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ABSTRACT

Accumulating evidence suggests that warming

associated with climate change is decreasing the

total amount of soil organic carbon (SOC) in dry-

lands, although scientific research has not given

enough emphasis to particulate (POC) and min-

eral-associated organic carbon (MAOC) pools.

Biocrusts are a major biotic feature of drylands and

have large impacts on the C cycle, yet it is largely

unknown whether they modulate the responses of

POC and MAOC to climate change. Here, we as-

sessed the effects of simulated climate change

(control, reduced rainfall (RE), warming (WA), and

RE + WA) and initial biocrust cover (low (< 20%)

versus high (> 50%)) on the mineral protection of

soil C and soil organic matter quality in a dryland

ecosystem in central Spain for 9 years. At low ini-

tial biocrust cover levels, both WA and RE + WA

increased SOC, especially POC but also MAOC, and

promoted a higher contribution of carbohydrates,

relative to aromatic compounds, to the POC frac-

tion. These results suggest that the accumulation of

soil C under warming treatments may be transitory

in soils with low initial biocrust cover. In soils with

high initial biocrust cover, climate change treat-

ments did not affect SOC, neither POC nor MAOC

fraction. Overall, our results indicate that biocrust

communities modulate the negative effect of cli-

mate change on SOC, because no losses of soil C

were observed with the climate manipulations

under biocrusts. Future work should focus on

determining the long-term persistence of the ob-

served buffering effect by biocrust-forming lichens,

as they are known to be negatively affected by

warming.

Key words: carbon cycling; soil organic matter;

particulate-associated organic carbon; mineral-as-

sociated organic carbon; nuclear magnetic reso-

nance; biocrusts; climate change.

INTRODUCTION

Drylands include arid, semiarid, and dry-subhumid

ecosystems and altogether represent about 41% of

the global land surface area (Cherlet and others

2018). Despite their reduced soil organic carbon

(SOC) content compared with more mesic envi-
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ronments, because of their vast extension they

represent 32% of the global SOC pool, which is

equivalent to 646 Pg of organic C (Plaza and others

2018). Drylands also play a critical role in regulat-

ing the variability of the global terrestrial C sink

(Ahlström and others 2015) and thus are of para-

mount importance when forecasting the climate of

the future and its impact on terrestrial ecosystems

(Safriel and others 2005). The rising temperatures

and the concomitant increasing aridity projected by

climate models in drylands over this century (Feng

and Fu 2013) may reduce plant C inputs into the

soil and increase soil organic matter decomposition

(Davidson and Janssens 2006; Maestre and others

2015). This not only may increase the flux of CO2

to the atmosphere and reinforce climate change,

but also may accelerate land degradation and

desertification (Berdugo and others 2020; Huang

and others 2016).

The top surface of dryland soils, where SOC lar-

gely accumulates (FAO 2015; Thomas 2012), is

often dominated by biocrusts (soil communities

mainly composed of cyanobacteria, algae, bryo-

phytes, lichens, and fungi in varying proportions

that create a surface crust of soil particles of few

millimeters bound together by organic materials;

Belnap and others 2016). Biocrusts have been

estimated to cover about 12% of the Earth’s ter-

restrial surface (Rodriguez-Caballero and others

2018) and can be particularly abundant in arid and

semiarid regions (Maestre and others 2021). In

addition to playing essential roles in multiple soil

functions such as water and nutrient cycling, bio-

logical weathering and soil stabilization (Belnap

and others 2016; Concostrina-Zubiri and others

2021; Delgado-Baquerizo and others 2016), these

communities fix over 2.6 Pg year-1 of atmospheric

C globally (Elbert and others 2012) and play a key

role in soil organic C cycle across global drylands.

For example, extracellular polysaccharides from

cyanobacteria promote nutrient absorption by soil

particles (Mager and Thomas 2011) and increase

soil stability, reducing soil erosion (Bowker and

others 2018). Growing evidence shows that climate

change will affect biocrust communities worldwide

(Belnap and others 2016; Baldauf and others 2021;

Ladrón de Guevara and others 2018; Reed and

others 2019). Increases in aridity linked to climate

change are expected to considerably decrease the

cover and shift the distribution of biocrusts in

drylands (Rodriguez-Caballero and others 2018),

hampering the ecosystem services provided by

these communities.

