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Abstract

Mammalian communities inhabiting temperate grasslands are of conservation

concern globally, especially in Central Asia, where livestock numbers have

dramatically increased in recent decades, leading to overgrazing and land-use

change. Yet, how this pervasive presence of livestock herds affects the commu-

nity of wild mammals remains largely unstudied. We used systematic camera

trapping at 216 sites across remote, mountainous areas of the Mongolian Altai

Mountains to assess the spatial and temporal patterns of occurrence and the

interspecific relationships within a mammalian community that includes dif-

ferent categories of livestock. By adopting a recently proposed multispecies

occupancy model that incorporates interspecific correlation in occupancy, we

found several statistically strong correlations in occupancy among species

pairs, with the majority involving livestock. The sign of such associations was

markedly species-dependent, with larger wild species of conservation concern,

namely, snow leopard and Siberian ibex, avoiding livestock presence. As

predicted, we found evidence of a positive correlation in occupancy between

predators and their respective main prey. Contrary to our expectations, a num-

ber of intraguild species pairs also showed positive co-occurrence, with no evi-

dence of spatiotemporal niche partitioning. Overall, our study suggests that

livestock encroaching into protected areas influences the whole local commu-

nity of wild mammals. Though pastoralism has coexisted with wildlife for

millennia in central Asian grasslands, our findings suggest that policies and

practices to decrease the pressure of livestock husbandry on wildlife are

needed, with special attention on large species, such as the snow leopard and

its wild prey, which seem to be particularly sensitive to this pervasive livestock

presence.
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INTRODUCTION

Species are not distributed randomly across space; rather,
they form communities whose structure and composition
are molded by biotic interactions (Davis et al., 2018; Wisz
et al., 2013). With the dramatic increase of the human
footprint on the planet (Venter et al., 2016), however,
anthropogenic disturbance, particularly land-use change,
has become a prominent factor altering interspecific
interactions and even community composition (e.g.,
Kiffner et al., 2015; Rovero et al., 2020; Suraci et al.,
2021). Human activities such as hunting can, for exam-
ple, affect mammalian communities through apex preda-
tor removal, causing the increase of large herbivore
density and, in turn, a change in vegetation (Hebblewhite
et al., 2005). Top-down perturbations can also lead to
mesopredator release with greater pressure on small prey
and other alterations of ecosystem functioning (Brook
et al., 2012; Newsome et al., 2017). Another relevant
anthropogenic activity is livestock grazing; in some
regions, like central Asia, it has increased steadily in
recent decades, raising concerns over the effects it may
have on communities of wild mammals (e.g., Berger
et al., 2013). However, how grazing livestock affects the
spatiotemporal occurrence and interspecific interactions
of whole communities of mammals remains largely
unstudied.

Mammalian communities inhabiting temperate
grasslands are indeed of particular conservation con-
cern globally because they constitute one of the most
endangered and understudied biomes worldwide,
threatened by land-use change, overgrazing by live-
stock, and climate change (Hoekstra et al., 2005; Nunez
et al., 2020; Richter & Osborne, 2014). Palearctic prai-
ries are characterized by strong seasonal variations in
precipitation and temperature—and, hence, in grass
greenness and palatability—driving herbivores’ use of
space (Mueller et al., 2008). On the other hand, pas-
tures are affected by herbivore grazing; for example, in
Central Asia pikas (Ochotona spp.) and Brandt’s voles
(Lasiopodomys brandtii) impact vegetation community
structure and composition through burrowing (Bagchi
et al., 2006; Sawamukai et al., 2012). The presence and
density of herbivores in turn influence the distribution
and abundance of carnivores (Chetri et al., 2017; Ross
et al., 2010a). In these grasslands, livestock grazing is a
major factor at play, especially in Central Asia, where
the number of domestic animals has dramatically
increased in recent decades following globalization in
the cashmere wool market (Berger et al., 2013). The
detrimental effects of livestock encroachment and com-
petition on mammals have been documented, particu-
larly on wild ungulates (Ekernas et al., 2017; Mishra

et al., 2004) and large carnivores (Sharma et al., 2015).
However, the overall effect on the whole community of
medium-size and large mammals is poorly understood,
and evidence shows that livestock may also alter inter-
actions among wild species (e.g., Feng et al., 2021;
Rottstock et al., 2020).

