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ABSTRACT
Human-driven environmental change is rapidly altering species distributions worldwide, and anthropogenic activities are widely 
recognized as major drivers of range contraction and population decline. However, how human pressure interacts with other 
ecological processes to shape spatial patterns of persistence and recovery potential remains less well understood. Here, we pres-
ent a spatially explicit framework integrating historical and current distributions with global human footprint data to quantify 
how human pressure influences range dynamics in the snow leopard (Panthera uncia). We classified the species' range into three 
states—lost, extant, and possibly extant—and evaluated their distribution across gradients of human footprint at multiple spatial 
resolutions. Our results indicate that range contraction was associated with elevated human pressure, with more than half of all 
lost areas (52.1%) occurring under high anthropogenic pressure. In contrast, extant populations were more frequently retained 
in lower-pressure environments (53.4%) and occurred predominantly within the low and moderate disturbance classes, whereas 
possibly extant areas exhibited an intermediate but more disturbed profile, with nearly 35.3% of their area occurring under 
high or very high human pressure. These spatial patterns are consistent with the geographic distribution of human footprint, 
with higher disturbance concentrated in southern and eastern regions and lower-impact areas persisting in northern and high-
elevation landscapes. Our findings demonstrate that human footprint exerts a consistent spatial filtering effect shaping species 
contraction, persistence, and recovery potential. By integrating historical baselines with contemporary spatial data, we show 
that current distributions likely reflect not only ecological suitability but also the legacy of long-term anthropogenic impacts. 
This framework provides a scalable approach for conservation prioritization, emphasizing the need to limit human pressure in 
remaining refugia while targeting recovery in moderately impacted landscapes.

1   |   Introduction

Human-driven environmental change is rapidly restruc-
turing biodiversity worldwide, with extinction rates now 

exceeding background levels by orders of magnitude (Ceballos 
et al. 2015; IPBES 2019). Among terrestrial vertebrates, large 
carnivores are particularly vulnerable due to their extensive 
spatial requirements, low population densities, and sensitivity 
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to human disturbance (Woodroffe  2000; Ripple et  al.  2014). 
Severe range contractions have been documented across 
multiple large carnivores, including tigers (~95%), dholes 
(> 80%), snow leopards (> 77%), Asian black bears (> 60%), 
Sunda clouded leopards (> 50%), and sloth bears (> 38%) (Wolf 
and Ripple  2017). As a result, an increasing proportion of 
their historical distributions now overlap with areas of high 
human pressure, reflecting not only a reduction in available 
habitat but also a spatial reorganization in which remain-
ing populations are increasingly confined to portions of the 
landscape with lower levels of anthropogenic disturbance (Di 
Marco et al. 2018; Venter et al. 2016; Allan et al. 2019; Jones 
et al. 2018).

Beyond the magnitude of these losses, the ecological conse-
quences may be substantial. Large carnivores regulate trophic 
interactions and maintain ecosystem structure through top-
down processes (Estes et  al.  2011; Ripple et  al.  2014). Their 
loss—often termed trophic downgrading—has been linked 
to cascading effects, including altered herbivore dynamics, 
vegetation structure, and ecosystem functioning across mul-
tiple biomes (Estes et al. 2011; Leighton et al. 2023). Although 
human activities are well established as major drivers of 
range contraction and population decline (Ripple et al. 2014; 
Torres-Romero et  al.  2020, 2025), how anthropogenic pres-
sure interacts with other ecological processes to shape broad-
scale patterns of persistence and recovery potential remains 
less well understood, particularly where historical baselines 
are unavailable or cannot be delineated with a high degree of 
confidence.

Current global assessments have documented strong spa-
tial associations between human pressure and biodiversity 
loss (Venter et  al.  2016; Di Marco et  al.  2018; Torres-Romero 
et al. 2020, 2025). However, they remain limited in their abil-
ity to integrate historical distributions, present-day occurrence, 
and anthropogenic pressure within a unified spatial framework. 
Most studies focus on contemporary distributions, often without 
quantifying where range loss has occurred relative to historical 
baseline (Venter et al. 2016; Di Marco et al. 2018; Torres-Romero 
et  al.  2020, 2025). Without this temporal context, current dis-
tributions may be misinterpreted as reflecting environmental 
suitability rather than the legacy of anthropogenic filtering. 
Furthermore, the extent to which areas of potential recovery 
remain viable under current levels of human pressure remains 
poorly understood and often uncertain, limiting the develop-
ment of robust or possibly even effective restoration strategies.

