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To date, the perspective of forest ecohydrologists has heavily focused on leaf-water
interactions – leaving the ecohydrological roles of bark under-studied, oversimplified,
or omitted from the forest water cycle. Of course, the lack of study, oversimplification,
or omission of processes is not inherently problematic to advancing ecohydrological
theory or operational practice. Thus, this perspective outlines the relevance of bark-
water interactions to advancing ecohydrological theory and practice: (i) across scales (by
briefly examining the geography of bark); (ii) across ecosystem compartments (i.e., living
and dead bark on canopies, stems, and in litter layers); and, thereby, (iii) across all major
hydrologic states and fluxes in forests (providing estimates and contexts where available
in the scant literature). The relevance of bark-water interactions to biogeochemical
aspects of forest ecosystems is also highlighted, like canopy-soil nutrient exchanges
and soil properties. We conclude that a broad ecohydrological perspective of bark-water
interactions is currently merited.
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INTRODUCTION

Woody plants are some of Earth’s tallest, largest (in terms of mass), and longest-lived organisms.
Materials derived from woody plants literally provided the structural support for human
development worldwide (Fernow, 1913), continue to do so (Westoby, 1989; Wiersum, 1995), and
are critical variables in plans to combat and cope with climate change (Pinkard et al., 2015).
Woody plants owe their ecological achievements and societal importance, in part, to an anatomical
interface between the external world and their internal stem tissues, called “bark.” Despite generally
being <15% of total stem volume (c.f., Rosell et al., 2017), bark protects plants from disturbances
like fire (Pausas, 2015) and insects (Ferrenberg and Mitton, 2014), can contribute significantly
to stem mechanics (Rosell and Olson, 2014), and plays key roles in stem damage recovery
(Romero et al., 2009).

Besides these plant physiological roles, bark surfaces engage in profound passive interactions
with other biotic and abiotic variables. The porous outer bark layer can host a diverse microbial
community (Magyar, 2008; Lambais et al., 2014) as well as an abundant epiphyte assemblage
(Van Stan and Pypker, 2015) which is capable of hosting its own extensive microbial community
(Anderson, 2014). Bark surface structure also impacts invertebrate communities, for example:
affecting resource discovery time for arboreal ants (Yanoviak et al., 2017) and acting as an
environmental filter for total invertebrate communities on dead trees (Zuo et al., 2016). These

Frontiers in Forests and Global Change | www.frontiersin.org 1 April 2021 | Volume 4 | Article 660662

https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://www.frontiersin.org/journals/forests-and-global-change#editorial-board
https://doi.org/10.3389/ffgc.2021.660662
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/ffgc.2021.660662
http://crossmark.crossref.org/dialog/?doi=10.3389/ffgc.2021.660662&domain=pdf&date_stamp=2021-04-09
https://www.frontiersin.org/articles/10.3389/ffgc.2021.660662/full
https://www.frontiersin.org/journals/forests-and-global-change
https://www.frontiersin.org/
https://www.frontiersin.org/journals/forests-and-global-change#articles


ffgc-04-660662 April 1, 2021 Time: 15:37 # 2

Van Stan et al. A Perspective of Bark-Water Interactions

passive biotic roles of bark, to some extent, hinge on bark’s
hydrologic functions. Indeed, the water dynamics that support
and control life on bark surfaces are a product of that
surface’s hygroscopic interactions with water vapor (Kapur
and Narayanamurti, 1934; Ilek et al., 2017, 2021), absorption
and chemical exchange with liquid precipitation (Voigt and
Zwolinski, 1964; Levia and Herwitz, 2005), evaporation response
to micrometeorological conditions (Van Stan et al., 2017a), and
its melt-related (e.g., albedo) and adhesive properties with regard
to ice precipitation (Levia and Underwood, 2004; Roesch and
Roeckner, 2006). Of these processes, particularly little research
has focused on the ability of bark to absorb and retain water vapor
(hygroscopic) despite its strong interconnection to the other bark
biogeochemical functions.

Generally, the forest ecohydrological research community
has focused on leaf-water interactions to date (e.g., Novick
et al., 2019; Holder, 2020). As a result, hydrologic processes
operating in and on bark are currently underrepresented (both
in magnitude and in parametrization) by land surface models.
This may be due to the lack of experimental work on the
subject to date, since little-to-no data exist regarding many
apparent bark surface and internal properties hypothesized
to influence its water storage states, as well as its drainage
and evaporative fluxes. The breadth of unobserved properties
and unexamined processes within bark-water interactions yield
a diversity of research opportunities that may improve land
surface and climate models and their applications. To initiate
a broader discussion of these opportunities, here we describe
a perspective of bark-water interactions that illustrates the
broad geographic (spatiotemporal) extent of bark and discuss its
connections to ecohydrological processes across forest ecosystem
states and fluxes.

