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Global climate change results in more extreme temperature events, which poses a serious 
threat to wheat production in the North China Plain (NCP). Assessing the potential impact 
of temperature extremes on crop growth and yield is an important prerequisite for exploring 
crop adaptation measures to deal with changing climate. In this study, we evaluated the 
effects of heat and frost stress during wheat sensitive period on grain yield at four 
representative sites over the NCP using Agricultural Production System Simulator (APSIM)-
wheat model driven by the climate projections from 20 Global Climate Models (GCMs) in 
the Coupled Model Inter-comparison Project phase 6 (CMIP6) during two future periods of 
2031–2060 (2040S) and 2071–2100 (2080S) under societal development pathway (SSP) 
245 and SSP585 scenarios. We found that extreme temperature stress had significantly 
negative impacts on wheat yield. However, increased rainfall and the elevated atmospheric 
CO2 concentration could partly compensate for the yield loss caused by extreme temperature 
events. Under future climate scenarios, the risk of exposure to heat stress around flowering 
had no great change but frost risk in spring increased slightly mainly due to warming climate 
accelerating wheat development and advancing the flowering time to a cooler period of 
growing season. Wheat yield loss caused by heat and frost stress increased by −0.6 to 4.2 
and 1.9–12.8% under SSP585_2080S, respectively. We also found that late sowing and 
selecting cultivars with a long vegetative growth phase (VGP) could significantly compensate 
for the negative impact of extreme temperature on wheat yields in the south of NCP. 
However, selecting heat resistant cultivars in the north NCP and both heat and frost resistant 
cultivars in the central NCP may be a more effective way to alleviate the negative effect of 
extreme temperature on wheat yields. Our findings showed that not only heat risk should 
be concerned under climate warming, but also frost risk should not be ignored.

Keywords: climate change, heat stress, frost stress, CMIP6, wheat yield, APSIM
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INTRODUCTION

Climate change, as one of the most important factors that 
determine crop yield, could explain 30–50% of global yield 
variability (Ray et  al., 2015; Rezaei et  al., 2018). Along with 
warming climate, the intensity, frequency, and duration of 
extreme climate events are also increasing, which can exacerbate 
the instability of agricultural production systems (Zheng et  al., 
2012; Chen et  al., 2018). Predicting the potential impact of 
future climate change and climate extreme on agricultural 
production is crucial for developing adaptation strategies to 
reduce climate risks (Chen et  al., 2018).

China is currently the largest wheat-producing country in 
the world, accounting for more than 17.6% of the global wheat 
production (FAO, 2013). The North China Plain (NCP) is one 
of the major winter wheat planting areas in China, accounting 
for over 50% of China’s total wheat production (Xiao et  al., 
2020). Therefore, ensuring wheat production in the NCP is 
not only for food security in China but also for the stability 
and sustainability of the global food market. However, wheat 
production will be threatened by the increased extreme climate 
events. For example, short episodes of heat stress during 
flowering can lead to sterility and abortion of grains, resulting 
in a low grain number (Ferris et  al., 1998). During the grain 
filling period, heat stress can accelerate leaf senescence and 
affect final grain weight by shortening the duration of grain 
filling (Zhao et  al., 2007; Dias and Lidon, 2009). For every 
unit increase of the sum of daily heat degrees over 30°C during 
anthesis and grain filling, grain yield was reduced by 1.0–1.6% 
(Liu et  al., 2016).

Along with climate warming, most previous studies have 
been well concerned with the effect of heat stress on crop 
production (Talukder et  al., 2014; Liu et  al., 2016; Chen et  al., 
2018). However, the advancement of crop phenological stages 
caused by increasing temperature has the potential to increase 
the risk of spring frost (Saeidi et  al., 2012; Chen et  al., 2014). 
Actual frost risk for crop does not decrease as expected and 
shows an increasing trend in the future in some regions (He 
et  al., 2012; Crimp, 2014). Moreover, experiencing a warm 
winter for winter wheat is more vulnerable to low temperature 
stress in the spring because warm winter could affect the 
process of cold hardening and even cause dehardening (Bokhorst 
et  al., 2010; Li et  al., 2015a). In the NCP, frost injury usually 
occurs in March and April during jointing and booting stages 
(Wu et  al., 2014; Li et  al., 2015a). Generally, the frost stress-
induced yield loss is attributed mainly to the reduction of 
tiller and spike number, which are associated with a decrease 
in photosynthetic rate, specific leaf area, and shoot biomass 
(Valluru et al., 2012; Thakur and Nayyar, 2013; Li et al., 2015b). 
For example, each additional day in low temperature duration 
at jointing and booting stages could reduce grain yield by 
4.3–4.8 and 5.2–6.7% for two different wheat cultivars under 
the minimum temperature of −2°C, respectively (Ji et al., 2017).

Generally, proper adjustment of cultivars and sowing dates 
can reduce the impact of extreme climate stress on crop 
production (Bai et  al., 2020). Gouache et  al. (2012) showed 
that compared to the reference strategy, earlier sowing wheat 

by 30 days can decrease heat stress days by 0.9 days, and heat-
tolerant cultivar can reduce heat stress days by 3.5 days during 
wheat grain filling in the future period 2070–2099. In addition, 
late sowing date and using long-season cultivars could be possible 
strategies to minimize frost damage for wheat (Zheng et  al., 
2012; Xiao et  al., 2018a).

Process-based crop models are valuable tools for evaluating 
the impact of climate change on crop production (Challinor 
et  al., 2014). Numerous studies have employed crop models 
to assess the effects of temperature changes on crop production 
(Lobell and Asner, 2003; Tao and Zhang, 2013; Asseng et  al., 
2015). However, these studies mainly consider the impact of 
mean temperature on crop development and yield and ignore 
the effect of extreme temperature on crop production, which 
could underestimate climate change impacts on crop yield (Tao 
et  al., 2012; Wang et  al., 2013). This is because most crop 
models cannot directly and effectively simulate the effects of 
heat or frost stress on crop development, growth, and yield 
(Xiao and Tao, 2014). Currently, several studies have tried to 
consider extreme climate stress by incorporating a series of 
stress functions that accelerate leaf senescence and reduce grain 
number and yield into present crop models (Stöckle et  al., 
2003; Barlow et al., 2015; Bell et al., 2015). Using these improved 
crop models, some studies evaluated the response and adaptation 
of crop to extreme temperature under future climate scenarios, 
but most studies only focused on a type of extreme temperature, 
that is, heat stress (Gouache et  al., 2012; He et  al., 2012; Chen 
et al., 2018). To more realistically assess crop yields and explore 
adaptation measures for future climate change, it is necessary 
to analyze the potential impact of the co-occurrence of frost 
and heat stress on crop yield.

In this study, we aim to assess the impacts of future climate 
change mainly including heat and frost stress on wheat yield 
in the NCP using the Agricultural Production System Simulator 
(APSIM) model forced by statistically downscaled daily climate 
data from 20 Global Climate Models (GCMs) in the Coupled 
Model Inter-comparison Project phase 6 (CMIP6). The objectives 
of this study were to (1) investigate the response of wheat 
phenology and yield to future climate change in the NCP; (2) 
separately and jointly evaluate the impacts of heat and frost 
stress on wheat production; and (3) identify the optimum 
cultivar and sowing time to minimize the risk of yield loss 
mainly caused by heat and frost stress under future 
climate scenarios.

MATERIALS AND METHODS

Study Sites
The NCP as shown in Figure  1 is an important base for 
wheat production in China. The main soil type in the NCP 
is loam of Aeolian origin, a soil type deposited by rivers over 
geological periods. The NCP has a warm and semi-humid 
continental monsoon climate. Seasonal precipitation is not 
evenly distributed, 50–80% of which occurs in the period from 
July to September. The NCP has a reliance on irrigation to 
support the intensive double cropping system with rotation 
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between winter wheat and summer maize. Winter wheat is 
grown from early October to June of the following year (the 
average growth period in the past 30 years) under irrigated 
conditions and intensive use of fertilizer, pesticides, and herbicides 
(Xiao et  al., 2013; Xiao and Tao, 2014). After fully considering 
the completeness and quality of crop and climate data, we selected 
four representative sites in the northern, central, and southern 
parts of the North China Plain respectively, including Tangshan 
(TS) and Nangong (NG) stations in Hebei province, Huimin 
(HM) station in Shandong province and Zhumadian (ZMD) 
station in Henan province (Figure  1). All the selected sites 
are typical winter wheat production zones, representative of 
typical double cropping system in the NCP, which are 
geographically and climatologically different and have good 
records on weather/crop data. Detailed information about crop 
and climate for these four stations was given in Table  1.

Climate and Crop Data
Crop data for wheat at the four stations, including crop 
phenological stages, yield, and agronomic management 
practices, were also obtained from the CMA. Crop management 
practices at the stations were generally same as the local 

FIGURE 1 | Locations of the four investigated agro-meteorological stations in the North China Plain (NCP).

TABLE 1 | General information about crop and climate data for the four 
investigated stations in the North China Plain (NCP).

Station
Tangshan 

(TS)
Nangong 

(NG)
Huimin 
(HM)

Zhumadian 
(ZMD)

Crop data

Year 2005–2008 2006–2008 2005–2009 2006–2009
Cultivar Jingdong8 Shimai12 Lumai23 Zhengmai9023
Mean sowing date 
(DOY)

277 285 281 295

Mean jointing date 
(DOY)

111 94 98 70

Mean flowering date 
(DOY)

132 122 126 104

Mean maturity date 
(DOY)

166 157 159 139

Mean yield (kg ha−1) 6415.4 6442.6 6833.2 5373.0

Climate data

Mean daily 
temperature (°C)

12.8 14.0 13.5 15.7

Mean daily solar 
radiation (MJ m−2)

13.9 13.3 13.6 12.1

Total precipitation  
(mm)

587.7 454.4 538.9 999.7

Soil type Loam Loam Loam Silty loam
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farmer’s practices (Tao et  al., 2014). Winter wheat at ZMD 
(high-rainfall site) was maintained under rainfed, while regular 
irrigation was applied to winter wheat at the other three 
stations. About 100 and 60 kg/ha nitrogen were applied at 
sowing and jointing, respectively.

Historical daily climate data from 1961 to 2014 at the four 
selected stations were obtained from the Chinese Meteorological 
Administration (CMA), including minimum (Tmin) and maximum 
temperature (Tmax), sunshine hours, and precipitation (Prec). 
Daily solar radiation (Rad) was calculated from daily sunshine 
hours using the Angstrom equation (Prescott, 1940).

Future climate projections were based on 20 GCMs from 
CMIP6 (Table  2).1 These climate projections were driven by 
a new set of integrated assessment models (IAMs) based on 
the Shared Socioeconomic Pathways (SSPs) and the Representative 
Concentration Pathways (RCPs; O'Neill et  al., 2016). In this 
study, we  used future climate projections for two integrated 
scenarios (combining SSP2 with RCP4.5, defined by SSP245 
and combining SSP5 with RCP8.5, defined by SSP585). SSP2 
envisions a central pathway in which social, economic, and 
technological trends do not shift markedly from historical 
patterns. SSP5 envisions fossil-fueled development pathway with 
rapid technological progress and development of human capital 
(O'Neill et  al., 2016). RCP4.5 is a medium radiative forcing 
pathway (4.5 W m−2 in 2100), and RCP8.5 is a high radiative 
forcing pathway (8.5 W m−2 in 2100).

Since the spatial resolution of different GCMs varied 
greatly and the crop data was site-based, we  uniformly 
downscaled the grid data to sites. In addition, the APSIM 
model is driven by daily climate data. In this study, the 
monthly gridded data projected by the GCMs were downscaled 
to daily climate series for the four selected stations using 

1 https://esgf-node.llnl.gov/search/cmip6/

a statistical downscaling method developed by Liu and Zuo 
(2012). This approach used monthly gridded GCM climate 
data and parameters derived from GCM projections and 
climate observations to generate a realistic time series of 
daily temperature, precipitation, and solar radiation. Firstly, 
monthly GCM simulations of the different climate variables 
were downscaled to specific stations using the inverse 
distance-weighted interpolation method (IDW). Secondly, 
quantile-quantile bias correction approach is applied to ensure 
that the model-derived monthly data matches well with the 
observed data for a historical training period (Liu and Zuo, 
2012). Finally, daily climate data for each station were 
generated from the spatially downscaled monthly GCM 
projections using the modified stochastic weather generator 
(WGEN; Richardson and Wright, 1984). More detailed 
description of the method can be  found in Liu and Zuo 
(2012). Bai et  al. (2020) assessed the performance of the 
downscaled GCMs data from CMIP6 in reproducing historical 
changes of extreme climate indices using the multi-model 
arithmetic mean and found that the ensemble results could 
better reproduce historical changes of extreme climate than 
any individual GCM. In this study, we  downscaled climate 
inputs for APSIM model for the 1961–2100 period at the 
four agro-meteorological stations under each of the 20 GCMs 
for SSP245 and SSP585.

APSIM-Wheat Model and Setting for Frost 
and Heat Stress
Agricultural Production System Simulator model is a biophysical 
model to simulate crop growth and development on a daily 
time step (Holzworth et  al., 2014). It can be  used to mimic 
the response of single crop or crop rotations to climate change 
with different management practices (Holzworth et  al., 2014). 
In APSIM-wheat model, wheat phenological development is 

TABLE 2 | List of the 20 Global Climate Models (GCMs) for future climate projections used in this study.

Code GCM name Abbreviation Institute ID Country
Spatial resolution of 
atmospheric model

1 ACCESS-CM2 ACC1 CSIRO–ARCCSS Australia 1.9° × 1.3°
2 ACCESS-ESM1-5 ACC2 CSIRO–ARCCSS Australia 1.9° × 1.3°
3 BCC-CSM2-MR BCC BCC China 1.1° × 1.1°
4 CanESM5 CAN1 CCCMA Canada 2.8° × 2.8°
5 CanESM5-CanOE CAN2 CCCMA Canada 2.8° × 2.8°
6 CNRM-CM6-1 CNR1 CNRM France 1.4° × 1.4°
7 CNRM-ESM2-1 CNR2 CNRM France 1.4° × 1.4°
8 EC-Earth3-Veg ECE1 EC–EARTH Europe 0.7° × 0.7°
9 EC-Earth3 ECE2 EC–EARTH Europe 0.7° × 0.7°
10 FGOALS-g3 FGO FGOALS China 2.0° × 2.3°
11 GFDL-ESM4 GFD NOAA–GFDL America 1.0° × 1.0°
12 GISS-E2-1-G GIS NASA–GISS America 2.5° × 2.0°
13 INM-CM4-8 INM1 INM Russia 2.0° × 1.5°
14 INM-CM5-0 INM2 INM Russia 2.0° × 1.5°
15 IPSL-CM6A-LR IPS IPSL France 2.5° × 1.3°
16 MPI-ESM1-2-HR MPI1 MPI-M Germany 0.9° × 0.9°
17 MPI-ESM1-2-LR MPI2 MPI-M Germany 1.9° × 1.9°
18 MIROC6 MIR1 MIROC Japan 1.4° × 1.4°
19 MIROC-ES2L MIR2 MIROC Japan 2.8° × 2.8°
20 MRI-ESM2-0 MRI MRI Japan 1.9° × 1.9°

7

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles
https://esgf-node.llnl.gov/search/cmip6/


Bai et al. Response of Wheat to Climate

Frontiers in Plant Science | www.frontiersin.org 5 February 2022 | Volume 13 | Article 829580

defined by 11 crop stages and 10 crop phases (time between 
stages). The time of each phase is mainly determined by the 
accumulation of thermal time adjusted for other factors (e.g., 
vernalization and photoperiod) which vary with the phase 
considered. A more detailed description of the model is 
documented at http://www.apsim.info. In our study, APSIM-
wheat version 7.10 was used to evaluate the responses of winter 
wheat yield to climate change, cultivar and sowing date adjusting.

In the NCP, wheat growth and development often suffer 
from heat and frost stress events. However, the APSIM-wheat 
model does not consider the effects of heat and frost stress 
on wheat yield (Bell et  al., 2015). Under the background of 
global warming, it is very important to assess the impacts 
of heat and frost stress on wheat production. In the study 
area, frosts usually occur 3 or 4 weeks before head emergence 
when wheat is at the jointing stage (Zhong et  al., 2008). In 
addition, cold stress during the period from booting to flowering 
can reduce the grain number per spike and decreased grain 
yield (Subedi et  al., 1998). Based on previous studies and 
field trial data, spring frost damage generally occur when 
daily minimum temperature is below 0°C (Barlow et al., 2015; 
Zheng et  al., 2015). Moreover, related studies indicated that 
wheat is more sensitive to heat stress that occurs at anthesis 
than it occurs during grain filling (Kang, 2015; Liu et  al., 
2016). The optimum temperature for wheat flowering and 
grain filling ranges from 19 to 22°C (Porter and Gawith, 
1999). The threshold of 32°C is commonly regarded as the 
upper base temperature during the period of pre-anthesis 
(Porter and Gawith, 1999; Yang et  al., 2017). For the grain 
filling period, the upper base temperature is between 33.4 
and 37.4°C (Russell and Wilson, 1994; Porter and Gawith, 
1999). We  used the threshold of 35°C as the upper base 
temperature during the grain filling period in the NCP (Liu 
et  al., 2016; Yang et  al., 2017).

In this study, yield loss was calculated by multiplying influence 
coefficients depending on the frequency and intensity of heat 
and frost events during the critical phenological phase (Table 3). 
Since there are not sufficient data to test the impacts of frost 
or heat stress on winter yields for different cultivars at each 
site, yield reduction multipliers for heat and frost stress events 
are all the same in APSIM model for different sites based on 
the study of Bell et  al. (2015). Although this approach in 
APSIM has not been fully calibrated, it provides some helpful 

information to capture the loss of crop yield due to heat and 
frost stress (Bell et  al., 2015). This approach has been widely 
used to explore optimum flowering periods for wheat in Australia 
(Luo et  al., 2018; Chen et  al., 2020).

Simulation Setting
The APSIM-wheat model at four investigated stations was 
calibrated and validated in Xiao et  al. (2018b). The model 
was robust to simulate dates of flowering and maturity with 
the root-mean-square deviation (RMSD) less than 5 days and 
yield with RMSD less than 10% compared to the observed 
value (Supplementary Figure S1). Detailed information of field 
management practices (e.g., sowing density, fertilization, and 
irrigation) referred to Xiao et  al. (2018b). Based on long-term 
historical phenology records, sowing dates of wheat at four 
investigated stations were shown in Table  1. In this study, 
we  mainly focused on the analyses of the impact of climate 
change (including heat and frost stress), cultivar, and sowing 
dates on wheat yield for three different 30-year periods under 
SSP245 and SSP585 scenarios, including the historical period 
of 1981–2010 (referred to as the baseline period) and the two 
future periods, that is, 2031–2060 (referred to as the 2040S) 
and 2071–2100 (referred to as the 2080S).

Elevated atmosphere CO2 concentration [(CO2)] in the future 
can significantly affect crop yield. During the baseline period, 
we  set the [CO2] to 380 ppm. The yearly atmospheric [CO2] 
for the two future periods were calculated using empirical 
equations that were obtained by non-linear least-squares 
regression, based on the concentration pathway given by The 
Scenario Model Inter-comparison Project (ScenarioMIP) for 
CMIP6 (O'Neill et  al., 2016). The empirical equations for 
calculating [CO2] for SSP245 and SSP585 are as follows:
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where y is the calendar year from 1900 to 2100 (i.e., y = 1900, 
1901, …, 2100).

Evaluating the Impacts of Heat and Frost 
Stress on Wheat Production
In this study, we  evaluated the impacts of heat and frost stress 
on wheat yield at four study sites in the NCP with and without 

TABLE 3 | Temperature criteria and yield reductions caused by frost and heat 
stress during wheat growth stages (Zadoks growth stage).

Stress
Sensitive stage 
(corresponding 

phenological phase)

Temperatures 
condition for frost 

or heat stress

Yield loss 
(% per day)

Frost Z31–60a (jointing to flowering) Tmin ≤ −2°C 5%
Z60–79 (flowering to grain filling) Tmin ≤ 0°C 10%

Heat Z55–65 (pre-flowering) Tmax ≥ 32°C 10%
Z65–79 (post-flowering to grain 
filling)

Tmax ≥ 35°C 10%

aNote that Zadoks growth stage from Zadoks et al. (1974).
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TABLE 4 | Phenological parameters for historical cultivar (HC) and three virtual wheat cultivars (VC1, VC2, and VC3) in the Agricultural Production System Simulator 
(APSIM)-wheat model.

Station Cultivar tt_end_of_juvenile tt_floral_initiation startgf_to_mat vern_sens photop_sens

TS HC 650 400 640 2.5 2.5
VC1 715 440 640 2.5 2.5
VC2 650 400 704 2.5 2.5
VC3 715 440 704 2.5 2.5

NG HC 590 460 590 2.4 2.5
VC1 649 506 590 2.4 2.5
VC2 590 460 650 2.4 2.5
VC3 649 506 650 2.4 2.5

HM HC 610 500 600 2.4 2.5
VC1 671 550 600 2.4 2.5
VC2 610 500 660 2.4 2.5
VC3 671 550 660 2.4 2.5

ZMD HC 505 460 620 2.3 2.5
VC1 555 506 620 2.3 2.5
VC2 505 460 682 2.3 2.5
VC3 555 506 682 2.3 2.5

Note that vern_sens is sensitivity to vernalization; photop_sens is sensitivity to photoperiod; tt_end_of_juvenile is thermal time required from end of juvenile to floral initiation (°Cd); 
tt_floral_initiation is thermal time required from floral initiation to flowering (°Cd); and startgf_to_mat is thermal time required from flowering to grain filling (°Cd).

changing sowing time and cultivar. Impact of extreme stress 
on yield in the baseline period (Ybc ) at each station for each 
GCM was identified as

 
Y Y Y
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B A

A
=

-
´100%

 
(3)

where YA  and YB  were annual average of simulation results 
for baseline period without and with the effect of extreme 
stress, respectively.

The relative change of impacts of extreme stress on crop 
yield in the future period (Yfc ) compared to baseline at each 
station for each GCM was defined as:
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where YC  and YD  were average simulated yield for the future 
period without and with the effect of extreme stress, respectively.

Optimizing Cultivar and Sowing Time 
Under Future Climate Scenarios
Using agronomic adaptation options is an effective option to 
improve yield performance (Bai and Tao, 2017). In this study, 
we investigated the wheat yield performance of historical cultivar 
(HC) and three virtual cultivars [thermal time in the vegetative 
growth phase (VGP) of HC increased by 10%, VC1; thermal 
time in the reproductive growth phase (RGP) of HC increased 
by 10%, VC2; thermal time in both the vegetative and RGPs 
of HC increased by 10%, VC3] for each station under future 
climate scenarios without and with the effect of extreme stress. 
Phenological parameters for HCs and three created wheat 
cultivars in the APSIM-Wheat model were shown in Table  4.

To derive the optimum sowing date for wheat in the NCP 
under SSP245 and SSP585 scenarios, the yield performance 
for four investigated stations was evaluated with different sowing 
dates ranging from 20 days before historical sowing date (Table 1) 
to 30 days after historical sowing date with an interval of 5 days 
in the two future periods (2040S and 2080S).

RESULTS

Projected Future Climate Change
Changes in mean daily solar radiation and temperature (i.e., 
Tmax and Tmin) and total annual precipitation for the two future 
periods (2040S and 2080S) relative to the baseline period based 
on the downscaled data from the 20 GCMs under SSP245 and 
SSP585 scenarios were shown in Supplementary Figure S2. For 
Tmax and Tmin, four investigated stations showed significantly 
increasing trends in all the GCMs (Supplementary Figures S2B,C). 
For solar radiation, there were increasing trends at all the 
investigated stations for the two future periods under both 
SSP245 and SSP585 scenarios (Supplementary Figure S2A). 
Moreover, the increase in mean daily radiation during 2080S 
at four stations under SSP245 scenario was greater than that 
under SSP585 scenario (Supplementary Figure S2A). As for 
precipitation, the average change projected by 20 GCMs showed 
that precipitation increased at all the stations for two future 
periods under SSP245 and SSP585 scenarios 
(Supplementary Figure S2D). Moreover, precipitation variability 
projected by 20 GCMs was large.

Monthly heat (the number of days with Tmax ≥ 32°C) and 
frost (the number of days with Tmin < 0°C) days for baseline 
period and two future periods under SSP245 and SSP585 
scenarios are shown in Figure 2. Along with climate warming, 
heat days in each month increased significantly at all the 
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stations under future climate scenarios. Heat days were mainly 
concentrated from May to September (Figures  2A,C,E,G). In 
the baseline period, wheat bloomed in April at ZMD station 
and in May at other stations. Across the stations, the average 
number of heat days in May projected by 20 GCMs increased 
by 1.2–4.0 and 1.7–5.3 days under SSP245 and SSP585 scenarios 
during 2040S, respectively, and increased by 2.4–7.1 and 
5.4–12.2 days under SSP245 and SSP585 scenarios during 2080S, 
respectively (Figures  2A,C,E,G). Heat days in April projected 
by 20 GCMs increased slightly. Frost days in each month 
decreased significantly at all the stations under future climate 
scenarios (Figures  2B,D,F,H). Frost days were mainly 
concentrated from December to February of the following year 
at ZMD station and concentrated from November to March 
of the following year at other stations. In the baseline period, 
wheat jointed in March at ZMD station and in April at other 
stations. There will be  almost no frost days in March at ZMD 
station and no frost days in April at other stations under the 
future climate scenario (Figures  2B,D,F,H).

Shift in Wheat Phenology Under Future 
Climate Scenarios
Generally, warming climate could accelerate crop development 
rate and consequently reduce crop growth duration. In this 
study, the simulation results showed that there was a significant 
advancing trend in wheat phenology (e.g., jointing date, flowering 
date, and maturity date) under future climate scenarios 
(Figure 3). The advance in the days of wheat phenology during 
2080S was greater than that during 2040S. Moreover, changes 
in wheat phenology under SSP585 scenario were greater than 
those under SSP245 scenario (Figure  3). As the sowing date 
remained unchanged for the two future periods, the advance 
in flowering and maturity dates significantly shortened the 
VGP (duration from sowing to flowering) and the whole growth 
phase (WGP, duration from sowing to maturity) of wheat. 
However, the RGP (duration from flowering to maturity) of 
wheat was prolonged by 0.2–1.3 and 0.4–1.7 days across the 
stations under SSP245 and SSP585 scenarios during 2040S, 
respectively, and prolonged by 0.5–2.5 and 2.1–5.3 days under 

A B

C D

E F

G H

FIGURE 2 | Monthly heat (A,C,E,G) and frost (B,D,F,H) days for baseline period and two future periods under SSP245 and SSP585 scenarios.
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A B

C D

FIGURE 3 | Changes in jointing (A), flowering (B), and maturity (C) dates and the reproductive growth phase (RGP), (D) in the 2040S and 2080S under SSP245 
and SSP585 scenarios relative to the baseline (1981–2010).

two scenarios during 2080S, respectively (Figure 3D). The main 
reason for the extension of the RGP was that the early trend 
in maturity date was less than that in the flowering date.

Impacts of Climate Change and Extreme 
Temperature on Wheat Yield
Winter wheat yields for the baseline and two future periods 
were investigated with and without considering the effect of 
extreme temperature (Figure 4). Without considering the effect 
of extreme temperature, wheat yield showed an increasing trend 
at all the stations under future climate scenarios. The yield 
increase was largest at ZMD station, increasing by averages 
of 7.2, 13.6, 9.7, and 13.9% across 20 GCMs under SSP245_2040S, 
SSP245_2080S, SSP585_2040S, and SSP585_2080S, respectively 
(Figures  4G,H).

The effects of extreme temperature events, including heat 
stress and frost stress, on yield have been accounted for in 
this study. In the baseline period, yield change caused by heat 
stress at NG and HM stations was large, but that at the other 
two stations was slight (Figure  4). The main reason was that 
the number of heat days during the high temperature sensitive 
stage of wheat at NG and HM stations was more than that 
at other stations in the baseline period (Table  1; Figure  2). 
Under future climate scenarios, heat days during flowering 
and grain filling period had a slight decrease at HM station 
but a slight increase at the other three stations (Figure  5A). 

As a result, wheat yield loss caused by heat stress at HM 
station decreased by 0.6–3.7% under future climate scenarios, 
but that at the other stations increased slightly (Figure  6A). 
With the combined effects of climate change and heat stress, 
wheat yield had an increasing trend under future climate 
scenarios at all the stations except for NG station (Figure  4).

Frost stress had no significant effect on yield at all the 
stations for the baseline period (Figure  4). However, due to 
the advancement of wheat phenology in the future climate 
scenarios, frost days from jointing to grain filling had a significant 
increase at all the stations except for TS station, especially for 
SSP585_2080S (Figure  5B). Wheat yield loss caused by frost 
stress increased by 3.7–12.8% at ZMD, but that at other stations 
increased slightly (except for NG and HM under SSP585_2080S; 
Figure  6B). Moreover, wheat yield loss caused by frost stress 
during 2080S was greater than that during 2040S. Wheat yield 
loss caused by frost stress under SSP585 scenario was larger 
than that under SSP245 scenario (Figure 6B). With the combined 
effects of climate change and frost stress, wheat yield had an 
increasing trend at TS station under future climate scenarios. 
However, wheat yield increased in 2040S and decreased in 
2080S at NG, HM, and ZMD (except for 2040S) stations 
(Figure  4). Moreover, with the combined effects of climate 
change and heat and frost stress, wheat yield change was similar 
to that only considering the effect of climate change and frost 
stress under the future climate scenarios (Figure  4). Overall, 
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wheat yield loss caused by heat and frost stress increased by 
3.9–14.4% at ZMD, but that had no significant change under 
all climate scenarios except for SSP585_2080S at other stations 
(Figure  6C).

Responses of Wheat Yield to Cultivar and 
Sowing Date Adjustment
Without considering the effects of extreme climate stress 
(e.g., heat and frost stress), wheat yield under VC2 cultivar 

A B

C D

E F

G H

FIGURE 4 | Simulated multi-Global Climate Model (GCM) ensemble mean yield for the baseline and two future periods (2040S and 2080S) under SSP245 
(A,C,E,G) and SSP585 (B,D,F,H) without and with the effect of extreme temperature stress (i.e., heat and frost stress). All the yields have been normalized by 
historical yield without the effect of extreme temperature events.
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A

B

FIGURE 5 | Changes in heat (A) and frost days (B) during the temperature sensitive stage of wheat in the 2040S and 2080S under SSP245 and SSP585 
scenarios compared to the baseline period (1981–2010).

showed the best performance at all the stations in two future 
periods under both SSP245 and SSP585 scenarios 
(Supplementary Figure S3A). Yield loss caused by heat stress 
using HC cultivar was smaller than using other virtual 
cultivars at all stations under future climate scenarios, and 
yield loss using VC3 cultivar was largest (Figure 7A). Moreover, 
cultivars changes had no significant effect on yield loss caused 
by heat stress at ZMD station. Yield loss caused by frost 
stress with VC1 and VC3 cultivars was less than with HC 
and VC2 at all stations for future climate scenarios (Figure 7B). 
Yield loss caused by heat and frost stress with VC1 cultivar 
was least at ZMD station, but yield loss with HC cultivar 
was least at other stations (Figure  7C). With the effect of 
extreme stress, wheat yield with VC1 cultivar showed the 
best performance at ZMD station for future climate scenarios, 
but wheat yield with HC cultivar showed the best performance 
at other stations (Supplementary Figure S3B). According 
to the simulated results, the optimum cultivar was HC cultivar 
at TS, NG, and HM stations, and the optimum cultivar was 
VC1 cultivar at ZMD station.

With the combined effect of heat and frost stress, responses 
of wheat yield to sowing dates in two future periods under 
SSP245 and SSP585 scenarios were shown in Figure  8 and 
Supplementary Figure S4, respectively. With the advance of 
wheat sowing date from historical sowing date, the negative 
effect of heat stress on yield decreased at all stations except 

ZMD station under future climate scenarios. However, the 
negative effect of frost stress on yield significantly increased 
at all the stations under future climate scenarios (Figure  8; 
Supplementary Figure S4). However, with the delay of wheat 
sowing date from historical sowing date, the negative effect 
of heat stress on yield significantly increased at all the stations 
except for ZMD station under future climate scenarios, but 
the negative effect of frost stress on yield significantly decreased 
at all the stations except for TS station in 2040S (Figure  8; 
Supplementary Figure S4).

Under the combined effect of heat and frost stress, the 
fluctuation of yield change caused by shift in sowing date reached 
−42.8–2.0, −47.7–5.3, −45.8–2.8, and −43.0–9.8% under the 
four future climate scenarios, that is, SSP245_2040S, SSP245_2080S, 
SSP585_2040S, and SSP585_2080S, respectively, relative to the 
historical sowing date (Figure  8; Supplementary Figure S4). 
The optimum sowing window was to advance historical sowing 
date by 5–15 days for 2040S under SSP245 and SSP585 scenario 
at TS station, respectively. The optimum sowing window was 
to advance historical sowing date by 0–10 days at NG and HM 
stations during 2040S under the two climate scenarios, but the 
optimum sowing window was to delay historical sowing date 
by 5–15 days at ZMD station (Figure 8; Supplementary Figure S4). 
Moreover, for all the stations during 2080S under the two climate 
scenarios, the optimum sowing window was 5–10 days later than 
that during 2040S (Figure  8; Supplementary Figure S4).
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A

C

B

FIGURE 6 | Changes in impacts of heat (A), frost (B), heat and frost stress (C) on wheat yield in the 2040S and 2080S under SSP245 and SSP585 scenarios 
compared to the baseline period (1981–2010). Black rectangles represent multi-model mean values from simulations with optimum adaptation.

A

B

C

FIGURE 7 | The relative change of impact of heat (A), frost (B), heat and frost stress (C) for different cultivars on wheat yield in the 2040S and 2080S under 
SSP245 and SSP585 scenarios relative to historical cultivar in the baseline (1981–2010).
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A B

C D

E F

G H

FIGURE 8 | Yield performance considering heat and frost stress in the different sowing dates during the 2040S (A,C,E,G) and 2080S (B,D,F,H) under SSP245 
scenario. The black dotted line is the historical sowing date. The gray rectangle is the optimum sowing window. All the yields have been normalized by historical 
yield without the effect of extreme temperature events.

The relative changes of the impact of extreme temperature 
stress on wheat yield with optimum adaptation of sowing date 
and cultivar selection in the 2040S and 2080S under SSP245 
and SSP585 scenarios relative to the baseline period were shown 
in Figure  6. The simulation results showed that there is a 
trade-off between the effects of heat and frost stress on yield 
with optimum adaptation. The optimum adaptation decreased 
the effect of heat stress on yield at TS and NG, but increased 
the effect of frost stress on yield (Figures 6A,B). The optimum 
adaptation significantly decreased the yield loss caused by the 
combined effect of heat and frost stress by 3.2–11.5% at ZMD 
under the future climate scenarios, but slightly reduced the 
yield loss at the other stations (Figure  6C).

DISCUSSION

Changes and variability of climate factors, such as temperature, 
solar radiation, precipitation, and [CO2] during crop growing 
season, could strongly influence crop phenology and productivity 
(Lin et  al., 2005; Tao et  al., 2014; Zhang et  al., 2016). Based 
on statistically downscaled daily climate data from 20 GCMs 
in CMIP6, we  found that radiation, temperature (Tmin and 
Tmax), and precipitation have an increasing trend under future 
climate scenarios. Overall, the trends were consistent with the 
result of Xiao et  al. (2018b) using 28 GCMs from CMIP5. 
Generally, warming climate could accelerate crop growth and 
development rate and thereby advance crop phenological stages 
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(Xiao et  al., 2015; Hu et  al., 2017). The length of VGP and 
WGP of wheat significantly shortened for the two future periods 
under SSP245 and SSP585 scenarios. The large decrease of 
crop VGP could cause insufficient biomass accumulation and 
lower leaf area index (LAI) in the early growth stage and has 
a negative impact on the accumulation of grain yield in the 
later growth stage (Juknys et  al., 2017). However, the length 
of RGP was prolonged under future climate scenarios, which 
could provide the possibility of prolonging grain filling period 
and increasing grain yield (Wang and Yin, 2012). To some 
extent, increasing precipitation could improve soil moisture 
conditions during crop growing season (Rosenzweig et  al., 
2004). The increase in precipitation in the future could reduce 
irrigation water consumption and effectively alleviate the problems 
caused by overexploitation of groundwater in the area. However, 
Xiao et  al. (2020) found that some areas in the northern NCP 
still had groundwater over-pumping in the future based on 
33 GCMs from CMIP5. Irrigation is still an important guarantee 
for high yield of wheat in rainfed areas of the NCP. Solar 
radiation is an important climatic factor which influences 
photosynthesis rate and biomass accumulation of crop (Sheehy 
et  al., 2006; Zhang et  al., 2010). Increased radiation under 
future climate scenarios could benefit wheat production (Xiao 
et  al., 2020). However, the shortening of growth period could 
result in less radiation interception (Xiao et  al., 2018b). The 
elevated atmospheric CO2 concentration under future climate 
scenarios has positive effects on crop yield, especially for the 
C3 plant wheat (Chen et  al., 2018; Xiao et  al., 2018b).

Without considering the effect of extreme climate, climate 
change increased winter wheat yield under both SSP245 and 
SSP585 scenarios in the NCP. However, due to warming climate, 
extreme climate events are anticipated to increase, which are 
likely to produce negative impacts on crop production (Porter 
and Semenov, 2005). When the crop phenology changes in 
the future are not considered, Bai et  al. (2020) noted that the 
frequency and intensity of heat extremes during wheat growing 
season were projected to increase over the 21st century for 
SSP245 and SSP585 scenarios, but those of cold extremes will 
decrease. In this study, the results showed that heat days around 
flowering had no significant change or a slight decrease for 
wheat under SSP245 and SSP585 scenarios. Frost days from 
jointing to grain filling had a slight increase under future 
climate scenarios but significantly increased for SSP585_2080S 
scenario. The main reason for the differences was that our 
study considered the changes of wheat phenology caused by 
warming climate. Therefore, the actual changes of heat and 
frost stress are not only attributed to temperature change but 
also the variation of crop phenology (Gu et al., 2008). Increase 
in temperature accelerates wheat development and advances 
the temperature sensitive stage, which could reduce the risk 
of exposure to heat stress but increase the risk of frost (Zheng 
et al., 2012). Related studies also indicated that although rising 
temperature reduced spring frost significantly in most of wheat 
growing region, actual risk of spring frost during jointing to 
flowering had not decreased as expected and frost-related yield 
loss had an increasing trend (Zheng et  al., 2015; Xiao et  al., 
2018b). Our simulation results also showed that wheat yield 

loss caused by frost stress significantly increased for 2080S 
under SSP585 scenario, especially for ZMD station. This is 
because the temperature sensitive stage of wheat was earlier 
at ZMD than that at the other three stations under future 
climate scenarios (the jointing date was advanced from March 
to February; Figure  3). Although frost days in each month 
decreased significantly due to the increase of temperature, the 
number of frost day in February under future climate scenarios 
were still significantly higher than those in March for the 
baseline period (Figure  2H).

The projected yield changes under future climate scenarios 
not only presented possible risks to crop production but also 
suggested potential opportunities for agricultural development. 
The negative impact of warming climate on crop generally 
resulted from the decrease in growth duration and the increase 
of extreme events (Chen et  al., 2018). Although increasing 
temperature accelerated crop development rate, the variation 
of phenology was not completely consistent with the temperature 
variation (He et al., 2015; Li et al., 2016). Shift of crop phenology 
can be affected not only by climatic factors but also by cultivar 
changes and agronomic management (Tao et  al., 2012; Wang 
et  al., 2013). An optimum sowing window can reduce risks 
of frost and/or heat stress events during temperature sensitive 
stage (Zheng et  al., 2012; Bell et  al., 2015). In this study, 
we  found that the fluctuation of yield change caused by shift 
in sowing dates under future climate scenarios was very large. 
Proper shift of sowing window could alleviate the negative 
effect of frost and heat stress events and maintain or even 
improve wheat yields. The optimum sowing window of wheat 
was different in different regions, which was controlled by 
climatic conditions and cultivar characteristics (Bai and Tao, 
2017). Moreover, not all cultivars respond similarly to climate 
change, and cultivars renewal is the main mean of adaptation 
to climate change (Lobell et al., 2011). Several studies indicated 
that long-season cultivar could compensate for phenology 
acceleration induced by warming climate and stabilize wheat 
growth duration (Liu et al., 2010; Tao et al., 2012). Late sowing 
dates or using long-season cultivars could postpone the frost 
sensitive stage and decrease frost risk, but increase the risk 
of exposing wheat to more heat stress around flowering (Zheng 
et  al., 2012). Therefore, the selection of adaptation measures 
needs to balance the risks associated with frost, heat, and 
other abiotic stresses (Barlow et  al., 2015). In this study, 
we found late sowing and longer VGP cultivars could significantly 
compensate for the negative impact of extreme temperature 
on yields at ZMD in the south of NCP under future climate 
scenarios, but shift in sowing dates and growth period length 
of cultivars only slightly compensated for the negative impact 
at TS, NG, and HM in the north and central NCP. The results 
showed that changing the key growth period by management 
measures cannot effectively alleviate the combined effects of 
extreme temperature for wheat in the north and central NCP, 
and improving the tolerance to high temperature or low 
temperature of cultivars may be an effective measure to alleviate 
the negative effects of extreme temperature.

There are some uncertainties in future climate projections 
due to the differences between different climate models and 
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scenarios. We  used a multiple model ensemble method to 
address the uncertainties from climate models and scenarios. 
To assess the impacts of extreme temperature on wheat 
production, we  integrated yield reduction multipliers for heat 
and frost stress events during temperature sensitive stage into 
APSIM-wheat model based on relevant research reports. Due 
to limited data for model evaluation, our modeling results 
might over- or underestimate the magnitude of yield losses 
resulted from heat and frost stress. Nonetheless, capturing heat 
and frost losses to grain yield in some way could provide 
guidance for developing adaptation strategies to reduce climate 
risks (Bell et al., 2015). Further improvement of the definitions 
and physiological basis of this approach would enhance the 
accuracy of these predictions, but this is out of the scope of 
this study. Moreover, in the APSIM-wheat model, the increased 
photosynthesis due to elevated atmospheric [CO2] was reported 
mainly from controlled, semi-controlled, and open-field 
experiments (Reyenga et al., 1999; Kimball et al., 2002). Therefore, 
the crop model might overestimate the positive effects of 
elevated atmospheric [CO2] (Asseng et  al., 2004). In order to 
more accurately evaluate the impact of climate change on crop 
production, the quality of the crop model and climate projection 
should be  further elaborated.

CONCLUSION

Based on statistically downscaled data from 20 GCMs in CMIP6, 
we  evaluated the potential changes in wheat phenology and 
yield across winter wheat cropping regions in the NCP using 
the APSIM-wheat model. Results showed that warming climate 
accelerated wheat development and significantly advanced the 
temperature sensitive stage. Without any adaptation methods 
under future climate scenarios, the risk of exposure to heat 
stress around flowering had no significant change or a slight 
decrease, but frost risk in spring season increased. Extreme 
temperature stress would have negative impacts on wheat 
production. However, agricultural climate resources, such as 
light, thermal, and CO2 fertilization effects, could partly 
compensate for the yield decrease or even contribute to the 
yield increase. Moreover, we  found that late sowing and longer 

VGP cultivar could significantly compensate for the negative 
impact of extreme temperature on wheat yields in the south 
of NCP under future climate scenarios. However, selecting 
heat resistant cultivars in the north NCP and both heat and 
frost resistant cultivars in the central NCP may be  a more 
effective way to alleviate the negative effect of extreme temperature 
on wheat yields. Our analysis highlighted that not only heat 
risk should be  concerned under climate warming, but also 
frost risk should not be ignored. Therefore, exploring agricultural 
management measures to balance the risks associated with 
frost, heat, and other abiotic stresses should be  the priority 
to ensure wheat production in the NCP.
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Variability in climatic conditions of low-latitude tropical grass cultivation can affect forage 
production dynamics. Pasture ecosystems are complex and preferably studied from a 
multifactorial point of view through multivariate approaches. Therefore, in this study, 
we characterized different growing conditions for grasses of the Megathyrsus genus 
through studies conducted in tropical humid and semi-arid conditions. We applied principal 
component, canonical correlation, and discriminant function analyses to the measurements 
of agronomic and agrometeorological variables in six studies with Guinea and Massai 
grasses. The principal component analysis, through the climatic characterization by the 
first principal component, reflects the contrast between water availability and nitrogen 
variables and energy supply. Agronomic characterization occurred through the distinction 
between the density of tillers, forage accumulation, and increase in height, versus the 
accumulation of stems and dead material. The canonical correlation analysis generated 
a correlation coefficient of 0.84 between the agronomic and agrometeorological variables. 
There was a contrast between the dead material accumulation and the other agronomic 
variables, while the agrometeorological variables showed characteristics similar to the 
first principal component. Discriminant function 1, with 70.36% separation power, 
distinguished the cultivation conditions based on the study locations. Grass cultivars were 
differentiated by discriminant function 2, with a 19.20% separation power. From a 
multivariate variability analysis, despite the similarities of radiation and temperature in the 
regions studied, the availability of water and nutrients and measurements of agronomic 
variables can aid in future modeling studies on forage production.

Keywords: agrometeorology, growing conditions, Megathyrsus, multivariate analysis, pasture ecosystems, 
semi-arid, tropical humid
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INTRODUCTION

Pasture ecosystems at low latitudes (<10°) show little variation 
in photoperiod and temperature but exhibit important differences 
in other climatic factors, such as rainfall. In these areas, 
depending on the climate in which they are located, tropical 
forages have limited growth from a climatic point of view, 
usually due to water availability (Santos et al., 2013). Therefore, 
close to the equator, the water regime dictates plant growth 
both in a humid tropical climate and a semi-arid climate. 
Such weather types are present at lower latitudes on four of 
the seven continents. Humid tropical climates are observed in 
South American countries, such as those of the Amazon region, 
as well as in the central region of the Congo in Africa, and 
the Indonesian islands of Asia, all of which have humid tropical 
forests constituting the main biome. A semi-arid climate can 
be  observed in northeastern Brazil, some African countries 
such as Ethiopia, Kenya, Somalia, and Tanzânia, and in northern 
Australia (Peel et  al., 2007).

Forage plant growth and consequently, canopy productivity 
are the result of the genotype and its related environment 
(Durand et al., 1991; Simeão et al., 2021). Environmental factors 
refer to the edaphoclimatic conditions of plant cultivation, 
including aspects related to soil (texture, density, and fertility) 
and climate (temperature, humidity, and photoperiod). The 
water demand of plants depends mainly on their metabolic 
requirements, which are linked to characteristics such as stomatal 
conductance, transpiration rate, and leaf area. These characteristics 
vary according to the stage of development (Tardieu, 2013). 
Water demand is also determined by factors such as leaf surface 
evapotranspiration, which is dependent on radiation, temperature, 
air humidity, wind speed, and leaf surface properties (Rind 
et  al., 1990). In tropical pastures, evapotranspiration, mean 
temperature, and solar radiation influence total forage 
accumulation, leaf accumulation, tiller population density, and 
nutritional value (Lage Filho et  al., 2021; Macedo et  al., 2021; 
Tapia et  al., 2021). As for aspects related to the soil, nitrogen 
(N) is the most important nutrient in tissue flow, and its 
assimilation may be  limited by a water deficit (Onillon et  al., 
1995). Therefore, when climate conditions are favorable and 
nitrogen supply is adequate, studies in the literature support 
that the growth of tropical grasses, especially of the genus 
Megathyrsus, will be  rapid, as there will be  an increase in 
regrowth vigor and a reduction in the interval between grazing 
(Oliveira et  al., 2020).

Cultivated tropical pasture ecosystems represent the main 
food source for many herds worldwide (Silva et  al., 2013). 
Understanding the relationship between the agronomic 
characteristics of the grasses that make up such systems, and 
the agrometeorological conditions of these regions would increase 
the knowledge of the interactions between these factors in 
pasture ecosystems. Therefore, multivariate analyses of the 
factors related to climatic influences exerted on plants and 
the dynamics of growth and biomass production can provide 
important information through a systemic view of the ecosystem 
(Yeater et  al., 2014; Araújo Júnior et  al., 2021). In addition, 
the exploration of data using multivariate analysis can contribute 

to research with direct modeling applied to plant growth  
(Qiu et  al., 2016), although little research has been previously 
conducted on the prediction of forage accumulation in 
tropical conditions.

Regions located close to the equator, such as humid and 
semi-arid tropical regions, may have climatic factors that can 
distinguish them, such as variables related to humidity and 
the water regime (Alvares et  al., 2013). Production systems 
in these drier places use technologies such as irrigation (Araújo 
Júnior et  al., 2021), which is often not required in humid 
tropical regions. Thus, agrometeorological characterization and 
analysis of agronomic variables of forage plants grown in 
different regions can provide valuable information on how 
different growing conditions interact with their environment, 
and how these conditions can be  distinguished. Conducting 
trials under different climates helps in understanding the climatic 
influences on the growth and development of forage crops, 
and contributes to modeling studies involving climate action 
in tropical forage grasses that are highly responsive to change, 
such as those of the genus Megathyrsus.

This study aimed to understand the growth dynamics of 
grasses of the genus Megathyrsus under different growing 
conditions in humid and semi-arid tropical regions, and to 
answer the following questions: How are the different growing 
conditions characterized in relation to the indices that group 
agronomic and agrometeorological variables? How do 
agrometeorological variables relate to the agronomic variables 
measured under these growing conditions?, and How can 
discriminant functions be  described that can distinguish 
cultivation conditions regarding forage species evaluated in the 
humid and semi-arid tropical regions of Brazil?

MATERIALS AND METHODS

Experimental Sites
Data were retrieved from four experimental trials with Guinea 
grass (Megathyrsus maximus (syn. Panicum maximum; Jacq.) 
B.K. Simon & S.W.L. Jacobs “Guinea”). Two trials were conducted 
in the municipality of Igarapé-Açu (01°07′ S, 47°36′ W, 47 m 
altitude), state of Pará, and two in Pentecoste (03°48′ S, 49°19′ 
W, 71 m altitude), state of Ceará. Two other experiments with 
Massai grass (Megathyrsus maximus × Megathyrsus infestus 
(Peters) B.K. Simon & S.W.L. Jacobs “Massai”) were performed 
in Igarapé-Açu and Fortaleza (03°44′ S, 38°34′ W, 20 m altitude) 
in the states of Pará and Ceará, respectively. The town of 
Igarapé-Açu is located in the eastern region of the Amazon 
biome, has a rainy climate with a short dry season, and is 
classified as type Am  using the Köppen classification (Alvares 
et  al., 2013) tropical humid monsoon. The Pentecoste 
experimental field is located in the Brazilian semi-arid region, 
with climate type “BSwh” according to the Köppen classification, 
indicating a dry climate with a short wet season. Fortaleza is 
a coastal city in northeastern Brazil located near the Brazilian 
semi-arid region. According to the Köppen classification, 
Fortaleza has a tropical savanna climate of the Aw’ type with 
dry-winter characteristics. (Figure  1). The experiments were 
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named GG.IGA.15 (Guinea grass in Igarapé-Açu during the 
year 2015), GG.IGA.17-18 (Guinea grass in Igarapé-Açu during 
2017 and 2018), GG.PEN.03 (Guinea grass in Pentecost during 
the year 2003), GG.PEN.05-06 (Guinea grass in Pentecost during 
2005 and 2006), MG.IGA.15 (Massai grass in Igarapé-Açu 
during the year 2015), and MG.FOR.09 (Massai grass in Fortaleza 
during the year 2009). The agrometeorological characteristics 
and the details of the growing conditions of grasses of the 
genus Megathyrsus are presented in Table  1.

Description of Experimental Trials and 
Growing Conditions
Experiments With Mechanized Forage Harvesting 
Without the Use of Irrigation
The GG.IGA.15 experimental trial was conducted at the 
Experimental Farm of Igarapé-Açu (FEIGA) of the Federal 
Rural University of Amazônia (UFRA). The grass was sown 
by hand on March 6, 2014, with a sowing rate equivalent to 
40 pure seeds m−2 after tillage. In this trial, treatments with 
different harvest frequencies were tested in Guinea grass based 

on fixed days (14, 21, 28, 35, 42, and 49 days) of the rest 
period. Thus, the cuts and collection of biomass were carried 
out after each period of days established by the treatments. 
The forage was harvested using a hedge trimmer. The area 
was divided into 30 plots of 12  m2 (3 m × 4 m), with corridors 
spaced 1 m apart. The experimental design was a randomized 
block with five replicates per treatment. We used data collected 
between March 14, 2015, and January 2, 2016, which covered 
collections in both the rainy and dry seasons of 2015. Irrigation 
was not used in this trial; therefore, during the rainy season, 
nitrogen fertilizers were applied at a rate of 200 kg N ha−1 year−1 
in the form of urea (45% N). The plots with 14, 21, 28, 35, 
42, and 49 days of the rest period received doses equivalent 
to 17, 25, 34, 42, 51, and 59 kg N ha−1  cycle−1, respectively. For 
more details on this study, see Macedo et  al. (2021).

The GG.IGA.17-18 test used the same experimental units 
as the GG.IGA.15 test. This study evaluated the effect of different 
defoliation intensities based on the residue height (15, 25, 35, 
45, and 55 cm) when the Guinea grass canopy reached 95% 
light interception, measured using an AccuPAR LP-80 canopy 
analyzer (Decagon®). The experimental design was a randomized 

A B

C

FIGURE 1 | Location map of experimental sites. (A) Representation of the delimitation of the humid tropical region of the Amazon and the semi-arid region in Brazil. 
(B) Location of the Igarapé-Açu experimental site. (C) Location of the experimental sites of Fortaleza and Pentecoste.
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block with six replicates per treatment. The data from this 
study were collected from September 2, 2017 to September 
12, 2018 and included collections during the dry and rainy 
seasons. For more details about this study, see Lage Filho 
et  al. (2021). In both GG.IGA.15 and GG.IGA.17-18, nitrogen 
fertilizers were applied during the rainy season at a rate of 
200 kg N ha−1 year−1 in the form of urea (45% N), and defoliations 
were performed using mechanical cutting.

In the experimental trial MG.IGA.15, the grass was sown 
by hand on May 20, 2014, with a sowing rate equivalent to 
45 pure seeds m−2 after tillage. The Massai grass was subjected 
to six treatments: five doses of nitrogen fertilization (100, 200, 
300, 400, and 500 kg ha−1  year−1), in six fixed applications 
throughout the experimental period, and a control treatment 
(no nitrogen), with five replications in a completely randomized 
design. The area was divided into 30 plots of 12 m2 (3 m × 4 m), 
with corridors spaced 1 m apart. Defoliation was performed 
using mechanized cutting when light interception reached 95%, 
as measured using an AccuPAR LP-80 canopy analyzer 
(Decagon®). The experiment was conducted at FEIGA from 
February 14, 2015, to August 5, 2015. For more details on 
this study, refer to Cunha et  al. (in press).

Sheep Grazing Experiments Using Irrigation
The experimental trial GG.PEN.03 was conducted in the advanced 
Teaching and Research Unit in Forage (NEEF) in Pentecoste-CE. 
The grass was sown manually in January 2003. Guinea grass 
was subjected to three rest periods, defined as a function of 
the time needed for expansion of 1.5, 2.5, and 3.5 new sheets 
per tiller, with two repetitions per treatment. Therefore, the area 
was divided into six rotating stocking systems, two for each rest 
period, for evaluation. The data from this study included collections 
from August 3, 2003, to November 8, 2003 and covered the 
dry period in the region. Harvesting was performed by sheep 
in an area under sprinkler irrigation with a water depth of 
approximately 11.4 mm day−1 and a four-day watering shift. Nitrogen 
fertilizers were applied at a rate of 160 kg N ha−1  year−1 in the 
form of urea (45% N). The design was completely randomized. 
For more details on this study, see Silva et  al. (2007).

The experimental trial GG.PEN.05–06 was performed at 
NEEF in Pentecoste-CE in the same area as the trial GG.PEN.03. 
Guinea grass was subjected to three rest periods based on the 
time required for the canopy to reach 85, 95, and 97% light 
interception, in combination with two post-grazing residues 
based on a residual leaf area index of 1.0 or 1.8 for a total 
of six treatments. Light interception and leaf area index were 
measured using an AccuPAR LP-80 canopy analyzer (Decagon®). 
The design was completely randomized with four replicates, 
totaling 24 experimental units divided into 24 paddocks. The 
data from this study were collected from October 25, 2005, 
to March 7, 2006. Harvesting was performed by sheep in an 
area under fixed sprinkler irrigation with a water depth of 
approximately 11.4 mm day−1 and a four-day watering shift. 
Nitrogen fertilizers were applied at a rate of 220 kg N ha−1 year−1 
in the form of urea (45% N). For more details about this 
study, see Cutrim Junior et  al. (2011).TA
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The experimental test MG.FOR.09 was performed in the 
experimental field of NEEF in Fortaleza, CE. The grass was 
sown by hand in September 2008, with a sowing rate equivalent 
to 2 kg of pure seeds ha−1 after tillage. Massai grass was subjected 
to increasing doses of nitrogen (0-control; 400, 800, and 
1,200 kg ha−1  year−1) under a fixed sprinkler irrigated area with 
a liquid depth of 7.0 mm day−1 and watering shift of 3 days, 
in an intermittent stocking system grazed by sheep. The 
experimental design was completely randomized with two 
repetitions and evaluations at each regrowth cycle lasting 22, 
18, 16, and 13 days for the control treatments (without 
fertilization), and 400, 800, and 1,200 kg of nitrogen fertilization, 
respectively. The experiment was conducted at FEIGA from 
July 14, 2009, to October 18, 2009. For more details on this 
study, see Lopes et  al. (2016).

A summary of the experimental and management conditions 
of each trial is presented in Table  2.

Measured Agronomic Variables
In all trials, the common variables measured prior to defoliation 
were biomass accumulation and its morphological components, 
tiller population density (TPD), and canopy height increment 
(CHI). The number of days of the rest period (RP) between 
pastures was also determined.

The accumulation of biomass was measured by destructive 
collections with the use of known area frames used in each 
experimental trial, which were converted to hectares, considering 
the forage above the height of a particular residue in each 
trial. In the GG.IGA.15, GG.IGA.17-18, and MG.IGA.15 trials, 
forage collection was performed using two samplings in a 
0.5 m2 frame (1.0 m 0.5 m). In the GG.PEN.03 and GG.PEN.05–06 
trials, collection was performed using two samplings in a 1.0 m2 

frame (1.0 m × 1.0 m). In the MG.FOR.09 trial, the collection 
was performed using two samplings in a frame of 0.0625 m2 
(0.25 m × 0.25 m).

From biomass collection, the total forage accumulation (FA) 
and the morphological composition were determined through 
the separation of its plant components, obtaining the leaf blade 
accumulation (LBA), stem accumulation (stem + sheath; SA), 
and dead material accumulation (DMA). Each sample was 
placed in a forced ventilation oven (55°C to constant weight) 
to determine biomass accumulation in terms of dry matter. 
The CHI was obtained by the difference in canopy height 
before and after defoliation, measured with the aid of a ruler 
graduated in centimeters (Barthram, 1986). The TPD was 
estimated by counting the live tillers within a known area 
frame and converting to the number of tillers per square meter.

Agrometeorological Variables
The mean temperature (Tmean) and precipitation (Prec) data 
for the municipality of Igarapé-Açu were obtained through 
the conventional meteorological station of Brazilian Agricultural 
Research Corporation (Embrapa), 900 m from the experiments. 
The same meteorological data, along with air humidity and 
wind speed, were obtained by the UFC automatic meteorological 
station at 800 and 550 m from the experimental area in the 
municipalities of Pentecoste and Fortaleza, respectively. Due 
to the absence of radiation measurements at some stations, 
global solar radiation (SR) data for the three sites were retrieved 
from the National Solar Radiation Database (NSRDB).

The reference evapotranspiration (ETo) of the cities of 
Fortaleza and Pentecoste was provided by the Penman-
Monteith FAO 56 (FAO, 1998), according to the 
following equation:

TABLE 2 | Characterization of the experimental and management conditions of each experimental trial.

IDa Planting date Trial period
Experimental 
design

Treatments
Nitrogen 
fertilization

Type of 
harvest

Use of 
irrigation

GG.IGA.15 March 6, 2014 March 14, 2015 to 
January 2, 2016

Randomized block 
design

Harvest frequencies based 
on fixed days (14, 21, 28, 
35, 42, and 49 days) of the 
rest period

200 kg of N 
ha−1 year−1 in the form 
of urea (45% N)

Mechanical 
cutting

No

GG.IGA.17-18 March 6, 2014 September 2, 2017 
to September 12, 
2018

Randomized block 
design

Harvest intensities based on 
the residue height (15, 25, 
35, 45, and 55 cm)

200 kg of N 
ha−1 year−1 in the form 
of urea (45% N)

Mechanical 
cutting

No

GG.PEN.03 January 2003 August 3, 2003 to 
November 8, 2003

Completely 
randomized design

Harvest frequencies based 
on time needed for 
expansion of 1.5, 2.5, and 
3.5 new sheets per tiller

160 kg of N 
ha−1 year−1 in the form 
of urea (45% N)

Grazed by 
sheep

Yes

GG.PEN.05–06 January 2003 October 25, 2005 to 
March 7, 2006

Completely 
randomized design

Harvest frequencies in 
combination with post-
grazing residues

220 kg of N 
ha−1 year−1 in the form 
of urea (45% N).

