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ABSTRACT
Grazing is a major driver of the composition of
microbial communities, which play important roles
in soil functioning. Mechanisms whereby grazing
might regulate the spatial heterogeneity of microbial communities within ecological networks remain largely untested. We used network analysis to
identify the impacts of increasing grazing intensity
by livestock (cattle, sheep, goats), and native
(kangaroos) and wild (rabbits) animals, on the
spatial heterogeneity of the relative abundance of
eight ecological clusters of co-occurring soil
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microbial taxa: four from Grasslands and four from
Forests. Grazing effects on microbial spatial
heterogeneity were strongly nuanced and depended on (1) plant community type, (2) herbivore
type and (3) microbial identity. Microbial withinsite spatial heterogeneity was greater in Grasslands
than in Forests, and most effects of grazing on
microbial spatial heterogeneity were in Forests,
effecting three of the four Forest clusters, but only
one Grassland cluster. The associations between
grazing intensity and microbial heterogeneity were
driven indirectly by changes in the spatial heterogeneity of litter cover and soil pH. For Grasslands,
we also detected a direct effect of grazing intensity
on the heterogeneity of particular microbial groups.
Our results indicate that increased grazing intensity
will advantage some microbial clusters but disadvantage others. Together, our study provides evidence that grazing intensity regulates the
abundance and spatial heterogeneity of microbial
communities within ecological networks. Knowing
the potential effects of herbivores on different
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microbial clusters can help us predict the likely
effects of grazing on soil function. This has important implications for future sustainable management and conservation policies.
Key words: Livestock; Ecological clusters; Microbial communities; Fungi; Bacteria; Soil microbes;
Landscape heterogeneity.

INTRODUCTION
Scientists have long realised the importance of
landscape and resource heterogeneity in driving
ecosystem productivity and stability (Shorrocks and
Swingland 1990; Caldwell and Pearcy 1994). For
example, soil heterogeneity affects above-ground
plant nutrient uptake (de Kroon and Hutchings
1995) and below-ground root structure and growth
rates (Jackson and Caldwell 1996). Similarly,
variation in the distribution of soil moisture and
vascular vegetation at scales ranging from individual organisms to entire communities contributes to
this patchy distribution of soil nutrients (Jackson
and Caldwell 1993), which generates and maintains plant community diversity and productivity
(Reynolds and Haubensak 2009). Significant positive correlations have been identified between soil
heterogeneity and plant community diversity and
performance, such as recruitment and survival
(Lundholm and Larson 2003; Davies and others
2005; Brandt and others 2013). Much less is
known, however, about how and why microbial
heterogeneity changes across environmental gradients, limiting our understanding of the potential
implications of these changes for ecosystem functions. This is fundamental, as microbes are critically
important regulators of ecosystem functions and
services as broad as plant productivity, nutrient
cycling, pollutant degradation and climate regulation (van Elsas and others 2012; Bardgett and van
der Putten 2014; Delgado-Baquerizo and others
2016; Eldridge and Delgado-Baquerizo 2018).
Livestock grazing occupies 30% of the world’s
terrestrial land area and provides millions of people
worldwide with milk, meat, fuel, fertiliser, security
and transportation (Wirsenius and others 2010)
and a fifth of the world’s calories. Grazing, however, is an important driver of ecosystem change
worldwide, and inappropriate grazing can cause
substantial changes in soils and vegetation and
therefore resource heterogeneity across multiple
contexts and spatial scales (Schlesinger and Pilmanis 1998; Lin and others 2010; Ren and others

