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Abstract 

Grazing is directly related to land degradation and desertification in global drylands. Grazing 

impacts on vascular plants, reasonably well known, depend on its intensity and are modulated 

by local aridity conditions. However, we do not know how the interplay of grazing intensity 

and aridity affect biocrusts, topsoil assemblages dominated by cyanobacteria, lichens and 

mosses that provide key ecosystem services in drylands. Here we determined how grazing 

affects biomass, total cover and richness of biocrust structural types across a regional aridity 

gradient in the Patagonian steppe. On average, grazing by sheep reduced biocrust biomass, 

total cover and richness of structural types by 55%, 90% and 59%, respectively. In general, 

high grazing pressures had a larger impact on biocrusts than moderate or light grazing 

pressures. For example, biocrust cover was reduced by 85%, 89% and 98% by light, 

moderate and high grazing pressures, respectively. Although a slightly different response to 

grazing was observed under low aridity conditions, these more benign climatic conditions did 

not compensate for the negative effects of trampling by domestic animals on biocrusts. 

Nonetheless, estimated biocrust recovery rates under medium aridity conditions were faster 

than previously thought: it took 24, 18 and 58 years to double biocrust biomass, total cover 

and richness of structural types. Sheep cannot be just removed in Patagonian rangelands 

because the production of meat and wool represents the main local economic activity. But 

landowners must consider our results to protect the ecosystem functions and services 

provided by biocrusts for future generations to come. 

 

Introduction 

Human activities are causing unprecedented changes in the structure and functioning of 

terrestrial ecosystems worldwide (Steffen et al., 2015). Grazing by domestic animals is the 

most extensive land use on Earth (Eldridge et al., 2017b). Along history, the production of 

meat, milk, eggs, leather, wool or honey has played a pivotal economical role in numerous 

societies (Sala et al., 2017). However, high grazing intensities by domestic animals are 

directly related to land degradation processes (Asner et al., 2004), which reduce the 

ecological health and promote the loss of essential services provided by ecosystems (Eldridge 

& Delgado-Baquerizo, 2017). Grazing by domestic animals modifies the abundance, richness 

and diversity of plants (Bisigato & Bertiller, 1997; Eldridge et al., 2018; Hanke et al., 2014; 

Oñatibia et al., 2018), wild animals (Wallis de Vries et al., 2007) and soil microorganisms 

(Eldridge et al., 2017b; Olivera et al., 2016), and alters multiple soil physicochemical 
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properties that determine soil health (Eldridge et al., 2017a). Overgrazing is also considered 

to be a major driver of desertification in terrestrial ecosystems (Cherlet et al., 2018). Finding 

an optimal balance between animal production and the maintenance of the capacity of 

ecosystems to provide valuable services and habitat for wildlife is therefore a primary goal to 

manage rangelands. 

Grazing is the main land use, and a key economic activity, in global drylands (Asner 

et al., 2004), which occupy 45% of the Earth´s terrestrial surface (Prăvălie, 2016) and are 

home to more than 38% of the human population (Reynolds et al., 2007). Grazing has severe 

impacts on biological communities in drylands, where recovery rates after disturbances are 

slower compared to more mesic ecosystems (D’Odorico et al., 2013). These impacts depend 

on grazing intensity, but their consequences are modulated by local aridity conditions 

(Mallen-Cooper et al., 2018). However, thus far, the interactive effects of grazing pressure 

and aridity conditions remain poorly studied in drylands (Oñatibia et al., 2018). Moreover, 

while grazing effects on plants and soil processes have been extensively addressed, impacts 

on soil communities such as biocrusts, topsoil assemblages formed by cyanobacteria, other 

bacteria, archaea, algae, fungi, lichens and mosses that grow intimately associated with soil 

particles (Belnap et al., 2016), have received comparatively less attention (Zaady et al., 

2016). To the best of our knowledge, only one study explores the effects of both grazing and 

aridity on biocrusts (Mallen-Cooper et al., 2018). This is surprising because biocrusts cover 

approximately 12% of Earth´s terrestrial surface (Rodriguez-Caballero et al., 2018) and occur 

in all biomes, although they are particularly abundant in sparsely vegetated ecosystems such 

as drylands (Bowker et al., 2016). Considered to be the “living skin” of soils in drylands 

(Bowker et al., 2018), biocrusts play key ecological roles: they stabilize soils, thus reducing 

rates of wind erosion and dust particle production (Belnap et al., 2007), regulate soil surface 

temperature (Couradeau et al., 2016), drive soil C (Grote et al., 2010), N (Torres-Cruz et al., 

2018) and P (Baumann et al., 2018) cycles, control runoff-infiltration dynamics (Chamizo et 

al., 2016), and modulate the establishment of plants (Ferrenberg et al., 2018). Although well 

adapted to harsh environmental conditions (extreme temperatures or UV radiation), biocrusts 

are highly susceptible to compressional forces, such as those generated from vehicle traffic 

associated with production or recreation activities. In recent years, various studies have 

demonstrated that biocrusts are negatively affected by several land uses such as agriculture 

(Zaady et al., 2013), recreation (Ferrenberg et al., 2015) and, especially, grazing (Zaady et 

al., 2016). 
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The production of sheep in arid and semiarid steppes of the Argentinian Patagoni is 

carried out all year round. The introduction of sheep more than 100 years ago has led to 

profound changes in plant communities (Cheli et al., 2016; Oliva et al., 1998) and soil 

processes (Chartier et al., 2011). However, the effect of sheep grazing on biocrusts in these 

rangelands has not received much attention yet. In fact, only a few studies have assessed the 

effects of grazing on biocrusts in other Argentinian rangelands (García et al., 2015; Gómez et 

al., 2012; Tabeni et al., 2014). In South America, besides Argentina, only a few studies 

focused on biocrusts have been carried out in Chile (Baumann et al., 2018), Bolivia (Flakus 

& Kukwa, 2014), Venezuela (Núñez Ravelo, 2014) and Ecuador (Castillo-Monroy et al., 

2016). Indeed, South America represents the largest geographical gap in the study of 

biocrusts (Bowker et al., 2016).  

The goals of this study were to (a) assess the interactive effects of local aridity 

conditions and grazing intensity on biocrust development and diversity in Patagonian 

rangelands, and (b) evaluate recovery rates of biocrusts after grazing abandonment. In this 

field study, we estimated the effects of sheep grazing intensity on biocrusts in three sites 

located across a regional aridity gradient in the Patagonian steppe, whereas recovery rates 

after grazing abandonment were assessed in one site. We hypothesized that (1) grazing 

intensity will gradually reduce biocrust biomass and total cover, also modifying the richness 

and relative abundances of biocrust structural types, through direct (trampling) and/or indirect 

(shifts in vegetation and litter) effects mediated by the presence of sheep, (2) the effects of 

grazing on biocrusts will be larger under more arid conditions, and (3) recovery rates of 

biocrusts after grazing abandonment will range from decades to centuries (Belnap, 2003).  

 

Materials & Methods 

Study site 

In summer 2017, we conducted a field survey in three sites located across a regional aridity 

gradient in the Chubut Province (Argentina) (Figure S1). The sites are located at a similar 

latitude (~45° S) but at different distances from the Andean Mountains, which generates a 

strong longitudinal precipitation gradient (Austin & Sala, 2002) (Table S1). Although there is 

a difference in altitude of 150 m among sites, all of them show similar radiation values and 

temperatures; radiation or temperature differences among sites are negligible relative to 

differences in precipitation. All sites belong to the Patagonian Phytogeographic Province 

(Oyarzabal et al., 2018). The low aridity site (Low) is a grass steppe representative of the 
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Subandean District and dominated by Festuca pallescens. The medium aridity site (Medium) 

is a typical grass-shrub steppe of the Occidental District with Pappostipa speciosa, 

Pappostipa humilis, Poa ligularis, Poa lanuginosa, Azorella prolifera and Adesmia 

volckmannii as main plant species. The high aridity site (High) is a semi-desert area of the 

Central District dominated by Nassauvia glomerulosa, Nassauvia ulicina and Chuquiraga 

aurea. Rangelands in the study area are mostly used for wool and meat production, and have 

been grazed by sheep for more than 100 years (Oñatibia et al., 2018). At all sites, grazing 

management is extensive, in large continuously grazed (all year round) paddocks (Oñatibia et 

al., 2018). 

