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A B S T R A C T

Wind power generation is expanding rapidly as a sustainable energy development solution to mitigate climate 
change. However, a significant knowledge gap remains regarding the impacts of wind farm (WF) development on 
wildlife, particularly how different species respond to the disturbance from WFs. To address this, we used 
camera-trapping surveys and fecal-DNA metabarcoding data collected from both WF and non-WF areas. We 
aimed to investigate the multi-dimensional effects of WF disturbances on the competition and coexistence be
tween two key mesocarnivores, red foxes (Vulpes vulpes) and Pallas’s cats (Otocolobus manul) in the Hexi Corridor, 
Northwest China. Given their distinct ecological characteristics and responses to human disturbances, we hy
pothesized that WF disturbances would differentially affect both species across spatial, temporal and diet niche 
dimensions. As expected, WF disturbances diminished prey availability and increased trophic niche overlap. 
Temporal niches playing a crucial role in facilitating coexistence through Pallas’s cats shifting their daily activity 
patterns to reduce overlap with human activity. Despite significant differences in habitat preferences, spatial 
niche overlap between the two species remained similar across WF and non-WF areas, likely due to prey 
availability and livestock distribution. Our results highlight the complex interplay of spatial, temporal, and 
trophic niche dimensions in mitigating competition and promoting coexistence among sympatric carnivore 
species. Our findings provide guidance for balancing renewable energy goals with biodiversity conservation, 
emphasizing the importance of habitat preservation, prey management, and WF placement strategies during WF 
development.

1. Introduction

The competitive exclusion principle predicts that species with 
overlapping requirements cannot coexist stably over long periods 
without partitioning resources across niche dimensions (Hardin, 1960). 
Particularly among carnivores, species avoid competitive exclusion by 
partitioning niches like space, time and diet, a critical mechanism for 
reducing interspecific competition and promoting coexistence 
(Schoener, 1974). Here, ‘niche partitioning’ is defined as the process by 
which species reduce competition by differentiating their use of re
sources in space, time, and diet, while ‘niche overlap’ refers to the de
gree to which species share these resources.

However, human-induced disturbances can disrupt this partitioning 
equilibrium by reshaping niche space across different dimensions 
(Manlick and Pauli, 2020; Smith et al., 2024). Such disturbances 
compress spatial and temporal niches, causing carnivores to avoid 
certain areas and times (Gaynor et al., 2018; Tucker et al., 2018). For 
instance, in West Africa, anthropogenic activities have led to increased 
spatial niche overlap between African lions (Panthera leo) and spotted 
hyenas (Crocuta crocuta) (Sogbohossou et al., 2018). The disruption of 
spatio-temporal niche partitioning is likely a common consequence of 
human disturbance, potentially limiting niche differentiation among 
carnivores and intensifying their competition. Similarly, these distur
bances may also reduce prey accessibility and homogenize prey 
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resources (Manlick and Pauli, 2020). For example, reduced prey pop
ulations in a Kenyan national park resulted in decreased dietary niche 
breadth and increased niche overlap among carnivores (Creel et al., 
2018). The contraction of available trophic niches may further heighten 
competition among carnivore species. In the context of disturbance, 
understanding the potential linkages among spatial, temporal, and tro
phic niche dimensions is crucial. When disturbances constrain one 
dimension, carnivores may achieve coexistence through differentiation 
along other ecological dimensions (Manlick and Pauli, 2020; Smith 
et al., 2024).

Critically, interspecific variation in behavioral responses to human 
disturbance can buffer competition intensification, thereby facilitating 
carnivore coexistence (Lowry et al., 2013; Samia et al., 2015; Deuel 
et al., 2017). For instance, species with lower tolerance to human 
disturbance may change their spatiotemporal habitat use to minimize 
exposure to disturbances (Ferrão da Costa et al., 2018; Llaneza et al., 
2018; Stillfried et al., 2015), while more tolerant species may prefer 
human-modified habitats (Deuel et al., 2017). This differential response 
facilitates niche segregation, may reduce competitive intensity among 
carnivores. For example, in North America, red foxes (Vulpes vulpes) can 
exploit more urbanized areas, while coyotes (Canis latrans) exhibit a 
strong preference for more natural habitats; this spatial segregation aids 
their coexistence (Mueller et al., 2018). However, current research on 
sympatric carnivore niche partitioning predominantly examines single 
niche dimensions, overlooking species-specific drivers (Bu et al., 2016; 
Shao et al., 2021; Tian et al., 2022). This limitation impedes holistic 
understanding of wildlife adaptations to anthropogenic environments 
and underscores the necessity for multidimensional assessments.