A more vigorous way to address these limitations is through 
spatially explicit metrics of cumulative human influence, such 
as the Human Footprint index, which integrates land transfor-
mation, infrastructure, and accessibility into a globally consis-
tent measure of anthropogenic pressure (Venter et al. 2016; Mu 
et al. 2022). Thresholds in human footprint values (e.g., ≥ 4; see 
Methods) have been linked to ecological transitions between 
relatively intact and human-dominated systems. These thresh-
olds are also associated with elevated extinction risk and habitat 
degradation (Di Marco et al. 2018; Watson et al. 2016). Despite 
its widespread use in biodiversity assessments, this framework 
has rarely been applied to explicitly link past range contrac-
tion, present distribution, and future recovery potential within 

a unified spatial context, particularly for species inhabiting re-
mote and topographically complex mountain systems.

The snow leopard (Panthera uncia) provides a particularly in-
formative model species to address how human pressure is as-
sociated with patterns of range contraction, persistence, and 
recovery potential. Distributed across the mountainous regions 
of Central and South Asia, this species occupies ecosystems that 
have historically been characterized by low human density, 
high environmental heterogeneity, and strong topographic and 
climatic constraints (McCarthy and Mallon  2016). However, 
rapid expansion of human activities—including infrastructure 
development, livestock grazing, and resource extraction—is 
increasingly reshaping these landscapes through indirect path-
ways, increasing human accessibility and altering habitat struc-
ture, prey availability, and landscape connectivity (Li et al. 2014; 
McCarthy and Mallon 2016; Heiner et al. 2016). These changes 
ultimately affect the demographic processes underlying pop-
ulation persistence, including survival and recruitment. 
Importantly, several key correlates of population dynamics, 
such as human–wildlife conflict and prey depletion, are not well 
captured by global datasets (McCarthy and Mallon 2016). As a 
result, linking large-scale indicators of human pressure with 
underlying ecological mechanisms presents a major challenge. 
Human-driven landscape changes are not only reducing suit-
able habitat but also fragmenting populations and modifying the 
spatial configuration of ecological processes across the species' 
range. Despite its widespread use in biodiversity assessments, 
this framework has rarely been applied to explicitly link past 
range contraction, present distribution, and future recovery po-
tential within a unified spatial context, particularly for species 
inhabiting remote and topographically complex mountain sys-
tems like snow leopards.

Here, we develop a spatially explicit assessment of snow leop-
ard range dynamics by integrating broad historical distribu-
tion data (Wolf and Ripple 2017) and current distribution data 
(IUCN 2025) with the recently updated Human Footprint data-
set (Mu et  al.  2022). We quantify three complementary range 
states—lost, extant, and possibly extant—and evaluate their 
distribution across gradients of human pressure. By explicitly 
distinguishing between these range states, we assess whether 
human pressure—as a composite measure of anthropogenic 
influence including infrastructure, land use, and human ac-
cessibility captured by the Human Footprint index—acts as a 
consistent spatial filter across temporal dimensions of species 
distribution. This framework allows us to test whether areas 
of historical loss are disproportionately associated with high 
current human impact, while extant populations are more 
frequently associated with lower gradients of current human 
pressure, and whether possibly extant areas occur across inter-
mediate levels of disturbance.

2   |   Materials and Methods

We compiled spatial data on the distribution of the snow leop-
ard from two complementary sources representing different 
temporal baselines. Current distribution data were obtained 
from the IUCN Red List of Threatened Species (https://​www.​
iucnr​edlist.​org; accessed March 2025). Historical distribution 
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data were derived from Wolf and Ripple  (2017), represent-
ing reconstructed historical ranges prior to major anthro-
pogenic contraction and based on an updated version of the 
global large carnivore range dataset originally developed by 
Morrison et  al.  (2007). Because of limited empirical data on 
the species, historical range estimates should be interpreted 
as broad approximations rather than precise reconstructions, 
and may include areas of marginal or unsuitable habitat due 
to coarse spatial delineation. Together, these datasets allowed 
us to distinguish broad-scale spatial contrasts between the 
reconstructed historical distribution and the current resident 
distribution, thereby identifying inferred areas of persistence 
and range loss across the species' geographic distribution 
while ensuring consistency with widely used global baselines 
of large carnivore range contraction. The overall analytical 
workflow is summarized in Figure 1.