The impact of climate change on SOC content in

soils covered by biocrusts will also be determined

by their influence on SOC stability. Traditionally,

SOC stability was attributed to its molecular com-

position, but now we know that it also depends on

its interactions with soil minerals, which play a

major role by posing physical and chemical barriers

to microbial decomposition (Kleber and others

2021). For this reason, the separation of SOC into

particulate organic C (POC) and mineral-associated

organic C (MAOC) is particularly useful to under-

stand SOC dynamics and responses to climate

change (Lavallee and others 2020). The POC frac-

tion is mainly in the form of undecomposed or

partially decomposed plant and fungi structural

organic compounds with low N content (Golchin

and others 1994; Cotrufo and Lavalle 2022). In

contrast, the MAOC fraction consists of relatively

lower molecular weight compounds mainly pro-

duced by microorganisms (for example, cellular

and extracellular microbial compounds; Bradford

and others 2013; Kleber and others 2015; Liang

and others 2019;). In addition, being chemically

bound to soil minerals, MAOC is more protected

from decomposition than POC (Lavallee and others

2020). As a result, POC has been shown to have a

faster turnover cycle, higher vulnerability to alter-

ations, and higher responsiveness to management

than MAOC (Poeplau and others 2018; Wander

2004; Cotrufo and Lavallee 2022). Also, because of

their different compositions, arrangement in the

soil mineral matrix, and cycling rates, POC and

MAOC exert different functions. Current para-

digms indicate that POC is more closely associated

with soil biological activity and nutrient provision

to plants, whereas MAOC provides a more stable C

pool for climate regulation, plant nutrient reten-

tion, and water holding capacity (Wander 2004;

Wood and others 2016). Climate change has been

suggested to alter the various mechanisms of SOC

protection from microbial decomposition (Conant

and others 2011; Davidson and Janssens 2006;

Groffman and others 2001). However, there are

few studies evaluating the effect of climate change

on the stability of C in drylands using C fractiona-

tion (Bai and others 2020; He and others 2012;

Link and others 2003; Song and others 2012), and

its molecular composition has been barely assessed

so far (Puissant and others 2017; Schnecker and

others 2016). To the best of our knowledge, no

previous study has evaluated the joint effects of

biocrusts and climate change on SOC fractions.

Doing so could shed novel insights on the effects of

climate change on SOC stability and functioning in

biocrust-dominated drylands and would advance

our capacity to quantify the feedback between

terrestrial C cycle and climate change.
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Using a climate change experiment located in a

semiarid ecosystem in the center of Spain, Maestre

and others (2013) observed a decrease in biocrust

cover paralleled by an increase in SOC content in

high initial biocrust cover soils after four years of

warming. We examined whether the increases in

SOC content observed in this experiment lasted for

9 years and evaluated the impacts of biocrust

development and simulated climate change on C

stability and its vulnerability to simulated climate

change. To do so, we assessed whether biocrusts

regulate the effects of climate change (ambient

conditions, 35% rainfall reduction, 2–3 ºC warm-

ing, and the combination of both) on SOC, POC

and MAOC contents, and molecular composition of

POC using solid-state 13C nuclear magnetic reso-

nance.

MATERIALS AND METHODS

Site and Experimental Design

The field experiment used in this work is located at

the Aranjuez Experimental Station, in central

Spain (40� 02¢ N, 3� 32¢ W, 590 m above sea level).

The climate is semiarid Mediterranean, with warm

dry summers and moist cool winters. The mean

annual temperature is 15 ºC, and the mean annual

precipitation is 349 mm. Perennial vegetation

cover is below 40% and mainly consists of grasses,

such as Stipa tenacissima, and small shrubs, such as

Helianthemum squamatum and Gypsophila struthium.

The bare areas between perennial vegetation are

colonized by a well-developed biocrust community

that covers about 32% of the soil surface and is

dominated by several lichen species, such as

Diploschistes diacapsis, Squamarina lentigera, Fulgensia

subbracteata, and Psora decipiens, and mosses such as

Pleurochaete squarrosa and Didymodon acutus (Cas-

tillo-Monroy and others 2011; Maestre and others

2013). The soil is a Gypsiric Leptosol (IUSS Work-

ing Group WRB 2015), with pH values around 7

(Maestre and others 2013).

