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Abstract

In drylands, where water scarcity limits vascular plant growth, much of the primary
production occurs at the soil surface. This is where complex macro- and microbial
communities, in an intricate bond with soil particles, form biological soil crusts (bi-
ocrusts). Despite their critical role in regulating C and N cycling in dryland ecosys-
tems, there is limited understanding of the fate of biologically fixed C and N from
biocrusts into the mineral soil, or how climate change will affect C and N fluxes
between the atmosphere, biocrusts, and subsurface soils. To address these gaps,
we subjected biocrust-soil systems to experimental warming and drought under
controlled laboratory conditions, monitored CO, fluxes, and applied dual isotopic
labeling pulses (**CO, and *°N,). This allowed detailed quantification of elemental
pathways into specific organic matter (OM) pools and microbial biomass via density
fractionation and phospholipid fatty acid analyses. While biocrusts modulated CO,
fluxes regardless of the temperature regime, drought severely limited their photo-
synthetic C uptake to the extent that the systems no longer sustained net C uptake.
Furthermore, the effect of biocrusts extended into the underlying 1 cm of mineral

soil, where C and N accumulated as mineral-associated OM (MAOM ). This was

<63um
strongly associated with increased relative dominance of fungi, suggest?ng that fun-
gal hyphae facilitate the downward C and N translocation and subsequent MAOM
formation. Most strikingly, however, these pathways were disrupted in systems ex-
posed to warming, where no effects of biocrusts on the elemental composition of
the underlying soil nor on MAOM were determined. This was further associated
with reduced net biological N fixation under combined warming and drought, high-
lighting how changing climatic conditions diminish some of the most fundamental
ecosystem functions of biocrusts, with detrimental repercussions for C and N cy-

cling and the persistence of soil organic matter pools in dryland ecosystems.
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1 | INTRODUCTION

In drylands, which constitute almost half of the Earth's terrestrial
surface, water scarcity constrains the growth of vascular plants.
Instead, primary production occurs directly at the soil surface by
biological soil crusts (biocrusts) which establish at the top few mil-
limeters of soil. These thin and well-aggregated surface layers are
formed by communities, composed of non-vascular photoautotro-
phs (e.g., bryophytes, lichens, and cyanobacteria) and microbial het-
erotrophs (e.g., fungi and bacteria) living in intricate association with
soil mineral particles (Weber et al., 2022). They can comprise over
70% of the living cover in drylands and are critical contributors to
ecosystem functionality at multiple scales (Belnap & Lange, 2001;
Maestre et al., 2013; Weber et al., 2016). At local scales, biocrusts
regulate nutrient cycling (Belnap et al., 2016), soil food web struc-
tures (Mager & Thomas, 2011), subsurface soil microbial communi-
ties (Bates et al., 2010; Xiao & Veste, 2017), water infiltration (Barger
et al., 2006; Chamizo et al., 2012; Kidron et al., 2022), and soil sur-
face stabilization (Felde et al., 2018; Pietrasiak et al., 2013; Pointing
& Belnap, 2014). At broader scales, the fixation of atmospheric CO,
and N, represents a major component of biogeochemical fluxes with
implications for global C and N cycles (Belnap, 2001; Finger-Higgens
et al., 2022; Weber et al., 2022), estimated to account for 7% of total
net C uptake and 50% of terrestrial N, fixation (Elbert et al., 2012).
At the same time, biocrusts can also contribute significantly to C
losses via stimulated soil respiration, thereby driving both C gains
and losses in dryland ecosystems (Castillo-Monroy et al., 2011).
Biocrusts are characterized by an intricate association between
biotic components and the soil matrix. This can be attributed to two
central mechanisms: (i) the direct structural enmeshment of soil par-
ticles by filamentous strands of cyanobacteria, moss rhizoids, and
fungal hyphae (Barger et al., 2006; Weber et al., 2022) and (ii) the
release of extracellular polymeric substances (EPS) contributing to
the formation of aggregated structures at the soil surface (Mager &
Thomas, 2011; Chenu & Consentino, 2011; Costa et al., 2018). Given
the otherwise low organic C and N contents in dryland soils, these
compounds further represent a major source of easily available en-
ergy and nutrients to microbial surface communities and can consti-
tute up to 75% of the total soil organic C (SOC) stocks (Mager, 2010;
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Mager & Thomas, 2011; Rossi & De Philippis, 2015). This build-up
of C can also impact the subcrust soil, for example, via leaching of
dissolved nutrients (Young et al., 2022), litter inputs of decomposing
biocrust biomass (Hagemann & Moroni, 2015), or via the produc-
tion and release of microbial exometabolites (Swenson et al., 2018).
However, there are still major uncertainties around the elemental
pathways from, and overall contribution of, biocrust to different soil
organic matter (SOM) pools and SOC storage.

Along with the recognition of biocrusts as critical components in
dryland ecosystem functionality across various scales, there is grow-
ing concern for their susceptibility to climate change (e.g., Darrouzet-
Nardi et al., 2015; Elbert et al., 2012; Finger-Higgens et al., 2022;
Maestre, Cristina, et al., 2015; Maphangwa et al., 2012; Permin
et al, 2022; Rodriguez-Caballero et al., 2018; Tucker et al., 2020; Xu
et al., 2022). Similar to the effects of anthropogenic disturbances,
climate change can cause well-developed biocrusts to regress to
early-successional and species-poor communities, significantly
compromising their capacity to fix C and N (Ferrenberg et al., 2015;
Housman et al., 2006; Lange, 2001; Tucker et al., 2019). Evaporative
stress and increasing aridity associated with warming temperatures
have also been shown to increase moss mortality (Ladrén de Guevara
et al.,, 2018; Maestre et al., 2013), decline the abundance and diver-
sity of fungi and bacteria (Maestre, Delgado-Baquerizo, et al., 2015;
Rodriguez et al., 2024), and reduce the cover of N-fixing lichens
(Finger-Higgens et al., 2022). Moreover, a growing body of evidence
shows how warming coupled withinfrequent precipitation diminishes
the photosynthetic capacity of biocrusts, compromising their ability
to maintain net C uptake (Maestre et al., 2013; Reed et al., 2012;
Tucker et al., 2020). This means that biocrust-soil systems may no
longer function as net C sinks (Darrouzet-Nardi et al., 2015) which
has fundamental consequences for several ecosystem services, re-
defining the future role and functionality of biocrusts in drylands
(Garcia-Pichel et al., 2013; Reed et al., 2012). Yet, despite increased
research attention, our understanding of the repercussions of global
change on biocrusts is still in its infancy, particularly beyond the ef-
fects within the borders of the biocrust layer. Only recently has more
attention been directed to implications on biocrust-soil interactions,
such as the pathways and mechanisms of biocrust-derived C and N
into the subsurface soil beneath the biocrust (e.g., Beraldi-Campesi
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et al., 2009; Ferrenberg et al., 2018; Maestre et al., 2013; Tucker
et al., 2020). In Diaz-Martinez et al., 2023, pioneered the study of
particulate (POM) and mineral-associated organic matter (MAOM)
formation within the biocrust layer, marking an important contribu-
tion for our understanding of OM dynamics in biocrust systems. Yet,
how their findings compare to SOM dynamics in the underlying min-
eral soil is unknown.