Wind farms (WFs) are rapidly expanding globally as a sustainable 
energy solution to mitigate climate change and reduce reliance on fossil 
fuels. Crucially differing from urbanization or industrial disturbances, 
WFs exhibit its unique attributes. The infrastructure within WFs features 
a spatially dispersed “point-line” configuration (wind turbines con
nected by roads), which retains larger areas of habitat. Beyond the direct 
habitat destruction caused by infrastructure, operational stressors such 
as chronic noise, vibration, and the increased presence of human ac
tivities may cause carnivores to modify habitat use and activity patterns, 
thereby further complicating niche partitioning among carnivore spe
cies (Łopucki and Perzanowski, 2018; Skarin et al., 2018). For instance, 
studies on American martens (Martes americana), red foxes, and wolves 
(Canis lupus) revealed that martens were most frequently documented 
along high-altitude hiking trails and were relatively scarce on WF access 
roads. In contrast, red foxes and wolves exhibited the opposite activity 
pattern (Skarin et al., 2018). These changes may cushion competition 
between martens and the other two carnivores while potentially 
increasing interspecific competition between red foxes and wolves 
within WF complexes, ultimately altering carnivore coexistence pat
terns. Therefore, understanding how WFs impact the coexistence pat
terns of carnivores is crucial for balancing sustainable renewable energy 
development and biodiversity conservation.

Human activities have profoundly transformed carnivore commu
nities in many regions across China and around other parts of the world, 
leading to the decline or disappearance of large carnivores from most of 
their historical habitats (Moreira-Arce et al., 2015; Prugh et al., 2009). 
For example, in the Hexi Corridor, an ecologically significant region in 
Northwest China characterized by vast arid steppes and desert land
scapes, large carnivores such as snow leopards (Panthera uncia) have 
experienced substantial population declines due to habitat destruction, 
poaching, and prey populations decrease (Schaller et al., 1988; Snow 
Leopard Network, 2014). This decline is part of a broader global trend of 
apex predator loss, resulting in mesocarnivores becoming the dominant 
predators in many ecosystems, filling the void left by large carnivores 
(Avrin et al., 2023; Roemer et al., 2009). The Hexi Corridor is also a 
typical site for renewable energy development, with many WFs being 
established (D. Wang et al., 2022; G. Wang et al., 2022; Zhang et al., 
2015). This area provides crucial habitats for mesocarnivores such as red 

foxes (Vulpes vulpes) and Pallas’s cats (Otocolobus manul), which have 
similar habitat preferences and dietary requirements, potentially 
intensifying competition between them (Ma et al., 2024; D. Wang et al., 
2022; G. Wang et al., 2022). However, these species exhibit significant 
differences in their ecological traits and responses to human distur
bance. Red foxes are dietary generalists with higher behavioral plasticity 
that can adapt to various environmental conditions and often exploit 
human-provided food sources (D. Wang et al., 2022; G. Wang et al., 
2022; Lin et al., 2010; Hoffmann and Sillero-Zubiri, 2021). In contrast, 
Pallas’s cats maintain a specialized diet, primarily feeding on small 
mammals like plateau pikas (Ochotona curzoniae) and rely on sheltered 
habitats like rocky crevices or dense vegetation for stalking prey and 
breeding (Zhao et al., 2019). This specialization makes them especially 
vulnerable to habitat changes and human disturbances (Ross et al., 
2010a; Zhao et al., 2019). Therefore, these interspecific differences be
tween red foxes and Pallas’s cats offer a unique opportunity to explore 
how WF disturbances influence the coexistence of sympatric meso
carnivores across multiple ecological niches dimensions.

To address the above questions, we used camera-trapping and fecal- 
DNA metabarcoding to investigate the competition and coexistence 
patterns between red foxes and Pallas’s cats, across spatial, temporal and 
trophic niche dimensions in both WF areas and non-WF areas (as con
trols) in the northern desert of the Hexi Corridor. Considering their 
different ecological traits and varying responses to human disturbances 
(D. Wang et al., 2022; G. Wang et al., 2022; Yang et al., 2024; Zaman 
et al., 2020), we formulated three dimension-specific hypotheses: (1) In 
temporal niche, we predicted that red foxes exhibiting higher tolerance 
to human activity, would maintain their temporal patterns, whereas 
disturbance-sensitive Pallas’s cats would shift activity toward late-night 
hours to avoid human activities, thereby reducing temporal overlap with 
red foxes. (2) In spatial niche, similar to temporal shifts, we expected 
Pallas’s cats to avoid WF infrastructure and roads due to disturbance, 
while red foxes might utilize these areas. Consequently, spatial overlap 
between the species should decrease within WF areas. (3) In trophic 
niche dimension, despite red foxes potentially expanding their niche 
breadth through anthropogenic subsidies, diminished prey availability 
in WF areas would increase trophic niche overlap between the species. 
Collectively, we expected that WF areas would exhibit higher trophic 
niche overlap between Pallas’s cats and red foxes compared to control 
sites, and thus may potentially intensify interspecific competition due to 
diminished prey resources. These reduced spatiotemporal niche over
laps would serve as the core mechanism enabling their coexistence in 
WF areas (Fig. 1).

