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Abstract

Understanding the mechanism of coexistence, where carnivores adapt to humans and vice

versa in the shared landscape, is a key determinant of long-term carnivore conservation but

is yet to be comprehensively examined. We explored the coexistence mechanism of striped

hyena (Hyaena hyaena) and humans in the shared landscape of Sawai Mansingh Wildlife

Sanctuary (SMS WLS), Rajasthan, from November 2019 to March 2021. We used data

derived from motion sensors-based surveys, satellite remote sensing images, and house-

hold questionnaires to understand socio-ecological, environmental and anthropogenic fac-

tors facilitating hyena persistence in the shared landscape. The high density (12 individuals/

100 km2) striped hyena in the landscape revealed the coexistence with humans. Being scav-

engers, they get subsidised food sources and are perceived as low-risk species by humans.

Striped hyena minimised temporal activity during the daytime when human activity peaked.

However, the highest activity overlap was observed in the agricultural area (Δ1 = 0.39), and

likely depicts the high activity due to agricultural practices. While the human settlement was

positively associated with the detection of hyenas, the probability of striped hyena captures

increased with decreasing distance from human settlement, possibly influenced by high car-

cass availability, providing the easiest food resources to striped hyena, and allowing them to

coexist with humans. This study demonstrates the coexistence of hyenas and humans in

the shared landscape supported by mutual benefits, where hyenas benefit from anthropo-

genic food from scavenging, while humans benefit from waste removal and the non-lethal

nature hyenas.

Introduction

Expanding the footprint of humans has modified ~ 70% of Earth’s land surface [1, 2], causing

not only the loss of carnivore habitat but also affecting the animal movement and global
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species recovery efforts [3]. Because of landscape modification, an increasing number of large

carnivore species have been forced to inhabit with humans in modified landscapes (hereafter

shared landscape) [4], which likely have escalated the human-carnivore interactions [5]. The

extent to which humans co-adapt with the carnivore in the shared landscape is the key to the

success of coexistence [6]. However, carnivores pose several real and perceived threats to

humans (i.e., economic loss and deaths) living in their vicinity [7]. These threats directly lead

to retaliatory killings and local extinction of large carnivores due to intolerant behaviours by

humans, threatening carnivore conservation efforts [8]. However, the behavioural adaptation

of large carnivores (i.e., reduced home range in human-dominated areas and increased noctur-

nal activity) [9], their socio-ecological importance [10, 11], and human tolerance are key

mechanisms facilitating coexistence in shared landscapes [12–14].

Despite the several national and international efforts to protect carnivores globally, the pop-

ulations continue to decline in response to increasing human populations and political insta-

bility [15]. World current population projections indicate further expansion of human

footprint globally when ~2.0 billion people are expected to add to the current human popula-

tion by 2050 [16]. For the long-term persistence and strengthening of the conservation efforts

of carnivores in the Anthropocene, an understanding of (i) how carnivores adapt and use the

matrix (remnant of natural vegetation) in shared landscapes [17, 18], and (ii) how carnivores

render benefits to humans’ well-being, are the key determinants [19]. For example, spotted

hyenas (Crocuta crocuta) in northern Ethiopia are valued and tolerated for their service of

removal of carcasses of livestock and reducing the risk of disease [20]. In the Himalayan

region, because of the cultural and religious beliefs, the Tibetan Buddhist monasteries protect

snow leopards (Panthera uncia) and their habitats, although snow leopard heavily depredates

on their livestock [21]. After the eradication and recent recolonisation of large carnivores in

certain regions of Europe and the USA, changes in human behaviour and tolerance towards

carnivores have been observed [7, 15].

