

Shrubs had higher biomass increase

than “most of the trees”d
+ Liu et al., 2011

FIELD EXPERIMENTS

Mexico Tropical oak forest:

open, edge, and interior

habitat

2 shrub and 3 tree

species (seedlings

planted)

Shrubs had higher biomass growth,

larger root systems, and higher

survival than treesd

++ Asbjornsen et al., 2004

Spain, highlands Forest, shrub-land and

open

4 shrube, and 4 tree

species (seeds sown)

Shrubs tended to survive better than

trees, especially under dry

conditionsd

+ Matias et al., 2012

NATURAL COLONIZATION AND GROWTH

USA, New York

state

Abandoned fields 2 shrub and 2 tree

species

Shrubs emerged better per seed,

survived better, grew better, and

became taller than the trees

++ Gardescu and Marks,

2004

OTHER STUDIES

Lab, and

experimentsf

(also herbs)

Diverse conditions 9 studies of shrubs, 27

studies of trees

Shrubs had higher median relative

growth rate than trees

+ Houghton et al., 2013

Australia Post-fire successional

habitat

17 shrub-like, 2 taller

tree-like species

Shrub-like outpaced tree-like species

in height growth (early growth)

+ Falster and Westoby,

2005

aDifficult to compare growth data in publication.
bSimilar height growth of shrubs and trees generally implies higher (above-ground) biomass growth in the shrubs, since they have more stems.
cBonferroni-test that may be considered conservative.
dTested drought tolerance, or related the study to drought tolerance.
eTwo species referred to as scrub and broom by authors are considered shrubs here.
fControlled studies (laboratory and field experiments); studies of only trees, and of only shrubs, also included. Shrubs vs. trees not directly tested (their Figure 1).

Types of evidence: ++, good support for prediction; +, support; +/−, inconclusive; −, contradicts the prediction.

Second, shrubs can have a wide canopy with leaning stems
to capture more light, since low height reduces the cost of the
bending moment of leaning stems. Bending moment increases
with increasing stem length and stem angle (Figure 4), so that
the cost is much higher for a tree with leaning stems. We neglect
branches for simplicity, so the actual bending moment of a stem

with its canopy would be greater than in Figure 4, and it would
also be increased by snow and wind (e.g., Spatz and Bruechert,
2000). Falster and Westoby (2005) commented that “Multiple
stems are thought to limit maximum height since they emerge
at an angle and are less securely attached to the roots” (see also
Kruger et al., 1997).
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Third, the lower height of shrubs compared to trees should
reduce the risk of cavitation due to drought and freezing. The
maximum height of trees is partly determined by the problem
of getting water to tall canopies. Water shortage can cause
embolism in the xylem (Tyree and Sperry, 1989), and the risk
of cavitation increases with stem height because of gravity (Ryan
and Yoder, 1997). Freeze-thaw cycles during winter can cause
similar problems (Tyree and Sperry, 1989; Zhu et al., 2000). This
may be common in alpine and arctic habitats, where trees are
disfavored especially in windy conditions, when temperatures
drop. Because shrubs are shorter, they are less likely than trees to
suffer from these problems, which occur in many habitat types.
In addition, snow can more easily cover a shrub than a tree and
protect it against low temperatures.

A possible further component of Hypothesis 4 might be: since
shrubs are generally lower than trees, they may invest relatively
less in support structure, and can invest more in e.g., foliage and
roots, as suggested byWhittaker andWoodwell (1968). However,
an overview and analysis of this suggestion is needed, including
a definition of “support structure.” One would need to compare
small trees and shrubs, as well as large trees and shrubs.

DISCUSSION

We found support for our basic model, Hypothesis 1, and
the prediction of higher growth rate in small shrubs than in
small trees. Since shrubs occur in several biomes and many
habitats and include numerous species, multiple hypotheses
are needed to fully clarify their adaptive significance. Shrubs
exhibit striking morphological diversity and adaptations within
regions and across gradients (e.g., Schenk et al., 2008). Many
studies relate shrubs and multi-stemmed trees to disturbed
and low-productive habitats (e.g., Rundel, 1991; Wilson, 1995;
Hoffmann and Moreira, 2002; Bellingham and Sparrow, 2009).
Our Hypotheses 1 and 2 are independent of habitat, while
the advantages predicted by Hypotheses 3 and 4 depend on
disturbances, morphology, extreme weather, and climate. Shrubs
seem to survive by combinations of fast growth and persistence
(e.g., Kanno et al., 2001; Tanentzap et al., 2012), including early
seed production and long-distance dispersal (e.g., by wind and
birds).

An important result from our model, and the first functional
trait under Hypothesis 1, was that shrubs have greater total
sapwood area compared to single-stemmed trees of similar size.
For an individual tree or shrub stem, the cross-sectional area
of the sapwood is correlated with its total leaf area and mass
(Waring et al., 1982; Meadows and Hodges, 2002; Wang, 2005;
Rance et al., 2014; Issoufou et al., 2015) and thus with C uptake.
Most studies focus on trees, and for shrubs we found only a
handful of studies relating sapwood area to leaf area/mass, or the
Huber value (HV, conductive xylem per leaf area) (Gartner, 1991;
Wang, 2005; Issoufou et al., 2015). Wang (2005) reported data
for shrubs and trees within the same site; he studied hydraulic
conductivity and the ratio of sapwood cross-sectional area and
leaf area (HV) in 10 trees and four shrubs in Canada and
reported similar values in trees and shrubs. His study supports

our assumption of a similar ratio of sapwood cross-sectional area
and leaf area in trees and shrubs, giving shrubs growth advantages
over trees of similar size (i.e., of the same above-ground woody
volume, as in our model).

One mechanism in Hypothesis 1 was that shrubs should
sprout better than small trees from buds because of their larger
surface area and widespread stems with more space for sprouts.
Sprouting is involved in the fast growth of shrubs (Table 2) but
we found no study that directly compared bud density or bud
numbers and the initiation of sprouts on shrubs and small trees.
Bond and van Wilgen (1996) distinguished basal and crown
sprouting in woody plants in response to fire. The positions
of buds and sprouts on woody plants are rarely described in
published studies. In South African savanna after fire, sprouting
near the ground dominated for shrubs (A. Zizka, pers. com.),
presumably because fire kills buds higher up (see also Bond and
vanWilgen, 1996; Hoffmann and Solbrig, 2003). Sprouting varies
much among shrub species and with height growth (Bond and
Midgley, 2001); some shrubs also sprout along stems (Figure 2B,
and e.g., Lunt, 2011).

Shrubs may also flower and set seeds earlier than trees
(Hypothesis 2); although this seems likely (e.g., Hoffmann and
Solbrig, 2003; Hermann et al., 2012), a review andmore empirical
studies are desirable. Hypothesis 3 predicts that shrubs should
survive stem breakage better than trees, for which there is
little evidence (but see Shibata et al., 2014; Leonardsson and
Götmark, 2015). In general, Hypotheses 3 and 4 would predict
lower mortality in shrubs than trees. Condit et al. (1995) studied
the mortality of tropical trees and shrubs during and after a
drought on Barro Colorado Island (BCI), Panama; shrubs had
higher overall mortality rates than trees, but shrubs hadmortality
rates less affected by the drought than trees. Lopez et al. (2005)
analyzed xylem vulnerability to cavitation in five tree species and
four shrub species on BCI (all shrubs were shade-tolerant). The
four shrubs were on average less vulnerable to cavitation than
the trees (Lopez et al., 2005; Table 2), and a shrub was the least
vulnerable.

One contributing factor for fast growth in shrubs could be
lower investment in wood, i.e., lower xylem density. If there
is less need for structural strength in short shrub stems, they
can invest more in growth. Castro-Diez et al. (1998) found that
“shrub seedlings had less dense stem tissues than tree seedlings,”
and added “possibly because they need less investment in long-
term strength and stature.” However, two groups of 65 shrub
species and 135 tree species from Argentina, Mexico, and the US
did not differ in wood density (Martínez-Cabrera et al., 2011).
Moreover, in a recent study of three co-occurring woody species
that differed in maximum height (McCulloh et al., 2015), the
shortest (a Corylus shrub) had the highest stem wood density,
and the tallest (an Alnus tree) had lowest wood density (stems
compared at similar plant heights).

Martínez-Cabrera et al. (2011) reported that shrubs had lower
vessel diameter, and a higher density of vessels than trees. This
was in addition reported for alpine shrubs compared to trees
(Noshiro and Suzuki, 2001), and such vessels may reduce the risk
of embolism—see also Lopez et al. (2005). McCulloh et al. (2015,
see previous paragraph) suggested that vulnerability to embolism
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increases with maximum potential height in the species. A
reviewer suggested that plants “might be short (and shrubby)
because they have inefficient, short, narrow vessels... which alone
would make them less vulnerable to cavitation,” but it is also
possible that both vessel traits and low height reduce the risk
of embolism in shrubs. Worth noting is that Maherali et al.
(2004), using data from a global database, found a large overlap
in cavitation risk between major groups, life- and growth-forms,
where shrubs on average were less vulnerable to cavitation than
trees.

After severe damage or sudden increased light availability,
a small tree or tree stump can sprout and change into shrub
growth form. We suggest that our hypotheses contribute to
explaining this response in trees, and thus may form parts
of a theory of multi-stemming in woody plants. In trees, a
change to a multi-stemmed growth form may be an attempt to
survive a difficult situation and may sometimes fail and increase
mortality, depending on tree size, species, and conditions (e.g.,
Del Tredici, 2001; Leonardsson and Götmark, 2015). One study
of single- and multi-stemmed large Pinus strobus is consistent
with our Hypothesis 1, since the latter, of a given age, grew
better (higher volume production) than individuals with a single
stem (Chamberlin and Aarssen, 1996). In addition, based on
long-term data, Bellingham and Sparrow (2009) reported lower
mortality (and lower recruitment) in multi-stemmed than in
single-stemmed trees in montane rain forest.

Hypothesis 4 posits that low height in shrubs allows the
stems to spread wide, since the bending moment of short stems
is low even if they lean outward. The same bending moment
calculations (see Figure 4) may also help explain why tall trees
usually have a single stem and why multi-stemmed trees tend not
to have the same shape as shrubs. A tall multi-stemmed tree with
wide-spread leaning stems would need to invest much in stem
strength (including reaction wood, Du and Yamamoto, 2007)
to counteract the large bending moment; for very tall trees this
would even likely be impossible. Such trees are therefore rare.
Instead, a multi-stemmed tree might seek to lessen the bending
moment with upward-tending stems (see “uprising stem” in
Figures 2C,D, 4). But such stems would be close to each other
and would each have a canopy smaller than that of an isolated
stem, leading to an increased proportion of support structure for
the tree as a whole. The tree would therefore not gain much in
C uptake by having multiple stems. This may help to define and
distinguish trees (single- and multi-stemmed) from shrubs, and
help explain why shrubs do not evolve to “trubs,” intermediate in
size between trees and shrubs (Sheffer et al., 2014). More detailed
models, with empirical tests, are needed to clarify the growth
form of stems in multi-stemmed trees.

Shrubs are often subjected to browsing. Zizka et al. (2014)
suggested that the dense growth form of shrubs could protect the
inner crown parts and their foliage from herbivory (a dilution
effect). In the understory of temperate forest, deer grazing had
little effect on growth and stem survival in the shrubs Corylus
avellana and Crataegus sp. (Tanentzap et al., 2012). Livestock
and grazing may also spread shrubs (Naito and Cairns, 2011).
Possibly, small trees may be more susceptible to browsing than
shrubs.

To assess and improve our model and hypotheses, the root
systems of small shrubs and small trees are of considerable
interest. Shrub roots can grow deep into the ground (Jackson
et al., 1996; Schenk and Jackson, 2002). Whittaker andWoodwell
(1968) suggested that shrubs, with smaller expenditure on
supporting stem and branch tissue than trees, can allocate “a
larger fraction of production [to] root growth,” to “survive fire,
browsing, and drought.” A large tree must invest in structurally
strong roots to support its size, while a shrub might develop
relatively finer roots. But it is unclear whether small trees invest
much in roots, and if they do so when they compete with shrubs.
If a shrub can grow fast, it will be able to invest much in roots. In
Asbjornsen’s et al. (2004) study, the two shrubs grew better, and
produced longer and more branched roots than the three trees.
In Whittaker and Woodwell’s (1968) study, the mean root/shoot
ratio was clearly higher for four shrub species than for three tree
species (p. 7), but in contrast to Asbjornsen et al. (2004), they
report values for large trees (exact sizes not given) and for (small)
shrubs.

Clonal growth is more common among trees and shrubs
in “very harsh, resource-poor, or highly disturbed habitats”
(Peterson and Jones, 1997). Some authors regard clumped stems
of a single shrub individual as a clone, but it is important to
distinguish clonal shrubs that grow by root suckers or runners
and form new distant stems or stem clumps. To judge from the
literature, it is unclear whether shrubs are clonal in this way more
often than trees. Shrubs, compared to trees, may more often be
clonal through layering, where nodes of lying stems root and
sprout (one component in Hypothesis 1).

Finally, a comprehensive review of the adaptive significance
of the shrub growth form seems non-existent (or is hard to find).
Trees and herbs dominate the scientific literature: a search in the
Web of Science for “tree∗ AND leaf∗” gave 40,324 publications
(18 March, 2016), and for “shrub∗ AND leaf∗” 5658 publications
(“tree∗ AND shrub∗ AND leaf∗”: 1839). Classical and much-
cited publications on woody plants usually exclude shrubs, or
focus strongly on trees (e.g., Horn, 1971; Connell, 1978; Loehle,
2000; Petit and Hampe, 2006; Thomas, 2014; but see Bond and
van Wilgen, 1996 and recent studies of shrubland and climate
change). The literature on woody plants in fire-prone ecosystems
includes studies of shrubs, though with focus on fire or sprouting
(e.g., Bond and Midgley, 2001).

Why is the shrub growth form neglected? Partly perhaps
because it is difficult to define shrubs precisely or because of
their often low direct economic value, but aesthetical aspects
are probably also involved: many of the shrub-covered areas
do not attract people. Negative words are common, such as
“scrubby,” “thicket,” “encroachment,” “broussaille” (French), “sly”
(Swedish); even “shrub” may sound negative. Many shrubs
reduce the view of the surroundings, and good view is important
for humans that hunt prey or seek charismatic species (Orians,
1986; Gray and Bond, 2013). Raunkiaer (1934) did not classify
shrubs separately, but listed five other categories in the “most
widely used system” of plant life forms (Archibold, 1995, p. 2)
which may have led botanists to overlook shrubs. In contrast,
shrubs are popular in horticulture, and the interest in shrubs
increases.
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CONCLUSIONS AND FUTURE STUDIES

We have attempted to clarify why shrubs are successful in many
habitats, including those where trees grow. Hypothesis 1 predicts
that small shrubs should have higher growth rates than small
trees, and we find evidence for that. Shrubs, compared to trees,
should have earlier seed set and dispersal (Hypothesis 2), should
have higher survival in extreme conditions and weather, and can
benefit from having several stems and low height (Hypotheses 3
and 4). Although all hypotheses have some support, more studies
and more detailed models are needed, including laboratory
and field experiments where shrubs and trees are sown or
planted in different habitat types and followed at least until the
shrubs are fully grown. Growth rates, morphological traits, and
ecophysiology should be analyzed in detail, and parts of the plant
populations should be harvested at two or more stages to analyze
whole plants.

Trees are more successful than shrubs in many areas under
certain climatic conditions, where tall trees can dominate or
control shrubs. The large distributions of some shrub-dominated
communities may partly be due to pre-historical and historical
human overexploitation of such areas, and of trees (Williams,
2006). Examples include Iceland (Diamond, 2005) and the West
European heathlands dominated by the shrub Calluna vulgaris
(Vandvik et al., 2014, and references therein). A review of
the historical role of humans in the distribution of shrublands
globally would be valuable.

Currently, our results are of interest for studies of shrubs
expanding into savannas, rangelands, and grasslands, and
for studies related to climate change, C pools, and habitat
management (see e.g., Knapp et al., 2008; Naito and Cairns, 2011;
Ratajczak et al., 2012; Gray and Bond, 2013; Conti et al., 2014;
Ogden, 2015). Studies on “shrubification” in such open habitats
(Naito and Cairns, 2011; Formica et al., 2014) can be reviewed:
did the study areas lack trees, or did trees occur there but did not
increase? A related, much studied and old theme is that shrubs

may facilitate tree regeneration by providing protection for small
tree plants (e.g., Jefferies, 1885; Filazzola and Lortie, 2014).
Researchers in this field should also ask: what made the shrubs
more successful than the trees initially? Moreover, some genera
contain both trees and shrubs, e.g., Salix, Quercus, Camellia,
Acacia, and Juniperus. The species may be closely related, or one
species may be highly variable, existing both as shrub and tree. A
review of such species, their occurrence, and existing studies of
them is of interest, and may clarify selection pressures acting on
species and growth forms.
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Canopy photosynthesis has typically been estimated using mathematical models that

have the following assumptions: the light interception inside the canopy exponentially

declines with the canopy depth, and the photosynthetic capacity is affected by light

interception as a result of acclimation. However, in actual situations, light interception

in the canopy is quite heterogenous depending on environmental factors such as the

location, microclimate, leaf area index, and canopy architecture. It is important to apply

these factors in an analysis. The objective of the current study is to estimate the canopy

photosynthesis of paprika (Capsicum annuum L.) with an analysis of by simulating the

intercepted irradiation of the canopy using a 3D ray-tracing and photosynthetic capacity

in each layer. By inputting the structural data of an actual plant, the 3D architecture of

paprika was reconstructed using graphic software (Houdini FX, FX, Canada). The light

curves and A/Ci curve of each layer were measured to parameterize the Farquhar, von

Caemmerer, and Berry (FvCB) model. The difference in photosynthetic capacity within

the canopy was observed. With the intercepted irradiation data and photosynthetic

parameters of each layer, the values of an entire plant’s photosynthesis rate were

estimated by integrating the calculated photosynthesis rate at each layer. The estimated

photosynthesis rate of an entire plant showed good agreement with the measured plant

using a closed chamber for validation. From the results, this method was considered

as a reliable tool to predict canopy photosynthesis using light interception, and can be

extended to analyze the canopy photosynthesis in actual greenhouse conditions.

Keywords: FvCB model, light interception, paprika, photosynthetic rate, vertical position

INTRODUCTION

Canopy photosynthesis is one of the important factors for estimating crop growth and establishing
the strategy of CO2 fertilization inside a greenhouse. Because crop yield is closely related to the
seasonal integral of the total canopy photosynthesis, it can be used as base data to predict the
crop production in a greenhouse (Monteith, 1965). Additionally, by estimating the attenuation
of CO2 concentration with time, supply rates of CO2 fertilization in a cultivation system could
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be determined. In general, canopy photosynthesis is primarily
determined by the light regime inside the greenhouse, and
several factors such as meteorological and greenhouse structural
factors, must be considered. Scaling up from the leaf to the
canopy, the vertical pattern of the intercepted irradiation can
be affected by the vertical structure of the whole plant and
additional shading effects would occur from neighboring plants
in the canopy (Caldwell et al., 1986; Chen et al., 1999). Other
variances such as the direction of the sunlight, the ratio of the
diffuse light, the greenhouse structure, the plant growth stage,
and the plant density also affect the intercepted irradiation inside
the canopy (Elifis et al., 1989; Lieth and Pasian, 1990; Stirling
et al., 1994; Buck-Sorlin et al., 2011). Therefore, in estimating
the canopy photosynthesis, it is important to investigate the light
interception of the plant caused by these variances.

It is difficult to measure the actual light interception of
the plant surface because of technical limitations. Therefore,
previous research has estimated the canopy photosynthesis by
various modeling approaches. Among the various approaches,
the single leaf models, such as the FvCB model (Farquhar et al.,
1980), represent the leaf level biochemical mechanism, and the
whole canopy models, including the sunlit-shaded model (de
Pury and Farquhar, 1997), are the most well-known models
for photosynthesis (Zhu et al., 2012). Although these models
are useful, they have been seldom used in greenhouse crop
species (Gonzalez-Real and Baille, 2000; Yin and Struik, 2009;
excepting cucumber Chen et al., 2014a; tomato de Visser et al.,
2014; and rose Buck-Sorlin et al., 2011). Primary assumptions
are that the absorbed photosynthetic active radiation affects the
photosynthetic capacity of each canopy layer and contributes
to the entire canopy photosynthesis (Field, 1983; de Pury and
Farquhar, 1997; Roux et al., 1998; Dreccer et al., 2000; Johnson
et al., 2010). Additionally, to simplify the calculation procedures,
models have assumed that the vertical distribution of light
interception has a negative exponential pattern from the top
to the bottom of the canopy (Monsi and Saeki, 1953; Norman,
1980). The high level of spatial and temporal heterogeneity of the
light interception is not considered in these models, for example,
the shading by upper leaves on the lower part of the canopy,
diffuse radiation which penetrates deep into the canopy (de Pury
and Farquhar, 1997; Hikosaka, 2014), and the plant architecture
affected by the leaf shape and angle in the light interception (Kim
et al., 2010; Tang et al., 2015).

For analysis of the canopy photosynthesis rate, precise light
distribution, and leaf photosynthesis are prerequisites (Chen
et al., 2015). From this perspective, the construction of a 3D
graphic plant is necessary to reflect the precise physical properties
of the plant structure. Ray-tracing technique is a reasonable
solution to incorporate optical properties such as the reflectance
and transmittance of a leaf and other structures into the light
simulation. Recently, there are increasing amount of studies
where the light interceptions of crops have been estimated by
using 3D plant models and light ray-tracing methods (Mabrouk
et al., 1997; Buck-Sorlin et al., 2011; Sarlikioti et al., 2011; der
Zande et al., 2011; Chen et al., 2014a,b; de Visser et al., 2014; Tang
et al., 2015; Kang et al., 2016). To estimate canopy photosynthetic
rates by combining above methods and photosynthetic models

would be helpful for designing greenhouse crop production
system. Thus, the objectives of the current study are to
analyze accurate light interceptions using a 3D ray-tracing
method, determine the vertical distributions of photosynthetic
parameters, calculate the photosynthesis rate of each layer, and
validate the canopy photosynthesis of paprika.

MATERIALS AND METHODS

Cultivation Conditions
This experiment was conducted in a Venlo-type glasshouse
located at the experimental farm of the Seoul National University
in Suwon, Korea (37.3◦N, 127◦E). Paprika plants (Capsicum
annuum L.) were transplanted after 3 months (20 July–15
October 2014) in rock wool cubes with a plant density of
3 plants/m2 and the distance between rows was 80 cm. Air
conditioners were installed in each wall of the glasshouse to
maintain a temperature between 25◦ and 35◦C inside the
greenhouse during the summer season and the relative humidity
was controlled to be within a range of 60–80% using fogging
systems. Nutrient solutions were irrigated 4 times a day at 10:00,
12:00, 14:00, and 16:00. To prevent a deficit of N related to the
biosynthesis of chlorophylls, the total N concentration in the
nutrient solution was NO3-N 1.45mM. The other concentrations
of macro-elements in the nutrient solution included P 1.61,
K 3.59, Ca 4.00,Mg 1.88, and S 1.88mM. The EC and pH
ranges of the nutrient solutions were 2.6–3.0 dS m−1 and 5.5–6.5,
respectively. The plants were pruned to form two main stems,
which were vertically trellised to a “V” canopy system (Jovicich
et al., 2004).

Leaf Photosynthesis and Leaf Nitrogen
Measurements
Eight layers were determined within each plant to investigate the
vertical pattern of the leaf photosynthetic capacity. Each layer
consists of four leaves and layer number was counted acropetally.

The leaf photosynthesis was measured with a portable
photosynthesis system (LI-6400, LI-COR, USA). A closed
chamber on the photosynthesis system was set at 25◦C for the
leaf temperature and 60–70% for the relative humidity to obtain
the photosynthetic parameters on the standard temperature
condition. Additionally, a red 8:blue 2 light quality of an LED
light source similar to the sun spectrum was used inside the
closed chamber. By using the auto program of the light curve
and an A/Ci curve that measures 20 points for each program,
photosynthesis were measured at (1) photosynthetic photon flux
density (PPFD) = 1000µmol m−2 s−1 under varying external
CO2 partial pressure (pa = 0–120 Pa) and (2) external CO2 partial
pressure (Pa) = 100 Pa with varying PPFD (50–1000µmol m−2

s−1). The calculated values of the internal CO2 partial pressure
(Ci) were provided by the LI-COR system inside the device.

After the photosynthesis measurement, each sample leaf was
collected to determine the leaf nitrogen content. An average value
of the leaf nitrogen content per layer was investigated after the
Kjeldahl digestion of the leaves, which were oven-dried at 80◦C
for 5 days and then grounded (Kjeldahl, 1883).
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Entire-Plant Photosynthesis
Measurements
To measure the daily CO2 consumption of an entire plant, a
closed chamber (1 × 1 × 2 m) was designed and constructed
using transparent polycarbonate. A closed chamber on the
photosynthesis system was set at 25◦C for the leaf temperature
and 60–70% for the relative humidity (Figure 1); this is referred
to as an open chamber system (Garcia et al., 1990). The CO2

concentration inside the chamber was set to range between
80 and 200 Pa to measure the photosynthesis rate of the
entire plant while maintaining a CO2 level above the saturation
points (Shin et al., 2011). An additional supply of CO2 gas
was implemented when the CO2 concentration in the chamber
was ∼80 Pa. The CO2 concentrations inside the chamber were
detected using a CO2 analyser (LI-820, LI-COR, USA). CO2

leakage of the chamber was about 0.2–0.3µmol CO2 s−1 under
the experimental CO2 condition (Figure S1). Irradiance inside
the chamber was measured using an irradiation sensor (BF5,
Delta-T Devices, UK) and the diffuse ratio was also determined.
To maintain the temperature and CO2 concentration inside
the chamber, two radiators circulating cool water were placed
along each sidewall. A fan was passed through the radiators and
blown toward the chamber wall to maintain equal ventilation.
The temperature inside the chamber was maintained at 25◦C by
circulating cooled water controlled by a condenser (DH-003A,
Daeho-condenser, Korea). The CO2 concentration, irradiance,
and temperature inside the chamber were stored in a data logger
every 10 s. Silica gel was used in the air circulation process to
control increased humidity from the transpiration of the plant. A
plant was selected from among five samples and was placed in the
chamber from 9:00 to 18:00. Whenever the CO2 concentration
reached approximately 100 Pa, additional CO2 was supplied to
retain a saturated CO2 condition (Figure 2).

Construction of the 3D Virtual Plant
Before sealing the chamber for measuring the entire plant’s
photosynthesis, a sample plant free from disorders was chosen
to design the 3D virtual plant. The structure of the sample plant
was measured using a ruler and protractor to transpose the real
structure of the plant to a 3D graphic. The architect parameters
consisted of three major parts (leaf, petiole, and stem) and the
detailed measurements included the following: (1) leaf area and
leaf angle; (2) petiole length and petiole angle; and (3) stem
length, stem diameter, and stem angle. The area of each leaf
within the sample plant was measured using a leaf area meter
(LI-3100, LI-COR, USA). Structural characteristics of leaves and
stems by layer were measured as Table 1.

A 3D plant model was developed using graphic software
(Houdini FX, FX, Canada), as shown in Figure 3. Using an

FIGURE 2 | Daily changes in CO2 concentration in the closed chamber

with light intensity above the plant on 15 October 2014.

FIGURE 1 | A schematic diagram (A), and actual installation (B) of a closed growth chamber for measuring CO2 consumption of paprika plant.
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TABLE 1 | Structural characteristics of leaves and stems by layer.

Layer Leaf Stem

Leaf area Petiole length Dropness (◦) nz Radius Length nz

(cm2) (cm) (mm) (cm)

1 181.4 7.0 30.33 4 4.3 8.3 2

3 189.9 6.3 37.08 4 4.5 7.5 2

5 200.3 5.3 34.92 4 4.1 9.2 2

7 220.0 6.1 29.25 4 4.2 8.8 2

9 200.2 5.0 45.72 4 4.0 7.9 2

11 269.8 5.4 36.18 4 4.4 9.0 2

13 243.8 5.1 57.78 4 4.4 8.5 2

15 181.1 3.8 51.84 6 4.2 3.4 4

zreplicates.

L-system formalism, which is useful in the construction of a
plant’s growth pattern, the plant structure could be built up
from the bottom to the top in the tree window (Figure 3D)
by applying structure values for each part of the plant. For
the validation procedure, the actual plant inside the closed
chamber was virtualized as a 3D graphic plant that referred to
the measured values of the plant structure and the digitized data
using a 3D digitizer (Sense, 3D systems, Inc., USA). The virtual
plant consisted of two primary stems having 15 nodes each. The
calculation of the leaf area (LA) is determined using the length
(L) and width (W). The leaf area equation is embedded inside
the graphic tool, LA = 0.6034 LW + 0.0732 (R2 = 0.994, p <

0.001; Tai et al., 2009). The leaves with an accurate leaf area were
simultaneously shown on the graphic window when the users
input the values of L and W (Figure 3D). The petiole and leaf
angles were also applied by inputting the angles (x, y, z) of the
directions (Figures 3A,B).

Simulation of the Intercepted Irradiation
Redesigning the 3D plant was accomplished using 3D CAD
software (SOLIDWORKS, Dassault Systemes, FRANCE), and
light interception analysis was simulated using ray-tracing
software (OPTISWORKS, OPTIS Inc., FRANCE). Light
illuminance on the surface of the leaves of the 3D plant model
was calculated to investigate the intercepted irradiance in
specific conditions and values of light intensity were obtained
on the 3D leaf surface. The growth chamber was modeled
with the 3D CAD software and assembled with the 3D plant
model. With the simulation software it was possible to input
microclimate parameters: sun directions (coordinates, date,
time, zenith, north direction), and sunlight properties (ratio of
direct light and diffuse light); and material parameters: optical
properties of the leaf, chamber, and glasshouse structure. Optical
properties (transmittance and reflectance) were measured
using an integrating sphere (IC2, StellarNet Inc., CANADA)
with a spectrometer (BLUE-Wave, StellarNet Inc., CANADA)
and a light source (SL1 Tungsten Halogen, StellarNet Inc.,
CANADA) and entered in the preferences section for the
leaves in the simulation program (Figure 4). In the leaf optical
measurements, the optical properties of the leaves have little

differences in the vertical position within the plant. The
reflectance and transmittance of both sides of leaf were used
as 0.1 and 0.07, respectively, in our simulation; Ray-tracing
simulations were conducted with 10 giga rays and the number of
max impacts was set to be 10 for all conditions. Identifying the
applicability for expanding to a canopy situation, plant arrays of
1 × 1 and 3 × 3 with a distance of 0.8m between plants were
set to investigate the different patterns of intercepted radiation.
Detectors were placed on the surface of a single plant located in
the center of the canopy. Four cases were simulated at 9:00, 12:00,
15:00, and 18:00 and the intercepted irradiance was analyzed for
each layer.

Calculation of the Photosynthetic
Parameters
A/Ci curve fitting utility was used to calculate the photosynthetic
parameters (Sharkey et al., 2007). The prediction of the leaf
photosynthesis rate was based on the FvCB model (Equation 1).

Al = min

{

Av, f (Vlm, ci,Tl)

Aj, f
(

I, f , Jm, ci,Tl

)

}

− Rl, f (Tl) (1)

where Al is the rate of the leaf ’s net assimilation, and Av and
Aj indicate the rates of the leaf gross assimilation limited by
ribulose biphosphate-carboxylase-oxygenase (Rubisco) activity
and ribulose biphosphate (RuBP) regeneration, respectively. Al

is determined by the minimum value of the two rates (Equation
1). Each rate can be expressed as various leaf characteristics
(the maximum photosynthetic Rubisco capacity, Vlm, and the
maximum rate of electron transport, Jm). All of the temperature
conditions in the current experiment were fixed at 25◦C
to neglect the effect of temperature on the parameters and,
therefore, on the temperature-related functions in the model.

The maximum photosynthesis rate (Amax) was calculated
from the light curve at each layer by using a non-rectangular
hyperbolic function. The photosynthetic Rubisco capacity (Vl)
was also obtained from the A/Ci curve by using a non-linear
regression. Assuming that the CO2 fixation rate is limited only
by Rubisco activity in a low CO2 condition, and Vl value of each
layer was estimated from the A/Ci curve of each layer within the
range Ci < 30 Pa (Equation 2). Similarly, the potential rate of
the electron transport (Jm) values was determined from the A/Ci

curve at a range above 40 Pa for Ci (Equations 3, 4).

Vl = Av
(ci + K ′)

(ci − Γ∗)
(2)

J = 4Aj
(ci + 2Γ∗)

(ci − Γ∗)
(3)

Jm = J
(Ile − θlJ)

(Ile − J)
(4)

where Ile is the photosynthetic active radiation (PAR) effectively
absorbed by PSII, and J is the rate of electron transport. Detailed
model equations and constants are shown in Tables 2, 3. Il is
the total absorbed PAR per unit leaf area. Calculation of all the
parameters were followed by de Pury and Farquhar (1997) and
Kim and Lieth (2003).
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FIGURE 3 | A 3D virtual plant constructed in the L-system using the Houdini FX graphic software: construction of paprika stem (A) and leaf (B), the

process of modeling the paprika (C), and tree window of L-system formalism and graphic window of the completed paprika structure (D).

Validation of Whole Plant Photosynthetic
Rate
With an average value of intercepted irradiation from
the simulation and photosynthetic parameters from the
measurements at each layer, the leaf photosynthesis rate was
calculated for each layer. To apply the actual light intensity from
the logged data to an estimate, the average values of light intensity
and the diffuse ratio for 30min were used. By integrating the
photosynthesis rate at each layer, the photosynthesis rate of the
entire plant was calculated using the sum of Al in each layer.

According to this method, the estimated data were calculated
every half hour and these data of the entire plant’s photosynthesis
rate were compared with actual data from 9:00 to 18:00 on
October 15, 2014, for validation. From an actual measurement
of the CO2 concentration in a sealed chamber, the reduction
of the CO2 concentration was converted to a photosynthesis
rate assuming that the slope of the CO2 concentration is the
same as the photosynthesis rate. A work flow for construction
of 3D plant model, calculation, and validation of a whole plant
photosynthesis rate was described as Figure 4.

RESULTS

Distribution of the Maximum
Photosynthesis Rate and Leaf Nitrogen
Content within the Entire Plant
The maximum photosynthesis rate, Amax, at each layer was
measured to be within 1000µmol m−2 s−1 of the light intensity
and 100 Pa of the CO2 saturation condition as shown in Figure 5.
The mean values of Amax decreased from the top (layer 15) to the
bottom (layer 1), from 37.04 to 12.41µmolm−2 s−1, respectively.
The standard variations of Amax were somewhat higher in the
upper part than the bottom, indicating that the range of Amax

appeared broader in the younger leaves compared to the older
leaves at the bottom. Unlike the exponential patterns generally
assumed in many photosynthesis models, the distribution of
Amax for an individual plant showed a linear pattern on all of the
five sample plants.

In the case of nitrogen distribution, the total nitrogen content
in each leaf increased with an increase in the leaf layer number.
Although the standard deviation in the middle layer was greater,
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TABLE 2 | Equations of the FvCB model.

Equation Description Number

Al = min
{

Av, Aj
}

− Rl Rate of leaf net photosynthesis (A1)

Av = Vl
(ci−Γ* )
(ci +K′ )

Rubisco-limited photosynthesis (A2)

K′ = Kc

(

1+ O
Ko

)

Effective Michaelis-Menten constant (A3)

Aj = J
(ci −Γ* )

4(ci + 2Γ* )
Electron-transport limited rate of

photosynthesis

(A4)

θlJ
2 −

(

Ile + Jm
)

J+ IleJm = 0 Irradiance dependence of electron

transport

(A5)

Ile =
Il(1− f)

2 PAR effectively absorbed by PSII (A6)

Rl
Vl

=
Γ−Γ*
Γ +K′ Ratio of leaf respiration to

photosynthetic Rubisco capacity

(A7)

*Temperature condition, 25◦C; other temperature-related functions are omitted.

TABLE 3 | Photosynthetic parameters and constants of the FvCB model at

25◦C.

Symbol Value Unit Description

Kc 40.4 Pa Michaelis-Menten constant of Rubisco

for CO2

Ko 24.8× 103 Pa Michaelis-Menten constant of Rubisco

for O2

O 20.5 × 103 Pa Oxygen partial pressure

Rlo 0.0089Vlo µmol m−2 s−1 Dark leaf respiration rate

Ŵ 4.4 Pa CO2 compensation point of

photosynthesis

Ŵ* 3.69 Pa Ŵ in the absence of mitochondrial

respiration

f 0.15 – Spectral correction factor

θl 0.68–0.83 – Curvature of leaf response of electron

transport to irradiance

*Values of the photosynthetic parameters are given at 25◦C.

the total nitrogen content in the uppermost layer was more
than double that in the bottom layer, similar to Amax, and it
was apparent that most of the nitrogen was allocated to the
upper layer, which retained higher light use efficiency (Figure 5).
Decreasing patterns of Amax and Ntot were very similar in
the vertical distribution, indicating that the nitrogen content is
strongly correlated with the photosynthetic capacity. Converting
a leaf nitrogen content on a dry mass basis (mg g−1) to a leaf
nitrogen concentration on a leaf area basis (g m−2), the spatial
distribution of the nitrogen content on a leaf area basis was not
significantly meaningful.

Distribution of Photosynthetic Parameters,
Vlo and Jmo, within an Entire Plant
Comparing the light curves and A/Ci curves at each layer, the
photosynthetic capacity in a certain position varied considerably
among the layers, resulting in different light use efficiencies.

Changes in Vlo and Jmo were identified by the leaf position using
the measured value of Al for each layer at 25◦C (Table 4). The
range of θ is a between 0.68 and 0.83 regardless of the leaf layer
number. By increasing the leaf layer number, both the average
values of Vlo and Jmo decreased from 88.62 and 175.42 (layer 15)
to 20.31 and 50.83µmol m−2 s−1 (layer 1), respectively. Despite
significant variations, both average values of the parameters
showed linear patterns in the vertical distribution rather than
exponential patterns within the plant, similar to Amax and Ntot .
Average values of photosynthetic parameters were selected to use
in the calculation of the photosynthesis rate at each layer.

Validation of an Entire Plant’s
Photosynthesis and Expansion to the
Canopy Situation
Half hour-photosynthesis rates of the sample plant were
compared with estimated rates and showed good agreement with
a coefficient of determination (R2) of 0.85 and a root mean
square error (RMSE) of 0.47 (Figure 6). The estimation values
were slightly lower than actual values at 9:00 to 10:30 and
upper at 11:30 to 15:00. Daily variations in the photosynthesis
rates were clearly shown in the estimated data. For the canopy
situation, the 3D simulated data explicitly shows the shading
effect of the neighboring plants, which mostly appeared in the
middle and bottom layers (Figure 7). From an overhead view
the intercepted irradiance within the plant was primarily affected
by the plant, which was oriented toward the sun. The total
intercepted radiation of the center plant surrounded by eight
plants did not decrease significantly regardless of the number
of neighboring plants and the shade time determined by the
height of the neighboring plants. In estimating the intercepted
irradiation at each layer, linear decay appeared at the top and
middle layers, and the variations in the intercepted irradiation
occurred as a result of the changes in sun direction (Figure 8).

DISCUSSION

Canopy photosynthesis is such a complex mechanism that
the correlation of various environmental factors engaged in
the photosynthesis process should be considered. Furthermore,
scaling up from leaf to canopy, intercepted radiation and the
optical and physiological properties related to the photosynthetic
capacity should be considered, including leaf age, leaf acclimation
to light, and nitrogen distribution within the canopy. However, it
is necessary to clarify the relationship between light acclimation
and nitrogen distribution, which is also heterogeneous within the
canopy. Intercepted radiation is sensitively affected by leaf shape,
leaf angle, and plant position inside the canopy architecture
(Gonzalez-Real and Baille, 2000; Sarlikioti et al., 2011); therefore,
precise measurement of intercepted radiation on the plant
surface is not easy because of technical limitations.

Accordingly, 3D model is necessary for analysis of intercepted
irradiation (Figure 3). To obtain the precise architecture for
a plant in a 3D model, advanced technology for scanning
the material is required to simulate the intercepted radiation
on the plant surface, and the supporting hardware should be
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FIGURE 4 | A work flow for construction of 3D plant model, calculation, and validation of a whole plant photosynthesis rate.

FIGURE 5 | Maximum photosynthesis rate (Amax) and total nitrogen

content (Ntot) by leaf layer number. Vertical bars represent the Mean ± SE

(n = 5).

accompanied by an increased number of rays in the optical
simulation. In actual canopy conditions, the heterogeneity of
plant architecture still exists such that the compromise between
precision and simplicity is inevitable in analyzing canopy
photosynthesis. A simplified analysis method with guarantee of
its accuracy is strongly required to perceive dynamic changes of
the canopy photosynthesis rate in real-time.

There are still many possibilities to improve the analysis
by (1) parameterization by using chlorophyll fluorescence as
input (Bellasio et al., 2016), (2) development of dynamic
architectural models related with physiological events (Chen
et al., 2014b, 2015), (3) analysis of horticultural practices on
the model behavior (de Visser et al., 2014), (4) specification of
the relationships between nitrogen content and photosynthetic
parameters, (5) analysis of photosynthesis as influenced by
stomatal conductance and CO2 concentration (Kim and Lieth,
2003), and (6) reduction of CO2 leakage and inhomogeneous air
mixing in the chamber.

TABLE 4 | Estimation of the photosynthetic parameters Vlo (= value of Vl
at 25◦C) and Jmo (= value of Jm at 25◦C).

Layer Vlo ny R2 Jmo ny R2

15 88.62 ± 8.20z 5 0.76 175.42± 13.17 5 0.71

13 81.72 ± 5.74 5 0.83 123.97± 9.77 5 0.78

11 77.93 ± 6.24 5 0.70 119.64± 9.87 5 0.85

9 71.25 ± 5.60 5 0.80 107.64± 11.84 5 0.75

7 68.56 ± 6.88 5 0.69 88.63± 12.47 5 0.69

5 56.08 ± 7.09 5 0.73 72.62± 14.08 5 0.73

3 32.82 ± 7.70 5 0.66 67.49± 14.66 5 0.67

1 20.31 ± 2.57 5 0.88 50.83± 10.69 5 0.73

zMean ± SE.
y replicates.

n and R2 are the number of observed A/Ci curves per layer and the coefficient of

determination by fitting non-rectangular hyperbolae functions, respectively.

Especially, the spatial distribution of nitrogen allocation
provides another method for estimating canopy photosynthesis
with regards to the photosynthetic capacity. Standard deviations
of the nitrogen content exist primarily in the middle layers,
indicating that the heterogeneity of the light environment
in the canopy primarily occurred as a result of additional
influences such as a sun fleck or shading effect by neighboring
plants. Although many researchers determined the optimal
distribution of nitrogen in nature to be a method for maximizing
canopy photosynthesis (Hirose and Werger, 1987; Schieving
et al., 1992), the detailed mechanism of leaf acclimation to the
light environment remains under investigation including the
quantitative analyzes of photosynthetic capacity (Ellsworth and
Reich, 1993; Iio et al., 2005; Anten and During, 2011). The
spatial distribution of nitrogen within the canopy is greatly
simplified by models to calculate the canopy photosynthesis, and
fixing the pattern of the photosynthetic parameters may cause
errors in the precise estimation of canopy photosynthesis. In the
current study, the leaf layer criteria of paprika were simplistically
established because of the plant architecture pattern. However,
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FIGURE 6 | A comparison of measured and estimated photosynthesis

rates of the entire plant on 15 October 2014.

FIGURE 7 | 3D simulated results of intercepted irradiances of a single

plant at 12:00 not surrounded (left) and surrounded (right) by eight

plants.

additional criteria might be required for other species such as
leafy vegetables that have a horizontal structure rather than a
vertical structure.

In addition, other environmental factors such as the external
CO2 concentration, temperature, and leaf age also affect the
leaf properties of photosynthesis (Thornley, 2002; Escudero and
Mediavilla, 2003). It was assumed in this research that the spatial
distributions of the external CO2 concentration and temperature
are identical within the canopy. Paprika transplanted after 3
months were chosen in the current analysis because of the
closed chamber’s size limitations. In applying later growth stages,
the conditions for the analysis should be modified because the
intercepted radiation is changed by neighboring plants whose
heights are greater. Furthermore, leaf age functions should be

FIGURE 8 | Estimation of the average intercepted irradiation by leaf

layer number from the ray-tracing simulation. The detected sample was a

center plant inside a 3× 3 canopy cultivation condition.

incorporated into the FvCB model (Irving and Robinson, 2006)
to estimate the photosynthesis of each leaf for different growth
stages within the canopy.

By measuring the actual photosynthetic rates of a whole
plant in the growth chamber, we could validate the canopy
photosynthetic results estimated with the 3D plant model and
light ray-tracing method. Interestingly, the measured canopy
photosynthesis (Figure 6) did not simultaneously reflect the
fluctuating light condition (Figure 2). This might be due to that,
technically, the air in the chamber could not be homogeneously
mixed. Estimated values were around 5–10% different from
measured. In spite of several existing limitations in estimating
the canopy’s photosynthesis, the simulation method developed is
quite suitable for precisely predicting the canopy’s photosynthesis
rate by applying microclimatic factors such as the location, date,
time, diffuse ratio, and optical properties of the materials. From
the simulated data, the sun fleck inside the canopy was found to
change with time and the average light intensity of a certain layer
depends on the amount of direct sunlight. Furthermore, fractions
of sunlit and shaded areas changed through time (Figure 2), with
the result that the vertical distributions of intercepted radiation
did not always follow the pattern of the Lambert-Beer’s law that
irradiation is exponentially decayed (Figure 8). An increase in
the diffuse ratio of sunlight reduces light variations among the
leaves at different locations in the canopy. The current simulation
results identified that the pattern of intercepted irradiation within
the entire plant was strongly determined by sun direction and its
optical properties.

In the current study, an analysis method to determine the
canopy photosynthesis was developed using graphic software
based on a 3D model and ray-tracing simulation (Figure 7).
The photosynthetic capacity within the plant was significantly
different among the vertical positions (Table 4). With the
intercepted irradiation data and photosynthetic parameters of
each layer, the values of an entire plant’s photosynthesis rate
were estimated by integrating the calculated photosynthesis rate

Frontiers in Plant Science | www.frontiersin.org September 2016 | Volume 7 | Article 1321 | 99

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Kim et al. Photosynthesis: 3D Modeling and Ray-Tracing

at each layer. The estimated photosynthesis rate of an entire
plant showed good agreement with the measured plant using
a closed chamber for validation (Figure 6). The advantages of
this method are the availability of precise analysis of canopy
photosynthesis considering various environmental factors and
the expendability to a greenhouse cultivation condition. By
expanding this approach to canopy conditions, it is possible
to analyze the canopy’s photosynthesis as a key factor in a
cultivation system. By supplementing plant physiological aspects,
the method could be a powerful tool to predict the mass
production of horticultural crops in greenhouses.
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Soybean canopy outline is an important trait used to understand light interception ability,

canopy closure rates, row spacing response, which in turn affects crop growth and

yield, and directly impacts weed species germination and emergence. In this manuscript,

we utilize a methodology that constructs geometric measures of the soybean canopy

outline from digital images of canopies, allowing visualization of the genetic diversity

as well as a rigorous quantification of shape parameters. Our choice of data analysis

approach is partially dictated by the need to efficiently store and analyze large datasets,

especially in the context of planned high-throughput phenotyping experiments to capture

time evolution of canopy outline which will produce very large datasets. Using the

Elliptical Fourier Transformation (EFT) and Fourier Descriptors (EFD), canopy outlines

of 446 soybean plant introduction (PI) lines from 25 different countries exhibiting a

wide variety of maturity, seed weight, and stem termination were investigated in a field

experiment planted as a randomized complete block design with up to four replications.

Canopy outlines were extracted from digital images, and subsequently chain coded,

and expanded into a shape spectrum by obtaining the Fourier coefficients/descriptors.

These coefficients successfully reconstruct the canopy outline, and were used to

measure traditional morphometric traits. Highest phenotypic diversity was observed for

roundness, while solidity showed the lowest diversity across all countries. Some PI lines

had extraordinary shape diversity in solidity. For interpretation and visualization of the

complexity in shape, Principal Component Analysis (PCA) was performed on the EFD. PI

lines were grouped in terms of origins, maturity index, seed weight, and stem termination

index. No significant pattern or similarity was observed among the groups; although

interestingly when genetic marker data was used for the PCA, patterns similar to canopy

outline traits was observed for origins, and maturity indexes. These results indicate the

usefulness of EFT method for reconstruction and study of canopy morphometric traits,

and provides opportunities for data reduction of large images for ease in future use.

Keywords: canopy outline, elliptic Fourier, diversity panel, image processing
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INTRODUCTION

Soybean [Glycine max (L.) Merr.] is a leguminous plant and
an important source of protein and oil for a wide range of
end users across the world. Given the recent rate of climatic
change and predictions for worsening environmental conditions,
coupled with a growing global population (O’Neill et al.,
2010), breeders are pressed to meet multi-objective requirements
(increasing yield, decreasing resource requirement, increasing
stress resiliency) during breeding. A promising approach to
breeding involves rapid and accurate screening of a large
number of plots under various conditions, in order to identify
genotypes that maximize production potential under specific or
broad environments and allow mapping the genes conditioning
adaptation to varying stresses.

A critical aspect to this approach is accurate measurement of
traits important to key physiological processes of the plant, which
will enable breeders to evaluate and select from the pool of genetic
diversity. It also follows that starting from a large, diverse pool
of genetic diversity is important to efficiently attain these multi-
objective requirements. It is imperative to note that the amount
of genetic diversity used in modern soybean breeding is severely
limited (Gizlice et al., 1994); therefore, the potential for finding
useful alleles for traits of interest is very high by looking at the
larger collection of soybean diversity. However, to characterize
the genetic diversity present in germplasm, methods that are
amenable to high throughput as well as automated applications
are required. This is because quantifying traits manually/visually
is difficult (especially when considering large, diverse planting
populations), and is often done with high error or user bias.
High throughout phenotyping along with computer vision has
enabled a revolution in crop phenotype collection to reduce
reliance on visual ratings while improving accuracy (Singh et al.,
2016). Image based phenotyping allows the collection of plant
and canopy morphological traits on spatial and temporal scales
enabling the monitoring of physiological development and to
quantify abiotic and biotic stresses (Pauli et al., 2016).

In this context, our focus is on evaluating the soybean
canopy outline. Yield potential is a function of products of
incident solar radiation, conversion, and partitioning efficiencies,
and linear improvements have been observed in each of the
three efficiencies (Koester et al., 2014). For continued yield
increase these three efficiencies need to be increased, therefore,
necessitating continued research on canopy traits. Canopy
outline is important to evaluate light interception ability. Light
interception, measured as a function of ground surface area
shaded by at least one leaf, directly factors in to the yield potential
equation (Koester et al., 2014). Canopy closure rates will affect
the light interception rate of soybean by capturing incident
sunlight sooner over a greater area. Increased canopy closure
rates also have secondary effects by inhibiting weed species
germination and emergence, which may provide a source of
protection against difficult to control weeds (Harder et al., 2007;
Evers and Bastiaans, 2016). We therefore, focus on traits that
quantify soybean canopy outline and structure that are important
to evaluate differences in light interception ability, canopy closure
rates, and row spacing response. To analyze the canopy outline,

generally, digital image of a canopy is captured by high resolution
cameras. Traditional morphometric traits including aspect ratio,
roundness, circularity, and solidity (Olson, 2011; Chitwood et al.,
2014a), while useful are not sufficient to capture the complexity
of shapes, especially when considering shape evolution. In this
manuscript, we utilize a methodology [based on Elliptic Fourier
descriptors (EFD)] that provides reduction in data, enables
visualization of diversity and results in a rigorous quantification
of shape. The EFD has been used in various studies in past for
plant species identification (Neto et al., 2006), tomato leaf shape
(Chitwood et al., 2014a), leaf shape and venation (Chitwood et al.,
2014b), flower petal shape (Iwata and Ukai, 2002; Yoshioka et al.,
2004) and soybean pod diversity (Truong et al., 2005). In the
present study EFD is used for soybean canopy outline diversity
analysis.

We collected canopy images in a replicated field experiment
using 446 soybean PI lines acquired from the USDA soybean
germplasm collection. This is a very diverse set of germplasm,
from over 25 different countries exhibiting a wide variety of
maturity, seed weight, and stem termination. Digital images
of the canopy were available for analysis, which were taken
using a standard imaging protocol (Zhang et al., submitted).
The images produced 8 GB of data. We deployed the analysis
framework to reduce the useful storage size required while
retaining information related with canopy outline, and evaluate
shape descriptors/traits to investigate shape diversity among
the lines. This paper represents the first stage of our analysis
program. After evaluating and quantifying the shape diversity
exhibited by this set of lines, we envision (in subsequent work)
utilizing this framework to analyze and evaluate time-dependent
geometric canopy traits to isolate genetic pathways that control
various stress adaptation mechanisms.

MATERIALS AND METHODS

Plant Material, Field Phenotyping and Data
Acquisition
A total of 446 soybean PI lines from 25 different countries
acquired from the USDA soybean germplasm collection, grown
near Ames, IA, in 2015, were used for this study (Figure 1).
These lines also differ from one another in terms of maturity,
seed weight, and stem termination. The field experiment was
organized as a randomized complete block design with four
replications. The germplasm accessions were planted in hill plots
of five seeds per plot at one foot between plots and two feet
between rows. The images were taken at 2 weeks after second
trifoliate leaf stage using a Canon EOS REBEL T5i camera with
the Scene Intelligent Auto model. All images were stored in
RAW image quality. An umbrella was always used to shade the
area under the camera view, and the flash function was kept
off to maintain consistent illumination. Also, at the beginning
of imaging operations and every 20 min thereafter or whenever
the light condition changed (e.g., cloud cover), a picture of
the X-Rite Color Checker Color Rendition Chart was taken
to calibrate the illumination and the color of canopy image.
Whenever possible, weeds and other plant residuals, connected
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to the plant canopy in the view of camera, were removed for easy
image processing and enhanced efficiency of subsequent image
processing. After checking for quality of image (removing images
that did not follow the imaging protocol, that exhibited disease
symptoms or that did not have an intact canopy), around 1200
images were used for subsequent analysis. The single nucleotide
polymorphism (SNP) dataset for the panel was prepared in a
previous study (Song et al., 2013) and was acquired from the
SoyBase site (http://soybase.org/).

Image Data Processing
First, each image was segmented. Then they were converted
from native RGB to hue-saturation-value format to efficiently
segment the foreground (the plant) from the background. The
background of an image (soil) contains more gray pixels than
the foreground (plant) and lacks in green and yellow hue values;
therefore, most of the background was removed by excluding
pixels that had a saturation value below a predefined threshold
and hue values outside of a predefined range. The saturation
threshold value was obtained by identifying the saturation values
of the background in 148 diverse images. The hue range was
simply obtained from the hue color wheel, removing pixels that
were neither green nor brown.

Once segmentation was done, the connected components
labeling method (Suzuki et al., 2003; Gonzales and Woods, 2008;
Wodo et al., 2012; Samudrala et al., 2013; Pace et al., 2014)
was used on the processed image to remove spurious outliers
and noise from the image (e.g., plant debris on soil). This was
accomplished by identifying clusters of pixels that connected
to one another, followed by labeling them, and identifying the
largest connected component (i.e., plants in a plot). Cleaning
was done by removing any other connected components that
contained fewer pixels than the largest connected component.
Then, a mask of the isolated plant was applied to the binary
image. In contrast to other commonly used thresholding

methods (Otsu, 1975; Browning and Browning, 2009; Lee
et al., 2016; Naik et al., submitted), no significant pixel loss was
observed.

Next, contour/outline of canopy was defined from the locations
of boundary pixels of the image. Any empty space inside the
canopy was filled, and the outline of the canopy was obtained
from the filled binary image. The extracted outline of the
canopy was represented as a sequence of x and y coordinates of
boundary pixels (see Figure 2 for a schematic of the operation).

FIGURE 2 | Sequence of the canopy outline extraction process from an

image captured by digital camera: (A) original image; (B) cleanup,

segmentation and conversation of the RGB image to binary image; (C) filling of

empty spaces inside the binary image; (D) extraction of outline from the filled

image.

FIGURE 1 | Origins of the lines. (A) Shows the distribution of the 446 lines/genotypes based on origins, collected from USDA soybean line collection. China and

Japan are the highest contributors in the selected collection. (B) Shows the origins in terms of percentage contribution from different countries. Yellow shows

countries with <1% contribution, i.e., four genotypes or less.
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The MATLAB image processing toolbox was for all image data
processing operations.

Geometric and Shape Descriptors Details
Both traditional and EFD are utilized for subsequent analysis.
The traditional shape descriptors/traits, including aspect ratio,
roundness, circularity, and solidity are defined as follows:

• aspect ratio = the ratio of the major to minor axis of the
best-fitted ellipse on the canopy;

• roundness= 4 Area

π(Major axis)
2 ; it indicates closeness of the shape

of the canopy to a circle;
• circularity= 4π Area

(Perimeter)2
; it indicates closeness of the form of

the canopy to a circle;
• solidity= Area

Convex Area .

For EFD, the extracted outline was chain coded and expanded
into a shape spectrum by obtaining the Fourier coefficients.
Summations of the harmonics of the resulting series approximate
the outline of the original shape. Each harmonic was represented
by four set of Fourier coefficients. The coefficients are descriptors
of the shape of the canopy outline/contour. Finally, the
descriptors were made invariant of shape, rotation and starting-
point of the contour by standardization (Kuhl and Giardina,
1982).

Each contour was chain coded following standard practice
(Freeman, 1974). Then linear interpolation was used to represent
contour between the two chain-coded points [e.g., (i−1)th and
ith]. The x and y coordinates of any point, pth, were expressed as

xp =

p
∑

i=1

1xi and yp =

p
∑

i=1

1yi (1)

where 1xi and 1yi are the differences along the x and y axes
between the (i−1)th and the ith points.

The length of the contour from the starting point to the pth

point and the perimeter of the contour are denoted by tp and T,
respectively.

tp =

p
∑

i=1

1ti and T = ts (2)

where 1ti is the distance between i−1th and ith points, and s is
the total number of the chain coded points on the contour.

The co-ordinates in Equation (1) were expressed using elliptic
Fourier expansion as

xp = A0 +

∞
∑

N=1

(

aN cos
2Nπ tp

T
+ bN sin

2Nπ tp
T

)

(3)

and

yp = C0 +

∞
∑

N=1

(

cN cos
2Nπ tp

T
+ dN sin

2Nπ tp
T

)

(4)

where the coefficients of the Nth harmonic were

aN =
T

2N2π2

k
∑

p=1

1xp

1tp

(

cos
2Nπ tp

T
− cos

2Nπ tp−1

T

)

(5)

bN =
T

2N2π2

k
∑

p=1

1xp

1tp

(

sin
2Nπ tp

T
− sin

2Nπ tp−1

T

)

(6)

cN =
T

2N2π2

k
∑

p=1

1yp

1tp

(

cos
2Nπ tp

T
− cos

2Nπ tp−1

T

)

(7)

dN =
T

2N2π2

k
∑

p=1

1yp

1tp

(

sin
2Nπ tp

T
− sin

2Nπ tp−1

T

)

(8)

For a shape representation using N harmonics, 4N coefficients
were evaluated and were subsequently used as descriptors of the
shape. The original shape of canopy outline was reconstructed
using inverse Fourier transform from these shape descriptors.
The accuracy of the reconstruction depends on the number
of harmonics (N) used. We defined the deviation of the
reconstructed shape from the original as

EN =

max

[

√

(

xp − xNp

)2
+

(

yp − yNp

)2
]

2L
× 100% (9)

where xNp and yNp are the approximated co-ordinates using N
harmonics, and L is half of the length of the major axis (semi-
major axis) of the best-fitted ellipse to the shape (estimation of
L is presented in the standardized shape descriptors section).
As with any approximation scheme, increase in the number
of harmonics results in high accuracy of reconstruction, but
requires more processing time and storage. We next detail
an approach of identification of the optimal number of
harmonics to use that represents a balance between accuracy and
computational requirement.

Choice of Number of Harmonic Descriptors
We first identified the most complex canopy (that would require
the most number of harmonics to accurately represent) from
the set of all available canopies. We then evaluated the optimal
number of harmonics, N, needed to represent this canopy
and subsequently utilize this number N for all other canopy
descriptors. This ensures consistency while ensuring that a
desired threshold of accuracy is met. Figure 3 illustrates this idea
using a flowchart format.

To identify the most complex canopy, error between outline
from each original image and the Fourier approximation
using the first ten harmonics of that image was calculated
using Equation 9. The canopy with the highest deviation
exhibits the most complex shape (and is shown in Figure 4A).
Harmonic representation of this canopy outline using increasing
number of harmonics (from 10 to 1000 in steps of 10) was
constructed and the error was computed. Figure 4B shows how
the error decreases as the number of harmonics used for shape
representation is increased.We choseN = 500 as this is where the
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FIGURE 3 | Flowchart to evaluate EFDs for a set of images. First canopy outline/boundary from all the images were captured and expressed using 10 elliptic

Fourier harmonics. The worst (in terms of deviation from the original outline) reconstructed outline (which is also the most complex outline) from the EFDs was

identified. Optimal number of harmonics of the complex outline was identified, and all the outlines were expressed using that optimal number of harmonics.

FIGURE 4 | (A) Identification of the complex canopy outline in the dataset. The identification was performed by evaluating deviation of the reconstructed outlines

using ten harmonics from the original outline (Equation 9). Plant with Id# 246 shows the highest deviation/error and was considered as the most complex canopy

outline. (B) Identification of optimal harmonics for the plant Id# 246, shown in inset. The % normalized error value reaches near 1% around 500 harmonics, and the

inset shows that 500 harmonics (red line) outlines is in good agreement with the original outline. This value, 500, was considered as the optimal number of harmonics.

normalized error reaches around 1%. Thus, each canopy outline
is subsequently represented using a 500 harmonic representation.

Standardized Shape Descriptors
The descriptors were made invariant in size, rotation, shift by
standardizing the coefficients (Kuhl and Giardina, 1982), using
the size and spatial location on the ellipse represented by the first
harmonic. The standardized coefficients are

[

a∗N b∗N
c∗N d∗N

]

=
1

L

[

cosψ sinψ
− sinψ cosψ

]

[

aN bN
cN dN

] [

cosNθ sinNθ
− sinNθ cosNθ

]

(10)

where L =

√

[

(A0 − xm)
2 +

(

C0 − ym
)2

]

is half of the length of

the major axis of the ellipse from 1st harmonic, (A0,C0) is the
center of the ellipse, (xm, ym) is the location of modified starting
point (point on the major axis of the ellipse), θ = 2π tm

T and

ψ = tan−1
[

ym −C0
xm −A0

]

, is the angle between the major axis of the

ellipse and x axis. After standardization, three Fourier coefficients
became constant (a∗1 = 1, b∗1 = 0 and c∗1 = 0). An in-house
code was developed (using MATLAB) to implement the above
methods. This code is available upon request.

Analysis Procedure
After each canopy outline is represented using 500 Fourier shape
descriptors, traditional morphometric traits are evaluated from
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the shape. For comparative assessment of the utility of Fourier
shape descriptors, the traits obtained from EFD reconstructed
canopy outlines are compared with traits obtained from the
original images. Diversity of the traits among the lines/genotypes
based on the country of origin is investigated. For visualization
and interpretation of diversity, PCA on the EFD is next deployed.
Data visualization based on the first two principle components
is performed with a focus on four classifications including
country of origin, maturity index, stem termination index and
seed weight. Finally, the canopy descriptors that are suitable for
genetic improvement were suggested.

Trait Heritability Estimate
The model for the phenotypic trait with a single trial of
randomized complete block design was yik = µ + gi + bk
+ eik, where yik is the trait observation/estimate of the ith

genotype at the kth block, µ is the total mean, gi is the genetic
effect of the ith genotype, bk is the block effect, and eik, is
a random error following N(0, σ 2

e). Accordingly, the broad-
sense heritability on an entry-mean basis of each trait was
calculated as H2 =σ 2

g/[σ
2
g + σ

2
e/k], where σ

2
g is the genotypic

variance, k is the number of replications. The analysis of variance
was implemented in R via the ANOVA function. The variance
components were calculated with all effects considered to be
random.

RESULTS AND DISCUSSION

Traditional Morphometric Traits Evaluation
and Their Fidelity
The accuracy of reconstruction was checked by comparing traits
obtained from original images and traits evaluated from the
reconstructed outlines using 500 harmonics. Figure 5 shows
excellent agreement with the traits evaluated from original
images and reconstructed outlines. In our study, data size of an
image captured by camera is ∼15 MB (RAW format), and size
of the 500 harmonics used for reconstruction is ∼5 kB. In other
words, EFD requires two orders of magnitude less memory with
minimal computational overhead to evaluate traditional traits.

Shape Diversity Based on the Traditional
Traits
To investigate the shape diversity based on the traditional traits,
the traits are grouped based the origin of the lines, and presented
in box plots (Figure 6A). The plots indicate that lines from
France have less spread in all the traits. Lines from North Korea
have the highest spread in aspect ratio and circularity. In brief,
there is considerable variation in traits regardless of country of
origin. Roundness has almost three times more spread than the
other traits for all countries (Figure 6B). Fifty-five individual
plants were identified as canopy outline outliers (red “+” symbol
in Figure 6A). Fifty lines were outliers in only one of the
four replications, suggesting that non-genetic factors including
differences in growth stage at imaging (such as due to delayed
emergence) as well as unequal number of seeds per plot could be

FIGURE 5 | Fidelity checks of the reconstructed outlines. Traditional

morphometric traits, (A) aspect ratio, (B) roundness, (C) circularity, and (D)

solidity were evaluated from the reconstructed outlines, and also from the

original images. Inset shows the definition of the traits. Aspect ratio and

circularity are related with the shape of the outline, and roundness and solidity

are related with the form or area enclosed by the outline.

the causal factors for the observed variation. These fifty plants are
removed from the data set for subsequent analysis.

Two lines are outliers for solidity, and occur as outliers in
two of three reps (Figures 6C,D), i.e., around 67%. Six canopies
were outliers for two traits simultaneously. These traits were
paired as circularity with either solidity or aspect ratio, with two
thirds of the circularity outliers also showing up as outliers for
another trait. In spite of this, when comparing trait relationships
using the complete data set, the pairings of (1) roundness with
solidity, and (2) aspect ratio with circularity were the only
two combinations with an |r| (correlation coefficient) >0.75.
The genotypes lines with these outliers are strong candidates
for extreme variation among canopy traits, and are interesting
for additional studies to determine if they may provide unique
ideotypes for practical applications. Furthermore, the study of
genetic variation in canopy traits on a temporal and spatial scale
will require inclusion of diverse germplasm in environments that
may differ in latitude, longitude, water and nutrient stresses,
planting date, and row spacing, in order to ultimately associate
canopy traits with productivity and resiliency.

Shape Diversity Based on EFDs
We perform principal component analysis (PCA) on the EFD.
PCA facilitates dimension reduction of the data set and permits
efficient summarization of the information contained by the
coefficients. The first 30 principal components express around
90% of the total variability, and first and second components
describe, respectively, around 17 and 10% of the total variability.
These two components are used in the subsequent sections for
diversity visualization and interpretation. Figure 7 illustrates the
first two PCA coefficients, color-coded according to four different
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FIGURE 6 | (A) Boxplots showing the variation of traditional traits among the plants with different countries of origin. The blue circle shows the mean value of a trait in

an origin and gray horizontal line indicates overall mean value the trait including all the origins. (B) Coefficient of variance of the canopy morphometric traits among

major geographical countries of origin. Roundness has the highest diversity and solidity has the lowest diversity in all the countries. (C,D) Representative images of

canopies those are outliers in solidity (in A). (C) A canopy of line/genotype PI567159A from china and (D) a canopy of line/genotype PI594170B from Japan.

classes (Figure 7A), country of origin; (Figure 7B), maturity
index; (Figure 7C), stem termination index; and (Figure 7D),
seed weight.

In Figure 7A, lines from China and Japan show the most
variation. This is consistent with their status as centers of
diversity for the domesticated soybean (Hymowitz and Harlan,
1983; Zhou et al., 2015; Valliyodan et al., 2016). No significant
pattern/classification among the countries is observed in the
PCs representation in Figure 7A. The reconstructed canopy
outlines from 30 PCs, did not show significant diversity among
the countries of origin (Figure S1). When grouped in terms of
maturity indexes (I, II, or III), our results showed that each
maturity group has similar variation of canopy outline, and
soybean maturity is not correlated with the canopy outline
(Figure 7B). Likewise, similar results were observed for the PCA
using SNP genetic marker when country origin and maturity
were used to cluster (Figure S2). One possible explanation to this
phenomena was that the panel in this study is a subgroup of the
USDA soybean core collection and it was designed to maximize
the representative of the diversity of all the germplasm lines of
maturity index I, II, and III, (Oliveira et al., 2010; Valliyodan et al.,
2016). Based on the stem growth habit, the lines are classified
into three major categories: determinate (D), semi-determinate
(S) and indeterminate (N). For the determinate soybean cultivars,

the stem elongation stops soon after photoperiod-induced floral
transition of the shoot apical meristem (SAM) from vegetative
growth to reproductive growth (Bernard, 1972). In contrast,
the transition of SAM to reproductive growth is suppressed in
indeterminate cultivars and vegetative growth continues until a
cessation is caused by the demand of developing seeds (Tian
et al., 2010). Therefore, stem growth habit has broad effects on
soybean canopy architecture. Although there is no clear border
among subpanels of different stem growth habit, we observed a
wide variation of canopy outline in semi-determinate soybean
germplasm lines followed by determinate and indeterminate
subpanels (Figure 7C). Also, in this study, these images were
taken at relatively early vegetative stages of the plants, and
differences in canopy architecture related to stem growth habit
is less apparent before reproductive stages. Figure 7D indicates
that large seeded varieties have significantly less variation in the
PC factors, indicating a specific type of ideotype.

Genetic Control of the Soybean Canopy
Outline
Genetic improvement of plant canopy has long been a challenge
of soybean genetic improvement programs because of the
complexity of the trait and the difficulty of measurement. We
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FIGURE 7 | Representation of the diversity of canopy outline among (A) the origins, (B) maturity index, (C) stem termination index, and (D) weight of 100 seeds

(in grams). In (A) the black * shows all the plants. Areas of different colors represent the diversity. The areas were generated from the convex hull of the plants

belonging to a diversity group.

investigated the genetic effect underlying each of the four shape
traits/descriptors. The analysis of variance implied that the
genetic effect of all traits, except aspect ratio, were significant
(Table 1). Further analysis showed that solidity and roundness
have similar, large broad sense heritability, much higher than that
of circularity (Table 1). These results suggest that performance of
solidity and roundness, rather than aspect ratio and circularity, is
predominated by the genetic effects and thus are suitable indexes
of soybean canopy improvement. Further dissecting the genetic
basis of canopy solidity and roundness will be of great interest.

CONCLUSIONS

Characterizing and understanding canopy outline variations is
important for breeding. This work discusses a framework for
efficient representation of complex canopy outlines using EFD.
We detail how the choice of the number of harmonics is made to
ensure consistency while ensuing a balance with computational
effort. We rigorously show that traditional traits/descriptors can
be easily, and very accurately reconstructed from the elliptic
Fourier representation of the canopy outline. We utilized this

TABLE 1 | Heritability estimates of the canopy outline descriptors.

Trait FG
† Heritability‡

Aspect ratio 1.10 0.03

Roundness 3.13*** 0.68

Circularity 1.27* 0.22

Solidity 3.46*** 0.71

†
FG represents the F value for genotypic effects.

‡
The estimates are based on 154 lines that have 3 replications.

*P < 0.05, ***P < 0.001.

framework to explore the diversity in canopy outline using a
diverse panel of soybean plants.

In the near term, we envision that this approach will allow for
design and utilization of a high throughput canopy morphology
phenotyping platform. Such a platform will allow systematic
canopy outline analysis while maintaining the integrity of the
shape. The use of EFD provides an attractive alternative to
conventional canopy phenotypes. Genotypic differences within
a species, as well as morphological differences under differing
environmental andmanagement conditions, can be characterized
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without bias, allowing identification of desirable lines/genotypes,
as well as providing a proxy for rapidly measuring important
plant canopy and growth traits. The approach presented in
our paper may also find applications in the hyperspectral and
multispectral imaging of disease and other causal damage that is
observable on canopy during the crop growing season (Roschera
et al., 2016). We also anticipate that this framework will find
utility for time series analysis of the canopy throughout the
growing season. Our future work is targeted toward providing
biological relevance of these canopy traits to soybean productivity
and stress tolerance, and thereby their utilization in genetic
enhancement. Finally, we think that the approaches presented in
paper can be translated to investigations on canopy traits in other
crops with similar canopy characteristics to soybean.
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This paper presents a discovery: the change of the outline shape of mistletoe (Viscum
album ssp. album) berries in vivo and in situ during ripening. It was found that a plant
organ that is usually considered to merely increase in size actually changes shape in a
specific rhythmic fashion. We introduce a new approach to chronobiological research on
a macro-phenotypic scale to trace changes over long periods of time (with a resolution
from hours to months) by using a dynamic form-determining parameter called Lambda
(λ). λ is known in projective geometry as a measure for pertinent features of the
outline shapes of egg-like forms, so called path curves. Ascertained circadian changes
of form were analyzed for their correlation with environmental factors such as light,
temperature, and other weather influences. Certain weather conditions such as sky
cover, i.e., sunshine minutes per hour, have an impact on the amplitude of the daily
change in form. The present paper suggests a possible supplement to established
methods in chronobiology, as in this case the dynamic of form-change becomes a
measurable feature, displaying a convincing accordance between mathematical rule and
plant shape.

Keywords: mistletoe, plant movement, circadian rhythm, change of shape, shape mapping, form and function,
phenotypic study

INTRODUCTION

In the present research project we were interested in analyzing the form or shape of a plant organ
in vivo and in situ and recording how it changes over time. The main focus in recent biology is on
phenomena on a cellular and genetic level. To our thinking the link between biological forms on a
phenotypic level with chronobiological findings deserves more attention, since form and shapes of
biological organs are such apparent and pertinent features. We applied mathematical functions
to the outline shape of mistletoe berries (Viscum album ssp. album L.). These so-called “path
curves” accord accurately with the shape of mistletoe berries (Flückiger and Baumgartner, 2003;
Baumgartner et al., 2004). Furthermore, path curves are suited to revealing even small phenotypic
changes and rhythms of form. A parameter called Lambda (λ) defines the outline shape of path
curves (Edwards, 2003; Klein, 2006, 2013; Derbidge et al., 2013). λ allows exact determination of
the form derived from the profiles of the plant organs in question.
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Our work is related to the research of the Scottish
mathematician Edwards (1912–2004). For decades he measured
the form of plant leaf buds, in particular those of trees during
dormancy. He observed a fortnightly change of shape in almost
all species, discovering that winter dormancy is not a static
state, but that it also exhibits rhythmical phenomena (Clopper,
1994; Edwards, 2006). We refined his method to meet the needs
and standards of current science by developing corresponding
software (Derbidge et al., 2013).

In a previous publication we described the mathematical
background of the path curves applied for fitting berry
outlines, the software developed and the technical intra- and
interrater variability to determine the shape-defining parameter
λ (Derbidge et al., 2013). The present publication focuses on
the non-mathematical methods applied in this study (mostly
technical procedures for outdoor photography) and furthermore
presents detailed results of four independent data sets (from
four consecutive years) to identify any circadian rhythms present
and to investigate the biological variability over 4 years. In this
context, a possible modulation by weather effects is analyzed.
The detected circadian rhythm seems to be independent from
temperature but triggered by the condition of sky cloudiness, i.e.,
blue sky or cloud cover.

Developing a method to trace phenotypic changes in outline
shape introduces a new approach to chronobiology, whereby
rhythms in morphological change can be detected. In this way,
a salient biological feature can be mapped in a non-invasively
phenotypic way.

MATERIALS AND METHODS

In separate sections below, we describe the sequence of steps
involved in the study: observations of the living, untouched
berries still attached to their branches, digital photography,
the artificial lighting situation for day and night photography,
computerized image analysis to reveal the state of form
(determination of the λ-value) and statistical analysis and
correlations of λ with weather data. A separate section briefly
explains what λ is and how it is used. The methodology
combines two areas usually kept distinct: outdoor observations
and (indoor) laboratory precision. The objects studied grow in a
natural habitat in the open. Little huts around the area of interest
shield a small space for “laboratory-like” conditions. The balance
established here between usually separate approaches accords
with the need to observe the plants in nature, but may also be
problematic, as will be discussed.

Mistletoe Biology
European mistletoe (Viscum album ssp. album L.) is an
indeciduous, perennial, dioecious, half parasitic dicotyledonous
plant growing on varied trees mainly in middle Europe. After 4–
7 years (depending on the host tree and vitality of the mistletoe
bush) it starts to flower. Flowering season is in late winter
(February/March). After pollination (mainly by flies) a green
berry develops. Inside the berry the new plant develops as an
embryo without a hard shell or the usual dormancy period

associated with seed producing plants. The full ripening time
requires almost a year. This is congruent with the generally
slow growth of mistletoe. In autumn, around September or
October, the full size is reached (average of 9 mm in height and
8 mm in width, having a shape of a very round egg). It then
turns white and transparent, so the green and photosynthetically
active embryo can just barely be seen through the outer skin
of the berry. According to unpublished data (Urech, personal
communication) mistletoe berries gain weight until the end of
December. Unpublished observations from the current study
show that rhythmic fluctuations of form finishes in December or
January, also corresponding to the time of year when the berries
are fully ripe. The berries then remain on the plant until they are
removed by external influences like extreme weather conditions
or being eaten by birds. Berries can be found on the bush until
summer of the following year. Quite often they are still in good
shape, but clearly they gradually begin to wilt after December,
indicating that the tension of the skin is decreasing (see Sallé,
1983; Büssing, 2000 for whole section).

