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1 Royal Veterinary College, University of London, Royal College Street, London, NW1 0TU, UK
2 Institute of Zoology, Zoological Society of London, Regent’s Park, London, NW1 4RY, UK
3 Cheetah Conservation Fund, 1603 Hattingh Street, Otjiwarongo, Namibia
4 School of Veterinary Medicine, Neudamm Campus, University of Namibia, Windhoek, Namibia
5 School of Veterinary Medicine, University of Zambia, Lusaka, Zambia
6 Defend, 124 Finchley Road, London, NW3 5JS, UK
7 School of Science, Main Campus, University of Namibia, Pionierspark, Namibia
8 Ministry of Agriculture, Fisheries, Water and Land Reform. Central Veterinary Laboratory, Robert Mugabe Avenue,
Windhoek, Namibia
9 Faculty of Veterinary Medicine, Hokkaido University, Kita 18 Nishi 9, Sapporo, Japan
10 New York City Department of Health & Mental Hygiene, 125 Worth Street, New York, NY 10013, USA
11 School of Chemistry, University of the Witwatersrand, Johannesburg, South Africa
12Corresponding authors (email: chauw22@rvc.ac.uk; genetics@cheetah.org)

ABSTRACT: Lead (Pb) exposure is a global concern because of its harmful effects on the environment,
animals, and humans. Although research on Pb poisoning in humans and avian species is extensive, similar
literature on mammalian carnivores is limited. Only two reports of suspected Pb poisoning in captive
cheetahs (Acinonyx jubatus) exist, and none in wild cheetahs. We quantified cumulative life exposure to
Pb in 62 cheetahs (33 males, 29 females) and 11 (unknown sex) leopards (Panthera pardus). Cheetahs
were grouped according to time spent in captivity: wild (.10% of life in the wild) and captive (10–100%
of life in captivity); all leopards were wild. Bone Pb concentration (BLC) was measured in tibias to
assess the effects of time in captivity, age, and sex on Pb exposure. Lead was detected in all cheetah and
leopard tibias. Mean BLC was 1.1161.92 mg/kg for all cheetahs, with a significantly higher mean in
captive (1.5762.25 mg/kg) versus wild (0.2760.39 mg/kg) cheetahs. Time in captivity had a significant
effect on BLC, with BLC increasing with years spent in human care. Wild leopards had a higher BLC than
wild cheetahs, with a mean BLC of 1.0261.56 mg/kg. Higher BLC in captive than wild cheetahs was
attributed to Pb exposure from the ammunition used to shoot ungulates for their diet. Increased exposure in
wild leopards might be attributable to opportunistic scavenging, a behavior not typically seen in wild
cheetahs. This study highlights the need for non-Pb ammunition options in support of conservation, animal
welfare, and ultimately human health.
Key words: Cheetahs, lead (Pb), lead ammunition, leopards, Namibia, wildlife lead exposure.

INTRODUCTION

Lead (Pb) is a heavy metal with no physiological
role (Ma 2011; Pain et al. 2019). It can endanger
the health of humans and animals by interfering
with essential biological processes, even with
minimal exposure (Kumar et al. 2020). Environ-
mental Pb contamination from sources such as
mining, gasoline, and paint has been of global
interest and is a One Health issue due to its
toxic effects on plants, animals, and humans
(Arnemo et al. 2016; Levin et al. 2021).

