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Epiphytic lichens are a characteristic feature of many forests around the world, where

they often cover large areas on stems and branches. Recently, it has been found that

lichens may contribute substantially to carbon and nutrient uptake in forests. Moreover,

they have a large influence on interception of rainfall at the global scale, which leads

to a shift of the water balance toward evaporation and a cooling of near-surface air

temperature. It is thus crucial to understand which environmental factors are relevant

for their growth and survival, and which potential risks may result from climate change.

Water supply is a key factor which controls active time and, consequently, the carbon

balance of the epiphytes. However, it is largely unclear, to what extent different modes of

water uptake, which include bark water, may affect active time and growth under varying

environmental conditions. Quantitative estimates on the relevance of bark water storage

and its interspecific variation are, however, missing. Here, we apply the process-based,

dynamic non-vascular vegetation model LiBry to assess the relevance of bark water

for epiphytic lichens. LiBry not only accounts for the main physiological processes

of mosses and lichens, it also represents explicitly the diversity of the organisms, by

simulating a large number of possible physiological strategies. We run the model for

a site in Sardinia, where epiphytic lichens are abundant. Moreover, the Mediterranean

region is of interest due to likely substantial effects of global warming on local epiphytes.

For current climatic conditions, the LiBry model predicts net primary production (NPP)

of 32 gCm−2a−1 per stem area and biomass of 48 gCm−2 for the study region. In

a second run, where uptake of bark water is switched off in the model, estimated

NPP is reduced by 21%. Moreover, the simulated number of surviving strategies,

representing physiological diversity, decreases by 23%. This is accompanied by changes

in the simulated community composition, where strategies which have a more compact

thallus increase their share on the total cover. Hence, our model simulation suggests a

substantial role of bark water for growth and morphology of epiphytic lichens in Sardinia.

Keywords: vegetation model, ecophysiology, functional diversity, epiphytic lichen, Mediterranean vegetation,

DGVM, non-vascular plants, precipitation partitioning
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1. INTRODUCTION

Non-vascular (NV) epiphytes, such as lichens or mosses, are a
characteristic feature of many tropical, temperate, and boreal
forests around the world. Their epiphytic life style makes them
largely dependent on water supply from the atmosphere, which
is available in the canopy in form of throughfall, stemflow, dew,
or fog, and which usually shows high temporal variability (Hargis
et al., 2019). Moreover, NV epiphytes have no means of actively
controlling water loss, in contrast to the stomata of vascular
plants. The organisms are, however, adapted to these conditions
through poikilohydry, the ability to deactivate their metabolism
when they dry out, and reactivate when water becomes available
again (e.g., Proctor et al., 2007; Kranner et al., 2008).

Due to the substantial amount of NV epiphytic biomass in
many forests around the world (Van Stan and Pypker, 2015),
their water storage may significantly affect interception of rainfall
and increase evaporation at the global scale (Porada et al.,
2018). Furthermore, due to this larger amount of water vapor
transported from the land surface to the atmosphere, the heat
flux due to convection of warm air is reduced, which may
lead to cooling of the land surface (Davies-Barnard et al.,
2014). Another impact of NV epiphytes on ecosystems is the
alteration of throughfall and stemflow chemistry, resulting from
biotic nitrogen fixation, capturing of nutrients from wet and
dry deposition, or bioaccumulation of elements. Moreover,
these properties make the organisms suitable bioindicators. The
collected compounds may then be leached during rainfall events,
depending on their chemical state and the capability of the NV
epiphytes to retain them (Klos et al., 2005). Furthermore, the
organisms recycle nutrients leached from vascular plant biomass
or derived from decaying leaf litter (Van Stan and Pypker, 2015).

The various ecosystem functions carried out by NV epiphytes
may be significantly affected by climate change. NV epiphytes
adapted to warmer climatic conditions in temperate or boreal-
montane climates may benefit from climatic change (Aptroot
and van Herk, 2007). However, multiple studies expect negative
impacts of climate change onNV epiphytes in the course of global
warming in different regions of the world. Reductions in the
distribution range of epiphytic lichens already occur in Southern
Europe, for instance (Nascimbene et al., 2016). Furthermore,
experiments suggest that tropical epiphytic bryophytes may
suffer from prolonged drought periods (Metcalfe and Ahlstrand,
2019), same as cold-adapted epiphytic lichens in boreal regions
(Smith et al., 2018). Also statistical modeling approaches, such
as species distribution models, predict that NV epiphytes will
be often negatively affected by climate change (Ellis et al., 2007;
Rubio-Salcedo et al., 2017; Ellis and Eaton, 2021).

Impacts of changing climatic conditions will likely be
modulated, and often amplified, by management practices, such
as intensified forest management. The lack of old trees and
increased dryness due to edge effects, for instance, may have
additional negative effects on NV epiphytes (Johansson, 2008).
In addition to general habitat loss, the disappearance of certain
forest types and host tree species may have detrimental effects
for NV epiphyte communities (Nascimbene and Marini, 2010;
Wierzcholska et al., 2020). Thereby, loss of host trees may not

only be caused by management, but also result from invasive
species, such as the black locust (Nascimbene et al., 2020).
Furthermore, also changes in atmospheric deposition of nutrients
or pollutants may, in combination with host tree species, have
stronger impacts on NV community composition than climate
(Łubek et al., 2018).

Hence, both climatic and non-climatic factors, such as the
substrate, will most probably play a crucial role in future
abundance of NV epiphytes. Changes in these factors may
not only affect amount and timing of water supply, but also
lead to shifts in water source, which may affect community
composition and abundance of NV epiphytes (Rodríguez-Quiel
et al., 2019). Impacts on community compositionmay result from
physiological adaptation of the organisms to the predominant
mode of water supply, both at the inter-specific and also at the
intra-specific level (Gauslaa, 2014).

For many NV epiphyte species, water flow along the bark,
so-called stemflow, may represent a substantial contribution to
their water supply. While stemflow is generally small compared
to throughfall, in some forests it may account for up to a third
of precipitation (Van Stan and Gordon, 2018). Since stemflow is
a relatively fast process, NV epiphytes may require adaptations
for an efficient uptake of water, such as rhizinomorphs, for
instance (Valladares et al., 1998; Gauslaa, 2014; Merinero et al.,
2014). Thereby, the utilization of stemflow by the organisms as
a water source may be facilitated by temporary storage of water
in the bark. The bark water reservoir usually has a size of a
few millimeters of water or less, and it differs both within and
between tree species (Klamerus-Iwan et al., 2020). It has been
shown that bark properties, which also vary between tree species,
may have a significant impact on the community composition
of NV epiphytes (Kenkel and Bradfield, 1981; Bates, 1992). In
particular, tree-specific bark water storage capacity may explain
a part of the variation in NV epiphyte species richness between
tree species (Jagodziński et al., 2018).