In this study, we aimed to assess the spatial and tem-
poral patterns of occurrence and the interspecific rela-
tionships within a mammalian community in Central
Asia that includes livestock. We sampled four areas in
remote and rugged environments within the Mongolian
Altai Mountains through systematic camera trapping at a
total of 216 sampling sites. We took advantage of the abil-
ity of camera traps to detect multiple species, including
domestic ones, simultaneously and at the same spatial
scale. We analyzed data using a recently proposed multi-
species occupancy model that accounts for imperfect
detection and incorporates interspecific correlations in
occupancy (Tobler et al., 2019). This analytical approach
allowed us to study the effects of both environmental and
anthropogenic factors on occupancy at both the commu-
nity and species levels while quantifying the strength of
potential interactions among species, as inferred from
patterns of species co-occurrence (Richmond et al., 2010).

Our main research questions and predictions were as
follows: (1) Is there strong evidence for spatiotemporal
interactions between wildlife and livestock? We predicted
a generally negative co-occurrence of wild species with
livestock. (2) If associations between livestock and wild
species exist, are they related to species’ body size? We
predicted that larger species would display more negative
associations with livestock. (3) Do predators and prey in
the community co-occur in space and time? We expected
a positive co-occurrence of predators and their respective
prey. (4) Is there evidence of intraguild competition
through spatial or temporal avoidance? We predicted a
negative co-occurrence in space or time of species of the
same guild as a result of niche partitioning.

METHODS

Study areas

This study was conducted in the Mongolian Altai Moun-
tains in the western provinces of Bayan Olgii and Hovd,
which are characterized by a mosaic of high plateaus and
mountain ranges. The climate is semiarid, with short
summers and long, cold, and dry winters. The dominant
vegetation cover is steppe grassland, with sparse conifers
and shrubs along valley bottoms and lower-elevation
slopes. We surveyed one area per year during spring
(March–June) from 2015 to 2019, except 2016. Study
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areas (Figure 1) included (1) Siilkhem-B National Park
(49�490 N; 89�440 E) in northwestern Mongolia bordering
Russia, with the highest elevation up to 3900 m above
sea level (a.s.l.). This protected area (PA) includes grass-
land habitat along rocky slopes and sparse larches Larix
sibirica along valley floors; (2) Tavan Bogd National Park
(48�330 N; 88�370 E), in western Mongolia bordering
Russia and China; this is the largest PA in Mongolia and
hosts the highest mountain in the country (4374 m a.s.l.).
The portion that we surveyed is characterized by alpine
and glacial habitat at the highest elevations and grass-
lands at lower altitudes; (3) Khork Serkhe Strictly Protec-
ted Area (47�930 N; 90�990 E), located in Western
Mongolia and reaching 4127 m a.s.l. Its mountainous
landscape is shaped by an alternation of slopes and val-
leys; (4) Sutai massif (46�370 N; 93�350 E), which had no
legal protection when surveyed in 2019 but was declared
a Natural Reserve in 2020. Sutai reaches 4220 m a.s.l. at
the highest peak, covered by the southernmost glacier of
the region. More details on sampling areas and efforts are
provided in Appendix S1.

In the four study areas most inhabitants are nomadic
herders. The pastoralists in the Sutai massif belong to the
ethnic group of the Mongols and profess Buddhism, but
in other areas they mainly belong to the ethnic group of
the Kazakhs, professing Islam. In the sole Bayan Olgii

province, where the first three surveyed areas occur, 2.2
million livestock were reported in 2018, 1.9 million of
which were sheep and goats (National Statistics Office
of Mongolia, https://www.en.nso.mn/). Large livestock,
represented by horses, camels, cattle, and yaks, are
mostly free ranging, whereas sheep and goats are
guarded by herders and dogs during the day and held in
corrals at night, except in summer (July–August),
where usually no fence is used (Augugliaro et al., 2020).
Mongolian National Parks are subdivided into three
zones with different regulations: special zone, travel/
tourism zone, and limited-use zone. Traditional pasto-
ralism is only allowed in the limited-use zone, whereas
it is not allowed at all in the Strictly Protected Areas.