2015, Zhao and others 2011). The reduction in
perennial grass cover by grazing, for example, can
lead to replacement by large shrubs, changing the
spatial scale of soil nutrients from relatively random to a scale aligned with the size of the shrubs
(Schlesinger and Pilmanis 1998). While we have a
relatively good understanding of how global
change drivers influence the relative abundance of
different microbial communities (Delgado-Baquerizo and others 2014; Maestre and others 2015),
little is known about how these drivers affect the
heterogeneity in microbial communities and whether this is consistent with the traditional models of
disturbance demonstrated in vascular plant communities (for example, Schlesinger and others
1990; Adler and others 2001).
Grazing has also been shown to regulate the
diversity and community composition of soil
microbial communities in drylands by altering soil
chemistry and the relationships among dominant
and subordinate microbial taxa (Eldridge and others 2016). Grazing could alter microbial heterogeneity by modifying the distribution of important
environmental predictors such as soil pH (Fierer
and others 2007), nutrients (Delgado-Baquerizo
and others 2017) or plant community attributes
such as cover and size (Delgado-Baquerizo and
others 2018a, b, c), directly, by herbivory, or indirectly, by altering soil surface morphology (Tongway and Smith 1989). Trampling of vegetation can
lead to reductions in plant cover, changes in litter
distribution and reductions in resource connectivity (Schlesinger and others 1990; Eldridge and
others 2017a, b), which might also alter microbial
community composition. Grazing can also alter
nutrient pools via deposits of urine and faeces
(Noble and Tongway 1986), particularly in areas
where animals congregate such as night camps or
where herbivores such as rabbits (Snedden 1991)
or horses (Lamoot and others 2003) use latrines for
territory marking. Given the close links among
microbial composition, plants and soils, these
grazing-induced impacts can lead to changes in the
heterogeneity of soil microbes. However, unlike
herbivore effects on plant and soil heterogeneity
(for example, Adler and others 2001), we know
relatively little about how grazing affects the
heterogeneity of microbial communities. This lack
of knowledge hampers our ability to recommend
effective grazing management strategies that lead
to better management of terrestrial ecosystems.
Soil microbes live within complex ecological
networks, forming ecological clusters of strongly
co-occurring species (Delgado-Baquerizo and oth-
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ers 2018a, b, c) that share common environmental
preferences. Here, we examine how grazing by
livestock (cattle, sheep) and native herbivores
(kangaroos), and soil and vegetation heterogeneity,
influences the heterogeneity of different clusters of
co-occurring microbial communities in two contrasting vegetation communities: Forests and
Grasslands. Though the links between soil, grazing
and vascular plant heterogeneity are well known,
how and why the variation in these drivers might
affect microbial community heterogeneity remain
untested. The link between grazing, environmental
heterogeneity and microbial heterogeneity is a key
knowledge gap in our understanding of microbial
responses to environmental drivers. An improved
understanding of the response of microbes to resource heterogeneity generated by grazing will help
us to understand whether microbes respond to increased grazing in a similar way to vascular plant
communities.

METHODS
Study Area
Our study is based on an ongoing field survey
where we sought to understand the impacts of
grazing in three of the most common forested
communities, and one grassland community, in
eastern Australia. The 54 forest sites (hereafter
‘Forests’) comprised three communities characterised by the dominant trees Blackbox (Eucalyptus
largiflorens), Red gum (Eucalyptus camaldulensis) and
White cypress pine (Callitris glaucophylla), with 18
sites in each community. Sites spanned the distribution of each community either north–south
(Blackbox, Cypress pine) or north, east and west
(Red gum). The 30 grassland sites (hereafter
‘Grasslands’) were sampled in open grassy plains
adjacent to riparian areas dominated by snow
grasses (Poa spp.), wallaby grasses (Rhytidospermum
spp.) and sedges (Carex spp.; Eldridge and others
2019, Appendix S2). Forest sites were sampled in
spring and summer 2014 and Grassland sites in
spring 2016. The different structure of Grasslands
and Forests required slightly different sampling
designs.
At each of the 54 Forest sites, we established a
100-m transect and placed a large quadrat (5 m by
5 m) at the 0, 50 and 100 m positions. Within this
quadrat, we centrally located a small quadrat (0.5
by 0.5 m). At the 0, 50 and 100 m positions, we
then selected four patches: the nearest grass, shrub
and tree (and a bare or open patch near these three
patches) and collected a sample of soil from the top

5 cm at each of the four patches. This yielded 216
soil samples (54 sites by 4 patches). Within the
small quadrats, we counted the dung and pellets of
livestock (sheep/goats), kangaroos (Macropus spp.)
and rabbits (Oryctolagus cuniculus) and also counted
sheep/goat, kangaroo and cattle dung in the three
large quadrats. Dung and pellet counts have been
used widely to estimate the abundance of large
herbivores, including kangaroos (Johnson and
Jarman 1987; Marques and others 2001). For cattle, we counted dung events rather than individual
fragments; that is, we considered a number of small
fragments to have originated from one dung event,
if the fragments were within an area of a few
metres. We used previously developed algorithms
(Eldridge and others 2017a, b) to calculate the total
oven-dried mass of dung per hectare per herbivore
for each of the 54 sites based on the density of
different pellets recorded in the field. This total
oven-dried mass (kg ha-1) of dung was used as our
measure of grazing intensity (Figure S1).
For each of the 30 Grassland sites, we established
a 200-m transect running parallel to and 10-m
away from riparian areas lining small intermittent
stream channels. This was to concentrate on areas
that are grazed by different herbivores, particularly
horses. At each site, we placed five large (5 9 5 m)
quadrats at 0 m, 50 m, 100 m, 150 m and 200 m
and collected surface soil from the centre of the
quadrat to a depth of 5 cm, a layer of soil that
supports most of the biological activity in the surface. We counted kangaroo and rabbit pellets in
each quadrat and collected all horse dung visible on
the soil surface and weighed it on-site using spring
balances. Sampling dung with different sized
quadrats allowed us to adequately count the large
number of small pellets of rabbits and kangaroos
with 0.25 m2 quadrats in Forests, but also to capture large patches of horse or cattle dung in the
25 m2 quadrats in both Forests and Grasslands.
Further, a larger (25 m2) quadrat was used to assess
plants and litter in Grasslands because individual
grassland plants often exceed 1 m in diameter. We
followed a similar procedure used for Forests, drying, weighing and calculating the oven-dry mass of
rabbits and kangaroo faecal pellets and ten units of
horse dung in order to calibrate field measurements. At the 54 Forest sites, we calculated total
plant cover and litter cover within 0.5 9 0.5 m
quadrats situated within each of the four patch
types. At the Grassland sites, plant cover and litter
cover were assessed in the five equidistant quadrats
(Grasslands) (Figure S2). In general, the heterogeneity in litter cover was greater, plant cover
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lower, and soil pH and N similar for Grasslands
compared to Forests (Table S1).

