
Ecology and Evolution. 2021;11:17801–17809.	﻿�    |  17801www.ecolevol.org

Received: 23 June 2021  |  Revised: 9 October 2021  |  Accepted: 20 October 2021

DOI: 10.1002/ece3.8307  

R E S E A R C H  A R T I C L E

Camera trap reveals the co-occurrence patterns of two 
sympatric muntjac species in southern Anhui Province, China: 
No spatial segregation

Shuaitao Deng1,2 |   Jiaqi Li3 |   Yashu Qu1 |   Jun He1 |   Kai Liu1 |   Hui Xue4 |   
Peng Cui3 |   Xiangdong Ruan5 |   Hailong Wu1

This is an open access article under the terms of the Creat​ive Commo​ns Attri​bution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.
© 2021 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Shuaitao Deng and Jiaqi Li contributed equally to this paper. 

1Collaborative Innovation Center of 
Recovery and Reconstruction of Degraded 
Ecosystem in Wanjiang Basin Co-founded by 
Anhui Province and Ministry of Education, 
Provincial Key Laboratory of Biotic 
Environment and Ecological Safety in Anhui, 
School of Ecology and Environment, Anhui 
Normal University, Wuhu, China
2Shanghai Wildlife and Protected Natural 
Areas Research Center, Shanghai, China
3Ministry of Ecology and Environment of the 
People's Republic of China, Nanjing Institute 
of Environmental Sciences, Nanjing, China
4College of Life Sciences, Anhui Normal 
University, Wuhu, China
5Academy of Inventory and Planning, 
National Forestry and Grassland 
Administration, Beijing, China

Correspondence
Hailong Wu, Anhui Normal University, 
School of Ecology and Environment, Wuhu 
241000, China.
Email:whlong@mail.ahnu.edu.cn

Xiangdong Ruan, Academy of Inventory and 
Planning, National Forestry and Grassland, 
Beijing 100714, China.
Email:xdruan@163.com

Funding information
This study was supported by the 
Biodiversity investigation, observation, 
and assessment program of Ministry of 
Ecology and Environment of China and 
by National Basic Research Project of the 
Ministry of Science and Technology of China 
(2015FY110200).

Abstract
The competitive relationship and coexistence pattern among close related species 
have long been one of the hot issues in ecological research. Interspecies interactions 
can exert important influences on the local distribution of rare species. Black muntjac 
Muntiacus crinifrons is an endemic species to eastern China, currently restricted to 
limited regions. In contrast, Chinese muntjac Muntiacus reevesi is the most common 
and widespread deer in southern China. Both species co-occur in southern Anhui 
and western Zhejiang Province. Little is known about the interaction of these two 
sympatric-related species. In this study, to investigate the site use determinants and 
co-occurrence pattern of the two sympatric muntjac species, we conducted a camera 
trap survey across about 250 km2 in mountainous area of southern Anhui Province, 
China. We adopted a multistep approach to incorporate habitat preferences while 
modeling occupancy and detection. We found that the two species did not sepa-
rate along elevation gradient (range from 400 m to 1,400 m) as described in previ-
ous studies. Results of single-species occupancy models indicated that elevation had 
positive effects on the site use of both species, while slope had an opposite influence 
on their site use. Positive effects of elevation on the site use implied that both species 
try to avoid human interference at low elevations. Significant negative effect of slope 
on the site use of black muntjac suggested that the species prefer habitat with gen-
tle slope and avoided steep. Co-occurrence models and species interaction factors 
provided evidence that the two muntjac species had an independent occupancy (ψBM 

CM = ψBM cm, SIF = 1) and exhibited a positive species interaction in detection prob-
ability (pBM < rBM CM). Combined with the results of previous studies, we suggested 
that it was fine differentiation in microhabitats and food resources utilization rather 
spatial or temporal segregation that allowed the two species co-occurrence. The site 
use determinants revealed in our study would be useful for the habitat conservation 
and restoration for the rare black muntjac, and the co-occurrence pattern of the two 
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1  | INTRODUC TION

Identifying the drivers of species coexistence is the key to under-
standing community assembly processes and the potential effects 
of environmental change (Alexander et al., 2015; Kohli et al., 2018). 
Morphologically similar and closely related sympatric species are ex-
pected to have high niche overlap and competition under conditions 
of limited resources (Schoener, 1974). In heterogeneous environ-
ments, niche segregation functions as a mechanism of coexistence 
among competitors, usually along spatial, temporal, and trophic axis 
(Amarasekare, 2003; Macandza et al., 2012; Mahendiran, 2016; 
Pokharel et al., 2015; Stewart et al., 2003). Of which, habitat is the 
major niche factor most frequently partitioned (Schoener, 1974). For 
example, in subtropical regions, two sympatric similar ungulates, 
Tetracerus quadricornis and Muntiacus vaginalis, exhibited a clear 
niche differentiation along environmental gradient (Pokharel et al., 
2015). In Southeast Asia's tropical forests, Asian tapirs (Tapirus in-
dicus) and several other sympatric ungulates showed a range of dif-
ferences in response to environmental variables (Lynam et al., 2012). 
For example, tapirs tended to find in wetter locations and more 
closed forest habitats. In contrast, the other sympatric ungulates 
including gaur (Bos gaurus), red muntjac (Muntiacus muntjak), and 
sambar (Rusa unicolor) preferred drier areas, more open habitats, and 
gentler slopes. Among them, the gaur occupied lower elevations, the 
red muntjac occurred at higher elevations, and the sambar inhabited 
closer to water (Lynam et al., 2012).

Abiotic and biotic factors operate in concert on species distri-
butional patterns, but may be effective at different scales (Chirima 
et al., 2013; Morin & Lechowicz, 2008). Habitat selection and inter-
specific competition can shape the abundance and distribution of 
species at local scale (Jezkova, 2020; Rosenzweig, 1981; Schoener, 
1974). Habitat and interspecific relationships of rare species need 
special attention because biodiversity losses occurred largely 
through the disappearance of these species within regional assem-
blages (Chirima et al., 2013). Black muntjac (Muntiacus crinifrons) is 
an endemic species to eastern China and mainly occurs in moun-
tainous areas of southern Anhui Province and western Zhejiang 
Province (Lu & Sheng, 1984; Sheng & Lu, 1980). Due to its limited 
distribution range and small population size (Ohtaishi & Gao, 1990), 
the species has been listed as national first-grade protected species 
in China, and IUCN red directory listed it as vulnerable animal. Two 
other similar deer, Chinese muntjac (Muntiacus reevesi) and tufted 
deer (Elaphodus cephalophus), were found co-occurrence in its dis-
tribution area (Sheng & Lu, 1980). Compared with black muntjac, 
both Chinese muntjac and tufted deer are common species and 

widespread in subtropical forests in China (Ohtaishi & Gao, 1990). 
Studies showed that the three sympatric deer species shared sim-
ilar diets comprising tender twigs, leaves, and fruits of a diverse 
range of trees, shrubs, vines, and herbs (Lu & Sheng, 1984; Ou et al., 
1981; Sheng & Lu, 1980). Therefore, there was potential resources 
exploitation competition among them. Previous studies suggested 
that these species segregated spatially along elevation gradient, 
which allowed them coexistence (Sheng, 1987; Sheng & Lu, 1980). 
Specifically, the black muntjac was limited to high luxuriant forest 
with altitude about 1,000 m, the Chinese muntjac inhabited low hilly 
land with altitude about 400–500 m, and the tufted deer occurred 
in the intermediate altitudes between the abovementioned species 
(Sheng, 1987; Sheng & Lu, 1980).

