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Abstract Soil surface cover is one of the most critical factors affecting soil water vapor transport, especially
in drylands where water is limited, and the water movement occurs predominantly in the form of vapor instead
of liquid. Biocrusts are an important living ground cover of dryland soils and play a vital role in modifying near-
surface soil properties and maintaining soil structure. The role of biocrusts in mediating soil water vapor
transport during daytime water evaporation and nighttime condensation remains unclear. We investigated the
differences in vapor diffusion properties, vapor adsorption capacity, and water evaporation between bare soil
and three types of biocrusts (cyanobacterial, cyanobacterial-moss mixed, and moss crusts) in the Chinese Loess
Plateau. Our results showed that the three types of biocrusts had 5%-39% higher vapor diffusivity than bare soil.
At the same level of ambient relative humidity and temperature, the initial vapor adsorption rates and
cumulative adsorption amounts of the biocrusts were 10%—70% and 11%-85% higher than those of bare soil,
respectively. Additionally, the late-stage evaporation rate of cyanobacterial-, cyanobacterial-moss mixed-, and
moss-biocrusts were 31%—217%, 79%-492%, and 146%—775% higher than that of bare soil, respectively. The
effect of biocrusts on increasing vapor transport properties was attributed to the higher soil porosity, clay
content, and specific surface area induced by the biocrust layer. All of these modifications caused by biocrusts
on surface soil vapor transport properties suggest that biocrusts play a vital role in reshaping surface soil water
and energy balance in drylands.

1. Introduction

Drylands encompassing hyper-arid, arid, semi-arid, and dry sub-humid regions, collectively occupy ~41% of the
Earth's land surface, sustaining ~38% of world's population, and holding ~25% of global soil organic carbon (J. F.
Reynolds et al., 2007). Due to the sparse vegetation, limited precipitation, and intense evaporation, dryland
ecosystems are fragile and sensitive to global climate change and desertification (Mao et al., 2018). In drylands,
soils have relatively low moisture, and water transport occurs predominantly in vapor form instead of liquid
(Huang et al., 2016). Soil vapor transport plays a critical role in water and energy balances of near-surface soil
layers, and therefore has a substantial impact on multiple processes directly related to ecosystem structure and
functioning, such as biological activity, plant productivity, and nutrient concentration (Berdugo et al., 2020).
Most notably, climate projections indicate that ongoing global warming will cause drylands to become hotter and
drier in the late twenty-first century, which in turn may enhance soil vapor transport (IPCC, 2021). Consequently,
it is essential to investigate soil vapor transport properties for further understanding the exchange of water and
energy in dryland ecosystems. Soil vapor transport is influenced by the combination of soil texture, porosity,
structure, and especially surface cover (Arthur et al., 2015), and biocrusts directly impact each of these factors.
Thus, biocrusts are also likely to play a major role in impacting soil ecohydrological processes (S. L. Li
et al., 2022a).

Biocrusts are complex communities of living organisms dwelling on or within the uppermost few millimeters (or
even centimeters) of the soil surface, and are widely distributed in the interspaces between sparse vegetation,
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covering about 14% of China's dryland soil and over 12% of global terrestrial surface (Qiu et al., 2023; Rodriguez-
Caballero et al., 2018; Weber et al., 2022). These soil surface communities are composed of photoautotrophic
(e.g., cyanobacteria, algae, liverworts, lichens, and bryophytes) plus heterotrophic organisms (e.g., bacteria,
archaea, and fungi) in varying proportions, as well as soil particles that are aggregated through the presence and
activity of the biota (Xiao et al., 2022). Generally, the external morphology of biocrusts could produce a bumpy
soil surface with numerous small depressions and mounds, thereby increasing surface roughness (Thomas &
Dougill, 2007). The rough surface microtopography of biocrusts is beneficial to capture and retain fine sediment
mobilized by wind and surface runoff. Thus, hollows will be filled with fine particles (clay and silt), and the biotic
components in biocrusts (such as bacteria, fungi, and cyanobacteria) could secrete extracellular polysaccharide
compounds that glue and bind the entrapped fine particles together (Chock et al., 2019; Xiao, Sun, Hu, &
Kidron, 2019) and further stabilize soil surface, thereby altering soil particle distribution. The enriched microbial
communities of biocrusts could also promote the biological weathering of the mineral component to generate fine
particles (R. Y. Chen et al., 2009). Moreover, the biocrusts could enhance surface resistance, effectively diminish
the energy of runoff, impede transport of sediment, and reduce the detachment of soil particles, which ultimately
results in protecting the fine particles from erosion (Q. Guo et al., 2023; R. Reynolds et al., 2001). As crucial biotic
components inhabiting the soil-atmosphere boundary, biocrusts are widely recognized as ecosystem engineers
and play pivotal roles in reshaping surface soil properties and multifunctionality (Bowker et al., 2018), such as
boosting soil stability (Felde et al., 2018; Rossi et al., 2018), improving soil structure (Sun, Xiao, Li, et al., 2023),
retarding wind erosion (Bu et al., 2015; Faist et al., 2017), improving soil aeration (Sun, Xiao, Kidron, &
Markus, 2023), altering albedo and energy balance (Rutherford et al., 2017; Xiao & Bowker, 2020), and pro-
moting microbial diversity (Maier et al., 2018). Therefore, it is widely accepted that biocrusts are capable of
promoting ecological restoration through mediating the hydrological, biological, and ecological processes
(Heredia-Velasquez et al., 2023). Owing to the limited soil water resources in dryland ecosystems, several
biocrust studies have concentrated on the interactions between biocrusts and liquid water, for example, by
quantifying how biocrusts can regulate soil water infiltration and water retention (Sun et al., 2021; Xiao, Sun,
Yao, et al., 2019). Effects of biocrusts on vapor transport has been far less studied but may also be an important
consideration.

Evaporation, subsequent vapor transport, and vapor sorption play crucial roles in the overall water flux near the
soil surface, especially in arid and semiarid areas (Deb et al., 2011). Soil vapor transport across pore space in
topsoil, which may subsequently escape to the atmosphere, takes place predominately by diffusion (Deol
et al., 2012; Penman, 1940). Vapor diffusion at the soil surface is controlled by two main conditions, namely
vapor pressure (moisture) and temperature gradients (Cass et al., 1984). Generally, vapor diffusion moves water
from moist soil to dry soil, and from the warmer to the cooler region (Heitman, Horton, et al., 2008; Jabro, 2009).
The higher the gradient, the faster the diffusion and the greater the vapor flux during a given period. Moreover, the
vapor diffusion is strongly influenced by the physical properties of the soil, such as soil texture, bulk density, and
total porosity. Although vapor diffusion is one of the critical components of total water flux in the unsaturated
zone, comparatively few studies focused on the effects of biocrusts on the mechanism of vapor diffusion.

Soil vapor adsorption is another crucial contributor to the water cycle in drylands (Schneider & Goss, 2012). Soil
vapor adsorption takes place when the vapor pressure of the atmosphere is higher than that of soil air, resulting in
vapor diffusion from the atmosphere toward the soil (Akin & Likos, 2017). Soil vapor adsorption generally occurs
in three stages: (a) water vapor monolayer adsorption, which occurs when relative humidity (RH) ranges from
near 0 to 0.2 (Newman, 1983; Quirk & Murray, 1999); (b) water vapor multiple layer adsorption, which also
develops when RH ranges from 0.2 to 0.6 (Arthur et al., 2018; Quirk & Murray, 1999); and (c) capillary
condensation, which occurs when RH is above ~0.6 (Arthur et al., 2016). During the first adsorption stage,
mineral soil adsorbs water molecules through cation and particle surface hydration, and hydrogen bonding of
water molecules with the hydrophilic functional groups on soil organic matter (Lu & Khorshidi, 2015). When the
monolayer is formed, the previous adsorbed water molecules act as new sorption sites to adsorb additional water
molecules via hydrogen bonding to form multiple layers of liquid water (Cheng et al., 2019). During the last stage,
the capillary condensation is the primary form of soil hydration, although the water molecules still in vapor form,
water film begin to demonstrate liquid-like nature (Arthur et al., 2016). This process is dominated by external
surface and mesopore volume, because water vapor condensation can occur on the open surfaces and within the
mesoporous (Tuller et al., 1999). Soil vapor adsorption capacity depends not only on micrometeorological
conditions, but also on soil properties. Vapor adsorption capacity increases with increasing clay content, specific
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surface area, and cation exchange capacity (C. Chen et al., 2021; Song et al., 2022). Moreover, the vapor
adsorption of the biocrusts is deeply affected by soil pore structure and biological components in the field.
Currently, most studies explore the effects of biocrusts on vapor adsorption through sieved soil samples, and thus
cannot obtain comprehensive information about the biocrusts' role in reshaping soil vapor adsorption.