In the past decades, the use of Pb-based
ammunition has emerged as a prominent

unregulated source of Pb exposure globally
(Arnemo et al. 2016; Ellis and Miller 2023).
Regular consumption of Pb-shot game meat has
been internationally recognized as a concerning
health issue in humans (Pain et al. 2022;
Hampton et al. 2023). In scavenging and preda-
tory birds, ingesting lead-shot game meat has led
to considerable mortality, placing some species on
the brink of extinction (Walters et al. 2010; Pain
et al. 2019). Although the pathway of Pb exposure
through ammunition is increasingly acknowledged
in wild birds (Pain et al. 2019), research on Pb
exposure in carnivorous mammals remains scarce,
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even though Pb ammunition can affect carnivores
through contamination of food sources. Car-
nivores may accumulate Pb in their bodies
through two main dietary routes: 1) gradual
buildup via the food chain (trophic bioaccumu-
lation) and 2) direct ingestion of Pb particles
from ammunition embedded in contaminated
meat (Yamazaki et al. 2025).
Bioaccumulation begins when Pb from natural

deposits, mining activities, or spent ammunition
contaminates the soil; is absorbed by plants
(Collin et al. 2022a); and is subsequently
ingested by herbivores feeding on those plants
(Chiverton et al. 2022). Consequently, wild
carnivores that prey on these herbivores are
exposed to Pb. Although the environmental
exposure may be minimal, Pb introduced into
the environment can work its way up the food
chain, placing apex predators and scavengers
at high risk of exposure (Pain et al. 2019).
Low-level environmental Pb is often referred
to as the “silent killer” because its chronic
adverse effects are mainly undetected (Nawrot
and Staessen 2006). When these animals show
clinical signs of Pb poisoning, such as neuro-
logical signs, they play the role of sentinels for
ecosystem health (Chen et al. 2023).
The main source of dietary exposure in free-

ranging carnivores is ingestion of Pb ammuni-
tion (pellets or bullet scatters) when feeding on
lead-shot game or their carrion (e.g., organs left
on the ground and not retrieved by hunters;
Hunt et al. 2006; Hampton et al. 2022). Lead
bullets fragment upon impact, and the Pb parti-
cles left in the surrounding muscles and organs
become bioavailable when consumed (Green and
Pain 2012). Those Pb fragments are retained in
the gastrointestinal tract until dissolved, absorbed,
and distributed into tissues, or excreted (WHO
2022). Pb tends to accumulate in bones over
time, with concentrations in bones and teeth
increasing with age in both animals and humans
(Klotz and Göen 2017; Brown et al. 2022).
Given the detrimental impacts of Pb on neuro-
logical and reproductive systems (Assi et al.
2016; Chen et al. 2018), Pb poses a notable
risk to the survival and successful reproduction
of animals in the wild.

Limited literature describes the threat of Pb
toxicity to captive and free-ranging carnivores
such as cheetahs (Acinonyx jubatus) and leop-
ards (Panthera pardus). To date, only two pub-
lications have reported Pb poisoning in
cheetahs, and no reports on Pb exist for leop-
ards: North et al. (2015) described two sus-
pected cases in captive cheetahs in South
Africa that were fed hunted game birds or
antelope, and we reported a third case where
acute Pb poisoning in a cheetah was diag-
nosed after ingestion of game meat containing
a Pb bullet (Hauw et al. 2025).
Cheetahs are a protected species of conserva-

tion concern in the wild (Durant et al. 2022) and
are commonly kept in captivity in southern Africa
(Marker and Johnston 2022). They offer an inter-
esting focus for study, because captive cheetahs
and other carnivores are still frequently fed
meat sourced from animals hunted or slaugh-
tered using Pb ammunition. This places them
at particular risk of dietary Pb toxicity. In the
wild, a distinct difference in feeding behaviors
between leopards and cheetahs offers a frame-
work to evaluate their influence on the potential
risk for Pb exposure. Cheetahs rely on cursorial
hunting to secure food (Mills et al. 2004), and
such behavior predominantly exposes them to
ingestion of environmental Pb through bioac-
cumulation, although animals injured by Pb
ammunition may also be more prone to pre-
dation by cheetahs. Leopards, in contrast, may
exhibit a less specific hunting pattern and occa-
sionally scavenge opportunistically (Butler and
du Toit 2002), which may additionally expose
them to dietary Pb.
Our study aimed to evaluate Pb exposure in

Namibian carnivores (cheetahs and leopards)
by analyzing bone lead concentrations (BLCs).
It focused on two factors: 1) the typical diets of
cheetahs, comparing those in captivity (fed
lead-shot meat) to those in the wild; and 2)
the hunting behaviors of different carnivores,
contrasting wild cheetahs (primarily hunters)
with wild leopards (which engage in both hunt-
ing and scavenging). We hypothesized that cap-
tive cheetahs consuming more lead-shot meat
would exhibit higher BLCs than wild cheetahs,
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and that wild leopards, which are thought to
scavenge lead-shot carcasses, would have higher
BLCs than wild cheetahs.