Because of their agile and elusive nature, few studies have con-
ducted on the distribution dynamics and interspecific relationship 
of these sympatric deer. Based on the hunting harvest in winters 
between late 1970s and early 1980s in southern Anhui and western 
Zhejiang, the relative abundance (RA, expressed as percentage of 
the total sample deer number) was estimated 84.5%, 8.6%, and 6.9% 
for Chinese muntjac, black muntjac, and tufted deer, respectively (Lu 
& Sheng, 1984). Thus, at that time, the RA of Chinese muntjac was 
almost ten times that of black muntjac and the RA of black muntjac 
was slightly higher than that of tufted deer. However, in our recent 
surveys, we found that the RA of black muntjac was nearly one fifth 
of that of Chinese muntjac, and no images of tufted deer were cap-
tured in the surveyed regions (Liu et al., 2017). Obviously, there have 
been significant changes in the RAs of the three deer species over 
the past 40 years in these regions, and the tufted deer had vanished 
from these regions was possibly due to interspecific competition 
(Liu et al., 2017). Spatial segregation might not be the mechanism al-
lowing these deer coexistence. The co-occurrence patterns of black 
muntjac and Chinese muntjac in these regions need further survey.

Occupancy modeling is increasingly used in monitoring pro-
grams, especially when targeting elusive species (MacKenzie et al., 
2002, 2006). It represents an unbiased and cost-effective method 
to assess habitat use and estimate the occurrence of a species sup-
porting robust estimates of spatial distribution status and trends 
(MacKenzie et al., 2002). Co-occurrence models allow one to es-
timate the occurrence patterns of multiple species at a single site 
while explicitly fitting habitat covariates and investigating changes in 
occupancy and detection of one species in response to the presence 
of another (MacKenzie et al., 2004; Richmond et al., 2010; Steen 
et al., 2013). Camera trapping has proved useful for recording elu-
sive deer with high detection efficiency (Rovero et al., 2014). In this 
study, we conducted a camera trap survey and applied occupancy 

sympatric muntjac species could provide useful information for deep understanding 
of the coexistence mechanism among forest-dwelling ungulates.
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modeling to investigate the co-occurrence patterns of black muntjac 
and Chinese muntjac in southern Anhui Province. Our primary ob-
jective was to evaluate (1) those habitat variables that explained the 
occurrence for black muntjac and Chinese muntjac; (2) whether the 
two sympatric muntjac species segregated along elevation gradient; 
(3) whether the Chinese muntjac presence had a negative effect on 
the occupancy and detection probabilities of the black muntjac. Our 
results will aid in understanding the coexistence mechanism of simi-
lar ungulates in subtropical montane forest and be useful for conser-
vation management of the rare black muntjac.

2  | MATERIAL S AND METHODS

2.1 | Study area

The mountainous area of southern Anhui Province lies within the mid-
dle subtropical monsoon region of eastern China, bordering Zhejiang 
Province in the southeast, Jiangxi Province in the southwest, and the 
plains and hills along the Yangtze River in the north (Figure 1). The area 
presents subtropical humid monsoon climate, with annual precipita-
tion of 1,200–1,700 mm, annual mean sunshine duration of 1,800–
2,100 h, annual mean temperature of 15.4°C–16.3°C, and frost-free 

duration of 230 days. The zonal vegetation is evergreen broad-leaved 
forest. Other vegetation includes deciduous broadleaf forest, mixed 
coniferous and broad-leaved forests, and bamboo stands.

The study area encompasses well-preserved broad-leaved for-
ests and mixed coniferous and broad-leaved forests, represent-
ing the main distribution areas of the black muntjac in southern 
Anhui Province. Our surveys conducted during summer or autumn 
between 2014 and 2016. In total, one hundred and eight camera 
traps were placed covering an area of about 250 km2 (coordinates 
117°15′–118°17′E, 29°59′–30°40′N; Figure 1). Of which, eleven in-
frared cameras were not properly operational or lost during the study 
period, and the remaining ninety-seven camera traps functioned 
effectively (Table S1). To increase the probability of target animals 
being photographed, in the broad-leaved forests or mixed coniferous 
and broad-leaved forests at elevations of 400–1,500 m, camera traps 
were often set on the tracks they are likely to pass through.

2.2 | Camera settings and parameters

Infrared cameras used in this study were Ltl Acorn 6210  MC de-
vices (XiaHan Creations), with images comprising 12 million pixels. 
Each camera was installed with a memory card (16 G SD) and 12 

F I G U R E  1   Study area and locations of camera traps in southern Anhui Province, China
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AA batteries (4 working batteries and 8  spare batteries), and the 
shooting mode was set to work continuously for 24 h. The minimum 
time interval between two photographs was 1 s. After each trigger, 
three photographs were shot continuously and a 30-sec video was 
taken. Infrared cameras were mounted 0.4  m above the ground, 
and camera lens was adjusted so that they were generally parallel 
to the slope surface according to the topography. The location of 
each camera trap station was determined using GPS. The distance 
between two neighboring cameras was at least 500 m. Most infrared 
cameras well worked lasting for 120 days.

