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1. Biocrusts are critical components of drylands where they regulate a wide range of
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ecosystem functions, however, their response to the world-wide phenomenon of
shrub encroachment and to livestock grazing, the most extensive land use in dry-
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lands, is not well studied. Grazing by livestock and increases in shrub cover could
influence biocrust communities directly via trampling or shading, or indirectly, by
altering biotic interactions amongst biocrust taxa. The extent of these changes in
biocrust cover, diversity and composition are poorly known.
2. We used linear models and structural equation modelling to examine the direct
effects of grazing and shrubs on biocrust community composition and the indirect
effects mediated by changes in species interactions.
3. Biocrust richness and cover increased with increasing shrub cover at the site level.
This pattern occurred despite the negative response we found (lower cover and
richness) under shrub patches versus open areas, which was consistent irrespective of the grazing level. Functional diversity and evenness were similar between

Handling Editor: Antonio J. Manzaneda

shrubs and open at low grazing intensity, but at high grazing functional diversity
was greater in the open. Competition between biocrust species was an important
driver of their community assembly irrespective of shrub cover, grazing intensity
or patch type. Structural equation models showed that the effects of grazing and
shrub cover on functional evenness, functional diversity and richness were controlled by biotic interactions within the shrub microsites. In the open, however,
these effects were either direct or mediated by changes in cover.
4. Biocrust cover, species richness and functional diversity increase with shrub cover
at the site scale, despite the negative effects at the microsite level. We demonstrate here that drivers of community assembly differ markedly at small spatial
scales. Though biocrust communities were directly driven by environmental filtering in the open, biotic interactions played a fundamental role in their assembly
when growing beneath shrubs.
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A number of studies over the past two decades have addressed the
individual effects of these two major environmental changes (livestock

Biological soil crusts (biocrusts) are communities of mosses, lichens,

grazing and, to a lesser extent, woody encroachment) on biocrust

cyanobacteria and fungi associated with the surface of dryland soils

communities. However, these effects may not be independent, and

and influence their functioning (Belnap & Lange, 2003; Maestre

their interactive effects have not been studied. For example, species

et al., 2016). Cover, composition and species richness of biocrust

growing in open microsites or in areas with sparse shrub cover may

communities are strongly affected by environmental conditions such

be more negatively impacted by grazing because they are accessible

as livestock grazing, aridity or the presence of vascular plants. Since

to livestock, whereas those under the canopy of shrubs, or growing

biocrust composition drive processes such as N fixation, hydrologi-

beneath dense shrub stands may be protected from herbivores (Ibañez

cal properties, soil respiration and soil erosion (Bowker, Eldridge, Val,

& Schupp, 2001; Riginos & Grace, 2008; Smit, Vandenberghe, Ouden,

& Soliveres, 2013; Concostrina-Zubiri, Huber-Sannwald, Martínez,

& Müller-Schärer, 2007). Therefore, grazing effects on biocrust com-

Flores Flores, & Escudero, 2013; Eldridge & Greene, 1994), under-

munities may vary among different patch types and levels of encroach-

standing how these environmental factors drive changes in biocrust

ment, as has been observed in vascular plants (Riginos et al., 2009;

communities can, therefore, help predicting changes in dryland

Sitters, Edwards, & Olde Venterink, 2013; Soliveres & Eldridge, 2014).

functioning under contrasting environmental and land use scenarios.

As with vascular plants, grazing and shrub encroachment (at both

Although the response of biocrust communities to increasing aridity

the patch- and the landscape scales) can affect the composition of

is relatively well-known (Concostrina-Zubiri, Pescador, Martínez, &

biocrusts both directly and indirectly, by altering how different bio-

Escudero, 2014; Escolar, Martínez, Bowker, & Maestre, 2012; Reed

crust species interact. Grazing and shrub patches can alter directly

et al., 2012), their responses to other environmental factors are less

biocrust composition via trampling, shading or resource competition,

well understood.

and also by changing the species pool available to colonize a given

In addition to water availability, most dryland ecosystems are

site (i.e. by environmental filtering). However, both grazing and shrub

characterized by being two-phase mosaics dominated by vegetation

encroachment can also indirectly alter biocrust composition by affect-

patches and areas of bare ground. Patches of perennial vegetation

ing resources for which biocrusts compete, or by altering how differ-

have generally positive, facilitatory effects on understorey species

ent species interact with each other (see McIntire & Fajardo, 2014;

(Gómez-Aparicio, 2009; Soliveres & Maestre, 2014), including the

Soliveres et al., 2011). The latter can occur either by shifting the sign of

diversity and cover of biocrust communities (e.g. Concostrina-Zubiri,

the interactions (e.g. from competition to facilitation under contrasting

Huber-Sannwald, et al., 2014; Maestre & Escudero, 2009; Maestre,

environments; Bowker, Soliveres, & Maestre, 2010; Maestre, Escolar,

Huesca, Zaady, Bautista, & Cortina, 2002). However, these facilitatory

Martinez, & Escudero, 2008) or by changing the way these species

effects at the patch-scale may become negative when the density of

compete. These indirect effects may be particularly important for bio-

plants increases and when their canopies reduce light levels, increase

crust species, as their composition is more susceptible to biotic inter-

the build-up of dense litter layers or compete for nutrients (Báez &

actions (e.g. Concostrina-Zubiri, Pescador, et al., 2014), which can shift

Collins, 2008; Facelli & Temby, 2002; Riginos, Grace, Augustine, &

from hierarchical to non-hierarchical competition when environmental

Young, 2009; Soliveres, Maestre, Bowker, et al., 2014; Soliveres,

stress declines (Bowker, Soliveres, et al., 2010). The lack of absolute

Maestre, Eldridge, et al., 2014). While effects of increasing plant den-

competitor winners (non-hierarchical competition, or competition

sities of woody species (‘shrub or woody encroachment’) on understo-

intransitivity) allows a greater number of species to coexist because

rey plant communities and soil properties in drylands are known, the

no species is consistently a weak competitor (Gilpin, 1975; Laird &

response of biocrust communities to this encroachment has received

Schamp, 2006). In addition to enhance species richness, competition

far less attention (Eldridge et al., 2011; Maestre & Escudero, 2009).

