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Abstract
Background
Sika deer, Cervus nippon, were originally introduced to South Korea from Japan and Taiwan for commercial farming purposes. Unfortunately, they were released into the wild during religious events and have since begun to impact the native ecosystem and species endemic to South Korea. The study of activity patterns can improve our understanding of the environmental impact of non-native species and their association with sympatric species. Using camera traps, we studied the diel and seasonal activity patterns of non-native sika deer and quantified the temporal overlap with sympatric mammalian species in the Muljangori-oreum wetlands of Hallasan National Park, South Korea.

Results
A total of 970 trap events were recorded for five mammalian species from nine locations during the camera-trap survey. Siberian roe deer (Capreoluspygargus tianschanicus) had the highest number of recorded events (72.0%), followed by sika deer (Cervus nippon) (16.2%), wild boar (Sus scrofa) (5.0%), Asian badger (Meles leucurus) (4.5%), and the Jeju weasel (Mustela sibirica quelpartis) (2.0%). Sika deer had bimodal activity patterns throughout the year, with peaks throughout the spring-autumn twilight, and day and night time throughout the winter. Relating the daily activity of sika deer with other mammalian species, roe deer expressed the highest degree of overlap (∆4 = 0.80) while the Asian badger demonstrated the lowest overlap (∆4 = 0.37).

Conclusions
Our data show that sika deer are a crepuscular species with seasonal variations in daily activity patterns. Additionally, we identified the temporal differences in activity peaks between different mammals in the Muljangori-oreum wetlands and found higher degree of overlap between sika deer and roe deer during twilight hours.
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Background
The sika deer Cervus nippon (Artiodactyla: Cervidae) is an ungulate species non-native to South Korea. It was introduced from Japan and Taiwan for commercial farming, particularly for the purpose of antler production (Koh et al. 2010; Jin 2013). Between 1987 and 2002, numerous sika deer were released into the wild during various religious events. The invasive deer have since been identified in Songnisan National Park, South Korea (Kaji et al. 2010). Sika deer that were farmed in Jeju Island were also illegally released in Mt. Hallasan National Park; populations of sika deer have since been found distributed across various isolated patches of the park (Jo et al. 2018).
Despite the positive contributions of these improperly introduced ungulates (Garcia-Llorente et al. 2008), they have had significant negative impact on the ecosystem and native species (Carpio et al. 2016). In order to estimate the potential impact and establish guidelines for sustainable management, it is important to consider how alien species are adapted to suit their non-native environments. The study of activity patterns and the temporal overlaps between invasive and native species can be used to describe patterns of coexistence (Centore et al. 2018) and provide valuable data for managing the introduced species (Prpic et al. 2020). If population control measures are warranted, this knowledge allows wildlife managers to target specific times for the implementation of management actions, greatly improving efficiency. In general, wild ungulates exhibit a bimodal activity pattern that peaks at dawn and dusk (Stache et al. 2013; Ensing et al. 2014); the sika deer of Jeju Island likely follow a similar pattern. Understanding the activity patterns of non-native species is also important for identifying the potential interspecific interactions that exist when multiple species coexist in same habitat. Knowledge of these interspecific interactions is vital as they represent a leading cause of biodiversity loss (Spear and Chown 2009). Moreover, in an island ecosystem, both habitat and native species are more likely to be affected by the invasion of alien species.
In previous studies on the effect of invasive species on native plants and animals in South Korea (Oh et al. 2017; Adhikari et al. 2019), invasive species were found to adversely affect agriculture, horticulture, and wild ecosystems. However, the ecological impacts of sika deer on Jeju Island have not yet been detailed, though sika deer have been reported to negatively impact the urban forest ecosystem in mainland South Korea (Jin 2013). Furthermore, sika deer are likely to compete with sympatric ungulates, as has been reported in Europe and New Zealand (Fraser 1996; Bartos 2009; Biedrzycka et al. 2012). Numerous problems have been identified with the introduction of non-native deer in Britain (Putman 1996; Cooke and Farrell 2001), America (Cote 2005; Russell et al. 2017), and Italy (Bertolino et al. 2009; Feretti 2011).
Despite several studies in their native ranges in Taiwan and Japan (Ikeda et al. 2015; Liang et al. 2020), activity pattern data on non-native range are scarce in South Korea. This study aims to provide invaluable data for understanding the influence of alien ungulates on native species on Jeju Island. It also seeks to improve our understanding of the ecology and behaviour of sika deer, which is important information for species management and environmental protection. In this study, we investigate the diel and seasonal activity patterns of sika deer as well as the overlap of activity times with sympatric species in the Muljangori-oreum wetlands of Jeju Island using camera traps.
Methods
Study area
Muljangori-oreum (E126° 31′, N33° 22′, alt. 936 m) is a volcanic mountain on Jeju Island containing a freshwater crater lake at the top (Fig. 1). This site was registered as Ramsar Wetland in 2008 and designated as a protected wetland area in 2009 (Kim et al. 2012). Muljangori-oreum has a gently steep terrain and is home to various types of vegetation. The lowland area is largely covered with pasture and agricultural land, whereas the upland contains forbs and graminoids along with patches of deciduous and evergreen forest. Diverse plant species including the Japanese peony (Paeonia obovate), Geumsaeunan (Calanthe sieboldii), Bochunhwa (Cymbidium goeringii), Jeju Island’s indigenous Korean wild ginger (Asarum maculatum), and Korean liverleaf (Hepatica insularis) grow in the wetland areas (Lee 2008). Moreover, there is significant faunal diversity including the Siberian roe deer (Capreolus pygargus tianschanicus), wild boar (Sus scrofa), Asian badger (Meles leucurus), and the Jeju weasel (Mustela sibilica quelpartis), as well as multiple endangered species such as the fairy pitta (Pitta nympha), peregrine falcon (Falco peregrinus), and the black paradise flycatcher (Terpsiphone corvina) (MoE 2011). Also worth noting, there are no large predatory animals endemic to these habitats.
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Fig. 1Map showing the study area


