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Simple Summary: Conservation strategies often involve reintroducing species back into parts of their
historic range where they no longer occur. Reintroduction efforts can be complicated when there are
native species present that might compete with the reintroduced species. Exploring the relationship
between the existing and reintroduced species can improve the success of reintroduction efforts.
Using information from camera-traps, we examined the extent to which reintroduced oryx and
native gazelle display similar activity and space use patterns in Sidi Toui National Park, Tunisia. The
two species exhibited minimal spatial overlap within the park and favoured habitats with different
vegetation features. Activity patterns relative to time of day and season were similar for oryx and
gazelle. Both antelope species were most active at dawn and dusk. Seasonally, activity was lowest for
both when conditions were hot and dry and was highest following the rainy season in spring, when
new vegetation emerged. The differences in space use patterns can facilitate coexistence between
the two species of grazers in Sidi Toui National Park. Habitat diversity can be a key determinant for
allowing reintroduced and native species to coexist.

Abstract: Examining the distribution patterns and spatiotemporal niche overlap of sympatric species
is crucial for understanding core concepts in community ecology and for the effective management of
multi-species habitats within shared landscapes. Using data from 26 camera-traps, recorded over two
years (December 2020-November 2022), in Sidi Toui National Park (STNP), Tunisia, we investigate
habitat use and activity patterns of the scimitar-horned oryx (n = 1865 captures) and dorcas gazelle
(n = 1208 captures). Using information theory and multi-model inference methods, along with the
Pianka index, we evaluated the habitat characteristics influencing species distribution and their
spatial niche overlap. To delineate daily activity patterns, we applied kernel density estimation. Our
findings indicate minimal spatial overlap and distinct environmental factors determining suitable
habitats for each species. Furthermore, we found significant temporal niche overlaps, indicative of
synchrony in daily activity patterns, with both species showing peak activity at dawn and dusk. Our
results indicated that oryx and gazelle differ in at least one dimension of their ecological niche at the
current density levels, which contributes to their long-term and stable coexistence in STNP.

Keywords: activity patterns; antelopes; arid ecosystem; camera-trap; management and conservation;
modelling habitat suitability; spatiotemporal niche
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1. Introduction

In conservation biology, maintaining and restoring biodiverse ecosystems is essential,
especially in arid zones where resources are scarce and conditions are harsh [1]. Wild
ungulates serve as crucial ecological indicators of ecosystem health, impacting ecosystem
structure and function [2]. They are an intricate component of grassland food webs, exerting
significant direct and indirect effects. Activities that include grazing, browsing, trampling,
and defecation can reshape plant communities and influence nutrient cycles [3]. However,
ungulates face a variety of threats across the globe that are significantly affecting their
populations. Threats vary by region and species but typically include habitat loss [4],
poaching [5], climate change [6], and competition with livestock [7]. Moreover, ungulates
can affect the responses of associated animals to the ecosystem [8,9].

The reintroduction of animal species through the release of either wild or captive-bred
individuals, is potentially valuable to conservation programs aiming to re-establish species
in their historic ranges, following extinction or disappearance [10]. Sidi Toui National
Park (STNP) in Tunisia is among the sites privileged to be chosen for the reintroduction of
the scimitar-horned oryx (Oryx dammah), hereafter referred to as oryx. The last recorded
sightings of oryx in the wild occurred towards the end of the 1980s [11]. The species was
declared extinct in the wild in 1999 [12]. However, in the same year, 10 individuals coming
from European zoos have been released in STNP [13], supplemented by two individuals
translocated from Bou Hedma National Park, Tunisia in 2009. Approximately 70-80 oryx
were regularly counted during the study period (2020-2022). These additions further
compounded the ecological dynamics, as they represent potential ecological equivalents
and competitors of the dorcas gazelle (Gazella dorcas), hereafter referred to as gazelle, a
vulnerable yet symbolic indigenous species in STNP [14]. Gazelles are not counted in
STNP; however, small groups of gazelles are commonly observed during the transects
and the park staff estimate their number to be around 80 individuals. In December 2023,
after 24 years of the world’s most ambitious reintroduction program, the oryx has returned
to the wild and has been reclassified as ‘Endangered’ by the International Union for the
Conservation of Nature (IUCN) Red List, having formerly been categorized as ‘Extinct in
the Wild’ [15].

The reintroduction of large herbivores can be followed by rapid population growth,
often due to low large predator populations and controlled hunting, which can lead to
competition with native species [16-18]. When coexisting species have similar resource
requirements, competitive exclusion can occur [19,20], or they can exert strong negative
effects on each other [21]. Interspecific competition significantly shapes the ecological and
demographic dynamics of coexisting species through resource exploitation and interference
interactions [22,23], which can become manifest across the fundamental niche dimensions
of space, time, resources, and predators [24]. Ecologically similar species can coexist by
differing morphologically when resources are limited, or behaviourally through niche
differentiation [25,26], by making use of different resources or using the same resources at
different spatial or temporal scales [27,28].

Understanding how coexisting species differentiate their niches is beneficial for the
conservation and management of healthy ecological communities [29,30]. The temporal par-
titioning of niches can reduce agonistic or competitive encounters [31]. Ecologically similar
herbivores can also reduce competition through large scale spatial segregation [32], while,
at a fine scale, coexistence is facilitated by the selection of different forage plants [33,34],
particularly when body size [35] or foraging behaviour differs among ungulate species [36].