Soil water evaporation is another important related process governing the terrestrial vapor flux in dryland eco-
systems, which affects water availability and vegetation growth, and restoration (N. Chen et al., 2018; D. D. Liu &
She, 2020). Soil evaporation processes has been often separated into three stages: high rate (stage I), falling rate
(stage 1), and low and constant rate stage (stage III). Initial evaporation (stage I) occurs at the soil surface when
soil conditions are relatively wet and is controlled by the atmospheric evaporative demand. During late-stage
evaporation (stages II and III), the evaporation zone shifts from soil surface to subsurface and generates a dry
surface layer, which is mainly modulated by soil properties (Heitman, Xiao, et al., 2008). Specifically, the late-
stage evaporation occurs in a narrow evaporation zone at the bottom boundary of the dry surface layer (Yamanaka
et al., 1998), and the vapor diffusion predominating in the profile above the evaporation zone. Moreover, due to
the limited rainfall and water shortages in semi-arid and arid areas, evaporation usually begins at Stage II and
water transport is mainly as vapor diffusion (S. L. Li et al., 2022b). It is widely recognized that biocrusts have a
profound impact on soil evaporation through their biotic components, such as the composition and coverage of
biocrusts (Kidron, Fischer, & Xiao, 2022; S. L. Li et al., 2022b), and modified physical structure, such as the
roughness, porosity, stability, and hydrophobicity (Chamizo et al., 2016). The impact of biocrusts on soil
evaporation is quite controversial in the literature, being either facilitative (Kidron & Tal, 2012; S. L. Li &
Xiao, 2022; S. L. Li et al., 2022b) or inhibitive (Jiang et al., 2018; Kakeh et al., 2021; D. D. Liu & She, 2020).
Biocrusts affect soil evaporation mostly by influencing soil texture and structure, water holding capacity, and
surface color. Soil evaporation may be increased by biocrusts through the following mechanisms: (a) Biocrusts
may improve the water holding capacity and increase the amount of water available to be evaporated (S. L. Li
et al., 2022b). (b) The soil temperature of biocrusts may rise due to their darker surface color, lower surface
albedo, and higher solar radiation absorption (Xiao & Bowker, 2020), and thus are expected to have increased
evaporation potential (Kidron & Tal, 2012). However, some studies attribute the reduction of evaporation by
biocrusts to mulch-like surface-shading properties (Miicher et al., 1988), while others claim that biocrusts may
reduce available water vapor pathways through the swelling of organisms when wet and ultimately decreasing
evaporation (Fischer et al., 2010; Rodriguez-Caballero et al., 2015). Further work is needed to better understand
how biocrusts regulate soil evaporation, especially for the late-stage evaporation process that is controlled by
vapor diffusion.

Investigation of vapor exchange at the soil surface is essential for better quantifying and ultimately improving the
understanding and prediction of surface soil water balance in drylands. In this study, we hypothesized that the
presence of biocrusts would affect soil vapor transport through their effects on soil physicochemical properties.
Based on this general hypothesis, a series of soil vapor transport experiments were conducted on three types of
biocrusts (cyanobacterial crusts, cyanobacterial-moss mixed crusts, and moss crusts) and bare soil. Measurements
were conducted at the semiarid climate of the Chinese Loess Plateau, where Lyngbya allorgei and Bryum
argenteum (R. Brown) B.S.G. are the dominated cyanobacteria and moss species, respectively (X. R. Li
et al., 2021). The specific objectives of our study were to: (a) quantify biocrust effects on surface soil vapor
transport properties (vapor diffusion, vapor adsorption, and water evaporation) and (b) connect the biocrust in-
fluences on soil vapor transport to the associated changes biocrusts produce in soil physicochemical properties.
These results can provide new insights as to type effects biocrusts have on soil water transport and thereby support
a better understanding of the critical role biocrusts play in dryland hydrology and ecohydrology.

2. Materials and Methods
2.1. Study Area

The study was conducted in a vegetation restoration area at the Liudaogou watershed (38°46'-38°51'N, 110°21'—
110°21'E; Figures 1a and 1b), which is located in Shenmu County, Shaanxi Province, China. The watershed is a
typical hilly region with numerous gullies of the northern Chinese Loess Plateau, which covers an area of 6.9 km?
and ranges in altitude from 1,081 to 1,274 m above sea level. It is characterized by a typical semiarid continental
monsoon climate with a mean annual precipitation of 454 mm, mostly falling as rain during hot summers (Xiao &
Bowker, 2020). The mean annual temperature is 8.4°C, which ranges from —9.7°C (December—February) in
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Figure 1. (a) Location of the Liudaogou watershed, (b) experimental area, (c) representative landscape with biocrusts, (d) bare aeolian sand, (e) cyanobacterial biocrusts,
(f) cyanobacterial and moss mixed biocrusts, (g) moss biocrusts, (h) test device for water vapor diffusion measurements, and (i) artificial climate incubator.

winter to 23.7°C in summer (June—August) (Xiao et al., 2014). The average annual potential evaporation is
~1,337 mm (Sun, Xiao, Kidron, & Heitman, 2022). The mean air RH is 47% with the lowest observed values
approaching 9% (Xiao, Sun, Hu, & Kidron, 2019). The soil is classified as a Psamments (specifically an aeolian
sandy soil) with a high proportion of sand (>90%) following the taxonomic classification of the USDA (Sun,
Xiao, Li, et al., 2023). The watershed is situated close to the center of the “Water-Wind Erosion Crisscross
Region” of the Loess Plateau and previously suffered both severe wind and water erosion (i.e., up to
10,000 t km™2 yr_l) due to the sparse vegetation cover (Bu et al., 2015).

Over the past decades, intensive ecological restoration programs have taken place, such as planting numerous
native shrubs and converting degraded farmlands and barren lands to grasslands, shrubland, or even forests.
The common plants in this watershed include Bothriochloa ischaemum (Linn.) Keng., Medicago sativa Linn.,
Artemisia ordosica Krasch., Caragana Korshinskii Kom., Cotoneaster horizontalis Dcne., and Lespedeza
davurica (Laxm.) Schindl (Sun, Xiao, Kidron, & Heitman, 2022). Biocrusts are ubiquitous across fallow
land, grassland, shrubland, and woodland, averaging 30% cover and sometimes up to 70%—80% cover across
the watershed (Figure lc; Xiao, Sun, Hu, & Kidron, 2019). Within the watershed, the species of cyano-
bacterial and moss crusts were observed by microscopy. Specifically, biocrust species are variable and may
be diverse, but in most areas they are dominated by cyanobacteria of Lyngbya allorgei, Oscillatoria
granulata, Microcolus paludosus and Phormidium angustissimum and mosses of Bryum argenteum (R.
Brown) B.S.G. and Didymodon vinealis (Brid.) Zander, as well as their mixtures (Figure S1 in Supporting
Information S1).

2.2. Experimental Design and Soil Sampling

Four treatments (i.e., soil surface conditions) were used for the study. These included: (a) bare soil (aeolian sandy
soil without biocrusts; Figure 1d); (b) cyanobacterial crusts (cyano crusts, which have ~90% of cyanobacterial
cover; Figure le); (c) cyanobacterial and moss mixed crusts (mixed crusts, in which cyanobacterial and moss
cover were both ~50%; Figure 1f); and (d) moss crusts (moss cover is ~90%; Figure 1g). Generally, the biocrusts

SUN ET AL.

4 of 24

L “PT0T “€LOLYY6]

woy papeoy|

1pu0) pue s I, 341 23§ “[$70Z/01/£7] uo Areiqry aunuQ Kofi “ANsioatun) aels BuIoIE) YLON £q 0ZS9E0UMETOT/6TO1 01/10p/wi0d KojimA.

sdny)

1/W00" KoM A,

ASUADIT SuOWWO)) dA1eAI1) d[qearjdde ayy £q paurdAoS aie sajone y() fasn Jo sa[ni 10y Areiqi auruQ) Ad[IA UO (¢



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR036520

were naturally colonized on the fixed aeolian sand, being distributed in the interspaces between vegetation
patches. In contrast, the bare soil was located away from the vegetation, being exposed to soil erosion.

Four types of characterizations were utilized to compare treatments: (a) biocrusts and bare soil sampling and
physicochemical property measurements; (b) soil vapor diffusion experiments under different temperatures and
RH; (c) measurements of soil vapor adsorption processes; and (d) measurements of soil evaporation processes
from saturation to dry in simulated evaporation experiments.

2.3. Sampling and Measurements of Soil Properties

Within the experimental area, for sample collection, the biocrusts and adjacent bare soil plots (1 m X 1 m) were
randomly selected considering similar topological conditions (i.e., slope and aspect). For each treatment, five
replicate plots (1 m X 1 m) were selected at 1-m spacing to minimize variations in soil texture, biocrust coverage
(>90%) and species, resulting in a total of 20 plots. Before sampling, digital photographs were taken of the plots
for further analysis of biocrust coverage. Meanwhile, water drop penetration time was tested using the method
described in Lichner et al. (2012).