The experiment was set up in 2008 and has a full

factorial design, with three factors, each with two

levels, and ten replicates per treatment applied in

1.25 9 1.25-m plots distributed in the interspaces

of plants randomly and separated at least 1 m from

each other. The factors are biocrust cover at the

beginning of the experiment (< 20% vs. > 50%,

or low vs. high), rainfall exclusion (RE, control vs.

rainfall exclusion), warming (WA, control vs.

warming), and the combination of both (RE +

WA). The RE scenario was simulated with passive

rainfall shelters based on the design of Yahdjian

and Sala (2002). Every rainfall shelter is composed

of three methacrylate grooves (see extended data

Figure 1) connected to plastic bottles that accu-

mulate the excluded water. Most climate models

foresee 10–50% reductions in the total amount of

rainfall during spring and fall in the next decades in

our study area (Escolar and others 2012). To sim-

ulate these conditions, each methacrylate groove

has an area of 1.44 m2 (1.2 9 1.2 m) and a mean

height of 1 m, covers approximately 37% of the

surface, and reduces the total amount of rainfall

reaching the soil surface by 33% on average. Open-

top chambers (OTCs) were used to simulate a

temperature scenario similar to that forecast by

general circulation models, that is, a temperature

increase of 2–3 �C for 2040–2070 (De Castro and

others 2005). The OTCs consist of methacrylate

sheets (40 9 50 9 32 cm) forming a hexagon and

suspended 3–5 cm over the ground by a metal

frame to avoid overheating by allowing air circu-

lation. Methacrylate ensures 92% transmittance in

the visible spectrum and very low emission in the

infrared wavelength according to the manufacturer

(Decorplax S.L.). See Escolar and others (2012) and

Maestre and others (2013) for additional details on

the experimental design and microclimatic impacts

of OTCs and rainfall shelters.

Biocrust Cover Measurements

Biocrust cover was monitored within 20-cm-di-

ameter PVC rings permanently installed one in

each plot at the beginning of the experiment and

after 1, 3, 5, 6, 7, 8, and 9 years. We used pho-

tographs and the software GIMP (http://www.gim

p.org to map biocrust areas), and ImageJ (http://

rsb.info.nih.gov/ij/, to calculate the size of biocrust-

covered areas) (Maestre and others 2013). Biocrust

cover measurements thus correspond to the area

covered by the visible components of the biocrust

community, namely lichens and bryophytes, of the

10 plots. This is a common and non-destructive

method for measuring biocrust cover (Chamizo and

others 2021; Wang and others 2021), but only

considers visible biocrust components.

Soil Sampling and Organic C
Fractionation

Soil samples were collected from the top 0–1 cm

from five randomly selected plots per treatment

outside the PVC rings at the beginning of the

experiment and 9 years later (June 2017). In the

laboratory, the soil samples were passed through a
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2-mm sieve and air-dried after carefully removing

visible biocrust components.

SOC was fractionated into free light, occluded

light, and mineral-associated organic C (MAOC)

pools by the densimetric scheme of Golchin (1994).

Briefly, 10 g of soil and 50 mL of NaI (at a density

of 1.85 g mL-1) were shaken rotationally for 30 s

with at 1 revolution s-1 within a centrifuge tube.

The mixture was then centrifuged, and the floating

free light C fraction separated from the heavy

fraction (MAOC) by suction and filtration. The

occluded light C was separated from the MAOC by

a second-density separation after ultrasonic dis-

ruption of the aggregates in the heavy fraction with

an energy input of 1500 J g-1. The recovered

fractions were oven-dried at 60 ºC, weighed, and

ground with a ball mill.

Total organic C content in soil samples and or-

ganic C fractions was determined by dry combus-

tion with a Thermo Flash 2000 NC Soil Analyzer.

Carbonates were removed before the analysis by

acid fumigation (Harris and others 2001). The

content of POC in the soil was calculated as the

sum of the contents of occluded light C (< 5% of

total SOC content) and free light C (Golchin and

others 1994; Lavallee and others 2020).