India is home to 23% of global carnivore species, wherein the carnivores share space with a

population of 1.3 billion people in multiuse landscapes (e.g., forest, agroforests, scrublands,

barren lands, grasslands) [22]. Among these, ~4% forest is protected, while ~19% are unpro-

tected forest cover of the whole country’s land area [23], which has been used by carnivores for

different purposes, including foraging, dispersal, and reproduction [24]. Carnivore generally

adopted behavioural mechanism can lead to coexistence in shared landscapes via (i) spatial

avoidance of human-dominated areas [5] (ii) overlap in the same space with humans but tem-

porally avoid humans, e.g., nocturnality [25]. However, shared landscapes are recently recog-

nised as potential habitats for many wildlife species of conservation interest [15, 26]. However,

for the long-term persistence of carnivores in shared landscapes, it is essential to identify the

ecological and anthropogenic factors that facilitate human-carnivore coexistence [27].

In this paper, we focused on striped hyena (Hyaena hyaena), a species listed as Near Threat-

ened by the International Union for Conservation of Nature (IUCN) Red List [28], as a model

species to understand the coexistence pattern with humans. The striped hyena is a large-bod-

ied, asocial, and solitary carnivore [29]. It exhibits nocturnal activity [29] and is widely distrib-

uted in India’s arid and semiarid landscapes [30]. It is a ‘facultative scavenger’ adapted to

coexist with humans and mostly scavenges on domestic and wild ungulate carcasses [30]. We

studied habitat use and interactions between the striped hyena and humans in the shared land-

scape (dominated by agro-pastoral activities) of Sawai Mansingh Wildlife Sanctuary (SMS

WLS), Rajasthan, India. Based on our prior knowledge of the ecology of the species and previ-

ous research in the landscape [31], we used data derived from motion sensors-based surveys

and satellite remote sensing images and household questionnaires to understand how ecologi-

cal and anthropogenic factors facilitate their persistence in the shared landscape. We aimed to
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understand the major drivers of coexistence between the striped hyena and human in the

shared landscape in the following hypotheses; (i) being a scavenger; hyena does not attack live-

stock and humans; hence humans tolerate striped hyenas as they clean the organic waste gen-

erated by humans and reduce disease risk [32]. Hence, we predict a higher density of striped

hyenas in the shared landscape, (ii) behavioral adjustments (i.e., nocturnality) of striped hyena

tend to minimise human interactions. Hyenas in the landscape use the same space as humans

but temporally avoid humans and (iii) spatial partitioning of spatial avoidance of humans via

spatial use of the landscape by which hyenas reduce interaction with humans. In this study, we

direct a comprehensive view towards the ecological attributes of striped hyenas, which are

helpful to managers and conservationists to accurately determine parameters influencing

striped hyena’s presence for optimising investment in the management of resources.

Material and methods

Ethics statement

This study was conducted after getting permission from Rajasthan Forest Department (letter

no- F 19(11) permission/cwlw/2017/1678). We followed all guidelines for animal care and sci-

entific research ethics.

Study area

We conducted this study inside and buffer area of Sawai Mansingh Wildlife Sanctuary (SMS

WLS), Rajasthan, India (Fig 1). The SMS WLS is a part of the tiger conservation and manage-

ment unit of the Ranthambhore Tiger Reserve [33]. The total area of SMS WLS is 127.6 km2,

while another adjacent forested area is Qualji area 7.58 km2 and another forested area 132.96

km2 [34]. The entire Ranthambhore landscape forms a transition zone between the true desert

and seasonally wet peninsular India [35]. The area falls in the 4B semiarid zone and Gujarat-

Rajwara biotic province [36]. The region’s average annual rainfall is 800 mm, of which 500

mm falls in the monsoon season. The temperatures can be� 2˚C in January and� 47˚C in

May [31]. The landscape is undulating and dominated by humans; there are 75 villages within

a 5 km buffer of SMS WLS with more than 104261 people inhabiting in and around [37]. The

rolling landscape mosaic is interspersed with forest, scrublands, grasslands, riverine areas, and

agricultural lands [31]. The residents are mostly engaged in agriculture, livestock farming, cut-

ting grass, grazing livestock, lopping trees, and mining (illegally) to supplement household

incomes. All the villages are primarily dependent on agriculture for their livelihood, and their

economy is supplemented by animal husbandry. They have numerous cows, buffaloes, and

goats but very few herds of sheep and camel. The villagers tend to graze their animals in the fal-

low agricultural lands and the village commons during the lean periods of the year, viz., Janu-

ary to June. However, the villagers enter the peripheral forest area to graze their animals

throughout the year. The area is dominated by northern tropical, dry, deciduous, and thorny

forest [38]. The forests are mainly of edaphic climax and belong to the subgroup 5B- Northern