 

Experimental set up: aridity × grazing experiment 

Within each site, we set up four 50 × 50 m plots across a grazing gradient, from grazing 

exclosures (EX, established on average 26 years ago) to high-grazed areas (HG, 0.21 – 1.00 

sheep ha-1), including light (LG, 0.11– 0.40 sheep ha-1) and moderate (MG, 0.14 – 0.75 sheep 

ha-1) grazing conditions (Table S1). Plots were selected from the grazing pressure estimated 

as the quotient between the average forage consumption, obtained from the stocking rate 

(average of last 20 years), and the average aboveground net primary productivity (estimated 

from remote sensing MODIS imagery), weighed with a local index that considered the fecal 

pellets density. In this way, grazing pressure estimation captures the effect of the historical 

stocking rate of each paddock and the local and more recent grazing intensity in the measured 

area (Oñatibia et al., 2018). We thus surveyed a total of 12 different conditions to assess the 

interactive effects of aridity (three levels) and grazing (four levels) on biocrusts. Because of 

the particular factorial design, with no combination of treatments truly replicated at the scale 

of plots, the generalization and extrapolation of our results have to be taken with caution.  

 

Experimental set up: recovery rates experiment 

In the medium aridity site, we monitored 50 × 50 m plots located in grazing exclosures 

established 47 and 66 years ago (in 1972, EX72, and 1954, EX54) (Table S1). These 

exclosures, along with another established 23 years ago (in 1996, EX96; EX plot in the 

aridity × grazing experiment), enabled us to have a temporal sequence of grazing 

abandonment. Because most part of the medium aridity site has a light-to-moderate grazing 

intensity management (Oñatibia & Aguiar, 2016), we used data from LG and MG conditions 

of the aridity × grazing experiment to obtain mean values of local grazing pressure effects 
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(“grazing condition”, GR). We then compared these data to those obtained in exclosure areas 

(EX96, EX72 and EX54) to assess recovery rates of biocrusts after grazing abandonment. 

 

Data collection and preparation 

In each plot we established four 50 m long transects, 10 m apart from each other, with the 

same orientation and slope. In each transect, we placed 25 successive 1.5 × 1.5 m quadrats 

that were used to visually determine the cover of four biocrust structural types: light 

cyanobacteria-, dark cyanobacteria-, lichen- and moss-dominated biocrusts (LC, DC, LI and 

MS, respectively). We added up cover data of biocrust structural types to obtain total biocrust 

cover (BC). In the same quadrats, we also estimated the cover of every perennial plant 

species, and the cover of bare soil (BS) and litter (LT). By merging cover data of perennial 

plant species, we obtained total plant cover (PC). We then estimated the area of covered soil 

(CS) as the sum of LT and PC (Table S1).  

 

Sampling and laboratory procedures 

In each plot, we took representative samples of biocrusts in 5 locations separated from each 

other at least by 20 m. After a general visual inspection, samples were randomly taken in 

open, biocrust-dominated areas of the plot, avoiding areas just below perennial plants. 

Samples were carefully taken down to ~1 cm deep by means of a dough steel scraper, and 

kept at dark and dry conditions in sterile, plastic 10-cm-Petri dishes. In the laboratory, we 

used a Zeiss Stemi 2000-C stereo-microscope to identify bryophytes and lichens. Lichen 

specimens were classified using the book by Pérez de la Torre (2008) and mosses were 

identified following Rosentreter et al. (2007) (Table S2). Cyanobacteria were not identified. 

Aerial content of chlorophyll a (chl a) was determined as a proxy of biocrust biomass 

(Fernandes et al., 2018). Briefly, seven 0.4-cm-diameter cores were randomly taken in each 

Petri dish, mixed, and extracted in 95% ethanol at 4 ºC in the dark for 24 h. Extracts were 

then centrifuged (5000 rpm, 5 min, 4 ºC) and chl a concentrations determined according to 

Ritchie (2008) in a Shimadzu UV-1700 spectrophotometer.  

 

Data analyses 

We calculated the richness of biocrust structural types (BR) using the cover data of the four 

different biocrust types visually estimated. To estimate BR, as well as plant richness, 
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Shannon evenness and Shannon diversity (Table S1), we used the “vegan” package (Oksanen 

et al., 2018) written for R (R Development Core Team, 2017). 

We analyzed the interactive effects of aridity and grazing (aridity × grazing 

experiment), or the effect of time since grazing abandonment (recovery rates experiment), on 

chl a using analysis of variance (ANOVA) models. Diagnostic plots did not reveal apparent 

deviations from homoscedasticity and normality in these models. ANOVA models were fitted 

using R, while Tukey´s HSD postdoc tests were computed using the “emmeans” R package 

(Lenth, 2018).  

To analyze the interactive effects of aridity and grazing on BC and BR, as well as on 

LC, DC, LI and MS cover (aridity × grazing experiment), we used generalized additive 

models for location, scale and shape (GAMLSS models). GAMLSS models are 

recommended for highly skewed and/or kurtotic dependent variables, because they extend 

basic statistical models allowing flexible modelling of over-dispersion, excess of zeros, 

skewness and kurtosis in the dataset (Rigby & Stasinopoulos, 2005). GAMLSS models were 

computed using the “gamlss” R package (Rigby & Stasinopoulos, 2005). We fitted GAMLSS 

models for each dependent variable using aridity and grazing conditions as independent 

categorial variables (except in the case of DC and LI cover because we only found DC or LI 

biocrusts in the low aridity site) and PC and LT as independent continuous variables. In these 

models, aridity and grazing were treated as fixed categorical factors, PC and LT as fixed 

continuous factors, and quadrats (25) nested within transects (4) were treated as random 

effects. The model optimization process was as follows. First, we rescaled our dependent 

variables to 0 – 1 dividing each value by 100 (except BR). Second, we chose the best type of 

distribution (family) for each dependent variable using the fitDist() function. Then, we fitted 

the best model for each dependent variable using the stepGAICAll.A() function. We used the 

generalized Akaike information criterium (AIC) to compare and select among several models 

(Rigby & Stasinopoulos, 2005). We considered that ∆AIC values higher than 2 indicated 

significant differences between models. Likelihood ratio tests (LRT) were used to test for 

differences between chosen and null models. We tested for the significance of single and 

interaction terms (independent variables) in best-fitted GAMLSS models using LRT results. 

Finally, differences in the effects of fixed categorical variables on dependent variables after 

fitting GAMLSS models were assessed by comparing t-values to a random normal 

distribution. Diagnostic plots were used to visually assess potential deviations from 

homoscedasticity and normality of residuals after fitting GAMLSS models. 
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Temporal differences in BC and BR, as well as in LC and MS cover after grazing 

abandonment (recovery rates experiment), were also tested using GAMLSS models. We 

tested the effects of PC and LT as independent continuous variables, and the time after 

grazing abandonment as the only independent categorical variable. In these models, time after 

grazing abandonment was treated as a fixed categorical factor, PC and LT were treated as 

fixed continuous factors, and quadrats (25) nested within transects (4) were treated as random 

effects.  

To determine recovery rates after grazing abandonment in the medium aridity site, we 

calculated average slopes across the four time points studied (0, 23, 47 and 66 years). 

To ecologically interpret the impact of different grazing intensities at each site (aridity 

× grazing experiment), or the ecological importance of time on recovery rates of biocrusts 

after grazing abandonment in the medium aridity site (recovery rates experiment), we 

calculated effect sizes (as Cohen´s d values) and confidence intervals (Nakagawa & Cuthill, 

2007). We present ecological effects of different grazing intensities in the three sites relative 

to EX conditions (aridity × grazing experiment), whereas we show the ecological effect of 

time after grazing abandonment in the different temporal exclosures relative to the GR 

condition (recovery rates experiment). Effect size calculations were computed using the 

“effsize” R package  (Torchiano, 2017).  

