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a b s t r a c t 

Biocrusts are sensitive to changes in livestock grazing intensity in arid rangelands and may be useful in- 

dicators of ecosystem functions, particularly soil properties like soil stability, which may suggest the po- 

tential for soil erosion. We compared biocrust community composition and surface soil stability in a big 

sagebrush (Artemisia tridentata) steppe rangeland in the northwestern Great Basin in several paired sites, 

with or without long-term cattle grazing exclusion, and similar soils (mostly sandy loams), climate, and 

vegetation composition. We found that livestock grazing was associated with both lower surface soil sta- 

bility and cover of several biocrust morphogroups, especially lichens, compared with sites with long-term 

livestock exclusion. Surface soil stability did not modify the effects of grazing on most biocrust compo- 

nents via interactive effects. Livestock grazing effects on total biocrust cover were partially mediated by 

changes in surface soil stability. Though lichens were more sensitive to grazing disturbance, our results 

suggest that moss (mostly Tortula ruralis in this site) might be a more readily observable indicator of 

grazing-related soil stability change in this area due to their relatively higher abundance compared with 

lichens (moss: mean, 8.5% cover, maximum, 96.1%, lichens: mean, 1.0% cover, maximum, 14.1%). These 

results highlight the potential for biocrust components as sensitive indicators of change in soil-related 

ecosystem functions in sagebrush steppe rangelands. However, further research is needed to identify rel- 

evant indicator groups across the wide range of biocrust community composition associated with site 

environmental characteristics, variable grazing systems, other rangeland health metrics, and other distur- 

bance types such as wildfire. 
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Introduction 

Biological soil crusts or “biocrusts,” communities of moss, 

lichens, and soil microorganisms on the soil surface, are promi- 

nent in dryland rangelands such as North American cold desert 

sagebrush steppe ecosystem ( Condon and Pyke 2020 ). The sage- 

brush steppe ecosystem is currently under threat from invasive an- 

nual grasses and associated increases in fire frequency ( Knick et al. 

2003 ). Biocrust communities may be useful indicators for prevent- 

ing rangeland degradation in this imperiled system due to their 

links to various ecosystem functions ( Read et al. 2014 ; Mallen- 

Cooper et al. 2020 ), particularly soil stability and erosion control 

( Duniway et al. 2018 ; Fick et al. 2020 ). 

Biocrusts are sensitive to physical disturbance, including live- 

stock trampling ( Belnap and Eldridge 2001 ), and responsive to 
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grazing intensity, even where differences in herbaceous plant com- 

munities are subtle or lacking ( Ponzetti and McCune 2001 ; Root 

et al. 2020 ). Biocrust components, such as mosses versus lichens, 

and morphological and functional lichen groups vary widely in 

their responses to grazing disturbance ( Condon and Pyke 2018 ; 

Root et al. 2020 ). This variation in disturbance response and/or 

ecosystem function within biocrust communities is associated 

with differences in colonization speed and sensitivity to altered 

soil properties ( Eldridge and Rosentreter 1999 ; Read et al. 2014 ; 

Mallen-Cooper et al. 2020 ). 

Change in biocrust communities may be a useful indicator of 

altered soil characteristics in rangelands due to their greater sen- 

sitivity to soil disturbance compared with vascular plants. How- 

ever, useful biocrust indicators may also vary across sites because 

biocrust community structure varies with factors such as vascular 

plant community composition and soil properties ( Root and Mc- 

Cune 2012 ; Condon and Pyke 2020 ). In particular, the long-term 

effects of livestock grazing on biocrust communities are poorly 

understood across the diversity and expanse of sagebrush steppe 

ecosystems (but see Condon et al. 2020 ), complicating effort s to 

understand how variables such as soil stability may mediate graz- 

ing effects. 

In one site in the northern Great Basin, we examine the ef- 

fects of moderate cattle grazing versus long-term ( > 80 yr) graz- 

ing exclusion on biocrust communities in paired plots (pastures) 

in combination with soil stability, an indicator of rangeland health. 