Examining daily activity patterns can provide insight into how sympatric species that
share resources partition time and space to promote stable coexistence [37,38]. Activity
patterns vary significantly across regions and seasons, influenced by factors like day length,
moonlight [39], and interactions related to competition or predation [40,41]. Activity
patterns can be assessed through direct observation [42] or by using activity loggers, GPS,
or VHF collars, which involve extensive surveying, capture efforts, and equipping of
animals [43], which can have negative impacts on animal populations, as well as limitations
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in challenging terrain and dense vegetation [44]. Recent studies have highlighted the
effectiveness of camera-trap methods for assessing the activity of target species and their
interspecific temporal and spatial overlap [45-47]. Camera-traps are favoured in wildlife
research for their non-invasiveness, cost-effectiveness, affordability, and ability to provide
extensive datasets on species activity [48,49]. The time-stamped data they generate can
provide valuable insights into potential interactions and activity periods, which have
practical applications for wildlife conservation and management [50]. Camera-traps have
been used to obtain detailed activity patterns of various wild ungulates [47,51-55].

We aim to evaluate the effect of reintroduced oryx in STNP on the ecosystem, particu-
larly the coexistence between oryx and gazelle. Most behavioural studies of wild ungulates
have focused on single species ecology, few have explored spatial and temporal activity
patterns of wild ungulates across multiple seasons [56,57]; limited research has examined
interspecies interactions [47], potentially leading to inconsistent conservation strategies.
We use camera-traps to test the hypothesis that spatiotemporal niche segregation facilitates
the coexistence of gazelle and oryx in STNP. With the aim of ecosystem restoration, while
accounting for potential impacts on native species, we examine daily and seasonal activity
for each species, model seasonal habitat suitability, and quantify the spatiotemporal niche
overlap between the two species. Our findings can be used to inform future reintroductions
and to help assess the effectiveness of conservation programs aimed at restoring the original
ecosystem, while considering potential impacts on native species.

2. Materials and Methods
2.1. Study Area

Data were collected throughout STNP on the periphery of the Sahara Desert, near the
Tunisian-Libyan border (Figure 1), 54 km south of Ben Gardane, Medenine governorate,
southeastern Tunisia (11.24° E, 32.70° N). The park contains 6315 ha, with a maximum
elevation of 178 m asl, occurring on the boundary between the upper Saharan temperate
zone and the lower arid cool zone, characterized by low and sporadic rainfall, with an
average annual precipitation range of 100-125 mm. Summers are dry and scorching, with
temperatures often soaring to ca. 45 °C [58]. The park encompasses Djebel Sidi Toui, a
hill encircled by a vast plain consisting of small dunes, sebkhas, and dry sandy wadis,
serving as a sanctuary for a cluster of 14 ancient religious sites (Marabouts). STNP is
dominated by steppe vegetation, including grasses (e.g., Cenchrus ciliaris, Stipa lagascae,
and Stipa retorta), forbs (e.g., Atractylis serratuloides, Diplotaxis harra, and Medicago minima),
and shrubs (e.g., Argyrolobium uniflorum, Helianthemum sessiliflorum, and Ziziphus lotus) [59].
The park’s vertebrate fauna is diverse, hosting various Saharan protected mammals such
as Vulpes zerda (Fennec fox), Canis anthus (African golden wolf), Vulpes vulpes (Red fox),
and Sahelo-Saharan bovids including Oryx dammah (oryx) and Gazella dorcas (gazelle).
Additionally, STNP contains a wealth of avian fauna that includes non-migratory species
(i.e., Alectoris barbara (Barbary partridge), Pterocles alchata (pin-tailed sandgrouse), Alauda ar-
vensis (Eurasian skylark), Corvus corax (common raven), and Cursorius cursor (cream-colored
courser), as well as numerous migrants, due to the park’s location along the Mediterranean
and trans-Saharan migration paths. Finally, there are some rare and protected reptiles
(i.e., Chamaeleo chamaeleon (common chameleon), Uromastyx acanthinura (North African
spiny-tailed lizard), and various snake species).

2.2. Data Collection
2.2.1. Camera-Trap Survey

We used data from 26 camera-traps (Bushnell Trophy Cam HD Aggressor; Bush-
nell Outdoor Products, Overland Park, KS, USA) installed in STNP. The cameras were
distributed across the study site, according to a grid design developed in QGIS (QGIS
Geographic Information System, 2018). Each camera was placed as close as possible to the
centre of the grid cell, ca. 1.5 km apart, to comprehensively cover the study area (Figure 1).
To maximise detection rates, the cameras were affixed to rocks at heights ranging from 40
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to 50 cm above the ground, with their lenses oriented towards animal tracks or open areas,
to capture medium- to large-bodied animals (>1 kg) [60]. All camera-traps were set to take
a series of three photos at the highest image quality, when triggered (File S1). Intervals
between triggers were set at the lowest value permitted by the camera model (0.6-5 s).
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Figure 1. Localization and delimitation of STNP and the placement of camera-trap stations.

