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Abstract

1. Many African large carnivore populations are declining due to decline of the her-
bivore populations on which they depend. The densities of apex carnivores like
the lion and spotted hyena correlate strongly with prey density, but competitively
subordinate carnivores like the African wild dog benefit from competitive release
when the density of apex carnivores is low, so the expected effect of a simultane-
ous decrease in resources and dominant competitors is not obvious.

2. Wild dogs in Zambia's South Luangwa Valley Ecosystem occupy four ecologically
similar areas with well-described differences in the densities of prey and domi-
nant competitors due to spatial variation in illegal offtake.

3. We used long-term monitoring data to fit a Bayesian integrated population model
(IPM) of the demography and dynamics of wild dogs in these four regions. The
IPM used Leslie projection to link a Cormack-Jolly-Seber model of area-specific
survival (allowing for individual heterogeneity in detection), a zero-inflated
Poisson model of area-specific fecundity and a state-space model of population
size that used estimates from a closed mark-capture model as the counts from
which (latent) population size was estimated.

4. The IPM showed that both survival and reproduction were lowest in the re-
gion with the lowest density of preferred prey (puku, Kobus vardonii and impala,
Aepyceros melampus), despite little use of this area by lions. Survival and repro-
duction were highest in the region with the highest prey density and intermediate
in the two regions with intermediate prey density. The population growth rate (1
) was positive for the population as a whole, strongly positive in the region with
the highest prey density and strongly negative in the region with the lowest prey
density.

5. It has long been thought that the benefits of competitive release protect African
wild dogs from the costs of low prey density. Our results show that the costs of
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1 | INTRODUCTION

True apex carnivores like the lion (Panthera leo) are limited mainly
by access to prey, which creates a consistently strong and positive
correlation between prey and apex carnivore densities (Hatton
et al.,, 2015; Orsdol et al., 1985; Packer et al., 2005). Because
apex carnivores are competitively dominant and exploit areas
with high prey density, competitively subordinate species like
the African wild dog (Lycaon pictus) and cheetah (Acinonyx juba-
tus) must optimize a trade-off between avoiding dominant com-
petitors and maintaining access to prey (Bhandari et al., 2021;
Broekhuis et al., 2013; Creel et al., 2023; Creel & Creel, 1996;
Droge et al., 2017; Durant, 2000; Groom et al., 2017; Mills &
Gorman, 1997; Swanson et al., 2014). Field studies have consis-
tently shown that African wild dog density correlates negatively
with the densities of lions and spotted hyenas (Crocuta crocuta),
both within and between ecosystems (Creel & Creel, 2002;
Goodheart et al., 2021). Because lion and hyena densities cor-
relate positively with prey density (Hatton et al., 2015), wild dog
density should increase as prey density decreases, as long as the
benefits of competitive release outweigh the costs of low prey
availability (Goodheart et al., 2021).

However, large herbivore populations are declining substan-
tially across sub-Saharan Africa due to illegal hunting, competition
with livestock and land conversion (Bolger et al., 2008; Goheen
et al., 2018; Morrison & Bolger, 2014; Ripple et al., 2015, 2016;
Venter et al., 2016; Watson et al., 2013, 2015; Western et al., 2009),
and the benefits of competitive release must eventually be over-
whelmed by the costs of prey depletion; as prey density approaches
zero, wild dog density must also approach zero. This suggests that
a tipping point should be expected in the relationship of wild dog
density to prey density (Creel et al., 2023; Goodheart et al., 2021).
Above the tipping point, wild dog density should increase as prey
density decreases, because the benefits of competitive release out-
weigh the costs of prey depletion. Below the tipping point, wild dog
density should decrease as prey density decreases, because the
costs of prey depletion must eventually outweigh the benefits of
competitive release. A recent meta-analysis supports this tipping-
point hypothesis (Creel et al., 2023), and recent field studies suggest
that prey density has dropped below the tipping point in some eco-
systems, for example in the Greater Kafue Ecosystem, where wild
dog density is very low (<1/100km?) even though the density of

ing in many systems.

