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Abstract

Biocrusts are multifaceted communities including mosses, lichens, and cyanobacteria that are
crucial for sustaining soil functions in drylands. Most studies on biocrust functions to date have
focused on biocrust cover and development, largely in non-saline soils, and we know very little
about the importance of biocrust diversity for maintaining multifunctionality in saline dryland
soils. We assessed the direct and indirect linkages between biocrust richness, soil texture and
salinity and soil multifunctionality by measuring 13 variables characterizing soil biological,
nutrient and hydrological functions across 32 plots in a salinized dryland in northeastern Iran. We
assessed the species richness of biocrust patches and characterized soil functions in bare soils.
Overall, biocrust species richness declined with soil clay content and soil salinity, whereas soil
salinity increased with soil clay content. Structural equation modelling showed a strong positive
association between biocrust species richness and all measured dryland soil functions (soil
biological, nutrient and hydrological functions), but soil hydrological function declined with soil
salinity. Overall, dryland soil multifunctionality was positively associated with biocrust species
richness but negatively associated with soil clay content. Biocrust species richness likely enhances
soil multifunctionality via the distinct roles of species and biocrust functional groups in providing
carbon and nutrient inputs, creating favorable microsites, enhancing infiltration, and facilitating
soil microbial colonization in saline dryland soils. Overall, our findings highlight a key role for
biocrust diversity in facilitating and maintaining soil multifunctionality in drylands affected by

soil salinity.
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1. Introduction

Drylands cover approximately 40% of Earth’s terrestrial surface (Schimel, 2010; Pravilie, 2016)
and dryland soils contribute to numerous important ecosystem functions and services, including
climate and water regulation (Greiner et al., 2018; Ye et al., 2019), nutrient cycling and carbon
sequestration (Delgado-Baquerizo et al., 2017), and biodiversity (Kooch et al., 2021).
Unfortunately, dryland soils are particularly susceptible to degradation (Eldridge et al., 2020a),
which is concerning because drylands are being increasingly affected by multiple pressures.
Anthropogenic pressures such as overgrazing (Middleton, 2018) and climate changes (Pravalie et
al.,2019; Ye et al., 2019) reduce soil water availability, degrade biotic communities and exacerbate
soil erosion and salinity, resulting in declining productivity (Delgado-Baquerizo et al., 2013;
Delgado-Baquerizo et al., 2016; Vandandorj et al., 2017). Given the capacity of dryland soils to
supply multiple ecosystem services, conserving soil functions in these areas is necessary for
sustaining life on Earth (Mahmoudi et al., 2021). Soil multifunctionality is a powerful indicator
for assessing the impacts of disturbance and the success of restoration efforts in drylands and other
ecosystems globally (Read et al., 2016; Eldridge et al., 2020a). In drylands, soil surface attributes,
including biotic communities, could be particularly effective proxies of soil multifunctionality
because they respond rapidly to changes in climate and land-use, and influence numerous
important soil processes (Maestre et al., 2012; Eldridge et al., 2020a; Kooch et al., 2021).
Biological soil crusts, or biocrusts, on the soil surface are ecosystem engineers that have a
major influence on soil multifunctionality by mediating biogeochemical cycles, and yet they are
often overlooked in dryland ecosystems (Maestre et al., 2021). Biocrusts are multifaceted
communities of mosses, lichens, cyanobacteria and algae living in association with the first

centimeters of the topsoil (Belnap, 2006). In drylands, they are found in plant interspaces within



the spatial mosaic of vegetation patches and bare soil (Rodriguez-Caballero et al., 2018; Kakeh et
al., 2020). By forming a living skin on the soil surface, biocrusts modify the inputs, outputs and
transfer of material and energy between above- and belowground subsystems (Belnap et al., 2016;
Mallen-Cooper et al., 2020). Importantly, biocrusts regulate soil water content by controlling
infiltration, runoff, and evaporation, which in turn affects plant establishment and growth, soil
biological activity, and nutrient cycling (Rodriguez-Caballero et al., 2018). Consequently,
biocrusts are a major organizing component of drylands that alter many processes and support
critical soil functions such as nutrient availability and hydrology (Belnap et al., 2016). In recent
years, an increasing number of studies have demonstrated that biocrusts perform multiple
important functions in dryland ecosystems (Maestre et al., 2012; Delgado-Baquerizo et al., 2016;
Eldridge et al., 2020b; Raggio et al., 2021), which can be assessed with measurable functional
indicators (Eldridge et al., 2020a; Mallen-Cooper et al., 2020). Biocrusts contribute to erosion
resistance by influencing soil aggregate stability and soil shear strength (Belnap & Biidel, 2016),
regulate hydrology by influencing hydrophobicity and infiltration (Eldridge et al., 2020b; Kakeh
et al., 2021b), and contribute to nutrient availability by carbon and nitrogen fixation and soil
nutrient pools (Barger et al., 2016; Sancho et al., 2016). Biocrusts also contribute to overall dryland
productivity (Rossi et al., 2018) and soil microbial diversity and activity. Most of the soil functions
and processes supported by biocrusts are related to attributes such as cover and species richness or
composition (Liu et al., 2017; Chen et al., 2020; Eldridge et al., 2020a), and influenced by soil
surface properties such as salinity (Kakeh et al., 2021b).

