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Chapter 1 - General introduction
1.1 The characteristics of non-vascular vegetation

Non-vascular vegetation, referred to hereafter as NVV, encompasses diverse groups
of photosynthetic organisms, including lichens (symbiotic associations between
fungus and algae or cyanobacteria) and bryophytes (mosses, liverworts, and
hornworts). NVV have different characteristics from vascular plants (i.e., trees and
grasses). The first distinct characteristic is that NVV lack a vascular system including
xylem and phloem (Whitton, 2013). The lack of such features means that NVV do not
require multi-layer bark. Thereby, NVV is typically very tiny and grow close to the
ground. Furthermore, NVV do not have specialized true leaves and roots. Instead,
they possess an undifferentiated green body, known as a thallus (e.g. lichens), leaf-
like structures, called phyllids (leafy bryophytes; Schofield, 2024), and root-like
structures, called rhizoids (mosses) or rhizines (some lichens; Jones & Dolan, 2012;
Syers & Iskandar, 1973). Similar to vascular plants, NVV can undergo photosynthesis
in their green tissues. However, unlike vascular plants that absorb soil water via
roots, the rhizoids/rhizines mostly serve to firmly anchor the vegetation to the growth
substrate (Jones & Dolan, 2012). Moreover, NVV have no stomata and related
mechanisms found in vascular plants to actively regulate water exchange between
the organism and the atmosphere. Instead, NVV are poikilohydric, meaning the water
status is totally dependent on and can equilibrate rapidly with the surrounding
atmospheric humidity (Hanson & Rice, 2014). NVV passively acquire water through
rainfall or non-rainfall (i.e., dew and water vapor) sources, relying on the water
potential gradient between the organism and the atmosphere. Furthermore, in dry air,
these poikilohydric vegetation exhibit tolerance to some desiccation, which is
achieved by remaining metabolically inactive during dry periods and resuming their
metabolic activities upon rewetting (Lange et al., 2001). Further, the organisms tend
to be fully hydrated in humid environments, which limits the CO., diffusion through the
thallus (Lange et al., 1996).

NVV are distributed globally, spanning from arid deserts to rainforests and arctic
tundra (Chen et al., 2020; Lakatos et al., 2006; Schmitz et al., 2020; Shaw et al.,

2005). Additionally, they can grow across diverse elevations, ranging from sea level



to high altitudes, and on nearly all surfaces, including rocks, walls, soil surfaces and
also on leaves and bark as epiphytes (Turner & Pharo, 2005; Wolf, 1994). NVV (i.e.,
lichen, moss, algae, cyanobacteria) can also grow together on or within the topsoil
layer and form biological soil crusts (biocrusts; Belnap et al., 2003). Biocrusts,
documented to cover around 12% of the land surface (Rodriguez-Caballero et al.,
2018), are prevalent across all biomes and constitute a major vegetation community
in global drylands where vascular plants are limited (Belnap et al., 2016; Samolov et
al., 2020).

As globally distributed vegetation, NVV play a crucial role in providing essential
ecological functions across different environments. For instance, biocrusts are
reported to be the major moderator to soil organic carbon, nitrogen content and
microbial community in desert ecosystems (Chamizo et al., 2012; Li et al., 2016).
Hence, NVV have always been utilized for land degradation control and ecological
restoration in arid and semi-arid environments (Li et al., 2021; Xiao et al., 2015).
Furthermore, cyanobacteria associated with mosses and lichens facilitate biotic
nitrogen fixation, thereby enhancing the fertility of nutrient-poor soils (Rousk et al.,
2017). Additionally, NVV epiphytes influence global hydrological cycling via the
interception of fog and rainfall (Porada et al., 2018), and NVV communities on rock
enhance the weathering rate, which indicates their role as a modulator of

atmospheric CO; concentration (Porada et al., 2016; Wang et al., 2021).
1.2 Non-vascular community assembly

Acknowledging the important role that NVV play in global ecosystem functioning is
crucial to gaining a better understanding of community assembly processes, such as
environmental filtering and biotic interactions (Spasojevic & Suding, 2012), which are
yet understudied for NVV. These processes shape the community structure in terms
of the diversity and composition, which may have a large impact on the functioning of
the ecosystem (Schulze & Mooney, 1994; Tiiman et al., 2014; Vitousek & Hooper,
1994). For example, the high-diversity mixtures of vegetation demonstrate higher soil
nitrogen concentration compared to monoculture communities (Ewel et al., 1991); the
relative abundance of NVV species with high maximum water holding capacity might
affect the ecosystem water cycling. Moreover, acquiring more knowledge of the

mechanisms of the community assembly is essential for exploring the adaptation of



ecosystem functions provided by NVV to future environmental changes, and
enhancing the theoretical basis for conservation purposes. Furthermore, the species
richness pattern of NVV, such as mosses, diverges from the general latitudinal
gradient observed in most vascular plants where diversity typically increases with
decreasing latitude, as confirmed by Geffert et al. (2013). Understanding community
assembly may provide new insights into the mechanisms contributing to this distinct
species richness pattern between NVV and vascular plants, thereby improving our
ability to predict changes in richness patterns under climate change.

Community assembly is typically assessed using various measures employed to
quantify the community diversity and composition (e.g., Spasojevic & Suding, 2012).
One may count the total number and relative abundance of species in a community
as a measure of species diversity and composition. However, although species
diversity and composition remain an essential measure, functional diversity and
functional composition tend to be considered as the most effective means of
understanding ecosystem functions (Botta-Dukat, 2005). Functional diversity and
composition are characterized by the range, distribution and relative abundance of
the functional traits (physiological, morphological or structural attributes) of
organisms comprising a community (Diaz et al., 2007). One common way to assess
the functional composition is by calculating the community-weighted mean values of
functional traits form all organisms in a community. Functional diversity is often
expressed as the variety of plant functional strategies, expressed as the presence of
different trait values within a multidimensional trait space (Conti & Diaz, 2013; Reu et
al., 2011).

Recently, trait-based ecology has proposed that the community structure is shaped
by how the interaction between abiotic and biotic factors on functional traits (Kraft,
Adler, et al., 2015). As observed in the economics spectrum for NVV, some key traits
form trade-offs due to constrained resource availability imposed by the environment
(Oke & Turetsky, 2020; Wang et al., 2017). For instance, bryophytes may invest more
biomass in metabolic components, indicating higher concentration of nitrogen and
phosphorus, albeit at the cost of structural traits (e.g., shoot mass per area; Wang et
al., 2017). Thereby, organisms possess distinct combinations of functional traits and

trade-offs that dictate their performance in certain processes (i.e., maintenance,



growth and reproduction) and in response to the environment, particularly climatic
and biotic factors (Nock et al., 2016; Violle et al., 2007). In other words, these climatic
and biotic factors filter for organisms with specific traits and trade-offs that can
perform well (Schwinning & Ehleringer, 2001). For example, freezing environments
lead to a convergence toward low water content to achieve maximum net
photosynthesis in biocrusts (Colesie et al., 2014). Therefore, climatic and biotic
filtering are two fundamental community assembly processes, shaping both
functional diversity and composition, which has been a heated topic over the years
(Kraft, Adler, et al., 2015).

Yet, despite many studies exploring the responses of NVV and its functional traits to
abiotic drivers (e.g., Farber et al., 2014; Lange et al., 2005; Roos et al., 2019), the
observations in these studies are typically confined to one study area or gradients of
elevation or vertical canopy height. Rarely have studies aggregated observations
across diverse climatic zones into a consistent framework to explore the roles of
multiple abiotic drivers for NVV growth and communities. Furthermore, while the
impacts and underlying mechanisms of temporal variations in abiotic factors (e.g.,
temperature), particularly seasonal and inter-annual variations, on the vascular plant
communities have been extensively studied (e.g., Holmgren et al., 2013; Piao et al.,
2008), this area remains relatively understudied for non-vascular communities.
Hence, there is still a substantial need for further research to fully understand the
relationships between non-vascular communities and abiotic factors. Moreover, to my
knowledge, even less research has been done on the contribution of biotic

interactions (i.e., competition) to NVV community assembly.
1.3 The abiotic and biotic factors in community assembly
1.3.1 Climatic factors

Abiotic factors, such as climatic factors, exert strong control on the community
assembly by modulating the carbon balance (difference between the gross
photosynthesis and respiration, e.g., Coe et al., 2012). In order to survive in the
community, organisms must be able to maintain a positive carbon balance in the long
term.

It is widely accepted that light intensity plays an essential role in the carbon balance



of NVV as it is a source for photosynthetic electron-transfer reaction. The net
photosynthesis rate generally increases with rising light intensity albeit to a certain
threshold, meaning further increments beyond the point in light intensity may lead to
a saturation of photosynthesis with no subsequent improvement in carbon balance
observed (Lange et al., 1998).

In addition to light, atmospheric moisture serves as a key determinant influencing the
carbon balance of NVV since it acts as water input for NVV. The carbon balance
might be affected by the magnitude of water input (Coe et al., 2012; Metcalfe &
Ahlstrand, 2019). Under dry conditions, organisms remain less metabolically active or
even inactive, yielding diminished carbon balance (Coe et al., 2014; Veste et al.,
2008). Similarly, in humid environments, the high resistance to CO. diffusion through
the thallus due to water films hinders photosynthesis (Cowan et al., 1992), leading to
a negative impact on the carbon balance. Therefore, maintaining an optimal water
content (OWC) is crucial for achieving peak net photosynthesis. Moreover, different
moisture sources, such as rainfall, dewfall and fog, may exert varying impacts on the
carbon balance of NVV (Baldauf et al., 2021). For instance, dewfall has been
observed to primarily enhance the photosynthesis and facilitates carbon assimilation
in drylands, whereas fog mainly stimulated respiration, thereby exerting a negative
effect on the carbon balance (Chamizo et al., 2021). Besides the magnitude and
type, the frequency of rainfall throughout a year has also large impact on the survival
of NVV (Baldauf et al., 2018; Reed et al., 2012), as it determines the frequency of
wet-dry cycles experienced by NVV during the year and, consequently, resulting in
variations in the annual carbon balance.

Further, CO, concentration is a key factor for carbon balance since it is also a source
for photosynthesis, and photosynthesis can enhance with an increasing CO;
concentration (Lange, 2002; Lange et al., 1999). Additionally, elevated CO.
concentration has the potential to alleviate the depressed net photosynthesis rates
observed at supersaturated status (i.e., water contents is greater than optimum water
content, see Green et al, 1994; Lange et al., 1999).

Temperature plays a crucial role in the carbon balance of NVV, affecting both
photosynthesis and respiration. As temperature rises, respiration rates increase

(Rastorfer & Higinbotham, 1968), while net photosynthesis reaches its maximum at



an optimum temperature dictated by the physiological properties of the organism and
its local climate (Colesie et al., 2014; Grote et al., 2010).

Nevertheless, despite numerous empirical studies reporting the importance of these
climatic factors for carbon balance of NVV, research remains limited on the relative

importance of these factors, particularly across diverse climates.
1.3.2 Physiological properties

The response of the carbon balance to a climatic condition might be regulated by
physiological parameters of NVV, as it was observed that the carbon balance
response to varying rainfall event sizes differed among species collected during
different seasons, which is attributed to the varying physiological status of species in
different seasons (Coe et al., 2012). Thereby, the physiological properties might also
explain the community assembly under certain climatic conditions by affecting the
carbon balance of organisms.

The critical physiological parameters impacting carbon balance through their impact
on photosynthesis and respiration has been explored: the content of enzyme
Rubisco, for instance, can largely regulate photosynthesis rates in light-saturated
conditions (Stitt & Schulze, 1994). An increase in Rubisco concentration might
enhance photosynthesis rates, as imposed by the kinetic properties of Rubisco.
Furthermore, light absorption rate is a key parameter for light-response
photosynthesis as it indicates the amount of input light used by organisms for
photosynthesis, whereas the water content compensation points of CO, assimilation
(minimum water content requirement for positive net CO, assimilation) and the OWC
control the response of photosynthesis rates to water conditions (Green et al., 2011).
Additionally, the variations in temperature optima for gross photosynthesis among
different organisms reflect their differences in photosynthesis rates in response to
temperature (Perera-Castro et al., 2020). Aside from these parameters related to
photosynthesis, respiration is also regulated by various parameters. The temperature
dependence of respiration rate has been widely described by biologists using Q1o
function (e.g., Tjoelker et al., 2001), which includes two parameters, temperature-
dependent Q1o value and reference maintenance respiration rate (respiration rate at
the reference temperature). Therefore, these two parameters might regulate the

respiration rate and thus carbon balance largely.



However, it is important to note that the physiological parameters can be strongly
species dependent, which might lead to the different carbon balance and survival of
species under a same climatic condition. For instance, Lange et al (1999) found the
non-depressed net photosynthesis of certain species in response to high water
content, in contrast to the others.

Despite the strong sensitivity of the carbon balance of NVV to various physiological
parameters, the relative importance of them across different climatic zones remains
largely unknown. Gaining insight into the relative importance of climatic factors and
physiological parameters, especially across diverse climatic zones, provides a better
understanding of the key drivers of carbon balance under different climatic
conditions. This knowledge may advance our understanding of the relationship
between NVV community assembly and climatic factors, thereby enhancing our

ability to predict community assembly.
1.3.3 Biotic interaction

Next to abiotic factors, biotic interaction such as inter-specific competition is also a
process that can influence community assembly (Chesson, 2000). There is a body of
evidence for the impacts of competition on the functional diversity and composition of
forest and herbaceous plant communities (e.g., Gross et al., 2015; Kunstler et al.,
2012; Silvertown & Dale, 1991; Xu et al., 2021). However, the role of competition in
the NVV community is poorly understood.

The hypothesis explaining how competition shapes community assembly has been
the subject of debate for years. Intuitively, ecologically different species are often
hypothesized to have less intensive competition than species with similar ecological
strategies, since they may use different resources (competition-relatedness
hypothesis, MacArthur & Levins, 1967). The ecological similarities and differences
among coexisting species can be quantified based on functional traits related to
resource acquisition, defense ability, and regeneration rate (Kraft & Ackerly, 2010).
Hence, the more similar the traits of two species, the more similar their ecological
strategies become, which ultimately leads to a more intense competition between
them.

However, other studies challenge the competition-relatedness hypothesis. For

instance, Cahill et al (2008) found weak relationships between competition strength



and relatedness in vascular plant communities. Various studies suggested that the
competition might be driven by variations of hierarchical competitive abilities of
different species (competition hierarchy hypothesis), including bryophyte
communities (Malson & Rydin, 2009). The competitive advantage in the competitive
hierarchy is strongly related to functional traits as trait variation may reflect fitness
differences (Gross et al., 2015; Herben & Goldberg, 2014). For instance, taller
species can be superior to the shorter ones in the competitive hierarchy, since taller
ones have a higher ability to capture light, resulting in strong competition and even
competitive exclusion of the shorter species. Therefore, competition based on
competition hierarchy hypothesis leads to an opposite outcome to the competition-
relatedness hypothesis: the greater the disparity in trait values determining the
competitive ability of two species, the more intense the competition will be, and this
may often lead to the exclusion of the inferior competitor in the absence of niche
differentiation (Chesson, 2000).

One common way for exploring the impact of the competition process on the
functional composition and diversity (i.e., trait distributions) of non-vascular
communities is to investigate how trait values respond to competition within a
multidimensional trait space. It is important to note that the concept of trait
combinations in multidimensional trait space differs from the coexistence theory
based on species level, which includes niche partitioning and hierarchical competition
among species (Chesson, 2000). However, the competition process can be
effectively implemented by drawing inspiration from the competition hierarchy
hypothesis. That is, expressing competition implicitly by representing competitive
ability as a function of functional traits. This approach not only achieves the goal of
studying the responses of functional traits to competition but also substantially

decreases the complexity of estimating the pairwise competition within a community.
1.4 Dynamic global vegetation models

The study of the roles of abiotic and biotic factors in plant communities is usually
carried out using experiments combined with statistical methods or statistic modeling
approaches. Dynamic global vegetation model (DGVM), a numerical, mechanistic,

process-based model, allows for a deeper mechanistic understanding of community



assembly processes and is more suitable for extrapolation and prediction.

DGVMs were initially designed for understanding how climate and vegetation interact
to affect the dynamics of terrestrial ecosystems (Prentice et al., 2007). DGVMs have
since been widely applied to address problems regarding the dynamics of carbon,
water and energy budget at regional to global scales in response to environmental
changes, since the models provide realistic representation of numerous
biogeochemical and biogeophysical processes of vegetation (Bonan, 2015; Cramer
et al., 2001). Further, DGVM is a powerful approach for predicting ecosystem
structure and functioning dynamics influenced by past, present and future climates,
and for gaining insights into their underlying drivers (Tao & Zhang, 2010; Thuiller et
al., 2006). Although a very useful tool, the approach used to represent the enormous
plant functional diversity in most of DGVMs has been criticized for many issues
(Harrison et al., 2021).

In most of the DGVMs, the global vegetation is categorized into a small nhumber of
plant functional types (PFTs) based on the morphological and physiological features
and bioclimatic limits of the vegetation (Kattge et al., 2011). Each PFT is represented
by a predefined set of parameter values, typically chosen as the averages from a
wide spectrum of trait values of species within the same PFT. These parameters of
PFTs remain constant throughout simulations governing the ecophysiological
responses to physical and biotic factors. However, the subjectively chosen PFTs prior
to simulations potentially impact the accuracy of predictions, such as the vegetation
cover and water cycling in Sahara region (Groner et al., 2018). Further, the coarse
representation of trait diversity by several PFTs may not be sufficient to represent the
full diversity in the field as the ecology community has observed that the variation
within PFTs is larger than between PFTs for many traits (Kattge et al., 2011). Thus,
the limited number of parameterized PFTs with static PFT-specific parameters might
lead to inaccuracies in model predictions (Groenendijk et al., 2011; Verheijen et al.,
2013).

To improve the accuracy of predicting the climate-vegetation interaction, advanced
DGVMs have been moved from fixed-PFT scheme towards a more flexible trait-
based approach that includes increased trait diversity in the model, such as aDGVM
(Scheiter et al., 2013) or JeDi-DGVM (Pavlick et al., 2013). The advanced DGVMs



attempt to represent the full diversity by considering a large number of physiological
and morphological types or strategies, each characterized by a unique set of traits.
Unlike the subjective selection of PFTs, the advanced DGVM allows for the potential
existence of all species in all places. Communities are assembled based on the
simulated performance and dynamics of individual species under specific
environmental conditions, all of which are subject to constrains imposed by trait
trade-offs (negative association between two or more traits). As more explicit
physiological and ecological processes such as reproduction and competition are
incorporated, advanced models can also achieve a more accurate simulation of the
dynamics and performance of individual species. Hence, eco-evolutionary DGVMs
(Berzaghi et al., 2020) have the potential to simulate the community assembly and
contribute to an improved understanding of the interplay between terrestrial
ecosystems and climate, ultimately helping more accurately predict changes in
ecosystem structure and functioning in responses to climate change.

However, the NVV are always ignored in advanced DGVMs. LiBry model is a
process-based DGVM that was developed specifically for NVV by accounting for
NVV-specific properties such as the poikilohydry and the dependence of CO,
diffusivity on water content (Porada et al., 2013). Similar to other advanced DGVMs,
this model simulates the full diversity potential of each simulated NVV community (or
a location) by randomly generating a broad spectrum of physiological and
morphological strategies. Each strategy is distinguished by its unique set of
functional traits (e.g., albedo, height, maximum molar carboxylation rate (Vcmax_M),
reference maintenance respiration rate etc.). The model emulates natural selection
within each community/location by simulating the dynamic responses of a range of
biophysical and biochemical processes of these strategies to various climatic factors.
These processes encompass water, energy and carbon balance. The carbon balance
of each strategy subsequently influences its expansion in cover area, which is
subject to a reduction due to disturbances in the simulations. Furthermore, an implicit
competitive interaction process is integrated into the model. This ecological process
regulates the cover area of each strategy by changing the allocation of available
space for expansion. The existence of strategies in the community/location is

determined at the end of simulations by assessing whether strategies can maintain a
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positive cover area. Therefore, the LiBry model is able to simulate the explicit
assembly of NVV communities, shedding light on the underlying mechanisms of the

community assembly.
1.5 Thesis outline

The primary aim of the thesis is to deepen our understanding of community assembly
in non-vascular vegetation, specifically the roles of abiotic and biotic factors in
shaping community assembly. To this end, | applied the process-based dynamic
vegetation model LiBry at multiple local study sites across diverse climatic zones. In
Chapter 2, the importance of individual climatic factors and physiological parameters
in community assembly are assessed by quantifying the annual carbon balance, a
key metric for the growth and survival of organisms, across various climatic zones. To
this end, | performed several sensitivity analyses of the LiBry model without
competition. | consider the following research questions:

(@) What is the relative importance of different climatic factors and
physiological parameters for the carbon balance of biocrusts in contrasting
climates?

(b) What role does seasonal acclimation of the physiological parameters play
in carbon balance estimation?

Chapter 3 explores the impact of competition on the assembly of lichen and
bryophyte communities in temperate regions. To this end, | performed a series of
simulations employing diverse trait-based competition schemes under varying levels
of competitive intensities. | pose the guiding research question:

What role does competition play in the emergence of the functional
composition of lichen and bryophyte communities?

In the end, | will conclude with a synthesis to summarize and generally discuss the
roles of abiotic and biotic factors in non-vascular community assembly. Additionally, |

will discuss potential implications and provide directions for future research.
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Chapter 2 - Exploring environmental and physiological
drivers of the annual carbon budget of biocrusts from
various climatic zones with a mechanistic data-driven
model

Published in Biogeosciences

Yunyao Ma, Bettina Weber, Alexandra Kratz, José Raggio, Claudia Colesie, Maik

Veste, Maaike Y.Bader, and Philipp Porada

Abstract.

Biocrusts are a worldwide phenomenon, contributing substantially to ecosystem func-
tioning. Their growth and survival depend on multiple environmental factors, including
climatic ones, and the relations of these factors to physiological processes. Re-
sponses of biocrusts to individual environmental factors have been examined in a
large number of field and laboratory experiments. These observational data, how-
ever, rarely have been assembled into a comprehensive, consistent framework that
allows quantitative exploration of the roles of multiple environmental factors and
physiological properties for the performance of biocrusts, in particular across climatic
regions. Here we used a data-driven mechanistic modeling framework to simulate the
carbon balance of biocrusts, a key measure of their growth and survival. We thereby
assessed the relative importance of physiological and environmental factors for the
carbon balance at six study sites that differ in climatic conditions. Moreover, we ex-
amined the role of seasonal acclimation of physiological properties using our frame-
work, since the effects of this process on the carbon balance of biocrusts are poorly
constrained so far. We found substantial effects of air temperature, CO, concentra-
tion, and physiological parameters that are related to respiration on biocrust carbon
balance, which differ, however, in their patterns across regions. The ambient CO.
concentration is the most important factor for biocrusts from drylands while air tem-
perature has the strongest impact at alpine and temperate sites. Metabolic respira-
tion cost plays a more important role than optimum temperature for gross photosyn-
thesis at the alpine site; this is not the case, however, in drylands and temperate re-
gions. Moreover, we estimated a small annual carbon gain of 1.5 g m? yr' by lichen-

dominated biocrust and 1.9 g m2 yr' by moss-dominated biocrust at a dryland site,
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while the biocrusts lost a large amount of carbon at some of the temperate sites (e.g.,
-92.1 for lichen- and -74.7 g m? yr' for moss-dominated biocrust). These strongly
negative values contradict the observed survival of the organisms at the sites and
may be caused by the uncertainty in environmental conditions and physiological pa-
rameters, which we assessed in a sensitivity analysis. Another potential explanation
for this result may be the lack of acclimation in the modeling approach since the car-
bon balance can increase substantially when testing for seasonally varying parame-
ters in the sensitivity analysis. We conclude that the uncertainties in air temperature,
CO; concentration, respiration-related physiological parameters, and the absence of
seasonal acclimation in the model for humid temperate and alpine regions may be a
relevant source of error and should be taken into account in future approaches that
aim at estimating the long-term biocrust carbon balance based on ecophysiological

data.
1. Introduction

Non-vascular photoautotrophs, such as lichens, mosses, eukaryotic algae and
cyanobacteria, together with heterotrophic microorganisms, form biological soil crusts
(biocrusts) which occur in various environments across the globe and provide a wide
range of important ecosystem functions, such as build-up of soil organic carbon and
nutrients (Belnap et al., 2016; Chamizo et al., 2012; Dimig et al., 2014; Ferrenberg
et al.,, 2018). Due to the importance of biocrusts in ecosystem functioning, their
growth and survival have been extensively studied, through different methodological
approaches. An established measure to quantify the growth of biocrusts is their long-
term carbon balance (hereafter, C balance), which corresponds to the (accumulated)
net carbon flux across the system boundaries including all relevant carbon gains and
losses.

In order to ensure survival, any species needs to achieve a positive C balance in the
long-term, while negative values may occur for short periods. Acknowledging the im-
portance of C balance, an increasing number of studies have investigated the long-
term C balance of individual non-vascular organisms as well as biocrust communi-
ties, and their environmental drivers. An annual carbon budget of 21.49 g C m™
based on measured field data was reported in the study of Lange (2003b) on the

crustose lichen Lecanora muralis growing on a rock surface in a temperate climate of
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southern Germany. Furthermore, Budel et al. (2018) estimated an annual C balance
of 1.7 g C m? based on measurements on cyanobacteria-dominated biocrust in an
Australian dry savannah ecosystem. Several other studies obtained long-term, large-
scale values of the C balance by scaling up short-term, local measurements of CO.
exchange rate under natural field conditions (Lange et al., 1994; Zotz et al., 2003).
For an estimation of the global C balance of cryptogamic covers, which include
biocrusts, conversion factors based on the maximum photosynthesis rate have been
suggested as a best-guess solution (Elbert et al., 2012). However, there are some
drawbacks to these approaches for acquiring a C balance at both organism and com-
munity scale. First, the measurement of the long-term continuous CO, exchange rate
of an individual organism or biocrust community has technical limitations and is
highly time- and resource-consuming. Second, upscaling via extrapolation may result
in bias in annual C balance estimation if the length and the frequency of sampling
cannot capture the full variability of CO, exchange throughout the year (Bader et al.,
2010). Moreover, using empirical approaches alone, it is difficult to understand the
underlying mechanisms of how climatic conditions affect individual physiological pro-
cesses, and consequently which role these processes play in the observed changes
in C balance and growth at the individual as well as community level. Such ap-
proaches are thus subject to large uncertainty when used for projections of C bal-
ance under climate change.

