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Abstract 
Temporal niche partitioning may be influenced not only by interspecific competition, but also by weather conditions. 
Decreased food availability and dietary overlap between species can increase the degree of interspecific competition during 
winter, thereby promoting temporal niche partitioning. However, multiple species can be simultaneously active under similar 
weather conditions (high temperature and little snowfall) in winter to reduce energy costs and increase temporal niche overlap. 
In this study, we aimed to determine the degree of temporal niche partitioning among red foxes (Vulpes vulpes), raccoon 
dogs (Nyctereutes procyonoides), and Japanese martens (Martes melampus), and its variation with seasonal climate change 
in terms of interspecific competition and weather conditions. We obtained data on the target species through a camera-trap 
survey conducted in a heavy snowfall area in northeastern Japan. We analyzed the degree of temporal niche partitioning 
based on diel activity overlap, co-occurrence rates per night, and behavioral avoidance within 1 or 2 h. We also evaluated the 
relationship between the presence or absence of activity per night and nightly weather conditions (temperature, precipitation 
(snowfall), moonlight). We observed a high degree of temporal niche overlap among the three species. In particular, the 
degree of temporal niche overlap was higher in winter than that in other seasons because the activity of the three species was 
greatly affected by low temperatures and snowfall in winter. As a winter survival strategy, coping with the weather may be 
more important than avoiding competition. Our results conflict with the hypothesis predicting temporal niche partitioning in 
winter, suggesting that weather effects can be an important factor in varying temporal niche partitioning among carnivores.

Significance statement
This study revealed that the temporal niche overlap of three carnivores in northeastern Japan was higher in winter than that in 
other seasons because they were simultaneously active under similar weather conditions (high temperature and little snowfall) 
in winter to reduce energy costs. This indicates that coping with the weather may be more important than avoiding interspecific 
competition as a winter survival strategy. Our results conflict with the hypothesis predicting temporal niche partitioning among 
carnivores in winter due to restricted food resources and dietary overlap. This suggests that the different degrees of weather 
effects can be an important factor in varying temporal niche partitioning among carnivores. Because extreme changes in weather 
conditions such as extremely high temperatures, blizzards, and heavy rains, have occurred worldwide in recent years, weather 
conditions may significantly affect the niche partitioning among carnivores distributed in different environments worldwide.

Keywords Camera trap · Cool temperate zone · Interspecific competition · Niche partitioning · Spatiotemporal niche

Introduction

Interspecific competition often occurs among sympatric 
carnivores (e.g., Durant 1998; Palomares and Caro 1999; 
Fedriani et al. 2000). The degree of interspecific competi-
tion is increased by taxonomic similarity, dietary overlap, 
and intermediate body mass differences between species 
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(Palomares and Caro 1999; Donadio and Buskirk 2006). 
For example, larger coyotes (Canis latrans) can exclude 
smaller swift foxes (Vulpes velox) from the core areas of 
their home ranges (Kamler et al. 2003). Waggershauser et al. 
(2021) reported that larger red foxes (Vulpes vulpes) killed 
smaller pine martens (Martes martes), with a diet similar 
to that of red foxes, regardless of predation. To avoid such 
interspecific competition, carnivores need to divide their 
dietary, spatial (core areas of the home range), and/or tem-
poral niches with those of other species (e.g., Linnell and 
Strand 2000; Kamler et al. 2012; Monterroso et al. 2014). 
Such niche partitioning establishes a carnivorous community 
where multiple sympatric species coexist (e.g., Monterroso 
et al. 2014). Carnivores influence higher and lower trophic 
levels through predator–prey interactions, and these effects 
spread to the structure and functioning of terrestrial eco-
systems (Roemer et al. 2009; Ripple et al. 2014); thus, elu-
cidating interspecific competition and niche partitioning is 
important for understanding carnivore community structure.

Temporal niche partitioning is a most important strat-
egy for coexistence with other species (Monterroso et al. 
2014; Frey et al. 2017; Watabe et al. 2022). Previous stud-
ies have reported that stone martens (Martes foina) shifted 
their diel activity patterns to avoid antagonistic encounters 
with larger European badgers (Meles meles) and European 
wildcats (Felis silvestris) (Tsunoda et al. 2020; Vilella 
et al. 2020). Similarly, Gómez-Ortiz et al. (2019) reported 
the partitioning of diel activity peaks between gray foxes 
(Urocyon cinereoargenteus) and white-nosed coatis (Nasua 
narica) with an overlapping dietary niche. Additionally, 
direct competition can be avoided spatiotemporally using 
time differences only when the encounter risk is high (e.g., 
Barrull et al. 2014; Torretta et al. 2016; Karanth et al. 
2017; Zalewska et al. 2021). Barrull et al. (2014) showed 
that stone martens rarely appeared within 60 min of the 
detection of red foxes and Eurasian badgers at each site, 
indicating that martens avoided them at fine spatiotemporal 
scales. Revealing the temporal niche partitioning between 
species based on diel activities and spatiotemporal scales 
is important for elucidating the interspecific competition 
among carnivores (e.g., Barrull et al. 2014; Monterroso 
et al. 2014).