MATERIALS AND METHODS

This study was conducted under the research
permit AN2028011402 of the Cheetah Conservation
Fund (CCF), located 45 km outside Otjiwarongo,
Namibia (research certificate RCIV00122018). It
received ethical approval by the Clinical Research
Ethical Review Board of the Royal Veterinary
College, London, UK (URN M2023 0175).

Study animals

Bones of 62 cheetahs (33 males, 29 females) and
11 leopards were included in the study (see Supple-
mentary Material Table S1). Comprehensive data
on time in captivity, sex, age, and location of origin
were available for cheetahs; however, information
regarding the wild leopards was unavailable.

The wild leopard bones were obtained from
carcasses transferred to the CCF facility by farmers
over the past decade due to human–wildlife conflict
(HWC). They were not part of routine data collec-
tion efforts, which focused on cheetahs, and specific
details were therefore not recorded systematically.
Sex was only available for 3 of the 11 individuals
(2 males [NA-PPA0057 and NA-PPA0063] and 1
female [NA-PPA0038]) and age only for 1 individual
(5 yr, PPA0057), with the other individuals noted
as being.6 mo old, as the bones showed they were
not cubs. These leopards are believed to have origi-
nated from the Otjozondjoupa region, where CCF
is located.

The age at death of the cheetahs ranged from
approximately 2 mo to 18 yr and was taken from
the estimated age assigned using tooth evaluation,
size, and weight by cheetah experts (veterinarians
and sanctuary management team) when they first
arrived at CCF. Cheetahs were classified based
on their life history, with cheetahs that had spent
.90% of their life in the wild classified as wild.
This threshold was chosen to be conservative and
minimize their time of exposure to captive diets
while ensuring sufficient sample size for analyses.
All the other cheetahs were classified as captive,
having spent 10–100% of their life in captivity at
CCF in Namibia. The primary cause of death for
captive cheetahs was generally age- or health related
and included euthanasia. The causes of death for

wild cheetahs varied, including HWC, road accidents,
snake bites, and interspecies and intraspecies aggres-
sion. No clinical signs of Pb poisoning, such as raised
tail, hyperexcitability, hypersalivation, or arched back,
were noted in the clinical case files of the captive
cheetahs, nor did necropsy records indicate typical
pathological findings of Pb toxicosis.

Captive cheetah diets at CCF consisted of horse
and donkey meat. Donkeys and horses were typically
shot in the skull above the eyes by using a long rifle
with .22 rimfire Pb point bullets. All animal body
parts, including the skull, were fed to the cheetahs
within 7 d of slaughter. Skulls were fed to cheetahs
as enrichment up until approximately 10 yr of age,
after which skulls were considered less beneficial
due to the reduced feeding efficiency of older ani-
mals. When possible, captive cheetahs at the CCF
facility are released back into the wild at approxi-
mately 3 yr of age; these individuals are put through
a preparatory rehabilitation phase before release,
including being fed carcasses of wild game hunted
with Pb ammunition (Walker et al. 2022).