In this study, we aim to extend the understanding of how chang-
ing climatic conditions impact fundamental biogeochemical cycles
in dryland biocrust-subsurface soil systems (biocrust-soil systems
hereafter) at the process level by tracing C and N from biocrusts into
the underlying mineral soil. This was realized in a phytotron climate
simulation experiment, where biocrust-soil systems were exposed
to warming (+5°C) and/or drought (-50% water addition) under con-
trolled laboratory conditions. In addition to monitoring CO, fluxes,
repeated *3CO, and *N, labeling pulses were applied to directly dis-
entangle interactions between biocrusts, microorganisms, and soil.
The allocation of biocrust-derived C and N into POM and MAOM
(density fractionation) and C into microbial biomass (phospholipid
fatty acid [PLFA] analysis) was determined both within the biocrust
layer and in the underlying 1cm thick subsurface soil, allowing us
to distinguish biocrust effects that extend into the mineral soil.
We hypothesize that (i) biocrusts contribute to the build-up of soil
C and N in the underlying 1cm soil, (ii) these elemental pathways
are impaired in systems exposed to drought and warming and that
(iii) the overall biological fixation of C and N is reduced by the ap-
plied climate change factors. This systemic approach of the present
study, tracing biocrust-derived C and N into specific SOM pools via
microbial transformation, provides novel insights into biocrusts as
regulators of soil C and N cycles and how changing climatic condi-
tions alter—or even disrupt—fundamental biogeochemical pathways

between biocrusts and soils.

2 | MATERIALS AND METHODS
2.1 | Field sampling and soil preparation

Soil was sampled from semiarid Santa Gracia located in the Coastal
Cordillera of Chile (-71.166, -29.757; MAT: 13.7°C, MAP: 66 mm;
Bernhard et al., 2018; Table S1) from five subplots (10x 10cm), all
within 500m of each other. The subplots were situated on a top
slope surrounded by similar vegetation (mainly smaller shrubs,
e.g., Proustia cuneifolia, Balbisia peduncularis, and Cordia decandra;
Bernhard et al., 2018) classified as “Interior Mediterranean desert
scrub” (Luebert & Pliscoff, 2006) and with biocrusts dominated by fil-
amentous cyanobacteria (e.g., Microcoleus vaginatus and Nodosilinea
epilithica; Samolov et al., 2020) but also containing bryophytes, liver-
worts, and chlorolichens (e.g., Placidium sp., Caloplaca sp., and Riccia
spp.; Bernhard et al., 2018). The soil material was collected from two
depth layers: 0-1cm topsoil (A horizon; 77% sand, 13% silt, 10%
clay) and 3-5cm subsoil (B horizon; 77% sand, 12% silt, 11% clay).
The biocrust layer was removed prior to sampling, meaning that only
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the mineral soil substrate was collected in the field. The collected
material was sieved (<2mm) and homogenized into one composite
sample for each depth increment (basic soil properties are included
in Table S2). The composite samples were then filled into mesocosms
(height: 5cm, @: 8cm, polyvinyl chloride); subsoil material up to 4cm,
and topsoil material in the top 1cm (1.6gcm‘3 bulk density according
to field conditions; Riveras-Munoz et al., 2022; Table S2). The two
layers were separated by a strip of Teflon foil to facilitate the sepa-
ration of the layers after incubation. Each mesocosm was covered
from below with mesh (@: 30 um) and placed on elevated metal grids
inside incubation vessels (Figure S2).

2.2 | Incubation and experimental setup

The 133-day incubation took place in two phytotron chambers.
The control chamber was programmed after climate data collected
in the field (10.5-21.5°C; Ubernickel et al., 2020) and the warming
chamber was continuously set at +5°C (15.5-26.5°C; Figures S1-S3).
Photosynthetic photon flux density (PPFD) in both chambers ranged
from 65 to 425 umol m2st during a 14-h photoperiod (Figure S3), set
to resemble a cloudy day at the study site (Ubernickel et al., 2020). In
half of the mesocosms, biocrusts were let to establish spontaneously
under water addition (autoclaved deionized H,O which was gently
sprayed across the surface) and light. In the other half, photosyn-
thetic active radiation (PAR) was excluded via shading to prevent bi-
ocrust growth, hereafter referred to as bare soil controls (Figure S2).
During the first 60days of incubation, all samples received a total
of 6mL water per day to promote biocrust establishment. During
the remaining 73 days, water addition was limited to 1mL per day
(corresponding to the site conditions) in half of the samples, whereas
it was reduced by 50% in the other half of the samples (from 1 to
0.5mL per day), to simulate drought. In summary, this resulted in a
total of eight treatments: systems with or without biocrusts (2 lev-
els), ambient and warming temperatures (2 levels), and normal water
and reduced water (drought hereafter) conditions (2 levels). A de-
tailed description of the experimental design and incubation can be

found in supplements (Figures S1 and S2).

2.3 | Dualisotopic labeling

Both biocrust and bare soil samples underwent repeated 13CO2 la-
beling pulses, achieved by adding an excess of H,SO, to 7.5mg of
99%Na,'*CO, (~80 atom% 3C in headspace; Sigma-Aldrich Chemie
GmbH, Taufkirchen, Germany) into the sealed incubation vessels
for 5-h incubation (Figure S5). Biocrust samples were subjected to
one °N, labeling pulse, by adding 60mL 99%'°N, (~23 atom% "°N
in headspace; Sigma-Aldrich Chemie GmbH, Taufkirchen, Germany)
for 8h to the incubation vessels (further details in supplements;
Figure S5). The duration of the 15N2 labeling was limited to 8h to
minimize the exposure of the samples to elevated temperature
caused by the closed lids (Witzgall et al., 2023). To ensure stable
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CO, concentrations during labeling, tank CO, was added on an
hourly basis, adjusted to the individual net CO, flux in each sample.
Throughout 13CO2 and 15N2 pulse labeling, PPFD was increased to
600pumolm 25! to account for the PAR transmittance of the plastic
lids (73.8+0.3%).