Biocrust diversity has been recognized as the main driver of soil multifunctionality because
numerous soil processes and functions are strongly linked to biocrust diversity and cover (Bowker

et al., 2013). Biocrust species richness could be a better indicator of soil multifunctionality than



cover (Soliveres & Eldridge, 2020) because biocrust-forming mosses and lichens differ in their
influence on soil functions and some processes, such as nitrogen fixation, are highly species-
specific (Maestre et al., 2012; Delgado-Baquerizo et al., 2015; Liu et al., 2017). Biocrust diversity
is maintained by interactions among biocrust species and between biocrust organisms and soil
surface attributes (Sun & Li, 2021). Collectively, biocrust and soil surface attributes can therefore
be used to determine soil multifunctionality and one of the most important soil surface attributes
interacting with biocrusts in drylands is soil salinity. Salinity affects many of the soil functions
and processes that are facilitated by biocrusts, including erosion resistance (Daliakopoulos et al.,
2016), soil hydrology (Kakeh et al., 2021b), nutrient cycling (Wang et al., 2021), growth and
survival of vegetation (Jiang et al., 2018), and soil microbial diversity (Zhang et al., 2019). Given
that biocrusts regulate many of these important soil properties and processes, biocrusts could
mitigate the effects of salinity and maintain or improve soil functioning (Kakeh et al., 2021b).
Many drylands with saline soils are characterized by a mosaic comprising patches of biocrusts,
annual vascular plants, and bare highly saline soils (Chen et al., 2020). Patches with stable biocrust
cover could play an important role in maintaining soil multifunctionality and thus in mitigating the
overall impacts of soil salinity. Understanding the impact of biocrust diversity on the functioning
of saline soils has regional and global importance because salinization is a major issue in many
drylands worldwide (Hassani et al., 2021; Stavi et al., 2021). Soil salinization results from
increased evaporation and salt accumulation due to physical and chemical degradation (e.g. caused
by overgrazing; Bolo et al., 2019; Goldberg et al., 2021). Salinization reduces soil stability and
water infiltration, limits water availability and therefore creates strong stress conditions for dryland

organisms (Daliakopoulos et al., 2016). However, most studies of biocrust functioning have



focused on non-saline soils, and the relative influence of biocrust diversity and soil salinity on soil
multifunctionality represent a major knowledge gap in our understanding of dryland ecosystems.
Here, we assessed the role of biocrust richness for maintaining multifunctionality in saline
dryland soils by measuring soil surface properties and microbial activity in the arid Qara Qir
rangeland in Iran. We hypothesized that biocrust species richness would enhance dryland soil
multifunctionality by regulating crucial processes such as soil nutrient availability, biological
activity and hydrological cycles (Figure 1; Table 1). Thus, the main objectives of our study were
to: 1) to assess the direct and indirect pathways by which soil attributes (soil texture and salinity)
influence different soil functions and overall dryland soil multifunctionality; and 2) determine the
predictive power of biocrust species richness for explaining variation in different soil functions

and overall dryland soil multifunctionality.

2. Material and methods

2.1. Study area

The study was performed in the Qara Qir rangeland around the Alagol Lake, Golestan province,
Northern Iran (37°15' - 37°23" N and 54°33' - 54°39" E; Figure S1). The landscape is characterized
by a parabolic sand dune of Holocene age with a 3-5% slope, and an altitude of 15 to 47 m a.s.1.
The soils are derived from an overlying layer of loess deposits and are classified as Sodic
Haplogypsids (Baillie, 2001); they are deep (c. 3 m) and naturally saline (Moser, 2009), with a
loamy topsoil texture (Kakeh et al., 2020). The climate of the study area is arid, with a mean annual

precipitation of 273 mm, most of which falls in winter (January and February). The mean annual



temperature is 19.1°C and annual potential evaporation is 1700 mm (Iranian Meteorological

Organization, IRIMO).