2.3 | Covariates

Previous studies showed that vegetation types, canopy density, and 
elevation were the main environmental factors influencing the dis-
tribution of black muntjac (Lu & Sheng, 1984; Sheng & Lu, 1980). 
Camera traps in this study were all set up in the broad-leaved for-
ests, mixed coniferous and broad-leaved forests, which was the 
preferred habitat of muntjac species because such kind of habitat 
could provide them with a rich source of food as well as good shel-
ter (Sheng & Lu, 1980; Zheng et al., 2006). Additionally, because 
both species were very sensitive to human disturbance, all infrared 
cameras were placed in sites that were not easily accessible to hu-
mans. Therefore, vegetation types and anthropogenic factors were 
not included in the covariates incorporated in our models. An early 
study showed that black muntjac are usually found on rolling steep 
hills and on sheer precipices (Sheng & Lu, 1980). However, several 
other forest-dwelling ungulates were found preferred gentle slope 
(Lynam et al., 2012). In order to evaluate the influence of slope on 
the occupancy of black muntjac and Chinese muntjac, in this study, 
slope (Slo) as well as elevation (Ele) and canopy (Can) were chosen 
as covariates for model detection and occupancy. The elevation of 
each camera site was recorded at the time of camera trap installa-
tion as mentioned above. Slope was the angle of inclination to the 
horizontal within 30  m of each camera trap site. Canopy density 
was estimated using ocular estimates of % vegetation overhead 
(Daubenmire, 1959).

2.4 | Occupancy modeling

Occupancy models make use of spatial–temporal replicated data 
(Bailey et al., 2004) and combine the detected/undetected data of 
target species in each sampling period to describe maximum likeli-
hood estimation of detection probability (p) and occupancy probabil-
ity (ψ) (Stanley & Royle, 2005). To increase the detection probability 
for each sampling period and reduce zero inflation in the dataset, we 
combine 10 days into a single survey period for each camera trap 
site, resulting in 12  sampling occasions. For both species, detec-
tion was defined as the capture of an individual by a single cam-
era trap.  Species detection was recorded as “1” for detection and 
“0” for nondetection during each 10-day period. Photographs of all 

individuals of the target species during one sampling period were 
counted as a single detection.

Our analyses were at the scale of camera trap sites rather than 
home ranges because no information of the size of home ranges 
of the two muntjacs can be available in our study area. The two 
muntjacs were likely to travel between camera sites during the sam-
pling period; thus, the basic assumption of closure may be invalid 
(MacKenzie et al., 2006). Therefore, we interpreted occupancy (ψ) 
as the probability of site use. All covariates were first normalized 
to z scores before analysis and then screened for collinearity with a 
Spearman's correlation test, resulting no strong correlation among 
them (all r < 0.2, Appendix S2).

We adopted a two-stage modeling approach to incorporate 
habitat preferences while investigating the co-occurrence patterns 
(Robinson et al., 2014). In the first stage, we used single-species 
occupancy models to identify relevant covariates for both species. 
We first defined a global model for occupancy ψ (Ele + Slo + Can) 
and held the global ψ constant as we developed the most suitable 
model for detection probability (p). Then carried the covariate from 
the best-fitting p model and built a second set of candidate models 
to test the effects of covariates on occupancy probabilities (Royle & 
Nichols, 2003). To identify the best ψ model, we fitted all combina-
tions of the three covariates (Ele, Slo, and Can) (Appendices S3 and 
S4). We evaluated candidate models and estimated parameters using 
PRESENCE software (Hines, 2016) to determine the covariates that 
best explain the occupancy and detection probabilities. We ranked 
candidate models using Akaike's information criterion (AIC) and ex-
cluded all models that did not converge. We considered the covari-
ate(s) from the top-ranked model(s) (models with ΔAIC < 2) as the 
most likely determinant(s) of the species’ occupancy. The relative im-
portance of each covariate was assessed by summing AIC weights of 
all models that included the covariate (Burnhan & Anderson, 2002).

In the second stage, we investigated whether the presence of 
Chinese muntjac influences the occupancy and detection proba-
bility of black muntjac using two-species occupancy models, while 
incorporating the best-supported covariates identified in the first 
stage. We performed parameterization in PRESENCE software 
(Hines, 2016), assuming that the Chinese muntjac (CM) was the dom-
inant species and the black muntjac (BM) the subordinate species. 
Because the Chinese muntjac was the most widespread muntjac in 
China, while the black muntjac was a rare species confined in limited 
regions (Ohtaishi & Gao, 1990), and the former had a much higher 
RA in the study area than that of the latter (Liu et al., 2017; Lu & 
Sheng, 1984). We estimated the following probabilities: ψCM (occu-
pancy probability of the dominant species, i.e., the Chinese muntjac), 
ψBM CM (occupancy probability of the subordinate species, i.e., the 
black muntjac, when the dominant is present), and ψBM cm (occupancy 
probability of the subordinate species in the absence of the dominant 
species). We built a set of a priori models that assumed that the pres-
ence of the dominant species influenced the subordinate (ψCM ≠ ψBM 

CM ≠ ψBM cm) and constrained models where the occupancy of the 
subordinate was independent of the presence of the dominant spe-
cies (ψCM ≠ ψBM CM = ψBM cm). The SIF (species interaction factor) is a 
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ratio of how likely the two species are to co-occur compared to what 
would be expected under a hypothesis of independence (Richmond 
et al., 2010). If SIF = 1, the species co-occur or are detected together 
about as frequently as expected under the null hypothesis of inde-
pendence, while SIF < 1 suggests avoidance and SIF > 1 indicates 
co-occurrence. We used AIC to rank candidate models. To infer 
about the co-occurrence patterns, we considered the estimated pa-
rameters of the top-ranked models (ΔAIC < 2) and the calculated SIF.

For detection probability, we estimated the following parame-
ters: pCM (probability of detecting the dominant species, given the 
absence of the subordinate), pBM (probability of detecting the sub-
ordinate, given the absence of the dominant), rCM (probability of de-
tecting the dominant, given both are present), rBM CM (probability of 
detecting the subordinate, given both are present and the dominant 
is detected), and rBM cm (probability of detecting the subordinate spe-
cies, given both are present and the dominant is not detected). We 
built a set of a priori models assuming that the detection probabili-
ties of each species were independent of the presence or detection 
of the other (pCM = rCM and pBM = rBM CM = rBM cm) and models where 
each species was influenced by the presence and detection of the 
other (pCM ≠ rCM and pBM ≠ rBM CM ≠ rBM cm).

3  | RESULTS

Totally, the Chinese muntjac was captured at 74 camera trap sites 
and its naïve occupancy was 0.76 (74/97) (Appendix S1). In contrast, 
the black muntjac was recorded by 38 camera traps and its naïve oc-
cupancy was 0.39 (38/97) (Appendix S1). Both species were found 
inhabiting throughout the elevation range of 400 m−1,400 m in the 
surveyed regions. In addition, 82% (31/38) of the camera sites re-
cording black muntjac also found Chinese muntjac (Appendix S1), 
indicating a high degree of habitat overlap between the two species.