Although the potential importance of bark water storage for

NV epiphytes has been recognized (e.g., Franks and Bergstrom,
2000), it is largely unclear how relevant the uptake of water

from bark is for the water supply, and, consequently, the carbon

balance of NV epiphytes in general. Furthermore, it is poorly
known which factors control intra- and inter-specific variation

of NV epiphytes regarding the ability to take up water from

the bark reservoir. It is likely that physiological trade-offs exist

between the capacity to utilize bark water and other properties
associated with the water balance of the organisms, such as pore

size distribution or specific thallus mass (Valladares et al., 1993;
Porada et al., 2013).

The aim of this study is to assess the role of the bark water
reservoir for the water balance and growth of NV epiphytes
in a quantitative way. To this end, we formulate the following
hypotheses:

1. The bark water reservoir represents a relevant source of water
supply for NV epiphytes,

2. NV epiphytes are able to remain active for longer periods of
time due to the bark water reservoir, and show thus a higher
productivity,
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FIGURE 1 | Epiphytic NV vegetation in different habitats of the study area: isolated trees in open grassland areas (A) mainly colonized by xerophilous species of

narrow-lobed foliose and crustose lichens (B); agroforestry areas with thermophilous oak woodlands (C) with species-rich communities of foliose, crustose, and

fruticose lichens (D); open holm-oak forests in mountainous areas (E) with epiphytic communities of bryophytes and hygrophilous foliose lichens (F); mature holm-oak

and downy oak forests (G) colonized by extensive mossy mats and large foliose lichens of the genus Lobaria (H).

3. The bark water reservoir affects the community composition
of NV epiphytes.

We examine these hypotheses using the process-based non-
vascular vegetation model LiBry (e.g., Porada et al., 2013, 2018).
The LiBry model computes the main physiological functions

of non-vascular vegetation which are connected to carbon,
water and energy balances, based on climatic input data and

other environmental conditions. Through variation of the bark

water storage capacity in LiBry, we are able to quantify the
relative importance of water uptake from bark compared to
other sources, and the associated effects on productivity and
growth. Furthermore, LiBry accounts explicitly for diversity
of the organisms by simulating a large number of different
physiological strategies. This makes the model ideal to study
potential trade-offs connected to bark water uptake, and to
elucidate the impacts of the mode of water supply on community
composition of NV epiphytes.

We apply LiBry at the local scale for a field site in
Sardinia. The site constitutes a good model for the study
in question because it comprises a considerable set of
Mediterranean ecosystems, both forest and open wooded
areas. Despite the fact that the area is subject to strong
water deficits for many months of the year, it hosts a
remarkable diversity and morpho-functional variety of NV
epiphytes (Giordani et al., 2019, see also Figure 1) adapted
to the different available water sources. Finally, we discuss
the implications of our findings for potential shifts in
abundance and community composition of NV epiphytes under

climate change, and for the feedback of the organisms on
precipitation partitioning.

2. METHODS

2.1. Model Description
The process-based Lichen and Bryophyte model (LiBry) which
is applied in this study was developed to estimate carbon uptake
by non-vascular vegetation at the global scale, based on climatic
conditions, in order to quantify the contribution of the organisms
to the global carbon balance, and, furthermore, to other global
biogeochemical cycles (Porada et al., 2013, 2014, 2017). The
model version used here builds on the latest developments,
published in Porada et al. (2018), Porada et al. (2019), and
Baldauf et al. (2020).

LiBry is a dynamic global vegetation model (DGVM),
which focuses on non-vascular organisms, such as lichens and
bryophytes, but also simulates terrestrial algae and cyanobacteria.
Vascular vegetation, such as trees and grasses, is represented
only in a simplified way, to provide boundary conditions for the
non-vascular organisms, such as area for growth of epiphytes,
for example. The main basic physiological functions, which
lichens and bryophytes share with vascular plants, such as
photosynthesis or respiration, and their climatic drivers, such
as radiation, temperature, or precipitation, are simulated in
LiBry similarly to other, vascular, DGVMs. The same is true
for biophysical processes connected to the energy and water
balance. Beyond these, however, LiBry includes various processes
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which are specific to non-vascular vegetation. In particular, the
organisms’ lack of active control over water loss is represented
in the model (poikilohydry), which distinguishes them from the
homoiohydric vascular plants that regulate their water loss via
stomata. This is compensated, also in the model, by the ability
of non-vascular organisms to deactivate their metabolism upon
drying, which allows them to survive long periods without water
supply (e.g., Proctor, 2000).

Moreover, the LiBry model explicitly takes into account
physiological trade-offs with regard to the interactions of
vegetation and environment. The concept of trade-offs is central
to the functioning of modern DGVMs, and allows to connect the
modeled carbon budget of plants to the adaptation to different
climatic conditions. Vascular plants in DGVMs, for instance,
may allocate assimilated carbon either to roots or to shoots,
while ambient climate determines which allocation pattern is
advantageous. The LiBry model considers multiple trade-offs
which are key to the ecophysiology of non-vascular vegetation,
such as the trade-off between metabolic activity and CO2-
uptake from the atmosphere. The water, which the organisms
accumulate in their bodies to be active and to assimilate carbon,
partly leads to blocking of the diffusion pathways for CO2 from
the atmosphere to the chloroplasts. Consequently, a species-
specific optimumwater saturation exists where metabolic activity
is sufficient, but photosynthesis is not yet substantially limited by
CO2 diffusion (Lange et al., 1999). The extent of the reduction in
CO2-diffusivity with increasing water content depends largely on
the pore size distribution of the non-vascular tissue (Valladares
et al., 1993). Organisms which have a large fraction of small pores
experience diffusion limitation more strongly than organisms
which have, on average, larger pores. However, at low water
content, small pores can be of advantage, since they retain water
more efficiently due to capillary forces. Moreover, the low water
potential inside the organism, resulting from small pore sizes,
allows for uptake of water from unsaturated air. It has been
shown that activation from air humidity alone may be relevant
for the annual carbon gains of NV epiphytes (Jonsson Čabrajić
et al., 2010). In a similar way, uptake of water from the bark
water reservoir may be driven by a gradient in water potential
between the unsaturated tissue of NV epiphytes and the saturated
bark. The physiological trade-offs connected to the ability of
bark water uptake may thus determine the ecological success
of NV epiphytes growing on bark. In addition to trade-offs
associated with water relations, LiBry takes into account the
dependence of photosynthetic capacity on respiration costs,
resulting from turnover of the Rubisco-Enzyme. This trade-off,
which is illustrated through correlations between photosynthetic
capacity, tissue nitrogen content, and specific respiration rate,
has been studied in detail in vascular plants (Kattge et al.,
2009). Also for non-vascular vegetation, it has been shown that
photosynthetic capacity correlates with nitrogen content (Wang
et al., 2017), and high nitrogen concentration is linked to high
respiration rates (Palmqvist et al., 2002).