We focus on differences in relatively easy-to-observe biocrust com- 

munity components associated with disturbance response, such as 

mosses, lichens, and morphological and functional groups. Finally, 

we assess whether grazing indirectly affects biocrust communities 

via soil stability, suggesting biocrust changes could be a useful in- 

dicators of altered soil stability in this rangeland system. 

Methods 

Study site 

This study was conducted in big sagebrush ( Artemisia triden- 

tata Nutt.) steppe at the 9 300-ha Northern Great Basin Experi- 

mental Range (NGBER) in eastern Oregon, United States (43 °29 ́N, 

119 °43 Ẃ). Perennial native bunchgrasses that dominate herba- 

ceous vegetation are primarily Poa secunda J. Presl, Achnatherum 

thurberianum (Piper) Barkworth, Pseudoroegneria spicata (Pursh) A. 

Löve, Elymus elymoides (Raf.) Swezey, and Festuca idahoensis Elmer. 

Western juniper ( Juniperus occidentalis Hook.) trees are common at 

higher elevations. 

NGBER is in a cold desert ecosystem (annual precipitation, 

26.7 cm; monthly temperature, 7.6 °C; range, −3.5 to 21.4 °C) with 

most precipitation in the cool season (91% of total precipitation 

from September to May, September 2003 to August 2020, USCRN 

weather station at NGBER, Diamond et al. 2013 ). Study water year 

precipitation (September 2019 −August 2020) was 82% of the long- 

term average. NGBER was heavily grazed by sheep for decades be- 

fore 1936, when the research range was established along with 

13 pairs of 2-ha livestock ungrazed (exclosure) and grazed areas, 

one per pasture, though pastures also varied in size (Appendix S1). 

Cattle replaced sheep in the late 1930s. Grazing intensity and tim- 

ing varied throughout the 1950s. In recent decades, grazing inten- 

sity has been generally moderate and occurs from April to Novem- 

ber with occasional rest years (Appendix S1). Recovery from a de- 

graded state in the 1930s is suggested by increases in herbaceous 

vegetation in both the grazed and ungrazed areas over several 

decades ( Copeland et al. 2021 ). This history mirrors broad man- 

agement changes in the sagebrush steppe, with widespread over- 

grazing in the early 1900s replaced by moderate grazing ( Holechek 

1981 ). One pasture pair (#6) burned in 2014; there is no record of 

other major disturbances (e.g., fire) affecting study areas since the 

experiment began. 

Environmental characteristics are roughly similar between plot 

pairs but vary across pastures with an altitudinal range of 1 380 −1 

540 m, 0- to 15-degree slopes, and NNE-WNW aspects (Table S1, 

available online at 10.1016/j.rama.2023.09.001 ). Sandy loam is the 

predominant surface soil texture among plots (0 −10 cm, Table S2, 

available online at 10.1016/j.rama.2023.09.001 ). Geological parent 

materials are Miocene age extrusive volcanics and derived from 

Quaternary alluvium and colluvium ( Smith and Roe 2015 ). 

Sampling 

We estimated understory herbaceous (vascular) plant cover 

(nearest 1%, May −June) in 0.4 × 0.5 m frames 3 m apart along 7 

parallel 30-m transects (15 m apart) in 12 of 13 pastures. In 1 

pasture (#3), 5 transects (30 m) were sampled in each of 2 ar- 

eas with different dominant big sagebrush subspecies ( wyomingen- 

sis and tridentata ), leading to 14 total pasture pair comparisons. 

We randomly selected 10 sampling frames across the 5 −7 transects 

with 1 −2 frames per transect for biocrust sampling (nearest 0.1%, 

August −September). Frame locations were replaced with the near- 

est location along the transect if they had > 25% cover of rocks, liv- 

ing sagebrush trunks, or bunchgrass bases, or contained ant hills, 

animal burrows or other soil disturbance, or fencing/debris (46/280 

frames moved, mostly due to rocks [27] and sagebrush trunks 

[11]). These criteria likely led to slightly greater emphasis on soil 

ground cover and interspace areas in the dataset. Lack of suitable 

locations in two plots led < 10 total frames (pasture #1, ungrazed, 

N = 8; #7, grazed, N = 9). 

