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Abstract. Biocrusts are a worldwide phenomenon, contribut-
ing substantially to ecosystem functioning. Their growth and
survival depend on multiple environmental factors, including
climatic ones, and the relations of these factors to physio-
logical processes. Responses of biocrusts to individual envi-
ronmental factors have been examined in a large number of
field and laboratory experiments. These observational data,
however, have rarely been assembled into a comprehensive,
consistent framework that allows quantitative exploration of
the roles of multiple environmental factors and physiologi-
cal properties for the performance of biocrusts, in particular
across climatic regions. Here we used a data-driven mecha-
nistic modelling 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 examined the
role of seasonal acclimation of physiological properties using
our framework, since the effects of this process on the carbon
balance of biocrusts are poorly constrained so far. We found
substantial effects of air temperature, CO2 concentration, and
physiological parameters that are related to respiration on
biocrust carbon balance, which differ, however, in their pat-
terns across regions. The ambient CO2 concentration is the

most important factor for biocrusts from drylands, while air
temperature has the strongest impact at alpine and temper-
ate sites. Metabolic respiration cost plays a more important
role than optimum temperature for gross photosynthesis at
the alpine site; this is not the case, however, in drylands and
temperate regions. Moreover, we estimated a small annual
carbon gain of 1.5 gm−2 yr−1 by lichen-dominated biocrust
and 1.9 gm−2 yr−1 by moss-dominated biocrust at a dryland
site, while the biocrusts lost a large amount of carbon at
some of the temperate sites (e.g.−92.1 for lichen-dominated
and −74.7 gm−2 yr−1 for moss-dominated biocrust). These
strongly negative values contradict the observed survival of
the organisms at the sites and may be caused by the uncer-
tainty in environmental conditions and physiological param-
eters, which we assessed in a sensitivity analysis. Another
potential explanation for this result may be the lack of ac-
climation in the modelling approach, since the carbon bal-
ance can increase substantially when testing for seasonally
varying parameters in the sensitivity analysis. We conclude
that the uncertainties in air temperature, CO2 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
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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 het-
erotrophic microorganisms form biological soil crusts
(biocrusts), which occur in various environments across the
globe and provide a wide range of important ecosystem func-
tions, such as build-up of soil organic carbon and nutrients
(Belnap et al., 2016; Chamizo et al., 2012; Dümig 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 methodolog-
ical approaches (e.g. Ladrón de Guevara et al., 2018; Lange
et al., 2006; Porada et al., 2019). An established measure
to quantify the growth of biocrusts is their long-term car-
bon 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 importance
of C balance, an increasing number of studies have investi-
gated the long-term C balance of individual non-vascular or-
ganisms as well as biocrust communities and their environ-
mental drivers. An annual carbon budget of 21.49 gCm−2

based on measured field data was reported in the study
by Lange (2003b) on the crustose lichen Lecanora muralis
growing on a rock surface in a temperate climate of south-
ern Germany. Furthermore, Büdel et al. (2018) estimated an
annual C balance of 1.7 gCm−2 based on measurements on
cyanobacteria-dominated biocrust in an Australian dry sa-
vannah ecosystem. Several other studies obtained long-term,
large-scale values of the C balance by scaling up short-term,
local measurements of CO2 exchange rate under natural field
conditions (Lange et al., 1994; Zotz et al., 2003). For an esti-
mation 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 so-
lution (Elbert et al., 2012). However, there are some draw-
backs to these approaches for acquiring a C balance at both
organism and community scale. First, the measurement of
the long-term continuous CO2 exchange rate of an individ-
ual organism or biocrust community has technical limitations
and is highly time- and resource-consuming. Second, upscal-
ing via extrapolation may result in bias in annual C-balance
estimation if the length and the frequency of sampling can-
not capture the full variability of CO2 exchange through-
out the year (Bader et al., 2010). Moreover, using empirical
approaches alone, it is difficult to understand the underly-
ing mechanisms of how climatic conditions affect individual

physiological processes 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
approaches are thus subject to large uncertainty when used
for projections of C balance 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 fac-
tors such as water supply, temperature, radiation, and CO2
concentration and the complex relations of these factors to
physiological processes such as photosynthesis and respira-
tion. While the highest values of productivity under field con-
ditions are achieved when the environmental factors are in
the range that is optimal for the specific biocrust, it has been
found that biocrusts are also able to achieve metabolic activ-
ity and, thus, potential productivity under sub-optimal con-
ditions of temperature and light (Colesie et al., 2016; Raggio
et al., 2017, 2014). It is largely unknown, however, which
relative importance each of these environmental factors and
physiological parameters has for the long-term C balance
of biocrusts under natural field conditions and if the impor-
tance of factors and parameters shows a spatial and temporal
pattern. In addition, seasonal acclimation of photosynthetic
and respiratory properties of species to intra-annually vary-
ing 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 and physiological pa-
rameters. One of the few experimental studies investigat-
ing biocrust acclimation potential to changing temperatures
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 estimates of the annual C balance of
biocrusts and (b) to address the knowledge gaps concerning
the relative importance of different environmental factors and
physiological parameters for the C balance in contrasting cli-
mates, thereby accounting for the role of seasonal acclima-
tion. The advantage of this modelling 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 sen-
sitivity analyses regarding physiological parameters and in-
dividual 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
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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 climati-
cally 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 surface temperature, relative wa-
ter saturation, and the activity of the biocrust, which are all
simulated in a coupled way via the surface energy balance as
a function of climate input data. Photosynthesis additionally
depends on ambient CO2 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 simulated to
measured surface temperature patterns. Then, we parame-
terized the physiological properties of the organisms using
measured relationships between net photosynthesis and light
intensity, water content, and temperature. Finally, we vali-
dated the model with regard to the water content or activity
patterns of biocrusts and compared the modelled CO2 assim-
ilation rate to measured values. The datasets 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 precipitation 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 Gössenheim
(Germany), Öland (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 conducted at all sites were follow-
ing a similar protocol, which allows comparing the simula-
tion results among sites. The necessary empirical data for
C-balance estimation regarding climatic conditions, species
physiological characteristics, and status, especially in terms
of moisture such as water content or activity, have been mon-
itored in a relatively small number of experiments, so far, and
the six study sites are chosen here to provide a good opportu-
nity to utilize these data for an extended modelling approach.
In this context, activity measurements are more suitable than
soil moisture records since they are direct, non-invasive, and