Data collection: Camera trapping and
covariates

For each area we first created in a geographic informa-
tion system (GIS) a regular grid with cells of 4 km2 that
aimed to cover at least the minimum extent of 500 km2

recommended for snow leopard (Panthera uncia) popula-
tion estimate studies (Jackson et al., 2005). Within each
cell we located in the field one camera-trap site. The
number and locations of chosen sites were constrained

F I GURE 1 Map of the four study areas in the Altai Mountains of western Mongolia where wild and domestic mammals were detected

by camera traps at 216 sites (blue dots): (1) Siilkhem-B National Park, (2) Tavan Bogd National Park, (3) Khork Serkhe Strictly Protected

Area, and (4) Sutai massif. Black lines represent national (thick) and provincial (thin) borders.
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by terrain morphology, snow depth, and the number of
camera traps available for sampling (Appendix S1: Table
S1). Two of the PAs were too large to monitor in their
entirety, so we selected a portion that we considered opti-
mal habitat for the snow leopard according to previous
research and local knowledge. Specifically, in Siilkhem-B
we did not sample the southern end of the PA, which
includes low elevation and less suitable habitat, and in
Tavan Bogd we focused on the northeastern part of the
PA since the southern part hosts mainly coniferous for-
ests. In Khork Serkhe we sampled the whole PA and sur-
rounding suitable areas, and in Sutai we sampled the
entire mountain massif. Overall, the area sampled ranged
in size from 513 to 1110 km2 (Appendix S1: Table S1). As
a result, we sampled with camera traps a total of 216 sites
(48, 44, 63, and 61 for the four areas, respectively) that
ran on average for 65 days each (SD = 20.7). The mini-
mum distance between contiguous sites was 1.5 km. We
placed camera traps on small rock piles around 50 cm
above the ground at a distance of approximately 2–4 m
from a target trail, setting no delay between consecutive
triggers. Sites were usually located on passes, ridges,
narrow passages, or valley bottoms and were chosen to
maximize the detection of snow leopards, which we con-
sidered to be the most elusive species. However, our data
show that these sites were used by several medium-size
to large mammals and by livestock. We did not use any
baits or lures. Camera-trap models were of three different
manufacturers, characterized by high (Reconyx) and
medium (Cuddeback and Bushnell) trigger speed. We
annotated camera-trap images using the software Wild.
ID (Fegraus & MacCharty, 2016) and screened the data
to derive for each area a checklist of species and their
total number of detections. We set the temporal resolu-
tion of detections to 1 day, so repeated detections of the
same species on the same day were counted as a single
detection event, as is common practice in occupancy
modeling.

Using a digital elevation model and a satellite map in
the software Quantum GIS (QGIS, 2018) we derived three
environmental covariates for each camera-trap site: ele-
vation, terrain slope, and distance from closest herder set-
tlement (consisting of gers, houses, villages, or mining
camps), whose geographic localization was acquired in
the field with a global positioning satellite (GPS) device.

Data analyses

Out of all species detected (Appendix S1: Table S2) we
excluded those found in only 1 or 2 areas, which gener-
ally yielded <5 detections (namely, Ursus arctos, Lynx
lynx, Ovis ammon, Mustela erminea, and Sciurus

vulgaris), and focused on the following 12 species of
medium-size to large mammals detected across at least
3 areas: 1 large herbivore (Capra sibirica), 3 large carni-
vores (Canis lupus, Panthera uncia, Gulo gulo),
4 medium-size carnivores (Martes foina, Mustela
eversmanni, Otocolobus manul, Vulpes vulpes), and
4 medium-size to small herbivores (Lepus spp., Marmota
spp., Ochotona spp., Spermophilus spp.). The last four
were either represented by more than one species of the
same genus occurring in different areas (i.e., Marmota
sibirica was found in all areas except for Tavan Bogd NP,
where M. baibacina occurs, and Lepus timidus was
found in the first two areas, whereas L. tolai was found
in the latter two) or occurring in the same area but
indistinguishable from one another in camera-trap pho-
tographs. Hence, given the similar ecology of these con-
generic species, we merged them at the genus level.
Moreover, we merged the detections of horses, yaks,
camels, and cattle into the category of large livestock
and those of sheep and goats into small livestock. The
subdivision of domestic animals in these two classes is
justified by previous research, which found that large
and small livestock were managed differently by herders
and could therefore affect wild species’ spatiotemporal
patterns differently (Augugliaro et al., 2020).