Most studies on the relationships between C balance and environmental factors for
biocrusts are based on laboratory experiments (e.g. Coe et al., 2012b; Cowan et al.,
1992; Lange et al., 1998) or direct field measurements in situ over short periods of
time (e.g. Brostoff et al., 2005; Lange et al., 1994). From this work cited above, it has
been recognized that the C balance of biocrusts is strongly influenced by factors
such as water supply, temperature, radiation, and CO. concentration and the com-
plex relations of these factors to physiological processes such as photosynthesis and
respiration. While the highest values of productivity under field conditions are
achieved when the environmental factors are in the range that is optimal for the spe-
cific biocrust, it has been found that biocrusts are also able to achieve metabolic ac-
tivity and thus, potential productivity, under sub-optimal conditions of temperature and

light (Colesie et al., 2016; Raggio et al., 2017, 2014). It is largely unknown, however,
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which relative importance each of these environmental factors and physiological pa-
rameters has for the long-term C balance of biocrusts under natural field conditions,
and if the importance of factors/parameters shows a spatial and temporal pattern. In
addition, seasonal acclimation of photosynthetic and respiratory properties of species
to intra-annually varying climate factors found by several studies (e.g. Gauslaa et al.,
2006; Lange and Green, 2005; Wagner et al., 2014) may substantially affect biocrust
C balance, thus leading to further complexity in the spatio-temporal relations between
C balance and environmental factors/physiological parameters. One of the few ex-
perimental studies investigating biocrust acclimation potential to changing tempera-
tures has found threshold temperatures for the survival of lichen species (Colesie et
al., 2018) but the overall extent of the impact is poorly understood.

Here, we applied a mechanistic data-driven model to (a) complement empirical esti-
mates of the annual C balance of biocrusts and (b) to address the knowledge gaps
concerning the relative importance of different environmental factors and physiologi-
cal parameters for the C balance in contrasting climates, thereby accounting for the
role of seasonal acclimation. The advantage of this modeling approach is that it can
predict at high temporal resolution the dynamic C balance of biocrust organisms for
given locations by simulating the physiological processes driven by environmental
factors. The model allows for a deeper mechanistic understanding of the C balance
of biocrusts through factorial experiments and sensitivity analyses regarding physio-
logical parameters and individual environmental factors, which would be impractical
to realize in field or laboratory experiments. To complement our analyses using the
data-driven model, a process-based dynamic non-vascular vegetation model, called

LiBry, was employed as a supporting tool (Porada et al., 2013).
2. Material and Methods

We simulated the C balance of biocrusts from six climatically different study sites in a
semi-empirical way using a data-driven model. The model simulates photosynthetic
rate based on the Farquhar photosynthesis model developed by Farquhar and von
Caemmerer (1982) and respiration rate based on a Q10 relationship. The C balance
is computed as the difference of photosynthesis and respiration accumulated over a
given time period. In the model, both photosynthesis and respiration depend on sur-

face temperature, relative water saturation, and the activity of the biocrust, which are
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all simulated in a coupled way via the surface energy balance as a function of climate
input data. Photosynthesis additionally depends on ambient CO, concentration.

To calibrate the model, we first determined soil and land surface properties that are
required for the coupled energy and water balance in the model through fitting simu-
lated to measured surface temperature patterns. Then, we parameterized the physio-
logical properties of the organisms using measured relationships between net photo-
synthesis and light intensity, water content, and temperature. Finally, we validated the
model with regard to the water content or activity patterns of biocrusts and compared
the modelled CO, assimilation rate to measured values. The data sets used for cali-
bration and validation of the model as well as basic climate conditions of each site
are described in Table 1. Sites were listed in ascending order of total annual precipi-

tation based on measured data.
2.1 Study sites

In our study we considered six sites, namely two dryland sites at Almeria (Spain) and
Soebatsfontein (South Africa; hereafter D1 and D2); three temperate sites at Gossen-
heim (Germany), Oland (Sweden), and Linde (Germany; Hereafter T1, T2, and T3);
and one alpine site at Hochtor (Austria; Hereafter A1) (Table 1). These sites were
chosen based on data availability for C balance estimation, and because they cover
a broad range of climatic conditions. The field and laboratory measurements con-
ducted at all sites were following a similar protocol, which allows comparing the simu-
lation results among sites. The necessary empirical data for C balance estimation re-
garding climatic conditions, species physiological characteristics, and status espe-
cially in terms of moisture such as water content or activity, have been monitored in a
relatively small number of experiments, so far, and the six study sites chosen here to
provide a good opportunity to utilize these data for an extended modeling approach.
In this context, activity measurements are more suitable than soil moisture records
since they are direct, non-invasive and they do not show deviations in the temporal
patterns at high resolution, which may occur with soil moisture time series.

Sites D1 and D2 are characterized by an arid climate with mean annual precipitation
of less than 250 mm, but a wet winter season (Budel et al., 2014; Haarmeyer et al.,
2010). Sites T1, T2, and T3 have a temperate climate. The mean precipitation in
these three sites is around 550 mm (Budel et al., 2014; Diez et al., 2019). Site A1 is
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located in a humid alpine region with a mean annual precipitation between 1750 and
2000 mm, of which more than 70% are snowfall; the A1 site is covered by snow for at
least 200 days per year (Budel et al., 2014). More detailed site descriptions are pro-

vided in the corresponding studies cited above.
2.2 Observational Data
2.2.1 Climatic variables

The proposed data-driven model for estimating the annual C balance of dominant
biocrust types at each site was forced by hourly microclimatic variables. The forcing
data sets of the data-driven model include photosynthetically active radiation (PAR),
long-wave radiation (near-infrared), relative air humidity, air temperature, wind speed,
rainfall, and snowfall. All the microclimatic variables were measured on-site by cli-
mate stations with a temporal resolution of 10 min (5 min in A1 and D1; data avail-
able at http://www.biota-africa.org; Raggio et al., 2017; M. Veste, unpublished data),
except for long-wave radiation and snowfall, which were taken from ERA5 dataset
(https:/lwww.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5). Although di-
rectly measured surface temperature data are available for all sites, we use ERA5-
based down-welling long-wave radiation instead to simulate surface temperature on
biocrusts. This is necessary since, in our model, calculations of photosynthesis and
respiration require not only surface temperature, but also depend on water saturation
of biocrusts (affecting activity). However, we do not have water saturation data avail-
able at most sites. Therefore, we instead simulate the dynamic water saturation of
biocrusts based on climate, via processes such as evaporation, rainfall, and dew. The
calculation of evaporation and dew automatically includes the computation of a sur-
face temperature that emerges from solving the surface energy balance, thereby in-
cluding down-welling long-wave radiation. Since the simulated surface temperature
that is connected to simulated water saturation slightly deviates from the observed
surface temperature (see Fig. 2.1 and S2.1), we do not directly use the observed sur-
face temperature as input in the modeling approach, to avoid inconsistencies. Then

all these microclimate data were aggregated to data with hourly temporal resolution.
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2.2.2 Dynamic biocrust variables

Besides the surface temperature, biocrust activity was either monitored directly (bi-
nary: active or not active) using a continuous chlorophyll fluorescence monitoring
system (Raggio et al., 2014, 2017), or indirectly via the electrical conductivity of the
substrate (BWP, Umweltanalytische Produkte GmbH, Cottbus, Germany; Weber et
al., 2016; M. Veste, unpublished data). For site D2, the biocrust water content was
calculated instead of activity based on electrical conductivity. Due to snow covering
the measuring instruments, data of site A1 only covers the time from August to Octo-
ber. Samples from both lichen- and also moss-dominated biocrusts were measured
at all sites, except for site T3 where four BWPs were mostly located in moss-domi-
nated biocrusts. At site D2, additionally cyanolichen- and cyanobacteria-dominated
biocrusts were monitored. The measured surface temperature, water content, and
activity data at all sites were then aggregated to data with a temporal resolution of
one hour.

As explained in Sect. 2.2.1, we did not directly use the observed surface temperature
and activity (or water content) as forcing data for the model, but estimated the time-
series of surface temperature and water saturation data at all sites based on a simu-
lation of the energy and water balance. The activity of the organisms was then ap-
proximated via the empirical equations describing the link between water saturation
and metabolic activity (see Porada et al., 2013). Furthermore, ambient CO, concen-
tration was assumed to be constant at 400 ppm. The CO, concentration at the soil
surface may be higher than 400 ppm due to the flux of respired CO, from the soil.
Since our study sites are on open ground, we do not assume substantial accumula-
tion of CO, in the near-surface boundary layer. We discuss the effect of uncertainties
in CO; concentration below in Sect. 4.2.

For validation of C balance, we used data of the on-site CO,-exchange rate of differ-
ent biocrust types (lichen- and moss- and also cyano-dominated biocrusts removed
from surplus soil; the latter composed of cyanolichen and cyanobacteria) that were
measured by a portable gas exchange system at several time intervals from Novem-
ber 4" to 8" at site D2 (Tamm et al., 2018). For the other sites, additional field mea-

surements of COz-exchange were not available.
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2.2.3 Photosynthesis response and water storage

For all sites, CO, exchange measurements under controlled conditions in the labora-
tory or in the field (site T3) were conducted using a mobile gas exchange system
GFS 3000 (Walz GmbH, Effeltrich, Germany) with an infrared-gas analyzer to explore
the physiological characteristics of samples of different biocrust types (same as those
measured for validation; main species see Table 1; Diez et al., 2019; Raggio et al.,
2018; Tamm et al., 2018). Before measurements, the soil underneath these biocrust
samples was removed up to the amount necessary to preserve the physical structure
of the biocrusts. And the samples were subjected to reactivation for at least two days
(D2) or three days (T1, T2, D1, A1). At T1, T2, A1 and D1, for instance, samples were
kept at 12°C under 12 h dark and 12 h light (100 ymol m? s™) conditions for three
days and wetted once a day. Net photosynthesis was measured at different ranges of
light intensity, water content, and temperature. Light response curves, for instance,
were determined at optimum water saturation and 15 °C, water response curves
were measured at 400 umol m? s™ and 15 °C at sites D1, T1, T2, and A1 (Raggio et
al., 2018). Moreover, the maximum water storage capacity (MWC) of the samples
was quantified in the laboratory for samples from sites D1, T1, T2, and A1 (Raggio et
al., 2018), whereas the MWC at site D2 was approximated as the maximum value
when measuring water response curves (Tamm et al., 2018; Weber et al., 2012).
MWC at site T3 was estimated as the value of the same genus measured in Ham-
burg, Germany (Cladonia portentosa and Polytrichum formosum, Petersen et al., in
prep.). MWC was acquired since it is one of the essential parameters of the model to
convert the specific water content in mm to relative water saturation required by the
model used here.

Table 2.1: Properties of the study sites and data which are available (+ sign) for calibration and

validation of the data-driven model.

Gdssen- Linde,
Soebats- .
Alme- . heim, N Bran-
. . fontein, . Oland, Hochtor
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Africa
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on site
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99 al., 2018; 99 99 lished 99
References et al, et al., et al, et al,
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2018 2018 2018 2018
al., 2012 Diez et
al. 2019

2.3 Parameterization of the data-driven model
2.3.1 Abiotic surface properties

Several abiotic parameters of the data-driven model describing soil and land surface
properties, such as roughness length or soil thermal conductivity, were required to
simulate the energy and water balance. These parameters were obtained by fitting
the daily and diurnal surface temperature patterns of lichen-dominated biocrust at all
sites except for site T3. At site T3, we compared the surface temperature patterns of
simulated moss-dominated biocrusts to data collected by sensors in four locations.
The set of parameters that corresponded to minimum differences between simulated
and measured values (visual assessment) was used in the data-driven model. The
calibration results of surface temperature and the photosynthesis response curves at
site T2 are shown in Fig. 2.1 and Fig. 2.2, respectively. The results of dominant
species at other sites are shown in Fig. S2.1 and S2.2.

The daily surface temperature was simulated accurately (the maximum value of root
mean square error (RMSE) at all sites is 3.78) except for site T3 where the tempera-
ture during cold seasons was underestimated, and at site D1 the peak temperature
within a day in hot seasons was underestimated (Fig. S2.1). The peak in surface tem-
perature occurred too early by around 1-2 hours at site D1, A1, T1 and T2, but the
magnitude of the peak corresponded well to the measured data (Fig. 2.1 and S2.1).

Therefore, in general, the fitting of the surface temperature patterns was satisfactory.
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The mismatches may result from the measured climate variables such as PAR or air
temperature at 2 m being inconsistent with the measured surface temperature (de-
tailed descriptions are in Supplement) and bias in the calibrated soil properties such
as soil thermal conductivity since it may affect the surface temperature difference be-
tween morning and evening. A sensitivity analysis of soil thermal conductivity to C

balance is shown in the Supplement.
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Figure 2.1: Calibration results of abiotic parameters of the data-driven model by fitting the daily
(a) and diurnal (b-e) patterns of surface temperature at site T2. (b) to (e) represent the patterns of
average hourly surface temperature from January to March (JFM), April to June (AMJ), July to
September (JAS), and October to December (OND), respectively.

2.3.2 Biocrust physiological properties

Furthermore, several parameters required by the Farquhar photosynthesis scheme
and the respiration scheme were directly measured or calculated from gas exchange
data sets, such as MWC of the thallus, optimum water content, the optimum temper-
ature for gross photosynthesis, metabolic respiration cost, and the Q10 value of res-
piration. Since the ambient temperature range that was applied in the laboratory for
samples from all sites except D2 was too small to capture the optimum temperature
of photosynthesis reliably, we approximated the optimum temperature from the mea-
sured data set as the average surface temperature during active periods. In addition,

the optimum temperature was also constrained by fitting the Farquhar equations to
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photosynthesis curves, as related to environmental factors light, water content, and
temperature. Such fitting method was also used to obtain some other photosynthe-
sis-related parameters of organisms, such as molar carboxylation and oxygenation

rate of RuBisCO (Vcmax, Vomax), respiration cost of RuBisCO enzyme (Rub_ratio),

and minimum saturation for activation (Sat_act0).
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Figure 2.2: Calibration of photosynthesis parameters of the model by fitting photosynthesis re-
sponse curves of moss- and lichen-dominated biocrust samples to measurements at site T2. (a):
net photosynthesis rate in response to light at optimum water content and 15 °C. (b): net photo-
synthesis rate in response to temperature at 1200 ymol m2 s light and optimal water content.
(c): net photosynthesis rate in response to relative water saturation at 400 pmol m2 s™ light and
15 °C.

Since the measured values between replicates showed large variation, in particular
the water and temperature-dependent data, as illustrated by the coloured points in
Fig. 2.2, we fitted the curves to the average values of all replicates. The calibration
results showed that visually and overall, the photosynthetic curves could be parame-
terized to fit the measurements well, given that different samples were used for mea-
suring responses to different driving factors, and considering the methodological dif-
ferences between light and water response curve measurements. However, the wa-
ter responses were least well-fitted, especially at high water contents. The measured
net photosynthesis response rate was negative in some cases at high water satura-
tion, but it is not possible to reproduce this negative net photosynthesis rates with our
adapted Farquhar photosynthetic model for the light and CO, conditions of the labo-
ratory setup. Under these conditions, gross photosynthesis is larger than respiration

and thus CO:. is required to diffuse from the atmosphere into the thallus, not out of it.
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Even under low diffusivity, caused by high water saturation, there will be no net diffu-
sion of CO, from the thallus into the ambient air assuming that inward and outward
flows of CO; share the same pathway and that diffusion of CO, between atmosphere
and thallus is in steady-state with the flux (respiration minus gross photosynthesis).
For details please see the Supplement. Furthermore, matching the simulated temper-
ature-response of net photosynthesis to the measured data under cool conditions
turned out to be difficult for samples from site T1 and A1 (Fig. S2.2). There were too
few data points in the measured temperature response data set to constrain the opti-
mum temperature and temperature relation (see Fig. 2.2), but the fitting turned out
well because the simulated optimum temperature for net photosynthesis at site T1
was coincidentally close to the value of 17 °C reported by Colesie et al. for this site.
(2014; see Fig. S2.2).

2.4 Validation of the data-driven model

The water saturation and activity estimated by the data-driven model were validated
by comparing with the daily and diurnal patterns of measured activity (5 sites, not at
site D2) and water content data (only at D2). Furthermore, the C balance estimated
by the data-driven model was validated by comparison to the in situ measured net
CO; exchange rate of moss, lichen, and cyanocrust-dominated biocrusts. These data
were sampled at site D2 by removing the soil respiration rate, predicted by means of
a fitted regression (Weber et al., 2012). Since data on water saturation were avail-
able, measured PAR, surface temperature, and water content were used to simulate
the C balance using the data-driven model, in contrast to the setup described above.
The activity, however, was calculated in the same way as described in the setup.
Moreover, the parameters of the model were the same as the calibrated ones of the

corresponding biocrust types.
2.5 Sensitivity analysis

To investigate the role of environmental factors, physiological properties, and also
seasonal acclimation for the simulated annual C balance of biocrusts, we conducted
three sensitivity analyses using our data-driven model. With this setup, we intend to
put into context the effects of environmental conditions and the uncertainty associ-

ated with the physiological properties that were used to parameterize the model. We
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additionally explore the impact of seasonally acclimatized physiological properties on
carbon assimilation at site T1, since variation between seasons represents additional

uncertainty in the estimation of the C balance.
2.5.1 Effects of environmental factors

To investigate the role that environmental factors, namely air temperature (T_air),
light intensity (Light), ambient CO, concentration (CO.), and different types of water
sources play in regulating the C balance of biocrusts, sensitivity analyses were con-
ducted for lichen-dominated biocrusts from all study sites. The different types of wa-
ter sources include rainfall (Rain) and non-rainfall water inputs such as dew and wa-
ter vapor, which are determined by relative air humidity (R_hum). All the environmen-
tal factors were reduced and increased by half (+/- 50%), except for T_air and
R_hum. The T_air differences varied by 5 K and R_hum by 20%. Moreover, relative
humidity was constrained between 0 and 100% when the varied relative humidity ex-
ceeded this range.

The annual C balance for each modified environmental factors was then normalized
following Eq. (1), and normalized again among different environmental factors within
each climatic zone for comparing the relative importance of environmental factors:
C;~C,

U]

Normalized C balance= |C ‘ (1)
j

where C;j is the C balance of factor j under operation i, and C; is the original C bal-
ance of factor j.

A positive normalized C balance demonstrates an increase in annual C balance
when certain environmental factors change, and a larger magnitude of the normal-
ized C balance number demonstrates a larger effect of this environmental factor com-

pared to a factor with a smaller value.
2.5.2 Effect of physiological parameters

The sensitivity analysis of physiological parameters was conducted for lichen-domi-
nated biocrust at all study sites. The original parameter values were obtained by cali-
bration to measured net photosynthesis response curves. We then varied the values
of the following physiological parameters by a consistent range for all sites: metabolic

respiration cost per surface area (Resp_main), Q1o value of respiration (q10), the op-
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timum temperature for gross photosynthesis (Topt), respiration cost of RuBisCO en-
zyme (Rub_ratio), and light absorption fraction in cells (ExtL), minimum saturation for
activation (Sat_act0), and minimum saturation for full activation (Sat_act1). Specifi-
cally, we increased or decreased Resp_main, ExtL, q10, Sat_act0 by 30%, Rub_ratio
and Sat_act1 by 20%, and Topt by 5 K. These parameters are chosen since they are
closely related to the response of photosynthesis and respiration to water, light, and
temperature. These ranges of different parameters were determined based on the
observed bounds of the photosynthetic response curves of all replicates (see calibra-
tion results with varied parameters at all sites in Fig. S2.5-S2.10), which have large
deviations between each other at most sites as shown in Fig. 2.2 and Fig. S2.2. The
effects of the varied physiological parameters on the C balance were then normalized
using the same normalization method as for the environmental factors (in Sect. 2.5.1)

for comparison among parameters and climatic zones.
2.5.3 Effect of seasonal acclimation

Another sensitivity analysis was performed for site T1 to investigate the impact of
seasonally acclimatized physiological properties on the C balance. We analysed the
lichen- and moss-dominated biocrusts at site T1 as an example, because the mea-
sured time-series of activity showed that in temperate sites such as T1, the organ-
isms were active most of the time, and thus the C balance would be more sensitive to
seasonally varying properties.

In the analysis, rather than keeping all calibrated parameters fixed throughout the
simulation period of the data-driven model, the physiological parameters metabolic
respiration cost per surface area (Resp_main), light absorption fraction in cells
(ExtL), and the ratio of Jmax to Vcmax (jvratio) were set to another set of values in
the winter months in order to adapt to the climatic conditions, since biocrusts at sites
T1 were collected in summer months. These new, “dynamic” parameters were ap-
plied in an additional simulation and the resulting C balance was compared to the
original simulation based on the “fixed” parameters. The dynamic parameters were
chosen and varied based on the literature: Respiration of lichens was found to accli-
mate to seasonal changes in temperature (Lange and Green, 2005). Moreover, under
low light, organisms showed shade-adapted physiological characteristics with low
PAR compensation and saturation points (LCP and LSP; Green and Lange, 1991).
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These properties can be expressed by certain parameters of the data-driven model.
For instance, the respiration rate is determined by the parameter Resp_main; LCP
and LSP can be affected by changing the slope of the photosynthesis-light relations
through the parameter ExtL; LCP and LSP can also be modified via the parameter
jvratio as it influences the value of light use efficiency at unsaturated light.

Accordingly, in an hourly simulation during September and December, January, and
February, the parameter Resp_main was reduced to half to lighten the respiratory
cost for the samples collected at site T1. The size of ExtL was doubled to increase
the slope of photosynthesis-light relations. In addition, the parameter jvratio was dou-

bled as well to enhance the light use efficiency.
2.6 LiBry Model

LiBry is a process-based dynamic global vegetation model (DGVM) specific to non-
vascular vegetation. The model mimics environmental filtering in the real world by
simulating many different functional strategies and selecting those which maintain a
positive C balance under the respective climatic conditions. The strategies are char-
acterized by a combination of 11 physiological and morphological parameters. More
information about the model is briefly described in the Supplement, and a full detailed
description can be found in Porada et al. (2013, 2019).

For this study, the LiBry model was run for 300 years with repeated microclimate forc-
ing data of one year from the six study sites, calibrated abiotic parameters same as
the data-driven model, and initially generated 1000 strategies. C balance and dynam-
ics of the surface cover of the strategies were simulated until a steady state was
reached, so that the final successful strategies were those where long-term biomass
values were positive. Moreover, at the end of the simulation, the average values of
functional traits were estimated by weighting all surviving strategies based on their
relative cover. The (hypothetical) strategy characterized by these average values is
called average strategy. The strategy with the largest cover area is called dominant
strategy.

Furthermore, we compared the physiological parameters of the average strategy and
the selected dominant strategies to the ones of organisms in the field by means of
their respective photosynthesis response curves. This comparison can verify the C

balance estimated by the data-driven model from a reversed perspective as LiBry
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model is based on the same processes as the data-driven model, but the strategies
were freely selected by the LiBry model based on their C balance, without prescribing

values based on site level observations.
3. Results
3.1 Data-driven model

3.1.1 Validation of the data-driven model
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Figure 2.3: Validation of the estimated daily (a) and diurnal (b-e) patterns of activity of lichen- and
moss-dominated biocrusts at site T3. The simulated patterns of activity were compared to mea-
sured data by four sensors at different locations. (b) to (e) represent the patterns of average
hourly activity from January to March (JFM), April to June (AMJ), July to September (JAS), and
October to December (OND), respectively.

In general, the simulated daily and diurnal patterns of activity (water content at site
D2) fit the measurements reasonably well in magnitude (Fig. 2.3 and Fig. S2.3).
However, our fitting resulted in a more dampened diurnal activity pattern simulated by
the model, and the activity at night and in the morning was underestimated during
several seasons at sites D1, T1, T2 and A1. In addition, both the daily and diurnal ac-
tivity during April and June at site T1 were underestimated. Furthermore, water con-
tent was overestimated for moss-dominated biocrust, especially when there was a

large amount of water input at D2, although the patterns corresponded well to the
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measured data for all three biocrust types (Fig. S2.3). This overestimation may have
resulted from the bias in measured MWC of samples used for constraining the water
content in the model.

The comparison of simulated and on-site measured CO. exchange rates of three
biocrust types (moss, lichen, and cyanocrust composed of cyanolichens and
cyanobacteria) at site D2 showed mismatches, especially when water saturation was
at both ends of the gradient (Fig. 2.4). The CO, exchange rate at high water content
was overestimated compared to the measurements. Moreover, there were large vari-
ations in measurements of respiration and CO, exchange rate as water content was
low and thus simulated CO, exchange rate was zero. Excluding the values at both
ends of water content (0.58 and 1.74 mm for moss; 0.22 and 0.68 mm for lichen;
0.65 and 1.24 mm for cyanocrust), the accuracy of the model predictions was im-
proved (root mean square error (RMSE) decreased from 1.44 to 1.36 for moss, 1.27
to 0.65 for lichen, and 0.79 to 0.77 for cyanocrust). Furthermore, the simulations
were similar to measurements in magnitude. Therefore, despite the large variation,

we are confident about the general validity of the model.
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Figure 2.4: Validation of the photosynthesis and respiration scheme of the data-driven model
through comparison of modelled and measured CO, exchange rate of moss, lichen, and
cyanocrust given the measured water content, surface temperature, PAR, and calculated activity.
Observational data were collected in November in 2013 at site D2. The 1:1 line is shown in black.
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3.1.2 Estimated C balance by data-driven model

The simulated annual C balance of each collected biocrust type at each site is listed
in Table. 2. The annual C balance of lichen- and moss-dominated biocrusts at dryland
D1 showed a small positive value. Moreover, the moss-dominated biocrust at dryland
D2 gained small amount of carbon while lichen-dominated biocrust and a cyanocrust

additionally measured at site D2 showed a small net release of carbon in the model.

Table 2.2: Simulated annual carbon budgets of each biocrust type at all sites.

Lichen Moss Cyanocrust
gCm?2yr! gCm32yr' gCm?2yr'

D1 (Almeria) 1.5 1.9

D2 (Soebatsfontein)  -1.7 3.1 -8.3

T1 (Géssenheim) -42.8 -39.4

T2 (Oland) -92.1 -74.7

T3 (Linde) 9.4 18.7

A1 (Hochtor) -17.9 -6.8

Furthermore, according to these data-driven model simulations, despite the C bal-
ance of two biocrust types being positive at site T3, a large amount of carbon was
lost at the sites T1 and T2 in temperate humid regions. These results imply that ac-
cording to the data-driven model, the biocrusts would not survive in the long-term at
most of the temperate humid research sites. At the alpine site A1, both lichen- and

moss-dominated biocrust lost carbon in a year with long periods of ice cover.
3.2 Dominant strategies selected by the LiBry Model

In general, the photosynthesis response curves of dominant and average strategies
selected by the LiBry model did not fit well to the measurements, especially at tem-
perate site T2 (Fig. 2.5; the results for the other sites with negative C balance are
shown in Fig. S2.4). Specifically, the selected physiological traits which determine

water and light acquisition of the dominant and average strategies in LiBry differed
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from those of the collected samples at all sites. Compared to the measured samples,
the LiBry strategies showed markedly higher efficiency at low light intensity and faster
activation. By design, the LiBry model selected strategies with a positive C balance in
the long-term run, and thus the mismatches are consistent with the fact that the data-

driven model simulated negative C balances.
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Figure 2.5: Comparison of net photosynthesis response of measured samples with simulated se-
lected dominant and average strategies of LiBry at site T2. (a): light response curve; (b): tempera-
ture response curve; (c): water response relation. The colored points represent the measured
CO, exchange rates of moss and lichen, and the coloured lines correspond to the data-driven
model. The black lines show the photosynthesis response of the dominant strategy selected by
the LiBry model (dashed) and the average strategy (solid). The parameter values of the average
strategy correspond to the average of all surviving strategies.