In each plot, three Petri dishes (9 cm diameter, 2 cm height) were used to collect the biocrust layer and underlying
soil for measuring total biomass, biocrust thickness, and chlorophyll a content, respectively. Additionally, seven
stainless steel cylinders (2 cm height, 60 cm® volume) were used to extract intact soil samples from each plot for
bulk density, saturated water content, field capacity, water repellency index, vapor diffusion, vapor adsorption,
and water evaporation measurements, respectively. Finally, bulk soil samples were collected from the 0-2 cm
depth in each plot. These bulk soil samples were air-dried and sieved through 2 and 0.149 mm mesh sieves for soil
physicochemical analysis, which included soil particle size distribution, soil pH, specific surface area, and organic
matter content.

The biocrust coverage of each plot was analyzed with ImageJ (Wayne Rasband, National Institutes of Health), as
described in Sun, Xiao, and Kidron (2022). The surface roughness of the biocrust and bare soil plots was
measured with the chain method (Jester & Klik, 2005). In the laboratory, the biocrust thickness was determined
using a digital Vernier caliper. Then, the biotic component of the biocrust layer was carefully separated from the
underlying soil particles with water through a 2-mm sieve and dried at 65°C for 24 hr to measure the dry total
biomass (Xiao, Sun, Hu, & Kidron, 2019). The Chlorophyll a content was determined through a UV-Vis
spectrophotometer (DR 5000, Hach Company, USA). Nitrogen adsorption/desorption analysis via a specific
surface area analyzer (3H-200PM, BeiShiDe Instrument, China) was conducted to calculate the soil specific
surface area by the Brunauer-Emmett-Tell (BET) method. Air-dried soil samples were automatically degassed at
150°C for ~12 hr in N, flowing tubes prior to analysis (C. Chen et al., 2022). The water repellency index is
calculated as the ratio of the ethanol sorptivity to water sorptivity, which was determined in accordance with
Lichner et al. (2012). The saturated water content was measured by oven drying method after fully saturating the
samples, and the field capacity was determined by pressure plate apparatus at —33.0 kPa of soil water potential (S.
L. Li et al., 2022b).

2.4. Measurements of Soil Vapor Diffusion

Soil vapor diffusion was measured by the gradient method (Luo & Tu, 2019). The soil sample collected in
stainless steel cylinders was sealed on top of a glass beaker (6.5 cm diameter, 8.8 cm height) filled with distilled
water (Figure 1h). As such, the RH inside the beaker (designated as RH,) was maintained at 100%. Then, the
sample and attached beaker were placed in an artificial climate incubator (Figure 1i; BIC-400, BOXUN In-
strument, China), which provided a constant ambient RH (designated as RH,) and temperature. As a result, the
RH differential between RH, and RH, is the main factor driving vapor diffusion from the beaker through the soil
sample and into the artificial climate incubator, which led to a mass loss from the beaker over time. Prior to the
vapor diffusion measurement, the beaker was filled with 100 mL of distilled water, and soil samples were air-
dried at temperature and RH of 20°C and 30%, respectively. During the measurement, the beaker and sample
were taken out of the artificial climate incubator and weighed every 12 hr on a balance with a resolution of 0.01 g,
and continuously measured for ~5 days. The RH and temperature conditions of the artificial climate incubator
were verified through a thermo-hygrometer. In this way, a series of ambient conditions were considered, which
included temperature ranging from 20 to 50°C (with temperature increments of 10°C) at 50% RH, as well as, RH
ranging from 30% to 70% (with RH increments of 20%) at 20°C.
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The vapor diffusion flux and diffusivity were calculated using Equations 1 and 2 based on Fick's law (Fick, 1855):

1dM
J=—— 1
A dt M
hRT 1
D=—J o @
Pom() ARH

where J is the soil vapor diffusion flux (g cm™2 hr™!); A is the cross-sectional area of the soil sample (cm?); M is
the mass of the water in the beaker (g); ¢ is time (hr); D is the soil vapor diffusivity (cm?hr™Y); A is the height of the
soil sample (cm); R is the universal gas constant (J K~! mol™), which is 8.314 J K~! mol™!; T is the Kelvin
temperature (K); P, is the saturated water vapor pressure (Pa); 1, is the molar mass of water vapor (g mol™"),
which is 18.015 g mol™'; and ARH is the difference between RH, and RH,.

2.5. Measurements of Soil Vapor Adsorption

All the soil samples were air-dried at temperature and RH of 20°C and 30%, respectively, prior to the start of
measurement. Vapor adsorption analysis of air-dried soil samples was also conducted using the artificial climate
incubator. During the experiment, four levels of ambient temperatures (20, 30, 40, and 50°C) were considered at
50% of RH. Similarity, three levels of ambient RH (50%, 70%, and 90%) were selected at 20°C. The soil samples
were weighed using a balance with 0.001 g resolution placed inside the incubator, and the weight was recorded at
different time intervals throughout the measurements that lasted about 72 hr. The recorded time interval was
shorter at the beginning of the experiment due to the initial rapid changes in the soil vapor adsorption rate, and the
recorded time interval increased over time as the vapor adsorption gradually approached equilibrium and vapor
adsorption rate approached zero. Once the soil sample weight increases per time interval remained constant for
five consecutive intervals, we assumed that adsorption rate went to zero and cumulative vapor adsorption amount
had reached its maximum. The initial vapor adsorption rate was calculated as the mean value of the first 2 hr. In
this study, the vapor adsorption rate is defined as the net amount of water that is adsorbed per unit of time, and
calculated as follows:

10Am
= 3
prrr At

where W is the vapor adsorption rate (mm hrfl); 10 is the conversion factor used to convert cm hr™! to mm hrfl;
Am is the increase weight of the soil sample measured every interval (g); At is the time interval of the mea-
surement (hr); p is the density of water (g cm™>), which is 1.0 g cm™>; r is the inner radius of the soil sample (cm).

2.6. Measurements of Soil Water Evaporation

The simulated evaporation experiment was conducted by using intact samples collected in the steel cylinders,
similar to our previous studies (S. L. Li et al., 2022b). All samples were brought to the laboratory and saturated
with water for 48 hr, and then they were covered by plastic films while allowing excess water to drain. Thereafter,
the soil samples were gradually dried in the artificial climate incubator at six simulated atmospheric conditions
(i.e., 20°C + 50% RH; 30°C + 50% RH; 40°C + 50% RH; 50°C + 50% RH; 20°C + 30% RH; and 20°C + 70%
RH). During the experiments, all soil samples were weighed at constant time intervals with a balance (£0.001 g)
to obtain the hourly evaporation amount, and measurements lasted 72 hr in total. The soil evaporation rate changes
rapidly during the first few hours and then gradually becomes stable thereafter. Thus, all soil samples were
weighed at 1 hr intervals for the first 4 hr and then weighed at about 12 hr intervals thereafter. The evaporation rate
and cumulative evaporation amount were calculated according to S. L. Li and Xiao (2022):

_ 10Am

= 4
prr2At @)

where E is the water evaporation rate (mm hr_l); 10 is the conversion factor used to convert cm hr™! to mm hr_l;

Am is the change in weight of the soil sample (g) measured every time interval Az (hr); p is the density of water
(g cm ™), which is 1.0 g cm™>; r is the inner radius of the soil sample (cm).
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In this study, the soil water evaporation was analyzed and expressed by the following three parameters: (a) initial
stage evaporation rate (mm hr™"), which was obtained from the average of evaporation rate within the first 12 hr;
(b) late-stage evaporation rate (mm hr™1), which was obtained from the average of evaporation rate within 12—
72 hr; and (c) cumulative evaporation amount (mm), which was obtained from the total of evaporation amount
within 72 hr.

2.7. Data Analysis

After normality and equality of variance tests, a one-way ANOV A with a least significant different post hoc test at
5% probability level was performed to investigate the differences in measured soil physicochemical properties,
vapor diffusion and adsorption parameters, and water evaporation properties among the bare soil and three types
of biocrusts. The final results represent the mean values of all replicates and are expressed as the mean =+ standard
error.

Pearson correlation analysis was applied to investigate the relationships between soil physicochemical properties,
vapor diffusion properties, vapor adsorption capacity, and evaporation rate. Based on the Pearson correlation
coefficients, we selected the main impact factors (P < 0.05) to establish structural equation models for testing the
causal relationships between surface cover, soil physicochemical properties, vapor diffusion properties, vapor
adsorption capacity, evaporation rate, RH, and temperature. To evaluate our hypothesis that biocrusts signifi-
cantly alter soil properties and as a consequence soil water flux, we determined the absolute fit of the best models
via the maximum likelihood y*/df, goodness of fit index (GFI), root mean square error of approximation, and P
index.

3. Results
3.1. Biocrust Effects on Soil Vapor Diffusion

During the whole experiment, the cumulative vapor diffusion amount of all treatments increased linearly with
time, and followed the ranked order of moss crusts > mixed crusts > cyano crusts > bare soil (Figure 2 and Figure
S2 in Supporting Information S1). As shown in Table 1 and Table S1 in Supporting Information S1, the vapor
diffusion properties (vapor diffusion flux and diffusivity) of the three types of biocrusts were significantly higher
than those of the bare soil under the same ambient condition. Specifically, at the 50% RH condition, the cyano,
mixed, and moss crusts increased the vapor diffusion properties by 5%—14%, 11%—24%, and 21%-37%,
respectively, as compared with bare soil under isothermal conditions. Figure 3 shows that vapor diffusion
properties changed with different ambient conditions. Specifically, the vapor diffusion flux and diffusivity of the
biocrusts and bare soil increased exponentially once the temperature increased from 20 to 50°C under RH of 50%
(Figures 3a and 3b). For all treatments at 50°C, 50% RH condition, the vapor diffusion flux and diffusivity were
increased by 593%—631% and 146%—-155%, respectively, as compared to the 20°C, 50% RH condition (Table 1).

