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Abstract
Anthropogenic activities, such as outdoor recreation, have the potential to change complex interactions between wildlife 
and livestock, with further consequences for the management of both animals, the environment, and disease transmission. 
We present the interaction amongst wildlife, livestock, and outdoor recreationists as a three-way interaction. Little is known 
about how recreational activities alter the interaction between herbivores in areas extensively used for recreational purposes.  
We investigate how hiking activity affects spatio-temporal co-occurrence between domestic sheep (Ovis aries) and red 
deer (Cervus elaphus). We used camera traps to capture the spatio-temporal distribution of red deer and sheep and used 
the distance from the hiking path as a proxy of hiking activity. We used generalized linear models to investigate the spatial 
distribution of sheep and deer. We analysed the activity patterns of sheep and deer and then calculated their coefficients of 
temporal overlap for each camera trap location. We compared these coefficients in relation to the distance from the hiking 
path. Finally, we used a generalized linear mixed-model to investigate which factors influence the spatio-temporal succes-
sion between deer and sheep. We do not find that sheep and red deer spatially avoid each other. The coefficient of temporal 
overlap varied with distance from the hiking trail, with stronger temporal co-occurrence at greater distances from the hiking 
trail. Red deer were more likely to be detected further from the path during the day, which increased the temporal overlap 
with sheep in these areas. This suggests that hiking pressure influences spatio-temporal interactions between sheep and 
deer, leading to greater temporal overlap in areas further from the hiking path due to red deer spatial avoidance of hikers. 
This impact of recreationists on the wildlife and livestock interaction can have consequences for the animals’ welfare, the 
vegetation they graze, their management, and disease transmission.
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Introduction

Interspecific interactions such as predation and competi-
tion are key components of a healthy ecosystem (Gurevitch 
et al. 2000). Amongst these, wildlife-livestock interactions 
are particularly important in processes of disease transmis-
sion (Dohna et al. 2014), biodiversity conservation (Fynn 
et al. 2016), and livestock management (Ager et al. 2004). 
Interactions between wildlife and livestock are complex, 
and changes to these interaction processes can have indirect 
cascade effects on lower trophic levels (Otuoma et al. 2009; 
Wilson et al. 2020). For example, interspecific interactions 
can be altered due to abiotic stressors such as variation in 
temperature (Tylianakis et al. 2010). Beyond abiotic stress-
ors, human biotic stressors, such as anthropogenic pressure, 
can alter interspecific interaction patterns and processes. 
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The interaction between human activity, wildlife, and live-
stock can be considered as a three-way interaction. It can 
involve one or multiple types of human activities which can 
alter the spatial or temporal interaction between the wildlife 
and the livestock. Such three-way interaction systems are 
important to understand depredation (Gemeda and Meles 
2018), impacts on habitat (Otuoma et al. 2009), and disease 
transmission (Simpson et al. 2018). Anthropogenic pres-
sures in such three-way interaction systems can take mul-
tiple forms and are commonly related to processes such as 
habitat fragmentation (Otuoma et al. 2009) or urbanization 
(Hassell 2018).

Outdoor recreation activities such as mountain biking, 
skiing, and hiking can have various impacts on wildlife 
which are not dissimilar to predation (Frid and Dill 2002). 
Spatio-temporal interactions between wildlife and outdoor 
recreation activities have been studied extensively (Larson 
et al. 2016) and are shown to impact animal diets (Jayakody 
et al. 2011), feeding behaviours (Szemkus et al. 1998; Griffin 
et al. 2007), distributions (Sibbald et al. 2011), and preda-
tion behaviour (Belotti et al. 2012). However, much less is 
known about how recreational activities alter the compe-
tition between herbivores in spaces where human recrea-
tion is present, i.e., do they exhibit competition or spatial 
avoidance?

Red deer (Cervus elaphus) and sheep (Ovis aries) both 
graze, at significant densities, within the Scottish Highlands 
where they are food competitors (Clutton-Brock and Albon 
1989). The interaction between red deer and sheep is com-
plex. DeGabriel et al. (2011) found that the spatial absence 
of sheep was correlated with a higher density of deer, but 
this was dependant on the time elapsed since sheep removal. 
Similarly, Hope et al. (1996) found that the removal of sheep 
on hills increased the number of red deer: the so-called 
‘vacuum effect’ (Albon et al. 2007). However, few studies 
have investigated how external stressors — such outdoor 
recreation activity — may modify these spatio-temporal 
relationships.