The study area is a mosaic of bare saline soils and patches covered with biocrusts and
vascular vegetation, which is sparse as a result of historic and current overgrazing (Figure S1d).
Thus, vegetated patches consisting of biocrusts and some vascular plants are interspersed with bare
soil patches with high salinity. The vegetated patches are dominated by mosses (mean cover
67.3%), followed by lichens (20.1%) and vascular plants (12.6%, Table S1). The predominant
moss species at our study site were Tortula revolvens (Schimp.) G. Roth and Barbula trifaria
(Hedw.) Mitt., and the most abundant lichens was Diploschistes diacapsis (Ach.) Lumbsch. A

detailed list of vascular plant and biocrust species (lichens and mosses) is given in Table S1.

2.2. Soil sampling and measurement of soil functional indicators

To ensure representative sampling, we selected four random sites along a 5 Km-transect across the
study area (Figure S1c), with at least 500-m between sampling sites. The study therefore covered
a total area of c. 9800 ha that was broadly representative of regional climatic and soil conditions,
as well as vegetation and biocrust composition. Within each site, we established eight plots on
summit sand dune positions: four dominated by biocrusts and four bare soils (Table S1; Figure
S1d). Each plot measured 0.5 m? (0.62 m x 0.82 m), with min. 1 m between adjacent pairs of plots
to ensure spatial independence. Thus, we quantified soil functions in a total of 32 plots, 16 of
which were dominated by biocrusts and 16 were bare soil. Although biocrusts can influence some
soil functions (e.g. hydrological functions) throughout the surface horizons (Kakeh et al., 2021b)

their effect on other functions (e.g. nutrient and biological functions) occurs close to the soil



surface (Setia et al., 2013; Nevins et al., 2020). To evaluate the effect of biocrusts on soil
multifunctionality, all samples and measurements were made at 0-5-cm depth.

Soil hydrological attributes and soil properties to 0-5-cm depth were measured immediately
adjacent to the sampling plots in previous experiments in 2017-2018 (Kakeh et al., 2020; Kakeh
etal., 2021b). In brief, we used a pressurized rainfall simulator mounted 2 m above the soil surface
to apply 40 mm rainfall h™' during 90 min, after which we measured total runoff and calculated
runoff time, runoff volume, sediment yield and infiltration rates following Holden and Burt (2002).
Hydrological measurements were made seasonally and all three seasonal values were considered
for this study regardless of the measured time. Soil surface samples were collected from each plot
after hydrological measurements. To calculate biocrust species richness, we identified all mosses
and lichens in each plot to species level; biocrust richness was considered the total number of moss
and lichen species per plot. Although biocrust communities also include cyanobacteria, they are
usually associated with mosses and lichens, and were not assessed separately here. A list of the
dominant biocrust species and their diversity within plot is given in Table S1.

Soil properties at 0-5-cm depth were determined using standard methods. Soil physical
attributes were: soil clay content measured using the hydrometer method (Gee & Bauder, 1986),
bulk density determined by the clod method (Blake & Hartge, 1986), and soil porosity based on
bulk and particle density data (Pires et al., 2014). Soil nutrient contents were used as a proxy for
nutrient availability; we measured calcium carbonate content using the vacuum-gasometric
method (Jones & Kaiteris, 1983), electrical conductivity and pH based on a 1:5 soil:water solution
(Rhoades, 1982), water-soluble potassium and sodium using flame photometry (Rhoades, 1982),
calcium and magnesium using the EDTA volumetric method (Lanyon & Heald, 1982), chloride

and bicarbonate using silver nitrate titration and neutralization titration (Ryan, 2017), and we



calculated the sodium adsorption ratio based on water-soluble potassium, calcium and magnesium
(McGeorge, 1954). We further measured soil organic carbon using the Walkley-Black method
(Nelson & Sommers, 1996), total soil nitrogen using the Kjeldahl method (Bremner & Mulvaney,
1982), Olsen-extractable phosphorus (Pextr; Olsen & Sommers, 1982), and ammonium-acetate
extractable potassium (K+ extr; Knudsen et al., 1982). Soil hydrological measurements were:
gravimetric soil water content (6g; Topp, 1993), available water content (Dane & Hopmans, 1986),
and total infiltration and runoff measured using rainfall simulation (Holden & Burt, 2002). Finally,
we determined the following soil biological properties: microbial biomass carbon and microbial
biomass nitrogen using chloroform fumigation extraction (Vance et al., 1987), soil basal
respiration using static incubation (Anderson, 1983), the soil metabolic quotient (calculated
according to (Anderson & Domsch, 1990), and estimated microbial population size using the most
probable number method in nutrient broth medium (Alexander, 1965). We calculated soil stocks
of carbon, nitrogen, phosphorus and potassium at 0-5 cm depth using the measurements of soil
bulk density and clay content (Schrumpf et al., 2011). To calculate soil salinity, we averaged the
values for electrical conductivity, sodium, potassium, calcium + magnesium, chloride, and the
sodium adsorption ratio after standardizing each variable by Z-transformation (Kakeh et al.,

2021b).