Similarly, the vapor diffusion properties of the biocrusts under different RH were also greater than those of the
bare soil at 20°C (Figure S2 in Supporting Information S1). At a temperature of 20°C and RH of 30%—-70%, the
vapor diffusion properties of the cyano, mixed, and moss crusts were respectively 9%—11%, 22%—26%, and 34%—
39% higher than those of the bare soil (Table S1 in Supporting Information S1). Moreover, for all treatments at
20°C conditions, it was found that vapor diffusion flux and diffusivity decrease linearly with the increase of RH
(Figures 3c and 3d). Noteworthy, the effect of RH on vapor diffusivity was not significant across each soil
treatment.

3.2. Biocrust Effects on Water Evaporation

As depicted in Figure 4 and Figure S3 in Supporting Information S1, the evaporation rate of all treatments was the
highest on the first day (Stage I) and then decreased slightly and thereafter rapidly (Stage II) until reaching very
low, stable values (Stage III). Biocrusts greatly increased the late-stage evaporation rate (Stages II-III) and cu-
mulative evaporation amount when compared to the bare soil (Table 2 and Table S2 in Supporting Informa-
tion S1). All the treatments entered stage Il during the evaporation experiments except for the moss crust at a
temperature of 20°C (Figure 4). Specifically, at the RH of 50%, the initial stage evaporation rate of three types of
biocrusts was 11% lower than that of the bare soil (0.382 vs. 0.431 mm hr™"); however, they markedly increased
late-stage evaporation rate by 169% (0.087 vs. 0.032 mm hr™") on average compared with the bare soil under the
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Figure 2. Cumulative water vapor diffusion curve of bare soil and three types of biocrusts under different temperature. (a) 20°C + 50% RH; (b) 30°C + 50% RH;
(c) 40°C + 50% RH; and (d) 50°C + 50% RH.

temperature range of 20-50°C (Figure 4 and Table 2). In addition, at the 50% RH condition, the cumulative
evaporation amount of all types of biocrusts were on average 38% (9.78 vs. 7.09 mm) higher in comparison to the
bare soil, respectively (Figures 4 and 5). The greater effects on water evaporation process were from the moss
crusts. For example, when the RH was 50%, the cumulative evaporation amount of moss crust (11.58 mm) was
42% and 20% higher than that of cyano (8.13 mm) and mixed crusts (9.64 mm), respectively. At a steady RH, the
water evaporation rate and amount of all treatments increased with the increase in temperature (Figures 4 and 5).
Particularly, the initial stage evaporation rate and cumulative evaporation amount of all types of biocrusts at 50°C
was 0.507 mm hr~! and 10.37 mm on average, which were 122% and 14% higher than those at 20°C (Table 2).

Although the water evaporation rate and amount under high RH (70%) of all treatments were significantly lower
than those under lower RH (30% and 50%) at a steady temperature, the biocrusts still generated an increased effect
of water evaporation rate and amount in contrast to bare soil under different RH conditions (Figures S3 and S4 in
Supporting Information S1). Specifically, at 20°C, the late-stage evaporation rate of cyano, mixed, and moss
crusts was 0.076, 0.106, and 0.140 mm hr™', exhibiting an increase of 35%, 88%, and 149%, respectively, as
compared with bare soil (0.056 mm hr™") with the RH from 30% to 70% (Table S2 in Supporting Information S1).
Correspondingly, the cumulative evaporation amount of cyano, mixed, and moss crusts was 10%, 34%, and 63%
higher, respectively, than that of bare soil (Table S2 in Supporting Information S1). Furthermore, in comparison
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Table 1

Water Vapor Diffusion Parameters of Bare Soil and Three Types of Biocrusts Under Different Temperature

Treatments Ambient temperature (°C) Ambient relative humidity (%) Vapor diffusion flux (x10™* g cm™ hr™") Vapor diffusivity (cm® hr™")
Bare soil 20 50 1.01 £ 0.02 Dd 46.71 = 0.74 Dd
30 50 2.30 £ 0.02 Dc 60.54 £+ 0.56 Dc
40 50 492 £+ 0.11 Db 77.01 £ 1.78 Db
50 50 722 £ 0.17 Da 116.74 £ 2.72 Da
Cyano crusts 20 50 1.13 £ 0.03 Cd 52.06 £ 1.29 Cd
30 50 2.42 +0.03 Cc 63.83 = 0.76 Cc
40 50 5.27 £ 0.03 Cb 82.59 = 0.55 Cb
50 50 823 £0.14 Ca 132.97 £2.25 Ca
Mixed crusts 20 50 1.25 + 0.01 Bd 57.85 = 0.64 Bd
30 50 2.56 = 0.03 Bc 67.62 + 0.76 Bc
40 50 5.48 £ 0.04 Bb 85.78 £ 0.70 Bb
50 50 8.91 £ 0.04 Ba 144.05 £+ 0.69 Ba
Moss crusts 20 50 1.38 £ 0.08 Ad 63.84 = 3.77 Ad
30 50 2.84 £ 0.06 Ac 74.94 £ 1.48 Ac
40 50 5.96 £ 0.07 Ab 93.40 + 1.07 Ab
50 50 9.72 £ 0.13 Aa 157.07 £ 2.18 Aa

Note. Different uppercase letters (A-D) indicate significant differences (@ = 0.05) of water vapor diffusion parameters among different soil treatments of the same
temperature. Different lowercase letters (a—d) indicate significant differences (a = 0.05) of water vapor diffusion parameters among same soil treatments of the different

temperature.

to the 30% RH condition, the late-stage evaporation rate and cumulative evaporation amount of the biocrusts were
6%—12% and 6%—11% lower at 70% RH condition (Figure S4 in Supporting Information S1).

3.3. Biocrust Effects on Soil Vapor Adsorption

As presented in Figure 6 and Figure S5 in Supporting Information S1, the vapor adsorption rate curves of the four
treatments decreased sharply at first and then decreased slightly until approaching zero after the first few hours.
From the initial to constant stages, the biocrusts showed much higher vapor adsorption rates (Figure 6 and Figure
S5 in Supporting Information S1) and amounts (Figure 7 and Figure S6 in Supporting Information S1) than bare
soil. Among the four treatments, the vapor adsorption capacity (initial vapor adsorption rate and total vapor
adsorption amount) of the bare soil and moss crusts were the lowest and highest, respectively. As shown in
Table 3, at RH of 50%, the initial vapor adsorption rate of cyano, mixed, and moss crusts were 0.047, 0.054, and
0.060 mm hr™' on average at temperature of 20-50°C, respectively, which was 26%, 43%, and 59% higher,
respectively, as compared to the bare soil (0.038 mm hr™'). Correspondingly, the average total vapor adsorption
amount of cyano, mixed, and moss crusts was significantly higher than that of bare soil (by 30%, 48%, and 65%,
respectively; Table 3) with a temperature increase from 20 to 50°C. Furthermore, the temperature has a negative
effect on the cumulative vapor adsorption amount. Specifically, for three types of biocrusts under 50% RH
condition, the total vapor adsorption amount was 39%, 45%, and 52% lower at 30, 40, and 50°C in comparison to
20°C, respectively (Table 3).

However, at 20°C, the vapor adsorption capacity of all treatments increased with the increase of RH
(Figures S5 and S6 in Supporting Information S1). As shown in Table S3 in Supporting Information S1, the
biocrusts increased the initial vapor adsorption by 20%-41% for cyano crusts, by 34%-62% for mixed
crusts, and by 43%-70% for moss crusts in comparison to bare soil with an increase in RH from 50% to
90%. Similarly, under full range of RH (50%-90%) at 20°C, the mean total vapor adsorption amount of
cyano, mixed, and moss crusts was 38%, 60%, and 72% higher than at the bare soil, respectively (Table S3
in Supporting Information S1).
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Figure 3. Water vapor diffusion flux and diffusivity with changing temperature (under 50% relative humidity condition; a and b) and relative humidity (under 20°C
conditions; ¢ and d) for bare soil and three types of biocrusts.

3.4. Effects of Soil Properties and Atmospheric Conditions on Soil Vapor Transport Properties

As shown in Table 4, biocrusts significantly changed all physiochemical properties compared to bare soil, and this
was especially true for the moss crusts. All types of biocrusts had a much lower bulk density, but greater total
porosity, fine particles (clay and silt) content, organic matter content, and specific surface area as compared with
bare soil. Specifically, cyano, mixed, and moss crusts significantly decreased the bulk density (by 6%, 12%, and
32%, respectively) as compared to the bare soil. The total porosity, clay content, organic matter content, specific
surface area, and water repellency index of biocrusts were 9%—50%, 9-37-fold, 161%-371%, 45%-90%, and
19%-91% higher than that of bare soil, respectively. The biocrusts also highly increased soil water holding ca-
pacity. All the cyano, mixed, and moss crusts had higher saturated water content (by 9%, 23%, and 66%,
respectively) and field capacity (by 75%, 157%, and 251%, respectively) than the bare soil.