intransitivity may also affect other facets of diversity such as the vari-

Together with the widespread phenomenon of shrub encroachment,

ety of functional traits (Maynard et al., 2017; Ulrich, Kubota, Piernik,

livestock grazing is the most common land use in drylands world-

& Gotelli, 2018) and therefore could affect the functioning of biocrust

wide. As with increasing aridity or shrub influence, livestock grazing

communities. Both grazing and shrub encroachment could alter com-

affects the composition and functioning of biocrust communities

petition networks of biocrust species through changes in environmen-

(Concostrina-Zubiri, Molla, Velizarova, & Branquinho, 2017; Mallen-

tal heterogeneity (Allesina & Levine, 2011; Soliveres et al., 2015) or

Cooper, Eldridge, & Delgado-Baquerizo, 2018; Warren & Eldridge,

productivity (Bowker, Soliveres, et al., 2010; Soliveres, Lehmann, et al.,

2001). Grazing can dramatically alter the composition and functioning

2018). However, the extent to which changes in biocrust cover, diver-

of biocrust communities in contrasting directions. Intensive livestock

sity and composition are driven by these indirect effects mediated by

grazing can foster local extinctions of functional groups such as fruti-

biotic interactions have been seldom quantified.

cose lichens, which enhance soil water retention and reduce soil sur-

To address these research gaps, we report on the response of bio-

face temperature (Concostrina-Zubiri et al., 2017), but are sensitive

crust cover, species richness and their species and functional compo-

to trampling. Conversely, overgrazing can also create gaps necessary

sition, to the interactive effects of shrub encroachment and livestock

for pioneering taxa such as cyanobacteria and cyanolichens (Bowker

grazing. We use structural equation modelling to separate the direct

et al., 2013; Concostrina-Zubiri, Huber-Sannwald, et al., 2014; Eldridge

effects of grazing and shrubs on the species richness and functional di-

et al., 2010).

versity of biocrusts, from the indirect effects via changes in how these
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species compete. We predict that grazing and shrubs will interact in

these microsites, a 5-cm diameter circular subplot was sampled

driving biocrust communities, with stronger effects in their cover and

under the canopy or in the open (N = 320 in total). This plot size

composition than in their species richness. Second, we predict that

is enough to fit several individuals and colonies of biocrust spe-

part of the effect of grazing and shrubs will be mediated by changes in

cies (Appendix S2). In March 2014 (late summer), each subplot

how biocrust species interact with each other.

was carefully removed from the ground using plastic Petri dishes
and by slightly wetting the soil to avoid any damage, placed in a
paper bag and stored in a cool place until the cover by species of

2 | M ATE R I A L S A N D M E TH O DS

lichens, mosses and liverworts was measured. Once in the laboratory, each taxon was identified at species level using keys in Filson

2.1 | Site description

and Rogers (1979), McCarthy (1991), Catcheside (1980), Scott
(1985) and Scott and Stone (1976) and more recent generic revi-

Our study was carried out in semi-arid woodlands near Buronga

sions. Nomenclature followed Buck and Vitt (2006) for mosses,

(34o06′S, 142o06′E) in south-western New South Wales (NSW),

McCarthy (2006) for liverworts, McCarthy (2015) for lichens, and

Australia. Rainfall at the site is low and variable (mean annual rainfall:

where appropriate, more recent taxonomic revisions. From these

220–280 mm), with high evapotranspiration (~1,500 mm per annum),

data, species richness and cover were directly obtained. Changes

dry hot summers (daily mean temperature: 30°C, 15% less rain than in

in species composition were assessed using non-metric multi

winter) and cool moist winters (daily mean: ≤17°C). The soils are domi-

dimensional scaling ordination (nMDS) and the Bray–Curtis distance

nated by fine-textured loams and clay loams (Calcarosols; pH ranging

measure on log-transformed abundance data (to reduce the influ-

between 7 and 9), and support a rich biocrust community dominated

ence of the most abundant species in the results) with the primer /

by mosses, lichens and liverworts (Appendix S2).

permanova

Thirty-two sites (0.25 ha = 50 m × 50 m each) varying in shrub

statistical package (PRIMER-E Ltd., Plymouth Marine

Laboratory).

cover and grazing levels, but with otherwise similar soils and vege-

Functional attributes were assigned to each of our biocrust

tation type, were selected (Figure S1). Shrub cover (ranging from 0%

taxa based on eight functional traits: root (rhizine) length, taxon

to 50%) was measured on each of these plots with three, 50-m long

height, sediment capture, absorptivity and the activity of four

transects aligned through the ends and centre of the plot (see details

enzymes associated with carbon (β-glucosidase, β-d-cellobiosidase),

in Eldridge, Soliveres, Bowker, & Val, 2013). The sites are typical of en-

nitrogen (N-acetyl-β-glucosaminidase) and phosphorus (phosphatase)

croached woodlands in semi-arid eastern Australia where open patches

cycling. These functional traits are linked to competitive ability

between trees have become encroached by shrubs of a range of spe-

and response to the environment in biocrust taxa, but also to

cies (Eremophila sturtii R. Br., Senna artemisioides Randell, Dodonaea

their effects on important ecosystem functions such as nutrient

viscosa Jacq.), dominated by cohorts of a single size (age) class.

cycling, water infiltration and resistance to e rosion (see Bowker,

These 32 sites were divided into two grazing categories. Sixteen

Maestre, & Escolar, 2010; Mallen-Cooper & Eldridge, 2016).

sites were located in Mallee Cliffs National Park, which has been un-

From this information, we calculated two complementary met-

grazed by livestock since 1977 but is lightly grazed by kangaroos and

rics of functional diversity: (a) RaoQ (sum of pairwise distances

2

rabbits (Appendix S3). The Park covers about 580 km and has had very

in multidimensional trait space), and (b) functional evenness

low levels of grazing since the 1990s due to a combination of removal

(a measure of the extent to which different trait strategies are

of ground water supplies and control of feral grazing populations. The

evenly distributed in the community; see Pakeman, 2014 for a

other 16 sites were established in adjoining pastoral properties that are

review). Functional metrics were calculated using the

fd

pack-

relatively heavily grazed by cattle or sheep, and also have higher densi-

age in r (Laliberté, Legendre, & Shipley, 2014). Functional disper-

ties of goats, kangaroos and rabbits than our low grazing sites (Appendix

sion and functional richness were also considered, but removed

S3). Overall, these 32 sites allowed us to examine differences in grazing

in further analyses due to their strong correlations with RaoQ

intensity (light vs. heavy) and shrub cover (0% to ~50% cover), which

(ρ = 0.97 [functional dispersion]) and species richness (ρ = 0.75

are within the range of values reported for shrub encroached sites

[functional richness]). Functional trait information was avail-

(Soliveres & Eldridge, 2014). We considered the 32 sites to be indepen-

able for 23 of the 53 species we found, and these represented

dent because they were separated by distances of 1–12 km. All sites

56.1 ± 3.08% (M ± SE) of the total cover within the 320 subplots.

were selected within a single land unit (flats and depressions) to avoid

All functional diversity metrics were weighted by the relative

confounding influence of landform on-site attributes.

cover of each species.