We arranged the number of daily detections per
species at camera-trap sites into a matrix of n = 216
sites by S = 14 species. We modeled these detections/
nondetections using the joint species distribution
model with species correlation and imperfect detection
developed by Tobler et al. (2019). This framework is an
extension of the multispecies occupancy model
(Dorazio & Royle, 2005) that explicitly models the
residual correlation in species’ occupancy probability
(c), corrected for imperfect detection. Our modeling
approach is detailed in Appendix S2.

We tested the effect of study area, elevation, terrain
slope, and distance from herder settlements on occu-
pancy and the effect of camera-trap sensitivity and dis-
tance from herder settlements on detection probability, at
both the community and species levels. The chosen
covariates were not correlated according to Spearman’s
correlation test (jrhoj < 0.5). We then calculated the
matrix of residual interspecific correlations in occupancy
with their corresponding Bayesian credible intervals
(BCIs). We implemented the model in a Bayesian frame-
work using JAGS (Plummer, 2003) via R version 3.6.2
(R Development Core Team, 2019) with the R2jags pack-
age version 0.5.7–7 (Su & Yajima, 2015). We specified
vague prior probabilities for occupancy and detection
community hypermeans through normal distributions
centered on zero, through uniform priors in an interval
from 0 to 10 for the variance of species-specific random
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effects, and through uniform distributions in the interval
�1 to 1 for the latent variables’ regression coefficients
(except for the mathematical constraints required for
parameter identifiability; see Tobler et al. [2019]). The
regression coefficients of large and small livestock were not
extracted from the community hypermeans, but were
instead treated separately, since their inclusion could have
biased the estimation of the response of the wildlife com-
munity to covariates. Community hypermeans are there-
fore to be interpreted as mean effects for the assemblage of
wild species only. We generated 3 parallel chains of 200,000
iterations with a burn-in of 20,000 iterations and thinning
by 10 to derive summaries of parameter posterior distribu-
tion. We checked for the convergence of the Markov chains
based on the Gelman–Rubin statistic (Gelman & Rubin,
1992) and with visual examination of the chains.

To explore the potential relationship between species-
specific body mass and the correlation in occupancy with
livestock, we regressed the estimated correlation coeffi-
cient of each wild species with the two livestock classes
against the log of the species’ body mass, which we sou-
rced in Smith et al. (2003) and Hayssen (2008).

We also analyzed the temporal activity pattern of
each species using a nonparametric kernel density esti-
mation function implemented with the overlap package
(Ridout & Linkie, 2009) in R. We first extracted indepen-
dent events by aggregating detections separated by less
than 30 min and then created the activity distribution
curve of each species. To evaluate potential patterns of
temporal avoidance or coexistence between the species in
the target community, we computed the coefficient of
overlap for each pair of species. The coefficient of overlap
Δ ranges from 0 (no overlap) to 1 (complete overlap) and
is obtained performing pairwise comparisons of diel
activity patterns.

RESULTS

Out of the 91 estimated pairwise residual correlation
coefficients in occupancy (c), 24 had a 90% BCI that did
not overlap zero (Figure 2). Of the correlations in occu-
pancy between wildlife and livestock of both classes,
12 had a 90% BCI that did not overlap zero (Figures 2

F I GURE 2 Matrix of all interspecific correlation coefficients (c) in occupancy for wild and domestic mammals detected by camera traps

at 216 sites in Mongolian Altai Mountains. Positive correlations are highlighted in blue, negative correlations in red. Species are listed in

alphabetical order. Values with a black border are correlation coefficients whose 90% CI did not overlap zero.
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and 3), of which 7 were positive (with wolf, red fox, mar-
mot, ground squirrel, and hare) and 5 were negative
(with snow leopard, Siberian ibex, and beech marten).
Snow leopard, Siberian ibex, and beech marten occupan-
cies were all positively and mutually correlated (snow
leopard–Siberian ibex: c = 0.34 [90% BCI: 0.11, 0.52];
snow leopard–beech marten: c = 0.44 [0.21, 0.63]; Sibe-
rian ibex–beech marten: c = 0.28 [0.09, 0.45]). Pallas’s cat
occupancy was positively correlated with marmot (c =

0.44 [0.22, 0.61]) and pika occupancies (c = 0.31 [0.05,
0.54]). Pika occupancy was instead negatively correlated
with red fox (c = �0.34 [�0.12, �0.53]), wolverine (c =

�0.37 [�0.04, �0.64]), and snow leopard (c = �0.28
[0.05, 0.54]). Red fox was positively correlated with mar-
mot (c = 0.27 [0.08, 0.46]) and wolf (c = 0.29 [0.07, 0.49]).
Finally, ground squirrel and marmot were positively cor-
related (c = 0.40 [0.13, 0.63]).