The vapor diffusivity, evaporation rate, and vapor adsorption amount were well correlated to other soil properties
(Il > 0.81; Figure 8). The vapor diffusivity, evaporation rate, and vapor adsorption amount showed high positive
correlations with the clay content, organic matter content, specific surface area, and saturated water content
(P < 0.01). Besides the soil properties, the total biomass and biocrust thickness were strongly positively correlated
with vapor transport, which implied that the biological components in biocrusts (i.e., cyanobacteria and moss) can

SUN ET AL.

10 of 24

d ‘L ‘YTOT ‘€LOLYYOL

:sdyy woy papeoy

ASUADIT SuOWWO)) dA1eAI1) d[qedtjdde ayy Aq paurdAoS aie sajone Y() fasn Jo sa[nI 10j AIeIqIT dul[uQ) AJ[IA\ UO (SUONIPUOI-PUB-SULIA) W0 K[ 1M’ KIeIqijauljuoy/:sdny) suonipuoy) pue suua [, 3y 23S “[570Z/01/€2] uo Areiqry autjuQ Lo[iA ‘ANsIdAIun a1el§ eurjore)) YuoN Aq 0ZS9E0MM ETOT/6T01 0 1/10p/wiod Kojim'A.



V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Water Resources Research 10.1029/2023WR036520

0.4

0.6

o
w

Soil evaporation rate (mm h~")
o o
N N

0.0

O Bare soil b
Cyano crusts
Mixed crusts
Moss crusts

o

o
~

Soil evaporation rate (mm h™")
o
o

—= 0.0

0.6

80
Time (h) Time (h)

80

0.8

©
~

Soil evaporation rate (mm h~")
o
[N

0.0

o
o

Soil evaporation rate (mm h~")
o o
N =

60 80
Time (h) Time (h)

80

Figure 4. Soil evaporation rate of bare soil and three types of biocrusts under different temperature. (a) 20°C + 50% RH; (b) 30°C + 50% RH; (c) 40°C + 50% RH; and

(d) 50°C + 50% RH.

have a strong influence on vapor flux. The structural equation model demonstrated that the surface cover has a
significant direct impact on clay content, bulk density, specific surface area, and saturated water content (Irl
> 0.99, P < 0.05; Figure S7 in Supporting Information S1). The biocrust cover indirectly affected soil vapor
transport properties (i.e., vapor diffusion properties, vapor adsorption capacity, and water evaporation rate) via
influencing soil physicochemical properties (i.e., bulk density, specific surface area, and saturated water content).
Specifically, the bulk density negatively affected the soil vapor diffusion properties, which indicates that higher
soil porosity facilitates the vapor flow. The specific surface area is positively correlated with vapor adsorption
capacity, which suggests that a larger surface area increases the adsorption sites for water molecules. Further-
more, the clay content had a significant direct positive impact on water evaporation and also indirectly affected
water evaporation through its influence on saturated water content.

In addition, the atmospheric conditions had significant direct effects on soil vapor transport properties (Figure
S7 in Supporting Information S1). The ambient temperature was positively correlated with vapor diffusion
properties and water evaporation, but negatively correlated with vapor adsorption capacity. Conversely, the
ambient RH was negatively correlated with vapor diffusion properties and water evaporation, but positively
correlated with vapor adsorption capacity. The structural equation model elucidated 87%-97% of the variance
in the vapor transport.
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Table 2

Water Evaporation Parameters of Bare Soil and Three Types of Biocrusts Under Different Temperature

Ambient

Ambient relative Initial stage evaporation rate Late-stage evaporation rate Cumulative evaporation

Treatments temperature (°C) humidity (%) (mm hr™}) (mm hr™h) amount (mm)
Bare soil 20 50 0.283 + 0.005 Ad 0.056 + 0.003 Da 6.763 £ 0.125 Dc
30 50 0.406 £ 0.021 Ac 0.037 £ 0.004 Db 7.063 £ 0.004 Db
40 50 0.478 £ 0.015 Ab 0.024 £ 0.003 Dc 7.166 £ 0.054 Db
50 50 0.556 + 0.002 Aa 0.012 £ 0.000 Dd 7.374 £ 0.020 Da
Cyano crusts 20 50 0.240 £ 0.007 Bd 0.075 £ 0.002 Ca 7.367 £ 0.041 Cd
30 50 0.351 £ 0.003 Bc 0.064 £ 0.001 Cb 8.042 + 0.073 Cc
40 50 0.461 £ 0.002 Bb 0.048 £ 0.001 Cc 8.395 + 0.055 Cb
50 50 0.535 + 0.009 Ba 0.038 + 0.002 Cd 8.722 £ 0.039 Ca
Mixed crusts 20 50 0.227 £ 0.003 Cd 0.106 £ 0.002 Ba 9.065 £ 0.059 Bd
30 50 0.348 + 0.005 Bc 0.086 £ 0.000 Bb 9.353 £+ 0.085 Bc
40 50 0.452 + 0.004 Bb 0.075 £ 0.000 Bc 9.901 + 0.029 Bb
50 50 0.499 + 0.011 Ca 0.071 £+ 0.001 Bd 10.246 = 0.111 Ba
Moss crusts 20 50 0.217 + 0.002 Dd 0.139 + 0.001 Aa 10.923 + 0.039 Ad
30 50 0.323 + 0.002 Cc 0.123 + 0.003 Ab 11.283 + 0.160 Ac
40 50 0.448 + 0.007 Bb 0.110 £ 0.000 Ac 11.951 + 0.024 Ab
50 50 0.486 £ 0.004 Ca 0.105 £+ 0.001 Ad 12.146 = 0.013 Aa

Note. Different uppercase letters (A-D) indicate significant differences (@ = 0.05) of water evaporation parameters among different soil treatments of the same
temperature. Different lowercase letters (a—d) indicate significant differences (@ = 0.05) of water evaporation parameters among same soil treatments of the different

temperature.

4. Discussion
4.1. Biocrust Effects on Soil Vapor Diffusion and Their Underlying Mechanisms

Although only occupying a small portion of the soil profile, biocrusts are important biotic communities that
regulate soil water transport in dryland ecosystems (Kidron, Fischer, & Xiao, 2022; S. L. Li, Bowker, &
Xiao, 2021; Sun, Xiao, & Kidron, 2022). Vapor transport through the soil is mainly determined by the soil
structure, especially water molecule diffusion paths within the soil (Luo & Tu, 2019). Overall, we found that
biocrusts had a much higher soil vapor diffusion flux and vapor diffusivity than bare soil (Table 1 and Table S1 in
Supporting Information S1), and these increased trends were mainly attributed to the modification of soil
physicochemical properties induced by biocrusts, such as the lower bulk density and higher organic matter
content (Table 4). Normally, the bulk density is an important indicator of the extent to which a soil has become
compacted. In comparison to intact soil, compacted soil has higher bulk density and lower total porosity and
macroporosity (Zhai & Horn, 2018). Alternately, the slight reduction in bulk density caused by biocrusts leads to a
relative increase of pore space, thus increasing the pathways for vapor diffusion (Sun, Xiao, Kidron, & Mar-
kus, 2023). This result was also confirmed by the structural equation model analysis, which indicated that bio-
crusts significantly and indirectly affect soil gas diffusion properties through their influence on bulk density
(Figure S7 in Supporting Information S1).