The main physiological trade-offs of non-vascular vegetation
have a strong impact on the set of physiological strategies which
are successful under certain given climatic conditions. In LiBry,
success is defined through a positive carbon balance (gains

minus losses) of non-vascular organisms in the long-term. A
simulated physiological strategy gains carbon via photosynthesis,
which is computed based on the established Farquhar-scheme
(Farquhar and von Caemmerer, 1982). Carbon loss results from
respiration and tissue turnover in the model, which both depend
on photosynthetic capacity of the simulated organism, due to
enzyme turnover. Furthermore, the temperature dependence of
respiration is calculated via a Q10-relationship. Net Primary
Production (NPP) is then computed as photosynthesis minus
respiration, accumulated on a monthly basis. NPP is used in the
model to increase the biomass of the simulated organisms, and to
extend the surface fraction they cover. In case of NV epiphytes,
this is the fraction of occupied total bark area. Biomass and
cover are reduced through tissue turnover, and also disturbance,
such as fire, which is represented in LiBry via fixed, ecosystem-
specific intervals.

To represent physiological diversity of non-vascular
organisms, the LiBry model simulates a large number, meaning
several thousand, of different physiological strategies. A strategy
is defined by a set of 11 physiological parameters in the model
version used here, such as specific area, growth height, specific
water storage capacity, optimum temperature, or photosynthetic
capacity. The ranges of possible values for each parameter
are determined from the literature (see Porada et al., 2013),
and the strategies are created at the start of a model run by
randomly sampling these literature-based ranges. Thereby, the
physiological trade-offs which are relevant for non-vascular
vegetation are taken into account. A high photosynthetic
capacity, for instance, results in a high specific respiration rate.
For any given location where the model is run under defined
climatic conditions, usually only a fraction of the initial strategies
are successful and show a positive carbon balance in the long-
term. Through weighting of these strategies by their relative
growth rate, average values of non-vascular vegetation properties
can be estimated by the LiBry model, such as productivity or
biomass at a given site.

2.2. New Processes and Parametrizations
For this study, we extended the representation of hydrological
processes in the LiBry model with regard to the uptake of water
from bark by NV epiphytes. Otherwise, the hydrological scheme
used here corresponds largely to the model version published
in Porada et al. (2018). In the model, water enters the canopy
via rainfall, dew or snow. Depending on the leaf area index
of the vascular vegetation, a certain fraction 8R of the rainfall
is intercepted by the canopy, while the remainder is directly
routed to the ground as throughfall (see Figure 2). Thereby, the
interception fraction is calculated as:

8R =

(

LAI

LAImax

)pIcpt

(1)

where LAI is the leaf area index of the location where the
model is run, LAImax is the maximum LAI in a global data
set (Porada et al., 2013) and pIcpt = 0.5 is a parameter, which
changes the shape of the relation between the relative LAI value
(LAI/LAImax) and the interception fraction 8R. For pIcpt = 1.0,
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8R is assumed to increase linearly with increasing values of LAI,
while for pIcpt <1.0, 8R has a concave shape, which means that
rainfall is intercepted faster than linearly with increasing LAI,
and vice versa, for pIcpt >1.0, 8R is convex, and high LAI values
are required for efficient interception. Snowfall is assumed to
directly add to throughfall. Depending on the surface type, a
certain fraction8W of intercepted rainfall enters the interception
reservoir (leaf or bark surface without NV epiphytes) or adds to
the water content of the organisms, until their storage capacity is
reached. The remainder of intercepted rainfall, 1 − 8W, cannot
be taken up quickly enough by the different surfaces in the
canopy, and, together with surplus water from the reservoirs,
is directed downwards. It either enters the bark reservoir, or
adds to throughfall, depending on the fraction 8B. Subsequently,
surplus water from the bark reservoir is directed to the ground as
stemflow. Dew is assumed to completely add to the interception
reservoir or the NV epiphyte reservoir. Evaporation from the
NV epiphytes’ water reservoir is calculated based on a modified
Penman-Monteith approach (Monteith, 1981), as a function of
net radiation, relative humidity, and wind speed. Also the surface
temperature of the organisms is calculated by this approach, as
a result of the coupled energy and water balance. The canopy
area which is available for growth of NV epiphytes is represented
in the LiBry model by the sum of leaf area index (LAI) and
stem area index (SAI), and the vertical distribution of this area
is approximated by a single layer, which is located at medium
height in the canopy. Consequently, the NV epiphytes receive
an average intensity of radiation, which is less than the intensity
at the top of the canopy, and also the intensity of rainfall is
reduced, so that the product of canopy area and rainfall per
area is equal to the total rainfall flux, and the mass balance for
water is conserved. In LiBry, the forest type, defined by a biome
classification, determines which parts of the canopy are suitable
for the growth of NV epiphytes (Porada et al., 2013). In this
study, we consider only NV epiphytes growing on stems (and,
occasionally, branches) of trees at the study site, growth on leaves
is not included, since it does not occur at the study site.

To account for water supply from the bark, we extended the
hydrological scheme of the LiBry model as follows: Below the NV
epiphytes, an additional water reservoir is introduced, which has
a storage capacity of 1.4 [mm] of water, based on measurements
at the study site (see below). The water balance of the bark
reservoir is calculated as follows:

WNEW = WOLD + QNV1t − QUP1t (2)

whereWNEW [mm] is the newwater content of the bark reservoir
computed at the current time step of the model, WOLD is
the water content of the previous time step, QNV [mm s−1]
is overflow of water from NV epiphytes growing on bark,
QUP [mm s−1] is the flux of water from the bark to the NV
epiphytes, and 1t [s] is the length of the time step of the model.
Additionally, WNEW is limited to the storage capacity, and the
resulting surplus water is assigned to throughfall. Uptake of water
from bark is possible in the model, when the water potential
inside the NV epiphytes is lower than the water potential in
the bark. It is calculated based on the standard approach for a

FIGURE 2 | Scheme of precipitation partitioning in the LiBry model, including

the newly introduced bark water reservoir. The model parameters 8R, 8W, and

8B control the fractions of rainfall which are directed to throughfall, either

directly or via drip from the canopy, into the interception reservoir, the bark

water reservoir, or to stemflow.

diffusive flux:

QUP = max

(

0.0,
XBARK − XNV

XminNV
pkB

)