Study area

Captive cheetahs were housed at CCF (20˚
290040 0S, 17˚010860 0E), in the Otjozondjupa region,
Namibia (for details on enclosures and husbandry,
see Walker et al. [2022]). Wild cheetahs and wild
leopards were usually brought to CCF by farmers
as a result of HWC and originated from six north-
eastern regions of Namibia: Erongo, Otjozondjupa,
Omaheke, Oshikoto, Khomas, and Kunene (Fig. 1).
These regions are characterized by a mosaic of
integrated land uses, including farmland, private
game reserves, and communal conservancies, where
farming, game hunting, tourism, and conservation-
related activities take place. Mining is also an impor-
tant contributor to the Namibian economy, and the
study area contains diamond, uranium, and fluor-
spar as well as gold mines, plus a zinc–Pb mine in
Rosh Pinah that could potentially be an industrial
source of Pb contamination, although this is located
approximately 200 km from the closest cheetah
range within the study area and approximately
425 km from the CCF headquarters.

Samples

We included 62 cheetah tibias (40 captive, 22 wild)
and 11 wild leopard tibias in the analyses. Tibias are
the optimal marker for assessing lifelong cumulative
Pb exposure. As long bones, they have the capacity
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to retain Pb over many years. The turnover rate of
Pb in the tibia is minimal, and comparative data are
abundant on tibias in the literature, facilitating more
accurate comparisons of Pb levels across different
studies (Hu et al. 1998).

Bone preparation and digestion

All skeletons were collected from necropsies
from 1992 to 2021, cleaned of flesh and blood
remains, and boiled for 12 h before being placed in
labeled storage buckets at room temperature as part
of the CCF biobank. All dry tibia bones selected for
the study were washed with tap water and rinsed
with diluted nitric acid (2% [v/v] HNO3) to remove
any tissue fragments and surface contaminants. We
then thoroughly rinsed tibias with ultrapure water
to eliminate residual acid and prevent unintended

leaching and then placed them on clean aluminum
foil to dry. A section of approximately 1 cm in width
was cut out of the midsection of each tibia shaft
with a clean stainless-steel hacksaw, and a further
cross-section ensured that only cortical bone remained
for digestion. Approximately 0.5 g of bone sample was
then oven dried at 50˚ C for 48 h (Oven Series 200,
Scientific, GENMED CC, Windhoek, Namibia) to
dehydrate the samples completely.

All laboratory instruments and materials used
in metal extraction were washed in diluted nitric acid
(2% [v/v] HNO3) and rinsed with distilled water.
Bone samples were digested at the Central Veteri-
nary Laboratory in Windhoek, Namibia, following
Cretacci and Parsons (2010) in a closed-vessel
microwave digestion system (ETHOS UP rotor-based
microwave digestion system, Milestone, Sorisole,

FIGURE 1. Map of Namibia with the six regions (Erongo, Otjozondjupa, Omaheke, Oshikoto, Khomas, Kunene)
indicating the location where cheetahs (Acinonyx jubatus) originated for wild cheetahs as well as their location when
in the wild for captive cheetahs that spent a substantial amount of time in the wild.
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Italy), with ultrapure H2O2 and with the modifica-
tion that HNO3 was used at a 30% concentration
(versus 68%), and pressure and temperature were
increased (90 bar and 1,000 W, respectively).

Analysis of Pb concentrations in bone digests
was done using inductively coupled plasma–mass
spectrometry (ICP-MS 7700 series, Agilent Technol-
ogies, Santa Clara, California, USA) at the Labora-
tory of Toxicology, Faculty of Veterinary Medicine,
Hokkaido University (Sapporo, Japan). The sample
digestion and analysis procedures were validated
using NIST SRM 1486 (bone meal), with analytical
results for Pb (1.3060.12 mg/kg, n¼3; mean6SD)
showing good agreement with the certified value
(1.33560.014 mg/kg).

Statistical analyses

Statistical analyses were run using SPSS 30.0.0.0
(IBM Corp, Armonk, New York, New York, USA)
and JMP Pro 17 (SAS Institute, Cary, North Caro-
lina, USA). Data were normalized by logarithmic
transformation [log10(x)], and normality of residuals
was confirmed by visual inspection of residuals and
by the Shapiro–Wilk test. The level of significance
was set at P�0.05. The results are presented as
mean6SD.