We misted frames with a spray bottle to rehydrate biocrusts 

and improve visibility before sampling. We only recorded biocrusts 

growing on soil. We recorded moss cover by short ( < 1 cm) or tall 

( ≥ 1 cm) categories. All tall moss cover was Tortula ruralis (Hedw.) 

G. Gaertn., B. Mey. & Scherb. (synonym: Syntrichia ruralis [Hedw.] 

F. Weber & D. Mohr). We recorded lichen cover by morphogroup 

(crustose, fruticose, gelatinous, squamulose) and functional group 

(cyanolichen, chlorolichen, and nitrophile), a category assigned by 

dominant color, type of the photobiont, and high nitrogen toler- 

ance (Appendix S2, Table S3, available online at 10.1016/j.rama. 

2023.09.001 ). We excluded foliose lichens due to their rarity (only 

two frames at one site). Gelatinous and cyanolichen groups com- 

pletely overlapped in the final dataset. 

Soil stability 

We measured surface soil stability, a measure of erosion poten- 

tial, with samples directly adjacent to each biocrust cover frame 

with a widely used protocol (adopted for rangeland health mon- 

itoring by federal land management across the western United 

States, Herrick et al. 2017 ). The method involves immersing soil 

fragments (2 −3 mm thick, 6 −8 mm diameter) in water and as- 

signing a class from 1 to 6 (high stability values: 5 −6) based on 

integrity with timed dipping tests. 

Statistical analysis 

We tested for relationships among grazing, soil stability, and 

biocrust with three complementary analyses in R version 4.2.1 ( R 

Core Team 2022 ). First, we evaluated grazing effects on soil sta- 

bility with paired t -tests (by pasture, df = 13). Second, we tested 

for the potential of soil stability (centered, for multicollinearity) 

to amplify or dampen grazing effects (via interactions) on to- 

tal biocrust, biocrust component (moss, lichen, lichen functional 

groups, and biocrust morphogroups), and understory herbaceous 

plant cover using linear mixed models with a random effect for 

https://doi.org/10.1016/j.rama.2023.09.001
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Figure 1. Lichen, moss, and total biocrust cover (%, mean ± SE) and soil stability (1 −6, low to high, mean ± standard of error) by livestock grazing treatment (open, grazed, 

closed, ungrazed). Pasture plot pairs are points connected by lines with color indicating the direction (negative, orange, positive, green) and magnitude (intensity) of the 

relative difference in cover. 

Table 1 

Statistics for final linear mixed models (random term for pasture pair) for livestock grazing versus exclosures, soil stability, and their interaction (R package lme4, Bates et al. 

2015 ; R package car, type III Wald tests, Kenward-Roger degrees of freedom, Fox and Weisberg 2019 ). Cyanolichen and gelatinous groups are synonymous. Nonsignificant 

factors (n.s. in table, P > 0.10) were removed sequentially to arrive at final models (additional statistics in Table S4, available online at 10.1016/j.rama.2023.09.001 ). 

Cover variable Grazing Soil stability Interaction 

F value P value F value P value F value P value 

Total biocrust 16.5 < 0.01 5.4 0.02 n.s. n.s. 

Lichen 9.0 < 0.01 11.1 < 0.01 n.s. n.s. 

Moss 14.2 < 0.01 3.9 0.05 n.s. n.s. 

Chlorolichen 4.4 0.04 7.7 0.01 n.s. n.s. 

Cyanolichen (gelatinous) 7.7 0.01 6.2 0.01 n.s. n.s. 

Nitrophile lichen 2.8 0.10 0.3 0.61 3.3 0.07 

Crustose lichen 8.5 < 0.01 n.s. n.s. n.s. n.s. 