To quantify anthropogenic pressure, we used the global Human 
Footprint dataset (Mu et al. 2022). This dataset integrates eight 

variables capturing key dimensions of human activity, including 
built environments, human population density, electric infra-
structure, croplands, pasture lands, roads, railways, and navi-
gable waterways. Each variable is standardized and combined 
to produce a cumulative Human Footprint score ranging from 0 
to 50 at a spatial resolution of approximately 1 km2. This index 
has been widely applied in global biodiversity assessments and 
has been shown to be strongly associated with patterns of spe-
cies decline, habitat loss, and extinction risk (Venter et al. 2016; 
Di Marco et al. 2018; Torres-Romero et al. 2025). Accordingly, 
in this study, Human Footprint is interpreted as a proxy for 
accessibility and cumulative human influence at broad spatial 
scales, rather than a direct measure of all ecological pressures 
affecting the species. Because the dataset is designed for broad-
scale analyses, it may not fully capture fine-scale variation in 
anthropogenic pressure across rugged mountain landscapes. 
Consequently, our analyses are intended to characterize re-
gional patterns of human influence rather than local habitat 
conditions.

FIGURE 1    |    Analytical framework of the study. Historical range estimates (Wolf and Ripple 2017), current distribution data (IUCN Red List, 
2025), and the global Human Footprint dataset (Mu et al. 2022) were harmonized to a common equal-area projection (~1-km2 resolution). Historical 
and current distributions were integrated to classify the landscape into lost, extant, and possibly extant range categories. Human Footprint values 
were extracted for every valid 1-km2 pixel (n = 11,422,514) and analyzed using complementary threshold-based (< 4 vs. ≥ 4) and five-level disturbance 
classifications. Generalized additive models (GAMs) were then used to evaluate the relationship between Human Footprint and range dynamics 
while accounting for spatial autocorrelation. The framework summarizes the complete analytical pipeline used throughout the study. This figure is 
a conceptual representation of the analytical workflow. Maps, diagrams, and graphical elements are schematic and are intended solely to illustrate 
the sequence of spatial processing and statistical analyses. They are not presented as exact cartographic products, parameter estimates, or model 
predictions. Quantitative results and human impact map are presented in Figures 2–4, Figures S1, and the Results section.
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All spatial analyses were conducted in ArcGIS 10.1 (ESRI 2011) 
using an equal-area World Mollweide projection to ensure ac-
curate and comparable area estimates across spatial layers. 
ArcGIS was used exclusively for standard geospatial prepro-
cessing operations (projection, overlay, geometric difference, 
and raster extraction), whereas all statistical analyses were 
performed independently in R. All datasets were first harmo-
nized to a common projection, spatial resolution, and extent 
prior to analysis. As summarized in Figure 1, we then over-
laid historical and current distribution layers with the Human 
Footprint raster to extract spatially explicit information on 
human pressure across the species' range. Range dynamics 
were quantified by defining three complementary spatial cat-
egories: (i) lost range, representing areas included in the his-
torical distribution but absent from the current distribution; 
(ii) extant range, representing areas currently occupied by the 
species; and (iii) potential (or possibly extant) range, repre-
senting areas where presence is uncertain and suitable condi-
tions may persist but occupancy is not consistently confirmed. 
The lost range was derived using a geometric difference opera-
tion between historical and current distributions, while extant 
and possibly extant ranges were directly obtained from IUCN 
spatial classifications. For each range category, we calculated 
total area (km2) and extracted the distribution of Human 
Footprint values at the pixel level. Human Footprint values 
were extracted from every valid 1-km2 pixel contained within 
each range category, resulting in a database of 11,422,514 ob-
servations. Each pixel retained its geographic coordinates and 
Human Footprint value, allowing analyses to be conducted 
using the complete dataset rather than a subsample.