3.3 Driving factors of variation of the C balance

3.3.1 Environmental factors

The environmental factors light intensity, CO, concentration, air temperature, and var-
ious water sources, had different effects on the C balance of lichens in different cli-
mate zones (Fig. 2.6). For all sites within a given climate zone, the effects of different
environmental factors on C balance were overall similar but showed an apparent
larger variation at the temperate site T3 in contrast to the other two temperate sites,
and at site D2 compared to D1 (Fig. 2.6a). This may be due to physiological differ-
ences of the investigated biocrust species between these sites and consequently
variations in the responses of net photosynthesis rate to temperature, water, and light
between them (Fig. 2.2 and S2.2).
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Furthermore, the spatial patterns of the relative importance of different environmental
factors show that the factors which have the strongest effects differ between climatic
regions (Fig. 2.6b).
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Figure 2.6: (a) The effects of environmental factors - CO, concentration (CO.), relative air humid-
ity (R_hum), rainfall amount (Rain), air temperature (T_air) and light intensity (Light) on the an-
nual C balance of lichens in different climate regions. The altered annual C balance resulting from
increasing or decreasing environmental factors is normalized by the C balance under original en-
vironmental conditions. The colored columns indicate the average value of the normalized C bal-
ance at sites with similar climate conditions. Various styles of black points indicate different sites.
Positive normalized C balance implies that the annual C balance increases with varying environ-

mental factors and more carbon was accumulated in a year at the site, and vice versa. A larger
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normalized C balance reflects that the C balance is more sensitive to the altering environmental
factor, and thus the environmental factor has a larger effect on C balance. (b) Relative importance
of each environmental factor compared to other factors across the climatic regions. Larger rela-
tive importance implies a more important effect the factor has on the C balance compared to

other factors in the given climatic region, and vice versa.

In general, air temperature and CO, concentration were the most important drivers
for C balance of biocrust organisms between climate zones. Light intensity and rela-
tive humidity played a relevant role in impacting the C balance as well. Rainfall
amount had lower relative importance at all sites except dryland D2, where the effect
of rainfall on C balance was similar to other factors (Fig. 2.6a). Therefore, rainfall
amount showed a maximum in relative importance in drylands, compared to other re-
gions. In general, the effect of the other water source, relative air humidity, was mod-
erate but notable at all climate zones, and is slightly larger in temperate region in
comparison to other climate zones. Furthermore, the humidity had a slightly larger
impact on C balance in comparison to rainfall amount at all temperate and alpine
sites (e.g., change amplitude was 0.007 for rainfall and 0.021 for humidity at T1). In
drylands, however, the impacts of water sources on C balance varied between sites.
The results showed that relative humidity had a slightly larger impact than rainfall
amount at D1 while smaller at D2 (the change in amplitude at D2 was 0.108 for hu-
midity and 0.137 for rainfall).

The ambient CO, concentration was an essential factor for the C balance at all sites
especially in drylands, resulting in positive effects on C balance with increasing CO..
Furthermore, light intensity had a marked impact on the C budget at all sites, and it
was relatively more important in drylands and temperate regions than the alpine site.
At all sites, the normalized C balance increased with enhanced light intensity and
vice versa (e.g., normalized C balance at T2 are -0.013 and 0.008 for half and dou-
bled light intensity). Air temperature had a large impact on C balance at all sites. Es-
pecially at the alpine site A1, C balance decreased strongly as air temperature raised
by 5 K (normalized C balance of -0.735), and at all sites, the direction of the effect re-

mained constant, namely, warming decreased the C balance and vice versa.
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3.3.2 Physiological parameters

We found that physiology plays an important role in all regions. In particular, the res-
piration-related parameters such as q10, Resp_main, and Topt have a notably higher
impact on C balance estimation (Fig. 2.7). Furthermore, the relative importance of
several physiological parameters showed similar patterns across climatic zones: in all
regions, q10 is the most essential parameter, Sat_act0 and Sat_act1 play little roles
in affecting C balance. Other parameters showed slightly different patterns among re-
gions. Metabolic respiration cost (Resp_main), for instance, plays a more important
role than optimum temperature for gross photosynthesis (Topt) at the alpine site,

while the optimum temperature is more essential in drylands and temperate regions

(Fig. 2.7D).
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Figure 2.7: (a) The effects of physiological parameters — metabolic respiration cost per surface
area (Resp_main), Qo value of respiration (q10), the optimum temperature for gross photosyn-
thesis (Topt), respiration cost of RuBisCO enzyme (Rub_ratio), and light absorption fraction in
cells (ExtL), minimum saturation for activation (Sat_act0), and minimum saturation for full activa-
tion (Sat_act1) — on the annual C balance of lichen-dominated biocrusts in different climate re-
gions. The parameters decreased or increased by a consistent range for all sites based on the
measured deviation in photosynthesis response curves of replicates. The altered annual C bal-
ance resulting from increasing or decreasing parameters is normalized by the original C balance.
The coloured columns indicate the average value of the normalized C balance at sites with simi-
lar climate conditions. Various styles of black points indicate different sites. (b) Relative impor-
tance of each physiological parameter compared to other parameters across the climatic regions.
Larger relative importance implies a more important effect the parameter has on the C balance
compared to other parameters in the given climatic region, and vice versa.

However, even though physiology parameters play an important role in all regions,
the C balance at T1, T2 and A1 did not become positive when the physiological pa-
rameters were varied reasonably, that is the parameters were varied to relatively
cover the deviation of response curves of replicates. Furthermore, the change in C
balance value is much smaller in drylands compared to other regions (as shown in

Fig. S2.11 in the Supplement).
3.3.3 Acclimation of physiological properties

The sensitivity analysis for acclimation showed a marked increase in annual produc-
tivity of lichen- and moss-dominated biocrusts at site T1 (Fig. 2.8) when the seasonal
acclimation of several physiological parameters was included in the model (from -
42.8t0-15.5g C m?yr' and from -39.4 to -4.2 g C m? yr").

Lichen Moss
— 01
i
s
| o
e -10
(&}
=
8 -20+
z 20
T
o
& -30+
=]
1S -30
3
3
< -40
T -40 T
&) > > &) ™ > S e, > X
r7§\ q,Q\ Q,Q\ q,Q\ (19\ ‘19\ (]9\ ‘?9\ ‘79\ rz,\
3 S o N S S S S
N w® R o N N = 3 o ¥
Date
— Dynamic parameters ---- Fixed parameters

35



Figure 2.8: Comparison of accumulated annual C balance between two simulations in the sensi-
tivity analysis of seasonal acclimation of physiological properties. In the simulation “fixed parame-
ters”, all parameters that have been calibrated or measured remained constant throughout the
simulation year. For the simulation “dynamic parameters” at site T1, parameter metabolic respira-
tion cost per surface area (Resp_main) was reduced by half, light absorption fraction in cells
(ExtL) was doubled but restricted to one, the ratio of Jmax to Vcmax (jvratio) was increased by
two times from September to February to adapt to the winter climates. For the other months, the

“fixed” values were used.

4. Discussion
4.1 Simulated C balance of data-driven model

The data-driven model aims to provide observation-based estimates of the carbon
fluxes of non-vascular photoautotrophs which may serve as approximation for the C
balance of vegetation in biocrust-dominated ecosystems. At the two dryland sites, the
moss-dominated biocrusts were estimated to be carbon sinks on an annual basis,
and lichen-dominated biocrust can also be a carbon sink at one of the dryland sites.
As shown in the results, mosses accumulated 1.9 and 3.1 g C m? yr' at site D1 and
D2, respectively, and lichens accumulated 1.5 g C m? yr' at site D1.

The estimated C balance at the two dryland sites is consistent with the magnitude of
the annual C balance of different biocrust types reported by various studies in arid
habitats. Feng et al. (2014) recorded that the biocrusts composed of lichens, mosses,
and cyanobacteria of the Mu Us Desert in China took up 3.46 to 6.05 g C m=2 yr™.
Brostoff et al. (2005) estimated a larger carbon gain by lichen biocrust of 11.7 g C m™
yr' in the Mojave Desert, USA. For cyanobacteria, an annual carbon uptake of 0.02
to 2.3 g C m? was reported for deserts (Jeffries et al., 1993). The estimated C bal-
ance values in drylands fluctuate relatively largely, but the magnitude is consistent
with the simulated results by the data-driven model at D1 and D2.

For biocrust lichens growing on rock surface without soil attached underneath in a
temperate grassland, Lange (2003b) measured an annual carbon gain of 21.49 g C
m2. Additionally, several studies estimated the carbon budget in humid tundra habi-
tats. An amount of ~12-70 g C m2 yr' carbon was fixed by moss-dominated biocrust,
for instance (Schuur et al., 2007). The magnitude of these values corresponds to the

estimation of the C balance at T3. However, the estimated annual carbon losses of
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lichens and mosses by the data-driven model in temperate regions T1 and T2 should
actually lead to the death of these organisms, which is not consistent with their domi-
nant abundance in the field and is much lower than published by previous studies.

The mismatches of trait values between strategies predicted via selection by the Li-
Bry model for the sites and the collected species with regard to their net photosynthe -
sis response curves indicate that the physiological parameter values that would be
necessary to maintain a positive C balance in LiBry are not compatible with those of
the sampled biocrusts. This is in line with the results of the data-driven model, which
also simulates a negative C balance and is based on the same physiological pro-
cesses as LiBry. This also applies to the lack of seasonal acclimation in both model -
ing approaches, since the strategies in LiBry are assumed to have constant func-

tional properties throughout the simulation.
4.2 Uncertainties of long-term C balance simulated by the data-driven model.

The data-driven model simulated relatively reasonable C balance values in drylands
but unrealistic, negative values at temperate sites T1 and T2. Since the same or simi-
lar gas exchange methodology has been used for all sites, differences in the simu-
lated C balance among these regions likely result from variation in the species-spe-
cific interactions between climate and physiological processes, including seasonal
variation in physiological properties due to acclimation.

As the results (Fig. 2.6) show, CO; concentration is an essential factor for the annual
C balance of biocrusts, especially at dryland and some temperate sites. Therefore,
uncertainty in the COz-value prescribed in the model may be a source of error. The
CO; concentration at the surface boundary might exceed the value of 400 ppm that
was prescribed in the model because of CO, diffusion from the soil, which may lead
to an underestimated C balance (Fig. 2.6a). However, with enhanced CO, concentra-
tion in the sensitivity analysis (600 ppm) at site T1, for instance, the estimated C bal-
ance increased only slightly, and is still strongly negative (-37.0 g C m yr for lichen
and -30.2 g C m? yr' for moss). Hence, the lower CO, concentration can partially
contribute to the strongly negative C balance at T1 and T2, but is not a major factor.
Furthermore, the negative C balance at temperate and alpine sites may result from
the uncertainties in physiology, which were also observed between replicates (see

Fig. 2.2 and Fig. S2.2). An overestimation of dark respiration rates of the photoau-
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totrophs in the biocrust may result from including a small amount of heterotrophic
respiration. The overestimated respiration rate then leads to an overestimation of the
parameter metabolic respiration cost per surface area (Resp_main) and might also
cause an underestimated Q1o value (q10) calculated from the respiration rates. The
uncertainties of these two parameters reduce the estimated C balance largely (Fig.
2.7). Additionally, the optimum temperature (Topt), which is also the reference tem-
perature for calculating the respiration rate, cannot be well constrained by the limited
measured temperature response data set. Thus, Topt may be underestimated. The
larger difference in surface temperature to Topt results in a larger respiration rate,
and lower gross photosynthesis, which leads to a lower C balance.

Although the uncertainty in individual physiological parameters may not lead to the
markedly negative C balance estimates, as indicated by still negative values upon
variation of these parameters (Fig. S2.11), additive effects of all parameters com-
bined with long-term unfavourable environmental conditions may cause a large
amount of carbon lost over a year. The optimal conditions are rare within a year,
which was also described by Lange (2003b). Thus, the overestimated respiration rate
leads to a lower carbon gain during the relatively optimal conditions, which may not
be sufficient to compensate for exaggerated C losses under long-term harsh condi-
tions, such as autumn and winter at site T1, for instance. For this reason, the simu-
lated C balance of mosses and lichens in temperate humid regions was mostly nega-
tive.

In addition to the uncertainty in the values of physiological parameters, seasonal ac-
climation of these physiological traits to the current climatic conditions may play an
important role in regulating the C balance at humid sites where the organisms are ac-
tive throughout the year, such as site T1 (Fig. 2.8). It was observed, for instance, that
the respiration of lichens shows acclimation to seasonal changes in temperature, and
the maximum CO, exchange rate of the organisms remains steady throughout the
year (Lange and Green, 2005). Gauslaa (2006) found a higher chlorophyll a/b ratio in
forest lichens with increasing light. Moreover, depression in quantum efficiency in
summer under extremely dry conditions has been observed (Vivas et al., 2017).
These varied physiological properties of organisms within a year may result in differ-

ent photosynthesis and respiration rates, and thus different C balances in comparison
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to the ones that cannot acclimate to the seasonal climate. The missing seasonal ac-
climation of physiological traits may explain why the data-driven model estimated a
negative C balance for biocrusts in humid regions.

Another limitation of the modeling approach may be the lack of separate responses
of respiration and photosynthesis to metabolic activity. Both photosynthetic activity
and respiration reach their maximum in the model once the water saturation reaches
the optimum value for net photosynthesis (Wopt_np). In some cases, however, respi-
ration rate may reach the maximum value only at a higher saturation than Wopt_np
(Lange, 1980), indicating that the model may overestimate respiration in the long-
term.

In comparison to the unrealistic C balance numbers at T1 and T2, we estimated more
reasonable values in drylands and at T3. However, we do not make a definitive state-
ment about whether or not the model predicts an accurate C balance in drylands.
since the measured climate data and photosynthesis response curves that were used
for calibrating land surface properties and various physiological parameters represent
only samples of the large physiological and climatic variation. A higher accuracy
would be more likely to be expected in drylands as these regions have a more uni-
form climate throughout the year than temperate regions that show substantial sea-
sonality. Additionally, variation in light conditions is slightly more relevant for the simu-
lated C balance than variation in moisture (see Fig. 2.6) because the organisms are
able to become inactive, meaning that the dry season in drylands does not have a
decisive effect on the C balance, while low light in winter in temperate climate does
since organisms have to be active then. Furthermore, the longer total inactive period
in drylands could reduce the bias in the magnitude of the simulated C balance
caused by incorrectly estimated physiological parameter values. We estimated a
smaller absolute change in annual C balance in drylands with varied physiological
parameters in the sensitivity analysis (for instance, the C balance of lichens changed
by 34.6 g C m? yr' for parameter Topt at T1, while it changed only by 1.5 g C m? yr
at D1).

Furthermore, the estimated C balance may be inaccurate due to the potential bias in
estimated relative water saturation, which partly depends on prescribed MWC ob-

tained by measurements. However, the outcome of the sensitivity analysis of MWC at
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T1 revealed that the annual carbon estimation is robust to the uncertainties with re-
gard to the prescribed MWC (details in the Supplement). Another factor that poten-
tially affects the accuracy of C balance estimates is interannual climatic variability.
While the model estimated unrealistic C balance values of lichen-dominated
biocrusts at T1 and T2 for current conditions, the C balance may have been different
in other years. Therefore, the simulation of annual C balance based on multi-year cli-
mate data is worthy of future study to understand the long-term C balance better.
Moreover, the estimated negative C balance of certain lichen and moss species may
not be generalizable and representative for the overall situation in the field due to the
large variation in physiological adaptation strategies to climate. There could be other
organisms that form cryptogamic covers, for instance, that show a different degree of
depression in net photosynthesis at high water content (Lange et al., 1995), and thus

have more reasonable C balance values.
4.3 Potential factors influencing the C balance

Despite diverse climatic conditions, we found similarities regarding the dominant en-
vironmental factors and physiological parameters controlling the C balance. Thereby,
CO. and air temperature were the two most important environmental factors at all
sites. Relative air humidity, partly precipitation, and light intensity were also relevant
for the estimation of the C balance. In terms of physiological parameters, the respira-
tion-related parameters were the most important drivers, while parameters that affect
Vcemax and thus the light-independent CO, assimilation rate were relevant, too.

The relative importance of these factors/parameters varied slightly among climatic re-
gions. Regarding the comparison between environmental factors, we cannot rule out
that the magnitudes of changes in environmental factors that we applied in the sensi-
tivity analysis were not balanced, which may have led to an overestimation of the rel-
ative importance of certain factors, such as air temperature, for instance, compared
to the others. The spatial patterns across climate regions of a given environmental
factor, however, are not affected by this, which means that differences between cli-
matic regions for a given factor are most likely robust. Hence, air temperature is more
relevant at the alpine site and relative air humidity has a higher impact in temperate
than in other regions, rainfall and CO, are likely to have the largest effect on C bal-

ance in drylands. Even though the data-driven model failed to estimate reasonable C
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balance at some sites, the comparison of the relative importance of the environmen-
tal factors across climatic regions may be valid since the measurement procedure is
consistent. Moreover, the patterns of relative importance remain similar when exclud-
ing the sites with strongly negative C balance (T1, T2, and A1; as shown in the Fig.
S2.12 in the Supplement). Nevertheless, we only studied the sensitivity of the C bal-
ance of biocrusts dominated by the lichen Psora decipiens and Cladonia furcata (at
T3), and there are variations between lichens of different growth forms and between
biocrust types. For example, cyanolichens increase in abundance with increasing
rainfall, but trebouxioid lichens have their physiological optimum in drier conditions
(Phinney et al., 2021). Moreover, the impact of precipitation on isidiate lichens is

weaker than that of temperature (Phinney et al., 2021).
4.3.1 Environmental factors

Our results suggest that warming can result in a large amount of carbon loss at all
sites, with a particular large effect in the alpine region. The consistent effects of
warming on C balance of biocrusts are found in various field studies (e.g., Darrouzet-
Nardi et al., 2015; Ladrén de Guevara et al., 2014; Li et al., 2021; Maestre et al.,
2013). This can be explained by the overall less optimal water and temperature con-
ditions associated with warming. The simulated increasing respiratory costs with
warming overcompensate gains in gross photosynthesis.

Ambient CO; concentration affects the gross photosynthesis rate to a large extent in
the model. Although the intra-annual change in air CO, concentration may be small in
the field compared to other environmental factors, the increase of CO. in the atmos-
phere in recent decades (IPCC 2021) may alter the long-term C balance substan-
tially. However, this beneficial effect of elevated CO, on photosynthesis and C bal-
ance may be reduced in reality due to future limitation of growth by nitrogen (Coe et
al., 2012a), which is not considered in the model, or also due to shortened activity
periods resulting from warmer and drier future climatic conditions.

Light intensity has the third largest effect on C balance, slightly larger than moisture.
Light is one of the essential factors for photosynthesis as simulated by our model,
and it is a limiting factor of photosynthetic carbon assimilation, in particular in winter

at temperate and alpine sites (the mean value of radiation maxima in January is 244
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umol m?2 s™ at T1 and 245 uymol m= s™ at the alpine site). Hence, increasing light in-
tensity can promote carbon accumulation.

Factors that determine water supply are rainfall and non-rainfall inputs such as dew
and water vapor that are related to relative humidity. The relative importance of differ-
ent moisture factors in mediating C balance varies in the model. Relative humidity
plays a more important role in mediating the C balance than rainfall amount. This
may be due to the timing of dew or water vapor uptake, which is greatest before sun-
rise (Chamizo et al., 2021; Ouyang et al., 2017) and prolongs the activated periods in
the early morning when the organisms start assimilating carbon (Veste and Littmann,
2006). This may result in a markedly increased annual C balance in the model. Rain-
fall amount was not a key factor affecting the simulated biocrust performance at one
of the arid sites, which is consistent with another study (Baldauf et al., 2021). At the
other dryland site (D2), however, this was not the case. Moreover, we found that the
effect of the amount of rainfall is small in humid temperate and alpine regions as well.
The differing effects of rainfall on the C balance depend on the change in relative wa-
ter saturation that follows from rainfall event sizes and patterns throughout the year
(Reed et al., 2012). In some cases, decreased rainfall leading to lower water satura-
tion of biocrusts may facilitate photosynthetic carbon gain via increasing the CO, dif-
fusivity from the atmosphere into the chloroplast (Lange et al., 1997). Nevertheless,
reducing water saturation below a certain value can cause a decline in the duration of
activity (Proctor, 2001; Veste et al., 2008) which thus reduces carbon accumulation.
Thus, there may be a rain threshold below which decreasing rain may start having a
negative effect on biocrust C balances. The threshold is likely species-specific as it is
associated with the water-holding capacity of the organism. Our simulation results
thus highlight the need for the combined application of field experiments and data-
driven modeling to improve our understanding of differential responses to variation in

precipitation.
4.3.2 Physiological parameters

The parameter q10 is a key parameter that substantially affects respiration.
Resp_main is the dark respiration rate at a reference temperature that is linked in the
model to Vcmax, the maximum rate of carboxylation of RuBisCO in the Calvin Cycle

of photosynthesis (Walker et al., 2014). Topt is a parameter that controls gross photo-
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synthesis as well as respiration as it is also the reference temperature for calculating
respiration rates. Rub_ratio can affect Vcmax and hence the maximum CO; assimila-
tion rate, while ExtL regulates the light using efficiency under limited light conditions.
Sat_act0 and Sat_act1 are two parameters that determine the range of water satura-
tion for initial activation and full metabolic activity. They have the smallest effects on
the C balance of lichen-dominated biocrusts at all sites.

Our modeling results give insights into the relative effects of individual physiological
parameters on annual C balance across different climatic zones. However, the im-
pacts of physiology on biocrust C balance are complex since they always arise from
combinations of these physiological parameters. Thereby, different parameter combi-
nations that correspond to different relative impacts on the C balance may lead to the
same response curves. Hence, we cannot directly link individual physiological param-
eters to the underlying mechanisms since we do not have enough data to distinguish
multiple possible parameter combinations from each other, in case they produce the

same response curves.
4.4 Validation of the data-driven model

The validation results of the model showed an overall good fit of daily and diurnal
patterns of water content and activity (Fig. 2.3 and S2.3), and C balance at D2
(shown in Fig. 2.4) given the uncertainties in the data used to parameterize and eval-
uate the model. This indicates that the data-driven model may be a reliable tool for C
balance estimation, provided that a sufficient amount of suitable forcing data is avail-
able.

A potential explanation for the general underestimation of activity at night and morn-
ing during several periods in a year is the larger prescribed MWC and Sat_actOof or-
ganisms in the model compared to those of the samples from the activity measure-
ments. Consequently, simulated saturation was lower, but minimal saturation for be-
ing active was higher than the samples. Thus, the activity may have been underesti-
mated at small water inputs such as dew and water vapor, which occur mainly during
the night and in the morning hours (Fig. S2.13). Moreover, underestimated activity in
April and June at site T1 (Fig. S2.3 F(b)) may have resulted from a gap in rainfall
measurements during this period. Not only rainfall amount but also timing and fre-

quency of rainfall events are essential for the physiological responses of biocrust
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communities (Belnap et al., 2004; Coe et al., 2012b; Reed et al., 2012). Therefore, al-
though the measured annual total amount of rainfall is reasonable (424 mm at site
T1), the missing rainfall during a series of days in summer at site T1 would lead us to
incorrectly predict that the biocrusts remain inactive on these days.

Moreover, the mismatch between modelled and observed CO, assimilation rates at
low or high water contents at site D2 (Fig. 2.4) may have partly resulted from the cali-
bration procedure. In the calibration the simulated CO, exchange rates were higher
than measurements when the saturation exceeded the optimum saturation and
hardly showed any negative values at high saturation (Fig. S2.2 f). In turn, the simu-
lated CO, exchange rates of biocrusts with an extremely low water content were zero
while the measurements showed negative values (see Fig. S2.2 f), pointing at a cer-
tain degree of metabolic activity in natural conditions. Furthermore, the samples used
for validation were different from the ones for calibration, which can also lead to inac-
curacies.

Additionally, the ability of the model to capture seasonality variations of C balance,
which have been shown by other studies (Budel et al., 2018; Lange, 2003a; Zhao et
al., 2016), could not be evaluated here since the monitoring of C balance in the field
and collection of samples used for photosynthesis performance measurements were

conducted only during October and early November.
5. Conclusions

Our data-driven model provides possibilities to predict the long-term C balance of
biocrusts in the field across various climate zones, and it enables us to analyse
mechanisms that drive the C balance, despite marked uncertainties in the
parametrization. We simulated reasonable C balance values in drylands but unrealis-
tic ones at temperate sites with substantial seasonality. Uncertainties in environmen-
tal factors and respiration rate are likely to be the source of error for the C balance
estimation since (1) all environmental factors that were examined in our study may
act as relevant drivers for the C balance of biocrusts and (2) respiration-related pa-
rameters had the largest impacts compared to other physiological parameters, such
as water relations or parameters solely related to Vcmax. CO; and air temperature
showed the strongest effects among environmental factors and at the alpine site, the

air temperature was most relevant. Compared to environmental factors, the relative
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impacts of physiological parameters are rather equal across climate regions. The op-
timum temperature may be slightly more relevant in temperate regions, while meta-
bolic respiration cost is most important at the alpine site. Due to the importance of
respiration-related physiological parameters, more studies to improve their accuracy
are warranted in the future application of C balance modeling approaches.