In general, the behavioral ecology of carnivores, such 
as their amount of activity (e.g., Doncaster and Macdonald 
1997; Kauhala et al. 2007), food resources and diet (e.g., 
Padial et al. 2002; Baltrūnaitė 2006), home range (e.g., 
Takeuchi and Koganezawa 1992; Saeki et al. 2007), and 
diel activity patterns (e.g., Ikeda et al. 2016; Ogurtsov et al. 
2018) change seasonally; therefore, the degree of temporal 
niche partitioning among species varies seasonally. Previ-
ous studies have reported that decreased availability of food 
resources and dietary overlap among species associated with 
seasonal changes intensified interspecific competition and 

resulted in increased temporal niche partitioning among 
species (e.g., Barrull et al. 2014; Monterroso et al. 2016; 
Petersen et al. 2019). Winter can significantly affect tem-
poral niche partitioning by promoting a decrease in food 
availability and dietary overlap between species as com-
pared to that in the other seasons. When accompanied by 
snow cover, the survival rate of rodents is reduced (Korslund 
and Steen 2006), and rodents hide under the snow, reduc-
ing food availability and limiting access for carnivores 
(Zhou et al. 2011; Willebrand et al. 2017). The restriction 
of food resources and foraging behavior narrows the dietary 
niche of carnivores and results in increased dietary overlap 
among species in winter (e.g., Padial et al. 2002; Carvalho 
and Gomes 2004; Baltrūnaitė 2006; Murdoch et al. 2010). 
Consequently, severe winters increase competition for food, 
which increases the temporal niche partitioning between 
carnivores to avoid agonistic interactions in winter. This 
process has been suggested in many studies as a hypothesis 
(e.g., Barrull et al. 2014; Bu et al. 2016; Torretta et al. 2016; 
Tsunoda et al. 2020; Vilella et al. 2020; Rossa et al. 2021).

Additionally, weather conditions, such as temperature 
and precipitation influence the degree of temporal niche 
partitioning among carnivores and affect the activity of 
carnivores by inducing thermal stress (Zalewski 2000) and 
decreasing prey hunting efficiency (Creel et al. 2016). Spe-
cifically, in winter, low temperatures cause high thermal 
stress, and snowfall imposes travel costs and reduces hunt-
ing efficiency (Zhou et al. 2011; Willebrand et al. 2017), 
greatly affecting energy loss for carnivores (Bartoń and 
Zalewski 2007; Pozzanghera et al. 2016; Mustonen and 
Nieminen 2018). Previous studies have shown that carni-
vores, such as Canidae and Martes sp., limit their activity 
at low temperatures and/or heavy snowfall to reduce energy 
loss, and increase their activity at high temperatures and/or 
little snowfall in winter (e.g., Ables 1969; Zalewski 2001; 
Kauhala et al. 2007). These results indicate that in severe 
winters, multiple species can be more active simultaneously 
under similar weather conditions (i.e., high temperature and/
or little snowfall) to reduce the energy costs. Therefore, if the 
cost of coping with weather conditions outweighs the risk of 
competition from other species, it is possible that weather 
conditions may lead to temporal niche overlap between spe-
cies rather than temporal niche partitioning during winter. 
However, few studies have evaluated the degree of temporal 
niche partitioning among carnivores from the perspective of 
both interspecific competition and weather conditions (Frey 
et al. 2017). Considering the effects of weather conditions 
and interspecific competition in the assessment of temporal 
niche partitioning among carnivores is important not only 
to improve the understanding of carnivore communities, but 
also to accumulate fundamental information for understand-
ing the effects of climate change on community structure 
(Herfindal et al. 2017).
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We aimed to determine the degree of temporal niche par-
titioning among carnivores and its variation with seasonal 
climate change, both in terms of interspecific competition 
and weather conditions. In this study, we focused on the 
winter season with large seasonal climate changes and tar-
geted three species in a heavy snowfall area in northeastern 
Japan, red foxes, raccoon dogs (Nyctereutes procyonoides), 
and Japanese martens (Martes melampus). These three spe-
cies are sympatric during the winter and non-winter seasons 
in the study region (Watabe and Saito 2021a). The diets of 
these three species are generally similar (Yamamoto 1994; 
Hisano et al. 2017), and red foxes and raccoon dogs belong 
to the same family (i.e., Canidae), and they differ in body 
mass from Japanese martens (Ohdachi et al. 2015); thus, 
competitive interactions can occur among the three species 
(Donadio and Buskirk 2006; Hisano et al. 2020). Several 
studies have reported that red foxes kill Martes in Europe 
and North America (Lindstrom et al. 1995; Palomares and 
Caro 1999; Waggershauser et al. 2021). Thus, the degree of 
temporal niche partitioning among the three species in the 
study region can vary with season.

We tested two contrasting hypotheses: H1, severe winters 
with heavy snowfall increase competition for food, which 
increases temporal niche partitioning among carnivores to 
avoid agonistic interactions (hereafter “niche-partitioning 
hypothesis”); and H2, severe winters with heavy snowfall 
increase temporal niche overlap among carnivores because 
all species seek to avoid poor environmental conditions 
due to increased associated energy costs. Previous stud-
ies reported a decrease in the availability and use of fruits, 
insects, rodents, and birds, which are the main winter food 
resources of these species (Otsu 1972; Misawa 1979; Tsu-
kada and Nonaka 1996; Hirasawa et al. 2006; Adachi et al. 
2016), in snowy winters in Japan, suggesting a large overlap 
in dietary niches among the three species. It has also been 
confirmed that winter weather conditions affect the activity 
of red foxes, raccoon dogs, and Martes sp. (e.g., Ables 1969; 
Zalewski 2001; Kauhala et al. 2007). Therefore, these three 
species are suitable targets for testing our hypotheses. Fur-
thermore, because the large predator (wolves Canis lupus), 
which can influence the degree of temporal niche partition-
ing among the three species, is extinct in Japan (Ohdachi 
et al. 2015), we excluded the effect of the top predator to 
reveal interspecific interactions among the three medium-
sized carnivores. In this study, we obtained data on the target 
species through camera-trap surveys and tested two hypoth-
eses by evaluating the degree of temporal niche partitioning 
based on the diel activity overlap, co-occurrence rates per 
night, and behavioral avoidance within 1 or 2 h, evaluating 
the relationship between the presence/absence of activity 
(detection) per night, and nightly weather conditions (tem-
perature, precipitation (snowfall), moonlight). By testing 
these two hypotheses and comparing our results with those 

of previous studies that supported the niche-partitioning 
hypothesis, we discuss the importance of considering both 
interspecific competition and weather conditions as factors 
affecting temporal niche partitioning among carnivores.