To evaluate whether anthropogenic pressure explained range 
dynamics while accounting for spatial dependence, we fitted 
generalized additive models (GAMs) with a binomial error dis-
tribution using the mgcv package (Wood and Wood 2015) in R. 
Two independent models were fitted using the historical distri-
bution as the reference condition: (i) lost versus historical range 
and (ii) extant versus historical range. In both models, Human 
Footprint was included as a smooth term, whereas geographic 
coordinates were incorporated as a two-dimensional smooth 

surface to account explicitly for spatial autocorrelation. Model 
performance was evaluated using approximate significance 
tests of smooth terms and deviance explained. The fitted smooth 
functions describing the relationship between Human Footprint 
and range dynamics are presented (Figure 2).

Human Footprint values were classified using two complemen-
tary approaches to evaluate how anthropogenic pressure struc-
tures range extent dynamics. First, we applied a threshold-based 
classification to distinguish between low and high human 
pressure, following previous studies (Watson et  al.  2016; Di 
Marco et al.  2018). Specifically, areas with Human Footprint 
values < 4 were defined as low-pressure systems, whereas val-
ues ≥ 4 were considered high-pressure systems, corresponding 
to landscapes where human influence is sufficiently intense to 
substantially alter ecosystem structure and increase extinction 
risk. Second, we applied a finer categorical classification fol-
lowing Venter et al. (2016) to capture gradients of disturbance 
intensity, defining five levels: no disturbance (0), low distur-
bance (1–2), moderate disturbance (3–5), high disturbance 
(6–11), and very high disturbance (12–50). This dual classifi-
cation framework allowed us to assess both broad thresholds 
and finer-scale gradients of human impact across the species' 
range, thereby reducing potential bias associated with single-
threshold approaches and providing a more realistic represen-
tation of disturbance variation. Finally, for each range category 
we quantified total area (km2) and the proportional distribu-
tion of area across both threshold-based (low vs. high) and 
categorical disturbance classes. All area calculations were per-
formed in an equal-area projection to ensure consistency and 
avoid spatial bias. This approach enabled a direct evaluation 
of whether human pressure is associated with a spatial filter-
ing effect structuring patterns of historical range loss, current 
persistence, and potential recovery across the snow leopard's 
distribution. This analysis assumes that (i) available historical 
and current range maps provide a reasonable approximation of 
large-scale distribution patterns, and (ii) Human Footprint val-
ues capture broad spatial variation in anthropogenic pressure 
relevant to species persistence, despite not explicitly represent-
ing all underlying ecological mechanisms.

FIGURE 2    |    Generalized additive model (GAM) smooth functions describing the relationship between Human Footprint and snow leopard range 
dynamics after accounting for spatial autocorrelation. Panel A shows the smooth effect of Human Footprint on the probability of range loss relative 
to the historical distribution, whereas Panel B shows the corresponding relationship for extant versus historical range. Gray shading represents the 
95% confidence interval around the fitted smooth, and rug marks indicate the distribution of Human Footprint observations.
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3   |   Results

We found that the spatial distribution of historical, extant, and 
possibly extant range states exhibits clear geographic struc-
turing across the species' range (Figure 3). Extant populations 
are primarily concentrated within a continuous belt across the 
central and southern portions of the range, whereas historically 
occupied areas are more fragmented and disproportionately dis-
tributed along peripheral and northern regions. We also found 
that areas classified as possibly extant occur as discontinuous 
patches that frequently connect extant and historically lost re-
gions. Overall, current populations occupy a reduced and spa-
tially structured subset of the broader historical distribution.

Human Footprint exhibited pronounced spatial heterogeneity 
across the snow leopard's distribution (Figure  4). High and 
very high Human Footprint levels were concentrated primarily 
along the southern and eastern portions of the species' range, 
whereas no and low disturbance predominated across many 
northern and high-elevation regions. Moderate disturbance 
formed extensive transition zones between these contrasting 
areas, generating a continuous spatial gradient of anthropo-
genic pressure throughout the species' distribution (Figure 4).