2.2 | Cover, species richness and
composition of biocrusts

2.3 | Changes in biocrust interactions
To calculate the degree of competition intransitivity, the in-

At each site, five shrub and five open (interspace) patches (here-

verse Markov-chain approach of Ulrich, Soliveres, Kryszewski,

after ‘microsites’) were randomly selected, and within each of

Maestre, and Gotelli (2014) was used as implemented in the
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free software Transitivity. This approach provides a metric for

intransitivity among the four dominant species in each micro-

intransitivity (I), which ranges between 0 (total competition hi-

site × site combination) were analysed using linear models with

erarchy) and 1 (total competition intransitivity). The metric is

shrub cover (0%–50%), microsite (shrub vs. open) and grazing level

based upon the number of competition reversals, that is, how

(low vs. high), and their interactions as fixed factors using the ‘lme4’

many times the competitor dominant(s) loses over time (see

package (Bates, Maechler, Bolker, & Walker, 2015) within r statistical

Laird & Schamp, 2006; Ulrich et al., 2014 for details). With this

software (Version 3.4.4, R Core Team, 2018).

approach the number of species to analyse cannot exceed one

To further interpret compositional changes, the degree of as-

less than the number of sites, therefore in our case, four species.

sociation of biocrust species in relation to patch type and grazing

Thus, we analysed the degree of intransitivity on the four domi-

was measured with Indicator Species Analysis in R (De Caceres,

nant species at each plot × microsite combination (as we had

Legendre, & Moretti, 2013) using a data matrix of 56 species and

five replicates of each microsite × site combination). Together

64 combinations of microsite × site. Indicator values combine infor-

with the levels of intransitivity, the software calculates a meas-

mation on the relative cover of each species and their frequency.

ure (Match) of how well the simulated Markov chains fit the

Indicator values are maximal (IV = 100%) when all individuals of a

observed abundances. This Match metric is an indicator of the

given species are restricted to a particular microsite (e.g. shrub),

importance of competition for the assembly of the studied spe-

and all samples from that particular microsite contain an occurrence

cies (values close to one indicate that simulated and observed

of that species. Data were randomized among the factors with a

abundances are strongly related, and since simulations are only

Monte Carlo procedure and 1,000 iterations in order to determine

based on species replacements, this means that competition is

their statistical significance.

strongly driving the observed patterns). The Match metric also

Finally, we used structural equation modelling (SEM) to exam-

indicates how reliably the level of intransitivity has been esti-

ine the direct and indirect effects (i.e. mediated by total biocrust

mated and in our case was independent of whether the biocrusts

cover and the way species interact) of increasing grazing intensity

were moss- or lichen-dominated. Only in three out of the 64

and shrub cover, on biocrust richness, functional diversity and

microsite × site combinations was this metric below 0.6 (60%

composition. In order to evaluate possible interactions among the

of the observed abundances explained by the simulated Markov

importance of each driver and their direct and indirect effects for

chains). Therefore, it can be assumed that competition was a

a given microsite, we fitted separate models for open and shrub

dominant interaction among the studied species and that the

patches. Structural equation modelling tests the plausibility of a

level of intransitivity was reliably estimated (see Soliveres et al.,

causal model, based on a priori information (Appendix S4), in ex-

2015; Ulrich et al., 2014 for further details on the methods).

plaining the relationships among different variables. In our model

To account for changes in composition, we applied this approach

we predicted that grazing would have direct effects on individual

to two different datasets: one including the four dominant species

crust attributes (e.g. functional composition, richness; Bowker

across all sites (therefore removing changes in composition), and one

et al., 2013; Concostrina-Zubiri et al., 2017; Eldridge et al., 2013)

including the four dominant species at each site (therefore accounting

but also indirect effects via changes in intransitivity (Bowker,

for effects of changes in composition + environment). The intransi-

Soliveres, et al., 2010; Soliveres et al., 2015) and biocrust cover (as

tivity metrics obtained using the overall dominant species or those

larger patches are more likely to support more species which are

most dominant at each site rendered similar results (ρ = 0.41; p = .017;

likely more competitive, therefore modulating biotic interactions).

N = 33), although in the former case, this metric could only be calcu-

Similarly, the changes in heterogeneity and productivity induced

lated in half of the 64 microsite × site combinations because these

by shrub patches and increasing density at the plot scale should

species were not present in all subplots. Thus, we only report results

directly affect the composition of biocrust communities (Maestre

from the metrics calculated for the four dominant species at each site.

et al., 2002), but also their cover and how they interact. Overall

Overall, we analysed changes in biocrust communities by exam-

goodness of fit probability tests (χ2 and Bollen-Stine) were per-

ining total cover, species richness and composition, functional com-

formed to determine how well our a priori model structure fit the

position, the importance of competition for community assembly and

data, with high probability values indicating that the model is a

the degree of competition intransitivity. For the taxonomic and cover

plausible causal structure underlying the observed correlations. All

measures, we used our full database. For the functional diversity met-

SEM analyses were conducted using AMOS Software Version 20.

rics, we used a reduced database of the 23 taxa for which we had
functional trait data. Finally, to assess the interactions among different
biocrust species, we used the four dominant species.

3 | R E S U LT S

2.4 | Statistical analyses

3.1 | Direct effects of grazing and shrub
encroachment on biocrust communities

Changes in biocrust cover, species richness, functional diver-

We recorded 57 species of mosses, lichens and liverworts in the study.

sity (functional evenness and diversity [RaoQ]) and the level of

Biocrust cover was significantly greater in the open (4.8 ± 0.28%; M ± SE)
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than under the shrubs (3.3 ± 0.40%; F1,28 = 9.73, p < .001; Figure 1).

(ρ = −0.38) and the lichen Psora decipiens (ρ = −0.38). The second di-

Similarly, open microsites had almost twice the richness (14.3 species)

mension of the nMDS biplot was associated with weak increases in

as shrub microsites (8.0 species; F1,28 = 117.0; p < .001; Figure 2), and

the lichens Psora decipiens (ρ = 0.34) and Psora crystallifera (ρ = 0.31;

this did not differ between light and heavy grazing (grazing × microsite

Appendix S2). Values of RaoQ and functional evenness differed with

interaction: p = .46; Table 1). Despite the lower cover and richness of

grazing and microsite. Under low levels of grazing, values were similar

biocrusts under shrubs at the patch-scale, both biocrust attributes in-

under shrubs and in the open, but under high grazing, functional di-

creased linearly with shrub cover at the plot scale (F1,28 > 5.00; p < .05

versity was greater in the open microsites (Figure 1; Table 1). Despite

in both cases; Figures 1 and 2; Table 1). Indeed, the suppressive effect

the negative effects of shrub microsites on RaoQ, the latter increased

of shrub microsites on richness diminished when shrub densities at the

with shrub cover at the plot scale, similar to results found for species

plot scale were high (significant cover × microsite interaction; Table 1).

richness.