The Scottish Highlands are a multi-functional land-
scape, used for outdoor recreation (e.g., hiking, biking), 
hunting (e.g., red deer and red grouse (Lagopus lagopus 
scotica)) and the grazing of livestock (e.g., sheep and cattle 
(Bos taurus)). Previous studies, based in Scotland, on the 
impacts of hikers on red deer revealed that hiking activ-
ity can change diet composition (Jayakody et al. 2011), 
increase vigilance (Jayakody et al. 2008), and alter their 
movement patterns (Sibbald et al. 2011). Thus, outdoor 
recreation activity can cause red deer to be spatially dis-
placed to less nutritious habitats and subsequently forced 
to compete with other species that they may usually avoid. 
In Scotland, sheep are often in direct contact with farmers, 
and it is typically assumed that sheep are habituated to the 
presence of humans. Thus, it is believed that the impact 

of hiking activity on their spatio-temporal distribution will 
be limited to very small scales (i.e., displacement of only 
meters for a few minutes).

This study presents a novel investigation of the three-
way interaction between sheep, deer, and outdoor recrea-
tion activity. To date, there is very limited evidence on the 
role of outdoor recreation in modulating the interaction 
between competing foragers. Specifically, we study how 
hiking activity (represented here as the distance from a 
popular hiking path) influences the spatio-temporal pat-
terns of co-occurrence between red deer and sheep in the 
Scottish uplands. Our hypothesis is that sheep will exhibit 
low/no response to hiking activity and that red deer will 
spatially avoid the hiking trail. We further hypothesize 
that the level of spatio-temporal co-occurrence between 
red deer and sheep will vary in response to the distance 
from the hiking trail as the hiking activity is highly con-
centrated along the trail in our study area. We expect 
red deer and sheep will have greater spatio-temporal 
co-occurrence in areas less used by hikers due to spatial 
avoidance of recreationist activity by red deer in high 
hiking pressure areas.

Methods

Study area

The study area is the Glen Lyon trail at the North 
Chesthill Estate (56°37′04.5″N 4°10′50.7″W) (Fig. 1). 
The 17-km Glen Lyon loop hiking trail is popular with 
hikers because it facilitates access to four summits — 
called Munros.1 This area has a population of red deer 
estimated to be ~ 380 in 2019 (density of 13.91 deer/km2; 
Deer Management Plan, Breadalbane DMG). This popu-
lation varies, however, as the estate perimeter is largely 
unfenced. The population size is surveyed and managed 
to avoid overgrazing impacts. Stag culling by the land 
manager occurs every year between late August and late 
October, and is followed by culling of hinds until the end 
of February. In 2018, the hunting season was between 
the 30th of August to the 20th of October; in 2019, this 
season was from the 30th of September to the 19th of 
October. During summer (from the middle of May, i.e., 
after lambing), around 950 ewes with lambs (35.18/km2) 
are present across the estate until mid-October, when they 
are removed from the hills.

1 Munros are mountains in Scotland over 3000 feet; Munros hik-
ing is a widespread activity as people aim to hike each of the 282 
Scottish Munros. Thus, its four Munros and its relatively close 
location to Glasgow and Edinburgh make the area a prime destina-
tion for recreational hikers escaping who live in the city.
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Data collection

Camera traps

Data collection occurred over two summers: from the end of 
June 2018 to the end of October 2018 and from the end of 
May 2019 to the end of October 2019. We used camera traps 
to study the spatial and temporal distribution of red deer and 
sheep. We used a stratified sampling design to ensure that 
camera trap locations provided a cross-section of habitat 
types, elevations, and distances to the hiking path (Fig. 1). 
Some habitat types were less present in the study areas (e.g., 
bracken), and thus, less camera traps were deployed on this 
habitat. However, each habitat was found at different dis-
tances from the hiking path.