Using the complete Human Footprint raster (11,422,514 valid 
1-km2 pixels), we found marked differences in anthropogenic 
pressure among range states (Figures 2 and 5a and Figure S1). 
Relative to the historical distribution, lost areas contained a 
greater proportion of pixels exposed to high human pressure 
(52.1%), whereas extant areas were dominated by low human 
pressure (53.4%). Possibly extant areas exhibited the highest pro-
portion of high human pressure (56.2%), indicating that many 

areas where occupancy remains uncertain already occur within 
heavily modified landscapes (Figure 5a).

Across the five Human Footprint classes, historical range exhib-
ited a relatively balanced distribution among disturbance levels. 
In contrast, lost areas showed a marked increase in the propor-
tion of very highly disturbed landscapes (15.4%), whereas extant 
populations were disproportionately associated with low (21.7%) 
and moderate (27.7%) disturbance and showed the lowest rep-
resentation within very highly disturbed landscapes (6.4%). 
Possibly extant areas displayed an intermediate but more dis-
turbed pattern, with nearly 35.3% of their area occurring under 
high or very high human pressure (Figure  5b). The complete 
distributions of Human Footprint values across historical, lost, 
extant, and possibly extant range states are shown in Figure S1. 
Despite substantial overlap among distributions, differences in 
their central tendency are consistent with the categorical pat-
terns observed in Figure 5.

Generalized additive models that explicitly accounted for 
spatial autocorrelation confirmed that Human Footprint re-
mained a highly significant predictor of snow leopard range 
dynamics (both models, p < 0.001, Figure  2). In the com-
parison between lost and historical distributions, Human 
Footprint significantly explained extirpation probability 
(edf = 1.40, χ2 = 280.1), while spatial location also accounted 
for substantial variation (edf = 96.7, χ2 = 5721.0; deviance ex-
plained = 13.1%). Likewise, comparisons between extant and 
historical distributions showed that Human Footprint signifi-
cantly predicted current persistence (edf = 5.50, χ2 = 302.7), to-
gether with a strong spatial component (edf = 96.1, χ2 = 4575.1; 
deviance explained = 10.0%).

FIGURE 3    |    Spatial distribution of the historical, extant, and possibly 
extant range of the snow leopard. Geographic distribution of the snow 
leopard (Panthera uncia) across Central and South Asia showing extant 
resident range (orange), possibly extant areas with uncertain or inter-
mittent presence (light pink), and historically occupied areas that have 
been lost (dark red). Historical lost range was derived as the difference 
between reconstructed historical distribution (Wolf and Ripple  2017) 
and the current IUCN distribution, representing areas inferred to have 
been occupied prior to major anthropogenic contraction but no longer 
included within the species' current range. Extant and possibly extant 
distributions follow the current IUCN classifications.

FIGURE 4    |    Spatial heterogeneity in anthropogenic pressure across 
the extant and possibly extant snow leopard range. Spatial distribution 
of the five Human Footprint disturbance classes across snow leopard 
(Panthera uncia) distribution. Human Footprint values were classified 
into five categories: No disturbance (0), low (1–2), moderate (3–5), high 
(6–11), and very high (12–50), following Venter et  al.  (2016). Notably, 
the influence of road networks, which link human settlements (e.g., vil-
lages, towns, cities) along with large-scale infrastructure development 
is clearly evident.
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4   |   Discussion

Our results reveal a clear and spatially structured association 
between human pressure and range dynamics in the snow leop-
ard, with range contraction closely linked to gradients of an-
thropogenic disturbance and displaying a non-random spatial 
pattern across the landscape. By explicitly integrating historical, 
extant, and possibly extant distributions, we found that areas 
classified as lost are disproportionately concentrated in regions 
characterized by higher levels of human pressure, whereas ex-
tant populations are more frequently retained in comparatively 
lower-moderate pressure environments. Thus, human pressure 
appears to function as a large-scale spatial filter structuring the 
persistence of snow leopards, as also observed in other wide-
ranging carnivore species (Ripple et  al.  2014; Torres-Romero 
et al. 2020, 2025). Notably, this filtering effect was consistently 
evident across multiple analytical resolutions, including both a 
threshold-based classification (low vs. high pressure; Figure 5a) 
and a finer categorical gradient (five disturbance levels; 
Figure 5b). Although the five-category classification illustrates 
the full gradient of human pressure, statistical inference was 
based on the previously established Human Footprint thresh-
old (< 4 vs. ≥ 4) proposed by Watson et al. (2016) and Di Marco 
et al. (2018), which has been associated with ecological transi-
tions and increased species extinction risk. Because our analysis 
is based on complete spatial coverage of the species' distribution 
rather than a sampled subset, the patterns reported here reflect 
underlying spatial structure rather than artifacts of sampling-
based statistical inference (Franklin  2010). Our results show 
that descriptive patterns were independently supported by gen-
eralized additive models that explicitly accounted for spatial 