Mistletoe and Host Trees
We chose bushes of European mistletoe (Viscum album ssp.
album L.) of at least 5–6 years in age, these being mature
enough to develop berries. Since mistletoe grows on trees we
chose bushes on lower branches that were in reach for easy
handling. In a natural habitat this rarely happens. At the mistletoe
research institute Hiscia in Arlesheim, Switzerland, mistletoe
is artificially seeded on various host trees and also on lower
branches. After testing the reaction of the mistletoe plants to
growing on different host trees such as apple (Malus domestica),
lilac (Syringa vulgaris), oak (Quercus robur), and pine (Pinus
sylvestris) under surveillance in rain-protected conditions, we
decided to concentrate on the oak host tree since the altered,
semi-artificial observation environment (huts during observation
period built around them with greenhouse effects) did neither
affect mistletoe nor the host tree. In contrast fungal infections
developed on mistletoe growing on apple and on the apple tree
itself. Mistletoe growing on oaks (along with the oak branch
itself) showed a resistant and robust behavior, i.e., the berries
were stable in their ripening until the end of the observation
period.

Mistletoe and Huts
In order to protect the digital cameras and the control equipment
for regular photographing, huts were built around bushes of
mistletoe growing on low branches of oak trees in the gardens
of the Hiscia Institute in Arlesheim, Switzerland. Chosen for
reasons of easy handling, the branches with the mistletoe bushes
were positioned 1–2 m above the ground (Figure 1). The huts
were constructed from untreated wood and corrugated PVC
sheets that keep out rain and protect bush and equipment from
wind. Since the PVC sheets are transparent, light conditions were
not substantially altered. Roofs and sides were constructed so
as to make air circulation possible. At least one side (pointing
away from the main wind direction) and large openings above
the ground and below the roof allow air to circulate and warm air
to escape.
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FIGURE 1 | A mistletoe hut. (Left) The cabin shelters a branch with a bush of mistletoe on an oak tree (Quercus robur), approximately 35 years old. (Right) An
isolated and sheltered mistletoe bush without any additional technical equipment.

The observations start with the onset of berry ripening in
September and are completed with the end of berry maturation
in December. Thus, from January until September – when no
observations take place – roofs and sides are removed. Otherwise,
insects and fungi find favorable conditions that cause harm to the
mistletoe plants due to the artificial situation, especially during
summer with elevated temperature due to the greenhouse effect
of the hut.

The Camera-Support Construction and
the Fixed Position of Mistletoe Berries
The huts’ robust wooden structure allows a construction of metal
rods and clamps used in chemical labs to maintain a flexible yet
solid position to which the necessary camera and equipment can
be attached. Mistletoe branches are also held in a fixed position.
Thus, the camera can be adjusted at an exact angle of 90◦ to the
main axis of the berry and at a distance of 3 cm from lens to the
berry’s axis. Camera, lights and technical devices are shown in
Figure 2.

The Camera
We use Nikon Coolpix E5000 cameras, which have a large set of
features, most importantly a close-up focus of up to 2 cm from
lens to object. The flexible LCD-monitor allows excellent visibility
control of the picture. All the features are separately and manually
programmable. Triggerable electro-mechanical shutter release
“fingers” (see Automatic Photography) allowed photographing in
programmed intervals (see Figure 2).

The camera settings used were as follows:

– No flash
– Fixed aperture setting: shutter speed of 1/250 or 1/500 s

(ensuring that the background, i.e., the light dispenser
screen was always lighter than the focused object); focal
length of 63 mm, focused at 3 cm

– 2560 × 1920 Pixels, average size between 800 and
1200 kilobytes

– Pictures saved as JPEG

All the above settings, as well as the time and date of the
picture taken were saved in the JPEGs exif data.

The Lighting
We use 9 Volt LED flashlights for lighting (see Figure 2). LEDs
are a good alternative to other light sources (Jeong et al., 2012).
They produce almost no warmth and only moderate electric
and magnetic fields. To reduce influences as much as possible,
the flashlight is switched on for only 3 s during photography.
The light spectrum for LEDs shows a maximum in blue light
wavelength but has an equal distribution (all visible colors in
its spectrum) as measured by spectroscope (Carl Zeiss, Hand
Spectroscope Nr. 9931).

To get equal light situations during day and night and to
achieve optimal contrast for a clearly defined berry outline,
the lighting was passive, i.e., via a reflector (Figures 2 and 3).
Short exposure time (1/250 or 1/500 s) combined with flashlight
reflection gave black silhouettes of the berry at any time of day
(Figure 3).

Automatic Photography
We use a programmable relay (Logo! 230Rco by Siemens). This
triggers the lighting by switching the flashlight on for 3 s and,
with a delay of 1 s, activates the shutter release (“finger”) of the
camera, causing the camera to take a picture (in a lit situation).
The scheme of programming is shown in Figure 4.

Measurements
The pictures are imported in the “LambdaFit” software, which
is programmed to semi-automatically fit the outline shape of the
object with its specific path curve situation (Derbidge et al., 2013).
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FIGURE 2 | Cabin and camera in use. The hut (Figure 1) shelters the technical equipment as well as the berries to achieve a stable situation for the period of
measurements (September to December). (Left) The camera with externally programmed electro-mechanical “finger” on the camera’s trigger; the LED flashlight
(yellow) that switches on whenever a picture is taken. Lamp, camera and light reflection screen are attached and held by a solid metal structure with clamps and
flexible but stable metal arms. The power cables are needed to run the camera, the “finger” (trigger) and the flashlight. (Right) A mistletoe berry between lens and
light reflector screen.

FIGURE 3 | The lighting situation. (Left) Direct lighting produces somewhat blurry contrasts and unequal reflections. The indirect, passive lighting via a reflector
screen produces “black” berries with equally lit (i.e., shaded) edges at night (middle) and daytime (right). The LED flashlight is pointed at a light reflector. The
indirect lighting results in comparable pictures both during the night and day.

The software determines the contour of the shape and calculates
a path curve starting from a set of predefined parameters
(top and bottom of the object, and λ). The software further
calculates the difference between the path curve and that of
the outline shape, and minimizes this difference by iteration,
varying the free parameters λ, width, length and the angle of the
symmetry axis according to a defined mathematical procedure.
The result of one such process is called a measurement, yielding
data values for λ, and also width and length of the object.
Due to the multi-parameter fit procedure, results of such
measurements may vary slightly depending on the starting
values of the curve fitting process. Due to this fact, multiple
measurements are performed on one photograph in order to get
stable mean fitting parameters and to determine variability of the
fitting procedure (see Data Sets and Lambda Values). To avoid
systematic errors randomized sets of pictures were subjected
to measurements [e.g., sets of 144 photographs (6 days × 24

pictures); each picture measured 10 times]. The outline shape
described by λ is independent of the size of the photographed
object and of the distance between lens and object. As long
as the position (90◦ from lens to growing-axis of the plant
organ) is constant, the absolute distance is of no importance.
The final result of the analyzing process by “LambdaFit” is
the parameter λ, which represents the state of the object’s
form and is used for further analysis of form change over
time.

The Lambda Parameter
Since path curve geometry and in particular λ as the form-
defining parameter play prominent roles in the present study
design, we will very briefly and qualitatively describe the
definition of λ. The mathematical background of λ and all
necessary formula are explained in detail elsewhere (Derbidge
et al., 2013).
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FIGURE 4 | The programmed scheme of the relay showing how lighting and the camera trigger are controlled (Q1 = Lighting, Q2 = Trigger).

Since we are interested in the outline, we reduce the rather
complicated mathematics to a two-dimensional system. An organ
following a path curve (an egg-like shape) is a bi-symmetrical
form with a mirror axis XY, with top (X) and bottom (Y) of
the organ, which must be clearly defined, as in mistletoe berries.
Every point on XY has two corresponding points (a and a’) 90◦ to
the axis on both sides of the outline of the organ. Any two points
a and a’ define a cross section through the organ at a certain level,
which gives a diameter for this level. T = XY/2 cuts the line XY
in half. For any chosen level, a λlevel can be defined as ratio of the
chosen level diameter to the T level diameter. The parameter λ of
the whole path curve then is defined as the ratio of the mean of
all λlevel on XT to mean of all λlevel on YT. The parameter λ thus
is an approach to describe the ratio of the curvature of the upper
half to the curvature of the lower half of the objects outline shape.
In other words, λ is a measure indicating the flatness or sharpness
of an egg-like shaped form. λ = 1 thus describes outline shapes
that are equally rounded on the top and bottom. λ-values > 1
describes egg forms that are more acuminated on the top and
flatter on the bottom. λ < 1 but > 0 will be the opposite, flat
on the top and peaked on the bottom. λ = 0 is the point of
transformation to a new set of path-curve forms: for λ < 0 the
path curves turn into vortex-like forms (see Figure 5 for a range
of λ shapes relevant to mistletoe berries). Mistletoe berries change
their shape during ripening which λ slowly decreasing from λ

≈1.2 in September to ≈0.9 in December (see Figure 6). Their
overall shape change, so to speak, is the inversion of an egg-like
shape “standing upright” (i.e., flat on the bottom part and sharp
at the top end) which moves toward the opposite: flatter on top
and sharper at the bottom, where the berry is attached to the stem
(egg standing upside down).

Data Sets and Lambda Values
The λ-values represent the state of form for a certain picture
extracted from the pictures via the software we use (Derbidge
et al., 2013). The λ-values we use are mean values of 10

independent measurements of the same photograph (except
for 2010 where it is the mean value of only six independent
measurements). These 10 (6) measurements, performed in
randomized order within a set of several pictures, allow
calculation of a mean value and a corresponding standard
deviation (Derbidge et al., 2013). This mean value is used in all
further calculations.

To assess circadian rhythms, one photograph per hour H1,
H2 . . . H24 was taken. Thus, 1 day yields 24 λj data points
(j = 1, 2 . . . 24). In order to calculate mean circadian rhythms
over several days, data from each day was normalized to the
experimental mean of the corresponding day. A circadian data
set for a given period of time (day 1–i) was calculated by
averaging the normalized λj data for each hour j of the 24 data
points for all the experimental days of the given period with
the corresponding standard deviation (SD) or standard error
(SE).

Environmental Data
Weather data were obtained from the weather station run by
“Meteo Swiss” in Binningen (BIN), Basel, Switzerland, situated
approximately 7 km northwest from our location at a similar
altitude (316 m above sea level). In addition, the temperature
was recorded in the actual place where the berries were growing
and compared with the temperature from BIN. No irregularities
between the two measurements were found, except that range of
temperature in the mistletoe huts was proportionally higher on
warm sunny days (greenhouse effect). The site of observation is
geomorphologically and meteorologically comparable with that
of the weather station. Basically there are three meteorologically
relevant weather situations: a weather front coming from the
west; an inversion with fog; a stable high pressure (good
weather) situation. All three will be the same in both places. No
meteorologically relevant barriers separate both places. For the
statistical correlation analysis we used the BIN data exclusively,
since they are representative of our location and are recorded at
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FIGURE 5 | The form-defining parameters Lambda (λ) of path curves. λ > 1 yields egg- and cone-like shapes. The higher the λ-value, the sharper the shape
is on top and the flatter it is at its bottom pole. Between 1 and 0, λ defines egg-like shapes that are flatter on the top and acuminated on the bottom. λ = 1
describes symmetrical shapes.

FIGURE 6 | The stages in change of form of a ripening mistletoe berry. The λ -value of the profile changes from ≈ 1.2 in September to ≈ 0.9 in December. All
pictures are of the same mistletoe berry (host tree oak) from 2013/14.

the same time as the other weather data from BIN. All data from
BIN are means or sums of the previous hour (see Table 1).

Deviation between Path Curve Form
(Lambda) and Shape of Plant Organ as
Represented in the Energy Value
The “energy” value, used in the software’s algorithms, is an
operation analogous to the standard deviation and gives the
average distance between the path curve and the berry’s contour.
For each pixel t (0 ≤ t ≤ n) of the path curve, the distance
to the respectively closest pixel of the plant contour distt is
measured. The squares of all distt are summed up and divided

TABLE 1 | List of weather factors recorded at the BIN weather station for
the correlation analysis with λ.

Weather factor Unit Definition

Temperature (2 m above ground) ◦C or K Mean of previous hour

Air humidity % Mean of previous hour

Sunshine min Sum of previous hour

Global radiation W/m2 Mean of previous hour

Atmospheric pressure hPa Mean of previous hour

For some calculations we transferred temperature (◦C) into K to avoid calculations
with minus degree.

by n, whereupon the square root is extracted. The formula is
Equation 1:

e =

√∑n
t=1 dist

2
t

n
(1)

This “energy” value e estimates the agreement between the
actual contour of the mistletoe berry and the mathematical path
curve fitted to that shape. Further details on the formula and the
operations done are given elsewhere (Derbidge et al., 2013).

Notice that the pixel distance and hence the “energy” value
depends on the picture’s resolution. For instance, if the height of
a berry is 500 pixels and e is 3 pixels, there is a 0.6% deviation.
For a real berry’s height of 10 mm the average deviation between
berry outline and path curve is 0.06 mm.

Statistical Analysis
Basic data reduction (for the operations mentioned see Data
Sets and Lambda Values) were performed using Excel 12.3.2
(Microsoft, Redmond, WA, USA) data sheets. Data smoothing
was done with LOWESS (locally weighted regression scatter
plot smoothing) fits (Chambers et al., 1983), calculated with
KaleidaGraph 4.0 (Synergy Software, Reading, PA, USA). This
operation defines for each data point a linear regression
equation, in which a variable percentage P of neighboring
data points can be included. The function thus calculates
a smoothed curve; the larger the percentage P of included
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TABLE 2 | Average λ and energy values (mean ± standard error SE) for four series of measurements in 4 years.

Type of measurement series Average λ (mean ± SE) Average energy value [pixel] (mean ± SE)

Mistletoe berry 2010 (lilac); n Pictures = 380; n Measurements = 2280 1.1309 ± 0.0165 1.5022 ± 0.1008

Mistletoe berry 2011 (oak); n Pictures = 144; n Measurements = 1440 1.0553 ± 0.0320 0.9740 ± 0.1140

Mistletoe berry 2012 (oak); n Pictures = 144; n Measurements = 1440 0.9823 ± 0.0299 1.2844 ± 0.1651

Mistletoe berry 2013 (oak); n Pictures = 144; n Measurements = 1440 1.0804 ± 0.0146 0.8797 ± 0.0605

λ is the form-determining parameter of the path curve, and the energy value corresponds to the deviation between the mathematical path curve and the outline shape of
the mistletoe berry (expressed in pixels). 144 photographs (380 in the year 2010) of a mistletoe berry were taken during 6 days (16 days in the year 2010, with 4 single
photos missing due to technical problems) at hourly intervals. λ was measured in randomized order within a given experimental series (n = 10 independent measurements
per photo (n = 6 in the year 2010)).

neighboring data points, the smoother and straighter the curve.
Correlation analyses were done using the Pearson product
moment correlation test, calculated with Statistica 6.0 (StatSoft,
Tulsa, OK, USA).

RESULTS

Outline Shape of Mistletoe Berries Show
a Correlation with Path Curves
Mistletoe berries show an almost perfect congruence with
mathematical path curves. The “energy” value, as implemented
in the algorithms of the software used to optimize the fit of
the path curves to the outline shape of the mistletoe berries,
is closely related to the standard deviation of the distance
between fitted curve and outline (see Methods for details).
The “energy” value depends on the picture’s resolution, since
it is calculated based on the deviation in pixels. The average
“energy” value is between 0.9 and 1.5 pixels (see Table 2 for
the average λ and energy values of all the circadian rhythm
photo-series used in this study), which corresponds to an average
“deviation” between fitted path curve and berry outline shape
of 1.6–2.7 µm for the average height of a berry of 9 mm.
Thus, the outline of mistletoe berries corresponded almost
perfectly to mathematical path curves for all four measurement
series between 2010 and 2013 (for a visual impression see
Figure 7).

Circadian Rhythm
Once it was clear that the outline shape of mistletoe berries
could be mapped as path curves, four series of pictures from
the years 2010–2013 were assessed in order to identify potential
circadian rhythms. Each series consisted of 6 days in October of
uninterrupted data (16 days in 2010). Statistical analysis revealed
highly significant circadian rhythms in 2010 and 2011, and
no significant rhythms in 2012 and 2013 (Table 3; Figure 8).
A correlation analysis of the circadian data from 2010 to
2011 revealed a highly significant correlation between circadian
rhythms from both years (r = 0.7829; p=< 0.0001; n= 24). The
daily rhythms of 2010 and 2011 are in congruence. Compared
to the data of 2010/2011, the standard deviations of the hourly
mean values of the 2012/2013 daily data are much higher, an
indication that there is no daily rhythm or signal in those 2 years
(see Table 3).

FIGURE 7 | Congruency between the mathematical (path curve, red)
and the actual form (outline shape, yellow) of a mistletoe berry. The
yellow line is the outline of the black object determined by the LambdaFit
software [λ] and the red line is the best fitting mathematical path curve to that
given shape. On the left-hand frame the path curve is set as a straight line
from top to bottom, and the deviation to the plant organ’s contour is shown
for every pixel on the line for both sides. The number above that graph gives
the maximum deviation. On some parts of the graph the red and the yellow
line overlap, i.e., the path curve exactly fits the berry’s outline. The bottom part
and the tip of the path curve are “cut off”, since the stem and the top (where
the wilted petals are) must be excluded.

Determining Weather Influence
To search for possible causes for the circadian rhythms in
the berries’ change of outline shape in the years 2010 and
2011, a number of correlation analyses were performed
with factors known to have an impact on circadian
rhythms (Dunlap et al., 2004; Yakir et al., 2007; Pfeuty
et al., 2012). The weather data of the days with λ data
were normalized for each day and averaged. Correlations
between all weather factors with λ were calculated
(Table 4).
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TABLE 3 | Results of the ANOVA analysis (24 groups) investigating
possible circadian rhythms (data of Figure 2 and respective
measurements for the stated years).

Year Month Host-tree Groups F p

2010 Oct Lilac 0–23 (each hour) over 16 days 2.269 0.001

2011 Oct Oak 0–23 (each hour) over 6 days 5.498 <0.001

2012 Oct Oak 0–23 (each hour) over 6 days 1.233 0.231

2013 Oct Oak 0–23 (each hour) over 6 days 0.117 1.000

F: F-test values; p: significance levels.

Temperature and humidity (humidity in reciprocal
relationship with temperature) show highly significant
correlations with the berries’ outline form (λ). This corresponds
to wave patterns similar to the λ wave when viewed in a
graphic representation for 2010 and 2011 (see Figure 9 for
2011). Sunshine hours and global radiation show a significant
correlation in the 2011 data set (see Figure 10).

External Factors for a Strong Diurnal
Movement
The fact that we found significant circadian rhythmic change in
mistletoe berries in 2010 and 2011 but not in 2012 and 2013
(see above and Table 3) raised questions that we investigated by
looking at weather conditions that might trigger or suppress the
rhythm.

Therefore all data were further analyzed. A histogram of
all 24 h data blocks with regard to sunshine minutes per day
showed a distribution with three distinct groups. We separated
the 24 h data blocks of all years into these three groups as

follows: (a) “clear sky,” i.e., good weather with a high number
of sunshine minutes (>400 min per day); (b) “partly cloudy,”
i.e., moderately good weather (with sunshine minutes between
100 and 400 per day); and (c) “overcast sky” i.e., bad weather
(<100 sunshine minutes per day or no direct sun at all). Those
“bad weather days” were rainy, foggy or overcast because of
weather changes. This grouping corresponds to the range or
amplitude of temperature (high amplitude= no clouds; medium
amplitude= partly clouded days; and low amplitude= clouds or
fog or mist; see Figure 11).

The graphs of the circadian rhythms of λ show: a significant
change of form for group (b) (“partly cloudy”) in a rhythm that
accords with Figure 10 for 2010 and 2011; a visually clear but
statistically just near significant change (p = 0.06) of form in
group (a) (“clear sky”); and no pronounced change in λ in group
(c) (“overcast sky”).

Analysis of variance tests showed that an intermediate weather
situation with medium amplitude of temperature and a medium
number of sunshine minutes per day are the necessary condition
for the strongest rhythmic change in λ. This result indicates that
the change of form is sensitive and cannot be fully expressed by
the berries when sunshine is strong (i.e., high global radiation
[W/m2]) and also when the sky is under full cloud cover. As
these are indirect assumptions, the results elicit certain questions
rather than answering them. But a hypothesis that change of
form is in this case dependent on “nice weather” (a not too
extreme temperature amplitude, and also a not fully overcast
sky) seems reasonable. Some parts of the sky must be blue
(but no direct sun, at least not all the time) for the emergence
of this change of form as a statistically distinct feature (see
Table 5).

FIGURE 8 | Circadian rhythms of λ in mistletoe berries in October 2010 and 2011. Hourly data from 16 days in 2010 and 6 days in 2011 were normalized for
each day and averaged (mean ± SE). The graphs of both years share similar features: the maxima are at about 4–5 a.m. and the minima are at about 5–6 p.m. The
smooth continuous lines are LOWESS fits (p = 30%).
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TABLE 4 | Pearson correlation coefficients r and corresponding significance levels p between circadian rhythms (λ) and the different weather factors.

Correlations Lambda (λ) with weather factors 2010 N = 380 2011 N = 144 2012 N = 144 2013 N = 144

r p r p r p r p

Temperature −0.2098 <0.0001 −0.5737 <0.0001 0.0418 0.6185 0.0865 0.3042

Air humidity 0.2528 <0.0001 0.6226 <0.0001 0.0269 0.7485 −0.1006 0.2318

Sunshine −0.0987 0.0547 −0.3940 <0.0001 0.1489 0.0749 −0.1207 0.1511

Global radiation −0.0655 0.2026 −0.3243 0.0001 0.1034 0.2175 −0.1088 0.1959

Atmospheric pressure −0.0258 0.6165 0.1216 0.1466 −0.0093 0.9122 −0.4703 <0.0001

Significant values (p < 0.05) are printed in bold.

DISCUSSION

Research Design and Methodology
We measured circadian morphological changes affecting the
outer skin of a berry, something that has not been previously
studied to the best of our knowledge. The only research with
similarity to our approach is on diurnal changes in leaf hyponasty
or growing rates, studies that are summed up under the topic of
plant movements (Klein, 2007; Asanidze et al., 2011; Dornbusch
et al., 2012; Chitwood, 2014). The rationale for those studies
is, largely, to describe phenological findings and relate them
to physiological and molecular processes and structures within
the plants. But additionally phenological change detection from
pictures is used with modern techniques to, for instance, trace
growth (Li and Gu, 2004). The focus on exact form change
in berry phenology in our approach in vivo and in situ using
mathematics from projective geometry is new. The rhythms
found are phenological changes in outline shape that are strictly
mathematical and yet dynamic in nature (path curves). The
outline as well as the detected outline variance can be accurately
mapped with the λ parameter. λ thus becomes the key value
to trace the change of shape. One formula can trace changes
in form because only one parameter (λ) is changing its value.
Since our focus is change of form, we cannot say anything
about anatomical or physiological reasons for the changes, or
corresponding metabolism within the berries. We strictly analyze
the correlation between a mathematical law and a biological
object to demonstrate their correlation in this study.

Findings Relating to the Path Curves of
Mistletoe Berries
To the best of our knowledge, forms or outline shapes have
not yet been used in plant biology or in any research involving
living organs in the manner we applied them in our study. In
projective geometry, path curves are a set of dynamic forms
with determining parameters accessible to exact measurement
(Edwards, 2003; Klein, 2006; Derbidge et al., 2013; Klein, 2013).
This new method of shape recognition using mathematics
derived from projective geometry works under different outdoor
conditions (like day and night, change in temperature, change of
relative humidity) and detects a difference of just a few pixels
between formula and real object (see Results, Table 2; how to
convert pixels into actual berry size, which is depended on the
pictures resolution, is exemplified in Derbidge et al., 2013).

Form as such is used to describe objects at all levels, i.e.,
from whole organisms, through organs to small units such as
cells, or even molecular structures that can be reconstructed as
two- or three- dimensional forms (Thompson, 1992; Pivar, 2009;
Schwartz, 2013). Forms of plant organs such as leaf forms have
been classified and are used to determine species but rarely to
detect circadian or other rhythms.

Using λ in the algorithm to define the state of the outline
shape of mistletoe berries might open a new line of thought in
chronobiology. This feature, visible to the eye, makes studying the
phenomena accessible without the aid of complex and expensive
apparatus. The method described in this publication thus is an
in vivo and in situ observation during the long ripening season of
mistletoe berries.

The approach we seek to introduce here, if proven to be of
value, could re-engender something of a more direct, phenotypic
relationship to nature while at the same time continuing to
pursue current biological questions such as those of rhythmic
interactions or behavior.

Form, in its common usage, is about static features:
proportions, length, width, number of features, etc. (Lonergran,
1985; Ji-xiang et al., 2013; Schwartz, 2013). Path curves, by
contrast, are dynamic in nature (see Figure 7). There was
a significant correlation between a path curve’s outline shape
and that of mistletoe berries. Here, we demonstrated that it is
promising to pursue this approach further and to extend it to
chronobiology.

Findings Relating to the Circadian
Rhythm
It was not completely unexpected that mistletoe berries exhibit
a circadian rhythm since almost all living organs so far studied
do so (Kondo and Ishiura, 1999). Almost, all biological functions
find an expression in rhythms. When plotted in graphs, the
circadian rhythm of the berry’s outline shape (change of λ over
time) appears to be quite close to a harmonious wave, i.e., a
sine wave without any disruptive features such as asymmetry or
certain peaks. Thus, it expresses a common rhythmic behavior
found in many organs or organisms (Kondo and Ishiura, 1999;
Dunlap et al., 2004).

Circadian rhythms are well-understood by means of circadian
clocks – genetic oscillators that generate biochemical rhythms
with a free-running period (FRP) close to 24 h (Roenneberg
and Foster, 1997; Somer et al., 1998; Dunlap, 1999; Young and
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FIGURE 9 | Lambda values and temperature. Hourly λ-values in blue (6 days = 144 h) and temperature values in red (reverse axis). For λ every data point
represents the mean of 10 measurements. For the temperature each dot represents the average of that hour. The smooth continuous line represents a LOWESS fit
for the λ data with p = 10%.

FIGURE 10 | Circadian rhythms of λ in mistletoe berries (error bars omitted for clarity) in October 2011 together with, left: the daily change in
temperature (reverse axis), and right: sunshine minutes and global radiation. The smooth continuous lines for λ (blue thick line) are LOWESS fits (p = 30%).
λ and temperature data were normalized for each day and averaged. They are expressed as relative percentage change whereby sunshine [minutes/hour] and global
radiation [W/m2] are the average of the 6 days in regard to the specific hour.

Kay, 2001; Bell-Pedersen et al., 2005; Pfeuty et al., 2012). To
achieve synchronization with the day/night cycle, a circadian
oscillator integrates a complex set of environmental signals
such as changes in daylight quantity or quality (Young and

Kay, 2001; Bell-Pedersen et al., 2005) or in temperature (Yoshii
et al., 2009). The effect of those signals usually alters the
reactions, i.e., the characteristics of the rhythm. In particular, light
signaling pathways play a major role in coupling the clock to its
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FIGURE 11 | Circadian rhythm (blue line) of all λ data (2010–2013) for the groups (A) “clear sky,” (B) “partly cloudy” and (C) “overcast sky,” with the daily
change in temperature (red line). λ-values are mean values with standard deviation (SD). Graph b shows the most distinct circadian rhythm, similar to the circadian
rhythm found in the data from 2010 and 2011 (Figure 8). All data were normalized for each day and averaged. Group size (24 h sets analog to Figures 8–10):
n = 15 (A), n = 13 (B), n = 11 (C). The smooth continuous line is a LOWESS fit of the λ data (p = 30%).

environment as they provide information about the day–night
status.

Findings Relating to Weather Influences
The observation of the mistletoe berries and the detection of
their change of form in four consecutive years took place under
different specific weather conditions. All weather data were taken
from the nearest official and validated weather station (7 km
distance from our study site). We correlated those weather data
(temperature from BIN) with local data (temperature measured
in the hut around the observed berry). Correlation analysis
showed that both weather situations were highly significant in
agreement. So we decided to use the more reliable “official” data
from a state weather station. The host tree’s leaves shaded the
study site, so no direct sunlight reached the hut construction
that allows good air circulation and statistically, the rather
small greenhouse effects could be neglected. Humidity always
correlates reciprocally with temperature and all other weather
factors we used do not differ locally from the nearby weather
station, which, meteorologically, is in a very comparable location.

A certain circadian rhythm of the mistletoe berry’s shape
was observed in 2010 and 2011, but not in 2012 and 2013.
Correlations to λ were observed in the data of 2010 and 2011
for temperature and humidity, and in 2011 also for sunshine

hours and global radiation (graphs of these data of all 4 years are
available as Supplementary Figure A).

The λ correlations in 2010 and 2011 with temperature
and sunshine minutes or radiation don’t match ideally. λ and
temperature both show a wave, close to a sine wave in its rise
and fall, with almost equidistant periods. Thus both waves have
a similar sine curve, but with a phase shift. The λ wave has a
maximum at about 5 a.m., 2 h before sunrise (which is around
7 a.m. in October at the place of observation). The temperature
drops to its minimum a bit later (minimum at 8 a.m. which is a
3 h shift from the λ wave). In the afternoon the λ wave minimum
is at 5 p.m., 1 h later than the temperature maximum but running
earlier than the decline of radiation (sunset at 7 p.m.).

Temperature and light influences are fundamental causes
of circadian rhythms but the rhythmical change of form in
the present case do not correspond to these factors in an
unambiguous way.

In plants it seems to be usual for effects to follow the
timekeeper and not the other way around (Roenneberg and
Foster, 1997; Beersma et al., 1999; Pfeuty et al., 2012).

An exploratory analysis identified predominantly blue vs.
overcast sky as being correlated to the presence of a circadian
phenotypic shape change. During “nice” weather the diurnal λ

rhythm was observed, but not in “bad” weather. Most of the

TABLE 5 | Analysis of variance (ANOVA) results for the circadian rhythm analysis of form change as a function of three characteristic weather groups.

Group Analysis of variance Weather features

F p Temperature Amplitude Sunshine minutes (total per day)

(a) “clear sky” 2.219 0.0665 very high >400

(b) “partly cloudy” 3.636 0.0065 pronounced but intermediate 100–400

(c) “overcast sky” 0.459 0.8063 small <100

Group size: a (n = 15), b (n = 13), and c (n = 11). The data correspond to Figure 11. The group b (“partly cloudy”) with medium amplitude in temperature yields the most
pronounced result for circadian rhythms.
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FIGURE 12 | Longitudinal section of a ripe mistletoe berry in
November. The green embryo with its clearly visible hypocotyl and
surrounding endosperm is encircled by the white pericarp. The otherwise
strong tension of the skin has collapsed because of the cutting needed for the
section (Photo: H. Ramm).

2012 and 2013 weather was foggy or the sky was overcast at the
time of measurements, which seemed to suppress the rhythmic
expression in λ change.

The Influence of Light
In our research the “usual suspect,” light, as major influence on
circadian rhythms, has not been exhaustively studied yet. For
instance, it would be necessary to further study the influence of
day length. Since we studied rhythm in a seasonal context the
impact of the light situation (for instance total sunshine minutes
per day) on the characteristic circadian pattern found, could
be of significance. Especially, in October and November when
the duration of daylight changes rapidly (in Middle Europe).
The time of minima and maxima might therefore vary from the
beginning to the end of the measurement period: in September,
for instance, there is at least one additional hour of light
compared with November. We measured berries only once per
hour (24 measurements per day), and therefore did not obtain a
high enough resolution for change in day length to resolve this
question. Measurements would be needed every 10 min or less to
detect possible (and most likely small) changes during the twilight
hours.

Knowledge of circadian rhythms is extensive and
sophisticated. Modifications to rhythms during the season
as an adaptation to changes in habitat conditions, or during
the day, for example when overcast sky situations can rapidly
alter the quality and quantity of light, have been discussed for
different organisms (Beersma et al., 1999; Dunlap, 1999; Pfeuty
et al., 2012).

The mistletoe berry has no testa, being a pseudo-fruit and
bearing a pseudo-seed with mostly one, but sometimes 2 and
rarely 3 to 5 embryos, each with a haustorium that emerges from
the endosperm, a hypocotyl and two rudimentary cotyledons.
As such it is probably sensitive to alterations in light quantity
and quality, since the new organism growing within the ripening
berry is already active in photosynthesis (Becker, 1986). Our
discovery that full sun exposure flattens the peak shape of
the 24 h-wave, contradicts an explanation of the rhythm as
an adaptation to photosynthesis of the embryo. Half-clouded
skies – conditions where the sun is not at full strength – seem
to be optimum for expression of the circadian rhythm. These
conditions are comparable with conditions in the morning and
evening, when the sun is lower, but light is present.

Daylight is the key factor for circadian clock entrainment. But
it changes in quality and quantity seasonally and during the day
due to changes in weather such as cloud-cover, and is therefore
neither a reliable nor a uniform environmental cue (Beersma
et al., 1999; Troein et al., 2011). Plants and other organisms
need to be adapted to such changes (Stoleru et al., 2004; Trivedi
et al., 2013). It is likely that a physiological study of mistletoe
berries will discover the effect of these influences (Büssing,
2000; Urech et al., 2006; Dorka et al., 2007), but our findings
tend to show that the outline form is not clearly dependent on
such factors. Light, by means of direct sunlight and radiation
is linked to temperature, a mayor possible influence on form
change as discussed in Section “Findings Relating to Weather
Influences.”

Mistletoe Physiology and Anatomy
The results presented here should be contextualized with
the berries’ anatomy and physiology, which we refer to
collectively as “internal” biotic factors. Anatomical structure
and physiological activities of the mistletoe berry are of great
interest, since the changes of shape must be accompanied
by anatomical rearrangements and alterations in physiological
processes (Azuma et al., 2000; Dorka et al., 2007).

Sap flow has been studied as a rhythmic circadian and
seasonal phenomenon especially in regard to the metabolism of
plants, which is subject to external influences (Zürcher et al.,
1998; Zürcher, 2001; Barbeta et al., 2012; Forster, 2014). Sap
flow has been studied in many species including various oak
subspecies (Ćermák et al., 1982; Granier et al., 1994; Barbeta
et al., 2012). Recently the topic gained attention in regard to
nocturnal sap flow (Dodd et al., 2005; Pfautsch et al., 2011;
Forster, 2014). In general the strong increase in xylem sap rise
from roots to leaves starts at sunrise (when light meets the leaves
and photosynthesis starts). In the broadly recognized cohesion-
tension theory, the factors responsible for this mechanism are
driven by transpiration, i.e., the sap flow rhythm is correlated
with sunlight and modified by temperature as well as humidity
in the environment. On a hot day or during a dry hot summer
(with light), as for example in Mediterranean countries, water
flow is reduced due to stomata aperture regulation to avoid
dehydration (Pfautsch et al., 2011; Barbeta et al., 2012). But
even under these conditions the diurnal change in water volume
rising in the tree starts at sunrise and rapidly decreases at dusk
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(Pfautsch et al., 2011). This is a rhythm quite different from
the one we found in the change of form in mistletoe berries.
Figure 4 shows the sine like rhythm of change of form of the
berries’ outline shape together with sunlight (sunshine minutes
per hour) and global radiation. According to the literature on
sap flow, these two parameters should quite accurately correlate
with sap flow, but they don’t correlate well with the change of
form. Thus tree xylem flow most probably is not the cause for
the rhythmic form change observed. The rhythm of the tides,
i.e., the moon’s influence, has also been subject of some studies
and would be worth looking at, especially since it has generated
much controversial discussion (Zürcher et al., 1998; Vesala et al.,
2000; Zürcher, 2001; Barlow et al., 2010). Causes of any detected
rhythms in sap flow would demand a similar or even synchronous
study of sap flow in the host tree and the mistletoe growing on
it. To our knowledge no such study yet exists and it would be a
good candidate for further research where the interaction of host
tree and mistletoe (mutual or parasitic relationship) could be the
focus.

Little is known about transpiration of mistletoe berries. They
seem to have a cuticle that effectively prevents evapotranspiration
(Sallé, 1983; Büssing, 2000). Still, in principle, it could be possible
that sap or water flow from the host tree into the mistletoe bush
(stem and leaves) also affects the mistletoe berry even though
the latter most probably doesn’t need water for transpiration.
However, as discussed above, tree sap flow cannot be the only
cause of the change of form of the mistletoe berries.

A mistletoe berry exhibits specific anatomical features. The
green embryo and endosperm lie in the berry’s center and are
surrounded by the pericarp. The mesocarp develops as the main
substance of the berry – a whitish, transparent, soft, and glue-
like material. The mesocarp is composed of inner elongated
cells and outer vacuolated cells. The elastic and flexible skin
(epicarp) has a thick cuticle (Sallé, 1983) (see Figure 12). These
anatomical features, in principle, should enable the occurrence
of a dynamic form change. Further detailed investigations of
the underlying changes in the anatomical structures and the
physiological processes are needed to provide a rationale for the
specific shape changes observed.

The germination of a mistletoe embryo starts by end of
September. The hypocotyl then begins to grow toward the
epicarp. In cross sections one can see that it breaks through
the endocarp and, after January, changes the outline shape of
the berry (its skin) since it pushes from inside against it. In
December the hypocotyls (there can be one, in some cases two
or even 3–5 embryos per berry) can be clearly seen through the
transparent skin. Unpublished measurements about the weight
of the berries show a steady increase of weight until the end
of December (Urech, personal communication). This probably
is due to the embryos’ growth. Whether this weight gain is
paralleled by a growth in size of the whole berry, cannot be
stated (λ is a dimensionless ratio). Increase in weight could also
be explained by an increase in density. But this result suggests
that the mistletoe berries we observed in October were still in a
ripening phase. If the change of form has to do with the ripening
process, it might be a rhythmical growing process or be induced
by the physiological activity of the embryo.

Methods
Within the present research project a new method for studying
rhythms on a macro-phenotypic scale was developed: the
detection of rhythmic changes in living objects in situ by
controlled outdoor photography and mathematical processing
to fit the projective geometrical forms. In a former publication
(Derbidge et al., 2013) we reported on the algorithms and
software used for this study. The present paper focuses on the
handling of mistletoe, the photography and the equipment used.
Overall the results demonstrate the robustness and reliability
of the method itself. Questions and problems of the newly
developed method will be identified and discussed below.

The procedure used allows photography to be undertaken in a
situation as natural as possible, and guarantees the comparability
and uniformity of picture series, i.e., equal lighting of pictures
taken in daylight and in artificial lighting at night, for purposes
of comparison. Most importantly, it minimizes the variation of
angle and distance between lens and object.

The outdoor situation sometimes results in unpredictable
elements. Extreme weather situations such as storms or a sudden
drop of temperature can bias the data or lead to missing data
due to damage to the plant. For example, a very sudden drop
in temperature, associated with a rapid increase in relative air
humidity, can fog the lens. Storms can make the tree shake so
much that the fixed stem with the berry can change position
or even break; and identical repositioning is not possible. In
addition, natural “hazards” can occur, such as the berries being
eaten by birds. Flies and other insects were seen on some
pictures, making them useless for measurements. Fungi and
insects find favorable conditions in the sheltered situation during
summertime, which means that the roof and side protection of
the hut have to be removed in summer.

The cameras and the other outside equipment need to
function in a temperature range from −15 to +35◦C. This is
quite a technical challenge. Thus the status quo described is a
compromise, yet one that meets our needs and proved successful.

The hut construction leads to very small, but measurable
greenhouse effects on warm, sunny days. A possible influence
could not be estimated in the present experimental setting;
a closed, air-conditioned system would be necessary for
comparison.

Certain other influences could not or cannot easily be
detected. For instance, do the LED flashlights (Jeong et al., 2012)
or the electromagnetic fields around the berries (arising from the
camera, the light and the “trigger-finger”) influence or distort the
biological object? And if so, how severe is the influence and/or is
it negligible?

To reduce the influence of the artificial lighting, it is set to
turn on each hour for only 3 s with a smooth run-in and fade-out
phase. Nevertheless it is not possible to eliminate the possibility
of light influence since light is regarded as the most important
trigger in chronobiology (Young and Kay, 2001; Dunlap et al.,
2004).

The need to obtain optimum photographic contours of the
berries with negligible biological effects necessitated a long
sequence of experiments, and some aspects could still be
improved. However, the methods used are well-suited to the
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task and yielded robust results. As shown elsewhere (Derbidge
et al., 2013) and confirmed here, a compromise between external
observation and repeatable and comparable results is possible.

Research Questions Raised by the
Results
The demonstrated fact, that the change in profile form of a
biological organ (a mistletoe berry) can be accurately described
with a particular mathematical form (a path curve from
projective geometry), and about using path curves in describing
the dynamics of form in phenotype, invite questions about the
link between form and biology. The phenomena observed could
open up new aspects in this field, which is a highly topical one
in current biology (Müller and Newman, 2003; Dornbusch et al.,
2012; Newman and Linde-Medina, 2013). A next step could be
to enquire further into the physiological origin of the change of
form.

Many scientific and laymen authors have been fascinated by
the occurrence of mathematical form in biology (Arber, 1950;
Kappraff, 2002), yet they rarely explain scientifically how that
correlation comes about. In some cases, such as golden section
geometry in the seed order of a sunflower, the phenomenon
can be explained by means of optimum space use as a useful
adaptation. Yet the precise adaptation values of those forms or
patterns has not, or cannot be explained, because many other
options would lead to similar success (Müller and Newman,
2003; Dornbusch et al., 2012; Newman and Linde-Medina, 2013).
Ultimately the old questions (e.g., “what is form?”) remain, and
we will probably continue to ponder them for as long as scientists
seek to understand how form and structure arise in evolution in
an ordered and purposeful way (West-Eberhard, 1989; Waldrop,
1992; Carroll, 2005; Kirschner and Gerhart, 2006; Holland, 2010).

Future Research
The results presented here are pertinent and raise a wide
range of questions for future studies. Ongoing research will
continue to focus on rhythms and their correlations at a macro-
phenotypic level. Further research is needed to explain and better
understand the connection between form and function in the
case of rhythmic change of shapes. As yet we do not know
how general it is for plant organs to follow a mathematical or
projective geometrical form. But clearly, “form follows function”
is not a satisfying answer here, since there is no recognizable
function prior to the phenomenon. If fruiting and ripening have
a biological function alongside the obvious and well-studied
function of seed production, further research may change how
we look at plants in many ways. The empirical data introduced
here need to be integrated into a theoretical context, which could
open up a novel field of potential inquiries. One of the first

steps would be, for instance, to examine other plants (fruits) to
discover whether the phenomenon of rhythmic change of form
in mistletoe is an exception or not. Likewise, it would be of
great interest to study morphological change in different species
to ascertain differences from or similarities to the phenomena
identified here.

The results of the present study set a clear path to continue
the investigation and extend its applications to different objects
that follow path curves, such as other berries, buds, and to other
research. As showed by Edwards (2006), the heartbeat can be
also modeled with path curves. This may be true of other living
organisms and processes that have not yet been explored in this
way.
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Barlow, P. W., Mikulecký, M., and Střeštík, J. (2010). Tree-stem diameter fluctuates
with the lunar tides and perhaps with geomagnetic activity. Protoplasma 247,
25–43. doi: 10.1007/s00709-010-0136-6

Baumgartner, S., Flückiger, H., and Ramm, H. (2004). Mistletoe berry shapes and
the zodiac. Archetype 10, 1–20.

Becker, H. (1986). Botany of European mistletoe (Viscum album L.). Oncology
43(Suppl. 1), 2–7. doi: 10.1159/000226413

Beersma, D. G., Daan, S., and Hut, R. A. (1999). Accuracy of circadian entrainment
under fluctuating light conditions: contributions of phase and period response.
J. Biol. Rhythms 14, 320–329. doi: 10.1177/074873099129000858

Bell-Pedersen, D., Cassone, V. M., Earnest, D. J., Golden, S. S., Hardin, P. E.,
Thomas, T. L., et al. (2005). Circadian rhythms from multiple oscillators: lessons
from diverse organisms. Nat. Rev. Genet. 6, 544–556. doi: 10.1038/nrg1633

Büssing, A. (2000). Mistletoe. The Genus Viscum. Reading: Harwood Academic
Publishers.

Carroll, S. (2005). Endless Forms Most Beautiful: The New Science of Evo Devo.
New York City, NY: W. W. Norton & Company.
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In order to be successful in a given environment a plant should invest in a vein
network and stomatal distribution that ensures balance between both water supply
and demand. Vein density (Dv) and stomatal density (SD) have been shown to be
strongly positively correlated in response to a range of environmental variables in
more recently evolved plant species, but the extent of this relationship has not been
confirmed in earlier diverging plant lineages. In order to examine the effect of a
changing atmosphere on the relationship between Dv and SD, five early-diverging plant
species representing two different reproductive plant grades were grown for 7 months
in a palaeo-treatment comprising an O2:CO2 ratio that has occurred multiple times
throughout plant evolutionary history. Results show a range of species-specific Dv and
SD responses to the palaeo-treatment, however, we show that the strong relationship
between Dv and SD under modern ambient atmospheric composition is maintained
following exposure to the palaeo-treatment. This suggests strong inter-specific co-
ordination between vein and stomatal traits for our study species even under relatively
extreme environmental change. This co-ordination supports existing plant function
proxies that use the distance between vein endings and stomata (Dm) to infer plant
palaeo-physiology.

Keywords: vein density, stomatal density, co-ordination, plant growth chambers, palaeo-atmosphere

INTRODUCTION

Global diversity in plant and leaf architecture reflects a plasticity in morphology that allows plants
to survive in a range of environments (Díaz et al., 2016). In this current era of rapid climate
change, understanding the relationships between plant morphological traits and how they might
be influenced by the surrounding environment is of the utmost importance, enabling predictions
of plant responses over the coming decades as atmospheric carbon dioxide (CO2) rises. Plants
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are a critical component of the hydrological cycle, influencing the
amount of water vapor that is returned to the atmosphere via
the process of transpiration (Rodell et al., 2015). The predicted
future increases in CO2 and global temperatures will have an
impact on plant physiological function and morphological traits
and will consequently influence the hydrological cycle (Gedney
et al., 2006; Betts et al., 2007). The present study focuses on vein
and stomatal density (SD), two plant morphological traits that
play a pivotal role in the transpirational pathway, and attempts
to understand how one may influence the other as a plant
encounters environmental change.

Stomata are microscopic pores on a leaf surface that regulate
gas exchange. CO2 from the atmosphere which is essential for
photosynthesis is exchanged for water vapor from the inside of
the leaf (Jones, 1992). Stomata respond to environmental cues,
opening in response to increasing light, low carbon dioxide,
and high humidity (Assmann, 1999; Outlaw, 2003; See review
by Roelfsema and Hedrich, 2005; Vavasseur and Raghavendra,
2005; Shimazaki et al., 2007; Lawson, 2009). Stomatal opening
results in an increase in stomatal pore aperture which leads to
an increase in both carbon uptake and water loss from the leaf.
SD is the number of stomata per mm2 of leaf tissue and it is
determined by various genetic (Nadeau and Sack, 2002; Shpak
et al., 2005) and environmental factors (McElwain and Chaloner,
1995; Woodward and Kelly, 1995; Casson and Gray, 2008).
A change in SD alters gas exchange along the plants’ diffusional
pathway, influencing transpiration and therefore water demand.
Veins are found in the leaves of plants, and are differentiations
of the vascular bundles that transport water and nutrients from
the soil to leaves, as well as sucrose from leaves to the storage
sites of the plant (Sack and Holbrook, 2006). A network of major
and minor veins (some species only have major veins) carries
water throughout the leaf tissue to the stomata where it is lost to
the atmosphere as water vapor. Vein density (Dv) is the length
of veins per leaf area (mm mm−2), and in angiosperms it is
determined predominantly by the minor veins, as they make up
>80% of the total vein length of the leaf (Sack et al., 2012).
Minor vein density has been shown to be an important functional
plant trait, exerting a strong influence over xylem conductivity
(Kx) and outside xylem conductivity (Kox), parameters that
determine leaf hydraulic conductance (K leaf) (Sack and Frole,
2006; McKown et al., 2010). Thus it could be said that in the same
way that SD and size influence the water demands of a plant, the
vein architecture influences its water supply.

In order to be successful in a given environment a plant should
invest in a vein network and stomatal distribution that ensures
balance between both water supply and demand. Maintaining this
balance via co-ordinated shifts in venation and stomatal traits
should ensure that the plant is operating at optimal efficiency
in terms of carbon uptake and water loss, conforming to the
optimality principle (Sack and Scoffoni, 2013). Previous studies
have found a strong relationship between Dv and SD in response
to light (Brodribb and Jordan, 2011) and vapor pressure deficit
(Carins Murphy et al., 2014) in certain derived plant species
and between SD and transpiration (T) across a range of ferns,
conifers, and angiosperms from both tropical and temperate
ecosystems (Boyce et al., 2009). Dv and SD have been shown

to be strongly correlated with modeled maximum theoretical
stomatal conductance (gmax) in a diverse range of Proteaceae
species (Brodribb et al., 2013). Furthermore, a recent study
using a range of modern and basal plant species grown in
greenhouse conditions has also reported a strong correlation
between Dv and gmax (McElwain et al., 2016b), suggesting that
this balance does indeed exist. Moreover, other studies combine
anatomical and physiological measurements to uncover the links
between the architectural properties of a leaf and photosynthetic
potential. For example, a proxy for leaf photosynthetic capacity
has been developed based on the mesophyll path length (Dm)
between vein endings and stomata. In multi-veined species, veins
should be optimally placed to minimize Dm ensuring maximum
photosynthetic capacity (Brodribb et al., 2007). These results
together demonstrate the potential link between leaf hydraulic
morphology and photosynthetic physiology and also highlight
the ability of plants to maintain a balance between leaf phenotypic
traits under environmental change.

The co-ordination between water supply (Dv) and demand
(SD) traits is critical to plant success and the relationship between
the two seems to be conserved across the major plant groups
under present day atmospheric conditions (Boyce et al., 2009;
Brodribb and Jordan, 2011; Brodribb et al., 2013; Carins Murphy
et al., 2014; McElwain et al., 2016b). However, it is not known
whether this relationship is maintained when levels of oxygen
(O2) and CO2 in the atmosphere change. Co-ordination between
these two morphological traits may have been critical throughout
the past 400 million years during times of fluctuating atmospheric
O2 and CO2. Maintaining this balance between water supply
and demand may have allowed certain species to operate more
efficiently in their environment. For example, it has been widely
proposed that the co-evolution of leaf traits (an increase in Dv
and SD) during the Cretaceous decline in atmospheric CO2
allowed angiosperms to outcompete other plant groups as they
transitioned from predominantly moist to drier habitats (Boyce
and Zwieniecki, 2012; de Boer et al., 2012; McElwain et al.,
2016b).

Stomatal density has been shown to be inversely proportional
to atmospheric CO2 (McElwain and Chaloner, 1995; Woodward
and Kelly, 1995; Beerling and Woodward, 1996; Royer, 2001;
Konrad et al., 2008; Franks and Beerling, 2009a,b) and it
has been accepted as a palaeo-environmental proxy for CO2
on this basis. Studies examining SD responses to concurrent
changes in atmospheric O2 and CO2 are scarce, as are those
investigating Dv responses to atmospheric change. In one of the
few studies, examining both living and herbarium material of
Acer monspessulanum L. and Quercus petraea Liebl, no change
was observed in Dv in response to an increase in CO2 from
280 to 350 ppm (Uhl and Mosbrugger, 1999). However, in
other studies Dv has been shown to respond to environmental
change (Brodribb and Jordan, 2011; Sack and Scoffoni, 2013;
Carins Murphy et al., 2014) and has also been used in models
to predict both atmospheric carbon dioxide partial pressure
and temperature (Blonder and Enquist, 2014). Furthermore, Dv
has the potential to be a useful palaeo-environmental proxy,
as venation networks are often preserved in fossilized plant
material. For example, studies have shown an increase in Dv
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in angiosperms during the Cretaceous period when CO2 was
declining (Feild et al., 2011a; Boyce and Zwieniecki, 2012).

Using a range of early diverging plant species (Figure 1),
this study examines for the first time the effect of changing
atmospheric conditions on the relationship between Dv, SD,
and gmax. Using four angiosperm and one fern species, the
plasticity and co-ordination of these morphological plant traits
was assessed in a low O2/high CO2 atmosphere. In the context
of this study, co-ordination in plant traits refers to either
inter-specific or intra-specific co-ordination. Inter-specific co-
ordination is taken to mean an observable trend in morphological
plant traits across the experimental species. Intra-specific co-
ordination on the other hand, is when the direction of change of
plant traits is the same within a single species. We acknowledge
that the number of species studied here is relatively small and
experimental conditions limited to one palaeo-treatment, and
as such, results discussed here are merely intended to be a
suggestion of the possible behavior of early diverging plant
species under changing atmospheric conditions. Further studies
using a wider range of species and palaeo-treatments will build
on the current study and will allow more robust conclusions to
be drawn.

Results were used to determine the robustness of plant
function proxies that rely on co-ordination in morphological
traits (such as the use of Dm as a proxy for palaeo-assimilation
rate (Brodribb et al., 2007; Wilson et al., 2015)), specifically when
applied at times of the geological past when the atmospheric
composition was different from that of today. Theoretical
maximum stomatal conductance (gmax) is a plant functional
trait calculated using both SD and anatomical measurements of
stomatal geometry (Franks and Beerling, 2009a). This trait has

FIGURE 1 | Diagram illustrating the phylogenetic placement of
selected experimental plant species. Constructed using
http://www.mobot.org/MOBOT/research/APweb/.

been used in palaeo-CO2 proxy models (Franks et al., 2014)
to infer past CO2 levels from the stomatal conductance (gs) of
ancient fossil species. The extent of the relationship between gmax
and operational stomatal conductance (gop) has been shown in
two angiosperm species (Franks et al., 2009; Dow et al., 2014) and
more recently in a range of basal angiosperm, gymnosperm, and
fern species (McElwain et al., 2016b). Across this range of basal
species gmax and gop were found to be strongly related (r2

= 0.54),
with a scaling relationship of gop = 0.25 gmax. Therefore gmax
was used in the current study as a means to infer changes in
physiological behavior with a change in the concentration of O2
and CO2 and to relate this to changes in Dv.

MATERIALS AND METHODS

Species and Growth Conditions
Plant species from two different evolutionary plant groups, ferns
(Cyathea australis) and angiosperms (Chimonanthus praecox,
Magnolia delavayi, Cornus capitata, and Zantedeschia aethiopica),
were grown for approximately 7 months in Conviron (Winnipeg,
MB, Canada) BDW-40 walk-in plant growth chambers at
PÉAC (Programme for Experimental Atmospheres and Climate),
Rosemount Environmental Research Station, University College
Dublin. For each of these plant groups, the earliest diverging
species obtainable from each plant family was used in order to
follow the nearest living relative (NLR) protocol (Mosbrugger,
2009), whereby the responses of extant plant species can be
said to reflect the responses of their extinct relatives. Growth
conditions were set to ambient (two chambers at 21% O2 and
400 ppm CO2, O2:CO2 ratio of 525) and a palaeo-treatment of
low O2/high CO2 (three chambers at 16% O2 and 1900 ppm CO2,

O2:CO2 ratio of 84.21). These conditions represent prehistoric
modeled atmospheres (Bergman et al., 2004; Berner, 2009) that
likely occurred multiple times throughout the last 400 million
years, for example in the Devonian (∼ 419–359 mya), the late
Triassic (∼ 218–201 mya), and Jurassic periods (∼ 201–145 mya)
(Willis and McElwain, 2014). Plants were given water and
nutrients according to the individual species requirements (See
Supplementary Table S1). Chambers were set to a 16 h day/8 h
night schedule, with day/night temperatures of 20◦C/15◦C,
relative humidity of 65% and a photosynthetic photon flux
density (PPFD) of 600 µmol m−2 s−1.

SD, Dv, and gmax Quantification
SD and Dv were quantified on three leaves per plant, and
three to four plants per species per treatment using a modified
vein density protocol (Berlyn and Miksche, 1976; Perez-
Harguindequy et al., 2013). Leaves were cleared in 5% NaOH,
bleached, and then brought through a series of 30, 50, 70, and
100% ethanol. Leaves were then stained using Safranin and Fast
Green before being brought back through the ethanol series in
the reverse order (100–30% ethanol). Leaves were then suspended
in distilled water before being mounted on glass slides for
microscopy. For SD quantification, multiple images (on average
six images) were taken over an area of approximately 1 cm2 per
leaf and stomatal counts performed using Image J software inside
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a superimposed grid of 0.09 mm2 on each image (this area was
already determined to be the most representative of the entire
leaf using the protocol of Poole and Kürschner (1999) from Jones
and Rowe (1999)). For Dv quantification, images were taken on
three areas of each leaf (an area of approximately 2 mm2 near
the tip, center, and bottom of the leaf near the petiole) and
using Image J software the length of veins in these areas was
manually traced (using a Wacom Intuos4 pen tablet) and Dv
calculated in Excel. Minor Dv is independent of leaf size and
accounts for the majority (>80%) of total vein length per area
in most angiosperms (Sack et al., 2012), therefore vein length
per area was calculated only on minor veins (quaternary orders
upward), major veins being excluded from analysis. Images were
taken using a Leica DM2500 microscope with Leica DFC300FX
camera (Leica R© Microsystems, Wetzlar, Germany) attached
and Syncroscopy Automontage (Synchroscopy, Cambridge, UK)
digital imaging software was used to impose grids and scale bars
on each image.

For gmax quantification, anatomical measurements of 90 to
120 stomata per species and per treatment were obtained using
the same images used for SD determination (See Table 1 for
parameter values). gmax was calculated using the following
diffusion equation (Parlange and Waggoner, 1970; Franks and
Beerling, 2009a):

gmax =

(
dw
ν
· SD · pamax

)
pd + 5

2 ·
√

pamax
5

(1)

dw = diffusivity of water vapor at 25◦C (0.0000249 m2 s−1),
ν = molar volume of air (0.0224 m3 mol−1), SD = Stomatal
density (m−2), pamax = max stomatal pore area (m2),
pd= stomatal pore depth (m). The maximum stomatal pore area
was calculated (treating the pore as an ellipse) by using stomatal
pore length as the long axis, pore length/2 as the short axis and
taking the stomatal pore depth as being equal to the width of
a fully turgid guard cell (Franks and Beerling, 2009a,b). It is
important to note here that guard cells examined in the current
study were not experimentally maintained at maximum turgor
before anatomical measurements were made. Even though this
might lead to a slight underestimation of gmax, this approach is
in line with that used in many other palaeo-studies (Franks and
Beerling, 2009a,b).

Vein density responses of a selection of
non-angiosperm species from 2009
palaeo-experiment
In order to assess whether other non-angiosperm species show
a change in Dv under different atmospheric compositions, dried
plant material from a previous palaeo-experiment was analyzed
for Dv. Representatives of both the gymnosperms (Agathis
australis, Lepidozamia peroffskyana, and Ginkgo biloba) and
ferns (Osmunda regalis) were grown for 18 months in walk-in
Conviron growth chambers in both an ambient and low O2/high
CO2 atmosphere (Ambient treatment: 20.9% O2 and 380 ppm
CO2, low O2/high CO2 treatment: 13% O2 and 1500 ppm CO2, TA
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O2:CO2 ratios 552.63 and 86.67, respectively). These species
have either parallel or dichotomously branching major veins,
therefore it was not necessary to clear and stain leaves for Dv
observation. Dv was calculated on one leaf per plant and three
plants per species per treatment. Leaves were imaged using a
Nikon SMZ1000 stereomicroscope with Leica DFC490 camera
attached (Leica R© Microsystems, Wetzlar, Germany), and using
Image J software the length of veins was manually traced and Dv
calculated in Excel in an area between 20 mm2 and 60 mm2.

Statistical Analysis
Data were first checked for normal distribution and Generalized
Linear Models were run in Minitab (version 16.1.1) statistical
software to investigate differences in SD, Dv, and gmax between
treatments. Minitab (version 16.1.1) statistical software was also
used for correlation tests, boxplot representation of data, and to
graphically display percent changes in SD, Dv, and gmax. RStudio
(version 0.99.489) was used for Standardised Major Axis (SMA)
regression analysis and for scatterplot representation of data.

RESULTS

Species show a varied and species-specific response in SD, Dv, and
gmax to the palaeo-treatment (Figure 2; Table 1). A significant
decrease in SD is seen in two species (Chimonanthus praecox
shows a 24% and Zantedeschia aethiopica a 34% decrease),
Magnolia delavayi and Cyathea australis show a non-significant
yet noticeable decrease (8 and 15%, respectively), and another
angiosperm (Cornus capitata) shows a small (9%), but non-
significant increase (Figures 2A and 3). Dv shows a similar mix
of responses, three of the species show a significant decrease
(Chimonanthus praecox, Zantedeschia aethiopica, and Cyathea
australis decrease by 15, 12, and 17%, respectively), Magnolia
delavayi shows a very slight (2%) yet non-significant increase, and
Cornus capitata shows a significant (14%) increase (Figures 2B
and 3). Two of the angiosperm species (Chimonanthus praecox
and Zantedeschia aethiopica) show a significant decrease in gmax
(16 and 32%, respectively) in response to the palaeo-treatment,
with Magnolia delavayi showing a non-significant decrease
(11%), Cornus capitata a non-significant increase (15%), and
Cyathea australis a non-significant decrease (2%) (Figures 2C
and 3). See Supplementary Table S2 for results of generalized
linear models (F and associated p-values).

Three out of four angiosperm species (Chimonanthus praecox,
Cornus capitata, and Zantedeschia aethiopica) and the fern species
Cyathea australis demonstrate intra-specific co-ordination of Dv,
SD, and gmax in response to the palaeo-treatment (Figure 3). This
co-ordination is evident even though one angiosperm species
(Cornus capitata) shows an increase in all three parameters while
the remaining species show a decrease. Magnolia delavayi shows
co-ordination in two plant traits in response to the palaeo-
treatment (SD and gmax), however, co-ordination is lacking
between both of these parameters and Dv.

The positive relationship between Dv and SD (Figure 4A)
is strong under ambient conditions (Pearson’s correlation
coefficient: r = 0.91, SMA regression: r2

= 0.82) and it persists

in the palaeo-treatment (r = 0.86, r2
= 0.73). Similarly, Dv and

gmax (Figure 4B) show a strong relationship under both the
ambient (r = 0.87, r2

= 0.76) and palaeo-treatment (r = 0.73,
r2
= 0.53). The slopes of the regression lines between Dv and SD

and Dv and gmax are not significantly different in the ambient
and palaeo-treatments (Dv = 0.01SD + 2.53 for ambient and
Dv = 0.01SD+ 2.39 for palaeo-treatment; Dv = 0.003gmax + 2.85
for ambient and Dv = 0.003gmax + 2.66 for palaeo-treatment.

DISCUSSION

SD, Dv, and gmax Responses to Low
O2/High CO2
Results of the current study reflect variability in SD responses to
atmospheric change. The inverse relationship between SD and
CO2 has been well documented in the literature using both fossil,
herbarium, and living plant material (Woodward and Kelly, 1995;
McElwain and Chaloner, 1995; Beerling and Woodward, 1996;
Royer, 2001; Konrad et al., 2008; Franks and Beerling, 2009a,b).
However, this inverse relationship is not universal across all
species (Beerling and Kelly, 1997; Haworth et al., 2013). Stomatal
responses to O2 are not well documented in the literature to date.
The few existing studies, however, show an increase in stomatal
index (ratio of stomata to epidermal cells or SI) in response to
growth in 35% O2 (Beerling et al., 1998), and a range of SD and SI
responses to growth in a combined low O2/high CO2 treatment,
as well as to separate low O2 and high CO2 treatments (Haworth
et al., 2013).

The observed decrease in Dv in the majority of species exposed
to the palaeo-treatment is likely a consequence of an overall
lower water demand due to stomatal optimisation in a high
CO2 atmosphere. Reduced gs in response to high CO2 has been
shown in previous studies (Haworth et al., 2013). This overall
reduction in SD and Dv reflects a balance between water supply
and demand in the palaeo-treatment, and the overall result
would likely be a reduction in allocation of resources to non-
essential veins and stomata, and a maximization of resource use.
It is important to acknowledge that the SD and Dv responses
observed in the current study cannot be attributed to either
low O2 or high CO2 alone without undertaking additional and
separate sub-ambient O2 and elevated CO2 growth experiments
using the same species. For the purposes of this analysis,
suffice it to say that any SD and Dv responses are the result
of the specific O2:CO2 ratio in the palaeo-treatment growth
chambers.

It is noteworthy that only two of the studied species
(Chimonanthus praecox and Magnolia delavayi) have vein
densities higher than 6 mm mm−2 (Figure 2B), the ‘critical vein
density’ (Feild et al., 2011a; de Boer et al., 2012) that angiosperms
are thought to have surpassed as they rose to dominance in the
Cretaceous. This emphasizes the similarity between our chosen
study species and those very early evolving angiosperms that
had vein densities as low as non-angiosperms (Brodribb and
Feild, 2010; Boyce and Zwieniecki, 2012). The significant Dv
decrease seen in the fern species (Cyathea australis) is interesting
(Figure 2B), as it is thought that non-angiosperm species are
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FIGURE 2 | Changes in (A) SD, (B) Dv, and (C) gmax of experimental species in response to the palaeo-treatment. Different letters signify a significant
difference between treatments. A, ambient treatment; P, palaeo-treatment. ∗symbols denote outliers.

incapable of altering their vein architecture in the same way that
angiosperm species can (Boyce et al., 2009; de Boer et al., 2012).
Non-angiosperms seem to exhibit limited plasticity in Dv when
exposed to a long-term palaeo-atmospheric treatment (Figure 5).

Examination of archived leaf material of three gymnosperms
and one fern species from a 2009 palaeo-experiment (Haworth
et al., 2013) shows that growth in a low O2/high CO2 atmosphere
results in a change in Dv in one gymnosperm species (Agathis
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FIGURE 3 | Percent change in SD, Dv, and gmax of experimental species.

australis), but has no effect on Dv in the remaining species (two
gymnosperms and one fern). These non-angiosperms have vein
densities below 2 mm mm−2 and all have either parallel or
dichotomously branching major vein networks, implying that
this vein configuration may lack developmental plasticity. The
major veins of non-angiosperms are generally thicker in diameter
and their xylem anatomy is distinct from that of the angiosperms,
lacking an important feature that is believed to be paramount in
the proliferation of minor veins, vessels with simple perforation
plates. Only angiosperms evolved these less resistive perforation
plates, and this in conjunction with the development of thinner
minor veins may have allowed this plant group to outperform
non-angiosperms (Feild and Brodribb, 2013). Angiosperms also
possess vein endings that are diffuse or dispersed throughout the
leaf allowing them to develop more reticulate venation patterns,
whereas gymnosperms with their marginal vein endings lack this
ability (Boyce, 2005). An important implication of the current
findings is that some angiosperm species are able to alter their
vein density on a developmental time-scale in response to a
change in atmospheric composition; studies to date have only
discussed CO2-driven Dv changes across evolutionary time-
scales (Brodribb and Feild, 2010; Boyce and Zwieniecki, 2012;
McElwain et al., 2016b). Results of the current study indicate that
at least in some early diverging species, Dv is a plant functional
trait that can respond dynamically to atmospheric change.

Relationship between Dv, SD, and gmax
The strong relationship observed in both the ambient and palaeo-
treatment between Dv and SD (Figure 4A) demonstrates inter-
specific co-ordination in two morphological plant traits that
determine hydraulic supply and demand across different plant
lineages and under a changing atmosphere. Furthermore, the
robust relationship observed between Dv and gmax (Figure 4B)

demonstrates that morphology has the potential to influence
the physiological behavior of these species, via the strong
relationship already found between gmax and gop (Franks et al.,
2009; Dow et al., 2014; McElwain et al., 2016b). Examining the
direction of change in the morphological traits for each species
it is clear that a high degree of intra-specific co-ordination
is also occurring (Figure 3). Three out of four angiosperm
species and the fern species show intra-specific co-ordination
in Dv, SD, and gmax in response to the palaeo-treatment. Co-
ordination between traits that determine the water relations
(supply and demand) of a plant is critical for its survival. For
example, an increase in SD and/or gmax would increase the
evaporative demands of the plant and without a corresponding
increase in Dv (to match the increase in water demand with
an increase in hydraulic supply) the plant would be mal-
adapted to its environment and would most likely not survive.
The opposite scenario would not be as detrimental to plant
survival, however, a decrease in SD and/or gmax without a
corresponding decrease in Dv would result in a waste of resources,
the construction of veins being costly to the plant (Sack and
Scoffoni, 2013). This ability to co-ordinate morphological traits
under a changing atmosphere likely occurred throughout plant
evolutionary history as the composition of atmospheric O2
and CO2 fluctuated, allowing certain plant species to adapt
and survive. During the Cretaceous decline in atmospheric
CO2 for example, it is thought that angiosperms were able
to increase their gas exchange capacity (thereby increasing
photosynthetic rates) by evolving smaller stomata (Franks and
Beerling, 2009a), and by increasing both the density of stomata
on the leaf surface and the density of veins (Boyce et al., 2009;
Brodribb and Feild, 2010; de Boer et al., 2012; McElwain et al.,
2016b). Furthermore, angiosperms that surpassed the ‘critical
vein density’ of 6 mm mm−2 were able to out-compete the
gymnosperms and ferns in niches with high evapotranspirational
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FIGURE 4 | SMA regression showing the relationship between (A) Dv and SD, Dv = 0.01SD + 2.53 for ambient and Dv = 0.01SD + 2.39 for
palaeo-treatment, and (B) Dv and theoretical maximum stomatal conductance (gmax), Dv = 0.003gmax + 2.85 for ambient and Dv = 0.003gmax + 2.66
for palaeo-treatment. Each data point represents a single leaf with the exception of Cyathea where data points represent the average per plant.

demand where an increase in water supply to the leaf would
have been necessary for survival (de Boer et al., 2012). Higher
vein densities have been suggested to confer a higher capacity for
CO2 uptake and an increased range of gop; this would explain
the ability of angiosperms to expand to such diverse habitats
and to outcompete species that are more constrained in their
venation and hence gas exchange capacity (McElwain et al.,
2016b). A recent study suggests that angiosperms are indeed
hydraulically optimized for a diverse range of environments,
achieving this by maintaining an equal vein to vein and vein
to evaporative surface distance in the leaf (Zwieniecki and
Boyce, 2014). Ferns are under-invested hydraulically due to their
thin leaves and large vein to vein distances, and while some
gymnosperms do approach optimal investment by producing

thicker leaves in more water-demanding environments, they are
as a group sub-optimal in terms of vein placement (Zwieniecki
and Boyce, 2014).

The current study supports these theories by demonstrating
a higher degree of plasticity in Dv in some early diverging
angiosperms in response to a changing O2:CO2 ratio, compared
to the studied gymnosperms and ferns (Figure 5). It is
interesting, however, that examined non-angiosperm species
from the 2009 palaeo-experiment show limited plasticity in Dv
as well as in SD (see SD results for these non-angiosperm
species reported in Haworth et al., 2013). This demonstrates
that while these species do not show a high degree of
morphological plasticity in response to a changing atmosphere on
experimental time-scales comparable to the studied angiosperms,
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FIGURE 5 | Comparison of the Dv responses of gymnosperms, ferns, and angiosperms to growth in low O2/high CO2 conditions. Different letters signify
a significant difference between treatments. A, ambient treatment; P, palaeo-treatment. ∗symbols denote outliers.

they do demonstrate similar co-ordination in leaf morphological
traits.

Furthermore, these results suggest that angiosperms are not
only capable of showing morphological plasticity in response to
rising O2 and declining CO2 (Boyce et al., 2009; Feild et al.,
2011a; de Boer et al., 2012), but also to declining O2 and high
CO2 conditions. The robust positive relationship observed here
between the density of veins and stomata strongly supports
the theory suggested by Brodribb et al. (2007), whereby multi-
veined leaves optimize the placement of veins in relation to
stomata so that the distance water needs to travel through
the resistive mesophyll (Dm) is minimized. Although Dm was
not directly measured in this study, the morphological co-
ordination observed suggests that any change in Dv will elicit
a corresponding change in SD or vice versa, allowing the leaf
to minimize the distance between veins and stomata, and to
maximize photosynthetic performance and operational efficiency
of the leaf.

Implications for Past Plant–Atmosphere
Interactions
The experimental species examined show a species-specific and
varied response to growth in the palaeo-treatment, yet the strong
positive relationship between Dv and SD persists (Figure 4A).
Furthermore, the positive relationship observed between Dv and
gmax (Figure 4B) demonstrates the link between hydraulic and
gas exchange/diffusional processes in these species, as shown
in previous studies (Sack et al., 2003; Boyce et al., 2009;
Brodribb and Feild, 2010; Feild et al., 2011b; McElwain et al.,
2016b). The finding that Dm is most likely maintained under
changing atmospheric conditions (due to the intra-specific co-
ordination between Dv and SD) has important implications
when attempting to understand plant–atmosphere interactions
throughout the last 400 million years of plant evolution.

A lack of co-ordination in Dv and SD on developmental time-
scales would result in a plant that is morphologically and
physiologically out of sync, negatively impacting operational
efficiency and overall fitness under changing atmospheric
conditions. Furthermore, plant species that exhibited plasticity
in these morphological traits under a changing atmosphere
would likely have had an ecological advantage over plant species
that were morphologically inflexible, being able to maximize
their photosynthetic capacity as the surrounding environment
changed (McElwain et al., 2016b). The finding that a proxy for
photosynthetic capacity (Dm) (Brodribb et al., 2007) remains
stable under changing atmospheric conditions is important for
accurate initial parameterisation of mechanistically based models
used to predict palaeo-CO2 (Franks et al., 2014) since these
require robust estimates of palaeo-assimilation (Franks et al.,
2014; McElwain et al., 2016a). The current study focuses on
plant responses to an experimentally imposed low O2/high
CO2 atmosphere. This O2:CO2 ratio occurred multiple times
throughout plant evolutionary history based on model and
proxy estimates (Royer, 2001; Bergman et al., 2004; Royer et al.,
2004; McElwain et al., 2005; Berner, 2006, 2009; Steinthorsdottir
et al., 2016), however, it would be beneficial to investigate the
effect of other atmospheric O2:CO2 ratios on these plant trait
relationships in order to test their linearity. Further experiments
examining plant responses to a range of palaeo-atmospheric
conditions will build on these results, providing a better picture of
plant-atmosphere interactions over the past 400 million years and
allowing predictions of future plant responses to global climate
change.

CONCLUSION

Species show a varied response in SD, Dv, and gmax to
growth in an experimental low O2/high CO2 palaeo-atmosphere.
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Regardless of this variation in responses, a strong relationship
is observed between Dv and SD and Dv and gmax under both
the ambient and palaeo-atmosphere. Gymnosperms studied here
appear to lack the same degree of developmental plasticity in
Dv compared to the angiosperms, at least on short experimental
time-scales. The ability to increase their range of Dv values
may have contributed to the success of angiosperms during the
Cretaceous decline in CO2; a high degree of plasticity in this trait
possibly provided early diverging angiosperms with a competitive
advantage over other seed plant groups in more changeable
environments. The tight relationship observed between Dv and
SD in the palaeo-treatment suggests that Dm is likely maintained
under environmental change and lends confidence to existing
palaeo-CO2 proxies that use this parameter in their models.
Further studies examining the robustness of these plant trait
relationships under a range of O2:CO2 ratios are needed in order
to elucidate the full spectrum of plant–atmosphere interactions
throughout the last 400 million years.
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Recent studies have demonstrated that grapevine (Vitis spp.) leaf shape can be
quantified using digital approaches which indicate phylogenetic signal in leaf shape,
discernible patterns of developmental context within single leaves, and signatures
of local environmental conditions. Here, we extend this work by quantifying intra-
individual, intraspecific, and interspecific variation in leaf morphology in accessions
of North American Vitis riparia and V. rupestris in a common environment. For each
species at least four clonal replicates of multiple genotypes were grown in the Missouri
Botanical Garden Kemper Center for Home Gardening. All leaves from a single
shoot were harvested and scanned leaf images were used to conduct generalized
Procrustes analysis, linear discriminant analysis, and elliptical Fourier analysis. Leaf
shapes displayed genotype-specific signatures and species distinctions consistent with
taxonomic classifications. Leaf shape variation within genotypes and among clones
was the result of pest and pathogen-induced leaf damage that alters leaf morphology.
Significant trends in leaf damage caused by disease and infestation were non-random
with respect to leaf position on the shoot. Digital morphometrics is a powerful tool for
assessing leaf shape variation among species, genotypes, and clones under common
conditions and suggests biotic factors such as pests and pathogens as important
drivers influencing leaf shape.

