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Technology Sydney fauna, leading to unusually strong disturbance and herbivory relative to native herbivores.

2. We report on the first documented predation of juvenile feral donkeys Equus
Handling Editor: Rafael Raimundo africanus asinus by cougars Puma concolor in the Mojave and Sonoran Deserts of
North America. We then investigated how cougar predation corresponds with
differences in feral donkey behaviour and associated effects on desert wetlands.

3. Focusing on a feral donkey population in the Death Valley National Park, we
used camera traps and vegetation surveys to compare donkey activity patterns
and impacts between wetlands with and without cougar predation.

4. Donkeys were primarily diurnal at wetlands with cougar predation, thereby avoiding
cougars. However, donkeys were active throughout the day and night at sites with-
out predation. Donkeys were ~87% less active (measured as hours of activity a day)
at wetlands with predation (p<0.0001). Sites with predation had reduced donkey
disturbance and herbivory, including ~46% fewer access trails, 43% less trampled
bare ground and 192% more canopy cover (PERMANOVA, R?=0.22, p =0.00083).

5. Our study is the first to reveal a trophic cascade involving cougars, feral equids and
vegetation. Cougar predation appears to rewire an ancient food web, with diverse im-
plications for modern ecosystems. Our results suggest that protecting apex predators

could have important implications for the ecological effects of introduced megafauna.
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1 | INTRODUCTION

Many of the world's large herbivores and predators were lost in
the late Pleistocene, most likely due to human impacts (Sandom
et al., 2014; Smith et al., 2018). A second wave of decline is ongo-
ing, as the majority of surviving large herbivore species (henceforth
megafauna) are now threatened with extinction (Ripple et al., 2015).
Conversely, several megafauna species have established thriving
populations following introductions, restoring lost species richness
and some important ecological traits (Lundgren et al., 2018, 2020).
However, many apex predator species, especially the largest, did
not survive the late Pleistocene extinctions and those that remain
are often persecuted by humans (Middleton et al., 2020; Ripple
et al., 2014). This begs the question: can extant apex predators exert
top-down influences on introduced megafauna, given that many in-
troduced megafauna are larger than co-occurring native herbivores?

We report on a novel trophic cascade (Wallach et al., 2015) be-
tween cougars Puma concolor, feral donkeys Equus africanus asinus
and vegetation in North America. Cougars co-occurred with a di-

versity of equid species for more than a million years until the North
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and South American late Pleistocene extinctions ~9-12,000years
ago (Williams et al,, 2018). The little paleoecological evidence
that exists, however, suggests that cougar-equid interactions may
have been uncommon, with equids mainly preyed upon by larger
or pack-hunting now-extinct predators (Figure 1a,b, DeSantis &
Haupt, 2014). While research on cougar predation of feral horses
is increasing (Andreasen et al., 2021), most policy and ecological
literature continues to ignore or explicitly deny the possibility that
feral equids experience ecologically significant predation, with oft-
repeated claims that they ‘have no natural predators’ (Bureau of
Land Management, 2018; Death Valley National Park, 2018). In con-
trast, we recorded the first documented predation of feral donkeys
by cougars, including a yearling (Figure 2a,b) and foal (Figure 2c,d),
and mapped widespread predation of juvenile donkeys in the Mojave
Desert (Figure S1).

Predation can control herbivore populations through direct kill-
ing. Indeed, cougar predation on juvenile introduced feral horses can
reduce or prevent population growth rates in some circumstances
(Greger & Romney, 1999; Turner et al., 1992). However, preda-

tion also influences prey indirectly, by driving predator-avoidance
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FIGURE 1 Body size and hunting style determine predator-prey interactions and may constrain the ability of extant predators to
influence introduced megafauna. X-axis (body mass) is shared across all subplots. (a) North American apex predators before and after the late
Pleistocene extinctions. Horizontal lines indicate theoretical optimum prey body mass range of extant (black) and extinct (dashed) predators
(from Van Valkenburgh et al., 2016). Points indicate average predator body mass and hunting style, which remains uncertain for Smilodon
fatalis (denoted with question mark). Red points indicate published prey items by body mass, with transparency denoting the importance of
prey in diet (data from CarniDIET, Middleton et al., 2021). Of extant North American predators, only the cougar Puma concolor substantially
overlaps in geographic distribution with feral equids (IUCN Red List, 2018; Wallach et al., 2020). (b) Estimated body mass ranges for equid

age classes.
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FIGURE 2 First photographic evidence of cougar predation on feral donkeys, captured with camera traps. (a, b). Successful predation of
a yearling donkey in the Sonoran Desert, Arizona. The cougar is looking up from the ground. Arrow in inset points to the cougar's left eye.
(c, d). Predation of a foal in the Death Valley National Park, in the Mojave Desert of California. Donkey ages were determined from tooth
eruption sequences of carcasses. Images (a) and (c) were tonally adjusted for visibility (see Figure S2 for original versions).