Grazed by 
sheep

Yes

MG.IGA.15 May 20, 2014 February 14, 2015 to 
August 5, 2015

Completely 
randomized design

Nitrogen fertilization (control, 
100, 200, 300, 400, and 
500 kg ha−1 year−1)

Same as treatments Mechanical 
cutting

No

MG.FOR.09 September 2008 July 14, 2009 to 
October 18, 2009

Completely 
randomized design

Nitrogen fertilization (control, 
400, 800, and 
1,200 kg ha−1 year−1)

Same as treatments Grazed by 
sheep

Yes

aIdentification of the experimental trial.
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where ∆ is the slope vapor pressure curve as a function of 
temperature (kPa°C−1), and Rn is the net radiation at the crop 
surface (MJ.m−2  day−1); G is the soil heat flux density 
(MJ m−2  day−1); γ is the psychometric constant (kPa °C−1); 
Tmean is the mean between maximum and minimum temperature 
(°C); u2 is the wind speed (m s−1); and (es-ea) is the saturation 
vapor pressure deficit (kPa).

The absence of wind speed and humidity data at the 
Igarapé-Açu meteorological station required that the ETo 
be  calculated according to the method of Turc (1961), which 
represents an adequate estimate of the ETo for the region 
(Silva Júnior et  al., 2017; Farias et  al., 2019):
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where Tmean is the mean between the maximum and minimum 
temperatures (°C) and Rs is the solar global radiation 
(MJ m−2  day−1).

The water index (WI) was obtained from the relationship 
between the actual evapotranspiration (ETa) and reference (ETo):

 
WI

 

 
=
actual evapotranspiration
reference evapotranspiration

ETa was calculated from the preparation of the sequential 
water balance on a daily scale according to Thornthwaite and 
Mather (1955), based on the available water capacity (AWC), 
which was different for each location (Table  1). The AWC of 
the soil was calculated as the difference between the field 
capacity (FC) and the permanent wilting point (PWP). FC 
and PWP were obtained from undeformed soil samples saturated 
with water and subjected to tension of 10 and 1,500 kPA, 
respectively, in a Richards chamber.

Water from irrigation and/or precipitation was the applied 
water variable (WA). The supplied nitrogen (SN) was the 
agrometeorological variable for plant nitrogen availability in 
the form of fertilization.

Statistical Analysis
The mean and/or some of the values of the agrometeorological 
(Tmean, SR, ETo, ETa, WI, WA, and SN) and agronomic (TPD, 
CHI, RP, FA, LBA, SA, and DMA) variables related to the 
regrowth period of each forage production cycle were used 
to form two groups (the group of agrometeorological variables 
and the group of agronomic variables).

The characterization of the observations from each trial 
was verified using principal component analysis (PC) through 
the generation of indices summarizing the agrometeorological 
and agronomic variables and represented in biplot graphs. The 
eigenvalues and eigenvectors were calculated from the correlation 
matrix to ensure that the results were not biased by large 
numerical variables. The choice of the number of components 
was based on the PC that obtained eigenvalues greater than 
1, according to the Kaiser criterion (Kaiser, 1958).

To analyze how agronomic and agrometeorological variables 
are related, the data were subjected to canonical correlation 
analysis, whereby the participation of each variable in the 
generation of canonical indices was determined by the correlation 
of the canonical and the original variable.

Agrometeorological and agronomic variables were used 
in a discriminant function analysis to verify the functions 
responsible for maximizing the difference between the trials, 
based on the grass cultivar and the location of the experiment. 
To determine which variables were responsible for the 
separation, the generated discriminant functions were 
correlated with the original variables, and the Pearson 
correlation coefficients were described in a biplot graph. To 
verify how the assays differed, the new variables (discriminating 
functions) generated were subjected to the F test for mean 
differences and Tukey’s test for mean comparisons, both at 
a significance level of 0.05. The studentized residues of the 
model were subjected to the identification of outliers (values 
above 3.0 and below −3.0) and normality using the Shapiro–
Wilk test. The homoscedasticity of variances test was performed, 
and the tests that showed heterogeneous variances were 
grouped to the model using the restricted maximum 
likelihood method.

The vectors that describe the variables in the biplot graphs 
generated in the principal component and discriminant analyses 
were multiplied by factors 10 and 20, respectively. Such 
adjustments were made to improve the scaling of vectors in 
the graph. In all the analyses described, R software (R Core 
Team, 2019) was used as a tool for data processing.

RESULTS

How Are the Different Cultivation 
Conditions Characterized in Relation to 
the Indices That Group Agronomic and 
Agrometeorological Variables?
Choosing the PC number using the Kaiser criterion allowed 
the selection of the first two components for characterization 
based on agrometeorological variables and the first three 
components based on agronomic variables, as observed in the 
scree plot graphs (Figure  2).

The characterization of the six trials, through the 
agrometeorological variables, was influenced by the first main 
component (PC1; Figure  3), which accounted for 65.33% of 
the data variation. PC1 (Figure  3) demonstrated a contrast 
between variables related to water availability (ETa, WA, and 
WI) and SN versus variables related to energy supply (SR and 
Tmean) that result in potential evapotranspiration (ETo). There 
was a greater variability in the tests that used Guinea grass 
in the municipality of Igarapé-Açu (GG.IGA.15 and GG.IGA.17-
18) than the other tests (Figure  3).

Principal component 2 (PC2, Figure  3) explained 18.49% 
of the data variation and was related to a greater variability 
of the humid tropical climate tests of the Amazon region, 
both for Massai grass and Guinea grass in relation to those 
in the Northeast region. With the exception of WA, the other 
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agrometeorological variables showed positive coefficients for 
this component. There was also high participation for SR, SN, 
ETo, and ETa (Figure  3).

The biplot graph provides information related to the 
correlation between variables, where arrows in the same 
direction but opposite senses represent strong negative 

A B

FIGURE 2 | Variance explained by each principal component, through their respective eigenvalues. (A) Eigenvalues of the principal components referring to 
agrometeorological variables. (B) Eigenvalues of the principal components referring to agronomic variables.

FIGURE 3 | Biplot representation of the first two main components obtained from the agrometeorological variables, with observations from the six types of trials 
with cultivars of the species Megathyrsus maximus. ETa, Actual Evapotranspiration; ETo, Reference Evapotranspiration; SN, Supplied nitrogen; SR, Solar radiation; 
Tmean, Mean temperature; WA, Water applied; and WI, Water index.
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A B

C

FIGURE 4 | Biplot representation of the first three main components obtained from the agrometeorological variables, with observations from the six types of 
trials with cultivars of the species Megathyrsus maximus. (A) Bidirectional relationship of principal component 1 with principal component 2. (B) Bidirectional 
relationship of principal component 1 with principal component 3. (C) Bidirectional relationship of principal component 2 with principal component 3. CHI, 
Canopy height increment; DMA, Dead material accumulation; FA, Forage accumulation; LBA, Leaf blade accumulation; SA, Stem accumulation; and TPD, Tiller 
population density.

correlations between the variables. The ETo and Tmean showed 
strong negative correlations with WI and WA (Figure  3). 
In contrast, the arrows that show close directions, forming 
a small angle between them, are more positively correlated. 
This can be  observed between the energy supply variables 
(SR, ETo, and Tmean) and the water availability variables 
(WI and WA) for ETa and SN.

The first three main components of the agronomic variables 
accounted for 76.92% of the data variability. Principal  
component 1 (PC1, Figure  4), responsible for 42.14% of the 
variation, represents the growth of grasses, through an index 
that considers all agronomic variables, with low participation 
of RP. All trials were characterized by alterations in the high 
and low agronomic variable values (Figures  4A,B).

The second principal component (PC2, Figure  4), which 
held 20.50% of the data variability, was related to a contrast 
mainly between SA and DMA versus CHI, FA, and TPD, with 
a low participation of LBA. In this component, there was 
greater variability in the data from the Guinea grass trial in 
2015 (Figures  4A,C). Principal component 3 (PC3, Figure  4) 

highlighted the importance of grass regrowth days. It accounted 
for 14.29% of the data variability and showed that this variation 
in the regrowth period between trials did not change substantially, 
except for some observations in the Guinea grass study in 
Igarapé-Açu during 2017 and 2018 (Figures  4B,C).

How Do Agrometeorological Variables 
Relate to Agronomic Variables?
The correlation between the canonical agrometeorological 
variables and their original counterparts showed a contrast 
between variables related to water availability (WA, ETa, and 
WI) with SN versus the variables related to energy supply 
in terms of temperature and radiation (ETo, SR, and Tmean; 
Figure  5). Through the correlation between the canonical 
agronomic variable and their original counterparts, it appears 
that former represented a contrast between DMA and the 
other variables (FA, LBA, TPD, and CHI), mainly with respect 
to the increase in height (Figure 5). SA and days of regrowth 
showed little participation in this canonical variable. Based 
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on this relationship, environments with high Tmean, low 
water availability, and low nitrogen supply promote low plant 
growth, mainly in terms of lower FA and CHI, while 
accelerating the death of plant material characterized by 
high DMA.

The correlation coefficient between the agrometeorological 
and agronomic canonical variables was 0.84, which represents 
76.94% of the variation explained by the first pair of canonical 
variables. The data from the trial with Guinea grass in Igarapé-Açu 
during 2015 were the most heterogeneous of all trials in terms 
of both the canonical agrometeorological and agronomic variables. 
The trial with Guinea grass in Igarapé-Açu between 2017 and 
2018 showed some variability in the canonical agrometeorological 

variable, but with more homogeneous results for the canonical 
agronomic variable (Figure  5).

How Can Discriminating Functions That 
Separate Experiments With Guinea and 
Massai Grasses Conducted in Distinct 
Regions, but at Similar Latitudes, 
Be Described?
The separation between the groups of experiments can be seen 
by the influence of two discriminant functions, which together 
represent 89.56% of the variation responsible for the maximum 
separation of the groups (Figure  6). Discriminant function 1 

FIGURE 5 | Graphic representation of the canonical correlation between the group of agrometeorological variables (Agrometeorological canonical variable) with the 
agronomical variables (Agronomic canonical variable). The bar graphs to the left and below the agronomic and agrometeorological variables, respectively, represent 
the influence of each original variable in the generation of the canonical variable through the value of their correlation coefficient. ETa, Actual evapotranspiration; ETo, 
Reference evapotranspiration; SN, Supplied nitrogen; SR, Solar radiation; Tmean, Mean temperature; WA, Water applied; WI, Water index; CHI, Canopy height 
increment; DMA, Dead material accumulation; FA, Forage accumulation; LBA, Leaf blade accumulation; SA, Stem accumulation; and TPD, Tiller population density.
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FIGURE 6 | Biplot representation of the first two discriminant functions with observations from six types of trials with cultivars of the species Megathyrsus maximus. 
The red and blue arrows show the participation of each agrometeorological and agronomic variable, respectively, in the formation of the discriminant function. ETa, 
Actual evapotranspiration; ETo, Reference evapotranspiration; SN, Supplied nitrogen; SR, Solar radiation; Tmean, Mean temperature; WA, Water applied; WI, Water 
index; CHI, Canopy height increment; DMA, Dead material accumulation; FA, Forage accumulation; LBA, Leaf blade accumulation; SA, Stem accumulation; and 
TPD, Tiller population density.

(DF1) revealed a contrast between the rest period and LBA 
versus FA, DMA, and SA. This discriminant function mainly 
separates the tests by region. The left side represents Igarapé-Açu, 
and the right denotes Fortaleza, and the extremes are the 
Pentecoste region. The data from semi-arid region were 
characterized by greater production of biomass and its 
components of the stalk and dead material, than those in the 
Amazon region, with emphasis on the tests with Guinea grass. 
For the agrometeorological variables, the separation of regions 
occurred through a contrast mainly between ETa, ETo, and 
SR on one side and between Tmean and WI on the other 
(Figure  6). DF1 had the highest mean for GG.PEN.05–06, 
followed by GG.PEN.03, and MG.FOR.09, for positive values 
on the axis. Regarding negative values, the MG.IGA.15 and 
GG.IGA.15 assays were equal, and the lowest values were found 
for the GG.IGA.17-18 study (Table  3).

Discriminant function 2 (DF2) separated the grass cultivars. 
This function separates the tests that used Massai grass, 
characterized by higher TPD, biomass accumulation, and its 
morphological components, from the tests that evaluated Guinea 
grass, which had a greater increase in height and regrowth 
days. The agrometeorological variables were influenced by 
Tmean, SR, and ETo, in contrast to WI (Figure  6). DF2 had 

the highest mean for the MG.FOR.09 study, followed by 
MG.IGA.15 with the positive values on the axis. The GG.PEN.03 
assay had the highest mean negative value, followed by the 
GG.IGA.15, GG.IGA.17-18, and GG.PEN.05–06 studies, which 
were equal (Table  3).

DISCUSSION

The relationship between agrometeorological and agronomic 
variables in tropical grasses has been little explored using 
multivariate approaches. A correct understanding of these 
interactions will help identify the most efficient use for 
tropical grass management according to region as will direct-to- 
research studies on grazing management and tropical grass 
growth modeling. The importance of this knowledge was 
confirmed in our study by the formation of indices that 
summarize the variable information into two groups based 
on agrometeorological variables, both by principal component 
and canonical correlation analysis. One group included 
variables related to energy supply in terms of radiation and 
temperature, and the other by water and nitrogen availability 
factors. The Megathyrsus sp. in different climatic conditions 
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was distinguished mainly by the availability of water. This 
corroborates our hypothesis that even in regions located 
close to the equator, such as the Amazon and semi-arid 
regions of Brazil, there are climatic factors capable of 
discriminating them in terms of productive potential (Silva 
et  al., 2019a).

PC1 (Figure  3) shows that the cultivation conditions with 
Guinea grass in Igarapé-Açu (GG.IGA.15 and GG.IGA.17-18) 
had greater data dispersion than the other trials. Climatic 
variability during the trials may explain the main cause of 
this difference. The tests in the semi-arid region involved a 
greater control of climatic conditions through water supply 
irrigation. In this region, radiation and temperature variability 
were not as pronounced; water supply through irrigation ensures 
continuous water availability, and there is no significant variability 
in actual evapotranspiration (Graham et  al., 2016).

Similar to the town of the semi-arid region, Igarapé-Açu 
is located close to the equator (Figure  1). Consequently, the 
photoperiod, solar radiation, and temperature data did not 
vary substantially over the experimental period (Table  1). 
However, the variability observed in ETa, particularly in the 
GG.IGA.15 and GG.IGA.17-18 studies (Table  1), can 
be  attributed to the cultivation conditions that included 
evaluations in both the rainy and the dry periods (Lage Filho 
et  al., 2021; Macedo et  al., 2021). In the MG.IGA.15 trial, the 
evaluations covered only the rainy season and the rainy-dry 
transition period.

PC1 also considered supply nitrogen, along with the water 
variables (Figure 3). The SN in Guinea grass trials in Igarapé-Açu 
showed greater variability due to the absence of nitrogen 
fertilization during the dry period, which was not required 
because of the lack of soil moisture (Kunrathm et  al., 2018). 
The contrast observed by PC1 (Figure  3) was related to a 
greater dispersion of the variables related to water availability 
and SN than the energy supply and potential water loss variables, 
mainly in Igarapé-Açu. Based on this, we consider that statistical 
methods, such as principal component regression, can 
be  potential alternatives for modeling studies with 
agrometeorological variables and soil properties, as observed 
in other studies, such as those by Zhou et  al. (2021). These 
authors used principal component regression to relate climatic 

variables, soil properties, and plant characteristics to the spatial 
variability of the net exchange of CO2 between land and 
atmosphere, using data from croplands, pastures, and forests 
in different regions. Dispersion of observations in the Amazon 
region was observed in the second principal component (PC2, 
Figure  3), in which there was greater participation of the 
Massai grass trial (MG.IGA.15). In this trial, no evaluations 
were conducted during the dry season; therefore, the component 
was generated with most of the variables from only the positive 
side of the axis (Figure  3). For empirical modeling purposes, 
the variability in growing conditions of the GG.IGA.15 and 
GG.IGA.17-18 trials are important for obtaining models that 
can be generalized in prediction processes (Andrade et al., 2015).

We obtained three main components for the agronomic 
variables. All experimental tests showed some variability in 
the first principal component (PC1; Figures  4A,B). This is 
because the variation in observations is due to the treatments 
adopted in the trials, whether using different doses of nitrogen 
fertilization (trials with Massai grass) or different management 
techniques (trials with Guinea grass). In pasture production 
systems, it is common to adopt different management techniques 
based on grazing goals, which will depend on the technological 
level, production system, and possible edaphoclimatic variation 
in the region (Silva et  al., 2019b,c; Macedo et  al., 2021). These 
factors are indispensable when considering the changeability 
of response variables that are relevant for monitoring the 
structure and productivity of pastures.

Not only agrometeorological conditions are important in 
understanding and predicting productive variables in pastures. 
Other factors such as management of mechanistic models that 
estimate biomass production, such as CROPGRO (Bosi et  al., 
2020b; Brunetti et  al., 2021) and APSIM (Bosi et  al., 2020a; 
Gomes et  al., 2020), are also relevant.

The second principal component (PC2; Figures 4A,C) mainly 
showed the larger variability in relation to the GG.IGA.15 
trial, because the data from this trial reflected canopies with 
high and low values of agronomic variables due to use of rest 
days ranging from 14 to 49 (Macedo et  al., 2021). The low 
participation of LBA in this study is linked to the small 
variability of this factor in the observed data. It is likely that 
the accumulation of leaf blades between canopies with different 
intervals between defoliations did not vary substantially because 
of TPD and the number of leaves per tiller. Canopies with 
higher RP had more leaves per tiller and wider and larger 
leaves, but lower TPD. Canopies with lower RP had fewer 
leaves per tiller and thinner leaves, but higher TPD. In general, 
compensation for the number of tillers did not modify the 
LBA (Sbrissia et  al., 2010).

The third principal component (PC3; Figures  4B,C) 
highlighted the effect of regrowth days. Except for some data 
for the GG.IGA.17-18 trial, the trials presented a similar 
distribution of observations for this component. Fixed regrowth 
periods were not considered, and evaluations occurred during 
the dry period; therefore, the time for the canopy to reach 
95% light interception (experiment goal) was high in some 
cycles of the GG.IGA.17-18 trial (Lage Filho et  al., 2021). 
This may be  related to the increased variability of observations 

TABLE 3 | Difference between studies based on the comparison of the mean of 
the generated discriminant functions.

Studies
Discriminant functions

DF1a DF2b

MG.IGA.15 −4.64 d 2.24 b
GG.IGA.15 −4.76 d −2.82 d
GG.IGA.17-18 −5.67 e −2.58 d
MG.FOR.09 1.78 c 10.50 a
GG.PEN.03 9.79 b −0.96 c
GG.PEN.05-06 19.39 a −2.69 d
value of p <0.0001 <0.0001

aDiscriminant function 1.
bDiscriminant function 2. 
Means followed by the same letter in the column do not differ by Tukey’s test at 0.05.
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in this trial for this component. Using management goals based 
on light interception in periods in which there are no favorable 
conditions for plant growth can be  challenging, which has 
been described in other studies (Carnevalli et  al., 2006).

The existing linear relationships between the set of agronomic 
and agrometeorological variables can be represented by canonical 
variables, whereby the maximum possible canonical correlation 
is desired (Araújo Júnior et  al., 2021). Therefore, the high 
canonical correlation (0.84) between the agrometeorological 
and agronomic variables demonstrates the close interaction 
between these two groups. This influence is related to the fact 
that water availability and SN contrast with factors related to 
potential water loss (ETo, SR, and Tmean). Thus, this directly 
affects the set of agronomic variables linked to forage canopy 
growth (FA, LBA, TPD, and CHI), which are important factors 
in herbivore production systems. These important factors contrast 
with DMA (Figure 5), which is the result of plant tissue death 
and is viewed negatively in intensive production systems 
(Carnevalli et  al., 2006).

Multiple regression analysis is a particular case of canonical 
correlation that can be  used to understand which 
agrometeorological variables are important in the composition 
of empirical models for estimating productive variables, such 
as biomass production and tiller density (Qiu et  al., 2016; 
Mathieu and Aires, 2018). In this case, these productive variables 
would be more related to data on water availability, particularly 
ETo, WI, and SN. High temperature is an important growth 
factor for C4 cycle grasses that is related to the increased 
metabolic activity of plants; however, water stress can be  a 
harmful factor for plant development (Prasad et  al., 2011; 
Mathieu and Aires, 2018). In forage plants, this may be  linked 
to increased plant material death in contrast to biomass 
accumulation, as observed in the canonical agronomic variable. 
This was mainly due to the greater variability of the data in 
the environmental conditions during the conduct of the tests, 
reflecting the lack of control of the water supply of the crop 
in the GG.IGA.15 and GG.IGA.17-18 tests (Figure  5). The 
aspects related to the management of the GG.IGA.15 study, 
considering regrowth periods that ranged from 14 to 49 days, 
caused this cultivation condition to present high variability in 
the canonical agronomic variable which leads to the high 
variability of forage canopy structural conditions (Macedo 
et  al., 2021).

The variability of observations from these assays, both by 
principal component and canonical correlation analysis, is 
related to the response characteristics of grasses to environmental 
conditions. Unlike many other species, such as those of the 
genus Urochloa (syn. Brachiaria), grasses of the genus Megathyrsus 
are more responsive to edaphoclimatic conditions and highly 
productive when these conditions are favorable, so they are 
used in intensive production systems under grazing (Pontes 
et  al., 2016). Discriminant function 1, which had the greatest 
power to separate the studies, discriminated the trials mainly 
by location (Figure  6). In other words, the difference between 
the climatic regions (humid tropical and semi-arid) promotes 
a greater power of distinction than the studied cultivars (Guinea 
and Massai grass).

It is possible to visualize the difference between experiments 
GG.PEN.03 and GG.PEN.05–06 (Table  3) despite having the 
same locations. This was likely due to climatic differences 
between the times the tests were conducted, mainly with 
regard to temperature, which was 3.52°C higher in the period 
from 2005 to 2006 compared to the experimental period in 
2003 (Table  1). Regarding the tests in Igarapé-Açu, the 
temperature difference was only 0.65°C between GG.IGA.15 
and GG.IGA.17-18. There was a difference between these 
two studies regarding DF1, which did not occur between 
GG.IGA.15 and MG.IGA.15 (Table 3), which that took place 
in the same year. Thus, the importance of climate-related 
variables in the composition of DF1 is evident. As both 
Pentecoste trials were adequately supplied with water through 
irrigation, the effect of temperature change may have been 
the main factor in discriminating these trials (Table  2). 
Temperature influences the acceleration of the physiological 
processes of the plant, resulting in greater forage accumulation, 
stem elongation, and dead material (Ivory and Whiteman, 
1978). DF1 was more clearly observed by the greater effect 
of Tmean and SA, since the effect of temperature on stem 
elongation is well evidenced in grasses (Liu et  al., 1998; 
Pierre et  al., 2011; Yang et  al., 2014).

The discrimination of the trials regarding the forage 
cultivar was based on the discriminant function 2. This 
function accounted for only 19.20% of the variation in the 
separation power of the studies. It is possible to observe 
the strong influence of agronomic variables on this 
discriminant function, mainly regarding the effects of TPD, 
FA, DMA, and LBA. Massai grass dominated for these 
variables because it presented higher TPD and biomass 
production compared to Guinea grass (Veras et  al., 2020). 
In contrast, Guinea grass presented greater values in height 
increment, as this cultivar is larger than Massai grass. It is 
possible to see here the negative relationship between canopy 
height and TPD for tropical grasses observed in recent 
studies (Macedo et  al., 2021; Xiliang et  al., 2021), in which 
canopies with greater height tend to have lower TPD. Unlike 
DF1, DF2 did not differ in the Guinea grass trials in 
Igarapé-Açu at different times (Table  3). The highest values 
for the MG.FOR.09 study showed the strong production 
capacity of the Massai grass cultivated under conditions of 
high temperature and radiation in low-latitude regions 
(Table 1). Associated with this, the high availability of water 
explained the stronger positive correlation of WI with DF2 
than the other variables (Figure  6).

Through a multivariate approach with experimental test data, 
we  show that in production systems based on the cultivation 
of grasses of the genus Megathyrsus in regions located near 
the equator, despite the similarities in energy supply in terms 
of radiation and temperature, water availability, and nutrient 
supply are the determining factors for biomass accumulation. 
Therefore, these factors should be  prioritized in future studies 
modeling forage biomass accumulation. However, in tropical 
pastoral ecosystems, forage plant management also had a 
determining effect on the accumulation of total biomass and 
its components, which should be  considered in studies of 
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relationships between productive variables and 
pasture characterization.
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Wood formation has received considerable attention across various research fields as

a key process to model. Historical and contemporary models of wood formation from

various disciplines have encapsulated hypotheses such as the influence of external

(e.g., climatic) or internal (e.g., hormonal) factors on the successive stages of wood

cell differentiation. This review covers 17 wood formation models from three different

disciplines, the earliest from 1968 and the latest from 2020. The described processes,

as well as their external and internal drivers and their level of complexity, are discussed.

This work is the first systematic cataloging, characterization, and process-focused review

of wood formation models. Remaining open questions concerning wood formation

processes are identified, and relate to: (1) the extent of hormonal influence on the final tree

ring structure; (2) the mechanism underlying the transition from earlywood to latewood

in extratropical regions; and (3) the extent to which carbon plays a role as “active”

driver or “passive” substrate for growth. We conclude by arguing that wood formation

models remain to be fully exploited, with the potential to contribute to studies concerning

individual tree carbon sequestration-storage dynamics and regional to global carbon

sequestration dynamics in terrestrial vegetation models.

Keywords: wood formation models, tree growth, terrestrial carbon cycle, dendroclimatology, forestry,

growth–climate interactions, xylogenesis

1. INTRODUCTION

Wood formation and its interaction with the environment are of great relevance for a multitude
of disciplines. For example, the value of wood as a raw material is of key interest for forestry
as well as increasingly as bioenergy fuel (Downes and Drew, 2008; Séguin, 2011). Furthermore,
wood has become an important topic in carbon sequestration offsetting (Frank et al., 2010; van der
Gaast et al., 2018; Anderegg et al., 2020). Tree ring features are also used to reconstruct past
climate (see, e.g., Fritts, 1976; Speer, 2010; Esper et al., 2016, 2018; Ljungqvist et al., 2020a) and for
archaeological dating (e.g., Schweingruber, 1988; Baillie, 1995; Ljungqvist et al., 2018). Recently,
there is increasing recognition that tree growth, in particular wood formation, is a crucial process
for biomass allocation that needs to be explicitly considered in dynamic global vegetationmodels as
part of climate change projections (Fatichi et al., 2014, 2019; Körner, 2015; Friend et al., 2019). As
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a result of the central importance of wood for forestry,
dendroclimatology, dendrochronology, and in fundamental
biological research, many models have been constructed
to simulate its formation. Nevertheless, there is scope for
improving existing wood formation models and to develop
new models.

Fritts et al. (1991, p. 114) describe the use of wood formation
models as “a beginning effort to serve as an unambiguous
medium of communication, which represent the state of
knowledge at the present moment as we perceive it.” In
this spirit, the history of knowledge increase, hypotheses, and
modeling approaches are well-summarized in wood formation
models since the 1960s. These have been applied in forestry,
dendroclimatology, and the study of wood formation itself.
Different mechanisms, environmental or internal drivers of
growth, have received attention at various levels of detail. They
are a mix of hypotheses on what internally regulates an organism
and what physically limits it. Besides a limited, and now outdated,
review by Downes et al. (2009), a systematic and process-focused
research review on wood formation models has hitherto been
lacking. The aim of this review is to summarize the knowledge of
growth processes collected in wood formation models, especially
with regards to growth–climate relationships and with a focus
on carbon. It will highlight some unresolved mechanisms,
discipline-specific findings, and the utility and requirements of
more data for model-development.

In order to better understand the models reviewed here, we
briefly introduce the biological fundamentals of wood formation
(i.e., xylogenesis). Xylogenesis involves the production and
differentiation of new xylem cells, which eventually mature into
functional wood cells (Plomion et al., 2001; Fromm, 2013).Wood
formation is a form of plant growth, which can be defined as
irreversible expansive and structural growth (Hilty et al., 2021).
It follows the same principles as growth in all plants: (1) the
production of new cells by stem cells and mother cells in the
region called the cambium; (2) the subsequent further radial
enlargement of these cells in the enlargement zone; followed by
(3) wall thickening, involving the deposition of a secondary cell
wall, which in the case of woody plants can be very thick and
in addition to cellulose is also lignified to provide extra rigidity
and hydrophobic properties; (4) the programmed cell death
which transforms mature xylem cells into functional tracheary
elements. Thewood formation processes are pictured in Figure 1;
the biological basis for wood formation is also well-summarized
in Rathgeber et al. (2016).

This review covers 17 wood formation models (see Table 1)
from the first in 1968 to the most recent in 2020. A brief
history is followed by analysis of specific topics such as different
mechanistic hypotheses, discipline-specific findings, and data
needs. All 17 wood formation models are contrasted based
on their levels of complexity and environmental vs. internal
drivers/regulators. The baseline for this comparison is the first
computer model of wood formation, viz. Wilson and Howard
(1968). This model is chosen as the baseline because of its
sole focus on cell type-specific processes and its lack of any
environmental influences. Thus, any model containing all cell
types and environmental/tree-internal factors is usually more

FIGURE 1 | Xylogenesis along a single radial file of developing cells, showing

the zones of cell division, enlargement, wall thickening, and mature (dead) cells

(Plomion et al., 2001; Fromm, 2013; Rathgeber et al., 2016). Depending on

their different stages of development, the cells are assumed to be under

varying environmental constraints and tree-internal regulation. Wood formation

models covered in this review follow this schema and resolve one or more cell

types with their associated processes.

complex than the baseline model. Models located below or at
the same level as the baseline model usually only contain a
subset of cell types and processes relevant for wood formation.
Exceptions to the latter exist however, and will be described
as such.

Selection criteria for models included in this review are that
they simulate one or more xylogenesis processes such as cell
division, enlargement or thickening, and the respective cell types
at the scale of a radial file (Figure 1). The dynamics should
be resolved in a sufficiently mechanistic manner that process-
hypotheses can be compared across models. Not considered
in this review were models which do not follow the wood
formation model framework introduced in Figure 1. These
models are most commonly whole-tree models that produce
intra-ring features of growth dynamics, often along the whole
stem, instead of a single radial file. For example, hormonal
flow from the crown received attention by Kramer (2001) in a
whole-tree auxin-only model of cambial growth and orientation,
where the cambium is approximated as a cylindrical surface
along the modeled tree. Modeling of auxin flow along the
stem of a tree also plays a large role to determine wood
orientation (Kramer, 2002). Other models were developed to
simulate timber quality characteristics and do not explicitly
consider wood formation, but rather volume andmass increment
leading to intra-ring features. These are mostly driven by carbon
allocation and water-transport based on the Pipe Theory (Mäkelä
and Mäkinen, 2003; Deckmyn et al., 2006). Other models not
considered in-depth here can be categorized as radial growth
or stem increment models, which do not disentangle increment
dynamics into enlarging and cell production components
(Steppe et al., 2006; Chan et al., 2016; Mencuccini et al.,
2017; Eckes-Shephard et al., 2021; Peters et al., 2021) Overall,
most of these models either do not consider the cambium
as the driving feature of cell production, or explicit cell
enlargement and thickening as the underlying processes for
intra-ring patterning and are therefore not considered further in
this review.
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TABLE 1 | Wood formation models covered in this review.

Reference Discipline Inputs Cell types

simulated

Aims of the model Species

Wilson and Howard

(1968)

Fundamental

research

– CAM, ENL,

THK, MAT

Test a cell developmental framework for secondary growth Pinus resinosa,

Pinus strobus

Howard and Wilson

(1972)

Fundamental

research

– CAM, ENL,

THK, MAT

Test influence of stochasticity on (above model’s) rates and transition

thresholds

Pinus resinosa

Wilson (1973) Fundamental

research

Signalling compound

concentration

CAM, ENL,

THK, MAT

“Provide new insights into cambial activity” Pinus resinosa

Fritts et al. (1991) Dendro-

climatology

soil moisture, daylength,

temperature

ENL Contribute to understanding of tree ring-climate relationships Pinus sylvestris,

Pinus ponderosa

Deleuze and Houllier

(1998)

Forestry temperature, soil moisture,

carbohydrates, +)

CAM, ENL,

THK

Use a simple model to "understand or simulate the effects of changing

environmental conditions [..] on forest production"

Pinus sylvestris

Fritts et al. (1999),

TreeRing 3

Dendro-

climatology

water stress (function of

stomatal resistance),

carbohydrates,

temperature, hormones

CAM, ENL,

THK, MAT

"Exactly how do trees record environmental information in the structure

of their growth rings in both temperate and tropical environments?"

Pinus ponderosa

Vaganov et al. (2006),

VS-model

Dendro-

climatology

soil moisture, temperature,

daylength,

CAM, (ENL,

THK)

Construct a model "to achieve wide application to the study of tree ring

dynamcis in dendrochronology"

Drew et al. (2010),

CAMBIUM

Forestry xylem water potential,

temperature,

carbohydrates, hormones

CAM, ENL,

THK, MAT

"[P]rovide a physiologically plausible and testable platform to assist in

the understanding of the causes of wood property variation."

Eucalyptus spp.

Hölttä et al. (2010) Fundamental

research, forestry

xylem water potential,

carbohydrates,

temperature, *)

CAM, ENL,

THK, MAT

Link cambial growth with tree-level processes such as transpiration

and photosynthesis

Pinus sylvestris

Drew and Downes

(2015)

Forestry,

Fundamental

research

xylem water potential,

temperature, carbohydrates

CAM, ENL,

THK, MAT

Provide framework for testing wood formation concepts and highlight

areas of research

Pinus radiata

Schiestl-Aalto et al.

(2015)

Fundamental

research

temperature,

carbohydrates, prescribed

growth curve

CAM, (ENL,

THK)

“[P]rovide a framework for [whole-tree] carbon consumption related to

cambial growth"

Pinus sylvestris

Hartmann et al. (2017),

XyDyS

Fundamental

research

signalling compound

concentration

CAM, ENL "[Assess] the predictions of the morphogenetic gradient theory." Pinus sylvestris

Cartenì et al. (2018) Fundamental

research

carbohydrates ENL, THK Understand the impact of (assumed to be) seasonally increasing

carbohydrate availability to the radial file on the "general anatomical

pattern of tracheids across the tree ring and the rate and duration of

cell enlargement and cell-wall formation"

Pinus cembra, Picea

abies, Larix decidua,

Picea mariana

Hartmann et al. (2021),

XyDyS2

Fundamental

research

two signaling compounds’

concentration

CAM, ENL "[I]nvestigate the potential of the crosstalk between two biochemical

signals in controlling tree radial growth, wood formation, and tree-ring

structure"

Pinus sylvestris

Friend (2020), RINGS Carbon studies temperature, carbohydrates CAM, ENL,

THK, MAT

Investigate 1) “mechanisms for the observed high sensitivity of

cell-mass density to temperature within the latewood,” 2) “the influence

of carbohydrates on the density profile” 3) “the effect of changing zone

widths”

Pinus sylvestris

Cabon et al. (2020) Fundamental

research

temperature, water CAM "[assess] the biophysical effect of [temperature] and [water potential] on

cambial cell enlargement and division"

Picea abies Larix

decidua

CAM, cambial cells; ENL, enlarging cells; THK, thickening cells; MAT, mature cells. The author’s aim of the model is, where explicitly stated, quoted from the publication. All models are run at daily time-steping, unless otherwise highlighted

in the “Inputs” column: *) = subdaily, +) = weekly.
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2. A REVIEW OF WOOD FORMATION
MODELS

This section introduces the models covered by this review
(Table 1) in a chronological fashion. It describes and contrasts
models in their complexity and environmental drivers (Figure 2),
their applications and the evolution of ideas therein, to provide
background to the subsequent sections.

2.1. The First Models
The first computer model of wood formation was developed
to summarize current knowledge of wood formation processes
(Wilson and Howard, 1968). It did not consider environmental
impacts on wood formation, shown by the empty circles in
Figure 2. Instead, it was concerned with verifying the concept
of the wood formation framework (Figure 1). With prescribed
rates as input, and very rigid rules for transition between cell
types, the model remained of a rather descriptive nature. The
first hypotheses which were tested with such models were the
impact of stochastic influences on growth parameters (Howard
and Wilson, 1972). Howard and Wilson (1972) simulated 16
radial files to study the impact of stochasticity on production,
expansion and thickening rates along with zone widths during
wood formation on the resulting anatomy of the cells. They find
that stochasticity adds too much variability between the files,
which makes them conclude that some exogenously imposed
signal is necessary for between-file coordination in trees, later to
be explained by a hormonal gradient (e.g., Uggla et al., 1996). The
then still hypothetical gradients of hormones in the developing
radial file were achieved in a model by Wilson (1973) which
stimulated hormones that can diffuse across the developing file.
Besides slight changes in seasonal hormone input concentration,
a “growth sensitivity” parameter was also required to change
throughout the growing season in order to obtain a good model–
data fit for red pine (Pinus resinosa). Wilson (1973) hypothesized
that this changing of the parameter could be mechanistically
attributed to water availability.

2.2. Dendroclimatology Gets Involved
None of these early models explicitly resolved specific
environmental influences until dendroclimatology turned
to wood formation modeling (Fritts et al., 1991).
Dendroclimatology is a discipline primarily concerned
with extracting climate information from tree rings (Fritts,
1976; Esper et al., 2018). It follows that their models would
naturally resolve what dendroclimatology perceives as the main
environmental drivers (or limiters) of growth. Until then,
the discipline had exclusively relied on statistical methods to
reconstruct climate from tree-growth patterns (Fritts, 1976;
Schweingruber, 1988). In using mechanistic modeling of
tree growth, dendroclimatologists were attempting to obviate
the need to assume linearity and stationarity when studying
climate–growth relationships (Tolwinski-Ward et al., 2011;
Støve et al., 2012; Ljungqvist et al., 2020b; Wilmking et al.,
2020). To address stationarity, it was required that models could
vary in the strength of the relationship between growth and an
environmental factor. To address linearity, it was required that

models accommodate the more biologically realistic non-linear
response of growth to environmental factors, for example the
decrease in growth activity at very high temperatures (Wilson
et al., 2007; D’Arrigo et al., 2008; Ljungqvist et al., 2020b).

TRACH (Fritts et al., 1991) was the first published wood
formation model that considers environmental influences, such
as temperature, soil moisture, and daylength, to calculate
a growth response to the environment. This model is a
direct forerunner of the VS-model, now widely used in
dendroclimatology. For example, relative growth responses
(between 0 and 1) to temperature, water, and daylength are
combined to calculate a “common growth response” (in later
publications called an “integral growth response”). In TRACH
this common growth response can be modeled in two ways, by
multiplying all environmental factors (multiplicative model of
growth), or as a limited model of growth, where the common
growth response reflects the effect of the most limiting factor
only (Fritts et al., 1991). The latter approach is adopted in
subsequent dendroclimatology models such as the VS-model.
The common growth response drives daily changes in cell size
from a user-prescribed input of number of cells, combined with
either information on mean cell diameter or ring with. As wall
thickening is not mechanistically represented, it is derived using
an empirical relationship. A degree-day approach is used to
initiate cambial activity in the spring in temperate climates. To
obtain individual cell sizes within the ring, the integral of the
common growth response over the growing season is discretised
and an algorithm deployed to transform small intervals of this
integral into cell size increment of the prescribed number of
cells. The ideological beginnings for this approach are based
on the TRACHeidogram technique by Vaganov (1990). Cell-
wall thickness in TRACH is then calculated based on the two
empirical relationships between cell size and wall thickness as
observed by Vaganov (1990). A single radial file is modeled and at
the end of the year holds information on cell size, wall thickness,
and therefore wood density. The model output was compared
with the performance of a statistical model and both were equally
capable of reconstructing past ring width (Fritts et al., 1991).

TreeRing (Fritts and Shashkin, 1995), largely developed by
Alexander Shashkin, superseded TRACH a few years later. Its
representation of the delineation of the cambial zone—first
through linear functions (Fritts and Shashkin, 1995), and in a
later version through exponential functions (Fritts et al., 1999)—
form the basis of the representation of cambial activity in the VS-
model (in which this part of the model is called “cambial block”).
Besides zone delineation, the twomodels are conceptually similar
in the treatment of cambial activity response to the environment
and cell position. This new cambial block enables TreeRing
and the VS-model to ultimately simulate tree ring width in
response to the environment, not only by enlarging a predefined
number of cells (as done in TRACH), but by simulating the cells
themselves. In combination with additional inputs such as mean
and minimum cell size, a tree ring could be simulated.

The complexity differences between TRACH, the latest
version of Treering3, and the VS-model are large (Figure 2).
Nevertheless, these models share many concepts related to how
environmental influences are evaluated and how these drive
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FIGURE 2 | Schematic view of wood formation models over time, their level of complexity, and the environmental/tree-internal influences used within them. Differently

colored circles represent the principle focus of the model. Where appropriate, gray dashed arrows highlight structural similarity between models (discussed in more

detail in the text). The pie chart proportions represent relative approximate levels of comprehensiveness by which an environmental- or tree-internal- factor (e.g.,

hormone, carbon) influences model outcome. Striped pie chart components represent a daylength signal, that according to the authors can either be interpreted as

carbohydrate availability for growth or a daylength-dependent hormonal signal. Model position on the vertical axis reflects relative complexity. Wilson and Howard

(1968) is used as the standard baseline complexity level as, while it considers all cell phases and includes simple transition rules, it does not resolve any environmental

or tree-internal regulatory factors. Models below this baseline either contain fewer processes of wood formation e.g., only resolve enlargement and thickening, as in

Cartenì et al. (2018), or do not resolve other aspects on wood formation e.g., Deleuze and Houllier (1998) do not resolve a cell undergoing all developmental stages,

but assume that it matures within one time step (= 1 week). Some models are integrated into single-tree models (e.g., Fritts et al., 1999; Hölttä et al., 2010;

Schiestl-Aalto et al., 2015), but this is not considered in the complexity ranking. Models considered of high complexity either regard all cellular processes and

transitions, as well as environmental influences with significant detail (e.g., Fritts et al., 1999), resolve more than one cell type (e.g., Drew et al., 2010), or resolve some

processes at such levels of detail that for stability reasons they must run on a very small time step (i.e., 1 s, e.g., Hölttä et al., 2010).

cell differentiation (where applicable). For example, all three
models combine relative growth responses (between 0 and 1)
to temperature, water, and daylength (or carbon availability for
TreeRing) to calculate the “common growth response” based on
the principle of a limiting factor. This common growth rate, in
the case of TRACH, is applied to cell size only. In the VS-model it
drives cell production (and separately cell size), and in TreeRing3
impacts cambial, enlargement, and thickening activities in
different ways. More specifically, TreeRing3 simulates the rates
of all three growth processes based on complicated interactions
between regulating factors, such as hormones, a cell’s position
within the cell development zone, and the integrated growth
rate as a function of water, temperature, and carbohydrates. The
VS-model is less complex but inherits aspects of the above two
models (see also gray arrows in Figure 2).

The VS-model (Vaganov et al., 2006, 2011) and its various
derivatives (Tolwinski-Ward et al., 2011; Shishov et al., 2016,
2021; Popkova et al., 2018) have so far been the most applied
and published wood formation models in the discipline of
dendroclimatology. Not all derivatives (e.g., Tolwinski-Ward
et al., 2011; Tychkov et al., 2018) cover the definition of a wood
formation model used in this paper. For example, Tychkov et al.
(2018) do not resolve any cellular processes, and Tolwinski-Ward
et al. (2011) resolve them at a monthly time step. The VS-model’s
success especially in reconstructing standardized ring width
indices in response to the environment has resulted in simpler
model spin-offs based on monthly environmental growth rate
reconstruction only (VS-lite) (Tolwinski-Ward et al., 2011). The

VS-model, along with the cambial block (developed by Alexander
Shashkin), is able to simulate cell proliferation in a sophisticated
manner. It combines the influence of environmental factors
such as water, temperature and daylength as either a proxy for
hormones or carbon, in a common relative growth rate similar
to Fritts et al. (1991), which modifies cambial growth rates and
zone width. TheVS-model’s most recent cambial zone framework
(Vaganov et al., 2011) is based on Treering3, Fritts et al. (1999),
which was also used in Hölttä et al. (2010) (Figure 2). As example
of application, using the VS-model, Anchukaitis et al. (2006)
simulated TRW chronologies in the southeastern United States.
First, they calibrate the VS-model to generate the best fit between
synthetic TRW and standardised observed TRW. The pattern of
the simulated TRW can then be attributed to the environmental
impacts which generated the TRW. They discovered that the
pattern in the soil moisture-driven environmental growth rate
modifier had changed over time. They suggest that the decreased
summer precipitation and resulting soil moisture has developed
as a new constraint on TRW in that area in the last 60 years.
Anchukaitis et al. (2006) predict this constraint to become
stronger with projected decreases in summer precipitation.

A new concept of what drives wood growth is implemented
in TreeRing (Fritts and Shashkin, 1995) and Treering3 (Fritts
et al., 1999). Besides water and temperature, carbon and
hormones (in TreeRing3) were important regulating factors for
wood formation (the gray literature also contains a manual
for TreeRing2000 (Fritts et al., 2000), which is not considered
here). Any of these four factors (water, temperature, carbon and
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hormones) remained as the building block of regulating factors
(either as a normalized scalar or explicitly and mechanistically
modeled) for all subsequent models (see Figure 2), usually
along with the structure of developing and transitioning
cells as proposed by Wilson and Howard (1968). Overall,
with dendroclimatology becoming involved in wood formation
modeling, the link between growth and the environment started
to be explored more thoroughly, through the consideration of
environmental factors.

2.3. Forestry Models
In the 1990s, researchers from a third discipline, forestry,
started to publish research output on wood formation modeling,
with the view to simulate wood quantity and quality, such as
density (Deleuze and Houllier, 1998), vessel frequency (Drew
et al., 2010) or later microfibril angle (Drew and Downes,
2015). While dendroclimatology was then mostly concerned
with the modeling of simple conifer wood formation processes,
forestry also explored the modeling of new species as well as
new growth–hypotheses.

The first forestry model by Deleuze and Houllier (1998) is
very parsimonious and considers a collection of simple two-
parametric equations that transform temperature into a number
of cells, soil moisture into volume and carbon availability into
mass increase, respectively. So far dendrochronology models
such as TRACH, TreeRing3 or the VS-model, had combined
all environmental factors to act upon a cellular process
e.g., enlargement. This new model differentiates between cell
types and their assumed distinct environmental sensitivities
to different growth processes (temperature on cell production,
soil moisture on cell enlargement and carbohydrate availability
on wall thickening). However, another assumption makes the
model less biologically realistic: it assumes that a cohort of cells
goes through all developmental phases within 1 week. Thus,
environmental influences and carbon availability of a single
week impact upon volume and mass increase within that batch
only. In contrast, when studying observations of xylogenesis, the
following picture of cellular dynamics throughout the season
is apparent: What is generally observed (Plomion et al., 2001;
Fromm, 2013; Rathgeber et al., 2016) is that initial dynamics
of xylogenesis during the growing season see the increase of
cambial cells first. After a few weeks, some of these cells
transition into enlarging cells. Their numbers quickly increase
and then slowly decrease throughout the rest of the season. The
decrease is accompanied with an increase in thickening cells.
Often thickening cells can still be visible while the cambium
is thought to be no longer active. This description of the
empirical observations shows that the model assumption of all
three processes (division, enlarging and thickening) concluding
for cell cohorts in only 1 week may lead to the integration
of climate and growth factors at the wrong time of the year,
potentially affecting the models’ predictive skills. Nevertheless,
two publications applying the model have been able to show
good overlap with observations both qualitatively (Deleuze and
Houllier, 1998) and quantitatively (Wilkinson et al., 2015).

Forestry also produced other models which are in their
complexity similar to TreeRing3 (see Figure 2). CAMBIUM

(Drew et al., 2010) explores hormonal diffusion as a function of
crown control and its impact on cell growth rate, developmental
phases and differentiation into multiple cell types in Eucalyptus
xylogenesis. Until CAMBIUM, all previous models had been
developed on softwoods, which have simple cell types (thus
easier to model), and of which some grow close to the climatic
limits of their distribution (relevant for dendroclimatologists).
As CAMBIUM focuses on conceptual morphogenic gradients,
environmental factors are represented in less detail, through an
environmental modifier which includes the influence of water
and temperature, in a manner similar to dendroclimatology
models, based on the principle of a limiting-factor. Carbohydrate
availability also influences cambial, enlargement and
thickening activity. The CAMBIUM model heavily invoked
an interpretation of the canalization hypothesis (Sachs and
Cohen, 1982) and radial auxin distribution findings of Uggla
et al. (1996) for its cell fate determination algorithm.

An example demonstrated on two forestry models is
some models’ structure-dependent, intrinsic reliance on specific
environmental factors to obtain a desired feature in the tree
ring. Annual tree rings are common to trees in temperate
zones, as is a distinct increase in wood density within the ring
toward the end of the season. The different regions of low and
high density are called earlywood and latewood, respectively. In
middle and high latitudes early and latewood commonly form
early or later, respectively, during the growing season. Drew and
Downes (2015) as well as Deleuze and Houllier (1998) developed
forestry models to simulate and study wood property variations,
especially wood density. Both models use very different modeling
approaches, but both simulate density reasonably well, with
Deleuze and Houllier (1998) being able to recreate the relative
patterns, and the more complex model by Drew and Downes
(2015) being able to replicate up to 80% of the variationwithin the
mean sample wood density observations in tree rings. However,
for density to sufficiently increase toward the end of the year,
Deleuze and Houllier (1998) rely on climatic conditions to be
dry. At mesic sites, the model will not decrease its volume
increment, as this process is directly and uniquely dependent on
water availability. Similarly in Drew andDownes (2015) latewood
is induced by soil moisture stress, but in addition, latewood is
induced by a switch in the model, which is related to the day of
the year. In the Australian context in which it was developed and
applied, the model was used to explore potential wood density
shifts in pine plantations under future scenarios in which water
availability varied and temperature increased (Drew et al., 2017).

2.3.1. Physiological Models of Wood Formation in

Forestry and Fundamental Research
Until the 2000s, most wood formation models were not of
a physiological nature. What this means is that growth or
wall thickening rates were largely determined based on a
combination of scaled relative growth rates. These follow general
response-function type relationships. Physiological models of
wood formation are concerned with biophysical and biochemical
mechanisms that result in growth dynamics within and between
cells in response to environmental conditions. Specifically, these
models consider the mechanisms that underlie cell proliferation,
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enlargement or wall thickening processes. For example, they may
resolve the interaction between hormonal concentrations on a
given day and their hypothesized influences on cell wall elasticity,
from which an enlargement rate emerges (Drew et al., 2010).
Likewise, the thickening rate may emerge out of a combination
of carbon availability, based on the position of the cell in the
developing radial file of the tree ring, and temperature (Friend,
2020). Increased computational efficiency made it possible for
processes to be resolved and studied at such levels of detail.
This trend is also shown in Figure 2, where models become
increasingly complex. Yet somemodels stand out from this trend.
These models either only mechanistically resolve a subset of
cell types and processes (e.g., Fritts et al., 1991; Vaganov et al.,
2006; Cartenì et al., 2018; Cabon et al., 2020) or do not consider
transition between cell types (Deleuze and Houllier, 1998). The
lower complexity may be the result of various reasons. For
example, these models may not require a higher level of detail
for their research questions, e.g., Vaganov et al. (2006) simulate
only tree-ring width (TRW) for climate reconstruction purposes.

Physiological models are able to explore hypotheses on certain
drivers (e.g., water or carbon), regulators (e.g., hormones) or
processes (e.g., thickening) at high levels of physiological detail.
For example, Hölttä et al. (2010) published a complex model
calibrated to Scots pine (Pinus sylvestris) that explicitly treated
water diffusion through the stem and individually modeled cells.
Sugar transport was modeled based on diffusion; a cell’s water
potential was based on water and sugar content, of which both
entities diffuse through the developing xylem. Growth in cambial
and enlarging cells was turgor-driven, cell division based on
a size-threshold value, and cell wall synthesis rate based on
sugar content. Diffusion of water across the developing cells
in the file required very small (<1 s) time-stepping to remain
stable. Another forestry model by Drew and Downes (2015)
explores water and sugar interactions on enlargement, this time
in Monterey pine (Pinus radiata) using a different, optimisation-
based approach, where sugar is considered the primary driver
of osmotic potential and therefore turgor. This places the model
marginally below (Hölttä et al., 2010) in terms of its complexity
(Figure 2). The influence of hormonal control was handled
differently compared to CAMBIUM (Drew et al., 2010), with
a focus in the 2015 model on the influence of turgor on cell
expansion. Specifically, Drew and Downes (2015) assume a
3D (rectangular prism) cell and use an optimization routine
to determine how many cells were able to expand given each
cell’s volume and the amount of available sugar and estimated
water deficit. Drew and Downes (2015) also explore a novel
approach with regards to cell wall thickening, which besides
carbon availability is dependent on the dynamically-changing cell
lumen surface area.

2.4. From Direct Applications to
Fundamental Research and Hypothesis
Testing
While many of the forestry models discussed above also had
fundamental research in mind, their dominant aim can be
considered to be practical applicability in forestry. Recently,

numerous models intended for fundamental research have been
built with the exclusive aim to test different hypotheses, increase
our knowledge on wood formation processes, explain open
questions or challenge existing ideas. The latest models have
largely taken up the idea of hormonal regulation at various levels
of detail. A morphogen-only model (XyDyS) was developed
by Hartmann et al. (2017) and extended (XyDyS2) in 2020.
Hartmann et al. (2017) and Hartmann et al. (2021) simulate
the explicit diffusion of a morphogen (such as auxin), and an
additional compound (Hartmann et al., 2021) and found that
two interacting compounds, acting as morphogen and process
rate-determinants, are needed to explain the seasonal kinetics of
cell differentiation and final tree-ring structure. The two models
are in aim and approach very similar to the first ever hormonal
model (Wilson, 1973), but includemuchmore reference to recent
molecular knowledge such as protein-channel mediated diffusion
of auxin.

All models have, until recently, considered cell enlargement
and wall thickening as two separate processes. Cartenì et al.
(2018) challenged this idea and could indeed replicate the
patterns observed in tree-ring density profiles when combining
these two processes. In order to focus on the enlargement-
thickening processes, they omit cell production (in a similar
manner to TRACH). The consequence, and one of their core
model assumptions, is the need for an increase in carbon supply
to wood formation toward the end of the season to replicate
an increase in density in the latewood sections. In contrast, a
constant amount of carbon allocated to the developing cells, but
with decreased cell production toward the end of the season
reproduces realistic tree ring density profiles in RINGS (Friend,
2020): RINGS incrementally decreases the zone widths of the
developing cell types toward the end of the season. This increases
the amount of carbon available to late forming cells. With this
zone-width approach the model avoids the explicit modeling
of e.g., a hormonal signal across the radial file. RINGS is able
to reproduce both intra-seasonal cellular dynamics and final
ring density patterns well. Friend (2020) could also use the
zone-width patterning to explain compensating effects of growth
dynamics in response to environmental factors observed by Cuny
et al. (2019). Other hypothesized mechanisms related to wall
thickening that result in latewood formation will be discussed in
another section below.

The timings and significance of individual environmental
and internal drivers on tree growth continue to be unresolved
and therefore recent models still work on addressing these
seemingly fundamental questions. Cabon et al. (2020) describe
a cell production model, where a constant number of cambial
cells grow in size dependent on water (turgor) and temperature.
Division at a threshold value leads to one cell immediately
leaving the cambial zone. The model is tested against the
final number of cells at the end of the year and within-
season cell production dynamics. Keeping some environmental
drivers constant in different simulation scenarios, they find that
the model required variable temperatures to explain tracheid
production onset, and that water potential, probably even trunk
water potential, may be necessary to better simulate production
cessation and number of cells produced. To investigate other
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FIGURE 3 | Schematic of environmental and tree-internal drivers and regulators represented in the wood formation models discussed in this paper. Drivers reported

are (top-left to bottom-right) water, temperature, either daylength (phenological) signal or carbon, hormonal/daylength (phenological) signal, carbon (note the absence

of nutrients as growth rate modifiers in all models). The positioning along the axes within each box reflects (1) the number of cell types affected by an external/internal

driver and (2) the level of detail driver-cell interactions are resolved. Left to right: First square: one cell type is affected only (this could be e.g., cambial cells or wall

thickening cells only), last square: all three cell types are affected. Bottom to top: low level of complexity with which an environmental driver influences the model e.g.,

as single part of a physical equation (e.g., through a threshold parameter to promote an on-off switch environmental switch (e.g., assume metabolic activity occurs

only above 5◦C (Deleuze and Houllier, 1998))) next square: as part of a response-function e.g., increasing enlargement rate with temperature (Fritts et al., 1991;

Friend, 2020). Complexity can increase even further to a detailed physiological level, for example through spatial interactions e.g., diffusion of carbon across the

developing radial file, followed by arriving carbon being included into the thickening cell wall, as sort of done in Friend (2020). Note that for Schiestl-Aalto et al. (2015),

we interpret the “ontogenetic development” used as one the modifiers of cell proliferation dynamics by the authors, as an internal signal, and therefore place it in the

bottom-left square, as a hormonal/daylength (phenological) signal. If a model is absent from an environmental factor matrix, it does not resolve this particular

environmental factor. Within the squares, no ranking is attempted. Note that the relative position along the y-axis is not comparable between the environmental

/internal factors. Note that this is a rough scheme, derived from text-descriptions and equations in the publications, which sometimes may not represent the entirety

or complexity of an operation in the model itself. Only the latest version of Treerings (Treerings3) is shown here.

fundamental but unresolved questions related to intra-tree
carbon source-sink dynamics and the environment, Schiestl-
Aalto et al. (2015) use a wood formation component in the whole-
tree carbon-balance model CASSIA. Therein, when growth is
active, cambial cell numbers are determined by 1) temperature,
2) an empirical term reflecting commonly-observed patterns of
intra-seasonal cambial activity levels (referred to as "ontogenetic
development"), 3) carbon availability from storage, and 4)
photosynthetic activity (Figure 3). Enlarging and thickening
cell numbers on a given day depend on the duration spent
in their respective stage of development, which is 1) driven
by cambial cell production and 2) earlywood and latewood
fraction of the calibration year. The model-focus is not on
physiological details and individual cells and their dynamics are
not explicitly considered. Therefore, it is in its structure one
of the more parsimonious models covered here. However, due
to the environmental and internal drivers on cell production,

it is placed at a similar level of complexity as the baseline-
model (Figure 2). The authors use this framework within a
whole-tree model to determine the impact of environmental
factors on growth (sink) activities in cold environments. They
found that stored carbon did not limit intra-annual growth,
whereas temperature did.

Knowledge increase through fundamental research was also
the aim of the very first wood formation models. We have gone
full circle across more than half a century of wood formation
modeling since the 1960s. The discipline-specific wood formation
models have already helped answer a wide-ranging suite of
questions, from improving our knowledge on fundamental
growth hypotheses, to wood quality prediction and attributing
large-scale climatic impacts to observed growth patterns. The
next section will summarize and discuss old and new model
hypotheses for various selected mechanisms, in context with new
and old observations. This includes open questions about growth
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mechanisms. Furthermore, data needs, new software and new
areas for wood formation modeling are discussed.

2.5. Current Knowledge, Open Questions
and Future Opportunities
The historic overview of wood formation models contrasted
the models in terms of their level of complexity relative to the
baseline model by Wilson and Howard (1968) (Figure 2). It
further highlighted the diversity in modeling approaches over
time, and pointed out the breadth in wood formation model
applications and findings (from the cellular to the regional).
This section will examine how unresolved process are modeled
(specifically: hormones, earlywood–latewood transition and the
involvement and representation of sugars in different cell
developmental phases), discusses existing and novel data useful
for model parameterisation and testing, and finally turns to
additional disciplines where wood formation modeling is useful
but still in its infancy, such as in carbon storage modeling and
global vegetation modeling.

2.5.1. Wood Formation Process Hypotheses:

Resolving Hormones
Hormones have been hypothesized to play a key role in
determining aspects of wood formation since at least Larson
(1960). While many hormones are thought to be involved
(reviewed by Buttò et al., 2020a), most wood formation models
today explicitly treat one (Fritts et al., 1999; Drew et al., 2010),
at most two hormones (Hartmann et al., 2021), with good
model–data fit (but see Hartmann et al., 2017). This section
reviews the different model strategies to represent auxin, the
hormone that is most commonly referenced within the wood
formation frameworks.

New observations have both enabled the testing of new
hypotheses, as well as acted as additional source to compare
models against. Models have also suggested hypotheses before
the emergence of data in support of it. For example, Wilson
(1973) assumed in his hormonal diffusion model that regulatory
compounds (hormones) must be entering the developing radial
file from the phloem, then diffusing radially inward, thus
creating a concentration gradient across the developing file.
While evidence from tissue culture (Wetmore and Rier, 1963) at
this time was already strongly suggestive of such hypothesized
gradients (Wilson and Wilson, 1961), methods were still
insufficient to directly measure a concentration gradient across
the first 2 mm of the phloem or developing xylem. In simulating
a compound diffusing through the developing file and interacting
with a second potential compound, Wilson could reproduce
the cell radial diameters of a red pine (Pinus resinosa) annual
ring grown during a year with summer drought. This modeling
exercise added to the emerging evidence of compound-diffusion
across the tissue. A “steep radial concentration gradient” of auxin
was indeed found 23 years later in Scots pine (Pinus sylvestris) by
Uggla et al. (1996), followed by hybrid aspen (Populus tremula
L. x Populus tremuloides Michx) (Tuominen et al., 1997), and
was hypothesized to be involved in regulating cell identity
(Uggla et al., 1996) and growth-differentiation rate (Aloni and
Zimmermann, 1983; Tuominen et al., 1997).