3.1 | Single-species occupancy models

The detection of Chinese muntjac was best explained by model of 
slope (AICw = 0.47), while the detection of black muntjac was best 
illustrated by model of elevation (AICw  =  0.28) (Table 1). Model 
average of the beta coefficients for covariates included in the 
top-ranking single-species models indicated that slope had a well-
supported negative effect on the detection of Chinese muntjac 
(β ± SE = −0.23 ± 0.09), while elevation exerted a strong negative 
effect on the detection of black muntjac (β  ±  SE  =  −0.55  ±  0.23) 
(Table 2).

The occupancy of Chinese muntjac was best explained by 
model comprising canopy and elevation (AICw = 0.21), and that of 
black muntjac was best illustrated by model of slope (AICw = 0.27) 
(Table 1). Summed AICw indicated that canopy (0.63) was the most 
important covariate accounting for the occupancy of Chinese munt-
jac, while slope (0.75) was the first determinant of black muntjac’ 
occupancy. Elevation had a similar effect on the occupancy of both 

species, with summed AICw of 0.56 for Chinese muntjac and 0.52 
for black muntjac (Appendix S5). Model average of β value indicated 
that canopy and elevation had significant positive effects on the oc-
cupancy of Chinese muntjac (β ± SE = 0.53 ± 0.30 and 0.62 ± 0.40, 
respectively). For black muntjac, elevation also had a well-supported 
positive effect on the site use (β ± SE = 0.64 ± 0.46); however, slope 
exhibited a strong negative influence on it (β ± SE = −0.57 ± 0.29) 
(Table 2). Additionally, slope had positive effects on the occupancy 
of Chinese muntjac and canopy also had positive effects on that of 
black muntjac, but neither was significant (Table 2).

3.2 | Co-occurrence occupancy models

There was no evidence that the presence of Chinese muntjac influ-
enced the probability of site use of black muntjac (ψBM CM = ψBM cm). 
After accounting for covariate (slope), there was no change in the oc-
cupancy probability of black muntjac with the presence of Chinese 
muntjac (Table 3). The species interaction factor also suggested in-
dependence between the two muntjac species (SIF = 1; Table 4).

As for detection, of the two top-ranked models, one was ac-
counting for covariates and the other was not (Table 3). Both mod-
els indicated that the presence of Chinese muntjac had positive 
influences on the detection probability of black muntjac (pBM < rBM 

CM; Table 4). This positive species interaction may be explained by 
common preference of the two species for vegetation types (broad-
leaved forests, mixed coniferous, and broad-leaved forests) as men-
tioned above.

4  | DISCUSSION

In this study, we evaluated the distribution status, determinants of 
site use, and co-occurrence patterns of two sympatric muntjacs in 
southern Anhui Province.

As was expected, the Chinese muntjac found across most of the 
camera trap sites (74/97), while the black muntjac was recorded in 
less than half of the sites (38/97) and exhibited a relative low oc-
cupancy (Appendix S1). We also confirmed the result of our earlier 
study (Liu et al., 2017) that the RA of tufted deer might be extremely 
low and even disappear from this area, because no image of the spe-
cies was recorded by any of the camera traps in this study. The ratio 
of the RA of the black muntjac and the Chinese muntjac (data not 
shown) was similar to the value reported by Liu et al. (2017), which 
was higher than that (about 1:10) obtained by Lu and Sheng (1984) 
during 1978–1979. These results indicated that, in the last few de-
cades, the RA of the black muntjac has increased significantly while 
that of the tufted deer has decreased sharply in this area. Previous 
studies showed that the feeding habits of the black muntjac and the 
sympatric tufted deer were similar, with the major plant species in 
their diets being identical (Lu & Sheng, 1984; Ou et al., 1981). Thus, 
the changes in the RAs of the two sympatric species might be re-
sulted from potential interspecific competition.
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Results from two-species occupancy models indicated an inde-
pendent occurrence pattern of the two muntjacs in the study area 
(Tables 3 and 4). Habitat partitioning is often suggested the primary 
mechanism for coexistence between similar species (Schoener, 
1974; van Beest et al., 2014), which was also verified in several 
forest-dwelling ungulates (Lynam et al., 2012; Pokharel et al., 2015). 
However, we found that the two muntjacs did not separate along 
elevation gradient because their habitats highly overlapped, which 
disproved previous hypothesis that the two sympatric species 
were spatially separated (Sheng, 1987; Sheng & Lu, 1980). These 

results suggested that spatial segregation be not the mechanism 
allowing the two muntjac species co-occurrence in the study area. 
Additionally, previous studies showed that the two species were 
strictly diurnal animal and shared a similar daily activity rhythm (Liu 
et al., 2017; Zhang et al., 2012), implying that the two muntjac spe-
cies might also not be differentiated in temporal niche.

We suggested several potential mechanisms that allowed the 
two animals to coexist. Firstly, model average of the beta coeffi-
cients confirmed that both muntjacs tended to live at higher alti-
tudes (Table 2), which could be interpreted as both species trying 

TA B L E  1   Summed single-species occupancy models selection results indicating the role of covariates in determining probabilities of 
Chinese muntjac (CM) and black muntjac (BM) detection and site use, showing estimated occupancy probability (ψ) and detectability (p) for 
the models with ∆AIC <2

Species Model AIC ΔAIC AICw ML K LL p/ψ

CM Detection model selection

ψ (Slo + Ele + Can), p(Slo) 1143.69 0 0.47 1.00 6 1131.69 .268

ψ (Slo+Ele + Can), p(Slo + Can) 1145.46 1.77 0.20 0.41 7 1131.46 .267

ψ (Slo+Ele + Can), p(Ele + Slo) 1145.61 1.92 0.18 0.38 7 1131.61 .268

Occupancy model selection

ψ (Ele + Can), p(Slo) 1142.75 0 0.21 1.00 5 1132.75 .782

ψ (Can), p(Slo) 1142.92 0.17 0.19 0.92 4 1134.92 .781

ψ (Ele), p(Slo) 1143.56 0.81 0.14 0.67 4 1135.56 .783

ψ (Slo + Ele + Can), p(Slo) 1143.69 0.94 0.13 0.63 6 1131.69 .784

ψ (Slo + Can), p(Slo) 1144.11 1.36 0.10 0.51 5 1134.11 .783

ψ (.), p(Slo) 1144.27 1.52 0.10 0.47 3 1138.27 .782

ψ (Slo + Ele), p(Slo) 1144.57 1.82 0.08 0.40 5 1134.57 .785

BM Detection model selection

ψ (Slo + Ele + Can), p(Ele) 516.96 0 0.28 1.00 6 504.96 .133

ψ (Slo + Ele + Can), p(Ele + Slo) 517.68 0.72 0.20 0.70 7 503.68 .128

ψ (Slo + Ele+Can), p(Can + Ele) 517.97 1.01 0.17 0.60 7 503.97 .133

ψ (Slo + Ele + Can), 
p(Slo + Ele + Can)