behaviours that can modify their effects on the environment (Fortin
et al., 2005; Laundré et al., 2010). These include increased vigilance,
reduced consumption rates, shifts in activity rates and temporal
patterns, and longer movement distances (Cunningham et al., 2019;
Fortin et al., 2005; Laundré et al., 2010; van Beeck Calkoen
et al., 2021). These changes can emerge even after recent expo-
sure to predators. For example, moose mothers Alces alces rapidly
changed their behaviour after experiencing the first predation of a
calf by range-expanding grey wolves Canis lupus (Berger et al., 2001).

Feral donkeys and horses can have strong effects on ecosys-
tems through herbivory and trampling (Baur et al.,, 2018) and by
competitively displacing other species from limiting resources (Hall
et al,, 2016). For these reasons, many feral equid populations in the
United States have been targeted for complete removal and most
experience strict population control. However, it remains unknown
whether the effects of feral equids could be shaped by predation.
If so, this would have implications for policies towards feral equids

and their predators and would contextualize how we understand the
effects of feral equids and other introduced megafauna.

We utilized a ‘natural comparisons’ approach at desert wetlands
with and without cougar predation of feral donkeys to investigate
how cougars influenced donkey temporal activity patterns and
rates, and how predation was associated with the disturbance and
herbivory related effects of donkeys on desert wetlands.

2 | MATERIALS AND METHODS

2.1 | Studyarea

This research focused on the Southern Panamint mountains of
the Death Valley National Park (Figure 3, permit: DEVA-2018-
SCI-0036). This ~150km? landscape is highly connected by don-
key trails, and we regularly witnessed bands of donkeys travelling
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between wetlands within this study region, suggesting that this can
be considered a single population of donkeys. Unlike many areas
with feral equids, cougars in the Death Valley National Park are
strongly protected from hunting. We monitored every known wet-
land in this region (n = 17) but excluded three because of camera
malfunctions. All work was non-manipulative and did not require the
Institutional Animal Care and Use Committee approval in the USA
but received animal ethics approval at the University of Technology
Sydney, Australia (ETH16-0237).

The wetlands in this region varied in relation to predation risk.
There were eight wetlands (2,530 trap nights) where cougar preda-
tion on donkeys was detected, two wetlands where cougars were
detected but donkey kills were absent (436 trap nights), and three
wetlands without any cougar detections (312 trap nights). These
latter wetlands were at campsites. Unfortunately, this led to a dis-
crepancy in trap nights between these treatment levels due to cam-
era thefts at these wetlands. While the mixed effect models we
employed (specified below) are robust to differences in sample size
(Pinheiro, 2014), all other analyses used resampling methods to en-
sure that our results were robust to unbalanced sample sizes.

Evidence of predation was determined by surveying for cached
carcasses on cougar trails at each wetland (see the Supporting
Information) as well as from direct photographic evidence of kills
(i.e. Figure 2). Although it is possible that the cached donkey car-
casses were the result of non-predation related mortality events and
had been scavenged by cougars, the inverse relationship between

FIGURE 3 Primary study areain

the Southern Panamint Mountains of
the Death Valley National Park. Points
indicate monitored wetlands, which
varied by the presence of cougars and
kills. The three wetlands where cougars
were absent were proximate to campsites.
Inset indicates location in the state of
California. See Table S1 for camera trap
nights per station. See Figure S1 for
distribution of kills and the additional
study sites used to corroborate donkey
temporal activity responses to cougars.

oogle

the total number of donkey carcasses and feral equid activity rates
supports that these carcasses were not caused by some underlying
density-dependent process, such as disease (z = -3.5, p = 0.0005,

see Supplementary material and Figure S3).

2.2 | Temporal activity patterns of
donkeys and cougars

Temporal activity patterns were calculated with the ‘overlap’ (v0.3.3)
and ‘circular’ packages (v0.4-93) in r v4.0.0 (Agostinelli & Lund, 2017
Meredith & Ridout, 2014; R Core Team, 2020). Sampling effort (i.e.
number of trap nights) and the number of donkey detections var-
ied between sites with and without cougar predation, which would
bias pooled estimates. We therefore resampled our data over 1,000
iterations, sampling equally between sites with and without preda-
tion (see Supplementary material for resampling details). From these
resampled activity distributions, we calculated 95% confidence in-
tervals (Cls) to test if there was a significant difference in activity
between sites with predation and without, based on the overlap or
non-overlap of Cls.