According to observations, a hormone such as auxin seems
to be actively involved in regulating cell enlargement rate under
non-limiting conditions (Du et al., 2020) as modeled in Wilson
(1973), Fritts et al. (1999), Drew et al. (2010), and Hartmann et al.
(2021), but not in Hartmann et al. (2017). It is observed to act as a
positional signal for cell identity (Uggla et al., 1996; Bhalerao and
Fischer, 2014), as modeled in Wilson (1973), Fritts et al. (1999),
Drew et al. (2010), Hartmann et al. (2017), Hartmann et al.
(2021), Friend (2020), and Vaganov et al. (2006) for cambial cells.
Vaganov et al. (2006) is presently the onlymodel in which cambial
zone width can change with environmental conditions. The
above seems to suggest that models contain robust hypotheses
when it comes to auxin-related processes. However, while these
models assume that auxin works in a dose-dependent manner,
no specific concentration threshold has yet been identified that
can delineate zone widths, or no auxin-concentration dependent
growth-rates have been measured, two fundamental assumptions
of most of these models.

Moreover, the existing observations and models are
inconclusive as to whether the morphogen (auxin) is also
directly required for growth rate regulation (e.g., Friend (2020),
Hartmann et al. (2021) assume no influence on growth rate by
auxin whereas Wilson (1973), Fritts et al. (1999), Drew et al.
(2010) do assume auxin modification on the growth rate). Some
models and observations seem to suggest that spatial (length
of the developing zones) interactions with tree-internal factors
(morphogens) go hand in hand (Uggla et al., 1996; Tuominen
et al., 1997; Friend, 2020; Hartmann et al., 2021). On top of
that, environmental (e.g., end of season drought or lower
temperatures) factors influence either (1) the size of the zone
(Vaganov et al., 2006) or (2) growth rates directly (Wilson, 1973;
Drew et al., 2010; Friend, 2020).

All hypotheses used in the models rely on empirical evidence
upon which to base their assumptions. The plethora of model
approaches with which anatomic (sometimes together with
dynamic) patterns can be replicated, shows that this complex
system has many tree-internal and external components, which
can regulate the outcome. Wood formation models have helped
to formalize hypotheses on hormonal influence and hormonal-
environmental interactions in various ways. No approaches can
be dismissed outright, as they all replicate observations within
the context of their studies. To clarify the current incompatible
hypotheses amongmodels, more observations on the interactions
between hormones, the environment and wood formation at the
molecular level are urgently needed (e.g., Uggla et al., 1996).

2.5.2. Wood Formation Process Hypotheses:

Earlywood to Latewood Transition
A currently-relevant and contested question is the mechanism
behind the earlywood–latewood transition in temperate forest
conifers. The subject remains open to the extent that it is even
unclear whether the change in density across the ring is (H1)
an emergent property caused by physical limitations to growth,
(H2) caused by seasonal changes in carbon availability to the
developing tree ring or, or (H3) is caused by the temperate
tree’s strategy to anticipate future environmental limitations (i.e.,
winter). The number of hypotheses raised here reflect the number
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of ways this mechanism is represented in wood formation
models.

2.5.2.1. H1: Environmental Limitation Leads to EW–LW

Transition
An earlywood–latewood pattern is altogether absent in some low
and mid-latitude regions or in diffuse porous angiosperms. For
example, conifers growing at low latitudes, where temperature,
water availability and daylength are relatively stable, such as in
tropical rainforests, do not show an annual distinction between
large thin-walled cells and narrow thick-walled cells. Hence
seasonal tree rings are hard to discern under these non-limiting
conditions since the cambium remains active throughout the
year. For example, de Mil (2018) found that many tropical forest
trees did not have easily detectable, and only “non-periodic"
rings. However, in areas where drought periods frequently occur,
such the Bolivian Amazon region, narrow wood cells are formed
periodically, and these resulting tree rings can be attributed to
precipitation (Brienen and Zuidema, 2005). Similar responses to
rain and dry seasons have been observed in teak (Tectona grandis)
wood in Ivory Coast of West Africa (Dié et al., 2012). Tree
rings in the tropics also form under conditions of flooding, when
the roots do not receive enough oxygen, temporarily arresting
growth (Worbes, 1985, 1995). These empirical evidences indicate
that environmental limitations such as drought and wet seasons
can at least cause patterns similar to high and mid-latitude
earlywood and latewood.

That earlywood–latewood transitioning is a consequence of
environmental (water) limitation (Hypothesis 1) is covered
by the DH-model (Deleuze and Houllier, 1998). In their
model they assume that cell enlargement decreases under water
stress. Similarly, water-related mechanisms, modeled at higher
physiological detail, would decrease cell diameter in Hölttä et al.
(2010) and Drew and Downes (2015). The latter two models
could also be to some degree influenced by an increase in carbon
availability (Hypothesis 2). However, in both models carbon
increase will not be able to rescue cell enlargement indefinitely.
Therefore, Drew and Downes (2015) additionally assume a
daylength signal (Hypothesis 3)—dependent decrease in cell size
and increase in carbohydrates allocated to individual secondary
wall thickening cells. Thus even if no water stress occurs, the
desired earlywood—latewood pattern will emerge.

2.5.2.2. H2: Carbon Availability Influences EW–LW

Transition
One model exclusively relying on a change in carbon availability
to the developing cells toward the end of the growing season
is Cartenì et al. (2018). They assume that the thin-walled
earlywood cells, followed by thick-walled latewood cells, result
from the carbon allocation pattern during the growing season.
Specifically, they assume that allocation of carbohydrates to
wood formation processes increases when primary growth ends
(Cartenì et al., 2018). Additionally, they suggest an alternative
approach for the succession between the phase of enlargement
to thickening: Until Cartenì et al. (2018), all frameworks had
assumed that cell enlargement and wall thickening are two
separate processes following Wilson and Howard (1968). The

model by Cartenì et al. (2018) tested the hypothesis that these
two processes could occur simultaneously and that thickening is
the mechanism by which the end of enlargement is determined.
In contrast, in their alternative approach, Cartenì et al.
(2018) simulate cell enlargement and secondary wall deposition
occurring simultaneously within a cell. Enlargement stops once
a cell wall grows too thick to further expand. This process-
representation is dependent on carbon influx increasing toward
the end of the growing season, in order to reach a critical
wall thickness sooner and thus obtain smaller cells later during
the season.

Defoliation and daylength experiments are cited as the basis
for separating these two processes. Particularly, Larson (1964a)
finds that modification of hormones through partial crown
coverage leads to cells remaining large but having thick walls.
Additional direct evidence comes from Larson (1960), who
applied auxin to decapitated seedlings within the latewood
formation season and induced larger earlywood-type cells. That
auxin levels regulate xylem cell size and differentiation is also
found in Tuominen et al. (1997). Molecular mechanisms (“acid-
growth theory”) for auxin-mediated cell enlargement have been
suggested decades ago but had not been validated. According
to the acid-growth theory auxin influences ATP-ase activity and
thus cell vacuole (and thus cell) enlargement. In recent years
strong genetic and biochemical evidence in support of this theory
have emerged (reviewed in Du et al., 2020, see also Perrot-
Rechenmann, 2010).

Nevertheless, some overlap between cell enlargement and
thickening processes has been observed, at least in European
aspen (Populus tremula). Sundell et al. (2017) found that tissue
that was visually determined to be the beginning of the thickening
zone had a stronger molecular signature of still being enlarging
cells. This means that early thickening cells were either still
enlarging or had not yet stopped expressing the genes necessary
for cell enlargement. If the former is true, to bring this in context
with the hypothesis by Cartenì et al. (2018), there seems to be a
small spatial overlap where thickening and enlarging is ongoing
simultaneously. However, this area of shared activity within the
radial file is relatively narrow and does not indicate that these
processes compete to determine cell radial diameter. Instead,
with the early indirect evidence of hormonal influences, as well as
the increased evidence on auxin-mediated acid-growth theory on
cell enlargement, one can tentatively conclude that what regulates
cell size under non-limiting conditions is not wall thickening
(= carbon), but hormonal signals. Carbon and hormonal
manipulation studies will be useful to solidify this evidence.

Many other models also assume the earlywood–latewood
pattern to be carbon-related. While some models directly impose
carbon-related mechanisms for the transition, other models find
that the pattern, though carbon related, does not have to be
imposed, but is an emergent property of the late season growth
dynamics. The increase in carbon availability, by prioritizing
carbon allocation to thickening cells, is a mechanism to
ultimately obtain thicker cell walls in Drew and Downes (2015).
This is mediated through a daylength-induced hormonal signal,
as stated above. Increases in carbon availability to thickening
cells emerge naturally through a shorter radial file, where fewer
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cells are closer to the phloem and share the incoming amount
of carbon in RINGS (Friend, 2020). When it comes to spatial
representation of carbon across the radial file, interestingly, both
Friend (2020) and Drew and Downes (2015) use carbohydrate
gradient observations to justify their carbohydrate allocation
schemes, with very different effects. Uggla (2001) observe high
levels of carbohydrates at the phloem, which then gradually
decreases across the developing radial file. Drew and Downes
(2015) treat the gradient as an emerging property which is only
observable because thickening cells (1) take precedent when it
comes to carbon allocation to the cells and these thickening cells
then (2) take out more carbon than enlarging cells, thus there
are lower nonstructural carbon levels observed in the thickening
zone of the radial file. In contrast, RINGS (Friend, 2020) is
based on the assumption of equilibrium between diffusion and
consumption. In practice this means that RINGS calculates the
carbohydrate diffusion profile into the radial file as an outcome
of (1) the carbohydrate input into the radial file, (2) each cell’s
individual demand, and (3) the diffusion itself. More studies
exploring not only the seasonal carbon dynamics, but also their
gradient across the developing tree ring (as done in Uggla, 2001),
would be useful to better deduce the relationship between carbon
dynamics and latewood formation.

2.5.2.3. H3: EW–LW Transition as Strategy to Anticipate

Future Environmental Limitations
Other models assume that a hormonal signal induces latewood-
formation in temperate regions, in line with Hypothesis 3. For
example, toward the end of the growing season, a signal from
the crown helps to create narrow latewood cells by decreasing
enlargement rate in TreeRing3 (Fritts et al., 1999), decreasing
zone width and enlargement rates in CAMBIUM (Drew et al.,
2010), or by decreasing zone widths and hence enlargement
duration in RINGS (Friend, 2020). Empirical studies support
these model assumptions by finding that the seasonal growth
and development of foliar organs release (auxin) signals, which
decline in strength toward the end of the season (e.g., Larson,
1964b). Xylogenesis studies have also correlated the highest
cellular activity with daylength (Rossi et al., 2006b; Cuny et al.,
2014). In temperate regions, one could expect a daylength-
driven signal for trees to anticipate temperature changes, that
make growth unfavorable (Petterle et al., 2013). This may be
needed in order for the tree not to be surprised by cold
temperatures, which may damage immature cells (Rathgeber
et al., 2016). Specifically, some processes have to be concluded
before unfavorable conditions emerge. For example, lignification
is strongly constrained by temperature (Gindl et al., 2000; Körner
et al., 2019), and it has been shown that the last xylem cells need
up to 2 months until reaching maturity (Cuny and Rathgeber,
2016). In order for these processes to fall into the growing
season, the tree can most reliably use daylength as a measure of
time progression.

All in all, there seem to be multiple mechanisms which could
lead to “earlywood–latewood” patterns and thus tree rings. Some
mechanisms are of a physical nature such as water stress in areas
not constrained by temperature and daylength, such as tropical
regions. Nevertheless, in the temperate regions all maturation

processes must be concluded before too low temperatures occur
in order to avoid damage. Thus trees might use daylength-
perceiving hormones to ‘look ahead‘. Both such mechanisms
are implemented in different models. For example, RINGS
(Friend, 2020) functions on the hypothesis of daylength-induced
zone-width decreases (which are possibly hormone induced).
However, RINGS does not contain any water-driven enlargement
or stress-function and therefore may not be able to replicate large
and small cells at low-latitude sites with water stress. On the other
hand, models which rely on water stress only for this pattern to
emerge may not work at high-latitude mesic sites (e.g., Deleuze
and Houllier, 1998). Fritts et al. (1999) and Drew and Downes
(2015) can accommodate for both these conditions in their
models. A universally applicable wood formation framework
would have to accommodate both physical and tree-internal
regulatory mechanisms to replicate intra-annual changes in cell
diameters across all latitudes and environmental gradients.

2.5.3. Carbon Availability and Growth Dynamics in

Wood Formation Models
Whether growth is actively demanding carbohydrates or
passively receiving carbon as a function of photosynthesis is a
point of contention (Sala et al., 2012; Dietze et al., 2014), with
potential implications on modeling tree growth behavior and
ecosystem carbon storage (Leuzinger et al., 2013). Specifically,
an open question remains to what degree growth is limited by
carbon supply rate (and hence the carbon source) or by its own
environmentally and internally-determined activity (and hence
itself as the carbon sink). While carbon is necessary for structural
and metabolic purposes during xylogenesis, an experimental
study by Sundberg et al. (1991) suggests that it is cambial
activity, and not carbohydrate availability that determines wood
production. Observed NSC concentrations in the cambial region
(xylem and phloem) (Giovannelli et al., 2011) can be statistically
or qualitatively related to the number of total living (cambial,
enlarging and thickening) cells (Deslauriers et al., 2016), and
wall thickening or predominantly radial growth periods (Simard
et al., 2013). Nevertheless, the direct mechanism by which
carbon influences each cell type remains unclear. Therefore,
the question remains whether carbohydrate gradients observed
across the developing xylem (Uggla, 2001) are, similar to co-
occuring auxin gradients, “instructive or incidental” (Bhalerao
and Fischer, 2014). While there is some molecular evidence
for different sugars acting as signaling molecules for different
cellular stages (Riou-Khamlichi et al., 2000), the nature of
this relationship has not yet been described usefully for wood
formation modeling. How do wood formation models resolve
carbon–growth interactions?

The first model that considered carbon explicitly was Deleuze
and Houllier (1998), where wall thickening is assumed to be
carbohydrate-dependent. This means that in their model, all
mass gain of the radial file (through cell wall thickening) is
directly related to carbon availability. The first model that
considered the influence of carbon on wood growth rates was
TreeRings (Fritts and Shashkin, 1995). There, the cell production
rate is a function of three limiting factors F(s,W,T), with
water availabilityW, temperature T and carbohydrate availability
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s. In a subsequent version, TreeRings3 (Fritts et al., 1999),
F(s,W,T) is involved in deriving the rates of all processes
for all cell types. If there was little carbon available, s would
dominate the equation, if W and T were not limiting at the
time. However, if it was particularly cold or dry, the other
factors were able to override this “source dependent” behavior
of the model. Indirect growth-rate dependent representation
of carbohydrate influence as above is represented in a similar
manner in Fritts et al. (1991) and Vaganov et al. (2006). They use
a daylength growth-modifier (F(D,W,T), width D as daylength)
to influence cell enlargement (or optionally also wall thickening
in Vaganov et al., 2006). Both articles say that daylength can
either represent a phenological signal from the crown or an
indirect representation of photosynthesis and thus carbohydrate
availability. In summary, early models already assumed a carbon-
dependency of one or more processes, either explicitly as
substrate or as rate modifier.

Carbohydrate influences are represented in more complex,
physiological ways in recent models. Related to cell production,
a cell in CAMBIUM Drew et al. (2010) and Drew and Downes
(2015) can only divide if a minimum quantity of carbohydrate
is available for this process, giving the model a source-centric
behavior. Nevertheless, Drew et al. (2010) and Drew and Downes
(2015) also enable storage of surplus carbon in the radial file,
which decouples cambial and mass growth, and photosynthesis
to some degree, should the environment be favorable to growth
again (see also Drew et al., 2009). Secondary wall thickening in
CAMBIUM (Drew et al., 2010) is dependent on carbohydrate as
substrate, similarly to Deleuze and Houllier (1998).

Besides as substrate, carbon has also been assumed to be
a driver in processes such as cell enlargement. For example,
Hölttä et al. (2010) and Drew and Downes (2015) explore the
influence of carbohydrates together with water availability to
represent turgor-driven cell enlargement, making these models
also subject to carbohydrate control. As cell enlargement also
occurs in cambial cells before division, cell production rates are
also carbon-dependent in these models, but due to the small size
threshold after which they divide, a carbon-dependent “rescue”
of cell production dynamics are probably most prevalent under
water-limiting conditions. Both models subsequently use the
carbon that contributed to cell expansion as substrate for cell
wall synthesis. A constant carbohydrate influx in RINGS Friend
(2020) is in contrast with Cartenì et al. (2018), who must assume
an increase in carbohydrate supply toward the end of a season
in order to obtain an increase in wood density, making the
model strongly dependent on 1) carbon availability itself but
also, 2) the hypothesized timings of carbon availability to growth.
In Drew and Downes (2015), allocation to thickening cells is
actively prioritized toward the end of the season, equivalent to
an enforced sink demand by wall thickening-cells. In RINGS
the density increase toward the end of the ring is governed
by increased proximity of the thickening cells to the phloem,
the source of carbohydrates. Thus, under normal conditions,
according to this model, the only conditions under which
carbohydrates are limiting are at the periphery of the developing
radial file early during the growing season. This carbon limitation
is not however directly caused by the carbon input into the

file, but by the physical position of a cell and the diffusibility
of carbohydrates across the file. Nevertheless, carbon (source)
limitation could influence wall thickening in RINGS, if carbon
levels in the phloem are low. Overall, carbon in the above
wood formation models is not only assumed to be required
as structural component in cell walls of newly formed or wall
thickening cells, but also regulates cell enlargement activity by
contributing to cell turgor. Some models are more sensitive
to intra-annual fluctuations in carbon availability than others.
It becomes clear that there are many models which could be
subject to source-limitation in one or more of their processes if
carbohydrates became limiting and thus the question remains,
whether carbohydrates are ever limiting to any of these processes
in reality.

Carbon storage regulates cell proliferation in CASSIA
(Schiestl-Aalto et al., 2015) by asymptotically declining growth
rates dependent on carbohydrate availability after carbohydrate
availability falls below a threshold. Using a threshold-only
evaluation, Drew and Downes (2015) also have such a
safety-mechanism where cell proliferation stops immediately if
insufficient carbon is available to build new cell wall plates
between dividing cells. Cell cycle studies confirm the plausibility
of this mechanism. For example, Riou-Khamlichi et al. (2000)
found that carbohydrates act directly as signaling molecules in
the cell cycle regulation of Arabidopsis. From a tree’s perspective,
regulating growth at its first process (cambial activity) makes
sense as carbon used in wood formation is irretrievable and
must be closely regulated to avoid wastage (McCahill and
Hazen, 2019). Some evidence suggests that in cases such as
under strongly carbon-limited condition, storage is prioritized
over growth (Hartmann et al., 2015; Weber et al., 2018), a
behavior which may however also strongly be linked to ecological
strategy (Mitchell et al., 2016). The concept of a carbon storage
threshold limiting growth activity is also a useful framework
to connect storage to growth dynamics in models, while still
allowing for assumptions on the sink dynamics to remain
relatively autonomous from the source otherwise. However, large
difficulties will remain to parameterise such a threshold as, if
it exists, it may be tissue-, species-, age/size and/or growth
environment dependent.

This section has examined the cell developmental processes at
which current wood formation models require carbon in order
to execute growth dynamics (i.e., irreversible volume or mass
growth). With many processes requiring carbon for structural
or procedural purposes (metabolism has not been mentioned
here), on the wood formation model level, carbon limitation
on growth cannot be excluded. Under a low tree carbon status,
the source vs. sink balance may shift to a sink vs. storage story.
Under high tree carbon status, wood formation may be limited
by environmental factors, while processes requiring carbon are
not limited by it. For example, through observations in oak
(Quercus) (Lempereur et al., 2015) and modeling of larch (Larix)
and pine (Pinus) (Eckes-Shephard et al., 2021), it has been shown
that under water-limiting conditions tree growth stops earlier
than photosynthesis. Further, modeling of an individual pine
(Pinus) (Schiestl-Aalto et al., 2019) showed that wood growth
variations could be explained by temperature-driven sink activity
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on a daily basis and that carbon does not seem to be the
ultimate driver or limiter of the growth dynamics on a daily
timescale. Wood formation models will not in themselves be
able to answer the source-sink controversy, especially with the
added complexity of storage competing with growth under some
conditions. Nevertheless, wood formation modeling can play a
useful role to better study the interplay between photosynthesis,
storage and biomass increase. With the exception of Schiestl-
Aalto et al. (2019), there seem to be nomodeling studies explicitly
resolving wood formation to interrogate how source-sink-storage
relations interact on an intra-annual scale.

2.6. Model–Data Comparison
Together with established types of observations, new sources
of data have emerged against which models can be directly
compared. These are not fully exploited today. The following
section reviews two categories of data that have been used
for model validation. We make a case that these and novel
observations, as well as the combined use of observations,
could be more commonly applied for model parameterisation
and verification in order to increase our understanding of the
mechanisms that drive xylogenesis. Observations related to wood
formation (Figure 4) can be divided into 1) static data, which are
end-of season observations of anatomical properties of mature
cells or the ring itself (e.g., TRW, cell wall thickness, density
profile) and 2) dynamic data, such as xylogenesis monitoring
data from which we obtain snapshots on the number of
cells in a given phase at the time of sampling. Both types
of observations have deficits, but when used in tandem can
supplement each other: Anatomical data originate through the
process of xylogenesis, but the timing of individual processes
cannot be reliably retraced from the data. In contrast, dynamic
data can tell us about the kinetics of cell differentiation, but cell
anatomy such as cell sizes or wall thicknesses cannot be inferred,
as often the sampling distorts the true cell dimensions (e.g.,
the pressure applied to the still delicate cambial and enlarging
cells during microcoring using a Trephor (Rossi et al., 2006a;
but see Uggla et al., 1996). Observations can also be divided
into data-sparse (e.g., the date of the start or the end of the
enlargement process, the tree-ring width) and data-dense (e.g.,
weekly xylogenesis data, dendrometer data or intra-ring profiles
of cell dimensions) observations. Wood formation models have
been able to generate one or multiple types of output against
which they can be compared with observations, depending
on their aim and structure (see Table 2). Importantly, one
must distinguish between using data for model development,
parameterisation, and validation: the same data should not be
used in all three instances.

2.6.1. Static Observations
Some of themost common static variables which wood formation
models try to replicate are end of the year observations of ring
width (e.g., Friend, 2020) or ring width index, (e.g., Vaganov et al.,
2006) cell numbers (e.g., Vaganov et al., 2006; Friend, 2020) or
wood intra-ring density profiles (e.g., Deleuze andHoullier, 1998;
Drew andDownes, 2015; Friend, 2020). A hitherto unused type of
static observations for wood formation model parameterisation

or validation are isotope ratios (but see Tolwinski-Ward et al.,
2015, which we however do not count as a wood formationmodel
in this review).

Static observations differ in the extent to which they can
validate a wood formation model or its individual processes.
Firstly, models can be validated against data-sparse, single-
point tree-ring parameters e.g., width, wood density, isotope
ratio. While the former two observations are very abundant,
the downside of only relying on this type of observation is that
this involves the fitting of complex models to a single annual
data point (e.g., TRW). This means for wood formation models
that many different hypotheses will be able to replicate this
type of observation through overfitting. Secondly, more data-
rich static observations offer a higher spatial resolution for model
validation. For example the final structure within the tree ring,
such as its density profile can resolve intra-annual dynamics
to some degree. Some wood formation models (Deleuze and
Houllier, 1998; Fritts et al., 1999; Drew and Downes, 2015;
Friend, 2020) simulate wood density profiles and compare their
output against density profile observations. Treering3 (Fritts
et al., 1999) can even automatically interface (code written
by Geoffrey M. Downes) with the SilviScan digital output
for model verification. SilviScan is a semi-automated device
to rapidly obtain wood density observations (amongst others)
using X-ray technology and image analysis. It was originally
developed in 1992 for commercial forestry (Evans et al., 1994)
and, after several upgrades, is still widely used in the scientific
community. Nevertheless, while at a higher resolution, these
static observations do not allow for the exact inference on the
timing of the inception of these high and low-density features.
Therefore, care is needed when applying a distance-to-time
conversion approach across tree ring anatomical features (i.e.,
equally-sized sections of the ring have not emerged during an
equally-long period (Pérez-de-Lis et al., 2021). This makes the
attribution to environmental events from anatomical features
alone difficult (but see Drew and Downes (2009) for how the
additional use of dendrometers can address this issue to some
degree). An exception is a specific type of data-rich static
observations of cell anatomy, so-called intra-annual density
fluctuations (IADFs). IADFs are unusual variations in cell size
and wall thickness along a tree ring (Battipaglia et al., 2016).
These density fluctuations can either be caused by earlywood-
like cells in the latewood section of a tree ring or latewood-like
cells in the earlywood section of a tree ring. Age or width of
the rings can also play a role in the absence/presence of IADFS
under IADF-conducive environmental conditions (Rigling et al.,
2011). Both phenomena have been associated with precipitation
after a summer drought (earlywood-like IADFS) (Campelo et al.,
2007; Rigling et al., 2011), or the absence of precipitation during
early spring (latewood-like IADFS) (Wimmer et al., 2000). Thus,
the resulting signal in the cell anatomy can be related back to a
specific period during the growing season. However, there are
many open questions as to the mechanisms that cause IADFs
(see Battipaglia et al., 2016 for a good overview), and it is
still unclear what cell developmental phase is affected to cause
these deviations from the common anatomy. Therefore, these
observations are especially valuable for the validation of wood
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FIGURE 4 | (A) Dynamic (B) static observations useful for wood formation model interrogation. (A): (sub)-daily radial increment measurements are taken using

dendromenters. Weekly classification requires staining methods, light microscopy and a human to identify and count cells of a given type. Weekly measurements can

be semi-automated and do not necessarily involve the identification of specific cell phases. Weekly cell counts and measurements can be used to derive observations

such as a period of presence/absence of a cell type (at the xylem tissue level) or the residence time of each cell in each phase (at the cell level, but also possible to

derive at the tissue level). Tree disk image from Cuny et al. (2014).

formation model hypotheses. Similarly, wood formation models
can help explore which cell processes are the most likely to be
affected. IADFs comparison with model-simulated IADFs has far
only been done byWilkinson et al. (2015) who applied the model
from Deleuze and Houllier (1998) and could indeed replicate
IADFs at a water-limited site. Overall, static observations, with
some exceptions through IADFs, cannot be fully be used to
reconstruct the timing and thus environmental conditions of
wood formation processes occurring intra-annually.

2.6.2. Dynamic Observations
This issue of static observations can be overcome when
using dynamic xylogenesis observations. Generating dynamic
observations typically involves the weekly sampling of the
growing ring, to derive weekly cell counts of each cell type within
a differentiation phase, or (more common for angiosperms)
the width of each developing zone. Models which have used
xylogenesis observations to some degree are Cabon et al. (2020)
for cell production, Hartmann et al. (2017) and Hartmann et al.
(2021) for cambial and enlarging cells and Schiestl-Aalto et al.
(2015) for all cell types. While some models are able to produce
xylogenesis output (e.g., Fritts et al., 1999, see Table 2), they do
not compare it against data (but see Schiestl-Aalto et al., 2015).
Instead, they discuss qualitatively the shape of the observed cell
numbers. Xylogenesis observations can be data-rich, if sampled

frequently, across many trees, throughout the growing season.
One issue with xylogenesis data is the between-tree variability
in the dynamics, which so far have been addressed through
normalization approaches, e.g., by standardizing against the total
number of cells of the previous year Rossi et al. (2003) to
fit gomperts or general additive models Cuny et al. (2013) to
cell production observations. Besides for phenological purposes,
such as determining onset or cessation of wood formation
(critical dates), these observations can be directly related to co-
occuring environmental conditions, which is useful for increased
process-understanding related to environmental factors acting
upon different cell types. Other data-rich observations of stem
radius variations are dendrometer-data, which, while temporally
very fine-grained (i.e., tens of minutes), are however impossible
to interpret when it comes to disentangling which cell phase
(cambial or enlarging) contributes to the observed growth
increment and are therefore more useful to verify wood
formation models’ overall increment dynamics. Nevertheless,
dendrometers are essential tools to determine the critical sub-
daily time periods during which growth variations actually
occur and which environmental factors matter. For example,
Zweifel et al. (2021) determine that wood radial growth is
most likely to occur during the night or at dawn, when vpd
is low. Their findings make clear that daily aggregation of
environmental variables to drive wood formation models must
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TABLE 2 | ⊕ model output compared against observations, ∅ (possible) output but not compared against observations. † Possible output but not reported. () model

output, but created using an empirical relationship with previously modeled outputs. *Microdensity profile derived from wall thickness. Wilkinson et al. (2015) used the

model by Deleuze and Houllier (1998), to simulate wall thickness rather than mass increase and could therefore resolve and compare against microdensity (see second

⊕∗). CAM, cambial cells; ENL, enlarging cells. Note that being able to resolve xylogenesis, enables phenological events (e.g., start of CAM, Start /end of ENL, etc). Note

that some models display output, which are not listed here, eg. maximum density, mean density, microfibril angle. Anatomical output related to wall thickness can be

expressed in cell position (Hölttä et al., 2010) or as proportion of annual ring (%) (Drew and Downes, 2015), which is not distinguished in this table. Radial diameter can

refer to either cell or lumen radial diameter. Tree ring width is equivalent to the end-of season value of cumulative radial growth, measured as cumulative cell anatomy

properties or directly as ring width. Cell numbers is equivalent to end of season cumulative tracheid production. Xylogenesis refers to cell numbers or cell production rates

derived from xylogenesis observations. TRWi, Tree ring width index.

Model TRW Cell numbers Density profile Wall thickness Radial diameter Xylogenesis

Wilson and Howard (1968) ∅ ⊕ ∅ ⊕ ⊕

Howard and Wilson (1972) ∅ ⊕ ∅* ⊕ ⊕ ⊕

Wilson (1973) ∅ ∅ ⊕ ⊕

Fritts et al. (1991) () ⊕

Deleuze and Houllier (1998), Wilkinson et al. (2015) ∅ ∅ ⊕ ⊕* ∅ ⊕

Fritts et al. (1999)

Vaganov et al. (2006) TRWi ⊕ ∅ (CAM)

Drew et al. (2010) ∅ ∅ ∅ ∅ ∅

Hölttä et al. (2010) ∅ ∅ ∅ ∅ ∅

Drew and Downes (2015) ∅ ∅ ⊕ ⊕ (mean) ⊕ ⊕ (mean) ⊕ †

Schiestl-Aalto et al. (2015) ⊕ ⊕ ⊕

Hartmann et al. (2017) † † ∅ ⊕ (CAM, ENL)

Cartenì et al. (2018) † † ⊕ ⊕

Hartmann et al. (2021) ⊕ † ⊕ ⊕ ⊕

Friend (2020) ∅ ∅ ⊕ ∅

Cabon et al. (2020) ∅ ⊕ (CAM)

be done with care. To our knowledge, dendrometer data has
so far not been used for wood formation model validation,
rather for radial growth or stem increment models. Therefore,
we see scope for involvement of this type of observation to
help fill the gap between cell counts at weekly time-scales with
daily-resolved “anatomical” information on radial increment.
Nevertheless, challenges remain to attribute observed increments
to irreversible growth due to diurnal shrinking and swelling of the
stem (but see Mencuccini et al. (2017) and Zweifel et al. (2016))
and to account also for phloem growth dynamics.

New types of observations continue to be developed which
are able to enhance inter-species comparison and monitoring of
variables emerging from xylogenesis dynamics such as volume
and mass variables, also relevant for wood formation model
validation. For example, zone width information from weekly
microcores, rather than cell count, is less time-consuming and
may enhance comparison across species (e.g., angiosperms vs.
gymnosperms): instead of counting cells week−1, one only
measures the weekly zone width of a certain type of cells
(e.g., see Prislan et al., 2019) (e.g., enlarging and thickening,
mature cells). While the latter zone-width approach is more
coarse, it is common practice in angiosperms, which have to
overcome increased complexity by more cell types developing,
such as large vessels, that can make it hard to objectively
count a single radial file (as depicted in Figure 1). An
angiosperm-gymnosperm comparison of xylogenesis dynamics
using zone-width observations has so far only been done
by Martinez del Castillo et al. (2016). Another study has used

Norway spruce (Picea abies (L.) Karst) to investigate a novel
histological approach that only monitors the dynamics of volume
or mass increase (Andrianantenaina et al., 2019) as opposed to
the conventional cellular-based approach which monitors cell
developmental stages separately. The monitoring of volume and
mass variables only are potentially useful for parameterizing
and verifying parsimonious wood formation models useful
for regional-scale to global modeling, for example in new
generations of DGVMs. Recently a new method called high-
resolution X-ray computed tomography (HRXCT) is also capable
of monitoring intraannual stem radial width (called “size growth”
by the authors), and biomass dynamics and promises to create
further such observations relevant to modeling wood formation
(Lehnebach et al., 2021). However, whether or not all information
content necessary for model validation can be retained by all
these new types of observations remains unclear, as neither zone-
width nor volume and mass- only data have so far been used to
validate any wood formation models. While cell numbers have
been used for model validation, neither zone-widths, nor volume
andmass-based approaches have hitherto been exploited in wood
formation modeling.

Overall, the use of intra-ring (especially cell anatomical) and
xylogenesis data in tandem will likely provide the best way to
challenge individual model process hypotheses around each cell
developmental phase, its drivers, and the resulting anatomical
features. The only model which to our knowledge has formally
compared output against both dynamic (xylogenesis) and static
(cell anatomical) data is XyDys1 and 2 (Hartmann et al., 2017,
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2021). The challenge remains to integrate dynamic and static
data in the light of a lot of sample variability. While significant
progress has been made in this from the data analysis side (e.g.,
Cuny et al., 2013), wood formation models will be a useful bridge
between the datasets.

Not discussed in any detail in this review are molecular-
level and gene expression observations, which remain
unused in wood formation model verification or hypothesis
construction, with the exception of auxin and sugar. Whether
statistical association of small genetic mutation with observed
traits, currently mostly used for molecular breeding (e.g.,
reviewed by Du et al., 2018), gene expression level analysis
across the developing wood and in response to hormonal
changes (e.g., Schrader et al., 2004; Immanen et al., 2016),
or the construction of knockout tree variants to obtain
functional understanding through the artificial absence of
a protein in a crucial process within wood formation (e.g.,
Xu et al., 2021), all knowledge and data generated from
these methods are additional powerful resources that can
be harnessed for wood formation model development and
verification in the future.

2.6.3. Model-Data Interoperability Through Data

Standards and Analysis Tools
Data standards help both modelers and experimentalists make
their research output interoperable among each other. Recently
developed data-analysis tools such as CaviaR (Rathgeber
et al., 2018) can help clarify concepts such as critical
dates (of when enlargement or wall thickening begin and
end) and provide a standard format in which to handle
wood formation observations. These data analysis tools offer
opportunities for modelers to develop similar-looking “virtual
tree” output, thus facilitating model-data comparison. Whereas,
Fritts and Shashkin (1995) were impeded by the lack of image
analysis tools and therefore slow sample processing, today,
image analysis tools such as WinCELL (Regent Instruments,
2012), ROXAS (von Arx and Carrer, 2014), or ImageJ
(cf. Schuldt et al., 2013 for user-example) can be used to
study tree ring anatomical structure including cell diameter,
lumen area, or wall thickness amongst others. These tools
provide valuable smaller-scale data which can be used to
confront models. Their semi-automated nature can provide large
datasets to verify models against. When used together with
dynamic xylogenesis observations they have great potential to
constrain wood formation models and shed more light onto
their plausible structures.

Overall, the use of data should help verify wood formation
models further. The utility of the data depends on the model,
the processes it resolves and the purposes it serves. However,
in general the most useful combination of datasets for model
validation are a combination of both dynamic (xylogenesis) and
static (anatomical) data. Observations can both be used formodel
hypothesis validation, but there is unused potential to also apply
it to model calibration. An enhanced integration between data
and model output through shared formats will facilitate direct
model–data comparison. Ultimately, model development and

gathering of observations and their standardized analysis should
go hand-in-hand to generate new knowledge.

2.7. Wood Formation Under Climate
Change
That wood growth will be impacted by climate change is
already evident (e.g., Briffa et al., 1998; Pretzsch et al., 2018;
Babst et al., 2019). However, only few wood formation models
have been originally built to investigate climate change impacts
on tree growth as principle motivation. Indeed, few wood
formation modeling studies even mention the importance of
wood formation modeling to predict growth responses in a
climate change context. The exception is Drew and Downes
(2015), who point out the suitability of their model to better
predict future forest productivity. In the preface to their book,
Vaganov et al. (2006) mention a potential for global carbon
cycle modeling, but the ultimate model focus of the VS-model is
extracting historical climate patterns. Nevertheless, the VS-model
has been used to reconstruct and forecast growth phenology from
climate forcings and TRW data at the Tibetan Plateau and it was
found that growth start has shifted forward by 6 days (Yang et al.,
2017), and that growing season length will continue to increase
with climate change (He et al., 2018a,b). However, it is important
to note that while these authors found a prolonged period
of potential growth which could be associated with increased
TRW and thus carbon sequestration, climate change-induced
changes in phenology cannot be universally seen as cause for
increased tree growth (Körner and Basler, 2010). Therefore,
not only the growing season length but within-season processes
must be addressed using wood formation models. Nevertheless,
there is potential in improving the mechanisms related to wood
formation phenology in the models: A chilling-influenced heat
sum model performed best in an intercomparison of approaches
for simulating the onset of enlargement in developing wood
(Delpierre et al., 2018), an interesting mechanism to test in
wood formation models. Predicting the end of wood formation
processes, e.g., cessation of cambial activity (Buttò et al., 2020b)
or until full maturation (Cuny et al., 2019) has hitherto been
difficult and more research is needed in this area. Since wood
is a large and long-term carbon store, and wood formation
dynamics can help predict carbon allocation in trees (Buttò et al.,
2021), wood formation models should be integrated to study
global carbon cycle dynamics. However, due to the lack of wood
formation models suitable for global use, their application in
global carbon cycle and vegetationmodeling are currently lacking
(Friend et al., 2019).

The tree ring and wood formation community has started to
encourage the use of wood formation and tree ring observations
for the global modeling of wood formation (Babst et al., 2014,
2018; Zuidema et al., 2018). Some vegetation modelers have
also started work to this end (Friend et al., 2019; Friend,
2020; Eckes-Shephard et al., 2021). This new area of modeling
offers a new application of wood formation models, namely to
help improve predictions on global vegetation carbon responses
to climate change.
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Hitherto unexplored areas in wood formation modeling is the
growth response to wind sway and nutrient availability. Nutrients
were not important in previous study contexts and there is
large uncertainty in how to represent these additional processes.
For a global wood formation model, this is an important area
for further research, as global productivity, especially in forests,
has commonly been found to be nutrient limited (LeBauer and
Treseder, 2008; Fernández-Martínez et al., 2014). It has also
been shown that macro nutrients may impact wood density
and timber stiffness in fast grown pines (see e.g., Wessels
et al., 2015). Especially for new areas of applications of wood
formation models, e.g., global modeling, nutrients may need to
be considered to some extent. It is important that the coverage
of observations of wood formation dynamics, anatomy, and
tree rings increases in low-latitude areas in order to inform the
development of globally-applicable wood formation models.

3. CONCLUSION AND OUTLOOK

This review has shown how wood formation modeling, from the
pioneering efforts in the 1960s to today, has greatly improved
our mechanistic understanding of wood formation. We have
highlighted areas where existing wood formation hypothesesmay
need to be challenged. There is significant scope for exploring
new hypotheses and to better integrate them within the models.
There is great potential for collaboration between researchers
performing long-term field monitoring (e.g., Integrated Carbon
Observation System (ICOS)), experimentalists (e.g., Free Air
Carbon Enrichment (FACE) and greenhouse experiments) and
modelers to address outstanding questions. We envision that
wood formation modeling can help to address key challenges
related to global change and carbon cycle modeling.

We have summarized the current knowledge of growth
process representation in wood formation models. Researchers
from three disciplines have developed 17 wood formation
models at various levels of detail and with different assumptions
on environmental drivers and applications in mind. While
dendroclimatologists are interested in the growth–climate
relationships in order to reconstruct past climate from tree rings,
foresters aim to predict wood quantity and quality. Finally,
more fundamental researchers have built many models with
the aim to better understand variability, hormonal influences,
or growth-carbon interactions. Underlying all these models are
a wide range of different hypotheses, supported by multiple
lines of empirical evidence on what processes are necessary
to resolve when modeling tree growth. The questions posed
with the models very much determine their focus and level
of complexity. It is therefore not surprising that the models
differ substantially from each other. However, the fact that there
is rather little agreement on some basic processes (e.g., the
influence of hormones on wood formation; what causes the
transition between earlywood and latewood; the influence of
carbon supply), and their drivers (see Figure 3) shows that there
is still a lot to be studied about wood formation, which manifests
itself in uncertain wood formation models.

Wood formation models have already been successfully
applied to answer many different scientific questions. Besides
their current remit, they have the potential to be useful in

many other areas. For example, simple wood formation models
may be useful for global application to better project vegetation
carbon responses to the environment and hence climate change
(Friend et al., 2019). For this, understanding the role of
carbohydrates on wood formation (regulatory or as substrate
and at what developmental process is it restricting) will need
to increase for example through manipulation experiments
(e.g., Rademacher et al., 2019). Additionally, simulating future
tree rings could help forecast tree mortality in conjunction
with tree ring-based mortality algorithms (Cailleret et al.,
2017). Finally, resolving growth processes as a carbon sink
within the tree may help to answer questions on active
vs. passive storage and can in the same context also help
address the source-sink controversy (Schiestl-Aalto et al.,
2015).

Data sources to verify growth hypotheses within the models
are far from fully exploited. Most models compare their output
against end-of-the-year observations such as density, ring width,
number of cells, or mean tracheid diameter. Dynamic data such
as xylogenesis data can help verify whether the intra-annual
dynamics are indeed captured well in those models. While many
different model hypotheses may be able to replicate a final-year
result well, this finer-grained data is important for challenging
model hypotheses on a shorter time-scale, and hence addressing
mechanisms more precisely. Additional end-of-season output
that may also be more challenging for wood formation models
to replicate are IADFs, which in tandem with xylogenesis data
deserve more attention from wood formation modelers. Future
efforts should also make use of molecular studies for hypothesis
building or model verification.

This review identified three main areas (carbon, hormones,
and more broadly, or as a result earlywood-latewood transition)
where model hypotheses diverge and therefore on which
additional research should be done. However, while wood
formation seems to be subject to multiple internal and external
controls simultaneously, observations in natura may not always
provide conclusive evidence toward one mechanistic hypothesis
for a model. Therefore, we call for a move toward manipulation
experiments (e.g., Baba et al., 2018; Rademacher et al., 2019) and
combinations of anatomical data, IADFs, and weekly xylogenesis
monitoring. From our summary of the current state of wood
formation modeling research, we identified the following (inter-
related) areas in which open questions remain:

(1) hormonal influences on growth
(2) carbon influences on growth.

Addressing these two areas of research will already
contribute to the outstanding mechanisms on

(3) earlywood–latewood transitions.

Global change will affect wood formation in all forested regions
of the world and challenge the plausibility of existing hypotheses
encapsulated in wood formation models. The modeling and
wood formation observations are currently biased toward the
northern hemisphere. Therefore, there is great potential in
the wood formation modeling and observation community to
increase their area of research into other low-latitude ecosystems.
This, together with an increased use of diverse observations
from multiple disciplines, will be crucial in verifying the
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hypotheses behind wood formation’s mechanisms and drivers.
Getting these right will be critical for all applications of
wood formation hypotheses, for the single tree or global
vegetation model.
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The relationship between collared leaf number and growing degree days (GDD) is crucial 
for predicting maize phenology. Biophysical crop models convert GDD accumulation to 
leaf numbers by using a constant parameter termed phyllochron (°C-day leaf−1) or leaf 
appearance rate (LAR; leaf oC-day−1). However, such important parameter values are 
rarely estimated for modern maize hybrids. To fill this gap, we sourced and analyzed 
experimental datasets from the United States Corn Belt with the objective to (i) determine 
phyllochron values for two types of models: linear (1-parameter) and bilinear (3-parameters; 
phase I and II phyllochron, and transition point) and (ii) explore whether environmental 
factors such as photoperiod and radiation, and physiological variables such as plant 
growth rate can explain variability in phyllochron and improve predictability of maize 
phenology. The datasets included different locations (latitudes between 48° N and 41° 
N), years (2009–2019), hybrids, and management settings. Results indicated that the 
bilinear model represented the leaf number vs. GDD relationship more accurately than 
the linear model (R2 = 0.99 vs. 0.95, n = 4,694). Across datasets, first phase phyllochron, 
transition leaf number, and second phase phyllochron averaged 57.9 ± 7.5°C-day, 9.8 ± 1.2 
leaves, and 30.9 ± 5.7°C-day, respectively. Correlation analysis revealed that radiation 
from the V3 to the V9 developmental stages had a positive relationship with phyllochron 
(r = 0.69), while photoperiod was positively related to days to flowering or total leaf number 
(r = 0.89). Additionally, a positive nonlinear relationship between maize LAR and plant 
growth rate was found. Present findings provide important parameter values for calibration 
and optimization of maize crop models in the United States Corn Belt, as well as new 
insights to enhance mechanisms in crop models.

Keywords: phenology, phyllochron, leaf appearance rate, maize, crop models
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INTRODUCTION

The phenological scale for maize (Zea mays) development 
between emergence and the beginning of the reproductive 
phase is based on successive appearance and collaring of new 
leaves (Ritchie et  al., 1986; Abendroth et  al., 2011). Beginning 
at the first visible collar, developmental stages are defined by 
the letter V followed by the number of visible collars. For 
example, the first visible collar would denote the developmental 
stage V1, while the fifteenth collar would denote the 
developmental stage V15 (Ritchie et al., 1986; Abendroth et al., 
2011). Phenological stages are an important part of managing 
cropping systems as several crop management decisions depend 
upon phenology, such as split nitrogen (N) applications (Slaton 
et  al., 2013). Thus, predicting the number of collared leaves 
accurately in empirical models or complex crop models is 
decisive (Tollenaar et  al., 2018).

The environmental variable influencing phenological 
development the most is the temperature (Vinocur and Ritchie, 
2001). Consequently, crop development is often expressed as 
a function of cumulative thermal units, specifically growing 
degree days (GDD; Soltani and Sinclair, 2012). Many different 
models have been proposed for the accumulation of GDD, 
including empirical linear, nonlinear, and process-based functions 
(Kumudini et  al., 2014). These functions differ in number and 
meaning of parameters, and complexity. Process-based models, 
such as the one developed by Wilson et  al. (1995) and used 
in the APSIM model (Holzworth et  al., 2014), offer a level 
of precision second only to nonlinear empirical models (Kumudini 
et  al., 2014). Process-based functions have the advantage of 
maintaining their precision when temperatures are greater than 
the optimum temperature for maize development, demonstrating 
its usefulness in future scenarios.

Biophysical crop models convert GDD accumulation to leaf 
numbers by using parameter values termed phyllochron or 
leaf appearance rate (LAR). While phyllochron is the cumulative 
thermal time between the appearance of successive leaves in 
units of °C-day leaf−1 (Wilheim and McMaster, 1995), LAR 
is the reciprocal of phyllochron in units of leaf °C-day−1 (Birch 
et  al., 1998). Phyllochron parameter values are crucial for 
accurately simulating crop growth and development in models 
such as APSIM (Holzworth et  al., 2014) and DSSAT 
(Hoogenboom et  al., 2019). In maize simulation models, once 
the number of developed leaves reaches its maximum number, 
crop models trigger flowering, which is a pivotal phenological 
stage, as stresses during the flowering period can strongly 
influence maize yield (Bruce et  al., 2002; Wang et  al., 2019).

In field conditions and with no nutrient or water limitations, 
phyllochron has been reported as a constant rate from emergence 
to flowering (Birch et al., 1998), indicating a linear relationship 
between leaf number and GDD. However, exponential and 
bilinear relationships have also been utilized in previous research 
to describe the relationship between leaf number and GDD 
(Muchow and Carberry, 1989; Abendroth et  al., 2011). The 
bilinear relationship typically has a high phyllochron value at 
the beginning of the crop’s lifecycle (phase I: slow appearance 
of leaves) followed by low phyllochron values (phase II: fast 

appearance of leaves). Common maize phyllochron values for 
phases I and II are 52 and 36°C-day leaf−1 at a base temperature 
of 8°C (Birch et  al., 1998; Van Esbroeck et  al., 2008).

Environment, genetics, and management can alter phyllochron 
values, which can cause inaccuracy in crop model predictions 
when a constant value is used. For instance, a decrease in 
radiation has been reported to increase phyllochron (slower 
appearance of leaves; Birch et al., 1998; Tollenaar, 1999; Tollenaar 
et al., 2018), while long photoperiods can decrease phyllochron 
(faster appearance of leaves; Warrington and Kanemasu, 1983). 
Padilla and Otegui (2005) reported up to 10% variability in 
phyllochron among 16 maize hybrids and strong coupling 
between leaf appearance and leaf initiation rate. Van Esbroeck 
et  al. (2008) confirmed the genetic variability in phyllochron 
in another set of maize hybrids. Muchow and Carberry (1989) 
and McCullough et al. (1994) reported that water and nitrogen 
stress can decrease leaf appearance rate. However, the effect 
of nitrogen stress on leaf appearance is inconsistent across 
experiments (Vos et  al., 2005).

Despite the importance of accurately predicting leaf number 
and time to flowering, research on maize phyllochron is limited. 
As a result, most simulation models use phyllochron values 
developed decades ago. The current literature lacks data for 
modern maize hybrids and currently we  do not know the 
range of variability that exists in phyllochron to inform crop 
model parameterization and optimization as well to enable 
scenarios toward developing future ideotypes (Rötter et  al., 
2015). For instance, in a comprehensive review of the CERES-
Maize model (Jones and Kiniry, 1986) worldwide, Basso et  al. 
(2016) reported a single study that investigated the relationship 
between leaf number and GDD (Hodges and Evans, 1992). 
The default phyllochron values in the APSIM classic maize 
model are 65 (phase I) and 35°C-day leaf −1 (phase II). Extensive 
APSIM model testing in the United  States Corn Belt found 
that leaf appearance occurs at faster rates of 57 (phase I) and 
32°C-day leaf  −1 (phase II; Archontoulis et  al., 2014a). 
Contrastingly, DSSAT works with leaf tips, as opposed to leaf 
collars, and assumes a constant phyllochron value (Lizaso et al., 
2011). The leaf tip method is generally 2.5–5.5 developmental 
stages ahead of the leaf collar method (Abendroth et al., 2011). 
The need for research on maize phyllochron is further 
substantiated by the high turnover rate of maize hybrids in 
the seed market (Edgerton, 2009).

The current study aims to enhance our knowledge on maize 
leaf number relative to GDD accumulation by combining and 
analyzing experimental data from a range of environmental 
conditions, genotypes, and management settings in the 
United  States Corn Belt. Our first objective is to derive 
phyllochron parameter values for modern maize hybrids and 
estimate the range of existing variation in phyllochron values. 
To do this, we  used two frequent used models, simple linear 
and bilinear. Additionally, we  explored environmental and 
physiological factors that can explain variability in phyllochron. 
For instance, Tollenaar et  al. (2018) proposed adjustments in 
LAR based on changes in solar radiation. Baumont et al. (2019) 
identified carbon limitations in wheat LAR, but such a limitation 
has not been explored in maize. Therefore, our second objective 
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is to explore whether environmental factors such as photoperiod 
or radiation can explain variability in LAR and improve 
predictability of maize phenology, and lastly to investigate 
whether a direct coupling between development and growth 
exists in maize.

MATERIALS AND METHODS

We combined 98 datasets with in-season observations of collared 
leaves from maize experiments in Iowa, Illinois, Nebraska, and 
North Dakota (Figure  1; Supplementary Table S1). The 
experiments were replicated, and each dataset had at least five 
in-season observations during the leaf production phase. In 
each experiment, leaf numbers were determined based on the 
V/R system (Ritchie et  al., 1986; Abendroth et  al., 2011) from 
emergence until plants reached their maximum leaf number 
on intervals ranging from 3 to 7 days. Each of the 98 datasets 
corresponds to a unique combination of location, year (2005–
2015), genotype (relative maturity 73–115-day; seed from 
companies Pioneer, DeKalb, Stine, and Ex-PVP hybrids), and 
management practices such as previous crop, planting date, 

irrigation, and nitrogen rate (Supplementary Table S1). The 
management factors and the hybrids were seldom replicated 
at different locations and years, limiting our capability to 
compare the causal effects of genotype, and management practices 
on LAR. Thus, we  analyzed each dataset separately.

Daily weather data including minimum and maximum air 
temperature, precipitation, and solar radiation per site-year 
were obtained from local weather stations. Daily photoperiod 
was calculated using the method described by Pereira et  al. 
(2003). The compiled dataset reflected a wide range of 
environmental conditions (Figure  2). From emergence to 
flowering, the average minimum air temperature ranged from 
12.3 to 20.2°C, the average maximum air temperature from 
22.6 to 30.8°C, the average photoperiod from 14.7 to 15.9 h, 
the cumulative solar radiation from 892.9 to 1485.8 MJm−2, 
and the cumulative precipitation from 95 to 433 mm (Figure 1). 
The North Dakota sites had the lowest average maximum and 
minimum air temperatures, while the Iowa sites had the highest.

Beginning at emergence, GDD was calculated as a function 
of daily average air temperature (Eq.  1; Wilson et  al., 1995). 
We  followed the APSIM model approach (Holzworth et  al., 
2014) in which Tave is the average daily air temperature from 

A B

C

D

FIGURE 1 | Map with the experimental locations used in this study (A). Maximum temperature (B), minimum temperature (C), and cumulative rain (D) between 
planting and beginning of the reproductive phase for all 98 datasets (thin lines represent individual datasets and thick lines represent the average by state).
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eight 3-h interpolations from a third-order polynomial using 
as inputs minimum and maximum daily temperature.
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Data were analyzed in R 4.1 (R Core Team, 2021), and the 
relationship between GDD and leaf number was investigated by 
fitting linear and bilinear models. The slope of the linear model 
represented a single phyllochron value for the entire vegetative 
period. Conversely, the bilinear model contained a phase 
I phyllochron value, a transition point, and a phase II phyllochron 
value (Figure  2). Model fit was assessed by three statistical 
indices: R-squared, modeling efficiency, and relative root mean 
square error (equations in Archontoulis and Miguez, 2015).

The relationships between model coefficients and 
environmental variables were investigated in a correlation 
analysis at different windows after emergence. Average air 
temperature, photoperiod, radiation, and cumulative 
precipitation were calculated at different windows between 
emergence and flowering for each dataset. The examined 
window began at emergence and increased in 26°C-day 
intervals (equivalent to 1 biological day) until flowering. 
For instance, the environmental variables were calculated 
between 0 and 26°C-day, 0 and 52°C-day, and so on. Then, 
the beginning of the window was advanced to 26°C-day 

and the same process was applied. This process was repeated 
for all subsequent combinations of the beginning and end 
of the window. A similar search approach was followed by 
Li et  al. (2018) and Guo et  al. (2020).

In five out of the 98 total datasets (dataset ID from 6 to 
10  in Supplementary Table S1), we  had detailed information 
on in-season biomass accumulation, and leaf number 
(Archontoulis et  al., 2020). Each of these random variables 
were fit to regression exponential models (see Supplementary 
Materials for the goodness of fit) and the predicted values of 
these models were resampled every 100°C-day to obtain point 
values of plant growth rate and LAR. The relationship between 
instant LAR and instant plant growth rate was investigated 
using nonlinear Michaelis–Menten models (Archontoulis and 
Miguez, 2015).

RESULTS

Across all datasets, the average maximum leaf number was 
20 leaves (Figure  2, range 16–23, Supplementary Table S1). 
The appearance of collared leaves followed a bilinear pattern 
between emergence and flowering. The maize plant was able 
to maintain a maximum of 14 green leaves during the vegetative 
period, with loss of lower canopy leaves beginning at 
approximately the V6 stage (Figure  2). The leaf senescence 
followed an exponential pattern until physiological maturity. 
In this study, we  use the total leaf number from emergence 
to flowering (commensurate with the V-stage) and fit two types 
of models (linear and bilinear; Figure  2) to derive 
phyllochron parameters.

A B

FIGURE 2 | (A) Relationship between collared maize leaf number and growing degree days (GDD; base of 8°C). Points indicate average values ± SE from all 
datasets and lines are best regression fits (not shown). (B) A subset of (A) showing total leaf number from emergence to silking and the two prediction models used 
in this study and the associated parameters. The vertical and horizontal dotted arrows indicate the transition point (e.g., 9 leaf number or 600 GDD) at which 
phyllochron transitions from phase I to phase II.
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Phyllochron determined by linear models ranged from 36.1 
to 54.8°C-day leaf−1, averaging 51.5°C-day leaf−1 (Figure  3). 
The coefficient of variation was 9.4%. The first and second 
phase phyllochron values in the bilinear models ranged from 
42.5 to 77.9°C-day leaf−1 and from 16.2 to 49.5°C-day leaf−1, 
averaging 57.9°C-day leaf−1 and 30.9°C-day leaf−1, respectively 
(Figure  3). The transition point between the two phases of 
the bilinear model ranged from 7.4 to 13.4 leaves, averaging 
9.8 leaves (Figure 3). The phyllochron values and the obtained 
variability in phyllochron were consistent among locations even 
though each location included a different set of management 
factors and hybrids (Supplementary Table S1). The coefficient 
of variation for the phyllochron I, phyllochron II, and the 
transition point observed across 98 datasets was 13, 19, and 
12%, respectively.

The bilinear model estimated V-stages (GDD accumulation) 
more accurately than the linear model (Figure  4). The bilinear 
model had a 3% higher modeling efficiency, a 40% lower 
relative root mean square error, and a lower bias compared 
to the linear model. The residual plots showed that the linear 
model overpredicted GDD at the beginning and the end of 
the vegetative period. The model residuals ranged from −2 to 
2 leaves (Figure  4).

The search for correlation between model coefficients 
(phyllochron values and transition point) and environmental 
variables produced inconsistent results (Figure 5; Supplementary  
Figures S1–S4). The average radiation calculated between 208 
and 520°C-day had a positive correlation with the phase 
I phyllochron of the bilinear model (r = 0.69; Figure 5), suggesting 
that high radiation will slow initial leaf appearance. Further, 
the average radiation from 182 to 546°C-day had a significant 
negative relationship with the transition leaf in the bilinear 

model (r = −0.52; Supplementary Figure S1) suggesting that 
high radiation will accelerate the transition from phase I  to 
II phyllochron. Weak correlations were found between radiation 
and the phyllochron of the linear model or phase II phyllochron 
of the bilinear model (Supplementary Figure S1). Photoperiod 
had a weak correlation with phyllochron but a strong positive 
correlation with time to flowering (Supplementary Figure S2). 
The average temperature calculated between the windows 
156–208°C-day and 130–234°C-day presented an inverse 
relationship with phyllochron values of the linear model (r = −0.5) 
and the phase I  phyllochron of the bilinear model (r = −0.66; 
Supplementary Figure S3). The cumulative precipitation 
calculated in the window 234–338°C-day presented an inverse 
relationship with the phase I  phyllochron of the bilinear  
model (r = −0.54; Supplementary Figure S4), suggesting  
that water-limited conditions (reduced prediction) slow 
leaf appearance.

In a subset of the experimental datasets with the detailed 
in-season biomass observations, the relationship between instant 
LAR and instant plant growth rate was positive and characterized 
by a rectangular hyperbola relationship (Figure  6). As the 
instant plant growth rate increased, the instant LAR increased, 
but as the instant plant growth rate continued to increase 
beyond 0.3 g plant−1 GDD−1, the instant LAR did not increase 
at the same rate (Figure  6).

DISCUSSION

The present study analyzed 98 recent experimental datasets to 
advance our predictive capabilities and knowledge pertaining 
to the maize leaf number-GDD relationship. This is important 

A B

FIGURE 3 | Phyllochron parameter values for linear and bilinear models (A) and transition leaf number for the bilinear model (B) for datasets in IA (n = 64), IL 
(n = 13), ND (n = 13), and NE (n = 8).
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as many crop management decisions are phenology dependent. 
Between differing methodologies of leaf tips and collared leaves, 
we  focused on collared leaves because leaf collars are most 
frequently used to determine maize phenology (Ritchie et  al., 
1986; Abendroth et  al., 2011). Our findings indicated that the 
use of a linear model to describe the leaf number-GDD 
relationship suffers from systemic over and underestimations, 
especially around the middle of the V phase (Figure  4) and 
should be  used with caution. The bilinear model described 
the relationship between leaf number and GDD with greater 
accuracy. These results are consistent with previous research 
that reported an acceleration in leaf collaring after the V8 to 
V11 developmental stages (Warrington and Kanemasu, 1983; 
Zhu et  al., 2014). Furthermore, Ritchie and NeSmith (1991) 
argued that leaf collaring in plants with large leaves occurs 
more rapidly for the last few leaves as a function of an 
accelerated expansion of the internodes, when compared to 
the beginning to the developmental cycle. Similarly, Warrington 
and Kanemasu (1983) observed an acceleration in leaf appearance 
rate after the V12 developmental stage and associated this to 
rapid stem elongation. We  theorize that the bilinear model 
represents the relationship between leaf number and GDD 

more accurately than linear models by capturing the acceleration 
in leaf collaring expansion resulting from rapid internode 
expansion. The use of bilinear models is advised in future studies.