Materials and methods

Study area

This study was conducted in forests surrounding the Kami-
nagawa and Nishiaraya areas in Tsuruoka City, Yamagata 
Prefecture, northeastern Japan, which have a cool temper-
ate climate (Fig. 1). Data were corrected at two sites with 
different landscape properties. These areas were designated 
as heavy snowfall areas based on the Act of Special Coun-
termeasures for Heavy Snowfall Areas in Japan (Ministry of 
Land, Infrastructure, and Transport 2021). Details of these 
areas are listed in Table S1. In addition to the three target 
species in this study, seven medium- and large-sized mam-
mals are present in the Kaminagawa area: masked palm civ-
ets (Paguma larvata), Japanese badgers (Meles anakuma), 
Japanese hares (Lepus brachyurus), Japanese macaques 
(Macaca fuscata), Asiatic black bears (Ursus thibetanus), 
and Japanese serows (Capricornis crispus) (Watabe et al. 
2020). These species were also observed in Nishiaraya dur-
ing our preliminary surveys.

Camera‑trap survey

We conducted camera-trap surveys using infrared-triggered 
cameras (models #BTC-6HD-940 and #BTC-6HD-APX; 
Browning, AL, USA) to obtain the target species data. We 
set 15 camera-trap sites in the Kaminagawa area between 
February 2019 and August 2021 and nine camera-trap sites 
in the Nishiaraya area between August 2020 and August 
2021 (Fig.  1). In the Kaminagawa area, the number of 
camera-trap sites and the survey period differed by year 
(Table S2). The number of camera-trap sites was 7–11 in 
2019, 7–12 in 2020, and 10–12 in 2021 for each season. 
Previous studies have reported that the effective detection 
distance of animals by infrared-triggered cameras decreases 
with increased vegetation density (Hofmeester et al. 2017) 
and that the detection rate of animals by cameras on for-
est roads is higher than that within forests (Di Bitetti et al. 
2014). To mitigate the change in detection distance due to 
increased vegetation density and because the detection rates 
of the three focal species on the forest road were high in this 
study area (Watabe et al. 2020), we installed all cameras on 
trees along the forest roads. To prevent the cameras from 
being buried owing to a sudden increase in snow depth, we 
installed them approximately 150 cm above the ground. We 
adjusted the height and angle of view of the cameras and 
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checked the battery and operation once or twice per week 
during the snowfall season and one to three times per month 
during the other seasons. We programmed the cameras to 
capture three consecutive images for each trigger with a 
1-min delay between each trigger. We identified the focal 
species from three images and recorded the species, camera-
trap site, date, and time as a single detection data. It was 
not possible to record data blind because our study involved 
focal animals in the field.

Data analysis

We defined seasons as winter (December–February), spring 
(March–May), summer (June–August), and autumn (Sep-
tember–November). In each season, we evaluated the degree 
of temporal niche partitioning between the target species and 
the effects of weather conditions on the activity of each spe-
cies. Watabe et al. (2022) argued that evaluation using mul-
tiple analytical methods with data from different temporal 
scales is necessary to understand temporal niche partitioning 
between carnivores. Therefore, we evaluated niche partition-
ing on four different temporal scales. R v4.1.0 (R Core Team 
2021) was used for all analyses.

We conducted the following two analyses prior to the 
main analyses described below. When cameras are set close 
together within a small area, positive spatial autocorrela-
tion can arise because of repeated detections of the species, 
which can affect our main analyses (Tsunoda et al. 2020; 
Watabe et al. 2022). First, we used Mantel’s correlogram to 
assess spatial autocorrelation (Borcard and Legendre 2012). 
The proximity between cameras did not affect the spatial 

similarities in the detected species (Fig. S1). Therefore, we 
concluded that proximal camera-trap placement had lit-
tle effect on the main analyses. Second, we used Pianka’s 
index (Pianka 1973) to ensure that spatial use was not biased 
among the three target species (i.e., no spatial partitioning) 
in the camera-trap survey area in each study area. We calcu-
lated the Pianka’s index for each species-pair using the num-
ber of detections of each target species per day per camera. 
There was no spatial partitioning between the species in each 
study area (Table S3). Therefore, we confirmed the validity 
of focusing on the assessment of temporal niche partitioning 
between the target species in the study areas.