Our study suggests that a better, more detailed understanding of the seasonal varia-
tion of physiological traits is necessary, as the more realistic estimations in drylands
compared to temperate sites could be due to the weaker climate seasonality. The
model needs to be calibrated with a larger number of samples collected and mea-
sured in various seasons to take the acclimation of physiological properties into ac-
count. Additionally, the integration of acclimation of physiological traits in process-
based models may improve their accuracy in C balance estimation.
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Figure S2.1: Calibration of abiotic parameters for the data-driven model via comparing the sea-
sonal (left panel) and diurnal (right panel) surface temperature of lichen-dominated biocrusts at
sites D1 (A, B), D2 (C, D), T1 (E, F), and A1 (I, J); at site T3 (G, H) the simulated patterns of
moss-dominated biocrusts was compared to measured temperature data by four sensors at dif-
ferent locations. In the right panel describing the diurnal patterns (B, D, F, H), the (a), (b), (c) and
(d) indicate the comparison of patterns of hourly average data in January, February and March
(JFM); April, May and June (AMJ); July, August and September (JAS); October, November and
December (OND), respectively. At site A1 (J), the average data was during August, September
and October (ASO).
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Figure S2.2: Calibration results of physiological traits for the data-driven model at site D1 (a, b,
c), D2 (d, e, f), T1 (g, h, i), T3 (j, k) and A1 (I, m, n), via fitting the photosynthetic response curves
to some environmental factors. (a, d, g, j, I): net photosynthesis rate in response to light at opti-
mum water content (OWC) and 15°C at D1, T1 and A1; OWC and 22 °C at D2; water saturation
for 30% and 15°C at T3. (b, e, h, k, m): net photosynthesis rate in response to temperature at
1200 pymol m? s™ light and OWC at D1, T1 and A1; 500 ymol m~ s™" light and OWC at D2; 1500
pumol m?2 s™ light and water saturation for 30% at T3. (c, f, i, n): net photosynthesis rate in re-
sponse to relative water saturation at 400 ymol m2 s light and 15°C at D1, T2 and A1; 500 umol
m?s™ light and 22 °C at D2.
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Figure $2.3: Validation of the water and energy balance in the data-driven model via comparing
the seasonal (left panel) and diurnal (right panel) water content at site D2 (C, D) or activity pat-
terns of lichen- and moss-dominated biocrusts at sites D1 (A, B), T1 (E, F), T2 (G, H) and A1 (I,
J). In the right panel describing the diurnal patterns (B, D, F, H), the (a), (b), (c) and (d) indicate
the comparison of the hourly average data in January, February and March (JFM); April, May and
June (AMJ); July, August and September (JAS); October, November and December (OND), re-
spectively. At site A1 (J), the average data was during August, September and October (ASO).
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Figure S2.4: Comparison of photosynthetic performance of dominant strategies selected by LiBry
model and the measured data as well as the fitted response curves by data-driven model at site
T1 (a, b, c) and A1 (d, e, f). (a, d): photosynthesis relation in response to light intensity; (b, e):
photosynthesis relation in response to temperature; (c, f): photosynthesis relation in response to
water saturation. The colored points and lines represent the measured and simulated by data-
driven model CO; exchange rates of moss and lichens. The black lines show the simulated pho-
tosynthetic relations of the most dominant strategies with positive C balance selected by LiBry
model and the average strategy calculated by LiBry model. The parameter values for the average

strategy are the average of the corresponding parameters for all selected surviving strategies.
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Figure $2.5: Simulated net photosynthesis rate in response to light (a, d, g, j, m, p, s), tempera-
ture (b, e, h, k, n, q, t) and water (c, f, i, I, o, r, u) at site D1 by the data-driven model with de-
creased or increased physiological parameters. These varying physiological parameters are res-

piration cost of RuBisCO enzyme (Rub_ratio) (a-c), light absorption fraction in cells (ExtL) (d-f),
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metabolic respiration cost per surface area (Resp_main) (g-i), the optimum temperature for gross
photosynthesis (Topt) (j-1), Q1o value of respiration (q10) (m-0), minimum saturation for activation
(Sat_act0) (p-r) and minimum saturation for full activation (Sat_act1) (s-u). Resp_main, ExtL, q10,
Sat_act0 increased or decreased by 30%, Rub_ratio and Sat_act1 by 20%, and Topt by 5 K. The
colored points represent the measured CO, exchange rates of different replicates of lichen-domi-

nated biocrusts.
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Figure S2.6: Simulated net photosynthesis rate in response to light (a, d, g, j, m, p, s), tempera-
ture (b, e, h, k, n, g, t) and water (c, f, i, |, o, r, u) at site D2 by the data-driven model with de-

creased or increased physiological parameters. These varying physiological parameters are res-
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piration cost of RuBisCO enzyme (Rub_ratio) (a-c), light absorption fraction in cells (ExtL) (d-f),
metabolic respiration cost per surface area (Resp_main) (g-i), the optimum temperature for gross
photosynthesis (Topt) (j-1), Q1o value of respiration (q10) (m-0), minimum saturation for activation
(Sat_act0) (p-r) and minimum saturation for full activation (Sat_act1) (s-u). Resp_main, ExtL, q10,
Sat_act0 increased or decreased by 30%, Rub_ratio and Sat_act1 by 20%, and Topt by 5 K. The
colored points represent the measured CO. exchange rates of different replicates of lichen-domi-

nated biocrusts.
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Figure $2.7: Simulated net photosynthesis rate in response to light (a, d, g, j, m, p, s), tempera-
ture (b, e, h, k, n, g, t) and water (c, f, i, |, o, r, u) at site T1 by the data-driven model with de-
creased or increased physiological parameters. These varying physiological parameters are res-
piration cost of RuBisCO enzyme (Rub_ratio) (a-c), light absorption fraction in cells (ExtL) (d-f),
metabolic respiration cost per surface area (Resp_main) (g-i), the optimum temperature for gross
photosynthesis (Topt) (j-1), Q1o value of respiration (q10) (m-0), minimum saturation for activation
(Sat_act0) (p-r) and minimum saturation for full activation (Sat_act1) (s-u). Resp_main, ExtL, q10,
Sat_act0 increased or decreased by 30%, Rub_ratio and Sat_act1 by 20%, and Topt by 5 K. The
colored points represent the measured CO, exchange rates of different replicates of lichen-domi-

nated biocrusts.
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Figure $2.8: Simulated net photosynthesis rate in response to light (a, d, g, j, m, p, s), tempera-
ture (b, e, h, k, n, q, t) and water (c, f, i, |, o, r, u) at site T2 by the data-driven model with de-
creased or increased physiological parameters. These varying physiological parameters are res-
piration cost of RuBisCO enzyme (Rub_ratio) (a-c), light absorption fraction in cells (ExtL) (d-f),
metabolic respiration cost per surface area (Resp_main) (g-i), the optimum temperature for gross

photosynthesis (Topt) (j-1), Q1o value of respiration (q10) (m-0), minimum saturation for activation
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(Sat_act0) (p-r) and minimum saturation for full activation (Sat_act1) (s-u). Resp_main, ExtL, q10,
Sat_act0 increased or decreased by 30%, Rub_ratio and Sat_act1 by 20%, and Topt by 5 K. The
colored points represent the measured CO. exchange rates of different replicates of lichen-domi-

nated biocrusts.
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Figure S2.9: Simulated net photosynthesis rate in response to light (a, c, e, g, i, k, m) and tem-
perature (b, d, f, h, j, I, n) at site T3 by the data-driven model with decreased or increased physio-
logical parameters. These varying physiological parameters are respiration cost of RuBisCO en-

zyme (Rub_ratio) (a-b), light absorption fraction in cells (ExtL) (c-d), metabolic respiration cost
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per surface area (Resp_main) (e-f), the optimum temperature for gross photosynthesis (Topt) (g-
h), Q1o value of respiration (q10) (i-j), minimum saturation for activation (Sat_act0) (k-I) and mini-
mum saturation for full activation (Sat_act1) (m-n). Resp_main, ExtL, g10, Sat_actO increased or
decreased by 30%, Rub_ratio and Sat_act1 by 20%, and Topt by 5 K. The colored points repre-

sent the measured CO, exchange rates of different replicates of lichen-dominated biocrusts.

(a) ®) 5l . (c) 1]
g = o Lem T T el g = =
S o g » J - . e g w 04 Laaak
T o S 159 » o
5% e, I T
s 5 g E 1oy . 5 E -
S E ~ © o 2 -2 °
8 3114 8 Eos{™ 8 5.,
0 400 800 1200 0 5 10 15 20 000 025 050 075 1.00
Light intensity [umolm “s '] Temperature [°C] Water saturation [-]
(d) (e) ] . ()
o = e’ ® — 2.0 © — 14 S~
o 14 H o T D
S S w {54 c w 04 bl
© oy T o T o
g ‘E g /\ £ ]
8 < 7 § Eiog e LS 5 E %
S e 5 B s 277 )
o Z-114 8 Zos4 : 8 53
0 400 00 1200 0 5 10 15 20 000 025 050 075 1.00
Light intensity [umol m™ s™] Temperature [°C] Water saturation [-]
(9) sem===] () 54l . (i) 1
g = . - o — Pk o -
g v 11 N 2 wi5d e Pt 2 » 0 TN AT
T o % ] 159 . A
S e o 5 ‘ R
s £ A 8 E o4 .o s E -,
w © (¢ ~ O ~ O -24 *
Q E 1B o E Q E
o 217 o 2 054 . O =34
0 do0 00 1200 0 5 10 15 20 000 025 050 075 1.00
Light intensity [umol m™s™] Temperature [°C] Water saturation [-]
()] K 5 ‘ O
8T A 8T s
s @ 2w 1.5 2 » 0 g o
T o o . - ©
£ s £ Le” | £+
g E S E - S g 11 .
o — 3 = 1.01 4 . N 3 = -,
6‘ E o E e’ o E-E' .
o - 8 Zos1” 8 3
i ' ' '
0 400 800 1200 0 5 10 15 20 000 025 050 075 1.00
Light intensity [pmolm™ s™] Temperature [°C] Water saturation [-]
(m) (n) ©
& T S s
£ > g @ % w 0- TN N
< 9 < 9 £ 9
g E S E S g 11 s
] s 3 8 35 -
S E . & B S E]
o 2 h IS =y O & -39
0 400 800 7200 0 5 10 15 20 000 025 050 075 1.00
Light intensity [umolm “s™] Temperature [°C] Water saturation [-]
(p) @ 5o . (r) ]
s T S &
£ 2 w154 2 » 04 Caaadelok
g9 8o 2w
8 E g E g g 11 %
o — s = 1.04 . N . 5 = -,
o 2 5 5 .24 )
Q E . S E Y E
o 2 : O 3 054 H 8 = a4
0 400 800 1200 0 5 10 15 20 0.00 025 050 075 1.00
Light intensity [umolm™s™] Temperature [°C] Water saturation [-]
(s) ® 204 g (u) 1]
S T s & = ]
g o 2 w154 2 W 04 N N
S Q =17
¥ E § E 1o C 3 E -
5t ¢ S E '
8 5- S Eos . 8 5 .l
.
0 400 800 1200 0 5 10 15 20 000 025 050 075 1.00
Light intensity [umol m 7] Temperature [°C] Water saturation [-]
Simulations: === Decreased = = Increased ¥ . = Psora_1 Psora_3 Psora_mean
easurements:
* Psora 2 Psora_4

Figure $2.10: Simulated net photosynthesis rate in response to light (a, c, e, g, i, k, m) and tem-

perature (b, d, f, h, j, I, n) at site A1 by the data-driven model with decreased or increased physio-
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logical parameters. These varying physiological parameters are respiration cost of RuBisCO en-
zyme (Rub_ratio) (a-c), light absorption fraction in cells (ExtL) (d-f), metabolic respiration cost per
surface area (Resp_main) (g-i), the optimum temperature for gross photosynthesis (Topt) (j-1), Q1o
value of respiration (q10) (m-o0), minimum saturation for activation (Sat_act0) (p-r) and minimum
saturation for full activation (Sat_act1) (s-u). Resp_main, ExtL, q10, Sat_actO increased or de-
creased by 30%, Rub_ratio and Sat_act1 by 20%, and Topt by 5 K. The colored points represent
the measured CO; exchange rates of different replicates of lichen-dominated biocrusts.
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Figure $2.11: The C balance number estimated by the data-driven model without changing the
parameters (Original), and with increasing and decreasing physiological parameters at all sites
(Increased and Decreased, respectively). The changed parameters are respiration cost of Ru-
BisCO enzyme (Rub_ratio), light absorption fraction in cells (ExtL), metabolic respiration cost per
surface area (Resp_main), the optimum temperature for gross photosynthesis (Topt), Q1o value of
respiration (gq10), minimum saturation for activation (Sat_act0) and minimum saturation for full ac-
tivation (Sat_act1). Resp_main, ExtL, q10, Sat_actO increased or decreased by 30%, Rub_ratio
and Sat_act1 by 20%, and Topt by 5 K.
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Figure $2.12: The effects of environmental factors - CO, concentration (CO,), relative air humid-
ity (R_hum), rainfall amount (Rain), air temperature (T_air) and light intensity (Light) on the an-
nual C balance of lichen-dominated biocrusts at different sites with reasonable C balance esti-
mates (excluding site T1, T2 and A1 with strongly negative C balance). The altered annual C bal-
ance resulting from increasing or decreasing environmental factors is normalized by the C bal-
ance under original environmental conditions. The colored columns indicate the average value of

the normalized C balance at sites with similar climate conditions. Various styles of black points in-

dicate different sites.
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Figure $2.13: Modeled hourly sum of dew and water vapor uptake of lichen- and moss-domi-
nated biocrusts at site D1 (A), T1 (B), T2 (C) and A1 (D) during seasons when an obvious under-
estimation of activity at night and morning can be observed. (a): diurnal pattern during the period
January, February and March (JFM); (b): diurnal pattern during the period April, May and June
(AMJ); (c): diurnal pattern during the period July, August and September (JAS); (d): diurnal pat-
tern during the period October, November and December (OND); ASO represents August, Sep-

tember and October.
6.2 Details about the LiBry model

LiBry model was used to simulate the dynamics of non-vascular vegetation (including
lichens, bryophytes, and cyanobacteria) at various research sites (Porada et al.,
2013, 2014, 2017, 2018; Porada and Giordani, 2021). The LiBry model simulates the
responses of a large number of physiologically and morphologically different
strategies to environmental conditions and select strategies with optimal values for
functional traits, adapting to the predefined climatic conditions. Each strategy is
defined by a unique combination of parameter values and thus represents a group of
functionally identical individuals. The physiological and morphological parameters of
each strategy are photosynthetic capacity, thallus specific area, etc. The value of
each parameter is randomly generated from their respective possible ranges, which
are derived from the literature, with trait combinations subject to biophysical and
physiological constraints/trade-offs (see Porada et al., 2013). At the level of func-
tional properties (traits), several similar strategies together may represent a species,
thereby accounting for intra-specific trait variation.

The model is driven by a time series of climatic forcing data and other abiotic para-
meters describing the habitat, such as disturbance interval, the surface roughness
length, etc. Some of the abiotic parameters can be derived more easily by calibration.
Parameters like roughness length, soil thermal conductivity, or soil heat capacity, for
instance, are calibrated through the fitting of model equations concerning water and
energy fluxes to daily and diurnal patterns of measured surface temperature and
moisture. A large number of strategies with combinations of the different parameter
values are generated by the model before the start of the simulation. Then the car-
bon dynamics of each strategy is calculated based on physiological and biochemical
mechanisms during simulations. For example, an organism gains carbon through

photosynthesis and releases it by respiration. The gross photosynthesis rate is calcu-
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lated based on the Farquhar photosynthesis scheme (Farquhar and von Caemmerer,
1982); respiration is temperature-dependent (Q1o relationship). Both photosynthesis
and respiration depend on the water saturation of the strategy, which is regulated
through the input rainfall, snowmelt, dewfall, and evaporation. The evaporation and
dew are calculated via the energy balance approach, the negative energy balance
leads to condensation at the surface and thus the dewfall. Unlike vascular plants that
have stomata, biocrusts are poikilohydric, and cannot actively control water ex-
change. Uptake (or loss) of water from (or to) the air in the model depends on the net
radiation and vapor pressure deficit. The vapor pressure deficit is the difference
between saturation water vapor pressure at the surface corrected by water potential
inside the biocrust thallus and the atmospheric water vapor pressure which is related
to relative humidity.

The C balance then translates into biomass, resulting in growth in cover if this trans-
lated biomass is larger than the biomass lost due to tissue turnover, whereas a neg-
ative C balance, as well as disturbance, leads to mortality, and thus a shrinkage of
the cover. In the end, the strategies that have a positive cover area in the long term
survive in the model. In other words, the survival of strategies is determined by their
C balance.

The LiBry model ran for 300 years to simulate the dynamics of generated 1000
strategies. The input of such a large number of strategies is to ensure that the com-
binations of all possible values of all functional traits in research sites are considered

for selection by the LiBry model.
6.3 Supplementary analyses
6.3.1 Calibration

Fitting of surface temperature

The abiotic surface properties required by the data-driven model are obtained by fit-
ting the daily and diurnal surface temperature to measurements. The results showed
early peaks at site T1, T2, D1 and A1 and underestimation in several seasons. For
instance, from January to March at site T2 (Fig. 2.1 (b)). This may result from the
measured diurnal patterns of PAR or air temperature at 2 m being inconsistent with

the measured surface temperature. We compared the diurnal patterns of the meas-
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ured PAR, surface temperature (Measured_Ts) and air temperature at 2 m (Tair),
and simulated surface temperature (Simulated_Ts) from January to March and found
the different measured climate variables might have uncertainties against each other.
For instance, Tair has an earlier increase than Measured_Ts, which is unusual, and
also is always lower than Measured_Ts, even at night, which could partly explain the
underestimated surface temperature there (Fig. S2.14 (a)). When we shifted the PAR
data to 1 hour later, we found that the early peak of simulated surface temperature is
corrected (Fig. S2.14 (b)).
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Figure $2.14: The diurnal patterns of PAR, measured surface temperature (Measured_Ts), mea-
sured air temperature at 2m (Tair), and simulated surface temperature (Simulated_Ts) from Janu-
ary to March at site T2. (a): The patterns of original measurements and simulation. (b): the pat-
terns of measured variables and simulated surface temperature when PAR was shifted to 1 hour
later.

Furthermore, the calibrated boundary parameters such as soil thermal conductivity in
the model could affect the diurnal temperature difference, and thus partly lead to the
mismatches in diurnal surface temperature patterns, although do not have a strong
influence on the timing of the peak in surface temperature. A sensitivity analysis of
soil thermal conductivity was conducted at T1 to check whether the bias in calibrated
boundary parameters can have a large impact on the carbon balance of biocrusts.
The results showed that changing soil thermal conductivity does not prevent a negat-
ive carbon balance value in the model (change from -42.8 to -37.1 and to -50.9 g C
m-2 yr-1, respectively, for lichen-dominated biocrust when soil thermal conductivity

increased or decreased 5 times).
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Fitting of photosynthesis response curves

In the calibration of physiological properties, we can, however, only reduce the net
photosynthetic rate close to 0 at high water saturation, but it is impossible to fit the
strongly negative net C flux there.

The reason are the CO, diffusion pathways implemented in our data-driven model.
We assume that CO; only leaves the thallus through the same route as it enters. Fur-
thermore, we assume that the net flux between the interior of a lichen/bryophyte and
the atmosphere has the same magnitude as the flux (respiration minus photosyn-
thesis; see Fig. S2.15). This “steady-state” assumption is similar to vascular vegeta-
tion models and is justified by the comparably small internal space for CO. storage
which prevents long-term (meaning minutes) maintenance of photosynthesis under
insufficient influx of CO,. These assumptions do not allow the simulation of a negat-
ive net C flux under the relatively high light of the response curve setup (see also Fig.
S2.15 (a)). As the measured response curves show, the net C flux of one sample of
lichen-dominated biocrust at high water saturation (Fig. 2.2 (c)) is similar to the dark
respiration rate obtained from the light-response curve (Fig. 2.2 (a)), meaning that,
for this sample, the flux of CO; out of the thallus to the atmosphere at high water sat-
uration is likely similar in magnitude to respiration rate. In this case, the gross photo-
synthesis rate of the sample is likely approximately zero. But, in the model, the CO,
concentration inside the thallus needs to be larger than the atmospheric CO, (400
ppm) in order to achieve a negative net flux. The relatively high CO, concentration to-
gether with the ambient light level of 400 yumol m= s™ in the experimental setup of the
water response curve, force the modelled gross photosynthesis rate to markedly ex-
ceed zero, and therefore it is impossible to achieve a large negative net C flux with
the model.

The only way to simulate a negative net C flux under light is to assume that the
largest part of CO. leaves the thallus via a different route (Fig. S2.15 (b)). In this
case, the small flux of CO, from the atmosphere into the thallus at high water satura-
tion and further into the chloroplasts, which leads to little gross photosynthesis, is
overcompensated by a much larger respiration flux that directly enters the atmo-
sphere through a different route. However, this is highly uncertain and also a bit

questionable for most lichens and bryophytes. It may be possible in a lichen if the or-
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ganism has a high amount of fungal biomass located above the photobionts that con-
tain the chloroplasts, but without detailed information on the morphology, this would
represent an arbitrary parametrization. Alternatively, we would have to assume that
respiration of the sample in Fig. 2.2 (c) is substantially higher than in Fig. 2.2 (a), but

this seems arbitrary, too.

(a)
Ambient [CO2] = 400 ppm

Observed net CO2 outflux = 1.2 pmol/m?2/s
Light = 400 pmol/m?/s
) o

4

[CO2] > =P Photosynthesis > 0 pmol/m?/s

CO2

400 ppM-g==Respiration = 1.2 pmol/m2/s

=P C02 flux

(b) Ambient [CO2] = 400 ppm
Observed net CO2 outflux = 1.2 pmol/m?/s

A
Light = 400 pmol/m?/s
DCO2

[CO2] —< Photosynthesis = 0 umol/m?/s
400 ppm —-s—— Respiration = 1.2 umol/m?/s

=P C02 flux

Figure $2.15: The schematic diagram of the CO, diffusion pathways. (a): the pathway in the
data-driven model, which makes it impossible to fit a strongly negative net C flux. (b): The path-
way that allows a simulation of strongly negative net C flux. Please note that the figure only
shows CO. fluxes. Contrary to vascular plants, CO, and water exchange are not coupled in
lichens and mosses, due to lack of stomata. The model thus calculates water fluxes indepen-

dently based on the surface energy balance.

6.3.2 Effect of MWC on C balance

The estimated C balance may be inaccurate due to potential bias in estimated relat-
ive water saturation, which partly depends on prescribed MWC, a morphological
model parameter that is obtained by measurements. We varied the MWC of lichen-
dominated biocrust from site T1 by half (+/- 50%) to examine how important uncer-
tainty in this parameter is for the estimation of the C balance. The outcome revealed
that MWC has little effect on C balance (-40.0, -42.8, -44.5 g C m-2 yr-1 for reduced,
original and increased MWC). Therefore, the annual carbon estimation is robust to

the uncertainties with regard to the prescribed MWC.
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Chapter 3 - Quantifying the effect of competition on the
functional assembly of bryophyte and lichen
communities: A process-based model analysis
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Abstract

1. Environmental filtering and competition are two fundamental processes that shape
plant community assembly in terms of functional composition, i.e., the distribution of
trait values. Understanding the role of these two processes for the assembly of non-
vascular vegetation, such as bryophytes and lichens, is important since these
communities provide essential ecosystem services in many regions around the world,
and these depend on functional composition. Responses of non-vascular
communities to environmental selection pressures have been explored in a range of
experimental and modelling studies. However, it is still largely unknown to what
extent competition affects the distribution of functional traits of non-vascular
communities. Moreover, it remains poorly explored which traits that are associated
with competition are key for shaping community functional assembly.

2. Here, we integrated a field transplantation experiment with a process-based model
to disentangle the effects of environmental filtering and competition on the assembly
of non-vascular communities. Following the validation of environmental selection in
the model using field observations, we performed a simulation experiment to
understand the impacts of competition on trait distributions in non-vascular
communities growing in two temperate locations that differ in microclimatic conditions
(a shaded and an open location).

3. Our results suggest that the functional composition is likely a result of weak
competition or may not depend on competitive exclusion at all while environmental
filtering plays an essential role. Plant height seems to be a key trait for competition.
However, no single-trait competition scheme could consistently explain the observed
functional composition of the studied non-vascular communities.

4. Synthesis: The presented model provides a new trait-based approach for

simulating the functional assembly of non-vascular communities. Environmental
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filtering appears to be more essential than competition for predicting trait distributions
of non-vascular communities under temperate climatic conditions and we
recommend caution in associating competition to a single trait while analyzing

community functional assembly.
1. Introduction

Communities of bryophytes (mosses, liverworts, hornworts) and lichens widely occur

in various habitats around the globe and have a substantial impact on ecosystem

functioning such as carbon, nitrogen, and hydrological cycling (Concostrina - Zubiri
et al., 2021; Porada et al., 2018). These vegetation effects are tightly linked to the
functional assembly of communities, such as the distribution of functional traits (Conti
& Diaz, 2013; Lavorel & Garnier, 2002). For example, the distribution of the
maximum water-holding capacity in a lichen and bryophyte community may affect
carbon sequestration by these communities, since it will affect community hydrology
and thereby the duration of the metabolic activity (Lange et al., 2001). Because of
such effects of functional trait distributions, there has been increasing interest in
exploring the functional composition of lichen and bryophyte communities. However,
the mechanisms of functional assembly leading to particular trait distributions in non-
vascular communities are not well understood.

Environmental filtering and competition are two dominant processes in regulating
local community structure and functional assembly (Chesson, 2000; Kraft et al.,
2015; Soliveres & Eldridge, 2020), and thus may affect distributions of functional
traits within communities. Several studies have examined how functional traits of
non-vascular vegetation and functional diversity respond to the environment,
although much work still needs to be done to fully understand these relationships
(e.g., Coyle, 2017; Farber et al., 2014; Gheza et al., 2021; Roos et al., 2019). In
contrast, the response of functional assembly to competition is, to our knowledge,
addressed only by very few studies (e.g., Maestre et al., 2008; Malson & Rydin,
2009; Rydin, 1997; Soliveres & Eldridge, 2020).

A better understanding of the role of competition in the functional assembly of non-
vascular communities is needed. Observational monitoring of the impacts of

competition on any community is challenging as it requires setting up long-term field

67



experiments that are continuously observed to obtain the final outcome of species
interactions. Apart from being laborious, observations alone may be insufficient to
separate the role of environmental filtering from biotic interactions without further
experiments or modelling (Kraft, Adler, et al., 2015). Therefore, process-based
ecological models that integrate both competition and abiotic filtering based on
related ecological assumptions and theories have been developed to simulate
biodiversity and community dynamics for vascular plant communities (e.g.,
Chalmandrier et al., 2022). For non-vascular vegetation, Gong et al. (2020)
developed a process-based model to simulate the population dynamics of peat moss
(Sphagnum) communities. However, this model is not focused on the simulation of
functional assembly but on habitat differentiation based on the (fixed) traits of the
Sphagnum species involved.

Dynamic global vegetation models (DGVM), as mechanistic numerical models, are
commonly driven by climate variables and soil properties to explicitly simulate
vegetation dynamics and biogeochemical processes (Maréchaux et al.,, 2021;
Prentice et al., 2007). DGVMs have been advanced for more realistic representation
and prediction of functional diversity (Pavlick et al., 2013; Sakschewski et al., 2015;
Scheiter et al., 2013; Verheijen et al., 2015). Therefore, DGVMs may serve as an
efficient approach to simulate functional community assembly and quantify the role of
each potential driving mechanism. However, in this type of model, non-vascular
vegetation is usually neglected. Here, we apply a process-based DGVM that is
explicitly designed for non-vascular vegetation, called LiBry, to predict the non-
vascular community composition with regard to functional traits (Porada et al., 2013).
The model mimics natural selection by simulating a large range of different
physiological and morphological types (strategies) that are characterized by unique
sets of functional traits. The strategies are selected during the simulation based on
their responses to multiple environmental drivers and competition processes. This
model can therefore not only help to estimate the contribution of these strategies to
element fluxes (Porada et al., 2013, 2014) but additionally shed light on the
mechanisms that drive the functional diversity and composition of non-vascular

communities.
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Lichens and bryophytes may compete with each other for light or space for lateral
expansion (Rydin, 1997). Both light-competition- and expansion-related processes,
such as growth and propagule production, are associated with carbon costs, and a
trade-off likely exists between the traits optimizing these processes in a species.
Generally, the organisms that are more productive and can allocate more carbon for
spreading and horizontal growth are stronger competitors when they compete for
space, while those that invest in vertical growth can better compete for light.
Competition is thus likely to be associated with multiple traits, which is also proposed
by trait-based ecology (Kraft, Godoy, et al., 2015). It is largely unknown, however,
which traits are key for predicting competition.