Biocrusts also facilitate soil aggregation and aggregate stability through their provision of cementing substances
(i.e., organic matter and clay), thus increasing soil porosity and vapor diffusion rate (Peng et al., 2022). Moreover,
the organic matter can cohere mineral particles, thereby effectively promoting soil structural pore formation,
expanding pore size, and altering pore connectivity (Sun, Xiao, Li, et al., 2023). In this study, the organic matter
content and clay content of biocrusts were 161%—371% and 9-37-fold higher than those of the bare soil,
respectively, especially for the moss crusts (Table 4). Apart from the soil properties, the biotic components of
biocrusts, such as filamentous biological components (e.g., moss rhizoids, lichen rhizines, and cyanobacterial
filaments), microscopic fungal hyphae, and polysaccharide and organic gels secreted by cyanobacteria, could also
combine the microaggregates further to form macroaggregates and generate more pores in microaggregates
(Weber et al., 2022; Zhang et al., 2006). Moreover, the exopolysaccharides secreted by biocrusts can act as gluing
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Figure 5. Cumulative evaporation curve of bare soil and three types of biocrusts under different temperature. (a) 20°C + 50% RH; (b) 30°C + 50% RH; (c) 40°C + 50%

RH; and (d) 50°C + 50% RH.

agents, and contribute directly to aggregate stability (Chock et al., 2019; Xiao, Sun, Hu, & Kidron, 2019).
Furthermore, soil pore morphology plays a crucial role in vapor and gas transmission (Peng et al., 2022; Sun,
Xiao, Kidron, & Heitman, 2022). In a porous media, the vapor mainly diffuses through connected pores. In the
same study area, the pore structure of biocrusts obtained by analyzing X-ray CT images showed that biocrusts
increased the macroporosity and pore size volume in contrast to bare soil, and the fraction of large, long-shaped,
and continuous pores accounted for 81%-96% of the total pore volume in the biocrusts (Sun, Xiao, Li,
et al., 2023). Similar results are reported by Menon et al. (2011) and Xiao, Sun, Hu, and Kidron (2019), who
pointed out that the colonization of biocrusts is positively correlated with soil porosity and pore structure.
Additionally, the root-like structures (i.e., lichen rhizines, moss rhizoids, and protonemata) and enhanced activity
of microbial and soil fauna communities in biocrusts may also be beneficial to generate biopores with long and
continuous pore shapes (L. C. Liu et al., 2017; Souza-Egipsy et al., 2004), which is important for water vapor
transport. Consequently, an increase in the soil porosity and organic matter content, as well as the continuous pore
structure in biocrusts contributed to the increase in soil vapor diffusion properties.

The modification of bulk density may be attributed to the increase in organic matter and fines content. Whereas
organic carbon fixation by the photoautotrophic component of the biocrusts (cyanobacteria, lichens, and mosses)
is mainly responsible for the increase in organic matter of the crust (Beymer & Klopatek, 1991; Lange
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Figure 6. Water vapor adsorption rate of bare soil and three types of biocrusts under different temperature. (a) 20°C + 50% RH; (b) 30°C + 50% RH; (c) 40°C + 50% RH;

and (d) 50°C + 50% RH.

et al., 1992), dust entrapment (Danin & Ganor, 1991), as well as bioweathering by the crusts (R. Y. Chen
et al., 2009) promote the formation of fine particles. Biocrusts may also increase the soil carbon pool by secreting
extracellular polymeric substances (EPS) (Mager & Thomas, 2011). All the above will result in a decrease in bulk
density and an increase in soil porosity, which point to a better structure than the bare soil, in turn, affecting the
vapor diffusion properties.

Apart from the soil properties, it has been suggested that atmospheric conditions are the major driving force for
soil vapor diffusion (Luo et al., 2018). In our study, at a given temperature, the vapor passes through the soil
sample driven by the RH gradient between the environmental chamber and the solution container (which is filled
with distilled water). In general, the vapor moves through soil sample in response to concentration gradients,
therefore, the RH gradient is positively correlated with the soil vapor diffusion rate (Jabro, 2009). In addition, the
maximum values of soil vapor diffusivity are always reached at the maximum ambient temperature of all
treatments, suggesting that soil vapor diffusion may be enhanced from an increase in ambient temperature
(Table 1). In comparison to the RH gradients, the temperature gradient had a significant effect on soil vapor
diffusivity (Table 1 and Table S1 in Supporting Information S1). This is attributed to an increase in the kinetic
energy of the water molecules with the increase in ambient temperature, which in turn increases their velocity
while diffusing and may also reduce the duration of time that they are adsorbed along the pathway.
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Figure 7. Cumulative water vapor adsorption curve of bare soil and three types of biocrusts under different temperature. (a) 20°C + 50% RH; (b) 30°C + 50% RH;
(c) 40°C + 50% RH; and (d) 50°C + 50% RH.

In our study, for a temperature rise from 20 to 50°C, the increase of vapor diffusivity of soil samples is higher than
that of free air. The following two reasons may explain the increase of diffusion coefficient of biocrusts and bare
soil. First, during the vapor diffusion experiment, vapor adsorption occurs simultaneously with vapor diffusion.
Especially, the capillary condensation in the soil may impede the pathways for vapor transport during the vapor
diffusion. As the temperature is increased, less vapor is adsorbed at a given RH by mineral surface due to
molecules tending to desorb from the surface at elevated temperatures. Therefore, the pathway of vapor diffusion
and water molecules kinetic energy increases with increasing temperature, thereby increasing the speed of water
molecules to penetrate the soil sample. Second, the artificial climate incubator maintains a stable RH by adding
water vapor. In order to maintain a constant RH in the artificial climate incubator at elevated temperatures, a large
amount of water vapor needs to be introduced into the incubator, thereby increasing the air flow rate of the soil
sample and facilitating vapor diffusion.

4.2. Underlying Mechanisms of Biocrust Affecting Soil Evaporation

Overall, we found that the average evaporation rate of all types of biocrusts was significantly higher than that of
bare soil, indicating that the colonization of biocrusts could enhance soil evaporation in drylands (Table 2). We
attributed the increasing effects of biocrusts on soil evaporation to biocrust-mediated changes in soil properties
and hydraulic parameters (Kidron & Tal, 2012; X. R. Li et al., 2018; Xiao et al., 2010). Since the evaporation
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Table 3

Water Vapor Adsorption Parameters of Bare Soil and Three Types of Biocrusts Under Different Temperature

Ambient temperature

Ambient relative

Initial vapor adsorption rate

Initial vapor adsorption

Cumulative vapor adsorption

Treatments °C) humidity (%) (mm hr™h amount (mm) amount (mm)
Bare soil 20 50 0.048 + 0.003 Ca 0.095 + 0.006 Ca 0.108 + 0.006 Ca
30 50 0.037 + 0.001 Cb 0.073 + 0.002 Cb 0.076 + 0.001 Db
40 50 0.034 + 0.000 Cbc 0.068 + 0.001 Cbc 0.071 + 0.001 Cbc
50 50 0.032 £ 0.001 Cc 0.064 + 0.002 Cc 0.069 + 0.003 Cc
Cyano 20 50 0.067 + 0.007 Ba 0.134 + 0.014 Ba 0.161 + 0.013 Ba
S 30 50 0.046 + 0.006 Bb 0.093 + 0.012 Bb 0.096 = 0.010 Cb
40 50 0.040 + 0.006 BCb 0.080 + 0.012 BCb 0.088 + 0.013 BCb
50 50 0.036 + 0.003 BCb 0.071 % 0.006 BCb 0.076 + 0.005 BCb
Mixed 20 50 0.077 £ 0.003 Aa 0.155 + 0.006 Aa 0.183 + 0.008 Aa
SO 30 50 0.052 + 0.004 Bb 0.104 + 0.008 Bb 0.109 + 0.008 Bb
40 50 0.046 + 0.004 ABbc 0.092 + 0.009 ABbc 0.100 + 0.012 ABbc
50 50 0.039 + 0.004 Bc 0.079 + 0.007 Bc 0.085 + 0.007 Bc
Moss 20 50 0.081 + 0.003 Aa 0.162 + 0.006 Aa 0.200 + 0.011 Aa
GRS 30 50 0.059 + 0.001 Ab 0.118 + 0.002 Ab 0.123 + 0.001 Ab
40 50 0.052 + 0.004 Ac 0.105 + 0.008 Ac 0.110 + 0.007 Ac
50 50 0.046 + 0.001 Ad 0.093 + 0.002 Ad 0.101 + 0.001 Ac

Note. Different uppercase letters (A—D) indicate significant differences (« = 0.05) of water vapor adsorption parameters among different soil treatments of the same
temperature. Different lowercase letters (a—d) indicate significant differences (@« = 0.05) of water vapor adsorption parameters among same soil treatments of the

different temperature.