The cameras were deployed on 21 October 2020. Following their installation, the
cameras underwent an initial check 24 h later and, subsequently, approximately once per
month. These regular checks aimed to minimize disruption at the sampling site and to
ensure the proper functioning and positioning of the devices. During each inspection, the
memory cards were replaced with empty ones and the contents were later downloaded
for analysis. Supervised by the Marwell Wildlife’s team, two park guardians conducted
monthly monitoring of the cameras. Their duties included verifying the position of each
camera, ensuring battery functionality, and downloading captured images. Our approach
in camera-trapping studies aligns with established methodologies used in similar research
conducted in Southern Tunisia, including STNP [55,61,62]. These studies provide evidence
of successful deployments and data collection techniques in arid habitats, contributing to
our methodological framework.

2.2.2. Data Processing

To mitigate the potential bias resulting from the novelty effect [63], we did not use
photos taken during the first two months following camera installation (i.e., October and
November 2020), evaluating camera-trap data obtained from December 2020 to Novem-
ber 2022. Seasonally, we considered fall to include September—November, winter to
include December-February, spring to include March-May, and summer to include June-
August [64]. We assumed that any individual captured by a camera-trap was active [65]. We
manually consolidated data from camera-traps into a database, summarizing each capture
event by camera location, species photographed, date, and timestamp. When an image
contained multiple species, each individual was treated as a separate, independent capture.
To prevent pseudo-replication, we considered photos of the same individual, identified
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by distinctive horn shapes or unique markings, to be independent, if they were taken by
the same camera and were separated by the commonly accepted standard in camera-trap
studies of >30 min [40,48,66,67]. To evaluate periodicity in daily activity patterns, we
converted time into radians (with 27 radians corresponding to a 24 h period) [65].

2.2.3. Environmental Data

Ecological and environmental habitat variables that can influence the presence and
behaviour of wildlife include type of vegetation, climate, topography, proximity to water
sources, and levels of human disturbance [68,69]. First, we measured five variables to
assess habitat suitability. We used the point-quadrat method [70] along line transects to
categorize vegetation and to estimate the percent coverage of each category for each season
within a 100 m radius of each camera-trap location. We randomly located 5-20 m transects
at each camera site, lowering sampling pins every 20 cm (n = 100 total points per transect).
Where pins intercepted vegetation, we recorded the vegetation category as either (1) shrub
(5C), (2) forb (FC), or (3) grass (GC); summed the intercept measurements; and converted
the sum into a percentage, to calculate total cover for the camera site location and for each
vegetation category [59]. For analysis, we averaged the total cover within each season for
each vegetation category across the five transects at each camera-trap location. We also
computed the (4) distance from each camera to the closest wadi (WA) and recorded the
(5) altitude (m above sea level) of each camera-trap (AL).

Second, using five additional variables, we assessed the levels of human disturbance
by measuring the (1) distance from each camera to the closest of the seven guardhouses
or marabouts (DP) that could potentially hinder the movement of oryx and gazelle (i.e.,
park entrances—Magroun, Mhijra, Madi, and Hawach; acclimatization station—Zriba; and
major marabouts frequently visited by pilgrims—Rotila and Torki; Figure 1). Additionally,
using the park infrastructure map, we measured the (2) distance between each camera-trap
and the closest main dirt road travelled by passenger cars (DR) and the (3) nearest fence
(Figure 1). Due to the fact that, in hot environments like southern Tunisia, ungulates
rely heavily on water sources and shade for maintaining water balance, we also recorded
GPS coordinates for and calculated the distance between each camera and the (4) nearest
artificial water trough (n = 8; WT, Figure 1) and (5) shade shelter (n = 10).

2.3. Data Analysis

We used ArcGIS® (Version 10.8, Environmental Systems Research Institute Inc., (Esri,
Redlands, CA, USA, 2023) to map GPS locations for measures of human disturbance,
wadis, water trough, and shade shelter, as well as to calculate their distance relative to
camera-traps and camera-trap altitude (Figure 1).

2.3.1. Relative Activity Index (RAI)

We calculated the relative activity index (RAI) using different methods, to identify
spatial and temporal activity patterns. First, we used RAI1 to examine the spatial distribu-
tion of oryx and gazelle and to evaluate their respective prevalence or dominance between
sites [71], as well as to discern the importance of environmental factors on their distribution
patterns [72]. We used t-tests to statistically evaluate differences in RAI1 values for each
species at each site and between the two species.

RAI1 = (total number of independent detections of each species/total number of
camera days at each site) x 100

Second, we calculated RAI2 to assess the temporal activity patterns of each ante-
lope [73]. To evaluate the statistical significance of differences in annual species detections,
we utilized an Analysis of Variance (ANOVA) test.

RAI2 = (total number of independent detections for each species/total number of
camera days within a specific month (7)) x 100 camera days
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2.3.2. Spatial Niche Analysis
Modelling Habitat Suitability

We applied information-theoretic and multi-model inference (MMI) techniques to
the spatial RAIl data of the two species in each camera-trap site, to predict the factors
influencing the distribution of oryx and gazelle in different seasons [74]. To examine
the relationship between the RAI1 of each species and the explanatory variables, we ran
Generalized Linear Models (GLMs) analysis [75] using the Gaussian distribution. To avoid
autocorrelation and multicollinearity, we used Spearman’s rho correlation coefficient to
test for pairwise correlations among the predictor variables. We retained predictors with
a correlation < 0.7 [76]. Because the fences were strongly correlated with the guardhouse
post and marabout, and water troughs were correlated with wadis and man-made shade
structures, we did not use fences and shade structures for analyses, but retained the
remaining eight predictor variables.