The correlation in occupancy between wild species
and livestock appeared to be negatively related to species
body mass, a pattern that was more marked when consid-
ering small livestock, as illustrated in Figure 4. Hence,
larger wild species tended to have a more negative corre-
lation in occupancy with large and especially small
livestock.

The analyses of diel activity indicated a clear diurnal
pattern for both livestock classes. Among wild species,
patterns were highly variable: from clearly nocturnal
(Martes foina, Mustela eversmanni, Vulpes vulpes) to fully
diurnal (Marmota spp., Ochotona spp., Spermophilus
spp.) and more crepuscular species (Panthera uncia) or
cathemeral species with irregular activity throughout the
day (Canis lupus, Otocolobus manul). All curves are pres-
ented in Figure 5. The temporal overlap in activity
between livestock and wildlife was low for nocturnal and

F I GURE 3 Diagram of statistically strong pairwise spatial and temporal interactions among 11 members of medium-size to large

mammal community and 2 livestock categories (large and small in orange and red, respectively) detected by camera traps in western

Mongolia. For each pair of species, the value above the arrow refers to the correlation in occupancy (c), while the one below is the coefficient

of overlap (Δ) in activity patterns (see “Data analyses”). Arrows are blue for positive spatial interactions and red for negative ones. The

average body mass for each species is also reported, along with the main diel activity pattern (see legend). Carnivores and herbivores are in

dark and light gray, respectively.
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crepuscular species (in particular Martes foina, Mustela
eversmanni, Lepus spp., Panthera uncia), whereas it was
high for diurnal species (such as Capra sibirica, Marmota
spp., Ochotona spp., Spermophilus spp.). The small and
medium-size rodents and lagomorphs that presented a
high degree of temporal overlap with livestock also had a
high correlation in occupancy with it. Temporal overlap
tended to be intermediate between predators and prey
(e.g., Panthera uncia–Capra sibirica Δ = 0.51), whereas it
tended to be more pronounced for species in the
same trophic guild (e.g., Marmota spp.–Spermophilus
spp. Δ = 0.91) (Appendix S3: Figures S1).

The mean occupancy estimates for the wildlife com-
munity in the four areas were very similar, ranging from
0.35 (0.27–0.43) in Tavan Bogd to 0.38 (0.24–0.53) in
Sutai. The regression coefficient for elevation (βelev) on
community occupancy was weakly positive, with 90%
BCIs that overlapped zero (0.06 [�0.03, 0.16]) and
species-specific estimates that varied from �0.09 [�0.27,
0.07] for the red fox to 0.18 [�0.01, 0.42] for the wolver-
ine Gulo gulo (Appendix S4); predictably, domestic ani-
mals and humans were negatively related to elevation
(�0.33 [�0.51, �0.16] and �0.51 [�0.71, �0.32] for large
and small livestock, respectively). Community occupancy
was also lightly related to terrain slope (βslope = 0.07
[�0.01, 0.14]), with relatively consistent species coeffi-
cients. In particular, the effects were positive for both
Capra sibirica and Otocolobus manul with BCIs that did
not overlap zero (0.12 [0.01, 0.26] and 0.12 [0.01, 0.28],
respectively). The coefficients for large and small

livestock overlapped zero. The community coefficient for
distance from settlements (βdis) on occupancy was posi-
tive (0.10 [0.02, 0.18]) but again with interspecific vari-
ability, with the lowest values for Otocolobus manul,
Martes foina, and Ochotona spp. (βdis = 0.08) and highest
for Spermophilus spp. (0.13 [0.03, 0.27]; Appendix S4).
Predictably, the association was negative for domestic
animals, both large (�0.43 [�0.61, �0.25]) and small
(�0.53 [�0.75, �0.32]). Finally, community detection
probabilities for medium- and high-sensitivity camera-
trap models were largely overlapping (medium sensitiv-
ity: βmedium = �3.6 [�4.45, �2.83]; high sensitivity: βhigh
= �3.11 [�3.53, �2.69]). Distance from herder settle-
ments was negatively related to community detectability
(βdist = �0.15 [�0.32, 0.01]) (Appendix S4).