prey depletion overwhelm the benefits of competitive release and cause local
population decline where anthropogenic prey depletion is strong. Because com-
petition is important in many guilds and humans are affecting resources of many

types, it is likely that similarly fundamental shifts in population limitation are aris-

fecundity, interspecific competition, population dynamics, prey depletion, snaring, survival

dominant competitorsis also low, as a consequence of prey depletion
(Creel et al., 2018; Goodheart et al., 2021, 2022; Vinks et al., 2020).
Because few studies have directly tested the relationships of wild
dog demography and dynamics to prey density, the generality of this
problem remains poorly understood. The broad decline of African
large herbivore populations makes a better understanding of the ef-
fect of prey depletion on wild dogs a high priority for their conser-
vation and management.

Subordinate competitors in many large carnivore guilds are lim-
ited by interspecific competition and intraguild predation (Creel
et al., 2001; Johnson et al., 1996; Palomares & Caro, 1999; Polis
etal., 1989; Sivy et al., 2018), and large herbivore population declines
are not restricted to sub-Saharan Africa (Ripple et al., 2015; Wolf &
Ripple, 2016). Thus, it is reasonable to hypothesize that fundamen-
tal changes in the relationship between predator and prey densities
might now be emerging in other guilds. It is logical to hypothesize
that a similar tipping point might emerge for subordinate competi-
tors in any guild that is structured by interspecific competition and is
affected by habitat degradation or resource depletion.

Integrated population models (IPMs) have emerged as a method
to accurately describe demography and dynamics by pooling data
on population size, survival and reproduction into a single model
(Arnold et al., 2018; Schaub & Abadi, 2011; Schaub et al., 2007;
Schaub & Kery, 2022; Zipkin & Saunders, 2018). IPMs are particu-
larly useful to detect cryptic source-sink dynamics driven by local
differences in population growth rates (Weegman et al., 2016). Here,
we fit a Bayesian IPM to long-term data from intensive monitoring
of African wild dogs in the Luangwa Valley Ecosystem (LVE), where
they occupy four regions with substantial, well-described variation
in prey density (Rosenblatt et al., 2019) that is largely due to differ-
ences in the intensity of poaching, particularly wire-snare poaching
(Watson et al., 2013). This provides an opportunity to test whether
differences in prey density are associated with differences in sur-
vival and reproduction, and whether differences in demography
lead to cryptic source-sink dynamics by holding the local population
growth rate (1) below one in prey-depleted areas. A Bayesian IPM is
well suited to this analysis, because it allows data on reproduction,
survival and population size to be integrated into one joint likelihood
(thus aligning inferences and increasing precision). An IPM can also
reveal cryptic source-sink dynamics by testing whether region-
specific population growth rates (1) fall above or below one on the
basis of growth-in-place.
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2 | METHODS
2.1 | Studyarea

The Luangwa Valley Ecosystem lies in Zambia's Eastern Province,
and includes four National Parks (South Luangwa, North Luangwa,
Luambe and Lukusuzi) that are contiguously linked by Game
Management Areas (GMAs). Human settlement and extractive
use (including professional hunting of lions) are allowed in the
GMAs, but not in the National Parks, which are also better pro-
tected through photo-tourism and anti-poaching patrols by the
Department of National Parks and Wildlife and law enforcement
partners. The Luangwa River flows from north to south through
the LVE, and wildlife concentrates on both sides of the river year-
round, but especially in the dry season. Areas to the east and west
of the river are ecologically similar but differ greatly in the densi-
ties of prey (Rosenblatt et al., 2019) and lions (Creel et al., 2016;
Mweetwa et al., 2018; Rosenblatt et al., 2014) due to differences
in protection (Watson et al., 2013, 2015). Our long-term study
site of 6938km? is comprised of four areas that span this gradi-
ent (Figure 1). Nsefu (NS) is a 1318 km? region that includes parts
of SLNP east of the Luangwa River, Upper Lupande GMA and
Lumimba GMA, with intermediate protection, intermediate use by
lions and the highest densities of wild dogs' primary prey, which
is primarily puku (Kobus vardonii) and impala (Aepycyros mela-
mpus). Main Game (MG) is a 2209 km? region of South Luangwa
NP (SLNP) west of the Luangwa River that includes the primary
photo-tourism area, with high protection, high use by lions and
intermediate densities of wild dogs' prey, (Rosenblatt et al., 2019).