All plots were built in R using the package “ggplot2” (Wickham, 2009). 

 

Results 

Aridity × grazing experiment 

Overall, grazing by sheep in Patagonian rangelands reduces biocrust biomass and total cover, 

but also decreases the richness of biocrust structural types and modifies their relative 

abundances (Figure 1 & 2). In the medium and high aridity sites, the higher the density of 

domestic animals, the deeper the changes are, although a different pattern emerges in the low 

aridity site, which generally shows the greatest grazing impacts.  

The aridity × grazing interaction had a significant effect on chlorophyll a (chl a) (p < 

0.05) (Table S3), indicating a different response of biocrust biomass to grazing intensity at 

each site (Figure 1A). Exclosure (EX) treatments always showed significantly higher chl a 

values than any other grazing level at all sites (p < 0.05) (Figure 1A). In the high aridity site, 

we observed a decrease of chl a across the grazing gradient, with the high-grazed (HG) 

treatment showing significantly lower chl a values than any other grazing condition (p < 
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0.05) (Figure 1A). A similar decrease in chl a was evident across the grazing gradient in the 

medium aridity site, but differences were not significant among light-grazed (LG), moderate-

grazed (MG) and HG treatments (Figure 1A). In the low aridity site, the reduction in chl a 

was significantly higher in the MG than in LG or HG treatments (p < 0.05) (Figure 1A). The 

effect of grazing on biocrust biomass increased with grazing intensity in the medium and high 

aridity sites, and HG conditions showed the largest effects on chl a (Figure 1B). However, in 

the low aridity site MG conditions caused the largest effects on biocrust biomass (Figure 1B). 

Generally, the low aridity site showed the greatest grazing effects on chl a regardless of the 

grazing intensity (Figure 1B). 

The aridity × grazing interaction did not have a significant effect on the total biocrust 

cover (BC). But we found a significant grazing effect on BC at all sites (p < 0.05) (Tables S4 

& S5). BC was significantly higher in EX treatments than in any other grazing level at all 

sites (p < 0.05) (Figure 1C), LG and MG conditions showed similar effects on BC, and HG 

conditions showed significantly lower BC values than any other grazing treatment (p < 0.05) 

(Figure 1C). Compared to EX conditions, we found a mean reduction in BC of 85%, 89% and 

98% for LG, MG and HG, respectively. BC negatively responded to litter cover (LT) in 

exclosures (p < 0.05) (Table S6). Irrespective of grazing conditions, total plant cover (PC) 

negatively determined BC in the low aridity site, whereas positively in the high aridity site (p 

< 0.05) (Table S6). The effect of grazing on BC clearly increased across the grazing gradient 

at all sites, with HG conditions causing the largest effects, especially in the high aridity site 

(Figure 1D). Irrespective of grazing intensities, the low aridity site showed the greatest 

grazing effects on BC, the high aridity site showed intermediate effects, and the medium 

aridity site showed the lowest effects (Figure 1D). 

We did not observe a significant interaction of aridity and grazing on the richness of 

biocrust structural types (BR). But grazing had a significant effect on BR at all sites (p < 

0.05) (Tables S4 & S5). We found significant differences in BR values among the four 

grazing conditions (p < 0.05) (Figure 2A). Grazing reduced BR by 43%, 54% and 80% for 

LG, MG and HG treatments, respectively. The effect of grazing on BR intensified across the 

grazing gradient in the medium and, particularly, in the high aridity site (Figure 2B). By 

contrast, in the low aridity site MG conditions caused the most profound effects on BR. 

Again, the low aridity site showed the greatest grazing effects on BR at LG and MG 

conditions (Figure 2B). 

We did not detect a significant aridity × grazing interaction on light cyanobacteria-
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dominated biocrusts (LC). But we observed a significant grazing effect on LC at all sites (p < 

0.05) (Tables S4 & S5). Exclosures showed significantly higher LC cover than any other 

grazing treatment, and LG treatments showed significantly higher values than MG or HG 

conditions (p < 0.05) (Figure S2A). LC negatively responded to LT in EX treatments at all 

sites (p < 0.05) (Table S6). Irrespective of grazing conditions, PC negatively and positively 

determined LC in the low and high aridity sites, respectively (p < 0.05) (Table S6). 

Generally, the effect of grazing on LC intensified across the grazing gradient, especially at 

high aridity conditions (Figure S2B). The high aridity site showed the largest grazing effects 

on LC, the low aridity site showed intermediate impacts, and the medium aridity site showed 

the lowest effects (Figure S2B). 

We observed dark cyanobacteria-dominated biocrusts (DC) in the low aridity site only 

(Figure S2C). Grazing had a significant effect on DC cover in this site (p < 0.05) (Tables S4 

& S5). DC cover was significantly higher in the exclosure relative to MG or HG conditions 

(p < 0.05) (Figure S2C), and the MG treatment showed significantly higher DC cover values 

than the HG condition (p < 0.05) (Figure S2C). Irrespective of grazing intensities, we found a 

significant, negative effect of PC on DC (p < 0.05) (Table S6). The grazing effect on DC was 

large at MG and HG conditions (Figure S2D). 

Lichen-dominated biocrusts (LI) were found in the low aridity site only (Figure S3A). 

We did not detect any significant factor associated with LI cover (Tables S4 & S5), but we 

found higher LI at HG conditions relative to MG or EX conditions. The effect of HG on LI, 

although low, was positive (Figure S3B). 

We did not find a significant aridity × grazing interaction on moss-dominated 

biocrusts (MS). But grazing had a significant effect on MS at all sites (p < 0.05) (Tables S4 & 

S5). We found a significantly lower cover of MS in HG conditions than under any other 

grazing treatment (p < 0.05) (Figure S3C). However, we did not find differences in MS cover 

among EX, LG and MG conditions. In general, the effect of grazing on MS intensified across 

the grazing gradient at all sites, with the HG treatment causing the greatest effects, especially 

under low and high aridity conditions, although the effect of MG conditions on MS cover was 

positive but low at high aridity conditions (Figure S3D). 

We found differences in the relative abundance of biocrust structural types among 

grazing treatments within sites (Figure 2C). In the medium and high aridity sites, where only 

LC and MS were observed, we observed increasing high relative abundances of MS across 

the grazing gradient, although LC clearly dominated, especially at HG conditions. Under low 
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aridity conditions, we also found DC and LI. In this site, the highest relative abundance of LI 

was found in the HG treatment, whereas the highest relative abundance of DC was found in 

the exclosure, MS were especially important in the LG treatment, and LC showed lower 

relative abundances in EX and LG compared to MG and HG treatments. 

 

Recovery rates experiment 

Biocrusts positively responded to the abandonment of grazing in the medium aridity site, with 

an evident increase in total cover and a palpable growth estimated through chl a content. A 

clear increase in the richness of biocrust structural types along time was also observed 

(Figure 3 & 4). Recovery rates of biocrusts were relatively fast: it took only 24, 18 and 58 

years after grazing abandonment to double chl a content, biocrust cover and richness of 

biocrust structural types, respectively. 

Time after grazing abandonment significantly determined chl a at the medium aridity 

site (p < 0.05) (Table S3). All temporal exclosures showed significantly higher chl a contents 

than the grazed area (p < 0.05) (Figure 3A). However, we did not observe significant 

differences between the 1972 (EX72) and 1954 exclosures (EX54) (Figure 3A). The effect of 

time on biocrust biomass after grazing abandonment increased along the chrono-sequence 

(Figure 3B).  

Time after grazing abandonment significantly determined BC and BR at this site (p < 

0.05) (Tables S7 & S8). All exclosures showed significantly higher BC (Figure 3C) and BR 

(Figure 4A) values that the grazed condition (p < 0.05), although we did not see significant 

differences between the 1996 exclosure (EX96) and the EX72 treatment, or between EX72 

and EX54 treatments, for BC and BR, respectively. The effect of time since grazing 

abandonment increased along the chrono-sequence for both BC (Figure 3D) and BR (Figure 

4B). 