Camera trap survey
To investigate the activity patterns of sika deer along with sympatric mammalian species, camera trapping (Bushwhacker, ROBOT D30, Shenzhen, China) was conducted between Oct 2018 and Sept 2019. In order to cover all habitat types and landscape structures, the study area was divided into a 1 km2 grid system. Due to limited camera availability (n = 9), only nine grid areas were sampled. In each grid, the locations for each camera were selected by identifying and following deer tracks (Fig. 1). Cameras were strapped to trees 1 m above the ground and directed parallel to the deer trails. To record accurate activity patterns, all cameras were operational 24 h a day and programmed to take consecutive images and videos when triggered. In order to reduce potential bias caused by multiple records of the same individual at a camera station, photographs that were recorded within 30 min of previous photographs of the same species at same camera station were not used (O’Brien et al. 2003; Linkie and Ridout 2011). Camera captures of multiple individuals of social species were considered single events (Palmer et al. 2018). Data from the camera traps were collected monthly by exchanging SD-cards, and if necessary at the time, batteries were replaced. HOBO RX3000- Remote monitoring and weather stations (Bourne, USA) were set and identified the mean monthly fluctuations in temperature (Fig. 2). We divide the year into four seasons: spring (March–May), summer (June–August), autumn (September–November), and winter (December–February). By analysing the images from camera traps, we estimated the activity patterns for each season.
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Fig. 2Number of sika deer observed in relation to mean monthly fluctuation in temperature


Data analysis
We used kernel density estimation, a non-parametric technique for calculating the probability density function of random variables (Worton 1989), as described by Ridout and Linkie (2009) and Linkie and Ridout (2011) to estimate the seasonal and diel activity patterns of sika deer along with sympatric mammalian species. To measure difference in the behaviour patterns of sika deer and other observed species, we calculated the coefficient of overlapping (∆), which ranges from 0 (non-overlap) to 1 (complete overlap) (Ridout and Linkie 2009). The coefficient is defined as the area under the curve that is formed by taking the minimum of the two density functions at each time point (Linkie and Ridout 2011). We used Dhat1 for small sample sizes (<75 records) and Dhat4 for sample sizes greater than 75 records among the various density estimators (Meredith and Ridout 2018). Dhat < 0.50 was interpreted as weak overlap, > 0.50 and < 0.60 as moderate overlap, and > 0.60 as high overlap (Massara et al. 2018). A precision of estimator of overlap was estimated by 95% confidence interval using bootstrap with 10,000 resamples (Foster et al. 2013; Meredith and Ridout 2018). We used the ‘activity’ R package (Rowcliffe et al. 2014) to statistically test the probability that two sets of observations came from the same distribution. We set the number of bootstrap iterations to 10,000.
At each photograph, all cameras record the time, date, and temperature. The photographs were then processed using the Timelapse2 Image analyser (Greenberg 2019), which automatically extracts information from all images such as date and time. We classified diurnal (activity during day), nocturnal (activity during night), and crepuscular (activity during twilight) patterns; the classification was defined as cathemeral when no differences were observed among the three time periods (Bennie et al. 2014; Ikeda et al. 2016). We used one-way ANOVA to compare daily photographic frequency among the three time periods. Prior to ANOVA, Shapiro–Wilk and Cochran’s C tests were used to check for normality and homogeneity of variance (Doncaster and Davey 2007). All these procedures were implemented in R software (R Development Core Team, 2015) with the ‘camtrapR’ (Niedballa et al. 2016), ‘overlap’ (Meredith and Ridout 2018), and ‘circular’(Lund et al. 2017) packages. The coefficient of overlap was calculated using 1.0 as the smoothing parameter.
Using the Moonrise 3.5 software package (Sidell 2002), we calculated the exact time of sunset and sunrise. All calculations were performed using Statistica 8.0 software (Statsoft, Inc.) and all mapping was performed using ArcMap 10.7 (Esri, Inc.)
Results
From a total of 2,942 trap nights, a total of 970 traps events were analysed from the nine trap locations. The trap events for sika deer (16.2%) were second to those of roe deer (72.0%). A much smaller number of trap events included wild boar (5.0%), badger (4.5%), and weasel (2.0%) (Table 1).
Table 1Camera trap events of five species from nine locations