Molecular and Soil Analyses
Soil genomic DNA was extracted from 0.5 g of defrosted soil samples that were stored at - 20 °C,
using the DNeasy PowersoilÒ DNA Isolation Kit
(QIAGEN Inc., Valencia, CA) according to the
manufacturer’s instructions. Amplicons targeting
the bacterial 16S rRNA gene (341F-805R, Herlemann and others 2011) and the fungal ITS region
(FITS7-ITS4R, Ihrmark and others 2012) were sequenced at the Western Sydney University NGS
facility (Sydney, Australia) using Illumina MiSeq 2 9 301 bp (bacteria) or 2 9 280 bp (fungi)
paired end sequencing (Appendix S3). The operational taxonomic unit (OTU) abundance
tables were rarefied to an even number of sequences per sample (10,851 and 20,797 sequences
for bacteria and fungi, respectively; the minimum
number of sequences for a soil sample). Alpha
diversity metrics were then calculated using MOTHUR (Schloss and others 2009). Total soil nitrogen
(N) was measured using high-temperature combustion in an oxygen stream using a LECO CNS2000 CNS Analyser (LECO Corporation, St Joseph,
MI, USA), and pH was measured in 1:5 soil–water
extracts. We did not use carbon in our models because it was highly correlated with N (r = 0.96,
P < 0.001).

Statistical Analyses
We used correlation network (‘co-occurrence networks’) analysis to identify ecological clusters
(‘modules’) of strongly associated bacteria and
fungi according to Delgado-Baquerizo and others
(2018a, b, c). In brief, we calculated all pairwise
Spearman’s (q) rank correlations between all taxa
(% relative abundance), focussing exclusively on
positive correlations because they provide information on species that may respond similarly to
soil, plant, climatic, and grazing conditions (Barberán and others 2012). We considered a co-occurrence to be robust if the Spearman’s correlation
coefficient was greater than 0.25 and P less than
0.01 (see Barberán and others 2012 for a similar
approach). This cut-off has a biological meaning,
because we only focus on taxa that are significantly
strongly co-occurring, which are therefore more
likely to interact with each other within a given
plant community. The network was visualised with
the interactive platform Gephi 0.9.2 (Bastian and
others 2009). Default parameters (network resolution = 2.0 in all cases) were then used with the

Gephi interactive platform to identify ecological
clusters of the most strongly correlated microbial
taxa. We then computed the relative abundance of
each ecological cluster by averaging the standardised relative abundances (z-scores) of the taxa from
each ecological cluster. Standardising the data allowed us to exclude any effect of merging data from
different groups, for example, fungus vs bacterium.
We then used structural equation modelling
(SEM) to build a system-level understanding of the
effects of mean levels of grazing (livestock and
kangaroos) and the heterogeneity in plants (plant
cover, litter cover) and soils (pH, N) on the
heterogeneity in microbial clusters. Our aim was
not to compare databases of Forests and Grasslands
directly, but to evaluate the role of grazing in
controlling microbial heterogeneity in two independent systems and databases. Heterogeneity of
predictor variables was calculated as the coefficient
of variation (CV%) in plant and soil attributes and
heterogeneity in ecological clusters calculated as
the CV of relative abundance. Our aim was to include different forest types so that we could maximise our chances of obtaining wide gradients of
within-site microbial and soil heterogeneity, which
we then relate to different environmental conditions. Our a priori model (Appendix S4) predicted
that increased grazing, and heterogeneity in the
soils and plants, would have direct effects on ecological clusters, separately, and that there would be
a number of indirect effects, where grazing indirectly influences ecological clusters of microbes by
affecting the heterogeneity of either plants (Adler
and others 2001) or soils (Brandt and others 2013).
Grazing is known to have direct effects on microbes
(Eldridge and others 2017a, b) and is likely to have
indirect effects by altering soil pH or litter cover
(Delgado-Baquerizo and others 2018a, b, c),
thereby altering the balance of microbes with
copiotrophic and oligotrophic lifestyles (Fierer and
others 2007).
Hypothesised pathways in our a priori model
were compared with the variance–covariance matrix of our data in order to calculate an overall
goodness-of-fit using the v2 statistic. The goodnessof-fit test estimates the likelihood of the observed
data given the a priori model structure. Thus, high
probability values indicate that models are highly
plausible causal structures underlying the observed
correlations. Before fitting empirical data to our a
priori model, we examined the univariate correlations among all variables and standardised (ztransformed) the data. The stability of the resultant
models was evaluated as described in Reisner and
others (2013). Analyses were performed using the
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AMOS 22 (IBM, Chicago, IL, USA) software. After
fitting our empirical data to the a priori model
(Appendix S4), we interpreted a good model fit as
one with a low v2, high Goodness of Fit Index [GFI]
and high Normal Fit Index [NFI]).