We observed that time after grazing abandonment had a significant effect on LC 

cover values at the medium aridity site (p < 0.05) (Tables S7 & S8). LC cover values were 

lower in the grazed treatment than in any exclosure (Figure S4A). However, we did not find 

significant differences between the grazed area and EX72 treatments. The EX96 treatment 

showed higher LC values than the EX54, and significantly higher than the EX72 (p < 0.05) 

(Figure S4A). The effect of time on LC after grazing abandonment was large at all exclosures 

except at EX72 (Figure S4B). 

We found that time after grazing abandonment had a significant effect on MS cover 
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values at this site (p < 0.05) (Tables S7 & S8). The highest and lowest MS cover values were 

found in the EX54 and grazed treatments, respectively (Figure S4C). The effect of time on 

MS cover values since grazing abandonment clearly increased along the chrono-sequence 

(Figure S4D). 

A change in the relative abundance of biocrust structural types along time after 

grazing abandonment was evident in the medium aridity site (Figure 4C). In grazed and 

EX96 treatments, LC clearly showed high relative abundances, but MS were more abundant 

in EX72 and EX54 treatments. 

 

Discussion 

This study provides strong evidences that grazing reduces the biomass, total cover and 

richness of structural types of biocrusts across a regional aridity gradient in Patagonian 

rangelands (Figures 1 & 2). Heavily grazed fields experience larger reductions in biocrusts 

than light- or moderate-grazed paddocks. Consequently, there is a direct relationship between 

grazing intensity and biocrust degradation in these rangelands. Although a slightly different 

response to grazing intensity is detected in the low aridity site, where the impacts of highly-

grazed conditions on biocrust biomass seem to be partially buffered compared to lightly-

grazed fields, we observe that the greatest effects of grazing on biocrust assemblages, 

irrespective of its intensity, occur under the lowest aridity condition evaluated. Overall, our 

results indicate that (1) high grazing intensities have dramatic consequences for biocrusts in 

Patagonian rangelands under different aridity conditions, and (2) low aridity conditions are 

not enough to fully compensate for the pernicious effects of grazing on biocrusts. 

Nonetheless, grazing abandonment in the medium aridity site leads to palpable increases in 

biocrust biomass, total cover and richness of structural types in ~20 years, which means that 

natural recovery rates after grazing abandonment are faster than previously thought (Figures 

3 & 4). In short, our results demonstrate that grazing intensity interacts with local aridity 

conditions to determine the development and diversity of biocrusts in Patagonian rangelands 

of Argentina. 

 

Grazing interacts with aridity to determine biocrust biomass, cover and richness of 

structural types 

During last decades, multiple studies conducted in USA, Australia, Israel, Mexico and China 

have reported negative impacts of grazing on biocrusts (Zaady et al., 2016). In line with these 
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studies, we observed a clear negative response of biocrusts to sheep grazing in our three 

Patagonian sites. Direct trampling unquestionably damages biocrusts by pulverizing them, 

especially when they are dry (Ferrenberg et al., 2015). When the soil is disturbed in drylands, 

there is a production of fugitive particles (Belnap et al., 2009). These soil particles can move 

at even low wind speeds (Belnap et al., 2007), thus burying whole pieces of biocrusts, 

particularly if they are lichen- or moss-dominated. Once far from the soil surface, 

photosynthetic components of biocrusts able to colonize physically unstable sedimentary 

surfaces, especially cyanobacteria (Garcia-Pichel & Wojciechowski, 2009) and mosses 

(Antoninka et al., 2016), cannot continue fixing carbon and die. 

Our work extends previous results of field experiments that focused on the effects of 

domestic animals comparing grazed vs. ungrazed areas in specific sites of Argentina 

(Bertiller & Ares, 2011; García et al., 2015; Gómez et al., 2012; Tabeni et al., 2014). Our 

work also widens the knowledge of the biology and ecology of biocrusts in South America, 

thus fulfilling an existing geographical gap (Bowker et al., 2016). Our observations of a 

gradual decrease in the total biocrust cover (BC) and richness of biocrust structural types 

(BR) across the grazing gradient regardless of aridity conditions are similar to those reported 

by Concostrina-Zubiri et al. (2014) and Eldridge et al. (2015), who found a reduction in BC 

across grazing gradients in drylands of Mexico and Australia, respectively. However, and 

contrary to our expectations, biocrust biomass responses to grazing intensity were similar 

under light-grazed (LG) and high-grazed (HG) conditions in the low aridity site. At HG 

conditions we observed a high relative abundance of lichen-dominated biocrusts, and even a 

positive effect of HG conditions on lichens in this site. Under LG conditions we observed a 

high relative abundance of moss-dominated biocrusts in the low aridity site. Crustose and 

squamulose morphologies, such as those found in this site, can provide lichens with partial 

resistance to mechanical impact (Concostrina-Zubiri et al., 2014; Jiménez Aguilar et al., 

2009). And mosses can recover from trampling by sheep relatively fast if damage is only 

partial because, as poikilohydric organisms, they have developed specialized leaf structures 

to collect water from many available sources (Pan et al., 2016). Lichen- and moss-dominated 

biocrusts present higher chl a contents by surface unit than cyanobacteria-dominated 

biocrusts (Lan et al., 2012). Therefore, biocrust biomass increases under low aridity 

conditions at LG, and even HG, conditions relative to moderate-grazed (MG) conditions. 

The grazing effect on BC and BR increased across the grazing gradient at medium 

and high aridity sites. In other words, a continuous moderate-to-high grazing pressure in 
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these rangelands generates a larger impact on biocrust assemblages than a light grazing 

intensity, especially under high aridity conditions. Mallen-Cooper et al. (2018) found 

evidences that the combination of increasing aridity and intensified livestock grazing reduces 

biocrust total cover and functional diversity in Australian drylands, with direct effects on 

ecosystem functioning. Our findings have direct implications for the management of the area, 

where ecosystem provisioning services to enhance meat and wool production needs to be 

maximized while the impacts on ecosystem regulating services reduced (Oñatibia et al., 

2015). Biocrusts with a good ecological health can fix up to 100 kg N ha-1 y-1 (Barger et al., 

2016). Undamaged biocrusts also accumulate soil P (Baumann et al., 2018). These regulating 

services, which provide good habitat conditions for plant seeds to germinate (Ferrenberg et 

al., 2018), can be reduced at moderate-to-high grazing intensities, as recently reported 

elsewhere (Eldridge & Delgado-Baquerizo, 2017). This decline will inevitably impact on 

provisioning ecosystem services, such as the supply of forage, thus decreasing meat and wool 

production (Oñatibia et al., 2015) and jeopardizing the economic development of the region.  

Contrary to our expectations, the effect of grazing on biocrust biomass and, 

especially, on BR was greater at MG conditions relative to LG and HG conditions at the low 

aridity site. LG and HG plots showed a higher plant cover compared to the MG treatment in 

this site. A study carried out in Spanish drylands shows that plant cover partly facilitates the 

presence of mosses, and this of some lichens, due to a “shade effect” (Castillo-Monroy et al., 

2010). Our results partially agree with this study because we observed higher cover values of 

lichens under LG conditions, and of mosses under HG conditions, relative to MG conditions 

in the low aridity site. BR can be stimulated under the plant canopy in rangelands because 

lichens and mosses can find both aeolian erosion and trampling protection. Mallen-Cooper et 

al. (2018) found an increase in biocrust richness mediated by livestock grazing through 

indirect effects on vascular plant richness. In line with our results, Tabeni et al. (2014) also 

showed that mosses are facilitated beneath plants in rangelands of Central-North Argentina. 