We mixed the corresponding replicates of free

light C and analyzed them by solid-state 13C cross-

polarization at the magic angle spinning (CP-MAS)

nuclear magnetic resonance (NMR). We focused

this molecular compositional analysis on the free

light organic C (POC) because this fraction has the

fastest turnover (from less than 10 years to dec-

ades) and thus is arguably the most responsive to

climate alterations (Lavallee and others 2020). The

use of composite samples in NMR analyses in soil

science is a common practice to reduce analytical

times and costs, which takes advantage of the

technical stability and reproducibility of the results

provided by NMR spectroscopy. The NMR spectra

were acquired on a Bruker AV 400 MHz wide-bore

spectrometer equipped with a 4-mm 1H/X/Y MAS

probe, operating at a MAS frequency of 10,000 Hz,

a ramp-CP contact time of 3 ms, a recycle delay of

4 s, and approximately 10,000 scans were acquired

for each spectra. The free induction decay signal

was digitized and multiplied by an exponential

function corresponding to 60 Hz line broadening in

the final transformed spectrum. The spectra were

then baseline corrected, calibrated relative to

adamantane, and integrated into the following

chemical shift regions: alkyl-C (0–45 ppm), N-al-

kyl/methoxyl C (45–60 ppm), O-alkyl C (60–

90 ppm), anomeric C (90–110 ppm), aryl C (110–

145 ppm), heteroaromatic C (145–165 ppm), car-

boxyl/amide C (170–225 ppm Knicker 2011;

Lüdemann and Nimz 1973). Signals at 168 ppm

due to carbonates were excluded from data treat-

ment. The NMR spectra were treated and inte-

grated using MestReNova software (version 12.0.4–

22,023 �Mestrelab Research S.L. 2018). To assess

significant differences in composite samples ana-

lyzed with 13C NMR, Baldock and Smernik (2002)

proposed a 2% difference in the area of spectral

regions as limit of significance for spectra with high

signal-to-noise ratios, while Diekow and oth-

ers (2005) set up specific limits for each spectral

region ranging from 2.5 to 8.3%.

Data Analysis

Analyses were conducted separately for plots with

low and high biocrust cover since data visual

inspection and preliminary analyses showed that

biocrust cover had important interactive effects

Figure 1. Evolution of biocrust cover (mean ± standard error, n = 10) in soils with low and high initial biocrust cover, as

affected by ambient conditions (control), rainfall exclusion (RE), warming (WA), and the combination of both (RE + WA).

P. Dı́az-Martı́nez and others



with warming and/or rainfall exclusion (RE) on

many of the response variables measured (Sup-

plementary Table 1). This was also consistent with

observations from Maestre and others (2013). The

main and interaction effects of climate and time on

biocrust cover were tested by linear mixed-effects

models. Both a slope (time) and intercept (PVC

ring) were incorporated in the random term of the

model to account for the temporal autocorrelation

because of the repeated measures on the same 10

plots over time (Bates and others 2015), and

autocorrelation plots were used to check the inde-

pendence of the residuals. The analyses of variance

(ANOVAs) for the fitted linear mixed-effects mod-

els were conducted using the Satterthwaite’s

method for denominator degrees-of-freedom and

F-statistic estimation. We used data from the 10

plots and transformed biocrust cover data using

natural-logarithm to reduce their skewness.

To estimate how simulated climate change af-

fected soil C variables throughout the duration of

the experiment, we calculated the absolute effect

size (Ae) as C9–C0 where C0 and C9 are the values at

the beginning of the experiment and nine years

later, respectively. Because we selected random

plots at the beginning, and at the end of the period,

the evaluated C values do not correspond to the

same plots, so Ae was calculated as C9 minus the

mean C0 for each treatment (n = 5). The effects of

climate change on the contents of SOC, POC, and

MAOC (n = 40) at the beginning of the experi-

ment, after 9 years, and on Ae were analyzed by

linear models, or by Kruskal–Wallis and Dunn’s

tests when the assumptions of normality and

homoscedasticity of the residuals were not met.