2.3. Data analyses

Soil multifunctionality calculation

We measured dryland soil multifunctionality using 13 functional attributes, grouped into three sets

of four or five attributes representing soil biological function (microbial biomass carbon and



nitrogen, soil basal respiration, microbial population size and soil metabolic quotient), soil
hydrological function (gravimetric soil water content, available water content, infiltration and
runoff), and soil nutrient function (soil organic carbon stock, soil nitrogen stock, extractable
phosphorus stock and extractable potassium stock). We chose these functions because they are
widely used as indicators of overall ecosystem functioning in drylands (Vandandorj et al., 2017;
Chen et al., 2020; Li et al., 2020) and they are closely related to previously reported functional
roles of biocrusts (Dias et al., 2020; Eldridge et al., 2020a; Thomas et al., 2022). We standardized
each attribute individually using the Z-score transformation (Eq. 1) and then used each set of
attributes to calculate indices representing soil hydrological function (using four attributes),
nutrient function (using four attributes) and biological function (using five attributes), respectively;

we then calculated an index of overall soil multifunctionality using all 13 attributes:

F. — MeanF, (Equation 1)
Z —score, = —————
/ SDF;

Where Fj; is the value of a function 7 in the community j, and MeanF; and SDF; are the mean and

standard deviation of function F; (Le Bagousse-Pinguet et al., 2019).

Statistical analyses

We used independent samples t-tests to compare soil properties and functions between biocrust
plots and bare soils (Figure 2). We investigated the direct, indirect, and total contributions of soil
texture (clay content), salinity and biocrust species richness to variation in dryland soil functioning
using structural equation models (SEMs). We constructed separate models for soil
multifunctionality, and for soil hydrological (four attributes), biological (five attributes), and
nutrient (four attributes) functions (Figure 1; Table 1). The goodness of fit of each model was

assessed using a x? test and the associated p-value, the standardized root mean square residual



(SRMR), Bentler’s comparative fit index (CFI), and the goodness of fit index (GFI; Malaeb et al.,
2000). Prior to SEM analysis, all continuous explanatory variables were Z-score transformed to
make effect sizes comparable among the variables. To assess biocrust species richness, soil texture
and salinity as predictors of multifunctionality, we performed bivariate regression relationships
according to hypothesized paths (Figure 3). We also tested the Pearson’s correlation coefficients

to check pairwise relationships between variables (Figure S2).

All data were analysed in R 3.6.1 (R Development Core Team, 2019), using the multifunc
package (Byrnes, 2014) to calculate multifunctionality indices and the lavaan package (Rosseel,

2012) to construct and test SEMs.

3. Results

Most measured soil surface properties differed substantially between bare soil and soils with
biocrust cover. Overall, bare soils had 74.6% higher clay content and 2x greater salinity than soils
with biocrusts (Figure 2a,d). Runoff was also 1.3x higher in bare soils compared to soils with
biocrusts (Figure 2m). By contrast, soils covered with biocrusts had more favorable hydrological
properties (Figure 2 j-m), with 48.9% greater infiltration rates and 40.6% higher soil water content
than bare soils (Figure 2i,k). Biocrust soils also had higher values of most measured soil biological
properties, with 34.9% and 34.8% greater microbial biomass carbon and nitrogen, respectively,
and 40% higher basal respiration rates compared to bare soils (Figure 2e-g). Finally, soil nutrient
contents were also generally much higher under soils with biocrusts compared to bare soils (Figure

2n-q). Soil carbon and nitrogen stocks were 44.7% and 67.9 % higher, respectively (Figure 2n,0)



in biocrusted soils compared to bare soils, while soil phosphorus and potassium contents were
25.31% and 12.3% higher (Figure 2b,c) in bare soils compared to soils under biocrusts .