Moreover, soils are more stable under the canopy of plants in drylands, especially if sandy 

particles, such as those found in the low aridity site, are present (Li et al., 2010). Local 

conditions of this site (total plant cover, plant richness and diversity, and soil texture) seem 

therefore to counterbalance the pernicious effects of grazing on biocrusts by partially 

protecting their biomass and richness of structural types at LG and HG conditions compared 

to MG conditions. Additionally, open spaces in drylands are directly related to the cover of 

cyanobacteria-dominated biocrusts (Zaady et al., 2013). The proportion of covered soil is the 
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lowest in the low aridity site at MG conditions. Hence, biocrusts have theoretically more 

“available soil surface” to establish, first as cyanobacteria-dominated biocrusts, then, if 

conditions are adequate, as more complex and diverse assemblages (Belnap et al., 2016). In 

fact, under MG conditions at the low aridity site we observed high cover values and high 

relative abundances of light cyanobacteria- and dark cyanobacteria-dominated biocrusts 

compared to LG and HG conditions. Thus, our results suggest that moderate grazing 

conditions in this site partially promote the presence of early successional states of biocrusts 

through indirect effects on the proportion of cover soil mediated by sheep.  

Surprisingly, the low aridity site was subjected to the strongest change in BC, 

irrespective of the grazing intensity. At LG and MG conditions, this site also showed the 

highest impacts of sheep on biocrust biomass and BR. Consequently, it stands to reason that 

more benign conditions in the low aridity site do not compensate for the negative effects of 

grazing on biocrusts. Recently, Oñatibia et al. (2018) showed that plant cover decreased with 

increasing sheep densities in the same rangelands, and the effects of grazing were the greatest 

at low aridity conditions. Our results show that light cyanobacteria- and dark cyanobacteria-

dominated biocrusts negatively responded to plant cover under low aridity conditions, which 

indicates that early successional states of biocrusts will not benefit from plants at any grazing 

intensity in the low aridity site, contrary to what we observed in the high aridity site. 

However, biocrust assemblages need to counterbalance the effects of grazing in these 

rangelands. Cyanobacteria-dominated biocrusts can easily colonize bare soil areas in 

rangelands, rapidly responding to wetting events in their environments to grow, and then 

vertically migrating far from the surface (Rajeev et al., 2013) to partially avoid the pernicious 

effects of grazing. Despite so, our results suggest that the frequency of wetting/desiccation 

cycles in our low aridity site is not enough to fully counterbalance grazing effects. The 

response of light cyanobacteria- and dark cyanobacteria-dominated biocrusts to grazing that 

we observed in the low aridity site contradicts the results found by Concostrina-Zubiri et al. 

(2014), who described a positive response of cyanobacteria-dominated biocrusts to grazing in 

Mexico.  

 

Biocrusts recover in a few years after grazing abandonment 

Biocrust recovery rates are difficult to compare because they depend on a variety of local 

conditions such as type of disturbance, soil type, plant cover or climatic conditions (Weber et 

al., 2016). Recovery rates of biocrust biomass observed in our study were similar to those 
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estimated by Kidron et al. (2008) in Israel, but faster than those reported by Belnap (1993) in 

USA, or slower than those observed by Dojani et al. (2011) in South Africa. Likewise, 

recovery rates of BC are in the same range as those estimated by Read et al. (2011) in 

Australia, although Xiao et al. (2014) observed lower recovery rates in China. In any case, 

we observed that only a few years are necessary to recover biocrusts in Patagonian 

rangelands, as previously reported in Australia (Read et al., 2011, 2016). Temporal changes 

in the relative abundance of light cyanobacteria- and moss-dominated biocrusts in the 

medium aridity site agree with the general model of ecological succession of biocrusts. Bare 

soils, which are never sterile in nature (Colesie et al., 2016), normally present cyanobacteria 

(Maier et al., 2018), some of which are considered to be pioneers capable of initiating 

biocrusts formation (Garcia-Pichel & Wojciechowski, 2009). Once cyanobacteria create 

adequate conditions in dryland soils for biocrusts, local climatic or soil characteristics of the 

site dictate their composition, which may include lichens and mosses (Bowker et al., 2016), 

and drive successional temporal shifts after grazing abandonment (Zhang et al., 2016), as we 

observed. However, the absence of dark cyanobacteria- and lichen-dominated biocrusts in our 

sequence of temporal exclosures was surprising. The presence of medium sands and gravels 

in the soils of the medium aridity site can partially prevent the establishment of dark 

cyanobacteria, as Rozenstein et al. (2014) reported. Read et al. (2011, 2016) did not observe 

either dark cyanobacteria or lichens during the first stages of soil colonization after grazing 

abandonment in Australia, but a high relative abundance of mosses. Although we will never 

know how the biocrust community was before the introduction of sheep, e.g., if lichens were 

an important component, our results undoubtedly show that sheep exclusion has led to, at 

least, a partial recovery of biocrusts in the Patagonian steppe.  

 

Concluding remarks and management implications 

We have observed that grazing pressure regulates biocrust biomass, total cover and richness 

of structural types across a regional aridity gradient in Patagonian rangelands. For example, 

and regardless of aridity conditions, light, moderate and high grazing pressures reduced the 

total cover of biocrusts by 85%, 89% and 98%, respectively. Because biocrusts with a good 

ecological health provide essential regulating ecosystem services in drylands worldwide, 

large-scale management efforts are necessary to preserve them. The production of meat and 

wool in Patagonian rangelands represents the most important local economic income. 

Consequently, it is not viable to simply remove sheep. And temporal rests of sheep grazing 
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are almost impossible to apply. However, our results allow us to propose three general rules 

that would guide landowners in the battle to reduce biocrust degradation processes driven by 

sheep: (1) light-grazed fields are preferable over high-grazed fields, (2) high-grazing 

intensities must be definitively avoided under high aridity conditions, and (3) low aridity sites 

must not be considered as areas that can support any grazing intensity. The management of 

rangelands is undoubtedly a difficult task, but we need to definitively consider that grazing 

activities are negatively affecting biocrusts. To minimize grazing impacts on biocrusts while 

maintaining the capacity of these rangelands to provide essential ecosystem services, and thus 

the needs of future generations to come, it is necessary a common action implying scientists, 

landowners and politicians. And this study paves the road toward the implementation of an 

adaptive management plan to achieve these goals in rangelands of South America, where 

only a few studies have focused on biocrusts so far. 

 

References 

Antoninka A, Bowker MA, Reed SC, Doherty K. 2016. Production of greenhouse-grown 

biocrust mosses and associated cyanobacteria to rehabilitate dryland soil function: 

cultivating biocrust mosses. Restoration Ecology 24: 324–335. DOI: 

10.1111/rec.12311 

Asner GP, Elmore AJ, Olander LP, Martin RE, Harris AT. 2004. Grazing systems, ecosystem 

responses, and global change. Annual Review of Environment and Resources 29: 261–

299. DOI: 10.1146/annurev.energy.29.062403.102142 

Austin AT, Sala OE. 2002. Carbon and nitrogen dynamics across a natural precipitation 

gradient in Patagonia, Argentina. Journal of Vegetation Science 13: 351–360 

Barger NN, Weber B, Garcia-Pichel F, Zaady E, Belnap J. 2016. Patterns and controls on 

nitrogen cycling of biological soil crusts. In Weber B, Büdel B, Belnap J (eds) 

Biological Soil Crusts: an Organizing Principle in Drylands. Springer: Zürich, 

Switzerland, 257–285 

Baumann K, Jung P, Samolov E, Lehnert LW, Büdel B, Karsten U, Bendix J, Achilles S, 

Schermer M, Matus F, Oses R, Osses P, Morshedizad M, Oehlschläger C, Hu Y, 

Klysubun W, Leinweber P. 2018. Biological soil crusts along a climatic gradient in 

Chile: richness and imprints of phototrophic microorganisms in phosphorus 

biogeochemical cycling. Soil Biology and Biochemistry. DOI: 

10.1016/j.soilbio.2018.09.035 

Belnap J. 1993. Recovery rates of crypobiotic crusts: inoculant use and assessment methods. 

