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ARTICLE INFO ABSTRACT
Keywords: The grey wolf (Canis lupus) is recovering globally due to increasing human acceptance, which can
Apex predator drive trophic cascades. An endangered subspecies, the Arabian wolf (Canis lupus arabs), inhabits

Human attitudes
Human-wildlife conflict
Mesopredator

Predator interactions

arid regions of the southern Levant and Arabian Peninsula where it remains widely persecuted,
and little is known about its ecology. Most of the Arabian wolf’s range is dominated by pasto-
ralism, where tolerance of wolves is low. We assessed how acceptance of Arabian wolves, relative
to human land-use and density, has cascading effects on other canids by comparing spatial and
temporal interactions, and relative abundance of canids across a hyper-arid desert crossing the
Israel-Jordan border. Canids responded by adjusting their spatial and temporal activity patterns
in relation to human activity. Wolves were recorded significantly less in pastoralist landscapes,
leading to cascading effects. We found that jackals (Canis aureus) and foxes (Vulpes spp.) are both
suppressed by larger canids. Wolves and jackals both suppressed foxes, but wolves also facilitated
foxes by reducing pressure from jackals. Representing the first documentation of the role of an
apex predator in the Middle East, our findings highlight the strong ecological effects that Arabian
wolves have on desert ecosystems. Conservation efforts should focus on increasing tolerance and
working towards coexistence in pastoralist landscapes.

1. Introduction

The grey wolf (Canis lupus) is recovering across its global range, particularly in North America and Europe, largely due to a general
increase in human acceptance of predators (George et al., 2016) and the transition of some farming regions to wild spaces (Chapron
et al., 2014). The ecological implications of this recovery have been demonstrated in some protected areas like Yellowstone National
Park, USA (Ripple and Beschta, 2011). However, persecution remains the greatest threat to large predators globally, including wolves
(Ripple et al., 2014). Animal production, specifically of free-ranging domestic ungulates (i.e., pastoralism), remains one of the main
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drivers of predator persecution (Boronyak et al., 2020). Wolf-induced trophic cascades have gained much attention in areas where
populations are recovering, but the removal of apex predators also triggers cascades (Colman et al., 2014; Heath et al., 2014). While
the recovery and ecological effects of wolves in North America and Europe are well understood, less is known about the ecological roles
of wolves in other regions.

The desert-adapted Arabian wolf (C. L arabs), the smallest subspecies of grey wolf, was historically widespread across arid regions
of the southern Levant and Arabian Peninsula, but it is now endangered due to persecution (Mallon and Budd, 2011). The Arabian wolf
remains the sole apex predator across most of its range since the extirpation of the Asiatic cheetah (Acinonyx jubatus venaticus) and the
near-eradication of the Arabian leopard (Panthera pardus nimr) during the last several decades. Elucidating the important ecological
roles of Arabian wolves is likely to enhance the conservation of this endangered grey wolf subspecies (Sakurai et al., 2020). The only
known stable population is confined to the Arava Valley and Negev Desert in Israel, where legal protection is enforced and acceptance
of wolves is high (Barocas et al., 2018; Cohen et al., 2013). Wolves in this region also benefit from the legal protection of their prey,
such as gazelle (Gazella spp.), and from water and food (e.g., dates and melons) resources available at crop farms (Barocas et al., 2018;
Lewin et al., 2021). However, most of the Arabian wolf’s range overlaps with semi-nomadic sheep and goat herders, and like most
regions where pastoralism occurs, predators are killed to protect domestic animals from predation. The question remains whether
Arabian wolves structure ecosystems in similar ways to their northern counterparts.