Normality and homoscedasticity were examined

using Shapiro–Wilk and Levene’s and tests,

respectively. All the data visualization and analyses

were performed using R version 4.1.1 (R Core

Team 2021) and the R packages tidyverse

_1.3.1(Wickham 2017), readxl _1.3.1(Wickham

and others 2019), lme4_ 1.1–27 (Bates and others

2015), lmerTest _3.1–3 (Kuznetsova and others

2015), dunn.test_1.3.5 (Dinno and Dinno 2017),

and patchwork _1.1.1 (Pedersen 2020).

RESULTS

Biocrust Cover

We found a significant interaction between the

effects of climate change and time on biocrust

cover, both in plots with low (F(3) = 12.9,

P < 0.001) and high (F(3) = 4.32, P = 0.011) ini-

tial biocrust cover. In plots with low initial biocrust

cover, biocrust cover in the control and RE treat-

ments increased from 6% at the beginning of the

experiment to 24 and 29%, respectively, after

9 years, whereas biocrust cover remained constant

in WA and RE + WA during the entire experi-

mental period (Figure 1). In plots with high initial

biocrust cover, biocrust cover declined over time,

especially in WA (from 74 to 18%) and RE + WA

(from 77 to 16%) treatments, but also in RE (from

82 to 44%) and control (from 86 to 44%) condi-

tions (Figure 1).

Total, particulate, Mineral-Associated
Organic C Contents

At the beginning of the experiment, the contents of

SOC, POC and MAOC were higher in plots with

high initial biocrust cover compared to those with

low cover (Figure 2), and the percentage of the

POC fraction in the total SOC pool was slightly

lower (43%) than those of the MAOC fraction

(55%) (Table 1). After nine years, soils with low

initial biocrust cover subjected to WA and, espe-

cially to RE + WA, had significantly greater SOC,

POC and MAOC contents than those under RE and

ambient conditions, whereas soils with high initial

biocrust cover were not affected by any of our cli-

mate change treatments (Figure 2). In plots with

low initial biocrust cover and with respect to initial

levels, SOC contents increased by 186% after WA

and by 206% after RE + WA, POC increased by

235% after WA and by 232% after RE + WA, and

MAOC increased by 153% after WA and by 173%

after RE + WA (Figure 3). As a result, the per-

centage of the POC fraction in the total SOC pool

for low initial biocrust cover increased after 9 years

of WA (increase in 30%) and RE + WA (13%),

whereas that of MAOC decreased (18% with WA

and 13% with RE + WA) (Table 1).

Molecular Composition of Particulate
Organic C

The molecular composition of the POC fraction in

soils with low initial biocrust cover presented a less

marked contribution of O-alkyl C compounds, an

increased presence of N-alkyl and aromatic C, and

greater alkyl/O-alkyl C ratios than that of the POC

fraction in soils with high initial biocrust cover, for

all the treatments examined. Regardless of initial

biocrust cover, RE + WA, WA, and, to a lesser ex-

tent, RE decreased the aromaticity of POC and in-

creased the O-alkyl contribution to its molecular

composition with respect to the control treatment.

In soils with low initial biocrust cover, the alkyl/O-

Biocrusts Modulate Climate Change Effects on Soil Organic Carbon Pools



alkyl C ratio of POC in soils under all climate

manipulations was smaller than that of POC in the

control soils (Table 2).

DISCUSSION

Understanding how biocrust communities regulate

the response of SOC to climate change is essential

to improve our ability to forecast C feedbacks in

dryland ecosystems. In this study, we monitored

SOC over 9 years of simulated warming and

drought conditions to evaluate the influence of

biocrust on the capacity of soils to store C. We

found that the presence of biocrust cover modu-

lates the effect of simulated climate change,

resulting in an increase or no loss of SOC contents

for low and high initial biocrust cover soils,

respectively. However, this effect may be transitory

since it is associated with the unprotected C and

linked to an increase in carbohydrates and a de-

crease in aromatic compounds.

Carbon in the form of non-living biomass from

biocrusts is incorporated into the soil and decom-

posed at a similar rate than plant litter in the study

area (Berdugo and others 2021). An increase in the

mortality of biocrust-forming lichens has been

hypothesized to drive the increase in SOC observed

after 4 years of warming in high initial biocrust

cover areas in our experiment (Maestre and others

2013). However, this increase in SOC may disap-

pear in the long-term as a consequence of pro-

gressive reduction in biocrust cover and lichen-

derived soil C inputs. In fact, our results show that

the positive warming effects on SOC observed in

Maestre and others (2013) under high biocrust le-

vels disappear after 9 years.