Table 4
Properties of Bare Soil and Three Types of Biocrusts
Measurements Bare soil Cyano crusts Mixed crusts Moss crusts F P
Total biomass (g cm™?) - 0.07 £ 0.01 ¢ 0.12+0.01 b 0.17 £ 0.01 a 34.82 <0.001
Biocrust thickness (mm) - 6.29 £ 039 ¢ 8.64 £0.24 b 1145 £ 047 a 137.96 <0.001
Chlorophyll a content (ug g~*) = 576 £ 052 ¢ 843 £030b 10.13 £ 1.03 a 30.57 0.001
Crust coverage (%) - 90.96 + 1.82 ¢ 9483+ 1.70 b 9584 +2.15a 5.50 0.044
Bulk density (g cm™) 1.61 £ 0.01 a 1.51 £0.01b 142 +£0.02¢ 1.09 + 0.08 d 96.22 <0.001
Total porosity (%) 3937 £0.56d 4299 + 048 c 46.40 = 0.69 b 59.01 +£2.89a 84.85 <0.001
Sand content (20-2,000 pm) (%) 97.77 £ 0.12 a 88.96 + 0.18 b 84.29 £ 0.16 ¢ 78.88 £ 0.43d 2938.15 <0.001
Silt content (2-20 pm) (%) 221 £0.12d 10.83 £ 0.18 ¢ 1528 £ 0.17b 20.32 £ 040 a 3031.93 <0.001
Clay content (<2 pm) (%) 0.02 £0.00d 021 £0.01 ¢ 043 £0.01b 0.80 £ 0.04 a 835.52 <0.001
Organic matter content (g kg™") 6.42 £ 0.68 d 16.74 £ 0.99 ¢ 2538 £0.62b 30.36 £ 0.34a 685.59 <0.001
Soil pH 821 +0.01a 7.65 £0.01b 7.63 £0.01b 7.49 £ 0.08 ¢ 170.19 <0.001
Specific surface area (m? g™ 1.55 £0.15d 225 +£0.04c 2.52 £ 0.06 b 295+0.10a 112.13 <0.001
Water drop penetration time (s) 1.51£052a 1.70 £ 042 a 1.72 £ 0.16 a 1.80 £ 0.27 a 0.564 0.647
Water repellency index 2.19£0.18d 2.60 £ 0.05¢c 357+0.10b 4.18 £0.18 a 281.97 <0.001
Saturated water content (cm> cm ™) 0.34 £0.02d 0.37 £ 0.01 ¢ 042 £0.01b 0.56 £ 0.02 a 32.74 <0.001
Field capacity (cm® cm™) 0.05 £0.01d 0.09 £0.01c 0.14 £ 0.0l b 0.18 £0.03a 117.60 <0.001
Surface roughness (%) 256 £0.26d 8.55+039¢ 16.58 £ 1.16 a 1222 + 0.82 b 189.08 <0.001
Note. Different lowercase letters (a—d) within the same row indicate significant differences (@ = 0.05) among soil treatments.
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Figure 8. Pearson correlation coefficients matrix for total biomass (7B), biocrust thickness (BT'), soil bulk density (BD), clay
content (Clay), soil organic matter content (SOM), specific surface area (SSA), field capacity (6;), saturated water content
(8,), vapor diffusivity (VD), evaporation rate (E), and vapor adsorption amount (VAM). The correlation coefficients are listed
in the lower left of matrix and the significance is presented in the upper right matrix. The red color indicates positive
correlations, and the blue color indicates negative correlations. * and ** indicate that the coefficients are significant at the
0.05 and 0.01 probability levels, respectively.

process can be divided into three stages (Lal & Shukla, 2004), it is noteworthy that biocrusts decreased the rate of
water evaporation at stage I but increased at stages II-III (Figure 4 and Figure S3 in Supporting Information S1).
At the initial stage, all treatments had high soil water content (near saturated water content) in our study, and the
evaporation rate was the highest while being limited by atmospheric condition (S. L. Li et al., 2022b). The
decreased initial evaporation rate of biocrusts can be explained by the high absorption capability of the biocrust,
mainly induced by their high EPS (Chock et al., 2019; Lan et al., 2012). Secreted by cyanobacteria, microalgae,
microfungi, and bacteria (Kidron et al., 2020; Rossi et al., 2012), the EPS are an essential component of the
surface soil matrix structure and of biocrust function. Upon wetting, EPS was reported to expand its volume
within seconds (up to 70-fold its dry weight; Chenu, 1993), thereby increasing its water-holding capacity and
leading to surface sealing and pore clogging. As noted by Kidron et al. (2020), a large amount of loosely-bound
EPS can be noted by SEM pictographs, and these scattered EPS may inevitably lead to the reduction in available
pore space near the soil surface. Moreover, upon wetting, the cyanobacterial sheath swells and becomes turgid,
subsequently restricting the pathways for vapor transport during the initial stage of evaporation (Fischer
etal., 2010; Verrecchia et al., 1995). The formation of a dry layer during the later stages of evaporation may retard
vapor transport and subsequently evaporation, as shown during later times (i.e., hours 24—72). Biocrusts could
maintain more water and delay the formation of a dry surface layer (S. L. Li & Xiao, 2022). The enhanced pore
connectivity and reduced tortuosity in biocrusts contribute to a decrease in diffusive length (Sun, Xiao, Li,
et al., 2023), facilitating the transport of moisture toward the evaporation front and shortening the time required
for water vapor in the drying surface layer to escape into the atmosphere. In contrast to vascular plants, mosses are
poikilohydric and lack both a typical vascular conducting system for water and stomatal pores for control of
transpiration, and therefore, mosses are thought to evaporate freely (Merced & Renzaglia, 2017). Consequently,
biocrusts promote soil evaporation rate during the later stages of the evaporation process. Similar results of
biocrusts' impact on water evaporation were also reached by S. L. Li et al. (2022a, 2022b), maintaining that the
biocrusts could decrease the water evaporation rate at stage I, but increase water evaporation rate and water loss
during stages II and III.
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In the late stages of evaporation, the water migrates in the form of vapor diffusion, and from the subsurface soil
toward ambient atmosphere. Both the soil evaporation and vapor diffusion involve the vertical transport of water
through the soil. However, there are some differences between the late-stages evaporation and vapor diffusion.
First, as evaporation goes on, the evaporation front moves continuously downwards, and thus the temperature at
the soil surface is higher than that at the bottom. In our study, at the late stages of evaporation, the thermal and
concentration gradients are the driving forces for vapor diffusion. During the vapor diffusion experiment, the
artificial climate incubator provided uniform heating conditions by transferring the heat to the test device for the
water vapor measurements, and the concentration gradient provided the dominant driving force for the diffusion
of water vapor. Second, despite the fact that this study only measured vapor diffusion process in the surface soil, it
can actually take place in the whole soil profile; however, late-stage evaporation process only occurs above the
evaporation front. Third, the vapor diffusion coefficient cannot be obtained from the soil evaporation process, and
the measurement of vapor diffusion is essential for further understanding the effects of biocrusts on evaporation
process in the late stages.

It is well documented that atmospheric conditions (i.e., RH, temperature, radiation, and wind velocity) play
significant roles in soil water evaporation (Smits et al., 2012), that is, vapor transport toward the atmosphere (de
Amesti et al., 2020). Vapor transport from the soil toward the atmosphere occurs when the vapor pressure of the
soil air is greater than the vapor pressure of the atmosphere during a continuous supply of evaporative energy and
water (Lopez-Canfin et al., 2022). In our study, the evaporation rate of all treatments was negatively correlated
with the ambient RH. The lower the ambient RH, the drier the air and the higher the differences in vapor pressure.
On the other hand, higher temperatures positively affect the evaporation rate. As the ambient temperature in-
creases, the amount of energy necessary for evaporation decreases. Noticeably, all three types of biocrusts had
higher evaporation rates and amounts than bare soil under all atmospheric conditions considered in our study,
which implies that the biocrust layer is important to mediating boundary conditions for water evaporation and
balance in drylands.

4.3. Pathways of Biocrust Effects on Soil Vapor Adsorption

The capability of soils to adsorb vapor is dependent on various factors, such as soil properties, ambient tem-
perature, and sorption direction. Our study showed that the biocrusts had higher vapor adsorption rate and amount
than bare soil, which suggests that biocrusts improve vapor sorption capacity. Generally, the soil vapor sorption
capacity increases with increasing soil clay content, specific surface area, and cation exchange capacity (C. Chen
et al., 2021). The increased vapor sorption capacity of biocrust is modulated by the change in the soil particle size
composition and specific surface area (Table 4). The interlayer swelling characteristics of clay minerals increase
the surface area and adsorption sites, thereby facilitating the adsorption of a larger quantity of monolayer water
and hygroscopic water than do sand grains (Schneider & Goss, 2012). The abundant fine particles (especially clay
content) in biocrusts provide a greater quantity of adsorption sites for water molecules, therefore higher
adsorption capacity of biocrusts, even when clay mineralogy in the biocrusts is similar to that of the bare soil (C.
Chen et al., 2021). In addition, increased surface roughness also contributes to higher water molecule adsorption,
as well as cation hydration (Arthur, 2017; Song et al., 2022). Specifically, during the monolayer adsorption stage,
mineral soils adsorb water molecules through hydration (cation and surface hydration) (Khorshidi & Lu, 2017).
As the clay particles have relatively large surface areas, they are the primary sites of cation retention and exchange
in soils (C. Chen et al., 2021). Thus, biocrusts could also improve soil vapor adsorption through their higher cation
exchange capacity and specific surface area (Kheirfam & Roohi, 2020). This finding was confirmed by the
structural equation model, which showed that clay content and specific surface area are the key driving factors of
soil vapor adsorption capacity. Similar results were also reported by S. L. Li, Xiao, et al. (2021) and Song
et al. (2022), who documented that clay content is strongly correlated with specific surface area and water vapor
sorption amount.