518.15 1.19 0.16 0.55 8 502.15 .126

Occupancy model selection

ψ (Slo), p(Ele) 514.98 0 0.27 1.00 4 506.98 .474

ψ (Slo + Ele), p(Ele) 515.07 0.09 0.26 0.96 5 505.07 .490

ψ (Ele), p(Ele) 516.72 1.74 0.12 0.42 4 508.72 .507

ψ (Slo + Can), p(Ele) 516.87 1.89 0.11 0.39 5 506.87 .475

ψ (Slo + Ele + Can), p(Ele) 516.96 1.98 0.10 0.37 6 504.96 .492

CM BM

Covariates β coefficient ± SE β coefficient ± SE

Detection Can 0.04 ± 0.09 0.20 ± 0.18

Slo −0.23 ± 0.09 −0.23 ± 0.20

Ele −0.03 ± 0.11 −0.55 ± 0.23

Occupancy Can 0.53 ± 0.30 0.10 ± 0.30

Slo 0.29 ± 0.31 −0.57 ± 0.29

Ele 0.62 ± 0.40 0.64 ± 0.46

Note: Bold indicates a well-supported effect.

TA B L E  2   Estimates of model averaged 
β coefficient values and standard error 
(SE) for covariates included in the well-
supported single-species occupancy 
models (ΔAIC < 2) for Chinese muntjac 
(CM) and black muntjac (BM)
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to avoid human interference. However, slope had an opposite in-
fluence on the site use of the two species (Table 2). It had a signifi-
cant negative effect on the occupancy of black muntjac, indicating 
that species preferred to choose habitat with gentle slope, as was 
similar to the terrain preference of some other forest-dwelling 
ungulates (Lynam et al., 2012; Pokharel et al., 2015), rather than 
sheer precipices and overhanging rocks described in previous 
studies (Sheng & Lu, 1980). In contrast, slope had slight positive 
effects on the site use of Chinese muntjac (Table2), suggesting 
that the species could adapt to complex and varied terrains, which 
might allow the species to mitigate potential interspecific compe-
tition by using diverse microhabitats. Study on Taiwan subspecies 
(M. r. micrurus) also confirmed that the species could occupy 
nearly all of the broad-leaved forests and use nearly all of the mi-
crohabitats in the study area (Mccullough et al., 2000). Thus, we 
suggested that the difference in microhabitats utilization might be 
one of the important factors allowing the two species to coexist 
in the study area.

Secondly, studies on the food habit showed that though the 
Chinese muntjac shared a range of food items similar with that of 
black muntjac, there was distinct difference in the parts of plants 
consumed by them (Ou et al., 1981; Sheng & Lu, 1980; Lu & Sheng, 
1984). For example, in winter, Chinese muntjac preferred foraging 
fallen fruits and seeds, while the black muntjac feed predominantly 
upon tender twigs and leaves of many evergreens and had less 
preference for fruit and seeds (Lu & Sheng, 1984). Thirdly, there 
was a great difference in body size between the two species. The 
black muntjac adults measured 62.2–78  cm high at the shoulder 
compared to that of 40.6–48.4  cm for the Chinese munjtac (Ma 
et al., 1986), which allowed the former species reaching food in 
tall plants that the latter could not approach. Finally, the Chinese 
muntjac could use a wide variety of foods depending upon what 
was available, even grass when no other food resources could 
be used (Jackson & Chapman, 1977). In contrast, studies have 
shown that the black muntjac never chose grasses (Sheng & Lu, 
1980; Lu & Sheng, 1984). In conclusion, we suggested that the fine 

TA B L E  3   Two-species occupancy and detection models used to evaluate the role of interspecific interactions between Chinese muntjac 
(CM) and black muntjac (BM)

Model AIC ΔAIC AICw ML K LL

Occupancy ψCM(Ele + Can) ≠ ψBM CM = ψBM cm(Slo), pCM ≠ rCM 
(Slo), pBM ≠ rBM CM ≠ rBM cm (Ele)

1637.6 0 0.76 1.00 15 1607.6

ψCM(Ele + Can) ≠ ψBM CM ≠ ψBM cm(Slo), pCM ≠ rCM 
(Slo), pBM ≠ rBM CM ≠ rBM cm (Ele)

1641.1 3.5 0.13 0.17 17 1607.1

ψCM(.) ≠ ψBM CM = ψBM cm(.),pCM ≠ rCM (Slo), 
pBM ≠ rBM CM ≠ rBM cm (Ele)

1642.09 4.49 0.08 0.11 12 1618.09

ψCM(.) ≠ ψBM CM ≠ ψBM cm(.), pCM ≠ rCM (Slo), 
pBM ≠ rBM CM ≠ rBM cm (Ele)

1644.07 6.47 0.03 0.04 13 1618.07

Detection ψCM(Ele + Can) ≠ ψBM CM = ψBM cm(Slo), pCM ≠ rCM 
(.), pBM ≠ rBM CM ≠ rBM cm (.)

1636.93 0 0.58 1.00 10 1616.93

ψCM(Ele + Can) ≠ ψBM CM = ψBM cm(Slo), pCM ≠ rCM 
(Slo), pBM ≠ rBM CM ≠ rBM cm (Ele)

1637.6 0.67 0.42 0.72 15 1607.6

ψCM(Ele + Can) ≠ ψBM CM = ψBM cm(Slo), pCM ≠ rCM 
(Slo), pBM ≠ rBM CM ≠ rBM cm (Ele)

1651.31 14.38 0.00 0.00 9 1633.31

ψCM(Ele + Can) ≠ ψBM CM = ψBM cm(Slo), pCM ≠ rCM 
(.), pBM ≠ rBM CM ≠ rBM cm (.)

1655.87 18.94 0.00 0.00 7 1641.87

Note: Models with ΔAIC < 2 are marked in bold.

TA B L E  4   Estimates of model averaged occupancy probability, detectability, species interaction (SIF) and standard error (SE) included in 
the well-supported two-species occupancy models (ΔAIC < 2)

model ψCM ± SE
ψBM 

CM ± SE ψBM cm ± SE SIF ± SE

occupancy ψCM(Ele + Can) ≠ ψBM CM = ψBM cm(Slo), 
pCM ≠ rCM (Slo), pBM ≠ rBM CM ≠ rBM cm 
(Ele)

0.78 ± 0.07 0.48 ± 0.09 0.48 ± 0.09 1.00 ± 0.00

Model pCM ± SE rCM ± SE pBM ± SE rBM CM ± SE rBM cm ± SE

detection ψCM(Ele + Can) ≠ ψBM CM = ψBM cm(Slo), 
pCM ≠ rCM (.), pBM ≠ rBM CM ≠ rBM cm (.)