2.4 | Respiration and photosynthesis CO, flux
measurements

In brief, 1 and 0.5mL of water were added to the respective
samples 2.5h before measurement to avoid elevated CO, release
(Lange, 2001). All samples were flushed with air with a defined
CO, concentration (>15min; 405ppm; -38.3%o stC V-PDB) and
CO, samples were collected after 45min incubation—either in light
(PPFD 600pmo|m’zs’1) for net photosynthesis measurements or
in complete darkness for respiration measurements. During dark
measurements, all handling was conducted under green light (PPFD
<15pmol m2s7t Figure S4). All measurements were conducted using
a Delta Ray Isotope Ratio Infrared Spectrometer TMURI (Thermo
Fisher Scientific, Bremen, Germany; Qtegra™ ISDS 2.3.1487.49
software) and the data are available online (Witzgall et al., 2024).
The output from the spectrometer (umol CO, mol™!) was con-
verted to pmol CO, with the ideal gas law, from which photosynthe-

sis and respiration fluxes were calculated as

CO. flux = Cozheadspace B Cozﬂush
2 Axt

with CO, flux: net ecosystem exchange of CO, (in pmol m2s™);
co, headspace’ CO, content in the headspace after incubation (in pmol);
CO, f1ush: CO, content before incubation (here: ~16.8umol); A: surface
area of sample (in m?); and t: time of incubation (in s).

The photosynthesis data presented in this study represent the
net CO, uptake (gross photosynthesis subtracted by respiration),
that is, the net ecosystem exchange (NEE) of the entire biocrust-soil
system and will be referred to as net photosynthesis hereafter. The
gas measurements were conducted after 60days of drought (10days
prior to harvest). The gas measurements and sampling system are

described in detail in Witzgall et al. (2023).

2.5 | VNIR hyperspectral imaging

Hyperspectral imagery was used to estimate biocrust cover of each
microcosm. All cores were gently sprayed with water, and after
30min, images of the moist soil surfaces were recorded with a
Hyspex VNIR-1800 camera (Norsk Elektro Optikk, Oslo, Norway)
after automatic dark background correction. The sensor was
equipped with a 30-cm lens, giving a field of view of approximately
9cm (53x53 pm2 per pixel). Light reflectance intensity was meas-
ured for 186 bands (400-990 nm; spectral resolution of 3.17 nm per
band). To account for potential unevenness in spectral response
of the sample at different locations, the spectral intensity (I) was
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normalized to a 50% reflectance (R) calibration target for each

wavelength (1) and pixel (x)

’Sample,/l,x

RSampIe,A,x = X RTarget,l,x .

ITarget,;l)(

A standard circle was cropped from each sample (1,537,844
pixels, total area of 43.2cm?). Regions of interest were selected
where bryophytes, microbial biocrust, or bare soil without any
biocrust cover were visible, and the spectral signatures were iso-
lated for each of the three groups (Figure S7). Based on distinct
differences in the spectral signatures between the groups, a set
of ratios and associated thresholds were established in order
to classify the pixels into two general types of biocrusts—bryo-
phytes and general biocrust. Pixels were classified as bryophytes
if the normalized difference vegetation index (NDVI) was 20.33,
the sum of the RGB band's reflectance was >5, the ratio of bands
87/48 (680.9/556.7nm) was <0.9, and the ratio of bands 60/50
(594.9/563.1nm) was <1.1. The NDVI (Kriegler et al., 1969) was
calculated as

NDVI| = Rnir — RRED’
Ruir + Reep

where Ry s and Ry are the reflectance of the near infrared (849.7-
881.5nm) and red (636.3-674.5nm) bands. Pixels that did not meet
the criteria for bryophytes were classified as general biocrusts
if the sum of RGB band's reflectance was >5, the ratio of bands
87/77 (680.9/649.0nm) was <0.95, and the ratio of bands 60/50
(594.9/563.1nm) was 21.1. A detailed description of the thresholds
and the classification approach is included in supplements (Figures S7-
S11). The sum of pixels associated with bryophytes and general bio-
crusts is referred to as total biocrust cover hereafter.

2.6 | Sampling after incubation

After 133 days, mesocosms were harvested and separated into
three depth increments. The biocrust layer was separated by lift-
ing off the aggregated surface layer, including the soil adhering to
it from below (Figure Sé). The surface of the remaining soil in the
cylinder was scraped off to collect all residues of the biocrusts
and added to the biocrust layer. The same was done for the bare
soil, where a similar amount of soil was gently separated to serve
as a control for the biocrust layer. The uppermost soil layer (1cm)
of pure soil was then collected down to the Teflon foil, followed
by the sublayer (subsequent 1.5 cm). These are hereafter referred
to as 0-1cm and 1-2.5cm soil layers. Replicates were pooled by
two to minimize the effect of natural heterogeneity between sam-
ples, that is, the eight incubation replicates resulted in four rep-
licates for subsequent analyses. Samples for microbial analyses
(PLFA) were freeze-dried immediately after sampling and stored
at -20°C until analysis, while subsamples for elemental analyses
(C, N, *3C, and **N) and fractionation were air-dried in darkness at
room temperature.
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2.7 | Physical fractionation and subsequent
analyses

Air-dried soil (20 and 25g for biocrust and top layer, respectively)
was capillary saturated with sodium polytungstate solution
(Na,[H,W,,0,.]; 1.8gcm™) overnight. After ultrasonic dispersion
(440JmL% Amelung & Zech, 1999; Mueller et al., 2014), floating
particulate organic matter (POM) at the surface was separated
from heavier minerals using a vacuum pump. The remaining mineral
material was sieved (63pum) yielding two mineral-associated OM
fractions (MAOM<6‘3le and MAOM>63le
were washed with deionized water and pressure filtered (0.22pm)
below an electrical conductivity of <5pScm™.
were freeze-dried and milled, after which the C, N, *°C, and °N

contents were determined by dry combustion with an isotope ratio

hereafter). All fractions

The fractions

mass spectrometer (Delta V Advantage, Thermo Fisher Scientific,
Bremen, Germany) coupled to an elemental analyzer (Euro EA,
Eurovector, Milan, Italy). Acetanilide was used as a laboratory
standard for calibration and to determine the isotope linearity
of the system. Several suitable isotope standards were further
used for internal calibration (International Atomic Energy Agency,
Vienna, Austria). The presence of CaCO, could be excluded as the
elemental composition of samples treated with 0.5M HCI remained
identical to those without added HCI. Therefore, the total C content
was assumed to be equal to the organic C content in subsequent

measurements.