As intermediate body mass differences (Palomares and 
Caro 1999; Donadio and Buskirk 2006) and high popula-
tion densities (Karanth et al. 2017) can intensify interspe-
cific competition among carnivores, they may influence the 
degree of temporal niche partitioning. Therefore, we pre-
liminarily checked for differences in body mass ratios and 
population densities of the target species in this study and 
several previous studies supporting the niche-partitioning 
hypothesis. The population density of each species was cal-
culated using the relative abundance index (RAI), which is 
the detection frequency per camera per day (O’Brien et al. 
2003). Accordingly, the body mass ratios of foxes–martens 
and raccoon dogs–martens in this study were not signifi-
cantly different from those of the target species in previous 
studies (Table S4). The interspecific body mass ratios of car-
nivores ranged from 2.0 to 5.4 (moderate ratio) (Table S4), 
which is a particularly high level of interspecific competi-
tion in carnivores (Palomares and Caro 1999; Donadio and 
Buskirk 2006). The RAIs of the three target species in this 

Fig. 1  Study areas and locations 
of camera-trap sites in Kamina-
gawa and Nishiaraya areas. The 
land use data was created from 
the 1/25000 vegetation map for 
the period 2001–2012 published 
by the Ministry of Environment, 
Japan (Biodiversity Center of 
Japan 2012)
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study tended to be equal to or greater than those of the target 
species in previous studies (Table S5). Although some stud-
ies have noted that RAI does not adequately reflect popula-
tion density (Burton et al. 2015), the detection frequency of 
target species by camera-traps in this study was not lower 
than that of the species in previous studies, supporting the 
niche-partitioning hypothesis. Therefore, we were confident 
that the differences in body mass and population density of 
carnivores were not crucial factors that caused our results to 
differ from the niche-partitioning hypothesis.

Temporal niche partitioning based on diel activity 
overlap

We estimated the diel activity patterns of the target species 
as a probability density function using kernel density estima-
tion (Ridout and Linkie 2009). To determine the overlap of 
diel activity patterns, we estimated the coefficient of tem-
poral overlap (Δ) for each species-pair, which ranged from 
0 (no overlap) to 1 (complete overlap) (Ridout and Linkie 
2009; Meredith and Ridout 2021). According to Meredith 
and Ridout (2021), we used Δ4 if the smaller sample of the 
two datasets had more than 75 observations; otherwise, 
Δ1 was used. We defined Δ ≤ 0.5 as low overlap (tempo-
ral partitioning), 0.5 < Δ ≤ 0.75 as moderate overlap, and 
Δ > 0.75 as high overlap (temporal overlap). These thresh-
olds have already been used previously (Monterroso et al. 
2014; Marinho et al. 2020; Tsunoda et al. 2020; Panzeri 
et al. 2021; Viviano et al. 2021; Li et al. 2022; Watabe et al. 
2022). To assess the reliability of the estimated Δ statistic, 
we estimated the mean and 95% confidence intervals (CI) 
by performing a smoothed bootstrap with 10,000 bootstrap 
samples (Meredith and Ridout 2021). To reduce duplicate 
counts of the same individual, we treated consecutive detec-
tions of the same species at a camera-trap site within 30 min 
as a single sample (Monterroso et al. 2014; Watabe and Saito 
2021a, b). These analyses were performed using the “over-
lap” package (Meredith and Ridout 2021) in R.

Temporal niche partitioning based on co‑occurrence 
during one night

We performed temporal co-occurrence analysis (Watabe 
et al. 2022) to determine the probability that the observed 
co-occurrence of two species was less than (i.e., spatiotem-
poral partitioning), greater than (i.e., spatiotemporal over-
lap), or not different from the expected co-occurrence if the 
two species occurred independently from each other in units 
of one night. We analyzed only night-time data because the 
three target species were mainly nocturnal in this study area 
(Watabe and Saito 2021a,b). We used probabilistic co-occur-
rence analysis for temporal co-occurrence analysis using a 
matrix containing the detection-nondetection (1/0) data per 

night at each camera site for each species pair (Griffith et al. 
2016; Watabe et al. 2022). First, the observed co-occurrence 
rate for each species was calculated by dividing the number 
of detections for one species by the total number of nights 
at each site. Second, the expected co-occurrence was calcu-
lated by multiplying the observed co-occurrence rate of one 
species, the observed co-occurrence rate of the other spe-
cies, and the total number of nights at each site. Finally, we 
compared the calculated expected co-occurrences with the 
number of observed co-occurrences. We also evaluated the 
degree of partitioning or overlap (co-occurrence) for signifi-
cant pairs based on the value of the observed co-occurrence/
expected co-occurrence. A smaller value indicates a high 
degree of partitioning and a larger value indicates a high 
degree of overlap. We defined one night as 60 min before 
sunset to 60 min after sunrise. To correct for multiple com-
parisons, we used a significance level adjusted using the 
Holm method. We obtained the sunrise and sunset times for 
each survey day using “rSetDayNightAttr” package (Furu-
kawa 2019) in R. The analysis was performed using the 
“cooccur” (Griffith et al. 2016) package in R.

Temporal niche partitioning based on behavioral 
avoidance of fine scales

We performed time-to-event analyses (Cusack et al. 2017; 
Balme et al. 2019; Davis et al. 2021) to assess the behavioral 
avoidance of other species on fine spatiotemporal scales. 
Barrull et al. (2014) indicated that smaller martens may 
detect odors from larger competitors (foxes and badgers) 
within 1 h and avoid them on fine spatiotemporal scales. 
We assumed that the odors of carnivores would remain in 
the environment for several hours and used a spatiotemporal 
scale within 1 and 2 h. First, we created a matrix of detection 
records for each species comprising of the camera-trap site 
and date-time. We calculated the minimum time difference 
between each detection record of a particular species (after-
species) and the former detection records of a particular 
species (before-species) for each camera-trap site. Among 
the calculated minimum time differences, we obtained the 
number of detections within 1 or 2 h (the observed num-
ber of detections). Second, we randomly permutated all the 
detection records of the after-species. For each detection 
record, we calculated the minimum time difference from 
the detection records of the before-species used in the first 
calculation (Watabe et al. 2022) and obtained the number 
of detections within 1 or 2 h of the calculated minimum 
time differences. We repeated this process 1000 times and 
obtained 1000 simulated data points for the number of detec-
tions. We carried out the first and second procedures for 
each season of the year and added the number of detections 
for each season. Finally, following the method reported 
by Cusack et al. (2017), we calculated the p value as the 
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percentage of simulated data points where the observed 
number of detections was greater than or equal to the simu-
lated number of detections obtained using random permu-
tations. A p value < 0.05 (i.e., significantly fewer detec-
tions observed within 1 or 2 h than expected) represents 