Keywords: digital morphometrics, leaf shape, Vitis, generalized Procrustes analysis, elliptical Fourier descriptors,
linear discriminant analysis

INTRODUCTION

The diversity of leaf morphologies reflects the multifaceted interplay of genetics, development,
and environment. The genetic basis of leaf morphology is currently understood to be influenced
both through variation in gene sequence and expression patterns but much remains unknown
(Ichihashi et al., 2014; Chitwood and Sinha, 2016). Developmental biology has made great
strides in explaining leaf shape variation, identifying constraints on heteroblasty, cell expansion,
polar development, and metabolic pathways (Dkhar and Pareek, 2014; Chitwood and Sinha, 2016).
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Particularly in the case of angiosperms, these genetic
and developmental constraints are intertwined with
the life history of the organism. Traits such as plant
architecture, venation patterns, or total leaf area represent
functional tradeoffs that evolved in response to water
distribution, drought and freezing tolerance, transpiration
efficiency, light exposure, and many other challenges
(Kaplan, 2001; Nicotra et al., 2011).

In addition to genetic and developmental effects, aspects of
the abiotic and biotic environments influence leaf shape. For
example, environments with greater temperature fluctuations
correlate with higher incidences of plasticity in leaf shape
(Little et al., 2010), and colder climates are associated with
higher incidences of larger-toothed, more highly dissected leaf
margins (Boyce, 2008; Royer et al., 2009; Peppe et al., 2011).
Biotic influences including leaf-borne pests and pathogens add
additional complexity to leaf shape. Fungal and viral infections
or insects can affect the health of a plant often through leaf and
tissue deformity (e.g., Kadioglu et al., 2012). In response to these
infections, a series of physical and biochemical processes within
the plant (e.g., stomatal closure, changes in ion concentration,
induction of reactive oxygen species, up-regulation of genes, etc.;
Boyd et al., 2013) result in the expression of a diseased phenotype.
Thus, it is important to account for local environmental
conditions when interpreting complex phenotypes.

Within the genus Vitis, leaf morphology has proven so
informative a trait for cultivated varieties that an entire
discipline, ampelography, has been devoted to the description
of grape leaves (Rendu, 1854). Ampelography was originally
developed to identify leaves of cultivated V. vinifera L.
varieties. The technique has evolved from manually acquired
measurements of veins, sinuses, and teeth (Galet, 1979), to a
more precise, digital approach utilizing scanned leaf images
and rigorous statistical analyses (Chitwood et al., 2014).
Recently, digital morphometrics has been employed to describe
leaf shape in hundreds of V. vinifera varieties (Chitwood
et al., 2014), as well as V. vinifera hybrids, and among Vitis
and Ampelopsis species (Chitwood et al., 2016a). This work
demonstrated that subtle shape variation is unique to different
taxa and developmental stages. These important contributions
demonstrate that, under common conditions, genetics, and
development interact to influence leaf shape in individual
vines.

A persistent question among plant morphologists is the
extent to which leaf shape varies within and among genotypes.
Because grapevines are easily cloned, it is possible to assess
intra- and inter-individual variation in a statistically explicit
fashion by examining multiple replicates of the same genotype(s)
under common and unique environmental conditions (e.g.,
Atlan et al., 2015). Phenotypic plasticity research indicates that
plants respond to their environments at the sub-genotype level,
and that there is variation among genotypes in phenotypic
response to light (e.g., a shade leaf may be phenotypically
different from a sun leaf on the same plant; De Kroon et al.,
2005). In grapevines and many other clonally propagated
perennial crops, leaf shape plasticity serves as a proxy indicating
the range of variation exhibited by genotypes in response

to climate. Through morphology we can observe the range
of variation expressed by an individual, and can quantify
how traits vary not only in different parts of the same
plant, but among individuals, populations, and ultimately
species.

In this study, we explored intra-and inter-individual variation
in leaf shape in two North American Vitis species, V. riparia
Michx. and V. rupestris Scheele. These species are closely related
and are differentiated morphologically, genetically, and with
respect to the environmental variables characterizing their native
ranges (Miller et al., 2013; Callen et al., 2016). We quantified
leaf shape in at least four clonal replicates of multiple V. riparia
and V. rupestris genotypes growing in a common garden housed
at the Missouri Botanical Garden (MBG; St. Louis, MO). Our
goals were to: (1) assess variation in leaf shape among the
species V. riparia and V. rupestris, as well as among genotypes
within these species, and among clones within genotypes; (2)
investigate effects of naturally occurring pests and pathogens on
leaf morphology.

MATERIALS AND METHODS

Assessing Leaf Shape Variation among
Species, among Genotypes within
Species, and among Clones within
Genotypes
Study System and Research Vineyards
To investigate differences in leaf shape within and among
genotypes, and among species, we selected multiple genotypes
of two closely related native North American grapevine species,
V. riparia and V. rupestris (Miller et al., 2013; Wan et al., 2013).
These species differ in the climatic variables characterizing their
environmental niches, in growth habit, and habitat preference
(Callen et al., 2016; Moore and Wen, 2016). Both species can
be propagated vegetatively with ease and are commonly used for
rootstock breeding.

A research vineyard was established at the Missouri Botanical
Garden’s William T. Kemper Center for Home Gardening in 2013
(MBG common garden) using canes (dormant shoot clippings)
obtained from accessions housed in the USDA Agricultural
Research Service Grape Genetics Research Unit germplasm
reserve (USDA-ARS-GGRU; Geneva, NY, USA). The garden plot
was open to observation in the public area of the botanical garden
grounds, with a center experimental plot and a side experimental
plot, divided by a pathway (Supplementary Figure S1). Four
genotypes of Vitis riparia and five genotypes V. rupestris were
planted in a randomized design in the MBG common garden,
each with at least four clonal replicates per genotype (clones)
(Table 1). The V. riparia and V. rupestris genotypes in the MBG
common garden represent a subset of the variation preserved at
the USDA-ARS-GGRU germplasm.

Leaf collections were made June 29, 2014 from single shoots
directly spawned from buds on the previous year’s spurs
whenever possible. We selected well-established axillary vines in
the event primary shoots were previously pruned. Leaf blades
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TABLE 1 | Summary of MBG common garden germplasm accessions.

Species Genotype No. clones at MBG Sex Genotype origin

Vitis riparia 588347 7 Female Illinois

588354 8 Male Illinois

588439 7 Female Missouri

588653 7 Female Iowa

Vitis rupestris 588160 7 Female Illinois or Texas

588224 4 Female Arkansas

588181 5 Male Missouri

588188 6 Male Missouri

588333 7 Male Missouri

Total 9 58

Genotype represents the USDA-ARS-GGRU germplasm accession from which
canes were harvested. Genotype origin is the putative location from where
accessions were originally harvested.

FIGURE 1 | Example of a scanned Vitis riparia leaf, with 17 landmark
points applied. Black dots correspond to 12 “outer landmarks” that capture
leaf outline, sinuses, and lobes. Gray dots correspond to five “inner
landmarks” that capture aspects vein architecture.

were harvested from the shoots and placed into plastic bags with
ventilation holes. To preserve the order of developmental leaf
stage along a selected shoot, leaves were stacked from youngest
(open, fully developed at the tip of the shoot, ∼1 cm in diameter;
numbered as one) to oldest leaf at the base of the vine. Leaves
were digitally imaged using a Canon CanoScan LiDE 110 color
image scanner within 24 h of harvest. Occasionally some leaves
were damaged or missing from a shoot as the result of tissue
damage from weather or herbivory and were thus excluded in the
numbering process. All images are available on the Dryad Digital
Repository1.

1https://dataverse.harvard.edu/dataverse/VitisLeafVariation

Analyses
To identify leaf shape variation, we utilized generalized
Procrustes analysis (GPA), a method of shape comparison that
scales the data equally to eliminate the effects of different-sized
objects, resulting in an analysis that examines differences among
shapes only (Viscosi and Cardini, 2011). GPA is applied to
landmark data that represent homologous points of shape, in
this case important grapevine leaf features. Following Chitwood
et al. (2014, 2016a) we applied 17 landmark points on each leaf
to capture details of the leaf outline such as lobes and sinuses (12
“outer landmarks”) and vein architecture (5 “inner landmarks”)
(Figure 1). Landmarks were placed on leaf images using the
software package ImageJ (Abràmoff et al., 2004). Following
landmark dataset assembly, GPA was implemented in R (R
Core Team, 2016) using the ‘procGPA’ function in the “shapes”
package (Dryden, 2017), generating 34 principal component (PC)
scores for each leaf and percent variance explained by each
PC. Eigenleaves were visualized using the ‘shapepca function.’
Visualization of average shape outlines extracted from Procrustes
coordinates for each genotype were plotted using custom R
scripts and in the R package ggplot2 (Wickham, 2009). All code
is available on GitHub2.

In order to further investigate differences in leaf shape
within genotypes among clones, among genotypes, and among
species, we performed linear discriminants analysis (LDA) on
the landmark data using R. LDA is a statistical classification
method consisting of mechanized pattern detection that can be
used to distinguish two or more classes of objects in a dataset
(e.g., species, genotypes, or disease). Linear discriminants were
determined using the ‘lda’ function in the R package MASS
(Venables and Ripley, 2002). Those linear discriminants, which
are multivariate classifications similar to PCs, are then used
to classify the leaves in the data set, blind to their assigned
identity, according to class (i.e., species, genotype, or disease)
using the ‘predict’ function. The end result is visualized as a
table of predicted vs. actual class (i.e., species, genotype, disease)
identity.

A second approach using elliptical Fourier descriptors (EFDs)
was employed to look at differences in overall leaf shape within
and among genotypes and species. Individual scanned leaves were
converted to binary images (i.e., black leaf image on a white
background) using custom macros in ImageJ for chain coding.
Occasionally, some leaves were damaged or diseased, resulting
in deformed leaf shapes (see below); these leaves were removed
from the EFD dataset. Each binary image was converted into
chain code using the program SHAPE v1.3 (Iwata and Ukai,
2002). EFD analysis begins by building chain code along the
perimeter of each leaf to create a harmonic series (Chitwood and
Sinha, 2016). Chain code contours were converted to normalized
EFDs for Fourier analysis. In the R package Momocs (Bonhomme
et al., 2014), function ‘nef2coe’ was used to convert normalized
EFDs to harmonic coefficients, or ‘coe’ objects. The ‘coe’ objects
were analyzed for differences in leaf shape outline using PCA
and visualized using the ‘dudi.plot’ function. For each genotype,
an average outline shape was calculated using the ‘meanShapes’

2https://github.com/llklein/VitisDigitalMorphometricAnalysis
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FIGURE 2 | Generalized Procrustes analysis (GPA) of 17 landmark points applied to leaves harvested from the MBG common garden principal
components (PC) morphospace. (A) PCs 1 and 2 of Vitis riparia (purple, filled) and V. rupestris (green, open) leaves. Different shapes represent genotypes (see
legend). The 95% confidence ellipses drawn around each genotype are designated by different dashed patterns for each genotype. (B) ‘Eigenleaves’ display
differences among mean leaf morphologies in PCs 1–3 at ±3 SD and percent shape variance for each. (C) Black outline represents the average shape outline of
each V. riparia and V. rupestris genotype, with all outlines super imposed beneath in purple and green, respectively.
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function, then visualized using function ‘tps.iso’ in the Momocs
R package.

Signatures of Pest and Pathogen
Interaction
The MBG common garden included North American grapevines
grown within their natural geographic distribution and were
not treated with pesticides or fungicides in the common
garden. Consequently, several individuals became infested with
phylloxera (Daktulosphaira vitifoliae Fitch) and infected with
grape fan-leaf virus (GFLV), among potential others. Both are
common issues among native North American Vitis species
and are generally non-fatal, but these pests and pathogens can
have significant effects on the morphology of grapevine leaves
and are disastrous in the grape industry (Andret-Link et al.,
2004; Nabity et al., 2013). During our preliminary analyses, we
detected leaf morphologies atypical of V. riparia or V. rupestris;
subsequently, we determined these leaves were infected with
phylloxera galls and/or GFLV. While this is an interesting aspect
of phenotype, it reduces the accuracy with which we can interpret
differences between species and within and among genotypes.
Therefore, we removed those individuals expressing the diseased
phenotype for examining differences between healthy individuals
and performed separate analyses on a dataset including the
diseased phenotype.

Two resulting data sets and analyses were designed to assess
these aspects of leaf shape: (1) a phenotypically disease-free
dataset to address overall differences in leaf shape using GPA,
LDA, and EFDs, with individual leaves that expressed the GFLV
phenotype as well as any leaves laden with phylloxera galls
that severely deformed leaf morphology removed; (2) the total
dataset (i.e., including diseased and non-diseased phenotypes)
to assess the impact of disease on morphology. Leaves in the
total dataset were scored based on the presence of a phylloxera-
or GFLV-infected genotype, and correlation tests between shoot
position and those leaves expressing the diseased phenotypes
were performed using Spearman’s rank correlation rho and
visualized with ggplot2 (Wickham, 2009).

RESULTS

Assessing Leaf Shape Variation among
Species, among Genotypes within
Species, and among Clones within
Genotypes
To assess variation in leaf shape among species, among genotypes
within species, and among clones within genotypes, we first
looked at leaf shapes of the phenotypically disease-free V. riparia
and V. rupestris leaves in the MBG common garden. GPA of the
landmark points demonstrates observable differences between
the leaves of V. riparia and V. rupestris: the first two PCs
explain 64.9% of the variance in the data, with discernible
clouds representing V. riparia (purple) and V. rupestris (green;
Figure 2A). Low PC1 (Figure 2A x-axis, Figure 2B top panel)
scores are reflective of longer than wide leaf blades, deeper

petiolar sinuses, and major and minor vein axes (i.e., the
inner five landmarks) that vary from the branch point of the
midvein being the most distal from the petiolar junction to
the midvein branch point and the branch point of both major
distal veins being nearly equally distal from the petiolar junction.
High PC1 scores describe those leaves that are wider than
long, with shallower petiolar sinuses, which is representative of
V. rupestris leaf morphology. Similar to PC1, low PC2 scores
are representative of cordate leaves, but the petiolar sinus largely
absent, more convex. High PC1 and PC2 scores also detect
wider than long leaf blades, but with shallow yet deeper petiolar
sinus lobes characterizing high PC2 scores (Figure 2A y-axis,
Figure 2B middle panel).

Generalized Procrustes analysis also detected differences
among genotypes within species in the MBG common vineyard.
Genotypes (Figure 2A) are represented as different shapes (i.e.,
V. riparia genotypes are filled shapes, V. rupestris are open),
and appear to occupy distinct groups within each species. PC3
detects mostly asymmetrical leaf shape variation (Figure 2B
bottom panel), a relatively common phenomenon in grape leaves
(Wolf et al., 1986). Figure 2C represents the mean shape of each
genotype extracted from Procrustes coordinates (black outline),
as well as all leaf shape outlines (colored), demonstrating that
within a species, there are subtle variations within genetically
distinct individuals.

We used LDA to examine if phenotypically disease-free leaf
morphology patterns among species and among genotypes in the
MBG common garden vary predictably. Six of 263 V. riparia
leaves (2%) and three of 315 V. rupestris leaves (0.9%) were
wrongly classified (Table 2; >98% leaves correctly assigned to
species). Accuracy decreased when we used LDA to predict
genotype for each leaf: 385 of 578 leaves were predicted to
be the correct genotype (66%; Supplementary Table S1). Five
of the nine genotypes had leaves that were assigned to the
wrong species. Two leaves of a single V. riparia genotype
588653 clone were incorrectly predicted to be V. rupestris. These
misclassifications are likely because the genotype tends to be
characterized by a shorter midvein, thus appearing more similar
to the V. rupestris morphology (e.g., Figures 2C, 3A). Further,
two misclassified leaves from the same individual, among other
leaves from this genotype, suggests interclonal variation within
this genotype. Out of five clones, two clones of V. rupestris
genotype 588181 each had one leaf incorrectly predicted to be
V. riparia. Compared to other V. rupestris genotype average
shape outlines (Figures 2C, 3A), V. rupestris genotype 588181

TABLE 2 | LDA-generated species identity predictions for 263 V. riparia
leaves and 315 V. rupestris leaves.

Predicted Species Identity

V. riparia V. rupestris

Species identity V. riparia 257 6

V. rupestris 3 312

Rows represent species identity according to USDA-ARS-GGRU germplasm
accession records, and columns are the predicted species identity based on
algorithms the program uses to discern shape features as different categories.

Frontiers in Plant Science | www.frontiersin.org March 2017 | Volume 8 | Article 373 | 143

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00373 March 15, 2017 Time: 16:5 # 6

Klein et al. Grapevine Digital Leaf Morphometrics

FIGURE 3 | Morphospace of elliptical Fourier descriptors (EFDs). (A) Average leaf shape outline for each genotype. Different shades of purple and green
correspond to different genotypes. (B) PCs 1 and 2 of harmonic coefficients for V. riparia (purple) and V. rupestris (green). Different shades of purple and green
correspond with genotypes in (A). Gray leaf outlines on the background represent shapes drawn on the positions on the factorial map. (C) ‘Eigenleaves’ display
differences among mean leaf morphologies in PCs 1–5 at ±2 SD and percent shape variance for each, with overlay in the left column.

is characterized by a comparatively deeper petiolar sinus, which
may have contributed to the incorrect prediction of these leaves.
Overall, LDA performed well at identifying leaf shape features at
the species level, but accuracy was limited in the classification of
leaf shape features at the level of genotype.

Elliptical Fourier descriptor analysis, which compares total
shape variation through the use of shape outlines (Figure 3),
largely supports among-species and among-genotype shape
variation detected using GPA (Figure 2). Low PC1 (Figure 3B
x-axis, Figure 3C top panel) values describe those leaf blades
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FIGURE 4 | Correlation tests between shoot position and number of
leaves expressing an infected phenotype. (A) Total number of leaves
expressing the GFLV phenotype occurs more often in older, more developed
leaves. (B) Total number of leaves expressing phylloxera galls is more
common in newly developed leaves.

that are wider and long, while high PC1 values describe
leaf longer than wide blades, for a total of 52.6% of the
variation explained in the total dataset. PC2 (Figure 3B y-axis,
Figure 3C second panel), describing 15.7% of the variation,
captures shallow petiolar sinuses in low PC2 values, verses
deeper petiolar sinuses represented by high PC2 values. PCs
three through five (Figure 3C bottom three panels) detect
the asymmetry that characterizes some malformed leaves in
the MBG common garden, much like GPA (Figure 2B).
Asymmetry in leaf shape is common among Vitis species
(Wolf et al., 1986).

Signatures of Pest and Pathogen
Interaction
During initial analysis of the total MBG vineyard dataset, we
observed several leaves expressing phenotypes congruent with
deformities caused by GFLV or galls indicative of phylloxera

infestation. Leaves infected with GFLV, a common viral infection
among grapevines, exhibit crowding of the major veins into a
fan-like shape, with vein tips elongating past the leaf blade at
termination (Figure 4A). The petiolar sinus, which is concave
in healthy leaves of both V. riparia and V. rupestris, instead
becomes convex at the petiolar junction. Phylloxera, also specific
to grapevines, is a parasitic insect that forms galls in the leaf
and root tissues, causing malformations in the surrounding
tissues and structures (Figure 4B). Diseased leaf phenotypes
resulted in several LDA misidentifications in the total dataset
(Supplementary Figure S1). Moreover, we observed that certain
genotypes appeared to be more susceptible to pests (e.g.,
588347, 588181) or pathogens (e.g., 588439, 588188) while
others maintain a healthy phenotype (e.g., 588333, 588160;
Supplementary Figure S1). The pattern of incorrect assignment
suggests certain genotypes were more susceptible leaf shape
modification as a result of pests or pathogens.

We quantified the diseased phenotype further by looking
at the relationship between leaf development (position of the
leaf along a shoot) and infected leaf phenotypes. For the total
dataset of 640 leaves correlation tests demonstrated a significant
relationship between older, more developed leaves and the
expression of the GFLV phenotype (Figure 4A). In contrast, the
opposite trend was observed for phylloxera galls, which were
more common in younger leaves (Figure 4B). These data suggest
not only are certain genotypes within a species more susceptible
to pathogens than others, but that the expression of unique leaf
phenotypes associated with disease varies along the shoot within
an individual.

DISCUSSION

This study advances current understanding of shape differences
in the context of species, development, and biotic interaction
through the use of clonal replicates of multiple genotypes in a
common environment. Digital morphometric techniques offer
great utility for future research in Vitis, but also serve as an
example for other biological systems that seek to make sense of
morphological variation.

Leaf Shape Variation among Species,
among Genotypes within Species, and
among Clones within Genotypes
Detailed analyses of leaf shape variation have applications in
viticulture (Galet, 1979; Chitwood et al., 2014) and also in
biodiversity research. Our results indicate that inter- and intra-
specific leaf shape variation is discernible in a common garden
containing multiple genotypes of V. riparia and V. rupestris.
Distinct clusters of V. riparia and V. rupestris visualized with
GPA (Figure 2A) and EFD (Figure 3B) confirm existing species
distinctions based on morphological and phylogenetic data
(Moore, 1991; Ren et al., 2011). Researchers already combine
genetic and morphological data to generate strong phylogenetic
hypotheses (Cannon and Manos, 2001; Wortley and Scotland,
2006; Fouquet et al., 2012). Increasingly, the utility of digital
morphometrics for evolutionary and ecological research is
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becoming more apparent (Neto et al., 2006; Cope et al., 2012;
Wilf et al., 2016), and has promising applications as museum
collections become digitized and publicly available. Our analyses
also show distinct, averaged leaf shapes among genotypes that
are clonally replicated (Figures 2C, 3A). In addition, interclonal
variation was detected, as LDA identified several individual leaves
that were incorrectly assigned (Table 2). The ability to quantify
discrete phenotypes across multiple levels of organization (within
genotype, among genotype, among species) could be serviceable
in the identification of adaptive phenotypes linked with genetic
or environmental data (e.g., Lande, 2009).

The resolution with which our study identified inter- and
intra-specific leaf shape variation is valuable to ecological
questions that attempt to discern predictable patterns among
complex systems. For example, community interaction or
phenotypic plasticity research regularly seeks to make use of
functional traits (traits related to increased fitness), which
can be related to morphological features. Several studies have
identified relationships between leaf shape and altitudinal or
temperature gradients using more traditional, length and width
leaf measurements or anatomical traits (e.g., Metrosideros,
Cordell et al., 1998; Nothofagus, Hovenden and Vander Schoor,
2004; Oryza, Zhou et al., 2013). Applying GPA, LDA, or
EFD analysis to morphological data in combination with
environmental and genetic data is increasingly feasible as
bioinformatic capability increases, thus increasing the potential
to uncover acute character linkages between or among species,
populations, or individuals. Recently, digital morphometrics
was employed to compare Vitis leaves from USDA-ARS-GGRU
germplasm from two different growing seasons (Chitwood et al.,
2016b). In this work, growing season was accurately predicted
from leaf shape using LDA. Large-scale digital morphometric
datasets have the potential to identify subtle evolutionary and
ecological relationships.

Signatures of Pest and Pathogen
Interaction
Digital morphometrics is an effective method for identifying and
characterizing biotic stress in plants. Consistent with previous
work, we observed that pest and pathogen infestation in
grapevines affects specific genotypes more than others (Andret-
Link et al., 2004; Granett et al., 2001; Omer et al., 1999b;
Supplementary Figure S1). Further, our data suggest there
is developmental context to the disease phenotype expressed
within a single individual (Figure 4). Individuals infected with
GFLV expressed the diseased phenotype in more developed
leaves; whereas individuals infected with phylloxera expressed
the diseased phenotype (leaf galls) in younger leaves. Primary
goals of grape breeding include the development of biotic stress
resistant scions and rootstocks, and V. riparia and V. rupestris
surveyed here have been used to breed both the rootstock and
the scion (Warschefsky et al., 2016). North American grapevines
have evolved resistance to native pests and pathogens such as
GFLV and phylloxera, but several studies (including ours) suggest
variation in resistance response (e.g., Omer et al., 1999a; McKenry
et al., 2001). As such it is useful to examine the range of natural

variation in native grapevines that could be harnessed to maintain
pest and pathogen resistance in grapevines. As researchers
continue to investigate these patterns, detailed phenotyping
paired with molecular and ecological data could provide deeper
insight to these challenges to the grapevine industry.

CONCLUSION

In this study, we analyzed leaf shape variation between V. riparia
and V. rupestris, as well as within and among genetically
identical individuals of those species. Patterns of morphological
differentiation were consistent with species boundaries and
displayed genotype-specific signatures. Further, we observed
leaf shape variation among clones, some of which was the
result of pest and pathogen-induced leaf damage at predictable
developmental stages. These data provide a window into how
leaf shape varies among species, genotypes, and clones under
common conditions, and offers a unique opportunity to look at
the effect of abiotic effects on cloned individuals.
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One strategy for plants to optimize stomatal function is to open and close their stomata
quickly in response to environmental signals. It is generally assumed that small stomata
can alter aperture faster than large stomata. We tested the hypothesis that species with
small stomata close faster than species with larger stomata in response to darkness
by comparing rate of stomatal closure across an evolutionary range of species including
ferns, cycads, conifers, and angiosperms under controlled ambient conditions (380 ppm
CO2; 20.9% O2). The two species with fastest half-closure time and the two species
with slowest half-closure time had large stomata while the remaining three species
had small stomata, implying that closing rate was not correlated with stomatal size in
these species. Neither was response time correlated with stomatal density, phylogeny,
functional group, or life strategy. Our results suggest that past atmospheric CO2

concentration during time of taxa diversification may influence stomatal response time.
We show that species which last diversified under low or declining atmospheric CO2

concentration close stomata faster than species that last diversified in a high CO2 world.
Low atmospheric [CO2] during taxa diversification may have placed a selection pressure
on plants to accelerate stomatal closing to maintain adequate internal CO2 and optimize
water use efficiency.

Keywords: stomata, half-closure time in response to darkness, stomatal size, atmospheric CO2 concentration,
time of taxa diversification

INTRODUCTION

Stomata are microscopic pores on aerial surfaces of land plants, surrounded by guard cells that
adjust turgor in order to regulate pore size, thus controlling gas exchange between the plant
interior and atmosphere. Fossil records show that stomata evolved more than 400 million years
ago (Ma) and their morphology remains largely unchanged (Edwards et al., 1998), apart from the
evolution of dumbbell-shaped guard cells in grasses (Franks and Farquhar, 2007). Extant species
have evolved from ancestors that originated under diverse environmental conditions; therefore,
a simple expectation is that stomata in extant plants will exhibit morphological and functional
diversity. Stomatal conductance governs gas exchange, photosynthesis, water loss and evaporative
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cooling and is determined by density and size of stomata along
with functional responses such as rate of aperture change.
Stomatal density (SD) and size also determine maximum
gas diffusion rate (Brown and Escombe, 1900; Parlange and
Waggoner, 1970; Raschke, 1976; Wong et al., 1979; McElwain
and Chaloner, 1995; Hetherington and Woodward, 2003; Franks
and Beerling, 2009; McElwain et al., 2016). Density and size are
linked and both are often correlated with atmospheric carbon
dioxide concentration ([CO2]atm; Hetherington and Woodward,
2003; McElwain et al., 2005; Franks and Beerling, 2009).

In an investigation into how morphological diversity in
stomatal complexes influences stomatal function, Franks and
Farquhar (2007) determined that morphological structure of the
stomatal complex (guard cell shape and presence or absence
of subsidiary cells) impacts mechanical opening and closing
of stomata. In particular, the mechanical advantage of fully
turgid subsidiary cells constrains guard cell lateral movement,
limiting maximum aperture and leaf diffusive conductance. They
showed that morphological and mechanical diversity ultimately
translated into functional diversity. They concluded that the
combination in grasses of dumbbell-shaped guard cells and the
ability to quickly shuttle osmotica between subsidiary and guard
cells facilitated swift alteration of turgor pressure, allowing rapid
stomatal movements, which conferred a functional advantage
upon grasses (Hetherington and Woodward, 2003; Franks and
Farquhar, 2007). Another aspect of morphological diversity is
number and size of stomata. On a geological timescale, a trend
has been suggested with recently evolved species having high
densities of small stomata compared to species with fewer,
larger stomata in the past (Hetherington and Woodward, 2003;
Franks and Beerling, 2009). Leaves with short lifespans, built
for higher rates of gas exchange, are thought to have small
stomata and faster stomatal response times to offset the risks
associated with large tissue water potential gradients that may
result in xylem cavitation (Drake et al., 2013). It has been
suggested that the ability of angiosperms to sustain high stomatal
conductance rates may be due to the possession of large numbers
of small stomata (Hetherington and Woodward, 2003; Franks
and Beerling, 2009). In addition, high densities of small stomata
allow exploitation of the “edge effect” as small pores have a
greater proportion of edge than large pores, resulting in a shorter
diffusion pathway from the pore (Jones, 1992). In contrast to
angiosperms, ferns and gymnosperms tend to have large stomata
in small numbers (Franks and Beerling, 2009). For the same
total pore area, a leaf with few large stomata will have a lower
maximum stomatal conductance than a leaf with many small
stomata because of the longer diffusion pathway through the
stomatal pore. Thus, Franks and Beerling (2009) have proposed
that high numbers of small stomata are necessary in low CO2
atmospheres, such as pertains today, to achieve high maximum
diffusive conductance to CO2. In addition, they suggest that
small stomata respond faster than large stomata, enhancing their
ability to function effectively in dynamic environments (Franks
and Beerling, 2009). Robinson (1994) hypothesized that certain
factors, such as declining atmospheric CO2 and water limitation,
place selection pressures on plants to develop compensating
mechanisms, including improved stomatal efficiency. Since

atmospheric [CO2] has declined over the past 20 million years,
Robinson (1994) suggested that the most recently evolved group,
angiosperms, with faster rates of evolution, have more efficient
stomata than ferns and gymnosperms. This hypothesis was tested
on angiosperm and coniferous gymnosperm species; however,
ferns and cycads were excluded (Robinson, 1994). In contrast
to angiosperms, cycads are an ancient plant group (Jones, 2002;
Nagalingum et al., 2011) with slow reproductive biology, long leaf
lifespan, and relatively large stomata (Haworth et al., 2011); the
question remains whether their large stomata are less efficient
than the smaller stomata of angiosperms in our currently low
CO2 world.

Cowan (1977) and Cowan and Farquhar (1977) hypothesized
that plants display optimal stomatal behavior, defined as
maximizing photosynthetic gain to water loss. It is reasonable
to suppose that different taxa have developed diverse strategies
for optimization. For example, a strategy for optimizing water
use efficiency via stomatal behavior is to open stomata rapidly
to take advantage of irradiance for photosynthetic gain, and to
close them again quickly when conditions become unfavorable
(Lawson and Blatt, 2014), for example, under limited water
availability. The rate of stomatal opening and closing response
is, therefore, one method of stomatal optimization (Katul
et al., 2010; Lawson et al., 2010; Lawson and Blatt, 2014).
In a study on stomatal opening and closing rate in different
plant functional types, including graminoids, forbs, woody
angiosperms and gymnosperms, in both wet and dry climates,
graminoids were shown to have the fastest stomatal responses
(Vico et al., 2011). The long pore length in grass stomata
combined with narrow, dumbbell-shaped guard cells means
that very small changes in guard and subsidiary cell turgor
cause comparatively large changes in aperture and stomatal
conductance (Hetherington and Woodward, 2003). Therefore,
in grasses, large stomata (in terms of stomatal pore length,
SPL) are not an impediment to efficient stomatal response to
changing environmental conditions. Perhaps the evolutionary
trend toward higher numbers of small stomata from few,
large stomata has led to the common perception that small
stomata are more efficient than large stomata, and that rate of
stomatal response is directly linked to stomatal size (SS). “Small
stomata can open and close more rapidly. . .” (Hetherington
and Woodward, 2003). “Smaller stomata are capable of faster
response times. . .” (Franks and Beerling, 2009). “. . .leaves with
smaller and more numerous stomata exhibit faster absolute rates
of response of stomatal conductance to water vapour” (Drake
et al., 2013). Logically, this might be expected to be the case
given that changes in osmotic potential are needed for guard
cell swelling and smaller stomata have a greater surface area to
volume ratio than larger stomata; changes in osmotic potential
therefore affect small stomata relatively more than they affect
large stomata. The assumption or perception that small stomata
are faster may hold across related species within the same genus
(Drake et al., 2013). However, this hypothesis has not been
comprehensively tested across a range of phylogenetic groups.
Here we test the hypothesis that small stomata are more efficient
than large stomata with respect to rate of stomatal closure
in response to a changing environmental signal, in this case,
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darkness. To test this hypothesis, an evolutionary range of species
including one fern, four gymnosperms and two angiosperms,
including one cereal grass, were grown under identical controlled
ambient conditions, and rate of stomatal closure in response to
darkness was measured.

MATERIALS AND METHODS

A range of plants representing all major vascular plant groups
was selected for determining stomatal closure rate in response
to darkness. These include: Osmunda regalis L. (Osmundaceae),
a perennial, rhizomatous, deciduous fern; Lepidozamia
peroffskyana von Regel (Zamiaceae), an evergreen cycad; Ginkgo
biloba L. (Ginkgoaceae), a deciduous gymnosperm tree; two
broad-leaved, evergreen conifers in the order Pinales, including
Podocarpus macrophyllus (Thunb.) D. Don (Podocarpaceae) and
Agathis australis (D. Don) Loudon (Araucariaceae); Solanum
lycopersicon L. (Solanaceae), a dicotyledonous, herbaceous,
perennial angiosperm; and Hordeum vulgare L. (Poaceae),
a monocotyledonous, graminaceous, annual angiosperm.
All species were individually planted into 4 l square pots
(15 cm × 15 cm × 23 cm) in a growing medium comprising
80% compost (Shamrock R© Multi-Purpose compost; Scotts
Horticulture Ltd., Co. Kildare, Ireland), 20% vermiculite (2–
5 mm horticultural grade; William Sinclair Horticulture Ltd.,
UK) and 7 kg/m−3 Osmocote R© Exact R© 16–18 months slow
release fertilizer (15% N, 8% P2O5, 11% K2O, 2.5% MgO plus
trace elements; Scotts International BV, Netherlands).

Cycad seeds were initially scarified, soaked for 24 h in 3%
potassium nitrate solution to encourage germination (Bradbeer,
1988), then placed in plastic bags containing a damp mixture of
50:50 perlite and vermiculite (2–5 mm Sinclair Standard; William
Sinclair Horticulture Ltd., UK). To prevent fungal infection, the
seeds were sprayed fortnightly with 0.06 g l−1 Doff Systemic
Fungus Control spray (Doff, UK) containing myclobutanil.
Following the first appearance of the radical, seeds were sown in
seed trays containing a 80:20 mixture of compost and vermiculite
and placed in well-ventilated propagators under atmospheric
treatment conditions (380 ppm CO2; 20.9% O2) in a Conviron
BDW40 growth control chamber. After radicle development but
just before emergence of the plumule, the seeds were planted
individually into 4 l square pots (15 cm × 15 cm × 23 cm)
using the growing medium described above. H. vulgare (barley)
seeds were germinated in seed trays in the growing medium
detailed above and potted up individually in the same medium
14 days after emergence of the coleoptile. After 18 months (or 3
months in the case of tomato and barley), plants were liquid fed
with Osmocote R© Plus Multi-Purpose Plant Food. One application
feeds for up to 6 months, contains 15% N, 9% P2O5, 12% K2O
plus nine other essential nutrients, and is suitable for all plant
types and all soil conditions. All plants were grown in controlled
environment chambers under identical conditions (see below).

Controlled Growth Chambers
Six plants of each species were grown in two Conviron
(Winnipeg, MB, Canada) BDW-40 walk-in growth rooms

(internal chamber size 3.7 m2) with atmospheric control of
[CO2] at ambient (380 ppm) and [O2] at ambient (20.9%)
in the Program for Experimental Atmospheres and Climate
(PÉAC) facility at Rosemount Environmental Research Station,
University College Dublin. Carbon dioxide concentration was
maintained at 380 ppm by injection of compressed CO2
(BOC UK, Surrey, England) and was continuously monitored
with a PP-systems WMA-4 IRGA (Amesbury, MA, USA);
injection of CO2 gas was controlled by opening and closing
a solenoid valve. Oxygen concentration was monitored and
maintained at 20.9% by a PP-systems OP-1 Oxygen Sensor.
All other growth conditions remained constant, with 16 h
day length (0500–0600 hours, light intensity rose from 0
to 300 µmol m−2 s−1; 0600–0900 hours, light intensity
increased from 300 to 600 µmol m−2 s−1; 0900–1700 hours,
photosynthetic photon flux density (PPFD) maintained at
600 µmol m−2 s−1; 1700–2000 hours, light intensity decreased
from 600 to 300 µmol m−2 s−1; 2000–2100 hours, light intensity
decreased from 300 to 0 µmol m−2 s−1), temperature regime
(nighttime temperature of 18◦C rising to a midday peak of
28◦C), relative humidity of 80%, downward ventilation to ensure
mixing of atmospheric gases; with each plant receiving 30 ml of
water per day in the 1st year of growth, and 60 ml thereafter,
except for ferns, which received 60 ml of water day−1 in the
1st year and 120 ml day−1 thereafter. In order to avoid mutual
shading, plants were randomized within areas of identical canopy
height in the growth chambers (Hammer and Hopper, 1997;
Sager and McFarlane, 1997). O. regalis, L. peroffskyana, G. biloba,
P. macrophyllus, and A. australis were grown for a minimum of
18 months before analysis. S. lycopersicon and H. vulgare were
grown for a minimum of 3 months before analysis. To avoid
chamber effects, plants were rotated between chambers every
3 months (Hirano et al., 2012).

Measuring Rate of Stomatal Closure in
Response to Darkness
Rate of stomatal closure in response to darkness (0 µmol m−2 s−1

PPFD) was measured using a PP-Systems CIRAS-2 portable
photosynthesis system (Amesbury, MA, USA) from saturating
light intensity calculated from photosynthesis response curves
(Parsons et al., 1998) to 0 µmol m−2 s−1 PPFD in a single
step decrease in PPFD. Measurements were performed on intact,
mature, fully expanded leaves on three replicates of each species
between 9 am and 11 am each day. Within the leaf cuvette,
temperature was set to 25◦C and water vapor pressure deficit was
maintained at 1.0± 0.2 kPa. Cuticular conductance was assumed
to be negligible. After gs had reached steady state, irradiance was
removed in the leaf cuvette chamber. To ensure no light leaked
into the chamber from external sources, the room lights were also
extinguished. Measurements of stomatal conductance (gs) were
recorded every 10 s for 90 min, during which time all species
reduced gs to a minimum value. The half-closure time (minutes)
was calculated; this was defined as the time taken for gs to reach
50% of the difference between the first and final values. The first gs
value was taken 1–12 min, depending on species, after lights were
extinguished to exclude the fluctuation in gs that occurs due to a
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change in energy balance in the CIRAS-2 when it recalculates gs
in darkness (as distinct from full light previously). The technical
nature of the fluctuation is caused by temperature recalculation
in the CIRAS-2 and is an artifact of the machine. The rate at
which stomatal conductance declined can be quantified by the
value of the half-closure time of the stomata: the shorter the time
of half-closure, the faster the rate.

Stomatal Morphology Measurements
Following completion of stomatal conductance (gs)
measurements, the leaves on which gs measurements were
recorded were removed from the plants. Leaf impressions were
taken from the abaxial leaf surface using dental impression
material (Coltene PRESIDENT light body) and nail varnish
“positives” were mounted onto glass slides (Weyers and
Johansen, 1985). In the case of H. vulgare, leaf impressions
were taken from both the abaxial and adaxial leaf surfaces.
Five photomicrographs per leaf impression were recorded
at ×200 magnification using a Leica (DMLB) epifluorescent
microscope. SD was counted on each photomicrograph using
AcQuis (version 4.0.1.10, Syncroscopy Ltd, Cambridge, UK)
by placing a 0.09 mm2 grid on the image (half-way down the
leaf between midrib and leaf edge) and counting the number of
stomata within the box and those touching two of the border
lines and the corner where they intersect, on five micrographs
for each of three leaves per plant and on three plants, giving a
total of 45 counts. Mean SD (number of stomata per mm2) for
the abaxial surfaces of all hypostomatous species was recorded.
For amphistomatic H. vulgare, the average of both surfaces was
recorded as one measurement. SPL (µm) and guard cell width
measurements (µm) were taken for 5–20 open stomata per
photomicrograph using the hand tool in AcQuis.

Stomatal geometry was calculated from guard cell width,
stomatal pore depth, pore length and density of stomata when
fully open (gmax; Table 1). Maximum stomatal pore area (m2)
when the guard cells were fully turgid was calculated as an ellipse
using SPL (m) multiplied by the width of the guard cell pair
with maximum aperture defined as a fraction β of the stomatal
pore; in the case of a circular pore with diameter equal to pore
length, β = 1.0 while in long narrow stomata β = 0.2. Maximum
aperture was calculated with β values of 0.2, 0.4, 0.5, 0.6, 0.8,
and 1.0. Theoretical maximum stomatal conductance (gsmax) was
then calculated using the morphological measurements of fully
open stomata and the following diffusion equation (Parlange and
Waggoner, 1970; Franks and Beerling, 2009):

gmax =
dw
v · SD · pamax

pd + π
2

√
pamax
π

(1)

where dw= diffusivity of water vapor at 25◦C (0.0000249 m2 s−1)
and v = molar volume of air (0.0224 m3 mol−1) are both
constants; SD is stomatal density (m2); pamax is maximum
stomatal pore area (m2) calculated as an ellipse using SPL (l in
m) as the long axis and 1/2 as the short axis; and pd is stomatal
pore depth (m) considered to be equivalent to the width of an
inflated, fully turgid guard cell (Franks and Beerling, 2009).

Paleo-Carbon Dioxide Concentration
(Paleo-[CO2])
Best estimates of origination date and last diversification date
for each of the seven taxa were gathered from the literature.
Atmospheric CO2 concentration ([CO2]atm) over Phanerozoic
time was taken from Bergman et al. (2004) COPSE model and
from Berner and Kothavala (2001) GEOCARB III model. The
relationship between estimated [CO2]atm at the time of each taxa’s
origination date and last known diversification date was tested
against the loge of each species’ half-closure time to determine
whether [CO2]atm was correlated with rate of stomatal closing.

Statistical Analysis
The decrease of stomatal conductance (gs; mmol m−2 s−1) over
time (t, minutes) was fitted to the following exponential decay
curve:

gs(t) = gs(∞)+ (gs(0)− gs(∞)) · exp(−exp(A) · t) (2)

where gs(0) is the stomatal conductance at time t = 0, gs(∞)
is the long-term residual stomatal conductance and A is a
parameter related to the half-closure time response, t1/2, by
loge(t1/2) = loge[loge(2)] − A. The fit was performed for each
replicate of each of the seven species using generalized non-linear
least squares with an error structure that allowed for first-order
autoregressive temporal autocorrelation (implemented using the
nlme package in R version 3.1.1; R Core Team, 2014); as shown
in Figure 1. Each fit gave best-estimates and standard errors for
gs(0), gs(∞), and A. From the fitted values of A, the half-closure
time response was calculated for each replicate and the median,
maximum and minimum half-closure time (min) calculated
across replicates for a species. The half-closure time response
is defined as the time taken for the stomatal conductance to
decrease to half of its value at time t. For exponential decay,
this half-time is a constant, independent of the initial stomatal
conductance. ANOVA with Tukey’s honest significant difference
(HSD) post hoc analysis was used to test for differences between
species in the loge(half-closure times). It was only possible to
perform a between-species variance analysis, as the low number
of replicates did not permit satisfactory analysis of the variability
within species. Differences between species in the mean SD,
SPL, and half-closure time were analyzed using a one-way
ANOVA with Tukey’s HSD pairwise comparison. Data were
loge(SD) and square root (SPL) transformed prior to analysis.
Generalized linear mixed-effects models were implemented using
the lmer package in R to describe the relationship between
the response variable, loge(median half-closure time) and the
fixed variables, SD, SPL, plant functional type, shade tolerance,
drought tolerance, and climate, as defined by Vico et al. (2011).
Species was treated as a random variable. ANOVA and Akaike
information criterion (AIC) were used to identify the model with
the best fit. Linear models (LM) were used to test for correlations
between loge(half-closure time) and estimated atmospheric CO2
concentration at time of taxa origination and diversification.
Moreover, LM were also used to test the correlations between
loge(half-closure time), SD, and SPL.
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FIGURE 1 | Change in stomatal conductance (gs; mmol m−2 s−1) over time (minutes) in response to darkness in an evolutionary range of species
grown at 380 ppm CO2 and 20.9% O2 fitted to an exponential decay curve. The fit was performed for each replicate of seven species. Species listed from
fastest to slowest median half-closure time. (A) Hordeum vulgare; (B) Lepidozamia peroffskyana; (C) Podocarpus macrophyllus; (D) Agathis australis; (E) Solanum
lycopersicon; (F) Osmunda regalis; (G) Ginkgo biloba. Light microscope images of stomata ×630.

FIGURE 2 | loge(median stomatal half-closure time) of seven species. H. vulgare = Hordeum vulgare (graminaceous angiosperm); L. peroffskyana =
Lepidozamia peroffskyana (cycad); P. macrophyllus = Podocarpus macrophyllus (conifer); A. australis = Agathis australis (conifer); S. lycopersicon = Solanum
lycopersicon (angiosperm); O. regalis = Osmunda regalis (fern); G. biloba = Ginkgo biloba (ginkgophyte). The fastest species to close stomata in response to
darkness was Hordeum vulgare; the slowest was Ginkgo biloba.

RESULTS

The stomatal conductance (gs; mmol m−2 s−1) change in
response to darkness was measured in the seven species
(Figure 1). From these measurements loge(stomatal half-closure
time) was calculated (Figure 2). Of the species studied, the
fastest responder with respect to stomatal closing response was
barley, H. vulgare (median half-closure time: 4.83 min; mean
7.16 ± 2.63 min; R2 fit = 0.96; Figure 2; Table 1), a species

with comparatively large stomata (SPL: 28.1 ± 6.2 µm; Table 1).
The second fastest responder was the cycad L. peroffskyana
(median half-closure time: 6.53 min; mean 10.26 ± 4.89 min; R2

fit = 0.98; Figure 2; Table 1), which had the largest stomata of
all species studied (SPL: 35.6 ± 5.5 µm; Table 1). The next three
species in order of decreasing rate of closure were two conifers:
P. macrophyllus (median half-closure time: 12.74 min; mean
17.96± 5.74 min; R2 fit= 0.99); A. australis (median half-closure
time: 15.02 min; mean 13.47 ± 3.18 min; R2 fit = 0.91); and the

Frontiers in Plant Science | www.frontiersin.org August 2016 | Volume 7 | Article 1253 | 154

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-01253 August 22, 2016 Time: 11:41 # 7

Elliott-Kingston et al. Does Stomatal Size Matter?

FIGURE 3 | loge(median stomatal half-closure time) of seven species, grouped by estimated atmospheric CO2 concentration at time of taxa
diversification into low, declining or high CO2 groups. For COPSE model (Bergman et al., 2004), low CO2 (280–439 ppm) includes Hordeum vulgare,
Lepidozamia peroffskyana, and Solanum lycopersicon; declining CO2 (346–805 ppm) includes Podocarpus macrophyllus and Agathis australis; high CO2

(876–1443 ppm) includes Osmunda regalis and Ginkgo biloba (see Table 1). For GEOCARB III model (Berner and Kothavala, 2001), low CO2 (300–420 ppm)
includes Hordeum vulgare, Lepidozamia peroffskyana, Podocarpus macrophyllus, and Solanum lycopersicon; declining CO2 (300–630 ppm) includes Agathis
australis; high CO2 (960–2280 ppm) includes Osmunda regalis and Ginkgo biloba (see Table 1).

angiosperm S. lycopersicon (median half-closure time: 16.86 min;
mean 24.47 ± 8.76 min; R2 fit = 0.99; Figure 2; Table 1).
All three species have the smallest stomata of those measured
(SPL: 14.7 ± 2.3 µm; 18.8 ± 4.2 µm; and 15.4 ± 3.5 µm,
respectively; Table 1). Finally, the two slowest species to close
in response to darkness had large stomata: the fern O. regalis
(median half-closure time: 25.27 min; mean 30.13 ± 7.88 min;
R2 fit = 0.95; SPL: 29.8 ± 6.5 µm) and G. biloba (median half-
closure time: 78.69 min; mean 105.49 ± 55.45 min; R2 fit = 0.97;
SPL: 24.3± 5.0 µm; Figure 2; Table 1).

Mean differences in SD (mm2) and SPL (µm) of all seven
species were tested using ANOVA with pairwise comparison.
Differences in SD at alpha 0.05 were observed for one
pairwise comparison, namely H. vulgare versus G. biloba (overall
comparison: DF = 6, 880, F = 629.4, p < 0.05). The remaining
pairwise comparisons showed no differences. Differences in SPL
were observed for two pairwise comparisons (O. regalis versus
H. vulgare and S. lycopersicon versus P. macrophyllus; overall
comparison: DF = 6, 880, F = 344.8, p < 0.05). The remaining
pairwise comparisons showed no differences.

The differences in half-closure time between species were
tested using ANOVA comparison (overall comparison: DF = 6,
13, F = 4.453, p < 0.05). Post hoc analysis revealed that four
comparisons were different, namely G. biloba versus A. australis;
G. biloba versus H. vulgare; G. biloba versus L. peroffskyana; and
G. biloba versus P. macrophyllus.

Generalized linear mixed models were used to describe the
relationship between loge(half-closure time) and SD, SPL, plant
functional type, shade tolerance, drought tolerance, and climate.
The best fit model following AIC comparison was loge(half-
closure time) as a function of species (AIC= 174.81, R2

= 0.52).
Maximum stomatal aperture (µm) was calculated with

β values of 0.2, 0.4, 0.5, 0.6, 0.8, 1.0; the relationship
between theoretical maximum stomatal conductance (gmax in
mmol m−2 s−1) and loge(half-closure time) was tested for all
β values. No relationship was found between gmax and rate of
stomatal closing in the case of β = 0.5 (linear model: DF = 1,
5, F = 0.069, R2

=−0.18, p> 0.05).
Correlations between loge(half-closure time) and estimated

paleo-CO2 concentration (ppm) at the time when taxa originated
(Ma) for the COPSE model (Bergman et al., 2004) and
GEOCARB III model (Berner and Kothavala, 2001; Table 1)
demonstrated no correlations between rate of closing and
atmospheric CO2 concentration at time of taxa origination
(COPSE: R2

= 0.07, p> 0.05; GEOCARB III: R2
= 0.08, p> 0.05).

Correlations between loge(half-closure time) and estimated
paleo-CO2 concentration (ppm) at the time when taxa last
diversified (Ma) for the COPSE model (Bergman et al., 2004)
and GEOCARB III model (Berner and Kothavala, 2001; Figure 3;
Table 1) were tested. The correlations showed evidence for
a relationship (COPSE: DF = 6, 18, F = 4.45, R2

= 0.52,
p < 0.05; GEOCARB III: DF = 6, 18, F = 5.71, R2

= 0.55,
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p < 0.05). For both models, species that diversified under low
or declining [CO2] (280–805 ppm) were different from species
that diversified under high [CO2] (912–2280 ppm); (overall
comparison: F = 14.57, DF = 2, 39, p < 0.05) in their loge(half-
closure time; Figure 3). However, no differences were found
between species that diversified in low or declining atmospheric
[CO2].

DISCUSSION

Stomatal Efficiency in Relation to
Stomatal Size and Density
It has been assumed in the past that small stomata respond faster
in terms of opening and closing than large stomata. Rate of
stomatal opening and closing response to environmental signals
is an essential characteristic of stomatal efficiency, required
to maintain optimum CO2 assimilation to transpiration rate
(Lawson et al., 2010; Lawson and Blatt, 2014). The evolutionary
trend toward high densities of small stomata from few large
stomata (Hetherington and Woodward, 2003; Franks and
Beerling, 2009) is thought to represent a move toward increased
efficiency in stomatal function under low or declining [CO2]
atmospheres over geological time. This is because it is believed
that species with high densities of small stomata achieve greater
maximum stomatal conductance due to reduced pore depth
in small stomata, decreasing the distance for diffusion of gas
molecules through the stomatal pore (Franks and Farquhar, 2007;
Franks and Beerling, 2009). However, Monda et al. (2016) have
shown that Arabidopsis thaliana ecotype Me-0, whose stomata are
significantly larger than those of the wild type Columbia (Col),
had higher stomatal conductance (gs) than Col, confirming that
the longer diffusion pathway in the larger stomata did not restrict
conductance. Therefore, the commonly accepted assumption that
smaller stomata attain higher conductance did not hold in this
case (Monda et al., 2016). In this study, we defined stomatal
efficiency in terms of half-closure time in response to darkness.
Therefore, if the evolutionary trend in SS and density represents
a move toward more efficient stomata, it could be expected that
the fastest responders in this study would be those species with
the smallest stomata. In a study by Drake et al. (2013), SS was
found to be negatively correlated with the maximum rate of
stomatal opening in response to light within the genus Banksia,
indicating that leaves with many, small stomata exhibit faster
stomatal conductance to water vapor than leaves with few, large
stomata; however, that study measured five species within a single
genus. So, while it has been shown that smaller stomata are faster
over a range of SSs within a single genus, this finding cannot
be said to apply generally across plant taxa. In contrast to the
study by Drake et al. (2013) where stomatal opening in response
to light was measured, our study measured stomatal closing in
response to darkness. Our results, in comparison, suggest that
smaller stomata are not always faster as we show that rate of
stomatal closure in response to darkness is not correlated with
SS, measured as SPL, nor with stomatal geometry, measured as
guard cell width, stomatal pore depth, pore length and density for

calculation of maximum theoretical conductance in the species
studied (Table 1).

Of seven species under study, the two species with largest
stomata, H. vulgare (barley) and L. peroffskyana (cycad;
SPL > 24 µm), closed their stomata faster in response to
darkness than the remaining five species (Figure 2; Table 1).
While both have large stomata, their morphology is different;
barley stomatal guard cells are modified into the narrow,
dumbbell-shape typical of grasses and are situated level with
the leaf surface; cycad kidney-shaped guard cells are broad and
are sunken below the leaf surface. Dumbbell-shaped stomata
have a higher diffusible area of stomatal pore than kidney-
shaped stomata because they require a much smaller change in
volume to produce a unit change in aperture width (Raschke,
1976) with resultant higher conductance rates (Aasamaa et al.,
2001; Hetherington and Woodward, 2003; Franks and Farquhar,
2007; Franks and Beerling, 2009). Indeed, maximum stomatal
conductance (gs) observed under saturating light in H. vulgare
was 558 mmol m−2 s−1 compared to L. peroffskyana, which was
only 61 mmol m−2 s−1 (Table 1), illustrating that maximum
operational gs and rate of closing response are not correlated.
In the absence of light, gs reduced to 0 mmol m−2 s−1 in
L. peroffskyana indicating that all stomata were tightly closed,
in contrast to H. vulgare where gs decreased to a minimum
of 53 mmol m−2 s−1 (Table 1), confirming that stomata do
not close completely in this grass in the dark, or possibly that
cuticular conductance was greater in this species. In addition,
it is known that conducting at night occurs in many species
(Daley and Phillips, 2006; Caird et al., 2007; Dawson et al.,
2007).

The next three species in order of decreasing rate of closure
were two conifers, P. macrophyllus and A. australis, followed by
the angiosperm S. lycopersicon; these species have the smallest
stomata (SPL< 19 µm) of the seven species measured (Figure 2;
Table 1). The two slowest species to close in response to darkness
have large stomata, O. regalis and G. biloba (SPL > 24 µm;
Figure 2; Table 1). If rate of stomatal closure is taken as a proxy
for stomatal efficiency, then small stomata are not more efficient
than larger stomata in response to removal of irradiance, at least
with respect to the species examined. Stomata optimize behavior
in order to maximize photosynthetic gain to water loss and this
optimization can take many forms. In this study, barley is efficient
in terms of response time but may be considered inefficient in
terms of water loss during the night, if nighttime conductance is
considered a wasteful process, whereas the cycad is efficient in
terms of both rate and effectiveness of stomatal closure by rapidly
reducing conductance through the aperture to 0 mmol m−2 s−1.

Other Factors that May Impact Stomatal
Efficiency
We confirmed the notion that SS and SD are inversely correlated
(Hetherington and Woodward, 2003; Franks and Beerling, 2009;
Franks et al., 2009). In the present study, the two fastest and the
two slowest species examined all have large stomata and low SD
compared with the remaining three species, which have smaller
stomata and higher density (Table 1). Thus, half-closure time in
response to darkness in these seven species is neither correlated

Frontiers in Plant Science | www.frontiersin.org August 2016 | Volume 7 | Article 1253 | 156

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-07-01253 August 22, 2016 Time: 11:41 # 9

Elliott-Kingston et al. Does Stomatal Size Matter?

with SS (r2
= 0.01) nor SD (r2

= 0.02). Since our results found
that half-closure time in these species is not correlated with size
or density, we attempted to identify other factors correlated with
half-closure time. It is not likely linked to phylogeny because
the two fastest stomatal responders are phylogenetically removed
from each other by millions of years. Stem group cycads, the
oldest lineage of extant seed plants, evolved in the Permian
(∼298–252 Ma) during a time of increasing global warmth
and aridity (Eyles, 2008; Tabor and Poulsen, 2008; Montañez
and Poulsen, 2013). Extant crown group cycad species result
from a radiation that began approximately 12 Ma during the
Miocene (Nagalingum et al., 2011). Grasses evolved during
the late Cretaceous/early Paleogene (70–60 Ma), when the
climate was warm and relatively wet (Wolfe and Upchurch,
1987; Pearson et al., 2001). They subsequently radiated and
diversified in a climate of decreasing temperatures and increasing
seasonally aridity (Ruddiman, 2001), occupying early grassland
open habitats in South America by ∼40 Ma and grassland
habitats globally during the early to middle Miocene (∼20–
10 Ma; Jacobs et al., 1999; Kellogg, 2001; Strömberg, 2011).
The two species with the largest stomata also represent two
separate plant divisions, that is, gymnosperms and angiosperms.
Additionally, rate of closure is not likely linked with life strategy;
L. peroffskyana is a woody, evergreen cycad, endemic to coastal
and near-coastal regions of New South Wales and Queensland
in Australia, where it grows in wet sclerophyll forest, littoral
rainforest or open scrubby forest (Jones, 2002; Whitelock, 2002),
whereas H. vulgare is an herbaceous, annual grass descended
from wild barley, H. vulgare subsp. spontaneum from Western
Asia (Badr et al., 2000). It must also be noted that neither species
is under strong selection pressure to have fast-closing stomata
in response to drought as neither usually grows in water-limited
environments.

Effect of Atmospheric CO2
Concentration on Stomatal Closure Rate
We explored the possibility that the concentration of atmospheric
CO2 ([CO2]atm) at the time of taxa origination and/or latest
diversification event may have impacted stomatal function,
bearing in mind that Robinson (1994) suggested that “plants
evolving under declining CO2 tended to develop increased
stomatal efficiency.” The difficulty in ascertaining exactly
when taxa originated and last diversified, along with accurate
determination of atmospheric [CO2] during those times, limits
the accuracy with which the impact of past [CO2] on stomatal
function can be studied. Nonetheless, using current information
available for origination and diversification dates for the
seven taxa, along with modeled atmospheric carbon dioxide
concentration at the time (Berner and Kothavala, 2001; Bergman
et al., 2004), we tested for a relationship between half-closure
time and [CO2]. Half-closure time was not found to be correlated
with estimated concentration of CO2 in the atmosphere when
the taxa originated but correlation between half-closure time and
estimated [CO2]atm during the time of taxa diversification was
observed (Figure 3); species whose ancestors underwent their last
major diversification event in low or declining [CO2]atm closed

their stomata faster in response to darkness than species whose
ancestors last diversified under high [CO2]atm. Therefore, we
suggest that the concentration of CO2 in the atmosphere during
diversification events may impact stomatal function, specifically,
rate of stomatal closure.

The rapid half-closure time exhibited by the cycad, a member
of an ancient plant order that has persisted over millions of
years with little morphological change, was unexpected. With
the aid of DNA sequence data and fossil-calibrated phylogenies
it is now known, however, that living cycad species are not
relictual taxa (Treutlein and Wink, 2002; Crisp and Cook, 2011;
Nagalingum et al., 2011). All extant cycad genera diversified in
the last 12–6 million years (Nagalingum et al., 2011); therefore,
despite their ancient origins, extant cycads last diversified with
the grasses in a low CO2 world. Using the same techniques,
Biffin et al. (2011) have shown that despite the ancient origins of
Podocarpaceae in the Triassic–Jurassic, extant species within the
family are likely to be of more recent evolutionary origin (mid-
to-late Cenozoic). While extant Podocarp leaves can be scale-like,
needle-like or broad, reconstructions of leaf morphology indicate
that the ancestral state was scale-like, suggesting that modern
broad leaves in Podocarps are an adaptation to compete with
angiosperm radiation in shady canopies of newly developing
rainforests (Biffin et al., 2012). The Podocarp species included
in this study, P. macrophyllus, has broad leaves analogous to
angiosperms. Similarly, Crisp and Cook (2011) have concluded
that conifers in the Araucariaceae family, despite their ancient
origins, have a crown age estimated at only 36 Ma, while Biffin
et al. (2010) have suggested the estimated age of the A. australis
lineage to be 39–11 Ma. Thus, it appears that the cycad and
conifer species in this study diversified at a similar time to
angiosperms under a relatively low or declining atmospheric CO2
composition (Table 1). In contrast, the two slowest stomatal
responders, O. regalis and G. biloba, diversified much earlier in
a high CO2 world (Table 1). The fern family, Osmundaceae,
originated in the Permian and radiated in the Triassic (Jud
et al., 2008). Phipps et al. (1998) established that crown group
Osmundaceae has a minimum age of 220 million years, with
fossil evidence of the genus Osmunda from the Late Triassic.
Osmundaceous ferns diverged as early as the Carboniferous
(Schneider et al., 2004) and living species began to appear no
later than the Late Cretaceous (Jud et al., 2008), suggesting that
some extant genera and species could be remarkably ancient. The
order Ginkgoales also originated in the Permian (Royer et al.,
2003) and diversified during the Jurassic and Early Cretaceous
(Royer et al., 2003; Crane, 2013). The sole survivor of this
order, G. biloba, has persisted through millions of years of
environmental and atmospheric change but last diversified in
a high CO2 world. In contrast, the two angiosperm species in
this study S. lycopersicon and H. vulgare originated much later
in time. Solanales originated in the mid-Cretaceous (Bremer
et al., 2004). Solanaceae crown group divergence times vary
from c. 51 Ma (Paape et al., 2008) to c. 40 Ma (Wikström
et al., 2001), while crown age of the genus Solanum is estimated
at c. 16 Ma (Paape et al., 2008). Grasses (Poaceae) originated
in the latest Cretaceous to early Tertiary (Jacobs et al., 1999;
Kellogg, 2001; Piperno and Sues, 2005; Prasad et al., 2005) and
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increased in abundance during the middle Tertiary (Jacobs et al.,
1999).

Using current knowledge on the date of diversification of the
seven species studied, and estimated atmospheric composition
at that time, we showed that the five species that diversified
under low or declining atmospheric CO2 concentration (280–
805 ppm) had faster stomatal closing response times (median
half-closure time 4.83–16.86 min; mean half-closure time 7.16–
24.47 min) than the two species that diversified under high
atmospheric CO2 concentration (912–2280 ppm; median half-
closure time 25.27–78.69 min; mean half-closure time 30.13–
105.49 min; Figures 2 and 3; Table 1). This trend may suggest
that, in these seven species at least, atmospheric [CO2] during
taxa diversification is a more important driver of stomatal closing
rate than SS, SD, phylogeny or life strategy. However, intriguing
this idea, it must be viewed with caution as the number of
species used was moderate and the sample size small for each
species so an overall trend in all land plants cannot be assumed
from such a preliminary study. Additionally, only one cycad
species was included, thus the possibility exists that fast and
tight stomatal closure in L. peroffskyana represents a species-
specific response that is not typical of all cycads. It is possible
that cycad species that diversified in a low CO2 world were placed
under selection pressure to optimize stomatal efficiency; perhaps
species that could not adapt became extinct, whilst those that
could adapt, survived. Nagalingum et al. (2011) have suggested
that a shift from a globally warm, equatorial climate to cooler
temperatures with increasing aridity and seasonality during the
Late Miocene may explain the dramatic extinction of many
cycad species; the reduction in atmospheric [CO2] during the
Miocene may have selected for cycad species with fast responding
stomata while cycad species with slow stomata became extinct.
Therefore, perhaps other extant cycad species also close their
stomata quickly when irradiance is removed and this remains to
be tested.

To our knowledge, no previous study has compared measured
stomatal response rate and measured SS in species with ancient
stem lineages from a high CO2 world to species with more recent
stem lineages from a low CO2 world. It is likely that several factors
combine to drive optimal stomatal function and, under stressful
circumstances, some factors may become more dominant in
terms of driving optimality than others. We recommend further
detailed studies on stomatal closing rates in a much wider
phylogenetic range of species, especially those where time of
diversification has been established with reasonable certainty, in
order to provide more insight into this interesting topic. Vico
et al. (2011) have shown that stomatal opening and closing
times are strongly correlated, with opening faster than closing.
Therefore, in our future studies, we will test whether stomatal
opening rate in response to light, and in particular to sun flecks,
is correlated with rate of closing and with atmospheric CO2
concentration at time of diversification in these same species, and
will also broaden the number of species and increase replication.

CONCLUSION

Small stomata do not always close faster than large stomata
when compared across a phylogenetic range of genera and
plant functional groups and thus are not more efficient than
large stomata if stomatal closing time is taken as a proxy for
stomatal efficiency. We suggest that atmospheric concentration
of CO2 at the time of taxa diversification, and not SS, may
be a stronger driver of stomatal closing time in response
to darkness in the seven species studied. We recommend
that future studies testing whether small stomata are faster
than large stomata should consider other adverse factors that
may place a strong selection pressure on plants to optimize
stomatal function. In such adverse circumstances, guard cell
size may not be the most dominant driver of stomatal
function.
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We describe a method for 3D reconstruction of plant seed surfaces, focusing on small

seeds with diameters as small as 200 µm. The method considers robotized systems

allowing single seed handling in order to rotate a single seed in front of a camera. Even

though such systems feature high position repeatability, at sub-millimeter object scales,

camera pose variations have to be compensated. We do this by robustly estimating the

tool center point from each acquired image. 3D reconstruction can then be performed

by a simple shape-from-silhouette approach. In experiments we investigate runtimes,

theoretically achievable accuracy, experimentally achieved accuracy, and show as a

proof of principle that the proposed method is well sufficient for 3D seed phenotyping

purposes.

Keywords: automated seed handling, Arabidopsis, image processing, silhouette, performance analysis

1. INTRODUCTION

Making image analysis methods available for plant phenotyping applications is currently a driving
force in plant sciences (Spalding and Miller, 2013). In many such applications the absence of
suitable image processing is even a bottleneck (Minervini et al., 2015). More than 100 specialized
methods (Lobet et al., 2013) and software packages are available for image-based analysis of
different plant parts, e.g., fruit shape (Brewer et al., 2006), single or multiple leaves (Bylesjö et al.,
2008; Weight et al., 2008; Alenya et al., 2011; De Vylder et al., 2011; Wallenberg et al., 2011; Dellen
et al., 2015;Müller-Linow et al., 2015; Pape and Klukas, 2015), hypocotyl and seedlings (Koenderink
et al., 2009; Wang et al., 2009; Silva et al., 2013; Golbach et al., 2015), shoot (Augustin et al., 2015;
Santos and Rodrigues, 2015; Pound et al., 2016), rosettes (Arvidsson et al., 2011; Aksoy et al., 2015)
and many more. Such analysis tools are needed in robotic imaging platforms for high-throughput
plant phenotyping (Granier et al., 2006; Jansen et al., 2009; Hartmann et al., 2011; Nagel et al., 2012;
van der Heijden et al., 2012; Fahlgren et al., 2015), but also in affordable systems (Tsaftaris and
Noutsos, 2009; Minervini et al., 2014; Santos and Rodrigues, 2015).

Plant seed phenotyping is needed by seed banks for quality management e.g., concerning
breeding purposes, linking to germination rate or plant growth. For this, 2D scanning is a popular,
affordable technique (Herridge et al., 2011; Tanabata et al., 2012; Moore et al., 2013; Whan et al.,
2014). Several commercial software packages are available for seed investigations using flat-bed
scanners (e.g., Regent Instruments, 2000; Next Instruments, 2015). It has been applied to different
seed types, likeArabidopsis, soybean, barley, or rice. Typically parameters like width, length, or area
are calculated from the 2D images, but also more complex shape measures like Fourier descriptors
(Iwata and Ukai, 2002; Iwata et al., 2010).
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However, to the best of our knowledge, no affordable 3D
imaging technique has been presented so far designed for seed
measurements. Correspondence-based techniques (Quan et al.,
2006; Paproki et al., 2012; Pound et al., 2014, 2016; Santos
and Rodrigues, 2015) reconstructing 3D models from multiple
images, or other low-cost techniques like laser scanning or the
Kinect can be used for 3D whole plant reconstruction (Paulus
et al., 2014) or root systems in transparent gel (Fang et al., 2009).
However, such techniques are not suitable for much smaller
objects like seeds of rapeseed plants (∼2 mm diameter) or even
Arabidopsis seeds (∼0.2–0.4 mm length).

Here we investigate volume carving, a well-known shape-
from-silhouette technique (Martin and Aggarwal, 1983; Potmesil,
1987; Laurentini, 1994), for 3D seed shape reconstruction.
It is a fast, reliable, and simple but robust method, having
been used in plant phenotyping before, e.g., 3D seedling
reconstruction (Koenderink et al., 2009; Golbach et al., 2015)
or root system investigations (Clark et al., 2011; Zheng et al.,
2011; Topp et al., 2013). Depending on the selected viewpoints
it approximates the convex hull of an object or reconstructs
even valleys and saddle-points, but cannot reconstruct true
concavities. Most seeds are, however, relatively smooth, convex
objects. For the seed types investigated here (Arabidopsis, barley,
and maize, see Figure 1), true concavities seem to be of
low relevance for volume estimation. For non-smooth seeds,
like e.g., seeds of the plant parasites Phelipanche aegyptiaca,
or Orobanche cernua the proposed method may be less
suitable.

This paper is an extension of our conference publication
(Roussel et al., 2015), thus theory (Section 2 and 3), and
some experiments from Section 4 are mainly repeated from
there. We extend the theory by an accuracy check and iterative
camera position correction procedure, and the experiments by a
numerical and experimental investigation of achievable accuracy
vs. number of images in Sections 4.2 and 4.3. Further we updated
references and discussion.

FIGURE 1 | Overview of the reconstruction method. (A) Image acquisition from multiple viewing angles. (B) One of the acquired gray value images. (C) Mask

image. (D) Estimation of tool center point (TCP). (E) Estimate shape from silhouette by volume carving. (F) Surface of reconstructed volume. (G) Tool removed from

volume: seed red, tool blue.

2. RECONSTRUCTING SEED SHAPE FROM
SILHOUETTES

Aiming at relatively simple, mostly convex seed shapes, target
voxel resolutions needed to describe such shapes are comparably
low—as we will show in the experiments below, see Section 4.
Therefore, for this study, it is sufficient to apply one of the most
basic volume carving approaches.

We get the intrinsic camera matrix K (Hartley and Zisserman,
2004) and the distance between the origin of our working
volume and the camera center from calibration (cmp. Section
3.2). The origin of the working volume is selected to be the
tool center point (TCP) of the robot system handling the
seeds, i.e., rotating them in front of the camera for imaging
(cmp. Section 3.1).

We acquire N images, showing a seed under (equidistantly
spaced) rotation angles αi where i ∈ {1, . . . ,N}, see
Figure 1. Rotation is around the vertical axis through the
TCP, being parallel to the y-axis of the camera. We segment
by gray-value thresholding each image into a binary mask
Mi being one at the foreground, i.e., seed and tool tip, and
zero at background locations. Small objects like noise are
removed and small holes (e.g., the reflection of the tool)
filled.

For each image and thus segmentation mask we calculate the
homogeneous camera projection matrix Pi, from the rotation
angle αi by

Pi = K(Ri|Eti) (1)

where Ri is the rotation matrix corresponding to the given
angle αi, and translation vector Eti is calculated using the
distance of the world origin to the camera center, also known
from calibration (see e.g., Hartley and Zisserman, 2004). By
this, the world coordinate frame rotates with the object, i.e.,
the seed.
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We define an equidistantly spaced, cubic voxel grid around
the world origin, being large enough to contain the seed. The
thus defined working volume depends on the seed type. For
Arabidopsis we use (1 mm)3, for rapeseed (2.9 mm)3, and for
barley and maize (13 mm)3.

Each voxel center with homogeneous world coordinates EX is
projected to a point Exi in each maskMi by

Exi = Pi EX (2)

If EX is projected to the background region of at least one of the
N masks Mi, then this voxel does not belong to the foreground
object and its value V(EX) is set to 0, i.e.,

V(EX) =
N

∏

i= 1

Mi(Exi) (3)

Thus, if a voxel belongs to the foreground object, its value V(EX)
is set to 1.

When higher voxel resolution is desired, and thus runtimes
increase, parallelization of the carving algorithm (Brenscheidt,
2014) is feasible (see Section 4.1). Even higher resolutions
become available on current desktop computer hardware, when
hierarchically representing the voxel grid, e.g., as an octree
(Szeliski, 1993; Klodt and Cremers, 2015).

One of the main drawbacks of this simple carving algorithm
is its sensitivity to imprecise external camera calibration. When
a mask Mi is misaligned and thus does not well overlap with the
“true” object volume, the non-overlapping parts are deleted from
the volume without further testing or corrections. We therefore
apply an image-based camera pose calibration step, as described
next.

2.1. Correcting Camera Pose
Methods not adapting camera pose by estimating extrinsic
parameters from the acquired images are known to be
particularly sensitive to (extrinsic) calibration errors, thereby
requiring precise positioning of the cameras (see e.g., Yezzi
and Soatto, 2003). For relatively large objects in the multiple
centimeter-range, say 20 cm long and filling most of an image,
and typical pixel resolutions, say 2000 × 2000, a pixel covers an
object area 0.1 × 0.1 mm2. Position repeatability of industrial-
grade robotic systems, typically ≤ 20 µm and ≤ 0.05◦ (Denso
Robotics Europe, 2015), is therefore high enough for precise
reconstruction. However, for objects being few millimeter in size
or even in the sub-millimeter range additional care has to be
taken. The mathematical TCP coordinates known to the robot
control software may not coincide precisely with the physical
TCP at the tool tip, due to mechanical calibration inaccuracies,
wear and tear, or small deformations of the tool. In our case,
instead of being at a fixed location in the camera images, the TCP
moves on a more or less reproducible, elliptic trajectory of up to
200 µm diameter, varying with room temperature.

Before projecting the voxels to the mask images, we therefore
adapt projection matrices Pi. If a suitable non-changing target
moving with the TCP is visible in all images, image registration

can be done using simple normalized cross-correlation (see
Figure 2).

In our robotic application, in order to adapt projection
matrices Pi, the truncated cone shape of the gripping tool has to
be found, see Figure 3. As larger seeds may partly occlude the
tool tip, we search for a region of the tool being reliably visible
in the images. The tool enters the image vertically from below
and becomes smaller in diameter toward the true TCP, being
the center point of the very tip of the tool. As we can robustly
find the tool’s left and right edges, we apply a simple and very
fast procedure. We calculate the visible width of the tool line by
line starting at the bottom of the image, moving upwards, i.e.,
in negative y-direction. We iterate while the width decreases and
is larger than the minimum tool width (being at the tip). The
thus reached y-coordinate is taken as first estimate of the TCP
y-coordinate yTCP. A reliable estimate of the TCP’s x-coordinate
xTCP is established as the mean of all found left and right edge
x-positions. As the tool tip may be partly occluded by the seed,
yTCP needs refinement. For this the left and right tool edges
are independently tracked further until the narrowest point is
reached, i.e., the rightmost point of the left edge, and the leftmost
point of the right edge. The smallest y-value (highest point) of the
two points is taken as new yTCP.

For small seeds like Arabidopsis this procedure works reliably,
as the seeds are too small to occlude the whole tool tip in
an image. For larger seeds, we use the observation that the
TCP’s elliptic trajectory results in its y-coordinates to describe a
sinusoidal curve over the rotation angle. We therefore robustly fit
a sin-curve to the y-coordinates and correct outliers according to
the fit result.

For such small objects, the optical lens setup (cmp. Section
3) features a narrow opening angle (i.e., large zoom), like a
microscope at 1-to-1 magnification. This means lines of sight are
almost parallel and thus depth effects are negligible. This allows to
update Pi with ExTCP by simply setting the principal point (Hartley
and Zisserman, 2004) to ExTCP.

In our experiments we observed that ExTCP can be estimated
reliably with pixel accuracy, when no disturbances like small dust
particles are present. Maximum offset in locating TCP from an
unoccluded tool tip was 2 pixel.