Two general linear models were run to test the
hypothesis that prolonged dietary exposure to Pb
(i.e., longer time in captivity) leads to higher BLCs
in cheetahs. Both models had BLC as the output
variable. The first model used ‘time in captivity’ (in
years) as a categorical scale variable with two levels
(captive and wild) as well as sex and their interac-
tion as predictor variables. Multiple comparisons
post hoc tests—using Tukey’s honestly significant
difference—were performed. The second model
used ‘time in captivity’ (in years) as a linear scale
variable as well as sex and their interaction as pre-
dictor variables. Age was not included as a variable
in these analyses because it almost perfectly correlated
with ‘time in captivity’ (F1,47¼122.4, P,0.001); fur-
thermore, main results remain the same when using
‘age’ instead of ‘time in captivity’ in the models.

To test the hypothesis that feeding ecology
influences BLC, a one-way analysis of variance
was run with the subset of wild cheetahs and wild
leopards in which BLC was the outcome variable
and ‘species’ the predictor variable. Given that we
did not have information on the sex of eight of the
11 leopards, sex was not included as a factor in the
comparative analyses. All leopards were.6 mo old;

therefore, only wild cheetahs.6 mo old were used
for this analysis.

RESULTS

Variation in BLCs

There were 40 cheetahs (20 males, 20 females)
in the captive group, and 22 (13 males, 9 females)
in the wild group. We detected Pb in 100% of the
captive and wild cheetah samples as well as in the
leopard samples (Table 1; Supplementary Mate-
rial Table S1). Mean BLC of the 62 cheetahs was
1.1161.92 mg/kg (range, 0.485–18.38 mg/kg);
a mean BLC of 1.026.56 mg/kg (range, 0.11–
4.93 mg/kg) was found for the 11 wild leopards
(Table 1). The four highest BLCs of the data-
set belonged to captive cheetahs and exceeded
2xSD of their group (case 38: 10.28 mg/kg,
6-yr-old female [NA-AJU1619], 2.8 yr in captiv-
ity; case 24: 7.22 mg/kg, 3.5-yr-old male [NA-
AJU1665], 2.3 yr in captivity; case 12: 6.78 mg/
kg, 16-yr-old female [NA-AJU1474], 15.5 yr in
captivity; and case 21: 6.68 mg/kg, 14.5-yr-old
male [NA-AJU1513], 14 yr in captivity; Fig. 2;
Supplementary Material Table S1). The next
highest BLC belonged to a leopard and
exceeded 2xSD of its group (case 67 in Fig. 2:
4.93 mg/kg).

Influence of time in captivity on BLC in cheetahs

Cheetahs living in captivity exhibited the
highest BLC (1.5762.25 mg/kg); the value was
significantly higher than the BLC of their wild
counterparts (0.2760.39 mg/kg) (F1,60¼7.2,
P,0.001; Fig. 2). Variability in captive cheetahs
was also higher relative to wild cheetahs: the

TABLE 1. Bone lead concentration from samples of
cheetahs (Acinonyx jubatus; captive and wild) and wild
leopards (Panthera pardus), from tibias collected by
the Cheetah Conservation Fund, Namibia, 1992–2021.
All measurements are in units of milligrams per kilogram
dry weight.

Group n Mean6SD Median Range

Captive cheetahs 40 1.5762.25 0.98 0.08–10.28

Wild cheetahs 22 0.2760.39 0.15 0.01–1.83

Wild leopards 11 1.0261.56 0.27 0.11–4.93
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two highest BLCs of wild cheetahs fell well
within the SD of the captive group (case 26:
1.83 mg/kg, 1.5 yr-old female [NA-AJU1633],
no captivity; and case 32: 0.87 mg/kg, 0.5-yr-old
female [NA-AJU1477], no captivity). A positive
correlation was found between BLC across all
cheetah groups and time in captivity (F1,60¼4.72,
P,0.01; Fig. 3a) and with the percentage of
time spent in captivity (F1,60¼17.4, P,0.001;
Fig. 3b). Based on the correlation of time in cap-
tivity and BLC, a mean annual rate of increase of
0.04 mg/kg of BLC was found (Fig. 3a). Despite
the statistical support of the effect of time in
captivity on BLC, the overall model fit cor-
relation coefficient was moderate (R2¼0.139
for time in captivity and R2¼0.256 for per-
centage time in captivity), due to the wide
spread of the datapoints (Fig. 3a).