behavioral avoidance from other species (Cusack et al. 2017; 
Balme et al. 2019). In a previous study that conducted a 
time-to-event analysis (e.g., Balme et al. 2019), consecu-
tive detections of the same species less than 1 min apart 
were collapsed into a single sample. In this study, we set the 
interval time of each camera to 1 min; therefore, we used all 
detection data for this analysis.

Effects of weather conditions on activity 
of carnivores

To evaluate the effects of weather conditions on the activity 
of each target species, we constructed a generalized linear 
mixed model (GLMM). The presence/absence of detection 
(1/0) per night at each camera site was used as the response 
variable. We defined one night as the same night as the tem-
poral co-occurrence analysis. The response variable was 
assumed to follow a binomial distribution and logit was 
used as the link function. Because temperature and precipi-
tation increases energy costs for carnivores and affect their 
activities (e.g., Ables 1969; Kauhala et al. 2007), we used 
mean night-time temperature (°C) and hourly precipitation 
(mm) as explanatory variables. In the Kaminagawa area, we 

Table 1  Duration and species detected using camera-trap survey

RF red fox, RD raccoon dog, JM Japanese marten

Season Camera-trap days Species

RF RD JM

Kaminagawa
  Winter 1775 525 97 156
  Spring 1950 682 320 218
  Summer 1795 456 257 154
  Autumn 1756 447 534 262

Nishiaraya
  Winter 672 58 96 66
  Spring 716 89 114 66
  Summer 595 66 122 197
  Autumn 809 196 270 160

Total 10,068 2519 1810 1279

Fig. 2  Diel activity patterns and the coefficient of temporal overlap 
(Δ) for each species-pair. RF, RD, and JM represent the red fox, rac-
coon dog, and Japanese marten, respectively. The mean Δ and the 
confidence interval are indicated in the upper right of each figure. 

The gray area indicates the overlap between diel activity patterns. 
The rug at the bottom of the plot indicates the original observations 
of activity time
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created these variables based on hourly temperature and pre-
cipitation data from meteorological observation data of the 
Kaminagawa Experimental Forest of Yamagata University, 
which is in this area. In the Nishiaraya area, we used hourly 
temperature and precipitation data from the closest meteoro-
logical station to this area, the Japan Meteorological Agency 
Tsuruoka Station (38°44′N, 139°49′E) (Japan Meteorologi-
cal Agency 2021). Owing to the positive correlation between 
the mean night-time hourly precipitation and the increase 
in snow depth in winter (Pearson’s correlation coefficient 
r = 0.66), we considered that the precipitation in winter 
reflected the increase in snow depth (snowfall). Moonlight is 
another factor related to energy loss that affects the activity 
and interspecific relationships of carnivores as it increases 

the hunting efficiency of predators and its effects may spill 
over into the degree of niche partitioning (e.g., Penteriani 
et al. 2013; Prugh and Golden 2014; Leonard et al. 2020). 
Therefore, we included moonlight as a confounding factor 
among the explanatory variables. We created this variable 
from continuous value data on the age of the moon (National 
Astronomical Observatory of Japan 2021) and represented 
moonlight by the phases of the moon (e.g., Penteriani et al. 
2013). Because the age of the moon is expressed as a con-
tinuous value in the range of approximately 0 (new moon) to 
30 (new moon) with the full moon around 15 in the center, 
we adjusted the data as a continuous value in the range of 
0 (new moon) to 15 (full moon) and used this data as the 
variable. We standardized the explanatory variables and 

Table 2  Results of the 
probabilistic co-occurrence 
analysis

Observed co-occurrence: the number of observations where two species co-occur during one night; 
expected co-occurrence: the expected frequency of two species co-occurring during one night
Pless: the probability that the two species would co-occur at a frequency lesser than the observed frequency 
if the two species were observed randomly (independently); Pgreater: the probability that the two species 
would co-occur at a frequency greater than the observed frequency if the two species were observed ran-
domly
RF red fox, RD raccoon dog, JM Japanese marten
* Significant p values adjusted using the Holm method

Season Species Probabilistic co-occurrence analysis

Observed co-
occurrence (a)

Expected co-
occurrence (b)

Pless Pgreater a/b

Kaminagawa
Winter RF and RD 35 16.7 1.000 0.000* 2.10

RF and JM 34 22.2 0.997 0.004* 1.53
RD and JM 14 6.3 0.998 0.003* 2.22

Spring RF and RD 88 63.6 1.000 0.000* 1.38
RF and JM 53 41.2 0.998 0.019* 1.29
RD and JM 33 24.1 0.982 0.030* 1.37

Summer RF and RD 51 41.3 0.967 0.048 1.23
RF and JM 23 24.9 0.381 0.705 0.92
RD and JM 25 15.0 0.997 0.005* 1.67

Autumn RF and RD 89 77.6 0.955 0.060 1.15
RF and JM 37 34.5 0.742 0.331 1.07
RD and JM 51 50.7 0.561 0.507 1.01