A BRIEF LOOK AT THE GEOGRAPHY OF
BARK

Bark is both spatially expansive and temporally persistent and,
therefore, its interactions with the hydrologic cycle may be as
well. Regarding the spatial extent, if we estimate bark’s global
surface area from the same type of land surface model input
data used to estimate global leaf surface area (i.e., Vorholt,
2012), then the bark surface is nearly as large as the Asian
continent, ∼41 million km2 (Van Stan et al., 2020). The
surface area of this “bark continent” is likely an underestimate
as it is based on stem area index (SAI) of standing plants
(Figures 1a,b), which does not include the added surface area
due to bark surface structural complexity or due to bark on
fallen woody debris – see Fang et al. (2019), and references
therein, regarding SAI estimation methods. These different bark
compartments (standing live, standing dead, and fallen debris)
would likely have different effects on ecosystem water fluxes.
Across these compartments, the additional surface area due
to bark microrelief will hypothetically vary across species. For
example, an embryonic step toward estimating the additional
surface area due to bark microrelief on live stems is achievable
using LaserBark scans (a high-resolution stem lidar system:

Van Stan et al., 2010; see Supplementary Section 1). This
analysis suggests that there is negligible additional bark surface
area in the case of smooth-barked trees, like Fagus sylvatica;
however, moderately rough bark (e.g., Pinus contorta) and deeply
furrowed bark (e.g., Quercus robur) can add ∼10% and ∼16%
to bark surface area, respectively, when compared with a fitted
circular circumference (Supplementary Figure 1). Although only
supported by a relatively small set of high-resolution lidar scans,
woody surface area approximations that do not account for bark
microrelief may meaningfully underestimate the surface area of
this continent of bark.

This estimate of global bark surface area appears small
compared to the ∼1 billion km2 estimate of global leaf surface
area (Vorholt, 2012); however, unlike many leaf surfaces, the bark
surface is present across all seasons. Plant phenology can include
bark shedding events (Borger, 1973); however, these events differ
meaningfully from leaf shedding events. Most notably, bark
shedding temporarily increases surface area for external bark-
water interactions (due to the flaking; Figures 1c,d) and it results
in bark becoming present not just in the tree canopy (i.e., new
bark), but in the understory (i.e., trapped sheddings; Figure 1e)
and litter layer (i.e., bark litter; Figures 1f,g). Based on the few
measurements to date, bark litter decomposes much slower than
leaf litter (Grootemaat et al., 2017) – with decomposition half-
lives ranging from 4.9 to 9.4 years in the litter layer (Johnson et al.,
2014). Thus, a brief look at the geography of bark reveals that it
can be present in wooded watersheds all year round, on live and
dead plants, from the canopy top to the litter below.

THE ANATOMY OF BARK-WATER
INTERACTIONS

“Bark” is anatomically defined as all stem tissues outside of the
vascular cambium (Figure 1f). More specifically, bark consists
of the functional and non-functional phloem (produced by the
vascular cambium), and either a single periderm (for some
species) or alternating layers of old periderm and phloem [for
species that have successive periderms, called the rhytidome
(Evert, 2006; Figure 1f)]. The periderm is made up of three
types of tissues – the phellogen, or cork cambium, is a radial
meristem that produces phelloderm to the inside, and phellem,
or cork, to the outside. These bark anatomical layers are often
grouped into “inner” and “outer” bark functional layers; however,
the distinction between these functional layers can change across
studies. A useful distinction for ecologists and hydrologists is
clearly one which separates the metabolically active and inactive
(i.e., living vs. dead) tissues into the inner bark and outer
bark, respectively. Using this distinction, the collection of tissues
between the most recent layers of phloem and the most recently
produced phelloderm may be classified as the living “inner
bark,” while the phellem (in species with one periderm) or the
rhytidome (in species with multiple periderms) is the “outer
bark” (Kramer and Kozlowski, 1960). Although the ontogeny
of bark is poorly understood (Rosell and Olson, 2007, 2014),
in general, the living part of a plant’s periderm, its cellular
structure, and its relationship with environmental and growth
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FIGURE 1 | Bark is present throughout a forest – beyond tree (a) stems and (b) branches. Bark shedding can (c,d) temporarily increase on-stem bark surface area,
(e) release peelings that become trapped in understory canopies, and (f–h) cover the forest floor. Bark must also be broken down on (i) fallen dead trees.
(j) Anatomy of the inner and outer bark. All photographs from open source databases (e.g., Pixabay, Wikimedia Commons) unless credited otherwise. Credits:
(a) Tatyana Fyodorova; (b) Thomas B. Didgeman; (c) Ryan McGuire; (d) Niel Sperry; (e) Sandid (Pixabay); (f,g) permission from Saskia Grootemaat; (h) Justin
Leonard; (i) Troy Lilly.