2. Methods

2.1. Study area

The study was conducted in Zhangye City of Gansu Province, 
Northwest China, within a comprehensive energy base (110◦32′53.15″E, 
39◦11′58.33″N), a region characterized by numerous wind and solar 
farms. The desert steppe in the study area features undulating topog
raphy, arid conditions, and a continental desert climate, with an annual 
average temperature of 5.7 ◦C and average precipitation of 130 mm. The 
area is home to diverse wildlife, including mesocarnivores such as red 
foxes and Pallas’s cats, along with their primary prey like Chinese 
hamster (Cricetulus barabensis), Pallas’s Sandgrouse (Syrrhaptes para
doxus) and Midday jird (Meriones meridianus). Additionally, vulnerable 
species like goitered gazelle (Gazella subgutturosa) and Macqueen’s 
Bustard (Chlamydotis macqueeni) also inhabit the region.

We selected four WF areas and their corresponding non-WF areas as 
study sites (Fig. 2). The non-WF areas, situated at least 3 km from the 
WFs, were chosen to minimize potential disturbance while maintaining 
similar abiotic and biotic conditions. The selected sites included the 
Pingshanhu WF (PSH), Jieccheng WF (JC), Mengtiekuang WF (MTK), 
and Banqiao WF (BQ), along with their respective non-WF areas. Human 
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disturbances in these areas were primarily caused by turbine operations, 
routine maintenance activities, and livestock grazing (from sheep, Ovis 
aries, donkeys, Equus asinus and camels, Camelus bactrianus).

2.2. Camera-trap monitoring and fecal sampling

We applied camera-trap monitoring and fecal DNA sampling because 
these methods provide detailed data on spatial, temporal and trophic 
niche partitioning, allowing us to comprehensively assess the impacts of 
WFs.

Camera-trap monitoring took place from March to October 2023 
using a 1 km × 1 km grid system (Fig. 2, Table 1). One camera trap was 
placed at a trail, turnoff, or ridge near the center of each grid, targeting 
areas commonly used by predators patrolling their territories. This 
strategic placement minimized potential issues related to the detection 
radius and efficiency, such as the inability to identify animals at long 
distances during nighttime (Blašković et al., 2022; Palencia et al., 2021). 
The distance between camera traps ranged from 800 m to 1200 m. The 
traps were set to operate continuously for 24 h, and the data were 
managed through the China Biodiversity Monitoring and Research 
Network platform (Sino BON-Mammals, https://www.gscloud.cn/ca 
meradata/). Additional technical specifications, including camera 

models, installation height, and parameter settings, are provided in the 
Supplementary Information.

Noninvasive fecal samples were conducted systematically along 
paths and ridges within the camera-trapping areas. Samples were 
collected and stored in ethanol before being transferred to sterile 
centrifuge tubes containing silica desiccant for − 20 ◦C storage until DNA 
extraction. Detailed sampling protocols and DNA metabarcoding 
methods are described in the Supplementary Information.

2.3. Data analysis

To test our hypothesis and predictions, we used camera-trap data to 
assess spatial and temporal activity patterns and fecal DNA analysis to 
evaluate dietary composition. All data analyses were carried out in R 
statistical programming software (version 4.3.0, R Core Team, 2013), 
while GIS operations were performed in ArcGIS (ESRI Inc., redlands, CA, 
USA).

For each camera-trapping site, a continuous 24-hour operational 
period was considered one effective camera day (Xiao et al., 2019). An 
independent event for each species was defined as all detections within a 
30-minute interval at each camera-trapping site (O’Brien et al., 2003). 
Given limited information on types of human activities (such as herders, 

Fig. 1. Conceptual model of multi-dimensional (spatial, temporal and trophic) effects of WF disturbances on the competition and coexistence of sympatric carni
vores, i.e. red foxes (Vulpes vulpes) and Pallas’s cats (Otocolobus manul). Red foxes exhibited greater tolerance to WF-related disturbances by expanding their trophic 
niche. In contrast, Pallas’s cats, being more sensitive to disturbances, primarily adjusted their temporal activity patterns to minimize exposure to WF impacts and 
competition. WF disturbances led to increased trophic niche overlap between the two species, while temporal niche segregation emerged as a critical factor pro
moting their coexistence in disturbed habitats.
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WF workers, vehicles), all human activity encounters were categorized 
as general “human” events, indicating human presence. We then 
calculated the relative abundance index (RAI) for prey, humans, and 
livestock at each site based on independent events per 100 camera days 
(O’Brien, 2011). These indices were used as explanatory variables rep
resenting human disturbance and biological variables in our modeling.

2.3.1. Spatial analysis
We used a single-species, single-season occupancy model to evaluate 

the spatial distribution of red fox and Pallas’s cat, as well as the effects of 
WF and natural factors on their occupancy rates. This model accounts for 
species false absences, addressing the issue of incomplete detection. By 
constructing a detection history (detected/undetected) for the target 
species through repeated detection, the model infers the effects of 
environmental factors on species occupancy (ψ) and detection (p) rate 
(MacKenzie et al., 2002). Given that the home range sizes of red foxes 
and Pallas’s cats might span multiple camera-trapping grids (Ross et al., 

2010a, 2010b; Munkhzul et al., 2012), there we used ‘occupancy rate’ to 
characterize habitat use intensity for both carnivores (Xiao et al., 2018; 
Li et al., 2019).