We used the Akaike Information Criterion (AIC) [75] to compare alternative models, em-
ploying AICc to correct for small samples (n/k < 40: n camera sites = 26 and k variables = 8 [77].
AICc was calculated for each model in the dataset and we considered the model with the
lowest AICc value (AICcmin) as the best, indicating the most parsimonious fit. For a set
of competing models, we used MMI to find the best fit [77], ranking candidate models by
calculating the AICc differences (Ai) relative to AICcmin. A larger Ai indicates a weaker
model, while Ai < 2 means that the models are not significantly different [77].

We assessed the relative importance of predictors in determining the habitat suitability
for each species through the following two approaches: (1) the predictor selection prob-
ability, which represents the likelihood of a predictor being included in the top models,
if the analysis were repeated with a different dataset [78]; and (2) the model-averaged
coefficients, which indicate the magnitude of each predictor’s contribution to variation in
the habitat suitability index. Additionally, we assessed the level of agreement between the
best model in each season and the explanatory variables with adjusted R?, where R? > 0.40
indicated an accurate model with strong predictive capabilities.

Spatial Niche Overlap

To assess annual and seasonal spatial overlap, we quantified the ecological niche
overlap between the two species, using the Pianka Niche Overlap Index on the RAI1 values
of each species at each camera site [79]. The index yields values ranging from 0 to 1, where 0
indicates no ecological niche overlap (i.e., the two species occupy entirely distinct ecological
niches), while 1 indicates complete niche overlap (the two species occupy precisely the
same ecological niche).

2.3.3. Temporal Niche Analysis
Daily Activity Patterns

Recent analyses of diel activity patterns adopt graphical representations, utilizing
nonparametric kernel density estimates (KDEs) derived from camera-trap data [40,65],
which allows for a continuous depiction of activity over a 24 h cycle. Graphical KDEs
display temporal variations in activity, including peak activity periods and behavioural
categorizations related to daily routines. We classified the diel cycle based on local sunrise
and sunset times [80], to examine whether the daily activity pattern of each species was
primarily diurnal, nocturnal, or crepuscular. Crepuscular activity was defined by the 1 h
interval before and after sunrise and sunset [81,82]. We obtained a date-adjusted sunlight
hours calendar for STNP from the Ben Gardane city calendar (https://dateandtime.info/
fr/citysunrisesunset.php?id=2472431, accessed on 3 November 2023). Subsequently, we
calculated the average times of sunrise and sunset for each month.

To investigate whether activity patterns were predominantly crepuscular, diurnal, or
nocturnal for each species, we computed selection ratios [83] using the following formula:

wi = o0i/ i 1)
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where wi represents the selection ratio for period i, oi is the proportion of detections in
period i, and 77i denotes the proportion of the length of period i relative to the total length
of all periods. A selection ratio of wi > 1 indicated selective usage of the time period, while
wi < 1 signified avoidance. We used analysis of variance (ANOVA) to assess whether
activity patterns were non-random for each species.

Temporal Niche Overlap

Using the coefficient of overlap (A) [65], we examined annual and seasonal temporal
niche overlap in the activity of oryx and gazelle. The coefficient A is defined as the area
under the curve formed by taking the minimum of two kernel density functions at each
point in time [84], varying from 0 (no overlap) to 1 (complete overlap). We used A4
when the smaller of two samples contained < 75 observations, and A4 when both samples
contained > 75 observations [40,85]. We categorized the strength of overlap in the activity
patterns between the species as strong if A > 0.75, moderate if 0.5 < A < 0.75, and low if
A < 0.5 [86]. Furthermore, we calculated 95% confidence intervals for each A4 value, using
smoothed bootstrap estimates with 10,000 resamples [85].

We used R [87] for all analyses, examining activity patterns and spatiotemporal overlap
using the “overlap” package [85] and the “MuMIn” package (1.47.5, March 2023) for MML

3. Results
3.1. Inventory Data

We accumulated a total of 17,323 camera-trap days useable for data analyses, obtained
from December 2020 to November 2022. We captured 10,938 independent detections of
11 different wildlife species, including 3073 of the two target ungulates (mean per camera-
trap + standard deviation = 118.19 4 102.75). We detected our two focal species in all
26 camera-traps (Figure 2), with oryx accounting for most (60.69%) of the independent
captures (n = 1865), whereas gazelle totalled 1208 captures (39.31%).

40
35 = H Oryx
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4 _ Gazelle
25 -

RAIl
8

1 2 3 4 5 6 7 8 91011 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26
Camera-trap
Figure 2. Relative activity index (RAI1) for each antelope species at each camera-trap (the total

number of independent detections, divided by the total number of camera days, and multiplied by
100) throughout the study period in STNP.
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RAI2

3.2. Relative Activity Index

We found significant spatial variation for each species across camera-trap sites in each
season (p < 0.001). Despite the higher presence of oryx compared to gazelle in the majority
of camera-trap sites (Figure 2), there were no significant differences between the RAI1
values for camera captures of the two species during the entire study (t = —0.784, df = 101,
p = 0.435). Seasonally, only in the winter 2020-2021 (t = 2.745, df = 30, p = 0.010) and fall
2021 (t = 2.954, df = 37, p = 0.005) did we find significant differences between the species in
RAI1 values for captures at camera sites.