FIGURE 1 (a) The Luangwa Valley Ecosystem (LVE) includes
ecologically similar areas that are highly protected within National
Parks (green) and less protected within Game Management Areas
(cross-hatched). This creates a gradient in the density of large
herbivore prey across four areas in which we monitored wild dog
demography. The boundaries of these four areas are shown here

by colour and were determined by merging the 90% isopleths of
utilization distributions from dynamic Brownian bridge movement
models fit to fixes from GPS collars carried by at least one member
of all resident packs in each region. (b) Distance sampling models fit
to line transect data have previously shown (Rosenblatt et al., 2019)
that large herbivore densities are consistently higher in the Nsefu
(NS) and Main Game (MG) regions than in the Lower Lupande (LL)
region. Puku and impala are wild dogs' primary prey in the LVE and
attain a considerably higher combined density in NS than other areas,
particularly LL, where their density is very low. Individual points show
densities for each transect, with the mean and 95% Cl for each year
shown by a bar and whisker. The mean and Cl for all years combined
are shown by a diamond and whisker just to the right. Comparable
data are not available for the North (ML) region, but conditions are
most comparable to the Main Game region. (c) A kernel utilization
distribution fit to 196,471 lion locations in the MG, MS and LL
regions from the same period as the wild dog study, showing that
lion use was highest in MG, intermediate in NS and lowest in LL (and
locally concentrated along the Luangwa River in all regions).
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North (ML) is a 1801km? region including the northeastern part
of SLNP along the Muphamadozi river, the western part of Luambe
NP and parts of the Lumimba and Munyamadzi GMAs that link
the two parks, with intermediate protection, prey density and lion
use. Lower Lupande (LL) is a 1610 km? region in the Lower Lupande
GMA and the Lusangazi sector of SLNP east of the Luangwa River,
with the lowest protection, prey density and lion use. Spatial vari-
ation in prey density is shown in Figure 1b, and spatial variation in
the intensity of use by lions is shown in Figure 1c. For the study
area as a whole, lion density was 8.8-11.7 individuals/100 km?
(Rosenblatt et al., 2014). Spotted hyenas are present but had rela-
tively low rates of interaction with wild dogs. Their density has not
been formally estimated, but the spatial distribution of 1157 sight-
ings showed that they are rarely observed in LL and more often
observed in MG and NS. Leopards rarely interact with African wild
dogs, but their density in the study area ranged from 4.2 to 10.2
individuals/100km?, and (as with lions) was highest in MG, inter-
mediate in NS and lowest in LL (Rosenblatt et al., 2016). Cheetahs

have long been absent from the ecosystem.

2.2 | Field monitoring

We monitored all resident wild dog packs within the study area
by radiocollaring 1-2 adults in each pack, using a combination of
VHF and satellite-GPS collars (MOD-335-3 and TGW-4277-4,
Telonics, Mesa, Arizona) to allow frequent direct observation. We
radiocollared wild dogs after intramuscular injection of ~1.2mg
medetomidine and ~20 mg tiletamine-zolazepam, reversing the me-
detomidine by intramuscular injection of atipamezole after 45min
to 1h. Anaesthetics were injected by darting with an air-powered
Danlnject rifle, and all procedures were performed by an experi-
enced and Zambian-registered veterinarian, in collaboration with
the Zambia Department of National Parks and Wildlife (MSU IACUC
2020-123). We confirmed that radiocollaring did not detectably af-
fect survival rates using a Bayesian Cormack-Jolly-Seber model that
controlled for individual variation in the probability of detection. As
in prior studies (Creel et al., 1997), the annual survival rate of ra-
diocollared adults (0.75, 95% credible interval 0.62-0.85) tended to
be higher than the survival of uncollared adults (0.66, 95% credible
interval 0.61-0.70), probably because we avoided injured and very
old individuals when collaring.