In situations, where larger inaccuracies in locating ExTCP
occur, testing consistency of results and correcting ExTCP is
recommended. Back-projection of the reconstructed 3d object is
a simple procedure allowing to test whether or not Pi is correct
and the selected segmentation procedure is suitable. For this test,
each surface voxel of the found 3d object is projected to a mask
image M̃i, initially filled with zeros. A voxel is projected to M̃i

by projecting its corners to M̃i using Pi and filling the respective
convex hull with ones. If no errors occurred, the thus generated
foreground mask should be identical to the segmentation mask
Mi (up to ignored subpixel effects when filling the convex hull,
leading to a potentially slightly dilated mask M̃i). Measuring
overlap between the twomasks can be done using well established
measures, e.g., theOverlap Ratio Criterion= |M̃i∩Mi|/|M̃i∪Mi|

(see e.g., Everingham et al., 2010), orDice Similarity Coefficient=
2|M̃i∩Mi|/(|M̃i|+|Mi|) established by Dice (1945) and Sørensen
(1948), where | · | denotes set cardinality. These measures are
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FIGURE 2 | Example provided together with source code as supplemental material. Imaging is done using affordable hardware, i.e., a usual SLR camera

(Nikon D7000, AF-S Nikkor 16–85 mm 1:3.5–5.6 GED lens at f = 85 mm) and a motorized turntable (Steinmeyer DT130-360◦-SM01) for rotating the seed. As tool

keeping the seed above the turntable’s plane, we use a cut-off ball-pen-tip. A smaller tool, like in our robotic setup, allows for better seed visibility and reconstruction,

however it is not easy to build. Even though the SLR is mounted on a sturdy tripod and released by a remote control, the camera center moves from image to image.

In this setup, the base of the tool is visible in each image and can be used as target for correlation-based image registration. From the calculated image shifts,

projection matrices Pi are adapted accordingly. See provided source code for more details. (A) SLR image showing a maize seed, (B,C) cropped 760×564-image

with 293×100 target for cross correlation indicated in red, (D,E) mask image with borders of the user-defined reconstruction volume projected back into the image in

blue, (F) reconstructed seed and tool, (G) reconstructed seed with tool removed, (H,I), reconstructed seed from a more bottom and more top view.

used throughout image analysis and are common in plant
imaging as well (Minervini et al., 2014).

In case the achieved mask overlap is too small but larger than
zero, iterative procedures can be applied to increase accuracy.
Straight forward is to (1) shift the principal point in each
projection matrix Pi such that the center of mass of M̃i coincides
with the center of mass of Mi and (2) recarve, and iterate both
steps until convergence or suitably large overlap. Alternatively,
gradient descent-based algorithms optimizing camera pose may
be applied as a refinement step (e.g., Yezzi and Soatto, 2003).

2.2. Removing the Tool from the Seed
For small seeds not overlapping with the tool, the TCP lies
precisely in the world origin, i.e., the origin of the reconstructed
voxel block. Thus, voxel above the TCP contain the seed, voxel

below (which in that case we do not reconstruct) contain the tool.
In cases where seed and tool may overlap (see e.g., Figure 3), the
tool tip is also reconstructed. It can be removed from the volume
data using its known position, orientation, and physical size by
deleting the corresponding voxel volume.

Alternatively, at high voxel resolutions, where the
reconstructed volume covered by the tool may be affected by
noise, one can estimate the tool position from the reconstruction.
Summing up voxel values of horizontal planes in the bottom
region of the volume gives reliable estimates of the area of
horizontal cuts through the tool. While the areas decrease when
summing over higher and higher planes, the planes are deleted
from the data. Then, when areas no longer decrease, using these
areas, we estimate the y-position of the truncated cone using a
least squares fit and remove the thus covered volume.
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FIGURE 3 | Illustration of the extrinsic camera calibration correction. (A–C) Images of the same barley seed taken from different angles. (D) Mask image

generated from (B). (E) Steps to find the TCP: (1) find edges of gripping tool (red lines), stop when lines diverge (blue dotted line). (2) xTCP is average of middle

between found edge positions (red dotted line). (3) Trace edges further as long as they come closer to xTCP (yellow lines). (4) Top most position is yTCP. The found

TCP is indicated by a yellow cross.

FIGURE 4 | Camera setup for 3D imaging.

3. MATERIALS AND METHODS

3.1. Imaging
Depending on seed size for 3D reconstruction we use two
different setups for image acquisition. Both setups consist of
an industrial-grade c-mount camera (PointGrey Grasshopper,
GRAS-50S5M-C, Mono, 5.0 MP, Sony ICX625 CCD, 2/3", square
pixels of size µ = 3.45 µm, global shutter, 2448× 2048, 15 FPS),
35 mm high precision lens (Schneider KMP APO-XENOPLAN
35/1,9) and a white LED ring with diffusor (CCS LDR2-70-SW2)
shown in Figure 4. For small seeds (e.g., Arabidopsis, tobacco,
rapeseed) a 36 mm spacer is mounted between camera and lens.
For larger seeds (e.g., barley, maize) only a 15 mm spacer is
needed. Spacer reduce the minimumworking distance of the lens
(d = 69.9 mm for the 36 mm spacer, 128.0 mm for the other)
and thus are responsible for suitable magnification. This allows to
measure seeds in a range between≈0.2 and 12 mm. White paper
is used as background.

For image acquisition seeds are picked by a cone-shaped
vacuum nozzle and held in front of the camera at optimal

working distance using a robotic system to be described
elsewhere. The robot rotates the seed in configurable angles and
triggers the camera. We use 10◦ steps and take 36 images, if not
stated differently. Image acquisition times are mainly limited by
the robot’s rotation typically & 2.7− 5 s per 360◦, depending on
the motion type. We perform 36 stop-and-go steps resulting in
an overall acquisition time of≈ 6− 7 s.

3.2. Camera Calibration
We use the OpenCV implementation (Bradski and Kaehler,
2008) of Bouguet’s calibration method (Bouguet, 1999) and an
asymmetric 4 × 11 dot-pattern target with a total size of 5.8 ×

4.3 mm. It was printed using a professional, high resolution film
recorder, as usual office printers even on good paper do not
achieve a printing precision suitable for camera calibration at
such small spatial scales.

Using this toolbox, estimation of the focal length f is not
precise enough for our purposes. We therefore use a ball-
bearing ball (steel, precision according to DIN5401 G20) with
r0 =1.50 mm ±0.25 µm radius as calibration object, in order
to estimate the working distance d (or equivalently focal length
f from working distance d) of our system precisely. From a
mask image of the ball acquired with our system, we estimate
its area A in pixel. This allows to estimate its radius r in the
image by r = µ

√
A/π , where µ is the pixel size. From basic

geometric reasoning working distance d can be derived as d =
√

f 2 + r2 r0/r.

3.3. Software Implementation
The software framework is implemented in C++ on a
Windows 7 operating system with Visual Studio 2013.
The application programming interface Open Graphics
Library (OpenGL OpenGL.org, 2015) was used for the GPU
implementation.

As supplemental material (Roussel et al., 2016) we provide
both, a suite of Matlab (Mathworks, 2015) routines as well as a
Python implementation suitable for volume carving of not too
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small seeds using an affordable imaging setup. Such setups may
e.g., use a turntable and a consumer SLR camera. In our example
(see Figure 2) we use normalized cross-correlation for image
registration, as the bottom of the tool is always visible as a suitable
registration target.

4. EXPERIMENTS

4.1. Resolution and Runtime
The complexity of the volume carving algorithm is proportional
to the number NV of voxels and number N of images acquired.
For our equidistantly spaced cubic R × R × R grids the voxel
number is NV = R3 and thus complexity is O(R3N). In addition

time for loading (or acquiring) the images (with NP pixels) and,
for the GPU implementation, transferring the data to and from
the graphics card is needed. Complexity of this data transfer and
preprocessing of the images is O(NPN), or O(NPN) + O(R3) for
the GPU implementation.

Runtimes shown in Figure 5D have been measured on a PC
with Intel Core i5-3470 CPU, 8GB DDR3 RAM and an NVIDIA
GeForce GTX 580 GPU with 4047MB GDDR5 RAM (cmp.
Brenscheidt, 2014 for further details). We observe that for low
resolutions R of the voxel grid, runtime contributions by the
O(NPN) components dominate, as no dependence on R is visible.
For increasing R, these parts become negligible. While for the
CPU implementation a significant increase of the runtime vs.

FIGURE 5 | Performance of the proposed method. (A) Original image of a barley seed. (B) Reconstructions of the seed at different grid resolutions. (C)

Reconstructed volume vs. resolution of the voxel grid. (D) Runtimes in seconds of serial CPU and parallel GPU implementations (reproduced from Brenscheidt, 2014).

(E) Reconstructions of the seed using different numbers of images. (F) Reconstructed volume vs. number of images used.
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the 2 s runtime for smallest voxel resolutions can be noticed
at R = 256 (4 s), the parallel GPU implementation stays at
comparable runtimes even at R = 512.

When interested in a seed’s volume as a trait used for
high throughput phenotyping, rather than in subtle surface
details, voxel resolution can be selected comparably low. In
Figures 5A–C we show a barley seed and its reconstructions
together with its derived volume for different grid resolutions
R. We observe that above R = 256 the estimated volume
is approximately constant. Thus, for this phenotyping task,
runtime is limited mainly by file-IO, transfer and preprocessing.
Sophisticated speed-up mechanisms for the carving provide
rather low benefits in this application, as their main potential lies
in higher achievable volume resolutions.

Speedup using fewer images may be paid by lower accuracy
(see Section 4.2). We show reconstructions of the same barley
seed in Figure 5E and the corresponding volumes in Figure 5F.
Images are selected equidistantly. We observe that reducing
image number rapidly reduces reconstruction quality. Interesting
to note is that the reconstruction using N = 9 images is more
accurate than with N = 12 images. This is due to the fact that
for N = 12 the selected angle between images is α = 30◦, thus
180◦ is a multiple of α (the same is true for N ∈ {4, 6, 12, 18, 36},
cmp. also Figure 8 and Section 4.2). However, as the opening
angle of our lens is small, complementary information content
in masks coming from cameras looking in opposite direction
is low. We conclude that for shorter runtimes with comparable

or even higher reconstruction accuracy investigating alternative
viewing directions is promising. We do this in the next section
for the restricted possibilities of our robotic, turntable-like, single
camera acquisition system.

4.2. Accuracy vs. Number of Images
We numerically investigate the influence of the number N
of equidistantly acquired images on the accuracy of volume
estimation in an ideal turntable setting. To do so, we calculate
the volume Vnum of a sphere with radius r0 derived as cut
of tangent cones, cmp. Figures 6A,B,D: Each ideal camera is
represented by its camera center Ci, known from the selected
working distance and rotation angle. A sphere projects to a circle
on the sensor plane. A volume carving step for each image of
this sphere thus corresponds to testing for each point of the
working volume, if it lies inside or outside a cone spanned by
Ci and the outline of the projected sphere (transparent cones in
Figure 6B). The cone is independent of the focal length f of the
ideal camera, but depends on the working distance d, i.e., the
distance between each camera center and the center of the sphere.
We select r0 = 1.5 mm, as we use a highly accurate, spherical
bearing ball of this size as ground truth object in real experiments
(see Section 4.4).

As we did not find a closed form solution for the volume of an
object derived by a cut ofN cones for arbitraryN, we numerically
integrate the volume by a Monte-Carlo method:

FIGURE 6 | Setup for the numerical accuracy analysis. (A) Exemplary geometrical setup for five cameras. (B) Same configuration with transparent projection

cones touching the green sphere and colored inlier sampling points. (D) Close up of the sphere (green) and a visualization of the sampled inlier points. Red, yellow,

black, and white points indicate the four different types if surplus volumes not taken away by carving. Black lines indicate where cones touch the sphere (C) Symmetry

planes (black) for each camera and section of a spherical shell indicating the geometry of the sampling region (yellow). (E) Close up of the sampling region (yellow).

The inner sphere (green) represents the inner border of the volume, the meshed sphere the outer border. Black stripes indicate symmetry planes.
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1. We randomly select K points in a region with known volume
Vreg including the complete test volume.

2. For each point we test, if it lies in all cones spanned by the
cameras. If yes, the point lies in the volume, if no, not. The
number of all inliers is Kin.

3. The sought-for volume Vnum is then Vnum ≈ Vreg ∗ Kin/K .

The smaller Vreg can be selected, the more accurate Vnum can
be approximated with a fixed number K of sampling points.
We observe that the selected turntable camera configuration
(Figures 6A,C) is symmetric with respect to

• the plane spanned by the cone centers i.e., the equator of the
sphere,

• each plane spanned by the rotation axis and a camera center,
• each plane spanned by the rotation axis and cutting

the rotation angle between two adjacent camera
centers in half, i.e., the vertical plane between two
cameras.

Furthermore, we observe that

• the inner of the sphere lies completely in the carved volume,
i.e., we carve the sphere from the outside; and finally that

• the sought-for volume lies in a concentric sphere with a
somewhat larger radius than the carved sphere.

This allows to restrict numerical calculations to a region with
known volume Vreg being box interval in spherical coordinates
(cmp. Figure 6E, yellow region), in order to benefit optimally

from symmetries in the problem. We restrict the altitude
angle to θ ∈ [0, π/2], azimuth to φ ∈ [0, π/(2N)], and
the radius to r ∈ [r0, r1]. Radius r1 is calculated by (1)
intersecting all cones with the plane spanned by the camera
centers, yielding a pair of lines for each cone, (2) selecting
the right lines of two adjacent cones (cmp. example red lines
in Figures 6C,E) (3) calculating the intersection between these
lines, and (4) selecting r1 as radius of the point given in polar
coordinates.

This geometry is depicted in Figures 6C,E. The selection
correspond to one section of a spherical shell, cut in half by the
plane spanned by the cone centers (i.e., at the equator of the
sphere) and cut in 2N sections by the half-planes starting at the
axis of rotation symmetry (i.e., the axis through the poles of the
sphere) and each including one cone center; as well as their angle
bisector planes.

Randomly sampling points in spherical coordinates produces
higher point densities toward the origin in Euclidean coordinates
and toward the north-south-axis of the sphere. We correct
for these density differences combining two approaches. To
understand this we need to calculate the Jacobian of the spherical
coordinate transformation from Euclidean coordinates. Using
the convention

x = r sin θ cosφ (4)

y = r sin θ sinφ (5)

z = r cos θ (6)

FIGURE 7 | Error of volume vs. number N of camera positions. Top left: error when using parallel projection (telecentric lens). The other plots show errors for

different working distances d and central projection. In real experiments we use working distance d = 69.9 mm.
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we get the Jacobian J

J = det
∂(x, y, z)

∂(r, θ, φ)
(7)

= det





sin θ cosφ r cos θ cosφ −r sin θ sinφ

sin θ sinφ r cos θ sinφ r sin θ cosφ
cos θ −r sin θ 0



 = r2 sin θ .

As long as r0 and r1 do not differ too much, as in our case, it is
sufficient to consider the radial part of J by weighing sampling
points p by their radius value rp

Vnum ≈ Vreg ∗ K̃in/K̃ (8)

where K̃in =
∑

p∈Pin
r2p and K̃ =

∑

p∈P r
2
p . P is the set of all

sampling points and Pin ⊂ P the set of all inliers.
Density variations due to altitude θ are compensated by

transforming the sampling probability density from the uniform
distribution p(χ) (with χ ∈ [0, 1]) a random number generator
delivers to a sin(θ)-shaped distribution pθ (θ). This is achieved
by the transform θ = g(χ), where g(χ) = arccos(1 − χ). This
can be easily verified using to the transform law for densities
pθ (θ) = | d

dθ
g−1(θ)|p(g−1(θ)), where g−1 denotes the inverse

function of g.
In Figure 7 relative error E = (Vnum − V0)/V0 with

V0 = 4/3πr30 is depicted vs. the number N of images
used for reconstruction of Vnum. We observe that for parallel
projection, using an even number of cameras (or images)
yields the same result as using half the number of images.
This makes sense, as for an even number of cameras, pairs
of cameras are in an 180◦-configuration, looking at the same
object contour from different sides. This does not add additional
information to the reconstruction. However, when considering
central projection also images from an 180◦-configuration add
additional information, as cameras do not look at the same
contour.

Figure 8 shows volumes reconstructed using different camera
configurations. We observe that using N = 5 or N = 10
camera positions yields identical results for parallel projection in
Figure 8, left. However, for central projection N = 10 camera
positions yields a much better reconstruction than using N = 5
images. This is in full agreement with the plot given in Figure 7,
bottom right, where we also observe, that using odd N is not
always better than using even N with one additional camera
position. It depends on object size in relation to working distance,
which camera position configuration yields better results in
theory. We observe, that in the cases tested here, a minimum
of N = 11 or N = 12 images is needed to stay below 1%
relative error. A limit of less than 0.1% error is reached using
N = 33, N = 36, or N = 37 images. In practice, however, given
a sufficiently high N, other error sources may dominate (see next
Sections).

4.3. Accuracy Loss Due to Position
Inaccuracies
We performed experiments using synthetic images in order
to test the different error sources in our method. The images

FIGURE 8 | Reconstructed volumes for different numbers N of camera

positions. Numbers in the upper left corner of each subimage are N. Inlier

sampling points are color-coded, where hue indicates φ and brightness θ . The

underlying ground truth sphere is white. Left: reconstruction using parallel

projection (telecentric lens). Right: reconstruction using central projection with

working distance d = 20mm and sphere radius r0 =1.5 mm.

showed a perfect sphere as projection of a synthetic ball of
same size as our bearing-ball. Geometrical setup was as for the
experiments in Section 4.2, with working distance d = 69.9 mm.
We reconstructed the ball using volume carving, a voxel grid
resolution of 2563 and (12 µm)3 voxel size. Results were very
similar to the ones shown in Figure 7 for the same d, e.g., relative
error at 36 images was approximately 0.14% instead of 0.1%. We
do not show this plot.We conclude, that volume carving on a fine
enough grid comes close to the theoretical performance of the
simulation from Section 4.2, in agreement with our observations
in Figure 5C.

Estimating TCP locations in the images is critical for
reconstruction accuracy. To test the influence of a TCP wrongly
located in an image, we add a relatively large offset of 7 pixel
in y-direction to ExTCP in the first image and leave the TCP
locations in all other images untouched. The carving result is
shown in Figure 9. The volume loss due to the misaligned TCP
is in the order of 0.001 to 0.002 mm3, and thus reduces the
positive volume error due to non-carved regions (as described in
Section 4.2). For image configurations with relatively low positive
initial error, i.e., here N > 36, the error due to the TCP offset
dominates, such that overall relative error is negative. Please note
that Figure 9 shows absolute values of the relative errors due to
the log-scale.

4.4. Seed Types and Overall Accuracy
Using the proposed method we reconstructed different
seed types, namely Arabidopsis (length, i.e., longest
dimension . 0.5 mm), rapeseed (≈ 2 mm), barley (≈ 8 mm),
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and maize (≈ 11 mm). See Figure 10 to get an impression of the
usually achieved reconstruction accuracy.

Absolute accuracy is validated experimentally using two
different test objects. The first one is the ball-bearing ball we
used for working distance calibration with 3.00 mm ±0.5 µm

FIGURE 9 | Absolute value of relative error of volume vs. number N of

camera positions in a synthetic volume carving experiment, where an

offset of 7 pixel has been introduced in ExTCP of the first image.

Configuration is identical to the simulation results shown in Figure 7. Yellow

and dark green points have been repeated from there.

diameter, i.e., 0.02% diameter tolerance, and thus a precisely
known volume of 14.137 mm3 ±0.007 mm3, i.e., 0.05% volume
tolerance. Clearly, as we used this object for calibration, scaling of
the mask images exactly fit to the respective projection matrices
Pi. However, the overall performance of the system for volume
reconstruction can still be evaluated using this object, as the
volume derived has not been used for calibration and still
accumulates all errors and imperfections the method has. The
second object is an ink cartridge ball with 2.45 mm ±0.02 mm
diameter, i.e., 0.4% diameter measurement error, measured with
a digital sliding caliper, and thus a volume of 7.70 mm3±

0.19 mm3, i.e., 2.5% volume error.
In Figure 11 volume error vs. number N ∈ {27, . . . , 36} of

imaging positions is shown for the ball-bearing ball experiment.
Comparing results to Figure 7, lower left (values repeated
in Figure 11 for easy reference), we observe that negative
reconstruction errors due to positioning inaccuracies are in the
same range as the positive theoretical errors and increase with
increasing number of images. Please note that the plot shows
absolute values of relative errors, as negative errors can not be
displayed in log-scale.

Reconstructing the ball using 36 images as used for seed
reconstruction, a voxel grid resolution of 2563 and (12 µm)3

voxel size, i.e., a volume quite tightly surrounding the object,

FIGURE 10 | Reconstructed seeds shown from different angles, side-by-side with the original images (R = 256, N = 36). (A) Arabidopsis. (B) Barley.

(C) Maize. Please note the different scalings.
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FIGURE 11 | Error of volume vs. number N of camera positions in a real

experiment using a bearing ball. Configuration is identical to the simulation

results shown in Figure 7, repeated in the plot for reference.

yields a volume of 14.11 mm3 and thus a mean diameter of
2.998 mm for the bearing ball. This is a relative error of −0.19%
wrt. the specified volume, and of−0.06% wrt. the diameter, when
calculating the diameter from the measured volume, assuming a
perfect sphere. For the ink cartridge ball we measure 7.83 mm3

corresponding to a mean diameter of 2.46 mm, being well within
the measuring error of our caliper measurement.

We conclude that the overall accuracy of our method,
including camera calibration error, mechanical imperfections,
TCP finding error, imprecision due to the simple carving
approach etc. is high enough to compete with or even beat a
precise slide caliper for length measurements. Absolute values of
measurement errors of volume and lengths are in the range of few
per mill.

5. CONCLUSION AND OUTLOOK

Simple volume carving combined with a method for extrinsic
camera pose estimation from images is sufficiently accurate for
size measurements of even tiny seeds. To optimize our system
for runtime and accuracy, we investigated its performance using
different parameter settings. Surprisingly, the main performance
gain potential does currently not lie in using more sophisticated
reconstruction methods allowing for higher achievable voxel
resolutions R, e.g., achievable by the highly accurate method
presented by Klodt and Cremers (2015) and necessary for
reconstruction of more complex surfaces. Our findings allow
reducing preprocessing and transfer times by selecting a suitable
image number N and comparably low voxel resolution of 2563.

The optimal number N of acquisition positions used in a
turntable setting depends on the selected projection geometry. In

our case using N = 36 images yields a theoretical overestimation
of the reconstructed volume of a sphere by+0.1% relative error.

The method’s achievable accuracy has been tested
experimentally using a highly accurate spherical object.
Systematic errors are much lower than we expected, between
+0.06% for N = 27 and −0.19% for N = 36. This means that
volume losses due to inaccurate positioning of the object are
truly negligible for our purposes. Clearly, as seeds are not well
represented by a ball, such accuracy studies give insight in the
accuracy potential of the method—if it fails on a ball, it will also
fail on more complex shapes.

Seed-shape-specific errors are not well captured by a ball and
may vary from seed type to seed type. Alternative simple volume
measurement methods for ground truthing, e.g., Archimedes’
principle, are not accurate enough for such small objects, but
high-resolution CT may be an option.

Many factors influence the accuracy, e.g., segmentation errors,
small dust particles or camera pose errors. Most critical are
inaccuracies of ExTCP in the image, leading to parts of a seed
being erroneously carved away. To detect such errors, suitable
error estimation methods can be implemented to complement
the method proposed here, e.g., summing back-projection error.
When positioning accuracy is an issue, more elaborated, iterative,
optimization-based but also more costly to calculate methods
may be applied. However, as we have seen in our experiments,
achieved accuracies are well high enough for seed phenotyping
even without such corrections.

Overall we conclude that the presented method yields highly
accurate seed reconstructions being accurate enough when
interested in seed volume.
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Root system analysis is a complex task, often performed with fully automated image

analysis pipelines. However, the outcome is rarely verified by ground-truth data, which

might lead to underestimated biases. We have used a root model, ArchiSimple, to create

a large and diverse library of ground-truth root system images (10,000). For each image,

three levels of noise were created. This library was used to evaluate the accuracy and

usefulness of several image descriptors classically used in root image analysis softwares.

Our analysis highlighted that the accuracy of the different traits is strongly dependent

on the quality of the images and the type, size, and complexity of the root systems

analyzed. Our study also demonstrated that machine learning algorithms can be trained

on a synthetic library to improve the estimation of several root system traits. Overall,

our analysis is a call to caution when using automatic root image analysis tools. If a

thorough calibration is not performed on the dataset of interest, unexpected errors might

arise, especially for large and complex root images. To facilitate such calibration, both

the image library and the different codes used in the study have been made available to

the community.

Keywords: image analysis, root structural model, benchmarking, image library, machine learning

INTRODUCTION

Roots are of utmost importance in the life of plants and hence selection on root systems
represents great promise for improving crop tolerance to biotic and abiotic stresses (as reviewed
in Koevoets et al., 2016). As such, their quantification is a challenge in many research projects. This
quantification is usually two-fold. The first step consists in acquiring images of the root system,
either using classic imaging techniques (CCD cameras) or more specialized ones (microCT, X-Ray,
fluorescence,...). The next step is to analyse the pictures to extract meaningful descriptors of the
root system.

To paraphrase the famous Belgian surrealist painter, René Magritte: “Figure 1A is not a root
system.” Figure 1A is an image of a root system and that distinction is important. An image
is indeed a two-dimensional representation of an object, which is usually three-dimensional.
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FIGURE 1 | (A) Image of a 2-week old maize root system grown in rhizotron.

(B) Close-up showing overlapping roots. (C) Close-up showing crossing roots.

Nowadays, measurements are generally not performed on the
root systems themselves, but on the images, and this raises some
issues.

Image analysis is the acquisition of traits (or descriptors)
describing the objects contained in a particular image. In a
perfect situation, these descriptors would accurately represent
the biological object of the image with negligible deviation from
the biological truth (or data). However, in many cases, artifacts
might be present in the images so that the representation of
the biological object is not accurate anymore. These artifacts
might be due to the conditions under which the images were
taken or to the object itself. Mature root systems, for instance,
are complex branched structures, composed of thousands of
overlapping (Figure 1B), and crossing segments (Figure 1C).
These features are likely to impede image analysis and create a
gap between the descriptors and the data.

Root image descriptors can be separated into two main
categories: morphological and geometrical descriptors.
Morphological descriptors refer to the shape of the different
root segments forming the root system (Table 1). They include,
among others, the length and diameter of the different roots.
For complex root system images, morphological descriptors are
difficult to obtain and are prone to error as mentioned above.
Geometrical descriptors give the position of the different root
segments in space. They summarize the shape of the root system
as a whole. The simplest geometrical descriptors are the width
and depth of the root system. Since these descriptors are mostly
defined by the external envelope of the root system, crossing and
overlapping segments have little impact on their estimation and
hence they can be considered as relatively errorless. Geometrical
descriptors are expected to be loosely linked to the actual root
system topology, since identical shapes could be obtained from

TABLE 1 | Root system parameters used as ground-truth data.

Name Description Unit

tot_root_length The cumulative length of all roots mm

tot_1_order_length The cumulative length of all root axes mm

tot_2+_order_length The cumulative length of all lateral roots mm

mean_1_order_length The mean first-order roots length mm

mean_2+_order_length The mean lateral root length mm

n_1_orders The total number of first order roots –

n_2+_orders The total number of lateral roots –

mean_2+_order_density The mean lateral root density: for each

first-order root, the number of lateral roots

divided by the axis length (total length).

mm-1

mean_1_order_diam The mean diameter of the first-order roots mm

mean_2+_order_diam The mean diameter of the lateral roots mm

mean_2+_order_angle The mean insertion angle of the lateral roots ◦

different root systems (the opposite is true as well). They are
usually used in genetic studies, to identify genetic bases of root
system shape and soil exploration.

Several automated analysis tools were designed in the last
few years to extract both types of descriptors from root images
(Armengaud et al., 2009; Galkovskyi et al., 2012; Pierret et al.,
2013; Bucksch et al., 2014). However, the validation of such tools
is often incomplete and/or error prone. For technical reasons, the
validation is usually performed on a small number of ground-
truth images of young root systems. In agreement, most analysis
tools are specifically designed for this kind of root systems. In the
few cases where validation is performed on large and complex
root systems, it is usually not on ground-truth images, but in
comparison with previously published tools (measurement of X
with tool A compared with the same measurement with tool B).
This might seem a reasonable approach, regarding the scarcity of
ground-truth images of large root systems. However, the inherent
limitations of these tools, such as scale or root system type
(fibrous- vs. tap-roots) are often not known. Users might not
even be aware that such limitations exist and apply the provided
algorithm without further validation on their own images. This
can lead to unexpected errors in the final measurements.

One strategy to address the lack of in-depth validation of
image analysis pipelines would be to use synthetic images
generated by structural root models (models designed to recreate
the physical structure and shape of root systems).Many structural
root models have been developed, either to model specific plant
species (Pagès et al., 1989), or to be generic (Pagès et al., 2004,
2013). These models have been repeatedly shown to faithfully
represent the root system structure (Pagès and Pellerin, 1996).
In addition, they can provide the ground-truth data for each
synthetic root system generated, independently of its complexity.
However, they have not been used for validation of image analysis
tools (Rellán-Álvarez et al., 2015), with one exception performed
on young seedling unbranched roots (Benoit et al., 2014).

Here we (i) illustrate the use of a structural root model,
Archisimple, to systematically analyse and evaluate an image
analysis pipeline and (ii) use the model-generated images to
improve the estimation of root traits.
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MATERIALS AND METHODS

Nomenclature Used in the Paper
Ground-truth data: The real (geometrical and
morphometrical) properties of the root system as a biological
object. They are determined by either manual tracking of
roots or by using the output of simulated root systems.
(Image) Descriptor: Property of the root image. It does not
necessarily have a biological meaning.
Root axes: First order roots, directly attached to the shoot.
Lateral roots: Second- (or lower) order roots, attached to
another root.

Creation of a Root System Library
We used the model ArchiSimple, which was shown to allow the
generation of a large diversity of root systems with a minimal
amount of parameters (Pagès et al., 2013). To produce a large
library of root systems, we ran the model 10,000 times, each
time with a random set of parameters (Figure 2A). For each
simulation, the growth and development of the root system were
constrained in two dimensions.

The simulations were divided into two main groups: fibrous
and tap-rooted. For the fibrous simulations, the model generated
a random number of root axes and secondary (radial) growth
was disabled. For tap-root simulations, only one root axis was
produced and secondary growth was enabled (the extent of which
was determined by a random parameter).

The root system created in each simulation was stored in a
Root System Markup Language (RSML) file. Each RSML file was
then read by the RSML Reader plugin from ImageJ to extract
ground-truth data for the library (Lobet et al., 2015). These
ground-truth data included geometrical and morphological
parameters (Table 1). For each RSML data file, the RSML Reader
plugin also created three JPEG images (at a resolution of 300DPI)
for each root system. To simulate one type of image degradation,
we added different levels of noise to the images (using the Salt
and Pepper Filter in ImageJ) (Figure 2D). For each root system,
we computed overlapping index as the number of root segments
having an overlap with other root segments over the total number
of root segments.

Root Image Analysis
Each generated image was analyzed using a custom-made ImageJ
plugin, Root Image Analysis-J (or RIA-J). For each image, we
extracted a set of classical root image descriptors, such as the
total root length, the projected area, and the number of visible
root tips (Figure 2E). In addition, we included shape descriptors
such as the convex-hull area or the exploration ratio (see
Supplemental File 1 for details of RIA-J). The list of traits and
algorithms used by our pipeline is listed in Table 2. Distribution
of the different descriptors is given in the Supplemental Figure 2.

Data Analysis
Data analysis was performed in R (R Core Team)1. Plots were
created using ggplot2 (Wickham, 2009) and lattice (Sarkar, 2008).

1R Core Team R: A Language and Environment for Statistical Computing.

The Mean Relative Errors (MRE) were estimated using the
equation:

MRE =

∑n
1
|yi − yi|

yi

n

where n is the number of observations, yi is the ground-truth and
yi is the estimated ground-truth.

Random Forest Framework
A random forest is a state-of-the-art machine learning algorithm
typically used for making new predictions (in both classification
and regression tasks). Random Forests can perform non-
linear predictions and, thus, often outperform linear models.
Since its introduction by Breiman (2001), Random Forests
have been widely used in many fields from gene regulatory
network inference to generic image classification (Huynh-
Thu et al., 2013; Marée et al., 2016). Random Forest relies
on growing a multitude of decision trees, a prediction
algorithm that has shown good performances by itself but,
when combined with other decision trees (hence the name
forest), returns predictions that are much more robust to
outliers and noisy data (see bootstrap aggregating, Breiman,
1996).

In a machine learning setting one is given a set D =

{(x1, y1), (x2, y2), ..., (xn, yn)},
where xi = (x1i , x

2
i ..., x

s
i ) is an element of a s−dimensional

feature space X,
and yi = (y1i , y

2
i , ..., y

t
i ) an element of a t−dimensional response

space Y.
The learning task is to find a model

M : X → Y

that predicts the data in a good way, where goodness is measured
with regard to an error function L.

A decision tree TD is a machine learning method that, for a
dataset D, constructs a binary tree with each node representing
a binary question and each leaf a value of the response space.
In other words, a prediction can be made from an input
value by looking at the set of binary questions that leads to
a leaf (e.g., is the first-order root bigger than q1 and if yes
is the number of second-order roots smaller than q2 and if
no, . . . ).

Each decision is based upon exactly one feature and is used for
deciding which branch of the tree a given input value must take.
Hence a decision tree splits successively the set D into smaller
subsets and assigns them a value yi = TD(xi) of the response
space.

The choice of the feature used for splitting depends on a
relevance criterion. In our setting, the default relevance criterion
from the randomForest R package (CRAN randomForest, 2015),
namely the Gini index, has been used.

A Random Forest

FD = (TD,k)k ∈ I where I = {1, 2, ....l} (1)
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A B

C

D E

FIGURE 2 | Overview of the workflow used in this study. (A) Generation of root systems using Archisimple. (B) Creation and analysis of root images. (C) Use of

Random Forest algorithms to better estimate root system ground-truths. (D) Illustration of the different noise levels used in the analysis. (E) Example of descriptors

extracted with RIA-J.

TABLE 2 | Root image descriptors extracted by RIA-J.

Name Description Unit Reference

MORPHOLOGY

area Projected area of the root system mm2 Galkovskyi et al., 2012

length Length of the skeleton of the root system image mm Galkovskyi et al., 2012

tip_count Number of end branches in the root system skeleton –

diam_mean Mean diameter of the root object in the image mm

GEOMETRY

width The maximal width of the root system mm –

depth The maximal depth of the root system mm –

width_depth_ratio Ratio between the width and the depth of the root system – Galkovskyi et al., 2012

com_x–com_y Relative coordinates of the center of mass of the root system – Galkovskyi et al., 2012

convexhull Area of the smallest convex shape encapsulating the root system mm2 Galkovskyi et al., 2012

exploration Ratio between the convex hull area and the projected area – Galkovskyi et al., 2012
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consists of l decision trees TD,k, where several key parameters
such as the feature space, are chosen randomly (hence the
word Random in the algorithm name). While using a random
subspace strongly accelerates the growth of a single tree, it can
also decrease its accuracy. However, the use of large number of
trees counterbalance advantageously those two effects. The final
prediction for each input value xi corresponds to the majority
vote of all the decision trees of the forestTD,k(xi) in a classification
setting while an average of all predicted values is used in a
regression task.

Framework Description
Our method consists of three typical steps:

1. A preprocessing step, where we replace missing values of the
training set.

2. A model generation step where, for each response variable,
we generate different models according to two Random Forest
parameters (number of trees and number of splits).

3. A model selection step, where we choose the best performing
pair of parameters of the previous step for each one of the
response variable.

Preprocessing
Missing values in our dataset might arise due to highly noisy
images, where the measurement of certain descriptors has been
infeasible. To deal with this issue, we first replacedmissing values.

This is done using the imputation function of the
randomForest R package. It replaces all missing values of a
response variable by the median and then a Random Forest is
applied on the completed data to predict a more accurate value.
We favored 10 trees for computing the new value over the default
value of 300 as we found that it offered sufficiently accurate
results for our application while being much faster.

Model Generation
In the model generation step, for each of the response variables,
several forests with different number of trees and different
number of splits (ti,mj) are tested. In practice, the training set

Dtrain is divided into mj disjunct subsets D
mj

train and on each of
those, a Random Forest F

D
mj
train

is trained on a growing number of

ti random trees.

Model Selection
Given a new data point x, eachmodel predicts a response variable
y by averaging the predicted values FDm

train
(x), i.e.,

ŷ=Mt,m
Dtrain

(x) =
1

m

m
∑

k = 1

FDk
train

(x)

Then in a final step an estimate of the root-mean-square (RMSE)
generalized error on the test set Dtest is computed, where RSME
is defined as

RMSE=

n
∑

i = 1

√

(yi−yi)
2

for Dtest={(x1,y1),(x2,y2),...,(xn,yn)}.

Finally, the model with the parameter pair (t,m) having the
minimal error (on the separate test set) is chosen in order tomake
the predictions.

Data Availability
All data used in this paper (including the image and RSML
libraries) are available at the address http://doi.org/10.5281/
zenodo.208214

An archived version of the codes used in this paper is available
at the address http://doi.org/10.5281/zenodo.208499

An archived version of the machine learning framework is
available at the address https://github.com/FaustFrankenstein/
RandomForestFramework/releases/tag/v1.0

RESULTS AND DISCUSSIONS

Production of a Large Library of
Ground-Truth Root System Images
We combined existing tools into a single pipeline to produce a
large library of ground-truth root system images. The pipeline
combines a root model (ArchiSimple, Pagès et al., 2013), the
Root System Markup Language (RSML) and the RSML Reader
plugin from ImageJ (Lobet et al., 2015). In short, ArchiSimple was
used to create a large number of root systems, based on random
input parameter sets. Each output was stored as an RSML file
(Figure 2A), which was then used by the RSML Reader plugin
to create a graphical representation of the root system (as a.
jpeg file) and a ground-truth dataset (Figure 2B). Details about
the different steps are presented in the Materials and Methods
section.

We used the pipeline to create a library of 10,000 root system
images, separated into fibrous (multiple first order roots and no
secondary growth) and tap-root systems (one first order root
and secondary growth). The ranges of the different ground-truth
data are shown in Table 3 and their distribution is shown in the
Supplemental Figure 1.

We started by evaluating whether fibrous and tap-root
systems should be separated during the analysis. We performed
a Principal Component Analysis on the ground-truth dataset
to reduce its dimensionality and assess if the type grouping
influenced the overall dataset structure (Figure 3A). Fibrous
and tap-root systems formed distinct groups (MANOVA p <

0.001), with limited overlap. The first principal component,
which represented 30.9% of the variation within the dataset, was
mostly influenced by the number of first-order axes. The second
principal component (19.1% of the variation) was influenced, in
part, by the root diameters. These two effects were consistent
with the clear root system type grouping, since they expressed
the main difference between the two groups of root-system types.
Therefore, since the type grouping had such a strong effect on the
overall structure, we decided to separate them for the following
analyses.

To demonstrate the utility of a synthetic library of
ground-truth root systems, we analyzed every image of
the library using a custom-built root image analysis tool,
RIA-J. We decided to do so since our purpose was to
test the usefulness of the synthetic analysis and not to
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TABLE 3 | Ranges of the different ground-truth data from the root systems

generated using ArchiSimple.

Variable Minimum value Maximum value Unit

FIBROUS

tot_root_length 110 73971 mm

width 0.76 302 mm

depth 50 505 mm

n_1_order 1 20 –

tot_1_order_length 79 5409 mm

mean_1_order_length 27 470 mm

mean_1_order_diameter 0.2 0.4 mm

mean_2+_order_density 0 5 root/mm

n_2+_orders 0 4448 –

tot_2+_order_length 0 71556 mm

mean_2+_order_length 0 50 mm

mean_2+_order_diameter 0 0.3 mm

mean_2+_order_angle 0 88 ◦

TAP ROOTED

tot_root_length 78 41870 mm

width 0.1 173 mm

depth 55 505 mm

n_1_order 1 1 –

tot_1_order_length 59 509 mm

mean_1_order_length 59 509 mm

mean_1_order_diameter 0.2 16 mm

mean_2+_order_density 0 2.3 root/mm

n_2+_orders 0 3353 –

tot_2+_order_length 0 40225 mm

mean_2+_order_length 0 51 mm

mean_2+_order_diameter 0 2.2 mm

mean_2+_order_angle 0 97 ◦

assess the accuracy of existing tools. Nonetheless, RIA-J was
designed using known and published algorithms, often used
in root system quantification. A detailed description of RIA-
J can be found in the Materials and Methods section and
Supplemental File 1.

We extracted 10 descriptors from each root system image
(Table 2) and compared them with the ground-truth data. For
each pair of descriptor-data, we performed a linear regression and
computed its r-squared value. Different types of information are
highlighted in Figure 4. First, using a ground-truth image library
allows for a quick and systematic analysis of all the descriptors
extracted by the image analysis pipeline. Second, it allows
researchers to identify which traits can be accurately evaluated
(or not) and by which descriptors. Third, for some ground-
truth data, such as the mean length of second order roots or the
number of first order roots, it shows that none of the classical
descriptors gave a good estimation (Figure 4, highlighted with
arrows). Finally, the figure highlights that some correlations
were different for fibrous- and tap-root systems. As an example,
the correlation found between the mean_2+_order_diameter
and diam_mean estimators was better for fibrous roots than
within the tap-root dataset. Consequently, validation of the

FIGURE 3 | (A) Principal Component Analysis of the root ground-truth

dataset. Images of the selected root systems have been added for illustration.

(B) Loadings of the Principal Component Analysis.

different image analysis algorithms should be performed, at
least, for each group. An algorithm giving good results for
a fibrous root system might fail when applied to tap-rooted
ones.
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FIGURE 4 | Heatmap of the r-squared values between the different

image descriptors and the ground-truth values, for the images without

any noise. Black represents an r-squared value of 1; white represents a value

of 0. Upper panel: fibrous root dataset. Lower panel: tap-root dataset. Arrows

highlight the ground-truth data that cannot be accurately described with the

different descriptors. The arrows were doubled when it was the case for both

fibrous and tap-rooted root systems.

Errors from Image Descriptors Are Likely
to Be Non-linear across Root System Sizes
and Image Qualities
In addition to being related to the species of study, estimation
errors are likely to increase with the root system size. As
the root system grows and develops, the number of crossing
and overlapping segments increases (Figure 5A), making the
subsequent image analysis potentially more difficult and prone
to error. However, a systematic analysis of such error is seldom
performed.

Estimation errors are also likely to increase as the image
quality decreases. Here we artificially added one type of noise
(random “salt and pepper” particles) to the images, with two
intensity levels. It should be noted that virtually any type of
image degradation could be added to the original images using
custom image filters (e.g., using ImageJ). Different types of
degradation are expected to generate different levels of estimation
errors.

Figure 5 shows the relationship between the ground-truth
and descriptor values for three parameters: the total root length
(Figure 5B), the number of roots (Figure 5C), and the root
system depth (Figure 5D). For each of these variables, we
quantified the Mean Relative Error (see Materials and Methods
for details) as a function of the overlap index. This was done for
three levels of noise added to the images (“null,” “medium,” and
“high”). We can observe that for the estimation of both the total
root length and the number of lateral roots, the Mean Relative
Error increased with the size of the root system (Figures 5B–C).
As stated above, such increase of the error was somehow expected
with increasing complexity. Moreover, depending on the metric
of interest, such as the number of root tips, low image quality
can result in high level of error. For other traits, such as the root
system depth, no errors were expected (depth is supposedly an
error-less variable) and the Mean Relative Error was close to 0
whatever the size of the root system and image quality.

The results presented here are tightly dependent on the
specific algorithms used for image analysis and hence might
be different for other published tools. However, they are a call
for caution when analyzing root images: unexpected errors in
ground-truth estimation can arise. Our image library can be used
to better identify the errors generated by other analysis tools,
current or future.

Roadmap for Root Image Analysis Tools
Calibration
To improve the calibration and validation of future root image
analysis tools, we propose the following procedure:

1. Develop the new root image analysis pipeline;
2. Use it to analyse the images from the synthetic root library

described here;
3. Compare the results from the new analysis with the

corresponding ground-truth;
4. Identify, and clearly state, the type of root systems for which

the pipeline works accurately;
5. When releasing the new pipeline, inform the users about the

possible errors identified.

Using the Synthetic Library to Train
Machine Learning Algorithms
The main advantage of creating a synthetic library is to generate
paired datasets of image descriptors and their corresponding
ground-truth values. Having information on both can, in theory,
be used to either calibrate the image analysis pipeline or to
identify the best descriptors for the ground-truth traits of interest.
Here, we explored the second approach and used a Random
Forest algorithm to find which combination of descriptors would
best describe each ground-truth data (see Material and Methods
for details). In short, we randomly divided the whole dataset into
training (3/4) and testing subsets (1/4). The training set was used
to create a Random Forest model for each ground-truth data,
which was then we applied to the test set. The accuracy of these
new predictions was then compared to the accuracy of the direct
method (single descriptors) (Figure 2C).
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FIGURE 5 | Error estimation for three ground-truth parameters. (A) Evolution of the overlap index (proportion of root overlapping) with the root system size.

(B–D) Left panel shows the relationship between the descriptors and the corresponding ground-truth variables. Right panels show the evolution of the Mean Relative

Error (MRE) as a function of the overlap index. For the MRE calculations, the continuous variables were discretized in groups. (B) Number of lateral roots. (C) Total root

length. (D) Root system depth. In the left panels, the gray line indicates the diagonal (1:1 relation).
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Figure 6 shows the comparison of the accuracy (both the r-
squared values from linear regressions and the Mean Relative
Error, MRE) of bothmethods for each ground-truth data.We can
clearly see that the Random Forest approach performed always
better (sometimes substantially) than the direct approach, even
for images with high level of noise. In addition, for most traits,
the r-squared and MRE values were above 0.9 and below 0.1
respectively, which is very good, especially for such a wide range
of images. In addition, the Random Forest approach allowed the
correct estimation of traits that were difficult to estimate with the
direct approach (such as the number of first-order axes or the
mean second-order root density).

Figure 7 shows the detailed comparison of both methods
for the estimation of the total root length. Again, a clear
improvement was visible with the Random Forest method,
leading to small errors, even with large root systems and noisy
images.

Here we presented how machine learning algorithms
(Random Forest), could be used in combination with a

synthetic image library to improve the estimation of root system
traits. Although both the training and test datasets used were
made of synthetic images, we believe this approach presents
an interesting perspective for the analysis of experimental
images.

Indeed, a root architectural model can be used to
build a custom library of synthetic images from a set
of parameters evaluated on a small number of plants
from the experimental dataset. Such library could then
be used to train the machine learning model which, in
turn, will enable the automatic evaluation of root traits
from the remaining experimental images. Alternatively,
the algorithm could be directly trained on a subset of
experimental data obtained by manual or semi-automatic
analyses to be then automatically applied to the rest of the
dataset. One must keep in mind that the output of the
machine learning strongly depends upon the quality of the
dataset used for its training and hence must be analyzed
carefully.

FIGURE 6 | Comparison between the direct trait and the Random Forest approach, for the different root system types and the different levels of noise.

For each metric, we computed both the r-squared value from the linear regression between the estimation and the ground-truth (left panels), as well as the Mean

Relative Error (right panel). The gray points represent the values obtained with the direct estimation (best descriptor, no noise). Color points represent the values

obtained with the Random Forest approach, for different levels of noise. The dotted lines show the 0.9 (r-squared) and 0.1(MRE) thresholds.
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FIGURE 7 | Comparison between the direct trait estimation and the

Random Forest approach, for the different root system types and the

different levels of noise. (A) Comparison, for the total root length, of the

accuracy of both approaches. The dotted line represents the diagonal. The

plain line represents the linear regression. (B) Same, for the number of roots.

CONCLUSIONS

The automated analysis of root system images is routinely
performed in many research projects. Here we used a library of
10,000 synthetic images to estimate the accuracy and usefulness

of different image descriptors extracted with a homemade root
image analysis pipeline. Our study highlighted some limitations
and biases of the image analysis process.

We found that the type of root system (fibrous vs. tap-rooted),
its size and complexity, as well as the quality of the images had a
strong influence on the accuracy of some commonly used image
descriptors and their meaning and relevance for ground-truth
extraction. So far, a large proportion of the root research has been
focused on seedlings with small root systems and has de facto
avoided such errors.

However, as the research questions are likely to focus more
on mature root systems in the future, these limitations will
become critical. We showed that synthetic datasets can be
used for calibration or modeling (machine learning) steps that
allow ground-truth extraction from comparable images. We
then hope that our library will be helpful for the root research
community to evaluate and improve other image analysis
pipelines.
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Plant cells have two main modes of growth generating anisotropic structures. Diffuse

growth where whole cell walls extend in specific directions, guided by anisotropically

positioned cellulose fibers, and tip growth, with inhomogeneous addition of new cell

wall material at the tip of the structure. Cells are known to regulate these processes

via molecular signals and the cytoskeleton. Mechanical stress has been proposed to

provide an input to the positioning of the cellulose fibers via cortical microtubules in diffuse

growth. In particular, a stress feedback model predicts a circumferential pattern of fibers

surrounding apical tissues and growing primordia, guided by the anisotropic curvature in

such tissues. In contrast, during the initiation of tip growing root hairs, a star-like radial

pattern has recently been observed. Here, we use detailed finite element models to

analyze how a change in mechanical properties at the root hair initiation site can lead to

star-like stress patterns in order to understand whether a stress-based feedback model

can also explain the microtubule patterns seen during root hair initiation. We show that

two independent mechanisms, individually or combined, can be sufficient to generate

radial patterns. In the first, new material is added locally at the position of the root hair.

In the second, increased tension in the initiation area provides a mechanism. Finally, we

describe how a molecular model of Rho-of-plant (ROP) GTPases activation driven by

auxin can position a patch of activated ROP protein basally along a 2D root epidermal

cell plasma membrane, paving the way for models where mechanical and molecular

mechanisms cooperate in the initial placement and outgrowth of root hairs.

Keywords: plant cell wall, finite element modeling, computational morphodynamics, root hair initiation,

microtubules, cellulose fibers, composite material

1. INTRODUCTION

Most higher plants do not display cell migration and need to generate optimal shapes by adjusting
growth both in terms ofmagnitude and directions. Twomainmodes of growth are prevailing across
the plant kingdom (Baskin, 2005; Rounds and Bezanilla, 2013). The first is diffuse growth where
whole cells or tissues are expanding quite homogeneously, although often anisotropically. The other
mode of growth is tip growth, where expansion appears in a focused region of a cell. The growth is
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dependent on environmental signals and guided by cells, genetic
and hormonal interactions (Chen et al., 2016). Still, to effectuate
the growth, manipulation of the stiff cell walls surrounding all
cells is necessary (Cosgrove, 2005).

The plant cell wall can be seen as a complex composite
material composed mainly of cellulose microfibrils, pectins
and xyloglucans (Baskin, 2005; Cosgrove, 2005). Intricate
connections between these wall components and their effect on
the mechanical properties of the cell wall are not yet completely
understood. Similarly, the way in which the plant dynamically
controls composition and properties of its cell walls to form
different organs to their appropriate shape is a matter of extensive
research (Braybrook and Jönsson, 2016). Cortical microtubules
serve as the guiding tracks for deposition of cellulose microfibrils
and in consequence cells can control anisotropy of their wall
stiffness (Arioli et al., 1998; McFarlane et al., 2014). This in
turn relates to directionality of anisotropic growth of a tissue
and influences stresses at subcellular to tissue scales (Green,
1962; Heath and Geitmann, 2000; Baskin, 2005). For tip-growing
root hairs, the cellulose fibers have been shown to be randomly
oriented at the very tip, while organized longitudinally away
from the tip where there is also a formation of a secondary wall
(Newcomb and Bonnet, 1965; Park et al., 2011; Akkerman et al.,
2012). In tip growth, high rates of wall material deposition are
promoting the localized growth (Geitmann et al., 2000).

Several signals regulating the dynamic orientations of
the cortical microtubules have been suggested, including
environmental, molecular and mechanical regulation (Hogetsu,
1986; Zandomeni and Schopfer, 1993; Hamant et al., 2008;
Lindeboom et al., 2013; Chen et al., 2014, 2016), and for
diverse input signals microtubule severing is an important
part of the orientation process as shown by katanin mutants
(Uyttewaal et al., 2012; Lindeboom et al., 2013; Chen et al., 2014;
Sampathkumar et al., 2014; Sassi et al., 2014). The Arabidopsis
hypocotyl displays a strong growth response to light. Hypocotyl
microtubules were recently shown to quickly reorient from
transverse to longitudinal after being exposed to blue light and
this reorganization was dependent on katanin (Lindeboom et al.,
2013). Treatment with the phytohormone auxin has been shown
to induce changes in microtubule orientations (Zandomeni and
Schopfer, 1993), which more recently has also been reported
for Arabidopsis roots and hypocotyls (Chen et al., 2014). Again
the reorientation is quick (Chen et al., 2014), but it is yet to
be understood whether growth is affected in such treatments
(Baskin, 2015).

For several of the suggested input cues orienting microtubules
it is unclear how the input provides a directional signal.
Mechanical stresses and strains could serve that purpose.
Mechanical stresses in the walls have been suggested to provide
a directional signal where cortical microtubules orient along
the maximal principal stress direction (Hejnowicz et al., 2000),
both at the tissue and at the subcellular levels in shoots, leaves
and flowers in Arabidopsis (Hamant et al., 2008; Sampathkumar
et al., 2014; Hervieux et al., 2016). Such feedback loop between
stress and direction of material anisotropy has been implemented
in models which have verified its ability to produce robust
regulation of anisotropic growth (Bozorg et al., 2014). In

particular, such a model correctly predicts the circumferential
arrangement of microtubules (and tissue scale stresses) around
the sites of primordia outgrowth in the shoot apical meristem
and toward the stem tissue. The question of how plant cells can
sensemechanical stress remains unanswered. In principle stresses
can be measured through deformation of microscopic cell wall
or membrane components, but the direct confirmation of such
mechanism is still lacking.

In tip growing cells, the growth is much more localized to a
specific site of the cell wall. Asmentioned above, themicrotubules
are randomly organized at the tip, and growth is rather promoted
by vigorous local deposition of the new material to the site of
outgrowth. At the tip there is a region of the cytosol less abundant
in large organelles and with targeted secretion of wall material
seen by enriched presence of secretory vesicles (Galway et al.,
1997; Lovy-Wheeler et al., 2007; Rounds and Bezanilla, 2013).
Pectin deposited to the tip is further de-esterified and rigidified by
calcium cross-linking, promoted by high levels of calcium at the
tip (Sanati Nezhad et al., 2014). In particular, the addition of wall
material, and hence the cell wall thickness at the tip, is oscillating
and is out of phase with growth rates, alternating thick walls
with high growth rates (McKenna et al., 2009). Also actin has
been shown to play a prominent role in wall elongation processes
(Geitmann et al., 2000). When measuring the rigidity of pollen
tubes using cellular force microscopy, the apparent reduced
stiffness at the tip was attributed to the respective geometrical
change (Vogler et al., 2013). Computational models of tip growth
connect deformation to the addition of material, the use of
anisotropic wall material, and strain-based growth (Dumais et al.,
2006). In addition, the inclusion of pectin chemistry provides
means to have parameter space regions determining steady and
oscillatory growth in such model (Rojas et al., 2011). Moreover,
models including details of osmotic pressure alterations discuss
possible roles of pressure as a driving force for oscillatory tip
growth (Hill et al., 2012), as suggested by experimental data
(Zonia, 2010), although controversial (Winship et al., 2010).

We are particularly interested in the process of root
hair initiation. A transcriptional network for root hair cell
differentiation in Arabidopsis has been identified (Schiefelbein
et al., 2009), defining alternating cell files of root hair
cells (trichoblasts) and non root hair cells (atrichoblasts).
The differentiation of root hair cells has been modeled,
suggesting different mechanisms (Savage et al., 2008; Benítez
and Alvarez Buylla, 2010; Benítez et al., 2011). While root hair
initiation often fails in genetic perturbations of components
of these networks, these proteins are not known to provide
information on the polar position of root hair initiation sites on
the lateral membrane of epidermal cells. Similarly, auxin has been
suggested to identify files of root hair cells. Its supply is facilitated,
at least in part, by auxin influx mediators throughout non root
hair cells files (Jones et al., 2009).

More interesting for the subcellular localization of the root
hair is that an intracellular auxin gradient has been proposed
to be informative in the positioning of root hairs on the lateral
membrane of hair cells, close to their basal (rootward) end
(Fischer et al., 2006). One of the earliest markers of the basal
initiation site are the activated Rho-of-plants (ROP) GTPases
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(Molendijk et al., 2001; Jones et al., 2002; Xu and Scheres,
2005; Fischer et al., 2006). The ROP localization has also been
found to correlate with positioning of lobes and necks in
pavement cells where ROP is activated by auxin (Xu et al., 2010).
The ROP proteins are likely to be important for the correct
placement and outgrowth of root hairs as suggested by dominant-
interference and overexpression studies (Molendijk et al., 2001;
Jones et al., 2002). The activation dynamics of ROP proteins
in root hair cells has been modeled using a reaction-diffusion
type of model where auxin at the subcellular level is assumed to
promote activation of ROP (Payne and Grierson, 2009), similar
to models of Rho GTPases generating spontaneous intracellular
patterns in other organisms (Jilkine et al., 2007; Goryachev and
Pokhilko, 2008). In the former, reaction-diffusion model, ROP
was explicitly divided into an active and an inactive form. Active
ROP was further assumed to be bound to the membrane, while
the inactive form was assumed to be located in the cytosol,
implemented as a lower diffusion rate of the active form of ROP
compared to the inactive form of ROP. Together with a positive
self-feedback of ROP-activation this was sufficient to generate
peaks of activated ROPs at the root-tip oriented (basal) end
of cells in a 1D model, predicting the positioning of root hair
initiation in wild type as well as in selected mutants. Detailed
investigations of the ROP patterning model have revealed a
possibility for more complex dynamics, where ROP peaks can
move transiently, and the patterning dynamics of the model have
been shown to exhibit hysteresis behavior (Brena-Medina et al.,
2014).

Also the actin and microtubular cytoskeleton networks are
important for correct root hair formation (Bao et al., 2001;
Ringli et al., 2002; Kiefer et al., 2015). When microtubules were
imaged together with PIP5K3, an early root hair initiationmarker
(Kusano et al., 2008), microtubules were reported to orient
into a radial pattern surrounding the root hair initiation site

(Pietra et al., 2013). Similar to other microtubule organizing
events, this was disrupted in mutants defective in the SABRE and
CLASP genes required for microtubule organization. Also, the
basal positioning of root hairs as well as the polar localization
of the ROP patches were perturbed in different combinations
of loss-of-function mutants, indicating a regulatory role of
microtubular patterning for polar ROP placement. Consistent
with this view, the procuste1/cesa6mutant defective in a cellulose
synthase subunit displays alterations in polar ROP and root
hair placement (Singh et al., 2008), resembling the defects in
sabre mutants and suggesting a requirement for both correct
microtubule organization and cellulose microfibril synthesis
during polar root hair initiation. In addition, ROPs have been
reported to be activated by auxin and regulate microtubular
patterning in pavement cells (Fu et al., 2009; Xu et al.,
2010). Hence, an intricate feedback mechanism between ROPs
and microtubules connecting also auxin and wall mechanics
seems to be at the core of root hair initiation and growth
(Figure 1A).

Altogether, the ROP andmicrotubular data indicate a complex
feedback between molecular and cytoskeletal dynamics during
root hair initiation, and computational modeling is essential to
understand the behavior. In particular, current data raise the
question if a correlation between microtubule organization and
principal stress direction is sustained in the case of the root
hair initiation, as has been observed before in diffuse growth
(Figure 1A). In diffuse growth of organ formation, auxin is
accumulated at the site of outgrowth, leading to the loosening
of cell wall material. In effect, we observe around the outgrowth
region circumferential stress orientation and corresponding
microtubule pattern. Here, we extend the previously published
1D ROP model to 2D to confirm it can provide a mechanism
for correct placing of an activated ROP patch along a root
hair cell. We then investigate whether the previously suggested

FIGURE 1 | Root hair initiation is dependent on ROP activation and microtubular dynamics. (A) Model diagram of the root hair initiation process including

feedback between cycling of ROPs and mechanical properties via microtubular dynamics. Solid lines represent mechanisms explicitly modeled, dashed lines are

implicitly in the models or suggested in the literature. The red box represents the ROP model tested in 2D simulations and the arrow from the ROP to mechanics is

evaluated by testing different hypotheses. (B) Pattern of cortical microtubules in a root epidermal cell visualized by RFP-TUB6, underlying the root epidermal cell

membrane of a 5-day-old Arabidopsis thaliana seedling. The arrowheads mark basal (i) and apical (ii) ends of the cell. In the top part a mainly transverse pattern of

microtubules can be seen, while a star-like radial pattern around the root hair initiation site can be seen at the lower end. (C) Magnification of the radial pattern in the

lower part of the cell from (B) showing root hair outgrowth site. (D) Microtubules directions marked with red lines in inverted image of C.
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mechanical stress feedback onmicrotubule directions can predict
the patterns seen at root hair initiation sites by analyzing
mechanical scenarios of tip growth that can produce radial
stress patterns.

2. METHODS

2.1. Plant Growth and Imaging
Plant growth medium and conditions were as described (Fischer
et al., 2006). Seeds were surface sterilized and stratified at 4◦C
for 3 days before plating on MS plates (1× MS medium, 1%
sucrose, 0.8% plant agar, 1Mmorpholinoethanesulfonic acid, pH
5.7). Seedlings were grown vertically at 23◦C day and 18◦C night
under 16 h light/8 h dark photoperiod and subjected to analysis
after 5 days. Confocal imaging followed (Pietra et al., 2013).
Cortical microtubules were imaged in epidermal cells of seedlings
expressing pUBQ1:RFP-TUB6 (Ambrose et al., 2011). Z stacks of
planes at 0.53 µm distance intersecting the periclinal face of the
cell were acquired and employed to generate maximum intensity
projections.

2.2. ROP Activation Model
We developed a ROP activation model based on a previously
published model (Payne and Grierson, 2009). The model
describes the ROP dynamics in 2D close to the epidermal cell
membrane of a root trichoblast. The ROP activation is influenced
by an auxin (A) gradient, which in our case is produced by a
source-sink model in which auxin is allowed to diffuse and is
subject to a constant degradation rate. Based on the assumption
of a basipetal auxin flow in the epidermis (due to reported fluxes
and gradients), auxin is produced in the basal part of the cell,
representing auxin influx, and degraded at the apical side of
the cell, representing auxin outflux. The auxin dynamics are
described by

dA

dt
= Da1A+ t + sin − soutA− qA (1)

where sin is the auxin production at the source and sout is the
auxin degradation at the sink. Further, q is the auxin degradation
rate, Da is the rate of auxin diffusion and t is a general auxin
production. For the simulation with an auxin gradient, the
parameter t is set to zero (Table 1). In the simulations with
constant auxin levels, all parameters are zero except for the
general production rate t and the degradation rate q. The ROPs
can be in an “inactive” form (Ri) moving in the cytosol, or in an
“activated” form (Ra) where they sit in the membrane less prone
to move. In addition to a constant activation of the ROPs with
rate k1 and an inactivation with rate c there is also an auxin-
dependent activation with the rate k2 that depends also on the
active ROP concentration, creating a positive feedback. The full
ROP dynamics are described by

dRa

dt
=















D11Ra + a+ Ri ·
(

k1 + k2R
2
aA

)

− cRa − (r + p)Ra
if boundary

D11Ra + a+ Ri ·
(

k1 + k2R
2
aA

)

− cRa − rRa
otherwise

(2)

TABLE 1 | Model parameters for the ROP activation model.

Symbol Value Description Figures

Da 5.0 length2/s Diffusion rate of auxin Figure 2A

t 0 conc/s Production of auxin throughout

the cell

Figure 2A

t 0.11 conc/s Production of auxin throughout

the cell

Figure 2B

t 0.12 conc/s Production of auxin throughout

the cell

Figure 2C

t 0.13 conc/s Production of auxin throughout

the cell

Figure 2D

sin 0.25 conc/s Auxin source production rate Figure 2A

sout 0.31/s Auxin sink degradation rate Figure 2A

q 2.0 · 10−5 1/s Degradation rate of auxin Figure 2A

q 0.1 1/s Degradation rate of auxin Figures 2B–D

D1 0.01 length2/s Diffusion rate of active ROP Figures 2A–D

a 0 conc/s Production rate of active ROP Figures 2A–D

r 0.01 1/s Degradation rate of active ROP Figures 2A–D

p 0.01 1/s Rate of boundary degradation of

active ROP

Figures 2A–D

k1 0.01 1/s Rate of constant ROP activation Figures 2A–D

k2 0.015 1/(conc3 s) Rate of auxin-dependent

ROP-autoactivation

Figures 2A–D

c 0.1 1/s Rate of constant ROP

inactivation

Figures 2A–D

D2 1.0 length2/s Diffusion rate of inactive ROP Figures 2A–D

b 0.01 conc/s Production rate of inactive ROP Figures 2A–D

e 0 1/s Degradation rate of inactive ROP Figures 2A–D

For the simulations with constant auxin gradient in Figures 2B–D, the parameters

Da, sin, sout are all set to zero.

dRi

dt
= D21Ri + b− eRi − Ri ·

(

k1 + k2R
2
aA

)

+ cRa (3)

where D1 and D2 are the diffusion rates of active and inactive
ROP, respectively. a is the production rate of active ROP, b
the production rate of inactive ROP while r is the degradation
rate of active ROP and e is the degradation rate of inactive
ROP. Further, we have also included a degradation of active
ROPs at the cell boundary (compartments that have the
background as a neighbor) with a rate p, corresponding to active
ROPs diffusing to the anticlinal sides or out of the cell. We
assume that ROP is only produced in its inactive form and
only degraded in its active form (Table 1). Transport between
compartments is assumed to be proportional to the difference
in concentrations, with spatial factors being included in the
diffusion constant. The auxin simulation was run first, and the
resulting auxin gradient was used in the ROP simulation. Both
simulations were run until the system was in equilibrium. We
discretized the 2D surface into 286 polygonal compartments,
and spatial factors are added to the transport rates given
the different sizes of the compartments and their neighbor
cross sections. All simulations use a 4th order Runge-Kutta
solver and were implemented in an in-house developed open
source software (http://dev.thep.lu.se/organism), available upon
request. Files defining the models, the initial configuration,
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FIGURE 2 | Auxin gradient and pattern of active ROP in a model of auxin-driven ROP-activation. (A) When an auxin gradient is present, active ROPs can

localize centrally toward the basal end along the outer membrane of the epidermal cell, similar to the experimentally observed pattern. (B) A low activation of ROPs is

seen for a constant auxin level of 1.1, with no clear peaks of active ROP forming. (C) For a constant auxin level of 1.2, the active ROP peak localizes closer to a middle

position along the cells apical-basal axis. (D) For a constant auxin level of 1.3, several ROP peaks appear throughout the cell.

and the solver parameters are provided as Supplementary
Information.

2.3. Mechanical Simulations and Material
Model
The model treats the epidermal wall of a root cell as a thin
shell under turgor pressure. We want to focus on the site of
root hair outgrowth and analyze the trends in the stress pattern
around the root hair outgrowth site under different hypotheses.
Thus, the model consists of a square patch of dimensions 20 ×

20µm and thickness of 0.5µm. The boundaries of the patch

were fixed in place and the patch was under pressure load
perpendicular to its surface at all times. We used finite element
models for all mechanical simulations using linear quadrilateral
(S4R) and triangular (S3) shell elements in Abaqus (Dassault
Systemes, 2012). We employed general static analysis with
adaptive stabilization and included nonlinear geometric effects.

The finite element method is based on linearization of the
virtual work, δW, equation

δW =

∫

V
S : δĖdV −

∫

V
f 0 · δvdV −

∫

∂V
t0 · δvdA = 0, (4)
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where S is a second Piola-Kirchhoff stress tensor and Ė is the rate
of change of its work conjugate Green-Lagrange strain tensor.
The two last terms of Equation (4) contribute to the external
virtual work component and f0 and t0 represent body force per
undeformed unit volume and traction per undeformed unit area,
respectively. For hyperelastic materials second Piola-Kirchhoff
stress tensor can be calculated from strain energy function U as a
derivative with respect to Green-Lagrange strain tensor

S =
∂U

∂E
. (5)

In Saint Venant-Kirchhoffmodel strain energy function takes the
form

U =
1

2
λ(trE)2 + µE : E, (6)

where λ and µ are Lamé coefficients related to Young’s modulus
EY and Poisson ratio ν by formulas

EY =
µ

λ + µ
(2µ + 3λ), (7)

ν =
λ

2(λ + µ)
. (8)

We applied standard isotropic elastic material in Abaqus with
elastic modulus of 100 MPa. In softened regions we used
Young’s modulus of 70 MPa and in stiffened regions 130 MPa.
We assumed turgor pressure of 0.2 MPa and increased turgor
pressure in central region of 0.4MPa. In all cases we used Poisson
ratio of 0.2. The experimental estimates of plant cell wall elasticity
from in vivo samples (Suslov et al., 2009; Hayot et al., 2012;
Nezhad et al., 2013) and synthetic bio-composites (Chanliaud
et al., 2002) cover the large range 100 kPa to 1 GPa depending
on the type of plant tissue and measurement method. Similarly
the turgor pressure measurements can vary from 2 to 10 atm.
For simulations we have chosen elastic modulus in the middle
of this range. The turgor pressure was chosen such that the wall
deformation is macroscopic but not exaggerated and turned out
to be on a lower side of the experimental range. We took into
account the influence of the atmospheric pressure so the load
pressure in the simulation is a turgor lowered by 1 atm.

The Saint Venant-Kirchhoff material model is in principle a
simplistic model of a real plant wall material in the sense that
it does not reflect its complicated nonlinear visco-elastic and
plastic properties. However, in this case we are interested rather
in general stress pattern changes than in the accurate description
of deformations and thus the linear material model presents
a simple alternative with a well understood notion of elastic
modulus.

3. RESULTS

The results reported in this communication present two
connected mechanisms concerning root hair outgrowth. Firstly
we consider the process by which the site of the root hair
outgrowth can be specified within a cell, by the localization of
activated ROP into a small patch. Secondly we examine if the

initiation of root hair growth can be explained by mechanical
perturbations in such a patch. We consider several scenarios
and analyze the emerging pattern of stresses in comparison with
experimentally observed microtubule organization.

3.1. An Auxin-Driven ROP-Activation Model
Can Guide the Activated
Membrane-Localized ROP Into A Basally
Localized Patch in the 2D Epidermal Outer
Cell Membrane
We developed a 2D single cell model where the cycling of ROP
from an inactive to an active form is influenced by an auxin
gradient (Methods, Red box in Figure 1A). The model is an
extension of a previously published 1D model of ROP cycling
(Payne and Grierson, 2009). We discretize the cell into several
compartments between which the ROPs are allowed to diffuse,
assuming a faster movement of inactive ROPs, which reside in
the cytosol, compared to the active ROPs which are connected
to the membrane. In contrast to the model which it is based
on, we have explicitly modeled the auxin gradient as resulting
from diffusion of the auxin molecule with a source of auxin
production at the basal end of the cell and an auxin sink, where
auxin is degraded, at the apical end. We assume that ROPs
are created in their inactive form and subsequently activated
by auxin to become the active membrane-bound form. Further,
the active form of ROP is subject to constant degradation. Also
included in the model is a non-linear self-activation of ROP. All
reactions follow simple mass action and diffusion descriptions
(Equations 1–3).

First we tested whether such a molecular model is able
to create a peak of active ROP, marking the site of root
hair outgrowth, at the correct location in the epidermal cell
membrane. We expect the peak to locate close to the basal
end of the lateral membrane, even when considering a full 2D
description of this membrane. Indeed, a patch of active ROP
localizes at the basal end of the lateral membrane (Figure 2A),
slightly away from the cell wall, consistent with previous
experimental findings (Molendijk et al., 2001; Jones et al., 2002;
Fischer et al., 2006). The patch first appears near the cell
boundary where the level of auxin is predicted to be highest, after
which it moves a small distance away from the cell boundary
where it becomes stable. To confirm the importance of the
auxin gradient for the localization of the peak, we simulated
the model with constant auxin in the cell (Figures 2B–D). The
basal bias for the ROP patch is lost, and depending on the
auxin level, a single central peak, several peaks spread across
the cell, or a low activation of ROP throughout the cell was
found. Interestingly, phenotypes as multiple hairs, more apical
root hair positions and loss of root hairs have been found
in mutants suggested to alter intracellular auxin levels and or
gradients (Masucci and Schiefelbein, 1994; Grebe et al., 2002;
Fischer et al., 2006; Ikeda et al., 2009). The model parameters of
the simulation with a gradient were set such that they generate
a gradient of about 20%, showing that the gradient does not
need to be steep to generate enough bias for the ROP dynamics.
While the intracellular gradient has yet to be measured in
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experiments, the gradient is well within ranges suggested in tissue
models of auxin in the root (Swarup et al., 2005; Jones et al.,
2009).

Our model confirms, in a 2D setting, that a sub-cellular auxin-
dependent activation of ROPs promoted by an intracellular
auxin gradient together with intracellular transport is sufficient
to create convergence of active ROPs, placing the site of root
hair formation to the center close to the basal end of the outer
epidermal cell plasma membrane. The active ROP is an early
marker of root hair initiation and we will use this to investigate
how such a patch may influence mechanical properties of the cell
wall such that a root hair can be initiated, and whether this can
lead to a star-like pattern of stresses.

3.2. Altering Mechanical Stiffness Locally
at the root Hair Initiation Site Can Guide
Stresses from Circumferential to Radial
The mechanical aspects of root hair growth are analyzed by
means of a finite element model of the epidermal wall of a
rectangular cell and from changing material properties in a small
region representing an activated ROP patch.

A simulation of rectangular epidermal wall under turgor
pressure results in a stress pattern in which the first principal
stress component is mostly oriented perpendicularly to the long
axis of the cell (Figure 3A). This pattern correlates well with
the orientation of microtubules observed in close to rectangular
epidermal cells of the Arabidopsis root (Figure 1B, Pietra et al.,
2013). Note that this result pertains to the cell scale stresses and
is independent of the root tissue curvature where a pressurized
cylindrical root shape would also produce highest stresses in the
circumferential direction, e.g., Bozorg et al. (2014). Hence, the
simulation suggests that cellular stresses can complement tissue
scale stresses to provide a directional cue for microtubules in
roots and other elongated tissues with elongated cells. Note that
there are deviations in the general stress patterns in the proximity
of basal and apical ends of the outer wall of the root hair cell
(Figure 3A). Such a pattern could provide a mechanical bias for
root hair initiation, but the effect can be dependent on the specific
choice of material model.

More intriguingly, in experiments deviation from this pattern
of microtubule orientation appears at the site of subsequent root
hair outgrowth, where a star-like pattern around the initiation
point can be observed (Figures 1C,D, Pietra et al., 2013). We
extended the model to analyze whether mechanical perturbations
in a localized patch can reconcile the experimental observations
of microtubule organization with stress patterns surrounding
the patch. We localize the site of the root hair outgrowth to a
circular region, which can have different mechanical properties.
We assume that the outer edges of the cell are fixed in space
and the loading forces arise from turgor pressure. We have
previously shown that an assumption of local loosening of the
pressurized cell wall(s) leads to a circumferential pattern of
tissue scale stresses surrounding the loosened region (Hamant
et al., 2008). A similar principle applies for the simulation
of local loosening of a root epidermal cell wall (Figure 3B),
which shows circumferential maximal principal stress around

the loosened region. Such loosening is suggested to be a
prerequisite, for example, for the diffuse growth in plant
meristems and it is supposed to be a result of breaking the
bonds that link the cellulose fibers or of processes that affect
the pectin matrix (Cosgrove, 2005; Braybrook and Jönsson,
2016).

In tip growing cells rapid deposition of new wall material
and complex pectin chemistry may alter mechanical properties
at the tip (Bosch, 2005; Pang et al., 2010; Rounds and Bezanilla,
2013). We hypothesize that such rapid deposition of new
material and reorganization of cell wall components can, at least
temporarily, lead to local stiffening of the cell wall. Indeed, under
the assumption of local stiffening of the material we obtain
a radial pattern of maximal stress in the surrounding region
(Figures 3C,E), which is matching the microtubule pattern seen
in vivo (Figure 1C, Pietra et al., 2013). This simulation suggests
a phase of local stiffening, by addition of more wall material
or by changes to the wall properties, preceding the localized
growth phase of the root hair. Interestingly, such suggestion
is in parallel with observations of changes in thickness of the
cell wall in pollen tube tips, which show oscillatory behavior
and thickening prior to the growth phase (McKenna et al.,
2009). It is worth to point out that the opposing hypotheses
about the change of material stiffness at the outgrowth site
would produce different types of elastic deformation. In case
of softening of the material, we would expect bulging out of
the surface of the tip and in case of hardening of the material,
we should observe flattening of the surface. This effect could
be small and transient, as it can be overshadowed by the rapid
growth process, and thus hard to observe experimentally, but
potentially it could be used to discern between the two cases
(Figure 3D).

We explored the idea that the quick addition of material
connected to root hair initiationmight, at least transiently, lead to
stiffer walls at the initiation site, and our model predicted radial
stresses surrounding such a region. In such scenario stresses
correlate with the star-like microtubule patterns seen in root hair
cells before root hairs grow out.