As apex predators, wolves are known to suppress populations of smaller canids in other parts of the world. In North America, wolves
limit the distribution and abundance of coyotes (C. latrans) (Berger and Gese, 2007), while the ranges and densities of wolves and
golden jackals (C. aureus) are negatively correlated in Europe (Krofel et al., 2017; Newsome et al., 2017). Likewise, across the deserts of
Australia, the closely-related dingo (C. dingo) has strong suppressive effects on red foxes (Vulpes vulpes) (Wallach et al., 2010; Wooster
et al., 2021). The suppressive effects of large canids can cascade through the predator community. For example, the suppression of
coyotes by wolves has released red foxes (Levi and Wilmers, 2012; Newsome and Ripple, 2015). In core agricultural areas of Israel,
foxes avoid areas of high jackal density (Shamoon et al., 2017), and foxes also avoid jackals at fine spatial scales in agricultural
landscapes of the Arava Valley (Scheinin et al., 2006). Humans influence canid communities through both agonistic and facilitative
interactions in the Middle East. Wolves remain heavily persecuted in pastoralist landscapes on the Arabian Peninsula (Cunningham
et al., 2009). In the southern Levant, golden jackals have expanded their range into arid regions along with agricultural development
(Magory Cohen et al., 2013), and are often culled due to perceived economic impacts to agriculture and the spread of rabies (Nemtzov
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Fig. 1. Spatial distribution of monitored water points across three human land-use categories within a ~6000 km? study area in the southern Levant
(inset), highlighting the Arava Valley (outlined in purple) which straddles the international border between Israel and Jordan.
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and King, 2001). Here, we ask whether contrasting human attitudes shape the cascading ecological effects that Arabian wolves may
have on mesopredators. We hypothesised that when humans are tolerant of wolves, the ecological effects of wolves will be stronger
than when humans persecute wolves.

To test this hypothesis, we assessed spatial and temporal interactions of Arabian wolves, golden jackals, and foxes between different
human contexts based on human acceptance of wolves, with an aim to determine if acceptance of wolves shaped canid communities in
a Middle Eastern hyper-arid desert. We quantified spatial and temporal avoidance of smaller canids toward larger canids across
protected areas and agricultural landscapes dominated by either pastoralism or crop farming. Given that tolerance of wolves is low in
pastoralist landscapes, we predicted a reduction in wolf activity, releasing jackals from top-down pressure and cascading to intensify
suppression of foxes.

2. Materials and methods
2.1. Study area

We measured canid activity patterns across a ~6000 km? region of desert in the southern Levant (Fig. 1) during the summer (June-
September) of 2019. Almost all rainfall in this arid to hyper-arid region (e.g., < 50 mm in lowland, < 200 mm in highland areas) occurs
within 6-month periods surrounding winter (October to March). Temperatures reach > 45 C in summer (< 10 C cooler in the high-
lands), so the study area was typically dry and hot during sampling. Our study area incorporated both highland and lowland areas,
stretching across the Negev Desert from the Israel-Egypt border in the west (highest peak ~1000 m) to Jordan’s Edom Mountains in the
east (highest peak ~1200 m). Bisecting these two highland areas is the hyper-arid Arava Valley (Arabic: 42 o 25, ‘Wadi Araba’;

Hebrew: f127Y ‘Arava’), which straddles the Israel-Jordan border, and its lowest point reaches 400 m below sea level at the southern
shore of the Dead Sea. Our study area covered the northern section of the Arava Valley (spanning 50-70 km south of the Dead Sea),
encompassing a contiguous lowland desert ecosystem averaging 20 km wide, and its adjacent arid highlands to the east and west.

The southern Levant is a socio-politically complex region encompassing parts of Israel, Palestine, and Jordan, where acceptance of
wolves varies. The Arabian wolf is legally protected throughout the region, but protection is only enforced in limited areas and
community support for predator protection in pastoralist landscapes is generally low. Arabian wolves have reportedly been shot after
crossing into pastoralist landscapes in the past (Hefner and Geffen, 1999). Legal and illegal hunting is common in some pastoralist
landscapes (Eid and Handal, 2018), and several threatened species, including the Arabian wolf (Bonsen and Khalilieh, 2021), can be
confined to nature reserves (Amr et al., 2004). A severely depleted wild prey base outside of protected areas means that domestic
ungulates (hence ‘livestock’) are now an important food source for wolves in some pastoralist landscapes (Bonsen and Khalilieh, 2021),
often exacerbating conflicts (Gecchele et al., 2017). In crop farming landscapes absent of pastoralism, tolerance of wolves is high
(Barocas et al., 2018), which expands the areas of protection for wolves.