	Species
	Trap events (TE)
	No. of pictures
	% of pictures

	Sika deer
	158
	2014
	25.2

	Siberian roe deer
	699
	3708
	46.4

	Wild boar
	49
	1278
	15.9

	Asian badger
	44
	888
	11.1

	Jeju weasel
	20
	102
	1.2

	Total
	970
	7990
	100




Activity pattern of sika deer
Each photo recorded time was divided into three time periods: day (activity predominantly between 1 h after sunrise and 1 h before the sunset), night (activity predominantly between 1 h after sunset and 1 h before sunrise), and twilight (activity peaks 1 h before and after sunrise and sunset respectively). We found no significant difference in trap events among the three time periods between spring and autumn, but a significant difference was observed between winter and other three seasons (F = 5.06, d.f. = 2, P < 0.05) (Table 2). Despite winter having the lowest number of sika deer trap events (n = 16 events), the activity curve peaks moved more towards day and night hours as can be seen in Fig. 3.
Table 2Seasonal pattern of diel activity in sika deer


	 	Trap events ± S.E

	Seasons
	Twilight
	Day
	Night
	P-value

	Spring
	3.50 ± 1.38
	1.1 ± 0.47
	1.0 ± 0.36
	0.10

	Summer
	5.66 ± 1.35
	2.5 ± 0.67
	2.6 ± 0.55
	0.05

	Autumn
	4.36 ± 1.18
	1.5 ± 0.61
	1.0 ± 0.47
	0.71

	Winter
	0.66±0.66
	0.6± 0.33
	1.8 ± 0.54
	0.02

	P-value
	0.04
	0.13
	0.59
	 

Values indicate the average trap events and SE. Difference in frequencies among three time periods was tested by one-way ANOVA
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Fig. 3Seasonal pattern of daily activity of sika deer in Muljangori-oreum wetland. Black lines and bars indicate Kernel density and trap events respectively; X-axis—time of day in hours, Y-axis—density of activity


The daily activity pattern of sika deer exhibited a bimodal pattern. Most notably, activity curve peaks were changed from sunrise and sunset as they were between spring and autumn, to day and night in winter (Fig. 3). With the exception of winter, the mean number of sika deer trap events during twilight hours was significantly higher than that during day and night hours (F = 3.24, d.f. = 3, P < 0.05) (Table 2).
Temporal activity overlap of sika deer with sympatric species
With consideration to the activity overlap with other mammalian species, the activity of sika deer clearly overlapped with that of roe deer more than any other (∆4 = 0.80; CI = 0.75–0.88) (Table 3; Fig. 4). The activity patterns of both species overlapped throughout the day and night, with two distinct peaks of activity in the twilight hours.
Table 3Coefficient of daily activity overlapping (Dhat4) and their CI for camera-trapped species


	Sika deer
	 	 	 	 
	0.80 (0.75–0.88)
	Siberian roe deer
	 	 	 
	0.54 (0.50–0.75)
	0.74 (0.66–0.86)
	Wild boar
	 	 
	0.37 (0.35–0.58)
	0.54 (0.48–0.68)
	0.70 (0.55–0.83)
	Asian badger
	 
	0.58 (0.43–0.76)
	0.59 (0.45–0.74)
	0.44 (0.29–0.63)
	0.15 (0.09–0.37)
	Jeju weasel
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Fig. 4Daily activity overlaps and their estimators (Dhat4 and CI) between sika deer and associated mammalian species. Solid and dashed lines and grey-shaded area indicates Kernel densities of two species and overlap coefficient, respectively; X-axis—time of day in hours, Y-axis—density of activity