Tropical Dry Deciduous forests and subgroup 6B -DS1-Zizyphus scrub [38]. The degradation

stages are DS1-Dry deciduous scrub and SS4 -Dry Grasslands [38]. The vegetation was repre-

sentative of a typical dry deciduous dhok forest (Anogeissus pendula). Apart from dhok, the

species commonly found are kadaya (Sterculia urens), salai (Boswellia serrata), raunj (Acacia
leucophloea), amaltas (Cassia fistula), Palash (Butea monosperma), tendu (Diospyros melanoxy-
lon), gurjan (Lannea coromandelica), and Jamun (Syzygium cumini). Apart from humans’

landscape is shared with the striped hyena, tiger (Panthera tigris), leopard (Panthera pardus),
sloth bear (Melursus ursinus), jackal (Canis aureus), fox (Vulpes bengalensis), and the wild
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ungulates, including sambar (Rusa unicolor), chital (Axis axis), nilgai (Boselaphus tragocame-
lus), chinkara (Gazella gazelle) and wild boar (Sus scrofa).

Hyena detection data

We obtained striped hyena detection data via a camera-trap survey in different land use cate-

gories in the landscape. The landscape was characterised into five different land-use classes

(forest habitat, scrubland, agriculture area, riverine habitat, and water) based on recent satellite

imagery (S1 File in S1 Text, S1 Table in S1 Text). We conducted a reconnaissance survey ini-

tially to define the extent of the hyena distribution in different land-use classes. Then, we over-

laid the grid cell network of 1 × 1 km2 over the distribution area of hyena in the area. Forty-

three sampling sites for the winters of both years (Table 1) were selected randomly from the

Fig 1. Location map of the study area and camera trap location in Sawai Mansingh Wildlife Sanctuary Rajasthan from November 2019 to March 2021.

https://doi.org/10.1371/journal.pone.0266832.g001

Table 1. Summary of camera trapping effort at the study site of Sawai Mansingh Wildlife Sanctuary, Rajasthan during 2019–2020 and 2020–2021.

Sampling duration Sampled area

(Km2)

No. of trapping

station

Sampling

days

Trap

Night

Photo Captures Identified

hyena

Density(D)±SE/

100 km2
g0±SE Sigma(σ)±SE

(in Km)Total Left Right

November 2019-

March 2020

38.76 Km2 28 34 952 125 64 61 14 12±0.03 0.04

±0.01

1.46±0.18

November

2020-February 2021

36.33 km2 15 34 510 143 73 70 14 11±0.03 0.05

±0.01

1.55±0.23

https://doi.org/10.1371/journal.pone.0266832.t001
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grid of 52 cells, with forest = 14, scrubland = 06, agriculture = 11, riverine habitat = 12 located

landscapes (Fig 1). We used ten camera trap devices for sampling belonging to Cuddeback C1

type; WI, USA digital camera, (20.0 megapixel) enabled with white flash. Camera traps were

enabled to take three subsequent photos bursts every time the sensor was triggered. We set the

sensitivity of the camera minimum value and set traps 6-7m apart from the animal trail, so

each camera had sufficient time to detect the animal and take full-frame pictures.

The single-camera traps were installed per sampling site on either side of the road. To cap-

ture hyena’s natural behaviour, no lures or baits were used. According to Coordinated Univer-

sal Time (UTC), camera time was set as the time standard approaches and time and date

stamps imprinted to each image when the camera was triggered. The sampling was conducted

during winter seasons only from Nov 4 2019, to Mar 18, 2020, and Nov 21 2020, to Mar 7

2021. Camera trap stations were spaced 1 km apart from nearby traps (average trap

distance = 924m). The camera traps were installed 45–60 cm above ground and operational

for 34 days per sampling site. Both the animals and humans share the same space; hence, to

avoid cameras having been stolen or damaged by locals, 21 camera traps (close to human habi-

tation) were deployed at evening 18:00 and removed in the morning 07:00 daily. Despite these

four-camera trap units being stolen, the data were not considered in the analysis. Instead, we

collected the variables within a 200-m radius around each camera trap site. This was consid-

ered the area over which localised conditions may influence species detectability. The mini-

mum convex polygon for season 1 and season 2 covered an area of 38.8 km2 and 36.3 km2.