The oryx exhibited heightened activity in November, December, and March, while
experiencing reduced activity between June and August (Figure 3). Annual variation in
oryx activity was significantly non-random (F = 3.998, df = 3, p = 0.022). According to the
post hoc test, seasonal variation in oryx activity arose from the difference between winter
and summer (p = 0.023). Despite peak activity for gazelle occurring between February and
April, particularly in March, and reduced activity during December and January, there was
no significant seasonal variation in gazelle activity.
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& 3 &
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Q

§ ¢
NN

S

Figure 3. Relative activity indices (RAI2, or the number of detections per 100 camera days) for oryx
and gazelle for every month in the STNP. RAI2 from each month of the two years were combined.

3.3. Spatial Niche
3.3.1. Modelling a Suitable Habitat

When comparing the top habitat suitability models based on AICc for both oryx and
gazelle across different seasons, no single model fit the data (AAICc < 2, Tables 1 and 2).
However, grasses emerged as the primary factor influencing oryx habitat selection and were
present in all seasons with relatively high coefficients, except in the fall. During the winter
and summer seasons, the most parsimonious models for oryx (Ai < 2) included only grasses
as a significant predictor, with a high probability of selection (>0.78). Forbs had a relatively
smaller effect, but played an important role in fall and spring, contributed significantly to
oryx spatial occupation, and were more important than grasses in spring (Table 1). The
remaining variables exhibited low selection probabilities in all seasons (<0.56).
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Table 1. Information-theoretic statistics of seasonal habitat suitability models for oryx in STNP. For each predictor included in the best model, we present AICc, AICc
differences (AAICc), model Akaike weight (wt), selection probability, model-averaged coefficients, and standard error (SE). Predictors are shrubs (SC), forbs (FC),
grasses (GC), wadi (WA), altitude (AL), distance to guardhouse or marabout (DP), dirt road (DR), and water troughs (WTs).

Season Included Predictors AlICc AAICc wt R?
GC 199.5 0 0.11 0.55
GC DP 200.71 1.21 0.06
. GC WT 200.92 1.42 0.06
Winter 2020-2021 GC DP WT 201.11 1.61 0.05
GC WA 201.25 1.74 0.05
GC AL 201.29 1.79 0.05
Selection probability 0.94 0.25 0.25 0.33 0.30
Coefficient 12.051 —0.004 —0.207 0.003 —0.005
SE 3.579 0.004 0.198 0.003 0.004
GC DP 203.74 0 0.12 0.51
. GC 204.54 0.79 0.08
Winter 2021-2022 GC AL DP 204.73 0.99 0.08
GC WT 205.69 0.79 0.04
Selection probability 0.86 0.22 0.49 0.22
Coefficient 10.430 0.296 0.006 0.006
SE 3.786 0.263 0.003 0.005
FC GC DP 209.74 0 0.1 0.58
Spring 2021 FC DP 210.87 1.13 0.06
FC GC DP DR 211.47 1.73 0.04
Selection probability 0.68 0.54 0.55 0.20
Coefficient 12.660 7.289 0.008 0.002
SE 5.875 3.826 0.004 0.002
Soring 2022 FC GC DR WT 214.78 0 0.12 0.67
pHng FC GC DP DR WT 215.3 0.53 0.09
Selection probability 0.81 0.61 0.31 0.46 0.54
Coefficient 26.956 17.902 —0.009 0.007 —0.021

SE 10.929 8.569 0.007 0.004 0.011




Animals 2024, 14, 1475 10 of 22
Table 1. Cont.
Season Included Predictors AlICc AAICc wt R2
GC 172.95 0 0.09 0.52
FC GC 174.04 0.09 0.05
S 021 SC FC GC 174.08 1.13 0.05
ummer GC WT 174.15 12 0.05
SC GC 174.17 1.22 0.05
GC DR 174.76 1.82 0.04
Selection probability 0.33 0.30 0.86 0.17 0.26
Coefficient —0.606 5.639 6.192 —0.001 —0.003
SE 0.429 3.960 2.251 0.001 0.002
GC 173.02 0 0.12 0.49
Summer 2022 GC AL 173.6 0.58 0.09
GC WT 174.76 1.74 0.05
Selection probability 0.78 0.31 0.13
Coefficient 0.109 0.236 —0.003
SE 4.075 0.166 0.003
FC 203.99 0 0.18 0.43
Fall 2021 FC GC 205.8 18 0.07
Selection probability 0.82 0.23
Coefficient 15.102 4.865
SE 4916 4.585
FC WA 206.38 0 0.1 0.54
FC DR 206.69 0.3 0.09
Fall 2022 FC 207.01 0.62 0.07
FC WA DR 207.3 0.91 0.06
FC DP DR 208.31 1.93 0.04
Selection probability 0.97 0.43 0.20 0.43
Coefficient 20.425 0.007 —0.002 0.003
SE 6.102 0.004 0.003 0.002
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Table 2. Information-theoretic statistics of seasonal habitat suitability models for gazelle in STNP. For each predictor included in the best model, we present AICc,
AICc differences (AAICc), model Akaike weight (wt), selection probability, model-averaged coefficients, and standard error (SE). Predictors are shrubs (SC), forbs
(FC), grasses (GC), wadi (WA), altitude (AL), distance to guardhouse or marabout (DP), dirt road (DR), and water troughs (WTs).