Great Basin Naturalist 53: 89–95 

Belnap J. 2003. The world at your feet: desert biological soil crusts. Frontiers in Ecology and 

the Environment 1: 181–189 

Belnap J, Phillips SL, Herrick JE, Johansen JR. 2007. Wind erodibility of soils at Fort Irwin, 

California (Mojave Desert), USA, before and after trampling disturbance: 

implications for land management. Earth Surface Processes and Landforms 32: 75–

84. DOI: 10.1002/esp.1372 

Belnap J, Reynolds RL, Reheis MC, Phillips SL, Urban FE, Goldstein HL. 2009. Sediment 

losses and gains across a gradient of livestock grazing and plant invasion in a cool, 



 

 
This article is protected by copyright. All rights reserved. 

 

semi-arid grassland, Colorado Plateau, USA. Aeolian Research 1: 27–43. DOI: 

10.1016/j.aeolia.2009.03.001 

Belnap J, Weber B, Büdel B. 2016. Biological soil crusts as an organizing principle in 

drylands. In Weber B, Büdel B, Belnap J (eds) Biological Soil Crusts: an Organizing 

Principle in Drylands. Springer: Zürich, Switzerland, 3–14 

Bertiller MB, Ares JO. 2011. Does sheep selectivity along grazing paths negatively affect 

biological crusts and soil seed banks in arid shrublands? A case study in the 

Patagonian Monte, Argentina. Journal of Environmental Management 92: 2091–

2096. DOI: 10.1016/j.jenvman.2011.03.027 

Bisigato AJ, Bertiller MB. 1997. Grazing effects on patchy dryland vegetation in northern 

Patagonia. Journal of Arid Environments 36: 639–653. DOI: 

https://doi.org/10.1006/jare.1996.0247 

Bowker MA, Belnap J, Büdel B, Sannier C, Pietrasiak N, Eldridge DJ, Rivera-Aguilar V. 

2016. Controls on distribution patterns of biological soil crusts at micro- to global 

scales. In Weber B, Büdel B, Belnap J (eds) Biological Soil Crusts: an Organizing 

Principle in Drylands. Zürich, Switzerland, 173–197 

Bowker MA, Reed SC, Maestre FT, Eldridge DJ. 2018. Biocrusts: the living skin of the earth. 

Plant and Soil 429: 1–7. DOI: 10.1007/s11104-018-3735-1 

Castillo-Monroy AP, Benítez Á, Reyes-Bueno F, Donoso DA, Cueva A. 2016. Biocrust 

structure responds to soil variables along a tropical scrubland elevation gradient. 

Journal of Arid Environments 124: 31–38. DOI: 10.1016/j.jaridenv.2015.06.015 

Castillo-Monroy AP, Maestre FT, Delgado-Baquerizo M, Gallardo A. 2010. Biological soil 

crusts modulate nitrogen availability in semi-arid ecosystems: insights from a 

Mediterranean grassland. Plant and Soil 333: 21–34. DOI: 10.1007/s11104-009-0276-

7  

Chamizo S, Cantón Y, Rodríguez-Caballero E, Domingo F. 2016. Biocrusts positively affect 

the soil water balance in semiarid ecosystems: the role of biocrusts in the local water 

balance. Ecohydrology 9: 1208–1221. DOI: 10.1002/eco.1719 

Chartier MP, Rostagno CM, Pazos GE. 2011. Effects of soil degradation on infiltration rates 

in grazed semiarid rangelands of northeastern Patagonia, Argentina. Journal of Arid 

Environments 75: 656–661. DOI: 10.1016/j.jaridenv.2011.02.007 

Cheli GH, Pazos GE, Flores GE, Corley JC. 2016. Efecto de los gradientes de pastoreo ovino 

sobre la vegetación y el suelo en Península Valdés, Patagonia, Argentina. Ecología 

Austral 26: 200–201 

Cherlet M, Hutchinson C, Reynolds JF, Hill J, Sommer S, von Maltitz G. 2018. World Atlas 

of Desertification. Publication Office of the European Union, Luxembourg, EU 

Colesie C, Felde VJMNL, Büdel B. 2016. Composition and macrostructure of biological soil 

crusts. In Weber B, Büdel B, Belnap J (eds) Biological Soil Crusts: an Organizing 

Principle in Drylands. Springer: Zürich, Switzerland, 159–172 

Concostrina-Zubiri L, Huber-Sannwald E, Martínez I, Flores JL, Reyes-Agüero JA, Escudero 

A, Belnap J. 2014. Biological soil crusts across disturbance–recovery scenarios: effect 

of grazing regime on community dynamics. Ecological Applications 24: 1863–1877 

Couradeau E, Karaoz U, Lim HC, Nunes da Rocha U, Northen T, Brodie E, Garcia-Pichel F. 

2016. Bacteria increase arid-land soil surface temperature through the production of 

sunscreens. Nature Communications 7: 10373. DOI: 10.1038/ncomms10373 

D’Odorico P, Bhattachan A, Davis KF, Ravi S, Runyan CW. 2013. Global desertification: 

drivers and feedbacks. Advances in Water Resources 51: 326–344. DOI: 

10.1016/j.advwatres.2012.01.013 



 

 
This article is protected by copyright. All rights reserved. 

 

Dojani S, Büdel B, Deutschewitz K, Weber B. 2011. Rapid succession of biological soil 

crusts after experimental disturbance in the Succulent Karoo, South Africa. Applied 

Soil Ecology 48: 263–269. DOI: 10.1016/j.apsoil.2011.04.013 

Eldridge DJ, Beecham G, Grace JB. 2015. Do shrubs reduce the adverse effects of grazing on 

soil properties? Ecohydrology 8: 1503–1513. DOI: 10.1002/eco.1600 

Eldridge DJ, Delgado-Baquerizo M. 2017. Continental-scale impacts of livestock grazing on 

ecosystem supporting and regulating services. Land Degradation & Development 28: 

1473–1481. DOI: 10.1002/ldr.2668 

Eldridge DJ, Delgado-Baquerizo M, Travers SK, Val J, Oliver I. 2017a. Do grazing intensity 

and herbivore type affect soil health? Insights from a semi-arid productivity gradient. 

Journal of Applied Ecology 54: 976–985. DOI: 10.1111/1365-2664.12834 

Eldridge DJ, Delgado-Baquerizo M, Travers SK, Val J, Oliver I, Dorrough JW, Soliveres S. 

2018. Livestock activity increases exotic plant richness, but wildlife increases native 

richness, with stronger effects under low productivity. Journal of Applied Ecology 55: 

766–776. DOI: 10.1111/1365-2664.12995 

Eldridge DJ, Delgado-Baquerizo M, Travers SK, Val J, Oliver I, Hamonts K, Singh BK. 

2017b. Competition drives the response of soil microbial diversity to increased 

grazing by vertebrate herbivores. Ecology 98: 1922–1931 

Fernandes VMC, Machado de Lima NM, Roush D, Rudgers J, Collins SL, Garcia-Pichel F. 

2018. Exposure to predicted precipitation patterns decreases population size and alters 

community structure of cyanobacteria in biological soil crusts from the Chihuahuan 

Desert: changing rainfall effects on soil cyanobacteria. Environmental Microbiology 

20: 259–269. DOI: 10.1111/1462-2920.13983 

Ferrenberg S, Faist AM, Howell A, Reed SC. 2018. Biocrusts enhance soil fertility and 

Bromus tectorum growth, and interact with warming to influence germination. Plant 

and Soil 429: 77–90. DOI: 10.1007/s11104-017-3525-1 

Ferrenberg S, Reed SC, Belnap J. 2015. Climate change and physical disturbance cause 

similar community shifts in biological soil crusts. Proceedings of the National 

Academy of Sciences 112: 12116–12121 

Flakus A, Kukwa M. 2014. The first squamulose Thelocarpon species (Thelocarpaceae, 

Ascomycota) discovered in the biological soil crusts in the Bolivian Andes. Phytotaxa 

175: 281. DOI: 10.11646/phytotaxa.175.5.7 

García V, Aranibar J, Pietrasiak N. 2015. Multiscale effects on biological soil crusts cover 

and spatial distribution in the Monte Desert. Acta Oecologica 69: 35–45. DOI: 

10.1016/j.actao.2015.08.005 

Garcia-Pichel F, Wojciechowski MF. 2009. The evolution of a capacity to build supra-

cellular ropes enabled filamentous cyanobacteria to colonize highly erodible 

substrates. PLoS ONE 4: e7801. DOI: 10.1371/journal.pone.0007801 

Gómez DA, Aranibar JN, Tabeni S, Villagra PE, Garibotti IA, Atencio A. 2012. Biological 

soil crust recovery after long-term grazing exclusion in the Monte Desert (Argentina). 

