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ABSTRACT
Large carnivores have profound regulatory effects on ecosystems and provide substantial socio-economic benefits. However, 
mounting anthropogenic pressures are driving their global decline, threatening many species with extinction. Leopards, in par-
ticular, face challenges due to their wide-ranging behavior, which exposes them to conflict with people and bycatch snaring, 
highlighting the importance of understanding their spatial ecology to develop more effective conservation strategies. This study 
aimed to estimate the home-range size of female leopards (n = 4) within the Zambezi Delta, a unique mesic landscape undergoing 
broad-scale ecological recovery in central Mozambique. Home-range sizes ranged from 46 to 365 km2, falling within the range of 
global estimates. Surprisingly, these home-range sizes, along with additional parameter estimates such as daily distance moved 
and home-range overlap, were most comparable with those reported in arid environments. With female leopards appearing to 
occupy larger areas than theoretically required based on energetic needs, it is plausible that their spatial ecology is likely influ-
enced by low population density. As the population recovers, we anticipate a re-structuring of socio-spatial dynamics driven 
by dispersal-regulated processes, with females likely contracting their home-range and partitioning them to their philopatric 
daughters. This study provides the first robust estimation of leopard home ranges in Mozambique and provides critical insights 
into the spatial ecology of leopards in a post-war landscape. We recommend long-term monitoring to track changes in population 
demographics and socio-spatial dynamics as restoration efforts continue across central Mozambique.

1   |   Introduction

Large carnivores drive complex ecological processes through 
their regulatory effect on trophic levels (e.g., herbivore and me-
sopredator population regulation), which helps structure ecosys-
tems and restore resilience (Estes et al. 2011). Their value also 
extends along the economic axis by contributing substantially 
to ecotourism and sustainable wildlife economies (Lindsey 
et al. 2007). Yet, despite their importance, mounting anthropo-
genic pressures are driving large carnivore declines globally, 
where many species are now threatened with extinction (Estes 

et al. 2011; Ripple et al. 2014). Given their wide-ranging spatial 
behavior and the physical threat posed to people and livestock, 
large carnivores are particularly prone to conflict with humans 
(Ripple et al. 2014). Consequently, improving our understanding 
of their spatial ecology is imperative for the effective conserva-
tion of these ecologically, economically, and culturally signifi-
cant species, especially in landscapes significantly transformed 
by anthropogenic activities.

Leopards (Panthera pardus) are solitary, elusive large carni-
vores with cryptic behaviors that are challenging to study. 
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Leopards require extensive home ranges (HRs) to satisfy their 
considerable energetic demands (Weise et al. 2015), which vary 
substantially across their geographic range, from 5.65 km2 
in high-density, mesic habitats (Le Roux et  al.  2022) to over 
2000 km2 in low-density, arid regions (Bothma et  al.  1997). 
While conspecific density and prey biomass are strong driv-
ers of leopard HR size (Le Roux et  al.  2022; Marker and 
Dickman  2005), their spatial distribution may also be influ-
enced by interspecific interactions with other large preda-
tors, such as lions (Panthera leo). However, such competitive 
effects appear negligible at low predator densities (Loveridge 
et al. 2022), and leopards may exhibit minimal behavioral mod-
ifications towards dominant competitors, even at high densities 
(Balme et al. 2017). Despite their remarkable adaptability, par-
ticularly within anthropogenically altered landscapes, leopards 
are listed as Vulnerable due to ongoing population and range 
declines (IUCN Red List; Stein et al. 2023). Contemporary re-
search identifies a positive correlation between leopard HR size 
and human population density (Snider et al. 2021); this relation-
ship is likely driven by elevated anthropogenic pressures (e.g., 
direct mortality, prey base depletion, and habitat loss) which 
cause declines in leopard density and increases in leopard HR 
size (Fattebert et  al.  2015). Larger HRs may expose leopards 
to greater risks, particularly at the peripheries of protected 
areas, where individuals are more vulnerable to detrimental 
edge effects (Woodroffe and Ginsberg 1998). These effects may 
suppress population growth and hinder recovery, thereby un-
derscoring the complex challenges that characterize leopard 
conservation efforts.

In post-conflict landscapes, large carnivores often occur at 
diminished densities due to prolonged anthropogenic pres-
sures (Braga-Pereira et al. 2020; Briers-Louw, Kendon, Rogan, 
et al. 2024; Gaynor et al. 2021). Such demographic disturbances 
can exert enduring impacts on leopard socio-spatial dynamics, 
potentially altering movement patterns and spatial utilization 
(Fattebert et al. 2016). Where populations remain unstable or 
occur below ecological carrying capacity, resource acquisition 
may become the primary driver of HR size, while in more ex-
treme instances, natural processes such as dispersal patterns 
may be disrupted by unsustainable levels of anthropogenic 
pressure (Fattebert et al. 2015; Naude et al. 2020). Conversely, 
when populations receive adequate protection and are released 
from such anthropogenic pressure, female leopards typically 
exhibit HR contraction as densities increase, and form matri-
lineal kin clusters, with mothers often relinquishing portions of 
their HR to their philopatric daughters (Fattebert et al. 2016). 
Such patterns of recovery have been documented in non-
conflict settings in South Africa, such as the re-colonization 
of leopards in the Western Cape following a shift in land-use 
practice (McManus et al. 2024) and leopard population recov-
ery following increased regulation of problem animal control 
and trophy hunting in KwaZulu-Natal (Balme et  al.  2009). 
While these drivers differ from post-conflict recovery, both 
cases emphasize the value of reducing anthropogenic-related 
mortality in promoting the restoration of large carnivore pop-
ulations across their range. Given the challenges of monitoring 
leopards, relatively few comparative landscape studies exist 
and contribute to our understanding of their spatial ecology 
in the context of anthropogenic disturbance and potential for 
population recovery.