Season Included Predictors AlICc AAICc wt R?
FC GC DR 140.18 0 0.12 0.63
. SC FC GC DR 140.42 0.25 0.10
Winter 2020-2021 FC GC AL DR 141.55 1.38 0.06
FC GC WA DR 141.81 1.69 0.06
Selection probability 0.30 0.83 0.67 0.19 0.40 0.98
Coefficient —0.267 3.493 —2.957 0.001 0.10 —0.001
SE 0.190 1.509 1.38 0.001 0.066 0.000
FC WA AL 191.93 0 0.06 0.59
SC FC WT 192.02 0.09 0.06
SC FC 192.18 0.24 0.06
FC WA 192.72 0.79 0.04
Winter 2021-2022 SC FC DR 192.86 0.93 0.04
FC WA WT 1934 1.47 0.03
FC WA DR 193.56 1.63 0.03
FC WA AL DR 193.74 1.81 0.03
FC 193.82 1.89 0.02
Selection probability 0.4 0.83 0.42 0.3 0.25 0.26
Coefficient —-1.310 13.272 0.007 0.307 —0.002 —0.005
SE 0.749 4.723 0.004 0.21 0.002 0.004
FC DP 182.45 0 0.18 0.55
Spring 2021 FC GC DP 183.38 0.93 0.11
FC 184.08 1.63 0.08
Selection probability 0.95 0.31 0.67
Coefficient 10.302 2.829 0.005
SE 3.383 2.207 0.002
Soring 2022 FC GC DR WT 209.87 0 0.17 0.68
pHng FC GC WT 210.73 0.85 0.11
Selection probability 0.85 0.63 0.40 0.80
Coefficient 25.259 16.269 0.006 —0.023

SE 9.342 7.489 0.003 0.010
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Table 2. Cont.
Season Included Predictors AlICc AAICc wt R?
SC AL DR 189.43 0 0.13 0.52
Summer 2021 AL DR 190.48 1.06 0.08
SC FC AL DR 190.88 1.45 0.06
Selection probability 0.48 0.17 0.62 0.88
Coefficient —1.035 4.704 —0.396 —0.004
SE 0.595 6.071 0.196 0.001
WA DP 160.21 0 0.13 0.56
GC WA DP 161.02 0.81 0.09
Summer 2022 WA DP DR 161.1 0.89 0.08
WA DP WT 161.72 1.5 0.06
SC WA DP 161.84 1.63 0.06
Selection probability 0.17 0.25 0.88 0.77 0.28 0.19
Coefficient 0.506 3.852 0.007 —0.004 —0.001 —0.002
SE 0.495 3.023 0.002 0.001 0.001 0.002
FC GC 170.8 0 0.12 0.56
FC GC 171.69 0.89 0.08
Fall 2021 FC 172.06 126 0.06
FC GC AL 172.55 1.75 0.05
Selection probability 0.88 0.54 0.26
Coefficient 8.770 —3.979 0.128
SE 3.182 2.088 0.118
FC WA 192.05 0 0.07 0.41
FC 192.33 0.28 0.06
SC FC 192.48 0.43 0.06
Fall 2022 FC DR 193.37 1.32 0.04
FC DP 193.74 1.69 0.03
FC WA DP 194.03 1.76 0.03
Selection probability 0.18 0.62 0.19 0.17 0.26
Coefficient —0.792 11.131 0.004 0.002 0.001
SE 0.672 4.723 0.003 0.002 0.001
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Regarding habitat suitability for gazelle, forbs exhibit the strongest coefficient and
highest selection probability across seasons, except in summer (Table 2). The other variables
had an effect over one or two seasons. Grasses were present with a moderate selection prob-
ability over two seasons, with a coefficient that was negative (—2.957) in winter 2020-2021
and positive (16.269) in spring 2022. Dirt road had a high probability of selection (>0.88) in
winter 2020-2021 and summer 2021, with negative coefficients (—0.001 and —0.004, respec-
tively). Water troughs were only significant in spring 2022 (selection probability = 0.80). In
summer 2021, altitude had a moderate effect with a negative coefficient (—0.396). Likewise,
the distance from the guardhouse post and marabout had a moderate selection probability
(0.67) in the winter of 2020-2021. The selection probability of wadi was relatively high
(0.88) in summer 2022 (Table 2). Shrubs were not significant in any season.

3.3.2. Spatial Niche Overlap

Throughout the entire study, oryx and gazelle showed relatively low spatial niche
overlap (< 0.57; Table 3). The Pianka index for seasonal spatial niche overlap reached a
minimum in winter 2020-2021 (0.31) and maximum in fall 2022 (0.57).

Table 3. Spatial overlap between oryx and gazelle in STNP.