In 2018, we deployed 22 camera traps in the west and in 
the middle of the area. In 2019, we used 23 camera traps in 
the middle and in east of the study area. Some camera trap 
locations are used in both 2018 and in 2019 (Fig. 1 and see 
supplementary material 1 for more details on the camera 
traps and the study design). We calibrated each camera trap 
to trigger three photos per animal detection with no delay 
between triggers. Each camera was positioned at a height of 
1.10 m using a wooden post. We determined the dominant 
type of vegetation in front of each camera trap, using an 
existing vegetation classification protocol (JNCC 2010).

Hiking activity

For each camera trap location, the distance from the hiking 
path was used as a proxy of the hiking activity. To assess 
if this proxy was representative of the hiking activity, we 
collected GPS tracking data from hikers. We approached 

groups of hikers at the entrance of the hiking loop between 
7 a.m. and 1 p.m. We asked them to carry a GPS tracker 
(i-Blue 747proS GPS Trip Recorder) during the length of 
their hikes. One GPS tracker was given per hiking group, 
and we asked them to leave their tracker in a drop box close 
to the car park at the end of their day. We repeated GPS 
data collection across a total of 60 days, spread between the 
summers 2017, 2018, and 2019. These GPS data were used 
to estimate the percentages of hikers performing the full 
hiking loop and leaving the hiking path. We used a kernel 
density estimation with a 10-m kernel bandwidth of all the 
GPS tracks.

Data analysis

Analysis of spatial activity

We recorded the number of deer and sheep detected at 
each location. We classified these detections into detection 
events, where a new detection event is defined as when two 
photos of the same species were taken with, at a minimum, 
a 10-min interval between detections. Previous studies have 
used a time threshold of 30 min to define detection events 
(Sollmann 2018); however, we adopted a smaller value 
because of the relatively high density of deer and sheep in 
the area. We collected 4756 independent detection events 
of deer and sheep over 5097 camera trap survey effort days. 
Our data comprise 2418 detections of deer, 2119 detec-
tions of sheep, with 41 detections that included both deer 
and sheep. The 41 co-occurrence detections are primarily 
a result of the open landscape (one of the two species trig-
gering the camera in the foreground and the other species 

Fig. 1  Camera trap study 
design in Glen Lyon, Scot-
land, showing location, year of 
deployment, and habitat type of 
the camera trap sites. In total, 
we have n = 45 year-location 
replicates
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being observed in the background). These detections were 
considered as both deer and sheep detection.

We defined survey effort as the number of days that the 
camera trap was actively working and calculated the detec-
tion rate (DR) for each camera as the total number of ani-
mals detected (i.e., sum of the maximum number of animals 
counted for each detection event) divided by the total num-
ber of working days (O’Brien et al. 2003). Detection rates 
were calculated separately for both sheep and red deer. We 
calculated separate detection rates for day and night. We 
used these detection rates as the dependent variable in a gen-
eralized linear model (GLM) using a Gaussian link function. 
We included as independent variables distance from the hik-
ing path (log transformed), vegetation type (Bog, Bracken, 
Dry Heath, Wet Heath, Montane), elevation, and the detec-
tion rate of the other species (e.g., DR of sheep when DR 
of deer was the independent variable and vice-versa). After 
checking for collinearity between the variables, we removed 
the elevation from further analysis (VIF > 5) (Zuur et al. 
2017). We used model selection with the “dredge” func-
tion in the R package “MuMIn” (which fitted and compared 
all the possible combination of models) (Bartoń 2020) and 
was based on the Akaike Information Criterion corrected for 
small sample sizes (AICc) (Akaike et al. 1973). To ensure 
that we retained the most parsimonious model, we retained 
models for inference if they had ΔAICc < 6 and if they were 
not a more complex version of any model with a lower AIC 
value (Richards et al. 2011).

Analysis of temporal activity

We identified red deer and sheep daily activity patterns 
using the non-parametric kernel density estimation method 
(Ridout and Linkie 2009). We used kernel density estima-
tion of the time of observation to obtain the probability dis-
tribution of each species’ activity pattern. From the daily 
activity curves, we calculated the coefficient of overlap, Δ, 
which estimates the temporal overlap in activity between 
two species (Niedballa et al. 2019). This coefficient is the 
joint area (i.e., intersection) under the probability density 
functions of the estimated daily activity density curves of 
both species. It ranges from 0 (no temporal overlap) to 1 
(full temporal overlap). Ridout and Linkie (2009) present 
three different methods to estimate Δ and suggest using the 
estimator Δ4 (which uses vectors of densities estimated at 
the time of observation of the two species) for sample sizes 
larger than 50. We therefore used Δ4 to calculate temporal 
overlap for all our camera traps combined. We calculated the 
95% confidence interval of this estimate from 1000 bootstrap 
samples. We used a Watson U2 test to statistically compare 
the activity patterns of sheep and deer (Landler et al. 2021).