Effectively guiding conservation strategies of threatened species 
requires baseline assessments of population status and informa-
tion on spatio-dynamic responses to landscape change. Decades 
of war led to significant wildlife declines, especially in central 
Mozambique, where these impacts were most severe (Hatton 
et al. 2001). While leopards have persisted in this region, their 
densities remain low and seemingly suppressed by the long-term 
impacts of warfare (Briers-Louw, Kendon, Rogan, et al. 2024). 
There remains a notable paucity of data on leopard spatial ecol-
ogy, both in Mozambique and other post-conflict landscapes. 
The aim of this study was to estimate HR size and associated 
spatial parameters of female leopards in the Zambezi Delta of 
central Mozambique. We contextualize these findings relative 
to range-wide leopard HR estimates, discussing potential factors 
influencing such spatial ecology and the consequences thereof 
in a recovering post-war landscape.

2   |   Methods

2.1   |   Study Area

The Marromeu Complex covers 9750 km2 in the southern half of 
the Zambezi Delta in central Mozambique (Figure 1). This land-
scape is globally recognized as a RAMSAR Wetland Site owing to 
its considerable size and immense value for biodiversity, ecosys-
tem services, and human livelihoods (Beilfuss et al. 2010). The 
Complex consists of the Marromeu National Reserve and four 
wildlife management areas (WMAs), namely Coutadas 10, 11, 
12, and 14, each independently protected and managed, but with 
increasing collaboration and joint patrols between neighboring 
areas. The climate is tropical with defined dry (June–November) 
and wet seasons (December–May), and a mean annual rainfall 
of 1000–1400 mm. This low-lying landscape comprises a forest-
floodplain mosaic, with a variety of habitats varying from sand 
forest and miombo woodland to open grassland floodplain and 
swampland. Ungulate populations were once reduced to < 5% of 
their historic abundance after decades of war but have since dis-
played dramatic recovery, with post-war prey biomass currently 
exceeding 1500 kg/km2 across the landscape (Briers-Louw, 
Kendon, Rogan, et al. 2024). In contrast, recent studies revealed 
that leopard, lion (Panthera leo), and spotted hyaena (Crocuta 
crocuta) still occur at relatively low densities (< 3 individu-
als/100 km2; Briers-Louw, Kendon, Rogan, et  al.  2024; Briers-
Louw, Kendon, Ngalijuane, et al. 2024; Briers-Louw et al. 2025), 
with cheetah (Acinonyx jubatus) recently reintroduced (Kendon 
et al. 2025). Trophy hunting is the primary source of income for 
these WMAs, with a relatively low number (3.5 ± 0.5) of male 
leopards harvested annually across the Complex (Briers-Louw, 
Kendon, Rogan, et al. 2024).

2.2   |   Leopard Collaring

To capture leopards in this landscape, several methods were ini-
tially attempted, but yielded little success due to low detectabil-
ity and response of leopards. A trained pack of hounds (n = 10), a 
method previously used to safely capture and immobilize a broad 
range of felids (McBride et al. 2016), was then implemented. This 
technique yielded higher success, although we emphasize that it 
should only be applied by trained professionals under the right 
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FIGURE 1    |     Legend on next page.
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conditions (Dellinger et al. 2023; Furtado et al. 2008; McBride 
et al. 2016).

For this method, a 4 × 4 vehicle was used to drive roads at 
15 km/h between dawn and dusk in search of fresh leopard 
tracks. Hounds could not be used during daylight hours due 
to the presence of tsetse flies and associated diseases (e.g., 
trypanosomiases). When fresh leopard tracks were detected, 
hounds were released to follow the leopard scent, with the 
number of hounds (four to six) dependent on track freshness, 
terrain, and atmospheric pressure. All hounds were moni-
tored using Garmin GPS collars linked to a central GPS mon-
itor, which indicated the location of all individuals. Trailing 
distances from the release of hounds to capture ranged from 
500 m to 4 km, with < 15 min chase time to the tree. Once a 
leopard was effectively “treed” by the hounds, the hounds were 
secured by their handlers to avoid injury and reduce stress on 
the leopard (McBride et al. 2016). A taut cargo-capture net and 
a “bed” of leaves were packed underneath the leopard to protect 
its fall (Furtado et al. 2008). Leopards were immobilized by a 
qualified veterinarian using approved techniques and standard 
drug combinations before being assessed for general health 
and being fitted with AWT satellite collars (African Wildlife 
Tracking cc, Pretoria, South Africa), each weighing approxi-
mately 650 g (i.e., < 2.2% of leopard body mass and thus within 
an acceptable range; Swanepoel et  al.  2015). One individual 
was treated and collared after being rescued from a gin trap 
set by poachers (see Briers-Louw, Kendon, Rogan, et al. 2024). 
Leopard ages were estimated based on morphometric indicators 
(i.e., body weight and measurements) and tooth wear (Stander 
et al. 1997), while photographs were recorded for identification 
purposes. Collared leopards were also monitored using a lon-
gitudinal camera trapping database to aid identification and 
cross-reference age estimation at capture (Balme et al. 2017).