autocorrelation (Figure 2). Even after controlling for geographic 
structure, Human Footprint remained a highly significant pre-
dictor of both range loss and current persistence, indicating that 
the observed relationships cannot be explained solely by the spa-
tial clustering of environmental conditions or sampling density.

These findings are consistent with a growing body of global ev-
idence identifying human activities, especially large-scale devel-
opments or activities responsible for severe habitat degradation, 
as a major cause of large carnivore declines and range contrac-
tions (Woodroffe 2000; Ripple et al. 2014; Di Marco et al. 2018). 
However, our study advances beyond previous work by explicitly 
incorporating historical baselines and quantifying how range loss, 
persistence, and recovery potential are spatially structured along 
gradients of current human pressure. Previous global assessments 
have documented extensive contractions in large carnivores 
(Morrison et al. 2007; Wolf and Ripple 2017), yet have rarely re-
solved how such contractions are distributed relative to anthro-
pogenic pressure across landscapes. Here, by linking historical 
and current distributions within a unified spatial framework, we 
show that contemporary patterns of occurrence may not be fully 
explained by environmental suitability alone but instead represent 
the combined outcome of ecological constraints and long-term 
anthropogenic filtering inferred from the latest Human Footprint 
dataset (Mu et al. 2022).

Although widely used as consistent global baselines for large 
carnivore range contraction, historical reconstructions are 
necessarily coarse and may include unsuitable habitats. 
Consequently, the maps presented here should be interpreted as 
broad-scale spatial representations of inferred range contraction 

FIGURE 5    |    Distribution of human pressure across snow leopard range states. (a) Proportion of lost, extant, and possibly extant areas under low 
(< 4) and high (≥ 4) human pressure based on the Human Footprint index. Lost areas show a higher proportion of high-pressure conditions, whereas 
extant areas are more represented under low-pressure conditions. Possibly extant areas exhibit intermediate patterns. (b) Distribution of range states 
across five levels of human disturbance: No disturbance (0), low (1–2), moderate (3–5), high (6–11), and very high (12–50). Lost areas are more strong-
ly represented in moderate to very high disturbance classes, whereas extant areas are more associated with low to moderate disturbance. Possibly 
extant areas show intermediate distributions across disturbance levels.
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derived from differences between historical and current distri-
butions, rather than as precise reconstructions of documented 
local extirpations. Accordingly, estimates of range loss repre-
sent approximations rather than exact measures of historical 
occupancy. Similarly, although the Human Footprint dataset 
provides a globally consistent measure of anthropogenic pres-
sure, its approximately 1-km2 spatial resolution may not fully 
capture fine-scale variation in human influence across rugged 
mountain landscapes. Consequently, our analyses are intended 
to characterize broad-scale regional patterns rather than local 
habitat conditions. When contrasted with spatial models of eco-
logical suitability (e.g., McCarthy and Mallon 2016), our results 
reveal a pronounced mismatch between potential habitat and 
realized distribution, indicating that substantial portions of cli-
matically and ecologically suitable range are currently not oc-
cupied and may be partly constrained by human pressure. This 
spatial decoupling indicates that anthropogenic disturbance 
may contribute to shaping the functional limits of the species' 
range, alongside underlying environmental constraints, rather 
than acting as the sole determinant of where populations can 
persist. This distinction is critical, as failure to account for his-
torical range loss may lead to systematic underestimation of 
the role of human pressure in shaping present-day biodiversity 
patterns (Venter et  al.  2016; Allan et  al.  2019; Torres-Romero 
et  al.  2020, 2025). Consistent with this, current distributions 
represent a spatially constrained subset of the species' fun-
damental niche (Hutchinson  1957; Soberón  2007), shaped by 
persistent and current human influence rather than ecological 
limits alone. Because the Human Footprint index integrates 
multiple long-term components of human infrastructure and 
land use, current Human Footprint values likely reflect the 
cumulative effects of anthropogenic pressures through time, 
allowing broad-scale inference regarding historical range con-
traction. An additional mechanism that may contribute to the 
observed mismatch between human pressure and current oc-
cupancy is source–sink dynamics (Frans and Liu  2024; Craig 
et al. 2025). Some snow leopard populations may persist despite 
relatively high human pressure through demographic support 
from neighboring source populations located in less disturbed 
areas (Pulliam 1988; Runge et al. 2006). Consequently, present-
day occupancy may not always reflect local anthropogenic 
pressure alone but also regional population connectivity and 
dispersal processes. Although evaluating source–sink dynam-
ics requires demographic and movement data that are currently 
unavailable across the species' entire distribution, this mecha-
nism could partially contribute to the observed spatial patterns. 
Future studies integrating demographic monitoring, movement 
ecology, and landscape connectivity will be essential to explic-
itly evaluate this hypothesis. However, the persistence of the 
Human Footprint effect after explicitly accounting for spatial 
autocorrelation indicates that source–sink dynamics alone are 
unlikely to explain the broad-scale spatial patterns observed in 
this study.