Wild dog packs are highly cohesive, so that locating a collared in-
dividual allows good monitoring of its packmates, and individuals are
easily identified by variation in their coats using a photographic da-
tabase of digital ID cards. For this analysis, we recorded 9685 sight-
ings of 463 individually identified wild dogs in 40 breeding packs or
single-sex groups from 2014 to 2020. Sex was determined by ob-
servation of external genitalia for all age classes. Age was known for
most individuals, and when it was not known, we assigned one of
three age classes (pup, yearling and adult) on the basis of body size.
For adult wild dogs, survival in several well-studied populations is
relatively constant across ages (Creel et al., 2004).

2.3 | Integrated population model

To test for differences in local population growth rates, we fit a
Bayesian integrated population model of the demography and dy-
namics of wild dogs in these four regions. The IPM used Leslie pro-
jection to link a Cormack-Jolly-Seber model of area-specific rates
of survival, a zero-inflated Poisson model of area-specific fecundity
and a state-space model of variation in population size that used es-
timates from a closed capture-mark-recapture model as the counts
from which the latent population size was estimated (Schaub &
Kery, 2022). Figure 2 shows the model's structure as a directed acy-
clic graph, and Supplement S2 shows the JAGS code. The model was
fit in R and JAGS using the jagsUI package (Kellner, 2021) with three
MCMC chains of 4000 steps, a burn-in of 1000 steps and an adap-
tive phase of 300 steps.

Area-specific estimates of survival rates came from a Cormack-
Jolly-Seber model (Kery & Schaub, 2011; Royle, 2008) fit to cap-
ture histories with nine monthly time bins (April-December) in each
year, for a total of 63 occasions. The area an individual lived in was
tracked through time, and individuals who dispersed between areas
were re-assigned. For dispersers whose area was unknown for a pe-
riod of floating (i.e. after known emigration), we assigned the area in
which they were next detected to the floating period. We excluded
January-March because the peak of the wet season caused rates
of detection to be low. We modelled area-specific annual apparent
survival rates (¢) for all age classes combined and modelled varia-
tion in detection probability (p) with an individual random effect that
was normally distributed on the logit scale, using uninformative flat
priors with bounds suggested by Schaub and Kery (2022). Allowing
for variation in detection at the individual level captures any varia-
tion between regions, packs or age-sex classes and DIC scores were
worse for alternative detection models. Our data were not sufficient
to yield precise estimates of ¢ for multiple age classes in each area,
so (separately from the IPM), we examined the population age struc-
ture for each area to rule out the possibility that differences in sur-
vival between areas could be due to differences in age structure (i.e.
to rule out that there were more pups with relatively poor survival
rates in areas with lower annual survival).

Area-specific estimates of fecundity came from a zero-inflated
Poisson GLM fit to data on the number of offspring raised to 1year
of age. Because most adult wild dogs are social subordinates who
do not breed (Creel et al., 1997), the distribution of fecundity is bi-
modal, with one mode at zero (Figure S2). To account for this pattern,
the GLM combined a Bernoulli distribution of zero inflation and a
Poisson model, with uninformative wide priors for both parameters
using bounds suggested by Schaub and Kery (2022).