To assess the factors influencing the detection and occupancy of red 
foxes and Pallas’s cats, we selected anthropogenic, natural, and bio
logical factors. All anthropogenic, natural, and biological factors were 
incorporated into both the detection and occupancy sub-models. In the 
detection sub-model, these covariates explain potential influences on 
animal detectability near sampling sites. In the occupancy sub-model, 
they explain potential impacts on animal habitat use (Xiao et al., 
2018; Li et al., 2019). Anthropogenic disturbance factors included wind 
turbine kernel densities “TKD”, road kernel densities “RKD”, human RIA 
“Human”, and livestock RAI “Livestock”. Natural factors included 
vegetation cover (NDVI) and roughness index (Roughness) (Ross et al., 
2010a, 2012; Steinmetz et al., 2021), while prey abundance (RAI of rat 
and Pallas’s Sandgrouse, primary prey based on dietary analysis) was 
included as a biological factor. Kernel density analysis function in 

Fig. 2. Distribution of wind turbines, sampling grids (1 km × 1 km each grid), camera-trapping stations and fecal collection sites in this study.

Table 1 
Summary of camera-trapping surveys and fecal sampling in four wind farms (including Pingshanhu, PSH, Jiecheng, JC, Mengtiekuang, MTK, and Banqiao, BQ) and 
their corresponding non-WF areas.

Statistics PSH JC BQ MTK Total

WF Non-WF WF Non-WF WF Non-WF WF Non-WF

No. grids (1 km × 1 km) 32 32 25 17 16 18 15 9 164
No. camera-trapping stations 32 32 25 17 16 18 15 9 164
Trap effort (camera days) 4604 3591 4588 2326 2024 2460 2357 904 22,854
Independent events 1861 3151 1370 1491 1634 2057 945 647 13,156
Mammal richness 11 11 9 7 8 5 9 6 12
Red fox independent events 132 372 35 45 61 158 24 13 840
Red fox RAI 2.87 10.36 0.76 1.93 3.01 6.42 1.02 1.44 3.68
Pallas’s cat independent events 8 19 17 9 3 0 6 0 62
Pallas’s cat RAI 0.17 0.53 0.37 0.39 0.15 0 0.25 0 0.27
Human RAI 0.80 0.36 0.19 1.16 3.41 1.99 2.04 0.22 1.09
Livestock RAI 17.79 20.94 0.28 4.34 39.67 57.89 18.84 30.97 20.17
Prey RAI 2.41 7.05 2.77 2.19 2.52 2.28 1.19 13.05 3.48
No. Red fox fecal samples 7 3 6 2 4 4 1 5 32
No. Pallas’s cat fecal samples 2 10 6 8 1 2 1 0 30
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ArcMap 10.4 (ESRI Inc, redlands, CA, USA) was used to estimate the 
spatial distribution of wind turbines and roads by calculating their 
densities at each grid pixel. The roughness index and NDVI were derived 
from 30-meter resolution ASTER Global Digital Elevation Model 
(GDEM) data and Landsat 5 data, respectively. Except for all RAI values, 
all variables were calculated within a 30 m radius buffer around the 
camera-trapping sites. We assessed multicollinearity among all cova
riates using Pearson correlation tests, confirming that all correlation 
coefficients were less than 0.6. All data were standardized to have a 
mean of 0 and standard deviation of 1.

We constructed a detection matrix using independent events for each 
species, with 27 columns representing 7-day sampling periods, and 164 
rows representing camera-trapping sites. The matrix recorded whether 
each carnivore species was detected (1) or not (0) across multiple 7-day 
intervals, to decrease the bias due to any potential unmodeled spatial 
autocorrelation (Goldstein et al., 2024). Using the “unmarked” package 
in R (Fiske and Chandler, 2011), we constructed single-species, single- 
season occupancy models and evaluated all possible covariate combi
nations. Models with ΔAIC ≤2 were selected as optimal based on 
Akaike’s Information Criterion (AIC). When multiple optimal models 
were identified, we averaged these models with equal weights to obtain 
covariate estimates. Model fit and overdispersion parameters were 
assessed using 1000 bootstrap samples with p-values > 0.05 indicating 
an adequate fit and c-hat values close to 1 indicating satisfactory 
convergence. Based on the optimal model, we calculated the occupancy 
rates of red fox and Pallas’s cat at each camera-trapping site. We per
formed Wilcoxon rank-sum tests to compare red fox and Pallas’s cat 
occupancy differences between WF and non-WF areas, based on the 
occupancy rates of camera-trap sites. The Wilcoxon rank-sum tests using 
the wilcoxTest function from the “car” package (Fox and Weisberg, 
2018).

Finally, we assessed the spatial overlap between red fox and Pallas’s 
cat using Pianka’s O index (Ojk) in WF and non-WF areas. The index was 
calculated for WF and non-WF groups separately, using red fox and 
Pallas’s cat occupancy rates from all camera-trapping sites within each 
group as input vectors (Pianka, 1973; Xu et al., 2024). We estimated the 
95 % confidence intervals using 1000 bootstrap replicates of niche 
overlap between the two species. The analysis was conducted using the 
“spaa” package in R version 4.0.3 (Zhang, 2016; Gotelli, 2000).