Linear regressions revealed that dryland soil multifunctionality declined with salinity but
increased significantly with biocrust richness (Figure 3a,b). Biocrust species richness explained
71% of the variation in biological functions (Figure 3c), 34% of the variation in hydrological
functions (Figure 3d) and 15% of the variation in nutrient functions (Figure 3e). Soil salinity
increased with clay content (Figure 3f) and consequently, biocrust species richness was lowest in
soils with high clay content (Figure 3g) and high soil salinity (Figure 3h). Biological and
hydrological soil functions declined moderately with increasing salinity but there was no
relationship between nutrient functions and soil salinity (Figure 31,j,k).

Consistent with the results of the linear regressions, our SEMs demonstrated that dryland
soil multifunctionality was strongly associated with biocrust richness (Figure 4a). The
relationships between different sets of soil functions and biocrust species richness were strongest
for soil biological functions, followed by hydrological and nutrient functions (Figure 4b). Soil
salinity was strongly related to clay content (Figure 4a) but the SEMs revealed no direct
relationship between soil salinity and biocrust species richness, and only hydrological soil
functions declined significantly with soil salinity (Figure 4b). Instead, biocrust species richness
declined substantially with increasing soil clay content (Figure 4a,b) and thus soil
multifunctionality was indirectly related to clay content via biocrust species richness (Table S2).
Our SEMs therefore indicate that soil clay content is a strong predictor of both salinity and biocrust
species richness, but that biocrust species richness is the most important predictor of soil

multifunctionality.



4. Discussion

Our study contributes to our understanding of dryland soil functioning by demonstrating that
biocrust species richness supports soil multifunctionality in saline soil. Whereas most previous
work has focused on biocrust cover or development, we show that key soil functions are strongly
associated with the species richness of biocrust communities. Importantly, biocrusts play a central
role in key processes in drylands that are otherwise facilitated by vascular plant cover, i.e., nutrient
inputs, the creation of favorable microsites, enhanced infiltration rates, retention of soil moisture,
and resources for soil microbial colonization, all of which can contribute to reduced dryland soil
salinity (Jiang et al., 2018; Kakeh et al., 2020; Sommer et al., 2020). Here, we discuss the potential
mechanisms by which biocrust species richness could influence soil biological, hydrological, and

nutrient functions.

4.1 Influence of biocrust richness on soil biological functions

The strong association between biocrust species richness and soil biological functions (Figure 4b)
demonstrates that biocrusts promote soil microbial communities and microbial biomass (Su et al.,
2021). Biocrust species richness can promote soil biological functions by facilitating soil microbial
colonization in salinized drylands in two ways: First, biocrusts facilitate nutrient cycling and soil
organic matter inputs (Barger et al., 2016; Duran et al., 2021) and consequently enhance soil
nutrient functions (Figure 4b). Second, biocrusts provide more favorable microsites by enhancing
infiltration, soil water content (soil hydrological functions), and reducing soil salinity compared to
adjacent saline bare soils (Kakeh et al., 2020; Sommer et al., 2021). Therefore, biocrusts indirectly
relieve water and nutrient limitations and salinity stress for soil microbes and their activities

(Delgado-Baquerizo et al., 2016). Previous work indicated that soil bacterial diversity and



microbial biomass were highest under well-developed biocrusts (Su et al., 2021). Our results add
to our understanding of biocrust functions in drylands by demonstrating the importance of biocrust
species richness for most of the biological variables we measured (Figure S3). The richness of
biocrust species likely plays a key role in enhancing biological functions because the quality and
quantity of resource inputs to the soil are species-specific. For example, the carbon inputs by
mosses and cyanobacteria to dryland soils differ depending on water availability (Zhang et al.,
2018), and cyanobacteria likely contribute most to soil nitrogen stocks. However, some of the
lichen species found at our study site (e.g. Collema tenax, Caloplaca tominii and Psora decipiens;
Kakeh et al., 2018) can also contribute to carbon inputs and nitrogen fixation (Delgado-Baquerizo
et al., 2015), which supplies energy and nutrients for heterotrophic microbes in the topsoil (Su et
al., 2021). Furthermore, soil respiration, enzyme activities and concentrations of nitrogen and
phosphorus were found to be higher in soils under late-successional lichen species such as
Diploschistes diacapsis (Miralles et al., 2012; Concostrina-Zubiri et al., 2013). By contrast, other
species (e.g. Fulgensia subbracteatacan, which also occurred at our study area) can have a
negative impact on the abundance of soil bacteria (Delgado-Baquerizo et al., 2015). Therefore, the
different metabolites produced by biocrust species could contribute to the formation of ecological
niches favorable to distinct soil microbial communities (Miralles et al., 2020).