do not show deviations in the temporal patterns at high reso-
lution, 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 (Büdel 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 (Büdel et
al., 2014; Diez et al., 2019). Site A1 is 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 dyr−1 (Büdel et
al., 2014). More detailed site descriptions are provided 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 datasets of
the data-driven model include photosynthetically active radi-
ation (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 available at http://www.biota-africa.org, last
access: 12 June 2023 and by B. Weber, unpublished data;
Raggio et al., 2017; M. Veste, unpublished data), except for
long-wave radiation and snowfall, which were taken from the
ERA5 dataset (https://www.ecmwf.int/en/forecasts/datasets/
reanalysis-datasets/era5, last access: 8 October 2020). Al-
though directly measured surface temperature data are avail-
able 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 not only require surface
temperature but also depend on water saturation of biocrusts
(affecting activity). However, we do not have water satura-
tion data available at most sites. Therefore, we instead sim-
ulate the dynamic water saturation of biocrusts based on cli-
mate, via processes such as evaporation, rainfall, and dew.
The calculation of evaporation and dew automatically in-
cludes the computation of a surface temperature that emerges
from solving the surface energy balance, thereby including
down-welling long-wave radiation. Since the simulated sur-
face temperature that is connected to simulated water satura-
tion slightly deviates from the observed surface temperature
(see Figs. 1 and S1 in the Supplement), we do not directly
use the observed surface temperature as input in the mod-
elling approach, to avoid inconsistencies. Then all these mi-
croclimate data were aggregated to data with hourly temporal
resolution.
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Table 1. Properties of the study sites and data which are available (+ sign) for calibration and validation of the data-driven model.

Site Almeria,
Spain

Soebatsfontein,
South Africa

Gössenheim,
Bavaria,
Germany

Öland,
Sweden

Linde,
Brandenburg,
Germany

Hochtor,
Austria

Code D1 D2 T1 T2 T3 A1
Climate Arid Arid Temperate Temperate Temperate Alpine
Measured annual rainfall [mm] 110 141 424 441 449 744
Dominant species at the site Psora decipiens,

Didymodon
rigidulus

Psora decipiens,
Psora crenata,
Ceratodon
purpureus,
Collema
coccophorum

Psora decipiens,
Trichostomun
crispulum

Psora decipiens,
Tortella tortuosa

Cladonia
furcata,
Polytrichum
piliferum

Psora decipiens,
Tortella rigens

Data for
calibration

Laboratory CO2
exchange
response curves

Light, water,
temperature

Light, water,
temperature

Light, water,
temperature

Light, water,
temperature

Light,
temperature

Light, water,
temperature

Surface
temperature

+ + + + + +

Data for Water content – + – – – –
validation Activity + – + + + +

CO2 exchange
on site

– + – – – –

References Raggio et al.,
2018

Tamm et al.,
2018; Weber et
al., 2012

Raggio et al.,
2018

Raggio et al.,
2018

Veste,
unpublished
data; Diez et al.,
2019

Raggio et al.,
2018

2.2.2 Dynamic biocrust variables

Besides the surface temperature, biocrust activity was either
monitored directly (binary: active or not active) using a con-
tinuous chlorophyll fluorescence monitoring system (Raggio
et al., 2014, 2017) or indirectly via the electrical conduc-
tivity of the substrate (BWP, Umweltanalytische Produkte
GmbH, Cottbus, Germany; Weber et al., 2016; M. Veste, un-
published data). For site D2, the biocrust water content was
calculated instead of activity based on electrical conductivity.
Due to snow covering the measuring instruments, the data of
site A1 only cover the time from August to October. Sam-
ples from both lichen- and moss-dominated biocrusts were
measured at all sites, except for site T3 where four BWPs
were mostly located in moss-dominated biocrusts. At site
D2, additionally, cyanolichen- and cyanobacteria-dominated
biocrusts were monitored. The measured surface tempera-
ture, water content, and activity data at all sites were then
aggregated to data with a temporal resolution of 1 h.