0.18 ± 0.03 0.34 ± 0.02 0.11 ± 0.04 0.20 ± 0.04 0.08 ± 0.02

ψCM(Ele + Can) ≠ ψBM CM = ψBM cm(Slo), 
pCM ≠ rCM (Slo), pBM ≠ rBM CM ≠ rBM cm 
(Ele)

0.25 ± 0.04 0.28 ± 0.04 0.11 ± 0.05 0.27 ± 0.07 0.09 ± 0.02
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differentiation in feeding habit and the difference in the ability to 
acquire and/or utilize resources might serve to mitigate interspe-
cies competition caused by habitat overlap, allowing the two spe-
cies co-occurrence.

However, habitat selection and partitioning among similar spe-
cies was suggested density-dependent (Van Beest et al., 2014). 
Therefore, further studies should focus on the relationship between 
the coexistence patterns and population density/relative abundance 
of the two species. Additionally, though occupancy models are in-
creasingly applied to data from wildlife camera-trap surveys to esti-
mate distribution, habitat use, and patterns of species co-occurrence 
of unmarked animals (Burton et al., 2015; Estevo et al., 2017), the in-
terpretation of co-occurrence patterns is inherently difficult (Barros 
et al., 2020). Several studies have demonstrated that detection fre-
quency and estimates of detection probability and occupancy were 
sensitive to movement speed (or the magnitude of animal move-
ment) (Neilson et al., 2018; Stewart et al., 2018), especially for animal 
occupied large- and medium-sized home ranges with low population 
density (Neilson et al., 2018), whereas occupancy estimates for sce-
narios with small home ranges closely matched the simulated asymp-
totic PAO (proportion of area occupied) (Neilson et al., 2018). In this 
study, both muntjac species are small-sized deer dwelling mountain-
ous forest, in contrast to the large- and medium-sized ungulates that 
inhabit the plains, they should have relative small home range and 
similar movement speed. Therefore, we believe that our sampling 
scenario and analytical framework should match the ecology of the 
target species.

CONFLIC T OF INTERE S T
The authors declare that they have no conflict interests.

AUTHOR CONTRIBUTIONS
Deng Shuaitao: Data curation (lead); formal analysis (equal); investi-
gation (equal); methodology (lead); writing–original draft (lead). Jiaqi 
Li: data curation (equal); formal analysis (equal); investigation (sup-
porting); methodology (equal); writing–review and editing (equal). 
Yashu Qu: Data curation (equal); investigation (equal). Jun He: 
Data curation (equal); investigation (equal); methodology (equal). 
Kai Liu: Data curation (equal); investigation (equal); visualization 
(equal). Hui Xue: Formal analysis (equal); visualization (equal). Peng 
Cui: Formal analysis (equal); methodology (equal). Xiangdong Ruan: 
Conceptualization (equal); funding acquisition (equal); resources 
(equal). Hailong Wu: Conceptualization (lead); formal analysis (lead); 
funding acquisition (lead); supervision (lead); writing–review and 
editing (lead).

DATA AVAIL ABILIT Y S TATEMENT
All raw data are available on FigShare (https://doi.org/10.6084/
m9.figsh​are.14827788).

ORCID
Hailong Wu   https://orcid.org/0000-0001-9476-1393 

R E FE R E N C E S
Alexander, J. M., Diez, J. M., & Levine, J. M. (2015). Novel competitors 

shape species’ responses to climate change. Nature, 525(7570), 
515–518. https://doi.org/10.1038/natur​e14952

Amarasekare, P. (2003). Competitive coexistence in spatially structured 
environments: A synthesis. Ecology Letters, 6(12), 1109–1122. 
https://doi.org/10.1046/j.1461-0248.2003.00530.x

Bailey, L. L., Simons, T. R., & Pollock, K. H. (2004). Estimating site occu-
pancy and species detection probability parameters for terrestrial 
salamanders. Ecological Applications, 14(3), 692–702. https://doi.
org/10.1890/03-5012

Barros, A. L., Curveira-Santos, G., Marques, T. A., & Santos-Reis, M. 
(2020). Accounting for detection unveils the intricacy of wild boar 
and rabbit co-occurrence patterns in a Mediterranean landscape. 
Scientific Reports, 10(1), https://doi.org/10.1038/s4159​8-020-
63492​-9

Burnhan, K. P., & Anderson, D. R. (2002). Model selection and multi-
model inference: A practical information-theoretic approach. 
Technometrics, 45(2), 181. https://doi.org/10.1198/tech.2003.s146

Burton, A. C., Neilson, E. W., Moreira, D., Ladle, A., Steenweg, R., Fisher, 
J. T., Bayne, E., & Boutin, S. (2015). Wildlife camera trapping: A 
review and recommendations for linking surveys to ecological 
processes. Journal of Applied Ecology, 52(3), 675–685. https://doi.
org/10.1111/1365-2664.12432

Chirima, G. J., Owen-Smith, N., Erasmus, B., & Parrini, F. (2013). 
Distributional niche of relatively rare sable antelope in a south af-
rican savanna: Habitat versus biotic relationships. Ecography, 36(1), 
68–79. https://doi.org/10.1111/j.1600-0587.2012.07333.x

Daubenmire, R. (1959). A canopy-coverage method of vegetational anal-
ysis. Northwest Science, 33, 43–64.

Estevo, C. A., Nagy-Reis, M. B., & Nichols, J. D. (2017). When habitat 
matters: Habitat preferences can modulate co-occurrence patterns 
of similar sympatric species. PLoS One, 12(7), e0179489. https://doi.
org/10.1371/journ​al.pone.0179489

Hines, J. E. (2016). Program PRESENCE 14.3. Sofware to estimate patch 
occupancy and related parameters.