Soil biological variables and functions declined with salinity (Figures 31 and S2) but our SEMs
demonstrated that this was largely because salinity was highest in soils with high clay content
(Figure 3f), and biocrust richness declined with increasing soil clay content (Figure 3g). Hence,
the apparent negative association between salinity and soil biological functions was largely a result
of declining biocrust richness on high-clay soils. Global models show lower soil carbon stocks in

saline soils due to the adverse effects of salinity on plant growth and microbial activity (Setia et



al., 2013), which is consistent with our findings that soil organic carbon and microbial biomass
where lower on bare saline soils than under biocrusts. Inconsistent results on the effects of soil
salinity on soil microbial function, biomass and activity among studies (Yuan et al., 2007; Rath et
al., 2017; Zhang et al., 2019) can be explained by the substantial impacts of water limitation and
low soil pH, which often accompany salinity in dryland soils, making it hard to determine the main
factor driving changes in microbial community composition, biomass and activity (Zhang et al.,
2019). Nonetheless, the effects of these multiple stressors on soil microbial communities can
produce negative feedbacks, in which soil organic matter decreases as microbial biomass and
activity declines, reducing aggregate stability and promoting further carbon loss through erosion
(Daliakopoulos et al., 2016; Zhang et al., 2019; Zhang et al., 2021). Therefore, biocrusts, especially
in later successional stages, enhance soil biological functions by maintaining resources and
environmental conditions to support soil microbial activity, which is particularly important in
drylands like our study area, where vascular plant cover is low (Delgado-Baquerizo et al., 2016;

Miralles et al., 2020).

4.2. Influence of biocrust richness on hydrological functions

The positive association between biocrust species richness and soil hydrological functions (Figures
4a, b and S4) reflects the role of mosses and lichens in reducing surface run-off and promoting
water infiltration in dryland soils (Figure S3; Kakeh et al., 2021b). Biocrusts dominated by mosses
enhance hydrological functions by increasing soil aggregation and porosity and providing
infiltration islands; redistribution of water through soil profile then results in greater overall
available soil water content (Figure S3; Chamizo et al., 2016; Eldridge et al., 2020b; Kakeh et al.,

2021a). In our study area, diverse biocrust communities included species of mosses (e.g. Tortula



revolvens and Barbula trifaria) and crustose or squamulose lichens (e.g. Diplochistes diacapsis,
Diploschistes muscorum, Squamarina lentigeraand and Buellia zoharyi) with rootlike structures
(rhizoids in mosses and rhizines in lichens) that create channels and micropores at the soil surface,
which provide entry points for water into the upper soil layers (Garibotti et al., 2018; Kakeh et al.,
2021b). In addition, well-developed, species-rich biocrust communities that include mosses and
lichens can modify soil particle size distribution by creating a protective cover at the soil surface,
which reduces erosion and traps or retains fine sediment (Gao et al., 2017; Gao et al., 2020), and
cyanobacteria produce extracellular polymeric substances (EPS), which help bind soil particles
(Belnap & Gardner, 1993; Sepehr et al., 2019). In our study area, many biocrust patches were
dominated by mosses (mean cover 67.3%), which provide a high level of protection for the soil
surface and likely influence soil particle size distribution (Gao et al., 2020). Therefore, biocrust
patches with higher coarser soil particle create considerable infiltration than bare soils (Table 1;
Gonzales et al., 2018).

The overall decline in hydrological soil functions with increasing soil salinity (Figure. 3j) is
likely due to reduced soil aggregate stability, increased surface sealing and runoff, and
consequently lower water holding capacity (Kakeh et al., 2018; Kakeh et al., 2021b). We have
previously demonstrated that salinity reduces infiltration rates and evaporation leads to salt
accumulation, especially in bare clay soils, due to the strong capillary force of micropores between
clay particles (Kakeh et al., 2021a). Reduced infiltration rates can further enhance salt
accumulation on the soil surface. Biocrusts can play an important role in limiting salinization by
promoting infiltration and therefore greater water movement through the soil profile, which should
leach soluble salts into deeper soil layers and reduce salinity in the topsoil (Kakeh et al., 2021b).

Reduced surface salinity and greater water availability under biocrusts could thus result in positive



feedbacks that would enhance biocrust development, promote greater biocrust diversity and
therefore support multiple soil functions (Jiang et al., 2018). By contrast, high levels of soil salinity
create substantial stress for biocrust and soil organisms, reducing nutrient absorption and plant
available water, which prevents the development of biocrusts and the establishment of vascular

plants (Jiang et al., 2018; Kakeh et al., 2020).