(3)

where XBARK [MPa] is the bark water potential, XNV [MPa] is
the water potential inside the NV epiphytes, and XminNV = –50.0
[MPa] is the minimum water potential which the organisms are
able to create. The latter is used to normalize the gradient in water
potential between bark and NV epiphytes to a value of 1.0 in
case the bark reservoir is saturated, and the NV epiphytes have
reached their minimum potential due to desiccation at the same
time.We furthermore assume that the diffusive flux of water from
NV epiphytes back to the bark reservoir is negligible, and that
the bark reservoir is mainly supplied by overflow from the NV
epiphytes or other canopy surfaces (see Figure 2), which have
a water potential of zero under this condition. The parameter
pkB = 1.5E-3 [mm s−1] is an average hydraulic conductivity
at the bark-epiphyte interface, which translates the gradient in
water potential into a water flux. pkB was chosen to correspond
roughly to the saturated hydraulic conductivity of loam (Carsel
and Parrish, 1988), since appropriate values for bark could
not be found in the literature. In the current version of the
model (Baldauf et al., 2020), the water potential of non-vascular
vegetation is computed by the following equation:

XNV = min

(

0.0,max

(

XminNV, pX1

(

1.0−
pSatX

SNV

)))

(4)

where pX1 = 15.0 [ ] is a parameter which determines the slope
of the decrease in water potential with increasing desiccation,
SNV [ ] is the water saturation of the organisms, and pSatX [ ]
is a parameter which denotes the value of saturation, at which
the water potential becomes negative. It should be mentioned
that the LiBry model considers only water which is extractable
under natural conditions for computing the saturation. Thus, a
saturation of 0.0 does not mean that no water is left in the thallus.
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The value of pSatX may vary between different physiological
strategies in the model. The potential of water stored in the bark
is written as:

XBARK = min

(

0.0,max

(

XminB, pX2

(

1.0−
1.0

SBARK

)))

(5)

where XminB = –45.0 [MPa] is the minimum water potential in
bark, pX2 = 5.0 [ ] is a slope parameter, and SBARK is the water
saturation of the bark, in analogy to Equation (4). XminB and
pX2 are chosen according to the assumption that NV epiphytes
are able to take up water from the bark if both reservoirs have a
similar water saturation.

In the LiBry version developed for this study, uptake from the
bark is only possible when the simulated NV epiphytes create a
sufficiently negative water potential upon drying. The value of
the water potential of a physiological strategy simulated in LiBry
at a given water saturation depends on its pore size distribution,
which is not described directly in the model, but which is
expressed through the parameter pSatX. The maximum value
of pSatX = 1.0 means that the water potential of the simulated
strategy becomes negative as soon as water is extracted from
the tissue, due to evaporation. At a saturation of around 23%,
the water potential reaches its prescribed minimum value of –
50 MPa [see Baldauf et al. (2020) for details]. Thus, a value of
SNV = 1.0 means that the strategy has a relatively dense tissue
structure and a high ability to take up water from the bark
reservoir. This is linked, however, to a relatively low diffusivity
for CO2 under high water saturation, which reduces productivity.
The minimum value of pSatX = 0.0 means that the water in
the tissue of a physiological strategy is only weakly bound, and
can be extracted almost completely without decreasing the water
potential. In many moss species and also certain lichens, for
instance, a substantial fraction of the water which can be stored
on total is located externally on top of the thallus, where it
can freely evaporate. Due to this open structure, however, these
species usually show only a slight decrease in CO2-diffusivity
and a high potential productivity under high water saturation
(e.g., Wang and Bader, 2018).

2.3. Description of Study Site
The study area was selected in the western part of the
island of Sardinia (Italy), located in the center of the
Mediterranean Sea. The area stretches from the rocky coasts,
to the coastal plains, up to the first mountain reliefs of
Montiferru and the Marghine chain, which reach altitudes of
about 1,000–1,200 m. The climate is typically Mediterranean,
with dry and hot summers and relatively rainy and mild
winters. In particular, due to the proximity of the sea and
frequent humid atmospheric currents from the west, the area
is included within the Mediterranean pluviseasonal oceanic
macrobioclimate, ranging from the Upper Thermo- to the Lower
Meso-Mediterranean thermotypic horizons, and from the Upper
dry to the Lower humid ombrothermic horizons with Euoceanic
characteristics (Canu et al., 2015).

Although the study area is considered to be in a semi-
natural condition, it is subject to some sources of anthropogenic

disturbance that nevertheless have low to moderate impacts on
the region’s ecosystems. Among these, the most relevant are
grazing by sheep and goats, which, although not intensive, is
widespread over large areas; forest management in wooded areas
is rather limited and generally compatible with the maintenance
of epiphytic communities. Fires of low intensity and extension are
frequent, while major events may affect each area with an interval
of several decades.

We selected 64 sites based on a stratified random sampling
design (Figure 3). At each site, we installed a 20 x 20 m plot
within which 1 to 6 trees were selected in proportion to the tree
cover of the plot. The occurrence of NV epiphyte species was
recorded in each 10x10 cm quadrat of a sampling grid, which
consisted of a 10 x 50 cm ladder that was divided into five
quadrats and systematically placed on the N, E, S, and W sides of
each tree bole, with the top edge 1.5 m above ground level; More
details are given in Giordani et al. (2014, 2019). Each sampling
grid was photographed in order to derive the coverage value of
each growth form at tree level (see below).

2.3.1. Leaf and Stem Area Index, Bark Water Storage

Capacity
In each plot, we measured the circumferences of all trees with a
tape measure and the height of a representative sample of trees,
obtained by triangulation with a hypsometer (Leica DISTO A5
Laser Distance Meter). These data were then used to calculate the
Stem Area Index (SAI), as follows:

SAI =

t
∑

n=1

cTRUNK(n)hTREE(n)

APLOT
(6)

where t is the number of trees in a plot, cTRUNK is the
circumference of a tree trunk, hTREE is the height of a tree, and
APLOT is the area of a plot.

We calculated data of Leaf Area Index (LAI) for the study area,
taking into account both the annual and the seasonal mean and
variability derived from a set of satellite images. For broadleaf
canopies, LAI is defined as the one-sided green leaf area per
unit ground area. Data were retrieved from MODIS satellite
images in the period 2002-2011. The MOD15A2H Version 6
Moderate Resolution Imaging Spectroradiometer (MODIS) LAI
product is an 8-day composite dataset with 500 meters (m)
pixel size. The algorithm chooses the “best” pixel available from
all the acquisitions of the Terra sensor from within the 8-day
period (Myneni et al., 2015).

The determination of the maximum bark water storage was
carried out following Hauck et al. (2006). Three bark samples
of 1 x 2 cm and 2mm thickness were selected for each tree. The
samples were previously cleaned with tweezers and a cutter to
remove any lichen or bryophyte layer that might be present.
The samples were then dried in an oven at 80◦ C for 24 h and
weighed, obtaining the dry weights. They were then immersed
in distilled water for 24 h and weighed after removing excess
water by draining them, thus obtaining the weight at the state
of maximum hydration. The Bark Water Storage WSCBARK was
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FIGURE 3 | Overview of the sampling plots. The black rectangle marks the grid cell selected from the global ERA5 climate data set, which was used to run the LiBry

model (see “Model setup” below).

calculated according to the formula:

WSCBARK =
fw− dw

dw
(7)

Where fw is the fresh weight of a sample and dw is its dry weight.