3.3. Heterogeneous Forces Can Generate
Radial Stress Patterns Surrounding a Root
Hair Initiation Site
Another mechanism that may contribute to tip growth is a
differential pressure model (Winship et al., 2010; Zonia, 2010),
possibly driven by strong cytosolic streaming together with
heterogeneous cytoskeletal crowding.While a pressure difference
within a root epidermal cell might be hard to envision, a
heterogeneous force distribution at the wall might still be
possible, where for example the cytoskeleton could exert forces
on the site of outgrowth leading to increased loading of this
region. Application of increased outward forces in a patch can
lead to radial stresses around the outgrowth site in simulations
(Figure 4A). We increase loading forces by increasing pressure in
the small region in the simulations up to 200% of the pressure
value in the remaining part of the cell. This large pressure
difference that is required to change the main principal stress
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FIGURE 3 | Principal stress directions predicted by finite element models in root hair cells. White bars show the direction of the maximal principal stress, the

black bars indicate minimal principal stress directions and the color represents the maximal stress magnitude. (A) Pattern of maximal principal stress in the epidermal

wall of a pressurized rectangular cell bears resemblance to microtubular patterns of an approximately rectangular root epidermal cell except in the region of

subsequent root hair outgrowth. (B) In case of softened material in the center of the patch we observe circumferential alignment of maximal principal stress around

this region. (C) Increasing the elastic modulus of the material in the same region leads to radial organization of maximal principal stress around the center. (D) Cross

section through the pressurized model showing the curvature of the surface and a slight difference in deformation between the simulation with the softened center

(red) and the hardened center (green). (E) Graph showing dependence of the ratio of radial to circumferential stress components on the elastic modulus of this part in

two points around the region of modified material in the center. The elastic modulus of the remaining part of the model was set to 100 MPa. The ratios below one

correspond to the dominant circumferential stress direction while the ratios above one signify the dominant radial stress direction.

pattern to radial around the outgrowth site (Figure 4D) might be
hard to justify biologically by just cytosolic streaming and makes
this hypothesis questionable.

Next we test a combination of the previously analyzed
mechanisms of local material or loading force changes during
root hair initiation. Strikingly, locally increased forces at the
site of outgrowth can lead to radial stress pattern even in the
case of elastically softened material in the outgrowth region
(Figure 4B, cf. Figure 3B). This however depends on the relation
between the difference in Young’s modulus and pressure in
both regions in such a way that there exists a threshold where
radial stress pattern occurs. This possibility of combining local
material softening with locally increased forces at a tip growth
site allows for a mechanism in which the structure of the cell
wall changes, allowing greater wall extensibility similarly to the
scenario suggested for diffuse wall growth and, at the same time,
local forces exerted by the cytoskeleton contribute to tip growth.

Finally, if locally increased forces and local material stiffening
are combined, a slightly stronger (more anisotropic) radial stress
pattern results (Figure 4C). This scenario can be of interest since

there is the possibility that cytoskeleton reorganization during tip
growth itself leads to local stiffening of the cell wall material.

In summary, the finite element model predicts that radial
stress patterns are possible surrounding a small region where
increased forces are applied. This can be realized independently
of any heterogeneous or anisotropic material properties in such
a region.

4. DISCUSSION

The importance of growth for morphogenesis in plants has led
to a large interest in how cortical microtubules organize into
patterns regulating cellulose deposition and subsequent growth.
The classic model is that the microtubules organize like hoops
around a barrel to generate anisotropic growth (Green, 1962).

Our study was inspired by the strikingly different pattern
of microtubules seen at the initiation of root hairs, where a
radial pattern is found around the initiation site (Figure 1, Pietra
et al., 2013). Importantly, we acknowledge that the root hair
initiation process involves a complex combination of molecular
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and mechanical patterning (Figure 1A). Hence, our first aim was
to investigate a mechanism for marking the site of the root hair
outgrowth in amolecular 2Dmodel based on a previous 1D effort
(Payne and Grierson, 2009). An early marker for the site where
a root hair is initiated is a peak of active ROP protein (Jones
et al., 2002). Our simulations demonstrate that an internal auxin
gradient promoting ROP activation together with self-activating
feedback is sufficient to correctly place the peak centrally at the
basal side of the lateral membrane (Figure 2A).

We then investigated how a localized change in mechanical
properties affects stresses surrounding this region, in particular if
a radial star-like pattern of microtubules (Figure 1C, Pietra et al.,
2013) can be predicted by stress patterns. This appeared plausible
since it has previously been reported that microtubular patterns
correlate with maximal stress directions at subcellular and at

tissue scales (Hamant et al., 2008; Sampathkumar et al., 2014).
For example, the outgrowth of primordia at the shoot apical
meristem leads to a circumferential pattern of microtubules
and the intracellular patterns of stresses can be used to predict
microtubular patterns in the complex shapes of leaf epidermal
pavement cells (Sampathkumar et al., 2014). Of course this
correlation does not mean that the microtubules organize
according to stress patterns in all cases and systems. It is possible
and likely that other mechanisms not involving mechanical
inputs are involved in microtubule organization. Here we analyze
which mechanical conditions have to be realized to explain the
available microtubule data on the basis of a microtubule-stress
alignment hypothesis.

We presented two different scenarios that could lead to a
radial pattern of stresses during tip growth, reconciling the

FIGURE 4 | Simulations with heterogeneous loading forces. White and black bars show respectively maximal and minimal principal stress directions in finite

element models when loading forces are locally increased in the region of predicted root hair outgrowth. The color represents the maximal stress magnitude. (A)

Principal stress directions predicted by finite element models in the case of locally increased pressure in the center when material properties are kept constant. (B) The

radial pattern can appear also when the material in the patch is made elastically softer. (C) The mechanisms yielding radial stress alignment can be combined without

destruction of the radial stress pattern. The image presents a combination of elastically stronger center with locally increased forces. The radial pattern of maximal

principal stress is still evident. (D) Graph showing the trend of the stress anisotropy vs. the inner region pressure value measured at two different points on the

boundary of the circular region, where the pressure is increased and the material is made softer with respect to the rest of the surface. The principal stresses change

from circumferential (values below 1) to radial (values above 1).
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alignment of microtubules and stresses in the case of root hair
initiation. Firstly, the quick addition of material could lead
to a stiffening of the wall, and we could show that this can
lead to radial stress patterns (Figure 3C). This can be related
to observations of alternating phases of tip growth and wall
thickening at the tip (McKenna et al., 2009). Although this may
occur at a different time scale during root hair initiation, only
about 50% of analyzed cells showed a radial pattern, which could
indicate that it represents a transient state (Pietra et al., 2013).
A competing idea suggested for tip growth is that the forces
exerted on the wall at the tip are changing (Zonia, 2010). When
applied to a model of a patch in the epidermal wall, this was
also able to generate radial patterns of stresses (Figure 4), but
the required difference in forces was high and might be hard to
realize in reality in an epidermal root cell (Figure 4D, Winship
et al., 2010).

Since our results show that either local alteration of material
properties of the cell wall or the active interaction with
cytoskeleton may lead to the radial pattern of stresses around
the place of root hair outgrowth, it would be interesting to
measure wall stiffness at this site for example by using atomic
force microscopy.

While we have stressed the importance of looking at several
processes when analyzing root hair initiation (Figure 1A), our
computational simulations have been divided into the processes
of ROP patch formation (Figure 2) and of ongoing mechanical
changes (Figures 3, 4). Amain challenge will be to integrate these
into a single model where both ROP activation is necessary for
root hair initiation (Jones et al., 2002), and correct microtubular

dynamics are necessary for correct ROP positioning (Pietra
et al., 2013). Induced chemical or genetic perturbations followed
by live imaging can provide additional dynamical data to
generate improved insight into the process, and computational
modeling of the interactions will be essential to understand
the consequences of direct or indirect mechanisms of several
combined feedback regulations.
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The coconut palm (Cocos nucifera L.) stem tissue (referred to as cocowood in this study)

is a complex fibrovascular system that is made up of fibrovascular bundles embedded

into a parenchymatous ground tissue. The complex configuration of fibrovascular

bundles along with the non-uniform distribution of the material properties likely allow

senile coconut stems to optimize their biomechanical performance per unit mass (i.e.,

mechanical efficiency) and grow into tall, slender, and very flexible plants with minimum

resources of biomass and water. For the first time, to the best of the authors’ knowledge,

this paper examines, from the integral (i.e., stem structure) and macroscopic (i.e.,

tissue structure) levels of hierarchy, the characteristic triple helix formation depicted

by the fibrovascular bundles within the monocotyledon cocowood. The natural course

of the tangential orientation of the axial fibrovascular bundles is mapped for the

whole cocowood structure by quantifying 264 cocowood discs, corresponding to 41

senile coconut palms estimated to be >70 years old. The observed variations were

modeled in this paper by simple equations that partially enabled characterization of the

cocowood fibrovascular tissue system. Furthermore, 11 finite element analyses (FEA)

were performed over a three dimensional (3D) finite element (FE) model resembling a

characteristic coconut palm stem of 25m in height to analyze the biomaterial reactions

produced by the progressive deviation of the tangential fibrovascular bundles on the

cocowood mechanical response (i.e., on the material compressive strength and the

bending stiffness). The analyses in this study were carried out for the critical wind speed

of 23 m/s (i.e., Gale tornado according to the Fujita tornado scale). For each analysis,

the characteristic average maxima degree of orientation of the cocowood fibrovascular

bundles was varied from 0◦ to 51◦. The acquired results provided a deep understanding

of the cocowood optimum fibrovascular tissue system that denotes the natural evolution

of the material through millions of years. The knowledge advanced from this study

may also serve as concept generators for innovative biomimetic applications to improve

current engineered wood products.

Keywords: coconut palm stem tissue (cocowood), monocotyledon plant, fibrovascular bundle degree of

orientation, mechanical efficiency, finite element analysis, integral and macroscopic levels of hierarchical

structure
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INTRODUCTION

Cocowood Fibrovascular Tissue System
According to botanical taxonomy, coconut palms (Cocos nucifera
L.) belong to the palm tree family (Arecaceae), a family of
monocotyledon plants whereas hardwoods and softwoods are
woody plants with similar stem characteristics from the point of
view of structural mechanics, but different tissue properties (e.g.,
quasi-uniform vs. non-uniform density distribution; Bahtiar
et al., 2010). The main differences between palmwoods,
hardwoods, and softwoods are summarized by Butterfield et al.
(1997). The coconut palm stem is composed of two anatomical
components: the cortex and the central cylinder. The cortex is a
fibrous tissue covering the entire outer circumference of the stem.
It is typically 1–1.5 cm thick and plays a similar function to that of
the bark in woody plants (Tomlinson, 1990). The central cylinder
is a plant tissue (referred to as cocowood herein) that constitutes
more than 96% of the palm stem. Cocowood is a complex tissue
that depicts a cellular structure (Gibson, 2005) comprising two
different tissues as shown in Figure 1.

The fibrovascular tissue system (i.e., the assemblage of
conducting tissues and associated supportive fibers) of
monocotyledonous palms has been extensively investigated
from different levels of hierarchy (Zimmermann and Tomlinson,
1972; Tomlinson et al., 1984, 2001, 2011; Tomlinson, 1990,
2006; Rüggeberg et al., 2008, 2009; Thomas and De Franceschi,
2013). The system is essentially made up of three elements: axial
fibrovascular bundles, leaf traces, and fibrous cortical traces
(Zimmermann and Tomlinson, 1972). The axial fibrovascular
bundles remain within the stem tissue and provide longitudinal
continuity to the palm structure (Tomlinson, 1990). Both leaf
and cortical traces connect the stem fibrovascular system with
that of the leaves and petioles (Rüggeberg et al., 2009). Moreover,
the leaf traces are connected to the axial fibrovascular bundles
within the stem central cylinder by narrow bundles called bridges
(Tomlinson, 1990).

The fibrovascular bundles are made of fibers, xylem, phloem,
and axial parenchyma. The fibers constitute over half of the
volume of each fibrovascular bundle (Butterfield et al., 1997). In
monocotyledonous palms, the fibers have thin walls and large
lumens (cavities inside the fibers) toward the stem core, and thick
walls and small highly lignified lumens toward the stem periphery
(Fathi et al., 2014). This implies denser and stronger fibers at the
stem periphery likely influencing the biomechanical performance
of palm stems, in terms of bending strength (Sudo, 1980; Rich,
1986, 1987; Butterfield et al., 1997; Fathi and Frühwald, 2014)
and bending stiffness (Rüggeberg et al., 2009). The fiber walls
are commonly multi-layered (e.g., similar to cell wall layers of
hardwood fibers) and the thickness and microfibril orientation of
each layer are clearly visible under light microscopy (Butterfield
et al., 1997).

Thousands of fibrovascular bundles (e.g., 20,000
approximately) are scattered within a single transverse
section of a senile (i.e., <60 years old) coconut palm stem
(Zimmermann and Tomlinson, 1972; Tomlinson, 1990).
Radial density and fibrovascular bundle distribution develop
non-homogeneously throughout the palm stem, with denser

tissue toward the periphery and base, where the biomechanical
performance of the material shows maximum bending stresses
(Rüggeberg et al., 2009; Gibson, 2012). According to Killmann
and Fink (1996), the distribution of fibrovascular bundles
within coconut stems can be classified into three different zones:
(a) the dermal zone, close to the cortex, with a high density
distribution of about 68 fibrovascular bundles per cm2, (b)
the sub-dermal zone, with a medium density distribution of
about 42 fibrovascular bundles per cm2, and (c) the central
zone, with a low density distribution of about 18 fibrovascular
bundles per cm2. The average cross-cut area of the single
fibrovascular bundle within cocowood stems was found to
vary from 0.30mm2 at the central zone to 0.53mm2 at the
dermal zone (Fathi et al., 2014). The high and low distributions
of fibrovascular bundles toward the palm stem periphery
(dermal zone) and core (central zone), respectively, reflect an
efficient structure that is not excessively overbuilt (Tomlinson,
1990).

Fibrovascular Bundle Degree of
Orientation in Palmwoods
In plant species, fibers can be oriented in various directions
within the structure to adapt the structural response to
the external loading conditions (Zhang et al., 2012). The
fibrovascular development (i.e., the method of construction of
the fibrovascular tissue system described in Section Cocowood
Fibrovascular Tissue System) of monocotyledon palms was
thoroughly analyzed by Tomlinson (1990), especially for that of
Rhapis excelsa palms. The course of the fibrovascular bundles was
found to follow a helical path as they ascend the stem, but also
vary progressively toward the center of the stem before bending
rapidly outwards toward a leaf trace at the periphery of the
stem. While the observed pattern is typical, it is not a consistent
attribute for all palm species. According to Tomlinson (1990),
the longitudinal helical pattern seems to have been observed
in the nineteenth century by both Meneghini (1836) and De
Mirbel (1843). Tomlinson (1990) pointed out that the helical
formation “probably adds to the mechanical efficiency of the stem
by minimizing longitudinal splitting.”

The natural course of axial fibrovascular bundles within
monocot palm stems was further described by Rüggeberg et al.
(2008) as a feature that follows both a “screw-like pathway” (i.e.,
a longitudinal—helical course) while running up the stem, and
a “zigzag” pattern across the stem diameter, thereby deviating in
tangential and radial directions as they run back and forth within
the palm stem. Butterfield et al. (1997) called attention to “an
understanding of the three dimensional path-ways traced out by
the fibrovascular bundles within the stem that is fundamental to a
full understanding of the structure of palmwood.”

Rüggeberg et al. (2009) by studying the structure–function
relationships of different vascular bundle types in one 33 year-
oldWashingtonia robusta palm at an elevation of 5m graphically
reported the radial degree of orientation of the fibrovascular
bundles. The bundles were found to move toward the periphery
of the stem, with the higher degree of orientation reported in the
dermal zone of the stem.
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FIGURE 1 | Cocowood is a complex vascular tissue system that depicts a cellular structure that can be described as parallel stiff fibers embedded in

foam. Its simple botanical description is a blend of two structurally and functionally divergent cell tissues: (a) the fibrovascular bundles with a honeycomb-like

structure, which are rounded and dense groups of long fibers surrounding vessel elements for sap circulation, mainly orientated in the longitudinal axis of the stem,

and (b) the ground tissue made up of foam-like polyhedral parenchyma cells.

From the literature review, it appears that, only one study
performed by Kuo-Huang et al. (2004) has reported a partial
degree of orientation of axial fibrovascular bundles within
juvenile coconut stems (20–25 years old), average heights of 6 m.
Kuo-Huang et al. (2004) graphically showed a tangential degree
of orientation of fibrovascular bundles across the stem diameter
that varied from 4◦ to 12◦ at the bottom of the studied stems.

Although the development of the fibrovascular system of
monocotyledonous tissues has been investigated at different
hierarchical levels, and the triple helix formation of cocowood
fibrovascular bundles (Figure 2) has been observed, they have
not yet been characterized and modeled for the whole cocowood
structure. Furthermore, the extent to which the degrees of
orientation of the fibrovascular bundles influence on the
cocowood stem biological function has remained unknown up to
now. These observations were the driving forces behind the work
in this study.

MATERIALS AND METHODS

Tangential Fibrovascular Bundle Degree of
Orientation
A total of 41 senile coconut palms with average stem heights
ranging from 18.8 to 25m, sourced during the Project
FST/2004/054: “Improving value and marketability of coconut
wood” by the Australian Centre for International Agricultural
Research (ACIAR) in 2010, from the Pacific islands of Fiji
(29 palms) and Samoa (12 palms), were used to measure
the tangential orientation of the cocowood axial fibrovascular
bundles. For each palm, nominal 50mm thick discs were cut
at the key stem elevations of 0.2, 3.2, 6.2, 9.4, 12.4, 15.8, 18.8,
22.0, and 25.0m. The fibrovascular bundle degrees of orientation
were acquired by measuring the tangential deviation of the

fibrovascular bundles after splitting the discs along their diameter
(Figure 3A). One of the two split half-disc was positioned on a
white paper sheet to project the two lines in the same plane (i.e.,
the straight split line and the undulated split line). The straight
line (SL) was projected perpendicularly onto the paper and the
undulated line (UL) was directly drawn on the paper sheet.
Each line was divided into 100 points equally spaced along the
disc diameter to take measurements. The tangential fibrovascular
bundle degree of orientation θ at a radial position R from the disc
center was calculated for each point as,

θ (R) = tan−1
(

x

hb

)

(1)

where x is the distance between the lines UL and SL, and hb is the
measured disc height of break, as shown in Figure 3B.

As mentioned before, the tangential fibrovascular bundle
degree of orientation of the coconut stem tissue describes a
triple helix structure. Observations from the collected data
showed that the fibrovascular bundle degree of orientation is
typically not vertical at the periphery of the palm. As the
distribution of the fibrovascular bundle degree of orientation
is axisymmetric (i.e., symmetrical about the palm stem’s main
axis), the fibrovascular bundles at the center of the stem must
be vertical when considered analytically. The following periodic
equation is proposed to characterize the fibrovascular bundle
degree of orientation θ as function of the radial position R from
the center of the stem and the palm height h,

θ
(

R, h
)

= θmax(h)× sin

(

2π × f ×
R

Rmax

(

h
)

)

(2)

where Rmax is the palm maximum radius, f is the natural
frequency of the triple helix, and θmax is the average maxima
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FIGURE 2 | Cocowood triple helix pattern shown in a radially split disc. Similar to the zigzag pattern described by Rüggeberg et al. (2008) for Washingtonia

robusta palms, the cocowood fibrovascular bundle architecture follows an axisymmetric and triple helix configurations across the palm stem diameter.

FIGURE 3 | (A) Each disc was split up to a depth of 10mm with a 1100mm long lathe-blade and manually torn apart. This left a straight split line (SL) on the upper

face of the disc, where the blade was driven, and an undulated split line (UL) on the lower face that followed the fibrovascular bundles. (B) Measurement of the

tangential fibrovascular bundle degree of orientation.

tangential fibrovascular bundle degree of orientation. Average
measured maximum radiuses of the studied cocowood discs (see
Table 1) allowed determining the characteristic palm radius Rmax

(in mm) in terms of the palm stem height h (in m) as,

Rmax

(

h
)

=
4035

h+ 25.5
(3)

Figure 4 plots a typical measured fibrovascular bundle degree
of orientation θ across the palm stem diameter, showing the
axisymmetric distribution and the triple helix pattern for the
palm 13 at 12.4m of stem height. To suppress the noise
inherent to the fibrovascular bundle degree of orientation
measurements, a discrete Fourier transform (FT) was applied
to all measurements. The FT function allows transforming
the discrete fibrovascular bundle degree of orientation signal
from the length domain to the frequency domain. It expresses
the signal as a sum of sinusoids of different frequency and
magnitude (Winter David, 1997). To smooth the curves resulting

from the raw measurements of fibrovascular bundle degrees
of orientation, the high frequency noise was removed by
applying a low-pass filter to the transformed signal, with a
cutoff frequency of 5mm/mm (Figure 5). The inverse Fourier
transform was subsequently applied to obtain the smoothed
fibrovascular bundle degree of orientation curve. A typical
smoothed fibrovascular bundle degree of orientation curve is
shown above in Figure 4. The representative average maxima
tangential fibrovascular bundle degree of orientation θmax was
then calculated for each cocowood disc on the smoothed curve
(see Figure 4) as the arithmetic mean value of the three local
minimum and the three local maximum fibrovascular bundle
degrees of orientation,

θmax =
1

6

(

3
∑

i = 1

θmax,i +

3
∑

i = 1

∣

∣θmin,i

∣

∣

)

(4)

where θmin,i and θmax,i are the values of the ith local minimum
and maximum, respectively. The natural frequency f of the
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triple helix was calculated from the frequency spectrum of the
discrete FT applied to the tangential fibrovascular bundle degree
of orientation measurements of each disc. With the discretization
of 100 measurements, two different types of frequency spectra
occurred: (i) two distinct dominant frequencies with no clear
peak were observed, as shown in Figure 5A, and (ii) only one
dominant frequency was observed, as shown in Figure 5B. When
no clear peak was observed, the two dominant frequencies were

TABLE 1 | Measured maximum radiuses at the studied key stem

elevations.

Palm stem Number of Average CoV

height (m) measurements (discs) radius (mm)

0.2 34 164.88 0.14

3.2 32 134.14 0.08

6.2 30 124.04 0.11

9.4 30 115.92 0.10

12.4 30 107.43 0.11

15.8 28 96.63 0.12

18.8 28 90.35 0.15

22.0 26 87.78 0.11

25.0 26 79.11 0.16

considered to both contribute to the signal if their magnitudes
do not differ by more than 25%. In this case, the triple helix
frequency f was approximated as the average of these two
dominant frequencies. Otherwise, the frequency with the higher
magnitude was considered to predominantly contribute to the
signal and the helix frequency f was taken as this frequency.

Finite Element Modeling
The 3D FE model of a characteristic senile coconut palm
stem shown in Figure 6 was built using the commercial finite
element software Strand7 (2005). From the structural mechanics
point of view, palm stems can be considered as composite,
hierarchically structured, and fiber-reinforced beams (Speck and
Burgert, 2011). Therefore, the cocowood FE model herein bears
a resemblance to a fully fixed (i.e., all the model bottom surface
nodes were constrained to the ground) cantilever tapered beam
or pole with foliage but no branches. The structural modeled
system has consequently one degree of freedom. In the FE
model, the characteristic form, complex structure of the coconut
stem-tissue and the cocowood properties were all derived from
previous findings by the author (Gonzalez et al., 2014, 2015;
Gonzalez, 2015). Table 2 gives characteristic green properties
[i.e., basic density (db), modulus of elasticity (MOE), compressive
modulus of rupture (MOR), shear modulus (G), and shear

FIGURE 4 | Measured, attenuated (after applying FT), and proposed tangential fibrovascular bundle degree of orientation for palm 13 (Fiji) at 12.4m

high. The characteristic cocowood fibrovascular bundle degree of orientation proposed herein (i.e., the red segmented curve) provides similar results to the actual

measurements for the given palm; it also shows the axisymmetric and triple helix configurations of the fibrovascular bundles.
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FIGURE 5 | Frequency spectrum with (A) no clear peak [palm 15 (Fiji) at 0.2m high], and (B) one dominant frequency [palm 21 (Fiji) at 0.2m high].

FIGURE 6 | A 64,800 brick element FE model, with a maximum aspect

ratio of about 10, was selected as optimum for carrying out the finite

element analyses. The cocowood optimum FE model included 240, 18, and

15 divisions, axially, peripherally, and radially, respectively. The whole domain in

the FE model was meshed with 65,311 nodes. (A) Axial perspective of the

characteristic coconut stem model, (B) Cross-sectional area at the bottom of

the model. Note that the color coding in the figure is reflecting brick elements

with different properties.

strength (τmax)] at key locations of the cocowood FE model, in
the longitudinal (L), radial (R), and tangential (T) directions.

The orthotropic material behavior and the radial triple helix
configuration depicted by the tangential deviation of the axial
fibrovascular bundles were captured in the cocowood FE model
by using the 3D brick orthotropic element property from Strand7
(i.e., 8-node brick elements have different properties for the L,
R, and T directions, depending on their location within the
FE model). The number of brick elements along the radius,
height, and perimeter of the cocowood FE model, was tested
until reaching the most appropriate mesh for the analyses. Thus,
a regular solid mesh was generated to uniformly distribute the
nodes in the FE model that allowed a uniform application
of the wind pressure profile. Besides, the stresses developed
within the cocowood model by the applied loading conditions
described below, were calculated by Strand7 at the centroid of
each brick element (i.e., the resultant brick stress value reflected
the average of the corresponding eight brick Gauss points).
Specifically, eight finite element models were analyzed at the

acute wind speed of 60m/s (i.e., Significant tornado according
to the Fujita tornado scale; Cullen, 2002) to define the most
appropriate FE model for the current analyses. Table 3 gives
detailed information about each analyzed model. Two aspects
were considered when defining the optimummodel in this study:
(i) an aspect ratio no >10 for each brick element, and (ii) a
time no >1 h 15min to process the model. Additionally, three
parameters were considered to find the point of convergence
when the total number of brick elements was varied in the model:
(i) the maximum stress occurring in the axial direction of the
model; (ii) the vertical displacement at the top/middle node of
the FE model, and (iii) the displacement at the top/middle node
of the model in the wind direction.

A Python program code was used to integrate the typical
coconut stem form, complex structure, material properties, and
loads acting on the model. The program code automatically
reproduced the palm stem model, which in turn was exported
to Strand7 to perform the analyses, and the relevant results were
retrieved again by the Python program for easy of data evaluation
and presentation. The code also considered the progressive
reduction of the stem projected area due to higher deflections
experienced as the wind speed increased up to 23 m/s.

No damping or swaging effects (i.e., dynamic analyses) during
extended high wind events were considered herein as a pilot
study showed a relative low-frequency response of about 0.2Hz
for the first natural frequency bending mode of vibration; the
modal analysis was done around the equilibrium position (i.e.,
the non-deformed stem position) from the static geometry
calculated around the unloaded state. The vortex-shedding effect
was also disregarded due to two main reasons: (i) the high
bending capacity (i.e., nearly to quarter circle for wind speeds
>23m/s) and the marked streamlining effect [i.e., foliage moves
into alignment with the wind direction (flag) as the wind force
increases] allowed reducing the palm crown/stem projected areas
and the pressure drag. Hence, the whole structure reduced the
wind surface, the bending moments and the vortex shedding
phenomenon. (ii) The vortex shedding frequency was found
to be very low (i.e., about 0.077Hz) for an average slender
coconut stem diameter of 237.8mm, and the critical wind speed
under investigation (i.e., 23m/s), and thereby the quasi-static
state portion of the movement dominated the analyses. Thus,
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TABLE 2 | Green material properties for a characteristic senile coconut palm stem.

Stem’s key Radial db MOEL MOER MOET MORL MORR MORT GLT GTR GRL τmax_LT τmax_TR τmax_RL

location position (kg/m3) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

Bottom (0 m) Periphery 901 8608 463.9 352.3 40.2 16.8 15.3 783.2 154.9 930.3 9.9 2.3 10.2

Core 223 1313 87.6 88.9 6.0 1.2 0.8 79.4 37.2 161.2 1.0 0.2 1.2

Top (25 m) Periphery 595 5315 294.1 233.4 24.8 9.8 8.8 465.6 104.6 588.2 5.9 1.1 6.1

Core 112 118.3 26.0 45.8 0.4 0.0 0.0 0.0 14.8 25.5 0.0 0.0 0.0

non-linear static analyses (NLA) were performed taking into
account the cocowood stem’s geometric non-linear effect (GNL)
produced by the large deflections in the model.

The finite element model of the coconut stem-tissue was
investigated under the influence of the non-uniform distributed
wind pressure (Pw), the top wind force (Ftop), and the self-
weight (P) of the whole structure. The Pwprofile (in N/m2) acting
along the cocowood FE model was derived from the Australian
Standards AS/NZS 4676 (2000) and AS/NZS 1170.2 (2011), and
calculated as,

Pw = (0.5ρair)(fhWs)
2 × 1.2 (5)

where ρair is the density of air equal to 1.225 kg/m3 (i.e., at sea
level and 15◦C), fh is a coefficient that varies from 0.99 to 1.22
depending on the stem height (i.e., from 0 to 25m) at which Pw
is applied, andWs is the wind speed in m/s.

Even though wind exerts a distributed non-uniform pressure
all over the tree stem together with its crown (i.e., the tree’s
projected area), the bulk of the wind pressure acts primarily on
the center of the crown (Niklas, 1992) and, therefore, a top wind
force Ftop, also known as “drag force” (Mayhead, 1973; Rudnicki
et al., 2004; Vollsinger et al., 2005) was calculated (in N) as,

Ftop = Pw(25m)× Aproj × CD (6)

where Pw in N/m2 was considered at the palm stem top (25m
in this analysis), Aproj (in m2) is the projected area by the
coconut leaves at the palm stem’s crown, and CD is the drag
coefficient assumed to be constant and equal to 1. The coconut
palm projected area Aproj, equal to 1.2 m2 in this study, was
derived from related studies (Rich et al., 1995; Rudnicki et al.,
2004; Vollsinger et al., 2005). The vertical self-weight load (P)
was calculated in terms of gravity and mass of the cocowood
structure.

Finite Element Analyses
To fulfil the purposes in this study, a total of 11 finite element
analyses (FEA) were carried out over the 3D cocowood FE model
exposed to the wind speed of 23m/s (i.e., Gale tornado, according
to the Fujita tornado scale; Cullen, 2002); the wind speed that was
determined in Gonzalez (2015) as the critical wind speed (i.e., the
wind at which the material tissue starts reaching stress at failure)
under the equivalent bending moment of 64.4 kN.m.

The analyses were performed by varying the characteristic
cocowood average maxima fibrovascular bundle degree of

orientation θmax from 0◦ to 51◦. It thus changed the characteristic
cocowood fibrovascular tissue system in terms of θ , given by
Equation (2). Higher θmax variations were not examined as the
results from the above-mentioned range showed well-defined
trends for both the material stress at failure and the palm
bending stiffness. Furthermore, the optimal average maxima
fibrovascular bundle degree of orientation was determined by the
point at which the cocowood tissue endured high load without
considerably reducing its compressive strength and bending
stiffness.

The bending stiffness is defined herein as the force required
to produce a unit deflection of the coconut palm stem. The palm
bending stiffness k was calculated (in kN/m) as (Ugural, 2008),

k =
Fth

δh
(7)

where Fth (in kN) is the horizontal reaction force acquired from
the FEA in Strand7, and δh (in m) is the maximum horizontal
displacement in the wind direction at the top/middle point of the
cocowood model.

Due to the orthotropic nature of the coconut stem-tissue, the
Tsai-Hill failure criterion (Jones, 1999; Rao et al., 2008), which
is a variation of the von Mises criterion (Hull and Clyne, 1996)
and the Tsai-Wu criterion (Cabrero and Gebremedhin, 2010),
was used to predict and evaluate the circumstances under which
stress at failure was likely to occur (i.e., the material damage when
the stresses produced by the progressive loading conditions rose
beyond the material strength). Specifically, the material failure
was predicted by this method when the failure index (FI) was≥1.
The referred failure index (FI) was calculated as (Jones, 1999; Rao
et al., 2008),

FI =

(
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TABLE 4 | Average maxima tangential fibrovascular bundle degree of

orientation (θmax) for the studied coconut palms.

Stem height (m) Local max/min θmax

Average max Average min Average CoV

(deg) (deg) (deg)

0.2 7.14 −10.02 8.58 0.37

3.2 5.63 −6.77 6.20 0.39

6.2 4.84 −7.65 6.25 0.35

9.4 5.97 −10.07 8.02 0.29

12.4 6.45 −8.89 7.67 0.29

15.8 6.92 −10.38 8.65 0.34

18.8 7.07 −9.31 8.19 0.38

22.0 7.01 −11.30 9.15 0.35

25.0 8.75 −9.04 8.89 0.40

where σ L, σR, and σT (inMPa) are stresses in the L, R, and
T directions, respectively. MORL, MORR, and MORT (inMPa)
are the compressive strengths in the L, R, and T directions,
respectively. τLR, τRT , and τTL (inMPa) are shear stresses in the
longitudinal-radial (LR), radial-tangential (RT), and tangential-
longitudinal (TL) planes, respectively. τmaxLR, τmaxRT , and
τmaxTL (inMPa) are the material shear strengths in the LR, RT,
and TL planes, respectively.

RESULTS

Tangential Fibrovascular Bundle Degree of
Orientation
The results for this part of the study are based on 26,400
fibrovascular bundle degree of orientation measurements
corresponding to 264 cocowood discs. Preliminary analysis
showed no significant differences in the acquired global
measurements between the different coconut growing sites (i.e.,
Fiji and Samoa). Thus, the results in this section represent the
analysis of the coconut palms sourced from Fiji and Samoa
islands altogether.

Table 4 gives the average values of the local maximum
and minimum fibrovascular bundle degree of orientations, as
the average maxima fibrovascular bundle degree of orientation
θmax at all investigated stem heights. The average maxima
fibrovascular bundle degree of orientation θmax is found to vary
with the palm stem height and range from a minimum degree
of 6.20◦ at 3.2m high to a maximum value of 9.15◦ at 22m
of stem height. θmax is found to be 8.58◦ at the bottom of the
coconut palm stem (see Figure 7). Based on these observations
and, as no clear correlation can be found in Figure 7 between
the measurement at the ground elevation and all subsequent
measurements, two linear equations are chosen in this study to
characterize the average maxima fibrovascular bundle degree of
orientation θmax for senile coconut stem tissues. Note that the
linear approximation that characterizes the tangential degree of
orientation up to the stem height of 3.2 m, was set only for
modeling and discussion purposes. θmax (in degrees) is then
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FIGURE 7 | The average maxima fibrovascular bundle degree of

orientation θmax against the palm stem height is plotted in the figure.

Two specific patterns can be observed. First, the average maxima

fibrovascular bundle degree of orientation decreases with the stem height from

0 to 3.2m and second, quasi-linearly increases with the stem height above

3.2m. Thus, the highest deviation of fibrovascular bundles occurs toward the

upper part of the palm stem where the higher flexibility of the material is

needed during extreme loading conditions.

expressed as function of the palm stem height h (in m) as,

{

θmax

(

h
)

= 8.74− 0.79× h for h ≤ 3.2 m
θmax

(

h
)

= 5.59+ 0.16× h for h > 3.2 m
(9)

Table 5 gives the average values of natural frequencies found
at the investigated stem heights. No clear correlation between
the natural frequency of the tangential fibrovascular bundle
degree of orientation and the palm stem height can be found
and, therefore, a unique natural frequency f of 1.45mm/mm
is considered herein for the entire palm. Thus, the proposed
tangential fibrovascular bundle degree of orientation presented in
Figure 4 was calculated by using Equation (2) with inputs from
Equation (3), Equation (9), and the above mentioned natural
frequency f. Similarly, Figure 8 maps the proposed tangential
fibrovascular bundle degree of orientation for the whole structure
of a characteristic coconut stem of 25m in height.

Effects Produced by the Variation of the
Tangential Fibrovascular Bundle Degrees
of Orientation on the Cocowood
Mechanical Performance
Table 6 gives the results from the FEA for every variation of
the average maxima fibrovascular bundle degrees of orientation
(0◦–51◦) when the wind speed of 23m/s is acting on the whole
cocowood structure. Figure 9 shows both the palm stiffness
k and the maximum failure stress FI, plotted against the
variation of average maxima fibrovascular bundle degrees of
orientation (0◦–51◦) for the analyzed wind speed. In the main,
the research findings show a significant increase in material
failure index and a severe decrease of the palm bending stiffness
for fibrovascular bundle degrees of orientation >9◦. It can
also be noticed that both factors (i.e., FI and k) are critically

TABLE 5 | Average values of natural frequencies at all investigated heights

and the representative natural frequency f for all the studied cocowood

discs.

Stem height (m) f (mm/mm) CoV Total number of discs

0.2 1.49 0.208 34

3.2 1.41 0.202 28

6.2 1.53 0.159 38

9.4 1.46 0.250 26

12.4 1.53 0.175 40

15.8 1.40 0.185 29

18.8 1.41 0.263 37

22.0 1.42 0.229 15

25.0 1.29 0.267 17

Average (weighed) 1.45 0.215 264

Bold result corresponding to the representative natural frequency of the whole coconut

palm stem-tissue.

FIGURE 8 | The proposed typical triple helix distribution of tangential

fibrovascular bundle degrees of orientation is shown on the plane of

symmetry of a characteristic senile coconut palm 25m stem height.

The cocowood structure in the figure shows an apparent pattern of

fibrovascular bundles with a maximum deviation of 9.15◦. Note also a different

fibrovascular bundle configuration up to a stem height of 3.2m.

reduced when the average maxima fibrovascular bundle degrees
of orientation become ≥33◦.

DISCUSSION

Similar to some monocotyledonous palms (e.g., W. robusta
palms), senile coconut palms are tall and slender with an aspect
ratio (about 80) that tends to indicate excellent stability (Slodicak
and Novak, 2006) with a high bending capacity during strong
wind conditions (Fratzl and Weinkamer, 2007). Indeed, from
the acquired results it has been revealed a cocowood structure
that is, from the structural mechanics point of view, stronger
toward the palm stem’s bottom-periphery, where the greater
concentration of fibrovascular bundles were found. Interestingly,
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TABLE 6 | FEA results for the variation of θmax at the critical wind speed

of 23 m/s.

FEA θmax Max FI increment Fth (kN) δh (m) k(kN/m) k drop

no. (deg) FI (%) (%)

1 0 1.021 3.036 10.046 0.302

2 3 1.029 0.76 3.033 10.101 0.300 0.66

3 6 1.052 2.21 3.021 10.262 0.294 1.94

4 9 1.091 3.60 3.002 10.526 0.285 3.12

5 15 1.219 10.53 2.941 11.333 0.260 9.01

6 21 1.416 13.90 2.844 12.450 0.228 11.98

7 27 1.646 13.96 2.689 13.687 0.196 13.98

8 33 1.931 14.76 2.518 15.109 0.167 15.20

9 39 2.268 14.87 2.374 16.689 0.142 14.64

10 45 2.718 16.54 2.145 17.531 0.122 13.96

11 51 3.406 20.20 1.954 18.137 0.108 11.97

FIGURE 9 | An insignificant increase in material failure index FI

(segmented line with blue circles) is observed for fibrovascular bundle

degrees of orientation up to 9◦. Beyond this point, the slope of the FI curve

starts to drastically increase reaching a FI of about 3.5 when the angle varied

to 51◦. For the θmax of 15◦, there is a sudden FI increment that is three times

higher than the previous value at 9◦. Similarly, the palm bending stiffness k (red

line with rhombi) is sharply reduced by nearly three times from 9◦ to 15◦. The

identified trends become higher and lower, respectively, for the greater values

of θmax .

the cocowood structure at the stem’s top part close to the leaves
has the minimum diameter and is the least dense part of the
stem with the highest deviation of fibrovascular bundles, which
structurally means it is the most flexible part of the whole
structure. This strategy may likely permit the palm stem to
better bend or efface itself under high wind conditions with the
leaves streamline effect offering a very low resistance to wind
pressure. Yet, it is a hypothesis that might be proved by future
studies.

The calculated average maxima fibrovascular bundle degree
of orientation at the bottom part of the stem (see Figure 7)
markedly differs from those for the higher elevations. It clearly
reflects a different configuration of the cocowood fibrovascular
tissue system at this section of the palm stem. This occurs
due to the transition between the stem-tissue and root systems,

both having structurally and functionally different configurations
(Niklas, 1992). For modeling purposes, these properties have
been represented in this study by simple linear equations that
match the dissimilar property regions. However, the atypical
pattern found close to the bottom of the palm stem needs further
investigation, likely from a different approach (e.g., microscopic),
in order to accurately depict the structure at this region of the
coconut stem.

Note that the average maxima fibrovascular bundle degree of
orientation θmax of 8.58◦ was found in this study at the bottom
of the characteristic senile coconut palm stem whereas the θmax

of 12◦ was reported by Kuo-Huang et al. (2004) for juvenile
palms (6m high) at the same stem location. It can be inferred
that tangential fibrovascular bundles likely become less deviated
in senile cocowood due to the structural adaptation process
experienced as coconut palm stems grow taller and have to resist
higher external loading conditions; a common phenomenon in
plant species (Zhang et al., 2012).

The cocowood mechanical response observed when varying
the degrees of orientation of fibrovascular bundles has in
principle (i.e., the greater the fiber orientation, the inferior the
tree stem mechanical response, and vice versa) some similarity
to that of hardwoods and softwoods. For example, the woody
stem spiral configuration of the southern Utah’s Ponderosa pine
(Pinus ponderosa) species was studied by Leelavanichkul and
Cherkaev (2004) to determine the influence of fiber orientations
(varying from 21.2◦ to 90◦) on the trunk strength under three
progressive wind forces expressed in terms of bending moments
(2.26, 22.59, and 90.39 kN·m). The results showed that the
Ponderosa pine trunk failed when the critical fiber angle was
set at 37◦. The critical average maxima fibrovascular bundle
degree of orientation of 33◦ was found herein. The reason of
such similar findings may have its foundations on (i) the similar
fibrovascular-cellular structure (i.e., an assembly of prismatic or
polyhedral cells with solid edges and faces packed together to
fill space; Gibson, 2005) that both cellular solids (i.e., woody
plants and palmwoods) have in common, and (ii) the related
mechanical characteristics that are mutual for tree stems in
order to support static and dynamic loads, store and release
elastic energy, bend through large angles, and resist buckling and
fracture.

When the fibrovascular bundle degrees of orientation varied
between 0◦ and 9◦, a superior cocowood biomechanical response
was identified in terms of the stem bending stiffness and the
material capacity to undergo failure due to generated stresses
and strengths. Average maxima fibrovascular bundle degrees of
orientation beyond this limit (θmax of 9◦) significantly reduced
the palm bending stiffness andweakened its compressive strength
with a consequent increase in material failure (FI). Thus, a
θmax = 9◦ is identified as the maximal fibrovascular bundle
degree of orientation, defined in Leelavanichkul and Cherkaev
(2004) as the maximum fiber angle that does not substantially
reduce/weaken the stiffness and strength of a tree. It can thus
be concluded that senile cocowood fibrovascular tissue systems
are optimally arranged complex structures, partially because of
the typical variation of average maxima fibrovascular bundle
degrees of orientation (i.e., 6.2◦ to 9.1◦) that was found herein
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to be within the limits of the maximal fibrovascular bundle
degree of orientation defined above. Where nature has already
optimized the structure of a living organism, it is assumed
there must be a reason for it. In fact, what has been observed
in the current analysis is not just a random causality of the
biomechanical behavior produced by the cocowood fibrovascular
tissue system; on the contrary, it is without doubt, a phenomenon
that reflects an optimized cocowood fibrovascular development
resulting from the natural adaptation of the material to resist
varying conditions of external forces [e.g., gravity (biomass),
wind, and rain water], during the course of millions of years of
evolution. Wind forces, for example, become critical as trees age
and grow taller, particularly because, during high wind episodes,
the forces induced on the stems, foliage, and roots can reach
critical bounds. If surpassed, these forces will result in failure.
Further, while strong winds may occur only a few times in a tree’s
life, its resistance capability to overturning or breaking during
these extreme weather conditions is critical to its survival (Vogel,
1989, 1996).

The acquired results in this study evidenced an efficient
cocowood fibrovascular tissue system that highlighted its optimal
local design in terms of the tangential deviation of the
axial fibrovascular bundles. The present analyses significantly
advanced the understanding of the cocowood fibrovascular tissue
system and, concomitantly, of the monocotyledonous palms.
The research findings have a significant future potential for
innovative material/structure concepts; e.g., the representative
cocowood fibrovascular bundle degrees of orientation proposed
herein may serve as a biomimetic inspiration to produce

superior engineered wood products (EWPs) such as coconut
fiber reinforced polyethylene composites (Brahmakumar et al.,
2005) and/or spirally wood-laminated composite poles (Piao
et al., 2008; Berard et al., 2011). Yet, further research from
a multidisciplinary approach should be carried out to reveal
other properties and underlying principles of the biomaterial at
the macroscopic, microscopic, ultrastructural, and biochemical
levels of hierarchical structure. Such studies would also improve
our understanding of the cocowood fibrovascular development;
a system that has evolved in accordance with engineering
principles long before these principles were known.
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Most models for ethylene signaling involve a linear pathway. However, measurements of

seedling growth kinetics when ethylene is applied and removed have resulted in more

complex network models that include coherent feedforward, negative feedback, and

positive feedback motifs. The dynamical responses of the proposed networks have

not been explored in a quantitative manner. Here, we explore (i) whether any of the

proposed models are capable of producing growth-response behaviors consistent with

experimental observations and (ii) what mechanistic roles various parts of the network

topologies play in ethylene signaling. To address this, we used computational methods

to explore two general network topologies: The first contains a coherent feedforward

loop that inhibits growth and a negative feedback from growth onto itself (CFF/NFB). In

the second, ethylene promotes the cleavage of EIN2, with the product of the cleavage

inhibiting growth and promoting the production of EIN2 through a positive feedback loop

(PFB). Since few network parameters for ethylene signaling are known in detail, we used

an evolutionary algorithm to explore sets of parameters that produce behaviors similar

to experimental growth response kinetics of both wildtype and mutant seedlings. We

generated a library of parameter sets by independently running the evolutionary algorithm

many times. Both network topologies produce behavior consistent with experimental

observations, and analysis of the parameter sets allows us to identify important network

interactions and parameter constraints. We additionally screened these parameter sets

for growth recovery in the presence of sub-saturating ethylene doses, which is an

experimentally-observed property that emerges in some of the evolved parameter sets.

Finally, we probed simplified networks maintaining key features of the CFF/NFB and PFB

topologies. From this, we verified observations drawn from the larger networks about

mechanisms underlying ethylene signaling. Analysis of each network topology results in

predictions about changes that occur in network components that can be experimentally

tested to give insights into which, if either, network underlies ethylene responses.

Keywords: ethylene, signal transduction, network topologies, computational modeling, evolutionary algorithm
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1. INTRODUCTION

Ethylene is the simplest of olefin gases and functions as a plant
hormone, affecting many processes throughout the lifetime of
a plant including seed germination, growth, formation of the
apical hook, senescence, fruit ripening, abscission, and responses
to various stresses (Mattoo and Suttle, 1991; Abeles et al., 1992).
Ethylene inhibits the growth of dark-grown eudicot seedlings
(Abeles et al., 1992), and sustained exposure to ethylene leads
to a growth-inhibition response that has been used to screen
for mutants and to provide information about the ethylene
signaling network (Bleecker et al., 1988; Guzman and Ecker,
1990). Most proposed models of ethylene signaling consist of
a linear pathway (Figure 1), where in air, ethylene receptors
signal to the CONSTITUTIVE RESPONSE1 (CTR1) protein
kinase which functions as a negative regulator of ethylene
signaling (Kieber et al., 1993). CTR1 prevents ethylene signaling
by phosphorylating the ETHYLENE INSENSITIVE2 (EIN2)
protein, leading to its ubiquitination and proteolysis (Chen et al.,
2011; Ju et al., 2012; Qiao et al., 2012). The binding of ethylene to
ethylene receptors reduces the activity of the receptors, leading to
reduced activity of CTR1 kinase and reduced phosphorylation of
EIN2 protein (Chen et al., 2011; Ju et al., 2012; Qiao et al., 2012).
The reduction in EIN2 phosphorylation leads to a decrease in
ubiquitination of EIN2, causing a rise in EIN2 protein levels and
allowing for proteolytic release of the C-terminal portion (EIN2-
C) of the protein (Qiao et al., 2009; Ju et al., 2012; Qiao et al., 2012;
Wen et al., 2012). EIN2-C affects the levels of two transcription
factors, EIN3 and EIN3-Like1 (EIL1), in part by regulating their
ubiquitination via S-PHASE KINASE-ASSOCIATED1-CULLIN-
F-BOX (SCF) ubiquitin ligase complexes containing EIN3-
BINDING F-BOX1 and 2 (EBF1 and 2) F-box proteins (Guo
and Ecker, 2003; Potuschak et al., 2003; Yanagisawa et al., 2003;
Gagne et al., 2004; Binder et al., 2007; An et al., 2010). In the
presence of ethylene, ubiquitination of EIN3 and EIL1 is reduced,
leading to accumulation of these transcription factors causing
most ethylene responses (Guo and Ecker, 2003; Potuschak et al.,
2003; Yanagisawa et al., 2003; Binder et al., 2004a, 2007; Gagne
et al., 2004; An et al., 2010).

The above model was developed based on end-point analyses.
Even though end-point analysis of ethylene responses continues
to be an instructive bioassay, it is limited because transient events
are overlooked. Time-lapse imaging has provided information
about the kinetics of ethylene growth responses. The kinetics of
ethylene responses have been studied for several plant species
(Laan, 1934; Warner and Leopold, 1971; Burg, 1973; Goeschl
and Kays, 1975; Rauser and Horton, 1975; Jackson, 1983)
and most extensively studied in the model flowering plant,
Arabidopsis thaliana (Binder et al., 2004a,b; Potuschak et al.,
2006; Binder et al., 2007; Gao et al., 2008; Christians et al., 2009;

FIGURE 1 | Basic linear ethylene signaling network.

Vandenbussche et al., 2010; van Zanten et al., 2010; Žádníková
et al., 2010; Kim et al., 2011, 2012; McDaniel and Binder, 2012;
Bakshi et al., 2015; Merchante et al., 2015; Rai et al., 2015).

Studies of ethylene growth kinetics in Arabidopsis have
revealed two phases of growth inhibition at saturating ethylene
levels (1 ppm or above, see Figure 2A) (Binder et al., 2004b).
The first phase is rapid, with a decrease in growth rate beginning
approximately 10min after the application of ethylene and lasting
approximately 10 min, at which point the growth rate reaches a
plateau. This plateau lasts approximately 30 min when a second,
slower phase of growth inhibition is observed. Approximately 90
min after the application of ethylene, the growth rate reaches a
minimum that lasts for as long as saturating levels of ethylene
are present. If ethylene is removed after 2 h, seedlings recover to
pre-treatment growth rates in approximately 90min (Figure 2A).

The two phases of growth inhibition are genetically separable
(Binder et al., 2004a). Mutants lacking EIN3 and EIL1 (ein3;eil1)
have a normal first phase of growth inhibition but fail to have
a second phase response and over time return to pre-treatment
growth rates in the continued presence of ethylene (Figure 2B).
This demonstrates that the first phase of growth inhibition is
EIN3/EIL1-independent. Mutants lacking EIN2 (ein2) have no
response to ethylene. Additionally, in wild type plants, adaptation
is observed at sub-saturating levels of ethylene. At intermediate to
high sub-saturating levels (e.g., 100 ppb), seedlings initially show
both phases of growth inhibition but then have a partial recovery
to an intermediate growth rate. At lower levels of ethylene (e.g., 2
and 10 ppb), only the first phase of growth inhibition occurs and
is followed by recovery of the growth rate (Figure 2C) (Binder
et al., 2004a).

The experiments described above and other observations
that indicate possible alternative pathways and feedback control
(Kieber et al., 1993; Roman et al., 1995; Larsen and Chang, 2001;
Hall and Bleecker, 2003; Qiu et al., 2012; Rai et al., 2015) suggest
that ethylene signal transduction is not simply a linear pathway.
Several network models have been proposed that involve more
complicated topologies (Binder et al., 2004a; Gao et al., 2008;
Kim et al., 2012). These and related networks are the focus of
this paper.

A study comparing the time-dependent growth responses of
several plant species led to a proposed network that included
both coherent feedforward and negative feedback (CFF/NFB)
signaling motifs (Figure 3A; Kim et al., 2012). In the CFF/NFB
model, in air (i.e., without ethylene) the receptors signal to CTR1,
which in turn inhibits downstream signaling. This leads to fast
growth with feedback on growth occurring via the modulation
of gibberellin (GA), a hormone known to stimulate growth.
Application of ethylene inhibits the receptors, leading to a
reduction of CTR1 activity and hence an increase in EIN2 levels.
EIN2 is predicted to cause an initial growth inhibition response
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FIGURE 2 | Growth response kinetics of dark-grown Arabidopsis

seedling hypocotyls. (A) The normalized growth rate of wildtype

Arabidopsis. Seedlings were grown in air for 1 h at which time 10ppm ethylene

was applied for 2 h at which time ethylene-free air was used to replace the

ethylene. (B) The normalized growth rate of wildtype Arabidopsis compared to

ein3;eil1 and ein2 mutants. Seedlings were grown in air for 1 h at which time

10 ppm ethylene was applied. (C) The normalized growth rate of wildtype

Arabidopsis treated with varying concentrations of ethylene as indicated.

Seedlings were grown in air for 1 h prior to application of ethylene. In all

panels, the growth rate was normalized to the growth rate in air prior to

treatment with ethylene. Based on data from Binder et al. (2004a,b).

independently of EIN3 and EIL1. EIN2 also inhibits the EBF1
and EBF2 F-box proteins, leading to increases in EIN3 and
EIL1. In the CFF/NFB network model, EIN3 and EIL1 inhibit
growth via a GA-dependent and GA-independent pathway. The
indirect inhibition of growth from EIN2 through EIN3 and
EIL1 is hypothesized to be responsible for the second phase of
growth inhibition. Qualitatively, this network topology provides
a framework to understand the molecular basis for phase 1 and

phase 2 growth inhibition and its regulation by the coherent
feedforward signal. It also provides a mechanism for transient
growth inhibition in the absence of EIN3 and EIL1 that is
regulated by negative feedback components.

We were curious to determine whether other network
topologies would yield response kinetics similar to experiments.
We previously proposed a model where one function of EIN3
and EIL1 is to provide feedback to regulate growth (Binder
et al., 2004a). More recent data has shown that ethylene signaling
requires the accumulation of EIN2 followed by the proteolytic
cleavage of the EIN2 C-terminal tail (Alonso et al., 1999; Ju et al.,
2012; Qiao et al., 2012; Wen et al., 2012). This accumulation
of EIN2 protein is reduced in ein3;eil1 double mutants (Qiao
et al., 2009) suggesting a mechanism for feedback by EIN3 and
EIL1. We therefore developed a network topology where the
function of EIN3 and EIL1 is to provide feedback stimulation
in the form of increased synthesis of EIN2 (Figure 3B). EIN2-C
feeds back through EBF1/2 and EIN3 to promote EIN2. Without
accumulation of EIN2, the prediction is that the levels of EIN2-
C would decrease, resulting in growth reversal. We refer to this
network as the cleavage with positive feedback (PFB) network.

Few computational models of ethylene signaling have been
published (Díaz and Álvarez-Buylla, 2006; Díaz and Alvarez-
Buylla, 2009), and none take into account the dynamical
information obtained from kinetic studies of ethylene response.
Considering experimental results of this nature provides an
opportunity to identify network features underlying the observed
growth responses. Therefore, we developed computational
models that account for proposed interactions within the
CFF/NFB and PFB networks described above. These networks
are modeled as sets of coupled ordinary differential equations
(ODEs) describing the time evolution of network components.
We are interested in (i) whether the proposed networks
are capable of producing dynamical growth-response behavior
consistent with experiments, and (ii) mechanisms underlying the
network response when it does recapitulate experimental results.
The CFF/NFB and PFB networks we consider have relatively
high-dimensional parameter spaces (35 and 26 parameters,
respectively). The parameters regulate numerous coupled,
nonlinear ODEs describing the dynamics of the network, and
changing the value of one parameter can have unexpected effects
on network responses. Few in vivo measurements of network
parameters are available. As such, we used an evolutionary
algorithm (EA) to search for sets of parameters that produce
network behavior consistent with experimental growth response
kinetics. EAs are a class of numerical optimization techniques
and have been used to investigate networks in a variety of
biochemical applications (Bäck and Schwefel, 1993; Bray and Lay,
1994; François and Hakim, 2004; Patil et al., 2005; Auliac et al.,
2008; Sun et al., 2012; Spirov and Holloway, 2013; Feng et al.,
2015). For example, time-course data has been used to determine
parameters of small genetic networks (Kikuchi et al., 2003) and
parameters associated with signal transduction in neurons (Arisi
et al., 2006).

We used an EA to evolve parameter sets that produce ethylene
growth responses similar to those observed in experiments.
In particular, we focused on evolving two-phase growth
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FIGURE 3 | Diagrams illustrating proposed network topologies.

inhibition (2-PGI) and ein3;eil1 mutant partial growth recovery
(MPGR). By repeatedly performing independent runs of our
EA, we created libraries of evolved parameter sets. We gain
insight into mechanisms underlying network responses by
analyzing the dynamics of individual network components and
the distributions of parameters governing the network. We
additionally screen the parameter sets for partial growth recovery
in the presence of sub-saturating ethylene doses, which is a
property that emerges in some of the evolved parameter sets. We
further explore each network by identifying simplified networks
producing both 2-PGI and MPGR.

2. METHODS

2.1. Kinetics of the Ethylene Response
Network
We model the ethylene growth-response networks proposed
above using systems of coupled ordinary differential equations
(ODEs). Ethylene concentration is treated as an input variable
that is varied to mimic experimental conditions. We treat
the growth rate, denoted by [Growth], as a concentration-
like variable that measures the fraction of maximal growth
rate. The unbound ethylene receptor concentration is described
by a production term and a mass-action binding term
representing ethylene binding. The time-dependence of all
other components is described by production and degradation
terms. As an example, the ODE describing CTR1 dynamics is
written

d[CTR1]

dt
=

(

kprod
[R]N

KN
prod + [R]N

)

R

(1− [CTR1])

−kCTR1degr [CTR1]

Concentrations are denoted by square brackets, k denotes
a reaction rate, K denotes an activation coefficient in a

Hill equation, and N is the associated Hill coefficient. All
concentrations are restricted to the range of 0 to 1 and can
be interpreted as the fraction of the maximum concentration
for each species. The concentration range is constrained by
describing the production as a logistic production term, with
production vanishing when the concentration approaches 1.
Interactions between network components are described with
Hill-like kinetics. For example, in the above equation, CTR1 is
promoted by receptors (R), which is captured by theHill equation
in the production term on the right-hand side. Inhibitory
interactions promote the rate of degradation (e.g., EBF increases
the degradation rate of EIN3 and EIL1). Stimulatory interactions
promote the rate of production. The complete sets of ODEs for
the networks studied are included in the SupplementaryMaterial.
We initially equilibrate the system with no ethylene present,
allowing it to reach steady state. We then introduce a step-change
in ethylene to mimic experimental conditions. We treat EIN3
and EIL1 as a single entity, and therefore, to model the ein3;eil1
mutant, the production rate for EIN3 is set equal to zero.

2.2. Evolutionary Algorithm
Given the system of ODEs describing network dynamics, we use
an evolutionary algorithm (EA) to identify sets of parameters
that produce growth-response behavior similar to that observed
experimentally. EAs are a class of optimization techniques that
utilize the principle of inherited fitness to optimize parameters.
A population of parameter sets is evolved over multiple
generations. At each generation, each parameter set is evaluated
by a fitness function and ranked by its fitness. Parameter sets
with better rankings are modified in order to produce a new
population of parameter sets for evaluation. The modifications
consist of mutation and crossover operations. Mutations change
a parameter value within a set to a new, randomly sampled
value. Crossovers are events in which subsets from two high-
performing parameter sets are recombined to form a new
parameter set. Details of the mutations and crossovers depend on
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the specific implementation of the EA. Each iteration in which the
population of parameter sets is updated is termed a generation.

We used the following fitness function for all proposed
ethylene signaling networks:

fitness =
Nwt
∑

i=1

αi

(

[Growth]calc(ti)− [Growth]targ(ti)
)2
wt

+

Nmt
∑

i=1

βi

(

[Growth]calc(ti)− [Growth]targ(ti)
)2
mt

Calculated growth values ([Growth]calc(ti)]) are determined by
numerically solving the system of ODEs in MATLAB using
the ode45 numerical solver. Target values ([Growth]targ(ti)])
were obtained using experimentally-determined growth rates
at select times (Figures 2A,B). Target values were selected
from wildtype (wt) and ein3;eil1 mutant (mt) experiments,
with the index i in each sum indexing the target values
(there are Nwt target values for the wildtype response and
Nmt target values for the mutant response). For each time
point, the squared deviation of the calculated growth rate from
the target value is multiplied by a weighting factor (αi, βi)
that emphasizes important regimes of the growth response.
Specifically, we emphasize pre-ethylene steady state values,
the wildtype two-phase growth inhibition response, minimal
growth rate following ethylene introduction, and maximum
growth recovery levels. Target values and weighting factors are
provided in Supplemental Tables 2.1.1, 2.1.2. Target growth rates
were scaled by dividing all experimental growth rates by the
maximum observed growth rate under both wildtype andmutant
conditions. This gives a pre-ethylene growth rate target value
that is less than one, in contrast with Figure 2 in which growth
rates were scaled so that pre-ethylene growth rates were unity.
The evolutionary algorithm was designed to minimize the fitness
function.

In our EA, we use a population size of 200 parameters sets
at each generation. The initial parameter sets are generated
by selecting uniformly distributed random values for each
parameter from allowed parameter ranges (see Supplemental
Table 2.1.3). Hill coefficients (N) are restricted to integer values.
After evaluating each parameter set, the 50 parameter sets
with the lowest fitness scores are selected as source parameter
sets. These source sets are used to generate the population of
parameter sets for the next generation. New parameter sets
are produced by performing a two-point crossover followed by
mutations. The crossover events and mutations allow a balance
of global and local exploration of parameter space, and the
algorithm converged to local minima of the fitness function
for the signaling networks studied. Two-point crossovers are
performed by randomly selecting two source parameter sets
with replacement (i.e., the same set can be chosen twice).
Two crossover points are chosen at random from the list of
parameters. Two blocks of parameters are taken from the first
source and the other block is taken from the second source,
leading to a newly constructed set of parameters. Additionally,
the probability of mutation for each parameter is chosen
such that on average three parameters within the crossover
product are mutated (the probability is 3/35 for the CFF/NFB

network and 3/26 for the PFB network). When a parameter is
selected for mutation, the decision to increase or decrease the
value is made with equal probability. The parameter is then
multiplied or divided, respectively, by a uniformly distributed
value between 1 and 2. When this decision would result in
a parameter exceeding its upper bound, a uniform random
value between the current parameter value and its upper limit
is used instead. The source parameter sets are updated each
generation by replacing 25 randomly selected source sets with
parameter sets having the lowest fitness scores from the current
population.

We ran the EA for 400 generations and recorded the
parameter set with the lowest fitness score for additional analysis.
This evolutionary process was repeated independently 500–4000
times depending on the network topology. Each parameter set
was screened for the targeted network behavior and the resulting
data was used to characterize ethylene response kinetics and
identify features of the evolved parameters.

2.3. Screening for Targeted Responses
After running the EA, we check whether the resulting growth
responses exhibit wildtype two-phase growth inhibition and/or
ein3;eil1 mutant partial growth recovery. Specifically, network
responses are checked to ensure that the wildtype response meets
the following conditions:

1. With no ethylene, steady state growth is sufficiently high.
2. After applying ethylene, theminimal growth rate is sufficiently

low.
3. A plateau-like region separates the first and second phases of

growth inhibition.
4. Following removal of ethylene, growth recovers to a

sufficiently high level.

Logic diagrams for discriminant functions are included in
Supplemental Figures S1, S2. For mutant behavior, traits 1 and
2 were used to check for proper behavior. The discriminant
functions were designed to make the inclusion of false positives
unlikely.

2.4. Ethylene Dose Response
We additionally screen evolved parameters sets to identify
whether they exhibit sub-saturating ethylene dose response
kinetics similar to experimental observations (see Figure 2C).
The level of ethylene that leads to a sub-saturating response
depends on the parameters of the network. Thus, we first identify
the range of ethylene concentrations over which the network
is responsive to concentration variations. For each evolved
parameter set, we use a binary search method to identify the
ethylene concentration range in which (i) the maximum dose
produces long-time growth rate between 0.5 and 1.0% above
minimum growth observed in the saturated response and (ii) the
minimum dose produces a minimum growth rate between 0.5
and 1.0% below pre-ethylene steady state growth. We consider
20 evenly distributed ethylene concentrations between these
bounds to test for partial growth recovery in the presence of
sustained ethylene exposure. A parameter set is considered to
exhibit sub-saturating growth recovery if there exists at least
one ethylene concentration at which the growth maximum
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that occurs 1 h or longer after the introduction of ethylene
exceeds the minimum growth observed within the first hour of
ethylene exposure by at least 0.1 (maximum possible growth is
unity).

3. RESULTS

3.1. Coherent Feedforward/Negative
Feedback Network
The CFF/NFB network (Figure 3A) was proposed by Kim et al.
(2012) based on growth kinetics in response to the addition and
removal of ethylene. It can be broken down into three distinct
regions: (i) the initial linear signaling cascade consisting of
ethylene receptors, CTR1, and EIN2; (ii) a coherent feedforward
loop with EIN2 as the initial node that inhibits growth both
directly and indirectly (via EBF and EIN3); (iii) a negative
feedback loop consisting of growth and GA. The coherent
feedforward cascade interacts with the negative feedback loop
as a result of the inhibitory effect of EIN3 on GA. As indicated
in Figure 3A, we treat EBF1 and EBF2 as well as EIN3 and
EIL1 as single entities. We refer to these nodes as EBF and
EIN3, respectively. This reduces the complexity of the model
and the dimensionality of the parameter space while keeping key
topological features of the network. Additionally, with existing
experimental data, it is difficult to elucidate differences between
these individual components, which could be included in a more
detailed computational model.

We conducted multiple independent trials of the EA,
obtaining 3774 sets of optimized parameters. Using the
discriminant functions described previously, each evolved
parameter set was screened for wildtype two-phase growth
inhibition (2-PGI) and ein3;eil1 mutant partial growth recovery

(MPGR). Figure 4 shows examples of results that exhibit both
2-PGI and MPGR, as well as those that exhibit only one of
the responses. Approximately 36% of the evolved parameter sets
exhibit both 2-PGI and MPGR, 20% exhibit only 2-PGI, and 23%
exhibit only MPGR. The large number of parameter sets yielding
one or both of the targeted growth responses provides a large data
set for analysis.

3.1.1. Dynamical Response of Network Components
In Figure 5, we plot the time dependence of each network
component. This provides insight into how the feedforward
and feedback loops shape growth response dynamics. For each
component, we plot the mean response of the 1344 parameter
sets exhibiting both 2-PGI and MPGR behavior. We also display
the standard deviation about the mean (shaded regions) to
characterize the heterogeneity of the response. Analogous results
for parameter sets exhibiting only 2-PGI or MPGR behavior are
provided in Supplemental Figures S3, S4.

The response of the linear portion of the signaling cascade
is identical for the wildtype (shown in Figure 5A) and ein3;eil1
mutant (not shown) topologies upon addition of ethylene. In
response to the addition of ethylene at 1 h, the concentration
of unbound receptors rapidly declines to levels near zero. This
results in a decrease of CTR1 from a relatively high pre-
ethylene concentration to amuch lower concentration. Following
this, EIN2 is no longer inhibited by active CTR1 and rapidly
increases in concentration. There is a slight delay in the EIN2
response to ethylene due to the time required for the signal
to propagate through the upstream components of the linear
signaling cascade. Upon removal of ethylene at 3 h in the wildtype
response, components return to their pre-ethylene levels.

FIGURE 4 | Characteristic growth responses at saturating ethylene doses. Columns show examples of time-dependent growth responses passing different

combinations of screening criteria. Each column corresponds to a single set of evolved parameters. Rows show different simulated conditions (wildtype and ein3;eil1

mutant). Targeted growth rates are denoted by x and the evolved response is shown by solid lines. Dashed vertical lines indicate time points at which ethylene was

introduced (green) and removed (red).
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FIGURE 5 | Time evolution of CFF/NFB network components. Figures show the mean ±1 SD for each component of the CFF/NFB network for cases exhibiting

both wildtype and ein3;eil1 mutant growth responses (1344 parameters sets). Components include: (A) early signaling components (wildtype conditions), (B)

components downstream of EIN2 (wildtype conditions), and (C) negative feedback components affecting growth response (ein3;eil1 mutant conditions). Black regions

in (B,C) indicate the mean ±1 standard deviation of growth. Dashed vertical lines indicate time points at which ethylene was introduced (green) and removed (red).

The remaining network connections differentiate the wildtype
response from the ein3;eil1 mutant response. Components of
the wildtype network are shown in Figure 5B. Increasing EIN2
concentration acts to inhibit both growth and EBF, which is
part of the indirect feedforward loop. The direct inhibitory effect
of EIN2 on growth is responsible for the first phase of growth
inhibition. In response to decreasing EBF concentration, EIN3
concentration increases from an initially low value approximately
30 min after ethylene is introduced. Once EIN3 reaches a
sufficiently high concentration, a pronounced second phase of
growth inhibition begins. Thus, the coherent feedforward loop
leads to the desired 2-PGI.

The effect of the negative feedback loop can be understood
by examining the dynamics of growth and GA. For the
wildtype topology, GA is inhibited by both EIN3 and growth.
A limited increase in GA levels accompanies the first phase of
growth inhibition, and is driven by decreasing growth rates.
During the second phase of growth inhibition, increasing EIN3
concentration inhibits GA, with EIN3 inhibition outcompeting
the effect of decreasing growth rate. This drives GA to a low
concentration, minimizing the effect of the negative feedback
loop on growth. Thus, in the presence of increased EIN3, the
effects of the negative feedback loop are suppressed. In the
ein3;eil1 mutant, however, the inhibitory action of EIN3 on the
negative feedback loop is lost. Thus, the negative feedback loop
plays a more prominent role since GA is not inhibited by EIN3
(Figure 5C). Additionally, the indirect path of growth inhibition
is removed, eliminating the second phase of growth inhibition.
Figure 5C shows the response of key network components under
these conditions. When increasing EIN2 levels cause a decrease
in growth, GA levels increase in response, promoting growth and
leading to partial growth recovery. This illustrates the importance
of the negative feedback loop for partial growth recovery in the
ein3;eil1mutant.

After the removal of ethylene at 3 h, it is interesting to note
that the average growth rate does not exhibit a large overshoot
compared with pre-ethylene levels (Figure 5B). When analyzing
individual parameter sets, none of the responses exhibit an
overshoot that exceeds pre-ethylene levels by more than 10%,
only 5 of 1344 exhibit >5% overshoot, and only 44 of 1344
exhibit >1% overshoot. This is in contrast with experimental

results and suggests that modifications of the network or
additional components might be needed to adequately capture
the overshoot behavior. However, as discussed above, our results
show that the core CFF/NFB topology generates key features of
the 2-PGI and MPGR responses.

3.1.2. Analysis of Parameter Sets
The roles of the feedforward and feedback loops can be further
understood by examining evolved parameters. In particular, it is
instructive to characterize the distributions of evolved parameter
values for the CFF/NFB network, as certain parameters are
constrained to small ranges or excluded from certain parameter
regimes. In Figure 6, we compare the distributions of select
parameters when the evolved parameter sets are categorized
by their behavior (both 2-PGI and MPGR, only 2-PGI, or
only MPGR). The distributions of all parameters are shown
in Supplemental Figure S5. Parameter values are scaled by
normalizing the maximum value to one, and the width of each
distribution is scaled such that the maximum width is equal
in each distribution. Comparing the distributions for specific
parameters highlights key network features leading to each
response.

The parameter distributions in Figure 6 provide additional
evidence that the feedforward loop plays a key role in generating
2-PGI. The activation coefficient for EIN2-regulated growth
degradation of EBF (KEIN2

degr ) is excluded from low values in

evolved parameter sets exhibiting 2-PGI. As a consequence,
EIN2 concentration must reach high levels to significantly
inhibit EBF, which contributes to a delay before the second
phase of growth inhibition. Interestingly, this parameter is most
significantly constrained in evolved parameter sets exhibiting
both 2-PGI and MPGR. This is in contrast with the broader
distributions seen for the cases exhibiting only one of the targeted
responses. Additionally, in parameter sets exhibiting 2-PGI, the
rate constant associated with basal production of EIN3 (kbasalprod )
occurs at low values. This also contributes to a time delay in the
feedforward loop, which is needed for a second phase of growth
inhibition.

It is also informative to consider the parameters governing
the negative feedback loop (Figure 6). Parameter sets exhibiting
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FIGURE 6 | Distributions of parameters from evolved sets of CFF/NFB network parameters. Parameter sets exhibiting different combinations of responses

are shown. Parameter labels K and k indicate activation coefficients and rate constants, respectively, that are associated with the ODEs governing the species labeled

above each figure. Subscripts indicate if the parameter regulates degradation (degr) or production (prod) and superscripts indicate the network component regulating

the reaction. Basal rates indicate that the parameter is not regulated by another network component. All parameters were unit normalized using range rescaling.

MPGR have highly restricted ranges associated with the rate
constant for basal production of GA and the parameters for
GA inhibition by growth. These restrictions lead to low pre-
ethylene levels of GA and a reasonable response of GA as growth
declines following ethylene exposure. In cases exhibiting MPGR,
the rate constant governing promotion of growth by GA is also
restricted to high values and the activation coefficient for the
promotion of growth by GA is excluded from the lowest values.
Thus, a moderate increase in GA concentration will result in a
significant increase in growth. However, excluding the activation
coefficient from low values prevents increases from occurring
with small changes in GA. Thus, tight regulation of parameters of
the negative feedback loop is most readily apparent in parameter
sets exhibiting MPGR. This further suggests the importance of
the negative feedback loop for MPGR.

3.1.3. Ethylene Dose Response
Given that our network parameters were evolved to target only
2-PGI and MPGR behavior, we were interested in whether other
experimentally observed behavior emerged as well. As such, we
examined the sub-saturating ethylene dose-response behavior
of evolved parameter sets exhibiting both 2-PGI and MPGR.
Figure 7A shows an example of sub-saturating ethylene growth
recovery (SSGR) that passes our screening criteria. Figure 7B
shows an example of a typical growth response failing to exhibit
SSGR behavior. Here, there is no growth recovery observed
at any ethylene concentration. Of the evolved parameter sets
exhibiting both 2-PGI andMPGR, 26% also exhibit SSGR. Partial
growth recovery at large sub-saturating ethylene concentrations
was observed experimentally (e.g., at 100 ppb in Figure 2C) but
was not observed in the CFF/NFB network model. However,
the observed adaptive behavior occurring at lower ethylene

FIGURE 7 | Characteristic growth responses at sub-saturating

ethylene doses. Parameter sets exhibiting both 2-PGI and MPGR were

screened for partial growth recovery to sustained sub-saturating ethylene

doses (SSGR). Figures show typical growth responses for parameter sets: (A)

passing SSGR screening and (B) failing SSGR screening.

concentrations is qualitatively consistent with experiments. This
emergent property provides additional support for the proposed
CFF/NFB network topology.

To gain insight into features that lead to SSGR, we compared
the parameter distributions that passed SSGR screening to
those that failed SSGR screening. Surprisingly, this revealed
nearly identical parameter distributions except for the activation
coefficient for GA inhibition by EIN3 and the rate constant
associated with inhibition of growth by EIN3 (Figure 8 and
Supplemental Figure S6). The activation coefficient regulating
GA inhibition by EIN3 occurs at higher values in sets producing
SSGR. The rate constant for growth inhibition by EIN3 occurs
at lower values more frequently in cases giving SSGR. The
distributions of these parameters across all evolved sets exhibiting
2-PGI and/or MPGR are shown in Figure 6. Higher values of
the activation coefficient for GA inhibition by EIN3 are found
primarily in parameter sets exhibiting 2-PGI, while lower values
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FIGURE 8 | Distributions of parameters from the CFF/NFB network

screened for SSGR behavior. A comparison of parameter distributions

passing and failing SSGR screening (screened parameter sets exhibit both

2-PGI and MPGR).

of the rate constants for inhibition of growth by EIN3 occur
primarily in parameter sets exhibiting MPGR. These restrictions
apply to the regulation of EIN3 on components of the negative
feedback loop. This again suggests that inhibition of the negative
feedback loop by the coherent feedforward loop may play a key
role in ethylene signaling.

3.1.4. Simplified CFF/NFB Networks
We have shown that the CFF/NFB network can produce
multiple experimentally-observed features of Arabidopsis growth
responses to ethylene. Using this network topology as a guide,
we probed simplified networks containing coherent feedforward
and negative feedback motifs. The networks explored are shown
in Figure 9. Ethylene (E) acts as either the first node of the
coherent feedforward loop (Figures 9A–C) or as a direct input
into the first node of the loop (Figures 9D,E). Additionally,
EBF and EIN3 are combined into a single node (Y) which
acts to inhibit growth. In the simplest network (Figure 9A), we
remove the GA node and allow growth to directly inhibit its
own production. For the remaining networks, the role of GA in
the negative feedback loop is performed by node Z. To probe
the inhibition of the negative feedback loop by the coherent
feedforward loop, we tested network topologies with and without
the inhibition of Z by Y. Approximately 500 independent
optimization runs were performed for each simplified network
topology. Ein3;eil1 mutants were simulated by eliminating node
Y. Evolved parameter sets were screened for 2-PGI and MPGR
responses and a summary of results are shown in Table 1.