In contrast with the results for high initial bio-

crust cover areas, we found an increase in SOC

associated with WA and RE + WA in soils with low

initial biocrust cover after 9 years. This increase

indicates that C inputs through the incorporation of

non-living biocrust biomass into the soil (Berdugo

and others 2021) are higher than soil C losses via

soil respiration. Also, the cyanobacteria present in

the area, which include common biocrust species

from the genera Microcoleus and Trichocoleus (Cano-

Dı́az and others 2018), may have increased their

abundance in detriment of that of lichens (as ob-

served in similar experiments in other parts of the

world; Ferrenberg and others 2015) providing

additional C inputs into the soil. This result is also

consistent with other studies on the same system

indicating that soil respiration in areas with low

initial biocrust cover is smaller than that in areas

with high initial biocrust cover (Dacal and others

2020; Escolar and others 2015). In addition, our

study did not detect a statistical effect of the single

treatment of reduced rainfall (RE) on SOC, but

significant effects of WA and RE + WA on this

Figure 2. SOC, particulate organic C (POC), and

mineral-associated organic C (MAOC) contents

(mean ± standard error, n = 5) in soils with low and

high initial biocrust cover, at the beginning of the

experiment and after 9 years of ambient conditions

(control), rainfall exclusion (RE), warming (WA), and

the combination of both (RE + WA). *, significantly

different from control (P < 0.05).

P. Dı́az-Martı́nez and others



variable were observed. This is in line with previ-

ous studies in the same area showing that WA and

RE + WA (but not RE alone) reduce soil respiration

(Escolar and others 2015; Dacal and others 2020)

and therefore C loss, probably because of a soil

moisture reduction induced by an increased evap-

oration (Lafuente and others 2018).

To sum up, our observations of no net organic C

gains in soils with high biocrust cover may be at-

tributed to rapid losses of C inputs into the soil

through high respiration rates. In contrast, low

respiration of soils with low initial biocrust cover

under WA treatments facilitates the preservation of

biocrust-derived C inputs, increasing SOC (Garcı́a-

Palacios and others 2018; Dacal and others 2020).

Future studies including soils with no biocrust

cover would be useful to further disentangle bio-

crust cover effects on SOC. It must be noted that

the potential contribution of plants to the effects on

SOC described in our study may be arguably ex-

pected to be negligible. This is so because our

experimental plots were established in the inter-

spaces with sparse perennial cover (some small

individuals and seedlings of the shrub Helianthe-

mum squamatum are present across the plots) and

the roots of the dominant plant species in the area

(Stipa tenacissima) do not spread beyond their ca-

nopies (Puigdefábregas and others 1999). In fact,

we did not visually detect plant roots in our soil

samples.

The responses of biocrust communities to dis-

turbances may be remarkably similar across large

latitudinal and longitudinal gradients, even in cases

where species identity and composition vary (Bel-

nap and Lange 2003). Thus, the shifts in biocrust

cover in response to climate change observed here

may be reasonably expected to be found in other

ecosystems under similar scenarios (Ferrenberg and

other 2015; Finger-Higgens and others 2022).

However, previous studies have also documented

that biocrust composition, respiration and cover

development highly depend on soil moisture

(Chamizo and others 2016). This suggests that

more research is needed to elucidate the potential

effects of climate change in SOC and its fractions,

especially in other environments with different soil

moisture regimes.

The previous literature highlighted that in a

scenario without biocrust, higher temperatures can

enhance SOC decomposition (Conant and others

2011) and decrease C stocks (Link and others

2003). Across terrestrial ecosystems, most studies

that have simulated warming found soil C losses

associated with them (Crowther and others 2016).

In our study, however, SOC remained constant or

even increased after climate manipulations for high

or low initial biocrust cover levels, respectively.

This result indicates that the presence of biocrust

communities reduces the negative effects of simu-

lated climate change on SOC. Nevertheless, bio-

crust cover reductions associated with warming in

our experiment (Dacal and others 2020; Ladrón de

Guevara and others 2018) may compromise this

effect in the long term, so the observed mainte-

nance or increase of SOC associated with biocrust

could be transitory.