2.3   |   Data Analysis

To investigate leopard spatial ecology, we used continuous-
time movement modeling in the ctmm package (Calabrese 
et  al.  2016) in R (R Core Development Team  2023). To deter-
mine whether individuals established fixed HRs, we constructed 
semi-variograms (i.e., the estimated semi-variance in reloca-
tion data as a function of time lag between locations; Calabrese 
et al. 2016; Fleming et al. 2014). Range residency was defined by 
asymptotic smoothing of semi-variance with increasing time lags 
(Calabrese et al. 2016). To estimate leopard HRs, we used auto-
correlated kernel density estimators (AKDEs), a continuous-time 
stochastic process. This method accounts for autocorrelated bi-
variate Gaussian density estimation for relocation data (Fleming 
et  al.  2014). Two movement models were then performed: (1) 
Ornstein-Uhlenbeck (OU) process incorporates a random search 
model without space-use limitations (Brownian motion) with a 
tendency to remain in a finite HR, and (2) Ornstein-Uhlenbeck 

Foraging (OUF) process combines velocity autocorrelation time-
scale (i.e., the average time an animal moves in one direction at 
a constant speed across time lags; a measure of path sinuosity) 
and limited space use (Calabrese et al. 2016; Fleming et al. 2014; 
Fleming and Calabrese 2017). Maximum likelihood models were 
fitted to the data and model ranking was derived from AICc val-
ues. Best-fitting models were used to calculate HRs (95% and 50% 
isopleths) and movement parameters including HR crossing time, 
daily distance traveled, and velocity autocorrelation time-scale 
for leopards (Calabrese et al. 2016; Fleming and Calabrese 2017). 
Pairwise HR overlap between female leopards was calculated 
from AKDE HRs using the Bhattacharyya Coefficient, with val-
ues ranging from 0 (no overlap) to 1 (complete overlap). Traditional 
minimum convex polygon (MCP) analyses and kernel density es-
timations (KDE) were also conducted using the R package adeha-
bitatHR (Calenge 2006) for comparability. Seasonal (i.e., wet and 
dry) HR sizes were compared using a Wilcoxon signed rank test, 
with analysis limited to individuals with at least three months of 
data and a minimum of 70 fixes for each season, which resulted 
in one to two seasonal pairs per individual.

Observed HR estimates were then contextualized relative to 
predicted HR sizes based on prey biomass, using the formula 
(Hayward et al. 2009):

where y is the log-transformed leopard HR size (in km2) and x 
is the log-transformed prey biomass (in kg/km2). Prey biomass 
was derived from the mean estimates between 2019 and 2021 
aerial surveys conducted across the Complex (i.e., 1500 kg/km2; 
Briers-Louw, Kendon, Rogan, et al. 2024).

A camera trapping survey was conducted concurrently in 2021 
within the central region of the Complex (619 km2), encompass-
ing the ranges of all collared females. Given that no represen-
tative telemetry-based HR estimates were available for male 
leopards, spatial capture-recapture (SCR) models were per-
formed in the secr package (Efford 2022) to generate sex-specific 
parameter estimates for leopards to provide a comparative male 
HR size, albeit derived from a different method. More detail of 
the survey design and statistical analysis can be found in Briers-
Louw, Kendon, Rogan, et al. (2024). Both female and male cir-
cular HR sizes (95% isopleths) were calculated using the spatial 
parameter (i.e., sigma, σ) derived from the SCR models, with a 
half-normal detection function (Efford et al. 2016). All statisti-
cal analyses were conducted in R statistical software (R Core 
Development Team 2023).

3   |   Results

During the study, we collared four adult female leopards, es-
timated between 2 and 6 years old and weighing 30–45 kg 

(1)y = − 0.564x + 3.532

FIGURE 1    |    Leopard home-range (HR) estimations were implemented in the Zambezi Delta in central Mozambique between 2019 and 2023 (A). 
HR estimates based on autocorrelated kernel density estimations (AKDEs) at the 95% isopleth are indicated by solid polygons, with lower and upper 
95% confidence intervals (CIs) represented by dotted lines and a lighter shade (B). Semivariance plots indicate range stabilization for each leopard, 
with the leopard ID and best-fitting models displayed above each plot (C). Older, more mature females (> 4 years old) are represented by black leopard 
icons, while younger, less mature females (< 4 years old) are represented by gray leopard icons.
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(Table S1). Importantly, no leopards, humans, or hounds were 
injured during the capture process, and in response, leopards 
did not display any marked movements away from the cap-
ture location. Average monitoring duration of leopards was 
16.48 ± 6.72 months (9.63–27.10 months).

All leopards exhibited HR stabilization and range residency 
as semi-variance plots reached clear asymptotes, with their 
movements best characterized by OUF models, based on 
AICc values (Figure  1; Table  1). Mean leopard HR (95%) 
and core range (50%) based on the best-fitting models was 
163.78 ± 122.53 (SD) km2 and 37.45 ± 29.10 km2 respectively 
(Figure 1, Table 1). The youngest leopard, L3, supported the 
smallest HR (46.24 km2, 95% CI: 31.08–64.37 km2), although 
her movements may have been influenced by the injury 
sustained from the gin trap and collar malfunction. In con-
trast, the second youngest leopard, L4, supported the largest 
HR (364.93 km2, 95% CI: 280.38–460.47 km2). No significant 
difference was detected between seasons for HR (p = 0.875) 
or core range sizes (p = 0.813). Mean distance traveled by 
leopards was 7.93 ± 3.22 km/day based on the best-fitting 
models (Table  S1). Mean HR crossing time for leopards was 
4.69 ± 1.87 days and mean velocity autocorrelation timescales 
were 2.67 ± 1.91 h. HR overlap was relatively high for a single 
pairwise comparison (L1–L2: 0.60–0.72; Figure S1), although 
relatively low overall (mean = 0.14 ± 0.11 [SE]; Table  S2). 
Predicted HR size (55 km2), based on site-specific prey bio-
mass, was one-third of the mean female HR observed in this 
study (164 km2).

The spatial parameter derived from the SCR-based camera trap-
ping study (Briers-Louw, Kendon, Rogan, et al. 2024) was used 
to calculate mean 95% circular HR estimates of 97.8 ± 0.4 (SE) 
km2 for females and 354.7 ± 4.0 (SE) km2 for males.

4   |   Discussion

Our findings provide the first robust estimation of leopard HR 
size in a post-war context for central Mozambique. The observed 
leopard HR sizes (46–365 km2) fell within the range of global es-
timates (15–886 km2; Snider et al. 2021), yet leopard spatial or-
ganization did not entirely conform to established predictions in 
this mesic environment (i.e., HR size was approximately three 
times that predicted from prey biomass; Hayward et al. 2009). 
With complementary evidence indicating that leopard pop-
ulation density is suppressed well below ecological carrying 
capacity (Briers-Louw, Kendon, Rogan, et al. 2024), the larger-
than-expected HR sizes recorded in this study may be a result 
of low population densities rather than limited resource avail-
ability. This study offers unique and valuable insights into the 
complexity of large carnivore spatial ecology within a post-war 
landscape undergoing ecological recovery.