2.8 | Calculations of biocrust-derived C and N in
bulk soil and OM fractions

The atom% of *3C and '°N in each sample, derived from the isotopic
signatures 513C%o V-PDB and 8N %o air N,, was used to calculate the

adjusted molar mass of C and N (adapted from Teixeira et al., 2023):

» 13 13
Mc [g mol ] = <M13C x C—1oo> + (Mm x <1 -z 1oo>>,

atom% atom%

» 15 15
My [g mol ] = (Mls,\, x N—1oo> + <M14N x (1 - N 100)),

atom% atom%

where M. and M|, are the adjusted molar mass for C and N, respec-
tively, taking the isotopic enrichment of each sample into account.
The molar mass of °C (M,5c) was set at 13.00335, that of 2c (My50)
at 12, that of N (M) at 15.000109, and that of **N (M,,,) at
14.003074gmol ™.

Furthermore, to account for the natural abundance of the sta-
ble isotopes, the excess isotopic enrichment of °C and >N was

calculated:

3Cenrichment[ %] = ¥Catom % biocrust — *3Catom % bare soil.

>Nenrichment[ % ] = ® Natom % biocrust — 1°Natom % bare soil.
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Lastly, the excess content of 13C and N was determined
(Teixeira et al., 2023):
13

M
3C concentration |[HE 8] = cenrichment % 100 x Cyiy X ’3’3; x 1000,

15 B Misn
N oncentration [#& 8| = Nenrlchment% 100 x Ny X My x 1000,
where C_, and N_, are the total C and N contents in bulk soil or OM

fractions.

2.9 | PLFA analyses

Phospholipid fatty acid patterns were determined according to
Quideau et al. (2016), where lipids were extracted from freeze-dried
soil (5 and 6g for biocrust and top layer, respectively) using a Bligh
and Dyer solution [methanol, chloroform, citrate buffer (pH=4),
2:1:0.8, v/v/v]. Each sample was spiked with C19:0 phosphatidyl-
choline dissolved in chloroform (Avanti Polar Lipids, Birmingham,
UK) as an internal standard and stirred overnight at room tempera-
ture. Phases were separated by addition of chloroform and a citrate
buffer, from which the lipid phase was collected and evaporated to
dryness at 30°C under a stream of N,. Neutral lipids and glycolip-
ids were discarded by solid-phase extraction on silica tubes (SPE
DSC-Si, 500mg, Discovery®, Sigma-Aldrich, Taufkirchen, Germany),
leaving phospholipids to be eluted, and the solvent (methanol) to
be evaporated, before converting them to fatty acid methyl es-
ters (FAMEs) by alkaline methanolysis. FAMEs were quantified by
gas chromatographic analysis using retention times to identify the
different compounds based on comparison with known analytical
standards with a Perkin Elmer 8700 Gas Chromatograph equipped
with a capillary column (Supelcowax 10™ 30mx0.53mm, 2um
coating, Sigma-Aldrich, Taufkirchen, Germany). The FAMEs used
for quantification of gram+ bacteria were iC15:0, aC15:0, iC16:0,
iC17:0, C17:0; gram-: Clé6:1w7; fungi: C18:2w6,9, C20:503; actino-
mycetes: 10MeC16:0, 10MeC17:0, 10MeC18:0; cyanobacteria:
20:3m3; bacteria: C15:0, aC17:0, cy19:0, and unspecified microor-
ganisms: C14:0, C18:0, C20:0. All FAMEs were quantified relative to
the internal standard:

area countpame - Cei90

1 area countcqg
Cea [nmol g™!] = — =

where area countg, is the integrated signal of a peak of a given
FAME, C( 0., is the amount of C-C19:0 atoms added at spiking (in
nmol), area count.,,., is the integrated signal of the internal standard
peak, and g the amount of soil used for extraction.

The isotopic enrichment of different FAMEs was analyzed using
a Rtc-5 60m/0.25mmID/1pm coated column (Restek, Bellefonte,
PA, United States) coupled to a Delta V Advantage mass spectrom-
eter via GC Isolink (Thermo Fisher Scientific, Bremen, Germany).

This instrumentation allowed online conversion of all FAMEs in the
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eluate from the GC column directly to CO, and continuous measure-
ment of the *3C to '2C ratios in the He (carrier gas)-CO, stream that
was subsequently fed to the mass spectrometer (Lopez-Mondéjar
et al., 2018). The identification of different fatty acids was achieved
by comparing their retention times with qualitative GC standards.
The excess *°C isotope enrichment was then calculated for each of
the individual FAMEs:

3Cenrichment[ % ]in FAME = 3Catom % biocrust — 13Catom%baseline,

13 . o/ ; . .
where “C_ o 1 eiine 1S the average atom% in baseline samples prior
to incubation, representing the natural abundance levels in each FAME

prior to labeling.

2.10 | Statistical analyses

Data were analyzed using R (version 4.2.1) in R studio (version
RStudio 2022.07.2+576; R Studio Team, 2015). The CO, flux data
were tested with an ANOVA with the treatments (ambient vs. warm-
ing) and drought (normal water vs. drought) as fixed effects for the
samples with biocrusts only. The elemental composition of the layers
and OM fractions was tested for differences using a mixed effect
model (Ime, package: nlme version: 3.1-157; Pinheiro et al., 2024)
with the treatment, drought and biocrust (yes vs. no) as fixed ef-
fects and the ID of each sample as a random effect. The PLFA data
were also tested with an Ime with treatment, drought, and the depth
(biocrust vs. top layer) as fixed effects and the ID as a random ef-
fect. For all models, post hoc tests were performed with the Tukey
method for the desired comparisons between single groups. For
ANOVA, the Tukey test was applied and for Ime the emmeans test
(package: emmeans version: 1.8.8; Lenth, 2023). Normality of the re-
siduals (Shapiro test/qqg-plots) and homogeneity of variances (Levene
test, package: car, version: 3.1-2) were tested for every model be-
forehand, and data were log-transformed if necessary. Correlations
between single parameters were done with the chart.correlation
function (package: PerformanceAnalytics, version: 2.0.4; Peterson &
Carl, 2020) using the Spearman's method. All errors in the text and

graphics refer to the standard deviation of the mean (SD).