The literature evaluating the effects of experi-

mental warming and rainfall exclusion on soil C in

biocrust-dominated drylands is very scarce and

shows contrasting results, from negative (Dar-

rouzet-Nardi and others 2015) to positive (Garcı́a-

Palacios and others 2018). We still need to improve

our knowledge on the effects of warming and

rainfall reduction on POC and MAOC fractions to

better understand how and to what extent SOC is

protected from decomposition in the context of

climate change (Cotrufo and others 2019). The

increment in SOC content with warming in low

Table 1. Effects of Biocrusts and Climate Change on the Distribution of SOC Fractions

Initial biocrust

cover

Climate

treatment

POC at 0 years

(%)

POC at 9 years

(%)

MAOC at 0 years

(%)

MAOC at 9 years

(%)

Low Control 40.6 ± 1.6 36.6 ± 1.9 53.9 ± 2.5 59.7 ± 1.8

RE 40.0 ± 2.1 42.6 ± 1.6 57.3 ± 3.7 54.4 ± 2.4

WA 40.9 ± 2.7 53.1 ± 3.8 56.1 ± 2.2 46.1 ± 3.6

RE + WA 46.1 ± 2.7 52.1 ± 2.5 48.8 ± 1.5 42.3 ± 3.6

High Control 44.8 ± 3.0 46.1 ± 1.9 50.5 ± 0.6 50.6 ± 2.7

RE 46.5 ± 3.0 42.0 ± 2.9 51.4 ± 2.3 57.2 ± 0.9

WA 44.4 ± 4.3 46.0 ± 4.0 56.8 ± 3.7 53.5 ± 3.1

RE + WA 42.8 ± 2.8 55.7 ± 4.7 56.3 ± 2.6 44.1 ± 3.0

Percentage of organic C as particulate organic C (POC) and mineral-associated organic C (MAOC) (mean ± standard error, n = 5) in soils with low and high initial biocrust
cover, after 0 and 9 years of ambient conditions (control), rainfall exclusion (RE), warming (WA), and the combination of both (RE + WA).
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biocrust cover plots was observed for both the

unprotected POC and mineral-protected MAOC

fractions, but was particularly evident for the for-

mer. This is consistent with a higher responsiveness

of the POC fraction to disturbances compared to

MAOC. In contrast, previous studies have shown a

decrease in SOC content with warming, especially in

the POC fraction (He and others 2012; Link and

others 2003; Song and others 2012). This decline has

been attributed to an increase in microbial decom-

position and respiration associated with elevated

temperatures in mesic environments (Lehmann and

others 2017; Rillig and others 2002). The higher

turnover rate and sensitivity of the POC fraction to

environmental changes compared to MAOC (He and

others 2012; Link and others 2003; Song and others

2012) may explain the relatively higher increase in

POC detected under the WA and RE + WA treat-

ments and can be attributed to the incorporation of

non-living lichen biomass from biocrusts (Berdugo

and others 2021). Although less remarkable, the

increase in MAOC observed may be attributed to

warming causing a reduced turnover of non-living

biomass due to suppression of fungal growth and soil

respiration (Bai and others 2020).

The cover of biocrusts largely determines the

amount of C transferred to the soil (Bowker and

others 2018), and subsequently the SOC contents

and its molecular composition through contribu-

tions as soil carbohydrates, polyphenols, and other

complex aliphatic macromolecules (Miralles and

others 2013; Xu and others 2021). Our composi-

tional NMR results, with smaller alkyl/O-alkyl C

ratios being indicative of lower decomposition of

SOC (Baldock and others 1992), show that (1)

Biocrusts could be sources of O-alkyl C and rela-

tively fresh (undecomposed) input attributable to

non-living biocrust to the POC fraction of soil, and

that (2) Climate change, especially warming and

the combination of warming and rainfall exclusion,

may lead to a relative increase in carbohydrates

compensated by a relative decrease in aromatic

compounds in soils with low biocrust cover.