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 simulation of the energy and water balance. The
activity of the organisms was then approximated via the em-
pirical equations describing the link between water saturation
and metabolic activity (see Porada et al., 2013). Furthermore,
ambient CO2 concentration was assumed to be constant at
400 ppm. The CO2 concentration at the soil surface may be
higher than 400 ppm due to the flux of respired CO2 from

the soil. Since our study sites are on open ground, we do not
assume substantial accumulation of CO2 in the near-surface
boundary layer. We discuss the effect of uncertainties in CO2
concentration below in Sect. 4.2.

For validation of C balance, we used data of the on-site
CO2 exchange rate of different biocrust types (lichen-, moss-
, and 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 4 to 8 November at site D2 (Tamm et al.,
2018). For the other sites, additional field measurements of
CO2 exchange were not available.

2.2.3 Photosynthesis response and water storage

For all sites, CO2 exchange measurements under controlled
conditions in the laboratory or in the field (site T3) were con-
ducted using a mobile gas exchange system GFS-3000 (Walz
GmbH, Effeltrich, Germany) with an infrared-gas analyser to
explore the physiological characteristics of samples of dif-
ferent biocrust types (same as those measured for valida-
tion; 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 reactiva-
tion for at least 2 d (D2) or 3 d (T1, T2, D1, A1). At T1, T2,
A1, and D1, for instance, samples were kept at 12 ◦C un-
der 12 h dark and 12 h light (100 µmolm−2 s−1) conditions
for 3 d and wetted once a day. Net photosynthesis was mea-
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Figure 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. Panels (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.

sured at different ranges of light intensity, water content, and
temperature. Light response curves, for instance, were de-
termined at optimum water saturation and 15 ◦C; water re-
sponse curves were measured at 400 µmolm−2 s−1 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 mea-
suring 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 Hamburg, Germany (Cladonia
portentosa and Polytrichum formosum, Petersen et al., 2023).
MWC was acquired since it is one of the essential parameters
of the model to convert the specific water content in millime-
tre to relative water saturation required by the model used
here.

2.3 Parameterization of the data-driven model

2.3.1 Abiotic surface properties

Several abiotic parameters of the data-driven model describ-
ing 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 sen-
sors in four locations.

The set of parameters that corresponded to minimum dif-
ferences between simulated and measured values (visual as-

sessment) was used in the data-driven model. The calibra-
tion results of surface temperature and the photosynthesis
response curves at site T2 are shown in Figs. 1 and 2, re-
spectively. The results of dominant species at other sites are
shown in Figs. S1 and S2 in the Supplement.

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 temperature dur-
ing cold seasons was underestimated, and at site D1 the peak
temperature within a day in hot seasons was underestimated
(Fig. S1). The peak in surface temperature occurred too early
by around 1–2 h at sites D1, A1, T1, and T2, but the mag-
nitude of the peak corresponded well to the measured data
(Figs. 1 and S1). Therefore, in general, the fitting of the sur-
face temperature patterns was satisfactory. The mismatches
may result from the measured climate variables such as PAR
or air temperature at 2 m being inconsistent with the mea-
sured surface temperature (detailed descriptions are in Sup-
plement) and bias in the calibrated soil properties such as soil
thermal conductivity, since it may affect the surface temper-
ature difference between morning and evening. A sensitivity
analysis of soil thermal conductivity to C balance is shown
in the Supplement.

2.3.2 Biocrust physiological properties

Furthermore, several parameters required by the Farquhar
photosynthesis scheme and the respiration scheme were di-
rectly measured or calculated from gas exchange datasets,
such as MWC of the thallus, optimum water content, the op-
timum temperature for gross photosynthesis, metabolic res-
piration cost, and the Q10 value of respiration. Since the am-
bient temperature range that was applied in the laboratory
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Figure 2. Calibration of photosynthesis parameters of the model by fitting photosynthesis response 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 at 15 ◦C. (b)
Net photosynthesis rate in response to temperature, at 1200 µmolm−2 s−1 light, and at optimal water content. (c) Net photosynthesis rate in
response to relative water saturation, at 400 µmolm−2 s−1 light, and at 15 ◦C.

for samples from all sites except D2 was too small to cap-
ture the optimum temperature of photosynthesis reliably, we
approximated the optimum temperature from the measured
dataset as the average surface temperature during active pe-
riods. In addition, the optimum temperature was also con-
strained by fitting the Farquhar equations to photosynthesis
curves, as related to environmental factors light, water con-
tent, and temperature. Such fitting method was also used to
obtain some other photosynthesis-related parameters of or-
ganisms, 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).

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,
we fitted the curves to the average values of all replicates.
The calibration results showed that, visually and overall, the
photosynthetic curves could be parameterized to fit the mea-
surements well (Figs. 2 and S2 in the Supplement), given
that different samples were used for measuring responses to
different driving factors and considering the methodological
differences between light and water response curve measure-
ments. However, the water responses were least well fitted,
especially at high water contents. The measured net photo-
synthesis response rate was negative in some cases at high
water saturation, but it is not possible to reproduce this nega-
tive net photosynthesis rates with our adapted Farquhar pho-
tosynthetic model for the light and CO2 conditions of the lab-
oratory setup. Under these conditions, gross photosynthesis
is larger than respiration, and thus CO2 is required to diffuse
from the atmosphere into the thallus, not out of it. Even under
low diffusivity, caused by high water saturation, there will be
no net diffusion of CO2 from the thallus into the ambient air,
assuming that inward and outward flows of CO2 share the

same pathway and that diffusion of CO2 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 temperature response
of net photosynthesis to the measured data under cool condi-
tions turned out to be difficult for samples from site T1 and
A1 (Fig. S2). There were too few data points in the measured
temperature response dataset to constrain the optimum tem-
perature and temperature relation (see Fig. 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. (2014) for this
site (see Fig. S2).