The section of the Israel-Jordan border running through our study area had no physical barrier. Simple barbed-wire fences
enclosing minefields along the Israeli side of the border are remnants of times before the ratification of the 1994 peace treaty. Unlike
wildlife that can cross the border freely, human movement is controlled by the military on both sides. Within our study site, military
activity in Jordan was concentrated predominantly within 5 km of the border, while Israel’s military activity spanned the borders from
Jordan to Egypt. The Negev contains extensive military training areas that are off limit to the public (including to pastoralists) apart
from Saturdays and Jewish holidays when they are open for hiking and camping.

Thus, pastoralism is more restricted in Israel compared to Jordan where pastoralists are granted considerably more freedom in their
movement and temporary settlement when herding. In Jordan, herders are allowed to bring their domestic sheep and goats into
protected areas to drink at springs, whereas in Israel, livestock are excluded from protected areas. Within this part of Israel, most
livestock are confined to dairy factory farms, and the small agricultural villages (‘moshavim’ and ‘kibbutzim’) are surrounded by
intensive crop fields. Common crops include dates and seasonal cultivars such as melons and peppers, which form a considerable part
of the diets of the region’s canids (Lewin et al., 2021).

2.2. Data collection and analysis

We used data obtained from various sources to generate GIS layers in ArcGIS 10.8 (ESRI, 2019) based on human land-use and
population density (see Table Al in Supporting Information). We then characterised the study area into the three following categories
based on land-use. (1) Protected areas: National parks and nature reserves primarily used for benign recreational activities, in which
wildlife are legally and actively protected. The risk of wolf persecution is low. (2) Crop farming landscapes: Agricultural landscapes
where crop farming is the main land-use, and large vertebrate wildlife are legally and actively protected. The risk of wolf persecution is
similarly low to protected areas, but human activity is higher. (3) Pastoralist landscapes: Agricultural landscapes in which livestock
herding is a predominant form of agriculture. Wolves are perceived as a threat to livestock (Barocas et al., 2018) and are illegally
persecuted in some areas (Eid and Handal, 2018; Hefner and Geffen, 1999).

We set up 1-3 Trophy Cam Aggressor no-glow camera-traps (Bushnell, Overland Park, KS, USA) at 27 water points (natural springs,
leaky pipes, artificial dams, and troughs) — nine in each land-use category - for approximately one month to estimate use, as well as
spatial and temporal interactions, of canids across human contexts (Fig. 1). We focused on water points because this is where wildlife
activity is highest, and where canids scent mark regularly (Wallach et al., 2009). We categorised the water point to land-use by
determining the predominant human activity, and calculated the mean human population density, within a 5 km radius. Camera-trap
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data were sorted into species (for Canis spp.) or genus (for Vulpes spp.). The red fox (V. vulpes) was the most frequently detected fox
species, but we combined their detections with two other foxes (V. cana and V. rueppellii) as they constitute a similar trophic position
(all weigh < 5 kg).

We conducted single-species and two-species occupancy models using the package ‘Wiqid’ in program R version 4.0.1 (R Core
Team, 2018). Given that water point availability was limited, and individual canid home ranges often consisted of multiple water
points, we interpreted the occupancy parameter () from the single-species models as the probability of resource use to accommodate
the lack of spatial independence (Mackenzie, 2006). We calculated a Species Interaction Factor (SIF) from the two-species models
according to the equation proposed by Richmond et al. (2010). The SIF indicated whether a smaller canid avoided (SIF < 1.0) or was
attracted to (SIF > 1.0) a larger canid, or if the two canids occurred independently (SIF = 1.0); the further the value is from the neutral
value of 1.0, the stronger the interaction. The probability of resource use was modelled as a function of human population density
within each land-use category, whereas a single SIF was calculated across the study area for each species pair.