To estimate if the coefficient of temporal overlap (Δ4) 
varied with hiking impact (i.e., distance from the hiking 

path), we then calculated the coefficient of overlap (and 
corresponding confidence interval) for each camera trap 
location. We again used the estimator Δ4 because most of 
the camera traps (82%) had more than 50 observations of 
sheep and/or deer. However, some camera traps detected 
fewer than two deer and/or two sheep and the coefficient of 
overlap could not be estimated accurately. Five locations 
(locations 3,5, 7, 16 and 24) were removed from this analysis 
due to their overall low deer and/or sheep detection. Moreo-
ver, to increase the accuracy of our analysis, we removed 
detection (n = 30) where the time recorded of the photo did 
not match the real time (e.g., the camera traps reset itself in a 
middle of a period of observation). We tested the correlation 
between Δ4 for each individual camera and the estimated 
distances from the hiking track using a Pearson’s correlation 
test. The distance from the hiking path was defined as the 
Euclidian distance between a camera trap location and the 
hiking path obtained using the package sf in R (Pebesma 
2018). Finally, we performed individual Watson U2 tests to 
statistically compare the activity patterns of sheep and deer 
at each camera trap location.

Spatio‑temporal co‑occurrence

We investigated spatio-temporal co-occurrence between red 
deer and sheep to test our hypothesis that red deer avoid 
sheep. To do this, we looked at the pattern of co-occurrence, 
and the timing of detections relative to the other species. 
Niedballa et al. (2019) recommend using the time interval 
between the observation of one species and the second spe-
cies as the dependent variable in a regression modelling 
framework. We calculated these time intervals (in hours) 
for each camera, separating detections between sheep and 
deer and vice versa (hereafter “time interval”). We kept for 
analysis only time intervals less than 24 h to focus only on 
finer-scale daily temporal co-occurrence. For this analysis, 
we also removed detection where not matching real time 
(n = 30 as explained above). The time intervals (log trans-
formed) were used as the dependent variable in a generalized 
linear mixed model (GLMM) using a Gaussian link function.

We included seven different independent variables in this 
model: the type of detection (i.e., which species preceded 
the other, deer-sheep, and type sheep-deer), the herd size of 
the first and the second species detected (sum of the number 
of deer or sheep within a sequence used for the start of the 
time interval), the type of habitat (five categories of habitat 
type described above), the hunting season, the elevation, the 
distance from the hiking path in meters, and the year. We 
tested the collinearity between the independent variable and 
did not remove any variables from further analysis (VIF < 5) 
(Zuur et al. 2017). Camera location was included as a ran-
dom effect and model selection used the "dredge" function, 
following the protocol outlined above.
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All analyses were conducted in the statistical software 
R version 4.0.3 (R Core Team 2020). We used the pack-
age Overlap (Meredith and Ridout 2014) to compute the 
temporal overlap statistics, and the package nlme to fit the 
statistical models (Pinheiro et al. 2020).

Results

Hiking activity

We found that out of the 252 hikers’ GPS tracks we col-
lected, 83% completed the full delimited hiking loop and 
90% did not go off track (Supplementary material 2). Thus, 
the distance from the hiking path is accurate proxy of the 
hiking activity as most of the hikers we surveyed stay on 
the hiking path. 

Spatial activity analyses

We found that, during the day, red deer were detected at 
higher rates away from the path (Fig. 2a; Table 1). We also 
found the null model to be with ΔAICc < 6 from the best per-
forming model. However, we found that the distance model 
was 18 times better than the null model (from the weights of 
the models: 0.669/0.037). The detection of red deer was not 
related to the detection rate of sheep or vegetation. However, 
during the night, red deer detection was not dependent on 
the distance from the hiking path (Fig. 2b) but depended on 
vegetation type (the only variable retained in the most parsi-
monious model) (Table 1). More specifically, red deer were 
more frequently detected in dry heath vegetation during the 

night. However, we also found the null model to be within 
ΔAICc < 6 from the best performing model. The vegetation 
model performed 3.3 times (from the weights of the models: 
0.446/0.134) better than the null model.