RESULTS
We identified eight ecological clusters formed by
bacterial and fungal taxa strongly co-occurring
within the microbial correlation network (Figure 1A). Four of these ecological clusters (C0, C4,
C5 and C6) were found almost exclusively in Forest
sites and the other clusters (C1, C2, C3 and C7)
exclusively in Grasslands (Figure 1B). Overall, the
ecological clusters were formed by phylotypes
belonging to similar phyla, suggesting that any effects of grazing on microbial clusters are not phylogenetically conserved; that is, clusters are
unrelated to a single group of organisms, but affect
phylotypes from multiple phyla (Figure 2A). A list
including the membership of each soil phylotype
within ecological clusters can be found in Appendix
S5. Four bacterial and fungal phyla (Actinobacteria,
Ascomycota, Proteobacteria and Acidobacteria)
contributed between 40 and 80% of the relative
abundance of all ecological clusters. Forests and
Grasslands differed slightly in their composition,
with Actinobacteria relatively more abundant in
Forests, and Verrucomicrobia found almost exclusively in Grasslands (Figure 2A). Basidiomycota

were relatively more abundant in ecological cluster
C6 and Ascomycota more abundant in ecological
cluster C7 (Figure 2A). For fungal lifestyles, ectomycorrhizal fungi were relatively abundant across
all ecological clusters, particularly in Grasslands,
yet dominated the Forest ecological cluster C6
(Figure S6). In Forest sites, ecological clusters C4
and C6 were less variable (lower heterogeneity)
than ecological clusters C0 and C5 (Figure 2B).
Heterogeneity of Grassland clusters was greater
than 70% (Figure 2B).
Given the strong differences in the relative
abundance of ecological clusters between the
Grasslands and Forests (ANOVA; P < 0.001), we
analysed our dataset independently for both
ecosystem types in downstream analyses.
We then used SEM to examine potential direct
and indirect associations between grazing and
microbial heterogeneity via changes in the spatial
heterogeneity of key environmental factors such as
soil pH and N, and plant cover and litter cover. We
found that the effects of grazing on within-site
spatial heterogeneity of the relative abundance of
ecological clusters were driven by different herbivores and environmental drivers, with four major
effects. First, any effects of grazing intensity on
microbial heterogeneity were indirectly regulated
via changes in the spatial heterogeneity of plants
(plant cover, litter cover) or soil chemistry (pH, N;
Table S1). Second, the effects of variation in plants,
soils and grazing intensity differed among the

Figure 1. (A) Correlation network for Forest and Grassland sites analysed together, and histograms of the relative
abundance of different ecological clusters. Links between nodes are based on correlations and illustrate the potential
interaction among taxa. (B) Ecological cluster abundances for Grasslands and Forests for each of the eight nodes (0–7)
from A.
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Figure 2. (A) Relative abundance (%) of the major bacterial and fungal phyla and (B) mean (± SE) heterogeneity (CV%)
of the relative abundance of microbial communities for the eight ecological clusters.