Influence of age and sex on BLC in cheetahs

Older cheetahs had significantly higher BLCs
than younger cheetahs (F1,60¼1.45, P¼0.029).
No significant difference in BLC was observed
based on sex (F1,60¼2.46, P¼0.122).

Comparisonof BLC inwild cheetahs andwild leopards

We found significantly higher BLC in wild
leopards than in wild cheetahs (F1,31¼5.26,
P¼0.029; Fig. 2). The wild leopards’ highest
BLC was 4.93 mg/kg, and the wild cheetahs’
highest BLC was 1.83 mg/kg. Variability in BLC
was higher in wild leopards (1.0261.56 mg/kg)
than in wild cheetahs (0.2760.39 mg/kg).

DISCUSSION

BLC in wild cheetahs and wild leopards

This study is the first to report on Pb exposure
in wild cheetahs and leopards. Our findings that

FIGURE 2. Bone lead concentration (BLC; in mil-
ligrams per kilogram) of captive cheetahs (Acinonyx
jubatus), wild cheetahs, and wild leopards (Panthera
pardus). Tukey box plots (median, 25th and 75th per-
centile, SD error bars) illustrate raw data of BLC from
the cortex of midtibias. There was a significant differ-
ence between the wild and captive cheetah populations
(P,0.001) and a significant difference between the wild
cheetah and leopard populations (P¼0.029), based on
Tukey’s SD multiple intergroup analyses from an analysis
of variance with a log10 transformation of the BLC
values. Boxes represent the interquartile range, and
the horizontal lines represent the median value of each
group; error bar represents the SD (Captive cheetahs
n¼40; Wild cheetahs n¼22; Wild leopards n¼11).

FIGURE 3. Bone lead concentrations (log10 BLC, in
milligrams per kilogram) for cheetahs (Acinonyx jubatus),
regressed (695% confidence interval, dotted line) as a
function of (a) the time in captivity (in years) and (b) the
percentage of time in captivity. There was (a) a signifi-
cant relationship between BLC and time in captivity
(P,0.001) and (b) a significant relationship between
BLC and percentage of time in captivity (P,0.001).
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Pb was detectable in all sampled wild cheetahs
and leopards suggest widespread environmental
contamination. Potential sources of Pb exposure
include Pb-based ammunition used in game
hunting, and exposure bioaccumulation from
contaminated prey, water, or soil.

In our study, BLC was three times higher
in wild leopard samples than in wild cheetah
samples, supporting our hypothesis that feeding
behaviors influence BLC. This result supports
the growing body of evidence that scavenger
carnivores are more at risk than other carni-
vores (Behmke et al. 2015; Monclús et al.
2020). Research has shown an increase in BLC
and blood Pb levels in scavenging species such
as the Arctic wolf (Canis lupus arctos; Gamberg
and Braune 1999) and in scavenging species
such as grizzly bear (Ursus arctos horribilis;
Rogers et al. 2012) relative to nonscavenging
species (summarized in Table 2). This trend has
also been observed in opportunistic omnivores,
such as brown bears (Ursus arctos), whose var-
ied feeding behaviors span multiple trophic lev-
els (Fuchs et al. 2021). These examples and our
study results emphasize how feeding behavior
can affect Pb exposure patterns in carnivores,
illustrating the intricate relationship between
dietary habits and environmental factors in
determining Pb accumulation in bones. Consid-
ering this link between Pb exposure and natural
diet, it is worthwhile to reassess the role of Pb
ammunition hunting as a major source of Pb
exposure for wildlife in southern Africa. Future
work in this area should also assess in detail the
origin, sex, and age of the wild specimens to fur-
ther understand factors affecting Pb accumula-
tion in free-living individuals.