factors interact to control the outer characteristics of a tree’s
bark and can result in a wide array of bark structural properties
(see examples in Figure 1). For smooth-barked trees such as
Fagus grandifolia or Populus tremuloides, a single periderm
may persist without rupturing for long periods of time or the
entirety of the plant’s life. For rough-barked trees, species with

a single periderm can rupture as the plant grows, or the first
(of successive) periderm can rupture as the plant grows and
significant tangential tensile stress is placed on the bark. These
ruptured, successive periderms may exfoliate over time for some
species; for others, they may persist and develop rough and thick
bark. The physical structure of the inner and outer bark layers
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contain biochemical components (e.g., resin and suberin) that
can interact to alter these interfaces’ interactions with internal
and external waters. Since bark is present in and below the forest
canopy, it theoretically could interact with the forest water and
energy budget at several points (Figure 2). Additionally, because
bark can exist in litter, on coarse debris, and in the canopy, it has
multiple opportunities to interact (both internally and externally)
with different hydrological fluxes.

Of course, each bark functional layer can interact with the
water cycle. Starting from the outside-in, the outer bark passively
intercepts water during storms. The interception of rainfall
by the outer bark can be significant, accounting for 50–80%
of the forest canopy’s total water storage capacity (depending
on storm conditions) at an Australian tropical rainforest, even
for smooth-barked trees (Herwitz, 1985). The evaporation of
intercepted precipitation from the outer bark is rarely quantified,
and generally has been assumed to be trivial: <2% of total
canopy interception-related evaporation (Linhoss and Siegert,
2016). However, in an urban tree row, evaporation from the outer
bark represented a non-trivial portion of canopy evaporation: up
to 40% (Van Stan et al., 2017a). For solid precipitation, outer

FIGURE 2 | The forest water cycle and opportunities for bark-water
interactions. Incoming precipitation (P) can be stored and evaporated at
various points, from the bark on the canopy (EC), stem (ESt) and in the litter
(including coarse woody debris, CWD), and soil surface (ES). In the canopy
and on the stem, bark-water interactions can result in uptake and a portion of
this uptaken water may be transpired (ET). Precipitation will also interact with
canopy bark as it drains as throughfall (PT), stemflow (PS); litter bark and CWD
before becoming effective precipitation (PE) and infiltration (PI).

bark microrelief has long been known to enable the adhesion
of large ice deposits to branches, stems, and exposed tree roots
(Klamerus-Iwan et al., 2020a) – even creating “champignons
de neige” (snow mushrooms) on the bark of stumps (see
photographs 2–6 in Salamin, 1959). Interestingly, Salamin (1959)
discusses the effect of outer bark roughness on the mode of snow
interception, saying that “on the trunks of trees with smooth
bark, it is deposited in a narrow band [whereas] on trunks
with very rough bark, it is stored in a heap with great adhesive
power1.” Intercepted snow may remain on the bark until air
temperatures warm (inducing melt) or a mechanical force (like
wind) redistributes it; however, the outer bark’s albedo can play
a role in initiating snowmelt in the canopy even under freezing
conditions (Levia and Underwood, 2004). These same bark
structures interact with draining precipitation waters, affecting
the timing and spatial distribution of throughfall and stemflow
fluxes (Pypker et al., 2011).