We used Leslie projection to estimate the local population
growth rate for each area by determining the number of yearlings
and adults expected in each area in each year in the absence of
immigration or emigration (i.e. ‘growth-in-place’). We used unin-
formative flat priors for the number of individuals of each age in
each area, using guidance for bounds from Schaub and Kery (2022).
The joint likelihood of the IPM forced these estimates to align with
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FIGURE 2 The integrated population model's structure is shown as a directed acyclic graph. The four component models are identified
by shaded boxes. Data are identified by blue squares, and estimated parameters are identified by red circles. Data: Y =yearlings produced/
adult/year, ch,=capture history for multi-year CJS model, ch_=capture histories for closed capture model fit separately for each year.
Parameters: p_=detection probability for CJS model, p_=detection probability for closed capture model, f, =area-specific annual fecundity,
@, =area-specific annual apparent survival, NAyt:area-specific population size, summed to obtain total population size, 6t2:Gaussian
sampling error in total population size. All parameters were estimated from a single joint likelihood using Bayesian methods.

independent estimates of total population size across the four areas.
These estimates of total population size came from a state-space
model that used point estimates of population size from a closed
capture-mark-recapture model as the counts. This closed capture-
mark-recapture model estimated total population size in each year
using the same nine monthly time bins as the CJS model of survival,
and (like the CJS model) used a logit-normal individual random effect
to account for variation in the probability of detection (p). Because
the exact area under study varied from year to year as packs formed
and failed, we obtained annual estimates of population size for a
constant area by multiplying the estimated population density for
each year from 2014 to 2020 by the mean area for which population
size was estimated (which was 3357 km?). Treating these estimates
as counts that were subject to error, we then fit a state-space model
of population size with normally distributed sampling variance using
an uninformative flat prior with bounds suggested by Schaub and
Kery (2022). This approach allowed for the possibility that popula-
tion density could be overestimated or underestimated due to an
imperfect estimation of the probability of detection in the closed
capture-mark-recapture model or an imperfect estimation of the
area that was used by the population.

We used the IPM to test for differences among areas in annual
survival, fecundity and population growth by comparing credible
intervals from posterior probability distributions. These values of 4
are measures of the growth rate that would be expected in each
region in the absence of immigration or emigration that is growth
based only on local rates of birth and death. We estimated appar-
ent survival (¢) for each region using a Cormack-Jolly-Seber model,

which cannot distinguish death from permanent emigration out of
the study population. Individuals who dispersed from one region to
another were recorded as surviving (and re-assigned to their new re-
gion in subsequent time periods), but individuals who left the study
area entirely would cause ¢ to underestimate true survival. Because
wild dogs disperse most frequently from packs that are large as a
consequence of good survival and reproduction (Behr et al., 2020;
Creel & Creel, 2002), we expected emigration rates to be higher in
regions with high local survival and reproduction. If this expectation
is correct, permanent emigration would cause differences between
regions in local growth rates to be underestimated by our model-
ling approach; this approach would not create false differences be-
tween regions. To confirm that there was net emigration from areas
with high local growth and net immigration into areas with low local
growth, we determined rates of dispersal between regions.
Goodness-of-fit tests are not well established for IPMs, par-
ticularly those that incorporate a state-space model of population
dynamics (Schaub & Kery, 2022). Therefore, we confirmed the mod-
el's fit in several ways. First, we confirmed that the trace plots were
well mixed for all parameters. Second, we confirmed that R values
were near one (<1.02) for all parameters. Third, we used diagnos-
tic plots to confirm that the variation in the probability of detection
in the survival model was well described by an individual random
effect that was normally distributed on the logit scale (Figure S1
in supplement S1). Fourth, we used posterior predictive checks to
confirm that the observed distribution of fecundity closely matched
the simulated distribution from the fecundity model for each of the
four regions (Figure S2 in supplement S1). Finally, we confirmed that
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estimates from the IPM for survival and fecundity were similar to

results from the same models run in isolation (Schaub & Kery, 2022).