Limitations of our datasets did not allow us to delineate 
the effect of genotypes or management practices on maize 
phyllochron. However, our summary analysis provided valuable 
insights, especially on the range of phyllochron values in modern 
maize hybrids and correlations with environmental and 
physiological factors. The range of phyllochron values is pivotal 
for crop model calibration, and the development of parameter 
values within physiological limits for optimization (Jones et al., 
2011; Archontoulis et  al., 2014b). This range of parameter 
values is also needed for scenario studies and ideotype design. 
The present study has identified a range of values for phyllochron 
I  (36.1–54.77°C-day leaf−1), phyllochron II (16.2–49.5°C-day 
leaf−1), and transition point (7.4–13.4 leaves). The values agree 
well with previous estimates using the same base temperature 
for GDD accumulation (Birch et  al., 1998; Van Esbroeck et  al., 
2008; Archontoulis et  al., 2014a). Caution should be  exercised 
when interpreting literature values as the base temperature 
and model used affect the magnitude of phyllochron estimates 
(Padilla and Otegui, 2005).

A C

B D

FIGURE 4 | Predicted and observed maize leaf numbers using linear and bilinear models (A,B) and their associated residual plots (C,D).
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Across a range of different locations, hybrids, and management 
practices, we  estimated a 13% variability in phyllochron I, a 
19% variability in phyllochron II and a 12% variability in the 
transition point. The observed variability in our study is higher 
than the 10% variability observed by Padilla and Otegui (2005) 
in a study exploring 16 maize hybrids. To put that in perspective, 
a 10% change in phyllochron I  and II values can change 
flowering time by 5 days in central Iowa, United States. Therefore, 
the observed 13–19% coefficient of variation in phyllochron 
can alter flowering time by over a week. This can have large 
consequences in crop models because phyllochron affects plant 
processes such as leaf area index, biomass partitioning, N 
uptake, and therefore grain yield. This reinforces the need for 
accurate estimation of phyllochron to accurately predict leaf 
number and therefore maize phenology.

Our results indicate the average solar incident radiation between 
208 and 520°C-day (roughly, between the V3 and V9 developmental 
stages) had a positive correlation with the phase I  phyllochron 
(Figure  5). This suggests leaf appearance decelerates as radiation 
increases, contrasting previous research that indicated a faster 
leaf appearance as radiation increased (Birch et al., 1998; Tollenaar 
et al., 2018). Part of this discrepancy may be due to our experimental 
dataset, which contained a range of genotypes and management 

FIGURE 5 | Search process to identify the critical window during the growing season in which average incident radiation determines the rate of leaf appearance. 
The inset figure shows in detail the strongest relationship between phyllochron and average incident radiation calculated in the interval between 208 and 520°C-day. 
This interval corresponds to the period between the 4th and the 10th collared leaf, approximately.

FIGURE 6 | The relationship between instant leaf appearance 
rate and instant crop growth rate. The yellow shaded area represents the 
95% CI.

61

https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles


dos Santos et al. Maize Leaf Appearance Rates

Frontiers in Plant Science | www.frontiersin.org 8 April 2022 | Volume 13 | Article 872738

settings across temperate environments as opposed to a single 
factor-location controlled experiment. Another reason may be the 
period considered for the correlation analysis and the type of 
model used (linear vs. bilinear). More research is needed in this 
area. We  explored all possible combinations of periods, similarly 
to Guo et  al. (2020) for rice and Li et  al. (2018) for sorghum, 
with the result of V3–V9 developmental stages as the most 
important. Tollenaar et al. (2018) used the previous week’s radiation 
to adjust phyllochron.

Although previous studies have shown an influence of 
photoperiods greater than 13 h in leaf appearance rate 
(Warrington and Kanemasu, 1983), photoperiod did not explain 
the variability in phyllochron in our analysis. Warrington and 
Kanemasu (1983) investigated the effect of photoperiod in leaf 
appearance rate at 18 and 28°C in a controlled environment 
room and found the effect of photoperiod was present only 
in the lower temperature regime. In our study, we  rarely 
encountered consecutive days with low temperatures and long 
days. Additionally, we  found that photoperiod was positively 
correlated with total leaf number (time to flowering) which 
agrees with previous findings (Tollenaar et al., 2018). Similarly, 
the average temperature between 0 and 338°C-day presented 
a strong (r = −089; Supplementary Figure S3) negative 
relationship with the number of days to reach flowering which 
agrees with research by Guo et  al. (2020). However, we  were 
not able to confirm the correlation between phyllochron and 
average temperature reported by Birch et  al. (1998).

Baumont et  al. (2019) have shown that phyllochron can 
be  limited by carbon availability in wheat. In the present study, 
we  provided evidence that the carbon limitation theory also 
holds for maize (Figure  6). However, our findings are based 
on in-season estimates and not on whole season estimates as 
done by Baumont et  al. (2019). This topic deserves further 
research as direct linkages between plant development and 
growth can stimulate further enhancements in mechanistic crop 
modeling, i.e., reduce the number of input parameters and 
empiricism in models. Currently, in crop modeling, development 
has a substantial influence on growth, but growth has very 
little influence on development.

CONCLUSION

Our research advanced the leaf number-GDD mathematical 
relationship and for the first time developed a range of 

phyllochron values for modern maize hybrids growing across 
a range of management settings in the United  States Corn 
Belt (98 datasets). The present results can improve the 
predictability of leaf number, an important attribute for timely 
crop management, and can assist crop model optimization 
and scenario tasks. We  also identified correlations between 
phyllochron and radiation, and plant growth rate that can 
stimulate model improvements. As maize hybrids continue to 
rapidly change in the market, research on the leaf number–
GDD relationship should be  regularly updated given the 
importance of accurately predicting phenology.
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Ecological niche is a key concept that links species distributions. Ecological niche shifts
are expected to affect the potential invasive risk of alien species. Rapistrum rugosum
is an invasive agricultural weed in many countries. Wild populations of R. rugosum
have been recorded in China, representing a great threat to the regional crops. Based
on distribution records from different regions and relevant environmental variables, the
present study predicted the potential distribution and estimated the invasive risk of
R. rugosum in China. Ecological niche shifts strongly affected the potential invasive risk
of R. rugosum in China. The two most important variables were annual temperature
range (Bio7) and mean temperature of the coldest quarter (Bio11). The total suitable
habitat for the species covered an area of 287.53 × 104 km2 and was mainly
distributed in Southwest, Southeast, and Central China. Australia, Canada, Brazil, the
United States, and Argentina accounted for over 90% of the inspection records of
R. rugosum from Chinese entry ports during 2015–2018. The intercepted R. rugosum
was frequently mixed in Glycine max (L.) Merr., Hordeum vulgare L., linseed, Triticum
aestivum L., and Sorghum bicolor (L.) Moench. Moreover, 80% interceptions were
recorded from Tianjin, Guangdong, Nanjing, and Chengdu customs. Climatic conditions
do not limit the establishment capability of R. rugosum in China. Our results provide a
theoretical reference for the development of monitoring and control measures for this
invasive weed.

Keywords: Rapistrum rugosum, ecological niche, suitable habitat, MaxEnt model, invasive risk

INTRODUCTION

Biological invasions, as part of global change, are considered to be one of the important factors
contributing to the decline in global biodiversity as well as high economic losses to the society
(Mačić et al., 2018; Essl et al., 2020; Pyšek et al., 2020; Diagne et al., 2021; Pisani et al., 2021;
Stinca et al., 2021). In recent years, China has become one of the countries that are most seriously
affected by biological invasions worldwide (Yan et al., 2017). To date, more than 600 Invasive Alien
Species (IAS) have been identified in China, of which more than 45% were invasive alien plants
(Wan et al., 2017). Rapistrum rugosum (L.) All., a new reported invasive alien plant in China,
belongs to the Brassicaceae family, and it is a relatively common weed in agricultural fields in
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wheat- and corn-growing regions (Pardo et al., 2019; Ali et al.,
2020). R. rugosum is profusely branched and possesses a well-
developed root system. In plots where wheat was mixed with
R. rugosum, the former was at a competitive disadvantage,
and its growth and yield were severely affected. In Australia,
competition from R. rugosum led to 72–78% yield reduction in
wheat (Manalil and Chauhan, 2019). R. rugosum can grow up
to 1–5-feet-tall and bears a taproot that can become rather large
(Lemke and Worthington, 1991). It can successfully outcompete
native plant species, forming a vegetative cover of a single
species (Manalil et al., 2018). R. rugosum originated in Central
Europe, the Mediterranean, northern Africa, and western and
temperate Asia (Brown, 1878), from where it has dispersed
to the Americas, Oceania, and East Asia (Global Biodiversity
Information Facility, 2021). The oval, dark brown, smooth, and
minute seeds of R. rugosum can be dispersed over long distances
aboard logs, other seeds, and contaminated materials. China
has 306 international ports of entry (Cao, 2020). Information
from different plant quarantine Customs revealed that over 100
interceptions of R. rugosum have been made each year since 2016.
R. rugosum has been detected in the containers and seeds of
incoming shipments to China.

Recently, wild populations of R. rugosum were discovered
in China, representing a great potential threat to the regional
crops. On Chinese mainland, R. rugosum was recorded for the
first time in the Xi’an City (Shaanxi Province, northwestern
China); it was found growing in patches and showed the
tendency to disperse rapidly (Xun et al., 2020). Majority of the
recent studies on R. rugosum mainly focused on its biological
characteristics (Hichri et al., 2019), herbicide resistance (Hatami
et al., 2016), and control measures (Simmons, 2005); however,
only a few studies have assessed its global invasive risk in
habitats through species distribution modeling. Risk assessment
and early warning are the most effective strategies to prevent
the introduction and dispersal of IAS (Greenberg et al., 2012).
For IAS, a stable ecological niche is an invasive area that is
identical to the region of origin (Liu et al., 2020). Meanwhile,
a shifted ecological niche is different from the region of origin.
However, it is impossible to accurately predict the distribution
of IAS in the invasive area based on habitat information of its
origin (Fernández and Hamilton, 2015). Although predictions of
species distribution modeling are reliable in the model-fitted area,
the model simulation capacity must be interpreted cautiously
when switching to a new prediction area (Broennimann and
Guisan, 2008; Beaumont et al., 2009; Tang et al., 2021). When
IAS invade new habitats, they gradually adapt to the given
conditions, expand their ecological niche, and adversely affect
agroecosystems and biodiversity (Hejda et al., 2015). Thus,
ecological niche models cannot predict ecological niches based
solely on the information of species origin.

Species distribution models (SDMs) have been playing an
increasingly important role in predicting the potential geographic
distribution of species, particularly IAS (Srivastava et al.,
2019; Thomas et al., 2021). The MaxEnt model uses species
distribution records and the corresponding environmental
variables in a given habitat, and this model is suitable for
predicting the potential geographic distribution of species

(Elith et al., 2011; Liu et al., 2017; Adhikari et al., 2019). In recent
years, the application of the MaxEnt model has expanded not
only to the examination of ecological degradation processes,
such as biological invasions (Yeh et al., 2021) and ecological
damage (Venne and Currie, 2021), but also to the potential risk
assessment of IAS (Simpson and Prots, 2013). “kuenm,” an R
package in the ecological niche model (ENM), uses MaxEnt as
the modeling algorithm to automate the calibration of models,
creation of optimized models and their transfer and evaluations,
as well as assessment of extrapolation risks (Cobos et al., 2019).
The MaxEnt model, combined with ArcGIS, has been widely used
to identify areas at a high risk of IAS invasion (Kariyawasam
et al., 2019) and to predict the impacts of climate change on IAS,
enabling scientists and policymakers to establish effective and
early warning strategies.

To this end, based on the optimized MaxEnt model, related
environmental variables, and distribution records of R. rugosum
in native, invasive, and native + invasive regions, the present
study simulated the invasion risk habitats of R. rugosum in
China. For the simulated risk area in China, we speculated that
the ecological niche of R. rugosum would shift based on the
distribution records of native, invasive, or native + invasive.
Therefore, the risk area identified based on the native and
invasive distribution records of R. rugosum was integrated as the
final result of the invasion risk habitat in China. Further, the
environmental variables that significantly affect the invasion risk
habitats of R. rugosum in China were clarified. Finally, the specific
distribution range in the invasion risk habitats of R. rugosum in
China was explored to predict its dispersal risk and propose early
warning measures.

MATERIALS AND METHODS

Distribution Records of Rapistrum
rugosum
The distribution records of R. rugosum were collected from the
Global Biodiversity Information Facility (GBIF1) and Invasive
Species Compendium (ISC) of the Center for Agriculture and
Bioscience International (CABI2). A total of 31.585 distribution
records were obtained. Duplicate records and distribution points
without detailed geographic information were removed using
ENMtools (Warren et al., 2010). Regarding the resolution of the
environmental variables, only one distribution point was retained
within each 5 km × 5 km raster. Finally, a total of 8.938 valid
distribution records of R. rugosum were retained. Among these,
respectively, 6.259 and 2.679 distribution records were in native
and invasive areas (Figure 1).

Environmental Variables, Mapping, and
Modeling
Raster files for 19 bioclimatic variables and elevation at
a resolution of 2.5′ were downloaded from the World

1https://www.gbif.org/
2https://www.cabi.org/isc
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FIGURE 1 | World distribution records of Rapistrum rugosum. Red and green points indicate invasive and native distribution records, respectively.

Climate Database Version 2.13. This database includes detailed
meteorological information from meteorological stations around
the world during 1970–2000. Soil data were obtained from the
Harmonized World Soil Database v1.2 (Fischer et al., 2008).
Land use data for China in 2020 were downloaded from
the Resource and Environment Science and Data Center4. All
the data were converted to a resolution of 2.5′ (the same
as that of the bioclimatic variables; Supplementary Table 1).
The world administrative map was downloaded from the
National Earth System Science Data Center, National Science
and Technology Infrastructure of China5. MaxEnt 3.4.4 is freely
available online6.

Correlation analysis of the 19 bioclimatic variables was
performed using ENMtools to eliminate multivariate collinearity
(Yang et al., 2013). The bioclimatic variables were selected
through two steps: (1) the bioclimatic variables were imported
into the MaxEnt model three times, and the bioclimatic
variables with zero contribution were removed; and (2) all
bioclimatic variables with contribution rates greater than zero
were selected for correlation analysis using ENMtools. When
the correlation coefficient of two bioclimatic variables was
greater than or equal to 0.8 (Supplementary Figure 1), the
one with the highest contribution rate was retained. The final
environmental variables were retained for MaxEnt modeling
(Supplementary Tables 2–4).

3http://www.worldclim.org
4https://www.resdc.cn/
5http://www.geodata.cn
6https://biodiversityinformatics.amnh.org/open_source/maxent/

MaxEnt Model Calibration
MaxEnt is an ecological niche model based on the theory of
maximum entropy based on the Java platform (Phillips et al.,
2006). The most important parameters of the MaxEnt model
are the feature classes (FCs) and regularization multiplier (RM).
FC and RM calibration can significantly improve the prediction
accuracy of the MaxEnt model. In the present study, the
MaxEnt model calibrated by setting different combinations of
FCs and incremental RMs. FCs include five basic parameters,
namely linear (L), quadratic (Q), product (P), threshold (T),
and hinge (H), and there are 31 different combinations of FCs
(Radosavljevic and Anderson, 2014). Generally, RM is set from
0.1 to 4 with an interval of 0.1. A total of 40 RM values were used
in the present study. The “kuenm” package in R was used to create
1.240 candidate models. Finally, using R, significant models with
the omission rate of >5% and delta Akaike Information Criterion
(AICc) value of <2 (Cobos et al., 2019) were selected. The
candidate model with the smallest delta AICc was selected for
the final analysis.

Model Settings and Evaluation
Following model calibration, 25% of the distribution records
were used to test the MaxEnt model, and the remaining 75% were
used to train the optimized MaxEnt model. In total, maximum
500 iterations and 10.000 background points were used. The
importance of the environmental variables limiting R. rugosum
distribution was assessed using the contribution rates and the
Jackknife method. The receiver operating characteristic (ROC)
curve and area under the curve (AUC) were used to test the
accuracy of the model results. The ROC curve is an acceptance
curve with the horizontal coordinate indicating the false positive
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rate (1 - specificity) and the vertical coordinate indicating the
true positive rate (1 - omission rate) (Fan et al., 2006). Because
the AUC values are not affected by the thresholds, it is an
objective assessment of the model. An AUC value closer to 1
indicates that the model results are better. The evaluation criteria
of model simulation accuracy were classified into three levels:
poor (AUC≤ 0.50), acceptable (0.5 < AUC≤ 0.80), and excellent
(0.80 < AUC ≤ 1.00) (Swets, 1988).

The maximum value of 10 replications was selected as the
final MaxEnt model result in the present study. The ASCII
raster layers were generated based on the logical value (P)
of the presence probability of R. rugosum, ranging from 0
to 1. A higher P values indicates a higher probability of the
presence of R. rugosum. The results were converted to a raster
file and extracted using the administrative division map of
China in ArcGIS. Then, the suitable habitats were ranked and
visualized. The suitable areas were classified into four classes:
highly suitable habitat (0.5 < P ≤ 1.0), moderately suitable
habitat (0.3 < P ≤ 0.5), slightly suitable habitat (0.1 < P ≤ 0.3),
and unsuitable habitat (0.0 ≤ P ≤ 0.1). Grids in each class
were counted, and the proportion of suitable habitats in each
class was calculated. Next, the precise invasion risk area of
R. rugosum was determined by removing the suitable habitats
of R. rugosum in water and unused land as the final result.
The ecological niche overlap of R. rugosum was expressed in
terms of the Schoener’s D (D) value in ENMtools. A higher
Schoener’s D indicates a greater overlap of the ecological niches
(Warren et al., 2010).

RESULTS

Feature Classes and Regularization
Multiplier of the Optimized Model
The results of R analysis revealed that 1.160 of the 1.240 selected
candidate models were statistically significant. The optimized
model was selected based on the smallest delta AICc value.
Based on the native distribution records of R. rugosum, the FCs
were L and Q and the RM was 0.7 in the optimized model.
Based on the invasive distribution records of R. rugosum, the
FCs were L, P, T, and H and the RM was 0.4 in the optimized
model. Based on the native + invasive distribution records of
R. rugosum, the FCs were L, P, T, and H and the RM was 1.3 in the
optimized model (Figure 2). Based on the native, invasive, and
native+ invasive distribution records of R. rugosum, the suitable
habitats of R. rugosum were simulated using the MaxEnt model
under current climatic conditions and the mean AUC values
of, respectively, 0.813, 0.910, and 0.789 were obtained for the
MaxEnt models Supplementary Figure 2). Model fitting based
on the native or invasive distribution records of R. rugosum was
excellent and that based on both native and invasive distribution
records was acceptable.

Significant Environmental Variables
Regularized training gain was used to determine the significant
environmental variables, which were modeled in MaxEnt based
on native and invasive distribution records of R. rugosum.

Jackknife analysis revealed that the two most significant
influencing factors for regularized training gain with a
single variable were annual temperature range (Bio7) and
mean temperature of the coldest quarter (Bio11). These two
environmental variables provided information that the other
environmental variables did not (Figure 3).

In the present study, the relationship between the presence
probability of R. rugosum and environmental variables was
determined based on the response curves of environmental
variables to the presence probability (Figure 4). When the
presence probability of R. rugosum was greater than the threshold
of highly suitable habitat classification (0.5), the corresponding
interval was suitable for the growth of R. rugosum. The annual
temperature range suitable for the growth of R. rugosum was 1.2–
29.5◦C, and the mean temperature of the coldest quarter suitable
for the growth of R. rugosum was 8.1–13.4◦C.

Ecological Niche Shifts of Rapistrum
rugosum
The suitable habitats and ecological niches of R. rugosum differed
based on invasive, native, and native + invasive distribution
records (Figure 5; Table 1 and Supplementary Table 5). Based
on the invasive distribution records (Figure 5A), the area of the
highly suitable habitat was 80.55× 104 km2, accounting for 8.39%
of Chinese mainland, and these habitats were mainly distributed
in southern and southeastern China. The area of the moderately
suitable habitat was 60.35 × 104 km2, accounting for 8.39% of
Chinese mainland, and these habitats were mainly distributed
around highly suitable habitats.

Based on the native distribution records (Figure 5B), the
area of the highly suitable habitat was 21.56 × 104 km2,
accounting for 2.25% of Chinese mainland, and these habitats
were mainly distributed in Zhejiang, Fujian, and Hainan
provinces. The area of the moderately suitable habitat was
153.69 × 104 km2, accounting for 16.01% of Chinese mainland,
and these habitats were mainly distributed in Southwest,
Southeast, and Central China.

Based on the native + invasive distribution records
(Figure 5C), the area of the highly suitable habitat was
0.02 × 104 km2, and these habitats were only distributed in
Shanghai City. The area of the moderately suitable habitat was
31.33 × 104 km2, accounting for 3.26% of Chinese mainland,
and these habitats were mainly distributed in Jiangsu, Anhui,
Hubei, Hunan, Guizhou, and Yunnan provinces.

The ecological niche centroid of R. rugosum was located
in Hunan Province (Figure 5D). The highest ecological niche
overlap (Schoener’s D = 0.92) was observed in the simulation
results based on the invasive and native + invasive distribution
records of R. rugosum, while the lowest overlap (Schoener’s
D = 0.25) was between the native distribution records of
R. rugosum (Table 1).

In summary, the results based on the invasive and native
distribution records were consistent with the invasion risk
habitats of R. rugosum in China, while the results based on
the native + invasive distribution records were less consistent.
Overall, the prediction of the risk habitats based on different
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FIGURE 2 | Omission rates and AICc values for all, non-significant, and selected “best” candidate models based on the invasive, native, and native + invasive
records of Rapistrum rugosum.

distribution records revealed that the ecological niches of
R. rugosum have shifted.

Interception Records of Rapistrum
rugosum at Chinese Ports
There have been 1.061 inspection records of R. rugosum from
Chinese entry ports during 2015–2018 (Figure 6). The top five
countries of origin associated with over 50 interceptions were
Australia, Canada, Brazil, the United States, and Argentina,
together accounting for >90% of all records. Of the R. rugosum
interceptions recorded from imported commodities, 37.5% were

from Glycine max (L.) Merr., 20.9% from Hordeum vulgare L.,
17.3% from linseed, 9.5% from Triticum aestivum L., 7.2% from
Sorghum bicolor (L.) Moench, and the remaining 7.6% from other
goods. The frequent R. rugosum interceptions were recorded
from 17 of 42 customs directly under the General Administration
of Customs, China. Overall, 80% interception records were
primarily from Tianjin, Guangdong, Nanjing, and Chengdu
customs (more than 50 records each). Given the diversity of the
countries of origin and commodities of R. rugosum interceptions
at Chinese customs, the risk areas of this IAS in China must be
first identified based on the invasive or native distribution records
and then subjected to overlap analysis.
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FIGURE 3 | Regularized training gains of environmental variables using the Jackknife method in MaxEnt based on the native and invasive distribution records of
Rapistrum rugosum.

FIGURE 4 | Response curves of the presence probability of Rapistrum rugosum.

Potential Invasive Risk Areas of
Rapistrum rugosum in China
The area of the highly suitable habitat of R. rugosum in China was
91.09× 104 km2, accounting for 9.49% of Chinese mainland, and
these habitats were mainly distributed in Anhui, Zhejiang, Fujian,
Jiangxi, Hunan, Guangdong, Hainan, Sichuan, Yunnan, Guizhou,
Guangxi, Xizang, Shanghai, Chongqing, and Taiwan (Figure 7).
The area of the moderately suitable habitat was 101.79× 104 km2,
accounting for 10.6% of Chinese mainland, and these habitat was
mainly distributed around the highly suitable habitat. The area of
the total suitable habitat was 287.53 × 104 km2, accounting for
29.95% of Chinese mainland.

DISCUSSION

MaxEnt Model Development Using
“kuenm”
Model calibration determines the combination of parameters
that best represents the result by finding the best fit with

the distribution records and environmental variables. In the
present study, the R package “kuenm” was used to create
optimized models based on model significance, performance, and
simplicity. This approach helps prevent the overinterpretation
of model outcomes (Cobos et al., 2019). “kuenm” has been
previously used to optimize the MaxEnt model and predict the
distribution of Zanthoxylum bungeanum in China; the optimized
model reduced the overfitting degree, and the MaxEnt model fit
was excellent (Zhuo et al., 2020). In the present study, the mean
AUC values of the optimized MaxEnt models based on native,
invasive, and native+ invasive distribution records of R. rugosum
were 0.813, 0.910, and 0.789, respectively, and the MaxEnt model
fit was acceptable to excellent. Model optimization significantly
improved the accuracy of the results.

Ecological Niche Shifts for the Native
and Invasive Populations of Rapistrum
rugosum
Ecological niches play pivotal roles in understanding the patterns
of species distribution (Liu et al., 2020). The native ecological
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FIGURE 5 | Potential geographic distribution of Rapistrum rugosum based on the native (A), invasive (B), and native + invasive (C) distribution records and the
ecological niche centroid of R. rugosum (D).

TABLE 1 | Ecological niche overlap of Rapistrum rugosum.

Ecological niche overlap Native + Invasive Invasive Native

Native + Invasive 1 0.92 0.25

Invasive 0.92 1 0.49

Native 0.25 0.49 1

niche of a species does not encompass all suitable habitats for
its growth. The ecological niche of a species, particularly an
IAS, is expected to shift if it is allowed to disperse freely (David
and Menges, 2011). In 1785, R. rugosum was first reported in
France, and thereafter, it rapidly spread over Europe and the
Mediterranean region (Bruno and Solène, 2016). R. rugosum
invaded the United States in 1883 and rapidly expanded

throughout the Americas. Thus, it is considered a problematic
agricultural weed worldwide. In the 2000s, R. rugosum was
recorded from North and South America, southern Africa, East
Asia, and Oceania (Staten Island Museum, 2021). In 2019,
R. rugosum newly invaded northwestern China, without any
information on its origin. The interception records indicated
that the source countries of R. rugosum were home to both
native and invasive populations of this weed. Invasive species can
adapt to new environments in various ways and expand their
ecological niches spatially, leading to inconsistencies between the
ecological niches of the invasive and native populations (Zenni
et al., 2014). The differences in phenology between the invasive
and native populations of plants lead to a shift in the ecological
niche of IAS (Wolkovich and Cleland, 2011). R. rugosum occupies
widely variable climatic and ecological niches. The MaxEnt model
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FIGURE 6 | Imported commodities, countries of origin, and customs with interception records of Rapistrum rugosum in China during 2015–2018.

cannot predict the potential invasive risk of IAS if they disperse
beyond their native range (Sillero et al., 2021). Thus, ecological
niche shifting should be considered when predicting the invasive
risk habitats of IAS based on species distribution modeling.

Comprehensive multi-angle considerations are fundamental
to predict the invasion risk areas of R. rugosum in China. Based
on native, invasive, native + invasive distribution records of
R. rugosum, our results showed that when modeled with the
distribution records of native or invasive, the ecological niche
had shifted. Ecological niche shifts during biological invasion
have been proven in many case studies of IAS (Broennimann and
Guisan, 2008; Manzoor et al., 2020). MaxEnt models consistently
provided qualitatively different predictions based on native and

invasive distribution records, mainly because SDMs fit on native
range data poorly predict introduced range occupancy or because
ecological niche shifts significantly reduce the transferability of
MaxEnt SDMs (Atwater and Barney, 2021). Meanwhile, SDMs
can only predict the initial spread of the introduced population
but cannot accurately predict its future spread trend. When an
IAS first invades a new habitat, the ecological niche does not
change. However, the phenology, thermal tolerance, and life
history of invasive plants may change after they gradually adapt
to the new habitats and expand their ecological niche (Colautti
et al., 2017; Atwater et al., 2018). Shifts in the realized niche are
common during plant bioinvasion. Ecological niche shifts are
practically important, as they alter the predicted geographical
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FIGURE 7 | Potential invasive risk areas of Rapistrum rugosum in China.

distribution of IAS (Pearman et al., 2008). Therefore, ecological
niche shifts play a key role in predicting the spread of IAS.
Studies on the identification of the invasive risk areas of IAS have
mainly focused on a combination of native and invasive data,
regardless of whether the species has spread to a broad ecological
niche (Qin et al., 2015; Saranya et al., 2021). Our predictions of
the invasive risk areas of R. rugosum based on specific climate
variables together with a combination of native and invasive
records may be less or more one-sided than predictions based
on native and invasive records considered separately, which may
have affected model accuracy. R. rugosum is a new IAS in China
that has been intercepted from many countries (including native
and invasive ranges). Therefore, multiple invasions of mixed
populations are expected to contribute to the further spread of
R. rugosum in China. Therefore, in the present study, the native
and invasive records of R. rugosum were separately used to model
the potential invasive risk areas of this IAS in China. Overall, the
ecological niche of R. rugosum has shifted, affecting its potential
invasion risk in China.

Colonization and Dispersal Risk of
Rapistrum rugosum in China and
Significant Environmental Variables
Rapistrum rugosum is a globally important IAS. All customs in
China should implement strict plant quarantine regulations on
imported grain from Australia, Canada, Brazil, the United States,
and Argentina to prevent the introduction of this species to
new areas in the country. R. rugosum poses a great risk of

invasion in China. The number of interception records from
Tianjin Customs was the highest. Even though Tianjin customs
is located in a slightly suitable habitat, it was also associated with
the greatest risk of potential introduction. Moreover, Guangzhou
Customs is associated with a high risk of potential introduction,
because it is located in a highly suitable habitat and recorded
many interceptions. Thus, Tianjin and Guangzhou customs
should be closely monitored in terms of the quarantine of
imported grain to prevent the introduction of R. rugosum mixed
in imported grain. A wild population of R. rugosum has been
discovered in Xi’an, and this population continues to spread in
the surrounding areas. American countries accounted for over
50% of the total interception records of R. rugosum. In general,
China, Europe, and North America have comparable climatic
conditions. North America, Europe, and China have climate
zones located south of the 40th parallel; therefore, most North
American species can readily adapt to new habitats following
their introduction into China and can effectively colonize in a
relatively short time (Peel et al., 2007). According to the China
Environment Report 2019, presented by the Ministry of Ecology
and Environment, there are over 660 IAS in China; plants
account for a majority of them, and over 50% originated from
the United States. Therefore, climatic conditions cannot limit the
ability of R. rugosum to establish populations in China.

Many Brassicaceae weeds germinate in a similar manner under
different temperature conditions (Long et al., 2011). Temperature
is an important variable affecting the germination of R. rugosum
seeds (Ohadi et al., 2011; Hasanfard et al., 2021). Our analysis
revealed that the most significant variables shaping R. rugosum
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distribution were annual temperature range (Bio7) and mean
temperature of the coldest quarter (Bio11). These results further
proved that temperature was an important factor limiting the
survival of this weed. R. rugosum is a fast-growing weed, and
its invasiveness is facilitated by its ability to germinate under a
wide range of temperatures. In Australia, the seeds of R. rugosum
could germinate at most temperatures ranging from 5 to 30◦C
(Ali et al., 2020). Our results showed that the annual temperature
range and the mean temperature of the coldest quarter suitable
for the growth of R. rugosum were 1.2–29.5◦C and 8.1–13.4◦C,
respectively. We found that when the mean temperature of the
coldest quarter was between 0 and 20◦C, the survival probability
of R. rugosum showed a fluctuating increase, followed by a
fluctuating decrease. Our results are consistent with previous
reports. Moreover, the mean annual temperature of suitable
habitats for R. rugosum in China was >10◦C, and the mean
annual temperature of highly suitable habitats was >15◦C.
Overall, the mean annual temperature and mean temperature
of the coldest quarter in southern China are suitable for the
germination of R. rugosum seeds; thus, this region faces a risk of
colonization and dispersal of R. rugosum.

In recent years, R. rugosum was frequently detected in the
commodities and containers of importing grains and seeds,
indicating that this weed can spread over long distances aboard
other seeds, logs, and other contaminated materials. Early
warning and control measures are essential to prevent and reduce
R. rugosum invasion in China. Tianjin, Guangdong, Nanjing,
and Chengdu customs have reported frequent interceptions of
R. rugosum, underscoring the need for strict quarantine measures
to prevent and reduce the introduction and survival of this IAS
in the surrounding areas of entry ports and imported grain
processing factories. Specific attention should be paid to the
imported grains, including Glycine max, Hordeum vulgare, and
linseed, from Australia, Canada, and Brazil. For wild populations
of R. rugosum, chemical control tends to be problematic because
of the potential risk of development of resistance to a number of
specific herbicides (Hatami et al., 2016; Ntoanidou et al., 2019).
Manual removal of the plant and its taproot and seed disposal are
successful but time-consuming.

CONCLUSION

The present study used the R package “kuenm” to develop
comprehensive MaxEnt models. The overall model fit was
excellent. Through the simulation of risk areas based on
distribution records from different regions in China, we predicted
that the ecological niche of R. rugosum would shift, and
our model results confirmed this assumption. The two most
significant variables shaping R. rugosum distribution were annual
temperature range and mean temperature of the coldest quarter.

Invasion risk assessment revealed that the area of the total
suitable habitat for R. rugosum in China is 287.53× 104 km2, and
these habitats are mainly distributed in Southwest, Southeast, and
Central China. The potential habitats of R. rugosum accounted for
a large proportion of Chinese mainland. Furthermore, climatic
conditions will not limit the ability of R. rugosum to establish
populations in China, and it has already successfully colonized
specific regions within the country. Australia, Canada, Brazil, the
United States, and Argentina are the five major source countries
of R. rugosum in China. Meanwhile, Glycine max, Hordeum
vulgare, linseed, Triticum aestivum, and Sorghum bicolor are
the major grain sources of R. rugosum. Tianjin, Guangzhou,
Nanjing, and Chengdu customs are the high-risk regions for the
introduction of R. rugosum into China. Our results can serve
as the reference to develop effective control measures against
this IAS. Information about latitudinal clines in defense and
joint clinical evolution of growth and defense in R. rugosum is
essential for its adaptive evolution. Our further investigations will
primarily focus on the re-establishment of heritable latitudinal
clines in growth-related traits of R. rugosum.
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Limited knowledge about how nitrogen (N) dynamics are affected by climate change,
weather variability, and crop management is a major barrier to improving the productivity
and environmental performance of soybean-based cropping systems. To fill this
knowledge gap, we created a systems understanding of agroecosystem N dynamics
and quantified the impact of controllable (management) and uncontrollable (weather,
climate) factors on N fluxes and soybean yields. We performed a simulation experiment
across 10 soybean production environments in the United States using the Agricultural
Production Systems sIMulator (APSIM) model and future climate projections from five
global circulation models. Climate change (2020–2080) increased N mineralization (24%)
and N2O emissions (19%) but decreased N fixation (32%), seed N (20%), and yields
(19%). Soil and crop management practices altered N fluxes at a similar magnitude
as climate change but in many different directions, revealing opportunities to improve
soybean systems’ performance. Among many practices explored, we identified two
solutions with great potential: improved residue management (short-term) and water
management (long-term). Inter-annual weather variability and management practices
affected soybean yield less than N fluxes, which creates opportunities to manage
N fluxes without compromising yields, especially in regions with adequate to excess
soil moisture. This work provides actionable results (tradeoffs, synergies, directions) to
inform decision-making for adapting crop management in a changing climate to improve
soybean production systems.

Keywords: biological N fixation, soil N mineralization, APSIM, N2O emissions, N balance, climate change, weather
variability, soybean yield

INTRODUCTION

Nitrogen (N) is among the largest factors influencing crop productivity and environmental
performance (Cassman and Dobermann, 2022). The cycling of N in the soil–plant-atmosphere
continuum is complex and involves many processes including biological N fixation (BNF), plant N
uptake, soil N mineralization, and N loss. These processes interact with each other creating tradeoffs
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and synergies, varying in magnitude and temporal patterns, and
are also affected by interactions among genotype, environment,
and management—GxExM (e.g., Assefa et al., 2019; de Borja
Reis et al., 2021). Environmental sustainability challenges are
highly associated with N processes (e.g., N leaching, low BNF).
Profitable and environmentally sustainable cropping systems
will require alterations in the magnitude of some N processes
in certain ways to achieve desired outcomes. Our knowledge
of how and in which direction N processes are affected by
climate change, weather variability, and management settings
are limited. This is because most research work focuses on a
single aspect of the system, making it difficult to understand
how alterations to part of the system we control—genetics
and management—will function in the context of a changing
environment including both weather variability and climate
change. This knowledge gap needs to be addressed in the context
of sustainable intensification of existing cropping systems in
changing environments (Hunter et al., 2017).

High seed yields require a high amount of N uptake by the
crops and/or partitioning of greater amounts of N to the seeds
(Sinclair and de Wit, 1976; Salvagiotti et al., 2008; Cafaro La
Menza et al., 2017; Gaspar et al., 2017; Balboa et al., 2018). For
example, a soybean seed yield of 2.7 Mg ha−1 (global average;
FAOSTAT, 2021) requires 208 Kg N uptake ha−1, while a high
yielding soybean of 5.5 Mg/ha (Cafaro La Menza et al., 2019)
requires 423 kg N uptake ha−1. The N required by the soybean
crop can derive from four sources: BNF, soil organic matter
mineralization, residual soil nitrate from previous cropping years,
and least commonly N fertilization. The contribution of each
source is highly variable across GxExM conditions. Previous
research indicated that BNF contributes on average between
50 and 60% of the total N uptake (Ciampitti and Salvagiotti,
2018) while the remaining N is supplied by soil indigenous
ammonium and nitrate.

Several agricultural practices have been explored in field
experiments to increase crop N uptake and close yield gaps.
Examples include changes in sowing dates, cultivars, irrigation, N
fertilization, plant arrangements, and results are highly variable
depending on the environment (Bender et al., 2015; Moreira
et al., 2015; Wegerer et al., 2015; Ortel et al., 2020; Zhao et al.,
2020; de Borja Reis et al., 2021; Radzka et al., 2021). Projected
soybean yield responses to climate change are highly variable
depending on model assumptions and baseline climates (Kothari
et al., 2022). Some model-based climate change studies indicate
soybean seed yields will decline in future climates scenarios (Jin
et al., 2017; Schauberger et al., 2017; Zabel et al., 2021) due to
a 1.5◦C temperature increase by 2050 (Intergovernmental Panel
on Climate Change [IPCC], 2018) and changes in precipitation
patterns. Rising temperature negatively impacts seed yield by
accelerating crop development, but it can also increase soil N
mineralization (De Valpine and Harte, 2001; Turner and Henry,
2010). An increase in drought and flooding events can potentially
affect BNF more than soil N supply (Purcell et al., 2004; Pasley
et al., 2020). The net impact of climate change on sustainability
metrics such as N balance (aboveground N derived from BNF
minus seed N removal, Collino et al., 2015; Santachiara et al.,
2017) remains unknown.

Climate change, crop improvement, and agronomic advances
are not incremental but continuous. In the context of these
changes, interannual weather variability is large and management
interventions must be dynamic to maximize sustainability for
specific weather conditions and regions (Iqbal et al., 2018).
A simultaneous evaluation of soil–plant N processes and how
they are affected by GxExM alterations would improve our
understanding of the complex agronomic system while will
facilitate systems thinking and conceptualization of solutions
to enhance productivity and environmental performance in
soybean-based cropping systems. Therefore, we performed a
GxExM simulation experiment across 10 soybean production
regions in the United States using the Agricultural Production
Systems sIMulator–APSIM (Holzworth et al., 2014). The use
of cropping systems modeling is necessary because system-
level assessments are limited by experimental data. Key N
processes such as BNF and mineralization are impossible to
measure at high temporal and spatial resolution or estimated
for future climate scenarios. Furthermore, past work has
demonstrated that the APSIM model can simulate well several
processes of the system (soil N dynamics, BNF, crop N
uptake, and yields) in a range of conditions and management
settings in the United States (Archontoulis et al., 2014, 2020;
Puntel et al., 2016; Ebrahimi-Mollabashi et al., 2019; Martinez-
Feria et al., 2019; Pasley et al., 2020, 2021). Our objectives
were to:

1. Create a systems understanding of how ecosystem N
dynamics, including soil N mineralization, BNF, crop N
uptake, soil nitrate pool size, and N2O emissions, vary
across United States soybean production as a function of
GxExM interactions.

2. Separate the contribution of weather variability
(uncontrollable factors) from crop and soil management
practices (controllable factors) to understand potential
interventions needed to increase productivity and
environmental performance.

3. Quantify the impact of climate change on productivity and
key sustainability metrics including N balance (BNF–seed
N removal), N2O emissions, and seed yield.

MATERIALS AND METHODS

Study Locations and Weather
We performed a simulation experiment across 10 locations in
the United States (Figure 1A). The locations were selected to
capture different production situations (i.e., soybean maturity
groups, water management, and soil and weather conditions,
Figures 1, 2). Three locations were rainfed with a water table
depth below 3.5 m (Kansas and South Dakota locations),
four locations were irrigated with water tables below 3.5 m
(Nebraska and Arkansas), one location was rainfed with a
shallow water table at about 1.2 m (Ames, IA, United States),
and two locations were rainfed with the shallow water table
at about 1.2 m and subsurface drainage systems at 1.1 m
(Nashua and Crawfordsville, IA, United States). Water table
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FIGURE 1 | Spatial distribution of experimental locations (A), year-to-year (1995–2020) variability of average temperatures and cumulative rainfall from May to
September (horizontal and vertical dashed lines indicate the average values) (B), average temperature changes in relation to the baseline for 2021–2050 and
2051–2080 under RCP2.6, RCP7.0, and RCP8.5 (vertical bars represent the standard deviation from the 10 locations and horizontal dashed lines represent the
average change) (C), monthly rainfall changes in relation to the baseline (black lines indicate averages from five global circulation models, three RPCs and 10
locations, while colored lines represent the variability across the 10 locations) (D).

depth data were derived from field measurements and SSURGO
(Soil Survey Staff, 2019).

Historical weather data (1995–2020) were retrieved from
local weather stations. From May to September, the average
temperatures ranged from 18.7 to 23.8◦C and rainfall from 390 to
604 mm (Figure 1B). Bias-corrected future climate projections
were retrieved from five global circulation models: UKESM1-
0-LL, MRI-ESM2-0, MPI-ESM1-2-HR, IPSL-CM6A-LR, and
GFDL-ESM4 (Müller et al., 2021; Zabel et al., 2021) and included

three representative concentration pathway combinations
(RCP2 0.6, RCP 7.0, and RCP 8.5). Bias correction was
implemented by using the linear scaling method (Teutschbein
and Seibert, 2012), which consists of applying a monthly “delta”
correction factor based on the differences between observed
and simulated present-day values. On average across all 15
climate scenarios, these projections estimated a 1.3 and 2.8◦C
increase in the average temperature for the 2020–2050 and
2050–2080 periods, respectively (Figure 1C), and about a 6%
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FIGURE 2 | Soil-plant N dynamics including plant and seed N accumulation, biological N fixation (BNF), soil N net mineralization and soil nitrate (0–120 cm) for all
locations. The values are averages over 25-year simulations. Inset top-left panels indicate soybean 25-year average seed yield (Yield), maturity group (MG), soil
organic matter (SOM, 0–30 cm), irrigation applied during the crop season (Irrig), number of days to physiological maturity (Days), existence of subsurface tile
drainage (Tile drain) and soil water holding capacity to 120 cm (WHC). The N balance is illustrated in Supplementary Figure 2. The N2O emissions fluxes are
illustrated in Supplementary Figure 4.

increase in spring rainfall and nearly 3% decrease in summer
rainfall (Figure 1D).

APSIM Model Set Up, Calibration, and
Evaluation
The APSIM software is an advanced simulator of farming systems
(Holzworth et al., 2014). The model simulates crop growth
and development of several crops (including rotations), soil
water balance, nitrogen, and carbon cycling and contains various
management rules such as tillage and subsurface drainage. The
soybean crop model simulates biomass production based on
a combined radiation and water use efficiency concept and
BNF as a function of crop growth rate (crop stage-specific
value), which is mediated by drought and excess moisture
stresses (Robertson et al., 2002; Pasley et al., 2021). The soil
N model simulates soil carbon mineralization, immobilization,
nitrification, denitrification, nitrous oxide emissions, and N
leaching. The model simulates N mineralization as a function
of soil carbon, soil C:N ratio, temperature, and moisture
by layer (Probert et al., 1998). The decomposition of crop
residue can increase or decrease net mineralization depending
on the amount and the CN ratio of the stover (Probert
et al., 2005; Archontoulis et al., 2016). The denitrification

(and N2O emissions) in the model is favored by high soil
moisture, temperature, inorganic N, and carbon availability
(Huth et al., 2010; Thorburn et al., 2010). The model assumes
that crop N uptake can derive from soil inorganic N or
BNF, with the soil nitrate being the first priority due to the
lower energetic cost (Herridge et al., 2001; Robertson et al.,
2002; Chen et al., 2016). For additional information, refer to
www.apsim.info.

The APSIM model has been extensively validated in many
agroecosystems around the world for the simulation of crop
growth, soil water, and soil nitrogen and carbon fluxes (Mohanty
et al., 2012; Chen et al., 2016; Battisti et al., 2017; Gaydon et al.,
2017; Wu et al., 2019; Archontoulis et al., 2020). Here we used
a well-calibrated APSIM version 7.9 (Archontoulis et al., 2020),
which has been tested across many high-temporal resolutions,
multifaceted, and multi-location datasets in the US Midwest,
United States. This version includes algorithms to simulate excess
moisture stress on root depth (Ebrahimi-Mollabashi et al., 2019),
and on plant growth, development, and BNF (Pasley et al., 2020).
Additional studies have verified APSIM capacity in simulating
N loss (Malone et al., 2007; Dietzel et al., 2016; Martinez-Feria
et al., 2016, 2019; Pasley et al., 2021) and soil N mineralization
in the United States Corn Belt (Archontoulis et al., 2014; Puntel
et al., 2016). For the simulation of soil water, we used the
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SWIM3 module available in APSIM (Huth et al., 2012) which uses
Richard’s equation and enables the simulation of shallow water
tables (Ebrahimi-Mollabashi et al., 2019).

In this study, we further tested the capacity of the model
to simulate soil–plant N dynamics before its application to
explore climate and management impacts. Experimental data
covering high and low soybean yielding environments and
maturity groups from 1 to 6 (Supplementary Table 1) were
used to develop cultivar coefficients (Supplementary Table 2)
with no further changes to the crop or soil models. Soil profile
input values were derived from SSURGO (Soil Survey Staff,
2019) or measured data when available and are provided in
Supplementary Table 3. Overall, the model proved robust and
accurate in simultaneously simulating crop–soil N dynamics
across the 10 study locations (Supplementary Figure 1 and
Supplementary Table 4).

Baseline Simulation Conditions
For the baseline simulation, we ran the model for 25 years (1995–
2020). Model initial conditions were reset every year on January 1
and were similar among locations to facilitate comparison. Initial
conditions included total inorganic N in the profile (75 kg N
ha−1), maize stover on the surface (4,500 kg ha−1 with a C:N
ratio of 70), and soil water at field capacity. At each location,
we included a moderate tillage event on April 1, with 20% of

the surface residue being incorporated to a 20 cm depth. The
sowing date was variable per year and per location following
USDA-NASS 50% sowing progress (NASS, 2020). Cultivars were
site-specific and ranged from maturity group 1 (South Dakota) to
5 (Arkansas, Supplementary Table 2). Plant density ranged from
25 to 32 plants m−2 (depending on the location) and row spacing
was 0.76 m for all locations except Nashua, IA, United States,
which was 0.46 m.

GxExM Scenarios
Using the well-tested APSIM model for each location, we
simulated 22 scenarios (each with 25 weather-years) to create
different GxExM conditions (Table 1). The scenarios accounted
for climate change (see # 1–3; Table 1), N management
strategies (4–7), residue management and quality (8–12), plant
management (13–16), cultivar seed protein (17–18), soil organic
carbon (19–20), and water management (21–22).

For climate change scenarios, we updated the baseline
weather per location with the projected changes in monthly
maximum and minimum temperature and rainfall (Figure 1).
Monthly changes were site-specific (Supplementary Table 5). N
management scenarios included two fertilization strategies, in the
early spring or pod development stage (Mourtzinis et al., 2018),
and a high/low initial soil inorganic N to reflect different amounts
of leftover N from the previous maize crop, within the ranges

TABLE 1 | GxExM scenarios assessed using APSIM.

No Scenario Acronym Changes compared to the baseline

1 Rainfall change Rain change Relative changes in rainfall (%) based on future climate projections
(Figure 1 and Supplementary Table 5)

2 Temperature change Temp change Changes in maximum and minimum temperatures (◦C) based on future
climate projections (Figure 1 and Supplementary Table 5)

3 Rainfall and temperature changes Rain*Temp Scenario 1 + Scenario 2

4 Early spring N fertilization Fer spring Application of 30 kg N ha−1 (DAP or MAP fertilizer)1

5 R3-stage N fertilization FerR3 Application of 60 kg N ha−1 (urea fertilizer)

6 More soil leftover N + LeftoverN 150 instead of 75 kg N/ha initial N

7 Less soil leftover N −LeftoverN 38 instead of 75 kg N/ha initial N

8 High residue CN ratio + ResCN 150 instead 70 residue CN ratio

9 Low residue CN ratio −ResCN 35 instead of 70 residue CN ratio

10 More crop residue + Residue 9,000 instead of 4,500 kg ha−1 residue

11 Less crop residue −Residue 1,000 instead of 4,500 kg ha−1 residue

12 Full tillage Full tillage 90% instead of 20% residue incorporation to 20 cm depth

13 High sowing density + Density 10 plants/m2 increase from baseline

14 Low sowing density −Density 10 plants/m2 decrease from baseline

15 Early sowing date Early sow 12 days earlier sowing than baseline

16 Late sowing date Late sow 12 days later sowing than baseline

17 High seed protein + Seed protein 39.6% instead of 37.1% critical seed protein2

18 Low seed protein −Seed protein 34.6% instead of 37.1% critical seed protein2

19 More initial soil organic carbon + SOC 15% increase in soil organic carbon

20 Less initial soil organic carbon −SOC 15% decrease in soil organic carbon

21 Irrigation Irrig Irrigation between R1 and R7 when soil water falls below 50% PAW3

22 Tile drainage Tile drainage Model subsurface drainage function enabled

1DAP, diammonium phosphate; MAP, monoammonium phosphate.
2Seed protein = 6.25 *N concentration (APSIM model uses N concentration).
3PAW, plant available water is defined as the difference between field capacity and wilting point at 0–45 cm depth.
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reported by Martinez-Feria et al. (2019). Residue management
scenarios included alterations in the residue amount (Nunes
et al., 2021) and CN ratio (Burgess et al., 2011). We also
considered a scenario with a full tillage event before sowing
(Daigh et al., 2018). Plant management scenarios included
different sowing densities and dates. Sowing densities consisted
of 10 plants/m2 increase and decrease from baseline, consistent
with the ranges reported by Carciochi et al. (2019). We varied the
sowing date by ± 12 days from the baseline (50% NASS planting
progress) to reflect early and late sowing date, which corresponds
to approximately 20 and 80% NASS planting progress by year.

To represent high and low seed protein cultivars we changed
the critical seed N concentration thresholds in the APSIM model.
Demand for grain N attempts to maintain N at the critical
(non-stressed) level (Robertson and Lilley, 2016). For the soil-
related scenarios, we altered soil organic carbon (SOC) values
across the profile by ± 15%, consistent with the ranges found by
Nunes et al. (2020). The changes in SOC were not accompanied
by changes in soil water properties (drained upper limit, lower
limit, and saturated volumetric water contents). This is justified
by the small effect that this level of change in SOC would
have on soil water properties and systems outcomes (Palmer
et al., 2017). For water management scenarios, we included
irrigation and subsurface drainage (Helmers et al., 2012). In
the irrigated locations, we added a rainfed scenario (e.g., Mead,
NE, United States), while in the rainfed locations we added
an irrigation scenario. Similarly, in locations with subsurface
drainage (e.g., Nashua, IA, United States), we considered a no
subsurface drainage scenario and vice versa. For the irrigation, we
used an auto-irrigation rule (see #21 in Table 1) and considered a
5-day interval between irrigations to better represent reality.

Data Analysis
Data analysis and visualization were conducted in R version
4.1.1 (R Development Core Team, 2010). Data included daily
soybean BNF, plant and seed N uptake, net N mineralization,
soil nitrate, and N2O across a range of scenarios. The coefficient
of variation (CV) was calculated across weather years and
management scenarios to quantify the contribution of weather
and management to the variation of crop and N variables. N
balance was calculated as the difference between fixed N in
above ground biomass and seed N removal. For the scenarios
with N fertilization, this input was accounted in the N balance
(BNF + N fertilization–seed N removal). A relative sensitivity
index was calculated (Hamby, 1994) to assess the influence of
GxExM scenarios on N dynamics.

RESULTS

Nitrogen Fluxes Followed Similar
Temporal Patterns Across Locations but
of Different Magnitude
The temporal patterns in simulated BNF, seed and total
aboveground plant N accumulation, soil N mineralization, and
nitrate pools were similar among locations, but of different

magnitude (Figure 2). Soil nitrate decreased during the growing
period, with a sharp evident decline 50 days after sowing
(Figure 2). During the seed filling period, soil nitrate was nearly
zero with values at crop harvest ranging from 9 to 40 kg N
ha−1. Cumulative net N mineralization had negative values in
the spring reflecting immobilization of inorganic N caused by
the maize stover decomposition followed by positive values that
were associated with high N mineralization rates during summer.
The positive values of mineralization did not increase soil nitrate
pool size during the seed filling period because the mineralized N
was immediately taken up by the crop. At the end of the season,
net N mineralization averaged 73 kg N ha−1 with values ranging
from 31 kg ha−1 (Atkinson, NE, United States) to 121 kg ha−1

(Crawfordsville, IA, United States). These two locations had the
lowest and highest soil organic matter values (Figure 2).

Biological N fixation accounted on average for 53% of
the total aboveground N, with values ranging from 30 to
70% across locations (Figure 2). BNF initiated a week after
plant N uptake and ceased at physiological maturity. While
BNF was variable across locations, in all cases the cumulative
BNF was lower than the seed N accumulation. The seed N
accumulation initiated on average 49 days after BNF and followed
a much steeper rate of increase (4.8 ± 0.8 kg N ha−1 day−1)
compared to BNF (2.4 ± 0.5 kg N ha−1 day−1). As a result,
the N balance (BNF + N fertilization–seed N removal) had
positive values from sowing to about 1/3 of the seed filling
period and then declined to negative values at physiological
maturity (−21 to −88 kg ha−1; Supplementary Figure 2). Even
when N balance was calculated by considering more N fluxes
such as N loss and N mineralization, the trends were similar
(Supplementary Figure 3). Across locations, the simulated 25-
year average soybean yield (0% moisture) ranged from 2.1 to
4.3 Mg ha−1 (Figure 2).

Cumulative N2O fluxes exhibited an east to the west spatial
gradient in terms of magnitude with average values ranging from
3.7 kg ha−1 year−1 in Crawfordsville, IA to 0.2 kg ha−1 year−1 in
Atkinson, NE (Supplementary Figure 4A). Environments with
shallow water tables (e.g., Iowa locations) had the highest N2O
emissions and variance across years. The majority of N2O fluxes
occurred in the spring (Supplementary Figure 4B).

Grouping the 25-year baseline weather as warm-wet, cool-wet,
warm-dry, and cool-dry revealed that the N2O emissions had
the largest sensitivity to weather patterns when compared to the
other N fluxes (Supplementary Figure 5). In general, wet years
increased BNF, seed N accumulation, N net mineralization, and
N2O emissions. Residual soil nitrate at crop maturity was more
associated with temperature than rainfall shifts, with lower values
under cooler conditions. Site-specific responses were observed
(Supplementary Figure 5).

Equal Contribution of Weather Variability
and Management Settings on Nitrogen
Fluxes
The year-to-year weather variability accounted for 31% of the
variation in N fluxes while management accounted for 32%
(average across all locations, Figure 3). The N2O flux was
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FIGURE 3 | Coefficient of variation for seed N, biological N fixation (BNF), N net mineralization, soil nitrate at harvest, seed yield and N2O emissions from different
weather years and management scenarios across contrasting environments in the United States Corn Belt.

influenced the most by weather variability and management
(Figure 3). However, N2O is also the smallest N flux in terms
of magnitude (Supplementary Figure 4). Soil N mineralization
and BNF were the next most influenced N fluxes while seed
N and yields were the least affected. Hence, soybean yield
buffered part of the variability created by management and
weather on N fluxes.

Our analysis revealed a strong east to west (wet to dry)
spatial gradient on the importance of weather and management
(Figure 3). In environments with sufficient-to-excess moisture,
management caused more variability in N fluxes than the inter-
annual weather variability (e.g., Iowa), while in environments
with insufficient moisture, management caused less variability in
N fluxes than weather (e.g., Kansas). In irrigated environments
(Nebraska and Arkansas), the contribution of weather on N
flux variability was slightly lower than management practices. As
a result, in environments with water limitations, management-
induced changes in N2O, BNF, and mineralization fluxes are less
likely to be realized.

GxExM Scenarios Affect Nitrogen Fluxes
in Different Ways
Although specific environments differed in the magnitude of
responses to climate and management changes, the general

responses were similar and were averaged over all locations to
simplify the presentation (Figures 4–6).

Climate Change
The 2◦C temperature increase under future climate scenarios
(Figure 1) decreased BNF by 32% (Figures 4A, 5A), seed
N accumulation by 20% (Figure 4A and Supplementary
Figure 6A), and N balance by 20% (Figure 4A and
Supplementary Figure 7A), while increased N net mineralization
by 24% (Figures 4A, 6A), soil nitrate by 34% (Figures 4A, 6G),
and N2O emissions by 19% (Figure 4A and Supplementary
Figure 8A). Changes in rainfall patterns alone had a small
effect on N fluxes (up to 3%). The combination of rainfall and
temperature changes showed similar responses to single changes
in temperature (Figure 4). Seed yield decreased under climate
change scenarios, similar to seed N (Supplementary Figure 9A).

Nitrogen Management
High soil inorganic N levels created by the application of N
fertilizers or carryover nitrate from the previous maize crop
(Table 1) decreased BNF up to 23% (Figures 4A, 5B) but
increased soil nitrate at crop harvest up to 42% (Figures 4A, 6H)
and N2O emissions up to 93% (Figure 4A and Supplementary
Figure 8B). Seed N accumulation and N net mineralization were
minimally affected by N management scenarios (Figures 4, 6B
and Supplementary Figure 6B). The application of fertilizers
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FIGURE 4 | Relative effects of climate change and management scenarios on soil-plant N dynamics compared to the baseline (A) and ranking of the importance of
different GxExM variables with respect to N fluxes based on a sensitivity analysis (B). Values were averaged over all locations and years. A summary table is also
presented in Supplementary Table 6.

increased the N balance while the high carryover nitrate from the
previous cropping years decreased the N balance (Figure 4A and
Supplementary Figure 7B).

Residue Management and CN Ratio
Crop residue management influenced N fluxes the most
(Figure 4B). Large amounts of stover increased BNF by 25%
(Figures 4A, 5C), decreased net mineralization by 52%, and
soil nitrate at harvest by 30% (Figures 4A, 6C,I). The high CN
ratio scenario altered N fluxes similar to the stover scenario
but at a threefold lower magnitude. Both large stover amount
and high CN ratio increased N balance by 73 and 14%,
respectively, because of the increase in BNF. Stover incorporation
by tillage decreased 10% BNF, 17% N balance, and 12% N2O
emissions (Figure 4).

Plant Management and Seed Protein
Changes in plant management and seed protein influenced
N fluxes considerably less than stover and N management
(Figure 4). High plant density, early sowing date, and soybean
variety with high seed protein increased BNF by 7, 9, and 6%,
respectively (Figures 4, 5). Plant management had little impact
on mineralization, seed N, and yield. As a result, the N balance
increased (Figure 4).

Soil Organic Carbon
A 15% increase in soil organic carbon increased net N
mineralization by 25%, soil nitrate by 19%, and N2O emissions
by 20% (Figures 4A, 6F,L). On the other hand, it decreased BNF
by 5% and N balance by 20% (Figures 4A, 5F and Supplementary
Figure 7F). Seed N and yield were minimally influenced by
increasing soil carbon (<1%; Figure 4 and Supplementary
Figures 6F, 9F). After stover and leftover soil N management
practices, soil organic carbon showed the greatest influence on
N fluxes (Figure 4B).

Water Management
To investigate the impact of water source and management
(irrigation: water comes from surface vs. shallow water table:
water comes from the subsoil) we performed region-specific
simulations (Table 2). In the irrigated Nebraska and Arkansas
locations, a simulation with no-irrigation revealed that irrigation
increased BNF by 58%, seed N by 50%, net mineralization by 66%,
and N2O emission by 21% while decreasing N balance by 4%. In
rainfed Kansas locations, the application of irrigation altered N
fluxes similarly to Nebraska and Arkansas (Table 2). However, in
rainfed Iowa locations with shallow water tables, irrigation had a
substantially lower impact on N fluxes (up to 10%) compared to
the impact of irrigation at the eastern locations. In contrast, the
presence of shallow water tables in the Iowa locations increased
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FIGURE 5 | GxExM effects on cumulative aboveground N fixation during the soybean growing season for different scenarios including climate change (A), nitrogen
management (B), residue management and quality (C), plant management (D), seed protein (E) and soil organic carbon (F). Values were averaged over 10 locations
and 25-years per locations.