2.3.2. Temporal analysis
To analyze the daily activity patterns of red foxes and Pallas’s cats, 

we generated activity density curves for both species in WF and non-WF 
areas to visualize and compare their daily activities. And used Δ4 to 
describe temporal overlap coefficients between red foxes and Pallas’s 
cats, which calculated using the overlap area based on the kernel density 
curves of two species density functions (Ridout and Linkie, 2009). We 
used the timestamps from independent events and transformed them 
into “solar time” in radians to account for seasonal variations in day 
length (Vazquez et al., 2019). The conversion to solar time was calcu
lated using the sunTime function from the “overlap” package (Ridout and 
Linkie, 2009), and activity curves were calculated using the fitact 
function from the “activity” package (Rowcliffe et al., 2014). We then 
used the compareCkern function from the “overlap” package to compute 
the temporal overlap coefficients Δ4 between red fox and Pallas’s cat 
separately of WF and non-WF areas. We estimated the 95 % confidence 
intervals using 1000 bootstrap samples (Ridout and Linkie, 2009). 
Finally, we compared the percentage change in overlap coefficients 
between WF and non-WF areas, with values ranging from 0 (no overlap) 
to 1 (complete overlap). To further explore the potential reasons for the 
differences in activity patterns between red fox and Pallas’s cat in WF 
and non-WF areas, we analyzed the activity curves of their main prey 
(rat and Pallas’s Sandgrouse), as well as those of humans and livestock in 
both areas. We also computed the overlap between carnivores and these 
groups to identify potential drivers of the observed differences.

To further evaluate the differences in diurnal, nocturnal, and 

crepuscular activity probabilities for red fox and Pallas’s cat in WF and 
non-WF areas, we calculated the activity probabilities using the 
Bayesian probabilistic multinomial modeling approach developed by 
Gerber et al. (2024) and implemented in the “Diel.Niche” package. We 
defined these periods based on available light at each camera trap 
location (Ensing et al., 2014; Hut et al., 2013). Specifically, daytime was 
classified as the period between the end of the morning astronomical 
dawn and the beginning of the astronomical dusk, while nighttime was 
defined as the interval from the end of the astronomical dusk to the start 
of the astronomical dawn. The remaining periods were categorized as 
dawn and dusk. We used the “Suncalc” package to calculate the solar 
angle, and categorize each independent event as daytime, nighttime, or 
twilight (Smith et al., 2024; Thieurmel et al., 2019). The diel niche 
model was fitted using three Markov chains with 5000 iterations each, 
discarding the first 1000 as burn-in.

2.3.3. Dietary analysis
To evaluate the trophic niche partitioning of red fox and Pallas’s cat 

in WF and non-WF areas, we constructed a food web network using the 
“bipartite” R package (Dormann et al., 2008) and quantified dietary 
niche overlap using Pianka’s O index (Ojk). We determined the food 
composition by calculating the relative read abundance (RRA) (Shao 
et al., 2021). Food niche width was calculated using Levin’s index, and 
interspecific diel activity overlap was evaluated using Ojk. We analyzed 
the differences in RRA-based dietary composition between red fox and 
Pallas’s cat using permutational multivariate analysis of variance (per
MANOVA) with 9999 permutations (implemented in the adonis func
tion) and visualized the results using non-metric multidimensional 
scaling (NMDS) based on Bray-Curtis dissimilarity (Oksanen et al., 
2013).

3. Results

Across 164 camera-trapping sites (excluding 17 sites due to equip
ment loss or damage), we recorded 13,156 independent events over 
22,854 effective camera days. We documented 62 independent events of 
Pallas’s cats, 840 events of red foxes, 327 events of humans, 795 events 
of prey (777 events of rats and 18 events of Pallas’s sandgrouse) and 
4609 events of livestock (Table 1). From 96 suspected carnivorous fecal 
samples, fecal DNA analysis yielded 62 usable samples (excluding 6 
Buteo lagopus, 5 Felis silvestris, 8 uncertain samples and 15 samples with 
insufficient quantities for sequencing). These samples included 32 from 
red foxes and 30 from Pallas’s cats (Table 1).

3.1. Spatial niche partitioning

We evaluated spatial niche partitioning by comparing occupancy 
rates between WF and non-WF areas. Spatial analysis showed that red 
foxes and Pallas’s cats had distinct habitat preferences (Table S1). Re
sults from single-species, single-season occupancy models indicated that 
red fox exhibited a significantly higher overall occupancy probability 
(estimated at 0.829 ± 0.10) compared to the Pallas’s cat (estimated 
occupancy probability of 0.414 ± 0.271). Based on the optimal model 
(ΔAIC ≤2), it was found that the occupancy rate of the red fox was 
influenced by vegetation cover and livestock encounter rate (Fig. 3, 
Table S2). Specifically, the occupancy rate decreased with an increase in 
the NDVI and was positively correlated with the livestock RAI (Fig. 3, 
Table S2). The Pallas’s cat occupancy rate was influenced by livestock 
encounter rate, wind turbine density, road density, and prey availability. 
For the Pallas’s cat, the occupancy rate decreased with increases in 
livestock RAI, RKD, and TKD but increased with higher prey RAI (Fig. 3, 
Table S2). The Wilcoxon rank-sum test revealed no significant difference 
in the occupancy rate between the red fox and Pallas’s cat in both the WF 
and non-WF regions (Fig. S1). Spatial overlap indices (Pianka’s index) 
were similar between WF (0.833, 95 % CI: 0.798–0.869) and non-WF 
areas (0.859, 95 % CI: 0.827–0.891), with no statistically significant 
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difference (Fig. 4).