3 | RESULTS

The IPM showed that the LVE wild dog population as a whole was
stable with a slight tendency for growth over the 7-year interval
(Figure 3). Rates of survival (Figure 4a), fecundity (Figure 4b) and
population growth (Figure 4c) were all highest in the area where
prey density was highest (NS), lowest in the area (LL) where snaring is
most common and prey density was lowest (Rosenblatt et al., 2019;
Watson et al., 2013, 2015) and intermediate in the areas with inter-
mediate prey density (ML and MG).

The 90% credible intervals for annual survival (¢) did not over-
lap for LL (median=0.54, Cl: 0.48-0.62) and NS (median=0.69, Cl:
0.64-0.73), and were intermediate in the areas with intermediate
prey density (MG and ML) (MG median=0.63, Cl: 0.58-0.67; ML
median=0.64, Cl: 0.58-0.71). These differences between areas in
survival rates cannot be explained by differences in age structure,
because pups (which have lower survival than yearlings or adults
(Creel & Creel, 2002; Goodheart et al., 2021)) were a large compo-
nent (14.2% pups, 16.8% yearlings and 69.0% adults) of packs in NS,
where survival was best, and a small component (6.6% pups, 9.6%
yearlings and 83.8% adults) of packs in LL, where survival was worst.

As expected from the differences in age structure just described,
differences among areas in mean fecundity (Figure 4b) followed the
same pattern as differences in survival. Annual fecundity (in units of
yearlings raised) was lowest in LL (median=0.55, Cl: 0.34-0.81) and
highest in NS (median=1.28, Cl: 1.03-1.56). Fecundity was interme-
diate in MG (median=0.93, Cl: 0.75-1.14) and ML (median=1.23, Cl:
0.80-1.79). The 90% credible intervals for fecundity in the areas of
lowest (LL) and highest (NS) prey density were non-overlapping, and
median fecundity in LL was only 43% of median fecundity in NS.

As expected given the parallel patterns just described for survival
and fecundity, the local annual population growth rate (1) (Figure 4c)
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FIGURE 3 The Luangwa Valley Ecosystem wild dog population
was stable or growing from 2014 to 2020, based on estimates

of population size from the integrated population model. Points
show the median population size from the posterior probability
distribution, and shading shows the 80% credible interval from the
posterior probability distribution.

was lowest in LL (median=0.88, Cl: 0.67-1.07), highest in NS (me-
dian=1.34, Cl: 1.04-1.59) and intermediate in MG (median=1.13,
Cl: 0.84-1.36) and ML (median=1.26, Cl: 0.95-1.57). In the NS area
with high prey density, the local population was expected to grow in
96% of years, and in the LL area with low prey density, the popula-
tion was expected to decline in 87% of years. The MG and ML areas
were expected to grow in 89% and 93% of years, respectively.
Observed dispersal between areas confirmed that net migra-
tion was from areas with high local growth to areas with low local
growth. For the NS area (where local growth was strongly positive),
there were 33 emigrants and 7 immigrants, or 4.71 emigrants per
immigrant. For the MG area (where estimated local growth tended
to be positive), there were 25 emigrants and 17 immigrants, or 1.47
emigrants per immigrant. For the LL area (where local growth was
negative), there were 9 emigrants and 14 immigrants, or 0.64 emi-
grants per immigrant. This pattern of net migration did not hold for
the ML area, with 10 emigrants and 39 immigrants (0.26 emigrants
per immigrant), even though local growth tended to be positive. For
the ML area, this pattern was strongly affected by the movement of

several large dispersing groups.