2.3.2. Morphological Properties
We sampled a total of 214 lichen species which, for the
purposes of this work, were subsequently assigned to 8 groups
identified on the basis of growth forms, following and partially
modifying the scheme suggested by Nimis (2016): fruticose
(Frut), foliose large (FolL), broad lobed foliose (FolB), narrow-
lobed foliose (FolN), foliose gelatinose (FolG), squamulose
(Squa), conspicuous crustose (CruCo), inconspicuous crustose
(CruIn), and bryophytes (Bryo). Examples of each growth form
are shown in Figure 1, and the relative cover fractions of the
growth forms are shown in Figure 4.

While observational data on the relative abundances of NV
epiphytes at the level of growth forms are available for the study
site (Figure 4), data on their morphological properties had to be
taken from literature (Gauslaa and Ustvedt, 2003; Hurtado et al.,
2020a,b). We thus computed the median values of the literature-
based morphological properties specific thallus mass (STM) and

water storage capacity (WSC) for each growth form, and then
used the observed abundances to compute weighted average
values of STM and WSC for the study site (Table 1). In the
same way, we also computed weighted minimum and maximum
STM and WSC. For several growth forms, STM and WSC were
not available. These were not included in the calculation of the
average STM andWSC values.

2.4. Model Setup
For this study, we drive the LiBry model with climate variables
based on the global ERA5 reanalysis data set (Hersbach et al.,
2020). This data set contains time series of climate variables from
1979 to 2019 in hourly temporal resolution, on a global grid with
a spatial resolution of 0.28125◦ x 0.28125◦. The climate variables
used as input by the LiBry model include: down-welling short-
wave (400–700 nm) solar radiation [Wm−2], down-welling
long-wave (near infrared,700–2,500 nm) radiation [Wm−2], air
temperature at 2 m height [K], relative humidity [fraction],
rainfall [mm s−1], snowfall [mm s−1], and near-surface (10 m)
wind speed [m s−1].

For the study site, we selected a grid cell of the ERA5 data
which has the south-west corner at 8◦ 26’ 15” E, 39◦ 56’ 15”N, and
thus includes the north-western part of the province of Oristano
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FIGURE 4 | Overview of growth forms at the study site and the distribution of their relative cover across different trees.

TABLE 1 | Minimum, median, and maximum values of specific thallus mass (STM, [kgm−2]) and water storage capacity (WSC, [kgm−2]) for different growth forms of NV

epiphytes which are found in the study region.

Growth form Bryo Squa Frut FolN FolL FolG FolB CruIn CruCo weighted

STM min – – 0.92 0.96 0.89 0.34 0.57 – – 0.85

median – – 1.18 1.74 1.22 0.64 0.91 – – 1.47

max – – 1.51 3.22 1.69 0.95 1.39 – – 2.59

WSC min – – 1.30 1.73 2.11 1.44 0.93 – – 1.49

median – – 1.75 3.24 2.50 6.34 1.42 – – 2.67

max – – 2.54 11.4 2.86 11.3 2.12 – – 8.31

Weights 0.04 0.007 0.03 0.34 0.001 0.004 0.14 0.24 0.20

Weights 0 0 0.07 0.66 0.002 0.007 0.27 0 0

adapted

The “–” means that STM and WSC were not available for the respective growth forms. The last two row show the weights based on the observed abundances of the growth forms in

the study region, and the adapted weights excluding the growth forms where no STM and WSC data were found.

in Sardinia, where the field plots shown in Figure 3 are located.
To assess, if the global climate data are a good approximation
of the local climatic conditions, we compared ERA5 rainfall and
temperature to estimates based on 19 local weather stations in
the study region for the period of 1979 to 2019. The multi-year
monthly distributions (Figure 5) show a very good agreement
between ERA5 and local data. Only the annual temperature
amplitude of the ERA5 data seems to be slightly smaller, and the
interannual variability of the rainfall slightly larger compared to
the station data.

Further environmental conditions which are necessary to
drive the LiBry model are the disturbance interval of the

ecosystem where the NV epiphytes are located, and the LAI and
SAI of the vascular vegetation. The disturbance interval is set to
30 years. LAI data from the study region are included in LiBry as
multi-year monthly average values, ranging from 2.5 m2m−2 in
spring to 0.5 m2m−2 in autumn and winter, and SAI is set to a
constant value of 0.1 m2m−2, based on the median value of 64
field plots. Bark water storage capacity in LiBry is based on the
median value of 217 sampled trees in the study region and is set
to 1.4 mm.

We run two LiBry simulations using the same input data,
to quantify the impact of bark water storage on the growth of
NV epiphytes at the study site. The first simulation includes a
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FIGURE 5 | Comparison of ERA5 2 m air temperature and rainfall to local weather station data from the study region.

bark water reservoir of 1.4 mm, which represents an additional
water supply for the organisms. In the second simulation,
uptake of water from the bark reservoir is set to zero. By
comparing the two runs with regard to the properties of the
simulated NV epiphytes, we can estimate the relevance of the
bark water reservoir for their physiological functioning and also
their community composition.

The LiBry model is run for 600 years, repeating the full
ERA5 data set (41 years), to drive the carbon balances of
the simulated strategies into a steady state and ensure that
the remaining strategies are able to survive in the long-term.
Thereby, survival means that the strategies maintain a positive
biomass for at least 600 model years. Hence, although NPP
may be negative for certain periods during the simulation, it is
necessary that the long-term average NPP is positive. In LiBry
even inactive organisms have a small turnover of biomass, so
they cannot survive with zero NPP for 600 years. The initial
number of strategies is set to 3000, to cover sufficiently the multi-
dimensional parameter space of physiological properties (see also
Porada et al., 2013).

2.5. Model Validation and Sensitivity
Analysis
To validate the LiBry model for this study, we compare the
simulated properties of NV epiphytes to observations from the
site in Sardinia, complemented by data from the literature.
Thereby, we focus on the dominant growth forms and average
morphological properties across species, such as specific thallus
mass (STM) and water storage capacity (WSC). Based on the
surviving strategies of a simulation, the LiBry model computes
average STM and WSC for the study region. These estimates are

then compared to the observation-based STM and WSC shown
in Table 1. Moreover, we assess the plausibility of precipitation
partitioning and the canopy energy balance simulated by LiBry.