The main objective of this paper is to address the following questions: (i) What role
does competition play in the emergence of the functional composition of lichen and
bryophyte communities? (ii) Which traits are key for shaping the community
functional assembly through competition processes? To answer these questions, we
first transplanted samples of lichen and moss species collected at natural open and
shaded sites to two open and shaded experimental plots (fully factorial), thereby
separating the transplanted samples to prevent competition between them. In this
way, the pure impacts of different microclimatic conditions on the physiological
responses of the samples could be studied. The outcome of this experiment was
used to validate the LiBry model with regard to processes of environmental selection
(without competition). Subsequently, we applied the model to assess the effect of
competition on community functional assembly. To this end, we varied the intensity of
competition processes in LiBry and estimated the effects on the distributions of
several functional traits in the simulated lichen and moss communities, namely
height, specific thallus area, and maximum water content. We then identified the
degree of competition that best matched observations by comparing the simulated
trait distributions with those observed at the natural sites. In this way, we could
determine the relative roles of competition and environmental filtering on the
functional assembly of lichen and moss communities under temperate climatic

conditions.
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2. Materials and Methods
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Figure 3.1: lllustration of workflow and hypotheses. (A) Observations from natural sites and a

transplantation experiment, combined with laboratory measurements on samples, provide func-

tional-trait data of lichen and moss species Cladonia portentosa (Cp), Atrichum undulatum (Au),
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Campylopus introflexus (Ci), Hypnum cupressiforme (Hc), Mnium hornum (Mh), Pleurozium
schreberi (Ps), Polytrichum formosum (Pf), and Rhytidiadelphus squarrosus (Rs) for model vali-
dation and model hypothesis testing. (B) Model experiments provide information on the impact of
competition on the functional assembly of lichen and bryophyte communities, based on compari-
son of simulated and observed functional traits (height, specific thallus area (STA), and maximum
water content (MWC)). (C) Potential outcomes of transplantation and model experiments. (1)
Transplanting samples of eight species to two experimental plots where competition is excluded,
provides insights into the role of environmental filtering for the relative performance of species
and thus the assembly of lichen and bryophyte communities. (2) Variation of competition intensi-
ties in model simulations and subsequent comparison to measured trait distributions indicates the
role of competition for functional assembly. (3) Comparing different trait-based model competition

schemes to measurements may point at key competition-related traits for functional assembly.
2.1 Model description

The dynamic global vegetation model LiBry is a process-based mechanistic model
designed for non-vascular vegetation, which represents their unique properties such
as lack of roots and stomatal control, or variation in activity depending on water
status (poikilohydry).

LiBry is driven by a continuous time series of climate-forcing variables, including
short- and long-wave radiation, air temperature, wind speed, rainfall, snowfall, and
relative air humidity, and parameters describing boundary conditions such as
roughness length and soil thermal conductivity.

In contrast to most DGVMs, which simulate a low number of plant functional types
(PFTs) via fixed average trait values that are based on a wide spectrum of species,
LiBry explicitly simulates large functionally diverse communities based on trait
distributions and accounts for processes of community assembly. In LiBry, each
simulated location (cell), which may range in size from a local site to a quadratic box
in a global grid, is initialized with a large number of “strategies”, i.e., functionally
distinct types characterized by a unique combination of 11 trait values each,
representing all potential “species” of the location. These 11 traits include
morphological and physiological traits such as growth height, the optimum
temperature for gross photosynthesis, and photosynthetic capacity (Vcmax). The trait
values are randomly sampled from their possible observed global range (see Porada

et al., 2013) and then selected for (resp. filtered out) by the model based on their
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carbon balance under the simulated conditions. In previous versions of the model,
competition played no role: all species that managed to obtain a positive carbon
balance were maintained in the community, albeit with differing abundances. In this

study, we introduced competition.

The new model version simulates competitive exclusion of strategies, but not explic-
itly at a small scale, i.e., between neighbours. Instead, it indirectly simulates competi-
tion via the allocation of free area to the strategies in a community, which they need
for the establishment and maintenance of their dynamic cover under turnover and
disturbance. Competition reduces the available area for each strategy based on the
other strategies. In the competition experiments (see Sect. 2.4.2), the allocation of
area could be symmetric (i.e., simply proportional to the carbon balance), or modified
so that additional competitive traits influenced the allocation further, resulting in
asymmetric competition and stronger competitive exclusion. Various trait-based com-

petition schemes were employed to quantify the competition (Fig. 3.1B).
2.1.1 One-trait competition scheme

In the model, we linked the competitive ability (Comp) to height or to the lateral net
growth of strategies (the corresponding competition formulations are called the
Height scheme and Netgrowth scheme, respectively). We selected these two traits as
they are related to different potential competition strategies: Organisms are likely to
compete either for light or for space for their lateral expansion.

The competition formulation of the trait-based schemes in the model is related to
concepts from competitive hierarchy theory (Chesson, 2020; Silvertown & Dale,
1991), which also applies to non-vascular communities (Malson & Rydin, 2009). The
theory proposes that resource competition among plant species within a community
results in a hierarchical distribution: dominant species with superior trait values oc-
cupy a higher position in the hierarchy and have strong competitive impacts on
species with inferior trait values. For instance, taller species have a higher competi-
tive ability to capture light and are likely to outcompete shorter species. The strate-
gies with the same trait values would coexist since competition is symmetrical and

does not lead to the exclusion of either species.
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Therefore, we assume that the competitive ability in the model follows a power
function of the normalized value of one trait (equation 1; height or lateral net growth),
which enables a wide range of relationship shapes between the normalized trait

values and competitive ability (Fig. 3.2).

. il |
Compli|= nT
2. Til "

i=1

where Comp(i) represents the competitive ability of strategy i; n is the total number of
living strategies; T is the trait that we assume can determine the vegetation
community assembly (height or lateral net growth); the exponent “a” in the equation
determines the shape of the relation between normalized trait value and competitive
ability.

For a value of a = 0, each strategy has an identical competitive ability of 1, the
available area will be equally distributed among all still living strategies. Hence there
is no competitive exclusion between strategies since the new cover is not reduced by
competitors. The model without competitive exclusion is referred to as “Equal

scheme” (Table 2).
2.1.2 Two-trait competition scheme

The competition formulation can be then extended to two trait dimensions to assess
the response of community trait composition to the balance of two competition pro-
cesses (for vertical and for lateral growth) using a multivariate power distribution
(equation S1 in the Supplement). Here, two traits (height and net growth) jointly but

independently contribute to the competitive ability.

Additional details on the competition schemes and other model processes can be
found in the Sect. S1 of the Supplement and Porada et al. (2013, 2019).

2.2 Field experiment

To provide the necessary data for model validation and hypothesis testing, a field
experiment was conducted, and moss and lichen traits were measured (Fig. 3.1A).
We sampled eight common species of lichens and mosses in the surroundings of the
city of Hamburg, Germany, from four natural sites distributed across two locations

that differ in microclimate (open grassland and shaded forest floor) but have similar
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soil properties (Table 1). By including a diverse range of species, we aimed to
capture the variation in growth strategies and traits that occur under the same
macroclimate, covering two contrasting microclimates. The species included were
one lichen (Cladonia portentosa (Cp)) and seven mosses (Atrichum undulatum (Au),
Campylopus introflexus (Ci), Hypnum cupressiforme (Hc), Mnium hornum (Mh),
Pleurozium schreberi (Ps), Polytrichum formosum (Pf), and Rhytidiadelphus
squarrosus (Rs)). Species from different natural sites with similar open or shaded
microclimates are regarded as members of the same either open or shaded local
community (Table 1). They may not always grow together at each site but are
assumed to compete at some point either directly for space or light or indirectly

during dispersal and establishment (see Supplement S2 for details).
2.2.1 Measurements in the field

To create reference community-weighted means (CWM) of trait values against which
to compare the different competition schemes (see 2.4), we measured two
morphological traits on 3 samples per species in these natural sites: the height of
green tissue (Height) and specific thallus area (STA, projected surface area per dry
weight of samples).

To calculate the CWM from the measured trait values, we calculated the relative
abundance of each species at the natural sites (Table 1) by estimating and averaging
the fractional cover area of existing species in 48 squares (15cm x 15cm) across
three plots (3m x 3m) for each natural site. We then calculated CWMs for all four
sites using equation S7 in the Supplement and averaged the CWMs of the two sites

within the same community (open or shaded).
2.2.2 Transplantation experiment

To create the necessary data for evaluating if the LiBry model is able to reproduce
the individual effect of environmental filtering, five samples of each of the eight
selected species were transplanted into each of two experimental plots (open and
shaded; more details in Sect. S3 of the Supplement) in the Botanical Garden of the
University of Hamburg with similar microclimates as the natural sites. Samples were
grown in baskets covering 19.6 cm2, placed on artificial substrates based on quartz

sand, and spatially separated to avoid competition among them. We monitored the
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survival of samples for two years from September 2020 to August 2022. Furthermore,

we collected field data on the change in biomass every half year over the two-year

period. The growth data were then converted to net primary production (NPP) based

on the area of the baskets in which they were cultivated. These field data were used

for validating environmental selection in the LiBry model (see Sect. 2.3).

Table 3.1: Sites of origin of lichen and moss samples used for transplantation experiments and

trait measurements. +/- sign indicates the survival/death of the sample one year after

transplantation to open and shaded plots.
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Gas-exchange measurements were subsequently conducted to determine the
physiological traits of the transplanted samples at the experimental plots, which were
then used to parameterize the species in the LiBry model for validation of the
simulated environmental selection processes (see Sect. 2.3). For these
measurements, one subsample from three to four surviving samples for each species
(32 in total; see Table 1) was collected after one year of transplantation. Gas
exchange was measured under controlled laboratory conditions using a GFS 3000
system (Walz GmbH, Effeltrich, Germany). Net photosynthesis (NP) was measured
at various levels of light intensity, CO, concentration, temperature, and water
saturation to determine light, CO,, temperature, and water-content response curves

(see S5.1 in the Supplement for more details).
2.2.3 Climate forcing data and boundary conditions

For our study, all climate-forcing variables necessary for the LiBry model (see Sect.
2.1) were monitored by weather stations installed on the ground in the grassland and
under the canopy next to the experimental plots, with sensors at a standard height of
2 m and an hourly temporal resolution (see further details in Sect. S3 of the
Supplement). However, the weather station at the shaded plot was not directly under
the tree canopy due to the necessary solar electricity supply. This may have caused
an overestimation of shortwave radiation compared to the experimental plot. We thus
carried out a sensitivity analysis to assess the impact of potentially overestimated

shortwave radiation on the simulated results (details in Sect. S12 of the Supplement).
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Moreover, snowfall data were not available for the two experimental plots and were
therefore estimated as the average of data from the ERAS5 reanalysis dataset
(https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5) spanning 41
years (from 1979 to 2019) for the region of Hamburg. Additionally, we observed a
much lower amount of rainfall at the open experimental plot than under the canopy,
which is strange considering the expected rainfall interception by the canopy. We
therefore attribute this to a measurement error caused by missing data records and
thus corrected this bias (details in Sect. S3 of the Supplement).

The parameters describing boundary conditions (including soil thermal conductivity,
soil heat capacity, non-vegetated surface albedo, and roughness length) were not
available for the two experimental plots. Therefore, these parameters were calibrated
by fitting the measured daily and diurnal patterns of the mean value of monitored soil

temperature at different depths (details in Sect. S4 of the Supplement).
2.3 Model validation

In the model validation, we aimed to assess the ability of the LiBry model to
reproduce the carbon balance (NPP) and survival of individual samples under two
different microclimate conditions without being affected by competition. To this end,
the 32 transplanted species subsamples were represented in the model by
calibrating simulated NP-response curves against measured curves obtained from
gas-exchange measurements and prescribing further morphological parameters
(details in Sect. S5 and Table S1 in the Supplement, see also Fig. 3.1A). In addition
to these sample-specific parameters, several physiological traits, such as thallus
albedo and maximum molar carboxylation rate of Rubisco (VcmaxM), were set to
fixed values based on literature (see Table S2; Petersen et al., unpublished data).

We then ran the 32 prescribed samples in LiBry driven by hourly local climate forcing
data provided by the weather stations from mid-August 2021 to mid-August 2022 at
open (or shaded) experimental plots. We validated the model by comparing the
simulated annual and seasonal NPP (summer months from 2022-03-02 to 2022-09-
05; winter months from 2021-08-20 to 2022-02-22) as well as the survival of the
modelled samples with the measured net growth (i.e., NPP) and survival of

transplanted real species at the open and shaded experimental plots.
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2.4 Simulation experiment

After validating the environmental selection processes of the model, we explored the
impacts of competition on the community assembly of lichen and moss communities
by conducting several model simulations using different competition schemes under

various scenarios with different competitive intensities (Fig. 3.1B).
2.4.1 Model implementation and setup

The model simulations were each initialized with 3000 strategies that were generated
in advance by randomly sampling the distributions of 11 functional traits from ranges
based on globally occurring values (see Sect. 2.1 and further details in Sect. S8 of
the Supplement). The number of 3000 is usually sufficient to sample the 11-
dimensional trait space and ensure consistency of the simulation outcomes (see
Sect. S10 in the supplement for details). We did not constrain the ranges of trait
values a priori based on the measured values (in contrast to the validation), since we
wanted to avoid an arbitrary reduction of potential functional diversity in the model. In
reality, species that may survive under the microclimate of one of the natural sites
may be outcompeted and thus not be represented in the field samples. If we
excluded their trait combinations (=strategies) from the simulation we would artificially
improve the fit to observations of modelled trait distributions that correspond to weak
or no competition, by making them narrower than they potentially are, and introduce
a bias in our interpretation of results.

LiBry was driven by the same input data as the validation run but ran for 600 years to
obtain a stable community. We compared the modelled CWMs of all surviving
strategies (quantified using equation S7) against measured CWMs of two
morphological traits (Height and STA; 24 samples of 8 species) collected in natural
sites and one hydrological trait (maximum water content (MWC); 28 samples of 8
species) in experimental plots. MWC is an essential trait affecting the photosynthesis
rate of non-vascular vegetation at high water saturation, where it is limited by CO.
diffusion (Lange et al., 1993). We assume consistency between the distributions of
MWC in the experimental plots and natural sites since it is a structural trait that is

unlikely to change markedly within months.
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2.4.2 Competition scenarios

We performed model simulations under four scenarios (S1 to S4) to test the effect of
varying competition intensity between strategies on the trait distribution. To this end,
we varied the value of the factor a of the Height and Netgrowth scheme (equation 1;
Table 2; Fig. 3.2; Sect. S1). If little area for expansion is available for the strategies,
due to a high total cover fraction (csum), for instance, the simulated competition is
more selective under S1 than S4. In scenario S4, differences in competitive ability
between the strategies are not that large, for most of the possible trait values. In
scenario S1, however, most strategies have very low competitive ability, and the few
strategies with the highest relative trait value can exclude the others (Fig. 3.2). As a
result, competition becomes highly asymmetrical, i.e., from a certain trait value
onwards, being taller (or growing faster) gives an over-proportional advantage. Such
asymmetry is commonly seen in light competition, for example, since this resource is
directional, and taller individuals shade out smaller ones and have a large advantage.

Table 3.2: The shape parameter a of the Equal scheme and the power function of the one-trait

competition scheme varies with the total cover fraction occupied by all surviving strategies (csum)

in different scenarios. A lower value of a implies a lower competition intensity among strategies.

Factor a Competition intensity
Scenario 1 5+ csum * 10 High
(S1)
Scenario 2 1+csum*5 Intermediate
(S2)
Scenario 3 1 Moderate
(S3)
Scenario 4 0.05 + csum * 0.3 Low
(S4)
Equal 0 None
scheme
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Figure 3.2: Implementation of the concept of the one-trait competition scheme. The relationship
between competitive ability and normalized trait value when the available area (1- total cover
fraction occupied by all surviving strategies (csum)) is sufficient (csum = 0.1) and limited (csum =
0.9). Different scenarios represent different competitive intensities from high (S1) to low (S4). In
the scenario with high competition intensity (S1, S2 at high cover values), most strategies have a
similar low competitive ability and only a few strategies with high trait values relevant for selection
have a high competitive ability. At low competitive intensities (S4, especially at low cover values)
all species have similar competitive abilities with no single one dominating, and hence strong
competitive exclusion is not expected.

We subsequently applied these four scenarios to the two-trait competition scheme
(see details in Sect. S1 of the Supplement).

Moreover, to test the robustness of the results against different competition functions,
we ran the model with the Gaussian function that is commonly applied in theoretical
ecology models of species interactions (e.g., Chalmandrier et al., 2022), instead of
the power function described above. A detailed description of the Gaussian competi-

tion scheme is included in the Sect. S13 of the Supplement.
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3. Results

3.1 Model validation
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Figure 3.3: Comparison of measured (boxplots) and simulated (dots) annual (a) and seasonal (b
and c) net primary production (NPP) of transplanted samples of moss and lichen species
collected from open and shaded communities in northern Germany. (a) shows the comparison of
the measured (only surviving) to simulated NPP. The numbers in parentheses below the species
names represent the number of surviving samples after transplantation for each species. (b)
measured and simulated NPP of surviving samples at the open experimental plot in the summer
months (2022/03/02 — 2022/09/05) and winter months (2021/08/20 - 2022/02/22). (c) measured

and simulated NPP of surviving samples at the shaded experimental plot in the summer and

winter months.
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Our model could successfully predict the selection of samples by climatic conditions
at the shaded experimental plot: only the modelled strategies that were calibrated for
samples from the original shaded natural sites could survive (i.e., had a positive
NPP) in the model simulation driven by climate from the shaded plot. In the
simulation driven by climate data from the open plot, however, not only strategies
calibrated for the samples from the original open natural sites survived but also some
that fit the shade-adapted samples (Fig. 3.3a). The model predicted death (i.e., a
negative annual NPP) for multiple samples that in reality survived for two years, both
at the shaded and the open plot (Table 1, Fig. 3.3a). On the other hand, the model
also predicted survival of some shade-adapted samples at the open plot that died in
reality. To evaluate the simulation accuracy of the model in more depth before testing
competition effects, we investigated the seasonal patterns of NPP in addition to the
survival (annual NPP), as explained below.

The simulated NPP was notably overestimated for most species in the summer
months at the shaded plot (Fig. 3.3c), while NPP was slightly underestimated in
winter months at both plots (Fig. 3.3b and 3.3c). The discrepancy in summer at the
shaded experimental plot may be attributed to the overestimation of monitored
shortwave radiation, as the weather station was not situated entirely under the dense
canopy of the samples. We then reduced the shortwave radiation by 90% in the
summer months (from the 1st of May to the 5th of September) at the shaded plot to
test its impact. The results illustrated a much better match of simulated NPP in
summer to measurement at the shaded plot (Fig. S3.7). However, we kept using the
measured potentially overestimated shortwave radiation at the shaded plot for further
simulations, since this seemed to us a better solution than arbitrarily reducing
radiation. We conducted a sensitivity analysis to evaluate the impact of
overestimated shortwave radiation on functional composition and found only a small
influence on the simulated trait distributions (Fig. S3.11 in the Supplement).

The underestimation of NPP in winter could result from the missing seasonal
acclimation of respiration rate in the model (Ma et al., 2023). We thus reduced the
physiological parameter reference maintenance respiration rate (Respmain) SO that it
moderated the respiration rate by 70% between September and February (because

the simulated samples were collected in September, having acclimated to summer
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conditions) to examine its effect. We found that a reduction of Respmain could result in
an improved fit of NPP to the measurements during winter, particularly for the open
plot (illustrated in Fig. S3.8), which experienced greater variability in terms of
radiation and water availability between the winter and summer seasons. However,
we did not keep the seasonal acclimated parameter Respmain for the next model
experiments, as the relation between the parameter value and seasonal variation in
climate is poorly constrained so far due to little research on the topic. A sensitivity
analysis revealed that the impact of the seasonally acclimated parameter on the trait

distribution is relatively minor (Fig. S3.12 in the Supplement).

3.2 Predicted trait distributions by the one-trait competition scheme.
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Figure 3.4: Observed and modelled distributions of morphological and hydration traits of the
open and shaded communities. a: specific thallus area (STA), b: Height, ¢c: maximum water con-
tent. The simulated values are estimated by the LiBry model with a one-trait (Height or Net-
growth) competition scheme with different competitive intensities (S1-S4) or without competition
exclusion (“Equal”). The width of violin plots is proportional to the simulated cover fraction of the
surviving strategies selected by the model. These strategies are characterized by randomly gen-
erated physiological and morphological parameters. Points in the box and violin plots demon-
strate the community-weighted mean values of measured shaded and open communities for
mosses and lichens, and the simulated community-weighted mean values, respectively.
Modelled competition strongly affected the trait distributions of the communities. The
effects were consistent between shaded and open communities despite their different
microclimates. The modelled CWM (community-weighted mean value) of the trait
Height, specific thallus area (STA), and maximum water content (MWC) were pre-
dicted to differ between shaded and open communities by the model without competi-
tive exclusion (“Equal”), with slightly higher values at the shaded community for STA,
while lower for Height and MWC. These patterns are consistent with the tendencies
of the measured values, although the differences of the measured traits were not sta-
tistically significant (p-values of Wilcoxon test > 0.1) and for the modelled distribu-
tions they were rather small.

The model overestimated STA in scenarios without competitive exclusion or with
strong competition based on net growth, while it underestimated STA in scenarios
based on strong height-based competition. The best fit to the data was in the sce-
nario with a linear increase in competitive ability with growth height (Height scheme-
S3; Fig. 3.4a). The model underestimated plant Height in the scenario without com-
petitive exclusion and with competition based on net growth, but in the scenarios with
relatively strong height-based competition, the model overestimated the Height. The
scenario exhibiting the most accurate fit to the measured data entailed competition
based on height, with the least degree of intensity (Height scheme-S4, Fig. 3.4b).
While the simulations with weak height-based competition performed best for distri-
butions of STA and Height, the model results suggested that weak growth-based
competition was most effective for reproducing the distribution of MWC (Netgrowth

scheme-S3 and S4, Fig. 3.4c). MWC was overestimated in model simulations without
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competitive exclusion and with height-based competition, whereas it was underesti-
mated in simulations with strong net growth-based competition.

To test the robustness of results against uncertainties in climate forcing data, we
used macroclimate data for Hamburg to simulate competition effects on the commu-
nity functional composition and found that the results remained consistent (more de-
tails in Supplement Sect. S14 and Fig. S3.17).

3.3 Predicted trait distributions by the two-trait competition scheme.
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Figure 3.5: Observed and modelled distributions of morphological and hydration traits of the
open and shaded communities. a: specific thallus area (STA), b: Height, ¢c: maximum water con-

tent. The simulated values are estimated by the LiBry model with a two-trait competition scheme
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with different competitive intensities (S1-S4) or without competitive exclusion (“Equal”). The width
of violin plots is proportional to the simulated cover fraction of surviving strategies selected by the
model. These strategies are characterized by randomly generated physiological and morphologi-
cal parameters. Points in the box and violin plots demonstrate the community-weighted mean val-
ues of measured shaded and open communities for mosses and lichens, and the simulated com-

munity weighted mean values, respectively.

The simulated trait distributions with competition based on both height and net
growth showed much less variation between competition intensities (Fig. 3.5) than
the one-trait-based competition. While the Height distribution could be well repro-
duced by the model with a linear increase in competitive ability with both traits (S3,
Fig. 3.5b), STA and MWC were overestimated by the model with all two-trait competi-
tion schemes (Fig. 3.5a, 3.5c), with the overestimation getting stronger with stronger
competition.

The results of trait distributions estimated by the model using the Gaussian function,
both with one and two-trait competition schemes, delivered identical conclusions,
namely that the model with the weak competition resulted in a better match of the
simulated functional trait distributions to the measured data (see Fig. S3.14 and
S3.16 in the Supplement).

4. Discussion

Understanding community functional assembly (represented by trait distributions) is
critical to predict ecosystem functions (Diaz & Cabido, 2001). However, the
mechanisms of functional assembly within non-vascular communities are not well
understood, especially the role of competition. Our results suggested that
environmental filtering has a strong influence on the survival of real species and also
affects their trait distributions, while competition may play only a minor role in the
assembly of the studied lichen and moss communities and the distribution of traits in

the community.
4.1 Effect of environment and competition on community assembly

The important role of environmental filtering is illustrated by the differential survival of
species in the two experimental plots, with species from natural shaded sites
surviving only in the shaded experimental plot and species from open sites surviving

only in the open plot, with just one exception also surviving in the shaded plot. The
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survival of the sampled moss species after transplantation to plots with a different
substrate, but climatic conditions similar to those of their natural sites, suggests a
minor impact of the substrate on moss community composition, consistent with the
findings of Spencer (2001). Nevertheless, the physical and chemical properties of the
substrate can clearly affect non-vascular community composition, which has been
shown, for instance, for soil pH value (Spencer, 2001; Zraik et al., 2018).

In contrast to these results, the model predicted the survival of several shade-
adapted samples under the open conditions (Fig. 3.3a). This may result from missing
processes in the model regarding potential negative effects of frequent dry-wet cycles
at the open plot on shade-adapted species (Hu et al., 2016). On the other hand, the
model simulated the death of several shade/sun-adapted samples at their
corresponding plots, which may be attributed to potentially suboptimal climatic
conditions in the year of the climate time series used to drive the model (August 2021
to August 2022) while conditions were probably more optimal when the
transplantation took place (September 2020 to August 2021).

Even though the transplantation experiment supports the important role of
environmental filtering, an important role of competition in the assembly of lichen and
moss communities cannot be ruled out. Next to dispersal limitation, competition may
explain the absence of species at natural sites where they would be physiologically
able to survive based on the microclimate but are outcompeted and thus not found in
nature. The LiBry model, as a complementary tool, can be used to test the
hypothetical “species” that may be able to survive in a particular microclimate and
explore the reasons that it is not found, including additional physiological constraints,
time constraints (disturbance), dispersal limitation and competition.

Our model results demonstrate that tendential differences in trait distributions
between the two communities with different microclimatic conditions (shaded and
open community) could be captured by similar tendencies in the model without
competitive exclusion (Fig. 3.4), which indicates that the trait difference tendency
between shaded and open community results to a large part from environmental
filtering. It would be interesting to test this finding for other traits that may respond
more strongly to the light environment, like the chlorophyll content (Kershaw &
Webber, 1986).