Between storms, the outer bark passively exchanges
water vapor with the atmosphere (i.e., hygroscopically). The
hygroscopic response of the outer bark can be observable daily,
and has fascinated scientists since its first reported observation by
Gregor Kraus in 1877 (Haasis, 1934). This hygroscopic response
can vary widely across tree species (0.5–1.5 mm per 1 cm
of thickness), depending on the outer bark’s bulk density and
porosity (Ilek et al., 2017, 2021). How physicochemical properties
affect hygroscopicity of the outer bark remains little researched,
especially under natural conditions; however, Ilek et al. (2017)
found that 10–30% of the outer bark’s water storage capacity
could be filled hygroscopically for several species representing
a range of common European coniferous and deciduous trees
in a temperate continental climate – but, this contribution
exceeded 60%, at times, for a humid forest site (Ilek et al., 2021).
Hypothetically, the hygroscopic (partial) filling of outer bark
pore space may explain some of the variability in canopy water
storage capacity between storms. If the outer bark is wet enough,
some tree species have been observed to uptake rhytidome-stored
water internally (e.g., Katz et al., 1989; Mayr et al., 2014; Earles
et al., 2016). While bark is not typically considered in estimates
of plant water-use or water redistribution, it has been shown that
bark can both take up and lose water across a variety of species
(Wittmann and Pfanz, 2008; Earles et al., 2016; Wolfe, 2020).
The physical path that intercepted (or hygroscopic) rhytidome
water follows into the inner bark may be through non-suberized
areas of the phellem cell walls, which can be hydrophilic (Earles
et al., 2016). From there, a strong osmotic gradient may draw
this intercepted water into the xylem (Zwieniecki and Holbrook,
2009). Water can also move from bark rays into the xylem – a
route previously called an “undervalued route of water transport”
(e.g., van Bel, 1990; Pfautsch et al., 2015).

As a result of these processes, the inner bark also hosts a
dynamic reservoir of water storage (Srivastava, 1964). A study
of 90 species across a range of woody ecosystems found that
inner bark water storage can account for a non-trivial portion,

1Translated from French on page 53 of Salamin (1959): “sur le tronc des arbres à
écorce lisse, elle se dépose en bande étroite. sur les troncs dont l’écorce est fortement
rugueuse, elle se conserve en tas ayant un grand pouvoir adhésif. . .”
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17–76%, of the total stem water storage (Rosell et al., 2014).
For coastal redwood trees (Sequoia sempervirens), the saturated
bark is thought to increase xylem hydraulic conductivity through
refilling of tracheid cells (Earles et al., 2016). Similar movement of
water between the bark and inner xylem cells has been observed
for white spruce (Picea glauca) as well (Katz et al., 1989). While
the percent contribution of bark water to total tree transpiration
may be relatively small compared to the supply from soils during
stress-free periods, this contribution may become significant
during periods of drought. For woody species in dryland or
seasonally dry ecosystems, bark water storage could represent
a crucial buffer against daily-to-seasonal scale changes in water
availability (Scholz et al., 2007; Rosell and Olson, 2014), where
phloem rays could transport water from the inner bark to the
xylem (Pfautsch et al., 2015). Bark water vapor conductance in
eight tropical tree species was correlated with higher degrees of
stem water deficit and mortality in both natural and greenhouse
conditions (Wolfe, 2020). Bark-water interactions (i.e., bark
hydraulics) such as these may be scaled via parametrization into
tree-scale water flow-storage models (e.g., Steppe and Lemeur,
2007; Mencuccini et al., 2013; Chan et al., 2016) – a future
effort along this vein could provide a pathway for first-order
estimates of impacts on water states and fluxes at the regional
and watershed scales. Altogether, such findings indicate that there
is hydrologic connectivity between bark and xylem, the area of
stems that carry out water transportation, and that more research
is needed to quantify bark-water-uptake contributions to overall
plant water use.

AFTER THE BARK DEPARTS:
OFF-THE-TREE OPPORTUNITIES TO
INFLUENCE FOREST HYDROLOGY

The bark can depart from the canopy and enter the litter layer
during seasonal shedding events or episodic disturbances, like
branch breakage or tree throw. In forests where seasonal bark
shedding occurs (Figure 1), it can compose∼20–50% of the litter
layer (McColl, 1966; Woods and Raison, 1983; Lamb, 1985; Van
Stan et al., 2017b). Scant data exist to estimate the contribution
of bark sheddings to litter water storage and evaporation. The
thin bark sheddings of Pinus elliottii, composing 18% of the
litter layer, could account for ∼10–30% of the litter water
storage capacity, reducing throughfall reaching soils (Van Stan
et al., 2017b). Recent work finds that the litter layer’s water
storage dynamics can also be considerably influenced from below,
by intercepting soil vapor flux during wet-to-dry transitions
(Zhao et al., 2021). Hypothetically, the unique structure of
bark sheddings (i.e., hydrophobic strips that cover wide areas
relative to a leaf; Figures 1f,g) could aid the litter layer to
intercept soil vapor fluxes. Of course, there are much larger bark-
covered impediments to inputs from above (throughfall) and
below (soil vapor) in forest litter: coarse woody debris (CWD).
The specific influence of bark on the water balance of CWD
has not, to the authors’ knowledge, been assessed; however,
recent work on deadwood found that the least decomposed
wood samples (those with “fragmented bark”) had the lowest