4 | DISCUSSION

Many field studies of African wild dogs and other competitively
subordinate species like the cheetah (Acinonyx jubatus) have shown
that their distributions and abundance are limited by competi-
tion with dominant competitors (Broekhuis et al., 2013; Creel &
Creel, 1996; Davies et al., 2021; Droge et al., 2017; Durant, 2000;
Gorman et al., 1998; Mills & Gorman, 1997; Speakman et al., 2015;
Swanson et al., 2014). Because the densities of dominant competi-
tors like the lion and spotted hyena are strongly correlated with
prey density (Hatton et al., 2015) and wild dogs benefit from com-
petitive release when lion and hyena density is low, there has been
relatively little concern or direct research about the consequences
of prey depletion for African wild dogs (Creel, 2001; Woodroffe &
Sillero-Zubiri, 2020). However, ecological conditions are changing
rapidly in sub-Saharan Africa, and large herbivore populations have
declined substantially across most of the wild dog's range (Bolger
et al., 2008; Goheen et al., 2018; Ripple et al., 2015, 2016; Rogan
et al., 2017; Western et al., 2009). Recent meta-analysis shows that
there is a tipping point in the effect of prey density on wild dog
density, below which wild dog density decreases as prey density
decreases (Creel et al., 2023). Recent field research suggests that
the effects of excessive illegal poaching in general, and snaring in
particular, are now reducing prey density below this tipping point in
some ecosystems. For example, the Greater Kafue Ecosystem was
long thought to hold Zambia's largest wild dog population because
it is a huge protected area (KAZA-TFCA-Secretariat, 2014) com-
prised largely of miombo woodland, in which wild dog density can
be very high (Creel & Creel, 2002). Due to intense poaching pres-
sure, large herbivore density is much lower in the GKE than would
be expected, and the densities of wild dogs' primary prey in the GKE
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FIGURE 4 Posterior probability distributions showing differences among the four areas in demography and dynamics: (a) annual apparent
survival, (b) annual mean fecundity and (c) the local population growth rate (1). Regions are denoted by colours that are consistent with
Figure 1, with vertical lines showing the median for each region. Fill is used to show the difference between the regions with the highest (NS)

and lowest (LL) prey density.

are now 6-fold to 20-fold lower than those reported for miombo
woodland ecosystems with similar rainfall in other studies (Schuette
et al., 2018; Vinks et al., 2020). As expected given the depletion of
prey in GKE, lion and hyena densities are also low (Creel et al., 2018;
Vinks et al., 2021), but this does not allow wild dogs to attain a high
density (Goodheart et al., 2021). Capture-mark-recapture models
fit to long-term monitoring data reveal a very low density of only
0.8 wild dogs/100km? (Goodheart et al., 2021). Given the well-
described decline of large herbivore populations across sub-Saharan
Africa (Bolger et al., 2008; Goheen et al., 2018; Lindsey et al., 2013;
Western et al., 2009), it is reasonable to hypothesize that wild dogs
are becoming prey-limited in other ecosystems (Creel et al., 2023).

We found that survival, reproduction and population growth were
all related to prey density in the LVE. Differences between areas in
survival rates could also potentially be driven by direct snaring of wild
dogs (rather than by prey depletion), but prior research suggests this is
not the case (Creel et al., 2023). The observed annual mortality due to
snaring was too low (X =1.10%, 95% binomial Cl=0.67%-1.87%) to
drive the differences between areas that we observed. Direct mortality
due to snaring was also very similar in the LVE and the Greater Kafue
Ecosystem ()_( =1.01%, 95% binomial Cl=0.49%-2.07%), where wild
dog density is much lower (Creel et al., 2023). Finally, direct mortality
due to snaring cannot explain differences between areas in fecundity,
which were mainly due to differences in litter size at first count. The
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energetic costs of gestation are exceptionally high for wild dogs (Creel
& Creel, 2002), and their cursorial hunting is energetically costly (Creel
& Creel, 1995; Gorman et al., 1998; Speakman et al., 2015), lending
support to the inference that prey depletion is likely to affect repro-
duction. Studies in other ecosystems testing the relationship of wild
dog demography and dynamics to changes in prey density are needed
to test the generality of these inferences.