Nishiaraya
Winter RF and RD 11 4.1 1.000 0.001* 2.68

RF and JM 7 3.4 0.986 0.044* 2.06
RD and JM 12 6.5 0.992 0.021* 1.85

Spring RF and RD 19 8.8 1.000 0.000* 2.16
RF and JM 6 5.5 0.702 0.470 1.09
RD and JM 9 8.1 0.714 0.428 1.11

Summer RF and RD 9 7.9 0.749 0.390 1.14
RF and JM 14 9.0 0.979 0.046 1.56
RD and JM 24 16.9 0.984 0.030* 1.42

Autumn RF and RD 37 34.5 0.742 0.331 1.07
RF and JM 41 21.0 1.000 0.000* 1.95
RD and JM 41 35.1 0.961 0.122 1.17
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assessed their influence by using the absolute values of the 
standardized regression coefficients. To consider multicol-
linearity in the model construction, we checked Pearson’s 
correlation coefficient (r) among the explanatory variables. 
As the absolute value of r was < 0.1 across all variables, we 
assumed that multicollinearity would not occur.

We used two random effects to construct the GLMM: 
random intercepts and random slopes. We used year–month 
(e.g., 2019–01), and camera-trap sites as random intercepts, 
and used area–season (e.g., Kaminagawa–winter) as random 
slopes. We evaluated the differences in the relative influence 
of variables by area and season using standardized regres-
sion coefficients of the fixed effect with random slopes. We 
obtained the regression coefficients and 95% CIs for each 
variable using 5000 iterations of the nonparametric bootstrap 
method. When the 95% CI of the coefficient did not overlap 
zero, the variable was considered statistically significant. 
The R package “glmmTMB” package (Magnusson et al. 
2021) in R was used for the GLMM analysis.

Results

Camera‑trap survey

The total duration of the camera-trap survey was 10,068 
camera-trap days, excluding the number of days when the 
angle of the cameras was changed because of bear attacks 
or camera troubles. We detected 2519, 1810, and 1279 red 
foxes, raccoon dogs, and Japanese martens, respectively 
(Table 1). The dataset for the analyses of temporal niche 
partitioning and GLMM is included in the Supplementary 
Information (Table S11).

Temporal niche partitioning based on diel activity 
overlap

Kernel density estimations showed that all species were noc-
turnal in all areas and seasons (Fig. 2). For all species pairs 
and seasons, the mean Δ was higher than 0.5, indicating 
moderate or high diel activity overlap among the species 
(Fig. 2).

For all species pairs and seasons, except for the foxes and 
martens in summer, the mean Δ was > 0.75 in both or one 
of the areas, indicating high diel activity overlap among the 
species (Fig. 2). In autumn in both areas, and in winter and 
spring in the Kaminagawa area, the mean Δ was relatively 
high for all species pairs (Fig. 2).

Temporal niche partitioning based on co‑occurrence 
during one night

The results of the probabilistic co-occurrence analysis 
showed that the observed co-occurrence frequency was not 
significantly lower than the expected frequency for all sea-
sons and species pairs in both areas (Table 2). Overall, the 
observed co-occurrence frequency was significantly greater 
than the expected frequency for multiple-species pairs, indi-
cating co-occurrence per night (Table 2).

In winter, all species pairs showed significant co-occur-
rence in both areas (Table 2). Spring had the second high-
est number of species pairs, and both analyses showed a 
significant co-occurrence (Table 2). In summer, raccoon 
dogs and martens in both areas showed a significant co-
occurrence (Table 2). In autumn, only the foxes and martens 
in the Nishiaraya area showed a significant co-occurrence 
(Table 2). Except for a few results, the value of the observed 
co-occurrence/expected co-occurrence was relatively higher 
in winter than in the other seasons in both areas (Table 2).

Temporal niche partitioning based on behavioral 
avoidance of fine scales

The results of the time-to-event analysis within 1 h showed 
that the observed number of detections was significantly 
lower than that expected for one species-pair (raccoon 
dog–marten in autumn in the Nishiaraya area); however, it 
was not significantly different for all other seasons and pairs 
(Fig. 3; Table S7). These results were the same for the time-
to-event analysis within 2 h (Fig. 3; Table S7).

Effects of weather conditions on activity 
of carnivores

The model showed that, in both areas, temperature had 
significant positive and negative effects on the nighttime 
detection of red foxes in winter and summer, respectively 
(Fig. 4). Precipitation (snowfall) had a significant negative 
effect in all areas and seasons, except in summer in the 
Nishiaraya area (Fig. 4). Although moonlight had a signifi-
cant positive or negative effect in autumn, the effect was 
relatively small (Fig. 4). Overall, the effects of temperature 
and precipitation (snowfall) during winter were relatively 
large in both areas (Fig. 4).

Fig. 3  Frequency distribution of the 1000 simulated data of the num-
ber of detections and significant p-value estimated by time-to-event 
analysis within one or two hours. The dark gray of the distribution 
indicates the location of the observed number of detections. The ver-
tical axis represents the frequency of simulated number of detections. 
The horizontal axis represents the number of detections. RF, RD, and 
JM represent the red fox, raccoon dog, and Japanese marten, respec-
tively. RF-RD represents that raccoon dogs were detected after red 
foxes, while RD-RF represents that red foxes were detected after rac-
coon dogs (i.e., before-after). Asterisk* represents a p value < 0.05

◂
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The model showed that temperature had a signifi-
cant positive effect on the nighttime detection of rac-
coon dogs in winter in both areas (Fig. 4). Precipitation 
(snowfall) had a significant negative effect in winter and 
spring in the Kaminagawa area (Fig. 4). In the Nishiaraya 
area, precipitation had a significant negative effect in 
all seasons, except winter (Fig. 4). Overall, the effects 
of temperature in winter were the largest in both areas 
(Fig. 4), and those of precipitation (snowfall) in winter 
in the Kaminagawa area and spring in the Nishiaraya area 
were relatively large (Fig. 4).