Jackson, J. E., & Chapman, D. I. (1977). A note on the food of muntjac deer 
(muntiacus reevesi). Proceedings of the Zoological Society of London, 
183(4), 546–548. https://doi.org/10.1111/j.1469-7998.1977.tb042​
08.x

Jezkova, T. (2020). Founder takes more: Interspecific competition af-
fects range expansion of north American mammals into deglaciated 
areas. Journal of Biogeography, 47(3), 1–9. https://doi.org/10.1111/
jbi.13777

Kohli, B. A., Terry, R. C., & Rowe, R. J. (2018). A trait-based framework for 
discerning drivers of species co-occurrence across heterogeneous 
landscapes. Ecography, https://doi.org/10.1111/ecog.03747

Liu, K., He, J., Zhang, J. H., Feng, J., Yu, Q., Gu, C. M., & Wu, H. L. 
(2017). Mammal resource status in the mountain forest ecosys-
tems of southern Anhui Province based on camera trap data. 
Biodiversity Science, 25(8), 896–903. https://doi.org/10.17520/​
biods.2017031

Lu, H. G., & Sheng, H. L. (1984). Status of the black muntjac, muntiacus 
crinifrons, in Eastern China. Mammal Review, 14(1), 29–36. https://
doi.org/10.1111/j.1365-2907.1984.tb003​36.x

Lynam, A. J., Tantipisanuh, N., Chutipong, W., Ngoprasert, D., Baker, M. 
C., Cutter, P., Gale, G., Kitamura, S., Steinmetz, R., Sukmasuang, R., 
& Thunhikorn, S. (2012). Comparative sensitivity to environmental 
variation and human disturbance of Asian tapirs (Tapirus indicus) 
and other wild ungulates in Thailand. Integrative Zoology, 7(4), 389–
399. https://doi.org/10.1111/1749-4877.12002

Ma, S. L., Wang, Y. X., & Xu, L. H. (1986). Taxonomic and phylogenetic 
studies on the genus Muntiacus. Acta Theriologica Sinica, 6(3), 191–
209. https://doi.org/10.16829/​j.slxb.1986.03.006

https://doi.org/10.6084/m9.figshare.14827788
https://doi.org/10.6084/m9.figshare.14827788
https://orcid.org/0000-0001-9476-1393
https://orcid.org/0000-0001-9476-1393
https://doi.org/10.1038/nature14952
https://doi.org/10.1046/j.1461-0248.2003.00530.x
https://doi.org/10.1890/03-5012
https://doi.org/10.1890/03-5012
https://doi.org/10.1038/s41598-020-63492-9
https://doi.org/10.1038/s41598-020-63492-9
https://doi.org/10.1198/tech.2003.s146
https://doi.org/10.1111/1365-2664.12432
https://doi.org/10.1111/1365-2664.12432
https://doi.org/10.1111/j.1600-0587.2012.07333.x
https://doi.org/10.1371/journal.pone.0179489
https://doi.org/10.1371/journal.pone.0179489
https://doi.org/10.1111/j.1469-7998.1977.tb04208.x
https://doi.org/10.1111/j.1469-7998.1977.tb04208.x
https://doi.org/10.1111/jbi.13777
https://doi.org/10.1111/jbi.13777
https://doi.org/10.1111/ecog.03747
https://doi.org/10.17520/biods.2017031
https://doi.org/10.17520/biods.2017031
https://doi.org/10.1111/j.1365-2907.1984.tb00336.x
https://doi.org/10.1111/j.1365-2907.1984.tb00336.x
https://doi.org/10.1111/1749-4877.12002
https://doi.org/10.16829/j.slxb.1986.03.006


     |  17809SHUAITAO et al.

Macandza, V. A., Owen-Smith, N., & Cain, J. W. (2012). Dynamic 
spatial partitioning and coexistence among tall grass graz-
ers in an African savanna. Oikos, 121(6), 891–898. https://doi.
org/10.1111/j.1600-0706.2012.20250.x

MacKenzie, D. I., Bailey, L. L., & Nichols, J. D. (2004). Investigating 
species co-occurrence patterns when species are detected im-
perfectly. Journal of Animal Ecology, 73(3), 546–555. https://doi.
org/10.1111/j.0021-8790.2004.00828.x

Mackenzie, D. I., Nichols, J. D., Lachman, G. B., Droege, S., Royle, J. A., & 
Langtimm, C. A. (2002). Estimating site occupancy rates when de-
tection probabilities are less than one. Ecology, 83(8), 2248–2255. 
https://doi.org/10.1890/0012-9658(2002)083[2248:ESORW​
D]2.0.CO;2

MacKenzie, D. I., Nichols, J. D., Royle, J. A., Pollock, K. H., Bailey, L. L., 
& Hines, J. E. (2006). Occupancy estimation and modeling: Inferring 
patterns and dynamics of species occurrence. Elsevier.

Mahendiran, M. (2016). Coexistence of three sympatric cormorants 
(Phalacrocorax spp.); Partitioning of time as an ecological resource. 
Royal Society Open Science, 3(5), 160175. https://doi.org/10.1098/
rsos

Mccullough, D. R., Pei, K. C. J., & Wang, Y. (2000). Home range, activ-
ity patterns, and habitat relations of reeves’ muntjacs in Taiwan. 
Journal of Wildlife Management, 64(2), 430–441. https://doi.
org/10.2307/3803241

Morin, X., & Lechowicz, M. J. (2008). Contemporary perspectives on the 
niche that can improve models of species range shifts under climate 
change. Biology Letters, 4(5), 573–576. https://doi.org/10.1098/
rsbl.2008.0181

Neilson, E. W., Avgar, T., Burton, A. C., Broadley, K., & Boutin, S. (2018). 
Animal movement affects interpretation of occupancy models from 
camera-trap surveys of unmarked animals. Ecosphere, 9(1), e02092. 
https://doi.org/10.1002/ecs2.2092

Ohtaishi, N., & Gao, Y. (1990). A review of the distribution of all spe-
cies of deer (Tragulidae, Moschidae and Cervidae) in China. 
Mammal Review, 20(2–3), 125–144. https://doi.org/10.1111/
j.1365-2907.1990.tb001​08.x

Ou, S. H., Sheng, H. L., & Lu, H. G. (1981). The diet composition of the 
black muntjac and the tufted deer. Journal of Shanghai Normal 
University (Natural Sciences), 01, 111–115.