In addition to the model validation, we carry out a sensitivity
analysis of our simulated results, to quantify the impacts of
uncertainties in the input data and the chosen parameter values
on our findings. We vary the following model parameters by
a factor of 2 and 0.5, respectively, since the properties are
likely to have a broad range of possible values, and may be
positively skewed:

• bark water storage capacity
• hydraulic conductivity at bark-epiphyte interface
• bark water potential
• shape parameter for the interception fraction of rainfall (pIcpt,

Equation 1)
• disturbance interval

Furthermore, we vary the following properties by± 20%:

• fraction of rainfall uptake into the interception reservoirs
(8W, Figure 2)

• fraction of water on bark which is taken up by bark reservoir
(8B, Figure 2)

• Leaf area index (LAI)
• rainfall rate

The reason for varying LAI is that time-series data at plot
scale were not available for our site. However, we expect that
the resolution of the data is still sufficiently fine to provide a
realistic average estimate for the study region. Finally, we vary air
temperature by± 2◦ C, and we also test an alternative scheme for
interactions between the physiological strategies in LiBry, While
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FIGURE 6 | (A) Mean diurnal water balance of the simulated canopy for four seasons: Dew input (purple), rainfall (green), overflow from the canopy due to saturation

of the interception reservoir or the NV epiphytes (orange), which is directed either to throughfall or to the bark reservoir, evaporation from the interception reservoir or

the NV epiphytes (blue), and bark water uptake (yellow). (B) Seasonal pattern of water fluxes, same color coding as in (A).

they are weighted in the default model setup by their relative
growth rates, here we assume that all strategies have equal weights
(neutral model), which means that the (averaged) model results,
such as NPP, are more influenced by “rare” strategies.

3. RESULTS

3.1. Simulated Water and Carbon Balance
For the study region in Sardinia, the LiBry model predicts high
abundance and cover fraction of NV epiphytes (238 surviving
physiological strategies out of 3000 initial ones; 77 % of total
stem surface area covered by the organisms). The net primary
production (NPP) of the organisms per stem area amounts to
32 gCm−2 a−1. At the ecosystem level, however, simulated NPP
has a value of only 1.9 g Cm−2 a−1, which is low compared to
other regions of the world. Average NPP values of NV epiphytes
in tropical rainforests or temperate forests, for instance, have
been estimated to range from 6 to 10 gCm−2 a−1 (Elbert et al.,
2012). Low simulated ecosystem NPP mainly results from the
low stem area index in the study region. Simulated biomass of
NV epiphytes is consistent with NPP and amounts to 48 gCm−2

per stem area and 3.1 gCm−2 of ground surface at the ecosystem
level, respectively.

Water input into the canopy in form of rainfall and dew is
partitioned by LiBry into throughfall, stemflow, and evaporation
of intercepted water (see also Figure 2). For the study region,
annual rainfall amounts to 667 mma−1. The largest part of
rainfall is directed to throughfall (71 %), while 11 % are
intercepted and evaporate, and 18 % leave the canopy as
stemflow. Bark water uptake represents a relevant source of water

supply according to our model estimates, and amounts to 11
mma−1, while dew and rainfall contribute 23 and 335 mma−1,
respectively (see also Figure 6).

When bark water uptake is switched off in the model, NPP
is reduced substantially by 21%. This difference mainly results
from reduced NPP in spring and early summer (see Figure 7).
Throughout the year, NPP of the organisms in the control
simulation is lowest in summer, while fall and spring show
highest rates of NPP. While NPP and respiration have a similar
magnitude in spring, NPP exceeds respiration in winter, and is in
turn lower than respiration in late summer, fall, and early winter.
However, average daily NPP is still positive throughout the year.

The number of surviving strategies in the run without bark
water uptake is reduced from 238 to 183, and the average
physiological properties of the surviving strategies are shifted,
albeit to a relatively small extent. Compared to the control
run, the strategies have a slightly lower fraction of permanently
air-filled thallus space and a higher fraction of small pores
(Table 2). This means that they show increased water storage
capacity and increased uptake of water from unsaturated air,
and also a faster activation at low thallus water content, at
the cost of a lower CO2-diffusivity at increasing thallus water
content. Other physiological properties do not show substantial
changes in their average values, such as growth height, porosity,
photosynthetic capacity, optimum temperature, or albedo; also
hydrophobicity of the thallus changes only slightly. Thereby,
photosynthetic capacity refers to the parameter VC,MAX of the
Farquhar photosynthesis scheme (Farquhar and von Caemmerer,
1982), which is used in LiBry, and hydrophobicity corresponds to
a certain value of water saturation, below which potential water
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FIGURE 7 | (A) Mean diurnal pattern of simulated carbon fluxes for four seasons, averaged over all surviving strategies of the control run: Net photosynthesis (green),

Respiration (purple), light-limited rate of net photosynthesis (blue), and CO2-limited rate (orange). Net photosynthesis is computed as the minimum of the two rates.

(B) Seasonal pattern of carbon balance of NV epiphytes: NPP (green) and respiration (purple) of the control run (solid lines) and the run without bark water uptake

(dashed lines). All values are based on averaging over the last 10 years of the simulation.

TABLE 2 | Physiological parameters used in the LiBry model to define a

physiological strategy.

Parameter Control run No bark reservoir

Height 0.11 0.12

Porosity 0.92 0.92

Air-filled thallus space 0.65 0.60

Fraction of small pores 0.71 0.76

Photosynthetic capacity 0.63 0.62

Optimum temperature 0.81 0.81

Albedo 0.50 0.50

Hydrophobicity 0.39 0.37

Average values of all surviving strategies are shown, weighted by their share on the total

cover, for the control run and also for the run without a bark water reservoir (see Figure A1

in the appendix for the full distributions). The parameter values are normalized to the

ranges of their possible values, which are based on literature (Porada et al., 2013).

uptake is limited to a fixed rate. A higher value of hydrophobicity,
meaning the threshold saturation, thus means that the maximum
rate of water uptake of the thallus stays reduced for a longer time.

While the average composition of the simulated NV epiphyte
community remains relatively stable when the bark water
reservoir is switched off, the individual strategies experience
changes in their share on the total cover. This is shown in
Figure 8 for the five strategies with the largest share on the cover
in the control simulation, which make up together almost 50%
of the total cover. Some parameters seem to be related to the
change in cover. The two strategies which have the lowest total

porosity and highest optimum temperature consistently show
gains in cover, and vice versa. Furthermore, these two strategies
also have a lower fraction of the thallus which remains air-
filled at saturation, compared to the other strategies, and a lower
fraction of small pores. The implications of these parameter shifts
are discussed below. Please note that the parameter ranges in
Figure 8 are normalized. Other parameters do not show a clear
tendency in cover change, such as photosynthetic capacity, or
height, for instance.

3.2. Comparison to Observations
LiBry estimates an interception fraction of 11% for the study
area, which matches well with large-scale estimates for Sardinia
(Miralles et al., 2010). The simulated share of stemflow on the
water balance (18%) is relatively high, but still only half as high
as observed maximum values (Van Stan and Gordon, 2018). The
diurnal and seasonal patterns of surface temperature of the NV
epiphytes simulated by LiBry are in a realistic range for the study
site (P.Giordani, pers. commun.).