Fruticose lichen n.s. n.s. n.s. n.s. n.s. n.s. 

Squamulose lichen 8.3 < 0.01 7.1 0.01 n.s. n.s. 

Short moss 3.9 0.05 9.7 0.02 n.s. n.s. 

Tall moss 12.5 < 0.01 2.7 0.10 n.s. n.s. 

Herbaceous plant 7.8 0.01 7.1 0.01 4.5 0.03 

pasture (intercept, lme4 package, Bates et al. 2015 ). Third, we 

quantified the degree to which grazing-induced differences in soil 

stability explain the effect of grazing on total biocrust cover with 

a mediation test (nonparametric bootstrap, N = 10 0 0, mediation 

package, Tingley et al. 2014 ). These latter two approaches are com- 

plementary because they evaluate the potential for soil stability to 

either alter grazing effects (via interactions) or mediate them (via 

an indirect effect). 

Results 

Livestock grazing was associated with lower soil stability 

(t = −2.8, P = 0.02, Fig. S1, available online at 10.1016/j.rama.2023. 

09.001 ). Grazing negatively affected total biocrust, lichen, moss, 

chlorolichen, and cyanolichen (gelatinous) functional group cover. 

Soil stability (centered, to avoid the effects of collinearity on the 

model outcomes) was positively associated with cover of these 

https://doi.org/10.1016/j.rama.2023.09.001
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Figure 2. Diagram of mediation test relationships with P values and standardized 

coefficients (scaled and centered) from linear mixed models (Soil Stability ∼ Graz- 

ing, Biocrust Cover ∼ Soil Stability, and Biocrust Cover ∼ Grazing + Soil Stability, P 

values based on type II tests). The average direct effect of grazing on biocrust cover 

was −7.4% (95% confidence interval [CI]: −10.7, −4.1, P < 0.01) while the average 

causal mediated effect was −0.8% (95% CI: −1.7 to −0.1). 

same groups but did not modify the effects of grazing (no inter- 

action, Figs. 1 , S2 −S6, Tables 1 , S4, available online at 10.1016/j. 

rama.2023.09.001 ). Soil stability did alter the effects of grazing on 

nitrophile lichen cover (significant interaction), with lower cover 

in grazed areas with higher (but not lower) soil stability (inter- 

action, see Tables 1 , S4, Figs. S6). Among biocrust morphogroups, 

both grazing and lower soil stability were associated with lower 

squamulose lichen and short moss cover, grazing (but not soil sta- 

bility) was associated with lower crustose lichen and tall moss (T. 

ruralis) cover, while neither predictor was associated with fruti- 

cose lichen cover ( Tables 1 , S4, Figs. S7 −S8, available online at 

10.1016/j.rama.2023.09.001 ). Soil stability modified the effect of 

grazing on herbaceous cover, with lower cover in areas with graz- 

ing and lower (but not higher) soil stability (interaction, Tables 

1 , S4, Fig. S9). Herbaceous cover was slightly positively associ- 

ated with total biocrust cover (Pearson’s product moment correla- 

tion = 0.1, t = 1.8, df = 275, P = 0.08). The effects of grazing on total 

biocrust cover were partially mediated by grazing-associated de- 

creases in soil stability and explained 9% of the direct effect of 

grazing on biocrust cover (95% Cl: 1 −22%, P = 0.02, Fig. 2 ). 

Discussion 

Our results illustrate the magnitude and variation of differences 

in biocrust cover and surface soil stability associated with grazing 

versus long-term grazing exclusion in pastures with similar veg- 

etation and soil characteristics. Soil stability was positively asso- 

ciated with biocrust cover but did not alter the negative effects 

of livestock grazing on most biocrust components (few interactive 

effects). However, grazing was also associated with lower soil sta- 

bility, while soil stability partially mediated grazing effects on total 

biocrust cover. As a whole, these results suggest that some biocrust 

components may be useful indicators of grazing effects on soil 

stability. The observed differences in biocrust communities con- 

trast with herbaceous plant recovery after historical overgrazing 

with both moderate grazing and removal in the same paired plots 

( Copeland et al. 2021 ). Similar patterns are observed in other west- 

ern US rangelands, where herbaceous plant recovery after over- 

grazing and a shift to moderate grazing contrasts with persistently 

low soil stability and/or biocrust cover (multiple Nevada Great 

Basin sites, Condon et al. 2020 ; Colorado Plateau, salt desert site, 

Duniway et al. 2018 ). 