Strong relationships between clay content, soil salinity and hydrological functions, such as
those we observed in our study (Figures 3f and 4), can arise when swelling of clay minerals under
saline conditions destroys soil aggregates and promotes surface sealing, thereby increasing run-off
and reducing infiltration (Kakeh et al., 2021b; Ying et al., 2021). Thus, high clay content and high
soil salinity interact to reduce soil hydrological functions (Su et al., 2021). By contrast, the effects
of salinity on soil hydrological functions are negligible in soils with low clay content (Kakeh et
al., 2020; Ying et al., 2021). It is notable that, although biocrusts occurred across a wide gradient
of soil salinity, there were no biocrusts on soils with >15% clay content in our study (Figure 2).
Thus, in dryland soils with high clay content, the absence of well-developed biocrusts might
contribute to salinization and reduced hydrological functions. However, as soil salinity increased
with increasing clay content, and biocrusts did not occur on soils with high clay content (Figure
3g), we cannot discern whether soils with clay content are more saline due to the absence of
biocrusts, or whether biocrusts do not occur on soils with high clay content because they are more
saline. However, as biocrust establishment is more rapid on clay soils in cool drylands (Chock et
al., 2019), we hypothesize that greater evaporative losses (Wythers et al., 1999) in soils with high
clay content at our study site simultaneously promote salinization and reduce the establishment
success of biocrust communities. Thus, experimental approaches would be needed to disentangle

the effects of clay content vs. salinity on hydrological functions and biocrust development.



Nevertheless, biocrusts clearly have the capacity to improve hydrological functions in drylands

(Chamizo et al., 2016; Fick et al., 2019).

4.3. Influence of biocrust richness on nutrient functions

The strong relationship between biocrust species richness and soil nutrient functions in our study
(Figure3e) demonstrates that patches covered by biocrusts form fertile islands surrounded by bare
highly saline soils (Kakeh et al., 2018). By contrast, the lack of relationship between soil nutrient
functions and salinity (Figures 3k, 4b and S5) might be because phosphorus stocks were very low
across all sites (Figure 2p) and soil salinity was strongly correlated with soil clay content. Soils
with high clay content (Figure 3f, Figure 2) contain large amounts of cation nutrients that can bind
to negatively charged clay surfaces, and can be released into soil solution via exchange reactions
(Mukhopadhyay et al., 2019). Thus, clay content can maintain or enhance availability of some
nutrients (e.g. potassium in our study) in bare soils (Bohn et al., 2015). Thus, higher potassium
stocks in bare soils, combined with very low overall phosphorus stocks, likely explain why salinity
had little influence on nutrient functions, despite lower carbon and nitrogen stocks in bare soils
(Figure 2).

Whereas the sparse cover of vascular plants in drylands provides few plant residues and
has little impact on soil nutrient function, well-developed biocrust communities contribute
substantially to nutrients in surface soils through carbon inputs, nitrogen fixation, and increased
availability of potassium and phosphorus (Liu et al., 2017; Kakeh et al., 2018; Xu et al., 2022).
We propose that the species richness of biocrust communities plays a key role in soil nutrient
functions due to the distinct quality and quantity of inputs from individual species. For example,

biocrust-mosses (e.g. Tortula revolvens, Barbula calycina) enhance cycling and stocks of carbon,



nitrogen and phosphorus in drylands by providing organic matter inputs as resources for soil
microbial communities (Delgado-Baquerizo et al., 2016). Cyanobacteria and some photobiont
cyanolichens (e.g. Collema tenax) fix nitrogen and release it into the soil (Garibotti et al., 2018).
Mosses, lichens and lichen-associated fungi and bacteria also secrete phosphatase enzymes, which
increase the availability of phosphorus in the soil by releasing phosphorus bound to soil minerals
or organic matter (Delgado-Baquerizo et al., 2015; Delgado-Baquerizo et al., 2016; Garibotti et
al., 2018; Kakeh et al., 2018). Finally, some biocrust species secrete metabolites such as chelates
that help retain cations (e.g. potassium) and make them available for vascular plants and soil biota
(Concostrina-Zubiri et al., 2013). Thus, varied resource inputs from a species-rich biocrust
community can improve nutrient availability and promote nutrient cycling in dryland soils, which

in turn enhances soil biological functions.