Half of the sites (three of six) without kills were at campsites,
which could also drive nocturnality if donkeys were avoiding human
activity. We therefore compiled data from additional study regions
from earlier research efforts to corroborate our results (Lundgren,
Ramp, Stromberg, et al., 2021). However, since we did not have
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ground survey data of local predation events in this broader region,
we conducted this analysis based on whether cougars were locally
detected or not (Figure S1; Data S1).

2.3 | Theinfluence of cougar predation on the
activity duration of feral donkeys

Desert wetlands can become foci of activity for water-dependent
animals such as donkeys, particularly at high temperatures, leading
to intense herbivory, disturbance and competition (Baur et al., 2018;
Hall et al., 2016). Daily donkey activity rates at each wetland were
summarized per day as the total duration of ‘events’. Events were de-
fined as any donkey detection within 30 min of any other. We chose
to evaluate event duration instead of the number of events, given
that some wetlands were occupied continuously for nearly 12 hr a
day in singular events, while others were occupied for <30 min a day
but in several short-duration events.

First, we used a Wilcoxon signed rank test to analyse whether
the total duration of activity (henceforth ‘activity rate’) over 100
trap nights varied between sites with and without cached donkey
kills. We then analysed how the presence of cached donkey Kkills,
daily maximum temperature and their interaction, affected daily
donkey activity rates in the Southern Panamints of Death Valley. We
used negative binomial mixed effect models in the r package cLm-
MTMB v1.0.2.1 (Brooks et al., 2017), nesting camera station within
site, crossed with date, as random effects. We treated the presence
of local donkey kills, daily maximum temperature, and their interac-
tions, as fixed effects. Daily maximum temperatures were extracted
from the PRISM Climate Group (2020).

Following Brooks et al. (2017), we used the r package DHARMa
(Hartig, 2022) to test for over or under dispersion and zero infla-
tion, of which the latter was significant. To address this, we used
the DHARMa function ‘testZerolnflation’ to evaluate different for-
mulations of zero inflation terms and chose the model with the least
evidence of zero-inflation (p = 0.088). This model included the pres-
ence of kills in its zero-inflation component, thus testing whether
there was a higher probability of days with zero donkey activity at
sites with kills. To test whether the unexplained variation in this
model was related to spatial distribution of sites, we used the func-
tion ‘Moran.!’ in the r package Ape v5.4 to test for spatial autocorrela-
tion on the scaled residuals, which we extracted with the function
simulateResiduals (DHARMa).

2.4 | Effects of feral donkeys on wetlands

To understand if cougars influenced the effects of donkeys on wet-
lands, we collected data from 14 desert wetlands in the Southern
Panamints of Death Valley National Park. We excluded wetlands
that experienced flood disturbance, as this would confound the
effects of donkeys themselves. We focused on pools where don-
keys accessed water and measured the percentage of surface water

vegetated by emergent vegetation (e.g. rooted in aquatic substrate),
the percent of the water surface covered by canopy foliage, the
number of access trails per pool and the percent of the pool's perim-
eter occupied by vegetation 20.5 m in height.

To quantify the degree of disturbance extending upland from
these water access points, we set 3 parallel 30-m long belt tran-
sects 10 m apart, with the central transect centered on the spring
access point. Every 10 m along each transect, we estimated percent
trampled ground, percent undisturbed ground, percent herbaceous
cover, and percent woody cover in 1-m? quadrats (9 total per access
point). Although we collected data on plant cover by type and spe-
cies, we did not include these in subsequent analyses because it was
confounded by elevation and edaphic differences across sites, and
thus did not directly capture the effects of donkeys.

To characterize wetland structure, we analysed these data by
calculating the Gower distance between sites based on all seven re-
sponse variables, which we analysed with a PERMANOVA test in the
R package VEGAN v 2.5-6, with the presence of kills, the presence of
cougars, elevation, and terrain complexity as independent variables.
Terrain complexity was calculated from a 1/3 arc-second digital el-
evation model (USGS National Geospatial Program, 2019), which
synthesized terrain roughness, terrain ruggedness and slope with a
principal components analysis (PCA). PC1 explained 92.5% of total
variation and was subsequently used as a synthetic terrain com-
plexity variable (Figure S4). We visualized this data with a Principal
Coordinates Analysis (PCoA) on the Gower distance matrix. The first
two axes (PCoA 1 and PCoA 2) explained 47.5% of total variation
between sites (28.3% and 19.1% respectively).