3 | RESULTS

3.1 | Changesin CO, fluxes and biocrust
functionality due to drought and warming

The CO, flux measurements revealed distinct effects of bi-
ocrusts, temperature, and drought on dark respiration and net
photosynthetic CO, assimilation. Respiration was significantly
higher in all biocrust systems compared to the corresponding
bare soil controls (p <.005 in all cases), highest in biocrusts ex-
posed to warming and no drought (0.36 +0.11 umol CO,, m2sL
Figure 1). Warming accelerated respiration, particularly under

normal water conditions (by a factor of ~2; p=.001). Respiration
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was inhibited by drought, most pronounced in systems exposed
to warming (by a factor of ~-2; p<.001). Similar patterns were
observed for photosynthesis measurements, where drought
strongly constrained photosynthetic assimilation of CO, both
at ambient temperature (from 0.21+0.13 to 0.05+0.03 pmol
CO, m2s™Y; p=.002) and under warming (from 0.24 +0.10 to
0.03+0.05pumol CO, m2s L p <.001; Figure 1). Overall, net
photosynthesis and respiration rates were strongly correlated
across biocrust systems (p=.80; p=.001) and all proxies for
biocrust cover were positively correlated with photosynthesis
(p>.51; p<.001 in all cases) and respiration (p>.71; p<.001 in
all cases; Table S4). No photosynthesis was measured in bare
soil controls.

Overall, biocrust surface cover increased with warming, reach-
ingas highas 38.26 +8.97% compared to 19.35 + 10.90% in systems
atambient temperature (p=.003; Table S3). When CO,, fluxes were
normalized by biocrust surface cover to assess biocrust function-
ality, expressed in pmol CO, m™2 biocrust s, the photosynthetic
uptake was no longer only affected by drought (still significant in
all cases; p<.001), but also showed a strong effect of temperature
(Figure 1b); warming decreased the CO, uptake almost by half in
normal-watered systems (from 1.23+0.29 to 0.72+0.18 pmol CO,,
m~2 biocrust s™%; p=.0011; Figure 1b; Figure $13).

3.2 | Evidence of biocrust-derived C translocated
into deeper soil layers under ambient temperatures

Bulk C and N contents were clearly elevated in the biocrust layer
compared to the corresponding bare soil controls (Figure 2; p<.01
in all cases), with the highest contents observed in normal-watered
biocrusts. While warming did not affect bulk contents in the bi-
ocrust layer, we determined temperature effects in the underlying
0-1cm soil. Here, bulk C contents were elevated under biocrusts
compared to controls at ambient temperature under normal-watered
(4.59+0.21 vs. 4.09+0.21mg C g L in bare soils; p=.033) and drought
conditions (4.48+0.34 vs. 3.95+0.15mg C g'1 in bare soils; p=.025).
This distinction that was not reflected in biocrusts systems exposed
to warming, where C contents instead remained similar to bare soil

controls. The N contents followed identical patterns (Figure 2).

3.3 | Contrasting effects of artificial warming on
C and N fixation

The distribution of biocrust-derived *3C in the bulk soil followed similar
patterns as the bulk C data. We found the excess **C content in the bi-
ocrust layer to decrease only slightly due to drought, from 47.44 +23.39
to 26.06+6.00pmol C g™ at ambient temperature (p=.129) and
from 66.94+17.86 to 47.55+11.55pmol 8¢ g? under warming
(p=.165; Figure 3). Interestingly, the patterns in biocrust-derived 5N
were different. Here, excess *°N remained unchanged between mois-

ture levels at ambient temperature (0.24pg >N g in both), whereas
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FIGURE 1 (a)Respiration and net photosynthesis (umol CO, m~2s™) in soils with biocrusts (bold colors) or without (faded colors),

either under normal water conditions (blue) or drought (brown) and at “ambient” temperatures (corresponding to field conditions) or

under experimental warming (+5°C). The net photosynthesis reported here represents the total CO, flux of the biocrust-soil system and

is therefore equivalent to net ecosystem exchange. If net photosynthesis is greater than zero, this equates to a net C gain in the system.
Photosynthesis could be excluded in bare soils (“n.a.”). Bars represent means, SDs displayed with error bars, n=8 independent replicates. (b)
Respiration and net photosynthesis as a function of biocrust surface cover (pmol CO, m~2 biocrust s%) only in biocrust systems, as there was
no biocrust cover in bare soils (means, SDs displayed with error bars, n=8 independent replicates). Asterisks denote significant differences
between ambient and warming, and between the normal water and drought treatment (*p<.1, *p<.05, **p<.01, ***p <.001). Respiration
rates were higher in all biocrusts compared to bare soils (p <.005 in all cases) and are not indicated in the figure.

warming combined with drought induced a decrease (from 0.27+0.09
t0 0.17+0.02pg 15N g% p=.084; Figure 3). We found diverging correla-
tion patterns between 13¢C and N contents in the crust layer. For exam-
ple, while 18Cwas positively correlated with all proxies for biocrust cover
(p=0.63, p<0.0001), respiration (p=.71, p<.001), and photosynthesis
(p=.49, p=.005), there was no correlation for >N (Table 54).

The isotopic composition of the underlying soil layers showed
similar contents of biocrust-derived C in the 0-1 cm soil layer regard-
less of temperature scenario. Similar to the 8¢ patterns observed
in the biocrust layer, drought was the limiting factor for downward
translocation of C from the biocrusts into the soil (Figures S15 and
S16). The 13C content in the underlying soil layer was strongly cor-
related to both respiration and photosynthesis rates (p=.76, p<.001,
respectively, p=.80, p=.002) as well as to biocrust cover, most par-

ticularly to moss cover (p=.70, p<.001).

3.4 | Formation of particulate and
mineral-associated OM within and below biocrusts

The allocation of OM within specific OM pools was assessed by soil
fractionation according to density and size. We found a clear build-
up of C within the smaller mineral-associated fraction (MAOM<63um)
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in the biocrust layer across temperature and moisture treatments,
ranging from 3.52 to 3.98mg C g'1 in biocrusts compared to 1.81-
2.24mg C g’1 in corresponding bare soil controls (p<.001 in all cases;
Figure 4). Although not significant, C allocated as POM in biocrusts
under ambient conditions was slightly elevated (2.68 +1.41 compared
to 1.60+0.05mg C g'l in the bare soil controls; p=.159). This pat-
tern was reversed in biocrusts under drought and warming, where
the POM fraction was instead slightly C depleted compared to in the
bare soil (p=.119). In the underlying soil layer, warming and drought
resulted in C depleted POM (1.72+0.07 under biocrusts compared
to 1.92+0.04mg C g in the bare soils; p=.026). The most striking

difference in the subsurface soil was found in MAOM under

<63pm
ambient temperature and watering, which was the only fraction with
elevated C content under biocrusts compared to controls (2.12+0.14
compared to 1.74+0.16 mg C g'l; p=.090). The N contents across the

OM fractions followed the same pattern as C (Figure S17).