Changes in coverage, spatial distribution, and soil nitrogen. Acta Oecologica 38: 33–

40. DOI: 10.1016/j.actao.2011.09.001 

Grote EE, Belnap J, Housman DC, Sparks JP. 2010. Carbon exchange in biological soil crust 

communities under differential temperatures and soil water contents: implications for 

global change. Global Change Biology 16: 2763–2774. DOI: 10.1111/j.1365-

2486.2010.02201.x 

Hanke W, Böhner J, Dreber N, Jürgens N, Schmiedel U, Wesuls D, Dengler J. 2014. The 

impact of livestock grazing on plant diversity: an analysis across dryland ecosystems 

and scales in southern Africa. Ecological Applications 24: 1188–1203. DOI: 

10.1890/13-0377.1 



 

 
This article is protected by copyright. All rights reserved. 

 

Jiménez Aguilar A, Huber-Sannwald E, Belnap J, Smart DR, Arredondo Moreno JT. 2009. 

Biological soil crusts exhibit a dynamic response to seasonal rain and release from 

grazing with implications for soil stability. Journal of Arid Environments 73: 1158–

1169. DOI: 10.1016/j.jaridenv.2009.05.009 

Kidron GJ, Vonshak A, Abeliovich A. 2008. Recovery rates of microbiotic crusts within a 

dune ecosystem in the Negev Desert. Geomorphology 100: 444–452. DOI: 

10.1016/j.geomorph.2008.01.012 

Lan S, Wu L, Zhang D, Hu C. 2012. Composition of photosynthetic organisms and diurnal 

changes of photosynthetic efficiency in algae and moss crusts. Plant and Soil 351: 

325–336. DOI: 10.1007/s11104-011-0966-9 

Lenth R. 2018. “emmeans”: Estimated Marginal Means. R package version 1.1.3. The R 

Foundation for Statistical Computing: Vienna, Austria, EU 

Li X-R, He M-Z, Zerbe S, Li X-J, Liu L-C. 2010. Micro-geomorphology determines 

community structure of biological soil crusts at small scales. Earth Surface Processes 

and Landforms 35: 932–940. DOI: 10.1002/esp.1963 

Maier S, Tamm A, Wu D, Caesar J, Grube M, Weber B. 2018. Photoautotrophic organisms 

control microbial abundance, diversity, and physiology in different types of biological 

soil crusts. The ISME Journal. DOI: 10.1038/s41396-018-0062-8 

Mallen-Cooper M, Delgado-Baquerizo M, Eldridge D. 2018. Livestock grazing and aridity 

reduce the functional diversity of biocrusts. Plant and Soil 429: 175–185. DOI: 

10.1007/s11104-017-3388-5  

Nakagawa S, Cuthill IC. 2007. Effect size, confidence interval and statistical significance: a 

practical guide for biologists. Biological Reviews 82: 591–605. DOI: 10.1111/j.1469-

185X.2007.00027.x 

Núñez Ravelo F. 2014. Efectos de la costra microbiótica en algunas propiedades del suelo en 

el sur de la quebrada Los Barrancos, valle de Quíbor, Venezuela. Investigaciones 

Geográficas, Boletín del Instituto de Geografía, UNAM 84: 5–19. DOI: 

10.14350/rid.33959. 

Oksanen J, Guillaume Blanchet F, Friendly M, Kindt R, Legendre P, McGlinn D, Minchin P, 

O´Hara R, Simpson G, Solymos P, Stevens M, Szoecs E, Wagner H. 2018. “vegan”: 

Community Ecology Package. R package version 2.5-1. The R Foundation for 

Statistical Computing: Vienna, Austria, EU 

Oliva G, Cibils A, Borrelli P, Humano G. 1998. Stable states in relation to grazing in 

Patagonia: a 10-year experimental trial. Journal of Arid Environments 40: 113–131. 

DOI: 10.1006/jare.1998.0425 

Olivera NL, Prieto L, Bertiller MB, Ferrero MA. 2016. Sheep grazing and soil bacterial 

diversity in shrublands of the Patagonian Monte, Argentina. Journal of Arid 

Environments 125: 16–20. DOI: 10.1016/j.jaridenv.2015.09.012 

Oñatibia GR, Aguiar MR. 2016. Continuous moderate grazing management promotes 

biomass production in Patagonian arid rangelands. Journal of Arid Environments 125: 

73–79. DOI: 10.1016/j.jaridenv.2015.10.005 

Oñatibia GR, Aguiar MR, Semmartin M. 2015. Are there any trade-offs between forage 

provision and the ecosystem service of C and N storage in arid rangelands? 

Ecological Engineering 77: 26–32. DOI: 10.1016/j.ecoleng.2015.01.009 

Oñatibia GR, Boyero L, Aguiar MR. 2018. Regional productivity mediates the effects of 

grazing disturbance on plant cover and patch-size distribution in arid and semi-arid 

communities. Oikos. DOI: 10.1111/oik.05104 

Oyarzabal M, Clavijo J, Oakley L, Biganzoli F, Tognetti P, Barberis I, Maturo HM, Aragón 

R, Campanello PI, Prado D, Oesterheld M, León RJC. 2018. Unidades de vegetación 

de la Argentina. Ecología Austral 28: 040–063. DOI: 10.25260/EA.18.28.1.0.399 



 

 
This article is protected by copyright. All rights reserved. 

 

Pan Z, Pitt WG, Zhang Y, Wu N, Tao Y, Truscott TT. 2016. The upside-down water 

collection system of Syntrichia caninervis. Nature Plants 2: 16076. DOI: 

10.1038/nplants.2016.76 

Pérez de la Torre Ó. 2008. Líquenes de la Provincia de Chubut. Secretaría de Cultura, 

Provincia de Chubut: Rawson, Chubut, Argentina 

Prăvălie R. 2016. Drylands extent and environmental issues. A global approach. Earth-

Science Reviews 161: 259–278. DOI: 10.1016/j.earscirev.2016.08.003 

R Development Core Team. 2017. R: a Language and Environment for Statistical 

Computing. The R Foundation for Statistical Computing, Vienna, Austria, EU 

Rajeev L, Da Rocha UN, Klitgord N, Luning EG, Fortney J, Axen SD, Shih PM, Bouskill NJ, 

Bowen BP, Kerfeld CA. 2013. Dynamic cyanobacterial response to hydration and 

dehydration in a desert biological soil crust. The ISME Journal 7: 2178 

Read CF, Duncan DH, Vesk PA, Elith J. 2011. Surprisingly fast recovery of biological soil 

crusts following livestock removal in Southern Australia: passive recovery of 

biological soil crusts. Journal of Vegetation Science 22: 905–916. DOI: 

10.1111/j.1654-1103.2011.01296.x 

Read CF, Elith J, Vesk PA. 2016. Testing a model of biological soil crust succession. Journal 

of Vegetation Science 27: 176–186. DOI: 10.1111/jvs.12332 

Reynolds JF, Smith DMS, Lambin EF, Turner BL, Mortimore M, Batterbury SPJ, Downing 

TE, Dowlatabadi H, Fernández RJ, Herrick JE, Huber-Sannwald E, Jiang H, Leemans 

R, Lynam T, Maestre FT, Ayarza M, Walker B. 2007. Global desertification: building 

a science for dryland development. Science 316: 847–851. DOI: 

10.1126/science.1131634 

Rigby RA, Stasinopoulos DM. 2005. Generalized additive models for location, scale and 

shape. Journal of the Royal Statistical Society: Series C (Applied Statistics) 54: 507–

554. DOI: 10.1111/j.1467-9876.2005.00510.x 

Ritchie RJ. 2008. Universal chlorophyll equations for estimating chlorophylls a, b, c, and d 

and total chlorophylls in natural assemblages of photosynthetic organisms using 

acetone, methanol, or ethanol solvents. Photosynthetica 46: 115–126. DOI: 

10.1007/s11099-008-0019-7 

Rodríguez-Caballero E, Belnap J, Büdel B, Crutzen PJ, Andreae MO, Pöschl U, Weber B. 