Female leopard HR sizes were most comparable to those re-
corded in semi-arid Namibia (104 km2, Weise et  al.  2015; 
188 km2, Stander et  al.  1997; 52–394 km2, Marker and 
Dickman  2005) and mountainous mixed-use landscapes in 
South Africa (164–179 km2, Grimbeek  1992; 117–182 km2, 
Müller et al. 2022). Interestingly, HR estimates from a similar 
high-rainfall tropical forest in Ivory Coast were substantially T
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lower (25 km2), with this population occurring at higher den-
sities (> 7 leopards/100 km2; Jenny 1996). Given the relatively 
low leopard density in our study area, despite abundant prey 
populations (Briers-Louw, Kendon, Rogan, et  al.  2024), these 
findings suggest that population density could be a key factor 
contributing to these larger-than-expected HR sizes. The lack 
of seasonal difference in leopard HR size recorded in this study 
is likely attributed to the abundance and ubiquity of seden-
tary prey across the Complex (CEAGRE—Centro de Estudos 
de Agricultura e Gestão de Recursos Naturais 2024), although 
other ecological (e.g., year-round availability of water) and 
behavioral factors (e.g., aseasonal breeding patterns) could 
also moderate seasonal HR size variations. Furthermore, the 
daily distance traveled by female leopards in our study was 
comparable to that recorded in Namibia (6.8 km/day, Stander 
et  al.  1997), further supporting such space use comparisons. 
Our study found relatively low average HR overlap, with one 
instance of high overlap (i.e., L1–L2: 0.60–0.72), with their HRs 
appearing more spatially adjacent than concentric around a 
shared resource. This spatial pattern may indicate a mother-
daughter association, although further investigation is re-
quired to validate this assumption, especially given the offset 
monitoring periods for these individuals (Table S1, Figure S2). 
A study from South Africa found that a relatively high pro-
portion of leopard daughters established HR centroids within 
their mean maternal HRs (37%–43%) and 1st order mean pe-
ripheral HR (30%–43%; Naude et al. 2020), suggesting that such 
mother-daughter spatial organization may be reasonably com-
mon among leopards. While higher levels of HR overlap are 
often observed in areas with low leopard density (Marker and 
Dickman 2005; Périquet et al. 2022), disentangling intra-sexual 
overlap remains a challenge due to small sample sizes and the 
potential for missing neighbors. Based on SCR-derived sigma 
values, male HR size was approximately 3.6 times larger than 
that of females, which broadly aligns with a range-wide study 
of inter-sexual HR differences (i.e., male HRs were 3.2 times 
larger than females, Snider et  al.  2021). However, we apply 
these estimates with caution as camera traps may have incor-
porated “transient” individuals in capture histories.

While the relatively small and sex-specific sample size, coupled 
with irregular data and sampling periods, poses inherent lim-
itations to this study, the relatively broad age classes of sam-
pled leopards likely offer representative HR variability across 
this landscape. Additionally, HR sizes and associated param-
eters were estimated using robust modeling techniques, which 
correct for such biases in small sample sizes and irregulari-
ties (Fleming et al. 2014). Unfortunately, the absence of male 
telemetry-based HR estimates does limit intra- and inter-sexual 
spatial comparability and management-related inferences, 
which is particularly important given that males are subject to 
legal trophy hunting (Briers-Louw, Kendon, Rogan, et al. 2024). 
However, the integration of SCR-based HR estimates (Briers-
Louw, Kendon, Rogan, et al. 2024) in this study offers compa-
rable estimates, which facilitate reasonable inferences, though 
we recognize inherent biases in deriving such estimates from 
camera trap surveys. These limitations may include assump-
tions of circular HRs, trap coverage not encompassing entire 
HRs, short survey duration, behavioral response to cameras, 
and sensitivity to detection rates of transients (Efford  2014; 
Efford et al. 2016).

Our findings coincide with the hypothesis that female leopards, 
when given the opportunity, may occupy HRs larger than re-
quired to satisfy their energetic requirements (Jetz et al. 2004), 
which we suggest is a result of the low population density 
(i.e., 1.0–2.8 leopards/100 km2; Briers-Louw, Kendon, Rogan, 
et al. 2024) and thus reduced intraspecific competition for space. 
Importantly, Fattebert et al. (2016) found that an over-harvested 
leopard population in South Africa exhibited an adaptive strat-
egy of forming matrilineal kin clusters as the socio-spatial dy-
namics within the populations were restructured following 
population recovery over an 11-year period. In light of this, we 
predict that, as the Zambezi Delta leopard population recovers, 
female leopard HRs will likely contract and overlap more as 
mothers bequeath portions to their philopatric daughters, fol-
lowing the density-driven and dispersal-regulated hypothesis 
(Fattebert et al. 2016; Naude et al. 2020). Although we anticipate 
that this process may be more gradual in our study area given 
the low baseline density estimate and threat from anthropogenic 
pressures across this vast, unfenced landscape. Furthermore, 
such recovery could also support the restoration of natural eco-
logical processes, facilitating the re-alignment of natural natal 
dispersal and outbreeding patterns, thus promoting long-term 
population viability (Fattebert et  al.  2015). Interestingly, the 
same South African study also found that male leopards exhib-
ited different spatial patterns compared to females in response 
to population recovery (Fattebert et al. 2016). As a result, male 
leopards are expected to maintain relatively large ranges and 
low overlap among individuals, consistent with dispersal reg-
ulated sex-specific strategies (Fattebert et  al.  2016). However, 
the relatively low but consistent legal harvest of male leopards 
(Briers-Louw, Kendon, Rogan, et al. 2024) may influence spatial 
dynamics both for males (e.g., increased HR size and overlap; 
Maletzke et al. 2014) and females (e.g., transitioning to resource-
poor habitats; Keehner et  al.  2015) as the population recovers 
and thus requires further investigation.