87



Moreover, our results found that the observed traits in the studied temperate-zone
communities were best reproduced by the model with no competitive exclusion or
weak competition, i.e., with minor differences in the competitive strengths of the
species. In the very few studies of the impact of competition on non-vascular
community structure in temperate regions, competition seems to play a minor role
(During & Tooren, 1990), consistent with our results. The number of surviving
strategies simulated in our study (as detailed in Table S4 of the Supplement) is
generally higher than the number of species or samples from the sites or plots. This
is due to the concept of a “strategy”, which represents a sample from an 11-
dimensional trait space and does not directly correspond to an “average” species, but
rather includes variation between as well as within species. Since we used 3000
strategies to sufficiently sample the potential trait space, the CWM computed from
the surviving strategies is representative. For the real samples, however, 24 samples
(including within- and between-species variation in 8 species) should be sufficient to
estimate the CWM, since the real populations are already the outcome of a process
of natural selection. Thus, we do not need to consider all hypothetical trait
combinations in this case. The trait distributions derived from the model simulations
should be broader than the distributions found in real species in a particular location
(Fig. 3.4-S2, S3, S4, Equal) since only a subset of possible trait combinations will
actually have evolved and only a subset of these will be available at a particular
location. In theory, it would be possible to compare the simulated and observed trait
distributions in more detail, but hundreds to thousands of samples would have to be
collected from natural populations at large spatial scales to capture the tails of their
distributions, which is why we focus on the CWM comparison.

In fact, it has been suggested that in interactions among bryophytes, facilitation may
play a more important role than competition. A shift from competitive to facilitative
interactions is expected with increasing abiotic stress (Maestre et al., 2009; Sun et
al., 2021), with the type of stress playing an important role. For example, for
bryophytes, low-light stress would result in competition, while desiccation stress may
lead to facilitation since dense communities can hold their water longer than single
shoots through larger capillary space of surface (Dilks & Proctor, 1979; Rice, 2012). If

there is a balance of competitive and facilitative interactions, this may result in a
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weak net effect in either direction. This may provide a potential explanation for the
modelling result that no or weak competitive exclusion best explains observed trait
distributions. While facilitative interactions are not explicitly included in the model,
some positive community-level effects are represented by parameterized
ecophysiological relations of the strategies, such as the decreasing effect of height
on evaporation (Di Nuzzo et al., 2022), which only becomes effective when growing
in a cushion. Several studies have found that facilitation arises frequently between
associated lichens and bryophytes (Colesie et al., 2012), and when interacting
species acquire resources in complementary ways (Bowker et al., 2010). Accordingly,
future studies are necessary to distinguish between the role of competition and
facilitation in lichen and moss community assembly, both experimentally and using

models like LiBry.
4.2 Key traits for community assembly via competition processes

Our study considered two traits as factors determining competition, namely growth
height and lateral growth. We found that height may be slightly more suitable than net
growth at predicting distributions of morphological traits via competition, although no
single trait was consistently better than the other in shaping the distributions of all
traits. Thus, our results suggest being cautious to use solely a single trait to describe
competition processes and infer community functional assembly.

Rather, competition is likely to be affected by the combination of multiple traits.
Several studies have shown that multiple traits interact to generate a plant
community composition different from that based on a single trait (Doebeli &
Ispolatov, 2010; Falster et al., 2017). Thus, extending the analysis to have multiple
traits alter the modelled competitive outcome is an area worthy of future study. As a
step towards a multi-trait perspective, we applied a two-traits competition scheme to
assess how the balance of the two competitive processes, namely vertical and lateral
growth, affected the trait distribution in lichen and moss communities. Our results
showed that in the scenarios with strong competition, the two-trait scheme, which
assigned equal weight to trait height and net growth in determining competitive ability,
reduced the extreme estimations of trait distributions of the one-trait schemes. This
could be due to the trade-off between the two traits associated with carbon allocation

to either vertical or lateral growth processes. Further traits and trait combinations that
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present no direct trade-offs may also be involved in determining competitive strength

(e.g., growth height and nitrogen use efficiency).
4.3 Limitations and Future Perspectives

We provide the first results on the role of competition for trait distributions and
functional composition of non-vascular vegetation. More studies on similar
communities in temperate regions are needed to confirm our findings, while their
generality needs to be tested across other habitat types and climate zones. Currently,
we cannot assess the role of competition in the functional assembly of non-vascular
communities across environmental gradients due to the limited availability of
measurements of trait distributions in other climatic regions. Applying the LiBry model
in other ecosystems across different environmental gradients is thus a possibility for
further research on the effects of competition on community functional assembly.
Additionally, we assessed the distributions of only three traits and the measured trait
values represent a snapshot in time. Other traits may respond more strongly to
competition, and larger temporal heterogeneity in measurements may change the
coexistence of species and the community trait distribution (Usinowicz et al., 2017).
This may partly explain the fact that not all shade- and sun-adapted samples are
predicted to survive under the corresponding shaded and open experimental plots in
the model validation. Therefore, more long-term empirical studies on other trait
distributions and competition among non-vascular species in a wide variety of
communities in various climatic zones are needed to evaluate the generality of our
results.

We defined the competitive ability by height and lateral net growth. Nevertheless,
there may be other relevant traits associated with competition that affect functional
assembly, such as the chlorophyll content. Species with higher chlorophyll content
may be more efficient in absorbing and utilizing light to maximize the photosynthetic
rates (Kershaw & Webber, 1986), enabling them to outcompete neighbors for light
resources. Furthermore, the assumed functions describing the relationship between
trait and competitive ability affect the results on the role of competition. The tested
Power and Gaussian functions produced highly similar results, indicating that our
finding of weak competition in shaping functional assembly is robust. Nevertheless,

the function may not necessarily be a Power or Gaussian function. Falster et al.
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(2021) found mismatches between the shape of the competition relationship that
emerged from the theoretical function and the shape that emerged from a
mechanistic model that linked traits to competition based on a species’ ability to
consume resources. To avoid uncertainty in modelling the trait distributions
depending on theoretical functions and abstract concepts of competition, future
developments could focus on simulating the competition among strategies in an
explicit mechanistic way. For instance, the taller strategies reduce the light for smaller
strategies and thus affect the carbon gain of smaller strategies, while smaller
strategies with more lateral growth occupy more space and thus may prevent the
establishment of other species. Although we determined the competitiveness of each
strategy based on a comparison with all other strategy traits in our competition
scheme, we do not take into account how one competitor modifies the interaction
between other competitors in the community, e.g., growing wide may be competitively
advantageous only in the absence of tall species overshadowing all smaller species.
Thus, the high-order interactions perspective on the competitive outcome warrants
further investigation, as consideration of multi-species interactions may lead to

different competitive outcomes (Kleinhesselink et al., 2022).
5. Conclusions

This is one of the few studies to investigate the role of competition in the functional
assembly of non-vascular communities. By combining a transplantation experiment
of non-vascular communities in two types of microclimates with the mechanistic
model LiBry, we showed the important role of environmental filtering in shaping
community assembly. Competition based on height or lateral growth strongly affected
trait distributions in the model simulations, but the observed trait distributions were
best explained by model configurations corresponding to weak or no competitive
exclusion, which indicates a minor role of competition in community functional
assembly. Our study emphasizes the need to consider a high-dimensional trait space
that affects non-vascular community assembly via competition processes since we
found that using only one or two traits to represent competition could not predict the
functional composition with high accuracy.

In community ecology, functional traits have been used mainly to describe plant

strategies and ecosystem functions, and to assess community assembly based on
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empirical approaches. Our study applied the process-based LiBry model to explicitly
simulate assembly processes from a biochemical perspective and models directly
local functional trait distributions. As a process-based approach driven only by
climate data and other environmental boundary conditions, it is designed to be more
transferable than statistical models. As a result, models such as LiBry might be
appropriate for generating estimates outside of the study site and projections for the
future (Higgins et al., 2020). By further developing the competition processes in the
model, process-based growth models may open a new general way to represent and
quantify the relative role of different community assembly processes in shaping non-
vascular communities and they may enhance our understanding of the community

functional structure and dynamics under climate change.
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S$13 Sensitivity analysis of competition formation

S$14 Sensitivity analysis of climate forcing data

S1 Detailed description of LiBry model and competition scheme

A simulated non-vascular community (open or shaded) is located on a cell, in which a
large range of strategies were initialized with a set of randomly generated trait val-
ues. These strategies are not explicitly put as shapes or volumes onto a given area.
Instead, each strategy has a certain (dynamic) share on the total cover per unit area.
The dynamic water, energy, and carbon fluxes as well as the fractional cover of each
strategy are simulated per this unit area based on its responses to the input climatic
conditions of the cell, which are regulated by trade-offs in biophysical, physiological,
and ecological processes.

Specifically, the photosynthesis rate in the model is calculated based on the Farquhar
scheme (Farquhar & Von Caemmerer, 1982) and respiration is modelled based on
temperature following a Q1o relationship. Net primary productivity (NPP) is calculated
as the difference between photosynthesis and respiration and, together with losses
from tissue turnover, drives biomass dynamics and thus lateral growth.

Positive changes in biomass result in increased fractional cover of a strategy. How-
ever, as the total cover fraction occupied by all living strategies (csum) increases, the
available area (1-csum) becomes insufficient for their potential expansion, and the
available space for expansion is constrained by competition with other strategies,
which is determined by various trait-based competition schemes that linked the com-
petitive ability to various functional traits (height and lateral net growth). Growth
height is a fixed trait of a strategy positively related to the amount of captured light for
photosynthesis, whereas lateral net growth is an emerging trait that depends both on
other traits and on climate. Both traits are positively related to competitive ability.
These two traits form a trade-off in the model due to the mass balance constraints,
wherein strategies face a trade-off between allocating carbon to vertical growth to
gain access to light or to lateral growth to compete for space.

Negative biomass changes and disturbance cause a decrease in the fractional cover
of a strategy. Disturbance (e.g., wildfire, windthrow) is an essential process shaping

community structure (Mouillot et al., 2013). In LiBry, we account for this effect by
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defining a disturbance rate each year based on the literature (Porada et al., 2013)
that applies equally to all strategies, meaning that their shares on the total cover are
reduced proportionally to their cover fractions. In this way, the new available area for
expansion and establishment is generated, which also affects competition intensity in
the model. Competition increases generally with decreasing free area, i.e., at a low
disturbance rate. Furthermore, a sensitivity analysis was conducted to examine the
role of the prescribed disturbance rate in shaping the community functional composi-
tion (see Sect. S11 and Fig. S3.10).

The strategies that maintain a positive fractional cover area in the long term during
the simulation are identified as survivors and constitute the predicted community.
Thereby, the model is able to simulate functional diversity patterns and trait distribu-
tions of local communities and also has the potential to provide global-scale estim-
ates, by simulating the patterns across a large number of grid cells, driven by time
series of maps of global weather patterns. For a more detailed description of the
process representation, please refer to studies by Porada et al. (2013, 2019).

Competition scenarios

Various scenarios with different levels of competition intensity can be studied by
setting the a value in the competition formations, i.e., setting a starting value or
function of change with the trait values (Table 2). A value of a of 0 indicates the
Equal scheme where there is no competitive exclusion between strategies. In
simulations with a competition process (i.e., where a>0), a will increase with the total
cover fraction occupied by all living strategies (csum), which indicates that as the
available area (1-csum) becomes less, the competition becomes more intense, but to
varying degrees, depending on the scheme and scenario chosen for a (Table 2; Fig.
3.2).

Two-trait competition scheme

The competition formulation of two-trait competition scheme uses a multivariate

power distribution (Eq. S1).

al a2

T,lil T,lil

Compli|=|——

ZTl(i) iTz(i)

Eq. $1
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where T1(i) and T2(i) are the traits, height and net growth, of strategy i. Factor a1
and o2 in the equation determine the shape of the power distribution of each trait
(see the one-trait scheme).

For feasibility, a1 and a2 are assumed to be equal to each other. We ran the model
in four scenarios under different competitive intensities, the same as in the one-trait
scheme (Table 2). Having lower values of both a1 and a2 implies a lower competition
intensity among strategies while fewer strategies are likely to be competitively ex-
cluded, and vice versa. The relationship between competitive ability and normalized

trait value varies with csum and different scenarios are shown in Fig. S3.1.
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Figure S3.1: Implementation of the concept of the two-trait competition scheme, which
demonstrates the competitive ability changing with two traits (normalized). (S1) - (S4)

demonstrate four scenarios where the competitive intensities change from high to low by varying
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the values of factor a1 and a2 of the two-trait competition scheme at the condition that the total

cover fraction area occupied by all surviving strategies (csum) is low (a, 0.1) and high (b, 0.9).

S2 Coexistence of collected species within a community

The species that we collected at different natural sites in either a shaded or an open
location are assumed to be part of the same shaded (or open) community, even
though we did not observe the co-occurrence of all species at one shaded or open
site. We make this assumption due to spatial proximity and similar environmental
conditions (climate, substrate, etc.). The absence of observed co-occurrence at a
particular site may be attributed to various factors, such as the small size of the
sampling sites, and collection only at one point in time, for instance. The species
Pleurozium schreberi (Ps) and Rhytidiadelphus squarrosus (Rs) have been docu-
mented to occur in heathlands in north-east Scotland (Welch, 1984), which indicates
that their favoured habitats are similar to the habitat where we observed Campylopus
introflexus (Ci) and Cladonia portentosa (Cp). Furthermore, we noted the co-occur-
rence of Polytrichum formosum (Pf) with Mnium hornum (Mh) or Atrichum undulatum

(Au) during our observations in the field close to the shaded sampling site (Fig. S3.2).

S TN , .
S d mae VR AL - : ‘\da
Figure S3.2: Coexistence of Polytrichum formosum (Pf) with Atrichum undulatum (Au) (left) and

Mnium hornum (Mh) (right).
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S3 Detailed description of weather stations and observed climate data

We transplanted samples into two experimental plots. The open experimental plot is
in a grassland while the shaded plot is situated beneath a beech tree canopy (Fagus
sylvatica). The weather stations installed next to these two experimental plots mon-
itored the net short- and long-wavelength radiation using the SN500SS Apogee four-
component net radiometer; the wind speed was measured by a WindSonic4 gill ultra-
sonic anemometer at 2 m; The relative humidity and air temperature at 2 m were re-

corded by HygroVUE10 Temperature and Relative Humidity Sensor while rainfall was
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measured automatically by an unheated Campbell Scientific tipping bucket
raingauge. Furthermore, soil temperatures at different depths (0.0, 6.5, 13.0, 20.0,
40.0, 65.0 cm) were measured by a Campbell Scientific CS230 temperature profiler.

These climate data were monitored at an hourly resolution.

The weather station at the open and shaded experimental plots showed that air
temperature at the open plot is a little higher particularly in summer months
(averaging 18.2 °C from June to August) than at the shaded plot (averaging 17.5°C
from June to August). The daily patterns of air temperature in the two plots are shown
in Fig. S3.3(a). Moreover, the daily mean short wavelength radiation at the open plot
was markedly higher than at the shaded plot, which was situated beneath the
canopy. There were only a few days in winter when the beech tree was without
leaves, that showed relatively high radiation at the shaded plot. Notably, the daily
radiation at the shaded plot decreased dramatically from May onward, owing to the
dense canopy formed by the growth of tree leaves (the daily course of the short
wavelength radiation at two plots is shown in S3(b)). Relative humidity was slightly
higher at the shaded plot (daily minimum mean value is 66% and 61% at shaded and
open plots, respectively), whereas the annual rainfall reaching the ground at the
shaded plot, measured manually every two weeks with rain gauges that were placed

close to the samples, was lower (597 mm) than that at the open plot (721 mm).
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Figure S$3.3: the daily patterns of air temperature (a) and short wavelength radiation (b) moni-
tored at shaded (red) and open (grey) experimental plots.

Notably, the automatically monitored annual rainfall amount at the open experimental
plot was less than the value measured manually with rain gauges during the same
rainfall monitoring period. Additionally, the monitored hourly rainfall at the open exper-
imental plot is often much less than that at the shaded plot, which is also inconsistent
with the manually measured difference between the two plots (see Fig. S3.4). We
thus attributed the much smaller rainfall data at the open plot to a measurement error
caused by missing data records there and reduced the resulting bias by replacing the
hourly rainfall data at the open plot with the rainfall at the shaded plot whenever the

shaded rainfall was higher.
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Figure S3.4: the precipitation amounts at shaded and open experimental plots measured manu-
ally every two weeks from Aug. 2021 to Aug. 2022. The dashed lines indicate the average values
of precipitation amount in two plots.

S4 Boundary condition calibration results and analysis
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The parameters describing boundary conditions were calibrated by fitting the average
of the measured soil temperature at different depths (open plot: two sensors at 8 cm;
shaded plot: at 6.5 cm, 13 cm, 20 cm; Fig. S3.5). The calibration was assessed by a
metric RMSE, quantifying the difference between measured and simulated soil tem-

perature and we adopted the combination of parameter values that minimized RMSE.
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Figure S3.5: Calibration results of abiotic parameters describing boundary conditions by fitting
the daily (a, f) and diurnal (b-e; g-j) patterns of the soil temperature at the open (a-e) and shaded
plots (f-j). (b) to (e) and (g) to (j) represent the patterns of average hourly soil temperature from
January to March (JFM), April to June (AMJ), July to September (JAS), and October to December
(OND) at the open and shaded plot, respectively.

The calibration results showed an overall satisfactory fit between measured and
simulated soil temperature at the studied shaded and open plots. However, a minor
underestimation of soil temperature was observed during the winter, whereas an

overestimation was observed during the summer in both plots (Fig. S3.5). This may
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have resulted from the missing coupling of soil moisture and soil energy exchange in

the model.

With coupled effects, soil can lose energy due to soil evaporation in warm summer.
Consequently, the soil temperature could be lower in summer than the simulated val-
ues. In cool winter, the liquid water may move into the soil and transfer heat into the
soil system by substituting soil air with water that has a higher enthalpy per unit vol-
ume (Heitman & Horton, 2011). To test the robustness of the results with regard to
the uncertainties in calibrated soil properties, we performed a sensitivity analysis re-
lated to soil thermal conductivity (ksoil) using the model with no competitive exclusion
(Equal scheme) and with height or net growth-based competition under scenario S2
(see Table 2) to test whether the simulated trait distribution differs largely (varied
ksoil from the calibrated value of 0.25 to 0.025 and 3). The newly simulated trait dis-
tribution with varied ksoil differs little from the original (Fig. S3.6). Thus, the missing

coupling effect may not make a difference in the simulated trait distribution.
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Figure S3.6: The simulated distribution of trait specific thallus area (a, d), Height (b, e), and maxi-
mum water content (MWC; c, f) in open (a, b, c) and shaded (d, e, f) communities, by model with-
out competitive exclusion (Equal), with competition depending on height (Height) or net growth
(Netgrowth). In the model simulations, the parameter soil thermal conductivity (ksoil) decreased
from calibrated value (0.25; Original) to 0.025 (Decreased koil) and increased to 3

(Increased_ksoail).
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S5 Detailed description of model parametrization

$5.1 Calibration of sample-specific physiological properties

Gas exchange measurements were performed to determine the physiological traits of
32 transplanted samples. Light response curves, for instance, were determined at
400 ppm CO: concentration and 17 °C, at optimum relative water saturation, which
was based on the water-response curves. The temperature response curves were
measured for species Cladonia portentosa (Cp), Hypnum cupressiforme (Hc), and
Mnium hornum (Mh) at CO, concentration of 400 ppm, light of 1000 ymol m s, and
water saturation of approximately 100%.

The calibration of physiological properties is based on the relevant net photosyn-
thesis calculation module isolated from the LiBry model. The relation between meta-
bolic activity and the water saturation (sat) depends on parameters sat.co and satac
(Eq. S2), which represent the minimum saturation required to activate the organisms
for respiration and photosynthesis, and the water saturation required for full activa-

tion. Both traits were derived by fitting the water-response photosynthesis curves.

sat — sat

act0

Activity=max|0,min| 1.0,

Eq. S2

max (pcritD > Satactl - Satact())

where peinis a critical value of 172, needed due to the computer precision limit, to pre-
vent division by 0.

The parameters DCO2min and DCO2max represent the minimum and maximum CO.
diffusivity (DCO2; mol m2s™), and kCO2g1 and kCO2g2 are two parameters regulat-
ing the shape of the dependence of DCO2 on water saturation (Eq. S3). All these pa-
rameters were calibrated by fitting the CO. diffusivity along water saturation using a
logistic function. The CO. diffusivity values were calculated based on CO, response
curves as the slope of a linear regression on CO.-limited net assimilation, requiring
correction for the dependence of activity on water saturation.

DCO 2=DCO 2 max+—2£0 2min ~ DCO 2 max Eq. S3

]_+kCOZg]_ * e*kCO2g2 * sat

The Q1o value (q10), describing the increase of respiration per 10°C increase in tem-
perature, was calibrated based on the measured temperature response of respira-
tion, as shown in Eq. S4. Due to time constraints, these temperature measurements

were conducted only for four species (Mh, Hc, Cp, and an additional species Peltig-
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era rufescens), for species not included in the measurements, Q1 was set to the
mean of the four parameterized Q1o values.

10
10:(R35p1 T1-T2] Eq. S4

Resp 2

Resp1 and Resp2 are the respiration rate at the temperature of T1 and T2, respec-
tively.
The reference maintenance respiration rate (Respmain) Was then calculated as the res-

piration rate at 17°C, scaled by the temperature response, based on Eq. S5.

Resp
(u) Eq. S5
(qu N )

Resp,,.in=
where Resp is the respiration rate measured at the temperature of xTs.

The parameter o_extinct represents the absorption efficiency for photosynthesis of
light that has not been reflected (1- albedo). Since albedo is a fixed parameter (see
Table S2), o_extinct can be obtained by fitting the slope of the CO, assimilation de-
pending on light intensity for light-limited photosynthesis.

The parameter prr is the factor to convert respiration to Rubisco content, which was
calibrated by fitting the light-response curves since it can influence the light-saturated
photosynthesis rate by affecting the photosynthetic capacity (Vcmax) along with the
maximum molar carboxylation rate of Rubisco (VcmaxM) and Respmain (Eq. S6), both
of which are already calculated or fixed.

Vemax=VcmaxM = prr = Resp, . Eq. S6
The range and averages of the calibrated physiological parameter values of each

species in the experimental plots are demonstrated in Table S1.

Table S3.1: The range and average values of the calibrated parameters of eight species, derived
from gas-exchange measurements across 32 samples. Parameter o_extinct indicates the absorp-
tion rate of input light intensity; MWC is the maximum water content; sat.«o and sat.n indicate
minimum saturation required to activate the organisms and the water saturation for full activity;
Respmain is reference maintenance respiration rate, while gq10 is the respiratory Qo value.
DCO2min and DCO2max represent the minimum and maximum CO. diffusivity; kCO2g1 and
kC0O2g2 represent the shape of the dependence of CO, diffusivity on water saturation; prr indi-

cates the factor to convert respiration to Rubisco content.
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Species (#Rangeo_extin MWC satio Sat.r Respmaing10 DCO2 DCO2m kCO2g kCO2g prr [ ]

replicates) ct[] [wet [] [ [umol ] min ax [mol1[] 2[]
mass m2s™] [mol m?m?s™]
dry s7]
mass™]

Pf (4) min 1 4.6 005 02 1.51 1.53 0.0065 0.025 1000 15 6.7

mean165 58 012 031 162 153 0.0075 0.025 3000 16.1 129

max 2 6.8 0.19 042 167 153 001 0.025 5000 185 20

Hc(4) min 11 122 002 032 105 17 0007 00145 5000 15 2.2
mean2.05 158 008 043 141 17 0.0076 0.0145 5000 15 4.6

max 3.5 18.6 0.1 06 22 1.7 0.008 0.0145 5000 15 6.5

Mh(4) min 25 83 005 06 051 144 0005 0005 5000 15 10
mean2.85 134 026 0.87 098 1.44 0.0055 0.0055 5000 15  12.3

max 3.1 185 045 098 139 1.44 0.006 0.006 5000 15 15

Au (3) min 3.2 5.8 0.08 0.55 0.3 1.44 0.0041 0.005 5000 13 10
mean4.33 112 009 0.79 040 1.44 0.0045 0.0055 5000 14.3 13

max 5 14.1 041 0.93 054 1.44 0.005 0.006 5000 15 16

Rs (7) min 1.3 10.7 0.01 0.36 0.69 1.53 0.006 0.013 1000 10 2.5
mean2.71 145 0.06 0.53 1.21 1.53 0.007 0.014 2714 1.3 124

max 4 198 015 069 189 1.53 0.011 0.019 6000 15 24

Ps (3) min 1.8 8.2 0.02 033 1.17 1.53 0.007 0.019 8000 12 7

mean2.73 1.1 003 04 138 153 0.008 0.019 8000 133 M
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max 4 139 0.04 045 168 1.53 0.009 0.019 8000 14 16

Cp (3) min 4.1 4.8 0.03 032 047 1.7 001 0.016 8000 13 5.5
mean>b.2 5.9 0.03 046 058 1.7 0.011 0.016 8000 13 8.3

max 6 7.2 0.04 065 069 1.7 0.013 0.016 8000 13 12

Ci (4) min 3.4 7.8 0.01 036 1.04 1.53 0.0035 0.0095 3000 11 6.8
mean3.78 9.6 0.05 043 153 153 0.005 0.0106 5750 11.8 9.7

max 4.2 123 0.08 049 202 1.53 0.006 0.011 9000 12 12

$5.2 Fixed physiological parameters

In addition to the calibrated sample-specific physiological parameters, several param-
eters were fixed to values based on literature (Petersen et al., unpublished data; Ta-
ble S2). These fixed parameters were also used to describe the physiological proper-
ties of the species.

Table $3.2: Fixed parameters values for physiological properties of species Cladonia portentosa
(Cp), Atrichum undulatum (Au), Campylopus introflexus (Ci), Hypnum cupressiforme (Hc), Mnium
hornum (Mh), Pleurozium schreberi (Ps), Polytrichum formosum (Pf), and Rhytidiadelphus squar-
rosus (Rs) chosen for parameterizing the model for validation. These values were determined

based on the literature.

Parameter value References
albedo Pf=0.10 moss: Petzold & Rencz,
Hc, Mh, Au, Rs (survives in 1975 Cp: Heim & Lundholm,
shaded plot) = 0.15 2014
Rs (survives in open plot),
Ps =0.20
Cp=Ci=0.25
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Maximum molar 1.2 Calculated from Savir et al.,
oxygenation rate of Rubisco 2010

(VomaxM) [s™]

Maximum molar 4.5 Savir et al., 2010

carboxylation rate of
Rubisco (VcmaxM) [s™]

Enzyme activation energy of85000
Kc (Eact_Kc) [J mol™]

Porada et al., 2013

Enzyme activation energy of30000
Ko (Eact_Ko) [J mol™]

Porada et al., 2013

Enzyme activation energy of 75000

Vcmax (Eact_Vm) [J mol™]

Porada et al., 2013

Enzyme activation energy of55000

Jmax (Eact_Jm) [J mol™]

Porada et al., 2013

S6 Validation results and analysis:
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Figure S3.7: The comparison of the measured net primary productivity (NPP) of surviving trans-

planted species samples at the shaded experimental plot within the winter and summer months to
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the simulated NPP of all samples of the species and driven by the shaded climate with reduced
short wavelength radiation by 90% when there is a relatively dense canopy covering (during 1° of

May and the 5" of September).