Biocrust composition, as measured by the first dimension of the
nMDS biplot, differed significantly between microsites and with increasing shrub cover. Fifteen species (nine mosses and six lichens)
were significant indicators of open microsites (Table 2). Thus, in-

3.2 | Effects mediated by biotic interactions
between biocrust species

creased shrub cover was associated with reductions in the cover of
these taxa, particularly, the mosses Didymodon torquatus (Spearman's

Competition was an important driver of the assembly of the studied

ρ = −0.55), Tortula atrovirens (ρ = −0.44) and Gemmabryum pachytheca

biocrust communities, as shown by the high Match levels between

F I G U R E 1 Biocrust diversity attributes (species richness,
functional diversity and evenness) in relation to increasing shrub
cover for open and shrub microsites under low and high grazing.
HO, high grazing open; HS, high grazing shrub; LO, low grazing
open; LS, low grazing shrub. Statistical results associated to these
graphs can be found in Table 1

F I G U R E 2 Biocrust community attributes (cover, importance of
competition and degree of intransitivity) in relation to increasing
shrub cover for open and shrub microsites under low and high
grazing. HO, high grazing open; HS, high grazing shrub; LO, low
grazing open; LS, low grazing shrub. Statistical results associated to
these graphs can be found in Table 1
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TA B L E 1 General linear model results (F-statistics) for the effects of increasing shrub cover, grazing intensity (low, high) and microsite
(shrub, open), and their two-way interactions, on a range of biocrust attributes. There was no significant grazing by shrub cover effects or
significant three-way interactions
Biocrust attributes

Shrub cover

Grazing

Microsite

Cover × microsite

Grazing × microsite

6.73*

0.49

97.21***

4.62*

4.15*

RaoQ

6.80*

3.25

0.01

2.04

4.15*

Functional evenness

2.63

0.11

0.27

1.23

6.00*

Biocrust cover

6.64*

0.19

9.94**

3.51

0.38

Importance of competition

0.12

1.65

0.56

1.51

1.24

Competition intransitivity

11.20**

0.97

22.80**

6.90*

1.16

5.97*

0.32

64.30***

3.53

2.23

Biocrust richness

Composition (MDS1)
*p < .05, **p < .01, ***p < .001.

TA B L E 2 Biocrust taxa that are significantly associated with
open microsites using Indicator

Shrub cover, grazing, biocrust cover and the degree of intransitivity explained between 67% (composition under the shrubs;
nMDS1) and 9% (functional diversity [RaoQ] in the open; Figure 3)

Species

Type

IV

p

Gigaspermum repens

Moss

0.89

.001

models explained twice the amount of variance as the models for

Didymodon torquatus

Moss

0.87

.001

open microsites. For the rest of compositional measures (nMDS,

Heppia despreauxii

Lichen

0.82

.001

functional evenness and RaoQ), open models explained more than,

Stonea oleaginosa

Moss

0.80

.002

or similar amounts of variance than, shrub models. In general, the

Collema coccophorum

Lichen

0.79

.003

effects of grazing and shrub cover on biocrust composition were

Gemmabryum pachytheca

Moss

0.79

.018

either direct or mediated by cover in the open (i.e. controlled by

Tortula atrovirens

Moss

0.77

.006

Psora crystallifera

Lichen

0.71

.010

Crossidium gehebii

Moss

0.64

.005

Gonomitrium acuminatum
subsp. enerve

Moss

0.62

.004

Psora decipiens

Lichen

0.59

.032

Placidium squamulosum

Lichen

0.58

.032

Endocarpon simplicatum var
bisporum

Lichen

0.55

.046

Phascum robustum

Moss

0.52

.042

Crossidium davidai

Moss

0.46

.027

of the variance in our SEM models. For biocrust richness, the shrub

environmental filters), but indirect under the shrub (i.e. mediated
by intransitivity; Figure 3). For shrub microsites, the total effects of
shrub cover, and grazing were substantially greater than any direct
effects, due to indirect effects mediated by crust cover and intransitivity (Table 3 vs. path coefficients reported in Figure 3). Thus, the
effects of grazing and shrub cover seem to be controlled by biotic
interactions within the shrub microsites (no direct paths from these
predictors to biocrusts´ attributes), whereas these effects are direct
or mediated by cover in the open microsites, as this was the case of
biocrust richness, RaoQ and functional evenness (Figures 3 and 4).

Note: Species analysis species analysis. No species were significant
indicators of shrub patches.

4 | D I S CU S S I O N

Abbreviation: IV, indicator value.

4.1 | Direct effects of grazing and shrub
encroachment on biocrust communities

the simulated and observed species covers (Figure 2). Match levels

In partial contrast to our predictions, overall effects of increasing

ranged between 0.5 and 0.9 in most cases, suggesting that competi-

shrub cover and grazing intensity were stronger drivers for biocrust

tion explained between 50% and 90% of variation in the observed

richness and composition than for cover, although this depended

relative covers of the four dominant species. The importance of inter-

on the environmental driver considered. Thus, we found equally

specific interactions was not affected by microsite, grazing or shrub

strong effects of increasing shrub cover on biocrust cover, richness

cover at the plot scale (Table 1). However, when considering shrub

and composition, but grazing had a stronger effect on composi-

microsites only, the level of competition intransitivity increased with

tion than on cover. We found little evidence for a response of bi-

shrub cover and decreased with grazing (Figure 2). Competition was

ocrust richness and cover to grazing, despite the previously strong

also more intransitive in open than in shrub microsites (0.42 ± 0.03

effects found for these contrasting levels of grazing on soils and

cf. 0.29 ± 0.02; Table 1) and had an overall positive effect on biocrust

vascular plants (Eldridge et al., 2013; Soliveres & Eldridge, 2014).

richness.