initial water absorbability, highest water repellency and, as a
result, the lowest storage capacity compared to samples without
bark (Błońska et al., 2018; Klamerus-Iwan et al., 2020b). This
is not to say that the localized water storage capacity of CWD
is negligible. For example, logs with in-tact bark from four
common tree species in the H.J. Andrews Experimental Forest
(OR, United States), were observed to store and evaporate up
to 60% of throughfall (Sexton and Harmon, 2009). Sexton and
Harmon (2009) noted that the bark surface could repel 3–29%
of rainfall as runoff from the logs. Clearly there are many open,
fundamental questions related to bark’s hydrological interactions
after its departure from the canopy. Perhaps most fundamentally,
how do bark hydrological traits significantly differ when on a
living tree vs. coarse woody debris vs. shed bark flakes? And,
if bark hydrological traits do differ between these states, is it
relevant to hydrological processes?

BARK-WATER INTERACTIONS AND
BIOGEOCHEMISTRY

The bark-water interactions discussed above have
biogeochemical impacts, both external and internal to the
plant. Externally, bark can exchange both inorganic and organic
solutes with the comparatively dilute precipitation waters as
they drain to the surface as throughfall and, even more so, as
stemflow. Solute uptake, leaching, wash-off and transformation
during bark-water interactions have all been reported (Katz
et al., 1989; Tobón et al., 2004; Gaige et al., 2007; Hofhansl
et al., 2012). Leaching of ionic solutes, especially K+, Mg2+,
and Ca2+, from bark to draining precipitation waters has been
reported in past work (Levia and Herwitz, 2005; Hofhansl et al.,
2012). Bark uptake of NH4

+ and NO3
− from net precipitation

fluxes has also been reported (Parker, 1983; Crockford et al.,
1996; André et al., 2008). Biochemical transformations have
also been reported for water-bark interactions, for example, the
optical characteristics of dissolved organic matter in stemflow
appears to change with increasing bark residence time (Van Stan
et al., 2017c). Bark surfaces can also be excellent traps for coarse
particles (Xu et al., 2019), including fungal spores (Magyar,
2008), nutrient-rich pollen (Groenman-van Waateringe, 1998),
and pollutants (Catinon et al., 2009) – all of which can be scoured
and transported to the surface by branchflow and stemflow
(Ponette-González et al., 2020). For vegetation residing on
bark – corticolous lichen and bryophytes, for example – studies
have found strong relationships with bark water storage and
the nutrient content of bark leachates (i.e., stemflow) (Farmer
et al., 1991; McGee et al., 2019). Internally, bark water uptake
and carbohydrate storage may interact to enable embolism
repair (Nardini et al., 2011; Pfautsch et al., 2015; Rosell, 2019).
Indeed, recent research finds that (non-structural) carbohydrate
storage in the inner bark (for 45 woody, tropical species)
can be substantial, accounting for 17–36% of total storage
(Rosell et al., 2020). For deadwood, recent work has found
that the dissolved organic matter leached into soils during
storms can alter soil properties, increasing the retention of
soil water beneath (Piaszczyk et al., 2020). For bark alone,
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its decomposition effects on soil properties has also received
renewed attention. At the Shale Hills Critical Zone Observatory
(PA, United States), for example, bark decomposition strongly
influenced the composition of nearby soil microbial communities
and this influence varied by bark type (Malik et al., 2020).
Thus, bark-water interactions are connected to biogeochemical
processes, from solute and particulate cycling and transport to
soil physicochemistry and microbial properties.

CONCLUSION

Given the expansive and temporally persistent geography of bark,
as well as the diversity of its anatomical structures and water-
related functions, we conclude that a broad ecohydrological
perspective of bark-water interactions is currently merited.
Observations available to date, especially recent observations,
suggest that bark-water interactions play relevant roles in
most major water (mass and energy) states and fluxes in a
forest ecosystem. Moreover, bark – whether alive or dead –
appears to couple water to other biogeochemical aspects of
forest ecosystems, from canopy-to-soil nutrient exchanges to
soil physicochemistry and microbial community structure. This
perspective therefore urges ecohydrology research to more
comprehensively consider the roles of bark across ecosystem
compartments (as dead wood, sheddings, and on standing trees),
as well as its structure and properties, to test the conditions
under which bark-water interactions may be relevant (or may be
ignored) in ecological and hydrological processes. Recent insights
regarding bark’s possible hydrological importance to distressed
plants (e.g., as a water source during drought or as an agent of
embolism repair) are especially of interest. Thus, future work on
the ecohydrological roles of bark (whether thick or thin) may
provide key insights to forest ecohydrological functions (through
thick and thin).
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