(a) 200 N Open climate (b) Shaded cﬁmate
50
°
= - = 0
Fﬂ; 100 Fﬂ; 0+ - SRRREEEE SEbS _._.@_._!_.._ ________ ? .
WE : fT‘E
[
O 0__,E;,__ ?0 _é - O -504
2 s = 2
[a [a
-100 A
S -100- =
-150 4
-200- T T T T T T T T T
Ci Cp Ps Rs Au Hc Mh Pf Rs
Species Species

Simulations ® summer ® winter

MeasurementsES summerE winter

Figure $3.8: The comparison of measured net primary productivity (NPP) in summer and winter
months to simulated NPP when including the acclimation of parameter reference maintenance
respiration rate (Respmain) during winter for species samples that survive at the open experimental
plot (a) and at the shaded plot (b) after transplantation. The parameter Respmain reduced by 70%

during September and February but remained unchanged for the other months.

S7 Community weighted mean value
The equation used to calculate the community weighted mean (CWM) of both

simulated and measured communities is delineated as follows:
> |traiti) « coverlil
cwM="=1 Eq. S7

n
> coverl|i|
i=1

where n is the number of surviving strategies (or samples), trait(i) is the trait value of

the strategy (sample) i while cover(i) is the cover fraction (relative abundance) of the

strategy (sample) i.
S8 Traits allowed to vary randomly in the model simulations

The 11 traits that combine to characterize the model strategies were chosen

randomly within their potential global ranges (as described in Sect. 2.1), which also
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leads to variation in the values of several other traits that are determined by these 11
traits (the randomly generated traits are listed in Table S3). A few physiological
parameters, however, such as sat.wo, prr, and the shape parameters for the CO,
diffusivity curve, were kept at constant values across all strategies in the model
simulation since they correspond to no physiological trade-offs that need to be
constrained. To this end, the values of these parameters were averaged from all
species samples collected from the open (or shaded) experimental plots. These

averaged values were subsequently applied in the model simulations.

Table S3.3: Traits that are randomly chosen from their possible range in the simulations

Random Trait Unit
Albedo -
Thallus height m

Total thallus porosity when wet -

Minimum saturation needed for full activity -

Minimum thallus CO, diffusivity mol m?s™
Specific thallus area m? kg™’
Water storage capacity kg H.O kg biomass™

Maximum molar carboxylation rate of Rubiscos™
(VecmaxM)

Maximum molar oxygenation rate of Rubiscos™

(VomaxM)

Reference maintenance respiration mol m?s™
Turnover year
Optimum temperature for photosynthesis K
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Q1o value of respiration -

Enzyme activation energy of Kc (Eact_Kc) J mol”
Enzyme activation energy of Ko (Eact_Ko) J mol”
Enzyme activation energy of Vcmax (Eact_ Vm) J mol™

Enzyme activation energy of Jmax (Eact_Jm) J mol

S9 Number of surviving strategies in model simulations
Table $3.4: Number of simulated survivors for 3000 initial strategies, using the Equal, Height/Net-
growth-based competition scheme, under various scenarios of different competition intensities

within open and shaded local communities.

Associated trait Scenario Community Surviving strategies
Equal scheme - Open 1239
Shaded 961
Height scheme S1 Open 47
Shaded 26
S2 Open 167
Shaded 115
S3 Open 1221
Shaded 954
S4 Open 1235
Shaded 961
Netgrowth scheme S$1 Open 19
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Shaded 16

S2 Open 117
Shaded 98

S3 Open 1236
Shaded 959

S4 Open 1240
Shaded 961

$10 Sensitivity analysis of different input strategies

To assess the influence of the sample size of the initial strategies on the simulated
trait distributions, and the convergence of the strategy space, we performed a sensit-
ivity analysis involving four simulation replicates with different sets (three new sets
and one original set) of 3000 randomly generated strategies, and also subsets of
these four including 30 and 300 strategies each, respectively. Comparisons of simu-
lated community-weighted mean trait values (CWMs) using the Equal scheme across
the four simulation replicates revealed a higher degree of convergence in the
strategy space when utilizing 3000 strategies, in contrast to lower numbers (Fig.
S3.9). Furthermore, no significant differences were observed among the simulated
distributions of traits across the four simulations when generating 3000 strategies (p-

value of Kruskal test > 0.1).
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Figure $3.9: The simulated community-weighted mean values of specific thallus area (a), Height
(b), and maximum water content (MWGC; c) in open and shaded communities, initialized with 30,
300, and 3000 strategies, respectively. Four replicate simulations are run that differ in the random
number sets for the initial strategies (simulation_original, simulation_1-3).

S11 Sensitivity analysis of disturbance parameter

We simulated trait distributions of the open and shaded communities based on the
Equal scheme, Height- and Netgrowth-based competition schemes under scenario 2
(see Table 2), while varying the parameter disturbance rate by +/-20% in the model.
The results (Fig. S3.10) indicate that the disturbance rate may alter the range of sim-
ulated trait distributions but has little impact on the CWMs. With decreasing disturb-
ance, competition increases and strategies with low relative abundance are more
likely to die out, thus narrowing the distribution, but with little effect on the CWM that
is dominated by the highly abundant strategies. Note that we did not increase disturb-

ance to unrealistically high values, which would again narrow the distributions, not
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due to competition, but due to the inability of some strategies to replace their cover

losses.
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Figure S3.10: Simulated distributions of the specific thallus area (a, d), Height (b, €), and max-
imum water content (MWC; c, f) in open (a, b, c) and shaded (d, e, f) communities, based on
model schemes without competitive exclusion (Equal), with competition depending on height
(Height) or net growth (Netgrowth). In the model simulations, the parameter disturbance rate was
increased by 20% (Increased_disturbance) from the original value (Original) or decreased by
20% (Decreased_disturbance).

S$12 Sensitivity analysis of adjusted shortwave radiation and physiological pa-

rameter
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Figure S3.11: Observed and modelled distributions of morphological and hydration traits of a
shaded community. a) specific thallus area, b) Height, ¢c) maximum water content. The simulated
values are estimated by the LiBry model driven by weather data collected at the shaded experi-
mental plot with shortwave radiation reduced by 90% in the summer months (from the 1 of May
to the 5™ of September 2022), and with a one-trait (Height or Netgrowth) competition scheme with
different competition intensities (S1-S4) or without competitive exclusion (“Equal”). The width of
violin plots is proportional to the simulated cover fraction of the surviving strategies selected by
the model. Points in the box and violin plots demonstrate the community-weighted mean value of
the measured shaded community for mosses and lichens, and the simulated community-

weighted mean values, respectively.
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Figure S$3.12: Observed and modelled distributions of morphological and hydration traits of the
open (grey) and shaded (red) communities. a) specific thallus area, b) Height, ¢) maximum water
content. The simulated values are estimated by the LiBry model with the physiological parameter
reference maintenance respiration rate (Respmain) adjusted to 70% for all strategies between
September and February, and using a one-trait (Height or Netgrowth) competition scheme with
different competitive intensities (S1-S4), or without competitive exclusion (“Equal”). The width of
violin plots is proportional to the simulated cover fraction of the surviving strategies selected by
the model. Points in the box and violin plots demonstrate the community-weighted mean values
of measured shaded and open communities for mosses and lichens, and the simulated com-
munity-weighted mean values, respectively.

S$13 Sensitivity analysis of competition formation

In addition to the power distribution, the relationship between competitive ability and

functional trait could be in other forms such as the Gaussian function, which is com-

113



monly applied in community ecology models. To examine the robustness of the re-
sults against the equation we assumed for estimating the competitive ability based on
trait values, we performed additional model simulation analyses where the trait-based
competition in the model was calculated using univariate and multivariate Gaussian
function.

One-trait competition scheme

The functional traits were first normalized by dividing the sum of trait values of all sur-
viving strategies, and then the normalized trait values were log-transformed prior to
the calculation of competitive ability to approach a normal distribution.

x|i]=~1og 10| max 1.015‘12,HTi

;T(i)

Eq. S8

where n is the total number of surviving strategies, T indicates the trait height or net
growth as a determinant trait for competition; T(i) is the trait value of strategy i; and
x(i) is the transformed height or net growth of strategy i.

Then the competitive ability of each strategy is calculated following Eq. S9

2o

Compli|=e Eqg. S9

where o controls the width of the Gaussian function curve. Comp(i) represents the
competitive ability of strategy i.

We also relate o to csum in each scenario and vary the range value of ¢ in three sce-
narios to explore the effect of different competition intensities on trait distribution (Ta-
ble S5). A higher value of o2 implies that a larger number of strategies have similar
competitive abilities independent of their trait values, with no single strategy dominat-
ing and excluding the others. Hence the higher value of o2 exhibits a lower competi-
tion intensity among strategies. We also applied the model with Height- and Net-
growth-based competition schemes. The relationship between competitive ability and
normalized height or net growth value varies with csum and different scenarios are
shown in Fig. S3.13.

Table S3.5: The values of shape factor o2 of the Gaussian function of the one-trait based compe-
tition scheme changed with the total cover fraction occupied by all surviving strategies (csum) in
different scenarios. The lower value of factor o2 implies a higher competition intensity among

strategies and vice versa.
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Factor 02

Scenario 1 (S1) 0.2 —-csum * 0.1
Scenario 2 (S2) 1

Scenario 3 (S3) 6 —csum* 4

1.00+

0.75 A

0.50+

Competitive ability

0.25 -

0.00+

0.00 0.25 0.50 0.75 1.00
Normalized trait value

Scenarios: == S] == S2 == S3

= csum = 0.1 = csum = 0.9

Figure $3.13: Implementation of the concept of the one-trait based competition scheme using the
Gaussian function. The relationship between competitive ability and normalized determinant trait
value when the available area (1- total cover fraction occupied by all surviving strategies (csum))
is sufficient (csum = 0.1) and limited (csum = 0.9). Different scenarios represent different competi-
tive intensities from high (S1) to low (S3). In the scenario with high competition intensity (S1 at
high cover values), differences in competitive ability between the strategies are relatively large,
hence most strategies could be competitively excluded by a few strategies with extremely high
trait value that have much higher competitive ability. At low competitive intensities (S3, especially
at low cover values) all species have similar competitive abilities, and hence competitive exclu-

sion is not expected.
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The results of comparisons between simulated trait distributions under different sce-

narios and measurements in shaded and open communities are shown in Fig. S3.14.

(a)

Netgrowth scheme ; Height scheme
- i
2 100.0
E |
o 10.0 :
= 1
© 1
£ 1.07 3
£ :
9] !
3 :
=G — . .
39\)( ?,0\\)6\ ; S1 S2 S3
We |
(b)
Netgrowth scheme Height scheme

Height [mm]
=
&

& a\ 5
O oW
Wee ?,

(c)

Netgrowth scheme Height scheme

100+
€

E 104
o
=
=

1.

A Sl 52 S3 ; Sl 52 53
v\ea"’“‘ m\’a i 1
IZI Open |Z| Shaded

Figure S3.14: Observed and modelled distributions of morphological and hydration traits of the
open and shaded communities. a: specific thallus area, b: Height, c: maximum water content. The
simulated values are estimated by the LiBry model with a one-trait based Height or Netgrowth
competition scheme with different competitive intensities (S1-S4) or without competition exclusion
(“Equal”), using the Gaussian function. The width of violin plots is proportional to the simulated

cover fraction of the surviving strategies selected by the model. These strategies are character-
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ized by randomly generated physiological and morphological parameters. Points in the box and
violin plots demonstrate the community-weighted mean values of measured shaded and open

communities for mosses and lichens, and the simulated community-weighted mean values.

Two-trait competition scheme

We also estimated the impacts of two-trait competition using multivariate Gaussian
function, which is commonly used in theoretical models of species interactions based
on multiple trait dimensions (e.g., Chalmandrier et al., 2022). Here two traits (height
and net growth) jointly but independently contribute to the competitive ability. Identical
to the one-trait based competition scheme, both traits were first normalized for each
strategy (i), and then the normalized trait values were log-transformed prior to the
calculation of competitive ability to approach a normal distribution (Eq. S8; x1 and
x2). The competitive ability was then calculated based on the log-normalized trait

value:

x1!il 2+
oX1

x2li)V
aX 2

where parameters 0X1 and 0X2 in the equation determine the width of the normal

Eq. S10

Comp(i)ze

distribution of each trait. Comp(i) represents the competitive ability of strategy i.

0X1 and 0X2 are assumed to be equal for feasibility and related to csum as well to
show a higher competition intensity when the available area (1-csum) is limited. We
ran the model in four scenarios under different competitive intensities to assess the
trait distributions by varying the range values of gX1? and 0X2? (Table S6). Having
both larger values of aX1? and 0X2? implies that more strategies have a similar com-
petitive ability with no single strategy dominating and excluding the others. Hence,
both higher values of oX1? and 0X2? exhibit a lower competition intensity among
strategies. The relationship between competitive ability and normalized trait value

varies with csum and different scenarios are shown in Fig. S3.15.
Table S3.6: The values of shape factor X1 and 0X2 of the multivariate Gaussian function of the
two-trait based competition scheme changed with the total cover fraction occupied by all surviving

strategies (csum) in different scenarios.

Factor 0X1? Factor 0Xx22

Scenario 1 (S1) 0.2-csum*0.1 0.2-csum*0.1
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Scenario 2 (S2)
Scenario 3 (S3)

Scenario 4 (S4)

0.6-csum*0.2

1

6-csum*4

0.6-csum*0.2

6-csum*4

Competitive ability
0.000.250.500.751.00
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Figure S3.15: Implementation of the concept of the two-trait competition scheme, which
demonstrates the competitive ability changing with two traits in normalized value. (a)-(d)
demonstrate four scenarios where the competitive intensities change from high to low by varying
the values of parameter cX1 and oX2 of the two-trait competition scheme at the condition that the
total cover fraction area occupied by all surviving strategies (csum) is low (0.1). (e)-(f)

demonstrate four scenarios of different competitive intensities when csum is high (0.9).

The results of comparisons between simulated trait distributions under different sce-

narios and measurements in shaded and open communities are shown in Fig. S3.16:
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Figure S3.16: Observed and modelled distributions of morphological and hydration traits of the
open and shaded communities. a: specific thallus area (STA), b: Height, ¢c: maximum water con-
tent (MWC). The simulated values are estimated by the LiBry model with a two-trait based com-
petition scheme using multivariate Gaussian function with different competition intensities (S1-S4)
or without competition exclusion (“Equal”); The width of violin plots is proportional to the simulated
cover fraction of surviving strategies selected by the model. These strategies are characterized
by randomly generated physiological and morphological parameters. Points in the box and violin
plots demonstrate the community-weighted mean values of measured shaded and open commu-

nities for mosses and lichens, and the simulated community-weighted mean values.

S14 Sensitivity analysis of climate forcing data

To examine the robustness of the results of competition effects against potential de-
viations in microclimate forcing data measured in experimental plots from those in the
natural sites, we repeated the analysis with the data retrieved for Hamburg from
ERAS reanalysis data from Hamburg as an alternative set of microclimate variable.
The results of comparisons between simulated trait distributions under different sce-
narios and measurements in shaded and open communities are shown in Fig. S3.17.
We found the results are consistent: the best fit to the CWM data of specific thallus
area (STA) was in the scenario with a linear increase in competitive ability with height
growth (Height scheme S3, Fig. S3.17(a)). The scenario exhibiting the most accurate
fit to the measured Height entailed competition based on height, with the least de-
gree of intensity (Height scheme-S4, Fig. S3.17(b)). The weak growth-based compe-
tition was most effective for reproducing the distribution of MWC (Netgrowth scheme-
S3 and S4, Fig. S3.17 (c))
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Figure $3.17: Observed and modelled distributions of morphological and hydration traits of non-
vascular communities grown in Hamburg, northern Germany. a: specific thallus area, b: Height, c:
maximum water content. The simulated values were estimated by the model with the one-trait
based Height or Netgrowth competition scheme with different competitive intensities (S1-S4) or
no competitive exclusion (“Equal”), driven by ERAS5 reanalysis data of Hamburg. The width of vio-
lin plots is proportional to the simulated cover fraction of the surviving strategies selected by the
model. These strategies are characterized by randomly generated physiological and morphologi-
cal parameters. Points in the box and violin plots demonstrate the community-weighted mean val-
ues of measured shaded and open communities for mosses and lichens, and simulated commu-

nity-weighted mean values.
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Chapter 4 - General Discussion

This dissertation mainly elaborates on studies on the community assembly processes
in terms of abiotic and biotic filtering, which are essential to understand the diversity
pattern of non-vascular vegetation and the various ecosystem functions they provide.
In this synthesis, | will summarize the outcomes of all studies, placing them within a
larger scientific context. Additionally, | will further discuss the implications and provide
directions for future research. In the first part of the synthesis, | will summarize and
analyze the impacts of both the abiotic and biotic factors on community assembly of
NVV (Fig. 4.1). The following section will also involve a discussion of how other
ecological processes contribute to NVV community assembly. Subsequently, | will
present the implications of the studies for interpreting the global diversity pattern of

NVV and further discuss the impact of climate change on NVV communities.

Light intensity

Physiological

Relative humidity Traits

Rainfall amount. <— Abiotic filtering — > Carbon balance

Air temperature
l l, Part I

CO, concentration Deterministic Part I Part 11

processes > Community assembly <———
Competition T

Stochastic
processes

Biotic interaction Part ml lpart 1A%

Facilitation
Implications in

global diversity pattern Impacts of climate change

Figure 4.1: Conceptual diagram of the general discussion outline. Part | summarizes and
discusses how the deterministic processes (abiotic filtering and biotic interaction) shape the NVV
community structure. Part Il discusses the stochastic factors that may shape the community
assembly. Part Il presents implications of the studies for analyzing the mechanisms resulting in
the global diversity pattern of NVV. Part IV discusses the impact of climate change on NVV

communities.
4.1 Abiotic and biotic factors in NVV community assembly

Abiotic (environmental) and biotic filtering are extensively studied and considered to
be the most important assembly processes that structure natural plant communities

and functional composition (Kraft, Adler, et al., 2015; Kunstler et al., 2012). Yet, the
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impacts of abiotic and biotic factors on non-vascular communities, which provide
essential ecosystem functions worldwide despite their small size, has received

limited attention.
4.1.1 Abiotic filtering

The abiotic environment shapes the structure of plant communities by filtering for
species that are able to establish and persist in the environment, depending on their
ecological strategies, and thus the functional traits (Cornwell et al., 2006; Keddy,
1992). Species with different trait values exhibit varying tolerances in response to
abiotic stressors, ultimately influencing their ability to survive and coexist within a
particular environment (Beltran-Sanz et al., 2023). For instance, NVV species with
high optimum water saturation for photosynthesis may be excluded in dry
environments, while the species with lower values may be tolerant to the drought.
This could contribute to the observed similarities in phenotypic traits that convey
these tolerances among coexisting community members, as indicated by many
studies (e.g., Cornwell et al., 2006; Weiher et al., 1998).

In my research, the crucial contribution of environment filtering to community
assembly was demonstrated by the relatively match of the observed tendential
variations in trait distributions between shaded and sun-exposed communities to the
simulations conducted without competitive exclusion (detailed in Chapter 3). In
addition to examining the overall environment, | explored the relative influence of
several key individual environmental filters (air temperature, relative humidity, annual
rainfall amount, short-wave radiation, CO, concentration) on shaping the community
structure. This was done by quantifying the annual carbon balance, a crucial indicator
reflecting the growth and survival of organisms, for lichen- and moss-dominated
biocrust collected from six sites across diverse climate zones (Chapter 2). The study
showed the essential impacts of all examined climatic factors on the annual carbon
balance of biocrusts at all sites, with air temperature and CO; concentration emerging
as the most important. This suggests that climate change, potentially resulting in
elevated air temperatures and CO; concentration (IPCC 2021), could potentially
affect the long-term carbon balances of biocrusts distributed across various climate
zones and ultimately their community assembly.

However, the relative importance of these climatic factors differs across climate
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zones. For instance, the air temperature has largest impact on carbon balance at the
alpine site, while CO, concentration is the most essential factor in drylands. Relative
humidity, capable of regulating non-rainfall water sources like water vapor and dew,
generally plays a more important role than rainfall amount at all sites except one
dryland (Chapter 2, Fig. 2.6). The varying role of rainfall amount in this dryland may
be attributed to differences in rainfall frequency, which is also recognized as an
important factor for carbon balance (Reed et al., 2012). In sites with limited and
evenly distributed rainfall, alterations in the magnitude of single rainfall events may
largely affect the metabolic activity of the organisms and thus influence their long-
term carbon balance.

Moreover, the carbon balances of biocrust species in response to environments are
moderated by the physiological traits of biocrust species. For instance, the
respiratory Qqo value determines the response of respiration rate and thus the net
photosynthetic CO, assimilation rate to temperature. The water saturation required
for the initial activation of organisms may contribute to the duration of inactive period
throughout the year particularly in sites with limited water availability, thereby
influencing the annual carbon balance. Despite the key roles of these physiological
traits, their relative importance for carbon balance is different (Chapter 2, Fig. 2.7).
My study revealed a more substantial impact of respiration-related traits on the
carbon balance estimation of biocrusts.

Therefore, uncertainties in monitored climatic factors (particularly air temperature and
the CO, concentration) can lead to uncertainties in simulated carbon balances and
thus the community assembly. In addition, the large uncertainty in the respiration-
related physiological traits calibrated from the photosynthesis response curves may
also result in uncertainty in the simulation results. This might account for the
simulated substantial loss of carbon from biocrusts in humid alpine and temperate
sites in my study, which contradicts the real field where all species survive.

Apart from uncertainties in the values of physiological traits, the absence of seasonal
acclimation of these traits in the model may also be a main error source. | observed a
substantial improvement in carbon balance of biocrusts in a humid temperate site
when physiological traits were acclimated to the winter climate (Chapter 2, Fig. 2.8).

The acclimation of respiration rate to environmental change, such as warming (Drake
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et al.,, 2016) and elevated CO. (Smith & Dukes, 2013), has been observed by
regulating the reference maintenance respiration rate for vascular plants (Crous et
al., 2022; Smith & Dukes, 2013). A similar downregulation of respiration rate in
warmer summers was also observed in lichens (Lange & Green, 2005). Temporal
acclimation of respiration rates, associated physiological traits and implications for
carbon balance estimation have been widely recognized; however, this acclimation
remains poorly quantified and addressed in many DGVMs and land surface models
(Crous et al., 2022). Some models have attempted to incorporate temporal
acclimation using empirical functions and parameters (e.g., the rate of thermal
acclimation, Butler et al.,, 2021; Haverd et al., 2018), which, in turn, introduces
additional uncertainties (Smith & Dukes, 2013). Consequently, further efforts are
necessary to comprehensively quantify the temporal acclimation of traits in response
to environmental changes to improve the accuracy of simulations on carbon balance
and community assembly.

Furthermore, the carbon balance estimation by the model (Chapter 2) might be
uncertain due to the lack of consideration for nutrient limitation on the growth of
biocrusts. For instance, nitrogen is crucial for net primary production as it is a key
component of proteins necessary for the production of chlorophyll and many
enzymes (e.g., Rubisco), which are critical for photosynthesis (Shehawy & Kleiner,
2001; Vitousek & Howarth, 1991). Hence, the nitrogen shortage, notably prevalent in
tropical regions (LeBauer & Treseder, 2008), can inhibit the carbon balance of

individual NVV organisms as well as ecosystem productivity.
4.1.2 Biotic filtering

Among biotic filtering processes, competition has been shown by numerous studies
to have a critical impact on shaping the community structure and multi-dimensional
trait space (Bittebiere et al., 2019; Keddy 1989; Kunstler et al., 2012). However, the
role of competition is less studied for non-vascular vegetation. We found that the
functional composition of lichen and moss communities in temperate regions are
likely to be shaped by weak rather than strong competition (Chapter 3), aligning
partly with the study by During & Tooren (1987), which suggests that competition
may be less essential for bryophyte communities in a Dutch forest. However, | expect

that competition may play a different role in other climate zones, as studies have
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found substantial impacts of competition on non-vascular community composition in
semi-arid regions (Maestre et al., 2008; Soliveres & Eldridge, 2020); and competition
tends to be strongly asymmetric but does not lead to competitive exclusions in boreal
regions (Malson & Rydin, 2009).

In addition to competition that was explored in my study (Chapter 3), facilitative
interaction is also commonly recognized as an essential plant community assembly
process (Brooker et al., 2008). Two different non-vascular organisms can exhibit a
symbiotic and mutualistic relationship. For example, lichens growing on mosses
might exhibit enhanced photosynthetic production due to the elevated CO.
concentration beneath moss-associated lichen thalli and slower desiccation, leading
to prolonged periods of optimal net photosynthesis (Colesie et al.,, 2012).
Furthermore, mosses can be colonized by cyanobacteria to form a moss-
cyanobacteria association. In this association, cyanobacteria receive protection,
carbon, and a suitable habitat from the mosses, while in return, they contribute to
enhancing the growth of the mosses by fixing and supplying nitrogen, thereby
enhancing nutrient availability (Rousk, 2022). In these cases, the cyanobacteria-
associated mosses and moss-associated lichens are thus more likely to survive in
the community than the free-living mosses and lichens. However, the mutualistic
moss-cyanobacteria symbiosis may shift to a parasitic relationship, as abiotic
conditions change (e.g., limiting nitrogen becomes more abundant; Neuhauser &
Fargione, 2004; Rousk, 2022). Furthermore, the facilitative interaction between NVV
species can shift to competition, depending on the environmental conditions (Maestre
et al., 2010). Several studies found empirical evidence to support the conceptual
model known as the stress gradient hypothesis (SGH). The SGH presumes that
facilitation usually dominates biotic interactions in stressful conditions, while
competition increases as the environment becomes more favorable (e.g., Li et al.,
2013; Sun et al., 2021). Nevertheless, the validity of the SGH has been found to
depend on the type of abiotic stress, spatial scale, and the studied community
(Maestre et al.,, 2009, 2010). For instance, the transition from competition to
facilitation along a water stress gradient was not confirmed between bryophyte
colonies by Spitale (2009), but was observed between biological soil crusts-forming

lichens at fine spatial scales (Maestre et al., 2009).
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Biotic interactions can be linked with functional traits through, for example, the
competitive ability of species (Kraft, Godoy, et al., 2015; Kunstler et al., 2012). For
instance, growth height and lateral growth rate are two critical traits that influence the
ability of species to capture light and space for growth and thus fitness (Chapter 3).
However, although the competitive advantage is well correlated with single trait
(Kraft, Godoy, et al., 2015), my study suggests that using a single trait to represent
the competitive ability of species should be done with caution as no single-trait
competition scheme could consistently explain the observed functional composition
of the studied non-vascular communities (Chapter 3; Fig. 3.4). Furthermore,
facilitative interactions may also be related to functional traits, such as the nitrogen
use efficiency of moss-cyanobacteria association, which might be quantified by the
energy cost for nitrogen fixation or the ratio of nitrogen supply to fixation. This trait
determines the extent of gain on both sides of the facilitation, and thus plays a crucial
role in determining their primary production and the assembly of the community.
Therefore, trait-based approaches (e.g., LiBry model) are appropriate for quantifying
the contribution of biotic interactions within NVV communities to community

assembly.
4.2 Stochastic processes in NVV community assembly

In addition to environmental and biotic filters as deterministic processes, coexistence
theories propose that stochastic processes (e.g., demographic drift, dispersal) act
simultaneously with deterministic processes to shape the community structure
(Hubbell, 2001; Vellend, 2010). For instance, dispersal limitation can constrain the
establishment and expansion of NVV, even though they are well adapted to
environmental conditions and produce high net growth (carbon balance). Therefore,
dispersal limitation increases the randomness in community assembly and the
resulting community structure (Munoz & Huneman, 2016). Furthermore, the priority
effect is also a stochastic process that may affect the assembly of communities
during species colonization, such as during recovery following a disturbance
(Fukami, 2015; Fukami et al., 2010). After disturbance, the random arrival sequence
can result in diverse successional trajectories for the community, since species
arriving earlier may change environmental conditions and resources that impact the

establishment of species arriving later.
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The relative importance of deterministic and stochastic processes in community
assembly varies with the studied habitats. Dispersal processes, for instance, play a
crucial role in the assembly of savanna tree communities (van der Plas et al., 2015)
but contribute less to shaping the tropical tree community structure in defaunated
forests, where seed dispersal depends on large-bodied vertebrates (Hazelwood et
al., 2020). Furthermore, the relative importance of species filtering and dispersal
limitation in microbial communities in maize fields differs across latitudes (Jiao et al.,
2020). In the case of NVV, stochastic processes dominate boreal bryophytes
community assembly after fire disturbance (Fenton & Bergeron, 2013). However, the
importance of stochastic processes relative to deterministic processes may fluctuate
across spatial scales. Environmental filtering, for instance, tends to dominate in
bryophyte communities at fine scales, whereas stochastic processes are more
prominent at broad spatial scale (Monteiro et al., 2023). Therefore, the inclusion of
stochastic processes in LiBry model is warranted for future studies to enhance the
simulation of NVV community structure.