The model showed that temperature had a significantly 
positive effect on the nighttime detection of Japanese mar-
tens in winter in both areas (Fig. 4). Precipitation (snowfall) 
had a significant negative effect in all areas and seasons, 
except in summer in the Nishiaraya area (Fig. 4). Moon-
light had a significant negative effect in autumn in both areas 
(Fig. 4). Overall, compared to that of the nighttime detection 
of the other two species, temperature and precipitation had 
a similar degree of influence on the nighttime detection of 
martens in each season (Fig. 4).

Discussion

The present study showed a low degree of temporal niche 
partitioning between species at any scale, season, or area 
(Table 3) except for one species-pair at a fine scale (Fig. 3; 

Table S7). Multiple species pairs showed had high degree of 
temporal niche overlap (Table 3). In all seasons, many pairs 
showed a low degree of diel activity partitioning and a high 
degree of diel activity overlap (Fig. 2). In both areas, more 
pairs showed co-occurrence per night in winter than that in 
the other seasons (Table 2), and the degree of overlap (co-
occurrence) was relatively higher in winter than in the other 
seasons, with a few exceptions. The possibility of finer scale 
partitioning at night in winter was rejected by the time-to-
event analyses (Fig. 3; Table S7). These results indicate that 
the degree of temporal niche overlap in winter was higher 
than that in the other seasons. Low precipitation (snowfall) 
and high temperatures in winter commonly contributed to an 
increase in the activity of the three species, and the degree 
of their influence was relatively high (Fig. 4). These results 
suggest that the three species in this study are more con-
cerned with responding to weather conditions than avoiding 
competition with other species. Therefore, our results indi-
cate that the three species were more active under similar 
weather conditions during winter, resulting in a high degree 
of temporal niche overlap among the species in winter, sup-
porting H2, but not H1. To understand carnivore community 
structure based on temporal niche partitioning, the effects 
of interspecific competition and weather conditions on the 
degree of temporal niche partitioning should be considered.

Previous studies have reported that raccoon dogs are 
active when the temperature is high during the winter (Kau-
hala et al. 2007; Seki and Koganezawa 2011; Zoller and 

Fig. 4  Standardized regression coefficients and the 95% confidence 
intervals (CIs) of the fixed effect with random slopes per area–sea-
son in the generalized linear mixed model (GLMM) for the effects 
of weather conditions on species activity. Medians and 95% CIs for 

parameters were estimated by a nonparametric bootstrap method with 
5000 iterations. RF, RD, and JM represent the red fox, raccoon dog, 
and Japanese marten, respectively. Asterisks* indicate significant dif-
ferences (95% CIs did not exceed zero)
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Table 3  Comparison of all 
analysis results evaluating 
temporal niche partitioning. RF, 
RD, and JM represent the red 
fox, raccoon dog, and Japanese 
marten, respectively

RF red fox, RD raccoon dog, JM Japanese marten
+ Temporal niche overlap; −temporal niche partitioning; Blanks represent there was neither overlap nor par-
titioning

Season Species Temporal 
overlap

Temporal co-occur-
rence analysis

Time-to-event 
analysis (1 h)

Time-to-event 
analysis (2 h)

Kaminagawa
Winter RF and RD RF–RD  +  + 

RD–RF
RF and JM RF–JM  +  + 

JM–RF
RD and JM RD–JM  + 

JM–RD
Spring RF and RD RF–RD  +  + 

RD -RF
RF and JM RF–JM  +  + 

JM–RF
RD and JM RD–JM  +  + 

JM–RD
Summer RF and RD RF–RD  + 

RD–RF
RF and JM RF–JM

JM–RF
RD and JM RD–JM  + 

JM–RD
Autumn RF and RD RF–RD

RD–RF
RF and JM RF–JM  + 

JM–RF
RD and JM RD–JM  + 

JM–RD
Nishiaraya
Winter RF and RD RF–RD  + 

RD -RF
RF and JM RF–JM  + 

JM–RF
RD and JM RD–JM  +  + 

JM–RD
Spring RF and RD RF–RD  + 

RD -RF
RF and JM RF–JM

JM–RF
RD and JM RD–JM  + 

JM–RD
Summer RF and RD RF–RD

RD–RF
RF and JM RF–JM

JM–RF
RD and JM RD–JM  +  + 

JM–RD
Autumn RF and RD RF–RD  + 

RD -RF
RF and JM RF–JM  +  + 

JM–RF
RD and JM RD–JM  +  −  − 

JM–RD
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Drygala 2013). Zalewski (2001) have reported that Martes 
sp. were less active during cold winter nights. In addition, 
deep and fluffy snow limits the travel of red foxes and rac-
coon dogs (Ables 1969; Kauhala et al. 2007; Pozzanghera 
et al. 2016) and reduces the foraging efficiency of red foxes 
and Martes sp. (e.g., Willebrand et al. 2017). These results 
suggest that red foxes, raccoon dogs, and Martes sp. are 
active at high temperatures and/or with little snowfall for 
energetically efficient travel, which is consistent with the 
results of this study. The reduced activity of the three tar-
get species during daytime (Fig. 2) may be due to the evo-
lutionary fixation of their circadian rhythms as nocturnal, 
even though it is warmer during the day (Kronfeld-Schor 
and Dayan 2003). Thus, they may be active at night under 
weather conditions with less energy loss. Additionally, 
severe winter with snowfall greatly reduces the activity level 
(raccoon dogs, Kitao et al. 2009; Mustonen and Nieminen 
2018) and survival rates (red foxes, Bartoń and Zalewski 
2007) of carnivores. The relative detection frequency of rac-
coon dogs was the lowest in winter (Table 1), which might 
reflect a decreased activity level. As a survival strategy in 
winter for the three species in this study, coping with the 
weather may be more important than avoiding competition 
with other species.