Season Spatial Overlap
Winter 2020-2021 0.31
Winter 2021-2020 0.35
Spring 2021 0.47
Spring 2022 0.46
Summer 2021 0.38
Summer 2022 0.49
Fall 2021 0.45
Fall 2022 0.57

3.4. Temporal Niche
3.4.1. Daily Activity Pattern Characteristics

Generally, both antelope species were crepuscular, with a preference for dawn activity
(Figure 4) and some variation in times seasonally. In fall and winter, oryx had bimodal
activity peaks at dawn (06:00 h and 08:00 h) and dusk (16:00 h and 18:00 h), while in
summer, oryx were mainly active at dawn (05:00 h and 07:00 h) and at night (21:00 h and
24:00 h). During spring of both years, oryx were active in the morning (06:00 h-08:00 h).
Gazelle were more consistently active at dawn and dusk with bimodal peaks and, to a
lesser extent, they were active during the day. Based on the selection ratio (wi; Table 4), both
species were predominantly crepuscular and diurnal (wi > 1), usually having low levels of
nocturnal activity (wi < 1), except for oryx in summer, when they were crepuscular and
nocturnal. For gazelle, periods of activity patterns were non-random in most seasons (five
of eight seasons), while, for oryx, the periods of activity were non-random during only two
seasons (ANOVA, Table 4).

3.4.2. Temporal Niche Overlap

Temporal niche overlap between oryx and gazelle remained consistently high during
all seasons (A4 > 0.75, Figure 4). The seasonal temporal overlap values were all consistent,
ranging from A4 = 0.83 to A4 = 0.89.
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Figure 4. Diel activity patterns and overlap of oryx and gazelle in all seasons in STNP. The y-axis is
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Table 4. The selection ratio wi (n: number of independent detections) and random use test results of
crepuscular, diurnal, and nocturnal time periods for ungulates in STNP.

Antelope wi (n) in Time Period ANOVA
Species Crepuscular Diurnal Nocturnal (df=2)
Winter 2020/2021
Oryx 1.60 (65) 1.16 (96) 0.69 (84) F=557,p=0.043
Gazelle 1.48 (22) 1.69 (50) 0.38 (17) F =8.463,p=0.018
Winter 2021/2022
Oryx 1.21 (60) 1.13 (114) 0.86 (123) F=1.545,p=0.288
Gazelle 1.81 (48) 1.25 (65) 0.56 (41) F =13.74, p = 0.006
Spring 2021
Oryx 9.45 (37) 1.04 (109) 0.99 (85) F=0.253,p=0.784
Gazelle 1.42 (43) 1.08 (87) 0.72 (46) F=3.193,p=0.114
Spring 2022
Oryx 1.20 (47) 1.13 (107) 0.96 (77) F=0973,p=0431
Gazelle 1.80 (58) 1.07 (96) 0.57 (42) F=16.98, p = 0.003
Summer 2021
Oryx 1.37 (39) 0.79 (69) 1.20 (65) F =259, p=0.154
Gazelle 1.43 (37) 0.99 (80) 0.78 (46) F =4.069, p =0.076
Summer 2022
Oryx 1.43 (35) 0.63 (46) 1.34 (66) F =5.069, p = 0.051
Gazelle 2.10 (45) 0.82 (53) 0.71 (31) F =47.950, p < 0.000
Fall 2021
Oryx 1.72 (85) 1.14 (132) 0.62 (79) F =39.400, p < 0.000
Gazelle 1.60 (36) 1.38 (72) 0.46 (27) F =4.279, p = 0.070
Fall 2022
Oryx 1.52 (60) 0.95 (91) 0.88 (94) F=1.736,p=0.254
Gazelle 1.83 (49) 1.14 (72) 0.56 (45) F=13.21, p = 0.006

4. Discussion

Based on daily and seasonal activity patterns, our model of seasonal habitat suitability,
and the spatiotemporal overlap between oryx and gazelle, our hypothesis that spatiotem-
poral segregation facilitates coexistence in STNP was partially supported. The daily activity
rhythms of oryx and gazelle on the annual and seasonal time scales show high similarity
and overlap (i.e., similar temporal niches). However, their annual and seasonal spatial
niches have a low degree of overlap, indicating that the two species have niche separation
under specific habitat conditions, which could be one of the mechanisms for oryx and
gazelle to achieve a long-term, stable coexistence in STNP. Our findings are similar to the
spatial and temporal patterns reported for oryx and gazelle at Dghoumes National Park in
Tunisia [88,89].

4.1. Annual Spatial Niche Partitioning

The spatial distribution of the oryx within the park was more extensive than that of
the gazelle (based on RAIl results, Figure 2). A lower amount of captures of gazelle on
camera-traps could be attributed to gazelle being camera-shy—they are highly vigilant [90]
and, as part of their anti-predator (i.e., African golden wolf) strategy, engage in hiding
behaviour [91], limited movement [92], or lower numbers. In addition, gazelle spend
nearly 60% of their daily activity period at rest [93]. Oryx, in contrast, are characterized by
long-distance movements following rainfall (including migration), in search of high-quality
forage, particularly emerging annual plants and young green shoots [11,94]. Feeding
behaviour can also influence the extent of the distribution area, especially when the oryx is
defined as a grazer and the gazelle as a browser [95,96]. In addition, the larger body size of
the oryx compared to the gazelle influences numerous biological processes [97], including
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the size and location of their foraging area [98]. Consequently, oryx require more time and
a larger area to find suitable food sources to meet their energy needs, compared to gazelle.