3.5 | Microbial community shift under biocrusts

Changes in microbial community structures under biocrusts
were captured by microbial-derived PLFA profiles. Microbial
abundance was strongly enhanced in biocrust layers compared
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FIGURE 2 Cand N contents (mgg™* soil) across three depth increments; biocrust layer and underlying top (0-1cm) and sub (1-2.5cm)
soil layers in biocrust samples (bold colors) and bare soils (faded colors), either under normal water conditions (blue) or drought (brown).
“Ambient” represents temperatures corresponding to field conditions and “warming” +5°C throughout the incubation (means, SDs displayed
with error bars, n=3 independent replicates). Asterisks denote significant differences between biocrusts and their corresponding bare soil

controls (*p<.05, **p<.01, ***p<.001).

to bare soils (p<0.003 in all cases), with slightly higher abun-
dance in normal watered biocrusts compared to drought.
Overall, increased microbial abundance in biocrusts was asso-
ciated with increased dominance of fungi (reflected by higher
fungi: bacteria ratios; Figure 5c) and a relative increase in gram-
bacteria (reflected by lower gram+:gram- ratios; Figure 5e). The
fungi:bacteria ratio was positively correlated with C (p=.82,
p<.001), N (p=.80; p<.001),and 3C (p=.93, p <.001) contents
in the biocrust layer, but also with the 13C content in the un-
derlying soil (p=.88, p<.001). Furthermore, we found a corre-
lation between fungi:bacteria ratio and biocrust cover (p=.63,
p<.001; Table S5). Neither of these correlations were true in
any of the other microbial proxies.

In the underlying soil, we detected changes in microbial commu-
nity composition due to warming. The relative dominance of fungi
was the highest under ambient conditions (1.21+0.38 vs. 0.28 +0.04
in the corresponding bare soil control; p=.002) compared to warm-
ing, where instead the absolute abundance of bacteria was elevated
(Figure S22). We found a strong correlation between fungi: bac-
teria ratio in the underlying soil layer and C and N contents of the
MAOM _;5m

reflected in any other parameters.

fraction (p=.72, p=.001 in both cases), which was not

Total microbial uptake of biocrust-derived C, quanti-
fied by 13C-PLFA profiles, was clearly enhanced by warming
(1.49 +0.35 compared to 0.59 +0.21 ug *C g! under ambient
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conditions; p=<.001; Figure 6). Regardless of temperature,
drought reduced the microbially assimilated °C by half
(p=.175 in ambient temperature and p=.002 under warming).
The distribution of 3C among microbial groups showed the
highest allocation of 3C in fungal biomass, with a >75% con-
tribution of fungal markers (Figure 6). The assimilation of e
into microbial biomass in both biocrust layer and underlying
soil was positively correlated with biocrust cover, respiration
and photosynthesis (Table S5). Interestingly, the latter was
only weakly correlated with microbial *3C in the biocrust layer
(p=.44, p=.038) but strongly correlated in the underlying soil
(p=.81, p=<.001).

4 | DISCUSSION

In this study, we trace pathways of biologically fixed C and N
from biocrusts, via microbial transformation, into the underly-
ing mineral soil. Our main objective was to improve the under-
standing of the ecological consequences of climate change on
fundamental biogeochemical cycles in dryland ecosystems at
the process level. We used a systems approach to directly link
biocrusts—as key dryland primary producers—with the fate of
recently fixed C and N in SOM pools. Specifically, dual 13CO2 and
15N2 labeling allowed detailed tracing of elemental pathways into
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FIGURE 3 Biocrust-derived 3C and °N (ugg™) within the
biocrust layer (excess, corrected by isotopic composition of bare
soil controls) under normal-watered (blue) and drought (brown)
conditions. “Ambient” represents temperatures corresponding to
field conditions and “warming” +5°C throughout the incubation
(means, SDs displayed with errors bars, n=3 independent
replicates). The bullet point denotes a weakly significant
difference between normal-watered and drought-exposed
biocrusts (*p<.1).

specific OM fractions and into microbial biomass in a controlled
phytotron incubation setup; a setup which, to our knowledge,
has not previously been implemented in soil-biocrust systems.
This not only provided novel insights into the contribution of bi-
ocrusts to soil C and MAOM formation in the subcrust soil at the
mechanistic level but also showed how changing climatic condi-
tions offset fundamental biogeochemical pathways into the min-
eral soil, with possible consequences for the overall C balance
of the system.
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4.1 | Warming and drought effects on C fluxes and
biocrust functionality

We successfully quantified photosynthetic C uptake and enhanced
respiration in all biocrust systems compared to bare soils, confirming
the key role of biocrusts as regulators of C fixation and release in
drylands (Figure 1a; Castillo-Monroy et al., 2011; Dacal et al., 2020).
Photosynthesis and respiration were positively correlated (Table S4),
underscoring the interdependence between soil heterotrophs and
the primary production of biocrust autotrophs (Tucker et al., 2020).
This was also confirmed by both photosynthesis and respiration
being positively correlated with all proxies for biocrust cover quanti-
fied by hyperspectral imaging (Table S4), emphasizing how biocrusts
modulate soil respiration via the intricate association to soil het-
erotrophs (Castillo-Monroy et al., 2011; Dacal et al., 2019). Only at
optimal water availability, biocrust systems exhibited an overall net
C gain, with photosynthetic uptake exceeding respiratory losses re-
gardless of temperature (up to >0.4umol CO, m2s ! net C uptake in
systems with the highest biocrust cover; Figure 1a). These rates ei-
ther align or fall within the lower end of field trials in which net eco-
system exchange fluxes were quantified at ~0.5-2umol CO, m2s7t
in similar dryland ecosystems (Bowling et al., 2011; Darrouzet-Nardi
et al., 2015). We attribute the lower fixation rates in this study to
the short time frame of the experiment (~4.5months) in relation to
biocrust growth and development rates (Weber et al., 2016).

Our results further underscore the well-established concept of
moisture availability as a primary constraint on C fluxes in drylands,
where heterotrophic and photosynthetic activity are typically con-
fined to brief hydration events between prolonged periods of des-
iccation (Bowling et al., 2011; Coe et al., 2012; Lange, 2001). In the
present study, drought was clearly the dominating factor constrain-
ing CO, fluxes, reducing photosynthetic C uptake by >80% to the
point where the C balance was verging on net negative in biocrust
systems exposed to drought—despite lower respiratory Closses. Our
data suggest that even short-term drought exposure limits the abil-
ity of biocrusts to sustain metabolism to an extent that counteracts
their contribution to a positive C balance in these dryland systems.