The relative importance of deterministic and stochastic processes can be analyzed
by assessing the trait distribution patterns within the community (Gross et al., 2021;
Monteiro et al., 2023), which is commonly quantified by using a variety of metrics
such as trait variance, kurtosis, functional dispersion etc. (Aiba et al., 2013; Cornwell
& Ackerly, 2009). Convergence of traits is expected when the trait combinations are
selected and constrained by environmental filtering and competitive exclusion, based
on competitive hierarchy (Chapter 3). Conversely, a random trait distribution from the
potential range is expected when stochastic processes play a dominant role.
However, this framework encounters challenges when the traits are not closely
associated with environmental filtering and biotic interaction, such as respiratory Q1o
value (Fig. 4.2). The trait distributions do not demonstrate clear convergence or
divergence, posing difficulties in drawing conclusions based on the comparison of the

simulated trait distribution to a random distribution.

128



Almeria Goessenheim | | Hochtor

W | \| | lud il

Linde Oeland South_Africa

0.204

Normalized number

200 25 30 15 20 25 30 15 20 25 30
Q10

Figure 4.2: Frequency distribution of respiratory Qo values for six study sites with different
climatic conditions. The trait distributions were generated based on the selection of climatic
factors and competition in LiBry model on surviving strategies with specific Q1 values. The
survival is selected from 1000 randomly generated values with uniform probabilities between 1.5
and 3.0.

4.3 Implications for interpreting global diversity pattern

The global diversity pattern has always been a heated subject over the years in the
field of ecological geography. The latitudinal diversity gradient (LDG) along which
species richness increases from the poles towards the tropics is one of the most
noticeable patterns, which has been widely recognized across diverse taxa including
most vascular plants (Hillebrand, 2004). Nevertheless, this general global pattern
seems not to be applicable to NVV such as mosses (Geffert et al., 2013). The
general mechanisms driving these observed differences, however, are largely
unknown.

A range of hypotheses have examined the drivers of this global diversity pattern (e.g.,
Currie et al., 2004; Mittelbach et al., 2007). A fundamental hypothesis is the tolerant
hypothesis, which suggests that species assemblages are composed of a variety of
functional strategies, each characterized by a combination of different physiological
and morphological traits that enable their adaptation to environmental constraints
(Bruelheide et al.,, 2018; Currie et al.,, 2004). In favourable climates, species
assemblages can support a greater variety of trait combinations. In contrast, in more

stressful climates, the potential trait space is constrained. Thereby, the difference in
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LDG between NVV and vascular plants may be due to their different responses to
community assembly drivers that shape the functional diversity and composition.
Nevertheless, the specific community assembly drivers that shape the functional
structure across spatial scales and contribute to the difference in LDG are poorly
understood.

The insights acquired from studying key drivers of NVV community assemblages at
local sites could provide hints to elucidate the different global diversity patterns. More
specifically, the different patterns might be attributed to different microclimatic drivers
of NVV (i.e., light and water), as well as to their different biochemical and
ecophysiological trade-offs, which may lead to contrasting adaptations to the
environment. For example, NVV possesses a functional trade-off between CO,
diffusivity and metabolic activity that links to water saturation, inhibiting their growth in
humid tropics. Thereby, adequate water input promotes the full activity of organisms,
but it restricts the diffusion of CO, for photosynthesis, consequently limiting the
growth of NVV organisms. However, vascular plants that lack this trade-off can
maintain both high activity and CO. diffusivity by regulating stomata in humid regions.
Therefore, having a better understanding of the community assembly of NVV and the
functional diversity pattern can provide new insights into the mechanisms leading to
this different global species richness pattern of NVV compared to vascular plants,

and predict the change of richness pattern under climate change.
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Figure 4.3: The global mean functional richness of non-vascular vegetation in grassland, forest

floor, forest stem and canopy, simulated by the LiBry model.

| thus propose four hypotheses (H1-H4) to account for the observed variations in
latitudinal diversity patterns:

H1: the different diversity pattern might result from the shading effect of the dense
forest canopy in tropical lowlands, on NVV that usually grow in the tree canopy or
understory. The lower light input would inhibit the photosynthetic productivity and
fitness of NVV in the tropical lowland, consequently leading to a decrease in the
diversity. However, the shading effect is less pronounced in boreal and temperate
forests compared to tropical lowlands, as the forests in these regions are typically
less dense.

H2: the different diversity pattern might stem from the unfavorable conditions of
frequent wet-dry cycles during night and daytime for NVV in tropical lowland. NVV
might become metabolically active, engaging in respiration and losing carbon, during
the wet night, while it tends to become inactive during the warm and dry daytime
because of high evapotranspiration.

H3: the different diversity pattern may be attributed to the typical trade-off between
CO. diffusivity and metabolic activity of NVV, which is regulated by the water status.
The high water input and low CO, diffusivity of NVV in tropical lowland may contribute
to a low photosynthesis rate while vascular plants are well-adapted due to stomata
regulation.

H4: the different diversity pattern may be due to lower temperatures of boreal and
tundra regions compared to the tropical lowlands. These lower temperatures can be
beneficial for the net productivity for NVV, coupled with the unique ability of NVV to
remain inactive under freezing conditions, enhancing their survival in boreal and
tundra regions. In contrast, vascular plants may be under water stress due to the lack
of water input into the frozen soil surface during such conditions.

These hypotheses can be tested by conducting several sensitivity analyses of LiBry
model that simulates the global functional diversity of NVV (the simulated distribution
pattern of the number of surviving functional strategies by LiBry model is showed in
Fig. 4.3). Completely testing and illustrating these four hypotheses in the model

requires a substantial amount of effort, exceeding the scope of the current thesis.
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Consequently, due to time constraints, this extensive implementation has not been

included in the present study.

This study aims to explain the different global diversity pattern of NVV from the
perspective of ecophysiological mechanisms and its regulation on community
assembly at local scale. | have not considered the effects of stochastic ecological
processes (e.g., limited dispersal and establishment rates of propagules especially in
fragmented landscapes) on the assembly of NVV communities and the diversity
pattern. Furthermore, the diversity pattern of vegetation may also be affected by
geological and evolutionary processes at regional and continent scale (Antonelli et
al., 2015; Moura et al., 2016). For instance, geographic isolation makes populations
less connected and promotes extinction (Ouborg, 1993) and speciation over time
(Kisel & Barraclough, 2010). High speciation and low extinction rates in an area with
relatively stable climates such as humid tropical forests allow for a high number of
species (Mittelbach et al., 2007). Climatic historical processes also have legacies in
current plant distributions and biodiversity (Eiserhardt et al., 2015; Svenning et al.,
2015).

4.4 Research perspectives in climate change impact

Climate change involves global warming that is particularly rapid in tundra regions
(Bjorkman et al., 2018), elevated atmospheric CO. concentration, nitrogen
deposition, and altered precipitation patterns etc. (IPCC 2021). Moreover, the climatic
variability has notably intensified in recent times, leading to frequent occurrences of
extreme events such as droughts and flooding (IPCC 2021). Climate change,
profoundly driven by anthropogenic activities (Abbass et al., 2022), is changing the
whole earth system and yielding remarkable global and local consequences on
ecosystems worldwide, such as biodiversity loss, species distribution shift and
altered biogeochemical cycles (Diaz et al., 2019; Maaroufi & De Long, 2020;
Weiskopf et al., 2020). Despite overwhelming evidence revealing substantial impacts
of climate change on non-vascular communities globally (see Porada et al., 2023),
there is still a need for a deeper understanding of the mechanisms underlying the
interplay between nonvascular communities and climate change. This knowledge is

crucial to elucidate and predict how climate change affects community composition,
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diversity, and ecosystem functions provided by NVV both now and in the future.
Knowledge of community assembly processes can provide new insights, as climate
change may act as environmental filters, directly affecting the fithess of individual
NVV organisms, or indirectly affecting communities via impacting community-level

interactions.
4.4.1 Direct impact of climate change

Climate change affects the fitness of individual NVV organisms and thereby the NVV
communities by altering their responses to varied climates. The results from Chapter
2 provide insights into the impacts of several climatic factors on the individual lichen-
and moss-dominated biocrusts across various climate zones by assessing the
direction and magnitude of change in their annual carbon balance with the varied
climatic factor. Nevertheless, it is important to note the limitations of this study in
implying the impacts of climate change, as changes in these climatic factors are often
coupled, which results in complex consequences. For example, the impact of
elevated CO, concentration may be offset by decreasing levels of relative humidity,

and the effects of combined climatic variables are non-additive (Baldauf et al., 2021).
Atmospheric CO; concentration

My study supports a substantial positive impact of the elevated atmospheric CO;
concentration on the carbon balance (CO; fertilization) of biocrusts growing in all
climatic zones (Fig. 2.6), but the magnitude of this CO. fertilization effect may vary
under resource-limited conditions (e.g., nitrogen; Reich et al., 2006). While this CO.
fertilization impact on vascular plants has been extensively investigated through
experiments and models (e.g., Ainsworth & Long, 2005; Kolby Smith et al., 2016;
Matthews, 2007; Terrer et al., 2019), it may be uncertain for NVV particularly under
climate change scenarios in which multiple climatic factors interact. For instance,
when elevated CO, concentrations and more frequent droughts are expected to
occur simultaneously, the effect of elevated CO. concentrations may play a reduced
role in the net productivity of NVV. This is attributed to longer periods of inactivity of
NVV caused by frequent droughts, and consequently eliminates the effect of the

improved CO: level.
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Global warming

Experimental warming showed a substantial impact on the cover and diversity of
lichen and moss communities (Ladron de Guevara et al., 2018; Maestre et al., 2015).
However, the impact direction of warming on moss cover was observed to be
inconsistent in drylands: a shift from late successional stage (moss) to early stage
(cyanobacteria) and thus a decline in moss cover was observed with experimental
warming in Colorado Plateau (Ferrenberg et al., 2015), whereas other studies
conducted in drylands (Escolar et al., 2012; Ladron de Guevara et al., 2018) reported
a slight increase in moss cover. Furthermore, warming may also hinder the recovery
and succession of mosses after precipitation disturbance (Phillips et al., 2022), which
has large consequences on the NVV community structure.

My study suggested a large negative impact of warming on the carbon balance of
biocrusts in all climatic zones (Fig. 2.6). On the one hand, the effect of warming on
NVV depends on the physiological characteristics of the organisms (i.e., optimum
temperature for net photosynthesis). The typically low optimum temperature of
organisms in alpine regions may account for the notably negative effect of increased
temperature on these organisms (Fig. 2.6). Nevertheless, my study neglected the
acclimation process of the physiology of NVV, which has been confirmed for various
lichen and bryophyte species (Colesie et al., 2018; Hurtado et al., 2020; Lange &
Green, 2005; Minami et al., 2005) and has large impact on the annual carbon
balance (Fig. 2.8). The respiration rate of lichens, for example, acclimated to
seasonal varied temperature (Lange & Green, 2005) while an increased freezing
tolerance of bryophyte species was observed when exposed to lower temperature
(Minami et al., 2005). However, the thermal acclimation is highly uncertain for NVV
species as a species-specific acclimation process of net photosynthesis in lichens
was observed (Colesie et al., 2018). This leads to uncertainty regarding the extent to
which warming impacts the carbon balance and, consequently, the community
structure of NVV.

On the other hand, the effect of warming is usually associated with a decreased
humidity in many regions, attributed to higher evapotranspiration rates under
warming conditions (Cook et al., 2014; Dai, 2011). For instance, warming reduced

lichen cover, while the isolated impact of warming, distinct from the associated
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decreased humidity, increased the lichen cover (Baldauf et al., 2021). The reduced
humidity may reduce the water status of organisms, which largely affects the
productivity of NVVs by altering the trade-off between CO; diffusivity and metabolic
activity (Lange et al., 1994, 1996).

In addition to mean annual temperature, the diurnal temperature pattern might play
an essential role in shaping the NVV communities. This could be attributed to the fact
that temperature during the dark night affects the dark respiration rate, which directly
influences carbon loss and, consequently, community assembly. The mean diurnal
temperature range, for instance, has been identified as an essential factor impacting

the composition of lichenised fungi and their global distribution (Liu et al., 2021).
Precipitation

Precipitation patterns, frequently altered due to climate change, was also identified
as an important factor for the distribution of lichenised fungi (Liu et al., 2021). This
finding aligns with other studies that highlight the crucial role of precipitation timing
and seasonality in shaping the biocrust community diversity and composition (e.g.,
Bowker et al., 2016; Coe et al., 2012). The increased summertime precipitation
frequency, for instance, leads to a shift from moss to cyanobacteria-dominated
biocrusts (Zelikova et al., 2012). The variation in annual precipitation patterns
between the two drylands in my study (D1 and D2) could potentially explain the
contrasting impacts of decreased precipitation amount on the carbon balance of
biocrusts in these areas (Fig. 2.6): the annual carbon balance decreases at site D1

while increases at site D2.
4.4.2 Indirect impact of climate change

In addition to the direct impact of climate change on NVV communities through
affecting the productivity and growth of individual NVV organisms, climate change
may also influence the NVV community by altering interactions within NVV as well as
between NVV and vascular plants. NVV have higher tolerance to harsh
environments, including drought, extreme heat, and freezing temperatures,
compared to vascular plants. This indicates that in such challenging environments,
vascular plants are less competitive for resources than NVV. Thereby, NVV tend to

be more abundant in harsh climate conditions (Asplund et al., 2022). However, there
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is a vital “tipping point” beyond which NVV cannot adapt and eventually die. For
instance, NVV may die during prolonged drought periods, as they may expend
energy on protective measures against desiccation damage (Hu et al., 2016; Oliver
et al., 2000). Additionally, slow and incomplete recovery upon rehydration after
prolonged desiccation may cause substantial carbon loss and thus mortality as well
(Proctor, 2001). Moreover, the interactions between NVV species also depend on
climate change: varied climatic factors may shift the position of NVV organisms along
the continuum of competitive and facilitative interactions between NVV species
(Maestre et al., 2010), and consequently affect the community composition and
diversity.

Despite many studies that have shown how climate change has a substantial impact
on NVV community composition and diversity, the extent to which climate change
affects ecosystem functioning remains largely unknown. Hence, further investigations
are warranted to understand the role of climate change in influencing functional
community structure (e.g., trait distribution), directly related to ecosystem functioning.
My study in Chapter 2 hints at how changes in various climatic factors affect NVV
carbon balance and communities, but not functional trait distribution; Chapter 3,
examines the effects of competition on the distribution of functional traits, yet lacks a
relationship with different climatic conditions. Variation in traits were observed in
response to different climatic factors. For example, the traits related to water uptake
of lichen communities were found to change along aridity gradients in Mediterranean
drylands (Matos et al., 2015). However, the underlying mechanisms require further
research. The mechanistic process-based model LiBry, simulating the dynamics of
functional strategies (trait combinations) in response to climatic factors, can provide
possibilities to quantify and predict trait distribution as well as functional diversity of
NVV communities in the climate change scenarios.

However, several uncertainties persist in the model, including the absence of key
processes related to community assembly, such as dispersal limitation. Additionally,
the model does not consider nutrient limitation on carbon assimilation, trait
acclimation to varied climates, and the feedback of community change to climate,
primarily due to limited knowledge. The shifted trait distribution of NVV communities

can regulate the climate largely. For example, the biocrusts can strongly alter the
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land-surface energy balance via decreasing soil surface albedo (Xiao & Bowker,
2020); the community weighted mean value of maximum water content increased
under conditions of more light exposure (Gauslaa & Coxson, 2011), which may exert
an increased evaporative cooling effect due to more water supply for

evapotranspiration, and thus have impact on the climate in return.
4.5 Final remarks

In conclusion, my research aims to provide systematic and quantitative insights into
the community assembly processes of non-vascular vegetation, with a particular
focus on environmental filtering and competition. The study presented in Chapter 2 is
one of the first to explore the relative importance of climatic factors in community
assembly via impacting the carbon balance of NVV across various climatic zones.
Moreover, the carbon balance of NVV under certain environmental conditions can be
largely regulated by respiration-related physiological parameters, which may
acclimate rapidly in different seasons (Lange & Green, 2005) and usually neglected
in process-based models. Therefore, interpreting seasonal acclimation of traits in the
model is essential to improve the simulations on community assembly for the future.
The study presented in Chapter 3 is also one of the few studies to investigate the
impact of competition on the assembly of nonvascular communities, with a particular
focus on the functional composition. This study can be improved and extended by
relating competition to a high-dimensional trait space and applying these insights to
other ecosystems in diverse climatic zones.

Still, the community assembly of NVV is mostly studied using empirical approaches,
making it challenging to uncover underlying mechanisms. The mechanistic process-
based model LiBry applied in my research can explicitly simulate assembly
processes based on biochemical and ecophysiological processes. Although there are
still conceptual uncertainties in the model, and further development of other key
community assembly processes is essential, such as dispersal limitation, all findings
in the research are reliable. As a result, the research findings improve our
mechanistic understanding of the nonvascular community assembly at local scale.
The acquired knowledge of community assembly processes offers great potential for
explaining the global diversity pattern of NVV and predicting its changes under

climate change through the application of the model at a global scale.
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Summary

Non-vascular vegetation, such as mosses, lichens and biological soil crusts, are
widely distributed across the globe, providing essential ecosystem functions in
various regions worldwide. Therefore, understanding the community assembly
processes of non-vascular vegetation and their impact on shaping community
structure are important. Environmental filtering and competition are two fundamental
processes driving community assembly. However, the relative importance of different
climatic factors and the role of competition in non-vascular community assembly are
largely unknown. Hence, this thesis focuses on quantifying their roles in driving non-
vascular community assembly using a process-based model, with critical implications
for understanding the global diversity pattern and responses to climate change. Four
chapters are included in this thesis: Chapter 1 presents a general introduction to the
topic, Chapter 2 and Chapter 3 are two manuscripts as the main part to the topic,
Chapter 4 is a general discussion, which discussed the findings of the main chapters
(2 and 3) and explores their implications for future investigations into the
mechanisms underlying the global diversity pattern and the impacts of climate
change on the structure of non-vascular communities.

Chapter 2 investigates the relative importance of climatic factors and physiological
parameters in the carbon balance of biocrusts across different climatic regions using
a mechanistic data-driven model. The results indicate that all examined climatic
factors play a crucial role, with CO, concentration and air temperature being of
primary importance in all climatic zones. Additionally, respiration-related physiological
parameters have a substantial effect on the annual carbon balance of biocrusts.
Nevertheless, the relative importance of the climatic factors varies across different
climatic zones. This study suggests that the uncertainties introduced by these most
important factors, together with the missing seasonal acclimation of physiological
traits, may result in unrealistic simulated carbon balance values of biocrusts in humid
regions, which may lead to biases in predicted community assemblages.

Chapter 3 disentangles the roles of environmental filtering and competition in driving
the community composition in terms of trait distributions based on a process-based
model incorporating a trait-based competition process and a field transplantation

experiment. The results show that environmental filtering plays a critical role, while
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weak competition rather than strong drives the functional community assembly.
Furthermore, this study suggests caution when associating competition with a single
trait while analyzing the community functional assembly, as no single-trait competition
scheme consistently explains the observed trait distributions of non-vascular
communities.

My works show that environmental filtering can play an important role in the
community assembly of non-vascular vegetation by strongly affecting their carbon
balance. Additionally, their carbon balance is largely regulated by respiration-related
physiological parameters. However, the relative importance of various climatic factors
is different across climatic zones, with important implications for understanding the
impacts of climate change. Besides, environmental filtering might be more important
than competition in nonvascular community assembly under temperate climatic
conditions. In conclusion, this thesis applies a process-based model to elucidate the
community assembly of non-vascular vegetation by examining not only their
biochemical and physiological responses to climatic factors, but also the ecological
process (i.e., competition), thereby enhancing the understanding of the assembly

processes of non-vascular communities.
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Zusammenfassung

Non-vaskulare Vegetation wie Moose, Flechten und biologische Bodenkrusten sind
weltweit verbreitet und leisten in verschiedenen Regionen der Welt wichtige 6kologis-
che Funktionen. Daher ist es wichtig, die Prozesse zu verstehen, welche die
Gemeinschaftsbildung von nicht-vaskularen Pflanzen beeinflussen. Zwei grundle-
gende Prozesse, die die Gemeinschaftsbildung beeinflussen, sind Umweltfilter und
Konkurrenz. Allerdings ist die relative Bedeutung verschiedener klimatischer Fak-
toren und die Rolle der Konkurrenz bei der Gemeinschaftsbildung von nicht-
vaskularen Pflanzen weitestgehend unbekannt. Daher konzentriert sich diese Disser-
tation darauf, den Einfluss dieser Faktoren auf die Gemeinschaftsbildung von nicht-
vaskularen Pflanzen mithilfe eines prozessbasierten Modells zu quantifizieren, was
ein zentraler Bestandteil fir das Verstandnis des globalen Diversitatsmusters und
dessen Reaktionen auf den Klimawandel darstellt. Die Dissertation umfasst vier
Kapitel: Kapitel 1 stellt eine allgemeine Einfihrung in das Thema dar, Kapitel 2 und
Kapitel 3 sind zwei Manuskripte, die den Hauptteil des Themas bilden, Kapitel 4
diskutiert die Ergebnisse der Hauptkapitel (2 und 3) und beleuchtet ihre Bedeutung
fur zuklnftige Studien, die sich mit den bestimmenden Mechanismen von globalen
Diversitatsmustern befassen und die Auswirkungen des Klimawandels auf die Struk-
tur von nicht-vaskularen Gemeinschaften untersuchen.

In Kapitel 2 wird die relative Bedeutung von klimatischen Faktoren und physiologis-
chen Parametern im Kohlenstoffhaushalt von Biokrusten in verschiedenen klimatis-
chen Regionen mithilfe eines mechanistischen datengesteuerten Modells untersucht.
Die Ergebnisse zeigen, dass alle untersuchten klimatischen Faktoren dabei eine
entscheidende Rolle spielen, wobei die CO2-Konzentration und die Umgebungstem-
peratur in allen klimatischen Zonen von vorrangiger Bedeutung sind. Zudem haben
respirationsbezogene physiologische Parameter einen signifikanten Einfluss auf den
jahrlichen Kohlenstoffhaushalt der Biokrusten. Die relative Bedeutung der klimatis-
chen Faktoren variiert jedoch zwischen den verschiedenen klimatischen Zonen.
Diese Studie deutet darauf hin, dass in Folge der faktoriellen Unsicherheiten zusam-
men mit der fehlenden saisonalen Anpassung physiologischer Merkmale es zu unre-

alistisch simulierten Kohlenstoffbilanzen von Biokrusten in feuchten Regionen kom-
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men koénnte, was wiederum zu einer Verzerrung bei den vorhergesagten Gemein-
schaften fuhren konnte.

In Kapitel 3 wird die Rolle von Umweltfiltern und Konkurrenz auf die Zusammenset-
zung der Artgemeinschaft in Bezug auf die Merkmalsverteilung anhand eines
prozessbasierten Modells, das einen auf Merkmalen basierenden Konkurren-
zprozess beinhaltet, und eines Feldverpflanzungsexperiment entschllsselt. Diese
Studie zeigt, dass Umweltfilter eine entscheidende Rolle spielen, wahrend schwache
Konkurrenz anstelle von starker die funktionale Gemeinschaftszusammensetzung
vorantreibt. Dartber hinaus mahnt diese Studie zur Vorsicht, wenn man bei der Ana-
lyse der funktionalen Zusammensetzung von Gemeinschaften die Konkurrenz mit nur
einem einzigen Merkmal in Verbindung bringt, da kein einziges dieser Merkmale die
beobachteten Merkmalsverteilungen von nicht-vaskularen Gemeinschaften alleinste-
hend konsistent erklart.

Meine Arbeiten zeigen, dass Umweltfilter eine wichtige Rolle bei der Gemeinschaft-
szusammensetzung von nicht-vaskularen Pflanzen spielen, indem sie ihren Kohlen-
stoffhaushalt stark beeinflussen. Zusatzlich wird ihr Kohlenstoffhaushalt weitestge-
hend von respirationsbezogenen physiologischen Parametern reguliert. Die relative
Bedeutung verschiedener klimatischer Faktoren variiert jedoch in verschiedenen Kili-
matischen Zonen, was wichtige Auswirkungen auf das Verstandnis der Folgen des
Klimawandels hat. AulRerdem konnten Umweltfilter unter gemaRigten klimatischen
Bedingungen wichtiger sein als die Konkurrenz bei der Gemeinschaftszusammenset-
zung nicht-vaskularer Pflanzen. Zusammenfassend verwendet diese Dissertation ein
prozessbasiertes Modell, um die Gemeinschaftszusammensetzung nicht-vaskularer
Pflanzen zu erklaren. Dabei wird nicht nur ihre biochemischen und physiologischen
Reaktionen auf klimatische Faktoren untersucht, sondern auch der 6kologische
Prozess der Konkurrenz. Auf diese Weise wird das Verstandnis der Zusammenset-

zungsprozesse nicht-vaskularer Gemeinschaften vertieft.
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