Nevertheless, we acknowledge that the Human Footprint index 
does not directly capture: (a) key influences on snow leopard 
population dynamics, including prey depletion, human–wild-
life conflict, and localized hunting pressures; (b) some globally 
recognized drivers such as climate change, pollution, infectious 
diseases, overexploitation, invasive species, and illegal killing; 
and (c) increases in livestock numbers and the expansion and 

intensification of pastoral systems across parts of the species' 
range, which may further amplify human–wildlife interactions, 
including competition for forage, prey depletion, and retaliatory 
killing across the snow leopard range (IPBES  2019; Maxwell 
et al. 2016; Symes et al. 2018). Despite these limitations on our 
inferences, the consistency of patterns across multiple analyti-
cal approaches suggests that the observed relationships capture 
robust large-scale structure in the interaction between human 
pressure and species distribution. However, although differ-
ences among range categories are moderate, they are consistent 
and directionally robust across analytical approaches, indicat-
ing that human pressure should be interpreted as one of multiple 
interacting factors influencing range dynamics rather than as a 
sole or dominant cause.

As a result, our estimates likely represent a conservative ap-
proximation of the total anthropogenic pressure experienced 
across the species' range, suggesting that the true constraints on 
population persistence may be stronger or more complex than 
those depicted in our analyses. A key finding of our analysis is 
that extant populations are not restricted to areas of minimal 
human disturbance but instead persist across a gradient of pres-
sure, including landscapes characterized by moderate levels 
of anthropogenic influence (Figure  4). This pattern indicates 
a measurable degree of ecological and behavioral tolerance to 
human-modified environments, consistent with previous stud-
ies documenting the capacity of snow leopards to persist in 
multi-use landscapes under specific socioecological conditions, 
particularly where human tolerance, prey availability, and ef-
fective non-lethal livestock management practices are main-
tained (McCarthy and Mallon  2016; Li et  al.  2014). However, 
the tolerances of snow leopards for human pressures are clearly 
bounded. The reduced representation of extant areas in high 
and very high disturbance categories, together with the higher 
prevalence of lost areas within these classes, is consistent with 
the possibility of thresholds beyond which persistence becomes 
increasingly unlikely. These results align with previous findings 
showing that human footprint values above key thresholds (e.g., 
≥ 4; Figure  5a) are consistently associated with habitat degra-
dation, fragmentation, and elevated extinction risk (Venter 
et  al.  2016; Watson et  al.  2016; Di Marco et  al.  2018; Torres-
Romero et al. 2025). Therefore, our findings reinforce the con-
cept that human pressure may impose nonlinear constraints on 
species persistence.