Large carnivores in central Mozambique were exposed to de-
cades of armed conflict, and along with subsequent anthropo-
genic pressures, their populations remain suppressed below 
ecological carrying capacity or have become extirpated (Briers-
Louw, Kendon, Rogan, et  al.  2024; Briers-Louw et  al.  2025; 
Pringle  2017). Bushmeat poaching represents a cryptic and 
insidious threat to large carnivore populations, either directly 
through mortality (i.e., bycatch or targeted poaching) or indi-
rectly through prey depletion, with potential negative impli-
cations on their socio-spatial dynamics such as demographic 
instability and expanded HRs as individual ranges more broadly 
in search of prey (Almeida et  al.  2025; Briers-Louw, Kendon, 
Rogan, et al. 2024; Naude et al. 2020). Habitat loss and fragmen-
tation may also force leopards to navigate human-transformed 
landscapes, increasing mortality risk associated with conflict 
and bushmeat poaching. Improved anti-poaching efforts have 
dramatically reduced these threats within the central region 
of the Zambezi Delta, creating an important protected core. 
However, further enforcement is required along the landscape 
peripheries to ensure this leopard population recovers and re-
structures spatially (Briers-Louw, Kendon, Rogan, et al. 2024), 
as there may be hidden lag effects on spatial dynamics following 
anthropogenic perturbation (Fattebert et al. 2016). Furthermore, 
given that unsustainable male-biased harvest can result in 
high male turnover, increased infanticide, and disruption of 
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socio-spatial stability, trophy hunting quotas and statutory pro-
cesses that regulate problem animal control should be regularly 
reviewed and informed by scientific research (Balme et al. 2009; 
Briers-Louw, Kendon, Rogan, et al. 2024).

The restructuring of leopard socio-spatial dynamics in cen-
tral Mozambique is largely contingent upon the recovery of 
the resident Zambezi Delta population and the recently re-
introduced population in neighboring Gorongosa National 
Park. Establishing landscape connectivity between these 
populations will drastically improve the long-term viability 
of leopards across this region. Given the mounting evidence 
of anthropogenic threats suppressing large carnivore popula-
tions in Mozambique (Almeida et al. 2025), conservation area 
management should prioritize efforts by securing existing 
and potential landscapes (e.g., reducing bushmeat poaching, 
restricting human encroachment, mitigating human-wildlife 
conflict, promoting sustainable trophy hunting, and maintain-
ing prey populations) to provide sufficient safe space necessary 
for these wide-ranging carnivores to recover and restructure 
their complex spatial ecologies. We also strongly recommend 
continued monitoring of these populations through individual-
based collaring and/or population-based camera trapping to as-
sess longitudinal shifts in population-level demographics and 
socio-spatial dynamics of leopards and other large carnivores 
in Mozambique.

Author Contributions

Willem D. Briers-Louw: conceptualization (lead), data curation 
(lead), formal analysis (lead), investigation (lead), methodology (lead), 
project administration (lead), visualization (lead), writing – original 
draft (lead), writing – review and editing (lead). Tamar Kendon: writ-
ing – review and editing (supporting). Andres Hayes: writing – review 
and editing (supporting). David Gaynor: conceptualization (support-
ing). Vincent Naude: writing – original draft (equal), writing – review 
and editing (equal).

Acknowledgments

We thank the Cabela Family Foundation and Wildlife Conservation 
Alliance for supporting this project. We also thank Coenraad Scheepers 
and the Zambeze Delta Safaris team for assisting in the leopard collar-
ing. Thank you to Mozambique Wildlife Alliance for providing veteri-
nary support.

Ethics Statement

This research was conducted under a research permit (ANAC RP# 
06-10-2023) from the National Administration of Conservation Areas 
(ANAC) in Mozambique. Ethical approval for this study was obtained 
from the Institutional Animal Care and Use Committee (IACUC #23-
010), and permission was obtained from the concessionaire of Coutada 
11 to conduct research in this wildlife management area.

Conflicts of Interest

The authors declare no conflicts of interest.

Data Availability Statement

All relevant data are within the manuscript, Supporting Information S1, 
and on figshare (https://​doi.​org/​10.​6084/​m9.​figsh​are.​29974849; https://​
doi.​org/​10.​6084/​m9.​figsh​are.​29974909).

References

Almeida, J., W. D. Briers-Louw, A. Jorge, et  al. 2025. “Unsustainable 
Anthropogenic Mortality Threatens the Long-Term Viability of Lion 
Populations in Mozambique.” PLoS One 20: e0325745. https://​doi.​org/​
10.​1371/​journ​al.​pone.​0325745.

Balme, G. A., R. T. Pitman, H. S. Robinson, J. R. B. Miller, P. J. Funston, 
and L. T. B. Hunter. 2017. “Leopard Distribution and Abundance Is 
Unaffected by Interference Competition With Lions.” Behavioral 
Ecology 28: 1348–1358. https://​doi.​org/​10.​1093/​beheco/​arx098.

Balme, G. A., R. Slotow, and L. T. B. Hunter. 2009. “Impact of Conservation 
Interventions on the Dynamics and Persistence of a Persecuted Leopard 
(Panthera pardus) Population.” Biological Conservation 142: 2681–2690. 
https://​doi.​org/​10.​1016/j.​biocon.​2009.​06.​020.