We found respiration to increase in biocrusts exposed to
warming (Figure 1a), which we attribute to accelerated C turnover,
likely due to increased kinetic energy of enzymes and diffusion
rates at elevated temperatures (Davidson et al., 2006; Tucker &
Reed, 2016). However, no notable increase in microbial biomass
was observed (Figure 5a), suggesting lower microbial C use effi-
ciency in systems exposed to warming (i.e., a lower proportion of C
incorporated into microbial biomass compared to the total C con-
sumed). This may be ascribed to higher energy costs of maintaining
existing microbial biomass under warmer conditions (Sinsabaugh
et al., 2013; Tucker et al., 2013). Elevated respiration triggered
by warming has been shown to revert to ambient levels over time
along with the depletion of labile C resources or microbial adap-
tation (Bradford et al., 2008; Dacal et al., 2019; Darrouzet-Nardi
et al., 2015; Eliasson et al., 2005; Tucker et al., 2013). This under-
lines the need for continuous C inputs from primary producers
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Asterisks denote significant differences between biocrusts and their corresponding bare soil controls (*p<.1, *p <.05, **p<.01, ***p <.001).

in systems with accelerated microbial C consumption fueled by
warming in order to sustain net C positivity over time. Overall, re-
gardless of temperature, reduced moisture in the drought-affected
biocrusts clearly dampened the respiratory response to warming,
further suggesting a decreasing temperature sensitivity and an
overriding influence of restricted soil moisture in the drought-
exposed systems (Conant et al., 2004; Schimel, 2018).

Unlike respiration, net C uptake was demonstrated to be unaf-
fected by warming. This was reflected in consistent bulk C (and N)
contents in the biocrust layers regardless of the temperature regime
(Figure 2). This nicely corroborates the direct connection between
C fluxes from the biocrust systems and the subsequent build-up of
C and N stocks within biocrust biomass. The fact that net C uptake
could be maintained under warming, despite accelerated respiratory
C losses, can be ascribed to overall higher gross photosynthesis,
likely due to the greater soil surface coverage of biocrusts in the
warmer chamber (Table S3). Consequently, the measured C fluxes
unravel how temperature differences drive the development of
two systems, each exhibiting a distinct dynamic. The system under
warming is characterized by greater C gains and losses, accelerated
by microbial C turnover. The increased throughput of C from the
photoautotrophs was further reflected in slightly elevated content
of biocrust-derived *°C (not statistically significant; Figure 3) along
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with distinctively higher 3C in microbial biomass under warming,
indicating an amplified microbial involvement in the processing of
biocrust-derived C.

In the present study, biocrusts were allowed to develop naturally
across the surface of the mesocosms, resulting in variable and het-
erogeneous soil surface coverage among the replicates (Table S3). To
directly estimate warming and drought impacts on photosynthetic
fluxes, C uptake was normalized to biocrust surface cover, serving as
a proxy for biocrust functionality. When considering cover, warming
was found to significantly restrict net C uptake (Figure 1b). Thus,
while elevated temperature did not alter the total C balance in the
systems, the data illustrate how warming impaired the capacity—or
efficiency—of photoautotrophic components of the biocrust in fix-
ing CO,. This can be attributed to the more rapid desiccation under
warming, resulting in shorter hydration periods of the biocrust and
thereby preventing phototrophs from reaching their maximal fixa-
tion potential (Lange, 2001). The observed decrease in photosyn-
thetic capacity and reduced biocrust functionality underscores the
risk that biocrusts may no longer effectively withhold net photo-
synthetic C gain during prolonged exposure to warming (Darrouzet-
Nardi et al., 2015; Maestre et al., 2013; Tucker et al., 2020) which
could point to concerning implications for their capacity to function

and sequester atmospheric CO, amid future global warming.
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4.2 | Warming and drought effects on biocrust
C and N fixation and elemental pathways

The C flux patterns were directly reflected in the distinct accumu-
lation of bulk C and N in the crust layers, emphasizing the major
role of biocrusts in regulating C and N cycles in dryland ecosystems
(Figure 2). This build-up of OM was consistent across all biocrust
treatments and was associated with increased microbial biomass
within the biocrusts, with only subtle effects of drought (Figure 5a).
Specifically, the dominance of gram- bacteria (gram+:gram- ratios;
Figure 5e) and fungi (fungi:bacteria ratios; Figure 5c) increased in
all biocrusts. The overall increase in microbial biomass C under-
scores the contribution of biocrusts to alleviating soil nutrient scar-
city, for example, through the release of bioavailable EPS (Mager &
Thomas, 2011), and overall points to enhanced availability of labile
and easily available C sources to stimulate microbial growth (Fanin
et al., 2014; Kramer & Gleixner, 2008).

While the allocation of C and N in the biocrusts followed iden-
tical patterns overall, their isotopic composition did not, suggest-
ing the processes involved in C and N fixation to be decoupled.
In fact, there was no correlation between 13C and N contents
within biocrusts (Table S4) and the isotopic patterns between
the different biocrust treatments diverged:; while 3C was slightly
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enhanced under warming and showed similar drought effects be-
tween temperatures, recently fixed >N displayed no drought ef-
fect at ambient temperature, while contents were lower in systems
exposed to combined drought and warming (Figure 3). The inter-
active effect of drought and warming seems to limit the amount of
atmospheric N entering the soil systems via biological N fixation.
This is likely caused by the increased desiccation of biocrusts ex-
posed to combined warming and drought, as moisture is generally
known to be the primary environmental factor controlling N fixa-
tion (Barger et al., 2016; Rousk et al., 2018). Warming effects on
N uptake has also been observed in long-term field trials, however,
due to reducing cover of N-fixing biocrust under increasing tem-
peratures (Finger-Higgens et al., 2022). Furthermore, warming has
been demonstrated to accelerate oxidation of recently fixed 15N2
by nitrifying bacteria (Johnson et al., 2005). Our results add to this,
showing how reduced N fixation due to drought and warming is not
directly linked to a decline in biocrust cover, but rather points to
declined nitrogenase activity and overall functionality (Figure 1b)
of the biocrust systems exposed to climatic change. As N is the
main constraint to primary production after water in dryland eco-
systems, altered N fixation potential of biocrusts can have major
implications at ecosystem scales (Hooper & Johnson, 1999). Our
results also nicely demonstrate the applicability of 15N2 labeling
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to quantify the influence of drought and warming on short-term
in situ N fixation in biocrusts, which to our knowledge have not

been reported before.