The successful physiological strategies simulated by LiBry for
the study region are characterized by a low to intermediate height
(0.5 – 2.5 cm, 1.7 cm on average), a high total porosity, a relatively
high fraction of small pores, which is associated with a stronger
attraction of water in the thallus and more efficient uptake of
water from humid air, an intermediate to high photosynthetic
capacity and respiration rate, and a high optimum temperature
of photosynthesis (see Table 2, Figure 8 and Figure A1). The
simulated morphological characteristics are largely consistent
with the growth forms which can be found at the study site.
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FIGURE 8 | Percent changes in share on the total cover for the five physiological strategies which have the largest relative cover values in the control simulation,

resulting from switching off the bark reservoir in LiBry. The color denotes the individual strategies, and the size of the crosses is proportional to the share of the

strategy on the total cover. The dominant strategy (purple) has a share of 31% on the total cover in the control simulation. On the x-axes, a subset of the physiological

parameters is shown which define a strategy in the LiBry model. The values of these parameters are normalized to the range between 0 and 1, where 0 corresponds

to the lowest value and 1 to the highest value used in LiBry, based on the literature (Porada et al., 2013).

The LiBry model predicts average community values of
specific thallus mass (STM) of 1.1 kgm−2 and water storage
capacity (WSC) of 3.7 kgm−2. This compares well to the values,
which were derived from observed abundance of growth forms
at the study site, combined with estimated STM and WSC form
the literature (Table 1). Simulated STM is slightly lower than
observed, and WSC slightly higher. However, the observation-
based range is relatively narrow, and the associated uncertainty
is high.

3.3. Sensitivity Analysis
Our simulated estimates show an overall low sensitivity to
variation in model parameter values (Table 3). The highest
impacts on NPP at the ecosystem scale are due to reducing
the disturbance interval by half, or doubling it. However, the
associated changes in NPP are almost entirely due to changes
in total surface cover of NV epiphytes, which result from more
or less area which is lost to disturbance each year. The NPP
per bark area does not change significantly. The second largest
effects result from changes in LAI and air temperature. Thereby,
a 20% lower LAI increases the NPP per area by 10%, and a
likewise higher LAI decreases it by 5 %, which can be explained
by the canopy scheme used in LiBry. Although lower LAI
decreases the total amount of light and water captured by the
canopy in the model, the concentration of these fluxes may
increase due to the smaller canopy area, resulting in higher
per-area productivity. Reduction of temperature by 2◦ C results

in an 8% increase in NPP, also per bark area, while warmer
temperature results in reduced NPP by 7%. Switching the scheme
for interactions between strategies in LiBry to a neutral model
(equal weights for all strategies) only slightly reduces NPP by 2%.
However, the average morphological properties of the strategies
shift substantially, resulting in increases of STM to 5.8 kgm−2

and WSC to 8.2 kgm−2. These values are outside the ranges
which are derived from observations at the study site. Also the
average height of the simulated NV epiphytes, which increases to
3.7 cm, seems to be too high.

4. DISCUSSION

We simulated net primary production (NPP), cover, and the
distribution of physiological properties of a community of NV
epiphytes for a study region in Western Sardinia, using the
process-based non-vascular vegetation model LiBry. Based on
the model simulations, we quantified the importance of the bark
water reservoir for the organisms.

Our main finding is a substantial reduction of NPP when
water supply from the bark reservoir is switched off in the
model. Based on the seasonal pattern of NPP (Figure 7), it is
likely that the lower annual NPP results from reduced activity
in spring due to decreased water availability in this time of
the year (see also Figure A2). Furthermore, Figures 6A, 7A

show that dew is a relevant source of water for the simulated
organisms, as photosynthesis exhibits a characteristic peak in the
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TABLE 3 | Change in the simulated NPP of NV epiphytes, compared to the

control run, resulting from variation of model parameters or climate input data.

Parameter/input Type of

variation

Response to

decrease

Response to increase

Bark water storage x 0.5 / 2.0 – 5 % + 7 %

Bark conductivity x 0.5 / 2.0 + 1 % – 1 %

Bark water potential x 0.5 / 2.0 + 1 % – 4 %

Interception fraction x 0.5 / 2.0 + 2 % – 3 %

Disturbance interval x 0.5 / 2.0 – 17 % + 11 %

Canopy uptake fraction ± 20 % 0 % 0 %

Bark uptake fraction ± 20 % – 1 % + 1 %

Leaf area index (LAI) ± 20 % + 10 %* – 5 %*

Rainfall rate ± 20 % – 1 % + 1 %

Air temperature ± 2◦ C + 8 % – 7 %

A * means per-area NPP instead of ecosystem scale NPP.

morning hours after the thallus has been saturated during the
night. This is consistent with observations (Lange et al., 1985;
Baruffo and Tretiach, 2007; Tretiach et al., 2012). In fall and
winter, however, photosynthesis is then in the afternoon hours
only slightly limited by lack of water (Figure 7A). This means
that water does not seem to be a strongly limiting factor. Since
respiration is increased relative to NPP from late summer to
early winter, a combination of high water saturation and warm
temperature may limit NPP instead of active time. In summer,
in turn, Figures 6, 7 show a strong decline in available water,
associated with a substantial reduction in NPP in the afternoon.
Hence, in summer the strong evaporative demandmight overrule
the positive effect of the bark water reservoir on NPP of the
simulated NV epiphytes. This effect may be less pronounced in
spring, which explains the important role of bark water supply
for the simulated organisms during this time of the year. These
findings confirm our hypotheses (1) and (2), the bark reservoir
is a relevant source of water for the organisms and it allows for
higher productivity of NV epiphytes, although the effect is most
pronounced in spring.

It should be mentioned that carbon costs due to the short
period of high respiration following reactivation (Palmqvist,
2000) are not yet considered in the LiBry model. This means
that we can quantify impacts of the length of activity on the
carbon balance of NV epiphytes, but may not capture all gains
/losses of carbon due to a lower /higher number of active intervals
throughout the year. However, the LiBry model accounts for
turnover of biomass in the inactive state. Negative effects of
longer periods of inactivity in spring on the carbon balance of
NV epiphytes are thus captured by the model.