To our knowledge, this study provides the first comparison of
a large carnivore's demography and dynamics in several ecolog-
ically similar areas that differ in the intensity of snaring (Watson
et al.,, 2013) and the density of prey and competitors (Rosenblatt
et al., 2019). A Bayesian IPM is well suited to this analysis, because
it allows data on reproduction, survival and population size to be in-
tegrated into one joint likelihood, and can reveal cryptic source-sink
dynamics by testing whether area-specific population growth rates
(1) fall above or below one. In particular, the structure of this IPM al-
lowed us to test for differences between regions in ‘growth in place’
(i.e. the growth expected from local rates of birth and death with-
out migration), while aligning the estimated effects with estimated
changes in total population size. By estimating population size as a
latent variable in a state-space model, the IPM's structure also con-
sidered sampling variance in population estimates more completely
than is typical for large carnivores. Like all models, the IPM is not a
perfect description of the demography and dynamics of this popu-
lation, but the coherent pattern of results increases our confidence
that the inferences are correct.

The IPM revealed parallel differences in fecundity, survival and
population growth, all suggesting strong effects of prey depletion on
wild dog dynamics in some parts of the LVE. Differences in estimated
population growth rates in the best (NS) and worst (LL) areas show
that, while the less-protected portions of the LVE hold an appreciable
number of wild dogs, they are nonetheless a population sink. Patterns
of net migration between areas were consistent with the source-sink
dynamics revealed by the IPM, with strong net migration out of the
area with the highest prey density and local population growth. The
observation that survival and fecundity change in parallel shows that
differences between areas in population growth are not solely due to
direct mortality (Creel et al., 2023). Observed direct mortality due to
snaring was low (partly because we removed snares when they were
detected); we observed no deaths due to disease and only two deaths
due to vehicles. These observations leave prey depletion as the most
plausible explanation for the observed patterns. It is notable that local
source-sink dynamics existed even though the population as a whole
was stable or growing, and even though the density of wild dogs on
the LVE site is one of the highest on record (Creel et al., 2023). Even
under these highly favourable circumstances, local prey depletion was
associated with local population decline.

5 | CONCLUSIONS

Under the ecological conditions of the past, the benefits of low
competitor density protected African wild dog populations from

the costs of low prey density. After a prolonged and pronounced
decline of large herbivore populations over most of the wild dog's
range, some populations are being pushed below a tipping point
at which the costs of prey depletion exceed the benefits of com-
petitive release. Long-term data from the Luangwa Valley eco-
system show that the fecundity, survival and population growth
of wild dogs are all lower in areas where prey density has been
reduced by bushmeat hunting than in adjacent, ecologically
similar areas where prey density remains high. Wild dog density
is low in prey-depleted areas, even though these areas are less
used by dominant competitors. Threatened and endangered spe-
cies in many large carnivore guilds are limited by interspecific
competition and intraguild predation (Creel et al., 2001; Johnson
et al., 1996; Palomares & Caro, 1999; Polis et al., 1989; Ritchie &
Johnson, 2009), and anthropogenic depletion of large herbivore
prey is widespread (Estes et al., 2011; Fa & Brown, 2009; Ripple
et al.,, 2015, 2016; Rogan et al., 2017; Vinks et al., 2020; Western
et al., 2009). Consequently, it is reasonable to hypothesize that
fundamental changes in the relationship between subordinate
competitor densities and prey (or other limiting resources) might
now be common; testing the generality of this pattern should be a
priority for the conservation of subordinate competitors. It seems
likely that patterns will differ considerably between regions where
apex carnivores have decreased in recent decades (as in most of
Africa and Asia: Ripple et al., 2015) and regions where apex carni-
vores have increased in recent decades (as in parts of Europe and
North America: Chapron et al., 2014). We hypothesize that the
mechanisms limiting competitive subordinates are likely to shift
to bottom-up control by prey availability in the former scenario
but are likely to remain top-down control by dominant competitor

density in the latter scenario.
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SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.
Supplement S1: Goodness-of-fit diagnostic plots for the
fecundity sub-model and the detection sub-model for estimates
of survival.

Supplement S2: JAGS code for integrated population model.
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