3.2. Temporal niche partitioning

We assessed temporal niche partitioning through activity pattern 
analysis. There were some differences in activity patterns between red 
foxes and Pallas’s cats under WF disturbances. In non-WF areas, both 
species exhibited similar activity patterns with a high overlap coefficient 
(Δ4 = 0.81, 95 % CI: 0.79–0.95, p = 0.82) and peak activity occurring at 
dawn and dusk (Figs. 4, 5). In contrast, within WF areas (Δ4 = 0.76, 95 
% CI: 0.64–0.88, p = 0.06), Pallas’s cats shifted their activity peak to the 
midnight (22:00–24:00), reducing dawn activity, while red fox activity 
patterns remained largely unchanged (Figs. 4, 5).

Further analysis using diel niche models revealed that both red foxes 
and Pallas’s cats exhibited cathemeral activity patterns (active at mul
tiple times of the day) in WF and non-WF areas (Fig. S2). The red fox 
showed the highest nocturnal activity levels in both WF and non-WF 
areas, with activity probabilities of 0.482 (95 % CI = 0.421–0.543) in 
WF areas and 0.408 (95 %CI = 0.369–0.447) in non-WF areas (Fig. 6). In 
contrast, Pallas’s cats were more crepuscular in non-WF regions, with a 
twilight activity probability of 0.416 (95 % CI = 0.253–0.588), while 

their nocturnal activity increased in WF areas, reaching a probability of 
0.513 (95 % CI = 0.354–0.669) (Fig. S3, Table 2). Compared to non-WF, 
prey and livestock grazing activity patterns in WF showed less temporal 
variation with prey being predominantly nocturnal and grazing activ
ities occurring more frequently during the day, from sunrise to sunset. 
Human activity density was higher during daytime in WF areas.

3.3. Trophic niche partitioning

We identified 17 prey taxa from 62 samples, representing 8 taxo
nomic orders of vertebrates, with 15 identified at the species level, one 
at the genus level, and one at the family level. These included 10 
mammal species, two bird species, two reptile species, and three live
stock species. In both WF and non-WF areas, Pallas’s cats primarily 
consumed Cricetidae species (56.19 % in WF and 59.47 % in non-WF 
areas), followed by livestock (13.33 % in WF areas and 16.75 % in 
non-WF areas) and Midday jirds (13.91 % in WF areas and 12.91 % in 
non-WF areas) (Fig. 7). Red foxes, on the other hand, primarily 
consumed livestock (38.38 %) and Pallas’s Sandgrouse (29.07 %) in 
non-WF areas. In WF areas, their diet shifted to include more Midday 
jirds (17.93 %), livestock (14.2 %), and Pallas’s Sandgrouse (13.0 %) 
(Fig. 7). Among these, livestock detected in both WF and non-WF areas 
exclusively comprised sheep and Bactrian camels. In WF areas, sheep 
accounted for 73.17 % of Pallas’s cats livestock consumed versus 26.83 
% for Bactrian camels. This proportion was 74.00 % versus 26.00 % in 
non-WF areas. For red foxes in WF areas, the ratio was 70.60 % versus 
29.40 %, and 53.21 % versus 46.79 % in non-WF areas.

Trophic niche overlap between red foxes and Pallas’s cats was higher 
in WF areas (Ojk = 0.482, 95 % CI: 0.391–0.901) compared to non-WF 
areas (Ojk = 0.305, 95 % CI: 0.21–0.884) (Fig. 4). Dietary differences 
were more pronounced in non-WF areas, as shown by perMANOVA and 
NMDS analyses (Fig. 7). The Levin index revealed that red foxes had a 
narrower trophic niche width in WF areas (2.64 ± 1.66) compared to 
non-WF areas (3.57 ± 1.62), while Pallas’s cats exhibited a slightly 
narrower niche width in WF areas (1.53 ± 0.45) compared to non-WF 
areas (1.84 ± 0.62).

Fig. 3. The curve illustrates the relationship between the species occupancy 
rates and covariates derived from the optimal model (ΔAIC ≤ 2). The red curves 
depict the associations between red fox occupancy and covariates (A–B), while 
the blue curves represent the relationships between Pallas’s cat occupancy and 
covariates (C–F). The solid line denotes the fitted polynomial regression, and 
the grey region represents the 95 % confidence interval. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.)