These weak responses are consistent with previous literature
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F I G U R E 3 Structural equation models depicting the effects of grazing, shrub cover, crust cover and intransitivity on biocrust richness,
composition (first nMDS axis), functional diversity (RaoQ) and evenness. Data are divided into shrub and open microsites. The width of
arrows is proportional to the path coefficient, with continuous (positive) and dashed (negative) lines indicating the sign of the relationships.
The strength of the path coefficient is superimposed upon each pathway. Non-significant pathways have been omitted for clarity. The R 2
value indicates the amount of variance in functional diversity or crust richness explained by the particular model. Goodness-of-fit metrics
were well above p > .05 in all cases (p [χ2] > .2, p [Bollen-Stine] > .10 in the four models shown)

TA B L E 3 Standardized total effects (sum of direct and indirect
effects) of grazing and shrub cover on measures of biocrust
diversity and composition, for shrub and open microsites,
separately. Underlining indicates that trends for (a) functional
evenness for grazed sites, and (b) functional diversity (RaoQ) for
shrub cover, differ markedly between shrub and open
Shrub microsites
Biocrust
attributes

Grazing

Shrub
cover

Open microsites
Grazing

Rogers, 1997), to name a few (reviewed in Warren & Eldridge, 2001).
The interplay of ‘winner’ and ‘loser’ taxa could, therefore, obscure
any overall response at the community level. Importantly, we show
that these weak effects are microsite dependent, as shown by the
significant microsite × grazing interactions for composition, RaoQ
and functional evenness (Table 1), and even persist when not including changes in cyanobacteria (which are winner taxa under

Shrub
cover

grazing; Concostrina-Zubiri, Huber-Sannwald, et al., 2014).
Grazing had a strong negative effect on biocrust species rich-

−0.22

0.51

−0.27

0.31

ness in the open, with effect sizes similar to those reported for

Functional
evenness

0.03

−0.21

0.35

−0.23

declining rainfall in the Colorado Plateau (Bowker, Maestre, et al.,

RaoQ

0.25

0.28

0.27

−0.23

(Concostrina-Zubiri, Huber-Sannwald, et al., 2014). The more pro-

0.33

nounced effect in the open, together with the species-specific re-

Richness

MDS1

0.01

0.36

0.04

2010) or those observed under differential grazing levels elsewhere

sponses often found for biocrust species under grazing, translated
into a positive effect on functional evenness and a reduction in
showing species-specific responses in Argentina (Gómez et al.,

pairwise functional differences (RaoQ; Figure 3). These effects on

2012), Mexico (Concostrina-Zubiri, Huber-Sannwald, et al., 2014),

functional diversity also accord with previous reports from semi-

the Namibia Desert (Lalley & Viles, 2008) or Australia (Hodgins &

arid environments in Portugal and Mexico (Concostrina-Zubiri,
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F I G U R E 4 Structural equation models depicting the effects of grazing, shrub cover, crust cover and intransitivity on biocrust richness,
composition (first nMDS axis), functional diversity (RaoQ) and evenness. Data are divided into shrub and open microsites. The width of
arrows is proportional to the path coefficient, with continuous (positive) and dashed (negative) lines indicating the sign of the relationships.
The strength of the path coefficient is superimposed upon each pathway. Non-significant pathways have been omitted for clarity. The R 2
value indicates the amount of variance in functional diversity or crust richness explained by the particular model. Goodness-of-fit metrics
were well above p > .05 in all cases (p [χ2] > .2, p [Bollen-Stine] > .10 in the four models shown)

Huber-Sannwald, et al., 2014; Concostrina-Zubiri, Pescador, et al.,

by landscape-scale shrub cover. Despite the negative effects of

2014) and should be considered when accounting for the effects

shrub patches, the overall effect of shrub cover at the plot scale was

of grazing on dryland functioning. The mechanism underlying

clearly positive for biocrust cover and richness, and functional di-

these effects could relate to reductions in functionally redundant

versity. Shrub canopies affect temperature, shade and relative hu-

taxa through grazing, permitting an increase in a small number

midity, have deeper and more extensive litter layers and exhibit a

of functionally different species. An example of this could be the

different soil surface morphology than open areas. These environ-

cyanolichens Collema coccophorum and Peltula patellata, which are

mental changes have been shown to be strong drivers of species

pioneering species typically found in degraded or recovering sur-

segregation in biological soil crust communities (Bowker, Soliveres,

faces (Eldridge, 1998; Rogers, 1972; Rogers & Lange, 1971) or sites

et al., 2010; Eldridge & Tozer, 1997) and could explain the negative

that have had a long history of overgrazing.

effects at the patch scale but the positive overall effects at the land-

In contrast, the direct effects of grazing on the composition of

scape scale, as the niches provided by shrubs, are different to those

biocrust communities were negligible under shrubs, perhaps due

in open environments. To the best of our knowledge, this is the first

to their protective effect from trampling, or due to the already

study addressing these positive effects of shrub encroachment, as

depauperate (less cover and species richness) communities found

a continuous gradient, on biocrust communities (but see Eldridge

beneath shrubs. These results show that grazing, or any other ef-

et al., 2011; Maestre & Escudero, 2009 for comparisons between

fect of the environment on biocrust communities, should be studied

encroached and unencroached sites). Interestingly, the differences

together with small-scale variations in microsite availability, as these

between shrub microsite and landscape effects are in sharp contrast

may be as important, or even more, than large-scale environmen-

to the responses found for vascular plants (either less or equally

tal gradients (Concostrina-Zubiri, Pescador, et al., 2014; Maestre &

positive effects of shrub patches with encroachment; Riginos et al.,

Escudero, 2009). The availability of microsites is strongly influenced

2009; Soliveres & Eldridge, 2014). We speculate, therefore, that
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biocrust and vascular plant communities, in addition to the direct
effects of shading, litter and soil morphology of shrub microsites on

Our study shows that biocrust cover, species richness and func-

biocrust species.

tional diversity (measured with RaoQ) increase with shrub cover
at the site scale, despite the negative effects at the patch level.

4.2 | Direct and indirect effects are mediated by
biocrust interactions

Furthermore, we show inconsistent and idiosyncratic effects of
grazing on biocrust communities, likely due to species-specific
responses to this major environmental change. Overall, biocrust
cover was less responsive to environmental changes than spe-

Despite the importance of competition for the assembly of biocrust

cies richness or composition. By comprehensively analysing the

communities, as previously observed elsewhere (Bowker, Soliveres,

response of biocrust communities, we were able to demonstrate

et al., 2010; Concostrina-Zubiri, Pescador, et al., 2014; Maestre

that the drivers of community assembly differ markedly at very

et al., 2008), we found that this influence is modulated by the mi-

small spatial scales (shrub vs. open microsites). Although biocrust

crosite in which biocrusts inhabit. In other words, we found two

communities were directly driven by environmental filtering in the

different community assembly mechanisms driving biocrust com-

open, biotic interactions played a fundamental role in their assem-

munity composition. In open microsites, biocrust communities were

bly when growing beneath shrubs.

driven mainly by direct (or cover-mediated) environmental changes
caused by shrub encroachment and grazing, with little influence of

AC K N OW L E D G E M E N T S

the way species compete. Conversely, under shrub canopies, direct

We thank James Val for assistance in the field. Casey Gibson and

environmental effects were less common, and biotic interactions

Max Mallen-Cooper identified and processed the biocrust samples

(specifically intransitive competition) played a major role as a driver

under the UNSW Vacation Scholarship. Both authors acknowledge

of biocrust diversity and composition.

support from the Hermon Slade Foundation Grant no. HSF13/1.