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 bal-
ance estimated by the data-driven model was validated by
comparison to the in situ measured net CO2 exchange rate of
moss-, lichen-, and cyanocrust-dominated biocrusts. These
data were sampled at site D2 by removing the soil respira-
tion rate, predicted by means of a fitted regression (Weber
et al., 2012). Since data on water saturation were available,
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, how-
ever, 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.
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2.5 Sensitivity analysis

To investigate the role of environmental factors, physiolog-
ical properties, and also seasonal acclimation for the sim-
ulated 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 environ-
mental conditions and the uncertainty associated with the
physiological properties that were used to parameterize the
model. We additionally explore the impact of seasonally ac-
climatized 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 CO2
concentration (CO2), and different types of water sources,
play in regulating the C balance of biocrusts, sensitivity anal-
yses were conducted for lichen-dominated biocrusts from all
study sites. The different types of water sources include rain-
fall (Rain) and non-rainfall water inputs such as dew and
water vapour, which are determined by relative air humid-
ity (R_hum). All the environmental 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 exceeded this
range.

The annual C balance for each modified environmental
factor was then normalized following Eq. (1) and normalized
again among different environmental factors within each cli-
matic zone for comparing the relative importance of environ-
mental factors:

Normalized C balance=
Cij −Cj

|Cj |
, (1)

where Cij is the C balance of factor j under operation i, and
Cj is the original C balance 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 normalized C-balance
number demonstrates a larger effect of this environmental
factor compared to a factor with a smaller value.

2.5.2 Effect of physiological parameters

The sensitivity analysis of physiological parameters was con-
ducted for lichen-dominated biocrust at all study sites. The
original parameter values were obtained by calibration to
measured net photosynthesis response curves. We then var-
ied the values of the following physiological parameters by a
consistent range for all sites: metabolic respiration cost per
surface area (Resp_main), Q10 value of respiration (q10),
the optimum temperature for gross photosynthesis (Topt),

respiration cost of RuBisCO enzyme (Rub_ratio), light ab-
sorption fraction in cells (ExtL), minimum saturation for
activation (Sat_act0), and minimum saturation for full ac-
tivation (Sat_act1). Specifically, we increased or decreased
Resp_main, ExtL, q10, and 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 temper-
ature. These ranges of different parameters were determined
based on the observed bounds of the photosynthetic response
curves of all replicates (see calibration results with varied
parameters at all sites in Figs. S5–S10 in the Supplement),
which have large deviations between each other at most sites,
as shown in Figs. 2 and S2. The effects of the varied physi-
ological parameters on the C balance were then normalized
using the same normalization method as for the environmen-
tal 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 in-
vestigate the impact of seasonally acclimatized physiologi-
cal properties on the C balance. We analysed the lichen- and
moss-dominated biocrusts at site T1 as an example because
the measured time series of activity showed that, in temperate
sites such as T1, the organisms 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 parame-
ters fixed throughout the simulation period of the data-driven
model, the physiological parameters of 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 the summer months. These new, “dy-
namic” parameters were applied 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 acclimate to seasonal
changes in temperature (Lange and Green, 2005). Moreover,
under low light, organisms showed shade-adapted physiolog-
ical characteristics with low PAR compensation and satura-
tion points (LCP and LSP; Green and Lange, 1991). 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 mod-
ified via the parameter jvratio, as it influences the value of
light use efficiency at unsaturated light.

Accordingly, in an hourly simulation during Septem-
ber and December, January, and February, the parameter
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Figure 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 measured data by four sensors at different locations. Panels (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.

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 rela-
tions. In addition, the parameter jvratio was doubled 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 simulat-
ing many different functional strategies and selecting those
which maintain a positive C balance under the respective cli-
matic conditions. The strategies are characterized by a com-
bination 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 forcing data of 1 year from the six
study sites, calibrated abiotic parameters same as the data-
driven model, and initially generated 1000 strategies. C bal-
ance and dynamics 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 simula-
tion, the average values of functional traits were estimated
by weighting all surviving strategies based on their relative
cover. The (hypothetical) strategy characterized by these av-
erage 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 re-
spective photosynthesis response curves. This comparison
can verify the C balance estimated by the data-driven model
from a reversed perspective, as the LiBry model is based on
the same processes as the data-driven model, but the strate-
gies were freely selected by the LiBry model based on their
C balance, without prescribing values based on site level ob-
servations.

3 Results

3.1 Data-driven model

3.1.1 Validation of the data-driven model

In general, the simulated daily and diurnal patterns of activ-
ity (water content at site D2) fit the measurements reasonably
well in magnitude (Figs. 3 and S3 in the Supplement). How-
ever, 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 activity during April and June at site T1 were un-
derestimated. Furthermore, water content was overestimated
for moss-dominated biocrust, especially when there was a
large amount of water input at D2, although the patterns cor-
responded well to the measured data for all three biocrust
types (Fig. S3). This overestimation may have resulted from
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the bias in measured MWC of samples used for constraining
the water content in the model.