Beilfuss, R. D., C. M. Bento, M. Haldane, and M. Ribaue. 2010. Status 
and Distribution of Large Herbivores in the Marromeu Complex of the 
Zambezi Delta, Mozambique. Unpublished Report. WWF. https://​www.​
anac.​gov.​mz/​wp-​conte​nt/​uploa​ds/​2017/​07/​Aeria​l-​Surve​y-​Repor​t-​
Marro​meu-​2010-​Beilf​uss-​et-​al-​2.​pdf.

Bothma, J. P., M. H. Knight, E. A. N. Le Riche, and H. J. van Hensbergen. 
1997. “Range Size of Southern Kalahari Leopards.” South African 
Journal of Wildlife Research 7: 94–99.

Braga-Pereira, F., C. A. Peres, J. V. Campos-Silva, C. V. D. Santos, and 
R. R. N. Alves. 2020. “Warfare-Induced Mammal Population Declines 
in Southwestern Africa Are Mediated by Species Life History, Habitat 
Type and Hunter Preference.” Scientific Reports 10: 15428. https://​doi.​
org/​10.​1038/​s4159​8-​020-​71501​-​0.

Briers-Louw, W. D., T. Kendon, D. Ngalijuane, A. M. Gopalaswamy, and 
N. B. Elliot. 2024. “Estimates of Density and Other Key State Variables 
for a Recovering Lion Population in the Zambezi Delta (Mozambique): 
Technical Report on a Survey Conducted in 2023.”

Briers-Louw, W. D., T. Kendon, M. S. Rogan, et al. 2024. “Anthropogenic 
Pressure Limits the Recovery of a Post-War Leopard Population in 
Central Mozambique.” Conservation Science and Practice 6: e13122. 
https://​doi.​org/​10.​1111/​csp2.​13122​.

Briers-Louw, W. D., T. Kendon, M. S. Rogan, et  al. 2025. “Estimated 
Baseline Density of a Spotted Hyaena Population in a Post-War 
Landscape.” Oryx 59: 1–11. https://​doi.​org/​10.​1017/​S0030​60532​4000966.

Calabrese, J. M., C. H. Fleming, and E. Gurarie. 2016. “ctmm: An R 
Package for Analysing Animal Relocation Data as a Continuous-Time 
Stochastic Process.” Methods in Ecology and Evolution 7: 1124–1132. 
https://​doi.​org/​10.​1111/​2041-​210X.​12559​.

Calenge, C. 2006. “The Package “Adehabitat” for the R Software: A 
Tool for the Analysis of Space and Habitat Use by Animals.” Ecological 
Modelling 197: 516–519. https://​doi.​org/​10.​1016/j.​ecolm​odel.​2006.​
03.​017.

CEAGRE—Centro de Estudos de Agricultura e Gestão de Recursos 
Naturais. 2024. “Relatório da Contagem Aérea de Fauna Bravia no 
Complexo de Marromeu.”

Dellinger, J. A., A. F. Basto, T. W. Vickers, et al. 2023. “Evaluation of 
the Effects of Multiple Capture Methods and Immobilization Drugs on 
Mountain Lion Welfare.” Wildlife Society Bulletin 47: e1494. https://​doi.​
org/​10.​1002/​wsb.​1494.

Efford, M. G. 2014. “Bias From Heterogeneous Usage of Space in 
Spatially Explicit Capture-Recapture Analyses.” Methods in Ecology 
and Evolution 5: 599–602. https://​doi.​org/​10.​1111/​2041-​210X.​12169​.

Efford, M. G. 2022. “Secr: Spatially Explicit Capture-Recapture Models.” 
R Package Version 4.5.5. https://​cran.​r-​proje​ct.​org/​packa​ge=​secr.

Efford, M. G., D. K. Dawson, Y. V. Jhala, and Q. Qureshi. 2016. 
“Density-Dependent Home-Range Size Revealed by Spatially Explicit 
Capture–Recapture.” Ecography 39: 676–688. https://​doi.​org/​10.​1111/​
ecog.​01511​.

https://doi.org/10.6084/m9.figshare.29974849
https://doi.org/10.6084/m9.figshare.29974909
https://doi.org/10.6084/m9.figshare.29974909
https://doi.org/10.1371/journal.pone.0325745
https://doi.org/10.1371/journal.pone.0325745
https://doi.org/10.1093/beheco/arx098
https://doi.org/10.1016/j.biocon.2009.06.020
https://www.anac.gov.mz/wp-content/uploads/2017/07/Aerial-Survey-Report-Marromeu-2010-Beilfuss-et-al-2.pdf
https://www.anac.gov.mz/wp-content/uploads/2017/07/Aerial-Survey-Report-Marromeu-2010-Beilfuss-et-al-2.pdf
https://www.anac.gov.mz/wp-content/uploads/2017/07/Aerial-Survey-Report-Marromeu-2010-Beilfuss-et-al-2.pdf
https://doi.org/10.1038/s41598-020-71501-0
https://doi.org/10.1038/s41598-020-71501-0
https://doi.org/10.1111/csp2.13122
https://doi.org/10.1017/S0030605324000966
https://doi.org/10.1111/2041-210X.12559
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1016/j.ecolmodel.2006.03.017
https://doi.org/10.1002/wsb.1494
https://doi.org/10.1002/wsb.1494
https://doi.org/10.1111/2041-210X.12169
https://cran.r-project.org/package=secr
https://doi.org/10.1111/ecog.01511
https://doi.org/10.1111/ecog.01511


8 of 8 Ecology and Evolution, 2025

Estes, J. A., J. Terborgh, J. Brashares, et al. 2011. “Trophic Downgrading 
of Planet Earth.” Science 333: 301–306. https://​doi.​org/​10.​1126/​scien​ce.​
1205106.

Fattebert, J., G. Balme, T. Dickerson, R. Slotow, and L. Hunter. 2015. 
“Density-Dependent Natal Dispersal Patterns in a Leopard Population 
Recovering From Over-Harvest.” PLoS One 10: e0122355. https://​doi.​
org/​10.​1371/​journ​al.​pone.​0122355.