The levels of intransitivity we found are similar to those re-

S.S. was supported by the Spanish Government under the Ramón

ported in experimental and observational studies on moss

y Cajal contract (RYC-2016-20604). Two anonymous referees pro-

(Soliveres, Lehmann, et al., 2018) and biocrust (Bowker & Maestre,

vided very helpful comments that improved a previous version of

2012) communities. Competition intransitivity declined under

this work.

grazing pressure (under shrub canopies), contrary to that observed in vascular plants (Soliveres et al., 2015) and increased with

AU T H O R S ' C O N T R I B U T I O N S

shrub encroachment. This type of competition may increase when

Both authors contributed equally to this work. S.S. and D.J.E. con-

productivity and heterogeneity are high (Gilpin, 1975; Allesina &

ceived the idea, conducted the field work, analysed the data and

Levine, 2011; but see Soliveres, Lehmann, et al., 2018), and these

wrote the paper.

conditions were met under shrub encroachment (more biocrust
cover, light and water heterogeneity; Breshears, 2006), but not

DATA AVA I L A B I L I T Y S TAT E M E N T

necessarily with grazing. Interestingly, high levels of intransitive

Data from this study are accessible in Dryad Digital Repository https

competition enhanced species richness, as previously observed in

://doi.org/10.5061/dryad.kh1893228 (Soliveres & Eldridge, 2019).

vascular plants (Soliveres et al., 2015; Ulrich et al., 2018), but this
only occurred under shrub canopies. In open microsites, intran-

ORCID

sitivity levels were almost as high as those found under shrubs,

Santiago Soliveres

yet this type of competition was not associated with increases

David J. Eldridge

https://orcid.org/0000-0001-9661-7192
https://orcid.org/0000-0002-2191-486X

in species richness. This can be explained by two causes: (a) we
only analysed here competition intransitivity for the four dom-

REFERENCES

inant species, and this could differ from a situation where we

Allesina, S., & Levine, J. M. (2011). A competitive network theory of species diversity. Proceedings of the National Academy of Sciences, 108,
5638–5642. https://doi.org/10.1073/pnas.1014428108
Báez, S., & Collins, S. L. (2008). Shrub invasion decreases diversity and
alters community stability in Northern Chihuahuan Desert Plant
Communities. PLoS ONE, 3, e2332. https://doi.org/10.1371/journal.
pone.0002332
Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear mixedeffects models using lme4. Journal of Statistical Software, 67, 1–48.
Belnap, J., & Lange, O. L. (2003). Biological soil crusts: Structure, function
and management. Berlin, Germany: Springer.
Bowker, M. A., Eldridge, D. J., Val, J., & Soliveres, S. (2013). Hydrology in a
patterned landscape is co-engineered by soil-disturbing animals and

analysed rarer species as well (Soliveres, Lehmann, et al., 2018;
Soliveres et al., 2015). Thus, if the other species compete more hierarchically, one could expect this to dampen the positive intransitivity–richness relationship, and (b) for intransitive competition
to effectively enhance species richness, a certain degree of niche
differentiation is necessary (e.g. Godoy, Stouffer, Kraft, & Levine,
2017), and this is more easily achievable when environments are
heterogeneous, such as those beneath the canopy of shrubs in
comparison with open areas (see full rationale in Soliveres et al.,
2011).

886

|

Functional Ecology

biological crusts. Soil Biology and Biochemistry, 61, 14–22. https://doi.
org/10.1016/j.soilbio.2013.02.002
Bowker, M. A., & Maestre, F. T. (2012). Inferring local competition intensity
from patch size distributions: A test using biological soil crusts. Oikos,
121, 1914–1922. https://doi.org/10.1111/j.1600-0706.2012.20192.x
Bowker, M. A., Maestre, F. T., & Escolar, C. (2010). Biological crusts as
a model system for examining the biodiversity–ecosystem function
relationship in soils. Soil Biology and Biochemistry, 42(3), 405–417.
https://doi.org/10.1016/j.soilbio.2009.10.025
Bowker, M. A., Soliveres, S., & Maestre, F. T. (2010). Competition increases with abiotic stress and regulates the diversity of biological
soil crusts. Journal of Ecology, 98, 551–560. https://doi.org/10.1111/
j.1365-2745.2010.01647.x
Breshears, D. D. (2006). The grassland-forest continuum: Trends in ecosystem properties for woody plant mosaics? Frontiers in Ecology and the
Environment, 4, 96–104. https://doi.org/10.1890/1540-9295(2006)
004[0096:TGCTIE]2.0.CO;2
Buck, W. R., & Vitt, D. H. (2006). Key to the Genera of Australian Mosses.
Flora of Australia Volume 51, Australian Biological Resources Study,
Canberra, 2002.
Catcheside, D. G. (1980). Mosses of South Australia. Adelaide: S.A. Govt.
Printer.
Concostrina-Zubiri, L., Huber-Sannwald, E., Martínez, I., Flores Flores, J.
L., Reyes-Agüero, J. A., Escudero, A., & Belnap, J. (2014). Biological
soil crusts across disturbance–recovery scenarios: Effect of grazing
regime on community dynamics. Ecological Applications, 24, 1863–
1877. https://doi.org/10.1890/13-1416.1
Concostrina-Zubiri, L., Huber-Sannwald, E., Martínez, I., Flores Flores, J.
L., & Escudero, A. (2013). Biological soil crusts greatly contribute to
small-scale soil heterogeneity along a grazing gradient. Soil Biology
and Biochemistry, 64, 28–36.
Concostrina-Zubiri, L., Molla, I., Velizarova, E., & Branquinho, C. (2017).
Grazing or not grazing: Implications for ecosystem services provided by
biocrusts in Mediterranean cork oak woodlands. Land Degradation and
Development, 28, 1345–1353. https://doi.org/10.1002/ldr.2573
Concostrina-Zubiri, L., Pescador, D. S., Martínez, I., & Escudero, A. (2014).
Climate and small scale factors determine functional diversity shifts of
biological soil crusts in Iberian drylands. Biodiversity and Conservation,
23, 1757–1770. https://doi.org/10.1007/s10531-014-0683-9
De Caceres, M., Legendre, P., & Moretti, M. (2013). Improving indicator
species analysis by combining groups of sites. Oikos, 119, 1674–1684.
Eldridge, D. J. (1998). Dynamics of moss- and lichen-dominated soil crusts
in a patterned Callitris glaucophylla woodland in eastern Australia.
Acta-Oecologica, 20, 159–170.
Eldridge, D. J., Bowker, M. A., Maestre, F. T., Alonso, P., Mau, R. L.,
Papadopoulos, J., & Escudero, A. (2010). Interactive effects of three ecosystem engineers on infiltration in a semi-arid Mediterranean grassland.
Ecosystems, 13, 495–510. https://doi.org/10.1007/s10021-010-9335-4
Eldridge, D. J., Bowker, M. A., Maestre, F. M., Roger, E., Reynolds, J. F., &
Whitford, W. G. (2011). Impacts of shrub encroachment on ecosystem
structure and functioning: Towards a global synthesis. Ecology Letters,
14, 709–722. https://doi.org/10.1111/j.1461-0248.2011.01630.x
Eldridge, D. J., & Greene, R. S. B. (1994). Microbiotic soil crusts – A review
of their roles in soil and ecological processes in the rangelands of
Australia. Australian Journal of Soil Research, 32, 389–415. https://doi.
org/10.1071/SR9940389
Eldridge, D. J., Soliveres, S., Bowker, M. A., & Val, J. (2013). Grazing
dampens the positive effects of shrub encroachment on ecosystem
functions in a semi-arid woodland. Journal of Applied Ecology, 50,
1028–1038. https://doi.org/10.1111/1365-2664.12105
Eldridge, D. J., & Tozer, M. E. (1997). Environmental factors relating to the
distribution of terricolous bryophytes and lichens in semi-arid eastern Australia. Bryologist, 100, 28–39.
Escolar, C., Martínez, I., Bowker, M. A., & Maestre, F. T. (2012). Warming
reduces the growth and diversity of biological soil crusts in a