We further explored interactions between canids by determining overlap in temporal activity patterns. We treated detection
‘events’ as independent if there were no other detections of the same canid for five minutes before or after the given event, and
recorded the location, date, and time of each independent event. Using the ‘overlap’ package in R (Meredith and Ridout, 2020), we

then estimated temporal activity patterns and fitted kernel density curves in radians (r). A coefficient of overlap (A) was calculated as
the area lying under the overlap in density curves for each canid, returning a value ranging from 0 (no overlap) to 1 (complete overlap).

Following the recommendations of Ridout and Linkie (2009), we used Kl for small sample sizes (< 75) and 34 for large sample sizes (>

75), and generated 1000 smoothed bootstrap samples; estimating a mean A and 95% confidence intervals (CI; as per Meredith and
Ridout, 2020) for each pair of density curves within each land-use category. Finally, we tested for any significant change in temporal
activity patterns for a given canid between land-use categories using a Wald’s Test in the ‘activity’ package in R. Temporal activity
patterns of humans were also analysed using camera-trap detections to visualise temporal adjustments in wolf activity in response to
humans. We used package ‘camtrapR’ in R to define detection events and create detection histories used in occupancy models.

We also conducted tracking surveys to estimate an index of relative abundance of canids between the two agricultural land-use
categories. We concentrated efforts in the Arava Valley to draw direct comparisons between crop farming and pastoralist land-
scapes across the Israel-Jordan border, while reducing confounding spatial factors such as differences in elevation or accessibility to
prey or resources. Protected areas are small in the Arava and largely influenced by the surrounding agricultural activities, so sampling
conducted within protected areas was classified according to the corresponding agricultural activity. Thus, for relative abundance
estimates, all sampling units in crop farming landscapes were in Israel, while all sampling units in pastoralist landscapes were in
Jordan.

Following Wallach et al. (2010), we used two different tracking methods to assess two parameters for each species: relative density
and relative distribution. We then multiplied these two parameters together to obtain an index of relative abundance [IR;p = Ryens X
Raist], which we compared across land-use categories by performing a Kruskal-Wallis test for each species. To determine relative
density, we counted the number of fresh tracks along 500 m transects (21 in crop farming, 17 in pastoralist areas) across an average of
three consecutive mornings. After counting, we cleared any previously deposited tracks by dragging a heavy metal object, with dried
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Fig. 2. Probabilities of resource use of canids across land-use categories as a function of human population density reveal that wolves (grey lines
and shading) and foxes (red lines) are negatively influenced, while jackals (gold lines) are positively influenced, by human population density,
particularly in pastoralist landscapes. Dashed lines represent 95 % confidence intervals. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)
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palm fronds attached, behind a slow-moving vehicle. We then converted the daily number of fresh tracks recorded per transect into the
number of tracks/ha/day. Relative distribution (i.e., the proportion of area occupied) was estimated by scanning randomly selected
2-ha plots (31 in crop farming and 21 in pastoralist areas) and recording the presence or absence of tracks for each of the canid species.

3. Results

Based on a total of 418 canid events from 997 camera-trap days, we found that canid communities differed between human land
uses (see Table A2). Most wolf (62.2%) and fox (54.4%) events were recorded in protected areas, whereas most jackal events were
recorded in pastoralist landscapes (76.1%). Probability of resource use was similar for wolves and foxes: highest in protected areas,
significantly higher in crop farming than pastoralist landscapes, and declining as human population density increased in agricultural
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Fig. 3. Overlap in temporal activity patterns illustrating: (a) a relatively high temporal overlap between larger (dotted lines) and smaller (dashed
lines) canids overall, where all canids are largely nocturnal with bimodal peaks in activity around dawn and dusk for wolves (grey lines and shading)
and foxes (red lines and shading), and slightly later in the morning for jackals (gold lines and shading); (b) a significant shift in wolf (solid and
dashed lines) activity in pastoralist landscapes to the middle of the night when people (dotted lines) were inactive; and (c) a significant shift in jackal
(solid and dashed lines) activity in crop farming landscapes to times when wolves (dotted lines) were less active. Values denote bootstrapped
coefficients of overlap (E + 95% CI), while dashed lines in (b) and (c) represent overall temporal activity patterns of smaller canid [dashed boxes
represent overall coefficient of overlap (K + 95% CI)]. (For interpretation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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(crop farming and pastoralist) landscapes (Fig. 2). In contrast, the probability of resource use for jackals increased with human
population density and was significantly higher in pastoralist landscapes than protected areas and crop farming landscapes (Fig. 2).