Density estimation

As the number of photo captures of striped hyenas was higher in left flanks, we considered it

to estimate the density. Individual striped hyenas were identified from photographs obtained

using the camera traps by visually examining the markings on the pelage of the hind limbs,

forelimbs, and forequarters (Fig 2) [31]. Photographs in which hyenas were individually iden-

tified were assigned unique identification numbers, and the specific trap location, sampling

period, date, and time of capture were recorded. We constructed a capture history of striped

hyenas in SECR data format for analysis for each sampling session that considered a continu-

ous 34-days sampling occasion. Using the camera trapping data, we followed the spatial

explicit capture-recapture (SECR) approach to obtain maximum likelihood density estimates

for striped hyenas [39]. The likelihood SECR models were implemented package SECR V.

4.4.8 in the R and DENSITY 5.0.3 [40, 41] (www.Otago.ac.NZ/density). The detection proba-

bility of each individual was modelled using the spatial detection function [42] and was

explained by two parameters (one-night detection probability at the centre of an individual’s

home range, [go] and a function of the scale of animal movements [σ]; [42]. We used a half-

normal detection function because it seemed appropriate for mark-recapture data from large

carnivores. We evaluated the log-likelihood function by integrating the Poisson distribution of

the home range centres by adding a buffer of 10,000 m around the trapping grids (this distance

was chosen to ensure that no individual outside of the buffered regions had any probability of

being photographed by the camera trap during the survey [43].

Influence of human activity on striped hyena nocturnality

We examined the diel activity pattern of hyenas and humans in different land use categories

(i.e., forest, agriculture, riverine, and scrubland) using the date and time imprint on camera

trap images. We considered only independent captures taken from different stations or at least

30 min apart from the same station or depicted unambiguously different individuals in the

same station [44, 45]. The association between the hyena and humans’ activity was compared
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Fig 2. Photo-capture of striped hyena in Sawai Mansingh Wildlife Sanctuary, Rajasthan.

https://doi.org/10.1371/journal.pone.0266832.g002
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using the Chi-Square test in a different land-use category using Cramer’s V strength of associa-

tion [46]. The effect size was calculated in the R package ‘effect size’ [47]. The value of associa-

tion ranges from 0 (no association) to 1 (perfect association). The activity pattern and

overlapping coefficient (Δ) was calculated using a non-parametric kernel density estimation

method [48] for hyenas and humans in different land-use categories using the ‘overlap’ pack-

age [49] in program R v.4.0.2 [50]. The value of overlapping coefficient (Δ) ranges from 0 [no

overlap] to 1 [complete overlap] [48]. Recommended by [49], Dhat 4 (Δ4) coefficient of over-

lap was used for a larger sample size that was more than 75 (>75), and Dhat 1 (Δ1) was used

for a smaller sample size that was less than 75 (<75). We used both Δ1 and Δ4 depending on

the sample size. We obtained a 95% confidence interval for activity overlap using 10000 boot-

strapping iterations. After that, we calculated the activity pattern of a striped hyena at each ter-

rain category using a non-parametric kernel density estimation method [48] in the ’overlap’

package [49] using program R v.4.0.2 [50].