BNF by 21%, seed N by 16%, net mineralization by 10%, and
N2O emission by 68% while decreasing the N balance by 9%. The
subsurface drainage that is used to regulate the water table depth
in the Iowa locations had a low impact on BNF and seed N (less
than 3%), increased N net mineralization by 9%, and decreased
N2O emissions and N balance by 24 and 8%, respectively. There
were specific years and locations where subsurface drainage was
more influential (Supplementary Figure 10).

DISCUSSION

Climate Change Impacts on Nitrogen
Fluxes and Soybean Yields
Typically, climate change scenarios combined with uncertain
assumptions for the future sowing date, sowing density, and
varieties are used to drive crop model simulations to predict
seed yield impacts, which generates inherent uncertainties in
model predictions (Challinor et al., 2013; Folberth et al., 2016;
Corbeels et al., 2018). Here we took a different approach.
We performed a sensitivity analysis of both climate change
and management settings on whole system processes across 10
soybean production environments to deeper understand and
quantify the temporal dynamics of key N fluxes influencing
productivity and environmental performance. Therefore, this
study provides actionable data for improved management and

adaptation to climate change (Thornton et al., 2014; Tui et al.,
2021).

Our study revealed three important results: (1) climate change
without management adaptation will decrease seed yields and N
balance. This is mostly driven by temperature increases rather
than shifts in rainfall patterns; (2) climate change will increase
mineralization (and thus the soil N pool) and will decrease BNF,
therefore, altering the source of N available for plant uptake; and
(3) climate change will increase N2O emissions because of the
larger available mineral N during crop growth.

The decrease in BNF, seed N, and yields were mostly caused
by the shortening of the crop growth duration due to increased
temperatures (average reduction of 14 days, Supplementary
Figure 11), which agrees with other studies (Purcell et al., 2004;
Schlenker and Roberts, 2009; Zhang and Cai, 2013; Zipper et al.,
2016; Jin et al., 2017; Schauberger et al., 2017; Zhao et al., 2017;
Ciampitti et al., 2021). A portion of the anticipated future decline
can be offset by adjusting the cultivar maturity group (Kucharik
and Serbin, 2008; Zabel et al., 2021). Plant N uptake and BNF
are highly coupled with dry matter accumulation (Herridge et al.,
2001; Salvagiotti et al., 2008; Santachiara et al., 2017; Córdova
et al., 2019), which explains why both N fluxes are decreasing.
However, BNF is more sensitive to drought and excess water
stress than photosynthesis or mineralization, another aspect that
decreases BNF more than other plant–soil processes (Herridge
et al., 2001; Purcell et al., 2004; Pasley et al., 2020). This leads to
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FIGURE 6 | GxExM effects on cumulative net N mineralization (A–F) and soil nitrate at 0–30 cm (G–L) for different scenarios including climate change (A,G), nitrogen
management (B,H), residue management and quality (C,I), plant management (D,J), seed protein (E,K) and soil organic carbon (F,L). The shaded area represents
the average soybean growing period. Values were averaged over 10 locations and 25-years per locations.

further diminished N balance values at crop harvest (Figure 4
and Supplementary Figure 7). N balance at harvest time had
negative values across all assessed scenarios. Santachiara et al.
(2017) found that a neutral N balance can be attained when BNF
represents 80% of total soybean N uptake. The values found in the
present study ranged from 30 to 70% (baseline conditions), which
is consistent with the findings of Ciampitti and Salvagiotti (2018).

The increasing N mineralization and topsoil nitrate
(Figures 4–6) with the simultaneous decrease in seed N

uptake and soybean yields under climate change are of concern.
Actions should be taken to manage the unused N after crop
harvest, such as using cover crops (Udvardi et al., 2021).
Our results revealed a 19% average increase in N2O with
climate change, which is probably an underestimate because
we initialized the model at the start of every year. In the
sensitivity analysis, we found that increased amounts of leftover
N can increase N2O by 93% (Figure 4). These results are
supported by Iqbal et al. (2018) who observed increases in
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TABLE 2 | Simulated impacts of water management on N fluxes (% changes in relation to baseline conditions).

Water management
baseline

Scenarios BNF Seed N
accumulation

N Net
Mineralization

Soil nitrate N2O emissions N balance

Irrigated (Nebraska and
Arkansas)

Rainfed −58 −50 −66 −24 −21 4

Rainfed (Kansas) Irrigated 43 34 30 −11 7 −27

Rainfed with shallow WT
(Ames, Iowa)

Irrigated −1.5 0.6 8 6 1.1 −4

No-WT −25 −20 −12 −11 −72 15

Tile −0.5 0.7 3 1.1 −8 −3

Rainfed with shallow WT
and tile drainage
(Crawfordsville and
Nashua, Iowa)

Irrigated 0.7 2 10 9 4 −6

No-WT −17 −12 −7 −11 −65 2

No-Tile −0.7 −4 −14 −6 41 14

BNF, biological N fixation; WT, water table.

N2O losses in seasons following dry years (and thus high
residual N values).

Management and Weather Variability
Effects on Nitrogen Fluxes
Management practices altered N fluxes at a similar (or larger)
magnitude than climate change (Figure 4). This suggests
that there are opportunities to improve the productivity and
environmental performance of soybean-based systems in the
context of a changing climate. We found that N fluxes
were affected the most by water management, then by soil
management, and finally by plant management (Table 2 and
Figure 4). Water management requires long term investment in
irrigation infrastructure and is dependent on water availability,
while soil and plant management are more feasible and easier to
adopt in the short term. Our results suggest that the management
of stover (amount and quality) and of the carryover N from
the previous year is very important for improving soybean
performance in the short term (Figure 4). Large amounts of
stover can enhance BNF (in accordance with Xie et al., 2021),
decrease soil N pools (as inorganic N is used to break down
stover) and reduce N2O emissions, which is beneficial. To a
smaller extent, plant management such as early sowing date
and high plant density could also increase BNF (Figure 4),
which is explained by the greater biomass production and yield
(Supplementary Figure 9). These findings are consistent with
Seneviratne et al. (2000) and de Borja Reis et al. (2021). While
not explored in this study, we believe that stacked soil and
plant management practices (e.g., Martinez-Feria et al., 2019) can
reveal either a higher potential role of management practices to
improve soybean-based systems performance and compensate,
or even reverse, the negative impacts of climate change on
soybean productivity. Future studies could explore this.

Our study revealed the key role of water source (irrigation,
water table) and management (subsurface drainage) on N fluxes,
which is not surprising given its control over key microbiological
processes governing N dynamics. Irrigation had a large influence
on N fluxes, increasing BNF, seed N, and mineralization by 50,
42, and 48%, respectively (Table 2). This practice has contributed
to high and stable yield levels in the western Corn Belt and is

standard practice (Grassini et al., 2014, 2015; Gibson et al., 2018).
In the central-east part of the Corn Belt with rainfed crops, the
existence of a shallow water table enhanced seed N by 16%, BNF
by 21%, and mineralization by 10% compared to a non-water
table scenario (Table 2). This result highlights the importance
of considering the subsoil moisture on N fluxes, something
that has been overlooked in previous studies. The subsurface
drainage practice further increased seed N up to 4% (Table 2),
which is similar to the findings of Mourtzinis et al. (2021) using
experimental data. The small differences in the average results
(drained vs. undrained) can be partially explained by the year-
to-year weather variability. In dry years, the impact of subsurface
drainage on yields and N fluxes was negligible, but in wet years
(11 of 25 years; Figure 1) the impact was more pronounced,
consistent with Castellano et al. (2019) and Mourtzinis et al.
(2021). Subsurface drainage also reduced N2O emissions by 24%
(Table 2) due to increased soil aeration, which is consistent with
Kumar et al. (2014) and Castellano et al. (2019).

Changes in management practices should be evaluated in
the context of inter-annual weather variability (Figure 3). We
found opportunities to alter N fluxes through management
toward decreasing N2O and increasing BNF but it is also
concerning that an improvement in management can be
overwhelmed by weather. An east-to-west gradient on the
importance of management vs. weather variability was observed.
When water limits crop production, changes in management
practices are less likely to alter N fluxes in the desired
way (e.g., increase BNF, decrease N2O emissions). The CV
in N fluxes arising from weather variability was twofold
larger than that of management in Kansas (Figure 3).
Therefore, management strategies are expected to increase
BNF and productivity in regions and years with moderate
to no water limitations. These results are supported by
Battisti et al. (2018) who found that under favorable climate
conditions in Brazil, soybean crop responses to improved
management can be maximized. Current findings reinforce the
concept that GxExM interactions preclude a single management
recommendation for all environments (Serraj et al., 1999;
Salvagiotti et al., 2008; Ciampitti and Salvagiotti, 2018).
Simulation modeling and machine learning approaches can
help in that respect. Future studies could leverage machine
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learning (e.g., Shahhosseini et al., 2021) to create meta-models
using results from process-based models for the identification
of relationships between easily measured variables in the field
and complex but important processes, such as BNF and N
mineralization that are difficult to measure. This could lead to
fast assessments and informed decisions.

The Value of the Systems Approach to
Understanding Nitrogen Fluxes in the
Context of Climate Change
Our study provides the first systems-level evaluation of
soybean N dynamics across a wide range of environments,
management practices, and climate change scenarios. This is
important for understanding the complex agronomic system
and conceptualizing metrics for environmental assessments in
soybean-based systems as reported for maize in the United States
Corn Belt (Tenorio et al., 2019). The high temporal resolution
of generated results aided understanding of when soil N pools
and N fluxes -the main determinants of seed N uptake-
decrease or increase during the growing season. For example,
we learned that seed N accumulation exceeds cumulative
BNF around 110 days after sowing, leading to a negative
N balance thereafter. If the target is a positive N balance,
research should be directed on how to keep seed N below
BNF in the last month of soybean growth. The soil nitrate
pools declined to near-zero values approximately 50 days after
sowing across locations, in accordance with Córdova et al.
(2019), which explains the very low N2O loss during soybean
growth (Supplementary Figure 4). High soil inorganic N
levels created by the application of N fertilizers or carryover
nitrate from the previous maize crop were the main driver of
increased N2O emissions, which is consistent with Lu et al.
(2021). We found the majority of N2O fluxes to occur in
the spring, while the magnitude of N2O loss followed east to
west spatial gradient (from 0.2 to 3.7 kg ha−1 year−1). We
attributed this gradient to higher cumulative rainfall (Figure 1)
associated with the existence of shallow water tables in the eastern
locations (Table 2).

The process-based systems analysis revealed tradeoffs and
synergies among N fluxes (Figures 4–6, e.g., stover effects on BNF
and mineralization). We found that the inter-annual weather
variability in soybean yield and seed N uptake was less than
the variability in other N fluxes (Figure 3). This suggests that
soybean buffers are part of the variability caused by management
and weather and that there are opportunities to alter N fluxes
without compromising yields. Future climate change impact
studies should expand the focus from seed yield impacts to whole
system evaluation to further understand trade-offs and synergies
in different environments.

We acknowledge that the representation of the agronomic
system through simulation modeling is a big challenge. No
biotic factors were considered in the simulations, which may
preclude some identified solutions. While we believe that
our modeling approach captures the most important abiotic
factors for this study, we recognize that a model will never
capture all bio-physical-chemical processes. We also recognize

that model structure can bias results (Tao et al., 2018), and
using a multi-model approach could increase confidence in
the results (Li et al., 2015; Martre et al., 2015; Battisti et al.,
2017). In our case, we ensured through extensive testing
(Supplementary Figure 1) that the model used here could
represent reality well. In fact, very few prior studies have
tested a model against so many high-resolution and multi-
faceted datasets before its application to answer scientific
questions. While the approach we used to evaluate climate
change impacts is relatively simple, it gives similar trends
compared to more complex approaches such as using daily bias-
corrected future climate outputs from RCPs-GCMs combinations
(Supplementary Figure 12). Our study also captures important
signals of future climate extremes (Supplementary Figure 13).
Future studies could explore the impact of a maize-soybean
rotation without a yearly reset to quantify potential synergies,
negative impacts, and interactions. We also encourage exploring
uncertainties in more detail by using daily future climate
projections as well as a thorough assessment of climate
extremes impacts.

CONCLUSION

This study enhances our understanding of the temporal and
spatial dynamics of soil-plant N dynamics under current
and future climate conditions in the United States. Climate
change is expected to increase N mineralization and N2O
emissions and decrease BNF, seed N, and yields. Management
practices altered N fluxes at about the same magnitude as
climate change but in many different directions suggesting
large opportunities to improve productivity and environmental
performance in soybean-based cropping systems. Among many
practices explored, we conclude that the management of maize
stover (amount and quality) is very important in the short
term, and water management (irrigation, subsurface drainage)
is critical in the long term. Soybean yield buffered much
of the variability caused by management and weather on N
fluxes, which creates opportunities to manage N fluxes without
compromising yields. This is more likely to be realized in regions
with adequate to excess soil moisture.
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Enhances Tuber Resource
Partitioning
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The yield of harvestable plant organs depends on overall photosynthetic output and
the subsequent distribution of the produced assimilates from source leaves across
different sink organs. In this study, we aimed to obtain, using a two-sink transport model,
mechanistic understanding of how the interplay between sink and pathway properties
together determines sink resource partitioning. As a working example, we analyzed
the partitioning of resources within potato plants, investigating the determinants of
tuber sink yield. Our results indicated that, contrary to earlier studies, with a spatially
explicit biophysically detailed model, transport pathway properties significantly affect
sink resource partitioning within the physiologically relevant domain. Additionally, we
uncovered that xylem flow, through its hydraulic coupling to the phloem, and sucrose
efflux along the phloem, also significantly affected resource partitioning. For tubers,
it is the cumulative disadvantage compared to sink leaves (distance, xylem flow,
and sucrose efflux) that enable an undirected SP6A-mediated reduction of sucrose
efflux to preferentially benefit tuber resource partitioning. Combined with the SP6A-
mediated sink strength increase, undirected SP6A introduction significantly enhances
tuber resource partitioning.

Keywords: resource partitioning, sucrose, phloem, xylem, SP6A, potato, biophysical model, SWEET

INTRODUCTION

Photosynthesis and the subsequent distribution of produced assimilates across different sink organs
together determine the yield of harvestable plant organs. Most study efforts have focused on
optimization of photosynthesis (Nölke et al., 2014; Driever et al., 2017). However, competition for
sucrose between sink organs also has a major impact on final crop yield. An important question
is, thus, which factors affect sucrose partitioning between sinks, how the impact of these factors
depends on sucrose availability and environmental conditions, and how these different factors
interact. As an example, in potato, upon tuber formation, sucrose delivery to tubers is substantially
increased at the cost of other plant organs (Fernie et al., 2020). It is generally accepted that this
enhanced tuber sucrose partitioning is achieved through a switch from symplastic to apoplastic
unloading, increasing the sucrose unloading rate at tubers (Viola et al., 2001). However, this
enhanced unloading operates against a background in which tuber organs may have a different
affinity for sucrose than, e.g., plant roots, reside at a larger distance from source leaves than young
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developing sink leaves, and differ physiologically from sink
leaves, which evaporate rather than take up water. To fully
understand how much tuber unloading must increase for efficient
tuber filling to occur and how this may be enhanced through
targeted breeding, the importance of, and interplay with, other
sink and transport pathway properties must be investigated.

Mathematical models have developed as an invaluable tool
in investigating plant yield. However, to gain insight into
factors determining resource partitioning, appropriate models
considering all the relevant aspects are needed. Currently, in
large-scale agronomic models aimed at predicting field level
yields as a function of plant type and environmental conditions,
sucrose partitioning between sinks is based on experimentally
measured, developmental stage specific, partitioning tables (de
Wit et al., 2019). As such, these models provide no insight in the
mechanistic basis of sucrose partitioning between plant organs.
More detailed models describing individual plant performance
as a function of plant physiology and architecture, such as
the frequently used functional–structural plant (FSP) models,
typically assume that relative sink strength determines sucrose
partitioning (Lescourret et al., 2011; Da Silva et al., 2014; de
Vries et al., 2021). These latter models, thus, implicitly assume
that properties of the transport pathway such as resistance,
length, or relative nearness of different sinks to the source organs
do not significantly impact sink resource allocation, which at
least under certain conditions have been shown to be incorrect
(Pallas et al., 2010).

In contrast, based on the generally accepted Münch
hypothesis, biophysically detailed transport models describe
sucrose and water transport as a convective flow resulting
from an osmotically driven pressure gradient (Thompson and
Holbrook, 2003; Hölttä et al., 2006; Lacointe and Minchin,
2008). Besides automatically integrating pathway resistance and
length, more detailed biophysical models can also include the
effects of xylem water flow (Hölttä et al., 2006, 2009) and radial
sucrose efflux (Minchin and Lacointe, 2017; van den Herik
et al., 2021). In a single-sink context, these biophysical transport
models have highlighted the importance of pathway properties
on transport dynamics, efficiency, and, thus, eventually sucrose
delivery to sinks. However, currently available two-sink models
have produced conflicting outcomes on the relevance of
pathway properties for sucrose partitioning. Minchin et al.
(1993) demonstrated that, due to pathway resistance effects, for
two sinks differing in sink strength (vmax), the sink with the
lowest vmax obtained a larger fraction of available sucrose than
expected based on the vmax ratios alone. In other words, the
weaker sink receives more sugar relative to its vmax than the
stronger sink, while in absolute numbers, the stronger sink is
still dominant. This suggested that sink characteristics are not
the sole determinants of resource competition. Paradoxically,
results of a later study slightly extending the model of Minchin
et al. (1993) by Bancal and Soltani (2002) suggested that for
physiologically relevant source concentrations, this phenomenon
is negligible. This would imply that within the relevant range, sink
characteristics fully dictate resource partitioning. Importantly,
both the models used a simplified phenomenological description
of pathway resistance and its effect on transport, rather than

explicitly modeling the osmotically driven pressure gradient
driving transport. A recent study, integrating biophysically
detailed transport dynamics in a multisink FSP model, instead
indicated that both the distance and sink strength determine
sugar partitioning in grape (Zhu et al., 2021). Thus, it remains
unclear what the exact relevance of pathway properties is
on resource partitioning and how this may depend on sink
properties. A first goal of this study is, therefore, to investigate
the impact of modeling choices for the relevance of pathway
properties on resource partitioning.

While most often only the length and/or resistance of the
pathway between source and sink is considered relevant for
resource partitioning, in planta extensive radial water and sucrose
transport occurs along this pathway as well, also potentially
affecting resource distribution. In addition to their roles in source
and sink loading and unloading (Braun et al., 2014), SWEET
transporters also facilitate bidirectional, gradient-dependent
sucrose transport between the phloem and the apoplast in the
long-distance phloem, with sucrose export from the phloem
dominating (Chen et al., 2012). Similarly, SUC/SUTs localized
in the source region facilitate active, proton-coupled, sucrose
loading into the phloem, while along the long-distance phloem,
these SUC/SUTs facilitate retrieval of sucrose from the apoplastic
space (Hafke et al., 2005). Apart from these transporters’
dependence on local sucrose levels, additional regulation of
transport capacity takes place. As an example, in potato, it
was recently shown that the phloem mobile peptide StSP6A,
or so-called tuberigen, inducing the transition from stolon to
tuber under short-day conditions, binds to and thereby reduces
StSWEET11 transport capacity by approximately 40% (Abelenda
et al., 2019). The relevance of sucrose efflux from the long-
distance transport phloem on resource partitioning has, thusfar
not been investigated. Additionally, while sink strength and
affinity have been generally considered as important properties
for resource partitioning, so far physiological sink properties,
particularly the direction and rate of water exchange with the
environment and, hence, xylem flow, have not been considered.
A second goal of this study is, thus, to obtain a mechanistic
understanding of how the interplay between sink and pathway
properties (length, xylem flow, and sucrose efflux) together
determines sink resource partitioning. As a working example, we
will analyze the partitioning of resources within potato plants,
investigating the determinants of tuber sink yield. The differences
in sink strengths, locations, and physiological properties between
developing leaves, roots, and tubers provide an interesting
context for studying sink resource partitioning. To this end,
we used our previously developed biophysical transport model
parameterized for potato (van den Herik et al., 2021), which we
here extended from a single sink to a two-sink model.

MATERIALS AND METHODS

According to the Münch hypothesis, plant sucrose transport in
the phloem occurs through convective flow generated by an
osmotically driven pressure gradient that needs to overcome
pathway resistance. Depending on the study, researchers have
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made different assumptions on the relevance of pathway
resistance, the significance of feedback effects of sucrose
concentration (via sap viscosity) thereon and the importance
of explicitly modeling water transport, and the associated radial
and xylem water transport. Later, we briefly introduce three
models for sucrose transport differing in these assumptions. To
resolve whether the previously obtained paradoxical result that
pathway resistance does not significantly impacts sink resource
competition depends on modeling details, these models were
compared with regard to their results on sucrose partitioning
between two sinks:

PC1 =
v1

v1 + v2
(1)

where PC1 is the partitioning coefficient for sink 1, v1 and v2
are the respective unloading rates in the two sinks. For a system
without radial solute flux, v1 + v2 is equal to the loading rate (v0).

Model Overview and Underlying
Assumptions
Model 1: No Resistance
The no resistance or VK model (sink strength, vmax; sink affinity,
km) is the simplest model we introduce (Figure 1A). It assumes
that there is no resistance in the phloem and, thus, no pressure
gradient is required. Source concentration (c0) is equal to sink
concentration (c1, c2) as a result. Sink unloading rates are
modeled using the Michaelis–Menten equation, implying an
active unloading mode. Differences in partitioning between the

FIGURE 1 | Model overview of the three compared models. (A) Resource
partitioning in the VK model solely depends on the sink properties, as
visualized by the straight lines leading from source (v0) to sinks.
(B) Partitioning in the VKR model does not only depend on sink properties,
but also depend on pathway resistance (r). (C) In the biophysically detailed
model, pathway resistance depends on local conditions (open circles
representing a single element). In a single element, water and sucrose flows
are calculated based on local resistance, pressure, and sucrose
concentration. Furthermore, a single element consists not only of a phloem
compartment, but also contains a xylem and apoplastic compartment with
which water, respectively, sucrose exchange occur.

two sinks, thus, solely depend on differences in sink vmax and Km,
enabling a simple analytical solution:

v1 = vmax,1
c1

c1 + k1
(2a)

v2 = vmax,2
c2

c2 + k2
(2b)

v0 = v1 + v2 (2c)

Model 2: Sucrose-Dependent Resistance
In the resistance or VKR model (Figure 1B), transport resistance
is included by introducing a total pathway resistance term
(ri) (Minchin et al., 1993). Consequently, source and sink
concentrations are different (c0 6= c1 6= c2) and resistance
can impact resource partitioning. Bancal and Soltani (2002)
further extended this model by including the influence of
sucrose concentration on pathway resistance via sap viscosity.
Specifically, sucrose concentrations halfway the pathway (S1/2)
are taken to calculate overall pathway resistance. The equation
used to calculate sucrose-dependent resistance used by Bancal
and Soltani (2002), valid for sucrose concentration between 0 and
1.5 M, is:

Rs = R3

(
0.685S4

1
2
− 1.0411S3

1
2
+ 0.9512S2

1
2
+ 0.1364S 1

2

+0.3396
)

(3)

where R3 is the reference viscosity at a sucrose concentration of
1 M. The equation above directly gives a relationship between
sucrose concentration and pathway resistance. The equation is
based on the viscosity effects on resistance, thus by replacing the
reference resistance (R3) for a reference viscosity, the effect of
sucrose concentration on viscosity is obtained.

For steady-state conditions, the unloading rates in the sinks
can be found by numerically solving the system of equations
below (i = 1, 2 for a 2-sink system):

v0 − vi =
c0 (c0− ci)

ri
−

vmax,ici
ki + ci

= 0 (4)

In the comparison here, we use this extended model of
Bancal and Soltani (2002), including the sucrose-dependent
pathway resistance.

Model 3: Spatially Explicit Sucrose and Water Flows
This biophysically detailed model explicitly describes water and
solute flow in the phloem resulting from an osmotically driven
pressure gradient as described by the Münch hypothesis (van
den Herik et al., 2021; Figure 1C). Local pathway resistance
depends on local phloem characteristics and sap viscosity
(and, hence, sucrose concentrations), rather than a global
pathway resistance being superimposed from calculated average
pathway characteristics and sucrose concentrations. We initially
only incorporated water (JW,ax,Ph/X) and sucrose phloem flow
(JS,ax,Ph) as well as radial water flow (JW,rad,Ph/X) to ensure
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conservation of water mass (W) and sucrose (S). These radial
fluxes were modeled using the following equation:

JW,rad,Ph,j = LrArad,j
(
0−9Ph,j

)
,with9Ph,j = PPh,j +5Ph,j (5a)

where Lr is the radial hydraulic membrane permeability, Arad,j is
the radial area between phloem and xylem, 9Ph is the phloem
water potential, PPh is the phloem turgor pressure, and 5Ph
is the phloem osmotic potential. For later simulations, we also
incorporated water flow in the xylem, which we described
following the cohesion-tension theory. In these simulations,
radial water exchange occurs between phloem and xylem,
following similar approaches by Hölttä et al. (2006) and applied
earlier by van den Herik et al. (2021):

JW,rad,Ph,j = LrArad,j
(
9X,j −9Ph,j

)
,with9Ph,j = PPh,j +5Ph,j

(5b)

Because of the complexity, the biophysically detailed model
is solved numerically in an explicit geometry consisting of
interconnected elements. For this study, we extended our
previously developed model (van den Herik et al., 2021)
to multiple sinks by endowing individual elements with the
possibility for multiple inflow and outflow terms. Radial inflow
and outflow can still be described by a single term within an
element. Combined, this results in the reformulated water and
sucrose mass balances below:

∂WPh/X,j

∂t
=

( n∑
i=1

JW,ax,in,Ph/X,j,i −

m∑
i=1

JW,ax,out,Ph/X,j,i

+JW,rad,Ph/X,j

)
ρ (6a)

∂SPh,j
∂t
=

n∑
i=1

JS,ax,in,Ph,j,i −
m∑
i=1

JS,ax,out,Ph,j,i + JS,Rad,Ph,j (6b)

where n is the amount of upward oriented elements connected to
element j and m is the amount of downward oriented elements
connected to element j. Descriptions of the variables and
parameters are given in Tables 1, 2. A more detailed description
of the model, its underlying assumptions, and potato-specific
parameterization can be found in a study by van den Herik
et al. (2021). While the original single-sink model incorporated
a passive unloading mechanism, in this study, we included
active unloading through incorporating the Michaelis–Menten
equation to enable a one-to-one comparison with the VK and
VKR model. Importantly, when comparing different types of
sink organs—roots, leaves, and tubers—we maintain for all the
sinks an active unloading mode. We do this despite stolon ends
upon tuberization switching from an active to passive unloading
mode (Viola et al., 2001). The reason for not incorporating
a passive unloading-specific equation for tuber sinks is that

this would introduce an additional dependence on the sucrose
concentration assumed for tubers, complicating a comparison of
how differences in sink properties such as xylem water transport
and distance from source leaves affects resource partitioning.

In this more detailed model, there is no single parameter (r)
for total pathway resistance. Instead, local pathway resistance
depends on local viscosity and pressure differences. To see this
more clearly, we rewrote the phloem-specific water flow rate:

Jw,ax,in,Ph = APh
kPh
µPh

1PPh
L
= NPhπa2

Ph
kPh
µPh

1PPh
L

(7a)

in terms of pressure differential and resistance (r):

Jw,ax,in,Ph =
1PPh
rPh

,where rPh =
µPhL

kPhNPhπa2
Ph

(7b)

This yielded an expression for pathway resistance, which
is proportional to viscosity (µ) and pathway length (L) and
inversely proportional to phloem axial permeability (k), number
of phloem conduits (N), and individual phloem conduit radius
(a). To study the effect of resistance on sucrose transport in

TABLE 1 | Symbols and units for the used variables/equations in the
biophysically detailed model.

Variable Symbol Units

Water mass WPh/X,j g

Sucrose SPh,j mol

Pressure PPh/X,j MPa

Sucrose concentration cPh,j mol/m3

Axial water flow JW,ax,in/out,Ph/X,j g/s

Axial sucrose flow JS,ax,in/out,Ph/X,j mol/s

Radial water flow JW,rad,Ph/X,j g/s

Radial sucrose flow JS,rad,Ph,j mol/s

Water potential Ph/X,j MPa

Axial area APh/X,j m2

Radial area Arad,j m2

Osmotic potential phloem 5,j MPa

Dynamic viscosity phloem µ,j MPa s

TABLE 2 | Relevant parameters for the biophysically detailed model used in this
study, for a full description of the model, parameters, and parameter estimation
(see van den Herik et al. (2021)).

Parameter Symbol Value Units

Density of water ρ 0.998e6 g/m3

Radial hydraulic membrane permeability Lr 5e-8 m/MPa/s

Dynamic viscosity water/xylem µx 1.0019e-9 MPa s

Phloem sieve element radius aPh 8.4e-6 at t = 0 m

Xylem conduit radius ax 30e-6 m

Axial permeability phloem kp 3.82e-12 m2

Elastic modulus phloem εp 30 MPa

Elastic modulus xylem εx 750 MPa

Transpiration rate Jtrans 0.02 g/s

Water potential soil ψsoil 0 MPa
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this model and compare its effects to that in other models, we
varied pathway length, as this parameter is directly proportional
to resistance. While for the between-model comparison, we could
have varied other resistance parameters from Eq. 7b instead, we
decided to vary length as this also enabled us to investigate the
effect of different source-sink distances on resource partitioning,
assuming all other pathway properties are equal. Importantly,
in planta, hydraulic architecture/axial permeability of phloem
may vary over the length of the plant and/or between plant organs
(Clerx et al., 2020), making the linear scaling of pathway length
with resistance a simplifying assumption.

In the biophysical model, we used the equation for sucrose-
dependent viscosity as described by Morison (2002), i.e., using
the volume fraction of sucrose (8) to calculate the viscosity:

µPh,j = µXexp

(
4.68∗0.956 φPh,j

1− 0.956 φPh,j

)
with φPh,j =

VsucSPh,j
VsucSPh,j + VPh,j

(8)

Given that the VKR and biophysical model use different
equations to calculate viscosity, we checked to what extent
that this result in different sucrose concentrations to viscosity
mapping, as this could potentially underlie differences in
outcomes between the two models. Supplementary Figure 1
illustrates that despite the different applied equations, a highly
similar mapping occurs, indicating that this cannot be the cause
of differences in model results.

Simulation Details and Model
Implementation
Standard sink strength was set at vmax = 12.5 nmol/s, sink
affinity was set at Km = 75 mM, and pathway resistance was
set at r = 7.5e12 Tmol s/m6 (for the VKR model) or pathway
length was set at l = 0.25 m (for the biophysically detailed
model). The pathway length of 0.25 m corresponds to an
equal resistance, as the VKR model for a sugar concentration
of 0 mM. That is, the resistances are equal for conditions in
which viscosity effects of solutes are ignored. To investigate
differences in resource partitioning between the three models,
we considered three different scenarios in a single-source, two-
sink system, with the two sinks differing in either sink strength
(vmax), sink affinity (Km), or pathway resistance (r). For the vmax
scenario, we used 22.5 nmol/s for sink 1 and 2.5 nmol/s for
sink 2; for the Km scenario, we used 75 mM for sink 1 and
750 mM for sink 2; and for the resistance scenario, we used
7.5 and 150 Tmol s m−6 for the VKR model and 0.25 and 5
m for the biophysically detailed model. To compare the three
models, steady-state solutions for a range of loading rates (0.025–
25 nmol/s) were calculated and phloem-only conditions were
used (Eq. 5a). Aforementioned values were taken from a study
by Bancal and Soltani (2002), to enable comparison between
their earlier results and our model outcomes. To validate the
robustness of the analysis, we compared our results for a default
zero resistance shared pathway to a non-zero resistance shared
pathway from source to sink. This did not significantly affect the
results (Supplementary Figure 2).

The impact of xylem flow on resource partitioning was
investigated using a constant water uptake of sink 2 (2e–8
m3/s, equal to total uptake in a study by van den Herik et al.,
2021) representing a root organ, while varying water flow in
sink 1 between -1e-8 m3/s (water evaporation equal to source)
and 2e–8 m3/s (water uptake equal to sink 2), representing
organs on the continuum from leaf to tuber to root. Evaporation
in the source region was set equal to the net sum of the
water flow in both the sinks and simulations were performed
for three different source loading rates. We also investigated
3 biologically realistic 2 sink scenarios (root-root, tuber-root,
and young sink leaf-root), where we imposed a soil water
potential of 0 MPa (Perämäki et al., 2001), simulating tubers by
decreasing water uptake permeability by 90% relative to roots
and young leaves through an evaporation rate of 10% of that
of mature leaves.

Radial sucrose transport between phloem and apoplast and
sucrose removal from the apoplast were modeled as done
in a study by van den Herik et al. (2021). In summary,
bidirectional SWEET transport facilitates efflux from the phloem
(vmax = 0.148 mol/m3/s, Km = 70 mM, Chen et al., 2012)
and retrieval from the apoplast (vmax = 0.148 mol/m3/s,
Km = 10 mM, Chen et al., 2012), while SUT transporters
(vmax = 0.117 mol/m3/s, Km = 1 mM, Schulze et al., 2000) also
facilitate retrieval from the apoplast to the phloem. Efflux and
retrieval rates were implemented as mol per m3 per s and were,
therefore, constant on a per length basis during the steady-state
conditions at which we evaluate model outcomes. SP6A-mediated
efflux mitigation was modeled by decreasing the vmax of SWEETs
by 40%, as reported in a study by Abelenda et al. (2019).

The VK model was analytically solved. The system of
equations describing the VKR model was solved in MATLAB
R2020b using the build in function “fsolve” with a function
threshold of 1e–13. Residual function values were checked to
ensure the correctness of the solution and various initial values
were used to search for alternative solutions of the system. We
only considered biologically valid solutions, i.e., positive solute
concentrations. The system of differential equations describing
the biophysically detailed model was implemented in MATLAB
R2020b and was solved using the build-in solver “ode15s,”
using an integration time step of 1t = 1 s using a non-
homogeneous mesh for loading (20 elements, 0.005 m/element),
long-distance pathway (30 elements, 0.0083 m/element), and
unloading zones (20 elements, 0.005 m/element), as described
in detail by van den Herik et al. (2021). The source code for
the biophysically detailed model and implementation of the VKR
and VK models are available on https://tbb.bio.uu.nl/khwjtuss/
TwoSinkSucroseTransport/.

RESULTS

To investigate whether the previously found limited importance
of pathway resistance on sink resource partitioning depends on
modeling details, we compared the previously used, simpler VKR
model with the more detailed biophysical model, with the VK
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model serving as a baseline. First, we started with investigating
model differences in a single-sink setting.

Structural Underestimation of Sucrose
Concentration and Resistance in the
VKR Model
A major difference between the VKR and biophysical model
is the manner in which sucrose phloem concentrations are
used to calculate resistance. In the biophysical model, sucrose
gradients are calculated in a spatially resolved manner with
explicit source loading zones, sink unloading zones, and lateral
water transport resulting in non-linear gradients (Figures 2A–C,
blue lines). In contrast, the VKR model assumes a linear source-
sink concentration gradient (Figures 2A–C, green lines indicate
the linear gradient for the biophysical model). In the biophysical
model, local pathway resistance is subsequently calculated from
local sucrose concentration, while in the VKR model, an average,
overall pathway resistance is calculated from mean pathway
sucrose concentration. This results in an underestimation of
pathway sucrose concentration (Figures 2D,F) and resistance
(Figures 2E,G) when using a linear VKR-type gradient. The
level of underestimation increases with concentration gradient

steepness, i.e., increasing loading (Figure 2A vs. 2B and
Figures 2D,E) and unloading rates (Figure 2B vs. 2C and
Figures 2F,G).

Instead of extracting a VKR-type gradient from the
biophysical model, we next explicitly simulate the VKR model
using equal parameterization as for the biophysical model. Due
to the dynamic feedback between resistance and concentration,
the general tendency for lower resistances in the VKR model
results in significantly less steep source-sink concentration
gradients and lower source concentrations (Figures 2A–C,
orange lines). Importantly, these lower source concentrations
in the VKR model result in an overestimation of the minimum
loading rates necessary to obtain physiologically relevant source
concentrations (0.1–2 M).

Effects of Resistance and Biophysical
Detail on Resource Allocation
Next, we investigated the impact of using either a baseline
VK, simple VKR, or the biophysical model on resource
partitioning between two sinks. We hypothesized that the
structural underestimation of pathway resistance in the VKR
compared with the biophysically detailed model impacts
resource partitioning.

FIGURE 2 | Sucrose concentration and resistance are underestimated when not including a spatial sucrose gradient. Concentration gradients for (A) vload = 1
nmol/s, vmax,un = 25 nmol/s, (B) vload = 10 nmol/s, vmax,un = 25 nmol/s (C), vload = 10 nmol/s, vmax,un = 15 nmol/s. Dotted lines indicate mean pathway sucrose
concentration. (D) Mean concentration as a function of source loading rate for a constant unloading rate of 25 nmol/s and (E) mean pathway resistance as a
function of source loading rate. (F) Mean concentration as a function of sink unloading rate for constant loading rate of 10 nmol/s and (G) mean pathway resistance
as a function of sink unloading rate.
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Sink Strength (Vmax)
At the onset of tuberization, a switch from symplastic to
apoplastic unloading mode increases tuber sucrose unloading
rate. As a logical first scenario, we, thus, investigated the effect
of differences in sink strength on resource partitioning. For
vmax,1 = 22.5 nmol/s and vmax,2 = 2.5 nmol/s, the simple VK
model predicts the partitioning coefficient to equal the vmax
ratio (vmax,1/vmax,2 = 90%) (Figure 3A, dotted line). In absence
of resistance, source concentration equals sink concentration,
resulting in equal sink concentrations. This causes the sinks to be
equally saturated, resulting in vmax values being the sole source of
differences in sink uptake. In contrast, the VKR model predicts
the partitioning coefficient to start at 50% and increase in a
saturating manner toward the vmax ratio defined 90% (Figure 3A,
dashed line). In the presence of resistance, differences between
source and sink concentrations arise, allowing for between sink
concentration differences. The higher unloading rate at sink 1
results in a lower local sink concentration (Figure 3B, dashed
blue vs. dashed orange lines) and reduced saturation (Figure 3C,
compare position of blue vs. orange squares on the saturation
curves). This causes sink 1 resource partitioning to be lower
than expected based on vmax ratio alone. Partitioning reaches
the expected vmax defined value when both the sinks approach
saturation at high loading rates (approximately 20 nmol/s).

The biophysically detailed model predicts a slower, sigmoidal
increase to 90% partitioning (Figure 3A, solid line). In both the
VKR and biophysical model, the higher vmax,1 resulted in a lower
c1, lower mean pathway concentration, and resistance, causing
r1/r2 < 1 (Figure 3D). However, a lower c1 also results in a
steeper concentration gradient c0-c1 that is more underestimated
in the VKR model than the c0-c2 gradient. As a consequence, the
VKR model overestimates r1-r2 differences, resulting in a r1/r2
ratio closer to 1 in the biophysical model (Figure 3D). Thus,
while absolute resistance levels are higher in both the pathways,
relative resistance differences between the two pathways are
smaller in the biophysical model. Since the resistance difference
acts against the vmax driven concentration gradient difference

(lower resistance causes higher sink concentrations), the reduced
relative resistance difference in the biophysical model allows for
larger difference between sink concentration (Figure 3B) and
saturation differences (Figure 3C, compare location of the dots
representing the biophysical model with the squares representing
the VKR model). This further diminishes the advantage of sink 1
from its higher vmax. Summarizing, over a large range of loading
rates, an increased unloading at the tubers (with higher vmax) has
less effect than expected based on unloading rates only.

Sink Affinity (km)
In addition to sink strength, plant sink organs may also differ
in sucrose affinity. For higher sink 1 affinity (k1 = 75 mM,
k2 = 750 mM), at equal sink concentrations, the effective uptake
rate of sink 1 (v1) is significantly higher than that of sink 2
(v2). In the VK model, with its equal sink concentrations, this
causes the partitioning coefficient to heavily favor sink 1 at low
loading rates and, hence, sink concentrations (Figure 4A, dotted
line). At higher loading rates, both the sinks saturate, causing
the partitioning to converge to the 50% defined by the equal
vmax values. In the VKR model, the higher affinity of sink 1 and,
hence, higher uptake at low loading rates result in lower local
concentration at sink 1 (Figure 4B). Consequently, even though
k2 >> k1, sink 2 is more saturated than sink 1 (Figure 4C). As
a result, partitioning to sink 1 is lower than expected based on
Km differences for low loading rates. As loading rate increases
first, sink 1 approaches saturation, enabling it to profit from
its higher affinity. As loading rates increase further (beyond 10
nmol/s), sink 2 also approaches saturation, removing sink 1’s
higher affinity benefit and causing partitioning to approach the
50% defined by the equal vmax values (Figure 4A, dashed line).

As above for the different unloading rates, source
concentrations, source-sink concentration gradients, resistance
ratio (Figure 4D), and between sink concentration, differences
are larger in the biophysical model, explaining again the
decreased advantage of sink 1 in the biophysical model
(Figure 4A, solid line).

FIGURE 3 | Impact of model choice on partitioning coefficients and the underlying mechanisms for different sink strengths (vmax). (A) Partitioning coefficient for the
VK (dotted), VKR (dashed), and biophysical (solid) models. The bold lines in (A) represent physiologically relevant conditions (0.1 < c0 < 2 M) showing that the
biophysical model has a much broader physiologically relevant range. (B) Sink 1 (blue), sink 2 (orange), and source (green) sucrose concentrations. (C) The
Michaelis–Menten curves for unloading rates, with dots representing the biophysical model and squares representing the VKR model. (D) Resistance ratios for the
VKR (dashed) and biophysical (solid) models.
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FIGURE 4 | Impact of model choice on partitioning coefficients and the underlying mechanisms for different sink affinities (Km). (A) Partitioning coefficient for the VK
(dotted), VKR (dashed), and biophysical (solid) models. The bold lines in (A) represent physiologically relevant conditions (0.1 < c0 < 2 M), showing that the
biophysical model has a much broader physiologically relevant range. (B) Sink 1 (blue), sink 2 (orange), and source (green) sucrose concentrations. (C) The
Michaelis–Menten curves for unloading rates, with dots representing the biophysical model and squares representing the VKR model. (D) Resistance ratios for the
VKR (dashed) and biophysical (solid) models.

Pathway Resistance
Sink organs are formed at different positions in the plant,
with different transport pathway lengths from source to sink
resulting in different pathway resistances, e.g., tubers form at a
larger distance from the sucrose providing source leaves than
young developing sink leaves. Importantly, resistance both affects
and is dependent on concentration differences. For comparison
purposes, we use equal baseline resistance values at zero
sucrose concentrations for the two models, while allowing net,
sucrose-dependent resistance values to differ. In the VK model,
partitioning equals the vmax defined value of 50% (Figure 5A,
dotted line), as all the sink parameters are equal and resistance
is not incorporated.

For the VKR model, r1 << r2 (r1 = 7.5e12 Tmol s/m6 and
r2 = 150 Tmol s/m6) implies that c1 >> c2 (Eq. 3), causing a
reversal in the sink 1 and 2 concentration differences compared to
the earlier two scenarios (Figure 5B, dashed lines). Additionally,
between sink concentration, differences are significantly larger.
The higher r2 now leads to lower sink 2 concentrations and,
thus, a lower unloading rate in sink 2 when sinks are not
yet saturated (Figure 5C, compare the position of blue vs.
orange squares on the saturation curves), resulting in a higher
partitioning toward sink 1 (Figure 5A, dashed line). When
sink 1 becomes saturated (∼10 nmol/s), a further increase in
loading rate increases unloading at sink 2, increasing c2, and
decreasing sink 1 favored partitioning. As loading rate further
increases, sink 2 also saturates and the vmax defined ratio of 50%
partitioning is reached.

Again, in the biophysical model, source concentrations are
higher, source-sink gradients are steeper (Figure 5B), and
relative resistance differences are smaller (Figure 5D, r1/r2
slightly closer to 1 for unsaturated sinks). In the vmax and Km
scenarios, resistance differences oppose the vmax and Km driven
sink concentration differences, which, in turn, limit vmax and
Km driven resource partitioning advantages. Here, it is solely
the resistance difference that drives concentration differences
instead, with these concentration differences causing rather
than reducing resource partitioning advantages. Reduced relative
resistance differences in the biophysical model now reduce

rather than enhance between sink concentration (Figure 5B)
and saturation differences (Figure 5C, compare location of
the dots representing the biophysical model with the squares
representing the VKR model) and, thereby, limit the advantage
of a lower resistance for sink 1 relative to the VKR model.
Thus, for a broad range of loading rates, the disadvantage that
a tuber experiences from its larger transport pathway length and
resistance is significantly less than expected based on resistance
differences alone.

Xylem Water Flow Differences Affect
Sucrose Partitioning
As phloem and xylem are hydraulically connected, changes in
xylem water potential affect phloem water and solute transport
(Sevanto et al., 2011; Savage et al., 2016; Konrad et al.,
2019). An interesting question, thus, is whether, in addition to
differences in sink characteristics and pathway resistance/length,
differences between sink organs in terms of xylem water flow
affect resource partitioning. Note that to investigate this only,
the biophysically detailed model is suitable. To investigate the
impact of xylem flow on resource partitioning, we used constant,
equal VKR characteristics, a constant water uptake of sink 2
representing a root organ, while varying water flow in sink
1. When sink 1 xylem water uptake rate equals that of sink
2 (2e-8 m3/s), sucrose partitioning equals 50% (Figure 6A).
A linear increase in sink 1 resource allocation occurred when
moving from gradually decreasing water uptake to gradually
increasing water evaporation in sink 1. This increased allocation
to sink 1 is stronger for lower loading rates, when sinks are
less saturated (Figure 6A). These results indicate that a smaller
xylem counterflow and even more so a xylem co-flow increased
partitioning toward a sink.

Increased Turgor Gradient and Sucrose
Concentration Causes Increased
Sucrose Partitioning
To understand this phenomenon, we investigated scenarios in
which sink 1 takes up water at a lower rate than sink 2 (Figure 6B)
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FIGURE 5 | Impact of model choice on partitioning coefficients and the underlying mechanisms for different pathway resistance/length (r). (A) Partitioning coefficient
for the VK (dotted), VKR (dashed), and biophysical (solid) models. The bold lines in (A) represent physiologically relevant conditions (0.1 < c0 < 2 M), showing that
the biophysical model has a much broader physiologically relevant range. (B) Sink 1 (blue), sink 2 (orange), and source (green) sucrose concentrations. (C) The
Michaelis–Menten curves for unloading rates, with dots representing the biophysical model and squares representing the VKR model. (D) Resistance ratios for the
VKR (dashed) and biophysical (solid) models.

FIGURE 6 | The effect of xylem boundaries on carbon partitioning between two sinks. (A) Partitioning coefficient for three loading rates as a function of xylem water
boundary conditions in sink 1, for a constant sink 2 water uptake of 2e–8 m3/s. Water potentials of phloem and xylem (in MPa) at various locations in the model for a
situation in which sink 1 evaporates at a rate of 0.5e–8 m3/s (B) or takes up water at a rate of 1.5e–8 m3/s (C) The scenarios in B and C are taken from the
low-loading rate conditions of A. For the phloem water potential, the separate contributions of turgor and osmotic potential are given in brackets.

or evaporates water (Figure 6C). Both the lower water uptake
and evaporation resulted in a more negative xylem potential in
the pathway. Additionally, for an evaporating sink 1, a reversal

in the xylem potential gradient occurs. As radial water flow is
directed from high (least negative) to low (most negative) water
potentials (Eq. 5b), differences in xylem potential impact lateral
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water flow and, thereby, phloem water potential. For phloem
to deliver solutes to the sinks, water potentials in phloem and
xylem must fulfill the constraint that lateral waterflow is directed
toward the phloem in the source and long-distance pathway and
toward the xylem in the sinks (Hölttä et al., 2006, 2009; Windt
et al., 2006). The decreased (more negative) xylem water potential
in the pathway toward sink 1, thus, dictates an accompanying
decrease in phloem water potential that is largest in the scenario
where sink 1 evaporates water. Phloem water potential consists
of a turgor pressure (P) and osmotic potential (5) component.
Our simulations show that the decreased (more negative) phloem
potential in the pathway toward sink 1 arises from a combination
of lower turgor pressure and more negative osmotic potential
in both the scenarios. A lower turgor pressure toward sink 1,
combined with an equal turgor pressure at the branching point,
results in a larger turgor pressure gradient and, hence, water
flow toward sink 1 relative to sink 2. Additionally, the decreased
osmotic potential arises from increased sucrose concentration in
the pathway toward sink 1. The combined larger flow and higher
sucrose concentration explain the increased sucrose partitioning
toward sink 1, with a larger effect in the evaporation scenario
where xylem and phloem potential become more negative.

Resource Allocation Differences
Between Roots, Tubers, and Developing
Leaves
In the simulations earlier, we imposed water flow boundaries
(influx or efflux rate) to systematically investigate the influence
of xylem water flow rate and direction on resource partitioning.
However, in most model applications, xylem water flow rate
and direction are not a control parameter, but rather an
emergent property from soil and atmosphere water potential
or organ evaporation rates. We, therefore, also investigated
3 biologically realistic 2 sink scenarios (root-root, tuber-root,
and young sink leaf-root), where we imposed a soil water
potential of 0 MPa, simulating tubers by decreasing water
uptake permeability by 90%, and young leaves through an
evaporation rate of 10% of that of mature leaves. While this
results in different, biologically more realistic, xylem water
potentials (Figure 7A; Bland and Tanner, 1986), we again observe
enhanced resource allocation to sinks with a reduced xylem
counterflow (tuber vs. root) and even more so for xylem co-
flow (leaf vs. root) (Figure 7B). Summarizing, we demonstrate
that not only sink VK or pathway resistance properties affect
resource partitioning, but that also differences in xylem water
flow influence partitioning via the hydraulic connection with
the phloem. Differences in xylem water flow cause tubers to
have a resource partitioning advantage relative to the roots yet
a disadvantage relative to sink leaves.

Sucrose Efflux Further Aggravates
Disadvantage of Roots and Tubers
Besides simulating the effect of xylem flow and radial water
exchange between phloem and xylem, the biophysically detailed
model is also capable of simulating the effects of radial sucrose
exchange between phloem and the apoplast. This exchange is

FIGURE 7 | Resource allocation differences between roots, tubers, and
developing leaves. (A) Xylem water potential along the plant for the three
specific organ scenarios. Solid lines represent the water potential in the part of
the plant stem containing source leaves, dashed lines represent the water
potential along the long-distance pathway leading toward sink 1
(root/tuber/leaf), and dash-dotted lines represent the water potential along the
long-distance pathway ending at sink 2 (root). (B) Partitioning coefficient as a
function of loading rate for the same three organ type cases as shown in (A).
The symbols show the organ priority.

mediated by bidirectional SWEET transporters (Chen et al.,
2012) and active SUC/SUT importers (Hafke et al., 2005). It
was previously shown that sucrose efflux, retrieval, and efflux
mitigation can strongly affect phloem transport characteristics
and sucrose delivery to sinks (Minchin and Lacointe, 2017; van
den Herik et al., 2021).

To investigate the impact of long-distance sucrose efflux,
we simulate a young leaf and root/tuber, with initially equal
sink and pathway properties (vmax = 5 nmol/s, Km = 75 mM,
l = 0.25 m), incrementally adding different properties affecting
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FIGURE 8 | Individual and combined effects of pathway properties and SP6A on sucrose partitioning toward roots/tubers. (A) Individual and combined effect of
pathway length and xylem water flow for further equal sink leaves and roots/tubers sink and pathway characteristics. (B) The effect of radial efflux on resource
partitioning toward roots/tubers. (C) The dual effect of SP6A, mitigating efflux and increasing roots/tubers sink strength.

resource partitioning. First, we incorporated differences in
source-sink distance, with the leaf sink located at 0.1 m and
sink roots/tubers located at 0.3 m from the source, replicating
a potato plant architecture. Like before, the sink with smaller
pathway length, and, thus, resistance, experiences higher resource
partitioning (Figure 8A, blue line). Second, we incorporated
differences in xylem flow, setting leaf sink evaporation at 10%
of that of mature leaves, and water potential in the soil at
0 MPa. Differences in xylem flow strongly benefit leaves sucrose
partitioning (Figure 8A, orange line). Combining length and
xylem flow differences demonstrate that these effects are largely
additive (Figure 8A, green line).

Next, we incorporated SWEET-mediated sucrose efflux along
the long-distance pathway, following a study by van den Herik
et al. (2021), with radial efflux amounting to up to 23%
of total sucrose loading rate. Trivially, sucrose export along
the long-distance phloem aggravates the resource partitioning
disadvantage due to an increased pathway length (Figure 8B,
blue lines). However, also the disadvantage due to different
xylem flow conditions (Figure 8B, orange lines) and their
combination (Figure 8B, Green lines) are aggravated, indicating
that xylem flow differences also impact radial sucrose transport.
Note that, for low loading rates (below 15% of maximum
unloading rate), partitioning toward tubers is close to 0%. For
these low loading rates, while the phloem localized SWEET still
experiences sufficient sucrose, the resulting efflux of sucrose
along the pathway causes almost no sucrose to arrive at
sinks. The longer pathway length and different xylem flow
conditions result in larger sucrose efflux toward tubers, resulting
in a near zero partitioning coefficient despite leaf sucrose
yield also being very low (Supplementary Figure 3). Smaller
length differences or lower leaf evaporation rate decreased

the regime in which partitioning toward roots/tubers is 0%
(Supplementary Figure 4).

Efflux Mitigation and Increased Sink
Strength Mediated by SP6A Work in
Different Saturation Regimes
SWEET-mediated sucrose efflux is reduced by 40% upon
the introduction of the FT-like protein SP6A in the phloem
(Abelenda et al., 2019). However, there is currently no mechanism
known that would restrict the loading and transport of SP6A
specifically to tuber-directed phloem. We hypothesized that
instead, the cumulative disadvantage tubers experience from
their longer source-sink distance, xylem flow and sucrose export
may enable undirected SP6A (i.e., present in all long-distance
phloem) to preferentially increase tuber sucrose partitioning.
Based on the experimental data, the undirected SP6A effect on
sucrose transport was incorporated into our model by reducing
for all the long-distance pathways, independent of the sink
organ they are directed toward, the vmax parameter to 60%
of its original value. Indeed, undirected SP6A introduction
preferentially enhanced sucrose delivery toward roots/tubers
(Figure 8C, red line) mostly through decreasing the regime
of loading rates for which no sucrose reaches the roots/tubers
due to radial efflux. Still, this SP6A effect does not enable
tubers to become the dominant sucrose sinks. Besides its role
in sucrose efflux mitigation, SP6A has been previously identified
as important factor initiating tuberization (Navarro et al., 2011).
During tuberization, the switch in unloading mode together
with sink expansion increases sink strength. We, therefore,
investigated the effect of an increased sink strength and the
interplay with SP6A-mediated efflux mitigation. Experimental
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observations suggest sink-source feedback, with sink-strength
affecting loading rates, likely through phloem sucrose levels
(Chiou and Bush, 1998). We, therefore, assumed the tuber
sink strength increase to be accompanied by an equal sized
source strength increase. An increased tuber sink strength (5–
15 nmol/s) enhanced tuber partitioning particularly at higher
loading rates (Figure 8C, purple line). For very low loading
rates, no sucrose arrived at the roots/tubers, rendering enhanced
sink strength irrelevant. Beyond these loading rates, the effect of
tuber sink strength increased with loading rate due to enhanced
sink saturation (Supplementary Figure 5). As a result, for high-
loading rates, tubers can now become the dominant sink organ.
When combining SP6A-mediated efflux mitigation and sink
strength increase (Figure 8C, brown line), we observe mostly
additive effects, with efflux mitigation effects dominating at low
and an increased sink strength effects dominating at high-loading
rates. Combined, these results indicate that undirected SP6A
sucrose efflux reduction broadens the range of loading rates over
which tubers obtain significant amounts of sugars.

DISCUSSION

Yield of harvestable plant organs critically depends on sucrose
partitioning between competing sinks. Understanding the
mechanisms determining resource partitioning is, thus, of great
agroeconomic relevance and modeling studies play an important
role in unraveling the complex underlying processes. In this
modeling study, we performed a systematic investigation into
the individual and combined effects of sink characteristics
(unloading strength, sucrose affinity, and water uptake or
evaporation) and pathway properties (length, resistance, and
radial sucrose efflux) on sucrose partitioning, taking potato tuber
sucrose delivery as an example case.

We demonstrated that in our biophysically detailed model,
the effects of sink strength and affinity, as well as pathway
resistance/length, are significantly enhanced compared to earlier
studies using simplified sucrose transport models (Minchin et al.,
1993; Bancal and Soltani, 2002). These differences could be
attributed to the underestimation of sucrose concentration and
pathway resistance in the simplified models. We further show
that these effects are relevant in a much broader loading rate
range compared to a study by Bancal and Soltani (2002) due to
higher source concentrations. Our findings on the importance
of pathway properties are supported by recent findings that
source-sink distance differences drive divergence in yield between
grapes (Pallas et al., 2010; Zhu et al., 2021). Additionally, we
observed that the previously reported phenomenon of weakest
sink prioritization—the larger than expected sucrose allocation to
the weaker sink for non-saturating sucrose loading—occurs not
only for sinks differing in sink strength, but also for differences in
sucrose affinity or pathway length.

Interestingly, we found that in addition to phloem pathway
length, the rate and direction of the coupled, parallel xylem flow
also impacted sink partitioning. For equal sink characteristics,
sucrose partitioning to a sink linearly increased with xylem flow
and potential. This effect could be explained from the hydraulic

coupling between phloem and xylem and the concomitant
changes in both the phloem osmotic and turgor pressure. Thus,
while previous study focused on the impact of xylem flow via
leaf water potential and photosynthetic activity on plant organ
growth (Solari et al., 2006), we show that even for constant
photosynthesis and, hence, loading rates, the hydraulic coupling
between xylem and phloem causes xylem flow to impact sucrose
transport and growth.

In the case of potato tubers, we showed that their limited
water uptake causes them to be at an advantage in terms of
resource partitioning relative to roots that take-up considerably
more water, yet at a disadvantage to young leaves that evaporate
limited amounts of water. An additional disadvantage arises from
the larger distance tubers and roots that have compared to young
leaves from source leaves. Both the disadvantages are increased
when including SWEET-mediated radial sucrose export. This
exacerbated disadvantage enables undirected SP6A-mediated
export mitigation to preferentially benefit root/tuber resource
allocation. This export mitigating effect of SP6A that dominates
at lower loading rates for which phloem transport resistance
and xylem water flow differences are relevant complements the
effect of SP6A on tuber sink strength that becomes fully effective
for high, saturating loading rates. Overall, the undirected SP6A
signal significantly broadens the range of loading rates over which
tubers obtain significant amounts of sugars.

A major point of discussion is the in-planta relevance of
the reported results. In essence, this issue revolves around the
question whether sinks under most physiological conditions
operate at/near saturation or rather operate under non-saturating
conditions. As our, and previous results (Minchin et al., 1993;
Bancal and Soltani, 2002) show, under saturating conditions, the
ratio between sink strength (vmax) dictates resource partitioning.
It is only under non-saturating conditions that other factors
such as sink affinity, pathway resistance/length, xylem flow
rate and direction, and radial sucrose efflux significantly affect
resource partitioning, weakest sink prioritization occurs, and
SP6A efflux mitigation effects weigh in. Classical experiments
have demonstrated that upon chemically (Farrar and Minchin,
1991) or cooling induced sink strength reduction (Minchin et al.,
1997), sucrose import in unaffected sinks adjusts to the new
conditions on a timescale of hours. This slow adaptation has been
taken as evidence for sink saturation, reasoning that enhanced
uptake requires upregulation of sink uptake capacity (Minchin
and Lacointe, 2005). Here, we challenge this view. First, only
if remaining sinks are unable to import any additional sucrose
would this support prior sink saturation, while if remaining sinks
are unable to import all the extra sucrose immediately this merely
implies that maximum sink uptake capacity is now exceeded.
Second, upon enhanced sucrose availability, sucrose metabolism
requires upregulation. This delayed increase in utilization could
lead to sucrose accumulation with negative feedback on sink
uptake limiting the initial increase in uptake (Farrar and Minchin,
1991). Similarly, feedback regulation between sink demand and
source supply may result in reduced source loading upon sink
removal due to sugar accumulation in phloem or leaves, limiting
actual extra sucrose availability. Finally, our model generates
a 1–2 h timescale for partitioning to adapt to instant changes
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in one sink, without any changes occurring in the second
sink (Supplementary Figure 6). This demonstrates that delayed
adaptation of partitioning can at least partly be explained by
slow adaptation of the long-distance transport and does not
necessarily imply sink upregulation and prior saturation.