DISCUSSION

Using camera-trapping data, activity pattern analysis,
and a multispecies occupancy model that incorporates
interspecific correlation in occupancy and imperfect
detection, we studied the spatiotemporal patterns of
occurrence and interspecific relationships within a mam-
malian community in the Mongolian Altai Mountains.

Each of the 14 species and livestock categories consid-
ered showed strong statistical evidence for spatial co-
occurrence (i.e., 90% BCI of c that did not overlap zero)
with at least another species, with the only exception
being the steppe polecat (Mustela eversmanni). Remark-
ably, of the 13 interactions that each species can display
with any other, the largest number of statistically
supported ones involved one of the livestock categories
(8 and 6 for large and small livestock, respectively),
whereas the highest number of interactions involving wild
species was 5, for both snow leopard and marmot. Consid-
ering such scores as a simple measure of the magnitude of
spatial co-occurrence among species regardless of their
signs, the results supported our choice of including live-
stock in the analyzed community, given their widespread
presence in the region and the potential influence on wild-
life (e.g., Berger et al., 2013; Soofi et al., 2018).

Large areas of Mongolia have been subject to semino-
madic pastoralism for centuries, but the recent increase
in livestock numbers has raised concerns about possible
degradation effects (Wesche et al., 2010). Though the
numbers of cattle and camels remained relatively con-
stant across the country, a steep increase in sheep and
goat populations has been recorded since the early 1990s,
with the latter likely representing a greater impact on
wildlife than large livestock given their much larger herd
size (Hilker et al., 2014). Indeed, we found that the rela-
tionship between residual correlation in occupancy of

F I GURE 4 Coefficients of correlation in occupancy (c)

between wild species and livestock detected by camera traps in

western Mongolia, in relation to the log mass of each species.

Orange circles and red triangles indicate the coefficients of

correlation with large and small livestock, respectively. Lines show

the regressions for large (orange dashed line) and small livestock

(red full line). See Figure 3 for names of species depicted.
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wild and domestic species and wildlife body mass was
negative, with a more pronounced effect for the small
livestock. This pattern points to a higher sensitivity of
larger species to livestock encroachment into protected
areas, which is of particular concern for the snow leopard
and the Siberian ibex, and more generally mirrors known
patterns of size-dependent vulnerability across mammals
(Cardillo et al., 2005; Ripple et al., 2019).

We also found that the probability of site use for the
community of wild species increased with increasing dis-
tance from permanent sources of human disturbance,
mainly herder houses/settlements, which adds evidence

for the general influence of livestock herding on co-
occurrence patterns. Notably, such an effect was higher
than those of other environmental covariates we consid-
ered (elevation and slope). On the one hand, this may be
the result of contrasting environmental effects at the spe-
cies level compensating each other in the mean effect
values, or, because species effects are themselves gener-
ally weak, it may also reflect the relatively uniform habi-
tat that characterizes the target landscapes. On the other
hand, interspecific interactions and anthropogenic distur-
bance might be more important drivers of species distri-
butions than abiotic variables.

F I GURE 5 Diel activity patterns of wild and domestic mammals detected by camera traps in western Mongolia. Species are listed

alphabetically, with Latin names shown above the subplots. The white box indicates the 24-h diel cycle, with time of day on the x-axis and

kernel density estimate of activity on the y-axis.
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Although, predictably, the correlation in occupancy
between large and small livestock was the highest esti-
mated (c = 0.52), it also highlighted differences in site use
between the two size classes that support our choice of
considering them separately, matching the documented
differences in herding practices in the same region and,
hence, potential impacts on wildlife (Augugliaro et al.,
2020). Notably, the snow leopard showed strong evidence
of a negative correlation in occupancy with both livestock
categories, with the stronger being with small livestock. At
the same time, temporal overlap in diel activity patterns
was higher with large livestock, consistent with their
being generally free ranging, whereas sheep and goats are
held in corrals at night (Augugliaro et al., 2020). The nega-
tive correlation in occupancy between Siberian ibex and
large livestock (c = �0.21) may indicate a detrimental
effect of pastoralism on ibex as a consequence of direct
competition for grazing (Mishra et al., 2004; Ripple et al.,
2014). Additionally, spatial patterns of interaction among
large domestic species and this wild ungulate are possibly
accentuated by the high degree of overlap in daily activity
patterns (Δ = 0.85). Ibex correlation with small livestock
was also negative, though statistically weak, whereas the
positive effect of terrain slope on its site use supports the
preference of ibex for rugged habitat (Han et al., 2021).