While many previous studies have supported the niche-
partitioning hypothesis (e.g., Barrull et al. 2014; Bu et al. 
2016; Torretta et al. 2016; Tsunoda et al. 2020; Vilella et al. 
2020; Rossa et al. 2021), our results showed a high degree of 
temporal niche overlap in winter. Since differences in body 
mass and population density among species were less related 
to the differences in these results (Tables S4, S5), winter 
environmental severity could be related to the differences 
in our results from the niche-partitioning hypothesis. This 
study was conducted in a heavy snowfall area with a maxi-
mum snow depth > 200 cm (Ministry of Land Infrastructure 
and Transport 2021; Watabe and Saito 2021b). The winter 
weather conditions in this area can be more severe than those 
in areas where previous studies have supported the niche-
partitioning hypothesis because of the heavy snowfall. Based 
on these environmental differences, the degree of interspe-
cific competition and the cost of adaptation to weather can 
vary depending on the extent of the weather impact. The 
survival strategy of carnivores (competition avoidance or 
weather adaptation) can shift depending on the extent of 
weather impact. The temporal niches of the three species 
in this study could have overlapped rather than partitioned, 
because the cost of adaptation to weather conditions in 
severe winters exceeded the risk of competition.

The diversity of active carnivorous species in winter 
may also be related to the differences in the results from 
the niche-partitioning hypothesis. In our study area, the 
activity levels of Japanese badgers and masked palm civets 
(medium-sized carnivores) substantially decreased during 

winter (Watabe and Saito 2022; MUS et al. unpublished 
data). In contrast, in southwestern Europe, Eurasian badg-
ers are more active in winter than Japanese badgers living in 
our study area, and diverse species exist within the carnivore 
guild, including European wildcats, European genets (Gen-
etta genetta), and top predators such as jackals and wolves 
(e.g., Torretta et al. 2016; Tsunoda et al. 2020; Vilella et al. 
2020). Monterroso et al. (2014) suggested that increased 
diversity within carnivore guilds result in increased tem-
poral niche partitioning between species. The high diver-
sity of species that are more active in winter may be one of 
the factors that promote temporal niche partitioning. This 
suggests that multispecies interactions are intricately inter-
twined within carnivore guilds. Such interactions should be 
evaluated to assess the temporal niche partitioning among 
carnivores in the future.

A high degree of temporal niche overlap among the 
species was also observed in seasons other than winter 
(Table 3). The spring results in Kaminagawa might have 
shown similar trends to winter because of the remnants of 
the winter conditions. Because precipitation affects heat loss 
in wildlife (Hendrichsen and Tyler 2014), the fact that the 
three species commonly tended to be active at night when 
precipitation was low (Fig. 4) could be a factor in niche 
overlap. In addition, because carnivores synchronize their 
activity patterns with those of their prey species (Dias et al. 
2019; Botts et al. 2020), the three species in this study might 
synchronize their activity patterns with those of their com-
mon prey, such as small mammals (e.g., Yamamoto 1994). 
As weather conditions influence the prey abundance and 
hunting efficiency of carnivores (Creel et al. 2016; Parsons 
et al. 2020), the weather conditions may indirectly influence 
the degree of niche partitioning among carnivores through 
prey species. In the future, it will be necessary to clarify 
the correlation between weather effects and activity levels 
at more finer scales and, the density and activity patterns 
of carnivore prey species. Thus, we can better understand 
the factors that contribute to the degree of temporal niche 
partitioning among carnivores.

This study showed a trend of toward a high degree of 
temporal niche overlap among three carnivorous species: 
red foxes, raccoon dogs, and Japanese martens. Our results 
indicated that the degree of temporal niche overlap among 
the three species was higher in winter than that in other sea-
sons because the activity of the three species was greatly 
affected by winter weather conditions. As our results showed 
a common trend in the two different landscapes, we could 
have provided findings with some generality. Our results did 
not support the niche-partitioning hypothesis, suggesting 
that different degrees of weather effects can be an impor-
tant factor in varying the temporal niche partitioning among 
carnivores. The influence of weather conditions on carni-
vores is known not only in heavy snowy environments, such 
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as in this study area, but also in areas with little snowfall 
(e.g., Zalewski 2000; Zoller and Drygala 2013). Weather 
conditions may influence the degree of temporal niche par-
titioning among carnivores in areas where environmental 
changes associated with seasonal changes are observed, even 
in low snowfall environments. Furthermore, climate change 
could increase the degree of future weather variability. The 
World Meteorological Organization (2020) has reported that 
extreme changes in weather conditions, such as extremely 
high temperatures, blizzards, and heavy rains, have occurred 
worldwide in recent years. Such extreme weather condi-
tions may significantly affect the activity level and forag-
ing efficiency of carnivores and alter the degree of niche 
partitioning between species. Many carnivorous species are 
distributed in different environments worldwide (Davis et al. 
2018). Thus, in various regions, it is important to clarify the 
temporal niche partitioning among carnivores in terms of 
interspecific relationships and weather conditions to under-
stand carnivore community structures and their changes.
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