In our model of habitat suitability (MMI), vegetation was the highest predictor of
spatial niche use for both antelope species. Food of high quality and quantity is the
primary determinant of resource partitioning among ungulates in savannah and arid
environments [99], with food preferences playing a significant role in determining the
spatial occupancy of the oryx and gazelle, potentially resulting in spatial niche separation.
Oryx mainly favoured habitats in STNP that are rich in grasses (Poaceae; MMI). The diet
of oryx is composed mainly of grasses [11,93,100,101], the presence of which strongly
influences their spatial distribution [102,103].

Large herbivores tend to opt for taller grasses to meet their higher biomass dietary
requirements, which often consist of a substantial amount of high-fibre material [104]. Low
stomatal conductance and efficient CO, uptake contribute to adept water utilization by
grasses. In addition to extracting water from the soil [105], tall grasses capture dew and fog,
making them an attractive food source in arid lands, especially during the dry season [100].
Oryx meet their water needs by grazing on available vegetation [106] and can survive
extended periods without drinking [102]. Small-bodied herbivores such as gazelle have
lower absolute intake requirements than larger-bodied herbivores, enabling them to meet
their intake needs on short, high-quality forage [107]. Indeed, gazelle in STNP preferred
habitats rich in high-quality forage, such as forbs, which can account for 70% to 90% of
their diet [108], rather than fibrous forage such as grasses [109].

4.2. Annual Temporal Niche Partitioning

The annual activity for oryx can be split into two main periods. The first period occurs
after the rainy season (October—-March), when oryx display high activity levels (based on
RAI2 results, Figure 3). During the rainy season, the study region experiences its highest
average rainfall (e.g., 17.2 mm (October)—ca. 19.5 mm (November and December)). The
corresponding increased activity of oryx could be due to the emergence of new annual
plants and buds following heavy rain. The second period of activity, during which oryx
display reduced activity, occurs before the rainy season (April-September). Activity is
particularly low when the average temperature is highest (i.e., summer—29 °C in July, 30
°Cin August). To cope with high temperatures and low rainfall, oryx optimize water intake
and minimize body water loss [110], most effectively by reducing movement and ingesting
lower-quality food that requires longer digestion [111]. Moreover, the installation of shade
structures near water points provided shade in addition to water, which, in combination,
could account for the shift of oryx towards habitats with water sources [101]. Arid-land
ungulates conserve water by adjusting their blood profile [112,113], which helps them to
maintain consistent seasonal activity [92]. Even the daily activity patterns of oryx and
gazelle were similar and temporally aligned (kernel density estimation analysis), which
could account for their high temporal overlap during all seasons.

Generally, and consistent with many wild ungulates [46,47,114], oryx and gazelle
were crepuscular, exhibiting bimodal activity peaks at dawn and dusk [115]. The primary
environmental factor influencing the daily activity patterns of wild ungulates is solar
radiation during sunrise and sunset [112,116], in response to photoperiod [43]. Both
antelope species displayed their highest activity levels when temperatures were relatively
mild and humidity was low. During the hottest part of the day, ungulates often seek refuge
under trees to lower their body temperatures, resulting in reduced movement and energy
expenditure [57]. However, the possible influence of nocturnal predators on daily activity
patterns needs to be explored at the current density levels. Many ungulates typically
allocate a significant portion of their nighttime hours to rest and rumination [117], although
heat stress during dry periods can enhance nocturnal activity [118,119]. Nocturnal activity
was low for oryx and gazelle in STNP, except during the summer for oryx. But predators,
which usually refrain from hunting during the day because of human activity, might
adjust their hunting habits to target prey that is abundant at night, which could increase
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predation pressure on herbivores exhibiting higher nocturnal activity [120]. The predation
risk distribution hypothesis predicts that prey species adjust their activity to minimize their
vulnerability during high predation-risk periods [121], by concentrating their activity on
low predation-risk situations [122]. Ecological adjustments in activity periods in response
to predation pressure can have transformative effects on ecosystems [120]. A pattern of
adjustment, in response to nocturnal predators, could account for the bimodal activity
patterns of oryx and gazelle we observed in STNP, which align with a strategy of anti-
predator behaviour during extended periods of high predation risk, accompanied by
intensive activity during periods when predation pressure subsides.

5. Conclusions

Our hypothesis that oryx and gazelle differ in at least one dimension of their ecological
niche, which contributes to their long-term and stable coexistence in STNP, was supported.
While we found similar trends in temporal activity patterns between oryx and gazelle, and
a high degree of temporal overlap, the two species show low spatial overlap and differ
in parameters accounting for suitable habitat. The primary factors influencing oryx and
gazelle habitat choice essentially correspond to grasses and forbs, which they often employ
differently. Structural habitat heterogeneity in STNP is a critical determinant of resource
and spatial partitioning for oryx and gazelle, resulting in the maintenance of spatial niche
separation, a possible mechanism allowing oryx and gazelle to coexist in STNP. Thus,
future studies using camera-traps are needed to clarify parameters influencing spatial and
temporal niches for coexisting oryx and gazelle, particularly with reference to trophic niches
and predation pressures. Finally, it should also be noted that seasonal activity periods may
influence the design of effective oryx conservation strategies; as reintroductions occuring
during the humid period, particularly between the months of November and January, may
be most effective.
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