Conclusions

Taken together, our results demonstrate that biocrust species richness maintains soil
multifunctionality and buffers the deleterious effects of salinity and aridity by promoting soil
biological, hydrological, and nutrient functionality. Determining the precise mechanisms by which
biocrust diversity promotes various soil functions requires studies at a finer scale to investigate the
effects of functional groups or individual species of mosses, lichens, and cyanobacteria. We
propose that the positive influence of biocrust species richness on soil multifunctionality is
particularly important in the drylands, where the cover and diversity of vascular plants is reduced
by soil salinity and water limitation. As many biocrust species have low nutrient and water
requirements and high resistance to salinity stress, they can survive under the harsh conditions of

drylands and support many of the crucial soil functions supported by vascular plants in other



ecosystems. Biocrusts can also self-reinforce their survival and functional roles in the ecosystem
via positive feedback loops that promote soil biological, hydrological and nutrient functions,
thereby reducing soil salinity and other adverse abiotic soil surface attributes. Our findings thus
demonstrate that understanding the role of biocrust species in maintaining soil multifunctionality
has the potential to contribute to better management of saline dryland soils at a regional scale.
Therefore, conservation of biocrusts is crucial for preventing soil degradation through salinization,

and also soil conservation and rehabilitation in drylands.
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Table 1. Hypotheses and key mechanisms relating soil attributes (clay content and salinity), biocrust richness, and dryland soil
multifunctionality, based on the results of previously published works (References).

Pathway Hypotheses and mechanisms References

Seil clay content —» soil salinity Higher soil clay content increases soil salinity by clogging soil pores, Stavi et al.
decreasing leaching potential and increasing accumulation of salts in the (2021)
topsoil

Soil clay content—» biocrust richness Lower clay content leads to the development and diversity of biocrusts by Gao et al.

Soil salinity —» biocrust richness

Soil salinity —» biological functions

Soil salinity —» hydrological functions

Soil salinity —» nutrient functions

Biocrust richness —» biological functions

Biocrust richness —» hydrological functions

Biocrust richness — nutrient functions

facilitating infiltration and consequently decreasing salinity in the topsoil
through leaching.

High levels of soil salinity create physiological stress and limit water and
nutrient availability, which prevents the establishment and development of
biocrusts.

Soil salinity reduces biological functions because salt stress decreases soil
biodiversity and the activity of microorganisms.

Soil salinity decreases hydrological functions by reducing soil aggregate
stability and increasing surface sealing and runoff.

Soil salinity reduces nutrient functions by reducing nutrient availability and
uptake, and microbial and enzyme activities, which creates nutrient
imbalances for biocrusts and vascular plants.

Biocrust species richness increases biological functions by providing
organic matter inputs that promote soil microbial communities, and
microbial biomass growth.

Biocrust species richness improves hydrological functions by increasing
soil aggregation and porosity and providing infiltration islands, which result
in higher soil water content that is redistributed through the soil profile.

Biocrust species richness increases nutrient functions by contributing to
carbon and nitrogen fixation and promoting microbial activity, thereby
forming fertility islands

(2020); Kakeh
et al. (2020)
Jiang et al.
(2018); Kakeh
et al. (2020)
Daliakopoulos
et al. (2016);
Singh (2016)
Kakeh et al.
(2021b)

Daliakopoulos
et al. (2016);
Hassani et al.
(2021)

Su et al. (2021)

Chamizo et al.
(2016);
Eldridge et al.
(2020b)

Su et al. (2021)




Figure captions

Figure 1. A conceptual diagram of the potential links between dryland soil
multifunctionality and biocrust richness, soil salinity, or soil texture (clay content).
Figure 2. Changes in soil physical and chemical properties (a:d), biological (e:1),
hydrological (j:m) and nutrient (n:q) attribute functions for bare and biocrusted soils in
a salinized dryland in northeastern Iran. Significance levels are shown as ***P <0.001,
**P< 0.01, *P< 0.05 and NS P> 0.05. Different asterisks above boxes represent
significant differences between bare soil and biocrustd soil (t-test). The violin plots
represent the kernel probability density of the values. The boxplots denote the
interquartile range (box) and median (center line) of the values for n = 16 samples
for bare and biocrusted soil .

Figure 3. Bivariate relationships based on the hypothesized causal paths from structural
equation models (SEMs) based on the conceptual model in Figure 1. Solid lines indicate
significant relationships at P < 0.05 and dashed lines are non-significant relationships
at P> 0.05.

Figure 4. Final structural equation models (SEMs) linking (a) overall soil
multifunctionality and (b) different sets of soil functions (i.e., soil biological;
hydrological, and nutrient functions) to biocrust richness, soil salinity and soil texture

in saline dryland soils. Solid blue and red arrows represent significant (P <0.05)

positive or negative relationships, respectively, and dashed blue and red arrows

represent non-significant relationships.
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Figure 4.
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