The simplest network (Figure 9A) failed to produce any
parameter sets passing 2-PGI or MPGR screening procedures.
Examining the dynamical response of evolved parameter sets
revealed two phases of growth inhibition that occurred too early
and above the desired growth range. Additionally, no growth
recovery was observed upon removal of Y. The addition of
node Z to the negative feedback loop (Figure 9B) produced two
parameter sets exhibiting 2-PGI but none showingMPGR.When
the inhibition of Z by Y is included (Figure 9C), we begin to
observe substantial numbers of parameter sets exhibiting either
2-PGI or MPGR. However, no parameter sets simultaneously
produced both responses. 2-PGI and MPGR were observed
together only when ethylene promoted the first node of the

FIGURE 9 | Simplified CFF/NFB networks. Simplified networks tested.

(A–E) Only networks (D,E) exhibit both 2-PGI and MPGR.

TABLE 1 | Screening results for ethylene growth responses of simplified

CFF/NFB networks.

Network Total 2-PGI & MPGR 2-PGI only MPGR only

A 504 0 0 0

B 500 0 2 0

C 500 0 80 18

D 499 5 1 3

E 500 92 73 37

coherent feedforward cascade, which more closely mimics the
initial linear signaling cascade. In networks in which Z is not
directly inhibited by Y (Figure 9D), 1.0% of parameter sets
exhibit both 2-PGI and MPGR responses. When Y regulates Z
(Figure 9E), 18.4% of parameter sets exhibit both targeted growth
responses. These results suggest the importance of (i) the initial
linear cascade in achieving proper timing of growth inhibition
and (ii) the inhibition of negative feedback by the coherent
feedforward loop in expanding the parameter space in which
2-PGI and MPGR are observed.

3.2. EIN2 Cleavage with Positive Feedback
In this section, we consider the second proposed network
topology with EIN2 cleavage and a positive feedback loop (PFB
network, Figure 3B). The network was evolved with the same
target responses as before. We obtained evolved parameter
sets that produced both 2-PGI and MPGR behavior, but the
number was substantially lower than in the CFF/NFB network.
Out of 1247 independent runs of the EA, only 5 evolved
parameter sets produce both 2-PGI and MPGR. Parameter sets
exhibiting only 2-PGI were also uncommon (3 sets). However,
a significant proportion of parameter sets exhibited only MPGR
(726 sets). Two of the 5 parameter sets exhibiting both 2-PGI
and MPGR also display sub-saturating ethylene growth response
(SSGR). The limited number of parameter sets exhibiting both
targeted responses precludes analysis of parameter distributions.
However, studying the dynamic response of the best-performing
parameter set exhibiting 2-PGI, MPGR, and SSGR provides
valuable insight (Figure 10). Results are representative of the
other parameter sets exhibiting 2-PGI and MPGR. Complete
results of evolved sets exhibiting 2-PGI, MPGR, and SSGR are
presented in the Supplemental Figure S7.
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FIGURE 10 | Time evolution of PFB network components. Figures show the behavior of the best-performing evolved parameter set that passed 2-PGI, MPGR,

and SSGR screening. (A) Response of growth, EIN2, and EIN2-C (wildtype conditions). (B) Response of components in the positive feedback loop (wildtype

conditions). (C) Response of growth, EIN2, and EIN2-C (ein3;eil1 mutant conditions).

3.2.1. Dynamical Response of Network Components
As in the CFF/NFB network, the introduction of ethylene
decreases CTR1 levels (Figure 10A). In the PFB network, the
cleavage of EIN2 is no longer inhibited and EIN2-C is produced
(Figure 10A). As EIN2-C increases in concentration it inhibits
both growth and EBF (Figures 10A,B). EIN2 levels drop during
this phase of network response as basal production of EIN2
cannot compensate for the rapid conversion of EIN2 to EIN2-C.
EIN2 reaches low concentrations, limiting the resources available
for production of EIN2-C. This leads to a transient decline
in EIN2-C, which causes the plateau-like region of growth
inhibition. Within the feedback loop, lower EBF levels decrease
the inhibition of EIN3, which rises and promotes production of
EIN2. The rapid rise of EIN2 providesmore resources for EIN2-C
production. This leads to the second phase of growth inhibition.

Within the ein3;eil1 mutant, the positive feedback loop
is absent. The addition of ethylene leads to EIN2 being
converted to EIN2-C, resulting in a decline of EIN2. Without
the positive feedback loop, there is no mechanism to further
increase EIN2 production and its concentration monotonically
decreases. EIN2-C initially increases but then declines as basal
degradation eventually dominates the low rates of EIN2-C
production associated with low levels of EIN2. As EIN2-C
concentration decreases, partial growth recovery is observed
(Figure 10C).

3.2.2. Simplified PFB Network
We again explored a simplified network topology that keeps key
features of the PFB network. We found that a four component
network in which ethylene directly promotes the conversion of
X (EIN2) to Y (EIN2-C) can produce both 2-PGI and MPGR
(Figure 11). In the network, Y directly inhibits growth and
promotes the production of X. We performed 500 optimizations
of this network and obtained 142 evolved parameter sets
exhibiting both 2-PGI and MPGR. The marked increase in the
fraction of parameter sets exhibiting both 2-PGI and MPGR
suggests parameter evolution in the full PFB network is hindered
by interactions in the positive feedback loop. Three parameters
regulate the positive feedback from Y to X in the simplified
network, while 9 parameters govern the positive feedback loop in
the full network (associated with interactions between EIN2-C,
EBF, EIN3, and EIN2). This apparently makes it difficult for our

FIGURE 11 | Simplified PFB network. Network diagram of the minimal PFB

network. The table enumerates results of growth-response screening for

evolved parameter sets.

EA to evolve large numbers of parameter sets producing both 2-
PGI and MPGR. The large fraction of simplified PFB networks
exhibiting both 2-PGI and MPGR again provides support for
EIN2 cleavage with positive feedback as a viable network
topology.

4. CONCLUSIONS

We used computational methods to explore hypothesized
network topologies underlying ethylene signaling responses
in Arabidopsis. We focused on two core networks that
are topologically distinct. Using an evolutionary algorithm
to explore parameter space, we showed that both network
topologies can produce dynamical responses consistent with
experimental time-dependent growth data. The core topologies
are (i) a coherent feedforward loop that inhibits growth and
a negative feedback from growth onto itself (CFF/NFB), and
(ii) a network in which ethylene promotes the cleavage of
EIN2, with the product of the cleavage inhibiting growth and
promoting the production of EIN2 through a positive feedback
loop (PFB).

Frontiers in Plant Science | www.frontiersin.org August 2016 | Volume 7 | Article 1308 | 218

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Prescott et al. Networks Underlying Ethylene Growth Responses

For the CFF/NFB network, high-throughput use of the
evolutionary algorithm led to a large number of parameter
sets producing responses consistent with experimental growth
kinetics under various conditions and genotypes. The results
emphasize the importance of various network features for
regulating dynamic responses. For example, the two branches
of the coherent feedforward loop collectively produce two-phase
growth inhibition (2-PGI), and the negative feedback loop is
critical for mutant partial growth recovery (MPGR). Our study
additionally suggests that 2-PGI and MPGR coexist in a broader
parameter regime when the negative feedback loop is suppressed
by an intermediate component of the coherent feedforward
cascade. The large number of parameter sets producing 2-PGI
and MPGR behavior provide insight into important regimes of
parameter space. Additionally, a large fraction of these parameter
sets also exhibit sub-saturating ethylene growth response (SSGR),
even though this was not a targeted response by the evolutionary
algorithm. Taken together, these results provide support for
the CFF/NFB network as a viable network topology underlying
ethylene signaling.

For the PFB network, the evolutionary algorithm led to
far fewer parameter sets producing both 2-PGI and MPGR
behavior, yet the dynamics of their responses provided insight
into the mechanisms underlying the network topology. A key
feature of the network is that EIN2 is converted to EIN2-C
and its transient depletion upon the addition of ethylene is
responsible for the plateau phase of growth inhibition. Two of
the evolved parameter sets also exhibited SSGR, indicating that
this emergent behavior is also possible in the PFB network.
Although we generated far more parameter sets producing 2-PGI
and MPGR for the CFF/NFB network, this does not necessarily
imply that it is biologically more likely. For example, the region
of parameter space for the PFB network that gives the desired
behavior may be smaller or more difficult to identify with our
EA, but this does not exclude the PFB network as biologically
feasible.

It is interesting to note that different plant species have
qualitatively different ethylene response kinetics (Kim et al.,
2012). For example, some plant species (millet) have only
a transient first phase response and some (rice) have only
a prolonged second phase response. The paper by Kim
et al. first proposed the CFF/NFB network studied here. For
millet, Kim et al. proposed that the circuit controlled by
EIN3/EIL1 was missing to give the transient response; for
rice, it was proposed that the rapid, EIN3/EIL1-independent
output of EIN2 is missing. The first case was analyzed
in this paper when we analyzed the MPGR response. An
interesting feature of the CFF/NFB model is that there is
a simple conceptual way to modify the network to generate
responses consistent with other species. It is less clear how
the PFB network could be modified in an analogous manner
to generate growth response kinetics consistent with the
rice and millet studies. Further exploration of the network
topology across species is an interesting area for future
exploration.

Even though both models exhibited SSGR behavior that
was similar to what has been observed experimentally, the

kinetics of the computational responses are subtly different from
experimental observations. In particular, there was no long-
time recovery at high sub-saturating ethylene concentrations and
incomplete recovery at low concentrations. It has been suggested
that responses to low levels of ethylene are in large part a result
of receptor clustering, where ligand occupancy of one receptor
affects the signaling state of surrounding receptors through
direct interactions and results in signal amplification at low
ethylene levels (Gamble et al., 2002; Binder and Bleecker, 2003;
Binder et al., 2004b). Computational models invoking receptor
clustering indicate this element can affect both sensitivity and
adaptation (Bray et al., 1998). Our models did not incorporate
this feature, which would likely affect features of the SSGR.
Additionally, our models do not incorporate spatial information.
For instance, it is now known that EIN2-C translocates to the
nucleus to affect ethylene signaling (Ju et al., 2012; Qiao et al.,
2012; Wen et al., 2012). Cleavage of EIN2 was not incorporated
into the CFF/NFB network and translocation of EIN2-C was
not explicitly incorporated into either model. This translocation
also may have diverse functions since it has recently been found
that EIN2-C in the cytosol also has a role in ethylene signaling
(Li et al., 2015; Merchante et al., 2015). It is likely that spatial
changes in important components such as EIN2-C have a role
in adaptation.

Despite these differences, our calculations show that
several simple networks can recapitulate the ethylene growth
responses observed experimentally. The dynamic responses
observed provide opportunities for experimental exploration. A
comparison of the dynamical response of individual components
for each network is shown in Supplemental Figure S7. For
example, the PFB network shows that when ethylene is
added there is a transient decrease in EIN2 levels followed by
accumulation of EIN2. By contrast, the CFF/NFB model predicts
qualitatively different accumulation kinetics for EIN2, with no
transient decrease. Thus, one avenue of experimentation can
be to obtain more detailed spatio-temporal information about
the accumulation of EIN2 (and EIN2-C) to determine if the
details predicted by the calculations in either model occur when
saturating levels of ethylene are added. For example, a detailed
time-course of EIN2-C accumulation or EIN2 full-length protein
is lacking. Such information would help determine which, if
either, model correctly predicts the accumulation pattern for
EIN2. Additionally, removing EIN3 from the CFF/NFB model
has minimal effect on the time-course of EIN2 accumulation
when ethylene is added, but has a profound effect on both
EIN2 and EIN2-C levels in the PFB model. Thus, experiments
examining EIN2 and EIN2-C levels in ein3;eil1 double mutants
would also be informative. Another example is the involvement
of GA in the CFF/NFB network where it plays a larger role in
the growth kinetics observed in the ein3;eil1 mutants. Detailed
information about changes in GA levels would provide a test of
this model and whether the negative feedback loop needs to be
incorporated into the PFB network. Such experimental details
will help determine which network topology, if either, could serve
as the ethylene signaling transduction network of Arabidopsis. It
is also possible that a combination of the two models or different
network topologies will yield emergent properties that are closer
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to experimental observations. Additional experimental details
about the spatio-temporal changes that occur in each component
of the pathway will allow us to refine the above models or develop
additional network topologies.

In summary, these calculations show that a basic mechanistic
understanding of ethylene growth response and recovery
kinetics is possible without detailed knowledge of the molecular
mechanisms or enzymatic kinetic parameters. Given that
ethylene signal transduction has been highly studied for several
decades, we anticipate that major advances in our understanding
about this pathway will be to provide details about network
interactions, reaction kinetics, and changes in the spatial
distribution of proteins in the pathway. Our hope is that with
more refined experimental input, we can refine the network
models to provide insights into how plants respond to ethylene.
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Context: The shoot apical meristem (SAM), origin of all aerial organs of the plant,

is a restricted niche of stem cells whose growth is regulated by a complex network

of genetic, hormonal and mechanical interactions. Studying the development of this

area at cell level using 3D microscopy time-lapse imaging is a newly emerging key to

understand the processes controlling plant morphogenesis. Computational models have

been proposed to simulate those mechanisms, however their validation on real-life data

is an essential step that requires an adequate representation of the growing tissue to be

carried out.

Achievements: The tool we introduce is a two-stage computational pipeline that

generates a complete 3D triangular mesh of the tissue volume based on a segmented

tissue image stack. DRACO (Dual Reconstruction by Adjacency Complex Optimization)

is designed to retrieve the underlying 3D topological structure of the tissue and compute

its dual geometry, while STEM (SAM Tissue Enhanced Mesh) returns a faithful triangular

mesh optimized along several quality criteria (intrinsic quality, tissue reconstruction, visual

adequacy). Quantitative evaluation tools measuring the performance of the method along

those different dimensions are also provided. The resulting meshes can be used as input

and validation for biomechanical simulations.

Availability: DRACO-STEM is supplied as a package of the open-source multi-platform

plant modeling library OpenAlea (http://openalea.github.io/) implemented in Python, and

is freely distributed on GitHub (https://github.com/VirtualPlants/draco-stem) along with

guidelines for installation and use.

Keywords: morphogenesis, shoot apical meristem, triangular mesh, topological optimization, mechanical

simulation, python

1. MOTIVATION

With the ongoing advances in digital microscopy for the monitoring of plant cell development,
and the emergence of computational pipelines analyzing such complex 4D data, the understanding
of molecular and biophysical processes controlling plant morphogenesis appears closer and closer
(Bassel and Smith, 2016). The emerging field of computational morphodynamics proposes more and
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more complex multicellular models simulating growth and shape
emergence, with a crucial need for validation (Jönsson et al.,
2012).

Image analysis on time-lapse sequences of 3D z-stacks (be it
confocal laser scanning microscopy or light-sheet microscopy)
provides an unprecedented way to access morphometric data of
a living tissue at ever-growing spatial and temporal resolutions
(Keller, 2013). In plants, such approach generally requires
segmenting the cells in membrane-marked images to extract
their individual geometry (Fernandez et al., 2010; Federici et al.,
2012; Barbier de Reuille et al., 2014; Bassel et al., 2014) and
track their shapes in time along with their division events, either
automatically (Fernandez et al., 2010) or with the assistance of
a human user (Barbier de Reuille et al., 2015). This results in
very rich 4D data, and a considerable source of information for
validating biological hypotheses transferred into computational
models.

However, manipulating voxel-based representations such
as 3D images might be inconvenient given the necessary
volume of information, and for some applications (visualization,
physical simulation) lighter representations are preferred. The
geometry of the cells can be represented by their common
surfaces, under the form of a (generally triangular) mesh.
In the case of biomechanical modeling of the plant tissue,
the interactions located at the interfaces between cells are
determinant components of the morphogenesis (Hamant et al.,
2008), and a representation of the geometry of those interfaces
in the most realistic way is essential for the validation of the
underlying models (Bassel et al., 2014; Bozorg et al., 2014;
Boudon et al., 2015). For approaches based on the classical Finite
Element Methods (FEM) the mesh representing the tissue has an
additional constraint of containing only regular elements, for a
good numerical behavior and valid outputs.

FIGURE 1 | Going from confocal microscopy image to cell tissue triangular mesh with DRACO-STEM.

Converting the segmented 3D cell shapes into triangular
meshes appears as the best way to obtain those geometries.
However, common approaches of isosurface generation such
as marching cubes (Lorensen and Cline, 1987) do not
create junctions between more than two cells and produce
unrealistic, discontinuous, tissue configurations. Non-manifold
generalizations have been developed (Hege et al., 1997) but their
efficient implementation remains a challenge. Other meshing
techniques based for instance on tetrahedral meshes (Shewchuk,
1998) also fail to reconstruct realistic cell shapes and need further
processing to be used.

Some other methods have been used to convert tissues
into meshes, mostly taking into account the resemblance of
plant tissue in the meristematic zone with a Voronoi diagram
(Barbier de Reuille et al., 2005) to study the possibility of
computing cell geometry as a regular tessellation, which proved
to work mostly in 2D (Shapiro et al., 2008). To go to
2.5D (surfacic mesh) (Barbier de Reuille et al., 2015) or to
a 3D tessellation (Chakraborty et al., 2013) is possible but
results in highly simplified meshes. An optimal conversion
that will bridge the gap between experimental acquisitions and
computational models is still an open challenge (Bassel and
Smith, 2016).

2. ALGORITHMS AND IMPLEMENTATION

Our objective is to reconstruct 3D, non-manifold, FEM-ready
triangular meshes of plant cell tissue from confocal microscopy
images, using a dual reconstruction method (as depicted in
Figure 1). Our input of the whole pipeline is a segmented shoot
apical meristem tissue 3D image stack, obtained using either
the MARS-ALT segmentation pipeline (Fernandez et al., 2010),
an active region segmentation (Federici et al., 2012) or any 3D
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watershed (Barbier de Reuille et al., 2015) or convenient 3D
segmentation method creating adjacent labeled cell regions.

2.1. Definitions and Duality
In all the following, we consider that the tissue is a
collection of connected regions representing the cells. In a
first approximation, we assume that these regions form convex

polytopes (polygons in 2D or polyhedra in 3D) subdividing
the space of the tissue. For the sake of simplicity we will first
expose our reasoning for the case of a 2-dimensional tissue, where
polygonal cells are connected through single edges that represent
cell interfaces. The vertices where several edges are connected
are the cell corners where at least three tissue cells meet.

Such a representation falls within the scope of the geometrical
notion of cellular complex (Agoston, 2005) (Chapter 7:Algebraic
Topology), naturally used in earlier works to represent cell tissues
(Pradal et al., 2009). A cellular complex of dimension N is a
collection of n-dimensional elements (with n ≤ N) called n-cells,
topologically connected together in such way that:

• Any n-cell of the complex has a boundary formed of k-cells
(k < n) that are all part of the complex.

• The intersection of two n-cells is either empty or k-cells
(k < n) belonging to both their boundaries.

In 2D, the tissue is then represented by a set of vertices,
edges and convex polygons (respectively 0, 1 and 2-cells) where
polygons intersect only at their boundary edges, and edges at
their boundary vertices. A simple vision of how meristematic
plant tissue can be represented as a cellular complex is given in
Figure 2.

We add an even more restrictive hypothesis for cellular
complexes representing plant tissue geometry, stating that only
exactly 3 polygonal 2-cells (representing the cells of the tissue)
can meet at vertices of the complex. From a biological point of
view, this could be interpreted as the assumption that a plant
cell always shares a wall (at least a tiny portion) with all of its
neighbors, so that the interface between two cells could not be
reduced to a single vertex. In the tissues, ambiguous junctions
implying 4 or more cells can occur, but they are not preserved
in time and the evolution of adjacency provides information on
which cells were neighbors.

Through the notions of shared boundaries and interfaces, such
cellular complex representation also provides information on the

adjacency between tissue cells. An interface between two 2-cells
defines an adjacency link between the tissue cells they represent,
and the vertices where three 2-cells meet can be seen as triangles
of adjacency linking the three concerned tissue cells. Considering
the adjacency between cells is another way of looking at the tissue
structure and the adjacency object formed by adjacency links
and triangles constitutes a complementary view to the geometry

object.
More precisely, we consider that those two objects are the

dual of each other. The notion of duality refers to the idea that
lowest dimension elements of a topological object correspond
the highest dimension elements in its dual, and vice versa. For
instance, 2-cells, the highest dimension elements in the geometry
complex, representing tissue cells, are converted into points in
the dual. Interfaces between tissue cells (edges, or 1-cells in the
geometry) are converted into adjacency edges (dimension 1),
and cell corners (vertices, or 0-cells in the geometry) correspond
to triangles linking tissue cells in the adjacency (dimension 2).
The vertices representing tissue cells in the adjacency object
can for instance be placed at the center of the region of their
corresponding cell. If we consider adjacency edges connected to
only one adjacency triangle to be dual to infinite cell interfaces,
this produces a reversible mapping between the two objects,
illustrated in Figure 3. Consequently, we consider that the
adjacency complex contains the same topological information
as the geometry complex, and it might be a more suitable
representation of the tissue depending on the application.

The vertices where cells meet in the geometry complex are
mapped in the dual adjacency object to triangles which are 2-

simplices. A n-simplex is a n-dimensional element that is the
convex hull of its n + 1 vertices, generalizing the notion of
triangle to any dimension. The consequence is that the dual of the
cellular complex of geometry constitutes a simplicial complex of

FIGURE 3 | Dualization of cellular complexes representing cells the

geometry of tissue cells into simplicial complexes representing their

adjacency.

FIGURE 2 | A two-dimensional cell tissue (A) where cells are seen as a collection of connected polygons (B) that can be represented as a cellular complex (C).

Frontiers in Plant Science | www.frontiersin.org March 2017 | Volume 8 | Article 353 | 224

http://www.frontiersin.org/Plant_Science
http://www.frontiersin.org
http://www.frontiersin.org/Plant_Science/archive


Cerutti et al. DRACO-STEM

adjacency, a special case of cellular complex where all n-cells are
n-simplices. In 2D, simplicial complexes are triangulations, and
the Delaunay triangulation of the cell center points constitutes
an example of adjacency simplicial complex (De Berg et al.,
2008) (Chapter 9: Delaunay Triangulations). It is a complex of
triangles built on a set of vertices such that no vertex lies inside
the circumscribed center of any triangle; its dual geometry is the
Voronoi diagram of the center points, where cells are the volume
of space closer to the point they represent than to any other.

In this setting, our problem consists then of reconstructing the
cellular complex representing the geometry of the tissue given
a segmented image as input. We consider segmented images as
connected labeled regions, each label representing one tissue cell.
Such an image encompasses all the information on the geometry
of the tissue under the form of a connected grid of pixels, but
the abstraction which is necessary to extract the cellular complex
is not obvious to perform. An image directly defines a cellular
complex in which 2-cells are pixels, and converting it into a
complex with tissue cells as highest dimension elements requires
a merging process in which it is difficult to ensure that topological
properties will be preserved.

However, it is much easier to perform an abstraction of
the adjacency relationships from the segmented image. A lot
of useful information can be extracted from this pixel-based
representation: cell center points can be computed as the center
of mass of the regions, neighbor pixels of different labels can
create adjacency links between the corresponding cells, and pixel
squares containing at least three different labels can be extracted
to define adjacency triangles.

This collection of simplices does not necessarily form a
simplicial complex, as shown in Figure 4C where 4 triangles are
overlapping in the ambiguous area, thus not partitioning the
space. But if we use them to reconstruct a simplicial complex
of adjacency (therefore forcing a choice in the ambiguous
junctions), computing its dual is a straightforward way to obtain
an approximated geometry of the tissue as a cellular complex.
This is the key idea that drives our reconstruction method. The
Figure 4 illustrates this process of extracting adjacency simplices
from pixel data to reconstruct a simplicial complex for which the
dualization is direct.

These notions of cellular complexes of geometry and their
dual simplicial complexes of adjacency extend very well to
3D. Tissue cells are then represented as polyhedra sharing
polygonal interfaces, bounded by edges, and cell corners where

exactly 4 cells meet. Consequently, those points convert to
adjacency tetrahedra in the dual domain, 3-simplices, that define
a simplicial complex. Cell interfaces still correspond to adjacency
links, and interface edges to adjacency triangles, ensuring that
cells share a surface of wall with their neighbors. Here as well,
the Delaunay tetrahedrization is the dual of the 3D Voronoi
diagram. The Figure 5 shows this extension of 2D duality to 3D.

3D segmented image stacks are defined over a grid of voxels
thatmakes neighborhood between labeled regionsmore complex.
But all adjacency simplices can still be extracted considering
neighborhood relationships between voxels of different labels,
up to the adjacency tetrahedra detected in voxel cubes where at
least 4 different labels meet. Constructing a simplicial complex of
such tetrahedra and computing its dual produces a 3D geometry
simplicial complex. Then, the only step left is to triangulate the
faces of such structure to obtain a 3D triangular mesh of the
tissue, the very object we aim to produce.

2.2. Data Structure
As we just saw, the 3D triangular meshes and polyhedral
complexes representing the tissue geometry, as well as the
adjacency simplicial complexes, may all be represented by the
topological structure of cellular complex. In the case of tissue
meshes, the 3-cells (elements of dimension 3) of this complex are
the actual cells of the tissue, whereas in adjacency complexes, they
correspond to tetrahedra linking 4 tissue cells adjacent to each
other in the tetrahedrization.

We implement cellular complexes as incidence graphs, a
graph-like boundary representation in which the nodes are the 0,
1, 2, and 3-cells of the complex (respectively vertices, edges, faces,
and polyhedra) and the links define the boundary relationship
between elements of consecutive dimensions. For instance an
element of dimension 1 will generally be linked to two elements

FIGURE 5 | Duality in different dimensions: in 2D, three regions of

adjacent geometry create a triangular simplex of adjacency in the dual

domain, as in 3D the dual of 4 adjacent regions forms a tetrahedral

simplex.

FIGURE 4 | Abstracting an adjacency simplicial complex from a 2D segmented image: cells as connected regions of labeled pixels (A), extraction of

adjacency simplices from pixel neighborhoods (B), the set of adjacency simplices not necessarily forming a simplicial complex (C), and the reconstructed valid

simplicial complex converting directly into the geometry cellular complex through dualization (D).
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of dimension 0, the two vertices that define it as an edge. The
nodes of the graph can bear additional properties to make the
data structure a rich representation of annotated cell complexes.
An example of such a representation used in a triangular mesh is
given in Figure 6.

All the connectivity information between the elements is
included in the graph structure, a great advantage to perform
topological operations. Another advantage is that generally, the
dualization operation applied on an incidence graph simply
consists in flipping over the graph: all the elements are preserved,
as well as their topological relationships, but their dimensions are
swapped (elements of dimension 3 converting into elements of
dimension 0 in the dual graph, dimension 2 into dimension 1,
and so on).

In such topological representations, the geometry of the
structure relies on the spatial positions affected to the vertices
(elements of dimension 0) that will define the shapes of all higher
dimension elements. The topological relationships constraint the
overall shape of the object, but in the end the local appearance of
its components depends entirely on the geometry. In particular,
to obtain triangular meshes usable for FEM applications, it is
required to adjust the positions of the vertices with a high concern
for regularity of the triangles.

2.3. Methods
The DRACO-STEM algorithm aims at computing a 3D
triangular mesh of the tissue by the dualization of a simplicial
complex of adjacency, and the triangulation and optimization of
the resulting polyhedral geometry. As stated earlier, adjacency
simplices can be extracted from the segmented image. However,
due to segmentation errors, local noise, or converging regions,
they do not necessary form a simplicial complex (see Figure 4C).
Some might intersect, or even be included in another, or holes
may exist inside the tissue. To perform the dual reconstruction, it
is then necessary to build a valid simplicial complex that includes
as many image-extracted simplices as possible, which is the idea
behind our method.

The mesh construction algorithm can then be split into two
independent steps illustrated in Figure 7:

• The first one (DRACO) starts by extracting cell neighborhood
relationships from the segmented image to reconstruct a

simplicial complex of cell adjacencies that optimally matches
them. This adjacency complex is either optimized from a
valid initial guess for the whole tissue, or, if limited to the
outermost cell layers, constructed by aggregation of simplices
extracted from the image. The resulting complex can directly
be dualized into a valid topological representation of the tissue.
Its geometry is defined by setting cell corners to their position
in the image, and possibly triangulating the cell interfaces.

• The second step (STEM) starts from such a 3D triangularmesh
of the tissue, obtained from the DRACO algorithm, or from
another topologically accurate meshing method [interfaces of
tetrahedral image mesh (Shewchuk, 1998) or decimated multi-
label marching cubes mesh (Hege et al., 1997)]. The algorithm
performs a specific optimization of the geometry of the mesh
to improve simultaneously the regularity of the triangles and
the shape of the cells while keeping the topological and
geometrical consistency with the segmented image in the best
compromise possible.

The proposed mesh generation pipeline relies on a set of original
mesh processing algorithms operating on cellular complexes and
trying to optimize both their topology and their geometry along
several criteria, through energy minimization. Such complex
optimization processes are necessary to obtain a faithful mesh
of the original tissue, with convex polygonal cell interfaces and
triangles regular enough to be used as an input to simulation
methods.

2.3.1. Dual Reconstruction by Adjacency Complex

Optimization (DRACO)
The first component (DRACO) works on the dual adjacency
object to later reconstruct a geometry, using the method detailed
in Cerutti et al. (2015). This idea initially comes from the fact
that the geometry of the meristematic tissue forms a regular
tessellation (Shapiro et al., 2008) that strongly evokes a Voronoi
diagram of the cell centers. However, the tissue presents strong
local anisotropy in the shapes of its cells that can not be well
approximated by a Voronoi diagram. This anisotropy can be
explained by the local mechanical constraints on the cells and
by the directed growth and division processes that create highly
variable shapes. The very isotropic Voronoi diagram would end
up creating walls between cells that are not actual neighbors.

FIGURE 6 | Representation of a mesh containing 2 cells defined by 3 triangular faces as an incidence graph: 3D mesh on the first line, incidence graph

representation on the second; the edges defining the triangles are linked to their two extremities, the triangles to their respective edges, and the cells

to their boundary triangles.
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FIGURE 7 | Overview of the DRACO-STEM components: DRACO (−→) creates an adjacency complex by the image-based optimization of the

Delaunay complex of cell barycenters and generates the dual geometry complex, and STEM (−→) optimizes a triangular tissue mesh, coming from

DRACO or not, along several meristem tissue specific criteria and estimates its quality. The algorithmic components operate either on adjacency

complexes (- - -) in the case of DRACO or geometry complexes (- - -).

FIGURE 8 | Constructing a dual geometry by the optimization of the cell adjacency simplicial complex: initial segmented image (A), Delaunay

tetrahedrization (B) and cleaned adjacency complex (C), Voronoi diagram obtained by the dualization of the cleaned Delaunay complex (D), optimized adjacency

complex (E) and dual tissue reconstruction (F). The cell complexes in (D,F) are triangulated for visualization.

Since this tessellation is the dual of a simplical complex
(the Delaunay tetrahedrization) in which tetrahedral units define
adjacencies between cells by their edges, the fact that the Voronoi
diagram creates wrong walls can be related to the fact that
some adjacency edges are wrong in the Delaunay complex.
The Delaunay criterion creates edges between non-adjacent
cells of the tissue. In consequence, if we correct this adjacency
simplicial complex so that it fits the actual adjacencies observed
in the tissue, the resulting dual geometry will be a much better
approximation of the cell walls.

Our optimization method reflects this idea, and takes the
Delaunay tetrahedrization of the cell centers as a valid starting

point. This complex is then optimized by a two step process to fit
the adjacencies extracted from the image. The first one consists
in getting rid of the excessive triangles due to the constraint of
convexity of the Delaunay complex (see Figure 8B). This is done
by successively removing exterior triangles that either cross the
surface of the tissue, present too long edges or form flat tetrahedra
(or slivers).

Then the actual tissue adjacencies are optimized following
an iterative process performing local topological operations
(triangle swaps and edge removals, Shewchuk, 2002) in order
to minimize an energy functional. This energy defined on the
adjacency simplicial complex T is composed of several terms to
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take into account the adjacencies extracted from the segmented
image S , the prior knowledge about the number of possible
neighbors for a cell, and the regularity constraints preventing
elongated tetrahedra so that distant cells do not end up as
neighbors. Each term is weighted by a coefficient so that its
relative influence can be fine-tuned:

E(T ,S) = ωimage Eimage(T ,S) + ωprior Eprior(T )

+ ωregularity Eregularity(T ) (1)

The content and formulation of those three energy components
can be found in Section 1.2 of Supplementary Material. The
energy minimization takes the form of an iterative simulated
annealing process, with successive temperature cycles, high
temperatures allowing non-optimal transformations, in order to
reach non-trivial optimal configurations when the temperature
lowers. This method shows a great improvement in the adjacency
estimation, recovering nearly 90% correct adjacency links when
the Delaunay complex only reached 76% (Cerutti et al., 2015).

However, due to the hypotheses made on cell adjacency
detailed in Section 2.1, the method might create incorrect
adjacencies in the ambiguous cell junctions where 5 cells or more
come close together. Considering that the adjacency complex
forms a tetrahedralization of the cell centers structurally forces
the method to get rid of the ambiguity by making a decision
on which 4 cells are actually going to be adjacent in the
tissue development. Any choice would be correct based on
the image, since in these cases all the cells will have voxels
in contact, and the decision will then be mostly made based
on geometry and number of neighbors. As shown in Figure 9,
the only way to ensure that the decision made at this point is
right would be to compute cell lineages between consecutive
time points to know which groups of daughter cells will
be adjacent.

The dualization of the resulting adjacency complex provides
a simple polyhedral representation of the cells. An important
point for the accuracy of this polygonal mesh is to determine the
position of its vertices, and we chose, as in a Voronoi diagram, to
place them at the center of the circumscribed sphere of their dual
adjacency tetrahedron. However, since the Delaunay constraint
no longer holds, we had to force them to remain inside their
tetrahedra by projection on the nearest face, to avoid geometrical

artifacts (face intersection notably), using a process detailed in
Section 1.3 of Supplementary Material. The result of this step
is a very simple tissue mesh composed of polyhedral cells but
reflecting faithfully the topological structure of the tissue with
accurate cell walls, as shown in Figure 8.

2.3.2. Layer Dual Reconstruction
In the general case, the adjacency object formed using the
adjacency simplices extracted from the image does not constitute
a valid simplicial complex. But it is possible to take advantage of
the specific layered structure of themeristem tissue to reconstruct
only the two outermost layers of cells. The epidermal layer
L1 and the one right underneath L2 are very well separated
and constitute independent sets of cells. This means that if
we consider the simplicial complex of adjacency of L1 and
L2 cells, the set of triangles linking only L1 cells forms a
simplicial complex, as well as set of triangles linking only L2 cells.
Consequently, the adjacency complex between L1 and L2 cells
will only contain tetrahedra either composed of a triangle of L1
cells and one L2 cell, a triangle of L2 cells and one L1 cell, or two
L1 cells and two L2 cells.

This is a very strong prior information, not valid further down
in the tissue, that can be used to create a valid simplicial complex
by aggregation of tetrahedra that correspond to the structure
of these tissue layers. To do so, we added a way of iteratively
constructing the complex from a set of candidate tetrahedra
extracted from the segmented image. Each tetrahedron is
assigned a weight taking into account the distances between the
cells it links and the area of the wall they share. The process
starts from the tetrahedron achieving the best weight and adds
to the complex its neighbors that do not create intersections,
selecting the highest weights and unambiguous configurations
first. The added tetrahedra are placed into a queue to continue
the exploration, until no new candidate can be added.

The resulting complex is a single layer of tetrahedra that
makes it possible to reconstruct accurately the L1 and L2 cells
by dualization. The same aggregation process can also be used
to reconstruct a single layer of cells by building a simplicial
complexmade of triangles representing the cell adjacencies inside
the L1 or L2 layer. This allows us to reconstruct a surfacic 2.5D
polygonal mesh of the cell layer. Figure 10 gives an illustration of
these two alternative methods.

FIGURE 9 | Illustration in two dimensions of the ambiguous junction problem : when more than 4 cells meet, the simplicial complex hypothesis forces

to make a choice concerning cell adjacency, that might only be verified by looking at the further evolution of the ambiguous junction.
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FIGURE 10 | Layer reconstruction using adjacency complexes: L1-L2 tetrahedrization and its dual 2-layer 3D geometry (A) and L1 triangulation and its

dual 2.5D geometry (B).

2.3.3. SAM Tissue Enhanced Mesh (STEM)
A triangular mesh obtained out of the DRACO pipeline may
be too coarse and present too many irregular triangles for
a use in FEM-based simulations. It is therefore required to
provide a way of enhancing such structures. The second stage
of our mesh generation pipeline consists then of a multi-
objective optimization algorithm for non-manifold triangular
meshes, based on the methodology described in Cerutti and
Godin (2015). It takes as input a triangular mesh such as the
one obtained by triangulating the DRACO geometry (either
by Delaunay, or more simply placing an additional vertex at
the center of each cell interface, a process referred as “Star”
triangulation from now on) or by another coarse, topologically
accurate meshing method.

The mesh is first passed through optional pre-processing steps
to refine it (and make it more precise), enhance its topological
properties and its local accuracy:

• Simple triangle split refinement (creating 4 identical triangular
faces for each input face).

• Isotropic remeshing with target edge length for global
refinement (Botsch and Kobbelt, 2004).

• Surface vertex projection onto the surface of themeshed object
(extracted as a binary isosurface).

• Cell corner identification and positioning based on the
positions extracted from the segmented image.

Then, the core optimization process can be applied. Here
again, it is implemented as an iterative energy minimization
process performing local operations to improve several criteria
simultaneously. This time, the local operations are vertex shifting
(relocation of the vertex points in a small sphere around their
current position) and interface triangle edge flips. The energy
minimized by the process has the same form as Equation (1),
with an image attachment term tying vertices to actual cell
interfaces, a shape prior term producing polygonal flat cell walls,
and a regularization term ensuring regularly shaped triangles and
isotropic vertex neighborhoods (more details in Section 1.5 of
Supplementary Material). The Figure 11 gives an example of the
application of this tissue specific mesh enhancement algorithm.

2.3.4. Quantitative Quality Estimation
The quality of a mesh is not an unambiguously defined concept,
and depends a lot on the application intended for the considered
object. No unique, objective quality measure exists, it has to be
defined tomeet the expectations of the end-user. In our context of
reconstruction of a biological entity from an input image with the

perspective of usability in FEM simulations, the notion of quality
spreads over several aspects:

• Prior consistency: the resulting mesh should be consistent
with what we expect from the tissue structure we are
reconstructing, based on the hypotheses we made on tissue
structure. On the geometry side, we expect to have convex cells
with convex polygonal facets, and on the topology side, we
assume that the mesh should be a cellular complex dualizable
into a simplicial complex.

• Image consistency: since the mesh is based on a real
acquisition, it should also correspond as well as possible to
the segmented image used as input (which we consider a
valid representation of the tissue, as far as possible) both
geometrically (the shapes and contours of the cells) and
topologically (adjacency relationships between cells).

• Intrinsic regularity: finally, considering the goal of using the
mesh for FEM suimulations, the regularity of the triangular
elements of the mesh should be as high as possible for sake
of numerical robustness, both geometrically (regularity and
homogeneity of the triangles) and topologically (valence of the
vertices).

• Complexity: in addition, to ensure a fast visualization and a
reasonable computation time when running simulations, this
multi-faceted quality should be achieved using as few triangles
as possible, and we consider therefore the complexity of the
mesh (in terms of number of elements) as a component of its
global quality.

To obtain objective measures defining the quality of the 3D
triangular meshes resulting from the DRACO-STEMpipeline, we
defined a set of normalized estimators covering all these different
aspects. Many of these measures have their values comprised
between 0 and 1, but some do not, and we chose to normalize
them by a handset “optimal” value to make a simultaneous
visualization and visual comparison easier. We end up with 10
quality estimators defined as following:

• Cell convexity (prior global geometry): estimated for each
cell in the mesh as the ratio between its volume and the
volume of its convex hull, and averaged across the mesh. (no
normalization).

• Epidermis cell angle (prior local geometry): computed at each
surface cell junction as the absolute difference of the angles
made by cells at the junction with the theoretical value of
120◦, and averaged across the mesh. (normalized by an angular
deviation of 30 degrees, measured negatively from 1).
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FIGURE 11 | Multi-criteria quality estimation applied on two tissue meshes. Original segmented tissue image (A), coarse 3D triangular mesh obtained from

interfaces of Delaunay refinement tetrahedra (IDRA) (B) and enhanced tissue triangular mesh optimized using the STEM algorithm (IDRA-STEM) (C), and a schematic

representation of application of STEM on a cell interface contour.

• Cell cliques (prior topology): percentage of the cell junctions
(mesh vertices neighboring at least 4 cells, or 3 on the surface)
where strictly more than 4 (respectively 3) cells meet. (no
normalization, measured negatively from 1).

• Image accuracy (image global geometry): estimated for each
cell in the mesh as the Jaccard index (overlap measure) of the
voxels of corresponding regions in the segmented image and
in the voxelized mesh image, and averaged across the mesh.
(no normalization).

• Vertex distance (image local geometry): computed for each
cell junction vertex in the mesh as the distance to its
corresponding point in the image, averaged across the mesh.

(normalized by
√
3
4 , length of a voxel diagonal in an image of

typical 0.25µm resolution, measured as a reciprocal).
• Cell 2-adjacency (image topology): computed as the Jaccard

index (overlap measure) of the cell adjacency edges extracted
from the image and those in the dual adjacency mesh. (no
normalization).

• Triangle area deviation (intrinsic global geometry): estimated
as the standard deviation of the mesh triangles. (normalized by

√
2 times the average area of the triangles, measured negatively

from 1).
• Triangle eccentricity (intrinsic local geometry): measured

using the average eccentricity of the mesh triangles, computed
using the sum of the sinuses of the triangle. (normalized by 0.5,
measured negatively from 1).

• Vertex valence (intrinsic topology): the average absolute
difference between the number of neighbors of mesh vertices
and their optimal value (6 inside interfaces). (normalized by 6,
measured negatively from 1).

• Mesh complexity (global complexity): estimated using the
average number of triangles necessary to represent one cell.
(normalized by a reasonable number of 152, leading to a
suitable total number of faces for finite element models of a
1,000-cell tissue, and corresponding to a good triangulation
of the space-filling truncated octahedron, measured as a
reciprocal).

Defined this way, the quality of a mesh can conveniently be
visualized on a circular plot (or spider-web) as the one shown
in Figure 11 and provide an immediate visual comparison of the
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pros and cons of a meshed tissue. In this example, the first mesh
has strong defects on the local cell geometry (Vertex distance)
as well as on the consistency of cell geometries with biological
prior (Cell convexity and Epidermis cell angle). The second mesh
largely corrects this defects but actually does so by sacrificing a bit
of regularity (Triangle eccentricity) and faithfulness to the image
(Image accuracy).

Such a quantitative quality analysis is a precious tool to ensure
the structures that are produced by the method will meet the
requirements of the application it is intended for. Providing
specific quality estimators along with the mesh generation
algorithms is a way to guarantee the reproducibility of the
presented results.

2.4. Implementation and Visualization
The DRACO-STEM algorithms, as well as the data structure
used to represent cellular complexes are supplied as packages of
the open-source plant modeling library OpenAlea (Pradal et al.,
2008, 2009). This library is designed as a middleware providing
tools and components to build dynamic systems implementing
plant models. It is developed in Python language and is available
on the GitHub software sharing platform.

OpenAlea comes with a multi-paradigm development
platform called OpenAleaLab which allows modelers to integrate
different sources into a unique customizable environment (Coste
et al., 2014). In particular, specific component related to cell
tissue modeling have been developed into a particular instance
of the development environment (TissueLab) to provide easy
visualization and manipulation of cell tissue structures. This
way, cellular complexes representing the tissue can be visualized
in interaction with tissue images, along with other useful visual
components (plots, interactive console, code editor). Figure 12
shows an example of the integration in the OpenAleaLab
platform.

Using the DRACO-STEM algorithms within the OpenAlea
framework is rather simple as it is integrated to work on the
same data structures and with the same philosophy as the rest
of the library. A specific class named DracoMesh is used to
perform the optimization and dualization and is instantiated
using an image as argument. Then three main functions applied
to this object reflect the different steps of the process (Delaunay
complex creation, adjacency complex optimization and dual
reconstruction) and allow to manipulate parameter values. An
example of a program generating a 3D tissue mesh using
DRACO-STEM is given in Table 1 of Supplementary Material.

3. RESULTS AND DISCUSSION

3.1. Mesh Generation Results
We applied our evaluation method to triangular tissue meshes
generated from a dataset of segmented tissue images. This dataset
was composed of two time-series of a floral meristem at early
developmental stages, containing respectively 3 and 10 time
points. Each image contains in average around 1,000 cells, and
offers a good diversity of surface curvature, and quite variable
cell shapes. Using different meshing techniques and evaluating
the resulting structures using the same quantitative criteria

provided us with extensive measures of the pros and cons of
each method, and is the best way to assess which constitutes the
best compromise. Themethods we evaluated correspond to those
implemented in the library we propose, and all constitute ways to
reconstruct a topologically accurate tissue reconstruction:

• Interfaces of Delaunay refinement tetrahedra (IDRA): mesh
obtained by converting the image into a coarse tetrahedral
mesh using Delaunay refinement (Shewchuk, 1998), and
keeping only the triangles belonging to tetrahedra of different
labels.

• Interface enhanced tissuemesh (IDRA-STEM): samemethod
as the previous one, except that the mesh is optimized using
the STEM algorithm.

• Voronoi Diagram of the cell centers (Voronoi (Star)):
obtained by dualization of the Delaunay tetrahedrization of
the cell center points, in which the interfaces are triangulated
simply by placing a vertex at the interface center and linking
all interface edges to it (star triangulation).

• Dual reconstruction using the optimized cell complex

(DRACO (Star)): obtained by dualization of the simplicial
complex of adjacency optimized from the Delaunay one using
the DRACO algorithm; interfaces triangulated using the star
triangulation.

• Dual reconstruction enhanced tissue mesh (DRACO-
STEM): same method as the previous one, except that the
star interface mesh is remeshed locally, projected on the tissue
surface and optimized using the STEM algorithm.

Concerning the other methods that could have been included,
we chose to discard the standard 3D Marching Cubes (Lorensen
and Cline, 1987) as well as its implementation inMorphoGraphX
(Barbier de Reuille et al., 2015) because the produced meshes
do not contain adjacency connections between more that two
cells, and fail at representing accurately the topology of cell
junctions. The Generalized Marching Cubes (Hege et al., 1997)
would correct this specific problem, and so could probably the
adaptive tessellation method (Chakraborty et al., 2013) , but they
are not available to our knowledge in any freely available package,
and could therefore not be tested.

The results of the evaluation of the retained methods are
presented in Table 1 summing up the average value and standard
deviation obtained for all the different quality estimators on the
tested dataset.

The first conclusion to draw from these results is the clear
improvement provided by the adjacency complex optimization
method we introduced. When comparing the results of the
meshes obtained from Delaunay (Voronoi (Star)) and the ones
from the optimized complex (DRACO (Star)), triangulated using
the same method, there is a clear improvement in the image
consistency criteria (image accuracy: 0.677 → 0.790 [ANOVA,
p < 0.001] and cell adjacency: 0.748 → 0.874, [p < 10−7]).
The cell shapes are also more realistic, with a better convexity
(0.679 → 0.824 [p < 10−7]). The application of DRACO
therefore results in a striking improvement of the overall mesh
quality (0.783 → 0.865 on average [p < 10−7]).

The other notable information is the benefit provided by our
specific mesh optimization procedure STEM. Applied either on
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FIGURE 12 | Interaction with a cellular complex mesh in the TissueLab model development platform.

TABLE 1 | Average quality measures on meshes obtained with different generation methods: dual reconstructions from Delaunay or optimized adjacency

complexes, interfaces of Delaunay refinement tetrahedra and their STEM enhanced versions.

the IDRA or the DRACO meshes, this optimization leads to a
significant increase in the average quality (0.82 → 0.881 and
0.865 → 0.916 respectively [p < 10−7]) and maybe more
importantly in the minimal value of the estimators, meaning
that no aspect of the quality is left apart. This increase concerns
first the shapes of the cells (notably cell convexity and cell angle
estimators) but globally preserves the other values in the same
time. The only exception is the decrease of image accuracy
(0.928 → 0.844 [p < 10−7]) and triangle regularity (0.92 →

0.863 [p < 10−7]) in the case of IDRAmeshes, which comes from
the fact that the initial meshes have very regular triangles and
are globally consistent with the image, but with very noisy cell
boundaries as visible in Figure 11B, and on the vertex distance
estimator. The application of STEM corrects the latter at the

expense of decreasing the regularity of the mesh elements and
the volumetric consistency with the image as in Figure 11C.

Concerning the comparison between IDRA and DRACO
meshing methods, their differences before any optimization
appear clearly in our quality estimators. IDRA provides meshes
with a very high regularity that globally fit very well the cell
regions in the image, but with oscillating to spiky boundaries
that make the unusable as such. DRACOmeshes do not show the
same regularity, in particular with the star triangulation and no
remeshing (triangle eccentricity: 0.920 | 0.703, image accuracy:
0.928 | 0.790 [p < 10−7]). However in terms of the local shape of
the cell interfaces and precision at the level of the cell junctions,
they are clearly superior (cell convexity: 0.526 | 0.824, vertex
distance: 0.634 | 1.0 [p < 10−7]).
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The necessary application of STEM, which was designed
to draw meshes toward a good compromise, tends to even
things up on several aspects. IDRA-STEM and DRACO-STEM
meshes have close values of image consistency indicators (image
accuracy: 0.844 | 0.836 [p > 0.1], cell adjacency: 0.890 | 0.874
[p ≃ 0.05]) even if the regularity of the mesh elements remains
clearly lower (triangle eccentricity: 0.863 | 0.788 [p < 10−7]).
But the difference on the cell shape estimators (cell convexity:
0.794 | 0.897 [p < 10−7]) and the resulting average quality
(0.881 | 0.916 [p < 10−7]) demonstrates that the DRACO-
STEM algorithm provides an excellent compromise between all
the desirable properties of a 3D tissue mesh.

In the end, the result of this pipeline is a mesh that
corresponds as well to the image as its optimized tetrahedral
mesh conversion, but with much better properties regarding the
shapes and arrangement of its cells, and a regularity and size
that makes it adequate for a use in biophysical simulations. The
Figure 13 shows an example of such a mesh structure along with
its quality evaluation.

3.2. Geometrical and Biological
Information Projection
The mesh generation algorithms come with a complementary
mesh processing library that allows in particular to compute
geometrical properties on a tissue mesh. The cellular complex
structure is defined in such way that several properties can be
assigned to its elements of different dimensions. For instance,
one can compute the volumes of the cells and the area of the
interfaces, and both will be stored simultaneously in the structure
along with other properties.

In particular it is possible to estimate curvature information
(mean curvature, Gaussian curvature, principal directions,
curvature tensor) on the surface of the mesh, measures that may
be difficult to obtain using another tissue representation, but can
be easily estimated on a surfacic triangular mesh (Theisel et al.,

2004). Such intrinsic geometric property of the tissue may be of
great interest put in perspective with other biological measures
obtained at the surface of the tissue.

The tissue structure can also be used to project external
information onto a convenient spatialized visualization. For
example, a fluorescence-based biological signal (hormone
concentration or genetic expression) quantified from a nuclei
image can be turned into a property of the cells of the tissue and
visualized with the same tools. Or, given a sequence of images
of the same organ with the cells tracked in time, the mesh can
be used as a support for the visualization of growth rates and
directions. The tissue structure constitutes then a very useful tool
for the visualization and exploration of morphogenesis processes,
as illustrated in Figure 14.

FIGURE 14 | Example of biological data projection: visualizing

volumetric cell growth rates (colorscale) and principal curvature

tensors on a mesh of L1 cells of a flower meristem.

FIGURE 13 | 3D triangular mesh generated using the DRACO-STEM pipeline on a segmented flower meristem image (A) and its multi-criteria quality

evaluation (B).
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3.3. Biomechanical Simulations
Triangular tissue meshes produced using the DRACO-STEM
pipeline have been used in the context of biomechanical
simulation of cellular growth. In plants, growth can be
assimilated to the yielding of cell walls under Turgor-induced
stresses. It can be formalized through differential equations
accounting for this yielding behavior and the mechanical
equilibrium of the whole structure. Numerically, these equations
can be simulated using the Finite Element Method (FEM).
This approach suffers from two major bottlenecks: first, the
subtle and complex shapes of organic tissues require a high
qualitymeshing pipeline in order to generate biologically relevant
structures. Second, stability of the numerical integration schemes
depends heavily on the regularity in shape and size of the
meshing triangles. In this perspective, tools such as the STEM
optimization where the intensity of regularization can be fine
tuned can really help to achieve stable and accurate simulations.

We wanted to ensure that the triangular meshes produced by
DRACO were suitable for such applications and that the STEM
component was pertinent in this context. Therefore, to estimate
the influence of regularization on mechanical simulations, we
meshed the same segmented tissue using DRACO with and
without STEM optimization to compare the behavior of the
numerical solver (Allard et al., 2007) and the outputs of the
mechanical simulations in each case. A quick look at the
smoothness of each of the meshed structures reveals much bigger
local variations of the Gaussian curvature in the non-optimized
structure (Figure 15A) than in the optimized one (Figure 15B).

During the simulation, the local quality of the mesh is expected
to affect greatly the numerical convergence of the system toward
a mechanical equilibrium. We then compared the precision of
estimation of the mechanical equilibrium by monitoring the
residue of the Euler implicit integration scheme. Figure 15C
shows that the remaining residue is almost ten times smaller
with the optimized structure compared to the more irregular one
(after 1,000 iterations steps only), meaning that the optimization
of the mesh makes the simulation converge much faster.

Finally, we looked at the mechanical stress amplitude
distribution throughout the structure. Figures 15D,E show that,
though the average stress amplitude is roughly the same for both
structures, bigger variations between neighboring finite elements
appears on the non-optimized structure. This is also exposed on
Figure 15F where the distribution of standard deviations for the
stress amplitudes within cells are displayed. While the histogram
issued from the optimized structure is rather pinched a little bit
below 10%, the one from the non-optimized structure is more
widespread, reinforcing the idea that non-optimized structures
generate highly fluctuating and less accurate stress fields.

These results validate if necessary the fact that the 3D
triangular meshes constructed using our pipeline can be used
directly for advanced biomechanical simulations. They constitute
robust geometries on which finite element based methods can be
applied safely. The study also underlines the major importance
of the second geometry optimization step in order to get a better
performance of the numerical solver and obtainmore precise and
trustworthy results out of physical simulations.

FIGURE 15 | Influence of mesh optimization on biomechanical simulations: comparisons between the local gaussian curvature on a non optimized

DRACO mesh (A) and an optimized DRACO-STEM mesh (B), the convergence speed (error as a function of iteration steps) in an implicit Euler integration scheme in

both cases (C), and estimation mechanical stress amplitudes respectively (D,E), and comparison of their cellwise standard deviations (F).
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3.4. Conclusions
This computational tool provides meshing methods needed
for biophysical simulations of growing SAM tissue on real-
life data. The DRACO-STEM algorithm, together with 3D
image processing methods provides an integrated pipeline to
convert a living tissue acquired in fluorescent microscopy into
a single ready-to-use data structure, combining both geometry
and topology of amulti-layered tissue. Through the application of
commonly defined file standards (Krupinski et al., 2015) already
included in the proposed library, the produced meshes may be
used in any applicative context of morphodynamic modeling.

The perspectives opened for biomechanical simulations
of organ development in plants in particular are extremely
promising and the first tests performed on shoot apical
meristems show the pertinence of the proposed approach. The
extension to other plant tissues presenting similar characteristics
(approximately convex cells with flat interfaces), e.g., young
leaves and root apical meristems, should in principle be possible,
as these are the main assumptions made in our method. The
proposed pipeline proves to supply modelers with accurate tissue
geometries robust enough for numerical solvers. The availability
of such a generic tool represents a key step in the development
of accurate and compelling computational biophysical models of
plant morphogenesis.
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Modeling the Morphometric
Evolution of the Maize Shoot Apical
Meristem
Samuel Leiboff, Christopher K. DeAllie and Michael J. Scanlon*

Plant Biology Section, School of Integrative Plant Science, Cornell University, Ithaca, NY, USA

The maize (Zea mays subsp. mays L.) shoot apical meristem (SAM) is a self-replenishing
pool of stem cells that produces all above-ground plant tissues. Improvements in image
acquisition and processing techniques have allowed high-throughput, quantitative
genetic analyses of SAM morphology. As with other large-scale phenotyping efforts,
meaningful descriptions of genetic architecture depend on the collection of relevant
measures. In this study, we tested two quantitative image processing methods to
describe SAM morphology within the genus Zea, represented by 33 wild relatives of
maize and 841 lines from a domesticated maize by wild teosinte progenitor (MxT)
backcross population, along with previously reported data from several hundred diverse
maize inbred lines. Approximating the MxT SAM as a paraboloid derived eight parabolic
estimators of SAM morphology that identified highly overlapping quantitative trait loci
(QTL) on eight chromosomes, which implicated previously identified SAM morphology
candidate genes along with new QTL for SAM morphological variation. Using a Fourier-
transform related method of comprehensive shape analysis, we detected cryptic
SAM shape variation that identified QTL on six chromosomes. We found that Fourier
transform shape descriptors and parabolic estimation measures are highly correlated
and identified similar QTL. Analysis of shoot apex contours from 73 anciently diverged
plant taxa further suggested that parabolic shape may be a universal feature of plant
SAMs, regardless of evolutionary clade. Future high-throughput examinations of SAM
morphology may benefit from the ease of acquisition and phenotypic fidelity of modeling
the SAM as a paraboloid.

Keywords: morphometrics, quantitative trait loci (QTL), discrete cosine transform, image analysis, Zea

INTRODUCTION

The maize (Zea mays subsp. mays L.) shoot apical meristem (SAM) comprises a dome of
pluripotent cells that ultimately generates all the organs of the plant shoot through regulated
maintenance of stem cells and recruitment of initial cells for organogenesis (Steeves and Sussex,
1972). Mutational studies have shown that the maize shoot meristem morphology is genetically
regulated (Jackson and Hake, 1999; Taguchi-Shiobara et al., 2001; Jia et al., 2009; Bommert et al.,
2013; Pautler et al., 2015; Yang et al., 2015; Je et al., 2016). Although natural variation in shoot
meristem morphology is associated with relatively few loci, natural variants of master regulatory
genes do not appear to contribute to standing variation in SAM shape and size in domesticated
maize (Thompson et al., 2014, 2015; Leiboff et al., 2015).
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Recent investigations of maize meristem morphology as a
quantitative trait incorporated small numbers of descriptive
measurements approximating SAM shape and size for genome-
wide association studies (GWAS) and quantitative trait locus
(QTL) mapping (Thompson et al., 2014, 2015; Leiboff et al.,
2015). Quantitative morphological analyses are highly biased by
the measurement methodologies, the traits selected for analyses,
and correlations between measurements (Langlade et al., 2005).
Our previous study of maize inbred varieties exploited similarities
between observed SAM contours and parabolic functions
to estimate several shape parameters describing meristem
morphology (Leiboff et al., 2015), although other models for
SAM morphometrics have not been tested in quantitative genetic
analyses.

Progress toward the description of complex shapes utilizing
Fourier transform methods has enabled unbiased interrogations
of biological shape (Dommergues et al., 2007; Klingenberg, 2010).
By processing carefully placed landmarks or object outlines,
Fourier transform and related methods use multiple sinusoid
harmonics to reproduce highly complex shapes (Claude, 2008).
High-dimensional matrices of Fourier model parameters can
then be separated by principle component (PC) analysis to
identify subtle, often cryptic, variations in complex plant shapes
(Chitwood et al., 2014). Previous studies characterizing leaf
morphology in Antirrhinum spp. and Solanum spp. have utilized
Fourier shape descriptors as quantitative traits in QTL analyses of
evolutionary novelty (Langlade et al., 2005; Chitwood et al., 2013,
2014).

Collectively known as teosintes, the wild members of the
genus Zea provide a rich, highly diverse genetic system for
maize genomics (Doebley, 2004; Hufford et al., 2012; Hake
and Ross-Ibarra, 2015). Crosses between Zea mays subsp. mays
and its progenitor, Zea mays subsp. parviglumis have been
used to understand the genetic basis for striking changes in
plant morphology associated with the domestication of maize
(Beadle, 1980; Doebley, 2004; Hung et al., 2012; Shannon,
2012; Huang et al., 2016). Although general morphology and
ontogeny of inflorescence meristem (IM) development have been
reported in the genus Zea (Sundberg and Orr, 1986, 1990; Orr
and Sundberg, 1994, 2004), little is known about variation in
vegetative SAM morphology outside of domesticated maize. To
date no comparative study has described the morphospace, or
collection of shapes for vegetative meristems within the genus
Zea. Indeed, no putative genetic factors underlying differences in
maize and teosinte SAMs have been proposed.

Beyond the genus Zea, nearly all land plants and some
algal relatives have shoot meristem-like structures, defined by
an obligate balance of stem cell maintenance and lateral organ
production (Bierhorst, 1971; Steeves and Sussex, 1972; Evert and
Esau, 2006). Whereas shoot meristem cellular anatomy is notably
different between many plant clades (Bierhorst, 1971; Evert and
Esau, 2006), recent transcriptomic and genetic characterization
has uncovered both contrasts and similarities in shoot meristem
regulation pathways between disparate clades and meristem
anatomy types (Frank and Scanlon, 2015; Frank et al., 2015). It is
currently unclear whether analogous shoot meristem structures
share quantitative morphological characteristics.

This project utilizes a maize x teosinte (MxT) backcross
population to examine the genetic architecture of SAM shape
and size (Hung et al., 2012; Shannon, 2012; Huang et al.,
2016). We show that complex shape descriptors generated by
Fourier methods detect previously undescribed, but genetically
attributable minor variations in meristem shape, although the
majority of the genetic loci contributing to SAM shape that are
identified by Fourier analyses overlap tightly with loci identified
by modeling the SAM as a paraboloid. Testing this expectation
with a broad sampling of plant taxa suggests that parabolic shape
may be a universal feature of plant SAMs.

MATERIALS AND METHODS

Plant Growth
Germplasm for all experiments was grown in 10 h-day conditions
with 27◦C daytime and 25◦C nighttime temperatures in Percival
A100 growth chambers (Percival Scientific, Perry, IA, USA). An
intermediate day length was selected to promote maturation of
genus Zea members (Emerson, 1924). Plants were watered up
to twice daily. Kernels were planted with randomized positions
within 98-well trays where all edge positions were filled with
maize inbred B73. Soil media was a 1:1 mixture of Turface
MVP (PROFILE Products LLC, Buffalo Grove, IL, USA) and
LM111 (Lambert Peat Moss, Rivière-Ouelle, QC, Canada). Wild
teosintes (Supplementary Data Sheet 1) were grown in 4 repeated
experiments. MxT backcross lines (Supplementary Data Sheet 1)
were grown in 2 repeated experiments. Plants were harvested
14 days after planting and quickly trimmed to approximately
1 cm× 1 cm× 0.5 cm SAM-containing tissue cassettes and fixed
in FAA (3.7% formalin, 5% acetic acid, 50% ethanol in water) on
ice, overnight.

Histology and Image Acquisition
After overnight fixation in FAA, plant tissue was dehydrated
through an ethanol dilution series, transferred to a 1:1 mix
of ethanol and methyl salicylate, then transferred to methyl
salicylate for clearing overnight. Fully cleared tissue was imaged
by DIC with Nomarski optics on an Axio Imager.Z10 (Carl
Zeiss Microscopy, LLC, Thornwood, NY, USA) with an AxioCam
MRc5 camera. We captured near-median longitudinal optical
sections using SAM apex contours and primordia appearance as
morphological cues. To avoid the analysis of determinant, IMs
in our study, we only processed images where the shoot apex
displayed recent initiation of leaf primordia, a morphological
marker of vegetative SAMs (Pautler et al., 2013). All MxT images
were oriented so that the next primordium to initiate (P0)
appeared on the left-hand side of the image.

Several shoot apex images of anciently diverged plant taxa
were collected from high quality publications (Supplementary
Data Sheet 1). Figures from printed texts were scanned at 300 dpi,
16-bit greyscale using an Epson Perfection 3490 photo scanner
(Epson America, Long Beach, CA, USA).

A small number of shoot apex images from demonstrative
plant taxa were collected from freshly fixed tissues
(Supplementary Data Sheet 1). Shoot apical regions were
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harvested by hand from growing tissue, fixed overnight in FAA,
and stained with a modified Feulgen method (as described in
10). After a brief destain, samples were dehydrated, cleared with
methyl salicylate and imaged with a Leica TCS-SP5 confocal
laser scanning microscope (Leica Microsystems Exton, PA, USA)
using an argon ion laser (488 nm).

Image Processing: Parabolic Estimation
and Fourier Transform
Near-median DIC images were processed by custom ImageJ
macros to extract meristem contours and measures of SAM
height and SAM radius (as reported in 10). Using a custom
Python script SAM height and radius were used to calculate a
table of 8 parabolic estimators: height, radius, height to radius
ratio (H/R), volume (Vol.), surface area (Surf. Area), arc length
(Arc Len.), parabolic coefficient (Para. Coeff.), and cross-sectional
area (Area) (as previously reported in 10).

Shoot apical meristem contours were digitized with an Intuos
Draw Tablet (Wacom Technology Corporation, Portland, OR,
USA) and used for both linear model fitting with the lm()
function and Fourier transform with the Momocs package
for R. All traced SAM coordinates were imported as open
contours (data type Opn), thinned to 800 evenly spaced pseudo-
landmarks, Procrustes aligned, and Fourier transformed by the
discrete cosine transform in the Momocs package for R. Discrete
cosine transform made use of 12 harmonics, the lowest number
of harmonics that sufficiently recaptured variation.

QTL Mapping
Using publically available genotype information for the
MxT population from panzea.org, genotype and phenotype
information were processed via the R/qtl package for R. MxT
genotypes were coded as BC2S3 and mapped using the Kosambi
algorithm. Single QTL were detected using the scanone()
function. We used a 95% confidence threshold generated from
10,000 permutations to determine significant QTL. Bayesian
95% confidence QTL intervals were called using the bayesint()
function to estimate QTL location.

Statistical Analysis and Plotting
Descriptive statistical analysis, correlation analysis, Wilcoxon
one-sided rank sum test, and two-way ANOVA were carried out
using core R packages. Raw data were summarized according
to replicate by BLUP + coefficient using the nmle package in R
(Leiboff et al., 2015). All correlations report Pearson’s product-
moment, r and were evaluated for statistical significance with the
Fisher transformation. Maize inbred variety SAM shape and size
data were collected from published datasets (Leiboff et al., 2015).
Plots were produced using ggplot2 and R/qtl packages in R.

Data Availability
Supplementary Data Sheet 1 contains the source and parabolic
model fit information for anciently diverged plant apex images.
Supplementary Data Sheet 2 contains SAM parabolic estimates
from the genus Zea. Supplementary Data Sheet 3 contains SAM
parabolic model estimates from MxT lines in unsummarized and

BLUP+Coefficient form. Supplementary Data Sheet 4 details all
significant QTL intervals as well as known GWAS candidate
genes within those intervals. Supplementary Data Sheet 5
contains Fourier shape descriptor PCs in unsummarized and
BLUP+Coefficient form.

RESULTS

Diversity of Shoot Meristems in the
Genus Zea
We utilized microscopic imaging of 14-day-old seedling
vegetative SAMs (described in Materials and Methods) to
construct a morphospace of SAM height and radius for the
genus Zea, which included 33 wild teosinte isolates from
3 different species (Z. diploperennis, Z. luxiurians, and Z.
perennis), 3 subspecies (Z. mays subsp. huehuetenangensis,
Z. mays subsp. mexicana, and Z. mays subsp. parviglumis), 841
lines from a Zea mays subsp. mays W22 by Zea mays subsp.
parviglumis backcross population (hereafter designated MxT)
(Hung et al., 2012; Shannon, 2012; Huang et al., 2016), and
our previously reported data on 369 diverse maize inbred lines
(Figure 1; Supplementary Data Sheet 2) (Leiboff et al., 2015).
Although there is a small zone of overlap between teosinte
and maize inbred SAM shapes, wild teosinte meristems are
significantly narrower (est. 23 µm between medians, Wilcoxon
one-sided rank sum test, p-value <2.2e−16) and shorter (est.
28 µm between medians, Wilcoxon one-sided rank sum test,
p-value = 1.257e−10) than meristems from domesticated
maize inbred lines (Figure 1A). Measurements of MxT shoot
meristems cluster around the recurrent maize parent, inbred
W22 (Figure 1B), possibly reflecting the two generations of
backcrosses to the maize parent that were incurred prior to
analyses of SAM morphometric phenotypes (Hung et al., 2012).
We detected quantitative variation in shoot meristem shape
and size in SAMs isolated from MxT lines (Figures 1A,C)
and focused our analysis on this population to understand
the genetic architecture of maize/teosinte SAM morphometric
variation.

Parabolic Estimators of MxT Variation
Identify New Meristem Morphology QTL
We used image-processing to collect two discrete measurements,
SAM height and SAM radius and approximate the MxT
shoot meristem as a paraboloid surface, the geometric shape
yielded from revolving a parabolic curve around its central axis
(additionally described in 10). Exploiting the simple geometry
of a paraboloid, we used two primary measures to derive
eight total parabolic shape estimators: height, radius, height to
radius ratio (H/R), volume (Vol.), surface area (Surf. Area), arc
length (Arc Len.), parabolic coefficient (Para. Coeff.), and cross-
sectional area (Area) (Supplementary Data Sheet 3) (Leiboff et al.,
2015).

Our previous study analyzed SAM volume (Figure 2A) as
a quantitative trait (Leiboff et al., 2015). In this analysis we
identified QTL for MxT SAM volume on chromosomes 1,
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FIGURE 1 | The maize and teosinte shoot apical meristem (SAM)
morphospace. (A) Median longitudinal images of shoot meristems from wild
teosinte isolates (i–iv), large and small SAMs from the maize x teosinte (MxT)
intercross (BC2S3) lines (v–vi), and maize inbred varieties W22 (vii) and B73
(viii). ∗ indicates SAM with flanking leaf primorida. Scale bar, 50 urn.
(B) Quantification of meristem radius and height show that SAM morphology
observed in teosinte varieties (greens) and maize inbred varieties (yellow)
partially overlap but teosinte SAMs are generally smaller than maize inbred
SAMs. Measures from MxT lines (purple) cluster closely around the recurrent
maize parent, inbred W22 (pink). Gray dashed box, location of data in panel
(C). Shaded ellipses, 90% density estimation of SAM shape data.
(C) Variation in SAM shape and size in MxT lines (purple) around the W22
maize inbred parent (pink).

4, and 7 (Figure 2B). Intervals detected on chromosomes 4
and 7 were not previously implicated in natural variation of
SAM morphology in 369 domesticated maize inbred varieties
(Supplementary Data Sheet 4) (Leiboff et al., 2015). The large
QTL interval identified on chromosome 1 contains several
previously identified candidate genes for shoot meristem
morphology including ZmLAX2, a putative auxin import
protein which exhibits haplotype-specific differences in

transcript accumulation patterns in maize inbred varieties
that correlate with differences in SAM size (Leiboff et al.,
2015).

The remaining 7 parabolic estimators mapped QTL to
several chromosomes (Figure 2C; Supplementary Data Sheet 4).
Several parabolic estimators identified highly overlapping QTL
intervals. Chromosome 4, for example, contains a QTL that
is coincidently associated with SAM height, radius, H/R,
volume, surface area, arc length, and cross-sectional area
(Figure 2C). All detected QTL were implicated by multiple
parabolic estimators, except one QTL on chromosome 9 that
is uniquely associated with SAM H/R. We find a high level
of correlation between measures (Supplementary Image 1), as
expected from their common derivation (see Materials and
Methods).

In total, QTL intervals recaptured 11 previously identified
SAM-morphology candidate genes implicated by GWAS of maize
inbred varieties (Supplementary Data Sheet 4) (Leiboff et al.,
2015). Intriguingly, the QTL intervals mapped on chromosomes
4, 7, and 9 have not previously been associated with SAM shape
and size.

Discrete Cosine Transform Uncovers
Cryptic, Genetically Attributable
Variation in MxT SAM Shape Variation
Using Fourier- related transform methods, we processed
Procrustes-aligned and scaled MxT shoot meristem outlines
(Supplementary Image 2) into Fourier shape PCs to
comprehensively describe SAM shape variation within this
population (Supplementary Data Sheet 5). Three PCs describe
more than 95% of the total observed shape variation, with PC1,
PC2, and PC3, explaining 85.4, 8.2, and 2.3%, respectively.
Additional PCs each explained less than 1% of observed shape
variation (Supplementary Data Sheet 5); we therefore chose
to focus our study of SAM shape variation on PC1, PC2, and
PC3. Examining raw images of SAMs, and predicted shapes
at the extremes of these PCs, revealed unexpected phenotypic
variance (Figure 3). The majority of shape variation detected
in the MxT population is attributed to PC1, identifying
meristems that vary in appearance from ‘post-like’ to ‘dome-like’
(Figure 3A). PC2 identifies meristems that vary in 2-dimensional
asymmetry with respect to the plane of sample dissection, and
describes variation from ‘left-leaning’ to ‘right-leaning’ SAMs
(Figure 3B). PC3 identifies meristems that vary in slope from
the SAM base to tip, and includes ‘peaked’ to ‘rounded’ shapes
(Figure 3C).

Using PC1, PC2, and PC3 as quantitative phenotypes,
we identified significant QTL for each trait: PC1 identified
QTL on chromosomes 2, 4, 7, and 9 (Figure 4A), PC2
identified similar QTL intervals on chromosomes 2 and 4
(Figure 4B), whereas PC3 identified equivalent QTL intervals
on chromosomes 2 and 4, in addition to different QTL
on chromosomes 1 and 5 (Figure 4C). Despite differences
in SAM measurement methods, the total QTL identified by
all 8 parabolic estimators (Figure 2C) and 3 Fourier shape
PCs overlap closely (Figure 4D). In a correlation analysis
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FIGURE 2 | Parabolic estimators of MxT line SAM shape and size identify meristem morphology QTL. (A) Volume measures of SAMs harvested from
841 BC2S3 MxT lines. Measures are BLUP + coefficient values from 2 replicates. (B) Single QTL models detect significant loci for SAM volume on chromosome 1,
4, and 7. Black line, significance threshold a = 0.05. (C) Additional significant SAM morphology QTL are detected for all 8 parabolic estimators genome-wide.

of parabolic estimators and Fourier shape PCs, we find a
strong, significant correlation between PC1 and several parabolic
estimators, especially SAM H/R (Pearson’s r = –0.67, Fisher
transformation p-value < 2.2e−16) (Figure 5A). This close
association is mirrored in the tight overlap of QTL identified
by PC1 and H/R (Figure 5B). Because PC1 explains the
majority of shape variation in the MxT population and is
correlated in both numeric value and genetic architecture to
parabolic estimators, we postulated that other populations of
meristems might be likewise described by quantitative parabolic
models.

Diverse Meristems and Their Parabolic
Models
Despite their similar roles in stem cell maintenance and the
production of lateral organs, the shoot apices of anciently
diverged plant lineages have remarkable anatomical and
transcriptomic differences (Figure 6A) (Bierhorst, 1971; Evert,
2006a; Frank and Scanlon, 2015; Frank et al., 2015). In an
analysis of 111 images from 73 plant taxa, we find that shoot
apices are well fit by a parabolic model of meristem shape
(Supplementary Data Sheet 1). Linear regression of shoot apex
contours with a parabolic model yielded R2 goodness-of-fit
scores ranging from 0.838 to 0.997 with a mean of 0.963 and
median of 0.975. Interestingly, SAM shape parameters do not

significantly separate anciently diverged evolutionary clades
(ANOVA, p-value= 0.158) (Figure 6B).

DISCUSSION

We processed SAM images from 33 wild teosintes and 841
lines from a maize by teosinte (MxT) backcross population to
generate a meristem morphospace for the genus Zea. In our
SAM morphospace, we find that teosintes and maize inbred
varieties occupy partially overlapping regions of the SAM shape,
where SAMs in wild teosintes are diminutive compared to SAMs
observed in domesticated maize varieties. We expect this SAM
morphometric gradient to reflect the effect of domestication
on the flowering time of Zea mays. The domestication and
spread of maize outside its tropical Meso-American center of
origin required adaptation to flowering during long summer
days. Genetic studies of flowering time in maize, teosintes, and
MxT intercross populations indicate that wild teosintes repress
flowering during long days (Emerson, 1924; Briggs et al., 2007;
Hung et al., 2012). Allelic variants which have decreased activity
of ZmCCT (an ortholog of rice flowering time gene, Gdh7) allow
flowering during long days and were selected for during the
domestication of maize (Briggs et al., 2007; Tsuji et al., 2011;
Hung et al., 2012; Yang et al., 2013). Previous studies of natural
variation in maize inbred variety SAM shape and size revealed
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FIGURE 3 | Discreet cosine transformation identifies three SAM-morphology principal components (PCs) describing MxT meristem shape and size.
(A) PC1 identifies SAMs that vary from highly elongated, post-like to flattened, dome-like. (B) PC2 identifies asymmetrical SAMs that vary from left-leaning to
right-leaning within the plane of histological sectioning. (C) PC3 identifies SAMs that vary from highly peaked to rounded. /’ and /’/, median longitudinal images of
meristems from MxT lines with low and high values for each PC, respectively. ∗ indicates SAM with flanking leaf primorida. //’/, renderings of expected SAM shapes
with PC values of −4, −2, 0, 2, and 4 standard deviations from the average recorded SAM shape. Histogram x-axes, −2 to 2 standard dev. Scale bars, 50pm.

correlations between large meristem size and short flowering
time (Leiboff et al., 2015; Thompson et al., 2015), reflected in
GWAS candidate alleles at the CONZ1 locus (Leiboff et al., 2015),
proposed to act in a shared pathway with ZmCCT (Dong et al.,
2012; Hung et al., 2012). QTL intervals for SAM surface area
and radius on chromosome 10 include ZmCCT, which may
contribute to differences in SAM size within the MxT population.
Although the underlying mechanism that links flowering time
and meristem size remains unresolved, our data agree with
other reports of SAM natural variation and flowering time in
maize.