ecological clusters. For example, increasing
heterogeneity in litter cover was associated with
reductions in the heterogeneity of ecological cluster
C4 (Figure 3A) but increases in ecological cluster
C5 (Figure 3B). Sites with a more variable plant
cover were associated with a less variable ecological
cluster C2 (Figure S7), and sites with more variable
soil pH were associated with a less variable ecological cluster C6 (Figure 3C). Increased intensity
of livestock grazing was negatively correlated with
ecological clusters C7 directly (Figure 3D) and C5
indirectly (Figure 3B). Increasing kangaroo grazing
intensity was positively correlated with heterogeneity of C6 (both directly and indirectly; Figure 3C).
Third, grazing had substantial effects on the
heterogeneity of microbial communities. Increasing
intensity of livestock grazing suppressed the negative effect of increased heterogeneity of litter on

ecological cluster C4 (Figure 3A) but had the
opposite effect on ecological cluster C5 (Figure 3B).
Thus, increasing grazing promoted a more variable
community of ecological cluster C4 but a more
homogeneous community of ecological cluster C5.
Similarly, increasing intensity of kangaroo grazing
suppressed the negative effect of a more variable
distribution of soil pH on ecological cluster C6
(Forest; Figure 3C) and suppressed the positive effect of a more variable cover of litter on ecological
cluster C7 (Grassland, Figure 3D). Finally, grazing
had no significant direct or indirect effects on the
heterogeneity of ecological clusters C0 (Forest), C1,
C2 or C3 (Grasslands; Figure S7).
Although not the main goal of this work, we also
detected associations between grazing intensity and
the average relative abundance of ecological clusters within the ecological network. Our results
were relatively similar to those for environmental
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Figure 3. Structural equation models for the within-site heterogeneity (CV%) in the relative abundance of ecological
clusters C4, C5 and C6 (Forest sites) and C7 (Grassland site) in relation to livestock (LIV) and kangaroo (KAN) grazing, and
the within-site heterogeneity (CV%) in plant cover (COV), litter cover (LIT), soil pH (pH) and soil nitrogen (N).
Standardised path coefficients, embedded within the arrows, are analogous to partial correlation coefficients and indicate
the effect size of the relationship. Red, blue and black arrows indicate negative, positive and mixed relationships,
respectively. The proportion of variance explained (R2) is shown in each figure. Only significant pathways are shown in
the models. Model fit: Forest sites: v2 = 0.44, df = 1, P = 0.51, NFI = 0.965; Grassland sites: v2 = 0.52, df = 1, P = 0.47,
NFI = 0.923.

heterogeneity in that effects of grazing were indirectly mediated by changes in average levels (rather than spatial heterogeneity) of soil and plant
attributes, and the results varied among different
ecological clusters. For example, both livestock and
kangaroos were associated with the relative abundance of ecological cluster C0 (Figure S8a), positively associated with the relative abundance of C5
and C6 via changes in lower soil pH (Figs. S8c and
S8d). Kangaroos were also associated with a
reduction in the relative abundance of ecological
cluster C5 (Figure S8c), and increases in the relative abundance of ecological cluster C4 via reduced
litter cover levels (Figure S8b). As with heterogeneity data, there were no grazing effects on the
ecological clusters C1, C2, C3, but a direct, and
therefore unexplained negative effect of kangaroos
on ecological cluster C7 (Figure S9).

DISCUSSION
Our work provides evidence that grazing intensity
regulates the spatial heterogeneity and relative
abundance of ecological clusters of microbial communities within ecological networks directly, but
also indirectly, via changes in the heterogeneity or
absolute values of important plant and soil attributes. Moreover, our results indicate that any effects of increasing grazing intensity on ecological
clusters vary among ecosystems (Grasslands cf.
Forests), herbivores, and the identity of microbial
clusters. Most of the effects of livestock were in
Forest systems where increased grazing intensity
promoted either a more heterogeneous or homogeneous community of microbes, depending on the
identity of the cluster, by altering the heterogeneity
of either litter cover levels or soil pH. The hetero-
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geneity of microbial clusters within Grassland sites,
which were more variable in their relative abundance of microbial clusters, was also less influenced
by grazing intensity. Our results are consistent with
the notion that increased livestock grazing alters
the heterogeneity of microbial communities, analogous to the known effects of livestock grazing on
the heterogeneity of vascular plant communities
(Nunes and others 2018) and soil nutrient pools
(Schlesinger and Pilmanis 1998), with important
implications for the management of terrestrial
ecosystems globally.
One of the major findings of our work is that the
effects of grazing on microbial spatial heterogeneity
were context dependent. First, our results varied
between plant communities, with grazing intensity
associated with multiple changes in spatial
heterogeneity of all but one Forest cluster, but only
one Grassland cluster. Thus, increased heterogeneity in Grasslands may have buffered any effects
of grazing. Greater microbial heterogeneity in
Grasslands could relate to the substantially greater
plant cover, double the levels of soil N, and three
times the level of grazing intensity as Forests. The
effects of grazing on heterogeneity are also known
to depend on the distribution of herbivores, particularly how herbivores interact with vegetation
structure (Adler and others 2001). Livestock in
Grasslands are free-ranging and tend to graze along
linear riparian areas, which is very different from
grazing in Forest sites, where herbivores are restricted to paddocks and centred on human-constructed watering points (Andrew 1988). The
substantially greater mass of dung in Grasslands
may also account for the greater relative abundance of saprotrophic genera such as Trichoderma
spp. and animal pathogens such as Metarhizium in
ecological cluster C7 (Figure S6).
Our results also varied with the identity of the
specific clusters. For example, for the Forest communities where grazing effects were most apparent,
increasing livestock grazing increased the heterogeneity in the relative abundance of ecological
cluster C4, reduced cluster C5, but had no effects
on clusters C0 or C6. Livestock grazing has been
shown to reduce the variability in litter cover
(Daryanto and Eldridge 2010), most likely due to
scattering by hoof action and subsequent movement by wind or water (Li and others 2009),
effectively reducing a larger number of small litter
patches to a few large patches (Daryanto and Eldridge 2010). Changes in litter distribution are also
associated with reductions in soil surface health by
reducing sites for the infiltration of water and
potential microsites for seedling establishment.