In further support of the relevance of pathway properties
and incomplete sink saturation for resource partitioning, many
stress conditions such as water shortage, salt stress, and infections
will reduce harvestable organ sucrose availability through either
reducing photosynthesis efficiency or affecting energy budget
allocation. We, thus, stress that while simple partitioning models,
such as relative growth rate approaches, may serve as a first-
order approximation for predicting harvestable organ yields, they
do not take into account all the relevant factors. Therefore,
in case, substantial deviations with experimental observations
occur or more detailed predictions are need, more biophysically
detailed and biologically realistic models are essential. These
are particularly relevant when studying regulatory mechanisms
impinging on sucrose transport, such as the SP6A-SWEET
interaction studied here. For future study, it would be of great
interest to study resource partitioning in a dynamic, growing
architecture. Here, we used a static architecture to study the
effects of sink and pathway properties, as inclusion of a growing,
more complex, architecture would generate complex feedbacks,
further complicating interpretation of the results. Similarly, this
model does not include variations in sieve element architecture
or vascular bundle numbers along the long-distance phloem
or between different organ types. Including such details in the
hydraulic architecture of the model are expected to further
improve our understanding and capability to predict resource
partitioning. Nonetheless, with the insights and modeling from
this article, it should now already be possible to interpret
resource partitioning in more complex scenarios, which can
give insights in important agroeconomic factors such as tuber
size distribution.
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Low technological knowledge in production chains, global climate 

change, and misinformation are concrete threats to food security. In 

addition, these combined threats also trigger ecological instability in 

megadiverse areas of the world, especially in some cacao-producing 

countries in South America, where this crop plays an important socio-

economic role, even being used to replace illicit crops. Accordingly, 

the use of agroforestry systems approaches has emerged as a good 

alternative to maintain productivity, add high-value commodities to 

producers, and provide important ecosystem services for sustainable 

agriculture. However, limitations associated with the competition for 

resources between the species composing the system, and the higher 

incidence of some diseases, have led many producers to abandon this 

strategy, opting for monoculture. In this review, we  seek to gather the 

main information available in the literature, aiming to answer the question: 

what is the real scientific evidence that supports the benefits and harms 

of adopting agroforestry systems in cacao production? We seek to make 

critical scrutiny of the possible negative effects of certain associations 

of the agroforestry system with biotic and abiotic stress in cacao. Here, 

we review the possible competition for light and nutrients and discuss the 

main characteristics to be sought in cacao genotypes to optimize these 

inter-specific relationships. In addition, we review the research advances 

that show the behavior of the main cacao diseases (Witch’s broom disease, 

frosty pod rot, black pod rot) in models of agroforestry systems contrasted 

with monoculture, as well as the optimization of agronomic practices to 

reduce some of these stresses. This compendium, therefore, sheds light 

on a major gap in establishing truly sustainable agriculture, which has been 

treated much more from the perspective of negative stigma than from the 

real technological advantages that can be combined to the benefit of a 

balanced ecosystem with generating income for farmers.
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Introduction

Cacao (Theobroma cacao L.) is a native plant from the 
northern Amazon, currently cultivated in tropical regions of the 
world, especially in African countries (Motamayor et al., 2008). In 
America, the main producer countries are Ecuador, Brazil, Peru, 
and Colombia (FAOStat, 2021). Although this species comes from 
the undergrowth and has a wide variety of adaptations to grow 
under conditions of low light availability (Salazar et al., 2018), due 
to its phenotypic plasticity, some countries have found success in 
adopting monoculture cacao cultivation systems with full sun 
exposure (Lennon et al., 2021). Accordingly, cacao is grown in the 
world in both monoculture and agroforestry systems, and the two 
are considered to have different approaches to production 
and sustainability.

The cacao agroforestry systems (CAFS) can be classified as 
traditional or associated with planting arrangements. The 
traditional CAFS have intervened forests composed of different 
species in multi strata, where the cacao enters to replace one of the 
strata and the upper strata are kept as a shade. The CAFS with 
planting arrangements have a design with a homogeneous 
planting pattern involving cacao and one or more accompanying 
tree species to provide the shade. In these systems, the species 
selected for shading also represents a good part of the financial 
income of the plantation, as in the case of timber trees, which may 
be  used to add high-value products to the system (Álvarez-
Carrillo et al., 2012; Sambuichi et al., 2012). In the CAFS, the 
canopies of the forest trees may buffer environmental conditions, 
reducing air temperature, helping to retain moisture, and 
contributing to the improvement of physicochemical properties 
in the soil, as well as impacting the maintenance of biodiversity 
(Rojas-Molina et  al., 2017; Marconi and Armengot, 2020). 
However, inadequate management of these canopies limits the 
entry of light and consequently limits photosynthesis, thus 
negatively affecting cacao production (Salazar et al., 2018).

The inadequate management of CAFS has generated a 
growing need to increase cacao productivity, and cacao 
monoculture has become an alternative to achieve this (Zuidema 
et al., 2005; de Almeida and Valle, 2010). However, this alternative 
also has disadvantages, such as the possibility of photooxidative 
stress, associated with excess light (Bassi and Dall’Osto, 2021), and 
the pressure for the use of water and fertilizers, which can also 
represent a negative factor for cacao sustainability if not properly 
managed. On the other hand, some authors positively correlate 
cacao diseases with CAFS (Andres et al., 2016). Although plant 
diseases can cause up to 100% yield losses in cacao, their severity 
depends on the level of management of the cacao plantation. The 
three main cacao diseases of particular interest are: (1) 
Moniliophthora perniciosa, the causal agent of the witch broom 
disease (WBD), (2) Moniliophthora roreri, which causes the frosty 
pod rot (FPR), and (3) Phytophthora spp. which causes the black 
pod rot (BPR). Notwithstanding, environmental conditions are 
strongly linked to pathogenesis processes in agricultural systems 
(Cooke, 2006). There is still controversy over the use of shade trees 

in cacao crops and their contribution to the incidence of diseases, 
which is complex and requires a comprehensive understanding of 
the factors that favor their development. CAFS said to have 
microenvironments with high relative humidity and reduced light 
input, which favors the incidence of these diseases. This 
pre-conception has encouraged many producers to remove or 
reduce the number of shade trees from plantations (Marconi and 
Armengot, 2020). However, the life cycle of each of these 
pathogens differs from the others. In addition, the plant–pathogen 
interactions are non-linear and extremely complex systemic 
processes, which are highly affected by the environment, including 
the incidence of other ecosystemic factors such as the presence of 
natural biocontrollers.

Unfortunately, few studies compare CAFS and cacao 
monocultures regarding the advantages and disadvantages that 
may occur. This information would make it possible to resolve 
multiple aspects associated with the cost–benefit of cacao 
production, the socio-economic reality of cacao farmers, and the 
long-term sustainability of the production system. Hence there is 
a growing need to document these advantages and disadvantages, 
with agroforestry systems (AFS) being of special interest. In this 
current review, we explore how the AFS influences the physiology 
of cacao plants based on the use of light, water, and nutrients and 
highlight the possible correlations between cacao diseases and the 
agronomic model employed. Moreover, in this document, 
we attempted to scrutinize how forest tree management can favor 
or limit the development of cacao crop diseases. This information 
will contribute to the implementation of best practices and 
planting designs for the CAFS management, as well as help to 
select the best strategies for integrated management of 
cacao diseases.

Cacao agroforestry systems vs. 
monoculture: Use of light, water, 
and nutrients

Shading and light use efficiency in 
agroforestry systems

Light is one of the most crucial resources for the growth and 
development of plant, and consequently, this is a determining 
factor for crop productivity. Plants can absorb light in the 
photosystem complexes of thylakoids and employ this energy as 
the primary source for all assimilatory reactions, including 
nitrogen, sulfur, and carbon assimilation (Brestic et al., 2021). 
Consequently, these reactions are the primordial event for 
biomass formation that defines plant growth and productivity 
(Foyer et al., 2017; Lima Neto et al., 2021). Although all plants 
depend on light, the excess of this resource can be potentially 
harmful to plants. Accumulation of electrons in the thylakoid 
transport chain can promote the formation of reactive oxygen 
species that, can cause cell death, chlorosis, leaf abscission, and 
even plant death (Foyer, 2018). On the other hand, low light 
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seriously limits the energy available for chemical reactions, 
crucial for plant growth and productivity (Lawlor and Tezara, 
2009). Indeed, of the total light that falls on leaves, about 85% is 
absorbed by chlorophylls, and only about 5% of this energy is 
stored as organic matter (Pinnola and Bassi, 2018). Therefore, 
to survive in contrasting conditions of light fluctuation, as 
found in different agronomical designs, plants need to develop 
several molecular and biochemical strategies related to 
improving light use efficiency (LUE) in the shadow (AFS) or 
dissipate the excess of light to avoid oxidative stress 
(monoculture).

Cacao originated in understory regions of Amazon and is 
relatively adapted to tolerate shade conditions (González-Orozco 
et al., 2020). In shade conditions caused by the other plant leaves, 
as occurs in the understory, the taller plants absorb most of the 
light energy available, especially in the blue and red range. This 
absorbance contrasts with the light transmission of the longer 
wavelengths, with less available energy, mainly composed of the 
far-red range (Lorrain et  al., 2008). The relative proportions 
between red and far-red are also important environmental signals 
capable of modulating processes in plants related to the best use 
of light and, consequently, signaling greater efficiency in the use 
of this resource (Puthiyaveetil et al., 2012; Goldschmidt-Clermont 
and Bassi, 2015). Among the strategies triggered by plants under 
these conditions are: (1) a relative increase in the proportion 
between antennas and reaction centers; (2) downregulation of 
dissipation processes such as non-photochemical quenching 
(NPQ); (3) anatomical changes related to leaf area and density; 
and (4) adjustments in the proportion between photosystems 
I and II (Coopman et al., 2010; Hughes et al., 2014; Ruban, 2015). 
Therefore, cacao plants need to exhibit one or more of these 
acclimatory characteristics to survive and produce in 
shade conditions.

However, despite its adaptation to shaded environments, 
cacao also has remarkable phenotypic plasticity that allows it to 
grow and develop in conditions of full-sun exposition (Salazar 
et al., 2018; Baligar et al., 2021). This plasticity probably raises 
from the ability to modulate the expression of genes and regulate 
morpho-anatomic features that enable the plant to increase its 
photosynthesis capacity while promoting defense mechanisms 
against the excess of light, as expected for the full-sun conditions 
(Scheibe, 2019). Following the increased photosynthesis, cacao 
plants grown in full sun have higher productivity than plants 
grown in shaded environments (Mortimer et  al., 2018). 
Nevertheless, studies have also shown that although productivity 
is increased under full-sun conditions, the productive life cycle is 
shortened by many years (Rajab et al., 2016). In addition, the 
incidence of some biotic stresses can become more frequent under 
full sun conditions than in shading, such as WBD. These responses 
in the life cycle and plant–disease interactions may also be possibly 
associated with increased competition in the energetic balance 
flow (Figure 1). Moreover, the ecosystemic services provided by 
AFS timber trees must be  considered because of their 
environmental sustainability. Therefore, to maximize the 

long-term productivity of cacao, planting plots associated with 
AFS have been recommended and widely used in South America.

The average saturation light for cacao is about 
400–500 μmol m−2  s−1 (Salazar et  al., 2018). This intensity is 
relatively low, as it can reach 1,000  in beans and up to 
1,500 μmol m−2 s−1 in some monocot crop species such as rice and 
wheat (Carvalho et al., 2014; Lobo et al., 2019). This data indicates 
that for most cacao varieties, luminous intensities above 
500 μmol m−2 s−1 do not have positive effects on photosynthesis, 
otherwise may consist of excess energy. Considering that cacao 
cultivation may take place in tropical regions (Rodriguez-Medina 
et al., 2019), excess energy can indeed raise a problem for cacao 
farmers, therefore justifying its use in shaded AFS conditions.

The use of approximately 30–40% shading is strongly 
recommended for the proper management of cacao (Beer et al., 
1998; Álvarez-Carrillo et  al., 2012). However, light conditions 
below 400–500 μmol m−2 s−1 can potentially limit the availability 
of energy processed by the photosystem’s antennas, demanding a 
greater LUE to ensure growth and productivity. In addition, other 
factors such as the altitude, cartesian orientation, and the frequent 
incidence of clouds in the region must be considered to maximize 
light availability in AFS (Salazar et al., 2018). Therefore, cacao 
plants presenting higher LUE may be  more productive under 
shader AFS conditions. In this way, the arrangement of the CAFS 
is of fundamental importance to ensure that the appropriate 
luminous intensity will be  available for cacao growth and 
productivity (Mortimer et  al., 2018). Exploiting the great 
phenotypic plasticity and genetic diversity presented by cacao 
plants may also allow further selection of genotypes with higher 
LUE. This approach could lead to a new, more dynamic, and 
efficient CAFS design.

The LUE, however, cannot be taken as a static process since it 
is extremely dynamic. For example, recent studies in coffee AFS 
have reported that even when irradiance was reduced by 60%, 
coffee light-use efficiency was increased by 50%, leaving net 
primary productivity stable across all shade levels (Charbonnier 
et al., 2017). In these plants, the endogenous features and other 
environmental conditions have more effect on productivity than 
the light intensity per sea. The authors concluded that the age of 
plants and the interspecific competition for water and soil 
nutrients among coffee and the tree species were more relevant for 
crop productivity (Charbonnier et al., 2017). In cacao, there are 
no studies regarding the LUE plasticity as a response to different 
microclimate conditions and interspecific interactions inside the 
different CAFS plots. However, some studies approached 
photosynthetic responses under contrasting CAFS designs 
(Gómez-Yarce et  al., 2020) and evaluated contrasting cacao 
varieties (Agudelo-Castañeda et  al., 2018). These studies also 
reinforce the great plasticity of cacao genotypes and the 
importance of interspecific interactions in CAFS designs.

The mechanisms underlying the LUE adjustment in plants as 
a response to different light intensities are still not completely 
elucidated to date. Source–sink relationships, which are strongly 
associated with carbon allocation during the reproductive phase, 
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could represent a decisive factor in determining the LUE in 
shaded plant species (Cannell, 1971). According to this 
hypothesis, the light use efficiency is adjusted in response to the 
activation of sink-source gradients. In this case, the energy 
demand, mainly related to fruit production, would be ultimately 
the limiting factor for determining the LUE. This response, in 
turn, would be  highly determined by other environmental 
conditions, besides light, which in fact would be the driving force 
behind the regulation of the LUE (Charbonnier et  al., 2017). 
Many molecular mechanisms are known to directly compete for 
the energetic flow driven to the sugar biosynthesis, consequently 
affecting indirectly the allocation of carbon to fruits (Figure 1). 
For example, the non-photochemical quenching (Murchie and 
Ruban, 2020) and the photorespiratory activity (Guilherme et al., 
2019) may drastically affect the energy balance in the leaves. 
Studies aiming to understand the physiological, molecular, and 
genetic components associated with these processes in cacao, 
especially within an integrative and multidisciplinary context 

associating the possible interactions of pathogens within the 
CAFS competitive model are still needed.

Cacao agroforestry systems ecosystemic 
services: Water and nutrient availability

In the CAFS, the interspecific competition for water and 
nutrients also must be considered (Niether et al., 2019). Different 
species of timber trees are capable of interfering in many ways 
with the fertility and microbiology of soils, consequently affecting 
the availability of nutritional resources for cacao to complete its 
biological cycle of growth and development. However, several 
advantages of CAFS have been documented. These can decrease 
air and soil temperatures compared to monoculture, reducing 
evapotranspiration (Mortimer et al., 2018). Thus, CAFS can play 
ecosystemic services that contribute to increasing the resilience of 
cacao plants to climate variability (Green et al., 2021).

FIGURE 1

Schematic model highlighting the balance of light energy, carbon skeletons, and nutrients use distributed between activation of protection 
mechanisms against biotic stresses and productivity within the context of an agroforestry systems (AFS). In AFS, cocoa competes for light energy 
and soil nutrients with the shading tree species. This competition is directly counterbalanced by the ecosystem services provided by the shading 
trees that can favor water use efficiency and chemical soil properties (better availability of nutrients). Furthermore, differences in light quality (red/
far-red light composition – FR/R) and contrasting balance in the levels of trioses-phosphate and other signaling molecules may activate 
physiological compensation pathways to optimize the energy balance of cocoa plants depending on the genetic background. These physiological 
compensatory responses may include adjustments in stomatal regulation, induction/relaxation of excess energy dissipation mechanisms (non-
photochemical quenching, NPQ), and stoichiometric adjustments in the photosystem complexes (PSII/PSI). Finally, the resulting dynamic 
energetic and metabolic balance of the AFS-cacao model may directly compete with the energetic/metabolic demand of biotic stress defense 
mechanisms, thus determining the degree of limitation on the potential productivity of each genotype specifically. Yellow stars in the figure 
represent central processes for deeper investigation in AFS-cocoa models.
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Likewise, different tree species have distinct requirements for 
water resources, which can be an extremely important factor in 
conditions in which this resource becomes scarce. In a CAFS, 
cacao productivity will be determined by the intersection of four 
main factors: (1) the specific genotype genetic background of 
cacao, which determines the degree of plasticity of the phenotypic 
response under environmental oscillations; (2) the specificity of 
the habit of the accompanying trees; (3) the biophysical 
characteristics of the environment where the system is developing, 
including temperature, altitude, and rainfall; and (4) the possibility 
of the occurrence or not of biotic stress; which are all subject to 
human factor interference (Figure 2).

According to the AFS hypothesis, timber trees can interfere 
(allelopathy + competition) with the crop and generate 
complementary effects (Hierro and Callaway, 2021). Through 
allelopathy and competition, timber trees can deplete some 
nutrients or release potentially phytotoxic substances, with 
negative effects on the growth and productivity of some crops 
(Scavo et al., 2018). On the other hand, favorable interspecific 
interactions can also make some mineral resources more available 
by altering the chemical properties of soils, for example (Hosseini 
Bai et al., 2017). It has even been reported that some AFS models 
can affect the pH and increase the availability of organic carbon, 
inducing the microbiological quality of soils and thus favoring the 
associated crops (Bai et al., 2016). Likewise, the AFS can contribute 

to several processes to improve the water use efficiency of AFS 
crops, reducing the need for irrigation complementation (Hatfield 
and Dold, 2019). Therefore, the potential ecosystem services 
related to better use of water resources performed by the AFS 
model should be considered as an extremely positive factor in the 
balance that includes disease incidence, management cost, and 
productivity, when compared with the monoculture system, 
especially under the projected scenario of global climate changing.

In cacao, Zuidema et al. (2005) found that the annual radiation 
and the accumulated precipitation of the dry seasons explain 70% 
of the variation in production concerning the simulated potential, 
in more than 30 localities around the tropics, with a strong 
correlation between the precipitation of the driest months and the 
annual dry cacao beans yield. These data confirm the importance 
of water availability for cacao productivity. However, despite the 
high importance of the water resource in cacao, there are few 
publications of practical value on the responses of the crop to 
drought or irrigation (Jegadeeswari and Kumar, 2019; Hebbar 
et al., 2020), especially under agroforestry arrangements. Niether 
et al. (2019) reported that the AFS modifies the hydric relations of 
cacao through changes in the percentage of transmitted light, 
effective precipitation, and microclimate, where evapotranspiration 
reaches values of 5.12 mm day−1 in the monoculture and 
4.51 mm day−1 in an AFS. Experimental evidence has shown that 
fully exposed cacao trees have shorter production cycles, leading 

FIGURE 2

Impact on the development of diseases and cacao productivity in agroforestry systems as compared to monoculture. Green arrows mean a 
favored process and red arrows mean an unfavorable process. AFS promotes specific changes in the cocoa microenvironment, especially related 
to higher humidity and potentially a greater buffering of temperature changes, despite it may reduce the wind speed inside the system. These 
changes have the potential to induce an increase in the longevity of cocoa plants, better use of pest and disease biocontrollers, and ultimately 
promote environmental sustainability. In addition, it may promote a lower need for irrigation and fertilization, as well as a lower incidence of 
witch’s broom disease (WBD), impacting positively the producers’ costs. However, in parallel AFS models have a great potential to negatively 
impact cocoa productivity due to higher susceptibility to black pod rot (BPR) and frosty pod rot (FPR) if pruning and phytosanitary management 
are not carried out properly.
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to progressive plant deterioration, loss of vigor (proliferation of 
some diseases and insect attacks), and finally death (Alpízar 
et al., 1986).

In addition, at full exposure, factors such as high radiation and 
air temperature can have negative effects on cacao plants (Salazar 
et al., 2018). When the cacao leaves are exposed directly to the 
sun, there is a 40% increase in the temperature of the leaf, about 
the leaves under shady (28°C). This results in a high increase in 
photorespiration from leaves exposed to full sun (Huang et al., 
2016), increasing the possibility of water stress. In addition, if the 
water requirements are not met, the imbalance between the 
contribution of incident light energy in the leaves and the 
consumption by metabolic processes can generate photoinhibition, 
photodamage, and irreversible effects on plant growth and 
development (Cunha et al., 2019). This problem is of particular 
importance for Colombia, which can present variations of more 
than 1,000% of daily light intensity (Salazar et al., 2018), reaching 
peaks of 2,500 μE m−2 s−1 in some regions. In fact, in stressed cacao 
plants, at least a 25% reduction in CO2 assimilation rates may 
occur, while transpiration rates can decrease by 40% due to 
stomatal closure (Agudelo-Castañeda et  al., 2018), which can 
be  aggravated by the occurrence of parallel biotic stress and 
nutritional deficiencies. Moreover, CAFS are completely dynamic 
systems. The time and intensity of pruning are essential to balance 
light and water availability in environmental conditions that varies 
seasonally to conserve microenvironments for cacao production 
with less exposure to unfavorable climates (Niether et al., 2019).

Therefore, despite possible productivity reductions, which 
may be  also compensated by more appropriate management 
procedures, AFS can benefit the long-term durability and stability 
of the associated crops. In addition, AFS strategies can bring cost-
saving benefits in the use of fertilizers and irrigation (Wartenberg 
et al., 2020). Nevertheless, the possible correlation between the use 
of AFS and the incidence of biotic stress would still be by far the 
most controversial point for its widespread use in cacao 
production systems. In the next sections, this review will scrutinize 
facts and myths about the disease susceptibility of AFS associated 
with cacao.

Cacao agroforestry systems vs. 
monoculture: Development of 
cacao diseases

Witch’s broom disease

The WBD, caused by the fungus M. perniciosa, may generate 
losses of up to 100% of production, even causing the abandonment 
of the crop (Pereira et al., 1996; Meinhardt et al., 2008; Andres 
et al., 2016; Sousa Filho et al., 2021). Four biotypes (C, H, L, and 
S) are reported for M. perniciosa, which are classified by their 
reproductive biology and host specificity. Biotype C infects plants 
of the Malvaceae family, including the genus Theobroma (T. cacao, 
T. grandiflorum, T. bicolor, T. obovatum, T. microcarpum, 

T. speciosum, T. subincana, T. sylvestris; Meinhardt et al., 2008). 
Two pathotypes have been reported within biotype C identified as 
pathotypes A and B, where pathotype A is the most virulent and 
is found distributed in Colombia, Bolivia, and Ecuador. On the 
other hand, pathotype B is found in Brazil and Venezuela and 
presents less virulence (Gramacho et al., 2016).

Moniliophthora perniciosa is a hemibiotrophic pathogen, 
characterized by having two different phases in its life cycle 
(Evans, 2016). Remarkably, the pathogen is an obligate parasite 
whose mycelium is not infective and only spores are capable of 
inducing infection (Kilaru and Hasenstein, 2005). After infection, 
M. perniciosa colonizes the host as a biotrophic pathogen, affecting 
new shoots, flower cushions, and fruits, presenting various 
symptoms. Vegetative brooms develop on the stem and branches, 
where the axillary and lateral buds suffer hyperplasia, producing 
elongated and swollen stems with flaccid leaves and long petioles 
(Silva et al., 2002). After 3–4 months, the leaves fall off, leaving 
only the withered branches that resemble a broom. In the flower 
buds, multiple parthenocarpic flowers and fruits can form, shaped 
like carrots or custard apples that quickly necrotize, becoming 
woody, hard, and “mummified.” In developing fruits, irregular 
dark brown lesions are formed that, unlike M. roreri, harden and 
remain free of mycelium (Aime and Phillips-Mora, 2005; Evans, 
2016). Finally, the pathogen begins its necrotrophic or saprophytic 
phase in the infected dead tissues, producing the fungus fruiting 
bodies, called basidiocarps. If favorable environmental conditions 
are present, the pathogen releases the basidiospores, which are 
dispersed with the help of the wind to start a new cycle of infection 
(Evans, 2016).

Some studies report on the incidence of WBD in cacao 
plantations grown on CAFS, coinciding that agroforestry 
plantations with cacao have a lower incidence of WBD (Table 1; 
Evans, 1998). Consequently, it is possible to assume that as cacao 
crops gradually become monocultures, the incidence of WBD may 
increase significantly (Jacobi et al., 2013). When cacao plantations 
are exposed to the full sun without shade trees, this leads to an 
increase in bud and flower formation and, associated with this, an 
increase in susceptibility of meristematic tissues (Milz, 2006). The 
ideal conditions for this pathogen to progress in monocultures are 
based on the change in the environment of the pathosystem, 
which also implies a low activity of biocontrollers (Figure 2). In 
this sense, CAFS harbor native plant species that contribute to the 
formation of multiple antagonistic microorganisms and 
saprophytes, which have evolved together with M. perniciosa. 
Generally, these microorganisms grow under the canopy of the 
trees, in the phylloplane, and in the soil (organic matter), which 
under CAFS environmental conditions are protected from direct 
sunlight, temperature, and desiccation (Schroth et al., 2000; Vaast 
and Somarriba, 2014; Armengot et al., 2020). At the same time, 
intensive technical management of crops at full exposure promotes 
overproduction of flowers and branches, in turn increasing 
potential sites of infection. This situation, combined with the 
adverse factor caused by overexposure to light and the increase in 
wind speed, may facilitate the conditions for the development of 
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M. perniciosa infection (Evans, 1998; Schroth et al., 2000). Relative 
humidity also plays an important role in the formation of brooms. 
If this climatic variable is stable and does not suffer strong 
alterations, it has been shown that the occurrence of brooms is 
favored (Nunes et al., 2002).

The higher constant humidity allows the basidiospores to 
germinate and penetrate the germ tube. Studies have reported that 
at least 4–6 h of high humidity (100% RH) is required for the 
germination of basidiospores, but after 14 h of exposure to 100% 
RH, the successful infection reaches the maximum percentage 
(Frias et al., 1995). This condition is favored in the cultivation of 
cacao under shade or in seasons of high rainfall. At the end of the 
necrotrophic phase, brooms require a particular condition to 
generate their basidiocarps, which requires alternation between 
wet and dry periods to stimulate the generation of basidiocarps 
and develop the infection. The environmental conditions related 

to monoculture promote rapid drying of the brooms, increasing 
the sporulation period and inoculum potential (Schroth et al., 
2000; Meinhardt et al., 2008; Evans, 2016). In this sense, CAFS is 
presented as a viable alternative for mitigating the economic 
effects produced by the WBD. The CAFS promotes adverse 
environmental conditions for the spores to spread and the 
development of the disease, damping the temperature and 
ventilation on the cacao plantations (Milz, 2006; Niether 
et al., 2020).

Frosty pod rot

The FPR or moniliasis, caused by the hemibiotrophic 
pathogen Moniliophthora roreri, is classified as the most important 
cacao disease in America and the Caribbean. This disease is 

TABLE 1 Literature review on the use of agroforestry systems (AFS) in cocoa production, evidencing its effects on the incidence of diseases and 
potential impact on productivity. 

Pathogen Impact on disease development AFS impact on cocoa 
crop productivity Country Reference

Phythpthora spp. There are no significant differences compared to 

monocultures if cultural practices are applied opportunely

Positive-conditioned Bolivia Armengot et al. (2020)

Phythpthora spp. There are no significant differences compared to 

monocultures if cultural practices are applied opportunely

Positive-conditioned Ghana Leitão (2020)

Phythpthora spp. The incidence and severity of black pod disease increases 

proportionally with increasing shade level.

Negative Cameron Ambang et al. (2019)

Phythpthora megakarya Companion species of AFS are hosts and spread the 

disease.

Negative Cameron Holmes et al. (2003)

Phythpthora megakarya Companion species of AFS are hosts and spread the 

disease.

Negative West Africa Opoku et al. (2002)

Phythpthora palmivora, 

Phythpthora megakarya

Companion species of AFS are hosts and spread the 

disease.

Negative Ghana Akrofi (2015)

Moniliophthora roreri There are no significant differences compared to 

monocultures if cultural practices are applied opportunely

Positive-conditioned México Torres de la Cruz et al. (2011)

Moniliophthora roreri There are no significant differences compared to 

monocultures if cultural practices are applied opportunely

Positive-conditioned Perú Krauss and Soberanis (2001)

Moniliophthora roreri There are no significant differences compared to 

monocultures if cultural practices are applied opportunely

Positive-conditioned Bolivia Armengot et al. (2020)

Moniliophthora perniciosa The incidence and severity of witch’s broom disease 

decrease proportionally with increasing shade level.

Positive Ecuador Evans (1998)

Moniliophthora perniciosa The incidence and severity of witch’s broom disease 

decrease proportionally with increasing shade level.

Positive Perú Krauss and Soberanis (2001)

Moniliophthora perniciosa The incidence and severity of witch’s broom disease 

decrease proportionally with increasing shade level.

Positive Bolivia Jacobi et al. (2013)

Moniliophthora perniciosa The incidence and severity of witch’s broom disease 

decrease proportionally with increasing shade level.

Positive Venezuela Hernández-Villegas (2016)

Moniliophthora perniciosa The incidence and severity of witch’s broom disease 

decrease proportionally with increasing shade level.

Positive Bolivia Andres et al. (2016)

Moniliophthora perniciosa The incidence and severity of witch’s broom disease 

decrease proportionally with increasing shade level.

Positive Bolivia Armengot et al. (2020)

A positive impact means that there was no significant difference concerning the incidence of a given disease, while a negative impact indicates that there is a higher incidence of the 
disease, in both cases comparing the AFS model with the monoculture. A positive-conditioned impact means that there are no differences in the disease progression comparing AFS and 
monoculture systems if adequate cultural practices are opportunely adopted.
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considered more destructive and difficult to control than the BPR 
and the WBD and may cause up to 90% of economic losses, 
leading to the abandonment of important grain-producing regions 
such as Ecuador, Peru, Colombia, and Costa Rica (Krauss and 
Soberanis, 2001; Phillips-Mora and Wilkinson, 2007; Bailey et al., 
2018). Its high dispersal capacity (more than seven billion spores 
in a diseased fruit) and its ability to adapt to a wide range of 
environmental conditions (Phillips-Mora and Wilkinson, 2007), 
make it an aggressive pathogen that has had a fast distribution 
over the south and central America. After penetration, the spores 
generate oily spots, hyperplasia, manifesting as swellings (humps), 
premature ripening of the fruits, and brown spots, after 4–5 days 
on the spot a layer of white mycelium develops that becomes 
darker as spores mature. Finally, the fruits dry and mummify, 
remaining attached to the tree (Jaimes and Aranzazu, 2010; Bailey 
et al., 2018).

The response of moniliasis to the shading conditions 
provided by the CAFS is positive for the disease, finding that 
the incidence of the disease grows proportionally to the increase 
in the level of shade. The shady environment provided by the 
AFS implies damping of temperature, a reduction in the 
availability of light and wind speed, and consequently an 
increase in relative humidity (Niether et  al., 2020). These 
microclimatic conditions provided by the CAFS positively 
respect the intensity and development of the disease, since the 
FPR is favored by an increase in relative humidity (> 90%) and 
by lower temperatures (20–26, 9°C; Torres de la Cruz et al., 
2011). In Mexico, it is reported that a 50% reduction in the 
shade, independent of the management used, can lower the 
incidence of FPR by up to 20%, and it is also found that if 
integrated management is applied, the incidence could 
be  reduced by up to 68% (Torres de la Cruz et  al., 2011). 
Similarly, in Peru, it was found that the incidence of FPR is 25% 
higher in the treatment with dense shade than with crops with 
full sun exposure (Krauss and Soberanis, 2001). In Bolivia, they 
reveal that the successional agroforestry system developed a 
higher incidence of FPR than monoculture (Armengot et al., 
2020). However, both studies also reveal no significant 
differences in the incidence of FPR when integrated disease 
management is applied, regardless of the shade level of the crop 
(Table 1).

On the other hand, the organization and selection of the plant 
community that integrates the CAFS is an important criterion in 
the development of the disease, where there are species that 
generate a drier microclimate that favors the dispersal of spores, 
such as the case of Erythrina poeppigiana, which carries a greater 
quantity of spores in the air concerning Inga edulis and Gliricidia 
sepium. This condition is probably due to the physiological 
properties of the species since E. poeppigiana supports a greater 
intervention of the tree through pruning (Meléndez and 
Somarriba, 1999). Nevertheless, this companion species should 
not be disqualified, since by generating drier conditions, infection 
with M. roreri is also unfavorable. It can be said that the incidence 
and severity of the FPR also depend on the cacao genotype, also 

referred to as “clone” (Jaimes et al., 2019), and the diversity and 
aggressiveness of the M. roreri isolate (Jaimes et al., 2016), which 
will determine the level of intervention required for the cacao 
plants. Also, it has been found that the shade tree density and 
cacao tree density have a negative correlation with the intensity of 
the FPR. To establish CAFS that are not conducive to FPR, the 
architecture of the shade tree should be  considered and its 
distribution should be  moderate and uniform within the 
plantation (Gidoin et  al., 2014). Therefore, the CAFS and 
monoculture strategies present both positive and negative 
characteristics related to the progression of the disease, its success 
will depend on its management, the cacao genotype, and the 
planting design. Low or high incidence of FPR may also depend 
on the microclimate conditions generated since the pathogen 
requires different climatic conditions (humidity and temperature) 
to complete each phase of its cycle (Evans, 1981).

Black pod rot

Black pod rot caused by Phytophthora spp. is the disease with 
the greatest economic importance in the cultivation of cacao in 
the world, causing losses of 30% of the production, in addition to 
causing the mortality of up to 10% of the trees annually. Producing 
cankers on the stems (Guest, 2007). So far, seven species of 
Phytophthora have been reported related to the etiology of BPR 
disease in cacao cultivation, being P. palmivora the cosmopolitan 
species of the group (Akrofi, 2015), with pantropical distribution 
(Perrine-walker, 2020). The other species have only been found in 
specific countries or geographic regions such as South and Central 
America: P. capsici, P. citropthora, and P. tropicalis (Barreto et al., 
2015; de Bahia et al., 2015; Fernández Maura et al., 2018), Brazil: 
P. theobromicola (Decloquement et  al., 2021), Venezuela: 
P. megasperma (Molina et al., 2016), West Africa: P. megakarya, 
and P. katsurae (Guest, 2007; Liyanage and Wheeler, 2007). 
Among these species, P. megakarya is the most important 
economically in the world, since it is reported in the African 
countries with the highest cacao production (FAOStat, 2021). The 
disease may cause losses of 60–100% of production in countries 
such as Cameroon, Gabon, and Ghana (Deberdt et  al., 2008; 
Akrofi et  al., 2015; COCOBOD, 2019). In turn, P. megakarya 
produces significant effects on production costs concerning other 
species since requires the application of fungicides (Opoku et al., 
2002), costing up to 21 million fungicides packages per year in 
Ghana (COCOBOD, 2019).

Phytophthora infection in nursery seedlings causes leaf 
necrosis and root rot, while stems and branch infections in the 
field cause cankers. Every stage of fruit development, from 
flowering to ripening, is susceptible to infection and produces 
necrosis, but immature fruits are the most susceptible (Akrofi, 
2015). The first symptoms appear 2–3 days after the infection, 
consisting of a translucent chlorotic spot, then the spot turns 
brown, and spread rapidly to cover the entire fruit after 10–14 days 
(Luz and Silva, 2001). Infected fruits in an advanced stage develop 
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a characteristic fishy odor 3–5 days after the appearance of the first 
symptom, which is associated with the mycelium spot with 
whitish spores (Barreto et al., 2015).

Black pod rot is positively influenced by humid and cold 
conditions (Akrofi, 2015), especially when the temperature is 
below 20°C and the relative humidity is greater than 85% (De 
Oliveira and Luz, 2005). These are conditions that can occur under 
CAFS, and based on this data, we  could assume a negative 
influence of CAFS on the control of this disease. It has been 
reported that CAFS, which include fruit trees, palms, and forests, 
have a microclimate that differs from the monocultures conditions 
with a full solar exposure (Niether et al., 2020). Most farmers 
relate the microclimatic conditions generated in CAFS as one of 
the causes of a higher incidence of fungal diseases, compared to 
monocultures with full sun exposure (Armengot et al., 2020).

Diverse theories have been reported on the influence of 
CAFS in the development of Phytophthora spp. in cacao plants, 
which include investigations on the proportion of shade provided 
by various AFS and its impact on the development of the BPR 
disease (Table 1). These studies reveal the influence that some 
companion species of AFS may have on the dissemination and 
inoculum potential of Phytophthora spp. in cacao cultivation, 
some of these species may even work as hosts of the pathogen. 
Indeed, from the root of nine species often used in the CAFS in 
Ghana was isolated P. megakarya (Akrofi et  al., 2015). These 
species are reported in the floristic composition of AFS with 
cacao from Africa (Sonwa et al., 2007) and are widely used in 
agroforestry systems in American countries, such as Musa 
paradisiaca, Persea americana, Mangifera indica and Carica 
papaya (Ramírez-Meneses et al., 2013; Guiracocha et al., 2016; 
Peña et  al., 2019; Mercedes Ordoñez and Rangel-Ch, 2020; 
Jaimes et al., 2021). Other species frequently used in this system 
in Africa are also reported as hosts of P. megakarya and 
P. palmivora, among which we can find forest and palm species 
such as Irvingia gabonensis, Funtumia elastica, Sterculia 
tragacanta, Ricinodendron heudelotii, and Elaeis guinnensis; 
shrubs and short plants such as Dracaena mannii, Xanthosoma 
saggitifolium, Colocasia esculenta, Athyrium nipponicum and 
Ananas comosus (Opoku et al., 2002; Holmes et al., 2003; Akrofi 
et  al., 2015). These reports suggest that the influence of the 
inoculum potential of Phytophthora spp., which is harbored by 
the companion species of cacao, could explain the inefficiency in 
the control of the disease (Akrofi et al., 2015). In addition, to 
adjust disease management strategies, it is necessary to propose 
control methods that not only contemplate the management of 
the disease in cacao but also in the accompanying species, 
especially in those that can be a primary inoculum reservoir 
since these plants are asymptomatic.

On the other hand, there is little information on the levels of 
shade that favor the FPR disease. However, in one of these studies, 
it was found that a diverse floristic composition in CAFS can cause 
problems with spatial structure when its distribution in the 
plantation is heterogeneous. The heterogeneous distribution of 
trees can project dense shade in most cases, and thus generates 

predisposing microclimate conditions for the development of 
pathogens (Figure  2). With this, it can be  concluded that the 
incidence and severity of Phytophthora spp. in CAFS increase 
proportionally to the shade level (Ambang et  al., 2019). 
Additionally, the incidence of the FPR is not always related to high 
shade density, in crops with few but diseased trees the incidence 
of this disease is increased as well as the number of diseased 
mature pods (Armengot et al., 2020; Leitão, 2020). Not always, the 
development of FPR is related to the high level of shade, it is also 
necessary to consider an adequate distribution of shade trees to 
regulate the level of shade in the plantation. Inadequate 
distribution can generate microclimates with high relative 
humidity and low wind speed (Niether et al., 2020), predisposing 
conditions to the FPR development. Nonetheless, some authors 
report that there is no difference between disease incidence in PBS 
and incidence in a monoculture, as long as proper management 
practices are implemented on the plantation (Armengot et al., 
2020; Leitão, 2020).

Biotic and abiotic stress 
interactions in cacao

In their natural environment, plant exposure to combined 
biotic and abiotic stress conditions is a rule rather than an 
exception. Indeed, this is a hot topic in literature (Suzuki et al., 
2014; Kissoudis et al., 2016; Fichman and Mittler, 2020) and the 
complex responses triggered by these combined events are still 
very poorly understood. Interestingly, the combination of 
conditions potentially causing stress in plants does not promote 
solely additive responses, that is, the sum of two events that alone 
have the potential to induce stress in plants does not necessarily 
generate a more severe stress response. Yes, in fact, on many 
occasions additive responses have been observed, for example in 
cowpea, where pre-exposure to saline stress can generate 
susceptibility to diseases caused by viruses in known resistant 
genotypes (Varela et al., 2019).

However, the combination of stress has also been shown to 
be  interactive, that is, when changing a specific potentially 
stressful environmental condition, systemic plasticity responses at 
different levels in plant agents can trigger mechanisms such as 
assays that promote a pre-acclimatization of the organism to 
others. Types of future stressful conditions. This phenomenon is 
known as plant stress memory (Nikiforou and Manetas, 2017; 
Pintó-Marijuan et  al., 2017; Auler et  al., 2021) and is directly 
related to the cross-tolerance processes that have been observed 
in plants (Carvalho and Silveira, 2020). For example, recently 
Chávez-Arias et al. (2021) highlighted that the combination of 
some abiotic stresses and arthropod herbivory in maize may 
increase the production of volatile and non-volatile compounds 
resulting in improved response to pest infestations.

In cocoa, however, in-depth studies on the combination of 
biotic and abiotic stresses are still rare. On the one hand, yes, 
we  have very instigating studies as reported in the present 
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review (Beer et al., 1998; Schroth et al., 2000; Niether et al., 
2019, 2020) which compare, for example, the influence of the 
environment associated with CAFS with that of the 
environment associated with monoculture in terms of 
incidence or not of the typical cacao tree diseases. These 
approaches allow us to discern with a high degree of clarity that 
yes, in some situations, especially when associated with 
inadequate management of CAFS, it is possible to observe a 
higher incidence of diseases in cacao plants. However, when 
comparing the CAFS environment with the monoculture 
environment, several abiotic factors can vary simultaneously, 
such as light, humidity, temperature, and wind intensity, thus 
making it impossible to distinguish the interactive factors 
between each of the components of the environmental system. 
Therefore, this information still presents a very important gap 
in the understanding of the effects of combined stresses in 
cacao and deserves future investigation.

We are currently facing a global crisis associated with the 
imminence of the irreversible effects of global climate change, 
which should be  further exacerbated by the collateral 
consequences triggered by the global pandemic of COVID-19. In 
this context, more drastic climatic events such as rains and dry 
seasons (Lahive et al., 2019), increase in fertilizer costs, and high 
prices of agricultural products stand out, threatening global food 
security (Roubík et  al., 2022). Therefore, understanding the 
processes of interaction between combined biotic and abiotic 
stresses in species where these processes are still poorly 
understood, such as cocoa, may anticipate early strategic actions 
that may be of great importance.

Economic return: CAFS vs. 
monoculture

In terms of economic return, there is a negative perception 
of CAFS vs. monocultures. This is because the comparison is 
made based only on cocoa bean production in the short term. 
Clearly, in this period there is a higher production in 
monoculture. However, in the long term, cocoa production 
under agroforestry trees shade will be compensated because 
the productive life of a tree is extended. This is because the 
leaves of the cocoa tree under shade are longer-lived since 
their exposure to solar radiation is reduced (Niether 
et al., 2020).

On the other hand, to maintain adequate productivity of 
monocultures, chemical fertilization is required, since with 
organic fertilization there are no differences with the 
production of a CAFS. In the CAFS, there are no differences 
in production between the use of organic and inorganic 
fertilizers. This can be associated to the fact that fertilization 
does not have the same relevant effect as the availability of 
light in agroforestry systems. Therefore, it is believed that to 
improve cocoa productivity in agroforestry systems, shade 
tolerant varieties should be  selected, as well as adequate 

conditions to increase the size of the pollinator population 
(Armengot et al., 2016).

Economic point of view, agroforestry is less profitable than 
monoculture, but the economic benefit is given in the longer 
term and at the level of society in general by establishing 
agroforestry systems with an adequate level of shade, since the 
environmental services offered are greater and sustainable in 
the long term (Owusu et al., 2021). In addition, agroforestry 
systems provide additional income from shade trees (timber, 
fruit, medicinal, etc.) and reduce the use of external inputs 
(herbicides and large amounts of fertilizers) and, for many 
small producers, hired labor, which in the long term makes 
agroforestry more profitable.

To promote the implementation of CAFS and compensate for 
lower yields that have led to lower adoption, incentives have been 
proposed for the benefits that this system provides, from an 
ecological point of view, such as alternative markets, 
environmental certificates, fair trade, or as a strategy to reduce the 
problem of climate change. Although cocoa yields are 25% lower 
in CAFS compared to monoculture, the additional benefits of 
product diversification make the two systems comparable (Niether 
et al., 2020).

Conclusion and perspectives

The works gathered in this review reject the hypothesis that 
CAFS are always related to biotic and abiotic stresses. 
Monocultures would be  favored in terms of productivity and 
incidence of diseases compared to CAFS, excluding WBD, since 
some characteristics such as increased flowering and buds can 
favor the incidence of this disease in crops with full sun exposure. 
Therefore, this cultivation condition requires a greater demand for 
water and nutrients, related to CAFS, representing a concrete 
threat to productive sustainability, especially considering the 
projected scenarios of global climate change.

On the other hand, even though some studies report that 
the incidence of BPR and FPR can be favored in CAFS designs, 
it is also reported that the correct selection of the model 
agroforestry and the inclusion of opportune agronomic 
practices, including biological and cultural control, would 
mitigate the incidence of these diseases, as well as increase 
productivity, equaling monocultures. In addition, it is important 
to emphasize that the CAFS provides ecosystemic services such 
as the maintenance of pollinators, greater efficiency in the use 
of water, nutrient demand that may generate a more sustainable 
production. In the same way, the selection of genotypes with 
better performance in low light conditions (higher efficiency in 
the use of light) and better energy balance, can contribute to the 
mitigation of abiotic stresses normally attributed to 
CAFS. Therefore, it is necessary to explore the technological 
and scientific resources that are already available and apply 
them to production models based on AFS. In addition, it is still 
necessary to deepen our understanding of the mechanisms 
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triggered by cacao in the face of these complex interactions. 
Knowing and understanding how these processes work is the 
key to improving agricultural practices and guaranteeing food 
security in a future of global climate change.
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Empowering roots—Some 
current aspects of root 
bioenergetics
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China

Roots of higher plants provide the shoot with nutrients and water. In exchange, 

they receive photosynthates, which serve both as energy source and building 

blocks for maintenance and growth. While studies in plant bioenergetics used 

to focus on photosynthesis, several more recent findings also aroused or 

renewed interest in energy conversion and allocation in roots. Root building 

costs were identified as a long-undervalued trait, which turned out to be highly 

relevant for stress tolerance and nutrient use efficiency. Reduced building 

costs per root length (e.g., by aerenchyma formation or by increasing the cell 

size) are beneficial for exploring the soil for nutrient-rich patches, especially 

in low-input agrosystems. Also, an apparent mismatch was frequently found 

between the root energy budget in the form of the ATP pool on the one side 

and the apparent costs on the other side, particularly the costs of membrane 

transport under stress conditions, e.g., the Na+ detoxification costs resulting 

from Na+ sequestration at the plasma membrane. Ion transport across the 

plasma membrane (and also endomembranes) is coupled to the proton motive 

force usually believed to be exclusively generated by H+ ATPases. Recently, an 

alternative mechanism, the biochemical pH clamp, was identified which relies 

on H+ formation and binding in the apoplast and the cytosol, respectively, 

driven by metabolism (so-called active buffering). On this background, several 

aspects of root bioenergetics are discussed. These are (1) root respiration in 

soil, with a critical view on calorimetric vs. gas exchange measurements; (2) 

processes of energy conversion in mitochondria with a special focus on the 

role of the alternative oxidases, which allow adjusting carbon flow through 

metabolic pathways to membrane transport processes; and (3) energy 

allocation, in particular to transport across the plasma membrane forming 

the interface to soil solution. A concluding remark is dedicated to modeling 

root bioenergetics for optimizing further breeding strategies. Apparent 

“energy spoilers” may bestow the plant with a yet unidentified advantage only 

unfolding their beneficial effect under certain environmental conditions.

KEYWORDS

bioenergetics, mitochondria, alternative oxidase, biochemical pH clamp, root 
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Introduction

Life persists by a constant flow of free energy—when this 
energy flow and its tightly regulated partitioning comes to an end, 
this is, in fact, a hallmark of death. So, life ceases as soon as the 
process of energy conversion is irreversibly disrupted. By contrast, 
biological matter and structures remain intact and in place for a 
short while, varying from a few seconds up to days, before 
degradation sets in. Consistently, Dupré and Nicholson (2018), 
proponents of a process philosophy in the life sciences, agued 
“that the living world is a hierarchy of processes stabilized and 
actively maintained at different timescales,” rather than one of 
“things” (i.e., matter). For a less drastic variation of this topic, 
we may refer to a situation of perfect homeostasis of a cell or an 
organism implying a living, but invariant state, (which should 
be  considered a thought experiment and will hardly 
be encountered in reality). Life is operating far from equilibrium, 
and maintaining homeostasis is necessarily associated with 
constant energy dissipation and, often inseparably connected,  
also a flow of matter. A compelling case study was recently 
communicated by Dreyer (2021): Using a simple modeling 
approach, he showed that K+ homeostasis in individual plant cells 
is necessarily associated with a free energy-consuming circular 
flow of K+ across the plasma membrane. These considerations 
imply that it is bioenergetics, which is concerned with the very key 
processes of life, namely studying and analyzing the life-preserving 
energy flow and energy conversion. This is, in fact, the most 
concise definition of bioenergetics—for more details see Demirel 
and Sandler (2002) and Nicholls (2013). The significance of energy 
conversion is most obvious for plants which have (with few 
exceptions) monopolized the conversion of solar photon radiation 
into chemical energy, making the primary energy source on earth 
available to all forms of life. Therefore, plant bioenergetics is often 
exclusively associated with processes directly related to 
photosynthesis, while subsequent processes of energy conversion 
in the plant body such as respiration (oxidative phosphorylation) 
receive much less interest and tend to be undervalued. In this 
short review, the focus will be on the bioenergetics of roots.

Raising the issue of root bioenergetics provokes the initial 
inquiry “what is a root?” Not uncommon in the biological 
sciences, basic morphological/functional categories such as “root” 
become the fuzzier the closer you look at them, due to the diversity 
of life forms and the evolutionary radiation of morphological and 
anatomical adaptations in the plant kingdom (Graham et  al., 
2000). Luckily, we can refer to an excellent treatise of this issue by 
Raven and Edwards, who raised the same question some 20 years 
ago (Raven and Edwards, 2001). The most straightforward answer 
we can give to this question is related to function: Roots (i) anchor 
a plant in soil, providing mechanical stability (used in an 
allegorical sense in common language), (ii) provide an interface 
for exchange with soil, allowing the plant to extract water and 
nutrients, subsequently translocated to the shoot by long-distance 
transport via xylem vessels. As pointed out by Raven and Edwards 
(2001), these functions can also partly or fully by taken over, e.g., 

by rhizomes (if it comes to stability) or mycorrhiza (with respect 
to nutrient acquisition; Salvioli di Fossalunga and Novero, 2019). 
On the other hand, roots are not necessarily only below-ground 
organs. In contrast to shoots, their extension growth is strictly 
apical and in all vascular plants the meristematic tissue is protected 
by a root cap. Segmentation by nodes is never observed, in 
contrast to shoots (Raven and Edwards, 2001).

For our purpose, we can leave aside “exceptions” (even though 
it can be argued what is considered as “exceptional”; Groff and 
Kaplan, 1988) and address higher plants as typically possessing 
above-and below-ground organs which operate in a more or less 
strict “division of labor”: Large parts of the aboveground parts 
perform photosynthesis making use of solar radiation and 
transforming this energy into energy-rich organic chemical 
bounds. Below-ground organs are excluded from this energy 
source and rely on a transfer of photo-assimilates from the shoot, 
usually in the form of sucrose transported via the phloem. In 
exchange, below-ground organs scavenge water and nutrients 
from the soil (in cooperation with mycorrhiza and 
microorganisms). Below-ground organs with this function will in 
the following be  addressed as “roots” irrespective of exact 
morphological categories.

In the framework of this division of labor, roots, like all 
non-photosynthetic plant organs, are generally considered as an 
“investment” of the plant relying on constant feeding with 
products of photosynthesis, predominantly in the form of sucrose, 
both as building blocks, and as a source of energy. Revenues are 
expected in the form of new sources of water and nutrients made 
accessible by root growth, leading to a continuous expansion of 
the root system. According to a common heuristic principle 
widely used in (plant) ecophysiology for more than 4 decades 
(Bloom et al., 1985), life is thought to follow economic paradigms 
expressed by an adequate nomenclature. Lynch (Lynch and Ho, 
2005; Lynch, 2007a) even introduced a new research field 
he coined “rhizoeconomics.” The analogy is grounded on all life 
forms being continuously exposed to a selection pressure, 
“forcing” them to allocate limited resources in an economical way, 
and to reduce costs. “Benefits” and “trade-offs” are interpreted 
with respect to reproductive success and viability of the individual 
or the species. Species can follow different “strategies” for 
optimizing these parameters. Although this line of thinking has 
proven very successful in the past, it also tends to convey an 
anthropomorphic and teleonomic bias (see also the last section of 
this review).

Interest in the bioenergetics of plants, and particularly of root 
systems, has been revived recently on several grounds two of 
which will be treated here in more depth:

 1. A new quest for energy-and nutrient-efficient crops has 
directed attention to hitherto undervalued anatomical 
features of the root. The search opted for more robust crops 
allowing to minimize the use of fertilizers, which is 
important both from an ecological and an economical 
viewpoint. This work was pioneered by JP Lynch and 
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coworkers (Lynch, 1995, 2007b, 2013). They highlighted 
the metabolic costs of soil exploration for water and 
nutrients and identified them as key traits for a resource-
efficient agriculture, which is of particular importance in 
developing countries (Lynch, 2015). In particular, building 
costs per root length, a parameter that had been largely 
ignored hitherto, were addressed. A large cell volume was 
found to be beneficial (Colombi et al., 2019) since it tends 
to minimize, e.g., cell wall material required per root 
volume, whereas mechanical stability of root tissue is 
hardly compromised because it predominantly relies on the 
turgor pressure which is largely independent of cell size. 
Interestingly, formation of aerenchyma, e.g., in maize, 
which was hitherto only discussed in the context of oxygen 
supply to root tissue under waterlogging conditions 
(Wegner, 2010), also reduces metabolic costs of root 
expansion considerably (Lynch, 2015; Lynch et al., 2021) 
without compromising root mechanical properties too 
much unless soil compaction imposes special requirements 
on root stability (Colombi et al., 2019). Cost reduction is 
also obtained by root cortical senescence leading to a 
complete degradation of the root cortex in some Poaceae, 
or as a consequence of secondary growth in dicots (Lynch 
et al., 2021). It could be shown that this effect is indeed 
harnessed under natural conditions to minimize metabolic 
costs of soil exploration for nutrient-rich plaques—this had 
been identified as conveying considerable evolutionary 
benefits, since a large share of the daily assimilated C is 
invested into root growth. In the slow-growing grass 
Festuca ovina, e.g., it is about 40%. Some 25% of 
photosynthates is allocated to structural material used for 
root growth, and another 15% is spent on root growth-
related respiration (including ion uptake; calculation based 
on data of Atkinson and Farrar, 1983 and Lambers 
et al., 2002).

In a study on the bioenergetics of salinity, Munns et al. 
(2020a) calculated the energetical benefit associated with 
reducing the thickness of the root cortex from two cell 
layers (as, e.g., in wheat branch roots) to a single layer 
(corresponding to the situation in Arabidopsis roots) when 
roots were exposed to salinity. They found a 20% lower 
ATP consumption due to the reduction in plasma 
membrane surface which, in turn, led to a reduction in the 
costs of Na+ exclusion per root surface. A reduction in 
membrane surface reduces Na+ influx and, hence, costs of 
Na+ detoxifications. A re-organization of root morphology 
under saline conditions, favoring the development of 
branch roots while seminal root growth was hampered, is 
in accordance with this rationale. Arsova et  al. (2020) 
observed a 70% lower energy requirement for branch roots 
per unit root length in wheat compared to seminal roots. 
These energy savings were associated with a severe 
reduction of transpiration-driven water uptake during 
daytime, though. This reminds us of the fact that energy 

savings usually come with a cost due to adverse side effects 
(see also the last section, further below). Energetic 
implications of root architecture and development will 
certainly receive continued interest in the near future, with 
a focus on modeling approaches like those of Munns et al. 
(2020a) and Arsova et al. (2020). When discussing root 
morphology and its adaptation to nutrient demand 
we should also be aware that most plant species (four out 
of five) rely on symbiosis with mycorrhiza for efficient 
nutrient foraging (Salvioli di Fossalunga and Novero, 
2019), and root branching, apical growth, and root/shoot 
ratio are strongly affected by fungal colonization (Hughes 
et  al., 2008). Among the three common types, i.e., 
arbuscular, ericoid, and ectomycorrhiza, the first is the 
most widespread and best studied one. Particularly the 
hyphae of arbuscular mycorrhiza operates as an extension 
of the root system, allowing to mine the soil for nutrients 
with low mobility, particularly P and K, but also facilitating 
the uptake of N. In return, the fungus is provided with 
monosaccharides and fatty acids by its host, thus providing 
building blocks and a source of energy. Specific building 
costs for fast hyphal growth are much lower compared to 
fine roots which are about 10 times thicker and possess a 
complex multicellular anatomy (Fitter, 1991). Hence, 
extending the root system with these symbionts is likely to 
be beneficial for the plant from an energetic point of view, 
even though for a cost-and-benefit evaluation it has to 
be  taken into account that long-distance transport in 
hyphae is less effective than in the xylem conduits of roots.

 2. Particularly under stress conditions such as salinity, an 
apparent mismatch between energy demand (being higher 
than in the absence of these stresses), and the root energy 
budget in terms of ATP production by oxidative 
phosphorylation was frequently observed. An instructive 
case study was provided by Foster and Miklavcic (2020) 
modeling costs of nutrient and water transport as well as 
Na+ detoxification under saline conditions in Arabidopsis 
roots. In their model calculations based on the available 
experimental data, the apparent energy demand for 
membrane transport at the plasma membrane of cortical 
and stelar cells, and the root tonoplast exceeded the 
available ATP pool by a factor of at least 2. By varying the 
abundance of membrane transporters, costs could 
be  lowered to somewhat more realistic values for the 
cortical plasma membrane only, whereas no cost reduction 
was attained for the other membranes. Experimental data 
obtained for circular Na+ transport under saline conditions 
had also previously provided evidence for a high energy 
demand exceeding the free energy available in the form of 
the root ATP pool (Malagoli et al., 2008). This brought 
some authors to the conclusion that data on circular Na+ 
transport across the plasma membrane of root cortical cells 
(obtained with radioactive tracers) are fallacious and 
represent ion exchange processes in the apoplast instead 
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(e.g., Munns et al., 2020b). Foster and Miklavcic (2020) also 
stated that “since our model is based on currently 
understood and accepted ion transport mechanisms, our 
predictions suggest there is a need to re-assess these 
mechanisms.” When ATP production does not keep up 
with energy dissipation by membrane transport processes, 
transport could be fueled instead by processes which do 
not involve proton pump activity, i.e., do not rely on ATP 
hydrolysis. Na+ secretion from cortical cells back into the 
root apoplast operates against a more or less steep Na+ 
concentration gradient and is fueled by antiport with H+ 
via SOS1 or another type of antiporter, taking advantage of 
the pH gradient across the membrane which favors H+ 
influx. Recently Wegner and Shabala (2020) suggested that 
this antiport could be  energized by an alternative 
mechanism denoted as the “biochemical pH clamp” 
(Figure 1). By a process called active buffering, a stable pH 
gradient across the membrane (with apoplastic and 
cytosolic pH values around 5.5 and 7.2, respectively) could 
be maintained despite continuous H+ influx required, e.g., 
for Na+ export from the cytosol even if this influx is not 
balanced by pump-driven H+ extrusion. The biochemical 
pH clamp involves continuous H+ release in the apoplast 
and H+ scavenging in the cytosol via biochemical reactions. 
In the apoplast, H+ is formed by conversion of CO2 
(previously released by oxidative phosphorylation) to 
HCO3

−. H+ then serves as a substrate for SOS1 (or another 
type of antiporter) and is channeled into the cytosol by 

exchange with Na+. In the cytosol, H+ is subsequently 
bound again by a biochemical reaction involving a 
decarboxylation reaction, which is the case with those 
catalyzed by malic enzyme and glutamate decarboxylase. A 
more detailed account will be given in the section. “The 
energetics of membrane transport” further below. Note that 
in contrast to the limited buffer capacity of apoplast  
and cytosolic matrix, active buffering is, in principle, 
inexhaustible because substrates are continuously 
replenished by metabolism.

In the following, recent work related to root bioenergetics will 
be discussed in light of more than 60 years of research on this 
issue. The journey will start with whole-plant physiology, and with 
ecophysiological work on roots in their natural environment (i.e., 
in soil), including respiration measurements. Subsequently, energy 
metabolism will be treated with a focus on more recent work on 
mitochondria and oxidative phosphorylation. Then, the 
bioenergetics of plasma membrane transport will be treated in 
some depth. Finally a prospect on possible directions of future 
research will be given.

Observations on the whole plant 
level

As a starting point for a more comprehensive treatise of root 
bioenergetics, we may choose energy export from source tissues 
in the shoot, mainly leaves, to the root. Photosynthetic products, 
predominantly sucrose, are shuttled to the root via mass flow in 
the phloem. Simple equations can be used to estimate the related 
transfer of free energy (which has to be attained by photosynthesis). 
From the phloem flow velocity, the virtual cross sectional area of 
the phloem and sucrose concentration in the xylem sap, the rate 
of sucrose transfer from shoot to root, is accessible. From these 
data, the free energy transfer rate can be estimated by inserting the 
energy that can potentially be  harvested from one sucrose 
molecule by energy metabolism.