Spatial use of the landscape by hyena

To assess the effects of landscape and anthropological variables on the detection of hyenas at

camera trap stations, we used a Generalised Linear Model (GLM) because it fits the count data

well [51]. We used seven environmental variables at every camera trap within the grid, i.e., dis-

tance from the human settlement (m), aspects (degrees), slope (degrees), scrubland (%), forest

cover (%), and riverine habitat (%) and distance from water (m) (S1 File in S1 Text). A 200m

buffer was laid using the “buffer” feature of “Proximity” under “Analysis tools” of ArcMap

v.10.2.2 (Esri 2014) to calculate the habitat parameters at each sampling point. We also calcu-

lated the Relative abundance Indices (RAI) for humans per site as covariates. RAI was calcu-

lated as RAI = E/TNx100, where E is the number of events (photo-captures), and TN is the

total number of trap nights [52]. We used the RAI of a hyena (i.e., detection rate) per camera

trap station as a response variable, while landscape and anthropogenic variables as a predictor

variable. The multicollinearity among variables was examined using IBM SPSS Statistics (ver.

21.0; SPSS Inc., Chicago, IL., USA, variables with VIF (variance inflation factor) <3 were

included in the analysis [53]. VIF ranged from 1.3 to 2.8 for all variables (S2 Table in S1 Text).

Therefore, all variables were retained in the modelling. We used Poisson distribution with log

link function [54]. The list of all possible models was created to examine the relationship

between our response variable and predicted variables. We considered the final Model with

ΔAIC < 2 using the ‘dredge’ function of package ‘MuMIn’ in program R [55]. Model selection

was based on Akaike’s information criterion and Akaike weights [56]. We averaged the param-

eter coefficients of all models with a cumulative Akaike weight > 0.9 [57, 58]. All analysis was

performed in program R v.4.0.2 [50]—data analysis codes used in program R and data given in

S1 and S2 Appendices.

People’s perception of hyenas

We interviewed 200 random people selected from our study area. Respondents were ques-

tioned about their occupation, types of crops, conflicting species, hyena’s role in the eco-

system, conflict with the hyena, and attitude towards striped hyena (S2 File in S1 Text).

We also asked about livestock mortality rate, mortality reasons, and the process of live-

stock dumping after death. Furthermore, the livestock number was collected from live-

stock census data collected by the government for each village in the year 2019–2020 (S3

Table in S1 Text).
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Results

Striped hyena density

A total camera trapping effort of 1462 days captured 28 unique striped hyena individuals span-

ning two years (Table 1). The number of individual striped hyena captures did not differ

between years, although the highest number was captured during the winter season of 2020.

The RAI of hyenas and humans was calculated at 18 captures/100 trap days and 139/100 trap

days consequently (S4 Table in S1 Text). The RAI of striped hyena was recorded higher in the

forest followed by scrubland, riverine, agricultural land, while the human activity was recorded

higher in the agricultural area followed by riverine, forest and scrubland (Fig 3). The presence

of striped hyenas was least associated with humans in the landscape (r = 0.40, p =<0.05). We

recorded the highest striped hyena density for both years in the landscape. The hyena density

for each season was estimated at 12±0.03 individuals/100 km2 and 11±0.03 individuals/100

km2, respectively. However, the animal movements from the centre of the home range (σ) for

were 1.46 (SE = 0.18) km and 1.55 (SE = 0.23) km. Consequently.

Influence of human activity on striped hyena nocturnality

Striped hyenas were crepuscular and nocturnal, showing bimodal peak activity (Fig 4A). The

activity of hyenas was reduced during the daytime when human activities were at their peak

(Fig 4A). In all land-use patterns, hyena activity was crepuscular and nocturnal with a bimodal

peak of activity. However, there was no sign of activity during the daytime when human activ-

ity was high (Fig 4B–4E). The overall activity overlap between humans and hyenas [Δ4 = 0.30,

CI = 0.29–0.37, Fig 4A]. The highest activity overlap was observed in the agricultural area

[Δ1 = 0.39, CI = 0.28–0.49, Fig 4B], followed by riverine area [Δ1 = 0.25, CI = 0.28–0.44,

Fig 3. Relative abundance indices (RAI) of hyena in different land-use categories in human dominated landscape of Sawai Mansingh

Wildlife Sanctuary, Rajasthan.

https://doi.org/10.1371/journal.pone.0266832.g003
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Fig 4. The kernel density function of activity and overlap plot of striped hyena and human in different land-use categories