Difference in BLC among cheetah groups

Our finding of low BLC in wild cheetahs is
probably attributable to their cursorial hunting
technique, which makes them unlikely to feed
on carcasses, thus reducing their risk of dietary
Pb exposure from shot animals. As apex predators
at the top of the trophic chain, cheetahs’ exposure
to Pb is mostly limited to eating Pb-contaminated
species, exposing them to Pb through bioaccumu-
lation (Ali and Khan 2018). This process appears

to be a minor source of Pb for our study popula-
tion, not causing a significant elevation of BLC.
Low BLCs in wild carnivores have also been
noted in other research studies. In one study in
Spain, Iberian lynx (Lynx pardinus) from two
different locations displayed BLCs of 0.13 mg/kg
and 2.05 mg/kg, whereas levels were 0.39 mg/kg
for red foxes (Vulpes vulpes) and 0.11 mg/kg for
genets (Genetta genetta) (Millán et al. 2008;
Table 2). The Iberian lynx with the higher BLC
values lived in Sierra Morena, where many
mining sites were previously active.
The significantly higher BLC in captive

cheetahs is probably attributable to the prac-
tice of shooting ungulates with Pb ammunition
to provide captive cheetahs with meat. Shots
were aimed at the skulls, and skulls were fed
approximately twice a month as dietary and
behavioral enrichment to the captive chee-
tahs in this study throughout most of their
life in captivity. The increased variability of
BLC in captive relative to wild cheetahs
(SD¼2.25 and 0.39, respectively) is therefore
expected due to variation in Pb amounts in the
meat portions that were consumed. The Pb
amount may vary based on the type of ammuni-
tion used, point of impact, and location of the
consumed piece of meat relative to the shot.
The cheetahs with the highest Pb levels

of the entire study (NA-AJU1619, with a
BLC¼10.28 mg/kg and NA-AJU1665, with
a BLC¼7.22 mg/kg) were captive cheetahs
that had been reintegrated into their natural hab-
itat by CCF. When cheetahs are being reintro-
duced into the wild, they are often fed hunted
game carcasses in a boma in preparation for the
release (Walker et al. 2022); these carcasses
are more likely to contain Pb bullets as
opposed to the cut pieces of muscle meat pro-
vided to captive cheetahs. As a result, during
this transitional period, their exposure to Pb
may include dangerously high levels, potentially
even resulting in fatal ingestion of Pb frag-
ments (North et al. 2015; Hauw et al. 2025).
This highlights the importance of carefully

considering feeding strategies and ammunition
choices during the feeding of captive cheetahs
and candidates for reintroduction into the wild.
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Similarly, exposure of leopards to Pb ammuni-
tion through scavenging is probably highly
opportunistic and could explain the higher
variability in wild leopards (SD¼1.56) relative
to wild cheetahs.

In other studies, age, which was highly cor-
related to time in captivity in our study, was
reported to be associated with gradual accu-
mulation of Pb in bone over time in longer
lived wildlife species (Gangoso et al. 2009;
Pain et al. 2019) as well as increasing dental
Pb in American black bears (Ursus americanus)
(Brown et al. 2022), probably due to consuming
Pb-contaminated remains discarded by hunters.
Conversely, no correlation was observed between
sex and BLCs across both cheetah groups in our
study; this is in agreement with existing literature
for other animals (Komarnicki 2000; Millán et al.
2008; Ma 2011).