 
J v A csuc ph Ph suc Ph= ∗ ∗ ,  (1)

 J J GE suc suc= ∗  (2)

With Jsuc  = sucrose flux from shoot to root; vPh = phloem 
flow velocity; APh  = conductive phloem cross section at the shoot 
base; csuc Ph, = sucrose concentration in phloem sap; JE = free 
energy flux from root to shoot; Gsuc  = free energy of sucrose. The 
most exact and reliable data on phloem flow velocity can 
be  obtained by MRI imaging allowing non-invasive flow 
monitoring. For Ricinus communis, Peuke et al. (2006) obtained a 
flow velocity of ~0.3 mm s−1. Similar values for flow velocity 
ranging from 0.25 to 0.4 mm s−1 were reported for Ricinus and 
three other species [poplar, tomato, and tobacco; 

FIGURE 1

Simplified scheme showing the basic mechanism of the 
“biochemical pH clamp” in a root cell. H+ is generated in the 
apoplast when bicarbonate is formed from CO2. Upon 
translocation into the cytosol, H+ is resorbed by a biochemical 
reaction which involves decarboxylation of an organic acid. CO2 
is released by this reaction and passes through the membrane 
into the apoplast. Thus, a pH gradient is maintained across the 
membrane by active buffering, which can be harnessed to drive a 
solute “S” across the membrane, either in symport or antiport 
with H+. Charge balance is maintained by nitrate influx or K+ 
efflux via ion channels. PM, plasma membrane.
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Windt et al. (2006)]. Volume flow was in the range of 0.1 mm3 s−1 
for tomato and tobacco and 0.2 mm3 s−1 for Ricinus; only in poplar, 
values were somewhat higher (around 0.9 mm3 s−1). At a sucrose 
concentration of phloem sap around 0.44 M in Ricinus (Peuke 
et al., 2006), we obtain a sucrose transport velocity of ~80 nmol s−1 
for this species. A Gibbs free energy of 5,795 kJ/mol for sucrose 
renders an energy transport rate of 0.46 J s−1. The above approach 
provides us with something like an upper limit of the true energy 
transfer rate from shoot to root, since sucrose is not fully oxidized 
to CO2. It has to be kept in mind that sugars also play an important 
role as building blocks/precursors, e.g., for amino acids, lipids, and 
ribonucleotides (see also further below). Even if the material 
required for growth can be quantified, residual sucrose is not fully 
available for energy metabolism due to root exudation of organic 
acids (Wegner et al., 2021), and the rapid turnover of enzymes and 
other molecules. A fraction of 15–67% of total carbohydrates 
allocated to the root is invested into energy metabolism, i.e., root 
respiration (Table 1 in Lambers et al., 2002).

A more promising approach to quantify root energy 
metabolism is provided by directly monitoring root respiration 
which is usually quantified by measuring CO2 release and/or O2 
consumption. Both parameters can be assessed by gas exchange 
measurements in soil. They are related by the respiratory quotient 
(RQ), which is supposed to be  close to 1 when sucrose is the 
exclusive substrate of energy metabolism (Lambers and Oliveira, 
2019). RQ can exceed this value, e.g., when malate synthesized in 
the shoot is transported to the root and decarboxylated there (see 
also further below), and with nitrate assimilation occurring in the 
root. The last two decades have seen some technical advance in this 
field, including chamber techniques for measuring soil respiration 
with more efficient CO2 detectors (Rochette and Hutchinson, 
2005). Numerous studies have been published focusing on 
measuring respiratory activity in soil samples, mostly by assessing 
CO2 release. The contribution of roots to soil respiration was 
shown to vary considerably, ranging from 8 to 64% (Wang and 
Fang, 2009). Separating root respiration from other biological 
activity, microbial and fungal respiration, is a major challenge in 
ecological research (Ruehr and Buchmann, 2010). Root respiration 
can be “subtracted” from total soil respiration by making use of 
root exclusion chambers surrounded by meshes of μm pore size 
which cannot be  invaded by root growth. Additionally, the 
contribution of fine roots can be  estimated by separately 
determining respiration on root samples and calculating their 
overall contribution on the basis of fine root biomass. In a mixed 
forest close to Zurich (Switzerland) with beech, ash, fir, spruce, 
lime, maple, oak, and elm trees, these measurements revealed a 
strong dependence of root respiration on plant phenology and 
photosynthetic activity (Ruehr and Buchmann, 2010). Temperature 
dependence of root respiration in tree stands reported previously 
may at least partly depend on such phenological effects. In recent 
years, this technique has been refined to assess mycorrhizal CO2 
release separately from the contribution of roots (both usually 
being summarized as autotrophic respiration) and from 
heterotrophic bacterial activity by using meshes of a pore size of 

~50 μm which allow penetration of hyphae and exclude roots, in 
addition to fully closed and fully accessible root collars. Mycorrhizal 
CO2 emission was shown to be relevant for overall soil respiration, 
but its share varied strongly. It depended, among other things, on 
the type of mycorrhiza and the ecosystem that was investigated. For 
example, in a larch forest (Larix kaempferi) about 6% of total soil 
respiration was ascribed to mycorrhiza (roots 42%; Makita et al., 
2021) and in a barley field it was 4.8% [roots 25%; Moyano et al. 
(2007)]. Larger shares were found, e.g., for an apple orchard 
(mycorrhiza 11%, roots 12%; Tomè et al., 2016) in a lodgepole pine 
forest (mycorrhiza 25%, roots 15%; Heinemeyer et al., 2007), and 
in a stand of Norway spruce (mycorrhiza 18–44%, roots did not 
contribute significant under most conditions; Neumann and 
Matzner, 2014). In the latter two studies, ectomycorrhiza were 
dominant. An average value of 15% mycorrhizal contribution to 
total soil CO2 emission was recently reported in a metastudy by 
Han et al. (2021). A detailed record on all aspects of soil respiration, 
including its relevance for global change modeling approaches, can 
be obtained from Luo and Zhou (2006). Soil emission is the largest 
CO2 source on earth, and its management is considered highly 
relevant for limiting global temperature increase.

Recently, calorimetric techniques have been advocated as an 
alternative approach to monitoring CO2 release for a broader and 
more precise quantitative assessment of root energy metabolism 
(Colombi et  al., 2019; Herrmann and Colombi, 2019). Model 
calculations generally rely on the assumption of CO2 release being 
driven by oxidative phosphorylation, implying that O2 supply is 
not a limiting factor. However, soil O2 partial pressures can 
be highly inhomogeneous and, hence, root tissue may locally be in 
a hypoxic state, undetected by bulk measurements. Indeed,  
heat dissipation can be  measured with a high precision and 
comparatively little effort and provides an interesting alternative 
to gas exchange measurements for assessing root respiration. 
However, the underlying concept needs to be considered with 
some care. Calculations based on calorimetric measurements rely 
on the assumption of zero net energy input in a biological system 
residing in a “steady state” (which de facto comes down to the 
absence of growth). Free energy input via the phloem under these 
conditions is hypothesized to be eventually fully transduced to 
heat. This is definitely an oversimplification, since sugars are still 
needed as building blocks, e.g., for the synthesis of root exudates 
which are secreted into the soil (Wegner et al., 2021). Moreover, 
free energy required for maintaining steep concentration gradients 
with the environment remains unconsidered (see the 
Introduction). This energy does not contribute to heat release, but 
rather counteracts the entropy-driven free energy loss by (electro)
diffusion (Wegner, 2015). According to the theoretical framework 
used by proponents of the calorimetric method, in a growing 
tissue catabolic (=dissipative) processes leading to heat production 
are complemented by an anabolic component which is equal to 
the energy stored in biomass surplus, as, e.g., determined by 
combustion. For relating heat dissipation to CO2 release (and, in 
turn, to glucose consumption) a calorespirometric ratio is defined; 
under aerobic conditions a value of 30 kJ per g CO2-C is assumed, 

123

https://doi.org/10.3389/fpls.2022.853309
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wegner 10.3389/fpls.2022.853309

Frontiers in Plant Science frontiersin.org

but under hypoxic conditions this value is thought to double. Even 
though these values are based on empirical measurements, it is at 
least questionable if they can be  treated as constants. Heat 
dissipation by metabolism will depend, e.g., on the role of the 
alternative oxidase in respiratory processes in mitochondria (see 
further below). Moreover, the local differences in oxygen supply 
in soil emphasized by the proponents of the calorimetric method 
are hard to quantify and hamper the interpretation of calorimetric 
data in terms of glucose consumption.

Despite methodological difficulties and limitations, a 
combination of field ecological studies and whole plant physiology 
lab experiments has considerably extended our understanding of 
autotrophic soil respiration in recent decades (Hopkins et  al., 
2013). Generally, the rate of CO2 release from roots follows photo-
assimilation in aboveground organs, as expected for a source 
limitation and blockage of assimilate transport by stem girdling in 
trees impairs it. Consistently, leaf pruning, e.g., in wheat (Bingham 
and Stevenson, 1993), significantly reduces specific root 
respiration while in bean, removal of pods increases it (Fanello 
et al., 2020), as root pruning does in the roots that remain attached 
(Bingham and Stevenson, 1993; Fanello et al., 2020). This provides 
evidence for a competition between sinks. Cellular adenylate 
levels provide for a fine regulation by both regulating glycolysis 
and the mitochondrial electron transport chain [Lambers et al. 
(2002); see also the following section]. A large fraction of root 
maintenance costs is invested into nitrate uptake and assimilation 
(Bouma and De Visser, 1993; Bouma et al., 1994; Scheurwater 
et  al., 1998; Hopkins et  al., 2013), and root N has even been 
employed as a proxy for fine root respiration in some ecological 
studies (Jia et al., 2011).

Processes of energy conversion in 
mitochondria

Ecophysiological work on root bioenergetics, highlighting, 
among other things, the relevance of anatomical and 
morphological traits for the bioenergetics of nutrient acquisition, 
has renewed attention to this field, which received only marginal 
interest by plant physiologists for quite a while. For a quantitative 
approach, a profound knowledge of energy metabolism down to 
the molecular scale is certainly required to understand its fine-
tuning in response to a plethora of individual physiological 
conditions. This includes nutrient availability, photosynthetic 
activity in source tissues, and challenges by biotic and abiotic 
stressors, which may act in various intensities and combinations. 
Indeed, tremendous progress has also been made in this field, 
particularly with respect to research on plant mitochondria which 
play a key role in energy conversion. Basic principles of the 
chemiosmotic theory for ATP synthesis relying on a proton 
motive force (pmf) across the inner mitochondrial membrane 
date back to the 60s of the last century, and the organization of the 
electron transport chain with four redox complexes, three of 
which (I, III, and IV) translocating H+ from the mitochondrial 

matrix into the intermembrane space, and with an intermediate 
ubichinone pool was unraveled in the 70 and 80s (Figure 2A). This 
basic knowledge will not be  covered here, and the reader is 
referred to excellent description in textbooks (e.g., Nicholls, 2013; 
Lambers and Oliveira, 2019). In more recent work, the focus 
shifted to the genetic basis and molecular structure of these 
complexes and, most prominently, to their regulation. Interest in 
the latter was stimulated by the growing awareness for challenges 
to the stability of energy transduction processes in mitochondria, 
e.g., by the generation of reactive oxygen species (ROS) when the 
proton motive force and/or the membrane potential at the inner 
mitochondrial membrane shift into a critical range (Wagner and 
Moore, 1997). Research into the regulation of electron transport 
in mitochondria was initiated some 50 years ago when an 
alternative oxidase (AOX) was identified shown to be insensitive 
to the inhibitor cyanide and transferring electrons from the 
ubichinone pool to O2 (Figure 2A) without contributing to the 
trans-membrane pH gradient (Bendall and Bonner, 1971). The 
small family of AOX proteins consists of two subfamilies, AOX1 
and AOX2, both of which are encoded by nuclear genes. Monocots 
usually only possess AOX1 and lack the AOX2 subfamily. AOX 
proteins include a four-helix bundle coordinating binuclear 
di-iron center which is able to bind and activate oxygen (Moore 
et al., 2013; May et al., 2017). Current evidence indicates that AOX 
exists as a homodimer. Reduction of disulfide bounds induce a 
transition from an inactive state to a “dormant” state of low 
activity readily mobilized by other factors like intermediates of the 
tricarboxylic acid (TCA) cycle (Vanlerberghe et al., 2020). The 
inner mitochondrial membrane also contains (alternative) 
NAD(P)H dehydrogenases (NDs), which are insensitive to the 
inhibitor rotenone. Alternative NDs accept electrons from 
NAD(P)H and feed them into the ubichinone pool in the same 
way as the complex I (the “ordinary” NAD(P)H dehydrogenase; 
Figure 2A), but without translocating H+. Two dehydrogenases, 
NDA and NDC, are associated with the inner surface of the 
mitochondrial membrane, whereas NDB is located at the outer 
surface (Sweetman et al., 2019). Acting sequentially, NDs and 
AOXs transfer electrons from NAD(P)H to O2 without converting 
the energy into a chemiosmotic gradient; rather it is dissipated as 
heat. Thus the “standard” electron transport chain is completely 
short-circuited, as demonstrated for Arabidopsis (Clifton et al., 
2005, 2006). A bypass also exists for the F0F1 ATP synthase: The 
uncoupling proteins (UCPs) found, e.g., in potato tubers channel 
H+ and dissipate the pmf, but do not contribute to ATP synthesis 
(Hourton-Cabassa et  al., 2004). The role of these enzymes 
apparently just “spoiling” the redox equivalents provided by 
metabolism has puzzled researchers for decades. Numerous 
studies devoted to unraveling their function (usually focusing on 
the AOX) have been published since then (Moore and Rich, 1980; 
Wagner and Krab, 1995; Millenaar and Lambers, 2003; 
Vanlerberghe, 2013; Vanlerberghe et  al., 2020). From these 
publications, we can distill several non-exclusive explanations: (i) 
Experimentally well founded is a role of the alternative oxidase for 
heat generation, e.g., in spade leaves of the Araceae, which employ 
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volatile compounds to attract insects for pollination (Wagner et al. 
2008). However, this specialized function does not explain the 
general presence of these enzymes in plant mitochondria, 
including root cells. Some authors speculated on a more 
widespread function of AOX in long-term temperature 
adjustment, though [summarized in Vanlerberghe (2013)]; (ii) It 
has been pointed out that part of the energy metabolism (and 
certainly glycolysis) has (at least) a dual function: Transforming 

the free energy stored in C-H and C-O bonds into a “universal 
currency,” namely ATP (catabolic function), and providing 
building blocks for the synthesis of biomolecules such as peptides, 
fatty acids, and DNA [anabolic function; (Millenaar and Lambers, 
2003; Vanlerberghe, 2013)]. The latter requires a sufficient 
throughput of enzymatic pathways, particularly the glycolysis and 
part of the TCA cycle, which, in turn, relies on a fast recovery of 
NAD(P)+, the oxidized form of the nicotinamides. This is the 

A

B

FIGURE 2

ATP synthesis at the inner mitochondrial membrane. In (A) an overview on the electron transport chain is given, including complexes I–V, NAD(P)H 
dehydrogenases (ND) A, B and C and the alternative oxidases (AOX). Q, ubichinone pool; UCPs, uncoupling proteins; and ΔΨ, membrane potential. A 
putative mechanism for ATP synthesis which does not involve circular H+ flow is shown in (B). H+ is released by formation of HCO3-catalyzed by the 
(Carb. Anh.) reaction. HCO3-is subsequently assimilated by the Phosphoenolpyruvate-Carboxylase (PEPcase) synthesizing Oxaloacetate (OAA) from 
Phosphoenolpyruvate (PEP). Subsequently malate is formed by the NADPH-dependent Malate-Dehydrogenase (NADP-MDH), and malate passes 
through a yet unidentified transporter into the mitochondrial matrix. Subsequently, it can either be oxidized again to oxaloacetate by the NAD-dependent 
Malate-Dehydrogenase in the matrix (NAD-MDH), or it is decarboxylated to pyruvate by the NAD-dependent Malic Enzyme (NAD-ME) while binding a 
H+. Thus, a pH gradient is built up across the membrane which is harnessed by F0F1 ATPase (complex V) to form ATP. For more details, see text.
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function of the electron transport chain in the inner mitochondrial 
membrane. Its potential blockage by low rates of ATP synthesis, 
e.g., due to low phosphate availability or low energy demand, may 
have a far-reaching systemic effect and feedback on the rates of 
biomolecule synthesis. According to this explanation, alternative 
oxidases have the function to guarantee a minimum NAD(P)H 
throughput in the mitochondria to keep the anabolic metabolism 
going, thus having a role in both redox balancing and carbon 
skeleton production. Vanlerberghe (2013) has re-evaluated this 
point, stating that AOX has a role in fine-tuning growth with 
nutrient efficiencies, particularly with respect to Pi. Phosphate 
deficiency tends to limit ATP synthesis. This could entail an 
energization of the inner mitochondrial membrane favoring the 
generation of reactive oxygen species (ROS) which threaten 
protein integrity (Wagner and Moore, 1997). Hence, a third major 
function of the AOX has been advocated, namely (iii) serving as a 
security valve for controlling the pH gradient and membrane 
potential across the mitochondrial inner membrane (both 
contributing to pmf) as well as the redox state (MP) of the electron 
transport chain, among other things for limiting ROS production. 
A large voltage drop of 220–250 mV (cytosol relative to matrix) 
was obtained by probing the MP, e.g., for mitochondria isolated 
from potato tubers, whereas the ΔpH was relatively small 
[0.2 units; Ducet et al. (1983)], and the membrane potential of 
individual mitochondria is controlled to minimize ROS 
production (Schwarzländer et al., 2012). Consistently, it was found 
that a low matrix pH activates AOX (Millenaar and Lambers, 
2003), and external ROS have been shown to stimulate expression 
of AOX1. Usually matrix pH is at about 7.8.

The current state of discussion on the AOXs already highlights 
that there is no single answer to the question for its physiological 
function. However, some important findings are still left 
unconsidered or did not meet a satisfactory explanation yet. The 
most striking still unexplained finding is related to the AOX 
regulation under stress conditions. For conditions of drought 
stress (Costa et al., 2007) and salinity (Smith et al., 2009; Martí 
et al., 2011, Mhadhbi et al., 2013, Munns et al., 2020a) a significant 
increase in AOX activity has repeatedly been reported despite the 
fact that under these conditions additional energy is required to 
synthesize or accumulate osmotica and to detoxify the cytosol by 
dumping Na+ in the vacuole or the apoplast, respectively. Hence, 
the efficiency of energy metabolism is expected to increase under 
stress conditions, apparently precluding any need for a 
non-functional energy dissipation. Focusing on salinity, a solution 
to this conundrum may come from the recent suggestion of 
Wegner and Shabala (2020) for an energization of membrane 
transport by direct coupling to energy metabolism, with no ATP 
hydrolysis directly involved. According to this “biochemical pH 
clamp” hypothesis already brought up in the Introduction 
(Figure  1), transport coupled to H+ influx across the plasma 
membrane (such as antiport with Na+) can be  driven by 
biochemical reactions generating and capturing H+ in the apoplast 
and in the cytosol, respectively. It is obvious that these active 
buffering processes must be  tightly coupled to the metabolic 

carbon flow, and the AOX can adjust this flow according to need, 
de-coupling it from the actual rate of ATP hydrolysis. It is 
important to note that the ATP pool is always shared among 
various functions, the main ones being maintenance, growth, and 
membrane transport (Poorter et al., 1991; Amthor, 2000). Instead, 
the biochemical pH clamp exclusively fuels membrane transport, 
with no competition by the other consumers (Wegner and 
Shabala, 2020). This exclusiveness makes it particularly valuable 
for coping with stress conditions.

Previously, the biochemical pH clamp has been discussed as 
a mechanism for energizing membrane transport across the 
plasma membrane of root cells (Wegner and Shabala, 2020; 
Wegner et al., 2021), and this topic will be addressed in more 
detail in the following section. Here, I would like to suggest an 
additional role for this mechanism in ATP synthesis in 
mitochondria which has, to my knowledge, not been considered 
before. ATP synthesis via the F0F1 ATP synthase (complex V; 
Figures 2A,B) requires a sufficient chemiosmotic gradient across 
the inner mitochondrial membrane which is, according to a 
generally accepted dogma, exclusively generated by the electron 
transport chain (e.g., Vanlerberghe, 2013), translocating 3 H+ per 
NADH molecule oxidized. It is an important corollary of this 
dogma, which I would like to challenge here, that no ATP can 
be synthesized at the inner mitochondrial membrane when the 
electron transport chain does not contribute to the pmf—as with 
the alternative ND and the AOX bypassing the “ordinary” 
transport chain. Under these conditions, H+ transport for ATP 
synthesis could still be organized as a linear flux, though, 
purportedly organized in the following way: In the cytosol, 
malate is synthesized from phosphoenolpyruvate by the PEP 
carboxylase and the malate dehydrogenase, with oxaloacetate 
serving as an intermediate (Figure 2B). This involves the release 
of 1 H+ per turnover. Malate subsequently enters the 
mitochondrial matrix by facilitated (electro) diffusion and is 
subsequently decarboxylated by the NADH-dependent malic 
enzyme, leading to the formation of pyruvate, at the expense of 1 
H+. Pyruvate is then fed into the TCA cycle. Note that this 
reaction sequence gives rise to a pH gradient across the inner 
mitochondrial membrane, which could be harnessed to drive a 
H+ influx into the mitochondrial matrix and, in turn, ATP 
synthesis. For the stoichiometry of the F0F1 ATPase, a ratio of 4 
H+ per ATP has been determined (Steigmiller et al., 2008). The 
necessary molecular “infrastructure” for this reaction sequence 
has indeed been verified, and several experimental observations 
lend support to this scenario. When protocols for the isolation of 
viable mitochondria, e.g., from cauliflower buds and potato 
tubers, had been worked out in the 70s of the last century, it was 
soon observed that providing these mitochondrial preparations 
with external malate plus NAD+ as substrates, respiratory activity 
was stimulated as monitored by O2 consumption, providing 
evidence that malate readily diffuses into the matrix (Macrae and 
Moorhouse, 1970). Two enzymes were shown to compete for 
malate as a substrate (Figure 2B), namely the NADH-dependent 
malate dehydrogenase (NAD-MDH, directly catalyzing a step in 
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the TCA cycle) and malic enzyme (NAD-ME). Under most 
conditions, the contribution of the ME was marginalized by the 
MDH as determined by immediately measuring oxaloacetate vs. 
pyruvate levels (Rustin et al., 1980). Even when the MDH was 
blocked, the ME could only partly take over its role (Le et al., 
2021a), and only a small fraction of ME-derived pyruvate was 
channeled into the TCA cycle (Le et al., 2021b). However, at high 
AOX activities, ME was the dominant enzyme. This even made 
researchers believe (erroneously) that AOX and the NADH-
dependent malic enzyme were tightly associated and part of a 
separate redox pool (Rustin et al., 1980) but note recent data by 
Le et  al. (2021b) suggesting that pyruvate imported via the 
pyruvate carrier (MPC) complex may not mix with that generated 
by the (NAD-ME). Interestingly, pyruvate, the product of the ME, 
directly activates the AOX when the dimer is in the reduced state 
(Day et al., 1994; Vanlerberghe, 2013). ME is also activated when 
the final electron acceptor O2 becomes less available during 
hypoxia (Edwards et al., 1998). These experimental findings are 
in accordance with the hypothesis forwarded here. Another piece 
of evidence refers to malate flux which is supposed to carry 
negative charges for electrically balancing the H+ transfer, thus 
avoiding any drift in membrane potential. Indeed, evidence for 
the existence of an electrogenic malate transporter not identical 
to or related with the MPC was obtained, even though its genetic 
basis still appears to be unidentified (Le et al., 2021a). A further 
critical corollary of the hypothesis is a net H+ influx into 
mitochondria in the presence of malate—this should be accessible 
with the Microelectrode Ion Flux Estimation (MIFE) technique 
(Shabala et al., 2006).

Special aspects of mitochondrial function discussed above 
have highlighted the complexity of mitochondrial activity for 
plant metabolism, even beyond its key role in bioenergetics. Much 
progress has been made recently in understanding how 
mitochondria are “programmed” according to the actual status of 
the organism and its current requirements. An interesting aspect 
of this programming is the coordination of genetic information 
stored on the nucleus and on the mitochondrion. In recent years, 
the role of mitochondria in sensing stress and coordinating the 
cellular response by activating nuclear genes was gradually 
recognized, now known as the “mitochondrial retrograde 
response” (Wagner et al., 2018). A wide spectrum of nuclear genes, 
including those encoding for AOX1, is activated by inhibiting 
electron transport with Antimycin A, which acts on complex III 
and stimulates ROS production. The response to this chemical as 
well as other specific inhibitors like rotenone and oligomycin has 
been analyzed in quite detail, including transcription factors of the 
NAC family which coordinate the response. Interestingly, they 
originate from the ER and move into the nucleus after release into 
the cytosol in response to mitochondrial dysfunction. Inhibitors 
seem to mimic “natural” effects on electron transport by stress 
such as ozone or drought, and response to hypoxic conditions 
which also tend to block electron transport. Re-organization of 
energy metabolism induced by a lack of oxygen is a separate issue 
and will not be treated in more depth here. The reader is referred 

to recent review articles by Lee and Bailey-Serres (2021) and 
Loreti and Perata (2020).

Finally, recent findings on oxidative phosphorylation in 
arbuscular mycorrhiza will be  treated briefly. Invasion of the 
fungus by endobacteria frequently adds a third partner to the 
symbiosis (Salvioli et al., 2016). Having a reduced genome and 
metabolism, these bacteria fully rely on their host, which itself 
depends on the supply of sugars by the plant upon root 
inoculation. As a model system, the fungus Gigaspora margarita 
was investigated which is infected by the bacterium Candidatus 
Glomeribacter gigasporarum (CaGg.; Salvioli et al., 2016; Vannini 
et al., 2016) Interestingly, the endobacterium stimulates, among 
other things, fungal ATP synthesis by activating enzymes of the 
inner mitochondrial membrane and activates pathways for ROS 
scavenging alternative to those operating in fungi cultures lacking 
endobacteria. The root infection process and antioxidant activities 
in the root were also affected (Venice et al., 2017).

The energetics of membrane 
transport

The previous section centered on the question how energy is 
provided and made accessible in the roots of higher plants, 
particularly dealing with processes in mitochondria. Efficient 
“management” of the ATP pool while, at the same time, 
minimizing hazards, e.g., by excessive ROS production turned out 
to be an important trade-off. Alternative mechanisms of energy 
conversion not involving the ATP pool were also mentioned, but 
so far rather en passant. In the following, the focus shifts to the 
way metabolic energy is “spent” on and allocated to basic root 
functions. The plasma membrane of cortical root cells and root 
hairs will receive most attention here, since they form the interface 
to soil solution and play a key role in nutrient and water 
acquisition. Furthermore, they are “in the first line of defense” 
against biotic and abiotic stresses. As a consequence, steep 
concentrations gradient for numerous solutes need to 
be established and maintained across the plasma membrane of 
these cells, either for accumulating them in the cytoplasm (as in 
the case of nutrients such as K+) or to prevent their uptake, which 
applies to potentially harmful solutes such as Na+ and Cl−. In plant 
cells, membranes are generally energized by establishing a proton 
motive force across them, consisting of a pH gradient and an 
electrical membrane potential. For all other solutes, energetically 
uphill transport is coupled to the pmf, either to the pH gradient 
(as in the case of SOS1 catalyzing an electroneutral exchange of H+ 
and Na+), or to the membrane potential driving, e.g., K+ into the 
cell via ion channels even against a concentration gradient, or to 
both. At the plasma membrane, P-type H+ ATPases play a key role 
in pmf generation by pumping H+ against its electrochemical 
gradient at the expense of splitting an energy-rich phosphate from 
ATP, ending up with ADP and Pi (Briskin et al., 1995; Falhof et al., 
2016). The stoichiometry is generally 1 H+ per ATP hydrolysis 
(Briskin and Reynolds-Niesman, 1991), but a value of 3 was 
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obtained under conditions of salinity stress (Janicka-Russak et al., 
2013), indicating that the pump can also operate in a more 
efficient mode. P-type ATPases are encoded by the AHA gene 
family (for AUTOINHIBITED PLASMA MEMBRANE PROTON 
ATPases; Falhof et  al., 2016; Hoffmann et  al., 2019). In root 
cortical cells, AHA2 is expressed besides the constitutively present 
AHA1 and appears to be involved in nutrient acquisition. AHA7 
is additionally expressed specifically in root hairs. AHA2 activity 
was maximal at a cytosolic pH of about 6.4 and strongly decreased 
when the pH was elevated to physiological values close above 7 
(Hoffmann et  al., 2019); still, it was clearly involved, e.g., in 
phosphate uptake in Arabidopsis roots and contributed to the 
acidification of the root surface in the elongation zone (Yuan et al., 
2017). Similarly, in Arabidopsis roots it played a role in Fe 
acquisition (Santi and Schmidt, 2009). AHA7 differed from AHA2 
with respect to its pH dependence: It showed full activity around 
cytosolic values around 7 (close to the physiological range), but 
was strongly inhibited at external pH values below ~pH 6.0; this 
is due to an extracellular autoinhibitory loop.

For a long time, P-type H+ ATPases have been considered as 
the exclusive pmf source at the plasma membrane of plant cells, 
until experiments with the MIFE technique provided compelling 
evidence that this is not always the case. Under various 
experimental conditions summarized by Wegner and Shabala 
(2020), a net H+ influx was measured into root cells for 2 h at least, 
indicated that H+ flux by symporters and antiporters apparently 
exceeded active H+ efflux mediated by the proton pump. Net influx 
was even recorded when fluxes were monitored at opposite sites 
of the same protoplast, with no cell wall potentially interfering 
with the measurement. Apparently, a pmf is maintained under 
these conditions despite the ongoing H+ influx (Figure  1). As 
described in the Introduction, this is explained by active buffering 
which involves H+ release and resorption in the apoplast and in 
the cytosol, respectively, by metabolism. Active buffering stabilizes 
the pH gradient during net H+ influx (also denoted as the 
“biochemical pH clamp,” see above). Note that H+ influx is also 
associated with a positive charge transfer from the apoplast into 
the cytosol. Charge balance can either be achieved by simultaneous 
ion-channel mediated influx of anions (e.g., nitrate) and/or by K+ 
efflux. The former will remain an exceptional case, and hence 
continuous K+ release is likely to be a corollary of the biochemical 
pH clamp, unless the overall charge balance for all transport 
processes is neutral. Hence, the process will come to an end when 
the vacuolar K+ pool is exhausted. This will take several hours (Wu 
et al., 2018). We have to conclude that the mechanism is not self-
sustained, but requires an intermittent refilling of the cellular K+ 
pool, possibly at night.

In the apoplast, a pH drift to values >~6 is prevented by the 
activity of an acid carbonic anhydrase. One H+ is released when 
bicarbonate is formed from H2O and CO2, the latter being an 
end-product of respiration (see above). Moreover, the adjacent soil 
provides a huge H+ reservoir whereas limited cell wall buffering 
only plays a minor role (the specific buffer capacity amounting to 
just about 10% of the cytosolic one; Felle (2001)) and can only 

transiently counteract a pH shift. All these mechanisms of pH 
control provide just for a rather loose clamp, and apoplastic pH 
can fluctuate to some extent, also allowing it to act as a second 
messenger e.g. under drought stress and hypoxia (Felle, 2001; 
Geilfus, 2017) and for growth regulation (Shao et al., 2021). 
Moreover, local pH gradients can prevail, e.g. perpendicular to the 
plasma membrane (Martinière et al., 2013) and between roots 
zones (Peters and Felle, 1999).

On the other hand, H+ scavenging in the cytosol requires 
biochemical reactions involving a decarboxylation step. Two 
rather complex reaction schemes have been advanced by 
Wegner and Shabala involving the NADPH-dependent ME and 
the glutamate decarboxylase (GAD), respectively (Figures 3A,B). 
The first one closely follows the well-known Ben-Zioni Lips 
model of anion circulation in higher plants (Zioni et al., 1971). 
According to this model, nitrate taken up by the root is 
transported to the leaves for N assimilation via the transpiration 
stream. K+, serving as a counterion, is subsequently cycled back 
to the root via the phloem. Charge balance in phloem transport 
is obtained by shoot-to-root transfer of malate, which is 
decarboxylated in the root, forming pyruvate (Figure 3A). The 
latter step involves binding of H+ which enters the cytosol via 
various cotransporters. Note that malate derived from glucose is 
associated with the release of 4 H+ and, hence, subsequent 
decarboxylation does not result in overall net H+ consumption. 
However, when malate synthesis takes place in the leaves, 
alkalinization by photosynthetic nitrate assimilation is elegantly 
neutralized. Another metabolic pathway that is highly 
stimulated at various stress conditions, e.g., by salinity, and 
consuming H+ is the so-called GABA shunt. GABA, or 
4-aminobutyric acid, is a zwitterionic, non-protein amino acid 
that is found in almost all plants species and tissues. It is 
produced via an anaplerotic pathway branching from the TCA 
cycle that involves trans-amination of 2-oxoglutarate leading to 
the formation of glutamate, and subsequent decarboxylation 
(Figure 3B). The latter reaction is catalyzed by the Glutamate 
decarboxylase (GAD) and is associated with binding of one H+ 
ion. GABA can be fed back into the TCA cycle by a two-step 
process yielding succinate. Alternatively, it is released into the 
apoplast—in fact, GABA has been identified as a signaling 
molecule for communication between individual plants 
(Ramesh et al., 2017). The pivotal role of the GABA shunt in 
preventing acidification of the cytosol is known since the 
pioneering work of Crawford (Crawford et al., 1994), but these 
authors did not consider the link with the energization of 
membrane transport processes. Interestingly, cytosolic 
acidification stimulates the GAD, and, in turn, GABA formation, 
e.g., in carrot suspension cells (Carroll et al., 1994; Crawford 
et al., 1994) originally derived from storage root tissue (Israel 
and Steward, 1967). For a review, the reader is referred to Shelp 
et al. (1999). GABA concentrations in the cytosol can be as high 
as 6–39 mM under stress conditions such as drought stress and 
salinity (Renault et al., 2010). Strong evidence supporting a role 
of the H+ scavenging GABA shunt in salinity stress tolerance 
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was obtained by Nikolas Taylor and coworkers (Che-Othman 
et al., 2020). They reported on a complete re-organization of the 
TCA cycle with NaCl treatment in wheat leaves. Under these 
conditions, the GABA shunt was the preferred route, avoiding 
the 2-oxoglutarate dehydrogenase complex (OGDC) that was 
completely disintegrated when exposed to elevated Na+ 
concentrations. This study was performed on leaf cells, but 
evidence for a similar mechanism operating in Arabidopsis roots 
had previously been presented (Renault et  al., 2013). The 
observations are in line with a key role of the GAD in capturing 
H+ entering the cytosol in exchange for Na+. It should be noted 
that these biochemical pH stat mechanisms do not exert a tight 
control on cytosolic pH either; it can vary to some extent, 
allowing it to act as a second messenger (Felle, 2001), as 
described above for the apoplastic pH.

Thermodynamic aspects of the biochemical pH clamp 
hypothesis were discussed in detail by Wegner and Shabala (2020), 
estimating the metabolic free energy that needs to be invested into 
stabilizing the trans-membrane H+ gradient for counteracting 
continuous H+ influx. Among other things, it was pointed out that 
the decarboxylation step catalyzed by ME would even be slightly 
energetically uphill under standard conditions; hence, this reaction 
could only drive H+ influx at a favorable ratio of products to educts. 
Since ME simultaneous decarboxylates and oxidizes malate, the 
reaction strongly depends on the redox state of the cell controlling 
the NADP+/NADPH ratio. Hence, H+ resorption is likely to depend 
on continuous oxidation of NADPH by the mitochondrial electron 
transport chain, possibly also involving the AOXs (see the previous 
section). Decarboxylation of glutamate catalyzed by GAD is 
slightly exergonic, the free energy balance being ~ − 11 kJ/mol 
under standard conditions (calculated on the basis of data from Efe 
et al., 2008), and the whole GABA shunt is also associated with a 
release of free energy.

In addition to the plasma membrane, endomembranes are 
another relevant “energy sink,” not only in roots. In the first place, 

this refers to vacuoles (Davies, 1997) which are used as 
intracellular storage sites for various solutes. Transport across the 
tonoplast is energized by V-type ATPases, which share many 
properties with their counterparts in the plasma membrane albeit 
with some remarkable exceptions such as their variable 
stoichiometry, and the Pyrophosphatases being specific for the 
tonoplast. Interestingly, cycling of Na+ (and possibly of other 
solutes like K+) is also likely to play a role at the tonoplast and may 
cause very high energetic costs at this membrane, too (Shabala 
et al., 2020).

The energetics of root growth

Transport and storage are important energy investments in 
the root, another very important one is growth (for recent reviews 
see Dupuy et  al., 2018, Volkov et  al., 2021). Root growth and 
building costs were already treated in the Introduction to motivate 
root bioenergetics as a timely issue. Exploring the heterogeneous 
soil for nutrient-rich sites relies on maintaining root growth at a 
high rate; this is of particular importance for getting access to 
resources of low mobility like phosphate (Lynch and Ho, 2005; 
Lynch, 2015, 2022), whereas mobile nutrients, e.g., N, can 
be mobilized more readily by the transpiration stream. In this 
context, building costs of root tissue per root length was identified 
as a key trait for optimizing the root growth rate. This can 
be expressed in terms of a carbon economy for soil exploration 
(Nielsen et al., 2001), which was indeed shown to be affected, e.g., 
by phosphate availability. Parameters like root diameter, cell size, 
and aerenchyma formation have been shown to be relevant. On 
the other hand, a detailed physiological comparison of slow and 
fast-growing grass species [which is a genetically encoded 
property, persisting at identical nutrient supply; Poorter et  al. 
(1991)] revealed that metabolic energy spent on root growth 
normalized to dry weight was almost identical, e.g., in 

A B

FIGURE 3

Metabolic schemes showing “active” buffering in the cytosol by malic enzyme and the electron transport chain (A) and the glutamate 
decarboxylase (GAD) which is part of the 4-Aminobutyric acid (GABA) shunt (B). Both systems are capable of capturing H+ imported by cotransport 
with or antiport against other substrates (“s”). Extracellular buffering is brought about by the carbonic anhydrase (CA). TCA, tricarbonic acid. 
Reproduced from Wegner and Shabala (2020), with permission.
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fast-growing Dactylus glomerata and slow-growing F. ovina. 
However, total respiration did not scale with the growth rate, the 
fast-growing species being apparently more efficient [2.3 times 
faster growth at a factor of 1.2 for the specific respiration rate; 
Scheurwater et al. (1998)]. The difference was rather related to N 
uptake which consumed less energy in the fast-growing species 
than in the slow one due to a lower rate of N circulation across the 
plasma membrane of root cortical cells.

Anatomical and morphological traits leading to reduced 
specific building costs of roots have been well characterized, but 
their genetic basis is frequently still elusive, maybe with the 
exception of aerenchyma formation relying on programmed cell 
death (Evans, 2004). Only few genes have been identified so far 
which modify root system architecture in a clearly defined way (for 
reviews, see Wachsman et al., 2015; Uga, 2021). Among those is the 
gene DEEPER ROOTING 1 (DRO1) in rice encoding for a protein 
which has an impact on the angle at which the root growth relative 
to the gravitational field of the earth (and, hence, on the rooting 
depth) and PSTOL1, which speeds up lateral growth of rice roots in 
P-deficient soils. A more detailed evaluation of the genetic basis of 
root anatomical and morphological adaptation to the energy status 
as well as nutrient availability is expected in the years to come.

Final remarks

Numerous “construction sites” were identified in this short 
review on various aspects of root energetics which follow their own 
agenda. I do not want to be repetitive returning to these special 
topics, but raise a more fundamental issue instead. Traits leading to 
an efficient use of energy have been identified as highly beneficial 
from an evolutionary point of view, and crop breeding is being 
re-oriented toward that goal (De Block and Van Lijsebettens, 2011; 
Lynch, 2015; Munns et al., 2020b). A new twist was added to the field 
by introducing traits which had been undervalued so far such as an 
“energy-efficient” root architecture and anatomy (see Introduction). 
Another “mega-concept” is concerned with aspects of use efficiency 
of nutrient elements (N, S, and P) which also has bearing on the 
bioenergetics of plants (Lynch, 2019). Definitely, these approaches 
are promising and justified—still, I want to add a note of caution. 
Plants, as life in general, operate far from thermodynamic 
equilibrium and their existence relies on a constant flow of free 
energy (see the Introduction). Hence, they are not per se designed as 
“energy savers”—rather, they tend to gain biological function by 
“spending,” or, rather, “investing” energy, in order to get some value 
in return with respect to fitness and viability. What at first sight 
appears as a waste of energy may in effect convey a hidden function. 
In fact, it may turn out as an important security valve proving its 
value at certain stress scenarios only. We have to be careful avoiding 
anthropomorphisms when judging plant “success” in “saving 
energy.” The ongoing discussion on AOX and the other “energy 
spoilers” in mitochondrial electron transport (see section “Processes 
of energy conversion in mitochondria”) provide a telling example. 
Apparently, plants have developed sophisticated mechanisms for—
tightly regulated—energy dissipation, which is in obvious contrast to 

energy efficiency being, under all circumstances, a key trait for 
fitness. Another interesting case study refers to the breeding of salt-
tolerant crops. The apparently “futile” cycling of Na+ at the plasma 
membrane of root cortical cells has been identified as an important 
energy sink, and eliminating this trait has been defined as a goal in 
breeding salt-tolerant crops (Munns et al., 2020b). However, if this 
Na+ cycling has a function in water acquisition as discussed by 
Munns et  al. (2020a) loosing this trait will imply the loss of a 
potentially important function, with unforeseen costs and 
consequences for the entire organism. In fact, ionic cycling across the 
plasma membrane can be an investment into maintaining cellular 
homeostasis (Dreyer, 2021; see also the Introduction). We also have 
to keep in mind that under many environmental conditions, the 
availability of energy is not the rate-limiting factor for plant 
survival—rather, it is the availability of water, certain nutrients, or the 
avoidance of biotic or abiotic stressors. This is particularly true for 
(crop) plants growing in warm climates. Lynch has stressed the 
importance of searching for traits which allow for a resource-efficient 
agriculture, particularly in developing countries (Lynch, 2007b, 2015, 
2022), but an efficient use of energy may not always be the major 
concern. At least this may not be a general concern, and hidden 
trade-offs need to be considered. For example, P deficiency tends to 
come with an energy deficit due to its effect on the adenylate 
availability, which will feed back on the respiration rate (see section 
“Processes of energy conversion in mitochondria”). In a recent broad 
meta-analysis, Han and Zhu (2021) investigated correlations 
between root morphological traits and root respiration and did not 
find a convincing relationship for traits like specific root length and 
root diameter, suggesting that interactions may be more complex 
and species-dependent. New approaches in quantitative modeling of 
plant performance with respect to certain parameters such as energy 
use efficiency will become available in the near future, such as those 
pioneered by Foster and Miklavcic (2020) and Arsova et al. (2020). 
Instead of just opting for “energy-efficient” plants, the task will rather 
be to find the best trade-off between energy efficiency and function, 
and to find algorithms reflecting this trade-off in the best way.

Author contributions

The author confirms being the sole contributor of this work 
and has approved it for publication.

Funding

This work was supported by a grant of the National Science 
Foundation of China to LW (grant no. 32070277).

Conflict of interest

The author declares that the research was conducted in the 
absence of any commercial or financial relationships that could 
be construed as a potential conflict of interest.

130

https://doi.org/10.3389/fpls.2022.853309
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Wegner 10.3389/fpls.2022.853309

Frontiers in Plant Science frontiersin.org

Publisher’s note

All claims expressed in this article are solely those of the 
authors and do not necessarily represent those of their affiliated 

organizations, or those of the publisher, the editors and the 
reviewers. Any product that may be evaluated in this article, or 
claim that may be made by its manufacturer, is not guaranteed or 
endorsed by the publisher.

References
Amthor, J. S. (2000). The McCree–de wit–penning de Vries–Thornley respiration 

paradigms: 30 years later. Ann. Bot. 86, 1–20. doi: 10.1006/anbo.2000.1175

Arsova, B., Foster, K. J., Shelden, M. C., Bramley, H., and Watt, M. (2020). 
Dynamics in plant roots and shoots minimize stress, save energy and maintain water 
and nutrient uptake. New Phytol. 225, 1111–1119. doi: 10.1111/nph.15955

Atkinson, C. J., and Farrar, J. F. (1983). Allocation of photosynthetically fixed 
carbon in Festuca ovina L. and Nardus stricta L. New Phytol. 95, 519–531. doi: 
10.1111/j.1469-8137.1983.tb03517.x

Bendall, D. S., and  Bonner, W. D. Jr. (1971). Cyanide-insensitive respiration in 
plant mitochondria. Plant Physiol. 47, 236–245. doi: 10.1104/pp.47.2.236

Bingham, I. J., and Stevenson, E. A. (1993). Control of root growth: effects of 
carbohydrates on the extension, branching and rate of respiration of different 
fractions of wheat roots. Physiol. Plant. 88, 149–158. doi: 10.1111/j.1399-3054.1993.
tb01772.x

Bloom, A. J.,  Chapin, F. S. III, and Mooney, H. A. (1985). Resource limitation in 
plants-an economic analogy. Annu. Rev. Ecol. Syst. 16, 363–392. doi: 10.1146/
annurev.es.16.110185.002051

Bouma, T. J., and De Visser, R. (1993). Energy requirements for maintenance of 
ion concentrations in roots. Physiol. Plant. 89, 133–142. doi: 10.1111/j.1399-3054. 
1993.tb01796.x

Bouma, T. J., De Visser, R., Janssen, J., De Kock, M. J., Van Leeuwen, P. H., and 
Lambers, H. (1994). Respiratory energy requirements and rate of protein turnover 
in vivo determined by the use of an inhibitor of protein synthesis and a probe to 
assess its effect. Physiol. Plant. 92, 585–594. doi: 10.1111/j.1399-3054.1994.
tb03027.x

Briskin, D. P., Basu, S., and Assmann, S. M. (1995). Characterization of the red 
beet plasma membrane H+-ATPase reconstituted in a planar bilayer system. Plant 
Physiol. 108, 393–398. doi: 10.1104/pp.108.1.393

Briskin, D. P., and Reynolds-Niesman, I. (1991). Determination of H—/ATP 
stoichiometry for the plasma membrane H+-ATPase from red beet (Beta vulgaris L.) 
storage tissue. Plant Physiol. 95, 242–250. doi: 10.1104/pp.95.1.242

Carroll, A. D., Fox, G. G., Laurie, S., Phillips, R., Ratcliffe, R. G., and Stewart, G. R. 
(1994). Ammonium assimilation and the role of [gamma]-aminobutyric acid in pH 
homeostasis in carrot cell suspensions. Plant Physiol. 106, 513–520. doi: 10.1104/
pp.106.2.513

Che-Othman, M. H., Jacoby, R. P., Millar, A. H., and Taylor, N. L. (2020). Wheat 
mitochondrial respiration shifts from the tricarboxylic acid cycle to the GABA shunt 
under salt stress. New Phytol. 225, 1166–1180. doi: 10.1111/nph.15713

Clifton, R., Lister, R., Parker, K. L., Sappl, P. G., Elhafez, D., Millar, A. H., et al. 
(2005). Stress-induced co-expression of alternative respiratory chain components 
in Arabidopsis thaliana. Plant Mol. Biol. 58:193. doi: 10.1007/s11103-005-5514-7

Clifton, R., Millar, A. H., and Whelan, J. (2006). Alternative oxidases in 
Arabidopsis: a comparative analysis of differential expression in the gene family 
provides new insights into function of non-phosphorylating bypasses. Biochim. 
Biophys. Acta Bioenerg. 1757, 730–741. doi: 10.1016/j.bbabio.2006.03.009

Colombi, T., Herrmann, A. M., Vallenback, P., and Keller, T. (2019). Cortical cell 
diameter is key to energy costs of root growth in wheat. Plant Physiol. 180, 
2049–2060. doi: 10.1104/pp.19.00262

Costa, J. H., Jolivet, Y., Hasenfratz-Sauder, M.-P., Orellano, E. G., Lima, M. D. G. 
S., Dizengremel, P., et al. (2007). Alternative oxidase regulation in roots of Vigna 
unguiculata cultivars differing in drought/salt tolerance. J. Plant Physiol. 164, 
718–727. doi: 10.1016/j.jplph.2006.04.001

Crawford, L. A., Bown, A. W., Breitkreuz, K. E., and Guinel, F. C. (1994). The 
synthesis of [gamma]-aminobutyric acid in response to treatments reducing 
cytosolic pH. Plant Physiol. 104, 865–871. doi: 10.1104/pp.104.3.865

Davies, J. M. (1997). Vacuolar energization: pumps, shunts and stress. J. Exp. Bot. 
48, 633–641. doi: 10.1093/jxb/48.3.633

Day, D. A., Millar, A. H., Wiskich, J. T., and Whelan, J. (1994). Regulation of 
alternative oxidase activity by pyruvate in soybean mitochondria. Plant Physiol. 106, 
1421–1427. doi: 10.1104/pp.106.4.1421

De Block, M., and Van Lijsebettens, M. (2011). Energy efficiency and energy 
homeostasis as genetic and epigenetic components of plant performance and 

crop productivity. Curr. Opin. Plant Biol. 14, 275–282. doi: 10.1016/j.
pbi.2011.02.007

Demirel, Y., and Sandler, S. I. (2002). Thermodynamics and bioenergetics. 
Biophys. Chem. 97, 87–111. doi: 10.1016/S0301-4622(02)00069-8

Dreyer, I. (2021). Nutrient cycling is an important mechanism for homeostasis in 
plant cells. Plant Physiol. 187, 2246–2261. doi: 10.1093/plphys/kiab217

Ducet, G., Gidrol, X., and Richaud, P. (1983). Membrane potential changes in 
coupled potato mitochondria. Physiol. Veg. 21, 385–394.

Dupré, J. A., and Nicholson, D. (2018). “A manifesto for a processual 
philosophy of biology,” in Everything Flows: Towards a processual Philosophy of 
Biology. eds. D. Nicholson and J. A. Dupré (Oxford, UK: Oxford University 
Press), 4–45.

Dupuy, L. X., Mimault, M., Patko, D., Ladmiral, V., Ameduri, B., MacDonald, M. P., 
et al. (2018). Micromechanics of root development in soil. Curr. Opin. Genet. Dev. 
51, 18–25. doi: 10.1016/j.gde.2018.03.007

Edwards, S., Nguyen, B.-T., Do, B., and Roberts, J. K. (1998). Contribution of 
malic enzyme, pyruvate kinase, phosphoenol pyruvate carboxylase, and the Krebs 
cycle to respiration and biosynthesis and to intracellular pH regulation during 
hypoxia in maize root tips observed by nuclear magnetic resonance imaging and gas 
chromatography-mass spectrometry. Plant Physiol. 116, 1073–1081. doi: 10.1104/
pp.116.3.1073

Efe, C., Straathof, A. J., and van der Wielen, L. A. (2008). Options for biochemical 
production of 4-hydroxybutyrate and its lactone as a substitute for petrochemical 
production. Biotechnol. Bioeng. 99, 1392–1406. doi: 10.1002/bit.21709

Evans, D. E. (2004). Aerenchyma formation. New Phytol. 161, 35–49. doi: 
10.1046/j.1469-8137.2003.00907.x

Falhof, J., Pedersen, J. T., Fuglsang, A. T., and Palmgren, M. (2016). Plasma 
membrane H+-ATPase regulation in the center of plant physiology. Mol. Plant 9, 
323–337. doi: 10.1016/j.molp.2015.11.002

Fanello, D. D., Kelly, S. J., Bartoli, C. G., Cano, M. G., Alonso, S. M., and 
Guiamet, J. J. (2020). Plasticity of root growth and respiratory activity: root 
responses to above-ground senescence, fruit removal or partial root pruning in 
soybean. Plant Sci. 290:110296. doi: 10.1016/j.plantsci.2019.110296

Felle, H. H. (2001). pH: signal and messenger in plant cells. Plant Biol. 3, 577–591. 
doi: 10.1055/s-2001-19372

Fitter, A. H. (1991). Costs and benefits of mycorrhizas: implications for 
functioning under natural conditions. Experientia 47, 350–355. doi: 10.1007/
BF01972076

Foster, K. J., and Miklavcic, S. J. (2020). A comprehensive biophysical model of 
ion and water transport in plant roots. III. Quantifying the energy costs of ion 
transport in salt-stressed roots of Arabidopsis. Front. Plant Sci. 11:865. doi: 10.3389/
fpls.2020.00865

Geilfus, C.-M. (2017). The pH of the apoplast: dynamic factor with functional 
impact under stress. Mol. Plant 10, 1371–1386. doi: 10.1016/j.molp.2017.09.018

Graham, L. E., Cook, M. E., and Busse, J. S. (2000). The origin of plants: body plan 
changes contributing to a major evolutionary radiation. Proc. Nat. Acad. Sci. U.S.A. 
97, 4535–4540. doi: 10.1073/pnas.97.9.4535

Groff, P. A., and Kaplan, D. R. (1988). The relation of root systems to shoot 
systems in vascular plants. Bot. Rev. 54, 387–422. doi: 10.1007/BF02858417

Han, M., Feng, J., Chen, Y., Sun, L., Fu, L., and Zhu, B. (2021). Mycorrhizal 
mycelial respiration: a substantial component of soil respired CO2. Soil Biol. 
Biochem. 163:108454. doi: 10.1016/j.soilbio.2021.108454

Han, M., and Zhu, B. (2021). Linking root respiration to chemistry and 
morphology across species. Glob. Chang. Biol. 27, 190–201. doi: 10.1111/gcb.15391

Heinemeyer, A., Hartley, I. P., Evans, S. P., Carreira de La Fuente, J. A., and 
Ineson, P. (2007). Forest soil CO2 flux: uncovering the contribution and 
environmental responses of ectomycorrhizas. Glob. Chang. Biol. 13, 1786–1797. doi: 
10.1111/j.1365-2486.2007.01383.x

Herrmann, A. M., and Colombi, T. (2019). Energy use efficiency of root growth–a 
theoretical bioenergetics framework. Plant Signal. Behav. 14, 1685147. doi: 
10.1080/15592324.2019.1685147

131

https://doi.org/10.3389/fpls.2022.853309
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://doi.org/10.1006/anbo.2000.1175
https://doi.org/10.1111/nph.15955
https://doi.org/10.1111/j.1469-8137.1983.tb03517.x
https://doi.org/10.1104/pp.47.2.236
https://doi.org/10.1111/j.1399-3054.1993.tb01772.x
https://doi.org/10.1111/j.1399-3054.1993.tb01772.x
https://doi.org/10.1146/annurev.es.16.110185.002051
https://doi.org/10.1146/annurev.es.16.110185.002051
https://doi.org/10.1111/j.1399-3054.1993.tb01796.x
https://doi.org/10.1111/j.1399-3054.1993.tb01796.x
https://doi.org/10.1111/j.1399-3054.1994.tb03027.x
https://doi.org/10.1111/j.1399-3054.1994.tb03027.x
https://doi.org/10.1104/pp.108.1.393
https://doi.org/10.1104/pp.95.1.242
https://doi.org/10.1104/pp.106.2.513
https://doi.org/10.1104/pp.106.2.513
https://doi.org/10.1111/nph.15713
https://doi.org/10.1007/s11103-005-5514-7
https://doi.org/10.1016/j.bbabio.2006.03.009
https://doi.org/10.1104/pp.19.00262
https://doi.org/10.1016/j.jplph.2006.04.001
https://doi.org/10.1104/pp.104.3.865
https://doi.org/10.1093/jxb/48.3.633
https://doi.org/10.1104/pp.106.4.1421
https://doi.org/10.1016/j.pbi.2011.02.007
https://doi.org/10.1016/j.pbi.2011.02.007
https://doi.org/10.1016/S0301-4622(02)00069-8
https://doi.org/10.1093/plphys/kiab217
https://doi.org/10.1016/j.gde.2018.03.007
https://doi.org/10.1104/pp.116.3.1073
https://doi.org/10.1104/pp.116.3.1073
https://doi.org/10.1002/bit.21709
https://doi.org/10.1046/j.1469-8137.2003.00907.x
https://doi.org/10.1016/j.molp.2015.11.002
https://doi.org/10.1016/j.plantsci.2019.110296
https://doi.org/10.1055/s-2001-19372
https://doi.org/10.1007/BF01972076
https://doi.org/10.1007/BF01972076
https://doi.org/10.3389/fpls.2020.00865
https://doi.org/10.3389/fpls.2020.00865
https://doi.org/10.1016/j.molp.2017.09.018
https://doi.org/10.1073/pnas.97.9.4535
https://doi.org/10.1007/BF02858417
https://doi.org/10.1016/j.soilbio.2021.108454
https://doi.org/10.1111/gcb.15391
https://doi.org/10.1111/j.1365-2486.2007.01383.x
https://doi.org/10.1080/15592324.2019.1685147


Wegner 10.3389/fpls.2022.853309

Frontiers in Plant Science frontiersin.org

Hoffmann, R. D., Olsen, L. I., Ezike, C. V., Pedersen, J. T., Manstretta, R., 
López-Marqués, R. L., et al. (2019). Roles of plasma membrane proton ATPases 
AHA2 and AHA7 in normal growth of roots and root hairs in Arabidopsis thaliana. 
Physiol. Plant. 166, 848–861. doi: 10.1111/ppl.12842

Hopkins, F., Gonzalez-Meler, M. A., Flower, C. E., Lynch, D. J., Czimczik, C., 
Tang, J., et al. (2013). Ecosystem-level controls on root-rhizosphere respiration. New 
Phytol. 199, 339–351. doi: 10.1111/nph.12271

Hourton-Cabassa, C., Rita Matos, A., Zachowski, A., and Moreau, F. (2004). The 
plant uncoupling protein homologues: a new family of energy-dissipating proteins 
in plant mitochondria. Plant Physiol. Biochem. 42, 283–290. doi: 10.1016/j.
plaphy.2004.01.007

Hughes, J. K., Hodge, A., Fitter, A. H., and Atkin, O. K. (2008). Mycorrhizal 
respiration: implications for global scaling relationships. Trends Plant Sci. 13, 
583–588. doi: 10.1016/j.tplants.2008.08.010

Israel, H. W., and Steward, F. C. (1967). The fine structure and development of 
plastids in cultured cells of Daucus carota. Ann. Bot. 31, 1–18. doi: 10.1093/
oxfordjournals.aob.a084118

Janicka-Russak, M., Kabała, K., Wdowikowska, A., and Kłobus, G. (2013). 
Modification of plasma membrane proton pumps in cucumber roots as an 
adaptation mechanism to salt stress. J. Plant Physiol. 170, 915–922. doi: 10.1016/j.
jplph.2013.02.002

Jia, S., Wang, Z., Li, X., Zhang, X., and Mclaughlin, N. B. (2011). Effect of nitrogen 
fertilizer, root branch order and temperature on respiration and tissue N 
concentration of fine roots in Larix gmelinii and Fraxinus mandshurica. Tree Physiol. 
31, 718–726. doi: 10.1093/treephys/tpr057

Lambers, H., Atkin, O. K., and Millenaar, F. F. (2002). “Respiratory patterns in 
roots in relation to their functioning,” in Plant Roots: The Hidden Half. eds. Y. 
Waisel, A. Eshel, T. Beekman and U. Kafkafi (Boca Raton: CRC Press), 810–866.

Lambers, H., and Oliveira, R. S. (2019). “Photosynthesis, respiration, and long-
distance transport: respiration,” in Plant Physiological Ecology. eds. H. Lambers and 
R. S. Oliveira (Cham: Springer International Publishing), 115–172.

Le, X. H., Lee, C.-P., and Millar, A. H. (2021a). The mitochondrial pyruvate carrier 
(MPC) complex mediates one of three pyruvate-supplying pathways that sustain 
Arabidopsis respiratory metabolism. Plant Cell 33, 2776–2793. doi: 10.1093/plcell/
koab148

Le, X. H., Lee, C.-P., Monachello, D., and Millar, A. H. (2021b). Metabolic 
evidence for distinct pyruvate pools inside plant mitochondria. bioRxiv [Preprint]. 
doi: 10.1038/s41477-022-01165-3

Lee, T. A., and Bailey-Serres, J. (2021). Conserved and nuanced hierarchy of gene 
regulatory response to hypoxia. New Phytol. 229, 71–78. doi: 10.1111/nph.16437

Loreti, E., and Perata, P. (2020). The many facets of hypoxia in plants. Plan. Theory 
9, 745. doi: 10.3390/plants9060745

Luo, Y., and Zhou, X. (2006). Soil Respiration and the Environment. London: 
Academic Press.