All canids were mostly nocturnal, with crepuscular peaks in activity (jackal activity was slightly later in the morning), and temporal
overlap was generally high between canid pairs (Fig. 3a). However, wolf and jackal activity shifted significantly in pastoralist and crop

farming landscapes, respectively (see Table A3). Temporal overlap between wolves and humans was low overall (A + 95% CI = 0.39

+ 0.22 - 0.44) as humans were diurnal. However, overlap was particularly low in pastoralist landscapes where wolf activity shifted to

a single peak in the middle of the night when humans were inactive (A & 95% CI = 0.01 £ 0.00 — 0.02; Fig. 3b; Wald’s y? = 33.6,
p < 0.0001). Likewise, temporal overlap between wolves and jackals was lower in crop farming landscapes where jackal activity

shifted to times of low wolf activity (Z + 95% CI = 0.41 + 0.19 - 0.53; Fig. 3c; Wald’s XZ = 16.5, p < 0.0001).

Both jackals and foxes spatially avoided larger canids. At water points, fox avoidance of jackals was strongest (SIF = 0.34), followed
by jackal avoidance of wolves (SIF = 0.72), and fox avoidance of wolves was the weakest (SIF = 0.82). Although the probability of
resource use for foxes was highest at water points used by wolves, tracking surveys revealed that wolf and fox relative abundances were
inversely related across agricultural landscapes in the Arava (Fig. 4). Wolves were more abundant in crop farming landscapes (Kruskal-
Wallis xz = 8.68, p < 0.01; see Table A4), while foxes were more abundant in pastoralist landscapes (Kruskal-Wallis xz = 11.40,
p < 0.001; see Table A4). Jackal abundance was equal, and lower than other canids, across both crop farming and pastoralist land-
scapes (Kruskal-Wallis y? = 2.42, p = 0.12; see Table A4).

4. Discussion

Our study demonstrates that Arabian wolves structure canid communities in the Middle East, and that this effect is intertwined with
human land use and acceptance. We show that wolf persecution in pastoralist landscapes releases golden jackals from top-down
pressure, which has cascading suppressive effects on foxes. Both wolves and jackals suppress foxes. We found that the relative
abundance of foxes was lower where wolves were more abundant, and foxes avoided water points most used by jackals. Although
Arabian wolves suppress foxes, they also indirectly facilitate foxes by lessening the suppressive force of jackals. These interactions,
which are likely to have implications across multiple trophic levels, are contingent on human behaviour in these arid anthropogenic
landscapes.

Wolves used protected areas most. Within agricultural areas, the probability of resource use and relative abundance of wolves were
higher in crop farming than pastoralist landscapes. Similar to wolves, foxes used protected areas and crop farming landscapes most,
and the probability of resource use of foxes declined with human population density in pastoralist landscapes. In contrast, the
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Fig. 4. Relative activity indices, calculated using the parameters estimated from tracking surveys, show that foxes in the Arava Valley are
significantly more active in pastoralist landscapes than in crop farming landscapes where wolves are more active.
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probability of resource use of jackals was lowest in protected areas and in crop farming landscapes, and the few jackal events that were
recorded in crop farming landscapes coincided with times of low wolf activity. Unlike wolves and foxes, the probability of resource use
of jackals increased with human population density. This aligns with the abundance of jackals around densely populated Israeli cities
(Shamoon et al., 2017). Similarly, Shahnaseri et al. (2019) noted that in arid parts of Iran, the slightly larger Indian wolf (C. L pallipes)
avoided humans while jackals concentrated in agricultural areas.