SOLIVERES and ELDRIDGE

semi-arid environment: Implications for ecosystem structure and
functioning. Philosophical Transactions of the Royal Society B, 367,
3087–3099. https://doi.org/10.1098/rstb.2011.0344
Facelli, J. M., & Temby, A. M. (2002). Multiple effects of shrubs on annual
plant communities in arid lands of South Australia. Austral Ecology, 27,
422–432. https://doi.org/10.1046/j.1442-9993.2002.01196.x
Filson, R. B., & Rogers, R. W. (1979). Lichens of South Australia. South
Australia: Government Printer.
Gilpin, M. E. (1975). Limit cycles in competition communities. The
American Naturalist, 109, 51–60. https://doi.org/10.1086/282973
Godoy, O., Stouffer, D. B., Kraft, N. J. B., & Levine, J. M. (2017). Intransitivity
is infrequent and fails to promote annual plant coexistence without
pairwise niche differences. Ecology, 98(5), 1193–1200.
Gómez, D. A., Aranibar, J., Tabeni, S., Villagra, P., Garibotti, I., & 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.
Gómez-Aparicio, L. (2009). The role of plant interactions in the restoration of degraded ecosystems: A meta-analysis across life-forms
and ecosystems. Journal of Ecology, 97, 1202–1214. https://doi.
org/10.1111/j.1365-2745.2009.01573.x
Hodgins, I. W., & Rogers, R. W. (1997). Correlations of stocking with
the cryptogamic soil crust of a semi-arid rangeland in southwest
Queensland. Australian Journal of Ecology, 22, 425–431. https://doi.
org/10.1111/j.1442-9993.1997.tb00693.x
Ibañez, I., & Schupp, E. W. (2001). Positive and negative interactions
between environmental conditions affecting Cercocarpus ledifolius
seedling survival. Oecologia, 129, 543–550.
Laird, R. A., & Schamp, B. S. (2006). Competitive intransitivity promotes
species coexistence. The American Naturalist, 168, 182–193. https://
doi.org/10.1086/506259
Laliberté, E., Legendre, P., & Shipley, B. (2014). FD: Measuring functional
diversity from multiple traits, and other tools for functional ecology.
R Package Version 1.0-12.
Lalley, J. S., & Viles, H. A. (2008). Recovery of lichen-dominated soil
crusts in a hyper-arid desert. Biodiversity and Conservation, 17, 1–20.
https://doi.org/10.1007/s10531-007-9153-y
Maestre, F. T., Bowker, M. A., Eldridge, D. J., Cortina, J., Lázaro, R.,
Gallardo, A., & Valencia, E. (2016). Biological soil crusts as a model
system in ecology. In B. Weber, B. Büdel, & J. Belnap (Eds.), Biological
soil crusts: An organizing principle in drylands. Ecological studies (analysis
and synthesis) (Vol. 226, pp. 305–320). Cham, Switzerland: Springer.
Maestre, F. T., Escolar, C., Martinez, I., & Escudero, A. (2008). Are soil
lichen communities structured by biotic interactions? A null model
analysis. Journal of Vegetation Science, 19, 261–266. https://doi.
org/10.3170/2007-8-18366
Maestre, F. T., & Escudero, A. (2009). Is the patch-size distribution of
vegetation a suitable indicator of desertification processes? Ecology,
90, 1729–1735. https://doi.org/10.1890/08-2096.1
Maestre, F. T., Huesca, M. T., Zaady, E., Bautista, S., & Cortina, J. (2002).
Infiltration, penetration resistance and microphytic crust composition in contrasted microsites within a Mediterranean semi-arid
steppe. Soil Biology and Biochemistry, 34, 895–898. https://doi.
org/10.1016/S0038-0717(02)00021-4
Mallen-Cooper, M., & Eldridge, D. J. (2016). Laboratory-based techniques for assessing the functional traits of biocrusts. Plant and Soil,
406, 131–143. https://doi.org/10.1007/s11104-016-2870-9
Mallen-Cooper, M., Eldridge, D. J., & Delgado-Baquerizo, M. (2018).
Livestock grazing and aridity reduce the functional diversity of
b iocrusts. Plant and Soil, 429, 175–185. https://doi.org/10.1007/
s11104-017-3388-5
Maynard, D. S., Bradford, M. A., Lindner, D. L., van Diepen, L. T. A., Frey,
S. D., Glaeser, J. A., & Crowther, T. W. (2017). Diversity begets diversity in competition for space. Nature Ecology and Evolution, 1, https://
doi.org/10.1038/s41559-017-0156