Lynch, J. (1995). Root architecture and plant productivity. Plant Physiol. 109, 7–13. 
doi: 10.1104/pp.109.1.7

Lynch, J. P. (2007a). Rhizoeconomics: the roots of shoot growth limitations. 
HortScience 42, 1107–1109. doi: 10.21273/HORTSCI.42.5.1107

Lynch, J. P. (2007b). Roots of the second green revolution. Aust. J. Bot. 55, 
493–512. doi: 10.1071/BT06118

Lynch, J. P. (2013). Steep, cheap and deep: an ideotype to optimize water and N 
acquisition by maize root systems. Ann. Bot. 112, 347–357. doi: 10.1093/aob/mcs293

Lynch, J. P. (2015). Root phenes that reduce the metabolic costs of soil exploration: 
opportunities for 21st century agriculture. Plant Cell Environ. 38, 1775–1784. doi: 
10.1111/pce.12451

Lynch, J. P. (2019). Root phenotypes for improved nutrient capture: an 
underexploited opportunity for global agriculture. New Phytol. 223, 548–564. doi: 
10.1111/nph.15738

Lynch, J. P. (2022). Harnessing root architecture to address global challenges. Plant 
J. 109, 415–431. doi: 10.1111/tpj.15560

Lynch, J. P., and Ho, M. D. (2005). Rhizoeconomics: carbon costs of phosphorus 
acquisition. Plant Soil 269, 45–56. doi: 10.1007/s11104-004-1096-4

Lynch, J. P., Strock, C. F., Schneider, H. M., Sidhu, J. S., Ajmera, I., 
Galindo-Castañeda, T., et al. (2021). Root anatomy and soil resource capture. Plant 
Soil 466, 21–63. doi: 10.1007/s11104-021-05010-y

Macrae, A. R., and Moorhouse, R. (1970). Oxidation of malate by mitochondria 
isolated from cauliflower buds. Eur. J. Biochem. 16, 96–102. doi: 10.1111/j.1432- 
1033.1970.tb01058.x

Makita, N., Fujimoto, R., and Tamura, A. (2021). The contribution of roots, 
mycorrhizal hyphae, and soil free-living microbes to soil respiration and its 
temperature sensitivity in a larch forest. Forests 12, 1410. doi: 10.3390/f12101410

Malagoli, P., Britto, D. T., Schulze, L. M., and Kronzucker, H. J. (2008). Futile Na+ 
cycling at the root plasma membrane in rice (Oryza sativa L.): kinetics, energetics, and 
relationship to salinity tolerance. J. Exp. Bot. 59, 4109–4117. doi: 10.1093/jxb/ern249

Martí, C. M., Florez-Sarasa, I., Camejo, D., Ribas-Carbó, M., Lázaro, J. J., 
Sevilla, F., et al. (2011). Response of mitochondrial thioredoxin PsTrxo1, antioxidant 
enzymes, and respiration to salinity in pea (Pisum sativum L.) leaves. J. Exp. Bot. 62, 
3863–3874. doi: 10.1093/jxb/err076

Martinière, A., Desbrosses, G., Sentenac, H., and Paris, N. (2013). Development and 
properties of genetically encoded pH sensors in plants. Front. Plant Sci. 4:523. doi: 
10.3389/fpls.2013.00523

May, B., Young, L., and Moore, A. L. (2017). Structural insights into the alternative 
oxidases: are all oxidases made equal? Biochem. Soc. Trans. 45, 731–740. doi: 
10.1042/BST20160178

Mhadhbi, H., Fotopoulos, V., Mylona, P. V., Jebara, M., Aouani, M. E., Alexios, N., 
et al. (2013). Alternative oxidase 1 (Aox1) gene expression in roots of Medicago 
truncatula is a genotype-specific component of salt stress tolerance. J. Plant Physiol. 
170, 111–114. doi: 10.1016/j.jplph.2012.08.017

Millenaar, F. F., and Lambers, H. (2003). The alternative oxidase: in vivo regulation 
and function. Plant Biol. 5, 2–15. doi: 10.1055/s-2003-37974

Moore, A. L., and Rich, P. R. (1980). The bioenergetics of plant mitochondria. 
Trends Biochem. Sci. 5, 284–288. doi: 10.1016/0968-0004(80)90160-7

Moore, A. L., Shiba, T., Young, L., Harada, S., Kita, K., and Ito, K. (2013). 
Unraveling the heater: new insights into the structure of the alternative oxidase. 
Annu. Rev. Plant Biol. 64, 637–663. doi: 10.1146/annurev-arplant-042811- 
105432

Moyano, F. E., Kutsch, W. L., and Schulze, E.-D. (2007). Response of 
mycorrhizal, rhizosphere and soil basal respiration to temperature and 
photosynthesis in a barley field. Soil Biol. Biochem. 39, 843–853. doi: 10.1016/j.
soilbio.2006.10.001

Munns, R., Day, D. A., Fricke, W., Watt, M., Arsova, B., Barkla, B. J., et al. (2020a). 
Energy costs of salt tolerance in crop plants. New Phytol. 225, 1072–1090. doi: 
10.1111/nph.15864

Munns, R., Passioura, J. B., Colmer, T. D., and Byrt, C. S. (2020b). Osmotic 
adjustment and energy limitations to plant growth in saline soil. New Phytol. 225, 
1091–1096. doi: 10.1111/nph.15862

Neumann, J., and Matzner, E. (2014). Contribution of newly grown extramatrical 
ectomycorrhizal mycelium and fine roots to soil respiration in a young Norway 
spruce site. Plant Soil 378, 73–82. doi: 10.1007/s11104-013-2018-0

Nicholls, D. G. (2013). Bioenergetics. 4th Edn. (Amsterdam: Elsevier).

Nielsen, K. L., Eshel, A., and Lynch, J. P. (2001). The effect of phosphorus 
availability on the carbon economy of contrasting common bean (Phaseolus vulgaris 
L.) genotypes. J. Exp. Bot. 52, 329–339. doi: 10.1093/jexbot/52.355.329

Peters, W. S., and Felle, H. H. (1999). The correlation of profiles of surface pH and 
elongation growth in maize roots. Plant Physiol. 121, 905–912. doi: 10.1104/
pp.121.3.905

Peuke, A. D., Windt, C., and Van As, H. (2006). Effects of cold-girdling on flows 
in the transport phloem in Ricinus communis: is mass flow inhibited? Plant Cell 
Environ. 29, 15–25. doi: 10.1111/j.1365-3040.2005.01396.x

Poorter, H., der Werf, A. V., Atkin, O. K., and Lambers, H. (1991). Respiratory 
energy requirements of roots vary with the potential growth rate of a plant species. 
Physiol. Plant. 83, 469–475. doi: 10.1111/j.1399-3054.1991.tb00122.x

Ramesh, S. A., Tyerman, S. D., Gilliham, M., and Xu, B. (2017). γ-Aminobutyric 
acid (GABA) signalling in plants. Cell. Mol. Life Sci. 74, 1577–1603. doi: 10.1007/
s00018-016-2415-7

Raven, J. A., and Edwards, D. (2001). Roots: evolutionary origins and 
biogeochemical significance. J. Exp. Bot. 52, 381–401. doi: 10.1093/jxb/52.suppl_1.381

Renault, H., El Amrani, A., Berger, A., Mouille, G., Soubigou-Taconnat, L., 
Bouchereau, A., et al. (2013). γ-Aminobutyric acid transaminase deficiency 
impairs central carbon metabolism and leads to cell wall defects during salt 
stress in Arabidopsis roots. Plant Cell Environ. 36, 1009–1018. doi: 10.1111/
pce.12033

Renault, H., Roussel, V., El Amrani, A., Arzel, M., Renault, D., Bouchereau, A., 
et al. (2010). The Arabidopsis pop2-1mutant reveals the involvement of GABA 
transaminase in salt stress tolerance. BMC Plant Biol. 10, 20. doi: 10.1186/ 
1471-2229-10-20

Rochette, P., and Hutchinson, G. (2005). Measurement of soil respiration in situ: 
chamber techniques. Publications from USDA-ARS/UNL Faculty. Available at: 
https://digitalcommons.unl.edu/usdaarsfacpub/1379

Ruehr, N. K., and Buchmann, N. (2010). Soil respiration fluxes in a temperate 
mixed forest: seasonality and temperature sensitivities differ among microbial and 
root–rhizosphere respiration. Tree Physiol. 30, 165–176. doi: 10.1093/treephys/
tpp106

132

https://doi.org/10.3389/fpls.2022.853309
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://doi.org/10.1111/ppl.12842
https://doi.org/10.1111/nph.12271
https://doi.org/10.1016/j.plaphy.2004.01.007
https://doi.org/10.1016/j.plaphy.2004.01.007
https://doi.org/10.1016/j.tplants.2008.08.010
https://doi.org/10.1093/oxfordjournals.aob.a084118
https://doi.org/10.1093/oxfordjournals.aob.a084118
https://doi.org/10.1016/j.jplph.2013.02.002
https://doi.org/10.1016/j.jplph.2013.02.002
https://doi.org/10.1093/treephys/tpr057
https://doi.org/10.1093/plcell/koab148
https://doi.org/10.1093/plcell/koab148
https://doi.org/10.1038/s41477-022-01165-3
https://doi.org/10.1111/nph.16437
https://doi.org/10.3390/plants9060745
https://doi.org/10.1104/pp.109.1.7
https://doi.org/10.21273/HORTSCI.42.5.1107
https://doi.org/10.1071/BT06118
https://doi.org/10.1093/aob/mcs293
https://doi.org/10.1111/pce.12451
https://doi.org/10.1111/nph.15738
https://doi.org/10.1111/tpj.15560
https://doi.org/10.1007/s11104-004-1096-4
https://doi.org/10.1007/s11104-021-05010-y
https://doi.org/10.1111/j.1432-1033.1970.tb01058.x
https://doi.org/10.1111/j.1432-1033.1970.tb01058.x
https://doi.org/10.3390/f12101410
https://doi.org/10.1093/jxb/ern249
https://doi.org/10.1093/jxb/err076
https://doi.org/10.3389/fpls.2013.00523
https://doi.org/10.1042/BST20160178
https://doi.org/10.1016/j.jplph.2012.08.017
https://doi.org/10.1055/s-2003-37974
https://doi.org/10.1016/0968-0004(80)90160-7
https://doi.org/10.1146/annurev-arplant-042811-105432
https://doi.org/10.1146/annurev-arplant-042811-105432
https://doi.org/10.1016/j.soilbio.2006.10.001
https://doi.org/10.1016/j.soilbio.2006.10.001
https://doi.org/10.1111/nph.15864
https://doi.org/10.1111/nph.15862
https://doi.org/10.1007/s11104-013-2018-0
https://doi.org/10.1093/jexbot/52.355.329
https://doi.org/10.1104/pp.121.3.905
https://doi.org/10.1104/pp.121.3.905
https://doi.org/10.1111/j.1365-3040.2005.01396.x
https://doi.org/10.1111/j.1399-3054.1991.tb00122.x
https://doi.org/10.1007/s00018-016-2415-7
https://doi.org/10.1007/s00018-016-2415-7
https://doi.org/10.1093/jxb/52.suppl_1.381
https://doi.org/10.1111/pce.12033
https://doi.org/10.1111/pce.12033
https://doi.org/10.1186/1471-2229-10-20
https://doi.org/10.1186/1471-2229-10-20
https://digitalcommons.unl.edu/usdaarsfacpub/1379
https://doi.org/10.1093/treephys/tpp106
https://doi.org/10.1093/treephys/tpp106


Wegner 10.3389/fpls.2022.853309

Frontiers in Plant Science frontiersin.org

Rustin, P., Moreau, F., and Lance, C. (1980). Malate oxidation in plant 
mitochondria via malic enzyme and the cyanide-insensitive electron transport 
pathway. Plant Physiol. 66, 457–462. doi: 10.1104/pp.66.3.457

Salvioli di Fossalunga, A., and Novero, M. (2019). To trade in the field: the 
molecular determinants of arbuscular mycorrhiza nutrient exchange. Chem. Biol. 
Technol. Agric. 6, 1–12. doi: 10.1186/s40538-019-0150-7

Salvioli, A., Ghignone, S., Novero, M., Navazio, L., Venice, F., Bagnaresi, P., et al. 
(2016). Symbiosis with an endobacterium increases the fitness of a mycorrhizal 
fungus, raising its bioenergetic potential. ISME J. 10, 130–144. doi: 10.1038/
ismej.2015.91

Santi, S., and Schmidt, W. (2009). Dissecting iron deficiency-induced proton 
extrusion in Arabidopsis roots. New Phytol. 183, 1072–1084. doi: 10.1111/j.1469- 
8137.2009.02908.x

Scheurwater, I., Cornelissen, C., Dictus, F., Welschen, R., and Lambers, H. (1998). 
Why do fast-and slow-growing grass species differ so little in their rate of root 
respiration, considering the large differences in rate of growth and ion uptake? Plant 
Cell Environ. 21, 995–1005. doi: 10.1046/j.1365-3040.1998.00341.x

Schwarzländer, M., Logan, D. C., Johnston, I. G., Jones, N. S., Meyer, A. J., 
Fricker, M. D., et al. (2012). Pulsing of membrane potential in individual 
mitochondria: a stress-induced mechanism to regulate respiratory bioenergetics in 
Arabidopsis. Plant Cell 24, 1188–1201. doi: 10.1105/tpc.112.096438

Shabala, S., Chen, G., Chen, Z.-H., and Pottosin, I. (2020). The energy cost of 
the tonoplast futile sodium leak. New Phytol. 225, 1105–1110. doi: 10.1111/
nph.15758

Shabala, L., Ross, T., McMeekin, T., and Shabala, S. (2006). Non-invasive 
microelectrode ion flux measurements to study adaptive responses of 
microorganisms to the environment. FEMS Microbiol. Rev. 30, 472–486. doi: 
10.1111/j.1574-6976.2006.00019.x

Shao, Y., Feng, X., Nakahara, H., Irshad, M., Eneji, A. E., Zheng, Y., et al. (2021). 
Apical-root apoplastic acidification affects cell wall extensibility in wheat under 
salinity stress. Physiol. Plant. 173, 1850–1861. doi: 10.1111/ppl.13527

Shelp, B. J., Bown, A. W., and McLean, M. D. (1999). Metabolism and functions 
of gamma-aminobutyric acid. Trends Plant Sci. 4, 446–452. doi: 10.1016/
S1360-1385(99)01486-7

Smith, C. A., Melino, V. J., Sweetman, C., and Soole, K. L. (2009). Manipulation 
of alternative oxidase can influence salt tolerance in Arabidopsis thaliana. Physiol. 
Plant. 137, 459–472. doi: 10.1111/j.1399-3054.2009.01305.x

Steigmiller, S., Turina, P., and Gräber, P. (2008). The thermodynamic H+/ATP 
ratios of the H+-ATPsynthases from chloroplasts and Escherichia coli. Proceedings 
of the National Academy of Sciences of the USA 105, 3745–3750. doi: 10.1073/
pnas.0708356105

Sweetman, C., Waterman, C. D., Rainbird, B. M., Smith, P. M. C., Jenkins, C. D., 
Day, D. A., et al. (2019). AtNDB2 Is the main external NADH dehydrogenase in 
mitochondria and Is important for tolerance to environmental stress. Plant Physiol. 
181, 774–788. doi: 10.1104/pp.19.00877

Tomè, E., Ventura, M., Folegot, S., Zanotelli, D., Montagnani, L., Mimmo, T., et al. 
(2016). Mycorrhizal contribution to soil respiration in an apple orchard. Appl. Soil 
Ecol. 101, 165–173. doi: 10.1016/j.apsoil.2016.01.016

Uga, Y. (2021). Challenges to design-oriented breeding of root system architecture 
adapted to climate change. Breed. Sci. 71, 3–12. doi: 10.1270/jsbbs.20118

Vanlerberghe, G. C. (2013). Alternative oxidase: a mitochondrial respiratory 
pathway to maintain metabolic and signaling homeostasis during abiotic and biotic 
stress in plants. Int. J. Mol. Sci. 14, 6805–6847. doi: 10.3390/ijms14046805

Vanlerberghe, G. C., Dahal, K., Alber, N. A., and Chadee, A. (2020). 
Photosynthesis, respiration and growth: a carbon and energy balancing act for 
alternative oxidase. Mitochondrion 52, 197–211. doi: 10.1016/j.mito.2020.04.001

Vannini, C., Carpentieri, A., Salvioli, A., Novero, M., Marsoni, M., Testa, L., et al. 
(2016). An interdomain network: the endobacterium of a mycorrhizal fungus 
promotes antioxidative responses in both fungal and plant hosts. New Phytol. 211, 
265–275. doi: 10.1111/nph.13895

Venice, F., de Pinto, M. C., Novero, M., Ghignone, S., Salvioli, A., and Bonfante, P. 
(2017). Gigaspora margarita with and without its endobacterium shows adaptive 
responses to oxidative stress. Mycorrhiza 27, 747–759. doi: 10.1007/
s00572-017-0790-z

Volkov, V., Flowers, T. J., Zhukovskaya, N. V., and Ivanov, V. B. (2021). “Root 
growth and structure of growth zone in halophytes and glycophytes under 
salinity: role of ion transport,” in Handbook of Halophytes: From Molecules to 
Ecosystems Towards Biosaline Agriculture. ed. M. N. Grigore (Cham: Springer), 
1351–1393.

Wachsman, G., Sparks, E. E., and Benfey, P. N. (2015). Genes and networks 
regulating root anatomy and architecture. New Phytol. 208, 26–38. doi: 10.1111/
nph.13469

Wagner, A. M., and Krab, K. (1995). The alternative respiration pathway in plants: 
role and regulation. Physiol. Plant. 95, 318–325. doi: 10.1111/j.1399-3054.1995.
tb00844.x

Wagner, A. M., Krab, K., Wagner, M. J., and Moore, A. L. (2008). Regulation 
of thermogenesis in flowering Araceae: The role of the alternative oxidase. 
Biochim. Biophys. Acta Bioenerg. BBA 1777, 993–1000. doi: 10.1016/j.
bbabio.2008.04.001 

Wagner, A. M., and Moore, A. L. (1997). Structure and function of the plant 
alternative oxidase: its putative role in the oxygen defence mechanism. Biosci. Rep. 
17, 319–333. doi: 10.1023/A:1027388729586

Wagner, S., Van Aken, O., Elsässer, M., and Schwarzländer, M. (2018). 
Mitochondrial energy signaling and its role in the low-oxygen stress response of 
plants. Plant Physiol. 176, 1156–1170. doi: 10.1104/pp.17.01387

Wang, W., and Fang, J. (2009). Soil respiration and human effects on global 
grasslands. Glob. Planet. Chang. 67, 20–28. doi: 10.1016/j.gloplacha.2008.12.011

Wegner, L. H. (2010). “Oxygen transport in waterlogged plants,” in Waterlogging 
Signalling and Tolerance in Plants. eds. S. Mancuso and S. Shabala (Berlin, 
Heidelberg: Springer), 3–22.

Wegner, L. H. (2015). A thermodynamic analysis of the feasibility of water 
secretion into xylem vessels against a water potential gradient. Funct. Plant Biol. 42, 
828–835. doi: 10.1071/FP15077

Wegner, L. H., Li, X., Zhang, J., Yu, M., Shabala, S., and Hao, Z. (2021). 
Biochemical and biophysical pH clamp controlling net H+ efflux across the plasma 
membrane of plant cells. New Phytol. 230, 408–415. doi: 10.1111/nph.17176

Wegner, L. H., and Shabala, S. (2020). Biochemical pH clamp: the forgotten 
resource in membrane bioenergetics. New Phytol. 225, 37–47. doi: 10.1111/
nph.16094

Windt, C. W., Vergeldt, F. J., De Jager, P. A., and Van As, H. (2006). MRI of long-
distance water transport: a comparison of the phloem and xylem flow characteristics 
and dynamics in poplar, castor bean, tomato and tobacco. Plant Cell Environ. 29, 
1715–1729. doi: 10.1111/j.1365-3040.2006.01544.x

Wu, H., Zhang, X., Giraldo, J. P., and Shabala, S. (2018). It is not all about sodium: 
revealing tissue specificity and signalling roles of potassium in plant responses to 
salt stress. Plant Soil 431, 1–17. doi: 10.1007/s11104-018-3770-y

Yuan, W., Zhang, D., Song, T., Xu, F., Lin, S., Xu, W., et al. (2017). Arabidopsis 
plasma membrane H+-ATPase genes AHA2 and AHA7 have distinct and 
overlapping roles in the modulation of root tip H+ efflux in response to low-
phosphorus stress. J. Exp. Bot. 68, 1731–1741. doi: 10.1093/jxb/erx040

Zioni, A. B., Vaadia, Y., and Lips, S. H. (1971). Nitrate uptake by roots as regulated 
by nitrate reduction products of the shoot. Physiol. Plant. 24, 288–290. doi: 10.1111/
j.1399-3054.1971.tb03493.x

133

https://doi.org/10.3389/fpls.2022.853309
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org
https://doi.org/10.1104/pp.66.3.457
https://doi.org/10.1186/s40538-019-0150-7
https://doi.org/10.1038/ismej.2015.91
https://doi.org/10.1038/ismej.2015.91
https://doi.org/10.1111/j.1469-8137.2009.02908.x
https://doi.org/10.1111/j.1469-8137.2009.02908.x
https://doi.org/10.1046/j.1365-3040.1998.00341.x
https://doi.org/10.1105/tpc.112.096438
https://doi.org/10.1111/nph.15758
https://doi.org/10.1111/nph.15758
https://doi.org/10.1111/j.1574-6976.2006.00019.x
https://doi.org/10.1111/ppl.13527
https://doi.org/10.1016/S1360-1385(99)01486-7
https://doi.org/10.1016/S1360-1385(99)01486-7
https://doi.org/10.1111/j.1399-3054.2009.01305.x
https://doi.org/10.1073/pnas.0708356105
https://doi.org/10.1073/pnas.0708356105
https://doi.org/10.1104/pp.19.00877
https://doi.org/10.1016/j.apsoil.2016.01.016
https://doi.org/10.1270/jsbbs.20118
https://doi.org/10.3390/ijms14046805
https://doi.org/10.1016/j.mito.2020.04.001
https://doi.org/10.1111/nph.13895
https://doi.org/10.1007/s00572-017-0790-z
https://doi.org/10.1007/s00572-017-0790-z
https://doi.org/10.1111/nph.13469
https://doi.org/10.1111/nph.13469
https://doi.org/10.1111/j.1399-3054.1995.tb00844.x
https://doi.org/10.1111/j.1399-3054.1995.tb00844.x
https://doi.org/10.1016/j.bbabio.2008.04.001
https://doi.org/10.1016/j.bbabio.2008.04.001
https://doi.org/10.1023/A:1027388729586
https://doi.org/10.1104/pp.17.01387
https://doi.org/10.1016/j.gloplacha.2008.12.011
https://doi.org/10.1071/FP15077
https://doi.org/10.1111/nph.17176
https://doi.org/10.1111/nph.16094
https://doi.org/10.1111/nph.16094
https://doi.org/10.1111/j.1365-3040.2006.01544.x
https://doi.org/10.1007/s11104-018-3770-y
https://doi.org/10.1093/jxb/erx040
https://doi.org/10.1111/j.1399-3054.1971.tb03493.x
https://doi.org/10.1111/j.1399-3054.1971.tb03493.x


Frontiers in Plant Science

OPEN ACCESS

EDITED BY

Lars Hendrik Wegner,
Foshan University, China

REVIEWED BY

Huakun Zhou,
Key Laboratory of Restoration Ecology
in Cold Regions (CAS), China
Sabine Dagmar Zimmermann,
Délégation Languedoc Roussillon
(CNRS), France

*CORRESPONDENCE

Baisha Weng
baishaweng@163.com

SPECIALTY SECTION

This article was submitted to
Plant Biophysics and Modeling,
a section of the journal
Frontiers in Plant Science

RECEIVED 12 April 2022

ACCEPTED 27 September 2022
PUBLISHED 24 October 2022

CITATION

Deng B, Weng B, Yan D, Xiao S,
Fang H, Li M and Wang H (2022)
Construction of root tip density
function and root water uptake
characteristics in alpine meadows.
Front. Plant Sci. 13:918397.
doi: 10.3389/fpls.2022.918397

COPYRIGHT

© 2022 Deng, Weng, Yan, Xiao, Fang, Li
and Wang. This is an open-access
article distributed under the terms of
the Creative Commons Attribution
License (CC BY). The use, distribution
or reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

TYPE Original Research
PUBLISHED 24 October 2022

DOI 10.3389/fpls.2022.918397
Construction of root tip
density function and root
water uptake characteristics
in alpine meadows

Bin Deng1,2, Baisha Weng1,3*, Denghua Yan1, Shangbin Xiao2,
Haotian Fang2, Meng Li4 and Hao Wang1

1State Key Laboratory of Simulation and Regulation of Water Cycle in River Basin, China Institute of
Water Resources and Hydropower Research, Beijing, China, 2Engineering Research Center of Eco-
Environment in TGR Region, Ministry of Education, College of Hydraulic and Environmental
Engineering, China Three Gorges University, Yichang, China, 3Yinshanbeilu National Field Research
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Accurate calculation of root water uptake (RWU) is the key to improving

vegetation water use efficiency and identifying water cycle evolution

patterns, and root tips play an important role in RWU. However, most of the

current RWU models in the alpine meadow are calculated based on the root

length density (RLD) function. In this study, a large number of roots, soil

hydraulic conductivity, and physicochemical property indices were obtained

by continuous field prototype observation experiments for up to 2 years. It was

found that the RLD and root tip density (RTD) in alpine meadows decrease by

16.2% and 14.6%, respectively, in the wilting stage compared to the regreening

stage. The RTD distribution function of the alpine meadow was constructed,

and the RWU model was established accordingly. The results show that the

RTD function is more accurate than the RLD function to reflect the RWU

pattern. Compared with RLD, the simulated RWU model constructed by using

RTD as the root index that can effectively absorb water increased by 24.64% on

average, and the simulated values were more consistent with the actual

situation. It can be seen that there is an underestimation of RWU calculated

based on the RLD function, which leads to an underestimation of the effect of

climate warming on evapotranspiration. The simulation results of the RWU

model based on RTD showed that the RWU rate in the regreening stage

increased by 30.24% on average compared with that in the wilting stage.

Meanwhile, the top 67% of the rhizosphere was responsible for 86.76% of the

total RWU on average. This study contributes to the understanding of the alpine

meadow water cycle system and provides theoretical support for the

implementat ion of a lp ine meadow vegetat ion protect ion and

restoration projects.

KEYWORDS

alpine meadow, root tip, root tip density equation, root water uptake model,
regularity of root water uptake
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1 Introduction

Alpine meadows are a type of vegetation ecosystem unique

to the Qinghai-Tibet Plateau (QTP). In the context of climate

warming, the climatic characteristics of the QTP have been

significantly affected (Yuke, 2019). The alpine meadow also

shows a clear trend of degradation (Ma et al., 2017) due to its

extremely fragile ecosystem (Jin et al., 2019). The key to plant

growth is the ability to utilize water, and an accurate grasp of the

water uptake capacity of plants will help to protect and restore

the alpine meadow ecosystem reasonably. Meanwhile, plants

and their roots are also an important part of the water cycle (Wu

et al., 1999). Plants directly influence the distribution of soil

water through root uptake (Liao et al., 2018), and the vast

majority of the absorbed water is released to the atmosphere

in the form of canopy transpiration in addition to its growing

consumption, connecting soil water to the atmospheric

environment (Hupet et al., 2002). Therefore, an accurate

calculation of the amount of water absorbed by roots is

essential to improving the efficiency of plant water use and

also to helping in the identification of the evolutionary pattern of

the water cycle (Metselaar and Lier, 2011).

A common approach to quantifying the rate of RWU is to

build an RWU model for simulation (Ojha et al., 2009; Barkaoui

et al., 2016); usually, a one-dimensional macroscopic RWU

model is used (Cowan, 1965; Janott et al., 2011). The external

factors that affect water uptake by plants are soil moisture and

meteorological conditions (Lai and Katul, 2000; Hodge et al.,

2009), and as the soil acts on RWU (Jha et al., 2017), the water

content of the soil near the root zone is likewise changing (Jia

et al., 2016). Considering the factors affecting soil moisture

changes, it is necessary to analyze the influence of the soil’s

water dynamic characteristics on RWU (Guo et al., 2019; Zhang

and Huang, 2021). The role of soil hydraulic conductivity as a

key index of the changes produced by soil water dynamics

(Lebron et al., 2007) cannot be ignored. Therefore, the

characteristics of RWU distribution described by the Selim–

Iskandar model (Fred and Molz, 1981), which combines root

indicators with soil hydraulic conductivity, may be more

accurate. The plant’s factor that affects its water uptake

capacity is the density of the root index that can effectively

absorb water. Driven by the growth and transpiration demand of

plants (Peter et al., 2018), plants absorb soil water through the

action of the roots, and the density of the root index that can

effectively absorb water determines the water uptake efficiency of

the roots. Therefore, an accurate grasp of the root index that can

effectively absorb water is the key to the simulation process.

Nowadays, the methods for simulating the RWU rate that

includes root parameters are based on RLD as the root index that

can effectively absorb water (Molz and Remson, 1970). In the

past, it was difficult to measure the root index that can effectively

absorb water, so an exponential type of RWU model was

established using the RLD distribution function, which is
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simpler to measure as the root index that can effectively

absorb water (Li et al., 1999), which has greatly improved the

progress of the study of RWU models. The models widely used

today are based on this type of approach and have been used

extensively in the studyoffieldcrops and trees (Faria et al., 2010; dos

Santos et al., 2016; Su et al., 2017).However, thesemodelsmay have

some errors in the simulation process due to the inaccurate

description of the root index that can effectively absorb water.

It has been shown that the main sites of water uptake in plants

are the hairy roots and root tips of the roots (Gilroy and Jones, 2000;

Luo et al., 2000; Huang et al., 2020). Different areas on the root

segments have different water permeabilities (Nancy and Ian, 2012),

with hairy roots and root tips exhibiting higher permeability. Their

growth expands the root index that can effectively absorb water

(Segal et al., 2008), ensuring that the roots can absorb sufficient

water from the soil for their own growth needs and respiratory

consumption. Therefore, root tips play an important role in RWU,

and RTD determines the water uptake capacity of the roots. Thus,

this paper accurately measured the RTD distribution characteristics

by the minirhizotron technique and used it as the root index that

can effectively absorb water to assess the water uptake

characteristics of plants. The established model is more consistent

with the actual physical laws, and its simulation performance may

be improved to a certain extent compared with the

traditional model.

This study aims to identify the RWU pattern of alpine

meadows and solve the problem of estimating the water

consumption capacity of alpine meadow vegetation and its

RWU simulation method. The flow of the study is shown in

Figure 1. The functional equation of root tip distribution of alpine

meadows is constructed with the meadow roots as the research

object, and the accuracy of the soil water change state reflected by

the model is evaluated when the RTD function and RLD function

are used as the root index that can effectively absorb water of the

model based on Selim–Iskandar’s RWU model. To eliminate the

effects caused by experimental errors, the model was validated

using measured soil water content data from Exp. 1~4 at four

experimental sites a, b, c, and d on the QTP. The established RWU

model was used to simulate and analyze the RWU patterns of

alpine meadows at different phenological stages and altitudes. The

improved simulation method in this study will help the

development of the RWU model and the simulation results will

provide theoretical support for the study of vegetation

ecohydrological cycle in alpine meadows and the

implementation of vegetation restoration projects.
2 Materials and methods

2.1 Experimental sites

The study area is located in the hinterland of QTP (30°54′
~32°43′N, 91°12′~92°54′E), and the experimental sites are
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shown in Figure 1 and Table 1. The climate type is a typical

semiarid monsoon climate of the plateau subduction zone,

which generally shows thin air, abundant sunshine, and strong

radiation, with an annual average sunshine time of 2,723 h. The

weather is cold and dry with a large temperature difference

between day and night. The temperature decreases with the

increase in altitude and latitude, with an annual average

temperature of -0.6°C, a maximum temperature of 14.5°C,

and a minimum temperature of -30°C. Rainfall is unevenly

distributed during the year, with the warm and wet period from

June to October being the peak period for rainfall, which

accounts for 82.9% of the year (Lu, 2017; Gong, 2019). The

entire QTP is rich in vegetation species, and the study area

shows the most typical Kobresia pygmaea, covering more than

80% of the area. The vegetation is more fragile and degraded to

some extent (Jiang et al., 2020; Duan et al., 2021). The study

area contains a variety of soil types such as bog soils, alluvial

soils, and felty soils, among which felty soils are the most

abundant, accounting for 67.5% of the total area of the

study area.
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2.2 Selection of experimental sites and
installation of experimental equipment

The study area has unique geographical and climatic

conditions typical of alpine regions. In alpine regions, altitude,

soil water content, and soil hydraulic conductivity are three

important environmental factors affecting root growth and water

uptake capacity, which are also important criteria for the

selection of the experimental sites in this study. To ensure that

the location of the selected experimental sites can accurately

reflect the overall vegetation and eco-hydrological characteristics

of alpine meadows but also facilitate the safety of field

experiments, after a long field study, we established four

typical experimental sites in August 2018 (Figure 2A).

Four experimental sample sites with more consistent

vegetation and soil conditions were selected before

deployment. According to the root distribution characteristics

of the alpine meadow, we dug out a deep pit of nearly 50 cm and

placed soil water potential and moisture sensors (instrument

type 5TM) at 5, 10, 20, and 35 cm each and then buried the pit
FIGURE 1

Research process.
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with the original soil to ensure that the soil could recover to its

native state as quickly as possible (Figure 2D).

For root measurements using the minirhizotron technique

(Figure 2D), minirhizotron tubes were laid out using the soil

coring method at each experimental site in a circular hole dug at a

depth of approximately 1 m and 30° in the vertical direction within

four sample squares. A polyvinyl chloride transparent minirhizotron

tube (1-m length, 6.4-cm inner diameter, 7-cm outer diameter) was

inserted into the holes (Johnson et al., 2001); the mouth of the tube

was covered with a cap and sealed with a void to prevent water

infiltration, which could form water droplets on the inner wall and

affect the subsequent minirhizotron window photography.

The installation of micro-root tubes can cut the plant roots

and disturb the original state of the soil (Joslin and Wolfe, 1999),
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and the placement of soil sensors can also cause changes in soil

temperature and humidity. Therefore, a 2-year recovery period

for vegetation and soil ecology was given to each experimental

site, while the experimental equipment was regularly checked

and maintained, and the experimental monitoring was started

in 2020.
2.3 Experimental design

2.3.1 Measurement of root indicators
Since this study focused on the RWU characteristics, the

selection of the phenological stage was based on the phenological

characteristics of the underground roots of alpine meadows. The
B

C

D

A

FIGURE 2

The distribution of experimental sites (A) and the meteorological stations selected for data are included, as well as the location of the study area
and experimental sites. The layout of experimental samples and location of experiments (B) describes the distribution of the experimental
sample at each experimental site, the location of each experiment. The pictures taken by the minirhizotron camera (C) and represent a set of
photographs taken by the minirhizotron technique at sites a, b, c, and d at different soil depths, with significant variability in root density
distribution at different experimental sites. The layout of experimental equipment (D) describes the method of deployment of the continuous
soil water content and soil water potential testing instrument (5TM sensor) and minirhizotron tube.
TABLE 1 Measured experimental sites according to altitude (H), geographical location; soil type (ST) of experimental sites in the watershed
obtained using remote sensing images; crop coefficients with mean values (kc1) in the regreening stage and mean values (kc2) in the wilting stage;
the average leaf area index (LAI) for each location was obtained from the “National Tibetan Plateau Scientific Data Center” (http://data.Tpdc.ac.cn)
(Zhang, 2021).

Sites Longitude Latitude H (m) ST kc1 kc2 LAI

a 91°58′34″ 31°25′4″ 4460 Alpine meadow soil 0.68 0.42 1.44

b 91°41′34″ 31°3′52″ 4730 Alpine meadow soil 0.65 0.4 2.32

c 91°35′9″ 32°16′47″ 4760 Alpine meadow soil 0.55 0.33 1.29

d 91°49′26″ 32°33′15″ 5050 Alpine meadow soil 0.51 0.28 1.02
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beginning and end of the phenological period in the

underground part of alpine meadows are the regreening and

wilting stages. In the study area, the regreening stage is mainly

concentrated in June and the wilting stage is concentrated in

September each year. Considering this typical phenological

feature, the experiment was conducted in June 2020 (Exp. 1),

September 2020 (Exp. 2), June 2021 (Exp. 3), and September

2021 (Exp. 4).

The distribution of the experimental samples and the position

of each experiment in the sample are shown in Figure 2B. We

observed the morphological characteristics of plant roots through

the minirhizotron technique [minirhizotron technique containing

a minirhizotron tube, optical camera, calibration handle,

controller, and computer (Ahrens and Reichstein, 2014)]. The

camera was extended into the minirhizotron tube and moved

down 5.8 cm at a time (about 5-cm vertical depth). The camera

lens had a range of 2 cm × 2 cm and was rotated 45° after taking

one photograph to ensure the integrity of the photograph. Eight

consecutive photographs were taken and then moved down one

layer until the roots could not be found in the lens. Based on this

method, the minirhizotron tubes in the four sample squares of

each experimental site were photographed (Figure 2C). It was

found that almost no roots were found in the study area after

35 cm, so the thickness of the root layer was considered to be

35 cm (Table 2). The 896 root images taken were later processed

by WinRHIZO TRON MF 2018b image analysis software to

obtain root morphological data such as root tip number and

root length. The RTD and RLD per unit soil volume were

calculated by the formula:

DRT =
Tips

A :DOF
(1)

DRL =
L

A :DOF
(2)

where DRT is the RTD per unit soil volume (tips.cm-3); DRL is the

RLD per unit soil volume (cm.cm-3); L is the total root length

per layer observed by the minirhizotron camera (cm); Tips is

the total number of root tips per soil layer observed by the

minirhizotron camera; A is the area of the picture taken by the
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observation window (cm2); and DOF is the distance from the

minirhizotron camera to the surrounding photographed soil,

which was taken as 0.3 cm (Wu et al., 2014).

2.3.2 Measurement of soil indicators and
infiltration indicators

For the observation of root indicators, the water content and

water potential values in the soil were obtained by reading the

5TM sensors in the sample cubes through the ECH2O Utility

software, and the recording frequency was automatically

recorded every 1 h. Soil water content (SWC) and soil water

potential data for the regreening and wilting stages in 2020 and

2021 were used.

The double-ring infiltration experiments were conducted in

four samples a, b, c, and d during the regreening and wilting

stages in 2021 (Rnnqvist, 2018), and we obtained data on the

saturated hydraulic conductivity of the soil at each experimental

site in the study area during the regreening and wilting stages

(Table 2). The experimental equipment was the DJ-IN12-W

double-ring infiltrator, whose inner and outer ring diameters

were 60 and 30 cm, respectively, to minimize the influence of soil

spatial heterogeneity on the experiment (Li et al., 2019). The

Mariotte tubes with volumes of 3 and 10 l were configured to

supply water to the inner and outer rings, respectively.

Soil samples were collected at 5, 10, 20, and 35 cm using the

soil coring method without destroying the minirhizotron tubes.

Total organic matter, pH, total carbon, total nitrogen, total

phosphorus, total salt, fast-acting potassium, saturated SWC,

residual SWC, porosity, bulk weight, and agglomerate

composition were measured in the laboratory according to

international standards.
2.4 Construction and validation of a root
water uptake model for alpine meadows

2.4.1 Construction of a root uptake model
In this paper, the Selim–Iskandar model (Fred and Molz,

1981) was selected to simulate the RWU by alpine meadows:
TABLE 2 The soil indicators and infiltration indexes for experimental sites a, b, c, and d which were measured in Exp. 1, Exp. 2, Exp. 3, and Exp. 4
are described, containing the thickness of the root layer (Lr); soil saturated hydraulic conductivity during the regreening and wilting stages (Ks1

and Ks2); saturated soil water content (qs) and residual soil water content (q r); average soil water content in Exp. 1, Exp. 2, Exp. 3, and Exp. 4 (q1,
q2, q3, q4); and L1,L2, and L3 for soil depths of 0–10, 10–20, and 20–35 cm, respectively.

Lr (cm) Ks1 (cm.min-1) Ks2 (cm.min-1) qs (%) qr (%) q1 (%) q2 (%) q3 (%) q4 (%)

L1 L2 L3 L1 L2 L3 L1 L2 L3 L1 L2 L3

a 35 0.012 0.013 38.62 12.17 27.51 28.24 22.38 21.72 14.14 17.05 24.3 28.5 27.3 22.45 26.09 20.48

b 35 0.099 0.17 32.64 7.43 14.82 14.03 12.94 11.85 12.66 11.32 17.92 27.66 9.78 19.03 15.74 12.39

c 35 0.095 0.076 40.41 15.87 21 23.19 27.64 17.01 20.48 23.11 20.72 20.37 23.92 20.79 20.3 24.75

d 35 0.068 0.057 28.27 7.41 14.96 22.31 21.75 16.03 10.4 10.83 20.64 24.38 22.53 16.41 24.06 22.29
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S =
K hð ÞR zð ÞZ Lr

0
K hð ÞR zð Þdz

Tr (3)

where S is the RWU rate (mm.day-1); K (h) is the soil

unsaturated hydraulic conductivity (cm.min-1); R(z) is the root

density function that can effectively absorb water; Lr is the

thickness of the root layer (cm); z is the depth from the

ground surface (cm); and Tr is the plant transpiration rate

(mm.day-1).

The plant transpiration rates were simulated as follows

(Belmans et al., 1983; Allen et al., 1998; Montero et al., 2001;

Rouphael and Colla, 2004; Allen et al., 2006; Ojha et al., 2009;

Fan, 2011; Genxu et al., 2012):

ETc = Kc � ET0 (4)

ET0 =
0:408D RN − Gð Þ + g 900

T+273 U2 es − eað Þ
D + g 1 + 0:34U2ð Þ (5)

Ei = 0:0025� Fc � Ri0:34 � T0:19 (6)

Es = ETc : f : e
−c : LAI (7)

Tr = ETc − Es − Ei (8)

where ETc is the plant evapotranspiration rate (mm.day-1); ET0 is

the vegetation reference evapotranspiration rate (mm.day-1); kc is

the crop coefficient (Table 1); G is the sensible heat flux density

from the surface to the soil (MJ.m-2.d-1); RN is the net radiation

(MJ.m-2.d-1) of vegetation; U2 is the wind speed (m.s-1) at the

observed altitude; es is the saturation vapor pressure (kPa); ea is the

actual vapor pressure (kPa); D is the slope of the saturation vapor

pressure versus temperature curve (kPa.°C-1); g is the humidity

constant (kPa.°C-1); Tmeans the mean air temperature (°C) at the

observed altitude; Ei is the canopy interception evaporation rate

(mm.day-1); Fc is the vegetation cover; Ri is the rainfall rate (mm.h-

1); Es is the soil evapotranspiration rate; and f and c are regression

coefficients. The plant transpiration rate at each experimental site

is shown in Table 3.

The soil unsaturated hydraulic conductivity was simulated as

follows (Mualem, 1976; van Genuchten, 1980):
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Se =
q − qr
qs − qr

= 1 + hhð Þn½ �1n−1 (9)

K hð Þ = KsS
0:5
e 1 − 1 − S

1
m
e

� �mh i2
(10)

where Se is the effective soil saturation; q is the measured soil

water content (%) (Table 2); qs is the saturated soil water content
(%);qr is the residual soil water content (%); h is the soil water

potential (m); and n are empirical constants. Combined with the

measured values, we obtained n and n for the individual

experimental site by the inverse method.

The detailed calculation process and the acquisition method

of each parameter are described in the Appendix.
2.4.2 Validation method of the root water
uptake model

A macroscopic model of soil water movement considering

RWU (Shao et al., 1986) can be tested for the RWU model, with

the model equation:

∂ q
∂ t

=
∂

∂ z
D qð Þ ∂ q

∂ z

� �
−
∂K qð Þ
∂ z

− S z, tð Þ (11)

where t is time; D(q) is the soil water diffusion rate; K(q ) is

the unsaturated soil hydraulic conductivity; and S(z,t) is the

RWU term. A discretization of the equation yields:

q j+1
i − q j+1

i−1

Dt
=
Dj+1
i+1

2
(q j+1

i+1 − q j+1
i ) − Dj+1

i−1
2
(q j+1

i − q j+1
i−1 )

Dzð Þ2

−
(Kj+1

i+1 + Kj+1
i ) − (Kj+1

i + Kj+1
i−1 )

2Dz
− S

j+1
2

i (12)

The 35-cm soil layer is divided into seven layers equally, and

the node number is defined as i. The spatial step Dz = 5 cm is set,

the time step Dt = 1 day, and the node number is j. The initial

conditions and boundaries are:

q(z, 0) = q0(z) 0 ≤ z ≤ Lr , t = 0

−D qð Þ ∂ q
∂ z + K qð Þ = −Es z = 0, t > 0

q(Lr , t) = qLr (t) z = Lr , t > 0

8>><
>>: (13)
TABLE 3 Plant transpiration rate at each experimental stage.

Sites Tp (mm.day-1)

Exp. 1 Exp. 2 Exp. 3 Exp. 4

a 1.92 1.60 2.16 1.89

b 2.04 1.73 2.29 1.97

c 1.87 1.54 2.14 1.87

d 1.81 1.49 2.03 1.71
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For the solution of the model, we calculate the soil water

content on different soil layers based on the measured soil water

content by equation recursion combined with numerical iterations.

In this paper, the root mean square error (RMSE) is used to

assess the agreement between the simulation results of the model

and the measured data:

RMSE =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
no

n

i=1
Si −Mið Þ2

s
(14)

where n is the number of measured data; Si is the simulated

value; and Mi is the measured value.
3 Results

3.1 Characteristics of alpine meadow
root distribution and construction of
distribution equation

3.1.1 Characteristics of root distribution in
alpine meadows

The distribution of root indexes in alpine meadows is shown

in Figure 3, and it shows a certain regularity in time and space. In

terms of time, comparing the root density at the regreening stage

and the wilting stage, we can find that the root density at the

regreening stage of the alpine meadow is significantly greater

than that at the wilting stage. Compared with the regreening

stage, the RTD decreased by 14.6% and the RLD decreased by

16.2% on average in the wilting stage.

Spatially, from the lowest altitude a to the highest altitude d,

both RTD and RLD showed a trend of increasing and then

decreasing, and within the soil, there was a clear difference

between the two root density indicators. At a, b, and c below the

5,000-m altitude, the maximum values of RTD were mainly

concentrated in the middle layer of the rhizosphere, while the

maximum values of RLD were mainly concentrated in the

shallow layer of the rhizosphere. At d above 5,000 m, the

distribution characteristics of RTD and RLD were very similar,

both showing a trend of decreasing from shallow to deep.

3.1.2 Construction of root tip density equation
and simulation of root distribution

There are obvious regularities in the distribution of RTD on

the soil profile in alpine meadows. Therefore, in this paper, a

generalized equation Eq 15 is constructed to fit the RTD

distribution characteristics of alpine meadows, and the model

equation is:

R zð Þ =
1 + A1 ln B1

z
Z

� �	 

RTDmax z < zRTDmax

RTD2
max

A2 :P
� e−

RTD : z
B2 :Z z ≥ zRTDmax

8<
: (15)
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where RTDmax is the maximum RTD (tips.cm-3); z is the soil

depth (cm); zRTDmax
is the location of the maximum RTD (cm); Z

is the thickness of the rhizosphere (cm); P is the proportion of

part z > zRTDmax
to the total rhizosphere; RTD is the average

RTD (tips.cm-3); and A1, A2, B1, and B2 are the coefficients

related to the RTD (Table 4). Since the experimental site d was

not measured at z > zRTDmax
, the parameters A1 and B1 were

estimated by choosing the mean values of the remaining three

positions, and the resulting fitted curves showed the same

good performance.

We evaluated the simulation performance of the established

root tip density distribution equation by R2 and RMSE (Eq 14)

(Table 4), and a large number of results showed that R2 was

larger and RMSE was less than 2. Therefore, we concluded that

the equation could describe the distribution characteristics of

RTD in alpine meadows more accurately.

For the description of the RLD, we adopted the more

commonly used equation for the RLD distribution as the

exponential equation (Feng et al., 2008). Moreover, in this

paper, we set the expression of the equation as:

R zð Þ = C :RLDmax : e
−Dz

Z (16)

where C and D are the coefficients related to RLD; RLDmax is the

maximum RLD (cm.cm-3). The equation of the RLD function at

each location was obtained by fitting the RLD characteristics of

the alpine meadow according to Eq 16 with the fitted function

graph (Figure 3). This equation can accurately reflect the

distribution of RLD in most cases and also showed excellent

performance in this study.
3.2 Validation and performance
evaluation of the RWU model for
alpine meadows

Based on Eqs. 3–10 and Eqs. 15–16, we constructed an alpine

meadow RWU model with RTD distribution characteristics and

RLD distribution characteristics as key RWU indicators,

respectively. The accuracy of the RWU model is usually

verified by using a soil water movement model that includes

RWU (Eq. 11), simulating the changes in SWC, and comparing

the differences between simulated and observed values of SWC.

Due to the variable climate and frequent atmospheric

precipitation in the study area, the long time span will lead to

significant effects of external factors on SWC, which will make

great errors in the model validation process. Therefore, in this

paper, we choose the short time span from September 1 to

September 4, when the influence of external factors such as

rainfall and snowfall in the study area is minimal and the

weather conditions are normal and stable, as the starting and

ending times for model validation.
frontiersin.org

https://doi.org/10.3389/fpls.2022.918397
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Deng et al. 10.3389/fpls.2022.918397
Due to the variable climate and frequent atmospheric

precipitation in the study area, a long time span will lead to a

significant influence of external factors on SWC, which will

lead to great errors in the model validation process.

Therefore, in this paper, we choose the short time span

from September 1 to September 4, when the influence of

external factors such as rainfall and snowfall in the study area

is minimal and the weather conditions are normal and stable,

as the starting and ending times for model validation. At the

same time, we use 16 sets of validation results to exclude

errors due to chance.
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The model validation results are shown in Figure 4.

Relatively speaking, the model based on the RTD function

simulates the SWC change more realistically. Integrating the

simulated and actual values, we obtained the actual and

simulated values of SWC change. It was found that both

models underestimated the RWU capacity to some extent.

Among them, the model based on RTD underestimated

14.93% on average and the model based on RLD

underestimated 30.98% on average relative to the actual

amount of SWC variation. Comparing the RWU simulated by

the two models, we found that the RWU simulated by the model
B C DA

B C DA

B C DA

B C DA

FIGURE 3

Based on the distribution characteristics of alpine meadow root indicators on soil profiles obtained from field experiments. The alpine meadow
root length density index and root tip density index were included. The distribution equations of root tip density and root length density on the
soil profile were fitted by Eq 15 and Eq 16 at the sites a, b, c, and d in Exp. 1 ~ 4.
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based on RTD increased by 24.64% on average compared to the

model based on RLD.

We compared the simulation performance of the two models

by RMSE (Figure 5). It can be seen that the RMSE obtained from

the model based on RTD is low, and it decreases by 40.56% on

average compared to the model built on RLD.

Based on the above results, we concluded that the simulation

performance of the established root uptake model with root tip

density as the key root uptake parameter was high.

Based on the above results, we believe that the RWU model

established with RTD as the key water uptake parameter has a

high simulation performance.
3.3 Distribution characteristics of the
RWU rate in alpine meadows

Since the simulation of the RWU model established by RTD

is more accurate, this paper analyzes the RWU characteristics by

simulating the RWU rate on the soil profile based on the above

research method.

The daily average RWU rates at different locations at

different experimental times are shown in Figure 6. It can be

found that the characteristics of RWU in alpine meadows have

obvious regularity in time and space. In the temporal scale, the

RWU rate of the alpine meadow was larger in the regreening

stage, and compared with the wilting stage, the RWU rate

increased by 22.79%~45.8% in the regreening stage, with an

average increase of 30.24%.

At the spatial scale, the intensity of RWU in the soil profile

showed a maximum value in the middle rhizosphere, showing a

“>“ type change, which is increasing first and then decreasing. At

the same time, the RWU rate in the soil profile showed a greater

variation in the regreening stage and a flatter variation in the

wilting stage. Among them, the top 67% of the roots in the

rhizosphere bore an average of 86.76% of the total RWU.
4 Discussion

4.1 Analysis of the causes of root
growth characteristics and root
water uptake characteristics

There are obvious spatial and temporal distribution

regularities in the root distribution characteristics and RWU

distribution characteristics of alpine meadows. Based on the

distribution of both the soil profile and different phenological

stages, we analyzed the reasons for this regularity.

The pattern of alpine meadow RWU rate in time and

space is consistent with the distribution pattern of meadow

RTD, which indicates that the intensity of RWU is directly
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related to the density of the root index that can effectively

absorb water. The alpine meadow exhibited a clear regreening

stage in which both the root density index and the RWU rate

were greater than that of the wilting stage, which is more

consistent with the results of scholarly studies on alpine

meadows (Wang et al . 2022). The reason for this

phenomenon is attributed to the difference in water

requirements of plants in different phenological stages.

Since there is a paucity of studies on RWU in alpine

meadows, this paper is based on the study of root growth

characteristics and water consumption capacity of maize and

other (Yu et al., 2015; Zheng et al., 2022) crops as an analogy to

alpine meadows. The results showed that the water consumption

of plants differed in different phenological stages, with the

maximum water consumption in the early stage of plant

growth and decreasing in the maturity stage. The water

consumption of alpine meadows showed a similar pattern. In

the early stage of meadow growth, which is the most vigorous

period of meadow growth, the larger growth water demand

corresponds to the faster RWU rate. At the end of the meadow

growth period, which is the wilting stage, the growth rate of the

meadow is slower and the RWU rate is also slow. As a direct

factor affecting RWU, the root density index tends to be larger

when plant water consumption is higher.
4.2 Analysis of model validity based on
soil physicochemical properties

In this paper, the accuracy of the RWU model was verified

by using the soil water movement equation including RWU,

and the simulation performance was compared when RTD

and RLD were used as the root index that can effectively

absorb water, respectively. The results showed that the

simulation performance of the RWU model based on the

RTD function was better and the simulated soil water

distribution was more consistent with the actual situation.

However, there are still some differences between the

simulated results and the actual situation. Therefore, we

analyzed the correlation between RWU rate, root density

index, and soil physicochemical properties to further verify

the validity of the model.

The correlation and cluster analysis plots for the four

experimental sites are shown in Figure 7. All showed a

significant correlation between RWU rate and RTD. The

RWU will lead to certain changes in the water content of the

soil profile, and the significant positive correlation between

the rate of change in SWC and RTD further proves that RTD

is the index of effective water-absorbing roots.

There is a clear correlation between RLD and soil

physical properties, as the RLD index reflects the strength

of root penetration ability (Liu et al., 2020). The higher the
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FIGURE 4

Based on the measured data, the accuracy of the root water uptake models of the sites a, b, c, and d inExp. 1 ~ 4 was verified. It contains soil
water content distribution characteristics simulated by root tip density as root water uptake indicator (Simulated-RTD); soil water distribution
characteristics simulated by root length density as root water uptake indicator (Simulated-RLD); measured soil water content starting and
ending values (Measured-Start and Measured-End).
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porosity of the soil during root growth, the lower the

resistance to root growth and the greater the RLD tends to

be (Reichert et al., 2009). Also, a correlation was shown

between RLD and soil chemical properties, probably because

the greater the number of aging decayed roots in areas with

higher RLD, the more nutrients from the root decay process

are released into the soil, improving the content of many

substances such as soil carbon, nitrogen, and phosphorus.

However, the correlation between RLD and the rate of

change in SWC and the rate of RWU was not significant,

which also indicates that RLD is not a key root index

a ffec t ing RWU and there fore has re la t ive ly poor

performance in the simulation process.
4.3 Parameter selection and
model limitations

The parameters of the RWU model, which are the main

external factors affecting RWU, are mainly functional indexes

such as soil water potential, soil water diffusion rate, and soil

hydraulic conductivity. In this paper, SWC and soil depth are

used as the independent variables of the model, which are

more satisfied with the basic equations of soil hydraulics than

the models with increasing time (Su et al., 2017; Liao et al.,

2018) as the independent variables of the study, and the soil

unsaturated hydraulic conductivity as the parameter of the

model is more suitable for the selection of the research focus of

this paper. In terms of the dimension of the model,

considering that meadows cover the soil surface in the form
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of a surface, there is a clear difference from the study of

individual plants, so this paper chooses to build a one-

dimensional model about the soil depth to better represent

the RWU of meadow vegetation.

This study also has some limitations in that some of the data

calculated for the data were obtained through the literature, and

the mean values in the study area did not take into account the

variability with specific sites. More studies have utilized the

improved Feddes model and thought that soil water potential is a

key indicator of RWU rate. In addition, there is a certain

interaction mechanism between soil water and solute

movement and solute transformation and it has some

influence on the accuracy of the mode (Zeng et al., 2018).

There is a lack of basic RWU studies in alpine meadows on

the QTP, and none of these factors were considered in the

development of the RWU model applicable to alpine meadows

in this paper. This may also be the reason for the large difference

between model-simulated values and measured values in the

deep region of the root layer.
5 Conclusion

The temporal regularity of root density in alpine meadows

showed that the RLD and RTD decreased by 16.2% and 14.6%,

respectively, during the wilting stage compared to the regreening

stage. The spatial regularity was shown in that the RLD showed a

gradual decrease from shallow to deep at each experimental site at

different altitudes. The RTD increased and then decreased with
B C DA

FIGURE 5

The model simulation performance was evaluated by the root mean square error (RMSE) (Eq. 14). In the process of model validation, we
obtained the soil water content (SWC) changes simulated by the model built with root length density (RWU model-RLD) and root tip density
(RWU model-RTD) at the sites a, b, c, and d in Exp. 1 ~ 4. Moreover, the simulated SWC distribution was analyzed and compared with the
measured SWC distribution by RMSE.
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increasing soil depth at lower altitude locations and was similar to

the RLD distribution characteristics at higher altitude sites.

For the study of alpine meadow RWU, RTD was used as the

index of root that can effectively absorb water, and its simulation

performance was higher and more consistent with the

actual situation.

The RWU characteristics of alpine meadows also showed

obvious spatial and temporal regularity. Compared with the

wilting stage, the RWU rate in the regreening stage increased by
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30.24% on average. Meanwhile, the top 67% of the rhizosphere

accounted for 86.76% of the total RWU on average.

Although the model has shown good performance in

studying alpine meadows, further work is needed to

demonstrate its applicability to other types of plants. There

are still few studies on the alpine meadow RWU model,

reference materials are scarce, and field experiments have

more difficulties, so the indirect validation method of SWC

variation has been used for model validation. However, the
B

C

D

A A AA

B B B

C C C

D D D

FIGURE 6

The distribution of root water uptake rate on the soil profile simulated by the root uptake model based on root tip density in Exp. 1 ~ 4 at the
sites a, b, c, and d. The root water uptake characteristics at each experimental site during the rejuvenation and wilting stages were also
compared.
frontiersin.org

https://doi.org/10.3389/fpls.2022.918397
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Deng et al. 10.3389/fpls.2022.918397
SWC may still be influenced by other unmeasured factors

besides root water uptake and there are some errors.

Therefore, there is still a need for improvement and

innovation in the experimental method, especially in the

direct measurement of RWU capacity, so that the RWU law
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can be directly verified. Since the model showed high

susceptibility to the influence of external precipitation in

the validation and reduced its simulation accuracy, and we

collected root distribution characteristics for only two key

phenological stages, the conclusions obtained were valid only
B

C D

A

FIGURE 7

Cluster analysis profiles between root water uptake rate, root density indicators, and soil physicochemical properties in alpine meadows at the
sites a, b, c and d (A–D). It contains root water uptake rate (S), root tip density (RTD), root length density (RLD), total nitrogen (TN), total salt (TS),
fast-acting potassium (SAK), total phosphorus (TP), porosity (P), soil water change rate (C-SWC), bulk weight (SBD), percentage of
macroaggregates (M-a), acidity (PH), total carbon (TC), and total organic matter (TOM). (* means P<0.05, ** means P<0.01, *** means P<0.001,
**** means significant level of P<0.0001. The figure was drawn on the https://www.chiplot.online/).
frontiersin.org

https://www.chiplot.online/
https://doi.org/10.3389/fpls.2022.918397
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org


Deng et al. 10.3389/fpls.2022.918397
for these two stages. Therefore, in the follow-up study, we also

need to take into account the ability of external precipitation

to influence SWC and collect root distribution characteristics

for longer time stages, to improve the model’s understanding

of plant transpiration in a long time span.
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TABLE 4 Through the established Eq. 15, the RTD on soil profiles in Exp. 1~4 is fitted.

Sites A1 B1 R2 RMSE A2 B2 R2 RMSE

a Exp. 1 0.65 2.08 0.92 1.69 10.11 3.3 0.73 1.68

Exp. 2 0.22 2.2 0.98 0.20 8.6 3.5 0.64 1.43

Exp. 3 0.7 2.3 0.99 0.25 11.9 3.71 0.84 1.32

Exp. 4 0.18 2.32 0.99 0.05 10.21 4.45 0.96 0.66

b Exp. 1 0.42 1.89 0.78 1.70 12.95 4.13 0.59 1.53

Exp. 2 0.19 2.2 0.98 0.21 10.61 4.01 0.86 1.04

Exp. 3 0.67 1.92 0.81 2.62 15 5.34 0.95 1.03

Exp. 4 0.15 2.29 0.99 0.09 10.27 4.41 0.99 0.66

c Exp. 1 0.52 1.85 0.74 2.41 13.38 4.26 0.8 1.37

Exp. 2 0.2 2.2 0.98 0.20 12.44 5.99 0.9 0.93

Exp. 3 0.59 2.13 0.95 1.20 16.66 5.54 0.81 1.22

Exp. 4 0.36 2.56 0.94 0.69 8.43 3.15 0.95 0.87

d Exp. 1 0.53 1.94 11.02 2.75 0.92 1.02

Exp. 2 0.2 2.2 9.82 2.92 0.85 1.00

Exp. 3 0.65 2.12 12.95 3.51 0.81 1.55

Exp. 4 0.23 2.39 8.46 3.46 0.9 0.57
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