Overall, sheep were less frequently detected at night 
than during the day and we did not detect a distance effect 
(Fig. 2c, d). The detection of sheep was driven by vegetation 
type during both day and night (Table 1). Sheep were more 
frequently detected in montane vegetation during the day 
(Table 1) and in montane and dry heath vegetation during 
the night (Table 1).

Temporal activity analyses

Sheep and deer had two different activity patterns (Watson 
U2 test = 36.63, p-value < 0.001). Temporal detections of 
red deer peaked in the morning and in the evening, with 
much lower activity in the middle of the day (Fig. 3). Sheep 
temporal activity increased during the morning and reached 
an approximately constant level between 9 a.m. and 6 p.m., 
after which it decreased. The overall coefficient of temporal 
overlap (including all camera trap locations) was 0.502 (95% 
CI: 0.479–0.526). Sheep and deer activity overlapped the 
most during the early morning (5–9 a.m.) and in the evening 
(from 6 to 11 p.m.).

We calculated the temporal overlap coefficient for each 
camera trap location (Fig. 4a; Supplementary material 3) 
and their corresponding Watson’s U2 test of homogeneity 
(Supplementary material 4). This showed a low level of tem-
poral overlap (Δ4 between 0 to 0.15) for the camera traps 
which were mostly situated close to the hiking path (e.g., 
camera traps 9, 10, 20, and 22) (Fig. 4a, b). We found more 
moderate levels of temporal overlap (Δ4 = 0.30 to 0.60) for 
the camera traps which were located at moderate distances 
from the hiking path (e.g., camera traps 6, 26, 27). The 
highest levels of temporal overlap (Δ4 = 0.45 to 0.75) were 
observed in camera traps further from the hiking path (e.g., 
camera traps 2, 17, and 18). There was a positive relation-
ship (Pearson correlation p = 0.0051) between Δ4 and dis-
tance from the hiking trail (Fig. 4b). On average, an increase 
of ~ 500 m from the path led to an increase of ~ 10% in the 
extent of overlap.

Spatio‑temporal co‑occurrence

We investigated which variables influenced the time interval 
of sheep-deer and deer-sheep successions using a GLMM 
and a model selection approach (Table 2). The most parsi-
monious model included only the type of succession as a 
variable. While the null model is within ΔAICc < 6 from 
the best performing model, we also found that the vegetation 
model was 6.89 times (weight of the models: 0.800/0.116) 
better than the null model. Based on the variable selection 

Fig. 2  Scatterplots of the detection rates of a and b deer and c and d 
sheep vs distances (log transformed) from the hiking path. Each loca-
tion in the study area (i.e., the location of one camera trap) is repre-
sented by a dot in each panel. Blue dots are detection during day and 
black dots during the night
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process, the other variables which included the distances 
from the path and habitat type were not retained in the most 
parsimonious model.

With this most parsimonious model, we found a signifi-
cant negative relationship between the time interval and the 
succession of sheep by deer (in comparison to the deer-sheep 
succession) (Table 2); the time interval was significantly less 
important when a deer detection followed a sheep detection 
than the opposite succession.

Discussion

Our study used a novel approach to study the three-way 
interaction between wildlife, livestock, and humans at the 
spatial, temporal, and spatio-temporal scales. We focused 
on how interspecific interaction between sheep and red deer 
is influenced by the presence of outdoor recreation activity 

represented here as the distance from a popular hiking path. 
We study this three-way interaction system using camera trap 
data in Scotland. Red deer and sheep are both central to the 
history of this rural country. Red deer have been hunted for 
centuries for recreational purposes by private landowners 
(Clutton-Brock and Albon 1989), who also use the land for 
sheep grazing, mainly during the summer months. In many 
cases, human activities in the landscape add a further element 
that can alter the interaction between livestock and wildlife 
species (Otuoma et al. 2009; Hassell et al. 2017; Miller and 
Schmitz 2019). In systems where they co-exist, land manage-
ment needs to consider how the spatio-temporal interactions 
occur across the landscape (e.g., Fleischner 1994; Edwards 
et al. 1996), especially when these species are competing for 
resources (Madhusudan 2004).