Lifelong exposure to Pb and physiological signs

Testing for Pb can be performed on live ani-
mals, with blood Pb levels reflecting recent
exposure (Buekers et al. 2009). Kidney and
liver analyses can estimate Pb exposure for a
few months postexposure (Ma 2011). These
measures can provide valuable diagnostic tools
for acute Pb intoxication; however, they may
not provide an accurate picture of the environ-
mental risk if exposure is not consistent. Bone
Pb testing offers a direct measure of cumula-
tive Pb exposure throughout an animal’s life-
time (Pain et al. 2019), which is crucial for
assessing the long-term physiological and
pathological impacts of Pb. Even postmortem
analysis of BLC in a single animal, whether cap-
tive or wild, can provide valuable insights into
chronic Pb exposure in the surrounding popula-
tion, which may go unnoticed otherwise, because
wildlife often show no clear signs of Pb poisoning
until they are severely ill.

In the captive cheetahs examined in this study,
the clinical case files reported no clinical indica-
tions of Pb poisoning (e.g., raised tail, hyperexcit-
ability, hypersalivation, or arched back as seen in
North et al. [2015] and Hauw et al. [2025]), nor
did the necropsy records report suggestive signs
of Pb toxicosis (e.g., renal tubular necrosis,

hepatic necrosis, and cerebral edema [e.g.,
Blakley 2024; Hydeskov et al. 2025; Tobalu
and Enogieru 2025). It could therefore be
contended that moderately elevated BLC may
not necessarily manifest noticeable effects on the
animal’s health. Nevertheless, even minor levels
of Pb exposure have been shown to detri-
mentally influence reproductive rates and
cognitive abilities in other species (Reglero
et al. 2009; Wani et al. 2015). Research by
Ghorbe et al. (2001) and Lasley (2002) sug-
gests that cumulative Pb exposure, even
when not lethal, may have more significant
pathological consequences compared with
recent, acute exposure. This concept is fur-
ther supported by long-term studies in
humans, such as those reviewed by Collin
et al. (2022b), that highlight the importance
of both cumulative dose and the latency of
exposure in the developing health effects.
Considering the endangered status of cheetahs
in Namibia (Melzheimer et al. 2022), it is cru-
cial to implement strategies to minimize
potential sources of Pb exposure.

Recommendations for conservation efforts

Our recommendations for stakeholders are
threefold. First, in sanctuaries, transition to lead-
free bullets for slaughtering; if Pb-free options
are unavailable, and Pb bullets to the head are
used for slaughter, avoid feeding heads entirely.
Second, when feeding game carcasses (e.g., in
preparation for release), ensure that the prey was
hunted with lead-free bullets, or remove the
bullet and a 40-cm area around the impact
before use. And third, hunters should avoid
discarding Pb-contaminated offal to prevent
ingestion by wild scavengers; similarly, care should
be taken to safely dispose of Pb-contaminated
meat from slaughtered animals.
Future studies should carefully consider the

influence of bone type (e.g., tibia) and the region
(e.g., midtibia) on BLC values, because these fac-
tors can significantly impact results, but are
regrettably often omitted in the literature
(Table 2). We urge the inclusion of such details
as a reporting standard to improve data compati-
bility and advance global knowledge in the field.
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Despite extensive scientific literature
detailing the effects of Pb ammunition on
humans, birds, and the environment, only
limited political attention has been given to
this problem, resulting in only a handful of
countries taking measures to phase out the
use of Pb ammunition. In countries such as
Namibia, the limited availability and higher
cost of non-Pb ammunition currently restrict
its use. In the absence of non-Pb alternatives,
preventative measures as outlined above (i.e.,
removal of Pb-contaminated meat surround-
ing the site of impact from the bullet and col-
lection of bullets from hunted game remains
left in the field), can reduce the amount of Pb
ingested by captive carnivores and wild scav-
engers. However, in the long term, increasing
awareness among key stakeholders, particu-
larly hunters, through expanded research and
outreach on Pb in wildlife is crucial, especially
in regions where hunting plays significant eco-
nomic, cultural, and subsistence roles.
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