Comprehensive analysis of SAM shape by Fourier methods
yielded unexpected and interesting phenotypes for quantitative
genetics. We note that the ‘left-leaning’ to ‘right-leaning’
asymmetry identified in PC2 (Figure 3B) only describes

asymmetry in one plane of symmetry (i.e., the midrib-margin
axis), and that additional asymmetric “leanings” may in fact
exist along different axes in the shoot apex. We further note
that PC2 variation may be attributed to physical crowding of
the shoot apex, wherein genotype specific variations in the
presence of leaf primordia that are closely appressed against the
SAM may contribute to variations in SAM leaning. Likewise,
the “peaked versus rounded” shape variation identified in PC3
may reflect differences in biophysical forces imparted by the
youngest leaf primordium at the nodal disk-of-insertion at the
base of SAM, wherein the base of the SAM is “pinched” at
the node in “rounded” SAMs and “unpinched’ in peaked SAMs
(Figure 3C). Prior implementations of Fourier methods for
morphometrics have revealed genetically attributable, cryptic
shape phenotypes including quantitative tissue asymmetry as
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FIGURE 4 | QTL identified for discreet cosine transform PCs. (A) QTL for PC1. (B) QTL for PC2. (C) QTL for PC3. (D) Superimposed QTL profiles for discreet
cosine transform descriptors (blues) and parabolic estimator phenotypes (gray). Black line, significance threshold a = 0.05.

FIGURE 5 | Discreet cosine transform PC1 recaptures QTL and
phenotypic variation identified by parabolic estimators. (A) Close
overlap of QTL identified using PC1 (blue) and H/R (red). (B) Strong pearson
correlation (r) between PC1 and several parabolic estimator phenotypes.
Correlation value, red to blue. Non-significant correlation Fischer
transformation P > 0.05, italics.

we observed in PC2 (Langlade et al., 2005; Chitwood et al.,
2013, 2014). Yet, because QTL identified with Fourier transform
PCs overlap strongly with QTL identified by estimating the
maize SAM as a paraboloid, we expect that parabolic estimation

methods are effective at representing heritable variation in SAM
morphology.

Approximating SAM shape and size with a parabolic model
has several advantages for quantitative genetics. Parabolic
estimates of SAM morphology can be generated by collecting
two simple measures, SAM height and radius, whereas Fourier
methods requires the careful placement of pseudo-landmarks
or outline information generated from laborious manual image
tracing or automated image processing of high signal-to-noise
SAM micrographs. Despite the increased sensitivity of Fourier
methods, we expect that the throughput of approximating SAM
morphology with a paraboloid is better suited to large-scale
genetic analyses of SAM morphology in maize.

We furthermore demonstrated that shoot apical regions
from diverse plant taxa are well fit by parabolic curves.
The shoot apices utilized in these comparisons (especially
the historical samples) were obtained from plants grown
in a wide variety of environmental conditions, which may
indeed influence meristem size and/or geometry (Landrein
et al., 2015). Our observations suggest that parabolic meristem
shape is found in all plant evolutionary clades and SAM
anatomical organization types (ex. tunica-corpus, histological
zonation, single apical cell, etc.), which generally correlate
with evolutionary clade. Interestingly, we found that anciently
diverged plant lineages have similar shoot meristem parabolic
curvatures, despite rich diversity in anatomy, development, and
whole-plant morphology. The universality of parabolic SAM
shape in diverse lineages may, in part, be the result of biophysical
forces incurred during the essential functions of the SAM. All
shoot meristems maintain at least one undifferentiated stem
cell initial, which divides to produce both a stem cell initial
and a lateral organ initial (Steeves and Sussex, 1972; Evert,
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FIGURE 6 | Diverse SAMs are well-estimated by parabolic shape models. (A) Median optical sections of the vegetative apex from example lycophytes with a
shoot meristem dominated by an inverted pyramidal cell (i, ii) and angiosperms exhibiting a ‘tunica-corpus’ shoot meristem anatomy with at least one clonal ‘tunica’
layer (iii–vi). ∗ indicates SAM and flanking leaf primorida. R2, goodness-of-fit of parabolic model. Bar, 50 um. (B) SAMs from broadly diverse evolutionary lineages
exhibit a range of parabolic coefficients.

2006a,b,). In multicellular meristems, internal cellular division
from the replication of initials places stress on epidermal cell
walls, deforming the shoot apical domain into a parabolic
shape (Niklas and Mauseth, 1980; Green, 1999; Kwiatkowska,
2004). Whereas the angiosperm tunica-corpus-type meristem
comprises an outer, epidermal layer of cells under tension

and at least one inner cell layer under compression, single
apical cell-type meristems must accomplish similar geometries
by portioning biophysical forces over just one cell wall and
cytoplasm. Within possible parabolic shapes, our broad sampling
of plant shoot meristems suggests that evolutionary clade alone
is not a significant determinant of specific SAM parabolic
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shape; plant taxa from disparate evolutionary clades may have
similar parabolic shapes. These data, therefore, constitute robust
evidence for a fundamental biophysical model of meristem
morphology, which transcends not only diverse evolutionary
histories, but even an anatomical transition from single-celled
structure to multicellular SAM.

As previous studies in maize have uncovered statistically
significant correlations between SAM size and selected adult
plant traits (Leiboff et al., 2015; Thompson et al., 2015), our
analyses of SAM parabolic diversity within divergent plant taxa
provide a framework for future investigations as to whether a
fundamental correlation between SAM architecture and adult
plant morphology may extend beyond phylogenetic boundaries.
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INTRODUCTION

In plants, the stem cells residing in shoot apical meristems (SAM) give rise to above-ground tissues
(Aichinger et al., 2012). Hence, the maintenance of stem cell niches is of central importance to a
plant’s continued growth and development (Fletcher and Meyerowitz, 2000; Gordon et al., 2009).
For the flowering plantArabidopsis thaliana, the genetic determinants of stem cell growth, division,
and localization have been identified, and negative feedback between a homeodomain transcription
factor, WUSCHEL (WUS), and a receptor kinase, CLAVATA (CLV), is known to play a crucial role
in controlling the reservoir of stem cells in the central domain of a SAM.

The morphology of plant stems and floral organs is controlled in large part by the size and
stability of SAMs, which is controlled, in turn, by spatiotemporal patterns of WUS and CLV
expression in meristems. For example, loss of restrictive signals in clvmutants of Arabidopsis leads
to enlargement of shoot and floral meristems, resulting in extra floral organs and club-shaped
siliques (Jönsson et al., 2005). The size, localization and stability of stem cell domains should
be determined, in principle, by the interactions of WUS and CLV proteins, especially by their
propensities to diffuse through the domain and by the rates of the molecular reactions that control
their activities. Within this paradigm, reaction-diffusion (RD) models of WUS-CLV interactions
have been popular mathematical models of SAM dynamics (Jönsson et al., 2005; Hohm et al., 2010;
Fujita et al., 2011). In RD models, the spontaneous generation of inhomogeneous distributions of
WUS and CLV in SAM domains is usually attributed to mechanisms based on a “Turing” instability
(Turing, 1952; Segel and Jackson, 1972).

The generic RD equations for spatiotemporal changes in the concentrations, u(x,t) and v(x,t), of
two interacting proteins are

∂u

∂t
= f (u, v)+ Du

∂2u

∂x2
,

∂v

∂t
= g(u, v)+ Dv

∂2v

∂x2
,

where f(u,v) and g(u,v) are nonlinear functions describing their local chemical interactions. A
unique, uniform, steady-state solution, u(x,t) = u0 = constant and v(x,t) = v0, of these equations
can become unstable with respect to small, non-uniform perturbations, u(x,t)= u0 + eλt·δu·cos(qx)
and v(x,t)= v0 + eλt·δv·cos(qx), δu << u0 and δv << v0. The spectra of unstable modes, λ(q), can
be found from the characteristic equation for λ. A Turing instability appears for wavenumbers close
to the critical wave-number defined by the equations, λ(q) ≥ 0 and λ′(q)= 0. The sine qua non for
Turing patterns is the condition for diffusion coefficients: Dv >> Du, generating standing waves of
wavelength l ≈ 2π/qcrit in the simulations of the RD system (Gierer and Meinhardt, 1972; Murray,
2003). At present, the diffusive lengths of CLV and WUS in SAMs have not been determined, and
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there is no evidence to suggest that the Turing condition
(diffusivity of CLV >> diffusivity of WUS) is satisfied in the
central zone of a SAM.

In typical RD models of the SAM, as in Jönsson et al. (2005),
Fujita et al. (2011) and Figure 1, the interactions between WUS
and CLV are described by highly nonlinear terms. Consequently,
these models typically display bistability in a certain range
of their parameters. Interestingly, recent experimental data on
cytokinin-controlled domain confinement in SAMs (Gordon
et al., 2009) suggest that WUS-CLV interactions may indeed
exhibit bistability (Gordon et al., 2009).

If the differential diffusivity condition is not fulfilled, domain
generation is not possible in the monostable regime of a RD
system. Is spontaneous domain formation possible in the bistable
regime of an RD model even if the differential diffusivity
condition is not fulfilled? The answer is yes, if we supplement
the RD model for WUS and CLV with a third variable
describing, for example, the distribution of a rapidly diffusing
hormone in the SAM region. In this brief note, we propose
that the bistable-switch mechanism is superior to Turing-type
mechanisms of stem-cell domain nucleation in the SAM, by
comparing the two mechanisms in a minimal RD model of a
SAM. We prefer the bistable mechanism because it does not
require artificial assumptions, such as spatial heterogeneities for
parameters and variables that typically arise in fitting Turing-
type models to SAM features (Jönsson et al., 2005; Fujita et al.,
2011).

FIGURE 1 | Turing and bistable mechanisms of domain formation. (A) Fujita’s model of SAM. u = WUS, v = CLV, i = cell index, 8 is a sigmoid function. The

parameters and Greek symbols are positive constants. (B) Nullclines. (C) Linear spectra of unstable modes in the continuous limit of the model. (D) Turing patterns

(for C = 1) in smaller (top) and larger (bottom) domains. Horizontal dashed line is the uniform steady state u0 = v0. (E) Bistable-switch model: domain patterns are

controlled by the spatial distribution of “hormone” field, H. N = number of cells, and δ = Dirac delta function. (F) Nullclines for a uniform H field. (G) Nullclines for a

non-uniform H field. (H) Non-Turing patterns in smaller (top) and larger (bottom) domains. Model parameters. Function 8 describes the synthesis rate of activator u,

with basal intensity E, self-activation strength AS, inhibitor strength B, and the maximum allowed value for activator, um. Parameters Ad and D describe degradation

rates of activator and inhibitor. Parameter C and Sv describe the intensities of inhibitor inductions by activator and hormone. H0 is the basal synthesis rate of the

inhibitor. Parameter εH characterizes the time scale of the hormone. Du, Dv, and DH are diffusion coefficients. Dirac delta function describes hormone synthesis at

discrete cell locations.

DOMAIN NUCLEATION MECHANISMS

Turing Mechanism
Figure 1A shows the activator-inhibitor model of SAM proposed
by Fujita et al. (2011). The stable steady state undergoing Turing
instability can be found at the intersection of the WUS(u) and
CLV(v) nullclines, Figure 1B (solid and dashed lines). The linear
spectrum of unstable modes can be positive, λ(q) > 0, and give
rise to Turing patterns, if the diffusion coefficient of CLV is
significantly larger than the diffusion coefficient of WUS, Dv >>

Du (see Figure 1C). In the resulting Turing pattern (Figure 1D
top), the stem cell domain is the region where the level of WUS
exceeds its steady state value, and other SAMdomains are outside
this region. In a Turing model, the size of the central domain is
determined by the critical wavenumber, qcrit , corresponding to
the maximum of λ(q) in Figure 1C. With the meristem growth,
the steady state values and critical wavenumber of the Turing
pattern remain the same. When the region grows to twice the
original size, the number of waves in the Turing pattern doubles
(Figure 1D bottom), which can be associated with the nucleation
of new stem cell domains.

For our goal of accurate prediction of the size, location, and
stability of stem cell domains in SAM, the Turing mechanism
has certain limitations. First, in studying a dome-shaped SAM
in two and three spatial dimensions, additional assumptions
introducing spatial heterogeneity are required to localize the
central domain at the apex of the SAM (Jönsson et al., 2005;
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Fujita et al., 2011). Under such assumptions, the size and
location of domain patterns are no longer defined by the critical
wavenumber of the Turing instability, but they are defined by
artificial restrictions imposed on the model (Jönsson et al., 2005).
Second, the value of the critical wavenumber, which determines
the size of the stem cell domain in a Turing mechanism, may not
depend on parameters in the manner dictated by experiments.
For example, experiments (Aichinger et al., 2012) indicate that
the size of the stem-cell domain increases significantly, with
reduction in the rate of synthesis of CLV (the parameter C in
Figure 1A); however, qcrit decreases only a little with a 2.5-fold
decrease in the value of C (Figure 1C). Third, Turing patterns
are dissipative structures subject to fluctuations depending on
noise in the system, but stem-cell domains should be stable
against perturbations due to mechanical pressures arising from
cell growth, cell wall extension, cell division, etc. Because of these
limitations we investigated whether an alternative mechanism of
domain nucleation is possible in mathematical models of SAM.

Bistable Mechanism
Depending on the parameters kH and C, the (Fujita et al., 2011)
model can exhibit a bistable regime, i.e., the nullclines ofWUS(u)
and CLV(v) can have three intersection points, two of which
are stable steady states. Let us consider a bistable regime in the
model and introduce a new diffusive variable, H, a hypothetical,
rapidly diffusing hormone (Battogtokh, 2015). For simplicity, we
also assume that H activity depends linearly on WUS level and
that the level of CLV depends linearly on H. We redefine the
parameter kH in the equation for CLV(v) to integrate the H field
into the model, see Figure 1E. The bistable steady states in the
modified, three-variable bistable model of (Fujita et al., 2011)
for uniform H0 are shown in Figure 1F. If we consider an initial
non-uniform H field with a minimum value in the center (or
apply a strong initial perturbation to the center of the system),
a domain pattern as in Figure 1H (top) can be formed. It can
be shown that for certain values of uniform H0 and nonzero Du

and Dv, the domain pattern is stable because the front solution
is motionless (Tyson and Keener, 1988). The Turing condition
Dv > > Du is not required for the origination and maintenance
of the domain. The domain is stable even if the distribution of
H is non-uniform, as long as H varies close to the value Hcr

at which the wavefront is stationary, Figure 1H (top). The size
and stability of the domain can be calculated from the condition
of the stationary front (Battogtokh, 2015), while the location
of the domain is controlled by the spatial distribution of the
H field.

Spontaneous generation of new domains is possible as the
system grows in size. For simplicity, let us consider growth by
boundary extensions, through slow addition of new elements
at the boundaries. As the system grows, the front can stay
motionless, and WUS and CLV levels persist near the two stable
steady-state values. However, the distribution of H may change
with growth; it will stay high at the center where WUS level is
high, but H level may drop in regions further away from the
center. Therefore, as the system grows, the local value H may
drop below the critical value Hc1, where there is only an upper
steady state in the corresponding local system, Figure 1G (green

line). Thus, the drop of H below Hc1 is accompanied by the
nucleation of new domains, Figure 1H (bottom, dashed red line).
The distance between the domains can be calculated from the
model (Battogtokh, 2015).

DICUSSION

The framework of modeling a cell population coupled by a fast
diffusive field was introduced previously by Kuramoto et al.
(2000). We used the framework to model SAM cells with bistable
dynamics, in the case of simple linear coupling. Exploring linear
and nonlinear types of coupling with respect to experimental
data may identify molecular candidates for the fast diffusive
peptide-hormone. We expect that the peptide-hormone may be
a member of the CLE family, for which CLV3 is one of the
founding genes (Wang and Fiers, 2010; Wang et al., 2016). While
in the simple three variable mathematical model considered here,
the hypothetical hormone may be sufficient to drive domain
nucleation, in a more realistic model (e.g., Nikolaev et al., 2007),
the involvement of several members of the CLE family (e.g., CLE
19, CLE 41, etc.) and their crosstalk with phytohormones may be
necessary to account for all the biological data.

We suspect that there is a close relationship between our
bistable-switch mechanism and the cell-positioning mechanism
in the SAM model of Nikolaev et al. (2007). However, because of
the complexity of their model, bistability and front stabilization
dynamics are not as apparent as in the minimal model of SAM
used here.

In simulations of a lattice of hexagonal cells, representing
a two-dimensional vertical section of SAM, the bistable switch
mechanism can generate WUS domains at the target position
near the apex; the domain size can be controlled by the synthesis
rate of CLV; and the regeneration of WUS domains seen in laser-
ablation experiments can be simulated (Battogtokh and Tyson,
2016).

CONCLUSION

We believe that accurate multiscale models integrating
mathematical descriptions of genomic, chemical, andmechanical
processes involved in plant meristem growth and development
will serve for predicting and simulating plant morphogenesis.
A primary requirement for such a model is a quantitative
description of the relationship between the size, location, and
stability of the meristems, on one hand, and the plant’s shape
and phenotype, on the other hand. Therefore, identifying the
correct underlying mechanism of spontaneous generation of
stem-cell domain patterns is crucial for creating a mathematical
model of plant growth. The most basic problem with the classic
Turing mechanism for domain nucleation in the SAM is that
there is no evidence for differential diffusivity of CLV (inhibitor:
the complex of membrane receptor kinase CLV1 and its ligand
CLV3) and WUS (activator: transcription factor) biomolecules,
a necessary condition for Turing pattern formation. The bistable
switch mechanism, on the contrary, is not restricted by the
differential diffusivity condition. Cells in the SAM can generate
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new stem cell domains by switching between the two stable
steady states of WUS, depending on the local level of a hormonal
field. The nucleated domain is not a dissipative structure but a
stable structure; its size, location, and stability can be determined
from the properties of the front solution connecting the two
stable steady states (Battogtokh, 2015).
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Understanding the principles and mechanisms of cell growth coordination in plant

tissue remains an outstanding challenge for modern developmental biology. Cell-based

modeling is a widely used technique for studying the geometric and topological features

of plant tissue morphology during growth. We developed a quasi-one-dimensional model

of unidirectional growth of a tissue layer in a linear leaf blade that takes cell autonomous

growth mode into account. The model allows for fitting of the visible cell length using the

experimental cell length distribution along the longitudinal axis of a wheat leaf epidermis.

Additionally, it describes changes in turgor and osmotic pressures for each cell in the

growing tissue. Our numerical experiments show that the pressures in the cell change

over the cell cycle, and in symplastically growing tissue, they vary from cell to cell and

strongly depend on the leaf growing zone to which the cells belong. Therefore, we

believe that the mechanical signals generated by pressures are important to consider

in simulations of tissue growth as possible targets for molecular genetic regulators of

individual cell growth.

Keywords: wheat leaf epidermis, symplastic growth, cell mechanics, osmotic and turgor pressure, autonomous

cell growth, cell-based models

1. INTRODUCTION

Three fundamental processes characterize the development of multicellular plants: growth,
differentiation, and morphogenesis. These processes result in an increase in the size and number
of cells, the appearance of the structural and functional differences between them, and the
formation of functionally specialized organs in plants. Plant science has accumulated a considerable
amount of information about plant growth and plant genetics. Nevertheless, the molecular genetic
mechanisms that influence the growth and development of plants are still unclear. Analysis and
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reconstruction of the dynamics of genetic regulatory networks
are only the first steps toward understanding how genetic
information determines the morphogenesis of plants (Kalve
et al., 2014; Chaiwanon et al., 2016). At present, increasinglymore
facts demonstrate that full understanding of the mechanisms
of morphogenesis requires considering the processes that
occur at the tissue level in addition to the information on the
expression of genes. These processes are involved in spatial
pattern formation (Swarup et al., 2005; Jönsson et al., 2006;
Bayer et al., 2009) and result in strains and stresses in cell
walls (Green, 1999; Hamant et al., 2008). Understanding
the relationships between the processes at the molecular-
genetic level and at the level of cell ensembles and tissues
and how these relationships result in the implementation
of the biological function and morphogenesis is perhaps
the most central question in systems biology (Noble,
2008).

The ability of cells to stretch and to change shape is the basis
for the functional specialization of tissue and the formation of
structure in plants. In contrast to animal cells, plant cells cannot
migrate during tissue growth. Therefore, these cells achieve
perfect control over the final shape by modulating cell division
and expansion (Cosgrove, 2005). Knowledge about regulation of
the biomechanical properties of the cells during these processes is
now widely used in studies of plant morphogenesis. The ability of
plant cells to detectmechanical stresses in a tissue and to use them
as control signals is considered to be the foundation of regulated
growth and morphodynamics (Ali and Traas, 2016; Braybrook
and Jönsson, 2016). It is believed that management strategies
based on mechanosensing include both stabilization due to the
negative feedback and an increase of differences in the rates and
directions of neighboring cell growth due to positive feedback
(Sassi and Traas, 2015). However, despite intensive studies of
such regulation (Hamant and Traas, 2010; Robinson et al., 2013;
Routier-Kierzkowska and Smith, 2013), the question about the
mechanisms governing the growth of the cell biomass is still
open.

Experimental studies have shown a tight relationship between
biomechanics and molecular-genetic processes. Such works
include studies on how mechanical signals affect the cell cycle
(Streichan et al., 2014), how cellular differentiation depends
on the different mechanical properties of substrates (Wells,
2008; Lv et al., 2015), and how the mechanical properties of
cells are involved in cancer transformation (Lekka et al., 2012).
Modern experimental techniques, particularly techniques based
on atomic force microscopy (Milani et al., 2011, 2013; Sugimura
et al., 2016), allow for measuring the mechanical properties of
the cell wall and evaluating turgor pressure in certain plant cells,
which is an important factor in the internal mechano-regulation
of growth processes and cell wall extension (Ali and Traas, 2016).
However, experimentally studying the dynamics of mechanical
parameters in individual cells in growing plant tissue is a difficult
task.

Computer modeling allows the accumulated knowledge
about complex spatio-temporal interactions of biomechanical
and morphogenetic processes that regulate the growth and
functioning of cells, tissues, organs and body to be combined

into a single conceptual scheme. Currently, cell-based models
are widely used for simulating the growth of different plant
organs and tissues. Examples include extensions of the cellular
Potts model (Graner and Glazier, 1992; Glazier and Graner,
1993) and vertex-based model (Nagai and Honda, 2001; Merks
et al., 2011; Shapiro et al., 2013). The dynamics of tissue
morphology in these models is determined by the mechanics
of motion of elements of cell borders (border pixels for Potts
model and vertex coordinates of piecewise linear cell-cell borders
for vertex-based models). In these examples, the mechanical
behavior of cells is determined by setting the energy functions
with respect to the “target” values of the cell volumes and
boundaries. Changes of the “target” parameter may depend
on time and/or state variables, which simulate cell growth. In
the framework of the vertex-based models, one can describe
geometric properties of the cellular structure of the tissue and
the mechanical state of the cells in the tissue in terms of
stretches and compressions of its volumes and boundaries. At
the same time, it is impossible to explicitly express turgor and
osmotic pressures in terms of the state variables of these models.
Considering the importance of investigating the relationship
between the mechanical properties of cells within tissues and its
molecular-genetic characteristics, the development ofmechanical
approaches that take the internal state of the cell into account
is promising for use in cell-based models of plant tissue
morphodynamics.

In this paper, we propose a cell-based model for the
growth of monocot leaf epidermis. The model is an extension
of our previous work (Zubairova et al., 2015), which takes
the difference between cell growth and division rates in
different parts of the leaf growth zone into account. By
taking the geometrical characteristics of tissue into account,
we constructed the model state variables so that we could
explicitly express turgor and osmotic pressures in the cells. This
makes it possible to study the distribution of the pressures in
cells of growing tissue, possible mechanisms of regulation of
coordinated cellular growth, and other issues of mechanics of
plant tissue growth. Using the growth of wheat leaf epidermis
as an example, we showed that our model allows us to
approximate the experimental cell length profile along the
growth axis of the leaf (Beemster et al., 1996); at the same
time, the relationship between the state variables of the model
indicate significant fluctuations of pressure in the cells of
the leaf growth zone. This opens up prospects for further
research of the role of pressure and stress in growing cells as
biomechanical regulators of molecular-genetic systems of cell
morphogenesis.

The remainder of this paper is organized as follows.
In Section 2 (Methods), we focus on the description of a
mathematical model for the growth of wheat leaf epidermis,
parameter estimation and implementation. In Section 3 (Results),
we present the results of computational experiments on
approximating the experimental cell length profile in a real
wheat leaf and analyze the mechanical behavior of cells
during symplastic growth. In Section 4 (Discussion), we
discuss our simulation results with the conclusions of this
work.
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2. METHODS

2.1. A Mathematical Model of Symplastic
Unidirectional Growth of a Linear Leaf
2.1.1. Biomechanics of the Autonomous Growth of a

Single Plant Cell
At present, experimental facts and theories accumulated in
the literature allow us to formulate the following idea about
the mechanics of plant cell growth (Equations 1–6). The
concentration, c, of the dry biomass, m, in the cell changes due
to the biosynthesis (growth function Fgrow) and by varying the
cell’s volume, V :

dc

dt
= Fgrow +

∂c

∂V
·
dV

dt
(1)

For simplicity, we assume that the cell biomass composition does
not change qualitatively and that the concentration of osmolytes
is proportional to the concentration of dry biomass. In particular,
we can assume that this concentration is equal to c. In this case,
the osmotic pressure inside the cell can be estimated from the
Van’t Hoff equation (Nobel, 2009):

Pinosm = c R T, (2)

where T is the absolute temperature and R is the universal gas
constant.

Osmotic pressure causes the inflow of water into the cell,
which simultaneously stretches the elastic cell wall. This gives rise
to mechanical stress in the wall and thus to hydrostatic (turgor)
pressure inside the cell:

σVPturg =
V − Vr

Vr
, (3)

where σV is the elastic flexibility of the cell chamber, V is the
visible cell volume, and Vr is the relaxed volume of the cell
chamber, i.e., the volume that will take the cell chamber bounded
by the cell wall if the cell is placed into a hyperosmotic solution
(in this case, the cell will lose turgor and the cell wall will cease to
be in the stress-strain state).

The flow of water into the cell occurs when the difference
between the osmotic pressures inside and outside the cell is
greater than the turgor pressure:

9w = (Pinosm − Poutosm)− Pturg > 0,

where −9w is the water potential of the cell relative to the
environment (Nobel, 2009) and Poutosm is the osmotic pressure in
the medium around the cell.

The change of the visible cell volume, V , is proportional to the
water flow inside the cell:

dV

dt
= S Lw 9w, (4)

where S is the cell surface area through which the water enters the
cell and Lw is the hydraulic conductivity of the cell wall (Nobel,

2009). According to Ortega (2010), the relative change of the
cell chamber can be represented as the sum of the irreversible
changes in the volume of the cell chamber (actual growth) and its
reversible elastic deformation:

dV

Vdt
= φ(Pturg − Pc)+ σ

dPturg

dt
, (5)

where φ is the irreversible wall extensibility and Pc is the
threshold turgor pressure.

In our model, instead of Equation (5), we introduced explicit
expressions for the osmotic and turgor pressures (will be
introduced below, Equations 7, 8) and postulated the following
function for the cell wall growth rate. Specifically, with an
increase in the turgor pressure above a certain threshold, Pc
(which is different for different types of cells), the biosynthesis of
the cell wall material begins (Dyson et al., 2012). This material
is delivered into the wall, and it begins to grow with a rate
determined by the function 8, dependent on the turgor pressure
exceeding a certain threshold, Pc:

dVr

dt
=

{

0, if Pturg ≤ Pc
8(Pturg − Pc), otherwise

(6)

A cell of linear leaf blade epidermis is represented in the model
as a parallelepiped with a volume V = l · r1 · r2. To simplify the
model, we assume that the cell thickness r1 and the cell width
r2 do not change during the growth process and are equal to r.
Therefore, we will consider a unidirectional growth of a plant cell.
This allows us to describe themechanics of cell growth in terms of
lengths as follows: visible cell length, l; relaxed cell length (the cell
wall length in the unstressed state), lr; and isosmotic cell length,
li.

The isosmotic cell length, li, is defined as follows. As discussed
above, the amount of osmolytes in the cell is equal to m =

c ·V . Suppose that the osmotic pressure of the cell’s environment
is Poutosm and that the concentration of osmolytes in the cell’s
environment is cout . For the cell to become isotonic to the
environment, the cell volume should satisfy the equality m =

cout · Vi; hence, c = cout · Vi
V .

In this case, the difference between osmotic pressures in and
out of the cell can be expressed as follows: Pinosm − Poutosm = (c −
cout) R T = cout R T (Vi − V)/V . Substituting V = l · r2 and
Vi = li · r2, we obtain

Posm = Pinosm − Poutosm = α
li− l

l
, (7)

where α = cout R T is the coefficient of osmotic pressure.
Note that by assuming a constant cell protoplast composition,
we can write the variable m = coutr2 · li, i.e., cell dry biomass
is proportional to isosmotic length, li.

In the case of unidirectional growth, the turgor pressure can
be expressed as follows:

Pturg = β
l− lr

lr
, (8)
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where β = Sw
Sc

E is the coefficient of turgor pressure. Sw is
the cross-sectional area of the cell wall, and when the cell wall
thickness, dw, is small enough, Sw = 4r · dw. Sc = r2 is the cross-
sectional area of the cell across its length, and E is the Young’s
modulus of the cell wall material.

Suppose that water flows into the cell through the lower facet
surface r · l. Then, following Ortega (2010), express the growth
rate of the visible cell length, l, by the following equation:

dl

dt
= r · l · Lw ·

(

Posm − Pturg
)

, (9)

or for specific growth rate:

dl

l dt
= r · Lw ·

(

α
li− l

l
− β

l− lr

lr

)

. (10)

Defining the function 8 from Equation (6), we assumed that the
growth rate of the relaxed cell length depends on the growth rate
of the cell biomass and is identified as:

d lr

dt
=

{

0, if Pturg ≤ Pc
η d li

dt
(Pturg − Pc)3, otherwise,

(11)

where η is the proportional coefficient between the cell wall and
the biomass growth rates. The specific form of the regulatory
function 8 is discussed in Section 4.3.

We consider that the increase in the isolated cell dry biomass,
m, under some standard conditions is described by a fixed
function of time, m(t) = Fm(t), and we will refer to it as
autonomous growth of isolated cells. Taking the assumptions of

our model into account, we define the isosmotic cell length, li, as
an explicit function of time:

li(t) = Fgrow(t). (12)

For the model of the autonomous growth of a single plant cell,
we used a linear function of time for the cell isosmotic length
growth, Fgrow(t) = a (t− t0)+b, where a is the growth rate and b
is the initial cell size. The choice of a linear growth function will
be explained in more detail in the Section 4. Therefore, the model
of the unidirectional autonomous growth of a single plant cell is
defined by Equations (10–12).

2.1.2. Mechanics of Symplastic Unidirectional Growth

of Cells within the Leaf Epidermis
In this paper, we studied plant tissue growth based on a simplified
model of wheat leaf epidermis (Figure 1A) composed of cell
files consisting of similar cells. We assumed that the cells within
the leaf epidermis grow in optimal conditions, its growth is
described by the same time-dependent function of growth for
isosmotic length as for an isolated cell, and it has the same
mechanical parameters (Table 1). The only additional condition
is that its walls are “glued” with walls of neighboring cells. Since
neighboring cells can grow at different rates, common fragments
of its walls cause additional mutual stresses within each other.
Consequently, the growth rate of a cell wall fragment is actualized
as being different from the free growth rates of respective cells,
and hence, the growth of the cell wall can be nonuniform within
the cell.

In the model, leaf epidermis is represented as a
“brickwork” (Figure 1B) consisting of brick-like cells of the
same type arranged in longitudinal cell files. Within each cell
file, all cells have the same constant cross section and different

FIGURE 1 | The cell structure of the wheat leaf epidermis. (A) Micro-photograph of the wheat leaf epidermis (constructed from a 3D confocal image of the wheat

leaf epidermis, supplied courtesy of A. Doroshkov), where dashed arrows mark cell files. (B) The scheme of partitioning of cells of the “model leaf” into

fragments
{

λ1, λ2, λ3, ...
}

. With this partition, e.g., the fragment λ2 belongs to the cells cell11, cell21, and cell32. (C) The force stretching a fragment is the sum of

forces stretching the cells that include the fragment.
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TABLE 1 | Mechanical parameters of the model.

Parameter Description Value Sensitivity References

Lw Hydraulic conductivity of the cell wall 40 µm−1 · h−1 · bar−1 0.00146894 Nobel, 2009

α Coefficient for osmotic pressure 10 bar 5.36703 Nobel, 2009

β Coefficient for turgor pressure 100 bar −0.000028689 Nobel, 2009; Gibson, 2012

η Coefficient of cell wall growth rate 0.15 53.9229 Gibson, 2012

Pc Threshold of turgor pressure 2 bar −14.5014 Nobel, 2009

The symbols of the parameters are listed in the first column, a parameter description in the second column, the selected parameter value in the third column, the sensitivity of visible

cell length to the parameter in the fourth column, and literature reference in the last column.

lengths (due to different growth rates of cells), and the “model
leaf” has a rectangular shape in plan. Because of such a simple
topology, despite the fact that we are interested in the surface
of the leaf, we can consider the tissue in the model not as a
two-dimensional object but as a set of one-dimensional cell
chains, which are glued together. The last fact accounts for the
symplastic mode of growth.

To formalize the geometric model of linear leaf epidermis,
consider a rectangular compartment of rectangular cells
(Figure 1B) in 0xy coordinates. Assume that the cells grow in the
0y direction. Let us mark cell files in the 0x direction with index
n (n = 1, ...,N), mark the cells in each file in the 0y direction with
index m (m = 1, ...,Mn), and designate the length of the m-th
cell in the n-th file as lmn. We divide each cell into fragments to
take the symplastic mode of growth into account in the model.
The procedure is as follows: we extend the “horizontal” border
of each cell parallel to the 0x axis throughout the leaf blade such
that the leaf is divided into fragments in the 0y direction. Index
the fragments with index k (k = 1, ...,K) and denote the k-th
fragment length as λk.

From a mechanical perspective, the fragment λk is glued
fragments of different cells undergoing a force determined by
the turgor pressure in the corresponding cells. Hence, the entire
fragment experiences the results of all these forces (Figure 1C).
To simplify the model, we assume that the parameters
determining the mechanical behavior of the model (Lw, η,α,β)
have the same values for all cells of the leaf. In this case, the next
formula defines the growth rate of the common fragment for all
cells contained in it.

dλk

dt
=

λk

N

N
∑

n=1

(

dlmn

lmndt

)

free

, (m : λk ∈ lmn), (13)

where lmn is the visible length of cell m in cell file n and the

expression
(

dlmn
lmndt

)

free
denotes the specific growth rate of the cell

visible length at the given moment if the cell would not have
mechanical bonds with neighboring cells. This rate is determined
by Equation (10) for the corresponding cellm in the cell file n.

The visible length of the cell, lmn, within the leaf epidermis
is the sum of lengths of fragments, λk, belonging to it; thus, its
derivative is also equal to the sum of derivatives of fragment
lengths:

dlmn

dt
=

∑

λk∈lmn

dλk

dt
=

∑

λk∈lmn

λk

N

N
∑

n=1

(

dlmn

lmndt

)

free

(14)

In our model, we assume autonomous growth of the cell within
the leaf epidermis; therefore, the isosmotic cell length, limn,
and the relaxed cell length, lrmn, are regulated by each cell
in the same way as for an isolated cell. The growth of the
isosmotic cell length, limn, is defined by an explicit function
of time and by the following initial data: the moment of time,
t0, when the cell appeared with its initial isosmotic length,
li0mn.

2.1.3. Longitudinal Zonation Pattern of the Leaf

Growth Zone
Longitudinal growth of wheat leaf occurs in a growth zone,
which is a relatively short part of the leaf located at its base. The
growth zone consists of a division zone (DZ), or meristem, and
elongation zone (EZ) (Beemster et al., 1996). Note that the length
of the meristem (DZ) is significantly smaller than the length of
the elongation zone. Due to permanent division of cells in the DZ,
the average length of a cell in the DZ is almost identical in space
and time. With the transition into the EZ, cell proliferation stops
and cells begin to stretch rapidly in the longitudinal direction.
At the end of the EZ, the stretching stops. The described cell
behavior is supported by the experimental measurements of cell
lengths in wheat leaf (Beemster et al., 1996; Tardieu et al., 2000;
Hu and Schmidhalter, 2008).

In our model of the linear leaf blade growth, we assume a
stationary longitudinal zonation pattern of the leaf: a division
zone (DZ) and an elongation zone (EZ). Our assumption of
the stationary location of the two zones with respect to the leaf
base is based on the model of switching between two zones
due to morphogenetic mechanisms. For instance, such a model
was used in the work of Vos et al. (2014) in the simulation of
Arabidopsis thaliana root growth. Similar molecular mechanisms
were used for justifying the stable location of the growth
zone size in the shoot apical meristem of A. thaliana in
our earlier work (Nikolaev et al., 2011). Here, we assumed
that there exists some morphogen synthesized at the leaf base
and propagated to the leaf tip with the constant gradient
concentration providing the stable zonation pattern during leaf
growth.
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2.1.4. Division of Cells in the Division Zone
The cell in the division zone divides when its isosmotic length,
limn, reaches a critical value, limax. The division of the cell is
described by rewriting of the cell parameters in the following
way: (1) isosmotic, visible, and relaxed lengths of the mother cell
are distributed between two daughter cells with the proportion
of d/(1−d), where d is the division factor; (2) the initial isosmotic
lengths, li0, of daughter cells are d · limax and (1 − d) limax;
and (3) the birth time, t0, of two daughter cells is set to t, the
time of mother cell division. The division factor, d, is a random
variable with the truncated normal distribution from the interval
(0.1, 0.9) with mean µd = 0.5 and standard deviation σd = 0.1.
These parameters for the division factor distribution are typical
for the simulations of plant tissue growth (see, for example,
Chickarmane et al., 2012).

2.2. Parameter Estimation and Sensitivity
Analysis
2.2.1. Mechanical Parameters
All the parameters determining the mechanics of the cell were
obtained using literature data and adopted to provide a cell
cycle duration of 24.7 h (Beemster et al., 1996). The value of
the hydraulic conductivity of the cell wall, Lw, was set to 40µm
·h−1· bar−1. This estimate is within the range proposed by Nobel
(2009) for Lw (10−13 to 2 · 10−12 m · s−1· Pa−1, i.e., 36–720 µm
·h−1· bar−1 in the units used here). Other authors suggest similar
values for this parameter (Hukin et al., 2002; Mishra, 2004).

To estimate the coefficient for osmotic pressure from
Equation (7), α, we used equation α = cout R T, where R =

8.31446 J mol−1 K−1 is the gas constant and T = 300 K is the
temperature in Kelvin. We used cout = 0.25 M, which is close
to the estimate of cell sap osmolarity as 0.3 M (Nobel, 2009),
yielding α = 10 bar.

Estimates of the cell wall Young’s modulus, E, from the
literature vary from ≈ 1 to 10, 000 bar (Krupinski et al., 2016);
in our simulations, we used E = 1000 bar. To estimate the
coefficient for turgor pressure from Equation (8), β , we used
equation β = Sw

Sc
E = 4r·dw

r2
E, assuming r = 4µm and

dw = 0.1 µm. This yields β = 100 bar.
The threshold of turgor pressure when the cell begins to grow,

Pc = 2 bar, is close to the values widely discussed in the literature
as the “wall yield threshold” (Nobel, 2009; Dyson et al., 2012).

We have not found any estimates of the coefficient of the
cell wall growth parameter, η, in wheat leaves in the literature.
Therefore, we conducted a numerical experiment to obtain its
estimate with a single cell model (see Equations 10–12). We
changed the value of η in the range of (0, 1) and estimated the
turgor and osmotic pressures in the cell during the cell cycle. The
value of η = 0.15 yielded the minimal absolute deviation of these
two pressures and was chosen as the reasonable η estimate. We
summarize the parameter values in Table 1.

To estimate the sensitivity of the cell visible length with
respect to the mechanical parameters of the model, we
simulated single cell growth during 24 h using Equations (10–
12) with varied parameters at each run. The changes of
parameters were within 10% of their estimated values with a

constant step. The sensitivity was estimated as the ratio of
the visible length deviation to the deviation of the parameter
value.

2.2.2. Kinetic Parameters
The model parameters defining the cell growth rate were
obtained using experimental data on the cell length profile
in a wheat leaf from Beemster et al. (1996). Beemster et al.
(1996) reported the lengths of all cells along a file of sister
cells (file adjacent to stomatal cell files) within wheat leaf
epidermis. In their work, data were presented as follows:
the individual lengths of successive cells were averaged over
0.5, 1.0, and 2.0 mm intervals in the basal part of the
leaf; the next more distal; and the remaining, most distal
part of the growth zone, respectively. Data on sizes of
leaf growth zones, average cell lengths in each zone, and
average cell cycle for one of the leaves are summarized in
Table 2.

According to our model, all cells have uniform growth
rates, and individual initial sizes determine different cell cycle
durations. We suppose that a cell changes its growth rate once
it reaches the critical value, limax, and it results in a piecewise-
linear function for isosmotic length changes during cell growth
(Figure 3 inset):

limn(t) =















a1(t − t0mn )+ limn(t0mn), if t0mn ≤ t < t0mn

+tdivmn

a2(t − t0mn − tdivmn
)+ limax, if t0mn + tdivmn

≤ t <

t0mn + tdivmn
+ telongmn

(15)
where the coefficients a1 and a2 are the growth rates of the cells
in DZ and EZ, respectively; t0mn is the time point when the cell
appeared; t0mn + tdivmn

is the time point when the cell isosmotic
length achieves the critical value; and t0mn + tdivmn

+ telongmn
is the

time point when the cell exited the EZ.
The critical point of the estimation is next. The experimental

data are the distribution of the average visible cell lengths along
the cell file (see Table 2), whereas we need to estimate the

TABLE 2 | Experimental data on the growth of the wheat leaf from the

work of Beemster et al. (1996), which were used for obtaining the model

parameters.

Parameter Value

The average length of the growth zone (GZ), mm 23.8

The average length of the division zone (DZ), mm 3.3

The average length of the elongation zone (EZ), mm 20.5

t̂div, the average cell cycle duration (for a cell from the

division zone), hour

24.7

t̂elong, the average elongation period (for a cell from the

elongation zone), hour

71.09

l̂0, the visible average initial cell length in the division zone, µm 14.74

l̂div, the visible average final cell length in the division zone, µm 29.48

l̂elong, the visible average final cell length in the elongation zone, µm 197.2
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dynamics of the “internal” variable, the isosmotic length growth
function. The experimental data provide values of the average
cell cycle duration, t̂div; the average elongation period, t̂elong ; and
values of average visible length at these moments.

The coefficients a1 and a2 were obtained numerically. They are
chosen to obtain the best fit between the cell length distributions
in the model and real wheat leaf epidermis (Beemster et al.,
1996). The cost function is based on the squared difference of
the average length of the cells in the model, l̄imodel

, and real leaf,
l̄iexp , within the ith interval of distance from the leaf base weighted
with the scaling factor ki:

Fcost =
∑

i∈intervals

ki · (l̄imodel
− l̄iexp )

2. (16)

where the scaling factors, ki, are proportional to the interval
number and provide greater weight to the intervals for greater
distances from the base. This weighting is introduced to balance
the cost contribution from the large number of small cells in
the DZ and small number of large cells at the distal part of
the EZ.

The search for the a1 and a2 estimates starts from the
initial values. These values were obtained by numerically solving
Equations (10–12) using Mathematica software to obtain the
solutions of the inverse problem for the model of a single cell
growth, providing that the visible cell length at the timemoments
t̂div and t̂elong are equal to its experimental estimate of l̂div and

l̂elong (Table 2). Next, we simulated the epidermis growth until
its length becomes equal to that of the wheat leaf (Table 2). The
iterative search of the minimum of the cost function Equation
(16) was performed numerically by the grid enumeration of the
a1 parameter with subsequent adjustment of the a2 using the
golden ratio method under fixed a1. Consequently, we obtained
a1 = 0.69µ m · h−1 and a2 = 5.04µm · h−1.

2.3. Model Implementation
The computational model for the growth of wheat leaf epidermis
was developed using a modified formalism of differential L-
systems (DL-systems) (Lindenmayer, 1968; Prusinkiewicz et al.,
1993), which we termed “glued” DL-systems. Implementation
details are provided in Zubairova et al. (2015).

Briefly, the model consists of two types of DL-systems: cellular
and fragmental. The first type describes the growth and division
of the cells and is represented by several 1D DL-systems. Each 1D
DL-system corresponds to the cell file of the 2D linear leaf blade
(Figure 1B). N cellular DL-systems provide the cellular structure
of a linear leaf blade consisting ofN parallel files that cannot slide
with respect to its neighbors (i.e., “glued”). The alphabet of the
cellular DL-system consists of tree symbols corresponding to the
cells from three zones: DZ, TZ, and EZ. Each symbol is supported
by the following parameters: isosmotic length, li; visible length,
l; relaxed length, lr; initial isosmotic length, li0; and initial
time, t0.

The alphabet of the fragmental DL-system consists of one
symbol, the cell fragment (Figure 1B). Its parameters are the
fragment length, λ, and the matching vector of the fragment
and cells numbers in each cell file sharing this fragment.

The dynamics of the parameters li, l, lr, and λ for the
corresponding cells and fragments are determined by Equations
(11–14). The rewriting rules are common for cellular and
fragmental DL-systems, and they come into action at the
moment of division of any cell from the DZ. Thus, an
additional fragmental DL-system coordinates the operation of
cellular DL-systems supporting the symplastic growth of the leaf
blade.

This formalism of the “glued” DL-systems results in a quasi-
one-dimensional representation of the leaf blade tissue and
allows one to simulate efficiently the growth of the real size leaves
(seeTable 2). It can handle the cell numbers comparable with that
of the real leaf.

The computational model was implemented in an in-
house-developed open source software including the
implementation of algorithms in C ++ and Wolfram
languages (Mathematica). The source code is available upon
request.

2.4. Statistical Data Analysis
Descriptive statistical analysis and data visualization were
performed using Mathematica 10 package. Additionally, we
performed cluster analysis of the pressure profiles for the cells
during the leaf growth simulation. The pressure profile is a
vector of pressure values recorded for the cell from its birth until
its division or until simulation stops. The size of the vector is
equal to 150, which is double the maximal observed cell lifespan
(75 h) during the simulation. A single element corresponds to a
1 h time interval. The first 75 numbers in the vector represent
osmotic pressure values; the others represent the turgor pressure
values. All the vector elements corresponding to time steps
after cell division were set to 0. To determine groups of cells
with similar pressure profiles, we used k-mean clustering using
the Clustering Components function from the Mathematica 10
package. Clustering was applied to the set of pressure profiles
using a distance function based on the number of point changes
needed to go from one curve to another. The number of clusters
was set to 10.

3. RESULTS

3.1. The Parameters of the Model and Its
Robustness
We proposed a cell-based model for the growth of linear leaf
epidermis, which is based on the explicit expression of turgor and
osmotic pressures during cell growth. The model depends on the
number of parameters that describe the mechanical and kinetic
properties of the cells during their autonomous and symplastic
growth (summarized in Table 1). Note that the values of the
mechanical parameters of the model result in a quasi-equilibrium
cell growth regime of the isolated cell when the values of turgor
and osmotic pressures are practically the same and constant
(≈ 3.6 bar) over the cell cycle (see Figure 2). We performed
numerical experiments to investigate the sensitivity of the visible
length of an isolated growing cell just before its division. The
sensitivity was studied in terms of the variation of the mechanical
parameters as described in Section 2.2.1 of the Methods Section.
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FIGURE 2 | Numerical experiment for the growth of the isolated cell with the adopted parameters. (A) Growth functions for isosmotic, visible, and relaxed

lengths. (B) The dynamics of osmotic and turgor pressures.

FIGURE 3 | Relationship between average lengths of cells and distance from the leaf base: comparison between experimental data and the model.

Points correspond to the average lengths of the cells on intervals designated by gray vertical lines. Gray points denote experimental data, and black points denote the

results of the simulation with the obtained optimal parameters. The error bars denote the standard errors of the mean. The experimental points and standard errors

were obtained by manual digitizing of data on leaf 1 from Beemster et al. (1996). The inset shows a piecewise linear growth function for the isosmotic length of the cell.

The results demonstrated that the sensitivity of this final cell
length to all mechanical parameters decreases with increasing
absolute values of the last. The largest sensitivity of the cell visible
length was with respect to variation of the coefficient of cell
wall growth rate, η. The smallest sensitivity was observed with
respect to the variation of the coefficient for turgor pressure, β

(see Table 1).
The parameters of the piecewise linear cell biomass growth

function, a1 and a2 (see Equation 15), were estimated by the
cell size fitting to the real data, as described in the Section 2.
The estimates correspond to the minimum value of the cost
function equal to 10−3. Figure 3 demonstrates that the two
distributions coincide well, suggesting the applicability of our
model to reproduce the geometric characteristics of the wheat leaf
cells in the growth zone.

Stochastic cell division in the meristematic zone and cell
growth mode switching affect the average cell size and its

variations over the intervals located at different distances from
the leaf base. We performed 100 simulations of wheat leaf
growth to estimate the influence of the fluctuation resulting from
stochastic nature of the cell division d parameter on the cell
length distribution along the leaf axis. Each model leaf consisted
of 100 cell files with the length of the growth zone equal to that of
the real leaf (Table 2). In this way, we generated 100 distributions
of the cell length along the model leaf axis. We estimated the
mean and the standard deviation of the cell length for each
interval from the leaf base using these data. The distribution of
the cell length along the axis and their standard deviations in the
simulation replicates and real wheat leaf are shown in Figure 3.
The figure demonstrates that the two profiles coincide well and
that the model is robust with respect to stochastic fluctuations in
cell division. These results suggest the applicability of our model
to reproduce the geometric characteristics of the wheat leaf cells
in the growth zone.
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3.2. Mechanical Behavior of Cells during
Symplastic Growth
3.2.1. Increased Values of Cells Osmotic and Turgor

Pressures are Characteristics of Transition Zone
In addition to reproducing the geometrical features of the
growing leaf, our model is also able to calculate turgor and
osmotic pressures for each cell (Equations 7, 8). During the
simulation of the leaf growth, we collected information about the
turgor and osmotic pressures of the cells and obtained profiles
of these pressure averages for the cells at different intervals of
distance from the leaf base. To estimate the variability of the
pressures within the distance interval, we calculated the standard
deviation of the mean for them. The profiles of the osmotic
and turgor pressures along the model leaf axis are shown in
Figures 4A,B, respectively. These plots demonstrate that in the
DZ (distance from the leaf base below 3.3mm), the average values
of the osmotic and turgor pressures are constant with respect to
the distance from the leaf base and is ≈4 bar (close to the value
obtained for the isolated cell simulation, see Figure 2). At the
larger distance from the base, both average pressures increase,

reaching a maximum at 7 mm (≈6 bar for osmotic pressure and
8 bar for turgor pressure). With increasing distance from the
base above 7 mm, both osmotic and turgor pressures drop to
the equilibrated values (≈4 bar) at ≈12.5 and 15 mm from the
base for osmotic and turgor pressures, respectively. The pattern
of pressure changes corresponds well with the leaf zonation
pattern used in ourmodel, namely, constant pressures close to the
equilibrium values are observed for DZ and EZ regions; increased
pressures are observed for the cells in the TZ.

The pressure variation behavior is similar to the average
pressure values. It is constant at distances below 4 mm for both
types of pressure. It increases at the interval from 4 to 7 mm
and then decreases within the 7–15 mm interval. Interestingly,
the absolute values of the turgor pressures are higher, and
its variations are lower than those for the osmotic pressures
(Figures 4A,B). Some of the cells exhibit extreme values of the
turgor pressure, above 40 bar.

The pattern of the pressure values and their variations
observed at the profiles (Figures 4A,B) are apparent from the
distribution of cell pressure values in the epidermis plane

FIGURE 4 | The distribution of the osmotic and turgor pressures in cells along the model leaf axis. (A) Mean values (lines) and standard deviations (vertical

bars) of the osmotic pressure (Y axis) in cells with respect to their distance from the leaf base (X axis). Vertical dashed line shows the border between the division and

transition zones. Horizontal dashed line shows the equilibrium value of the osmotic pressure. (B) The mean values (lines) and standard deviations (vertical bars) of the

turgor pressure (Y axis) in cells with respect to their distance from the leaf base (X axis). Graph notations are the same as in (A). (C) 2D diagram of the osmotic

pressure values for the epidermal cells at the time when the simulation stops. Cells represented by the rectangles, whose sizes are proportional to the cell sizes. The

osmotic pressure of the cell shown by rectangle color. The color key is shown at the right bottom part of the diagram. Solid white line is the border between the DZ

and TZ regions. Dashed white line is the distal border of the TZ. (D) 2D diagram of the turgor pressure values for the epidermal cells at the time when the simulation

stops. The description of the diagram is the same as for (C). (E) Location of cells of different types in the model leaf epidermis. The cells of different types colored by

different colors: red for the DZ cells, green for the TZ cells, and violet for the EZ cells. The division of the leaf into three zones is shown by solid and dashed white lines

on the diagram and by arrows below the diagram.
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demonstrated in the 2D color diagrams in Figures 4C,D for the
osmotic and turgor pressures, respectively. The zonation pattern
of the high/low pressure values coincides spatially with the
prevalence of the different cell types in the leaf plane (Figure 4E).
DZ-type cells are mainly located at distances below 3.3 mm from
the base, and TZ cells are located at 4–15 mm from the base.
However, note that the location of the distal border of the TZ is
not permanent as for the single and for different simulation runs.
The majority of the EZ cells are located at distances >15 mm
from the base.

3.2.2. Temporal Patterns of the Cell Pressure

Changes during Symplastic Growth
During the leaf growth simulation, we recorded the osmotic and
turgor pressure values of each cell that appeared (≈43,000 cells
in 100 cell files in total), as described in Section 2.4 of Methods.
We performed cluster analysis of these profiles to reveal groups
of cells with similar pressure changes during their symplastic
growth. Consequently, we obtained 10 clusters of cells, for which
osmotic and turgor pressure, isosmotic cell length (biomass)
and visible cell length changes are shown in Figures 5A,D,
respectively. We observed separation of all cells into groups with
short (clusters 1–4), medium (clusters 5–6), and long (clusters
7–10) lifespans. Cells from the first group exhibit a short time
before their division and a constant osmotic pressure during their

lifespan. These four clusters differ in turgor pressure/biomass
changes. Clusters 1, 3, and 4 exhibit constant values of the turgor
pressure for most of the cells. Cells from these clusters mostly
reside in the DZ (Figure 5E). Cells from cluster 2 present an
increase in both visible size and biomass (Figures 5C,D) at the
end of their lifespan. These cells appear in the DZ a short time
before the simulation finishes and are likely to enter the TZ soon
after their appearance.

The cells from the second group of clusters with a medium
lifespan exhibit two distinct types of behavior (Figures 5A–D).
One part of them (cluster 5) exhibit relatively constant values
of the osmotic pressure and an increase in the turgor pressure
during their growth. In contrast, cells from cluster 6 present
a significant increase in the osmotic pressure; however, the
majority of these cells are characterized by a constant turgor
pressure. The size and biomass changes (Figure 5C) for the
cells from this group appear to be very similar: they start to
increase after a short initial period of constancy. The rate of
visible cell length increase is larger for the cluster 5 cells, however
(Figure 5D). These cells are mostly located in the TZ with a slight
abundance in the EZ zone (Figure 5E) when the simulation stops.

Long-living cells present the largest variability in pressure
changes. However, there are several typical profiles represented
by clusters 7, 8, 9, and 10. Interestingly, the pressure changes
in cells of clusters 7 and 8 are similar to those in clusters

FIGURE 5 | Ten patterns of changes of internal parameters of the cells during symplastic growth. Plots of osmotic pressure (A), turgor pressure (B),

isosmotic cell length (biomass) (C), and visible length (D) (Y axis) with respect to the cell growing time (X axes, hours) are shown. Plot columns represent parameter

changes for the cells from the representative clusters 1–10 (cluster numbers shown above the plot columns). Each cluster plot has a specific color. (E) 2D diagram of

the epidermal cells at the time when the simulation stops. Cells are represented by the rectangles, whose sizes proportional to the cell sizes. The type of the cell

(cluster to which cell belongs to) is shown by the same color as the cluster plot (see A–D). The division of the leaf into zones is shown by arrows below the diagram.
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5 and 6, respectively. The characteristics of cluster 7 are a
high peak observed for the osmotic pressure with a slight
variation in turgor pressure. During its growth time, the cell
has passed into the elongation mode; however, some of its
neighboring cells have not yet passed this mode. Therefore, the
visible length of the cell increased more slowly (Figure 5D) than
would be expected for the freely growing cell. In contrast, its
isosmotic length (biomass) increases permanently (Figure 5C).
This discrepancy between visible cell length and its biomass
according to Equation (7) resulted in the sharp increase of the
osmotic pressure demonstrated by the peak described above. The
cluster 8 cells have a lower osmotic pressure peak but a larger
variation of the turgor pressure. The cells from clusters 7 and 8 at
the end of the simulation are mostly located in the EZ.

Finally, cells from clusters 9 and 10 exhibit similar behavior.
They do not show any significant increase in the osmotic
pressure. In contrast, a small decrease in the osmotic pressure is
a characteristic of these two clusters: it is shorter in cluster 9 and
longer in cluster 10. At the same time, these cells undergo a sharp
increase in the turgor pressure, which is the most pronounced
among the clusters. The cells from these two clusters are located
far from the leaf base when the simulation stops, mostly in the
elongation zone. These cells likely appear at the distal part of the
division zone. They have a lower biomass growth rate at the time
of their appearance (Figure 5C), while the cells from neighboring
files entered the fast growth mode. Consequently, the cells from
clusters 9 and 10 undergo stretch tension in the TZ, which results
in a decrease in the osmotic pressure and an increase in the turgor
pressure.

The cluster analysis demonstrates that changes of the cells
pressure parameters in the growing symplastic tissues are not
uniformwithin the cell lifespan. There are several typical patterns
of the pressure changes, unlike in the independent cell growth
(see Figure 2 for comparison). The pattern of the pressure
depends specifically (and stochastically) on the cell location,
the initial state of the cell parameters, and the behavior of the
neighboring cells. Another distinctive feature of the model is
the negative relationship between turgor and osmotic pressures
(for comparison, see clusters 6–10), which is the intrinsic model
property due to Equations (7, 8).

4. DISCUSSION

4.1. Quasi-One-Dimensional Model of a
Unidirectional Growth of Plant Tissue
Experience in the use of vertex-based models for simulating
unidirectional growing tissue shows that for the generation of
longitudinal rows of cells, which is in particular typical for a
linear leaf, an additional constraint on the possible movement of
vertices should be introduced. For example, in the model of Vos
et al. (2014), vertices are constrained to move only parallel to
the longitudinal axis of the root. This allows for the anisotropic
elastic-plastic properties of the cell-wall material to be taken into
account. In our model, anisotropy in the 2D cell pattern arises
due to its quasi-one-dimensional representation (see Section 2.3
of Methods) and does not require additional constrains on the

movement of vertices. Wemodel cells rather than cell walls in the
formalism of “glued” DL-systems (Zubairova et al., 2015). In this
framework, the cells segments are stacked into the cell files and
neighboring cell files are glued into the leaf blade. In our model,
the boundaries of the stacked fragment are analogs of the vertices
of cells in the vertex-based model. We store the information
about the correspondence of fragments and cells to the cell
fragments as a one-dimensional object (fragmental DL-system).
Such a one-dimensional representation can be interpreted such
that the absolute shear rigidity of the cell-wall material prevents
skew deformation of the cells.

4.2. On Cell Growth Function
Note that in the model, we considered the growth of the cell
biomass as the only “driving force” for the increase in the
osmolytes concentration in the cell. This justifies the introduction
of isosmotic cell length, li, as a model variable. Therefore,
we did not consider the law of biomass conservation in our
model. However, considering here the autonomous growth of
cells within a tissue, we described this as function of isosmotic
length (the equivalent of dry cell biomass in our model)
depending on the time.

In the model, we propose a piecewise-linear function of the
isosmotic cell length growth. Vos et al. (2014) also considered
such a growth function (for the cell target volume) as one of
the options in the vertex-based simulation of Arabidopsis root
growth. At the same time, in a number of studies (Barlow, 1969;
van der Weele et al., 2003) based on experimental data on cell
length profiles along the growth axis of the Arabidopsis root, the
authors suggested a smooth non-linear growth function for the
cell length. Hu and Schmidhalter (2008) also suggested a smooth
dependence of the cell length on the time using the data on the
distribution of visible lengths of cells along the wheat leaf growth
zone. Note that in the above papers, the authors measured the
visible cell length, l, in terms of our model, and did not consider
the difference between “internal” and visible sizes.

In our simulations, we set a piecewise-linear growth function
of the isosmotic cell length (inset in Figure 6B); however, the
results of our computational experiments showed a smooth non-
linear function for the visible cell growth functions (Figure 6A).
We suppose that smoothing occurs due to the fact that under
the terms of symplastic growth, cells expand and contract each
other due to the different growth rates of neighboring cells. As
shown in Figure 6B, the growth functions and smooth non-linear
approximations are different for various cells and depend on the
cells neighborhood. Figure 6 shows growth functions for four
cells, which had different initial lengths (the 1st and the 2nd cells
had a small initial length, and the 3rd and the 4th cells had a larger
one) and grew under different mechanical conditions. According
to our model, cells underwent the largest mechanical stress from
neighbors in the transition zone between the DZ and EZ (marked
in yellow on the growth curves in Figure 6B). The distance from
the base for the cell at the time of its appearance in the DZ
strongly determines the time that this cell will spend in a TZ. For
example, the 1st and the 3rd cells (Figure 6B) appeared in the
proximal part of the DZ and passed the transition zone relatively
quickly. The rate of their growth is greater than the average for
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FIGURE 6 | Growth functions of visible lengths for cells of the “model leaf” within symplastic growth mode. (A) Growth functions of visible lengths for all

cells of the leaf, where the black curve denote the average lengths of cells of the same age and red dashed curve denotes a smooth function approximation

[f (x) = 19.3119+ 0.0013x3]. (B) Growth functions of visible lengths for some selected cells of the leaf: 1st cell had a small initial length and appeared at the proximal

part of the DZ, 2nd cell had a small initial length and appeared at the distal part of the DZ, 3rd cell had a large initial length and appeared at the proximal part of the

DZ, and 4th cell had a large initial length and appeared at the distal part of DZ. The color of the curve denotes the growth zone: blue is for the DZ, yellow is for

transition zone, and green is for the EZ. Gray dashed curves denote a smooth approximation with a polynomial function. The inset shows the corresponding growth

functions for isosmotic length.

the neighboring cells. Consequently, these cells are “compressed”
by neighbors. This behavior is typical for the cells from clusters 6
and 7 (Figure 5). The 2nd and the 4th cells (Figure 6B) appeared
in the distal part of the DZ and passed the transition zone
slowly. Therefore, they grew with a lower rate in comparison
with the neighbors. Hence, these cells were “stretched” by
them. This behavior is typical for cells from clusters 9 and 10
(Figure 5).

Thus, the problem of interpreting the data on cell growth
rate in the tissue requires careful consideration. The growth
functions of visible lengths may also vary from cell to cell because
the cells in the tissue are in the stress-strain state, which may
vary depending on the environment and time. In this view,
the cell typical dynamics is the time dependence of the ratio
of molecular genetic markers (Sablowski and Dornelas, 2014),
dry biomass dynamics, or, as in our model, the isosmotic cell
length. Therefore, the question arises of which cell characteristics
should be assessed in experimental observations to characterize
cell growth regulation in the tissue.

4.3. The Growth Function for Relaxed Cell
Length and Quasi-Equilibrium Cell Growth
Mode
The regulation of the synthesis of the cell-wall material is still
the subject of study (Carpita and Gibeaut, 1993; Braybrook and
Jönsson, 2016; Chen et al., 2016; Wang et al., 2016; Zhang
et al., 2016). In this study, we proposed that the growth rate
of the relaxed length is proportional to the growth rate of
the isosmotic length (we can interpret dli/dt as the growth
rate of dry biomass). The control function (term (Pturg −

Pc)3 in Equation 11) determines that the threshold value of
turgor pressure is the target control parameter. The 3rd power
of the pressure difference in Equation (11) along with the
mechanical parameter values (Table 1) result in a rapid growth

of the cell wall in our model. Consequently, the autonomous
growth of a single cell occurs at a steady turgor pressure.
These parameter values provide mechanical equilibrium when
the turgor pressure is equal to the osmotic pressure in the case
of isolated cells (Figure 2). This mode of cell growth in tissue was
chosen because in the framework of vertex-based models (Nagai
and Honda, 2001; Dupuy et al., 2008; Merks et al., 2011),
and the computational algorithm assumes that equilibrium is
achieved at each iteration step. In particular, Vos et al. (2014)
used such an algorithm for modeling root growth based on
the dynamics of vertices with additional constraints on its
movements.

4.4. The Transition between Division and
Elongation Zones
Despite the simplicity of the growth zone structure for
unidirectional (linear) growing plant organs (roots, hypocotyl,
and leaves of monocots), there are several hypotheses about
possible mechanisms for the formation of its structure (Baluska
et al., 1996; Verbelen et al., 2006; Benková and Hejátko,
2009; Baluška et al., 2010; Cederholm et al., 2012; Ivanov and
Dubrovsky, 2013; Avramova et al., 2015). The influence of the
auxin concentrations on the relative growth rate in different
growth zones of the root was investigated in Chavarría-Krauser
et al. (2005). The authors constructed a 1D biophysical model of
auxin-related control for a single cell file. Some mechanisms of
cell transition between the DZ and EZ were tested for the root
growth model in Vos et al. (2014). The authors of this paper
concluded that the formation of the zone size is influenced by
phytohormone concentrations.

In experimental work on the maize leaf (Nelissen et al.,
2012), the authors also showed that the concentrations of
phytohormones may define a transition between division and
elongation zones. In ourmodel, we also assumed that gradients of
morphogen substance execute patterning of the leaf growth zone
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in a concentration-dependent manner and accepted a threshold
mechanism of cell transition from a state of proliferation to
accelerated growth while the cell size may increase tenfold. The
growth and division of cells located before the cell in the same
longitudinal row and the cell’s own growth result in movement of
the cell in the direction from the leaf base to the tip.When a cell is
shifted at a certain distance from the leaf base, the concentration
of morphogen substance decreases and the cell loses its ability to
divide and enters the so-called transition zone, where it continues
to grow with the same (slow) rate until its initial size reaches
the threshold length. Subsequently, the cell turns itself into a
state of expansion growth, when it begins a rapid increase in
size that is likely due to the combination of endoreduplication
and vacuolization (Perrot-Rechenmann, 2010; Barrada et al.,
2015). Since all cells pass this switching phase asynchronously,
a wide area of the leaf formed where some cells switched to fast
growth and some cells continued to grow with at a slow rate (as
meristematic cells). Such a neighborhood defines the transition
zone (Ivanov and Dubrovsky, 2013). Furthermore, within the
same cell file, the distance from the leaf base where the cell
switches to another phase of growth may be different (Lück et al.,
1997).

In our model, we assumed that there exists a division zone
boundary defined by a concentration gradient of a morphogen.
Beyond that zone, the cell continues to grow at the same slow
rate as in the division zone until reaching a critical size. Then, the
cell growth mode changes. Thus, the growth zone of the leaf has
the following structure: the meristematic zone is in the leaf base
where cells can divide, a transition zone, and then the elongation
zone. This structure of leaf growth area is consistent with the
structure of the growth zones for Arabidopsis roots and maize
leaves considered in Avramova et al. (2015).

4.5. The Mechanical Behavior of Cells
during the Symplastic Growth of the Linear
Leaf
The computational experiments considered in this paper, as
well as in Vos et al. (2014), showed that it is possible to
choose model parameters to reproduce the experimentally
observed geometric pattern of cell tissue structure. However,
the mechanical parameters of the cells during symplastic growth
remain hidden because vertex-based models (Nagai and Honda,
2001; Dupuy et al., 2008; Merks et al., 2011) use abstract
potential forces for simulating changes in the geometry of cells.
Consequently, these potentials did not allow directly interpreting
the mechanics of plant cell growth. Here, we reduced the
dimension and switched to the quasi-one-dimensional model to
describe the 2D leaf growth. This allowed us to explicitly link
the changes in cell volume and the deformation of the cell wall.
Consequently, we observed the dynamics of osmotic and turgor
pressures in cells during their growth.

The significant “jumps” of pressure in the cells could
be observed in the real nature. For instance, the original
experimental data from Dyson et al. (2014) can serve as an
indirect confirmation of such significant changes of pressure
in the cells. Although, the authors conclude that the effective

(average) turgor pressure does not change throughout the
different growth zones along the Arabidopsis root (Figure 3A
from Dyson et al., 2014), their measurements indicate that
pressure in individual cells of the root along the growth axis
changed from 1 to 4 atm., i.e., 4 times. Note that the pressure
measurements in Dyson et al. (2014) were performed in single
cells for a short time only.

In our model, cells grow autonomously, but as a part of
symplastic growing tissue. Note that in the framework of vertex-
based models of plant tissue, the autonomous cell growth is
usually accepted (Nagai and Honda, 2001; Dupuy et al., 2008). As
we suppose, this could be one of the possible reasons why extreme
values of pressure are observed for the cells in the transition zone
between the DZ and EZ (up to 50 bar, see Figures 5A,B). Our
computational experiments demonstrated that the autonomous
growth of cell biomass may cause significant deformation of the
cell-wall due to cell stretching/compression by the neighboring
cells growing at different rates. From the other hand, extreme
values of pressure are also likely to arise from the assumption of
the absolute shear rigidity of the cell-wall material.

The model framework suggested here allows for the non-
autonomous cell growth to be taken into account. The first step
is to determine the necessity and the way the cell regulates its
growth. The second step is the determination of the coordination
of cells of the tissue as a whole during its growth.

5. CONCLUSION

Amodel of themechanics of the symplastic growth of a linear leaf
is proposed. The model is a special case of a class of vertex-based
models, and its parameters can be meaningfully interpreted.
The biomechanical description of the autonomous growth of
individual plant cells was based on explicit expressions of turgor
and osmotic pressures as functions of the cell lengths. The model
was developed in the framework of Lockhart (1965) and Ortega
(2010) approaches. To illustrate the consequences of a widely
used (in the framework of the vertex-based approach) model
assumption of the autonomous growth of cells in the tissue, we
used an explicit function depending only on the time for cell
biomass growth.

Consideration of the geometry of the unidirectional growth
of a linear leaf allowed us to bind the cell volume change
with the change of the cells walls and to describe osmotic and
turgor pressures in the following state variables of growing cells
visible length, l, isosmotic length, li, and relaxed length, lr. The
model of cell growth in a plant tissue was constructed from
consideration of the mechanical forces arising between cells in
the symplastic growing tissue. It was shown that the proposed
model of cell growth as a part of symplastic growing tissue subject
to certain parameter values provides a good approximation of
the experimental data on the growth of wheat leaf. At the same
time, the physical interpretability of the model variables was able
to reveal significant variations of turgor and osmotic pressures
in cells of growing tissue. The question of accordance of such
dynamics of pressures to the real situation requires experimental
verification, and it is critically important for judging the adequacy
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of the model, particularly the assumptions about the autonomous
growth of cells and the rule of cell transition between the DZ
and EZ.

To conclude, we want to emphasize the importance of cell-
based biomechanical models of the plant tissue morphodynamics
allowing the estimation of mechanical stress in cell walls because
they can serve as regulatory signals for molecular genetic systems
underlying the mechanism of the individual cell growth and
formation of biomechanical properties of the cell. Such models
make it possible to link biomechanical and molecular genetic
levels of morphogenesis description and allow us to make a step
toward a complex integrated model of morphogenesis.
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Since the development of agriculture, humans have relied on the cultivation of plants
to satisfy our increasing demand for food, natural products, and other raw materials.
As we understand more about plant development, we can better manipulate plants
to fulfill our particular needs. Auxins are a class of simple metabolites that coordinate
many developmental activities like growth and the appearance of functional structures in
plants. Computational modeling of auxin has proven to be an excellent tool in elucidating
many mechanisms that underlie these developmental events. Due to the complexity of
these mechanisms, current modeling efforts are concerned only with single phenomena
focused on narrow spatial and developmental contexts; but a general model of plant
development could be assembled by integrating the insights from all of them. In
this perspective, we summarize the current collection of auxin-driven computational
models, focusing on how they could come together into a single model for plant
development. A model of this nature would allow researchers to test hypotheses in
silico and yield accurate predictions about the behavior of a plant under a given set of
physical and biochemical constraints. It would also provide a solid foundation toward
the establishment of plant engineering, a proposed discipline intended to enable the
design and production of plants that exhibit an arbitrarily defined set of features.

Keywords: auxin, computational modeling, development, morphodynamics, plants

AUXIN MODELING IN AN INTRACELLULAR CONTEXT

A change in auxin concentration induces a change in the transcriptional program of the cell. Auxin
response is carried out by the Auxin Response Factor (ARF) family of transcriptional regulators.
Due to the variety of ARFs present in plants, the auxin signal can be interpreted differently by
cells that belong to different lineages and tissues (Rademacher et al., 2011). Taking all of them into
account is necessary to accurately predict a plant’s phenotype, but this would require the simulation
of a very complex regulation network. It has been shown, however, that this complexity can be
considerably reduced if we identify the dominant players of the network and design a simplified
model accordingly (Vernoux et al., 2011).

Auxin is transported from cell to cell through the action of active transporters that are present at
the cell’s membrane, such as those belonging to the AUX/LAX and PIN families. This enables many
important developmental events (Blilou et al., 2005). These transporter proteins are commonly
found polarized toward a preferred region of the membrane, as described in a mathematical model
by Kleine-Vehn et al. (2011). The location of these transporters correlates with the amount of
auxin present in adjacent cells. Several hypotheses have been proposed to explain this and they
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have been tested through computational modeling (Wabnik et al.,
2011).

A relatively simple model could account for both auxin
response and transporter polarization to yield predictions on the
distribution of auxin across a larger tissue. Other noteworthy
phenomena that could be considered at this scale are: the
diffusion of auxin within the cell (Lituiev et al., 2013); auxin
transport between the cytoplasm and the nucleus (Herud et al.,
2016); the feedback between auxin concentration and the amount
of protein regulators like Aux/IAAs (Middleton et al., 2010) and
membrane transporters like LAX3 (Mellor et al., 2015); and other
mechanisms that are involved with auxin homeostasis (Mellor
et al., 2016). All these examples could be integrated into a single
model that describes the behavior of auxin from a cellular point
of view.

AUXIN MAXIMA

On a broader scale, as auxin travels across tissues, it tends to
accumulate around localized spots which accrue a significantly
higher concentration. Auxin maxima, as they are commonly
known, usually precede the appearance of organs and other
morphological structures, and consequently have been one of the
most important traits that computational auxin models aim to
recreate.

At the tip of Arabidopsis thaliana roots, a maximum of auxin
maintains the identity of a group of cells known as the root
stem cell niche (RSCN). A model by Grieneisen et al. (2007)
reproduces the auxin dynamics in this region and considers
auxin transport due to efflux membrane transporters (i.e., PIN
proteins). The model represents the root as a 2-dimensional
lattice of square cells which have different permeability values on
their sides. With a similar setup, Tian et al. (2014) showed that the
presence of WOX5, involved in auxin biosynthesis, is necessary
for the appearance of this auxin maximum. Another study by
Band et al. (2014) makes use of a realistic layout of cells and
further extends the model by accounting for the effect of auxin
influx transporters (i.e., AUX1/LAX).

It is crucial to consider the properties of auxin transporters
when modeling the auxin flow that travels through a group
of cells (Mitchison, 2015). Other mechanisms that regulate
transporters themselves need to be considered as well. In
A. thaliana, ICR1 and a family of related proteins control the
deposition of PIN proteins on the cell membrane (Hazak et al.,
2010). Their activity is dependent on the amount of auxin present
within the cell and they are able to alter the resulting auxin
distribution pattern of the tissue to which they belong (Hazak
et al., 2014).

Regardless of the completeness of a single cellular model of
auxin development, auxin maxima are emergent spatial features
which cannot be seen if cells are considered as isolated entities.
Their location, timing, and other physiological properties are
the result of a complex system of cells interacting together and
these characteristics are heavily influenced by the geometrical
arrangement of neighboring cells and the phenomena associated
with auxin transport from cell to cell.

PATTERNING AND GROWTH

Auxin coordinates the development of many different structures
that a plant needs to function, thrive, and reproduce (Vanneste
and Friml, 2009). This is accomplished mainly through
mechanisms that involve cell elongation, division, and
differentiation; all of which are studied through computational
modeling.