In our study, the spatial distribution of red deer and sheep 
did not depend on the presence of the other species. We first 
showed that, as we assumed, sheep were not spatially or 

Table 1  Result of the spatial 
activity of deer and sheep 
during the day and the night. 
Selected models (ΔAICc < 6) 
and variables retained of the 
most parsimonious GLM of the 
detection rate of red deer (a and 
b) and sheep (c and d) during 
the day and the night

Model retained Covariate df LogLik AICc ΔAIC Weight Estimate Std. Error

(a) Deer day
Distance (log) 3 3.989  −1.3 0 0.669

(Intercept)  −0.151 0.152
Distance (log) 0.076 0.026

Null model 2  −0.090 4.5 5.79 0.037
(b) Deer night
Vegetation 6 16.766  −18.8 0 0.446

(Intercept) 0.187 0.059
Bog Ref Ref
Bracken  −0.118 0.113
Dry Heath 0.171 0.078
Montane  −0.070 0.086
Wet heath 0.070 0.081

Null model 2 10.376  −16.4 2.41 0.134
(c) Sheep day
Vegetation 6  −22.016 58.7 0 0.271

(Intercept) 1.173 0.622
Bog Ref Ref
Bracken 0.134 0.314
Dry Heath 0.380 0.216
Montane 0.706 0.240
Wet heath 0.141 0.225

Null model 2  −27.242 58.8 0.08 0.260
(d) Sheep night
Vegetation 6 52.391  −90.1 0 0.545

(Intercept) 0.003 0.023
Bog Ref Ref
Bracken 0.008 0.044
Dry Heath 0.077 0.030
Montane 0.125 0.034
Wet heath 0.018 0.032
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temporally displaced by the presence of hikers. During the 
day, sheep distribution was explained by vegetation; how-
ever, this model was not significantly different from the null 
model. Similarly, the time interval was as well explained by 
the null model than by the type of succession; thus, we can-
not conclude that one species avoids this other more than the 
other. We found that during the day, detection rates of red 
deer were greater at distances further from the hiking path. 
Previous work has demonstrated that red deer tend to avoid 
recreational activity (Coppes et al. 2017), including hiking 
areas (Sibbald et al. 2011), and favour areas where human 
activities are less prevalent (Marion et al. 2021). Thus, at 
the landscape scale, hiking activity influences interactions 
between red deer and sheep by spatially displacing red deer 
populations.

Red deer spatial displacement can have consequences for 
animal management (Fleischner 1994; Edwards et al. 1996). 
We did not find that the hunting season was associated with 
the spatio-temporal co-occurrence of red deer and sheep. 
However, we did not study the opposite, if the change in 
spatio-temporal co-occurrence of red deer and sheep due to 
the presence of hikers impacted their successful manage-
ment. Conflicts between hunters and hiking groups exist and 
take multiple sources such as the success of one activity due 
to the presence of the other (Reis and Higham 2009). Here, 
the presence of hikers leads to a change in red deer spatial 
distribution which will have consequences for their manage-
ment depending on the hunter’s ability to locate the animal.

Red deer and sheep exhibit different patterns of tempo-
ral activity. We found red deer to exhibit the typical cre-
puscular pattern found in previous studies (Georgii 1981), 
whereas sheep exhibit a more diurnal pattern (Squires 1975). 

Temporal overlap was higher at distances away from the 
hiking trail, which may be due to the spatial displacement 
of red deer in response to hiking pressure. During the day, 
when most hiking activities occur, we found the distance 
effect of the hiking trail to be stronger for red deer relative 
to the night. Stronger temporal overlap might suggest more 
direct interaction or indirect competition (de Boer and Prins 
1990) between red deer and sheep in foraging areas further 
from the trail. Such indirect competition can affect the wel-
fare of both species (Osborne 1984; Edwards et al. 1996). 
Red deer welfare may be compromised if they are displaced 
to less nutritious foraging habitat (Osborne 1984), which 
can result in a change in diet (Jayakody et al. 2011). Sheep 
weight (as a proxy for animal welfare) has previously been 
found to be negatively affected by the presence of wildlife 
competing for food (Edwards et al. 1996). However, habitat 
had no impact on this relationship in our study, so we have 
no direct evidence for dietary change or stress in this case.