Functional Ecology

SOLIVERES and ELDRIDGE

McCarthy, P. M. (1991). The lichen genus Endocarpon Hedwig in Australia.
Lichenologist, 23, 27–52.
McCarthy, P. M. (2006). Checklist of Australian Liverworts and Hornworts.
Canberra: Australian Biological Resources Study. Retrieved from
http://www.anbg.gov.au/abrs/liverwortlist/liverworts_intro.html
McCarthy, P. M. (2015). Checklist of Australian Lichenicolous Fungi.
Australian Biological Resources Study, Canberra. Version 10
December 2015. Retrieved from http://www.anbg.gov.au/abrs/lichen
list/Lichenicolous_Fungi.html
McIntire, E. J., & Fajardo, A. (2014). Facilitation as a ubiquitous driver of
biodiversity. New Phytologist, 201, 403–416. https://doi.org/10.1111/
nph.12478
Pakeman, R. J. (2014). Functional trait metrics are sensitive to the completeness of the species' trait data? Methods in Ecology and Evolution,
5, 9–15. https://doi.org/10.1111/2041-210X.12136
R Core Team (2018). R: a language and environment for statistical computing. Vienna, Austria: R Foundation for Statistical Computing.
Reed, S. C., Coe, K. K., Sparks, J. P., Housman, D. C., Kelikova, T. J., &
Belnap, J. (2012). Changes to dryland rainfall result in rapid moss
mortality and altered soil fertility. Nature Climate Change, 2, 752–755.
https://doi.org/10.1038/nclimate1596
Riginos, C., & Grace, J. B. (2008). Savanna tree density, herbivores,
and the herbaceous community: Bottom-up vs. top-down effects.
Ecology, 89, 2228–2238. https://doi.org/10.1890/07-1250.1
Riginos, C., Grace, J. B., Augustine, D. J., & Young, T. P. (2009). Local versus landscape-scale effects of savanna trees on grasses. Journal of
Ecology, 97, 1337–1345. https://doi.org/10.1111/j.1365-2745.2009.
01563.x
Rogers, R. W. (1972). Soil surface lichens in arid and sub-arid southeastern Australia. III. The relationship between distribution and
environment. Australian Journal of Botany, 20, 301–316. https://doi.
org/10.1071/BT9720301
Rogers, R. W., & Lange, R. T. (1971). Lichen populations on arid soil crusts
around sheep watering places in South Australia. Oikos, 22, 93–100.
https://doi.org/10.2307/3543366
Scott, G. A. M. (1985). Southern Australian Liverworts. Canberra: Australian
Government Publishing Service.
Scott, G. A. M., & Stone, I. G. (1976). The mosses of Southern Australia.
Canberra: Australian Government Publishing Service.
Sitters, J., Edwards, P. J., & Olde Venterink, H. (2013). Increases of soil
C, N, and P pools along an acacia tree density gradient and their
effects on trees and grasses. Ecosystems, 16, 347–357. https://doi.
org/10.1007/s10021-012-9621-4
Smit, C., Vandenberghe, C., den Ouden, J., & Müller-Schärer, H. (2007).
Nurse plants, tree saplings and grazing pressure: Changes in facilitation along a biotic environmental gradient. Oecologia, 152, 265–273.
https://doi.org/10.1007/s00442-006-0650-6
Soliveres, S., & Eldridge, D. J. (2014). Do changes in grazing pressure
and the degree of shrub encroachment alter the effects of individual
shrubs on understorey plant communities and soil function? Functional
Ecology, 28, 530–537.
Soliveres, S., & Eldridge, D. J. (2019). Data from: Dual community assembly processes in dryland biocrusts communities. Dryad Digital
Repository. https://doi.org/10.5061/dryad.kh1893228

|

887

Soliveres, S., Eldridge, D. J., Maestre, F. T., Bowker, M. A., Tighe, M., &
Escudero, A. (2011). Microhabitat amelioration and reduced competition among understorey plants as drivers of facilitation across environmental gradients: Towards a unifying framework. Perspectives
in Plant Ecology Evolution and Systematics, 13, 247–258. https://doi.
org/10.1016/j.ppees.2011.06.001
Soliveres, S., Lehmann, A., Boch, S., Altermatt, F., Carrara, F., Crowther, T. W.,
… Allan, E. (2018). Intransitive competition is common across five
major taxonomic groups and is driven by productivity, competitive
rank and functional traits. Journal of Ecology, 106, 852–864. https://
doi.org/10.1111/1365-2745.12959
Soliveres, S., & Maestre, F. T. (2014). Plant-plant interactions, environmental gradients and plant diversity: a global synthesis of community-level studies. Perspectives in Plant Ecology, Evolution and
Systematics, 16, 154–163.
Soliveres, S., Maestre, F. T., Bowker, M. A., Torices, R., Quero, J. L., GarcíaGómez, M., … Noumi, Z. (2014). Functional traits determine plant
co-occurrence more than environment or evolutionary relatedness in
global drylands. Perspectives in Plant Ecology, Evolution and Systematics,
16, 164–173. https://doi.org/10.1016/j.ppees.2014.05.001
Soliveres, S., Maestre, F. T., Eldridge, D. J., Delgado-Baquerizo, M., Quero,
J. L., Bowker, M. A., & Gallardo, A. (2014). Plant diversity and ecosystem multifunctionality peak at intermediate levels of woody cover
in global drylands. Global Ecology and Biogeography, 23, 1408–1416.
https://doi.org/10.1111/geb.12215
Soliveres, S., Maestre, F. T., Ulrich, W., Manning, P., Boch, S., Bowker, M.
A., … Allan, E. (2015). Intransitive competition is widespread in plant
communities and maintains their species richness. Ecology Letters, 18,
790–798. https://doi.org/10.1111/ele.12456
Ulrich, W., Kubota, Y., Piernik, A., & Gotelli, N. J. (2018). Functional traits
and environmental characteristics drive the degree of competitive intransitivity in European saltmarsh plant communities. Journal of Ecology,
106, 865–876. https://doi.org/10.1111/1365-2745.12958
Ulrich, W., Soliveres, S., Kryszewski, W., Maestre, F. T., & Gotelli, N. J. (2014).
Matrix models for quantifying competitive intransitivity from species abundance data. Oikos, 123, 1057–1070. https://doi.org/10.1111/oik.01217
Warren, S. D., & Eldridge, D. J. (2001).Biological soil crusts and livestock
in arid regions: are they compatible? In J. Belnap & O. Lange (Eds.),
Biological soil crusts: Structure, management and function. Ecological
studies (Vol. 150, pp. 401–416). Berlin, Germany: Springer-Verlag.

S U P P O R T I N G I N FO R M AT I O N
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Soliveres S, Eldridge DJ. Dual
community assembly processes in dryland biocrust
communities. Funct Ecol. 2020;34:877–887. https://doi.
org/10.1111/1365-2435.13521