The wild boar and sika deer had a low coefficient of activity overlap (∆4 = 0.54; CI = 0.50–0.70) compared to that with roe deer (∆4 = 0.74; CI = 0.66–0.86) (Table 3; Fig. 4). Wild boar showed cathemeral activity that peaked at noon and around midnight.
The badger was the only species that showed predominantly nocturnal behaviour (Fig. 4). The coefficient of activity overlap between badger and sika was lower (∆4 = 0.37; CI = 0.35–0.58) than that between weasel and sika deer (∆4 = 0.58; CI = 0.43–0.76) (Table 3; Fig. 4). The weasel had the greatest number of registrations in the daytime among all the studied species. Activity began from early morning with peaks towards mid-day, abruptly ceased at night.
Discussion
Herein, we have described the diel and seasonal activity patterns of alien sika deer as well as multiple sympatric species in the Muljangori-oreum wetlands of Jeju Island based on a camera trap survey. The data show that sika deer were active throughout the day, but had peaks of activity at twilight and troughs in the middle of the day and at night.
In the analysis of daily activity, sika deer mostly showed a bimodal activity pattern with the most activity during twilight hours. Studies from Japan (Borkowski 2001; Ikeda et al. 2016; Ikeda et al. 2019) have also reported that sika deer primarily show a crepuscular activity pattern. Similar bimodal patterns have been identified in many other ungulates including roe deer (Capreolus capreolus) (Pagon et al. 2013), white-tailed deer (Odocoileus virginianus) (Paul and Mccullough 1990), and elk (Cervus canadensis) (Green and Bear 1990). Frequent alternations between activity and rest over the day/night cycle are indicative of a feeding and ruminating process, the timing of which ultimately depends upon the physiological and morphological constraints imposed by the digestive tract (Turner 1979; Berger et al. 2002).
Differences in the daily activity patterns of ungulates also arise based on climatic conditions (Pęksa and Ciach 2018). In warmer months, morning activity peaks earlier and evening activity later due to the typically low heat tolerance of most large mammals. As temperature and solar radiation rise during summer, the daytime activity of ungulates usually declines (Bourgoin et al. 2011; Brivio et al. 2016). The activity of sika deer was near absent during the harsh Korean winters, known for their low temperatures and high snowfall, which may have caused a seasonal migration toward lowland areas with less snow and easily available grazing lands. The migration to lower altitudes during winter has also been reported in the native roe deer of Jeju Island (Adhikari et al. 2016) as well as in the sika deer of Hokkaido Island (Igota et al. 2004). In addition, during winter, activity peaks shifted towards day and night (i.e. cathemeral), which is in agreement with the report by Ikeda et al. (2015, 2016). During the winter, the temperatures towards midday and midnight are comparatively mild compared to the cold winds that come during twilight hours (Claudino-Sales 2019). Towards the later winter months, ungulates often undergo nocturnal hypometabolism (i.e. decrease in heat production) as a response to peripheral cooling that is indicative of energetically challenging conditions (Signer et al. 2011; Turbill et al. 2011). This phenomenon in conjunction with related sun basking behaviors during both sunrise and sunset may be responsible for the low activity levels seen in sika deer during this time. In addition, winter daytime activity patterns could also result from a reduction in energy consumption as suggested by Arnold et al. (2004).
With regard to daily registrations of sika deer with other sympatric species, roe deer showed a high degree of overlap (∆4 = 0.80; CI = 0.75–0.88). The activity of both species was high during twilight periods, but the peaks were more pronounced for sika deer. Although the diet of sika deer in Korea has not been studied in detail, it is likely that they exhibit similar resource demands to roe deer in both diet and habitat use within our survey area. Our study area contained mostly flat land dominated by forbs, graminoids, and herbs. Adhikari et al. (2016) reported forbs and graminoids contributed a relatively higher proportion of roe deer diet in Jeju Island. According to previous studies from Japan (Yokoyama et al. 2000; Takatsuki 2009), sika deer are commonly found in forests (either coniferous or deciduous) dominated by browse, forbs, and graminoids, which form a major part of their diet in all seasons. The presence of a commonly preferred diet causes both deer species to aggregate in similar areas, even if the diet overlap interspecific competition is not always the consequence. Two species can co-exist without detriment to one another, if they have a preferred food that is abundant (Pianka 1974; Obidziński et al. 2013).
The management of invasive sika deer can be best planned with proper understanding of the activity patterns of the species as it exists in South Korea. Although our study was limited by the relatively low number of camera traps and survey sites, these data shed light on the diel and seasonal activity patterns of sika deer.
Conclusion
This study, conducted in the Muljangori-oreum wetlands of Jeju Island, shows that sika deer were active throughout the day and night, with peaks at dawn and dusk. On a seasonal scale, it showed variation in activity patterns (dawn and dusk in spring-autumn; day and night in winter) that could be linked to changes in temperature and the stresses that come with harsh winter weather conditions. In this study, native roe deer showed a higher incidence of activity overlap with sika deer than any other study species, suggesting that the two ungulates likely share common dietary preferences. This study provides valuable information about the diel and overlapping activity patterns of alien sika deer; these data will prove invaluable for the development of management strategies in future.
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