The comparison of simulated and on-site measured CO2
exchange rates of three biocrust types (moss, lichen, and
cyanocrust, composed of cyanolichens and cyanobacteria) at
site D2 showed mismatches, especially when water satura-
tion was at both ends of the gradient (Fig. 4). The CO2 ex-
change rate at high water content was overestimated com-
pared to the measurements. Moreover, there were large varia-
tions in measurements of respiration and CO2 exchange rate,
as water content was low, and thus the simulated CO2 ex-
change 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 improved (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.

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 bal-
ance 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.

Furthermore, according to these data-driven model sim-
ulations, despite the C balance 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, according to the data-driven model, the biocrusts
would not survive in the long term at most of the temper-
ate 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 temperate site T2
(Fig. 5; the results for the other sites with negative C balance
are shown in Fig. S4 in the Supplement). Specifically, the se-
lected physiological traits which determine water and light
acquisition of the dominant and average strategies in LiBry
differed from those of the collected samples at all sites. Com-
pared 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.

3.3 Driving factors of variation of the C balance

3.3.1 Environmental factors

The environmental factors of light intensity, CO2 concentra-
tion, air temperature, and various water sources had different
effects on the C balance of lichens in different climate zones
(Fig. 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 tem-
perate site T3 in contrast to the other two temperate sites,
and at site D2 compared to D1 (Fig. 6a). This may be due to
physiological differences of the investigated biocrust species
between these sites and, consequently, variations in the re-
sponses of net photosynthesis rate to temperature, water, and
light between them (Figs. 2 and S2).

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. 6b).

In general, air temperature and CO2 concentration were
the most important drivers for C balance of biocrust organ-
isms between climate zones. Light intensity and relative hu-
midity 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 bal-
ance was similar to other factors (Fig. 6a). Therefore, rainfall
amount showed a maximum in relative importance in dry-
lands compared to other regions. In general, the effect of the
other water source, relative air humidity, was moderate but
notable at all climate zones and was slightly larger in tem-
perate regions in comparison to other climate zones. Further-
more, 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 wa-
ter 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 humidity and 0.137 for rain-
fall).

The ambient CO2 concentration was an essential factor for
the C balance at all sites especially in drylands, resulting in
positive effects on C balance with increasing CO2. Further-
more, 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 nor-
malized 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 doubled light intensity). Air tempera-
ture had a large impact on C balance at all sites. Especially at
the alpine site A1, C balance decreased strongly as air tem-
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Figure 4. Validation of the photosynthesis and respiration scheme of the data-driven model through comparison of modelled and measured
CO2 exchange rate of moss (a), lichen (b), and cyanocrust (c) 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.

Table 2. Simulated annual carbon budgets of each biocrust type at all sites.

Lichen Moss Cyanocrust
gCm−2 yr−1 gCm−2 yr−1 gCm−2 yr−1

D1 (Almeria) 1.5 1.9
D2 (Soebatsfontein) −1.7 3.1 −8.3
T1 (Gössenheim) −42.8 −39.4
T2 (Öland) −92.1 −74.7
T3 (Linde) 9.4 18.7
A1 (Hochtor) −17.9 −6.8

perature raised by 5 K (normalized C balance of −0.735),
and at all sites, the direction of the effect remained constant,
namely, warming decreased the C balance and vice versa.

3.3.2 Physiological parameters

We found that physiology plays an important role in all re-
gions. In particular, the respiration-related parameters such
as q10, Resp_main, and Topt have a notably higher impact
on C-balance estimation (Fig. 7). Furthermore, the relative
importance of several physiological parameters showed sim-
ilar patterns across climatic zones: in all regions, q10 is the
most essential parameter, and Sat_act0 and Sat_act1 play lit-
tle roles in affecting C balance. Other parameters showed
slightly different patterns among regions. Metabolic respi-
ration cost (Resp_main), for instance, plays a more impor-
tant 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. 7b).

However, even though physiology parameters play an im-
portant role in all regions, the C balance at T1, T2, and A1
did not become positive when the physiological parameters

were varied reasonably, that is, the parameters were varied
to relatively cover the deviation of response curves of repli-
cates. Furthermore, the change in C-balance value is much
smaller in drylands compared to other regions (as shown in
Fig. S11 in the Supplement).

3.3.3 Acclimation of physiological properties

The sensitivity analysis for acclimation showed a marked in-
crease in annual productivity of lichen- and moss-dominated
biocrusts at site T1 (Fig. 8) when the seasonal acclima-
tion of several physiological parameters was included in the
model (from −42.8 to −15.5 gCm−2 yr−1 and from −39.4
to −4.2 gCm−2 yr−1).

4 Discussion

4.1 Simulated C balance of the data-driven model

The data-driven model aims to provide observation-based es-
timates of the carbon fluxes of non-vascular photoautotrophs,
which may serve as an approximation for the C balance
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Figure 5. Comparison of net photosynthesis response of measured samples with simulated selected dominant and average strategies of
LiBry at site T2. (a) Light response curve; (b) temperature response curve; and (c) water response relation. The coloured points represent
the measured CO2 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.