Fattebert, J., G. A. Balme, H. S. Robinson, T. Dickerson, R. Slotow, 
and L. T. B. Hunter. 2016. “Population Recovery Highlights Spatial 
Organization Dynamics in Adult Leopards.” Journal of Zoology 299: 
153–162. https://​doi.​org/​10.​1111/​jzo12344.

Fleming, C. H., and J. M. Calabrese. 2017. “A New Kernel Density 
Estimator for Accurate Home-Range and Species-Range Area 
Estimation.” Methods in Ecology and Evolution 8: 571–579. https://​doi.​
org/​10.​1111/​2041-​210X.​12673​.

Fleming, C. H., J. M. Calabrese, T. Mueller, K. A. Olson, P. Leimgruber, 
and W. F. Fagan. 2014. “From Fine-Scale Foraging to Home Ranges: 
A Semivariance Approach to Identifying Movement Modes Across 
Spatiotemporal Scales.” American Naturalist 183: E154–E167. https://​
doi.​org/​10.​1890/​14-​2010.​1.

Furtado, M. M., S. E. Carrillo-Percastegui, A. T. A. Jácomo, et  al. 
2008. “Studying Jaguars in the Wild: Past Experiences and Future 
Perspectives.” Cat News 4: 41–47.

Gaynor, K. M., J. H. Daskin, L. N. Rich, and J. S. Brashares. 2021. 
“Postwar Wildlife Recovery in an African Savanna: Evaluating Patterns 
and Drivers of Species Occupancy and Richness.” Animal Conservation 
24: 510–522. https://​doi.​org/​10.​1111/​acv.​12661​.

Grimbeek, A. M. 1992. “The Ecology of the Leopard (Panthera pardus) 
in the Waterberg.” MSc Thesis, University of Pretoria, South Africa.

Hatton, J., M. Couto, and J. Oglethorpe. 2001. Biodiversity and War: A 
Case Study of Mozambique. Biodiversity Support Program.

Hayward, M. W., G. J. Hayward, D. J. Druce, and G. I. H. Kerley. 2009. “Do 
Fences Constrain Predator Movements on an Evolutionary Scale? HR, 
Food Intake and Movement Patterns of Large Predators Reintroduced 
to Addo Elephant National Park, South Africa.” Biodiversity and 
Conservation 18: 887–904. https://​doi.​org/​10.​1007/​s1053​1-​008-​9452-​y.

Jenny, D. 1996. “Spatial Organization of Leopards Panthera pardus 
in Taï National Park, Ivory Coast: Is Rainforest Habitat a ‘Tropical 
Haven’?” Journal of Zoology 240: 427–440. https://​doi.​org/​10.​1111/j.​
1469-​7998.​1996.​tb052​96.​x.

Jetz, W., C. Carbone, J. Fulford, and J. H. Brown. 2004. “The Scaling of 
Animal Space Use.” Science 306: 266–268. https://​doi.​org/​10.​1126/​scien​
ce.​1102138.

Keehner, J. R., R. B. Wielgus, B. T. Maletzke, and M. E. Swanson. 2015. 
“Effects of Male Targeted Harvest Regime on Sexual Segregation in 
Mountain Lion.” Biological Conservation 192: 42–47. https://​doi.​org/​10.​
1016/j.​biocon.​2015.​09.​005.

Kendon, T. A., C. L. Pereira, H. Pereira, K. Brown, D. Gaynor, and W. 
D. Briers-Louw. 2025. “Incidents of High Tick Load in Injured Cheetahs 
After Reintroduction Into a Tropical Ecosystem.” Onderstepoort 
Journal of Veterinary Research 92: a2206. https://​doi.​org/​10.​4102/​ojvr.​
v92i1.​2206.

Le Roux, N., G. K. H. Mann, L. T. B. Hunter, and G. A. Balme. 2022. “Big 
Competition for Small Spots? Conspecific Density Drives Home-Range 
Size in Male and Female Leopards.” Journal of Zoology 316: 178–187. 
https://​doi.​org/​10.​1111/​jzo.​12942​.

Lindsey, P., P. Roulet, and S. S. Romañach. 2007. “Economic and 
Conservation Significance of the Trophy Hunting Industry in Sub-
Saharan Africa.” Biological Conservation 134: 455–469. https://​doi.​org/​
10.​1016/j.​biocon.​2006.​09.​005.

Loveridge, A. J., L. L. Sousa, J. L. Seymour-Smith, R. Mandisodza-
Chikerema, and D. W. Macdonald. 2022. “Environmental and 

Anthropogenic Drivers of African Leopard Panthera pardus Population 
Density.” Biological Conservation 272: 109641. https://​doi.​org/​10.​1016/j.​
biocon.​2022.​109641.

Maletzke, B. T., R. B. Wielgus, G. M. Koehler, M. Swanson, H. Cooley, 
and J. R. Alldredge. 2014. “Effects of Hunting on Cougar Spatial 
Organization.” Ecology and Evolution 4: 2178–2185. https://​doi.​org/​10.​
1002/​ece3.​1089.

Marker, L. L., and A. J. Dickman. 2005. “Factors Affecting Leopard 
(Panthera pardus) Spatial Ecology, With Particular Reference to Namibian 
Farmlands.” South African Journal of Wildlife Research 35: 105–115.

McBride, T., C. McBride, and C. McBride. 2016. “Safe and Selective 
Capture of Bobcats (Lynx rufus) Using Trained Hounds in the Absence 
of Snow.” Southeastern Naturalist 15: 291–298. https://​doi.​org/​10.​1656/​
058.​015.​0211.

McManus, J., A. J. Smit, L. Faraut, et  al. 2024. “The Recolonisation 
of the Piketberg Leopard Population: A Model for Human-Wildlife 
Coexistence in a Changing Landscape.” Conservation 4: 273–287. 
https://​doi.​org/​10.​3390/​conse​rvati​on402​0018.