2018. Dryland photoautotrophic soil surface communities endangered by global 

change. Nature Geoscience 11: 185–189. DOI: 10.1038/s41561-018-0072-1 

Rosentreter R, Bowker MA, Belnap J. 2007. A Field Guide to Biological Soil Crusts of 

Western US Drylands. US Government Printing Office: Denver, CO, USA 

Rozenstein O, Zaady E, Katra I, Karnieli A, Adamowski J, Yizhaq H. 2014. The effect of 

sand grain size on the development of cyanobacterial biocrusts. Aeolian Research 15: 

217–226. DOI: 10.1016/j.aeolia.2014.08.003 

Sala OE, Yahdjian L, L. Havstad, Aguiar MR. 2017. Services in rangelands: nature´s supply 

and humans´ demand. In Briske DD (ed) Rangeland Systems: Processes, Management 

and Challenges. Springer: Berlin, Germany, EU, 467–489 

Steffen W, Richardson K, Rockstrom J, Cornell SE, Fetzer I, Bennett EM, Biggs R, 

Carpenter SR, de Vries W, de Wit CA, Folke C, Gerten D, Heinke J, Mace GM, 

Persson LM, Ramanathan V, Reyers B, Sorlin S. 2015. Planetary boundaries: Guiding 

human development on a changing planet. Science 347: 1259855. DOI: 

10.1126/science.1259855 

Tabeni S, Garibotti IA, Pissolito C, Aranibar JN. 2014. Grazing effects on biological soil 

crusts and their interaction with shrubs and grasses in an arid rangeland. Journal of 

Vegetation Science 25: 1417–1425. DOI: 10.1111/jvs.12204 



 

 
This article is protected by copyright. All rights reserved. 

 

Torchiano M. 2017. “effsize”: Efficient Effect Size Computation. R package version 0.7-1. 

The R Foundation for Statistical Computing: Vienna, Austria, EU 

Torres-Cruz TJ, Howell AJ, Reibold RH, McHugh TA, Eickhoff MA, Reed SC. 2018. 

Species-specific nitrogenase activity in lichen-dominated biological soil crusts from 

the Colorado Plateau, USA. Plant and Soil 429: 113–125. DOI: 10.1007/s11104-018-

3580-2 

Wallis de Vries MF, Parkinson AE, Dulphy JP, Sayer M, Diana E. 2007. Effects of livestock 

breed and grazing intensity on biodiversity and production in grazing systems. 4. 

Effects on animal diversity. Grass and Forage Science 62: 185–197. DOI: 

10.1111/j.1365-2494.2007.00568.x 

Weber B, Bowker MA, Zhang Y, Belnap J. 2016. Natural recovery of biological soil crusts 

after disturbance. In Weber B, Büdel B, Belnap J (eds) Biological Soil Crusts: an 

Organizing Principle in Drylands. Springer: Zürich, Switzerland, 479–498 

Wickham H. 2009. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag: New 

York, NY, USA 

Xiao B, Wang H, Fan J, Fischer T, Veste M. 2013. Biological soil crusts decrease soil 

temperature in summer and increase soil temperature in winter in semiarid 

environment. Ecological Engineering 58: 52–56. DOI: 10.1016/j.ecoleng.2013.06.009 

Xiao B, Zhao Y, Wang H, Wu J. 2014. Natural recovery of moss-dominated biological soil 

crusts after surface soil removal and their long-term effects on soil water conditions in 

a semi-arid environment. CATENA 120: 1–11 

Zaady E, Arbel S, Barkai D, Sarig S. 2013. Long-term impact of agricultural practices on 

biological soil crusts and their hydrological processes in a semiarid landscape. 

Journal of Arid Environments 90: 5–11. DOI: 10.1016/j.jaridenv.2012.10.021 

Zaady E, Eldridge DJ, Bowker MA. 2016. Effects of local scale disturbance on biocrusts. In 

Weber B, Büdel B, Belnap J (eds) Biological Soil Crusts: an Organizing Principle in 

Drylands. Springer: Zürich, Switzerland, 429–450 

Zhang Y, Aradottir AL, Serpe M, Boeken B. 2016. Interactions of biological soil crusts with 

vascular plants. In Weber B, Büdel B, Belnap J (eds) Biological Soil Crusts: an 

Organizing Principle in Drylands. Springer: Zürich, Switzerland, 385–406 



 

 
This article is protected by copyright. All rights reserved. 

 

 
 

Figure 1. Biocrust biomass (as aerial chlorophyll a content) (A) and total biocrust cover (C) 

estimated at different grazing intensities under each aridity condition. Bars and errors show 

mean values ± 1 standard error (n = 5 and 4 for A and C, respectively). Effect size estimations 

(as Cohen´s d values and their confident intervals, ± 95%) for different grazing intensities on 

biocrust biomass (B) and total biocrust cover (D) under each aridity condition (EX, exclosures; 

LG, light-grazed areas; MG, moderate-grazed areas; HG, high-grazed areas) (lower-case color 

letters denote significant differences among grazing treatments within sites; lower-case black 

letters denote significant differences among grazing treatments considering all sites). 
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Figure 2. Biocrust richness (as # of biocrust structural types) (A) estimated at different grazing 

intensities under each aridity condition. Bars and errors show mean values ± 1 standard error 

(n = 4). Effect size estimations (as Cohen´s d values and their confident intervals, ± 95%) for 

different grazing intensities on biocrust richness (B) under each aridity condition. Biocrust 

composition (as relative abundances of light cyanobacteria-, dark cyanobacteria-, lichen- and 

moss-dominated biocrusts, LC, DC, LI and MS, respectively) for different grazing intensities 

(C) under each aridity condition (EX, exclosures; LG, light-grazed areas; MG, moderate-

grazed areas; HG, high-grazed areas) (lower-case black letters denote significant differences 

among grazing treatments considering all sites). 
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Figure 3. Biocrust biomass (as aerial chlorophyll a content) (A) and total biocrust cover (C) 

estimated at different exclosures, also including the grazing condition (GR), in the medium 

aridity site. Bars and errors show mean values ± 1 standard error (n = 5 and 4 for A and C, 

respectively). Effect size estimations (as Cohen´s d values and their confident intervals, ± 95%) 

for different time periods after grazing abandonment on biocrust biomass (B) and total biocrust 

cover (D), also including the grazing condition (EX54, 1954 exclosure; EX72, 1972 exclosure; 

EX96, 1996 exclosure) (lower-case black letters denote significant differences among temporal 

exclosures). 
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Figure 4. Biocrust richness (as # of biocrust structural types) (A) estimated at different 

exclosures, also including the grazing condition (GR), in the medium aridity site. Bars and 

errors show mean values ± 1 standard error (n = 4). Effect size estimations (as Cohen´s d values 

and their confident intervals, ± 95%) for different time periods after grazing abandonment on 

biocrust richness (B), also including the grazing condition. Biocrust composition (as relative 

abundances of light cyanobacteria-, dark cyanobacteria-, lichen- and moss-dominated 

biocrusts, LC, DC, LI and MS, respectively) for different time periods after grazing 

abandonment on biocrust richness (C), also including the grazing condition (EX54, 1954 

exclosure; EX72, 1972 exclosure; EX96, 1996 exclosure) (lower-case black letters denote 

significant differences among temporal exclosures). 

 