We argue that jackals suppressed foxes in pastoralist landscapes with the highest human population densities in our study. Red
foxes are consistently reported to have a strong affiliation with human activity, including previously from our study area (Shapira
et al., 2008). In the USA, a regional study showed that coyotes and red foxes were both positively correlated along an urbanisation
gradient (Rota et al., 2016); meanwhile, a fine-scale urban parklands study showed that red foxes benefit from using areas of high
urban development as spatial refugia to reduce the chance of interference competition from coyotes (Moll et al., 2018).

Our study joins the internationally consistent observation that large canids suppress smaller canids. As European wolves suppress
jackals (Krofel et al., 2017) and North American wolves suppress coyotes (Levi and Wilmers, 2012), Arabian wolves suppress jackals.
The effects of wolf persecution cascade from wolves to jackals and to foxes in these desert canid communities. Our observation that
wolves suppress jackals, releasing foxes from top-down control, parallels findings in North America where wolves mediate coyote
suppression of foxes (Levi and Wilmers, 2012). Wolves were found to have a negligible effect on mesopredators in forested anthro-
pogenic landscapes of Romania (Dorresteijn et al., 2015). However, the fact that jackals inhabit the region (Banea et al., 2012), but
only foxes were recorded in the study, could provide further insights into interactions within the region’s canid communities. We found
that wolves influenced fox abundance in a region of the Arava Valley where jackals do not occur. Wolves were also noted to reduce fox
abundance in parts of Sweden where jackals are absent, but only where wolf packs are stable and territories are well-established
(Wikenros et al., 2017), as in the crop farming landscapes of the Arava Valley (Cohen et al., 2013).

In Europe, wolves avoid human-dominated landscapes (Carricondo-Sanchez et al., 2020; Dorresteijn et al., 2015). However, in crop
farming landscapes of Israel’s hyper-arid Arava Valley, Arabian wolves have previously been reported to spend most of their time in
proximity to human infrastructure (Barocas et al., 2018), where they are subsidised by anthropogenic food and water resources (Lewin
et al., 2021). We stress that the ability of wolves to do this is dependent on whether they are accepted by humans. In pastoralist
landscapes, wolves are driven away from humans, and our results highlight the importance of protected areas among pastoralist
landscapes (see also Bonsen and Khalilieh, 2021). We recorded few wolves in pastoralist landscapes, and those that occurred were
around midnight, when humans were least active. Wildlife often become more nocturnal in anthropogenic landscapes to avoid human
encounters (Gaynor et al., 2018). In our study, Arabian wolves increased their nocturnality where they were persecuted.

5. Conclusions

Our results indicate that, like their temperate cousins, Arabian wolves structure canid communities, and are therefore ecologically
significant in arid environments. However, their ecological effects are most notable under conditions of human acceptance. Previous
research focussing on relationships between humans and Arabian wolves has been limited, and comparisons had not been made
between areas of varying acceptance. We show that, despite their relatively small size and the low productivity of the ecosystems they
inhabit, Arabian wolves play key ecological roles where populations are stable. In contrast, the effects of such roles are considerably
reduced in pastoralist landscapes where tolerance of wolves is low.

With things as they stand, Arabian wolf populations remain imperilled as pastoralism prevails as a predominant form of agriculture
throughout its range. Jordan is an important jurisdiction for its conservation, as it provides a steppingstone between the stable
population of the Arava Valley/Negev desert and the declining population of the Arabian Peninsula. The discovery of wolves suc-
cessfully using protected areas in Jordan is potentially promising. Conservation efforts should focus on increasing tolerance and
coexistence within pastoralist landscapes by promoting education around the ecological importance of the Arabian wolf and strategies
towards coexistence. Reducing hunting rates, not only of wolves, but also their prey, is imperative as it would lead to the recovery of
the wolf’s natural prey base and alleviate the need for wolves to rely on livestock for sustenance. We hope that our research enhances
protection of these animals in this unique part of the world so that Arabian wolves are not added to the list of predators recently lost
from the Middle East.
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