We found that changes in some sensitive biocrust mor- 

phogroups are easier to observe than others in our study area, 

suggesting they may be useful for rangeland managers to identify 

changes in soil stability associated with grazing. While total lichen 

and some lichen morphogroups were highly sensitive to both graz- 

ing and correlated with soil stability, shifts in lichen cover were 

difficult to detect due to their low abundance and associated mag- 

nitude of cover response ( < 1% change with grazing, all groups). 

While less sensitive than lichens, tall moss (Tortula ruralis) cover 

may be a useful soil stability change indicator where it is common, 

as in this site, especially for rangeland managers unfamiliar with 

biocrusts, because it is relatively large and easy to observe even 

when dry and desiccated and cover changes were larger in mag- 

nitude than for lichen groups (with grazing, mean ± SE: −7.1% ±
2.9%). However, tall mosses are fire sensitive and therefore will not 

be useful soil stability indicators in recently burned areas ( Condon 

and Gray 2020 ). 

Our results are contingent upon our study site characteristics, 

such as moderate grazing intensity and primarily sandy loam soil 

texture. For example, nitrophilic lichens might increase with graz- 

ing (contrary to our results) if higher grazing intensity sufficiently 

increases nitrogen content. Our long-term grazing exclusion sites 

also had lower total biocrust, particularly lichen, cover compared 

with other Wyoming big sagebrush sites (1.3% mean cover in un- 

grazed sites vs. up to 50% in sites with similar vegetation else- 

where in the Great Basin, Condon, and Pyke 2020 ). This relatively 

low abundance is likely due to specific combinations of soil chem- 

istry and texture, climate, and vegetation type ( Ponzetti and Mc- 

Cune 2001 ; Condon and Pyke 2020 ), though biocrust communities 

could also potentially still be recovering from historic overgrazing. 

Soil stability and biocrust cover were also highly variable across 

ungrazed plots in different pastures, as well as between grazed and 

ungrazed plot pairs ( Figs. 1 , S2), likely due to subtle differences 

in soil properties and vegetation, and grazing intensity associated 

with rockiness, slope, and/or water location. For instance, the large 

decreases in moss cover and soil stability with livestock grazing in 

Pasture 3 “Basin” illustrate the potential for soil texture and graz- 

ing practices to affect outcomes ( Belnap and Eldridge 2001 ), as this 

plot pair had the highest sand content and higher grazing inten- 

sity, due to nearby water placement in recent years. Biocrust com- 

position also varied across frames within plots, likely due to envi- 

ronmental variation at finer spatial scales, such as the presence of 

woody plant canopies, and might also vary over time in response 

to precipitation patterns ( Belnap et al. 2006 ). While our results 

show that biocrust cover, soil stability, and livestock grazing are 

linked in this system, we did not manipulate biocrust or soil sta- 

bility independently, meaning that we cannot absolutely separate 

grazing-related changes in soil stability from change in biocrusts. 

Overall, our results suggest that changes in biocrust composi- 

tion may be sensitive indicators of altered rangeland ecosystem 

functions, particularly soil properties like surface stability. Biocrust 

indicators could also highlight areas within rangeland landscapes 

where soil stability may be more or less resilient to livestock dis- 

turbance due to soil characteristics like texture. Alternatively, in ar- 

eas where disturbance history is unclear, key biocrust components 

could suggest the degree and type of historic disturbance, such as 

intense grazing, fire, or their interaction ( Condon and Pyke 2018 ; 

Duniway et al. 2018 ). 
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