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 gCm−2 yr−1 at site D1 and D2, respectively, and lichens
accumulated 1.5 g C m−2 yr−1 at site D1.

The estimated C balance at the two dryland sites is con-
sistent with the magnitude of the annual C balance of differ-
ent biocrust types reported by various studies in arid habi-
tats. 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 gCm−2 yr−1. Brostoff et al.
(2005) estimated a larger carbon gain by lichen biocrust of
11.7 gCm−2 yr−1 in the Mojave Desert, USA. For cyanobac-
teria, an annual carbon uptake of 0.02 to 2.3 gCm−2 was re-
ported for deserts (Jeffries et al., 1993). The estimated C-
balance 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 a rock surface without soil
attached underneath in a temperate grassland, Lange (2003b)
measured an annual carbon gain of 21.49 gCm−2. Addi-
tionally, several studies estimated the carbon budget in hu-
mid tundra habitats. An amount of ∼ 12–70 gCm−2 yr−1 of
carbon was fixed by moss-dominated biocrust, for instance
(Schuur et al., 2007). The magnitude of these values corre-
sponds to the estimation of the C balance at T3. However, the
estimated annual carbon losses of 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 dominant abundance in the field and is
much lower than published by previous studies.

The mismatches of trait values between strategies pre-
dicted via selection by the LiBry model for the sites and
the collected species with regard to their net photosynthe-
sis response curves indicate that the physiological parame-
ter values that would be necessary to maintain a positive C
balance in LiBry are not compatible with those of the sam-
pled 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 processes as LiBry. This
also applies to the lack of seasonal acclimation in both mod-
elling approaches, since the strategies in LiBry are assumed
to have constant functional properties throughout the simula-
tion.

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 similar gas ex-
change methodology has been used for all sites; differences
in the simulated C balance among these regions likely result
from variation in the species-specific interactions between
climate and physiological processes, including seasonal vari-
ation in physiological properties due to acclimation.

As the results (Fig. 6) show, CO2 concentration is an es-
sential factor for the annual C balance of biocrusts, especially
at dryland and some temperate sites. Therefore, uncertainty
in the CO2 value prescribed in the model may be a source of
error. The CO2 concentration at the surface boundary might
exceed the value of 400 ppm that was prescribed in the model
because of CO2 diffusion from the soil, which may lead to an
underestimated C balance (Fig. 6a). However, with enhanced
CO2 concentration in the sensitivity analysis (600 ppm) at
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Figure 6. (a) The effects of environmental factors – CO2 concentration (CO2), relative air humidity (R_hum), rainfall amount (Rain), air
temperature (T_air), and light intensity (Light) – on the annual 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 environmental conditions. The
coloured columns indicate the average value of the normalized C balance 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 environmental factors
and that more carbon was accumulated in a year at the site, and vice versa. A larger 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 relative importance implies a more important effect
that the factor has on the C balance compared to other factors in the given climatic region, and vice versa.

site T1, for instance, the estimated C balance increased only
slightly and is still strongly negative (−37.0 gCm−2 yr−1 for
lichen and −30.2 g Cm−2 yr−1 for moss). Hence, the lower
CO2 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 Figs. 2
and S2). An overestimation of dark respiration rates of the
photoautotrophs in the biocrust may result from including
a small amount of heterotrophic respiration. The overesti-
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Figure 7. (a) The effects of physiological parameters – metabolic respiration cost per surface area (Resp_main), Q10 value of respiration
(q10), the optimum temperature for gross photosynthesis (Topt), respiration cost of RuBisCO enzyme (Rub_ratio), light absorption fraction
in cells (ExtL), minimum saturation for activation (Sat_act0), and minimum saturation for full activation (Sat_act1) – on the annual C balance
of lichen-dominated biocrusts in different climate regions. 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 balance 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
similar climate conditions. Various styles of black points indicate different sites. (b) Relative importance of each physiological parameter
compared to other parameters across the climatic regions. Larger relative importance implies a more important effect that the parameter has
on the C balance compared to other parameters in the given climatic region, and vice versa.

mated respiration rate then leads to an overestimation of
the parameter of metabolic respiration cost per surface area
(Resp_main) and might also cause an underestimated Q10
value (q10) calculated from the respiration rates. The uncer-
tainties of these two parameters reduce the estimated C bal-
ance largely (Fig. 7). Additionally, the optimum temperature

(Topt), which is also the reference temperature for calculat-
ing the respiration rate, cannot be well constrained by the
limited measured temperature response dataset. Thus, Topt
may be underestimated. The larger difference in surface tem-
perature to Topt results in a larger respiration rate, and lower
gross photosynthesis, which leads to a lower C balance.
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Figure 8. Comparison of accumulated annual C balance between
two simulations in the sensitivity analysis of seasonal acclimation
of physiological properties. In the simulation “fixed parameters”, all
parameters that have been calibrated or measured remained constant
throughout the simulation year. For the simulation “dynamic param-
eters” at site T1, parameter metabolic respiration cost per surface
area (Resp_main) was reduced by half, light absorption fraction in
cells (ExtL) was doubled but restricted to one, and the ratio of Jmax
to Vcmax (jvratio) was increased by 2 times from September to
February to adapt to the winter climates. For the other months, the
“fixed” values were used.