The positive correlation in occupancy between wolf
and large livestock (c = 0.22) suggests a role of this carni-
vore in livestock depredations in the region, especially
considering that such a spatial association is not compen-
sated by temporal avoidance (Δ = 0.69). This is in accor-
dance with an earlier study in the same area that
involved a focal investigation on predator and prey co-
occurrence (Salvatori et al., 2021). We acknowledge that
a high degree of spatiotemporal overlap does not neces-
sarily indicate prey preference, but it does suggest the
potential for high encounter rates between carnivores
and their prey, which is a key component of prey prefer-
ence (Allen et al., 2021; Fortin et al., 2015). Conversely,
no statistically strong spatial correlation in occupancy
was detected for the wolf with herds of small livestock.
Overall, the obtained results are consistent with
Augugliaro et al. (2020), who found wolves to hunt pref-
erably large rather than small livestock, based on inter-
views with herders.

Marmots and ground squirrels showed positive corre-
lations with both livestock categories, consistent with
previous research reporting that these species have likely
benefited from the recent increase in livestock in
Mongolia (Gankhuyag et al., 2021). However, this appar-
ent tolerance of burrowing mammals toward livestock is
at odds with the documented severe decline of Siberian
marmots (Marmota sibirica) in Mongolia in recent
decades, possibly related to poaching for the fur market

(Batbold, 2002; Kolesnikov et al., 2009), and thus will
require further investigation.

As for predator–prey interactions, our results indi-
cated a positive spatial correlation of the snow leopard
with its primary wild prey in the region, the Siberian ibex
(McCarthy et al., 2016). Similarly, snow leopard site use
was positively, although weakly, correlated with that of
marmots, which also represent a significant part of its
diet (Hacker et al., 2021; Lukarevskiy et al., 2019). Over-
all, our results are of relevance for this International
Union for Conservation of Nature (IUCN)-Vulnerable
top predator for at least three reasons: (1) they provide an
indication of spatial displacement of snow leopards by
livestock, especially small livestock, which is concerning
given the growth of the cashmere market (Berger et al.,
2013; e.g., Tumursukh et al., 2016); (2) Siberian ibex
appears to be a key driver of occurrence for this carni-
vore, while there was no strong evidence of an effect of
any abiotic covariates on its site use; (3) snow leopards in
western Mongolia may prey primarily on wild prey and
kill livestock opportunistically, even where the abundance
of domestic animals is at least one order of magnitude
higher (Augugliaro et al., 2020; Hacker et al., 2021;
Johansson et al., 2015; Sharma et al., 2015). These dynam-
ics markedly differ from what was found in other parts of
this predator range (Aryal et al., 2014; Bagchi et al., 2004),
supporting the notion that the magnitude of human–snow
leopard conflicts is highly context-specific (Snow Leopard
Network, 2014). No association emerged instead between
wolf and ibex, possibly matching the typical preference of
these cursorial predators for structurally less rugged habi-
tat than the one selected by ibex (Suryawanshi et al.,
2013). The strong evidence for a positive correlation in
occupancy between foxes and marmots (c = 0.27) could
mirror both direct predation by the fox on marmots and
the use of marmots’ galleries as refuges/resting sites by
foxes (Murdoch et al., 2016). Similarly, Pallas’s cat dis-
played a remarkably high spatial association with mar-
mots (c = 0.43), whose cavities the cats depend on as
denning and resting sites (Ross et al., 2010b), and also a
positive association with pikas (c = 0.31), considered the
small felid’s preferred prey (Ross et al., 2010a).