Organic matter also has a significant impact on vapor adsorption capacity, for it can coat the surface of clay
minerals and increase the surface area accessible to water molecules (S. L. Li, Xiao, et al., 2021). Soil organic
matter could directly adsorb water due to the presence of hydrophilic oxygen-containing functional groups, which
included carboxylic, phenolic hydroxyl, and amino groups (Arthur et al., 2020; Kirschbaum et al., 2020).
Accordingly, our biocrusts should have a higher vapor adsorption capacity because they generally have a higher
organic matter content in comparison to the bare soil (Table 4). In our study, moss-inhabited biocrusts (moss and
mixed crusts) could engineer more profound changes in the soil vapor adsorption capacity than cyano crusts and
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bare soil (Table 3 and Table S3 in Supporting Information S1). With the successional transition from cyano-
bacterial to moss, biocrusts can engineer profound changes in the soil properties and further influence vapor
adsorption capacity through several processes. Due to their greater surface roughness, biomass, and thickness,
moss-inhabited biocrusts can fix greater amounts of carbon and trap higher amounts of fines, thereby generally
enhancing all of the soil properties discussed above, such as clay content, specific surface area, and organic matter
content (Karnieli et al., 1999), often more significantly than cyano crusts. Consequently, the biocrust layer could
improve soil vapor adsorption, and the thicker the biocrust layer, the greater the improvement (S. L. Li, Bowker,
& Xiao, 2021).

In addition to the soil properties, the biological components in biocrusts (i.e., cyanobacteria and moss) can have a
strong influence on vapor adsorption. Soil bacteria directly influence water acquisition and retention through the
secretion of EPS (Y. S. Guo et al., 2018). EPS are composed of compositionally heterogeneous high-molecular-
weight glycan polymers rich in free hydroxyl (-OH) and amino (-NH,) group, both of which are strongly hy-
drophilic and contribute to water uptake from the atmosphere and hold moisture directly within the EPS poly-
meric matrix (Wang et al., 2012). Moreover, EPS can act as binding agents for aggregates on micrometer scale
(Godinho & Bhosle, 2009), and play a crucial role in maintaining structural stability (Flemming & Wing-
ender, 2010). The small pores typical of intra-aggregate spaces hold water tightly, thereby modulating soil
moisture (Lehmann et al., 2017). Although the mosses are small, they have papillae and lamellae on their costae,
as well as moss cushions and the rhizoids (root-like structures) that anchor the plants to the ground, which can
absorb water directly from the atmosphere (Kidron et al., 2002; Nejidat et al., 2016). Moreover, the biotic
component could also exert an important effect on soil properties. Therefore, with succession from cyanobacterial
to moss, a crucial functional change is also expected, which further strongly influences soil vapor adsorption
capacity.

Soil water repellency also plays a crucial role in vapor sorption by influencing available sorption sites. Many
scholars maintain that biocrusts are water repellent, mainly attributed to the organic matter and non-polar exu-
dates of microorganisms (e.g., green algae or cyanobacteria), which could increase the contact angle of the water
with the soil surface (Fischer et al., 2010). In this study, the water repellency was assessed by water drop
penetration time and water repellency index. According to Bisdom et al. (1993), water drop penetration time less
than 5 s implies non-repellent conditions. Although the biocrusts had higher water drop penetration time than bare
soil, the average water drop penetration time of biocrusts was 1.74 s, which showed that they were non-repellent
(Table 4). Unlike water repellency index >9, which implied hydrophobicity (Fischer et al., 2010), RI of up to 4-5
in our study did not necessarily indicate crust hydrophobicity. Additionally, no conclusive evidence has yet been
reported showing runoff generation ascribed to water repellency in arid and semiarid regions (Kidron, 2019).
While the biocrusts had higher water drop penetration time and repellency index than bare soil, the difference of
soil properties (e.g., clay content, specific surface area, and organic matter content) and biological component
played a leading role in vapor adsorption.

4.4. Implication for Biocrust Role in Soil Vapor Transport Related Dryland Ecohydrology

As an important living skin in drylands, biocrusts substantially regulate soil water transport, which means that
they are essential agents in changing ecohydrological, biological, and chemical processes (Xiao et al., 2022). In
this study, we found that biocrusts greatly enhanced soil vapor transport properties, and all these effects were
reasonably attributed to the biocrusts' modifications on soil properties. Generally, water transport in relatively dry
soils is not a simple vapor diffusion process. The diffusion of vapor is coupled with the exchange of water be-
tween liquid and vapor phases (evaporation and condensation), and the adsorption of water molecules on soil
surfaces. These processes may occur simultaneously, and the net result of all processes was measured in the study.
Due to strong evaporation and large temperature differences between day and night, liquid water and vapor
transitions take place frequently in drylands. For example, following rain liquid water evaporates to form vapor,
and subsequently the vapor condenses as liquid water on a cooler surface at night driven by the temperature
gradient (Cahill & Parlange, 1998; Kidron, Kronenfeld, et al., 2022). Since the condensation capacity shows a
positive correlation with the amount of adsorption sites for water molecules (C. Chen et al., 2021), biocrusts are
expected to increase condensation capacity (e.g., vapor condensation and dew formation), which is confirmed by
the finding of S. L. Li, Bowker, and Xiao (2021), who documented an increment in high daily non-rainfall water
amount in biocrusts. Nevertheless, as found for the Negev, non-rainfall water had only a limited effect on bio-
crusts, explained by the substantially higher nocturnal temperatures of the surface (Kidron & Kronenfeld, 2023).
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In the Negev, non-rainfall water was however shown to have a positive effect on moss crusts. Protruding several
millimeters above the soil surface, mosses were found to experience efficient nocturnal cooling which facilitate in
turn dew formation (Kidron et al., 2002).

It is well known that the vapor transport is coupled with heat transport, as large value of the latent energy is
required for vapourization of water (Parlange et al., 1998). The biocrust influence on soil temperature can be
better understood by assessing the effects of biocrusts on soil vapor transport. By increasing soil water holding
capacity, vapor diffusivity, and evaporation rate, biocrusts facilitate vapor transport from soil to atmosphere
after rainfall events, thus demanding more heat and energy for vapor to diffuse through the dry layer to the soil
surface. Moreover, recent studies reported that biocrusts significantly increased heat capacity, thermal con-
ductivity, and thermal diffusivity of surface soil by holding more water when wet (Xiao, Ma, & Hu, 2019),
which will inevitably reduce the surface temperature (S. L. Li & Xiao, 2022; Xiao & Bowker, 2020). Thus, the
role of biocrusts in affecting surface energy balance cannot be neglected. It is forecasted that in the next de-
cades, dryland might suffer more severe droughts with less precipitation but higher temperature, and such
climate change will certainly affect a range of ecosystem processes. Even small changes in temperature and
moisture will influence thermal and moisture concentration gradients, which further drive large changes in soil
vapor transport and alter the soil water regimes (Jabro, 2009; Guan et al., 2023). In our study, temperature was
the main atmospheric driving factor of vapor diffusivity (Table 1). Accordingly, biocrusts induce more rapid
movement of inward and outward vapor under warmer temperature in comparison with bare soil, thus
increasing soil evaporation and condensation. This may be the case following temperature-induced vapor
transport which may result in condensation following distillation (Kidron, Kronenfeld, et al., 2022), and as
discussed earlier, this may also result in some atmospheric water interception by mosses (Kidron et al., 2002; S.
L. Li, Xiao, et al., 2021). These processes may affect microorganism activation and biomineralization, such as
of CaCO; (Lopez-Canfin et al., 2022), but, further studies are still needed in order to substantiate biocrusts' role
in these processes.

In addition, this study evaluated the performance of biocrusts on vapor diffusion, evaporation, and
adsorption at the plot scale of the Chinese Loess Plateau. We must acknowledge that it is difficult to
quantitatively evaluate the contribution of biological components to the vapor transport separately from
other mechanisms. Moreover, caution should be taken when applying our results to larger spatial scales
(e.g., regional and even global scales) or for other drylands with arid climates. The soil type and texture
could also influence vapor transport, which suggests that different results may be obtained for the colo-
nization of biocrusts on more fine-grained soils. Therefore, further studies are still necessary to explore the
biocrusts' role in vapor transport at larger spatiotemporal scales for a more comprehensive understanding of
the way in which biocrusts modulate hydrological processes and thereby change water balance in global
drylands.

5. Conclusions

In this study, we analyzed the differences in soil vapor diffusion properties, vapor adsorption capacity, and water
evaporation of three types of biocrusts (cyano crusts, mixed crusts, and moss crusts) in comparison to bare soil
under different atmospheric conditions. Our results showed that biocrusts significantly increased vapor diffusivity
due to their higher porosity and lower bulk density. The results of vapor adsorption measurements illustrated that
all types of biocrusts highly increased vapor adsorption amounts by >30%, and these increasing effects were
pronouncedly obvious in moss crusts under high RH condition. The structural equation model showed that the
driving factor of soil vapor adsorption was the clay content and specific surface area. Besides, the average
evaporation rate and cumulative evaporation amount of biocrusts were 3%—46% and 10%—63% higher than for the
bare soil, which is attributable to biocrust-induced effects on water holding capacity. The increased vapor
diffusivity is mainly attributed to the modification of water molecules kinetic energy, vapor diffusion pathway,
wind speed, and turbulent pumping. Consequently, biocrusts would accelerate the vapor diffusion, adsorption,
and evaporation, as a consequence impact surface energy and water balance, which are vital in various soil
ecohydrological and biochemical processes. Improved knowledge about the effects of biocrusts on soil water
movement in dryland ecosystem can be useful to understand how these ecological systems may offset the negative
impacts of land degradation and desertification.
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