Maestre and others (2013) registered in our

experiment an increase in phenols with warming

46 months after the beginning of the experiment

and suggested that this response could be driven by

increased lichen mortality under warming, which

increased the sources of recalcitrant compounds via

their decomposition. Even though our results are

not aligned with these, polyphenolic compounds,

such as lignin, usually bind to mineral surfaces

(Thevenot and others 2010), so the increase in

recalcitrant compounds may be reflected in the

MAOC fraction. Therefore, NMR data show a trade-

off between aromatic C and O-alkyl C contribution

to the molecular structures of POC for all treat-

ments. Biocrusts can mitigate the effect of climate

change on organic matter degradation status by

providing larger inputs of fresh organic materials to

soils. However, over a longer period, rainfall

exclusion and especially warming may cause the

death of lichens from biocrusts, adding inputs of

fresh and labile O-alkyl C, mostly carbohydrates,

Figure 3. Changes in SOC, particulate organic C (POC),

and mineral-associated organic C (MAOC) contents

(mean ± standard error, n = 5) in soils with low and

high initial biocrust cover after 9 years of ambient

conditions (control), rainfall exclusion (RE), warming

(WA), and the combination of both (RE + WA). *,

significantly different from control (P < 0.05).

P. Dı́az-Martı́nez and others



that are expected to be degraded. The composi-

tional changes observed in the POC fraction in low

initial biocrust cover areas point to a lower

decomposition degree that, together with the ob-

served POC accumulation, suggests that the in-

creases in SOC observed in the WA and WA + RE

treatments will likely not persist in the long term.

CONCLUSIONS

Overall, our results indicate that biocrusts may

prevent SOC losses associated with climate change

in drylands. These findings, based on a 9-year

experiment and the assessment of physical and

biochemical protection mechanisms of SOC, indi-

cate that the modulation effect of biocrusts may be

mainly attributed to the increased C inputs of non-

living biocrust to the relatively more highly

degradable and vulnerable fraction of SOC. Our

data suggest that the observed increases of SOC

under warming can be a transitory response be-

cause they are driven by the accumulation of labile

C fractions, while biocrust cover is detrimentally

affected at the same time by warming. Future re-

search needs to unveil the persistence of this effect.

This will be critical to better understand and man-

age the impacts and consequences of climate

change on the multiple functions and ecosystem

services provided by SOC in biocrust-dominated

drylands.
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Table 2. Effects of Biocrusts and Climate Change on the Molecular Composition of POC

Initial bio-

crust cover

Climate

treatment

Carboxylic

C

Heteroaromatic

C

Aromatic

C

O-

Alkyl

C

N-

Alkyl

C

Alkyl

C

Alkyl/

O-alkyl

C

Aromaticity

Low Control 8.8 5.7 16.8 35.1 10.6 23.0 0.66 22.5

RE 8.5 6.0 14.9 38.8 10.5 21.3 0.55 20.8

WA 8.9 5.6 12.8 40.2 9.2 23.3 0.58 18.4

RE + WA 8.9 5.2 12.4 40.6 9.6 23.3 0.57 17.6

High Control 8.4 6.4 15.6 39.6 9.5 20.6 0.52 21.9

RE 9.6 5.3 12.3 41.7 8.7 22.4 0.53 17.6

WA 9.1 5.2 12.1 42.6 8.8 22.4 0.54 17.2

RE + WA 8.3 4.5 10.6 43.0 9.1 24.5 0.57 15.1

13C NMR estimates of C structures of POC in soils under low and high initial biocrust cover after 9 years of ambient conditions (control), rainfall exclusion (RE), warming
(WA), and the combination of both (RE + WA).
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Diversity of biocrust-forming cyanobacteria in a semiarid

gypsiferous site from Central Spain. Journal of Arid Envi-

ronments 151(May):83–89.

Castillo-Monroy AP, Maestre FT, Rey A, Soliveres S, Garcı́a-

Palacios P. 2011. Biological Soil Crust Microsites Are the Main

Contributor to Soil Respiration in a Semiarid Ecosystem.

Ecosystems 14(5):835–847.

Chamizo S, Rodrı́guez-Caballero E, Moro MJ, Cantón Y. 2021.

Non-rainfall water inputs: A key water source for biocrust

carbon fixation. Science of the Total Environment

792:148299.

Chamizo S, Belnap J, Eldridge D, Cantón Y, Issa O M. 2016. The

role of biocrusts in arid land hydrology. Weber B, Büdel B,
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