Fig. 4. The intraspecific and interspecific spatial overlap (Pianka’s index), 
temporal activity overlap (Δ4 overlap coefficient), dietary overlap (Pianka’s 
index) and confidence intervals of red foxes and Pallas’s cats in wind farm (WF) 
and non-wind farm (non-WF) areas. (A) Interspecific niche overlap between red 
foxes and Pallas’s cats in WF and non-WF areas; (B) Intraspecific niche overlap 
between WF and non-WF areas for each species.
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4. Discussion

Our study demonstrates that multidimensional niche partitioning 
may be essential for understanding the competition and coexistence 
between red foxes and Pallas’s cats in response to WF disturbances. As 

expected, our results support the hypothesis that trophic niche overlap 
between these carnivores is higher in WF areas than in non-WF areas. 
Concurrently, Pallas’s cats exhibited a temporal shift toward deeper 
nocturnal activity to avoid human presence. This behavioral adjustment 
reduced temporal niche overlap with red foxes, likely constituting the 

Fig. 5. Kernel density curves depicting the daily activity patterns of red foxes and Pallas’s cats in wind farm (WF) and non- wind farm (non-WF) areas. The shaded 
represents the temporal overlap between the two distributions, and the area represents the overlap coefficient (Δ4). The P-value was obtained from the Wald test.

Fig. 6. Estimated activity probabilities from diel niche model of red foxes and Pallas’s cats.
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core mechanism enabling their coexistence in WF areas. This result 
highlights the need for conservation strategies that consider both 
spatial, temporal and trophic niche dynamics，and strategic placement 
of WFs and management of prey resources may help mitigate these 
impacts and promote coexistence.

WF disturbances had distinct spatial effects on red foxes and Pallas’s 
cats, driven by the differences in their ecological traits and responses to 

human activities. Red foxes preferred areas with higher livestock 
encounter rates, demonstrating their adaptability to anthropogenic en
vironments, potentially mediated by exploitation of anthropogenic food 
subsidies associated with grazing practices. In contrast, Pallas’s cats 
preferred habitats rich in prey and low in human disturbance, avoiding 
areas with high road and turbine densities. These findings align with 
previous research highlighting the sensitivity of Pallas’s cats to habitat 

Table 2 
Temporal activity overlap (Δ4 overlap coefficient) and confidence intervals of red foxes and Pallas’s cats with prey, human and livestock in wind farm (WF) and non- 
wind farm (non-WF) areas.

Red fox Pallas’s cat

Non-WF WF Non-WF WF

Prey 0.61 (0.54–0.64) 0.65 (0.56–0.69) 0.54 (0.37–0.68) 0.63 (0.43–0.71)
Human 0.43 (0.31–0.46) 0.55 (0.45–0.59) 0.44 (0.25–0.53) 0.56 (0.40–0.70)
Livestock 0.49 (0.45–0.52) 0.46 (0.39–0.50) 0.52 (0.35–0.67) 0.46 (0.32–0.62)

Fig. 7. Dietary niche partitioning among red foxes and Pallas’s cats in wind farm (WF) and non-wind farm (non-WF) areas. At the top, bipartite food webs are 
depicted for both WF and non-WF areas (A–B). Below is the NMDS of RRA-based Bray-Curtis dissimilarity between red foxes and Pallas’s cats in both areas (C–D).
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fragmentation and human activity (Ross et al., 2010a, 2020). Never
theless, spatial overlap analysis revealed no significant difference in the 
overlap between WF and non-WF areas. This may be due to WF man
agement practices, such as fencing and road maintenance, which reduce 
livestock abundance in the area, while red foxes are more likely to 
occupy the regions with livestock grazing. The prey distribution may be 
crucial in shaping the spatial patterns of both species. This suggests that 
while WF disturbances influence habitat preferences, spatial niche dif
ferentiation is minimized by factors such as prey availability, livestock 
distribution, and habitat conditions in both WF and non-WF areas. 
Conservation strategies should prioritize the management of prey re
sources to reduce competition and promote coexistence in WF areas. 
Ensuring sufficient prey availability is essential for maintaining stable 
populations and reducing human-wildlife conflict.

Besides the spatial niche dynamics, temporal niche adjustments also 
emerged as a critical adaptive strategy for Pallas’s cats under WF dis
turbances, where daytime human activity has significantly increased 
because of turbine maintenance and improved road accessibility. Their 
increased midnight activity reduces the temporal overlap with red foxes 
and better aligns with the activity patterns of their prey. In contrast, red 
foxes maintained their mainly nocturnal activity patterns in both WF 
and non-WF areas, demonstrating higher tolerance to human distur
bances. These results support previous research suggesting that mam
mals often become more nocturnal in response to human activity 
(Gaynor et al., 2018). These results support our hypothesis that WF 
disturbances drive temporal niche segregation, allowing Pallas’s cats to 
reduce direct competition with red foxes. This suggests that temporal 
niche shifts may be a critical adaptive mechanism for Pallas’s cats to 
coexist with red foxes under WF disturbances. However, the increased 
temporal overlap between carnivores and humans in WF areas may 
intensify stress and degrade habitat quality for sensitive species like 
Pallas’s cats. Future management should strive to minimize human ac
tivity during the key periods of carnivore activity to maintain temporal 
niche dynamics.