Litter cover is linked to soil organic matter and
plant productivity (Tongway and Smith 1989) and
would therefore be expected to promote a greater
relative abundance of copiotrophic microbes that
prefer more fertile niches with higher levels of soil
carbon than oligotrophs. For example, ecological
cluster 4, which was negatively associated with
litter, indirectly driving grazing effects, included
phylotypes from genus DA101 and Geodermatophilus
obscurus that are dominant taxa found in drylands
and low-productivity systems worldwide (DelgadoBaquerizo and others 2018a, b, c) and commonly
associated with oligotrophic lifestyles (Bergmann
and others 2011). It also contained Rubrobacter, a
thermophilic genus that has been isolated from arid
soils in Australia (Holmes and others 2000), and
which would explain the negative relationship
with litter cover (Figure 3A). Candidatus koribacter
and Candidatus solibacter, which were abundant in
ecological cluster 5, have been shown to have an
affinity with relatively acidic, nutrient-poor soils
(Jeanbille and others 2015). This would explain the
positive relationship of this cluster with litter cover,
primarily from trees, whereby microbial respiration
and additions of organic acids would reduce soil pH
(for example, Finzi and others 1998). Of special
note, ecological cluster 5 included globally distributed dominant taxa such as genus C. solibacter,
Mycobacterium, Nocardioides, Bradyrhizobium, Phenylobacterium and Rhodoplanes, which have been reported to be highly associated with acid conditions
in soils across the globe (Delgado-Baquerizo and
others 2018a, b, c).
The relationship between livestock and litter
contrasts with that of kangaroos, which were
associated with reduced soil pH. For example,
increasing kangaroo grazing corresponded to increased heterogeneity of ecological cluster 6 directly, and indirectly, via the suppressive effects of
increasing variability in soil pH (Figure 3C). Not
only was kangaroo grazing associated with more
homogeneous pH, but also reduced average soil pH
levels (Figure S8). The direct positive association of
Actinobacteria with increased kangaroo grazing
and the negative relationship between kangaroos
and soil pH likely relate to an association between
greater kangaroo grazing intensity in the eastern
part of the study area where the soils tend to have
slightly lower pH values, thereby representing an
associational effect with pH. Our pH results are
consistent with evidence showing that soil pH is a
major driver of microbial communities (Lauber and
others 2009), but also suggest that other factors,
such as the spatial heterogeneity of resource
availability, influence microbial heterogeneity in
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terrestrial environments. Ecological cluster 6 contained a mixture of bacteria, principally Actinobacteria,
and
basidiomycotal
fungi.
Actinobacteria play important roles as symbionts
and pathogens in plant-associated microbial communities and are known to be suppressed by
increasing pH. The Actinobacterial genus
Solirubrobacterales, which was an abundant component of ecological cluster 6, has secondary
metabolites and antibodies that allow it to withstand water loss and desiccation and survive in
areas of high radiation (Rampelotto and others
2013).
Taken together, our findings provide novel evidence that grazing regulates the spatial heterogeneity of microbial communities by altering the
spatial heterogeneity of fundamental environmental drivers of soil microbes such as soil pH and
resource availability. However, our results also
indicate that grazing effects on the spatial heterogeneity of soil microbes are context dependent and
vary between herbivores and ecosystems types
(that is, Forest or Grassland) and with the identity
of microbial clusters. Thus, unlike vascular plant
communities where grazing typically homogenises
plant communities (Adler and others 2001),
microbial responses to grazing are strongly
nuanced, with a mixture of negative and positive
effects, mediated indirectly by changes in litter
cover and soil pH, which are known to be strong
drivers of microbial function. A one-size-fits-all
approach to grazing and microbial community
structure is therefore not supported by our analyses.
Global demand for livestock products is likely to
double by 2050 (Rojas-Downing and others 2017)
to feed a growing global human population, placing
greater stress on an already declining agricultural
land base. This is likely to have important implications for microbial communities and the processes that they mediate. A knowledge of the
potential effects of different herbivores on different
ecological clusters of microbes can help us to improve our capacity to predict how land use change
and intensification associated with grazing might
lead to changes in microbes and therefore soil
function.