The intermediate patterns observed in possibly extant areas 
provide further insight into how current human pressure may 
constrain future recovery potential. These areas are dispropor-
tionately associated with moderate and high disturbance catego-
ries (Figure 5b), suggesting two alternative explanations. First, 
these areas may represent landscapes where ecological condi-
tions remain partially suitable but where recent increases in 
human pressure may now limit stable occupancy. Alternatively, 
human pressure in these areas may have been long-standing, 
and other unmeasured ecological or social factors may have 
previously allowed persistence until recent local extirpation. 
Distinguishing between these alternatives would require tem-
poral data on changes in human pressure, with important impli-
cations for conservation and restoration strategies. Notably, the 
relatively high levels of human pressure observed in possibly ex-
tant areas suggest that these regions should not be interpreted as 
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uniformly recoverable, but rather as heterogeneous transitional 
zones where persistence may depend on local ecological condi-
tions, human tolerance, and management context.

At broader spatial scales, our results demonstrate that human 
pressure is pervasive across much of the snow leopard's range, 
including areas where populations continue to persist (Figure 4). 
This pattern is consistent with evidence that even historically re-
mote high-elevation environments are increasingly affected by 
infrastructure development, resource extraction, and expanding 
pastoral systems, reducing their function as effective refugia 
for the species (Heiner et al. 2016; McCarthy and Mallon 2016). 
Moreover, human–wildlife conflict, particularly associated with 
predation on livestock, represents a key mechanism linking 
human presence to population declines and local extirpations 
across the species' range (McCarthy and Mallon  2016). This 
widespread overlap underscores the growing importance of 
strategies that enable coexistence between wildlife and human 
activities. At the same time, the concentration of extant popula-
tions in relatively lower-pressure environments highlights the 
continued importance of the remaining intact or semi-intact 
landscapes as critical refugia. These areas likely function as 
population strongholds, maintaining core ecological processes 
and serving as sources for dispersal and recolonization.

On the basis of our results, management planning should adopt 
a dual strategy that (i) prioritizes the protection of low-pressure 
refugia to prevent further contraction, and (ii) promotes man-
agement interventions in moderately impacted landscapes to 
enhance recovery potential and connectivity. Such an approach 
is consistent with global conservation frameworks emphasiz-
ing the need to both retain intact ecosystems and restore de-
graded landscapes to halt biodiversity loss (IPBES 2019; Watson 
et al. 2016; Torres-Romero et al. 2025). By integrating historical 
baselines with contemporary spatial data, we provide a more 
complete understanding of how anthropogenic pressures re-
structure species distributions across time. Given that similar 
pressures operate across ecosystems worldwide, this frame-
work is broadly applicable for identifying priority areas for 
management, protection, and restoration. In an increasingly 
human-modified world, recognizing and managing the spatial 
constraints imposed by human pressure will be essential for pre-
venting further range contraction and enabling the long-term 
persistence of wide-ranging species.

Importantly, the consistency between the descriptive analyses 
(Figures  4 and 5), the spatially explicit generalized additive 
models and violin plots (Figure 2 and Figure S1) strengthens the 
evidence that elevated Human Footprint values are associated 
with increased range loss and reduced persistence across the 
species' distribution. This concordance across complementary 
analytical approaches provides a robust quantitative basis for 
identifying spatial thresholds that can inform conservation pri-
oritization. These results emphasize the urgent need to prevent 
further expansion of human pressure into remaining low-impact 
areas while simultaneously targeting moderately disturbed 
landscapes where recovery remains more feasible. Accordingly, 
effective management strategies should move beyond static 
protection frameworks and instead incorporate dynamic, spa-
tially explicit approaches that address both refugia and human-
dominated systems. More broadly, our findings demonstrate 

that anthropogenic pressure is not simply a correlate of biodi-
versity loss but a key factor associated with the large-scale re-
structuring of species persistence patterns. As anthropogenic 
influence continues to expand, failure to explicitly incorporate 
these constraints into planning may result in continued range 
contraction and diminished recovery potential across wide-
ranging species. Conversely, integrating spatial thresholds of 
human pressure into management strategies provides a poten-
tially scalable and actionable pathway to mitigate biodiversity 
loss and promote long-term species persistence, contributing to 
a more realistic understanding of the spatial limits within which 
large carnivores—and biodiversity more broadly—can persist in 
an increasingly human-dominated world.
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