Another key result of our study is that the role of bark water
supply for NV epiphytes may be species-specific. When bark
water uptake is switched off in the model, not all physiological
strategies are affected to an equal extent (Figure 8). Furthermore,
gains and losses in cover do not seem to be distributed randomly
between the strategies, but some tendencies can be recognized.
Strategies which have (1) a lower total porosity and (2) a
higher optimum temperature increase their share on the total

cover compared to the control run. They are furthermore
characterized by (3) low fractions of small pores and (4) air-filled
thallus space at saturation. It is, however, not straightforward
to interpret this outcome, due to the complex dependencies
between physiological parameters, dynamic water content, and
carbon balance in the model. In LiBry, reduced total porosity is
associated with increased resistance to water loss at the cost of
water storage capacity, assuming an increase of resistance with
the volume of cell walls and gelatinous substances (Valladares
et al., 1998). A lower fraction of air-filled space, in turn, increases
water storage capacity, at the cost of a lower diffusivity for
CO2 at full saturation (Cowan et al., 1992). A low fraction of
small pores, however, increases diffusivity of CO2 at intermediate
values of saturation, at the cost of a reduced ability to attract
water in the thallus by capillary forces (Valladares et al., 1993).
This leads to slower activation from humid air and decreased
bark water uptake in the model. Considering these physiological
trade-offs, the simulated changes in cover may be explained
by selection pressure toward longer water retention when bark
water is not available anymore. The higher surface resistance
associated with lower porosity may prolong active time. The
resulting reduced WSC may be compensated by a reduction
of the air-filled space, leading to lower CO2-diffusivity. This
would then be compensated by a reduced fraction of small
pores, which may counteract the decreased CO2-diffusivity to
some extent. The following reduced capacity for bark water
uptake would have no negative effect on the carbon balance in
the simulation where the bark reservoir is switched off. Except
for the morning hours, simulated NPP is limited by the CO2-
limited rate of photosynthesis (Figure 7A). This means that CO2

diffusion limitation may prevent strategies which have an even
more compact thallus than those shown in Figure 8 from being
successful in the simulation without bark reservoir. Thus, limited
ability of adaptation to changed environmental conditions due
to physiological trade-offs (Merinero et al., 2015) may be an
additional reason for the reduced NPP compared to the control
run. Overall, the model results confirm our hypothesis (3), the
bark water reservoir plays an important role for the community
composition of NV epiphytes.

A further consequence of reduced water supply may be
elevated surface temperature caused by lack of evaporative
cooling (Davies-Barnard et al., 2014), which would explain the
selection of strategies which have a higher optimum temperature
in the simulation without bark reservoir. However, the difference
in surface temperature is small compared to the control
run, less than 0.1◦C on average. An alternative explanation
is the consequence of reduced active time and potentially
increased CO2 limitation for the carbon balance of the simulated
organisms. At a given surface temperature, a higher optimum
temperature not only leads to lower photosynthesis in the model,
but also to lower respiration. Since respiration shows a stronger
response to temperature under warm climate, it may be more
beneficial for the carbon balance of the simulated NV epiphytes
to have a markedly reduced respiration rate, at the cost of a less
reduced photosynthesis rate.

Although we find a species-specific effect of the bark water
reservoir on the carbon balance of NV epiphytes, the average
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physiological parameter values show no strong trends (Table 2).
This is due to the fact that the strategies which have the
largest shares on the total cover are the same in both the
control simulation and the one without bark water uptake,
even though their relative shares on the cover change, as
discussed above. However, the reduction of the number of
surviving species from 238 to 183 shows that strategies which
have a small share on the total cover, resulting from little
NPP, would be significantly affected by the decrease in bark
water reservoir. Although this process would not lead to a
significant quantitative change in the overall contribution of
NV epiphytic communities at the landscape level, the effect
would be far from negligible on ecosystem functionality at
the microscale. These underrepresented strategies contribute
to increasing the range of possible ecological adaptations
to particular microclimatic conditions determined by the
micromorphological variability of the trunks. The loss of these
unique characteristics as a result of the decrease in bark water
reservoir would lead to an imbalance in the relationship between
functional vulnerability and functional over-redundancy and,
ultimately, to the impoverishment and trivialization of epiphytic
NV communities.

The validation of our simulated estimates is challenging, since
we lack detailed information of the hydrological pathways in
the canopy at the study site, and also field measurements of the
carbon balance of the NV epiphytes. However, we find a general
consistency of our results with characteristic values for this type
of ecosystem. Another source of uncertainty is the estimation
of the physiological properties of the NV epiphyte community
in the study region. While we are able to constrain the range
of possible values of morphological parameters to some extent,
it is difficult to obtain exact estimates of average properties at
the community level, which would require an extensive field
campaign combined with laboratory analysis. Hence, to address
the uncertainties associated with our modeling approach, we
carried out a sensitivity analysis which included hydrological
properties of the canopy, newly introduced model processes, and
environmental conditions, such as climate. Since we did not
find strong sensitivity of our estimates to variation in model
parameters and inputs, we believe that our findings are valid in
spite of the relatively large uncertainties in the approach.

Our estimates have several implications for the potential

impacts of climate change on the community composition of
NV epiphytes and the associated feedbacks on precipitation

partitioning and the hydrological cycle. Firstly, the bark water
reservoir may provide a relevant additional water supply for

NV epiphytes, which makes possible increased NPP under sub-

optimal environmental conditions, such as global warming and
increased dryness. The reduction in NPP and the lower number

of strategies in the simulation without bark water uptake indicate
potential negative consequences of climate change on diversity of
NV epiphytes, due to decreased active time. This may also occur
indirectly, in case host trees are replaced by other tree species
which have a reduced bark water storage capacity, for instance.
Regarding potential feedbacks on local climate, our estimates
suggest limited effects on surface temperature due to the low total

bark area in the study region. In ecosystems which exhibit a larger
coverage and biomass of NV epiphytes, a substantial feedback on
surface temperature may occur.

From an application perspective, our results highlight the
importance of adopting correct forest management strategies that
reconcile the economic use of resources with the sustainability of
fragile epiphytic communities. As demonstrated by our temporal
simulation, this approach, generally valid, is even more critical
in a Mediterranean environment where the prolonged summer
water deficit makes the bark a fundamental reservoir for the
survival of poikilohydric species. The quantification of the
water requirements of epiphytic communities and of the water
potentially available in the forest environment will allow to detail
targeted forestry interventions compatible with the maintenance
of the communities within their physiological optimum (Bianchi
et al., 2020).

Future research can be developed to further modulate the
results obtained from predictive models. Among the various
aspects that could contribute to this, we draw attention to (i)
the collection of more field data to obtain detailed information
both on the water retention capacity of the different barks and
on the physiological response of the NV epiphytes that colonize
them, and (ii) greater attention to microclimatic characteristics
so as to be able to increase the degree of spatial detail of the
models and make them more aligned with the scale of actual
biological activity of the NV epiphytes. To conclude, we found
that the bark water reservoir in Sardinia is an important factor
for increased productivity of NV epiphytes due to prolongation
of active time. Moreover, it may sustain rare species in the
ecosystem, which may otherwise not be sufficiently productive
to survive in the long-term, and may thus increase potential
diversity of NV epiphytes.
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APPENDIX

FIGURE A1 | Parameter distribution of surviving strategies of the control run (purple, solid) and the run without bark water reservoir (blue, dashed).

FIGURE A2 | (A) Mean diurnal activity pattern of simulated NV epiphytes for four seasons, averaged over all surviving strategies of the control run (blue, solid) and the

run without bark reservoir (orange, dashed); (B) Seasonal pattern of activity.
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