4.3 | Allocation of C and N into POM and MAOM
within biocrusts

The distinct build-up of C and N within the biocrust layer was mainly
allocated into the mineral-associated OM fraction (MAOM

Figure 4), highlighting the intricate connection between microorgan-

<63pm;

isms and soil mineral particles as one of the key characteristics of bi-
ocrusts (Diaz-Martinez et al., 2023). The exact mechanisms involved
in MAOM formation within biocrusts are largely unknown but are
likely fostered by the filamentous growth of moss rhizoids and cy-
anobacterial filaments and bundles enmeshing soil minerals, creat-
ing biologically active biogeochemical interfaces and, thus, fostering
MAOM formation (Mager & Thomas, 2011; Vidal et al., 2021; Weber
et al., 2022; Witzgall et al., 2021). Additionally, increasing microbial
necromass in the biocrust systems with stimulated microbial activity
may further have contributed to MAOM (Angst et al., 2021).
Contrary to our expectations, we found no clear contribu-
tion of biocrusts to particulate OM (POM). In systems exposed to
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warming and drought, POM was even slightly depleted in biocrusts
and the underlying soil compared to in bare soils. We argue that this
is caused by restricted growth and photosynthetic activity in bio-
crusts exposed to drought, and thereby reduced C inputs, while C
losses via microbial mineralization were accelerated due to warming
(Figure 1a). Over time, this depletion would progressively enhance
resource limitations for microorganisms, leading to increased miner-
alization of remaining bioavailable C sources (POM; Schimel, 2018)
which underscores the preferential loss of POM under warming
(Link et al., 2003).

4.4 | Cand N translocation from biocrust into the
underlying soil

The elemental composition of the biocrust layers displayed no re-
sponse to warming. Nonetheless, differences in C and N contents
were notable in the underlying 0-1cm mineral soil where C and N
accumulated beneath biocrusts only in systems maintained at ambi-
ent temperature (Figure 2). Generally, processes such as increased
infiltration due to channeling effect of moss stems and rhizoids
(Kidron et al., 2010) or leaching of dissolved organic C (DOC) from
biocrusts into the mineral soil (Young et al., 2022) can facilitate
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were not reflected in systems exposed to warming.

downward C and N translocation from biocrusts. However, C and N
levels in the warming-exposed soil beneath biocrusts remained con-
sistent with bare soil controls (Figure 2), suggesting that mechanisms
associated with downward C and N movement were inhibited—or
offset—by elevated temperature. This may be due to the accelerated
microbial turnover of biocrust-derived inputs in systems exposed to
warming, as evidenced by increased respiration, resulting in a more
rapid depletion of inpfacuts, thereby preventing downward C flow
into the mineral soil. Moreover, increasingly disconnected soil pore
spaces in a more rapidly drying soil under warming conditions may
further contribute to C immobility, potentially restricting microbial
access to C and microbial movement throughout the pore network
(Smith et al., 2017). However, microbial immobility was not corrobo-
rated by the PLFA profiles. Instead, the content of biocrust-derived
13C assimilated in microbial biomass was slightly higher in the soil
beneath biocrusts exposed to warming (not significant; Figure 6).
The elevated microbial 3C contents thereby suggest an increased
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involvement in the transformation of biocrust-derived compounds
under warming.

Across all systems, fungi were prominently involved in C and
N cycling, reflected in >75% of total microbial *C being allocated
to fungal biomass (Figure 6). Furthermore, fungal abundance and
fungi:bacteria ratio were the most prominent microbial variables
that strongly correlated with several biogeochemical parameters
(C, N, 2C) in the biocrust layer (unlike the other microbial proxies;
Table S5). The importance of fungi also extended into the subcrust
soil, where the C and N accumulation under ambient conditions was
associated with a distinct shift toward increased fungal dominance,
similar to the shift in the biocrust layer (Figure 5). Our findings
hereby emphasize the significance of fungal networks in drylands—
from the biocrust into the subsurface soil—which has been previ-
ously demonstrated in other systems (e.g., Frey et al., 2003; Witzgall
et al., 2021). Thus, our data expand the role of fungi beyond the spa-
tial extension of the biocrust layer, emphasizing their importance as
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biocrust components as well as their role in biogeochemical cycling
in the subcrust soil (Abed et al., 2013).

Most strikingly, C and N accumulation in the 0-1 cm soil under am-
bient biocrusts was associated with an increase in mineral-associated
oM (MAOM<63um;
abundance and C and N accumulation in the biocrust layer, we found

Figure 4). Similar to the linkage between fungal

in

a strong correlation between C and N allocated in MAOM<63pm

the mineral soil and fungi:bacteria ratio. Thus, involvement of fungal
networks not only drives the downward C translocation but also the
formation of MAOM in the mineral soil, thereby marking an important
contribution of biocrusts and the associated soil microbiome to the
formation of organo-mineral assemblages in the mineral soil, which
can potentially increase OM persistence (Lehmann et al., 2020).
However, these processes are vulnerable to both drought and warm-
ing, even in the short term, emphasizing how changing climatic con-
ditions may offset the contribution of biocrust-derived OM to the
formation of more persistent soil C. To the best of our knowledge, this
is the first time that the direct formation of MAOM has been demon-

strated in soil separated from biocrusts (Figure 7).

5 | CONCLUSION

Biocrusts are widely recognized as key primary producers in dry-
lands, affecting both C and N cycling at the ecosystem scale. With
ongoing climate change and the associated expansion of arid lands,
this increases the importance for a process-level understanding
of the functionality of these systems, as a precondition to fore-
cast ecological consequences on biocrust-soil interfaces under
global change (Huang et al., 2016; Maestre et al., 2013; Rodriguez-
Caballero et al., 2018).

We show how the impact of biocrusts can extend into the mineral
soil, shaping a soil-microbial environment that facilitates downward C
and N translocation and formation of MAOM in the subcrust soil, mod-
ulated mainly by the expansion of fungal hyphal networks. The high
vulnerability of these systems to climate change was demonstrated by
the impaired C and N accumulation and restricted MAOM formation.
Under drought and warmer temperatures, C losses were intensified
via accelerated C turnover and reduced efficiency of C uptake. Under
drought specifically, this ultimately resulted in biocrusts no longer sus-
taining net C uptake as respiratory C losses increased while photosyn-
thetic C uptake was constrained by the limited moisture. Overall, the
induced climate change resulted in a reduced net biological N fixation
by the biocrusts, which can have tremendous implications in otherwise
N-limited dryland ecosystems. We further showed how biocrust-soil
systems respond rapidly to changing environmental conditions, where
some of the most fundamental biogeochemical processes—C and N
pathways into more persistent SOM pools within the mineral soil—are
diminished under short-term climate change (Figure 7).

Here, we provide a mechanistic framework for quantifying bio-
geochemical responses of soil-biocrust systems to changing climatic

conditions, adding to the growing body of evidence that biocrusts
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may reach critical tipping points when exposed to climate change.
This contributes to a deeper understanding of biocrust-soil dynam-
ics under changing climatic conditions, which is fundamental for ac-
curately predicting dynamics of dryland C cycling amidst ongoing
global change.
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