ACKNOWLEDGEMENTS
We thank Mark Peacock, Ross McDonnell and
Sarah Carr (NSW National Parks and Wildlife Service), the Office of Environment and Heritage
(OEH), Greg Summerell, and the River Red Gum
Scientific Advisory Committee for project man-

agement, and Forest Corporation NSW and landholders for allowing access to field sites. Marta
Ruiz-Colmenero, James Glasier, Adriana Zaja, Kari
Veblen and staff from OEH, Umwelt and Ecology
Australia collected and entered field data. The
Australian Research Council (DP170104634) funded biodiversity and ecosystem function work in
the BKS laboratory.

DATA AVAILABILITY
Data are available from the Dryad Digital Repository: https://doi.org/10.5061/dryad.94kq1.

REFERENCES
Adler PB, Raff DA, Lauenroth WK. 2001. The effect of grazing on
the spatial heterogeneity of vegetation. Oecol 128:465–79.
Andrew MH. 1988. Grazing impact in relation to livestock
watering points. Trends Ecol Evol 3:7–11.
Barberán A, Bates ST, Casamayor EO, Fierer N. 2012. Using
network analysis to explore co-occurrence patterns in soil
microbial communities. ISME J 6:343–51.
Bardgett RD, van der Putten WH. 2014. Belowground biodiversity and ecosystem functioning. Nature 515:505–11.
Bastian M, Heymann S, Jacomy M. 2009. Gephi: an open source
software for exploring and manipulating networks. International AAAI Conference on Weblogs and Social Media.
Bergmann GT, Bates ST, Eilers KG, Lauber CL, Caporaso JG,
Walters WG, Knight R, Fierer N. 2011. The under-recognized
dominance of Verrucomicrobia in soil bacterial communities.
Soil Biol Biochem 43:1450–5.
Brandt AJ, Kroon H, Reynolds HL, Burns JH. 2013. Soil
heterogeneity generated by plant–soil feedbacks has implications for species recruitment and coexistence. J Ecol 101:277–
86.
Caldwell MM, Pearcy W. 1994. Exploitation of environmental
heterogeneity by plants: ecophysiological processes aboveand belowground. San Diego: Academic Press.
Daryanto S, Eldridge DJ. 2010. Plant and soil surface responses
to a combination of shrub removal and grazing in a shrubencroached woodland. J Environ Manage 91:2639–48.
Davies KF, Chesson P, Harrison S, Inouye BD, Melbourne BA,
Rice KJ. 2005. Spatial heterogeneity explains the scale
dependence of the native–exotic diversity relationship. Ecology 86:1602–10.
de Kroon H, Hutchings MJ. 1995. Morphological plasticity in
clonal plants: the foraging concept reconsidered. J Ecol
83:143–52.
Delgado-Baquerizo M, Maestre FT, Escolar C, Gallardo A, Ochoa
V, Gozalo B, Prado-Comesana A. 2014. Direct and indirect
impacts of climate change on microbial and biocrust communities alter the resistance of the N cycle in a semiarid
grassland. J Ecol 102:1592–605.
Delgado-Baquerizo M et al. 2016. Microbial diversity drives
multifunctionality in terrestrial ecosystems. Nat Commun
7:10541. https://doi.org/10.1038/ncomms10541.
Delgado-Baquerizo M et al. 2017. It is elemental: Soil nutrient
stoichiometry drives bacterial diversity. Environ Micro
19:1176–88.

D. J. Eldridge and others
Delgado-Baquerizo M et al. 2018a. A global atlas of the dominant bacteria found in soil. Science 359:320–5.
Delgado-Baquerizo M, Reith P, Dennis PG, Hamonts K, Powell
JF, Young A, Singh BK, Bissett A. 2018b. Ecological drivers of
soil microbial diversity and soil biological networks in the
Southern Hemisphere. Ecology 99:583–96.
Delgado-Baquerizo M et al. 2018c. Plant attributes explain the
distribution of soil microbial communities in two contrasting
regions of the globe. New Phytol 219:574–87.
Eldridge DJ, Delgado-Baquerizo M. 2018. Functional groups of
soil fungi decline under grazing. Plant Soil 426:51–60.
Eldridge DJ, Poore AG, Ruiz-Colmenero M, Letnic M, Soliveres
S. 2016. Ecosystem structure, function and composition in
rangelands are negatively affected by livestock grazing. Ecol
Appl 26:1273–83.
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. J Appl
Ecol 54:976–85.