(a) along with human (b) agricultural area (c) riverine area (d) scrubland (e) forest (f) rugged terrain (g) flat terrain, in the

human-dominated landscape of Sawai Mansingh Wildlife Sanctuary, Rajasthan.

https://doi.org/10.1371/journal.pone.0266832.g004
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Fig 4C], scrubland [Δ1 = 0.23, CI = 0.006–0.26, Fig 4D], and forest [Δ4 = 0.19, CI = 0.16–0.27,

Fig 4E]. We recorded no major difference in the activity of striped hyenas in both rugged and

flat terrain (Fig 4F and 4G). The overall temporal association between human and striped hye-

nas was calculated at 0.46 (CI = 0.38–0.53, p =<0.05). We observed the highest association

between striped hyena and human in agricultural area (0.92 [CI = 0.75–0.99], p =<0.05) fol-

lowed by riverine area (0.75 [0.63–0.86], p =<0.05), forest (0.66 [0.58–0.73], p =<0.05) and

scrubland (0.63 [042–0.82], p =<0.05).

Spatial use of the landscape by hyena

In our analysis, we included all predictor variables: the top three models’ performance with

less than an ΔAIC < 2, explained the site used by hyena and selected the top model that had

Akaike weights 0.22 (Table 2). The coefficient of predictor variables was generated using

model-averaged. The predictor variable, including distance from human settlement, scrubland

area, distance from the water, was the best predictor for striped hyena on-site use (Table 3).

The distance from the human settlement (β = 0.28, p =<0.05) variable was positively associ-

ated with the detection of hyena predicted the detection rate of striped hyena increased with

decreasing distance from the human settlement (Fig 5A). While the scrubland (β = -0.01, p =

<0.05) and water availability (β = -0.16, p =<0.05) were negatively associated with the detec-

tion of hyena (Table 3) (Fig 5B and 5C). The striped hyena capture rate decreased with increas-

ing distance to water (Fig 5C). However, the aspect (β = -0.00, p =>0.05), slope (β = -0.005, p

=>0.05), riverine (β = 0.001, p =>0.05) and forest (β = -0.00, p =>0.05) had no significant

effect on detection of hyena (Fig 5D–5G). Human presence had no significant effect on detec-

tion of hyena (β = -0.00, p =>0.05) (Fig 5H).

Local’s perception and livestock density

The people reported no conflict with striped hyenas in and around SMS WLS. Most people

(63%) had a positive attitude, while 25.5% had a negative and 11.5% had a neutral attitude

Table 2. Result of Generalised Linear Model used to evaluate the environmental and anthropogenic variables on-site use by striped hyena in the human-dominated

landscape of Sawai Mansingh wildlife sanctuary, Rajasthan. Top candidate models predicting the habitat selection of striped hyaena in the landscape in Sawai Mansingh

Wildlife Sanctuary, Rajasthan, India; aspect; area of riverine (arrive); area of scrubland (arscrb); slope; distance from the human settlement (hsdist); distance from water

(watdist); area of forest cover (arfcm); human RAI (human).

Covariates Degree of freedom log link AICc ΔAIC Weightage of Model

aspect+ arrive + arscrb + hsdist + watdist 6 -478.45 971.23 0.00 0.22

aspect+ arrive + arscrb +hsdist+ slope+ watdist 7 -477.78 972.75 1.53 0.10

aspect+ arscrb +hsdist+ watdist 5 -480.63 972.87 1.65 0.10

https://doi.org/10.1371/journal.pone.0266832.t002

Table 3. GLM model average coefficient (β) with standard error values (SE) of the variables to explain the site use by striped hyena in the sampling area. � = statisti-

cally significant at P�0.05.