To test if these differences could have been driven by other un-
derlying spatial gradients, we calculated a geographic distance matrix
with the r package ceospHERE v1.5-10. We then conducted a Multiple
Regression on Distances Matrices analysis with the function ‘MRM’
in the r package ecopist v2.0.7 with 1,000 iterations, which tested
whether the dissimilarity between wetlands was explained by their
spatial distribution.

3 | RESULTS

Donkey temporal activity differed between wetlands depending
on the presence of cougars and donkey kills. Donkeys were active
throughout the day and night at sites where cougars were absent.
However, donkeys were almost exclusively diurnal at sites with cou-
gars, particularly where there was also evidence of cougar preda-
tion, thereby avoiding peaks of cougar activity (Figure 4a). Data from
additional sites in the Mojave and Sonoran Deserts (Figure S1) cor-
roborated this pattern, showing a transition from nocturnal to diur-
nal activity in the presence of cougars (Figure S5).

Donkeys were less active overall (hours over 100 trap nights) at
wetlands with cougar predation (Wilcoxon signed rank test: W =45,
p = 0.03). Daily donkey activity rates also differed between sites
with and without cougar predation: while daily activity rates in-
creased with maximum daily temperature at all sites (z = 11.96,
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FIGURE 4 Cougars shape donkey activity at desert wetlands. (a) Donkey temporal activity under different levels of predation risk. X-
axis indicates time of day. Ribbon indicates 95% confidence intervals from bootstrapped detections. Dashed line indicates cougar activity
pattern. Cougar detection frequencies were insufficient at sites without kills to calculate their activity pattern (3 events). Data from
additional sites in the Mojave and Sonoran Deserts (Figure S1) corroborated this pattern (Figure S5). (b) Relationship between maximum
daily temperature and the daily activity rates of donkeys at wetlands (hours/day/site) for sites with and without predation. Regression lines
are extracted from negative binomial model with error estimates indicating standard error of model prediction.

p<0.0001, Figure 4b; Table S2; Data S1-S2), this response was
reduced at sites with kills (interaction term: z = -4.91, p<0.0001,
Figure 4b; Table S2). At wetlands without kills, activity increased to
an average of 5.5hr/day on days 235°C (SD = +4.4, max = 16.5hr,
see Figure 4b for model predictions, Table S2); while at sites with
kills, activity remained low and relatively stable, averaging 0.7 hr/day
on days 235°C (+1.7, max = 12.6 hr, Figure 4b; Table S2). Sites with
kills also had more donkey-free days (zero-inflated model compo-
nent: z= 3.4, p = 0.0007, Table S2). There was no evidence of spatial
autocorrelation in the responses of donkeys to temperature and pre-
dation (Moran's | on scaled residuals: p = 0.22).

Cougar predation on donkeys was associated with reduced her-
bivory and disturbance-related effects on wetlands (PERMANOVA:
R? = 0.22, F = 3.34, p = 0.0003, Figure 5a-c; Data S3). Wetlands
with kills had 192% more canopy cover (41.5% +33.7 compared to
14.2% + 16% without kills, mean + SD), 102% more vegetation around
water perimeter (60.29% + 18 to 29.75% + 24.13 without kills), 46%
fewer trails (1.6 +0.74 to 3.0 + 1.8 without kills), and 43% less tram-
pled bare ground (from 50.2+16.5% to 88.8+12.9% without Kkills,
see Figure S6 for responses of individual variables). These differ-
ences were not explained by the presence of cougars (independent

of kills), terrain complexity, elevation (p = 0.25-0.36, Table S3), nor
geographic distances between sites (multiple regression on distance
matrices, R? = 0.02, F = 1.35, p = 0.35).

4 | DISCUSSION

Cougar predation on feral donkeys was associated with altered
donkey activity patterns and rates and with reduced herbivory and
disturbance-related effects on desert wetlands. This adds to grow-
ing evidence that ecologically important predator-prey interactions
can emerge rapidly in novel ecosystems, with implications for mod-
ern ecosystem functioning (Cattau et al., 2017; Wallach et al., 2015;
Zavaleta et al., 2001). These results also suggest that removals or
eradications of introduced equids and prevailing policies of predator
persecution may have unintended consequences.

Feral donkeys and cougars appear to be linked in an emerging
ecological network. Donkeys were the primary recorded prey of
cougars at our study sites (24 of 29 cached carcasses). In addition
to shaping donkey ecology, cougar predation on donkeys may drive
novel evolutionary trajectories in cougars (Cattau et al., 2017) and
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individual variables.

reduce predation pressure on their other prey. While we did not
conduct exhaustive analysis of cougar diets, the importance of don-
keys in cougar caches, and of horses as prey elsewhere (Andreasen
et al., 2021), suggests that removals of feral equids could have con-
sequences both for cougars and for their alternative prey (e.g. big-
horn sheep) due to prey switching.