The higher level of temporal overlap in areas further away 
from the hiking path can have consequences for the veg-
etation grazed by both species in these areas (Wilson et al. 
2020). Sheep and red deer are both intensive grazers and 
can limit vegetation regeneration and growth (Gordon 1988; 
Hester et al. 1999; Pollock et al. 2005). In the UK, intensive 
grazing and browsing can prevent tree regeneration (Clutton-
Brock et al. 2004) and can degrade the conservation value 
of heather moorland (Clarke et al. 1995; Palmer and Hester 
2000), which are recognized for their conservation status 
with distinctive bird communities and vegetation diversity 
(Thompson et al. 1995).

Our study reveals the need to take into consideration all 
the different components which can influence the spatial and 

Fig. 3  Daily activity patterns 
(kernel density curves) of red 
deer (red line) and sheep (blue 
dotted line). The overlap of 
red deer and sheep activities is 
shown as the grey shaded area. 
The coefficient of overlap (Δ4) 
is 0.502 (95% CI: 0.479–0.526)
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temporal overlap of two species (i.e., here the human com-
ponent). The increase in spatio-temporal overlap between 
livestock and wildlife can lead to ecological and economic 
issues such as an increase in disease transmission (Riley 
et al. 1998; Barasona et al. 2014). Understanding wildlife 
movement and the cause of the movement can limit disease 

spread (Berentsen et al. 2014). Here, we demonstrated how 
the changes in interspecific interactions can be studied at the 
temporal and spatial scale using camera traps.

In our study, we did not assess how changes in deer and 
sheep distribution — as a result of hiking activity — lead 
to indirect cascade effects (e.g., grazing impact). Future 

Fig. 4  Temporal overlap of 
sheep and deer in our study 
area. a Map showing the 
temporal overlap (Δ4) at each 
location b scatterplot of the red 
deer and sheep temporal overlap 
from each camera trap depend-
ing on their distances from the 
hiking path. The blue line is 
the linear regression line, and 
the grey shaded area shows the 
95% confidence interval. Each 
dot represents a camera trap 
location for which we calcu-
lated the Δ4. The kernel density 
curves for the red (location 17) 
and purple (location 20) dots 
are shown in panels c and d as 
examples of high Δ4 (loca-
tion 17, in red, Δ4 = 0.63) and 
low Δ4 (location 20, in purple, 
Δ4 = 0.057)

Table 2  Results of the spatio-temporal co-occurrence analysis show-
ing the generalized linear mixed-effects models (GLMMs) with 
ΔAICc < 6 (only models that are not a more complex version than 
a model with a lower AIC) and variables retained. Models used a 

Gaussian link function for the log of time interval (time interval 
between the succession of sheep and deer (Type S-D) and vice versa 
(Type D-S))

Camera location was used as a random effect

Model retained Covariates df LogLik AICc ΔAIC Weight Estimate Std. Error

(a) Best model
Type of succession 4  −947.173 1902.4 0 0.553

(Intercept) 1.962 0.073
Type (D-S) Ref Ref
Type (S-D)  −0.247 0.082

(b) Null model
3  −950.117 1906.3 3.86 0.116
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research focusing on herbivore-recreationist interactions 
should investigate indirect cascade effects (Wilson et al. 
2020) on animal welfare, vegetation, animal management, 
and disease transmission and explore how different densities 
of herbivores and recreationists can alter these effects.

Conclusion

In this study, we demonstrated that level of spatial, tempo-
ral, and spatio-temporal overlap between sheep and deer was 
modified by hiking pressure, here expressed as a distance from 
the hiking path. Red deer were spatially displaced during the 
day which results in a higher temporal overlap with sheep 
further from the hiking path. Our study opens a new perspec-
tive on the study of complex interspecies interaction and 
their consequences. Further study is required to understand  
spatial–temporal variations in cattle and wildlife densities, and 
their significance for animal nutrition, vegetation condition, 
their management, and disease transmission.

Supplementary information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10344- 022- 01584-9.
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