Although the uncertainty in individual physiological pa-
rameters may not lead to the markedly negative C-balance es-
timates, as indicated by still negative values upon variation of
these parameters (Fig. S11), additive effects of all parameters
combined with long-term unfavourable environmental con-
ditions 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 respi-
ration rate leads to a lower carbon gain during the relatively
optimal conditions, which may not be sufficient to compen-
sate for exaggerated C losses under long-term harsh condi-
tions, such as autumn and winter at site T1, for instance. For
this reason, the simulated C balance of mosses and lichens in
temperate humid regions was mostly negative.

In addition to the uncertainty in the values of physiolog-
ical parameters, seasonal acclimation of these physiological
traits to the current climatic conditions may play an impor-
tant role in regulating the C balance at humid sites where
the organisms are active throughout the year, such as site T1
(Fig. 8). It was observed, for instance, that the respiration of
lichens shows acclimation to seasonal changes in tempera-
ture, and the maximum CO2 exchange rate of the organisms
remains steady throughout the year (Lange and Green, 2005).
Gauslaa et al. (2006) found a higher chlorophyll a/b ratio in
forest lichens with increasing light. Moreover, depression in
quantum efficiency in summer under extremely dry condi-
tions has been observed (Vivas et al., 2017). These varied
physiological properties of organisms within a year may re-
sult in different photosynthesis and respiration rates and thus

different C balances in comparison 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 modelling approach may be the
lack of separate responses of respiration and photosynthesis
to metabolic activity. Both photosynthetic activity and res-
piration reach their maximum in the model once the water
saturation reaches the optimum value for net photosynthe-
sis (Wopt_np). In some cases, however, respiration rate may
reach the maximum value only at a higher saturation than
Wopt_np (Lange, 1980), indicating that the model may over-
estimate respiration in the long term.

In comparison with 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 statement
about whether or not the model predicts an accurate C bal-
ance in drylands, since the measured climate data and pho-
tosynthesis response curves that were used for calibrating
land surface properties and various physiological parame-
ters 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 seasonality. Additionally, variation in light
conditions is slightly more relevant for the simulated C bal-
ance than variation in moisture (see Fig. 6) because the or-
ganisms 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 climates
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 es-
timated a smaller absolute change in annual C balance in dry-
lands with varied physiological parameters in the sensitivity
analysis (for instance, the C balance of lichens changed by
34.6 gCm−2 yr−1 for parameter Topt at T1, while it changed
only by 1.5 gCm−2 yr−1 at D1).

Furthermore, the estimated C balance may be inaccurate
due to the potential bias in estimated relative water satu-
ration, which partly depends on prescribed MWC obtained
by measurements. However, the outcome of the sensitivity
analysis of MWC at T1 revealed that the annual carbon es-
timation is robust to the uncertainties with regard to the pre-
scribed MWC (details in the Supplement). Another factor
that potentially 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 an-
nual C balance based on multi-year climate data is worthy of
future study to understand the long-term C balance better.
Moreover, the estimated negative C balance of certain lichen
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and moss species may not be generalizable and representa-
tive of the overall situation in the field due to the large vari-
ation 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 re-
garding the dominant environmental factors and physiologi-
cal parameters controlling the C balance. Thereby, CO2 and
air temperature were the two most important environmen-
tal factors at all sites. Relative air humidity, partly precip-
itation, and light intensity were also relevant for the esti-
mation of the C balance. In terms of physiological parame-
ters, the respiration-related parameters were the most impor-
tant drivers, while parameters that affect Vcmax and thus the
light-independent CO2 assimilation rate were relevant, too.

The relative importance of these factors and parameters
varied slightly among climatic regions. Regarding the com-
parison between environmental factors, we cannot rule out
that the magnitudes of changes in environmental factors that
we applied in the sensitivity analysis were not balanced,
which may have led to an overestimation of the relative im-
portance of certain factors, such as air temperature, for in-
stance, 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
climatic 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 CO2 are likely to have the
largest effect on C balance in drylands. Even though the data-
driven model failed to estimate reasonable C balance at some
sites, the comparison of the relative importance of the envi-
ronmental factors across climatic regions may be valid, since
the measurement procedure is consistent. Moreover, the pat-
terns of relative importance remain similar when excluding
the sites with strongly negative C balance (T1, T2, and A1; as
shown in Fig. S12 in the Supplement). Nevertheless, we only
studied the sensitivity of the C balance of biocrusts domi-
nated by the lichen Psora decipiens and Cladonia furcata
(at T3), and there are variations between lichens of differ-
ent 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 tem-
perature (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; Ladrón 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 conditions
associated with warming. The simulated increasing respira-
tory costs with warming overcompensate gains in gross pho-
tosynthesis.

Ambient CO2 concentration affects the gross photosynthe-
sis rate to a large extent in the model. Although the intra-
annual change in air CO2 concentration may be small in the
field compared to other environmental factors, the increase
of CO2 in the atmosphere in recent decades (IPCC, 2021)
may alter the long-term C balance substantially. However,
this beneficial effect of elevated CO2 on photosynthesis and
C balance may be reduced in reality due to future limitation
of growth by nitrogen (Coe et al., 2012a), which is not con-
sidered 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 µmolm−2 s−1 at
T1 and 245 µmolm−2 s−1 at the alpine site). Hence, increas-
ing light intensity can promote carbon accumulation.