In the trophic niche, our results revealed higher niche overlap be
tween red foxes and Pallas’s cats in WF areas compared to non-WF areas. 
This pattern likely stems from prey community disruption caused by WF 
disturbances. Supporting this, two of the four WF sites exhibited lower 
prey RAI than paired non-WF sites. Furthermore, grazing restrictions 
within WFs limited red foxes’ access to anthropogenic food subsidies, 
forcing both species to rely on depauperate prey communities in WF 
areas. Consequently, the increased trophic niche overlap indicates 
heightened resource competition potential. Notably, red foxes 
consumed more livestock in non-WF areas with higher livestock RAI, 
highlighting their generalist foraging strategy and adaptability to 
human-modified landscapes (Hoffmann and Sillero-Zubiri, 2021). 
Conversely, Pallas’s cats maintained a specialized diet mainly consisting 
of Cricetidae species, consistent with their ecological traits as dietary 
specialists (Ross et al., 2010b). Such dietary specialization is known to 
make species more vulnerable to environmental changes (Boyles et al., 
2007). Livestocks like sheep and Bactrian camels, constituted 
13.33–16.75 % of Pallas’s cat diets. We hypothesize that this derives 
from scavenging on carcasses from geographically induced mortality (e. 
g., falls/injuries), a behavior potentially shared by foxes. Our trophic 
analysis underscores that prey resource management may be imperative 
for balancing WF development with carnivore conservation.

As discussed above, the niche partitioning mechanisms between red 
foxes and Pallas’s cats under WF disturbance exhibit complex in
terdependencies across temporal, spatial, and trophic dimensions. Our 
results demonstrate that when WF disturbances constrain trophic niche 
availability through prey resource reduction, these carnivores alleviate 
competitive pressure by temporal niche differentiation. Consistent with 
existing frameworks, anthropogenic disturbances that limit one niche 
dimension often trigger compensatory shifts in other dimensions to 
facilitate coexistence among competing carnivores (Manlick and Pauli, 
2020; Smith et al., 2024). This restructuring of interspecific niche 

partitioning is mediated by disturbance intensity, species-specific 
behavioral adaptations, and prey supply dynamics (Chen et al., 2023; 
Penjor et al., 2022; Smith et al., 2024). However, these different stra
tegies reduce the competition between the two mesocarnivore species 
and highlight potential vulnerabilities, especially for species with 
specialized diets. As global energy transition accelerates, these multi
dimensional insights become critically important for balancing climate 
solutions with biodiversity conservation imperatives.

Grassland and desert ecosystems, with their high wind potential and 
low human population density, are increasingly being targeted for wind 
energy development. Concurrently, in our study, the Pallas’s cat is 
endemic to the grasslands and deserts of Central Asia (Ross et al., 2020), 
and exhibits greater vulnerability to WF impacts than red fox which 
more tolerant to human disturbance. Although widely distributed across 
Central Asia, the overall population density of Pallas’s cats remains low 
(Ross et al., 2020). Studies utilizing radio collars and camera traps have 
reported densities ranging from 4 to 15 per 100 km2 (Ross et al., 2010a; 
Anile et al., 2021). This species is particularly sensitive to habitat frag
mentation and anthropogenic disturbance (Ross et al., 2019), relying 
critically on intact habitat structure and stable prey availability. To 
mitigate extinction risks, we propose strategic WF siting that avoids core 
habitats of viable Pallas’s cat populations during planning phases. 
Concurrently, implement ecological restoration through revegetation of 
temporarily disturbed zones and comprehensive construction waste 
removal, ensuring prey population recovery. Finally, enforce strict ac
cess control via road surveillance systems to restrict non-essential 
personnel entry within WF perimeters.

5. Conclusion

This study highlights the multifaceted effects of WF disturbances on 
niche partitioning among sympatric carnivore species, revealing distinct 
yet interconnected adaptive strategies. While our study highlights the 
impact of WFs, other factors such as climate change and disease prev
alence could also influence these patterns. However, given the spatial 
and temporal consistency of our findings, we believe that WF distur
bances are the primary driver. Under the disturbance, the reduction of 
potential prey resources may increase trophic niche overlap between 
Pallas’s cats and red foxes. However, the temporal avoidance of human 
activities by Pallas’s cats has reduced the temporal niche overlap with 
red foxes, thereby facilitating coexistence between these species within 
WF areas. These results highlight the complex balance between 
competition and coexistence in human-altered landscapes. Moreover, 
they also emphasize the importance of considering multidimensional 
niche dynamics in conservation planning and WF management. By 
integrating habitat preservation, prey management, and strategic WF 
placement, this study offers a novel approach to balancing renewable 
energy development with biodiversity conservation, providing action
able insights for future conservation efforts. Future research should 
focus on long-term monitoring of WF impacts on wildlife communities. 
Conservation strategies should prioritize habitat preservation and prey 
management to mitigate the effects of renewable energy development.
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