Müller, L., W. D. Briers-Louw, B. C. Seele, C. S. Lochner, and R. Amin. 
2022. “Population Size, Density, and Ranging Behaviour in a Key 
Leopard Population in the Western Cape, South Africa.” PLoS One 17: 
e0254507. https://​doi.​org/​10.​1371/​journ​al.​pone.​0254507.

Naude, V. N., G. A. Balme, J. O'Riain, et  al. 2020. “Unsustainable 
Anthropogenic Mortality Disrupts Natal Dispersal and Promotes 
Inbreeding in Leopards.” Ecology and Evolution 10: 3605–3619. https://​
doi.​org/​10.​1002/​ece3.​6089.

Périquet, S., S. Crawford, S. Naholo, S. Stratford, and K. Stratford. 2022. 
“at Home or Passing Through? Leopard Population and Spatial Ecology 
on a Private Game Reserve.” Namibian Journal of Environment 6: 78–91.

Pringle, R. M. 2017. “Upgrading Protected Areas to Conserve Wild 
Biodiversity.” Nature 546: 91–99. https://​doi.​org/​10.​1038/​natur​e22902.

R Core Development Team. 2023. R: A Language and Environment for 
Statistical Computing. R Foundation for Statistical Computing. https://​
www.​R-​proje​ct.​org.

Ripple, W. J., J. A. Estes, R. L. Beschta, et al. 2014. “Status and Ecological 
Effects of the World's Largest Carnivores.” Science 343: 1241484. https://​
doi.​org/​10.​1126/​scien​ce.​1241484.

Snider, M. H., V. R. Athreya, G. A. Balme, et  al. 2021. “Home-Range 
Variation in Leopards Living Across the Human Density Gradient.” 
Journal of Mammalogy 102: 1138–1148. https://​doi.​org/​10.​1093/​jmamm​
al/​gyab068.

Stander, P. E., P. J. Haden, I. I. Kaqec, and I. I. Ghau. 1997. “The Ecology 
of Asociality in Namibian Leopards.” Journal of Zoology 242: 343–364.

Stein, A. B., V. Athreya, P. Gerngross, et  al. 2023. “Panthera pardus. 
The IUCN Red List of Threatened Species 2023: e.T15954A215195554.” 
https://​doi.​org/​10.​2305/​IUCN.​UK.​2023-​1.​RLTS.​T1595​4A215​195554.​en.

Swanepoel, L. H., F. Dalerum, and W. van Hoven. 2015. “Factors 
Affecting Location Failure of GPS Collars Fitted to African Leopards 
(Panthera pardus).” South African Journal of Wildlife Research 40: 10–15.

Weise, F. J., J. J. Lemeris, K. J. Stratford, et  al. 2015. “A Home Away 
From Home: Insights From Successful Leopard (Panthera pardus) 
Translocations.” Biodiversity and Conservation 24: 1755–1774. https://​
doi.​org/​10.​1007/​s1053​1-​015-​0895-​7.

Woodroffe, R., and J. R. Ginsberg. 1998. “Edge Effects and the Extinction 
of Populations Inside Protected Areas.” Science 280: 2126–2128.

Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Appendix S1: ece372312-sup-0001-
AppendixS1.docx. 

https://doi.org/10.1126/science.1205106
https://doi.org/10.1126/science.1205106
https://doi.org/10.1371/journal.pone.0122355
https://doi.org/10.1371/journal.pone.0122355
https://doi.org/10.1111/jzo12344
https://doi.org/10.1111/2041-210X.12673
https://doi.org/10.1111/2041-210X.12673
https://doi.org/10.1890/14-2010.1
https://doi.org/10.1890/14-2010.1
https://doi.org/10.1111/acv.12661
https://doi.org/10.1007/s10531-008-9452-y
https://doi.org/10.1111/j.1469-7998.1996.tb05296.x
https://doi.org/10.1111/j.1469-7998.1996.tb05296.x
https://doi.org/10.1126/science.1102138
https://doi.org/10.1126/science.1102138
https://doi.org/10.1016/j.biocon.2015.09.005
https://doi.org/10.1016/j.biocon.2015.09.005
https://doi.org/10.4102/ojvr.v92i1.2206
https://doi.org/10.4102/ojvr.v92i1.2206
https://doi.org/10.1111/jzo.12942
https://doi.org/10.1016/j.biocon.2006.09.005
https://doi.org/10.1016/j.biocon.2006.09.005
https://doi.org/10.1016/j.biocon.2022.109641
https://doi.org/10.1016/j.biocon.2022.109641
https://doi.org/10.1002/ece3.1089
https://doi.org/10.1002/ece3.1089
https://doi.org/10.1656/058.015.0211
https://doi.org/10.1656/058.015.0211
https://doi.org/10.3390/conservation4020018
https://doi.org/10.1371/journal.pone.0254507
https://doi.org/10.1002/ece3.6089
https://doi.org/10.1002/ece3.6089
https://doi.org/10.1038/nature22902
https://www.r-project.org
https://www.r-project.org
https://doi.org/10.1126/science.1241484
https://doi.org/10.1126/science.1241484
https://doi.org/10.1093/jmammal/gyab068
https://doi.org/10.1093/jmammal/gyab068
https://doi.org/10.2305/IUCN.UK.2023-1.RLTS.T15954A215195554.en
https://doi.org/10.1007/s10531-015-0895-7
https://doi.org/10.1007/s10531-015-0895-7

	Stretching Out: Leopard Home-Range Expansion in Response to Suppressed Population Density in a Recovering Post-War Landscape
	ABSTRACT
	1   |   Introduction
	2   |   Methods
	2.1   |   Study Area
	2.2   |   Leopard Collaring
	2.3   |   Data Analysis

	3   |   Results
	4   |   Discussion
	Author Contributions
	Acknowledgments
	Ethics Statement
	Conflicts of Interest
	Data Availability Statement
	References