Covariates Coefficient (β) SE (coefficient) P-value
Intercept 2.894 0.146 0.00���

Aspect -0.0005 0.00 0.26

Area of riverine habitat 0.0001 0.001 0.28

Area of scrubland -0.017 0.003 0.00���

Distance from human settlement 0.280 0.073 0.0001���

Distance from the water body -0.161 0.037 0.00���

Slope -0.006 0.012 0.62

Forest cover -0.0001 0.001 0.89

Human presence -0.00 0.00 0.93

https://doi.org/10.1371/journal.pone.0266832.t003
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toward hyena. A total of 78% of people considered hyena’s role in the ecosystem as cleaning

off carrion, while 17.5% people considered predation of livestock and 04% people were not

aware of any significant role played by a hyena. In the study area, every month, an average of

40–50 livestock died due to diseases (26%), natural death (36%) or predation by carnivores

(13.5%), and carcasses were dumped ~1–2 km distance away from their villages into dumping

ground. As per the animal husbandry records, there were 21,272 livestock heads in 22 villages

within 75 km2. The estimated livestock density in the study area was 283.62 animals/km2.

Discussion

Striped hyena density

Our results suggest that low-risk conflict species and the scavenging nature of hyena allow

them to coexist with humans in the landscape [30]. The density estimates of hyena in our

study area were higher than in the adjoining protected area Ranthambhore National Park

(5.49 individuals/100 km2) [31], but lower than previous studies in similar habitat in Sariska

Tiger Reserve (STR) (15.1 individuals/100 km2) [59]. However, the hyena densities in the out-

side protected area in India range from 3.67 to 5.03 individuals/100 km2 [30, 60]; whereas esti-

mates for protected areas (i.e., Rajaji National Park and Gir National Park) were 3.91, 6.50

individuals/100 km2, respectively in India [61, 62]. Several ecological factors may be driving

carnivore densities, with prey abundance among the important factors [63, 64]. STR had the

highest wild (107 animals/ km2) and domestic (222 animals/km2) prey densities [65, 66],

which may be the reason for the high density of hyenas. While in Israel density of striped hye-

nas was higher away from the agriculture and human settlement [67]. In our study area, there

are 75 villages located within the five km of boundary of SMS WLS, and the livelihood of locals

is primarily dependent on agriculture, and their economy is supplemented by animal hus-

bandry. In our study area, livestock density was estimated to be 283.62 animals/km2, and it

Fig 5. The spatial relationship between the striped hyena and environmental variables (a) hyena vs distance to human settlements or village (km), (b) hyena vs

scrubland, (c) hyena vs distance to water (km), (d) hyena vs aspect, (e) hyena vs slope (f) hyena vs riverine area, (g) hyena vs forest cover (h) hyena vs human

presence, in the human-dominated landscape of Sawai Mansingh wildlife sanctuary, Rajasthan.

https://doi.org/10.1371/journal.pone.0266832.g005
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was observed that 40–50 livestock/month died due to various causes (i.e., starvation, inade-

quate veterinary care, depredation by tiger or leopard, disease, poor sanitation; personal obser-

vation), which were not buried or consumed by locals’ dues to their religious views [68]. The

availability of livestock carcasses likely provides subsidised scavenged food sources for striped

hyenas in the landscape and lower competition from other predators. Being a specialised scav-

enger, it was implicit that the striped hyena’s distribution and density might be related to live-

stock abundance (i.e., carcasses) [30]. However, studies suggested human impact caused low

density of striped hyena in East Africa [69]. While in South Africa, the high densities of brown

hyenas were observed near cattle farms compared to neighbouring protected areas [70]. Hence

the shared landscape provides scavenging opportunities for hyenas, suggesting the higher

densities.

Influence of human activity on striped hyena nocturnality

Temporal avoidance of humans may ease human-hyena coexistence in the shared landscape.

Hyenas exhibited nocturnal behaviour in this study. The nocturnal activity of hyenas has been

interpreted as a response to human activity, having high human activity during the daytime.

We observed that the hyena activity was the crepuscular onset of activity to occur around sun-

set around 1800 hrs. in comparison, another set of activities occurred around early in the

morning at 0600 hrs. In Israel, the striped hyena’s activity was affected by high human activi-

ties near agricultural areas [71, 72].