Factors that determine water supply are rainfall and non-
rainfall inputs, such as dew and water vapour, that are re-
lated to relative humidity. The relative importance of dif-
ferent moisture factors in mediating C balance varies in the
model. Relative humidity plays a more important role in me-
diating the C balance than rainfall amount. This may be due
to the timing of dew or water vapour uptake, which is great-
est before sunrise (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 bal-
ance in the model. Rainfall amount was not a key factor af-
fecting 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 water 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 saturation of biocrusts may facilitate photosynthetic
carbon gain via increasing the CO2 diffusivity from the atmo-
sphere into the chloroplast (Lange et al., 1997). Nevertheless,
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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 re-
sults thus highlight the need for the combined application of
field experiments and data-driven modelling to improve our
understanding of differential responses to variation in precip-
itation.

4.3.2 Physiological parameters

The parameter q10 is a key parameter that substantially af-
fects respiration. Resp_main is the dark respiration rate at
a reference temperature that is linked in the model to Vc-
max, the maximum rate of carboxylation of RuBisCO in the
Calvin Cycle of photosynthesis (Walker et al., 2014). Topt is
a parameter that controls gross photosynthesis as well as res-
piration, as it is also the reference temperature for calculating
respiration rates. Rub_ratio can affect Vcmax and hence the
maximum CO2 assimilation 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 saturation for initial activation and full metabolic activ-
ity. They have the smallest effects on the C balance of lichen-
dominated biocrusts at all sites.

Our modelling results give insight into the relative ef-
fects of individual physiological parameters on annual C bal-
ance across different climatic zones. However, the impacts of
physiology on biocrust C balance are complex, since they al-
ways arise from combinations of these physiological param-
eters. Thereby, different parameter combinations that corre-
spond to different relative impacts on the C balance may lead
to the same response curves. Hence, we cannot directly link
individual physiological parameters to the underlying mech-
anisms, since we do not have enough data to distinguish mul-
tiple 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
(Figs. 3 and S3) and C balance at D2 (shown in Fig. 4), given
the uncertainties in the data used to parameterize and evalu-
ate the model. This indicates that the data-driven model may
be a reliable tool for C-balance estimation, provided that a
sufficient number of suitable forcing data are available.

A potential explanation for the general underestimation
of activity at night and morning during several periods in a
year is the larger prescribed MWC and Sat_act0 of organ-
isms in the model compared to those of the samples from
the activity measurements. Consequently, simulated satura-

tion was lower, but minimal saturation for being active was
higher than the samples. Thus, the activity may have been
underestimated at small water inputs such as dew and water
vapour, which occur mainly during the night and in the morn-
ing hours (Fig. S13 in the Supplement). Moreover, underes-
timated activity in April and June at site T1 (Fig. S3 F(b))
may have resulted from a gap in rainfall measurements dur-
ing this period. Not only rainfall amount but also timing and
frequency of rainfall events are essential for the physiologi-
cal responses of biocrust communities (Belnap et al., 2004;
Coe et al., 2012b; Reed et al., 2012). Therefore, although
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 pre-
dict that the biocrusts remain inactive on these days.

Moreover, the mismatch between modelled and observed
CO2 assimilation rates at low or high water contents at site
D2 (Fig. 4) may have partly resulted from the calibration
procedure. In the calibration, the simulated CO2 exchange
rates were higher than measurements when the saturation ex-
ceeded the optimum saturation and hardly showed any neg-
ative values at high saturation (Fig. S2f). In turn, the simu-
lated CO2 exchange rates of biocrusts with an extremely low
water content were zero, while the measurements showed
negative values (see Fig. S2f), pointing at a certain 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 inaccuracies.

Additionally, the ability of the model to capture seasonal-
ity variations of C balance, which have been shown by other
studies (Büdel et al., 2018; Lange, 2003a; Zhao et al., 2016),
could not be evaluated here, since the monitoring of C bal-
ance in the field and collection of samples used for photo-
synthesis 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 vari-
ous 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 unrealistic ones at temperate sites with sub-
stantial seasonality. Uncertainties in environmental 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 physi-
ological parameters, such as water relations or parameters
solely related to Vcmax. CO2 and air temperature showed
the strongest effects among environmental factors, and at
the alpine site, the air temperature was most relevant. Com-
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pared to environmental factors, the relative impacts of phys-
iological parameters are rather equal across climate regions.
The optimum temperature may be slightly more relevant
in temperate regions, while metabolic 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 applica-
tion of C-balance modelling approaches.

Our study suggests that a better, more detailed understand-
ing of the seasonal variation of physiological traits is neces-
sary, as the more realistic estimations in drylands compared
to temperate sites could be due to the weaker climate season-
ality. The model needs to be calibrated with a larger num-
ber of samples collected and measured in various seasons to
take the acclimation of physiological properties into account.
Additionally, the integration of acclimation of physiological
traits in process-based models may improve their accuracy in
C-balance estimation.
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