Concerning intraguild interactions, spatiotemporal
overlap between red fox and wolf (c = 0.29, Δ = 0.63) has
been documented in other ecological contexts, where
wolves attract foxes through increased opportunities to
scavenge (Ferretti et al., 2021), a facilitation also observed
in relation to other carnivores, such as the Eurasian lynx
and the snow leopard (Krofel et al., 2019, 2021). As a
complementary result supporting co-occurrence, both
canids showed similar environmental and anthropogenic
covariate effects on site use. In contrast, no spatial associ-
ation or avoidance was observed between the two felids,
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the snow leopard and Pallas’s cat, probably reflecting low
dietary niche overlap and infrequent interactions among
them. The clear spatiotemporal association between ground
squirrels and marmots (c = 0.40, Δ = 0.91) is not surprising
given that they belong to the ecosystem engineering group
of colonial-living burrowing animals in grasslands, and they
likely present very similar habitat preferences.

As general limitations of our study we acknowledge
that (1) the sampling design was aimed at maximizing
snow leopard detections, potentially biasing detections of
other species and limiting the spatial extent of our infer-
ence to the sites sampled; (2) we interpreted occupancy
as the probability of site use by the species, given the
marked differences among species in home range and
movement patterns relative to our sampling design
(Neilson et al., 2018) and considering that so-called true
occupancy estimates in continuous habitat depend upon
the product between the density of the target species and
its home range area (Efford & Dawson, 2012); (3) given
the generally high sensitivity of the camera traps we
used, the probability of detecting a species was likely
largely dictated by its availability for detection (Kéry &
Schmidt, 2008), namely, by how often a species passed
through a camera’s detection zone, given that the camera
was located within the home range of one or more indi-
viduals of that species; (4) the residual correlations in
occupancy we estimated may not entirely reflect actual
interactions since they could also be caused by
unaccounted-for differences in habitat use due to missing
environmental covariates (Tobler et al., 2019). Though
Limitation 1 is unlikely to affect our inference, given that
the sites chosen were used by multiple species of the tar-
get community, Limitation 2 should be taken into
account when interpreting our results. Our sampling
design could have led to an overestimation of the propor-
tion of area used by species with large home ranges and
high mobility (e.g., snow leopard, wolf, and livestock)
while underestimating the proportion of area used by
species with small home ranges and short-distance move-
ments (such as rodents and lagomorphs) (Neilson et al.,
2018; Efford & Dawson, 2012). This in turn might have
inflated the positive co-occurrence between species with
large home ranges since they have a higher probability of
being detected at the same sampling sites, though the
home range overlap might, in reality, be limited. Limita-
tion 3 may have minimal effects on our results since the
duration of our surveys likely allowed for a good repre-
sentation of the asymptotic proportion of area used by
each species, that is, individuals had enough time to
cover a consistent proportion of their home range.
Regarding Limitation 4, we cannot rule out the possibility
that the inclusion of other abiotic covariates in our model
would change the output for the biotic relationships.

However, the target ecosystem is characterized by low
vegetation diversity, and most environmental variability
derives from topography, which we accounted for by
including elevation and terrain slope in our model.

In conclusion, systematic camera trapping proved a
valuable tool in studying the interspecific relationships
within a community of wild and domestic mammals
inhabiting remote and hardly accessible mountain land-
scapes. In line with our predictions, livestock encroaching
into protected areas influenced the whole community of
wild mammals, with their average probability of occur-
rence increasing away from herder settlements and a pre-
dominant number of potential spatial interactions
involving livestock. The sign of the co-occurrence of live-
stock and wildlife was species-dependent, with larger spe-
cies generally showing a tendency to avoid livestock (with
the remarkable exception of the wolf that often prey on it)
and rodents and lagomorphs tending to positively co-occur
with it. As predicted, predators and their focal prey gener-
ally had positive correlation in occupancy, whereas, con-
trary to our expectations, a number of intraguild species
pairs also showed positive co-occurrence, with no evi-
dence of spatial or temporal niche partitioning; further,
focal investigations are needed to clarify whether this pat-
tern is caused by the use of similar resources by species of
the same guild. Though pastoralism has coexisted with
wildlife for millennia in Central Asian grasslands, our
findings suggest that the recent dramatic increase in live-
stock numbers calls for new policies and strategies to
decrease the pressure of livestock husbandry on wildlife
communities, with special attention on large wild mam-
mals, namely, snow leopard and Siberian ibex, which
seem to be potentially more sensitive than smaller mam-
mals to the pervasive presence of domestic animals.
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