they defecate where they graze? Appl Anim Behav Sci
86:105–21.
Lauber CL, Hamady M, Knight R, Fierer N. 2009. Pyrosequencing-based assessment of soil pH as a predictor of soil
bacterial community structure at the continental scale. Appl
Environ Microb 75:5111–20.
Li J, Okin GS, Epstein HE. 2009. Effects of enhanced wind
erosion on surface soil texture and characteristics of windblown sediments. J Geophys Res 114:G02003. https://doi.org/
10.1029/2008JG000903.
Lin Y, Hong M, Han G, Zhao M, Bai Y, Chang SX. 2010. Grazing
intensity affected spatial patterns of vegetation and soil fertility in a desert steppe. Agric Ecosyst Environ 138:282–92.
Lundholm JT, Larson DW. 2003. Relationships between spatial
environmental heterogeneity and plant species diversity on a
limestone pavement. Ecography 26:715–22.
Maestre FT et al. 2015. Increasing aridity reduces soil microbial
diversity and abundance in global drylands. Proc Nat Acad Sci
USA 112:15684–9.

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 98:1922–31.

Marques FF, Buckland ST, Goffin D, Dixon CE, Borchers DL,
Mayle BL, Peace AJ. 2001. Estimating deer abundance from
line transect surveys of dung: sika deer in southern Scotland. J
Appl Ecol 38:349–63.

Eldridge DJ, Travers SK, Val J, Zaja A, Veblen KE. 2019. Horse
activity is associated with degraded subalpine grassland
structure and reduced habitat for a threatened rodent. Range
Ecol Manage 72:467–73.

Noble JC, Tongway DJ. 1986. Pastoral settlement in arid and
semi-arid rangelands. In: Russell JS, Isbell RF, Eds. Australian
Soils: The Human Impact. Brisbane: University of Queensland
Press. p 217–42.

Fierer N, Bradford MA, Jackson RB. 2007. Toward an ecological
classification of soil bacteria. Ecology 88:1354–64.

Nunes PADA, Bredemeier C, Bremm C, Caetano LAM, Menezes
de Almeida G, de Souza Filho W, Anghinoni I, de Faccio
César, Carvalho P. 2018. Grazing intensity determines pasture
spatial heterogeneity and productivity in an integrated croplivestock system. Grassl Sci 65:49–55.
Rampelotto PH, de Siqueira Ferreira A, Barboza ADM, Roesch
LFW. 2013. Changes in diversity, abundance, and structure of
soil bacterial communities in Brazilian savanna under different land use systems. Microb Ecol 66:593–607.

Finzi AC, Canham CD, Van Breeme N. 1998. Canopy tree–soil
interactions within temperate forests: species effects on pH
and cations. Ecol Appl 8:447–54.
Herlemann DP, Labrenz M, Jürgens K, Bertilsson S, Waniek JJ,
Andersson AF. 2011. Transitions in bacterial communities
along the 2000 km salinity gradient of the Baltic Sea. ISME J
5:1571–9.
Holmes AJ, Bowyer J, Holley MP, O’Donoghue M, Montgomery
M, Gillings MR. 2000. Diverse, yet-to-be-cultured members of
the Rubrobacter subdivision of the Actinobacteria are widespread in Australian arid soils. FEMS Micro Ecol 33:111–20.
Ihrmark K et al. 2012. New primers to amplify the fungal ITS2
region-evaluation by 454-sequencing of artificial and natural
communities. FEMS Micro Ecol 82:666–77.

Reisner MD, Grace JB, Pyke DA, Doescher PS. 2013. Conditions
favouring Bromus tectorum dominance of endangered sagebrush steppe ecosystems. J Appl Ecol 50:1039–49.
Ren H, Han G, Ohm M, Schonbach P, Gierus M, Taube F. 2015.
Do sheep grazing patterns affect ecosystem functioning in
steppe grassland ecosystems in Inner Mongolia? Agric Ecosyst
Environ 213:1–10.

Jackson RB, Caldwell MM. 1993. Geostatistical patterns of soil
heterogeneity around individual perennial plants. J Ecol
81:683–92.
Jackson RB, Caldwell MM. 1996. Integrating resource heterogeneity and plant plasticity: modelling nitrate and phosphate
uptake in a patchy soil environment. J Ecol 84:891–903.

Reynolds HL, Haubensak KA. 2009. Soil fertility, heterogeneity,
and microbes: towards an integrated understanding of grassland structure and dynamics. Appl Veget Sci 12:33–44.

Jeanbille M, Buée M, Bach C, Cébron A, Frey-Klett P, Turpault
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