Similarly, our result also revealed the high activity overlapped and high temporal associa-

tion with humans and hyenas in the agriculture area. In our study area, winter crops (i.e., mus-

tard, chilli, wheat, maze, etc.) were guarded by peoples for protection from wild ungulates (i.e.,

nilgai and wild boar), and crops provide the cover to hyena for movement in the landscape;

hence the overlaps may be expected in agriculture area. While the villages near riverine and

scrubland habitats provide abundant food for hyenas, it was common for peoples to discard

livestock carcasses and leave a substantive, easily attainable food for hyenas to exploit. People

used these habitats for grazing livestock during the daytime, and hyenas utilised areas when

people were least likely to be active, i.e., 1800–1900 hrs; hence the activity of hyena was

increased during the crepuscular period to benefits of accessing resource subsidies. Likewise,

many carnivores (i.e., lion, tiger, wolf, spotted hyenas, brown hyenas) adapt in human-domi-

nated areas to Spatio-temporal avoidance of humans via shifting the activity timing to a prefer-

ence for nocturnality [9, 25, 73, 74]. The hyena activities were minimally overlapped during

0600 hours to 1200 hours with humans in forest habitat. Due to the forest department restric-

tions, the human activities are minimal in the forested area; however, the locals illegally graze

the cattle and collect firewood for cooking purpose, while hyena uses the forest area for day-

time resting and denning purposes [31]. Hyenas are vulnerable to being killed by people and

predation by feral dogs. Therefore, they generally avoid human interactions, especially during

daylight hours [30, 75].

Spatial use of the landscape by hyena

Our results are consistent with the general perception that in India, the hyena is recognised as

low-risk species compared to other large carnivores and can coexist with humans in a shared

landscape [22]. Our results are similar to other studies on habitat selection of hyenas from

India [30, 31, 59], Nepal [76], and Africa [20], which found the distance from the human settle-

ment as the significant indicator for hyena detection due to foraging opportunities [30, 31, 77].

Hyenas feed easily on domestic waste in slaughterhouses, garbage dumps, livestock carcasses,

and poultry farms [30, 78, 79]. In our study area, due to animal husbandry practices of peoples,
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generates abundant anthropogenic food (i.e., livestock carcasses). Hyenas likely get most food

from scavenging and readily use anthropogenic food in the landscape; hence the detection rate

of hyenas is predicted to be high near human settlements. It is often reported that large carni-

vores (i.e., tiger, leopard, lion) predate on livestock and attack humans, which often leads to

conflict [80]. Previous studies reported that the attitude of positive or neutral towards the spe-

cies is the key factor of coexistence between humans and wildlife [81]. In our study area, peo-

ple’s attitude towards hyenas was positive, and locals reported no conflict and active livestock

predation as they considered the hyena a scavenger. Previous studies reported forest cover and

scrubland as important factors for hyena detection [31, 76]. We found that these habitat vari-

ables were negatively associated with hyena site use. Scrublands are treated as ‘wastelands’, and

people diverted them for commercial use and converted them into agriculture [82]. Hyena

prefers open or thorn habitats in arid and semiarid environments [32, 76, 83], and the presence

of the hyena may have been associated with such habitats because hyenas used scrubland for

movement. Habitat use studies indicate the distance to the water body and riverine habitat

found important factors for site use by hyenas [76]. Our results generally agree with this pat-

tern in the area both humans and hyenas temporally used the same water resources. The rug-

ged and gullied terrain of riverine habitat provides a suitable denning site to hyenas and easy

access to the water body from the nearby Chambal river. The riverine habitats are barren areas

which are alluvium deposited by the Chambal river itself [84], have less interest to villagers but

are used by different faunal species for denning. A previous study suggested the rugged terrain

in the landscape provides disturbance-free denning refugia (i.e., not used by livestock, humans,

or guard dogs) of hyenas may provide optimal conditions for breeding and raising pups [30,

31]. Our study demonstrates that the scrubland, agricultural lands, and riverine habitats may

serve as supplementary habitats for hyenas. The coexistence of hyenas and humans in the

shared landscape is supported by mutual benefits, where hyenas get benefits from food and

humans’ benefit from waste removal. Thus, sharing landscape in a human-dominated land-

scape without negatively impacting each other is a possible key factor of human-wildlife coex-

istence [81].
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