Cougars, like most apex predators, are persecuted in service
of the meat industry and to increase populations of their prey for
sport hunting and conservation (Arizona Department of Game and
Fish, 2016; Ripple et al., 2014). As with other apex predators, per-
secution can reduce the ability of cougar populations to hunt larger
and more challenging prey by removing older individuals from the
population and by disrupting the transmission of hunting techniques
from mother to young (Peebles et al., 2013). Even moderate perse-
cution may thus reduce the potential for ecologically relevant tro-
phic cascades between cougars and feral equids. Policy responses
to feral equid populations may benefit from attending to pervasive
policies of predator persecution (Phillips, 2018).

Our study took advantage of a natural experiment, compar-
ing sites with cougar predation to sites without. The absence of
kills at certain springs appears to have been driven both by the
presence of campsites and by terrain complexity (Figure S7). We

did not detect any cougars, or Kkills, at springs close to campsites
(i.e. human shielding, Ripple & Beschta, 2006; Suraci et al., 2019).
Likewise, as expected given the ambush cover requirements of
cougars (Dickson & Beier, 2006), springs in topographically flat
terrain lacked kills and had few cougar detections (Figure S7).
Collectively, these sites had the highest donkey activity rates yet
few or no cougars, suggesting that cougars were not simply track-
ing prey availability but were driving the observed differences
in donkey behaviour (Smith et al., 2019). Human recreation and
terrain differences could have had independent effects on don-
key activity rates and wetland vegetation. However, donkeys did
not appear disturbed by the presence of campers, nor was there
evidence to suggest intrinsic differences in the potential vegeta-
tion between sites. Regardless, further research is necessary to
strengthen these inferences.

Donkeys, like the majority of extant megafauna, are threatened
in their native range (Lundgren et al., 2018; Ripple et al., 2015). This
has led to calls for more inclusive conservation approaches to pro-
tect species both in their native and introduced ranges (Wallach
et al., 2020). Promoting protections for introduced megafauna can
find productive common ground with other conservation goals,
such as increasing protection and tolerance for apex predators.



8 Journal of Animal Ecology

LUNDGREN ET AL.

Expanding protections for apex predators may further influence the
ecologies of feral donkeys and feral horses. For instance, the rees-
tablishment of other documented equid predators (Table S4), such as
wolves Canis lupus (Webb et al., 2009), could increase predation risk
in low ambush terrain, further shaping how these animals influence
ecosystems.

For more than a million years, cougars cooccurred with sev-
eral species of equid across North and South America (Williams
et al., 2018). However, much of conservation remains rooted in re-
cent history, with little recognition of the prehistoric and historic leg-
acies of human-caused extinctions and range contractions (Galetti
et al., 2017; Monsarrat et al., 2019; Sandom et al., 2014; Smith
et al., 2018). As such, the apparently novel effects of feral equids
on desert wetlands are cited as the primary reason for their erad-
ication and removal (Death Valley National Park, 2018). However,
megafauna influences on wetlands were likely ubiquitous from the
early Cenozoic (40-30 million ybp) until the late Pleistocene extinc-
tions (Kodric-Brown & Brown, 2007; Lundgren, Ramp, Stromberg,
et al., 2021; Naiman & Rogers, 1997). Indeed, previous donkey re-
movals in the Death Valley region led to the extinction of several
endangered and endemic fish populations due to the loss of donkey-
maintained open water habitat (Kodric-Brown & Brown, 2007).
Despite this, the feral donkeys of Death Valley and surrounding
lands are currently being targeted for complete removal (Death
Valley National Park, 2018).

If we had studied feral donkeys as ‘invaders’, without paying
attention to predation, our data would contain a great degree of
inexplicable noise. Instead, by studying these animals as any other
wildlife, we find echoes of the late Pleistocene in a novel trophic
cascade. Studying these interactions in light of Earth's history can
yield insight into the structure and function of both modern and pre-
historic ecological communities (Lundgren, Ramp, Wu, et al., 2021).
The introduction of equids after their ~12,000 year hiatus—and pre-
dation upon them by cougars—suggests that global patterns of inad-
vertent rewilding can not only increase biodiversity and restore lost
ecological functions (Lundgren et al., 2020; Wallach et al., 2018) but
also can rewire ancient food webs (Pires, 2017). Our results suggest
that the conservation community should prioritize the protection of
apex predators and the world's remaining megafauna, regardless of

their nativeness.
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