The distribution of cells found at the A. thaliana root tip can
be explained by a model where cell division is controlled by a
biological clock that depends on the amount of auxin present
(Barrio et al., 2013), as well as specific developmental rules that
seek to, among other things, balance out the total strain exerted
by the growing tissue (De Vos et al., 2014).

In the A. thaliana RSCN, asymmetric cell division of the
Cortex and Endodermis Initial (CEI) is controlled by the active
form of the SCR/SHR protein complex (Di Laurenzio et al.,
1996; Sabatini et al., 2003; Cui et al., 2007). RBR protein binds
to, and inactivates, the SCR/SHR complex, unless prevented by
CYCD6;1, which is expressed only in the CEI due to the existing
auxin maximum at the RSCN. As cells move away from the auxin
maximum and are, thus, exposed to a lower auxin concentration,
RBR can deactivate SCR/SHR and prevent further asymmetric
division of the daughter cells (Cruz-Ramírez et al., 2012).

Also in the root, the PLT family of transcription factors
follows a concentration gradient that increases toward the tip and
controls the growth of cells at the elongation zone. While the
presence of PLT is relatively uniform and symmetric, the auxin
gradient present is sensitive to changes in the physical orientation
of the root structure. A model by Mähönen et al. (2014) describes
how, through the integration of these two signals, the plant can
effect different elongation rates on different regions of the root,
allowing it to carry out an adequate gravitropic response.

Phyllotaxis is a particular pattern of organization, resembling
a spiral, that is exhibited by many biological structures such as
leaves, and the characteristic arrangement of seeds in a sunflower.
Early studies involving auxin and its relationship with phyllotaxis
have been carried out by Jönsson et al. (2006) and Smith et al.
(2006). These studies locate auxin transporters within a given cell
depending on the auxin concentration present in adjacent cells.
This results in the repeated appearance of auxin maxima yielding
a pattern that heavily resembles a phyllotactic arrangement. The
phyllotactic pattern has also been found to be involved, and
modeled, in the organization of floral primordia (van Mourik
et al., 2012); and also influencing the development of leaves and
their resulting shape (Chitwood et al., 2012).

Many other examples of computational auxin models applied
to the study of patterning events exist. Jones et al. (2009) made
use of a mathematical model to estimate the amount of auxin
present in root hair cells; Bilsborough et al. (2011) showed how
the appearance of auxin maxima spots along the edge of leaves
gives rise to their resulting serration pattern; Fujita et al. (2011)
explored the variety of arrangements arising from the shoot
meristem of plants; Mirabet et al. (2012) studied the extent to
which the phyllotactic pattern is vulnerable to naturally occurring
fluctuations; Péret et al. (2013) proposed a mechanism that
explains how lateral roots may emerge from the primary root
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structure; and Fàbregas et al. (2015) described a model that
recreates the position and number of vascular bundles that appear
in the developing shoot.

All these models further push the spatial context of auxin
simulations into a larger realm that allows the study of the
intended physiological function of biological structures. They are
also built up from a common set of premises, particularly similar
in regard to how they implement auxin transport between cells.
The variety of biological functions that had been reproduced
using this relatively small set of rules provides a strong argument
in favor of a general model of plant development that relies on
auxin as a common integrating signal.

CANALIZATION MODELS

Plants rely on specialized structures that irrigate tissues with
water and nutrients in order to function properly. The
organization and function of these vascular tissues is controlled
by a patterning event that involves auxin and its transport.
When auxin flows through a tissue, the auxin transporters in
its composing cells reorient toward the direction of the broader
auxin flux. This leads to the establishment of preferential canals
where auxin is transported along, a phenomenon known as
canalization.

Early models involving canalization were proposed by Feugier
et al. (2005), Rolland-Lagan and Prusinkiewicz (2005), Fujita and
Mochizuki (2006a,b), Prusinkiewicz et al. (2009), and Wabnik
et al. (2010), who all showed that the venation patterns can be
produced through stable and self-organizing mechanisms. With
different locations for auxin sources and sinks, an extensive
variety of vascular arrangements can be generated. Cell division
also needs to be carefully controlled in cells that are part of the
emerging canal, so as to maintain the continuity of the venation
pattern (Lee et al., 2014).

Canalization models are needed to incorporate into exhaustive
models of plant development, as they explain how a plant can
promote and maintain its functional structures. A study by
O’Connor et al. (2014), takes a step in this direction, showing
how vascularization and organ initiation are closely related events
carried out by the concerted action of distinct PIN proteins.
This study also extends the validity of the canonical auxin/PIN
mechanism into a broader phylogenetic context, since they used
Brachypodium distachyon as the model organism.

STRUCTURAL MECHANICS

Mechanical stress across tissues plays an important role during
the life of a plant. This stress can be perceived by cells as it
travels through their internal structure and it is known to induce
change in the organization of the cell cytoskeleton (Hamant
et al., 2008) and alter the polarization of auxin transporters
(Heisler et al., 2010). Complementary to that, developmental
effects resulting from auxin response alter the shape and other
structural properties of a growing plant, hinting at a system where
auxin and mechanical forces continuously interact with each
other.

Auxin can induce changes in the pH of the apoplastic space, as
thoroughly explained by a model from Steinacher et al. (2012).
When the pH on the environment of a cell wall drops, its
structural strength is diminished, allowing it to change its shape
and yield to other forces like turgor pressure. This is a mechanism
that allows the plant to control the anisotropic growth of tissues
through the presence of varying concentrations of auxin (Sassi
et al., 2014).

Mechanical forces are part of another theoretical layer that
would greatly expand the scope of computational models of
plant development. Unfortunately, accurate measurements on
the mechanical properties of plant cells and tissues are still scarce.
Nevertheless, recent efforts are producing valuable parameters;
for example, Beauzamy et al. (2015) estimated the cell wall’s
stiffness and turgor pressure at the A. thaliana shoot meristem.

PATHWAY CROSSTALK

Further extending the influence of auxin throughout plant
development, auxin is known to interact with other hormonal
pathways. For example, cytokinins (CK) are known to have
a particularly close relationship with auxin. The auxin/CK
antagonistic interplay has been studied by Muraro et al. (2011),
who predict a dynamic which can switch from a bistable
equilibrium system to a system that exhibits oscillatory changes,
leading to different developmental consequences for the plant.
This model was used to recreate the architecture of theA. thaliana
root by Muraro et al. (2013). The relationship between auxin and
CK also is involved with other physiological features like miRNA
regulation (Muraro et al., 2014; el-Showk et al., 2015) and the
geometrical distribution of the developing cells (De Rybel et al.,
2014).

Auxin and brassinosteroids (BRs) work together in the
formation of vascular tissue inside the A. thaliana shoot. This
tissue is directly specified by the presence of regularly spaced
auxin maxima regions along the shoot. However, with different
levels of BRs, the cells at the inflorescence stem change in number
and size, which influences the resulting pattern of auxin maxima
and, consequently, the number of vascular bundles that appear
(Ibañes et al., 2009). Strigolactone is another hormone that
interacts with auxin, as it is known to promote the dissociation
of PIN1 from the membrane and, thus, alter the effective rate
of auxin transport. This is linked to developmental features like
shoot branching in A. thaliana (Shinohara et al., 2013).

Sometimes, multiple hormones can interact with auxin to
produce a single phenotype. For instance, at the A. thaliana root,
the observed auxin distribution pattern is known to be affected
by a complex regulation network involving CK, ethylene, and the
PLS protein (Liu et al., 2010; Moore et al., 2015).

The above are all prime examples of how auxin models could
be extended to incorporate other regulation mechanisms that
are important for plant development. A computational model
intended to reproduce as much as we know about the metabolism
of plants, should consider auxin as a starting point, due to the
extensive work that has been published and is available to date.
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FIGURE 1 | Continued
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FIGURE 1 | Main features of the computational models presented. 1Software tools that were used to build the model or previous model that a particular work
was based on. The term In-House is used when, to our best effort, we could not find information regarding the implementation of a particular model. We assume it
had to be a unique tool that was developed strictly for the scope of the referenced study. 2Other tissues or organs where the simulation takes place. The umbrella
term Cell is used for intracellular dynamics that, in principle, should apply to any kind of tissue. 3Crosstalk and tropisms, but also additional signals or pathways that
are modeled as a result of, or coupled to, Auxin expression. 4This property describes the nature of the mesh used to represent the tissue involved in the simulation.
The letter S represents a static mesh established since the beginning of the model and that remains fixed throughout the whole simulation. A typical example is the
lattice of square cells that is used to depict a 2D slice of the root. The letter D is used for a dynamic mesh that can deform and evolve as the simulation goes on. It
can be used to represent cells which continuously change in size and geometry. 5The spatial context refers to the topology of the space where the simulation takes
place. Analytical solutions are considered to be dimensionless. 1.5D refers to a 1D system describing a feature that exists normally in a 2D space, for instance, the
edge of a growing leaf. Similarly, a 2.5D model is essentially a 2D model projected onto a 3D space, like the surface of the developing shoot meristem. Additional
references for the software tools presented: AuxSim: Kramer, 2004; Berkeley Madonna: http://berkeleymadonna.com; COPASI: Hoops et al., 2006; L-Studio:
http://algorithmicbotany.org/virtual_laboratory/; SOFA: Faure et al., 2012; VirtualLeaf: Merks et al., 2011; VV Environment: Smith et al., 2004.

TROPIC RESPONSE

Plants can sense external stimuli from their environment and
react to it by changing their developmental program. For
example, regarding the gravitropic response in the A. thaliana
root, the signal originates at the root tip, increasing the local
auxin concentration in the tissue following the orientation
of the gravitropic stimulus. This pulse, then, travels through
the root to deliver the signal to the elongation zone, where
the appropriate response is carried out (Mähönen et al.,
2014). Band et al. (2012) devised a mathematical model to
estimate the speed of auxin redistribution in response to
changes in the gravity vector. Swarup et al. (2005) showed
how the auxin pulse is transported through the epidermis,
due to the presence of PIN and AUX/LAX membrane
transporters.

A physical deformation exerted over a tissue is enough to
trigger a tropic response from the plant, as it is known that
roots are more prone to spawn lateral roots in regions that
were previously bent. A convincing explanation for this is given
in Laskowski et al. (2008), which predicts that modifying the
shape of the root at the meristematic zone leads to an increase
in auxin toward the outer region of the curve. This causes
an increased accumulation of AUX1 transporters in pericycle
cells and induces their reprogramming into lateral root founder
cells.

Tropic response in computational models provides an
environmental layer which greatly influences the development of
a plant. Auxin is known to play a fundamental role in the plant’s
response to gravity, light, humidity, and other environmental
cues (Retzer et al., 2014). It would be reasonable, then, to consider
auxin a fundamental signal that enables this environmental
layer to interact with the remaining parts in a model of plant
development.

TOWARD A SINGLE MODEL OF PLANT
DEVELOPMENT

All computational models considered in this perspective are
shown in Figure 1, along with their properties. The vast majority
of them implement auxin diffusion and transport as the core
mechanism that drives the computational simulation. Only a
few computational models, to date, have considered the effects

of a dynamically growing tissue together with its structural
properties (e.g., Hamant et al., 2008; Barrio et al., 2013; Sassi et al.,
2014).

The corpus of algorithms that the field of computational
modeling of auxin has produced is enough to justify the
creation of an integral model of plant development. This
unified model would account, at least, for all the phenomena
reviewed previously. In summary, this is how, we perceive
such a model coming to existence. A single cellular layer
integrates signals from physical phenomena (i.e., mechanical
force, environmental stimuli) and regulatory pathways to
ultimately define the metabolism of auxin and its transport.
The cellular layer is then used to predict the resulting pattern
of auxin present in a multi-cellular tissue which, in turn,
signals the reprogramming of cells and the appearance of
new organs as well as the vasculature needed to sustain
them.

Studies that establish the physical constraints associated with
auxin would further improve the validity of this model (Kramer
et al., 2007, 2011; Beauzamy et al., 2015; Kramer and Ackelsberg,
2015; Boot et al., 2016). And, many existing software tools that
deal with the acquisition of data (Schmidt et al., 2014; Barbier de
Reuille et al., 2015) and its visualization (Band et al., 2014) would
prove to be useful as well.

Due to its complexity, a model of this nature would
have to come from a large collaborative effort among the
interested scientific community. We identify two issues that
could prevent this from happening, the lack of interoperation
between the existing models and the difficulty of extending
them with new features. This leads to most efforts producing
solitary software packages that are rarely used beyond the
scope of their particular study (Figure 1). These issues could
be mitigated by the establishment of standard modeling
conventions and tools, and we anticipate the need for a
scientific consortium to coordinate the work of the parties
concerned.

With a unified model of plant development, the scientific
community would be able to evaluate in silico the phenotypical
outcome of a given set of initial constraints. Furthermore, it
would pave the way for the rational design of new biological
structures and functions, a powerful paradigm that, we introduce
here as plant engineering.

Plant engineering is a discipline concerned with the
application of our current body of knowledge regarding plant
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development to the design, improvement, and creation of plants
to satisfy particular sets of requirements. While this is still a
vision set in the far future, we firmly believe that the first step
toward it is to establish a common and exhaustive model of plant
development built over the foundation laid out by computational
modeling of auxin.
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Morphometric analysis of organisms has undergone a dramatic renaissance in
recent years, embracing a range of novel computational and imaging techniques to
provide new approaches to phenotypic characterization. These innovations have often
developed piece-meal, and may reflect the taxonomic specializations and biases of
their creators. In this review, we aim to provide a brief introduction to applications
and applicability of modern morphometrics to non-vascular land plants, an often
overlooked but evolutionarily and ecologically important group. The scale and physiology
of bryophytes (mosses, liverworts, and hornworts) differ in important and informative
ways from more “traditional” model plants, and their inclusion has the potential to
powerfully broaden perspectives in plant morphology. In particular we highlight three
areas where the “bryophytic perspective” shows considerable inter-disciplinary potential:
(i) bryophytes as models for intra-specific and inter-specific phenotypic variation, (ii)
bryophyte growth-forms as areas for innovation in architectural modularity, and (iii)
bryophytes as models of ecophysiological integration between organs, individuals, and
stands. We suggest that advances should come from two-way dialog: the translation
and adoption of techniques recently developed for vascular plants (and other organisms)
to bryophytes and the use of bryophytes as model systems for the innovation of new
techniques and paradigms in morphogeometric approaches.

Keywords: geometric morphology, bryophytes, liverworts, mosses, branching patterns, modularity

INTRODUCTION

Morphology and its geometric underpinnings have long formed an important part our
understanding of plant biology at all scales, through Goethe’s traditional work (Goethe,
1790), Traditionally considered in a structural or systematics point of view (e.g., Sneath
and Sokal, 1973; Oldeman, 1977; Hallé et al., 1978; Dickinson et al., 1987; MacLeod, 2002)
highlighting of geometric patterns is now built into a dynamic approach aiming to understand
biological integration and modularity in the broadest sense, at all scales and levels, from
development, physiological ecology to evolution (Castellanos et al., 1989; Jones, 1993; Pigliucci,
2003; Eble, 2005; Lüttge, 2012; Murren, 2012; Ambruster et al., 2014; Klingenberg, 2014).
Mathematical advances in the latter half of the 20th century, such as topological techniques
for disentangling shape from size and multivariate statistics provided the groundwork for
modern geometric morphology. Recent innovations in modeling and image analysis have
greatly expanded the power of morphometric analyses (Kaandorp and Kübler, 2001; Le
Bot et al., 2009; Schindelin et al., 2012; McKay, 2013), opening up new avenues for
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applications such as high-throughput phenotyping and effective
canopy modeling (e.g., Araus and Cairns, 2014; Bucksch et al.,
2014; Puttonen et al., 2016).

The majority of recent innovations in plant geometric and
morphometric analysis have focused on seed plants (angiosperms
and gymnosperms). Although this bias reflects a majority of
species of economic interest, it leaves aside much the overall
range in land plant morphologies and functional forms. Our
objective is to provide a perspective from one of those side-lines,
bryophytes, in the hope that greater attention to non-vascular
plants in morphometry will not only advance studies of those
overlooked groups, but also contribute novel perspectives and
emphases to plant morphologists.

Although quite morphologically and taxonomically diverse
(∼20,000 species worldwide; Shaw et al., 2011), evolutionarily
informative (Ligrone et al., 2012) and ecologically important
(Lindo and Gonzalez, 2010), bryophytes are often unmentioned
in modern morphometric reviews (e.g., Jensen, 2003; Diggle,
2014). This mini-review seeks to provide an overview of recent
developments in the geometric and morphometric analysis of
non-vascular plants. After a brief introduction to bryophytes, we
present three key scales of analysis at which closer integration
between plant morphometry and bryology stands to benefit both
fields: organ geometry, branching patterns, and canopy-stand
integration.

WHY BRYOPHYTES?

Bryophytes are often treated as a unit; however, they are a
paraphyletic group of at most three major clades (liverworts,
mosses, and hornworts) that differ greatly in their morphology
and physiology (Figure 1). They are united primarily by the
dominance of haploid (gametophytic) stages of the life-cycle
and a tendency toward poikilohydry (and often dessication
tolerance) rather than internal water conduction (with notable
exceptions such as Dendroligotrichum; Hébant, 1977; Atala,
2011). The former may make them particularly plastic to genetic
or environmental changes, while the latter encourages a wide
array of morphological and physiological responses to water
availability. Despite these differences, and a deep evolutionary
history of divergence (∼450 million years), many developmental
pathways are shared with other land plants (e.g., Rensing et al.,
2008; Jones and Dolan, 2012; Xu et al., 2014). Indeed, several
bryophyte species have a long history of use as model systems
in plant biology: the thalloid liverwort Marchantia polymorpha
and the ephemeral moss Physcomitrella patens in particular have
been used widely in plant molecular biology and development
(e.g., Prigge and Bezanilla, 2010; Bonhomme et al., 2013; Bowman
et al., 2016).

All of the above provide clear motivations for closer
incorporation of bryophytes into plant morphological geometry.
Morphologists may find value in the wide range of morphologies
presented by bryophytes, and in the challenge of accommodating
a wider spectrum of plant forms. Developmental and molecular
biologists will benefit from improved phenotyping techniques
for these evolutionarily important model organisms. Functional

ecologists have much to learn from groups in which morphology
at multiple scales closely influences local micro-environment
and poikilohydry tightly couples form to function. And
lastly, bryologists will gain from the cross-application of
novel techniques to what remains a small and understudied
discipline.

Geometries of Bryophyte Organs:
Models for Inter- and Intra-Specific
Variation
Bryophytes have long been known for their striking intra- as
well as inter-specific variation, in particular in response to
environment (e.g., Davy de Virville, 1927–1928; Birse, 1957). This
plasticity is uneven: gametophytes often display a high degree
of polymorphism while sporophytes remain less variable, being
especially conserved among liverworts and hornworts (Schuster,
1966; Vanderpoorten and Goffinet, 2009). The causes of this high
variability at the individual level can be linked to ecological,
geographical and evolutionary factors (e.g., Forman, 1964; Glime
and Raeymaekers, 1987; Vanderpoorten et al., 2003; Buryová
and Shaw, 2005; Medina et al., 2012, 2015), and the majority
of traditional morphometric studies focused on interpreting this
variability.

Gametophytic plasticity presents a challenge to the
development of clear and shared species delimitations; Schuster
(1966) noted that “ideally, experimental data must be a frame
of reference”, paving the way for experimental or integrative
taxonomy (using “common gardens” of putatively different
species to eliminate environmental effects; McQueen, 1991;
Dayrat, 2005; Cano et al., 2006). At the peak of numerical
taxonomy in 1970s–1980s, morphometry was a popular tool
supporting morphological species delimitation (Hewson,
1970; Bischler-Causse, 1993), in particular helping to make
decisions on species hypotheses for problematic taxa, where
cryptic species may have been previously overlooked. In
bryology, traditional morphometry involves measurements
of gametophyte organs (leaves, stem, cells, including minute
ornamentation), and sporophytes (seta, capsule, and peristome
measurements). Measurements are made on living plants
(Cano et al., 2006; Gonzalez-Mancebo et al., 2010; Yu et al.,
2012), from single digitized images (De Luna and Gomez-
Velasco, 2008), or from shallow image stacks (Renner et al.,
2013b).

Today, at the inter-specific level, traditional morphometrics
results analyzed from univariate or multivariate methods are
compared to molecular species delimitations. For example,
Braunia andrieuxii and B. secunda are discriminated by length
of recurved margin and size of upper cells; the variation is
always greater between species than within each species (De Luna
and Gomez-Velasco, 2008) In the Tortula subulata complex,
morphometrics recognize four species but not two of the
previously known varieties (Cano et al., 2006). However, other
species complexes show no clear morphological discontinuities
(e.g., Vanderpoorten et al., 2003) and even greater intra- than
interspecific variation (Renner et al., 2013a). Variations within
populations of a single species (infra-specific level) have also
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FIGURE 1 | Phylogenetic tree (adapted from Crandall-Stotler et al., 2008; Buck and Goffinet, 2009; Chang and Graham, 2011) showing the three main
clades of bryophytes: liverworts (Marchantiophyta), mosses (Bryophyta), and hornworts (Anthoceratophyta) as well as their relationship to vascular
plants (Tracheophyta). The images (scale bar 1 cm) illustrate a few examples of the wide diversity of morphologies found both within and across clades. All images
by CR or DS.

been explored through traditional morphometry, showing strong
correlations with geographical and ecological factors (Pereira
et al., 2013). Finally, morphometrics have been incorporated
into citizen science in an ongoing initiative at the Field
Museum in Chicago1. From images of the leafy liverwort
Frullania, the public is asked to measure leaves and lobules
to build a huge dataset for analysis at intra- or inter-specific
levels.

Geometric morphometry, which includes shape analysis
through coordinates analysis of homologous points (landmarks;
Bookstein, 1991) or outline analysis (elliptical Fourrier analysis;
Ferso et al., 1985), allows to one quantify shapes and to
explore their dependence on size (allometry) via combination
of quantification with multivariate analysis. We will highlight
two recent applications in bryology that have used geometric
morphometry to unlock nuanced evolutionary understandings

1http://microplants.fieldmuseum.org/

of form and development: liverwort lobules (Renner et al., 2010,
2013b; Renner, 2015) and moss sporophytes (Rose et al., 2016).

In the first example, the morphological variation in
the lobule of the compound liverwort leaf, was linked to
developmental heterochrony (Renner et al., 2013b), correlated
with biogeographical and historical hypotheses (Renner, 2015).
Beginning with species delimitation (including intra-specific
variation; Renner et al., 2010) they broadened the issues to
evolutionary questions, linking morphometrics to ontogenetic
and phylogenetic analysis (Renner et al., 2013; Renner et al.,
2013b; Renner, 2015). Univariate and multivariate analysis
were combined with evolutionary methods: ontogenetic
calibration, reconstruction of ancestral states for shape and
duration of growth, reconstruction of phylomorphospace, and
Bayesian analysis of macroevolutionary mixtures (BAMM).
This led not only to confirmation of inter-specific variation
but also an understanding of pitfalls associated with these
methods: for example, only measurements of mature lobules
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recovered informative patterns. Furthermore, convergences
in morphospace lead to testable hypotheses of functional and
historical explanations of lobule morphologies (Renner, 2015).

In mosses, Rose et al. (2016) similarly combined geometric
morphometric analyses (in this case harmonic amplitudes as
descriptors of sporangium shape) with evolutionary hypothesis
testing. They found strong correlations between shape and
habitat indicative of repeated functional shifts. Shifts in
sporangium shape were also found to correlate with increases
in speciation rates, but not always in conjunction with shifts in
habitat.

These adoptions of geometric morphometry in bryology show
how several properties of bryophytes make them particularly
amenable to such studies. The revival properties of bryophytes
provide a constant and relatively easy availability of material, even
from herbarium specimens; the usually huge number of objects in
a single sample and the ease of manipulating digitalized images
ensure perennial perspectives in morphometrics applications.

BRANCHING PATTERNS

Above the organ-level, a different type of morphometrics,
inspired by graph theory and modularity, has proven productive.
Bryophytes tend to be organized into two broad morphological
types: leafy, erect or prostrate shoots with associated leaf-like
flattened organs (mosses and some liverworts) and thalloid,
lacking the differentiation between shoots and leaves (hornworts
and some liverworts). Although outwardly quite different, both
of these morphologies are based in modular development, arising
from repetition of the same structure at different levels.

The ontogeny of leafy bryophyte shoots, including formation
of stem, leaves, and branching, has been studied for over a
century (Clap, 1912; Berthier, 1970; Renzaglia, 1982; Mishler
and De Luna, 1991). Branching patterns reflect ramification
characteristics of shoots. They are directly linked to modularity,
each ramification signaling the formation of a new module.
Two types of branching patterns are recognized in bryophytes
(La Farge, 1996; Goffinet and Buck, 2013): (i) sympodial,
consisting of connected modules of the same level and (ii)
monopodial, consisting of one module, itself connected to
independent modules of different levels (Figure 2). Integration
at the individual level, considered then as an architectural unit,
defines growth-forms which depend also of perichaetial position
and direction of growth (orthotropic or plagiotropic).

Modular lateral branching allows plant architecture and
space filling to respond to environmental constraints, making it
important to detect specific patterns (morphological modularity)
in order to understand their relationship to development,
environment and evolutionary history. Control of branching
of the sporophyte is well known in flowering plants but
conservation of the mechanisms in bryophyte gametophytes have
been only briefly explored (Ashton et al., 1979; Fujita and Hasebe,
2009; Bennett et al., 2014). Using both cultivation experiments
and modeling of branching patterns, Coudert et al. (2015) showed
that branch initiation is patterned in the model moss P. patens.
They highlighted regulation mechanisms by auxin, cytokinin and

strigolactone. The moss shoot was represented as a connected
graph with vertex and connecting edges (VVe modeling; see
Abley et al., 2013); a vertex represents a metamer or an apex.
Growth was simulated by periodically adding new vertices
and by constraining different parameters: apical inhibition over
branching via auxin; apical source of auxin, and transportation to
neighboring metamers implying different concentrations in each
metamer that can be calculated.

Analysis of branching patterns and morphometric characters
can also be used for integrative taxonomy, for example in thalloid
liverworts, in which phenotypic variability makes landmark-
based morphogeometric approaches nearly impossible (Reeb,
2014). This approach was inspired by work on branched
organisms, such as corals and sponges (Kaandorp, 1999;
Kaandorp and Kübler, 2001; Kruszynski, 2010). The thallus is
described as a connected graph, ordered using Horton–Strahler’s
law (Strahler, 1952; Tarboton, 1996) and consequently each
marker is defined as either vertex (junction or apex) or edge.
A thallus is considered as a tree rooted by a terminal vertex of
maximum order, and branches of order n treated as sub-trees
rooted by a vertex of order n-1. Following these definitions,
all lengths, widths, distances, and angles can be measured on
a single thallus with a precise, reliable and repeatable method.
Although impossible to do by eye, two software programs
(2D and LeafSnake) have been developed that automatically
acquire measurements from digitized images of thalli. Statistical
analysis show that specific branching patterns, typical of a
species or group of species, can be identified (Reeb, 2014).
These approaches are complementary to those conducted on
fixed animals (Kaandorp and Kübler, 2001), but also in medicine
(neuronal or blood webs, e.g., Grueber et al., 2002), in geology
(river catchment areas, e.g., Zanardo et al., 2013), and even in
data-mining (email networks, e.g., Guimera et al., 2006) reflecting
universal and mathematical laws driving such constructions.

The branching patterns of bryophytes and other early land
plants are also of interest to studies of plant allometry. Some
attributes of bryophyte sporophytes scale allometrically in a
manner similar to vascular plants (Niklas, 1994), but this is not
universal. Vascularization imposes different constraints on tissue
investment during growth, and since bryophytes vary greatly in
the nature and specialization of water conducting tissues (Ligrone
et al., 2000), they may not all be constrained in the same manner.
Interestingly, one of the tallest moss species known, the internally
conducting Dendroligotrichum dendroides, does show branching
allometries consistent with those of other vascular plants (Atala,
2011; Atala and Alfaro, 2012).

SHOOTS AND CANOPIES:
WHOLE-PLANT APPROACHES

A key consideration in any comparison vascular and non-
vascular models of plant architecture (allometric or otherwise)
is that of scale. The individual modular units of bryophytes
combine to determine form and function at larger physical
scales, as branching patterns are integrated at the individual level
(“growth-form”) and at the population level (“life-form”). The
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FIGURE 2 | Major branching forms in bryophytes: sympodial (top) with connected modules of same level, and monopodial (bottom). Red dots indicate
the locations of the active apical meristems at each of the levels of organization. Each of these branching forms can be found in a range of growth-forms (e.g.,
orthotropic, plagiotropic, etc.) and perichaetial positions (locations of sex organs, not shown). Growth and branching forms adapted from La Farge (1996).

biophysical scales at which many bryophytes operate are small
enough that phyllids are not adequate analogs for vascular leaves;
instead, functional analogies to vascular leaves must include
some combination of leaf, shoot, and canopy properties (Waite
and Sack, 2010). While this may initially seem constraining,
the explicit need for cross-scale integration presages some of
the current directions in vascular plant modeling, where the
ecophysiological and biophysical consequences of shoot and
stand structure are only beginning to be considered.

The shoot and stand scales can be particularly difficult
to disentangle in bryophytes. In many bryophyte species,
particularly acrocarpous mosses, the individual shoots grow
tightly packed into turves or cushions. These can be multiple
shoots of the same individual, closely related individuals or even
multi-species mixes. This life-form modifies the impact of any
given shoot architecture on light penetration, water retention
and gas-exchange: in a study of 22 subarctic bryophyte species,
Elumeeva et al. (2011) found that shoot density was a better
predictor of water retention than anatomical properties such
as cell wall thickness. Shoot density can be environmentally
variable within species, and the extent of its dependence on shoot
architecture remains unresolved.

In cushion-forming species of mosses, the size of the cushion
alone can strongly determine physiological function, determining
water balance and gas exchange (Zotz et al., 2000; Rice and
Schneider, 2004). Simple geometric relationships between surface
area and volume allow larger cushions to remain hydrated, and,
therefore, gain carbon, for much longer periods. These scaling
relationships appear to be partially species-specific; cushions
can vary from hemispherical (Leucobryum glaucum; Rice and
Schneider, 2004) to flattened (Grimmia pulvinata; Zotz et al.,

2000). How cushion shape relates to shoot architecture and/or
environment has yet to be explored more widely, despite the
relative simplicity of the geometric methods required.

The surface-area relationship described by cushion size
and shape is a coarse-grain simplification. The individual
shoot canopies aggregate to create a rough canopy layer,
analogous to that of a forest. Surface roughness has large
effects on boundary-layer properties, and thus on the gas-
exchange properties of a moss clump. Surface roughness
has traditionally been measured by contact surface probes
(Rice et al., 2001), but more efficient laser scanning methods
(Rice et al., 2005) and stereoscopic image analysis (Krumnikl
et al., 2010), drawing on analogies to LIDAR scanning of
forests. Uptake of these methods in bryology has to date
been limited (although see Acosta-Mercado et al., 2012), but
their application, in conjunction with shoot- and leaf-scale
architectural characterizations, shows great potential (Rice and
Cornelissen, 2014).

An important distinctive feature of bryophyte canopies is that
many of the surface properties are highly dynamic. Shoot and leaf
structure are strongly determined by hydration state, allowing
bryophytes to rapidly adjust to changing water availability. The
leaves of the desert moss Syntrichia caninervis change angle
by over 40◦ within seconds of rehydration, increasing exposed
surface area (Wu et al., 2014). Such changes have the potential to
be documented using laser-scanning approaches, as in vascular
plants (Puttonen et al., 2016), providing a direct link between
shoot scale dynamics and canopy surface roughness. Due to their
small size, bryophytes are also particularly amenable to imaging
chlorophyll fluorescence approaches (e.g., Coe et al., 2012;
Stanton et al., 2014; Malenovský et al., 2015), making it possible to
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combine architectural imaging and photosynthetic measurement
into synchronous evaluations of physiological activity.

PROMISING DIRECTIONS

Bryophytes offer a number of promising avenues for future
research. The small size and high plasticity of bryophytes
make them particularly amenable to large replication at low
cost, especially as improvements in image processing allow
for increasing automatization. A future expansion from two-
dimensional to three-dimensional image processing and analytics
will unlock applications to a wide range of organisms where
branching has recently been shown to be ecologically informative,
such as algae (Koehl et al., 2008; Demes et al., 2013) and lichens
(Stanton and Horn, 2013; Esseen et al., 2015).

Although there have been numerous recent applications of
innovative geometric approaches to bryophytes (e.g., Reeb, 2014;

Rice and Cornelissen, 2014; Coudert et al., 2015; Renner, 2015;
Rose et al., 2016), the field is still very young and ripe for further
exploration. We suggest that advances should come from two-
way dialog: the translation and adoption of techniques developed
for vascular plants (and other organisms) to bryophytes and
the use of bryophytes as model systems for the innovation of
new techniques and paradigms in morphogeometric approaches.
This will require bryologists to adopt or adapt some terms and
concepts used for vascular plants, but also for researchers more
familiar with vascular plants to acknowledge and incorporate
the complexity of bryophyte form and function, rather than
misleadingly characterizing them as “primitive and boring”.
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An emerging challenge in plant biology is to develop qualitative and quantitative
measures to describe the appearance of plants through the integration of mathematics
and biology. A major hurdle in developing these metrics is finding common terminology
across fields. In this review, we define approaches for analyzing plant geometry,
topology, and shape, and provide examples for how these terms have been and can be
applied to plants. In leaf morphological quantifications both geometry and shape have
been used to gain insight into leaf function and evolution. For the analysis of cell growth
and expansion, we highlight the utility of geometric descriptors for understanding sepal
and hypocotyl development. For branched structures, we describe how topology has
been applied to quantify root system architecture to lend insight into root function. Lastly,
we discuss the importance of using morphological descriptors in ecology to assess
how communities interact, function, and respond within different environments. This
review aims to provide a basic description of the mathematical principles underlying
morphological quantifications.

Keywords: morphology, topology, geometry, leaf, hypocotyl, sepal, roots, ecology

INTRODUCTION

The purpose of this review is to provide a common language from which biologists and
mathematicians can begin a conversation on quantifying plant morphology. The idea was
conceived from the National Institute for Mathematical and Biological Synthesis (NIMBioS)
workshop on Plant Morphological Modeling. In this workshop, mathematicians and biologists
came together to discuss how to advance the field of plant morphology. In small group discussions,
we found that a substantial portion of our time was spent trying to understand what the other
discipline meant when using the same words. In light of this, we decided to write a basic primer
on the definition of common morphological quantifications and how they can be applied to plants.
The goal of this review is to provide an introductory basis for further discussion and collaboration
between math and biology.

Frontiers in Plant Science | www.frontiersin.org February 2017 | Volume 8 | Article 117 | 282

http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/Plant_Science/editorialboard
http://www.frontiersin.org/Plant_Science/editorialboard
https://doi.org/10.3389/fpls.2017.00117
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fpls.2017.00117
http://crossmark.crossref.org/dialog/?doi=10.3389/fpls.2017.00117&domain=pdf&date_stamp=2017-02-03
http://journal.frontiersin.org/article/10.3389/fpls.2017.00117/abstract
http://loop.frontiersin.org/people/285144/overview
http://loop.frontiersin.org/people/27052/overview
http://loop.frontiersin.org/people/258213/overview
http://loop.frontiersin.org/people/409032/overview
http://loop.frontiersin.org/people/403894/overview
http://loop.frontiersin.org/people/26703/overview
http://loop.frontiersin.org/people/45393/overview
http://loop.frontiersin.org/people/284399/overview
http://www.frontiersin.org/Plant_Science/
http://www.frontiersin.org/
http://www.frontiersin.org/Plant_Science/archive


fpls-08-00117 February 1, 2017 Time: 15:2 # 2

Balduzzi et al. Reshaping Plant Biology

ONTOLOGIES FOR PLANT
MORPHOLOGY

High quality morphological descriptions are critical for
our understanding of biological systems, because often the
appearance of a structure (e.g., leaf, cell, etc.) drives functionality
(e.g., flux, nutrient transport, etc.). However, translating the
visual appearance of complex organisms into qualitative and
quantitative metrics remains a significant challenge in biology
and mathematics. A major hurdle in advancing morphological
studies is to find a common language for biologists and
mathematicians to communicate. Ontologies are used to provide
a common reference vocabulary (Planteome; Cooper and Jaiswal,
2016), and specific ontologies have been developed for plant
structural descriptions (Plant Structural Ontologies; Ilic et al.,
2007). However, these descriptions often focus on the biology
and do not provide definitions for mathematical concepts. In
this review we present our consensus on the definition and
application of mathematical terms to describe the appearance of
plant organs. While other interpretations can be considered, this
review aims to provide a basic ontology of plant morphology to
initiate interdisciplinary collaborations between biologists and
mathematicians.

Biological and Hierarchical Scales
Plants are complex systems and their morphology can be
quantified at many different biological scales ranging from genes
to organs to communities. In addition, there are hierarchical
scales that encompass each of these biological scales in both
space and time. Although morphology is generally quantified
at a single biological scale, relating quantifications across scales
is critical to improve our understanding of how morphology
impacts physiology, growth, development, and ecology.

To illustrate morphological transformations across biological
scales, consider how neighboring root systems influence a plant
community. In response to neighbors, a plant may alter root
growth and development (Chen et al., 2012). This response
is mediated through multi-scale signals and transformations
(Figure 1). The process begins with changes at the gene
expression or protein function level as a consequence of the
genotype and/or external stimuli, in this case a neighboring
plant. These alterations then lead to local changes at the
cellular-level. For organ growth, the cell wall properties are
altered to promote or inhibit expansion. For organ development,
changes at the cellular level lead to cell divisions and influence
the surrounding cells to enable new organ emergence. These
cellular-level changes then mediate tissue-level changes, by
communication with neighboring cells. Due to the constraints
imposed by a cell wall in plants, one cell cannot grow or
expand without support from its neighbors. The tissue-level
changes then mediate organ level changes, which translate
to the phenotype of the community. The community then
relays signals back to the plant to mediate changes in gene
expression or function and initiate the cycle again (Figure 1).
This example is an over-simplification and in reality feedback
occurs at each stage of the biological scales (Figure 2). Adding
to the complexity, each of these biological scales can be analyzed

on hierarchical scales of space and time (Figure 2). When
designing an experiment that relies on plant morphological
quantifications it is important to consider both the biological
scale (from genes to ecosystems) and hierarchical scale. Later
in this review we will provide specific examples at different
biological scales.

Image Acquisition and Data Reporting
Morphological measurements can be derived from different
approaches including manual three-dimensional (3D) digitizing
measurements (Sinoquet and Rivet, 1997; Godin et al., 1999)
or image analyses (Li et al., 2014). We focus our discussion
on image analysis approaches since manual measurements can
be time consuming, low throughput, and subject to human
error. Images can be generated in 2D or 3D, although both
are generally expressed within a Cartesian coordinate system,
denoted (x,y) and (x,y,z) respectively. In a 2D image, each discrete
x,y coordinate is referred to as a pixel; similarly, in 3D the image
coordinates are called voxels.

When considering the image acquisition system, it is first
important to consider the scale of the process and resolution of
the imaging system. For example, if a research question address
tissue-level changes, it is likely that the resolution of digital
microscopy is preferred to standard photography. In addition,
the sampling frequency (static image versus time-series), physical
scale (nanometers to meters), precision and accuracy required
should be considered. Regardless of the image acquisition
system (microscopy, X-ray tomography, photography, etc.) pre-
processing is an essential first step. Pre-processing generally
includes smoothing of the obtained imaging data to correct for
noise of the imaging system. Once the noise has been reduced,
the images can be used to extract morphological measurements.
We refer the reader to the following resources for an in depth
review on image processing techniques (Jain, 1989; Hartley and
Zisserman, 2005), the available automation packages (Abramoff
et al., 2004; Kuijken et al., 2015; Rousseau et al., 2015) and
tools for computational reproducibility (Piccolo and Frampton,
2016).

After pre-processing, images may be analyzed with tools
that are developed for a specific purpose or currently available.
The online resource http://www.plant-image-analysis.org curates
currently available tools for morphological plant image analysis
and enables user feedback and ratings (Lobet et al., 2013).
Regardless of the analysis, adhering to minimum standards
for data reporting is vitally important for reproducibility. We
emphasize the adoption of the Minimum Information About a
Plant Phenotyping Experiment (MIAPPE; http://www.miappe.
org/; Krajewski et al., 2015) standards.

What is Shape?
As biologists, we often refer to the “shape” of an organ when we
are describing morphology, however, this term can encompass
a wide variety of mathematical parameters. Most often we are
referring to the most intuitive quantification, geometry, which
is used to establish measurable sizes of the plant organ surface.
In this section we will define the mathematical tools that can be
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FIGURE 1 | Morphological changes are mediated through cyclic multi-scale signals and transformations. A multi-scale morphology transformation is
illustrated by neighbor detection between root systems. Morphological changes are initiated through developmental or environmental cues that induce changes in
gene expression or function. These alterations lead to local changes at the cellular-level, which are then translated to the tissue- and organ-level. Organ-level changes
then lead to an altered community. The community and environmental signals then feedback to mediate gene expression or functional changes in a continuous loop.

FIGURE 2 | The interconnection of biological and hierarchical scales.
Plant morphology can be measured and modeled at different biological (left,
green) and hierarchical (right, blue) scales. Each of the biological scales
influences the next and can be measured in both space and time.

used to describe “shape” as a frame of reference for a biologist
interested in morphological analyses.

We will first define shape in mathematical terms to provide a
basis for the quantitative measures to follow. The mathematical
concept of shape is difficult to represent because it differs from
its geometric counterpart. A shape refers to the form of an object
that may have several geometric representations, but an invariant

FIGURE 3 | Shape is independent of transformation or deformation.
The least intuitive quantification of morphology is shape. Shape refers to
measures that are independent of transformation or deformation. The above
leaves are all considered the same mathematical shape, despite dramatically
different appearances.

associated topology (connections), and that makes measurements
between features comparable. Comparable here means that
shapes of the same type can be quantified independent of any
transformation or deformation the shape undergoes (Figure 3).
In the leaves illustrated in Figure 3, all are the same shape despite
dramatically different appearances.

One way to overcome this challenge is to represent the
shape as a set of points on the surface of the object with
defined coordinates. As the shape changes each point can be
tracked through the transformation process. As a result, the
transformation can be expressed with a matrix, and consecutive
transformations can be expressed as the product of their
matrices. Transformations inherit the geometrical and algebraic
properties of matrices, which has the benefit that known rules
of linear algebra apply. For instance, the determinant of a 2x2
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FIGURE 4 | Using transformations to quantify shape. The points on the surface of an object can be represented with defined coordinates. These points can
then be transformed by applying a transformation matrix. (A) A generalized representation of applying a transformation matrix to quantify shape. (B) An example of a
unit transformation for shape changes. (A,B) In both examples, a 2x2 transformation matrix, M, can be visualized as a table of two column vectors (top left) or by
geometric representation (top right). This same transformation can be visualized on a leaf. Each unit square that composes the organ surface can be transformed
into the geometric shape associated with the transformation matrix (middle). The total area of the transformed organ is equal to the original leaf area times the
transformation matrix determinant, which is the area formed by the two vectors (bottom). In the unit transformation matrix example, the matrix determinant, Det (M),
is equal to 1.

FIGURE 5 | Geometry establishes measurable sizes of the plant organ
surface. Geometry can be used to define parameters such as length,
diameter and angle between features. In this example, the features are
represented by the start and end of a vein branch (black dots). The distance
between these two points can be described by the Euclidean distance, which
is obtained by a straight line between two points. Alternatively, the shortest
path along the branch surface between points, or Geodesic distance can be
used to define length. Both of these are a valid measure of length and one
common metric of geometry is the difference between these two
measurements.

matrix (where the determinant of matrix [a,b; c,d] = ad-bc) is
equal to the area of the parallelogram defined by the column
vectors of the matrix (Figure 4). Consequently, the area A′
of a shape transformed by a matrix M equals the area A
of the original shape times the determinant of the matrix
(i.e., A′ = A.det(M)). In this way, the application of two
consecutive transformations represented by the two matrices

M and M′ transform a shape of area A onto a shape of
area A.det(M.M′) = A.det(M).det(M′). Another approach to
describe a shape is to represent it as a basic geometrical model
(sphere, cylinder, ruled surface, etc.). The repetition, union, or
intersection of these basic building blocks can be used to describe
more complex plant morphologies (Pradal et al., 2009). Later
in this review, we describe how shape quantifications have been
applied to gain an understanding of the genetic control of leaf
morphology.

The mathematical definition of shape relies on two underlying
quantifications – geometry and topology. While we will treat
these quantifications as independent for the sake of simplicity,
there is much overlap between these fields and the theoretical
basis of each. Both approaches might characterize the same plant
organ, but they refer to different types of quantifications that
potentially lead to distinct biological interpretations. However, to
truly understand the feedback between morphology and function,
topological concepts should be viewed as complementary to the
geometrical ones.

Geometric Descriptors for Plant
Morphology
Geometry is used to establish measurable sizes of the plant organ
surface. Basic geometric descriptors include vector, length, width,
height, diameter, angle, surface and volume. For example, when
considering the vein patterning of a simple leaf, the distance
from a point of vein branch emergence to the branch tip is
a geometric measure of length called the Euclidean distance
(Figure 5). To overcome the limitations of basic geometric
descriptors, compound descriptors computed from these basic
descriptors can be considered for complex plant forms.
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Compound descriptors include density, aspect ratio and
spatial distribution, which can provide a general view of plant
morphology. However, their use is often dependent on the
resolution of the system used to image the plants. Further,
the compound nature of these descriptors leads to a loss of
information, which can limit the interpretation. Alternatively,
derivative descriptors can be used to expand on the basic
descriptors and provide metrics for complex morphologies.

Derivative descriptors include quantifying the border of an
object, a curve, or a surface. These descriptors often leverage
concepts from differential geometry such as curvature, torsion of
a curve or the Gaussian curvatures of a surface. Quantification
of patterns (e.g., symmetry and periodicity) can also be attained
through derivative descriptors. To revisit the vein patterning of
a simple leaf example, the basic Euclidean distance measurement
of length underestimates the total vein length because it does not
account for the curvature. Instead the length could be quantified
as the shortest path along the branch surface from the point of
emergence and the tip, termed the geodesic distance (Figure 5).
In this instance, the geodesic distance provides a more accurate
quantification of vein length because it traces the distance along
the vein surface, which is not a straight line. Further, an estimate
of vein curvature could be obtained from the difference of the
Euclidean and geodesic distances. While derivative descriptors
provide applicable metrics for plant morphology quantifications,
the accuracy of these descriptors depends on precise and high-
resolution image acquisition approaches.

Thus one approach to quantify morphology is through
calculating one or more geometric descriptors. Later in this
review, we describe how geometric descriptors have been and
could be applied to understand cell growth and expansion.
Regardless of the descriptors, it is vital to include which geometry
is being used and the unit (e.g., inch or cm) of measure, because
infinitely many metrics exist. Further, when reporting geometries
that are derived from multiple measures it is critical to make the
original data available. For example, a commonly used geometric
measure is specific leaf area, which is the leaf area divided by the
leaf dry mass. In this case, both the leaf area and the leaf dry
mass should be reported. Further, if the geometric descriptors
are covariant then reporting the mean geometric measures is not
sufficient and individual measurements should be reported.

Quantifying Plant Architecture with
Topology
While descriptions of shape and geometry are often applied to
individual plant organs, there is significant interest in defining
how these organs are connected to generate plant architectures,
which ultimately impact function. For example, the spatial
arrangement of shoot branches directly influences the placement
of leaves and has a significant impact on photosynthetic capacity
(Rameau et al., 2015) This spatial arrangement is difficult to assess
with geometry even if patterning (e.g., symmetry, periodicity) can
be determined. Instead, other properties within the mathematical
field of topology, such as connectivity, are essential to quantify
the spatial arrangement of plant organs. Topology is defined
as understanding how a property persists through geometric
transformation and deformation of the object of interest. The

simplest examples of topology utility are the description of
branching structures (e.g., root system architecture or shoot
branching architecture) and modeling connections between two
objects (e.g., water flux between cells).

To understand the concept of connectedness between objects,
it is important to first understand how a relationship is defined
mathematically. A relationship is basically a rule that describes
how elements of a set relate or interact with elements of another
set. For example, a relation of connectedness (denoted by ‘∼’)
between branches A and B only exists if a path along the plant
surface links the two (i.e., A∼B). The order in which the elements
are listed defines a strict relationship where A < B denotes the
connectedness between user-defined reference points (e.g., tip
of a branch to the base of the trunk). If we consider a tree
crown, all tree branches can be ordered with regard to a defined
reference point such as the point where the trunk emerges from
the soil. However, if the tree is highly branched and has many
ramifications, then it is often not possible to find a linear order to
uniquely describe the tree crown. In this case, we can consider
an additional relationship to denote the hierarchy of branches
formed by the development program of the tree. If branch B
emerges from branch A, we denote the emergence of a new level
of branching hierarchy as A[+B]. Thus, considering the whole
plant, two types of connections can be defined: an object A that
precedes (type ‘A < B’) or bears (type ‘A[+B]’) a second object B
(Godin and Caraglio, 1998; Godin, 2000).

These definitions of connectedness lead directly to the concept
of graphs and of tree graphs. In mathematics, a graph is
a representation of a set of objects where some objects are
connected by links. Connected objects are represented by vertices
(also called nodes or points), and the links that connect pairs of
vertices are called edges (also called arcs or lines). Typically, a
graph is depicted as a set of dots for the vertices, joined by lines
or curves for the edges. Often nodes are referred to as “parents”
and “children” based on the order of appearance. For example,
if Node B is a main branch and Node A is a secondary branch
originating from this main branch, then the parent of Node A
is Node B. This can be represented as B < A or B[+A]. In this
example, Node A is considered the child of Node B and Node B
can have many children. Thus, connectivity can be represented
as a graph or a character chain (Figure 6). If the graph has only
one parent for each node, then it is considered a tree graph. Tree
graphs are convenient to describe plant architecture, because a
node can represent each branch and the relationship between
branches can be represented as an edge of the graph. Such a
connectivity graph is often termed a skeleton if the edges and
vertices can be geometrically embedded into physical branching
structure captured as imaging data (Bucksch et al., 2010; Bucksch,
2014).

One type of graph is defined such that every node is on a loop
or cycle. Let us again consider the venation of a simple leaf. If
we want to assess the complexity of the branched pattern, we
can first represent the branch junctions as features (Figure 7).
A relationship between junctions can exist if they are connected
within the graph. Typical quantifications of such a topology can
give the distance between junctions, the number of loops/cycles
or the average number of junctions that form a loop/cycle
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FIGURE 6 | Connectivity of a tree branch can be represented as a graph or a character chain. Consider the tree on the left. The reference point was chosen
as the base of this main branch (A). Each branch point is represented as a node (B-K) in the graph on the right relative to the reference point A. Alternatively, branch
connectivity can be represented as a character chain, where the C < D relationship indicates that C is closer to the reference point (A) than D and B[+C] indicates
that C is a child branch originating from the parent B.

FIGURE 7 | Topology characterizes the relationship between features. In this leaf vein example, features are defined as the junction of branches (black dots).
Topology can calculate the number of loops (asterisk in the upper left), and the number of junctions forming that loop. An adjacency matrix that defines the
connection between two features can be used to represent these data. The connection between features is represented in a numerical matrix. Connected features
are represented by a “1” in the adjacency matrix. Loops can be visualized within the matrix (gray box).

(Figure 7). Topologies can also be represented independent of
the physical organ with a graph that describes the adjacency
of loops. One possible representation of the topological graph

is adjacency matrix (Figure 7), which indicates the connection
between junctions. Several types of information can be deduced
directly from the adjacency matrix. For instance, two topological
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graphs are isomorphic if their matrices have the same minimal
polynomial, characteristic polynomial, eigenvalues, and trace.
The connectedness of topological graphs can also be deduced
directly from the adjacency matrix (Figure 7).

In addition to representing topological properties such
as connectedness, graphs facilitate the extraction of other
properties, such as the distance from various reference points
for each node. Additional properties make it possible to model
complex and dynamic systems (e.g., nutrient transport or water
flux) and enable multi-scale modeling. For example, multi-scale
tree graphs (MTG) are used to describe tree structures at different
scales (e.g., community, individual plant, plant branches, etc.).
MTG is composed of a set of graphs, where a node in one graph
(e.g., one plant within the community) corresponds to another
graph representing another scale (e.g., the branching pattern
within that plant). Another application for MTG is to model
how nutrient or water flux between cells contributes to the whole
organ physiology.

Lastly, one of the most successful approaches to modeling the
development of plant architecture has been Lindenmayer (L)-
systems (Lindenmayer, 1968; Prusinkiewicz, 1986). L-systems
employ a recursive set of rules to grow branched systems (e.g.,
a grammar). An L-system model begins with an initial state
from which to begin construction (called axiom), and a set
of rules that define how each module (i.e., plant component)
transforms over time. The model is then applied step by step to
simulate geometrical and topological plant development. During
the last 20 years, several implementations of L-systems have
been designed: cpfg (Prusinkiewicz and Lindenmayer, 1990),
L+C (Prusinkiewicz et al., 2007), XL (Hemmerling et al.,
2008) and L-Py (Boudon et al., 2012), among others. Each
L-System language provides a dedicated modeling language
that mixes classical programming languages (e.g., C, C++,
Java, Python) with mathematical notation based on formal
language theory. These languages have also emerged to take
into account the increasing complexity of the developmental
models. Some variants of the initial formalism are stochastic
L-Systems (Eichhorst and Savitch, 1980), environmentally
sensitive L-Systems (Prusinkiewicz et al., 2007) and relational
growth grammars (Kurth et al., 2005). Independently, Godin
and Caraglio (Godin and Caraglio, 1998) have introduced a
multiscale formalism, the MTG, to be able to encode any type
of plant architecture data at different spatial and temporal scales.
While a large community has adopted this formalism, the use
of multiscale modeling to simulate the dynamic development of
plants is quite recent (Boudon et al., 2012; Ong et al., 2014).

Quantification of Changing Morphology
There is a substantial effort to assess morphology in relation
to physical processes (e.g., response to biotic and abiotic
environments or growth). Thus, we outline the basic concepts
of comparative morphology in this section. The comparison
of shapes is central to morphological quantification, and two
mathematical principles exist to compare shapes. The first,
reduction, relies on the removal of unimportant features and
the merging of similar or equivalent features into a simplified
“map.” Given a set of plant organs, the implication is that there is

an established map to perform abstraction for all plant organs.
Similarly, a distinct map exists for each plant organ that will
recover the original details from the reduction. Reduction stores
and quantifies the difference between a given organ shape and
the abstraction of the plant organ shape. The second principle,
registration, reorganizes feature locations such that comparable
features of two plants are aligned to the same coordinate system
to minimize the distance between the features. While these
principles can be applied for comparison between two objects
(e.g., plants or organs), they can also be used to compare
objects to a reference geometrical object modeling the shape
(e.g., comparing fruit shape to a sphere). For example, given a
set of leaves with different shapes, shapes can first be registered
and a mean shape computed. Then for each leaf, the reduction
map between this leaf and the mean leaf (abstraction) can be
calculated. This map will then quantify the distance between a
shape and its reduction, and provide a metric of similarity.

Measuring changes in geometry is relatively straightforward
because geometry derives measureable terms. In the leaf vein
example, one could compare average length of veins or vein
diameter between two samples. It is important to use comparable
metrics within these comparisons. For example, the Euclidean
length from one sample cannot be directly compared to the
geodesic length of another sample. Again with geometric
quantifications it is important to indicate which metrics are being
used and the units of measure.

For basic topological quantification, such as number of
loops or number of junctions forming a loop, straightforward
comparison can be made. However, when considering the
dynamics of changing topologies, the adjacency matrices can be
very useful (Figure 7). In an adjacency matrix, each position
corresponds to the intersection of two junctions or nodes.
Directly comparing adjacency matrices relies on the same order
of nodes referenced at each position in the matrix. Thus,
adjacency matrices are most useful for the quantification of
changes within a single system. For example, when quantifying
the development of veins within a leaf, node definitions are
generated based on the final topology and traced back in
time. This will generate equal size adjacency matrices for
comparison across the development and enable quantification
of new (birth-rate) and lost (death-rate) topologies at any
given time. Matrix algebra applications can be applied to these
matrices for comparison between plants. If instead, topological
comparisons are required between systems where the nodes
differ, then network alignment algorithms can be utilized.
These algorithms attempt to maximize the topological similarity
between two different networks, and are most frequently applied
to gene-based networks (e.g., Kuchaiev et al., 2010; Milenkovic
et al., 2010; Ficklin and Feltus, 2011). However, the current
implementations are fraught with technical problems and the
choice of algorithm can influence the outcome (e.g., Clark and
Kalita, 2014). While not extensively used for morphological
assays, these comparison tools can be adapted for evolutionary,
cross-species, or interspecies comparisons. In the remainder of
the review, we will highlight some examples of how mathematical
descriptors have been and can be applied to quantify morphology
in biological systems.
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FIGURE 8 | The hypocotyl is a model for cellular expansion and
growth. In the dark, under the soil, the hypocotyl forms an apical hook. As
the hypocotyl expands and grows toward the light, the hook expands to unfurl
the cotyledons. Hypocotyl growth is driven by unidirectional cellular expansion
(arrows).

Leaf Morphological Traits
We have utilized a leaf in the above illustrations, because
morphological quantifications have been applied most
extensively in this area. Leaf morphology is directly tied to
various functions, including water uptake (e.g., Ito et al., 2015),
photosynthetic capacity (e.g., Reich et al., 1998) and gas exchange
(e.g., de Boer et al., 2016). However, leaf morphology is dynamic
and changes in response to the environment (Chitwood and
Sinha, 2016). Thus, there is an effort to quantify leaf morphology
over time to lend a broader understanding into leaf function.

Two of the most common metrics for quantifying leaf
morphology are the geometric measures of leaf area and specific
leaf area (Kleyer et al., 2008). Leaf area is calculated as the surface
area of one side of a single leaf, generally expressed as mmˆ2.
While specific leaf area, as mentioned above, is the leaf area
divided by the leaf dry mass, generally expressed as mmˆ2/mg
(Kleyer et al., 2008). The differential use of these two metrics
throughout the literature highlights the importance of reporting
the original data and the geometric measure applied.

Basic geometric measures of length and width have also
been applied to quantify changes in maize leaf shape, which
have stereotypical linear or linear-lanceolate (pointed at both
ends) leaves (Tian et al., 2011). However, for leaf shapes of
increased complexity (e.g., palmate, pinnate, lobed, etc.), more
sophisticated analyses have been applied. One approach, which
can be applied to the same leaf changing over time or different
leaves with the same type of classification (e.g., number of lobes),
relies on leaf shape homology. In this approach, the same number
of points are placed equidistant along the curved edge and
expressed within a Cartesian coordinate system. Anchor points
are defined by homologous features between leaves (e.g., base and
tip) to facilitate alignment of the coordinate systems. Dimension
reduction techniques (e.g., principal component analysis) are
then applied to identify the points that most efficiently explain
the differences in shape between the leaves (Feng et al., 2009).
This approach has been successfully used to identify the genetic
basis of leaf and petal shape and size in snapdragons (Langlade
et al., 2005; Feng et al., 2009; Cui et al., 2010) and to characterize

the diversity and effect of climate on grape leaf morphology
(Chitwood et al., 2016a,b).

An alternative approach views the leaf shape as a closed
contour formed by a wave connecting back on itself. This
approach is particularly suited for the comparison of leaves
without homologous points. This analysis begins by converting
the shape into a numeric vector called chain code, which defines
a contour as a series of linear fits (Kuhl and Giardina, 1982).
The chain code vector is then used to calculate Elliptical Fourier
Descriptors. In the simplest terms a Fourier transform fits a series
of sine waves to an object. In this case, the Elliptical Fourier
Descriptor takes the Fourier transform of the boundary of the
object within a closed elliptical. The Fourier transform is run at
multiple Fourier coefficients to produce harmonics. The more
harmonics that are utilized, the greater the complexity of the
resultant curve. This approach has been successfully used to
identify the genetic basis of tomato (Chitwood et al., 2012, 2013)
and grape (Chitwood et al., 2014) leaf morphology.

Modeling Cell Growth and Expansion
Changes at the cellular-level are an important mechanism by
which plants grow and develop. In this section we will discuss
two biological systems, the hypocotyl and floral sepals, which
have been utilized to understand how growth and expansion
contributes to organ morphology. The hypocotyl has been used to
study cellular expansion since the mid-1800s, however, the floral
sepal system is a more recently developed model.

The hypocotyl is the stem of a germinating seed that
connects the cotyledons and the roots in eudicot plants. In
the dark, the hypocotyl forms a hook (apical hook) that is
believed to protect the cotyledons from damage as the seedling
navigates through the soil; the hook subsequently opens when
the seedling is exposed to light (Figure 8). Most of the
hypocotyl growth in the dark derives from cell expansion
primarily driven by the outer epidermal cells (Gendreau et al.,
1997; Savaldi-Goldstein et al., 2007). For a cell to expand,
it must balance the requirements for structural support and
elasticity. At the basic level, this requires a balance between
the cytoskeletal structural components and the loosening and
synthesis of cell wall components (reviewed in Bashline et al.,
2014). In the hypocotyl, expansion occurs along the longitudinal
axis with cortical microtubules limiting cell expansion to this
axis and spatially controlling cellulose synthesis (reviewed in
Vandenbussche et al., 2005). Since growth of the hypocotyl is
predominantly due to unidirectional cell expansion, it is an ideal
system to apply basic geometric descriptors to study the control
of growth.

In its simplest form, the hypocotyl (excluding the apical hook)
can be viewed as a cylinder that is hydrostatically uniform and
with a radial water potential gradient (Kutschera and Niklas,
2007). The rate and extent of cylinder expansion is controlled
by genetic and environmental factors. Hypocotyl elongation has
been primarily modeled independently of cellular morphology as
an outcome of kinetic parameters written as a set of ordinary
differential equations (Chew et al., 2014). It is unclear how
individual cell expansions (as quantitated by geometric or shape
descriptors) lead to the collective growth of the hypocotyl and
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FIGURE 9 | The morphology of sepals and their epidermal cells. Wild-type Arabidopsis thaliana sepals decrease the width/length ratio as they grow. Sepal
epidermal cells are highly variable in morphology, with giant pavement cells (∗) interspersed between smaller cells in a large range of sizes.

contribute to differential growth. For example, there is little
known about how the apical hook is formed, maintained and
opened during elongation. Additionally, nutational bending as a
result of differential growth is observed, but the mechanism(s)
for this are still not fully understood. These open questions
could be targeted through time-series image acquisition and
a temporal analysis of geometric descriptors (e.g., the aspect
ratio of each cell in the hypocotyl over time). The goal of
such an analysis is to identify emergent properties that could
explain experimental observations (e.g., nutational bending).
Thus, even in a simple and well-studied system such as the
hypocotyl, the quantification of differential cell morphology has
the potential to contribute to our understanding of growth
control.

A more recently established system to study complex
growth control is the flower sepals. In complex organs overall
morphological structure is crucial for their proper function, while
morphogenesis is a dynamic process in which the topology and
geometry change over time. The establishment and maintenance
of proper shape and size is a fundamental developmental process
of all multicellular organisms, but how it is tightly regulated
remains a mystery (Vogel, 2013). Arabidopsis thaliana sepals are
used as a model to study this process because of their accessibility
for live imaging and cellular growth analysis (Roeder et al., 2010,
2012; Qu et al., 2014; Tauriello et al., 2015; Hervieux et al., 2016;
Hong et al., 2016).

Sepals are the outermost sterile organs of a flower, which
surround and protect the developing reproductive structures
inside the bud before the flower opens. The sepals start from
the small dome-shaped sepal primordia initiating from a line
of eight cells on the edges of the floral meristem (Bossinger
and Smyth, 1996). The young sepals grow in both medial-
lateral and proximal-distal directions, maintaining a relatively

low aspect ratio. Gradually, the sepals grow more in the proximal-
distal direction, leading to increased aspect ratio (Figure 9).
Mature sepals are roughly elliptical, approximately 2 mm long,
1 mm wide, but less than 50 µm thick. Therefore, they are
considered flat organs, and 2D geometric descriptors such as
length, aspect ratio, and circularity can be used to describe their
morphology.

Similar to hypocotyl growth, epidermal cells largely control
sepal growth. The morphology of epidermal cells affects the
overall sepal curvature and sepal shape. Through the application
of a combination of quantitative and qualitative geometric
descriptors, it has been shown that the abaxial sepal epidermal
cells display a wide distribution of size and shape (Roeder et al.,
2010). Giant pavement cells have an area up to 20,000 µm2, but
are generally long and skinny, with high aspect ratios, whereas the
smallest cells have an area less than 100 µm2 and are more round
with high circularity. These small cells can be quite irregular
in shape, though they are generally less interdigitated than leaf
pavement cells (Figure 9). As described above, mathematical
methods such as principal component analysis and elliptical
Fourier analysis have been used to describe organ shape and
size (Bensmihen et al., 2008; Chitwood et al., 2013). With these
approaches, a more comprehensive description of morphological
change in cells and organs integrating with genetics will facilitate
the understanding of the underlying mechanism of shape
determination.

Besides the morphological variability, sepal pavement cells
display variable growth and division as well (Roeder et al.,
2010; Schiessl et al., 2014; Tauriello et al., 2015). Principal
directions of growth, growth isotropism and areal increase
have been used to analyze cellular growth pattern. Similar to
leaves (Beemster et al., 2005), sepals have a gradient of cell
growth. Young sepals have fast and anisotropic cell growth
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at the tip while the growth in the lower sepals is slower
and more isotropic. As the sepal grows, cell areal growth
rate, growth anisotropy and cell division rate progressively
decrease from the tip downward (Hervieux et al., 2016). Sepal
morphology also varies across different development stages,
environmental conditions, and in different genetic backgrounds.
Despite high variability on the cellular level, sepals require
coordinated growth to form an effective barrier to protect
the meristem (Hong et al., 2016). A comprehensive analysis
of morphology on the organ and cellular levels can bring
insights into sepal function and the mechanisms regulating
morphological diversity.

Quantifying Root System Architecture
Root system architecture (RSA), which describes the spatial
configuration of different types of roots in the root system (Lynch,
1995), is integral to water and nutrient uptake. Because of this,
research has focused on imaging and quantifying RSA. Key
questions include: ‘What genes underlie particular root traits
(e.g., deep roots or wide root systems) and how do they function?”
“What root traits and architectures are optimal for specific
environments?” “What are the functions of different types of
roots and how do they contribute to the function of the entire
root system?” Knowledge gained from addressing these questions
will enhance the ability of plant breeders to develop crops with
robust root systems that lead to increased crop production in
harsh environments.

Root system architecture includes the topology of the root
system, which describes the network and pattern of root branches
(Berntson, 1997) as well as the distribution of roots, which
refers to the presence of roots within a given region (Lynch,
1995; Jung and McCouch, 2013). Historically, finer features
of the root system, such as root hairs, were not included
in RSA (Lynch, 1995). However, more recent definitions of
RSA embrace multiple scales (Smith and De Smet, 2012; Jung
and McCouch, 2013; Lobet et al., 2015) and include both
macroscale and microscale features such as root hairs and root
diameter. Root anatomy, the internal cellular organization of
the root, is not generally considered part of RSA, but recent
work suggests it affects RSA (Zhu et al., 2010; Postma and
Lynch, 2011; Jaramillo et al., 2013; Lynch et al., 2014; Saengwilai
et al., 2014). RSA is generally divided into two broad classes,
a taproot system found in most dicots and a more complex
RSA found in many grass species that consists of a bushier
root system with different types of roots, including shoot-borne
roots.

By configuring the spatial distribution and network of roots
within the soil, RSA significantly impacts the ability of roots to
function in water and nutrient uptake. RSA is highly responsive
to environmental signals, allowing the root system to adapt to
different soil environments (Hodge, 2004; Lynch, 2011, 2013,
2014; Smith and De Smet, 2012). For example, phosphorus is
concentrated in the topsoil. Thus, bean varieties more adapted
to phosphate deficiency have shallower root systems, increased
lateral roots in the upper region of the root system, and
increased root hair density to maximize phosphate uptake
(Bonser et al., 1996; Lynch and Brown, 2001; Lynch, 2011;

Peret et al., 2014; Miguel et al., 2015). Work with nitrate
has provided evidence of both local and systemic nitrogen
signals that impact root growth. For example, a split root
experiment showed that local patches of high nitrate elicit
lateral root outgrowth while root systems grown in conditions
of globally high nitrate have fewer elongated laterals (Ruffel
et al., 2011). In contrast, globally deficient levels of nitrate
substantially increased root growth and branching, but locally
deficient levels did not (Zhang et al., 1999; Ruffel et al.,
2011).

Root system architecture is a complex trait controlled by
a small contribution from many genes (Topp et al., 2013;
Zurek et al., 2015). Due to the importance of RSA in plant
growth, fitness, and defense, a major goal is to identify the
genes underlying specific RSA traits. Identification of these
genes requires the ability to accurately quantify the trait of
interest, which in turn necessitates the ability to image and
analyze root system morphology. Recent years have seen an
explosion in the development of both root architecture imaging
technologies (Iyer-Pascuzzi et al., 2010; Clark et al., 2011;
Mairhofer et al., 2013; Rellán-Álvarez et al., 2015), and the
software for quantifying RSA (Armengaud et al., 2009; French
et al., 2009; Lobet et al., 2011; Galkovskyi et al., 2012; Mairhofer
et al., 2012; Bucksch et al., 2014; Das et al., 2015). In addition,
modeling approaches, which combine RSA under different
environments, have been used to successfully predict the optimal
RSA, or ideotype for specific environments (Lynch, 2007; Draye
et al., 2010; Leitner et al., 2010; Pages, 2014).

Each of the growth and imaging technologies for RSA
quantification has its own pros and cons (reviewed in Piñeros
et al., 2016). These technologies can be destructive or non-
destructive, and range from simple and inexpensive to complex
and expensive. Image quantification can occur in 2D or
3D. Frequently used, more inexpensive, and non-destructive
technologies include growth in gellan gum or agar (Iyer-Pascuzzi
et al., 2010; Clark et al., 2011; Fang et al., 2013) or in pouches
(Hund et al., 2009). In these simple systems, roots can be imaged
either by scanning or imaging with a digital camera, and analyzed
with any number of software packages (see again http://www.
plant-image-analysis.org for an overview; Lobet et al., 2013).
Although these systems enable inexpensive and non-destructive
quantification of RSA traits, the roots are not grown in soil,
which may limit the application of these results in a natural
setting.

The plasticity of RSA in different environments has led
to significant interest in the development of non-destructive
imaging technologies that image roots grown in soil or potting
mix. One such technology grows roots between two plates in
soil and relies on luminescence-based reporters for visualization
(Rellán-Álvarez et al., 2015). While this technology is perhaps
ideal for inexpensive and non-destructive imaging of roots in
soil, it is limited by the requirement for transgenic reporter
plants.

An alternative approach for imaging soil-grown plants
non-destructively is X-ray computed tomography (X-ray CT;
Mairhofer et al., 2013). In this technique, plants are grown in
soil in pots and can be imaged daily. Rates of RSA growth
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and the response to environmental conditions can be observed
over time, and the images can be reconstructed in 3D, which
increases accuracy. Although more expensive and data-intensive,
by imaging roots grown in soil, this technology promises to yield
information more applicable to natural settings. One drawback
of X-ray CT is the expense and the current inability to implement
it in the field. In contrast, a straightforward, albeit destructive,
method of field-based RSA phenotyping overcomes both of these
obstacles. Termed ‘shovelomics,’ this method examines only the
upper region of the root system that can be removed from the
soil without much damage (Trachsel et al., 2011). Roots are
washed of soil, images taken in 2D, and root traits quantified
with available software packages, such as the “Digital imaging
of root traits” or DIRT package (Bucksch et al., 2014; Das
et al., 2015). DIRT uses an imaging pipeline to extract basic
geometric root traits such as length, angle and diameter from
the underlying graph representation, as well as novel descriptors
of shape deformation. Recently, these descriptors were used to
identify shape properties of cowpea roots that are associated with
Striga tolerance (Burridge et al., 2016).

The ability to image, quantify, and model RSA is leading
to new discoveries regarding the genes and genomic regions
that control these complex traits (Topp et al., 2013; Zurek
et al., 2015). Additionally, these technologies allow key questions
across scales to be addressed. One such question is how (or
whether) microscale features of RSA such as root hairs and
root diameter impact macroscale features of RSA such as root
branching. For example, root cortical aerenchyma (RCA) is open
space in the root formed from the cell death of root cortex.
By no longer requiring nutrients and carbon, RCA may alter
the metabolic cost of root architecture such that roots can
grow deeper or thicker (Lynch, 2013, 2014). SimRoot (Lynch
et al., 1997) is a structural–functional model that emerged
from a large amount of empirically collected data. Additionally,
SimRoot incorporates physiological models of nutrient and water
uptake. Software such as SimRoot can model changes in RCA
and make prediction on the effects of competition in root
architecture.

A recent developed software package, DynamicRoots, merges
geometric and topological approaches to quantify the growth
of a root system (Symonova et al., 2015). In this package
3D reconstructions of time-series RSA are first registered to
the same coordinate system. These images are then converted
to a series of graphs with nodes representing the voxels and
edges representing the connections between neighboring voxels.
Several calculations can now be derived from these graphs. For
example, the addition of new edges that persist likely indicates
a new branch forming and the geodesic distance between
a reference point and each voxel can be used to track tip
growth. Using these types of information, DynamicRoots can
decompose the RSA into individual branches and extract branch-
specific geometries (Symonova et al., 2015). This software is
the first aimed at analyzing growing root systems from time-
series data and has the potential to provide key insights into
the local and global RSA impacts of changing environmental
conditions.

Morphology as a Tool for Ecology
All of the analyses highlighted above are important to contribute
to our understanding of how whole communities respond,
function, and interact within a particular environment.
Recently, plant trait-based ecology has pushed forward
many basic ecological questions. For example, quantifying
plant traits helps understand variation in trait function
across ecological scales (e.g., Auger and Shipley, 2012;
Verheijen et al., 2013), relative importance of intra- versus
inter-specific trait variation across these scales (e.g., Violle
et al., 2012; Kichenin et al., 2013; Siefert et al., 2015),
community assembly processes (e.g., Hille Ris Lambers
et al., 2012; Laughlin and Laughlin, 2013), and eco-evolutionary
dynamics (e.g., Vellend and Geber, 2005; Whitham et al.,
2006; Hughes et al., 2008; Bailey et al., 2009a,b). Above-
and below-ground plant traits such as leaf area and shape,
root formation, and above- to below-ground biomass ratios
are morphological traits that allow ecologists to make
predictions about plant ecological strategies and overall
community response to environmental changes (Suding
et al., 2008). While genetic variation has been shown to
have consequences on community and ecosystem function
(e.g., Bangert et al., 2006; Crutsinger et al., 2006; Johnson
et al., 2006; Lankau and Strauss, 2007), directly connecting
genotypic diversity to phenotypic variation for ecologically
important traits has been more difficult. The proliferation of
open-source, global plant trait databases (e.g., TRY plant trait
database: https://www.try-db.org/TryWeb/Home.php, Glopnet:
http://bio.mq.edu.au/∼iwright/glopian.htm) as well as large-
scale plant phenotype databases (unPAK: http://arabidopsis.
biology.cofc.edu/) allows plant ecologists and evolutionary
biologists to quickly harness trait data to answer relevant
ecological and evolutionary questions. Building these databases
so that they incorporate trait data relevant across multiple scales
and environments is essential to providing a holistic view of
plant-environment and plant-plant interactions. Essential to the
building of these databases is the rapid quantification of the plant
morphological traits through the application of mathematical
principles.

The establishment of larger and standardized plant trait
databases would provide ecologists with the necessary amount
of data to gain insight into linkages between genotype and
phenotype, and the potential impact on community and
ecosystem processes. Quantifying changing leaf morphology
would provide insights into physiology through easier-to-
measure traits such as specific leaf area. Quantifying changing
topology of root formation and architecture could provide
insight into drought tolerance at a single time point and
eventually over time. In addition, quantifying the dynamic
topology of stem elongation and branching patterns could
provide insight into light acquisition under changing light
environments. Finally, morphological models for above- and
below-ground traits could be integrated to understand the
potential links and tradeoffs under different environmental
conditions. For example, these models could be instrumental
in understanding tradeoffs in resource allocation between roots
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and shoots, particularly in harsh conditions. Tradeoffs between
above- and below-ground structures would likely differ across a
light versus soil resource gradient. Together, these morphological
models have the potential to help us make connections
between plant genetics, morphology, physiology, and ecosystem
dynamics.

CONCLUSION

In this review we have outlined the basic principles of
morphological quantification in terms of geometry, topology and
shape. The choice of mathematical descriptor(s) and analysis
depends heavily on the biological and hierarchical scale. We
have highlighted a few examples of morphological descriptors
that have been applied across biological scales. For both cellular
growth and organ morphology, basic geometric descriptors
and/or shape analyses can be applied to extract traits relevant
to genetic, environmental, and evolutionary diversity. While
these same principles can also be applied to root systems,
there is an added advantage to using topological measures
to quantify how individual components are connected within
the whole structure. Lastly, each of these individual analyses
provides important insight into the larger context of how
plants function within a community. The advancement of
plant morphological quantification and the interdisciplinary
collaboration between biologists and mathematicians is critical to
elevate our understanding of plant development, function, and
evolution. It is our hope that this review will encourage more
interdisciplinary interactions and promote research in the field
of plant morphological modeling.
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