Pokharel, K. P., Ludwig, T., & Storch, I. (2015). Spatial niche partitioning in 
sub-tropical solitary ungulates: Four-horned antelope and barking 
deer in Nepal. PLoS One, 10(2), 1–16. https://doi.org/10.1371/journ​
al.pone.0117917

Richmond, O. M. W., Hines, J. E., & Beissinger, S. R. (2010). Two-
species occupancy models: A new parameterization applied to co-
occurrence of secretive rails. Ecological Applications, 20(7), 2036–
2046. https://doi.org/10.2307/25741366

Robinson, Q. H., Bustos, D., & Roemer, G. W. (2014). The applica-
tion of occupancy modeling to evaluate intraguild prédation in a 
model carnivore system. Ecology, 95(11), 3112–3123. https://doi.
org/10.1890/13-1546.1

Rosenzweig, M. L. (1981). A theory of habitat selection. Ecology, 62(2), 
327–355. https://doi.org/10.2307/1936707

Rovero, F., Martin, E., Rosa, M., Ahumada, J. A., & Spitale, D. (2014). 
Estimating species richness and modelling habitat preferences of 
tropical forest mammals from camera trap data. PLoS One, 9(7), 
https://doi.org/10.1371/journ​al.pone.0103300

Royle, A., & Nichols, J. D. (2003). Estimating abundance from repeated 
presence-absence data or point counts. Ecology, 84(3), 777–790. 

https://doi.org/10.1890/0012-9658(2003)084[0777:EAFRP​
A]2.0.CO;2

Schoener, T. W. (1974). Resource partitioning in ecological commu-
nities. Science, 185(4145), 27–39. https://doi.org/10.1126/scien​
ce.185.4145.27

Sheng, H. L. (1987). Chinese special animal - black muntjac. Chinese Journal 
of Zoology, 2, 48–51. https://doi.org/10.13859/​j.cjz.1987.02.019

Sheng, H. L., & Lu, H. G. (1980). Current studies on the rare Chinese 
black muntjac. Journal of Natural History, 14(6), 803–807. https://
doi.org/10.1080/00222​93800​0770681

Stanley, T. R., & Royle, J. A. (2005). Estimating site occupancy and 
abundance using indirect estimating site occupancy detection. 
Journal of Wildlife Management, 69(3), 874–883. https://doi.
org/10.2193/0022-541x(2005)069[0874:esoaa​u]2.0.co;2

Steen, D. A., Mcclure, C. J. W., Brock, J. C., Rudolph, D. C., Pierce, J. B., 
Lee, J. R., Humphries, W. J., Gregory, B. B., Sutton, W. B., Smith, 
L. L., Baxley, D. L., Stevenson, D. J., & Guyer, C. (2013). Snake co-
occurrence patterns are best explained by habitat and hypothe-
sized effects of interspecific interactions. Journal of Animal Ecology, 
83(1), 286–295. https://doi.org/10.1111/1365-2656.12121

Stewart, F. E., Fisher, J. T., Burton, A. C., & Volpe, J. P. (2018). Species 
occurrence data reflect the magnitude of animal movements bet-
ter than the proximity of animal space use. Ecosphere, 9(2), e02112. 
https://doi.org/10.1002/ecs2.2112

Stewart, K. M., Bowyer, R. T., Kie, J., Dick, B. L., & Ben-David, M. (2003). 
Niche Partitioning among mule deer, elk, and cattle: do stable iso-
topes reflect dietary niche? Ecoscience, 10(3), 297–302. https://doi.
org/10.1080/11956​860.2003.11682777

Van Beest, F. M., Mcloughlin, P. D., Vander, W. E., & Brook, R. K. (2014). 
Density-dependent habitat selection and partitioning between two 
sympatric ungulates. Oecologia, 175(4), 1155–1165. https://doi.
org/10.1007/s0044​2-014-2978-7

Zhang, S. S., Bao, Y. X., Wang, Y. N., Fang, P. F., & Ye, B. (2012). Activity 
rhythms of black muntjac (Muntiacus crinifron) revealed with infra-
red camera. Acta Theriologica Sinica, 32(4), 368–372. https://doi.
org/10.16829/​j.slxb.2012.04.014

Zheng, X., Bao, Y. X., Ge, B. M., & Zheng, R. Q. (2006). Seasonal changes 
in habitat use of black muntjac (Muntiacus crinifrons) in Zhejiang. 
Acta Theriologica Sinica, 26(02), 201–205. https://doi.org/10.1016/
S0379​-4172(06)60069​-3

SUPPORTING INFORMATION
Additional supporting information may be found in the online ver-
sion of the article at the publisher’s website.

How to cite this article: Shuaitao, D., Li, J., Qu, Y., He, J., Liu, K., 
Xue, H., Cui, P., Ruan, X., & Wu, H. (2021). Camera trap reveals 
the co-occurrence patterns of two sympatric muntjac species 
in southern Anhui Province, China: No spatial segregation. 
Ecology and Evolution, 11, 17801–17809. https://doi.
org/10.1002/ece3.8307

https://doi.org/10.1111/j.1600-0706.2012.20250.x
https://doi.org/10.1111/j.1600-0706.2012.20250.x
https://doi.org/10.1111/j.0021-8790.2004.00828.x
https://doi.org/10.1111/j.0021-8790.2004.00828.x
https://doi.org/10.1890/0012-9658(2002)083%5B2248:ESORWD%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B2248:ESORWD%5D2.0.CO;2
https://doi.org/10.1098/rsos
https://doi.org/10.1098/rsos
https://doi.org/10.2307/3803241
https://doi.org/10.2307/3803241
https://doi.org/10.1098/rsbl.2008.0181
https://doi.org/10.1098/rsbl.2008.0181
https://doi.org/10.1002/ecs2.2092
https://doi.org/10.1111/j.1365-2907.1990.tb00108.x
https://doi.org/10.1111/j.1365-2907.1990.tb00108.x
https://doi.org/10.1371/journal.pone.0117917
https://doi.org/10.1371/journal.pone.0117917
https://doi.org/10.2307/25741366
https://doi.org/10.1890/13-1546.1
https://doi.org/10.1890/13-1546.1
https://doi.org/10.2307/1936707
https://doi.org/10.1371/journal.pone.0103300
https://doi.org/10.1890/0012-9658(2003)084%5B0777:EAFRPA%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2003)084%5B0777:EAFRPA%5D2.0.CO;2
https://doi.org/10.1126/science.185.4145.27
https://doi.org/10.1126/science.185.4145.27
https://doi.org/10.13859/j.cjz.1987.02.019
https://doi.org/10.1080/00222938000770681
https://doi.org/10.1080/00222938000770681
https://doi.org/10.2193/0022-541x(2005)069%5B0874:esoaau%5D2.0.co;2
https://doi.org/10.2193/0022-541x(2005)069%5B0874:esoaau%5D2.0.co;2
https://doi.org/10.1111/1365-2656.12121
https://doi.org/10.1002/ecs2.2112
https://doi.org/10.1080/11956860.2003.11682777
https://doi.org/10.1080/11956860.2003.11682777
https://doi.org/10.1007/s00442-014-2978-7
https://doi.org/10.1007/s00442-014-2978-7
https://doi.org/10.16829/j.slxb.2012.04.014
https://doi.org/10.16829/j.slxb.2012.04.014
https://doi.org/10.1016/S0379-4172(06)60069-3
https://doi.org/10.1016/S0379-4172(06)60069-3
https://doi.org/10.1002/ece3.8307
https://doi.org/10.1002/ece3.8307

