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Abstract
This is the first field study to evaluate lead exposure in dogs fed game meat and offal and, to our knowledge, the first study
exploring associations between game consumption and dog health status. We quantified lead concentrations in blood and hair
and haematological parameters of 31 dogs fed game meat and offal from wild boar (Sus scrofa) and axis deer (Axis axis) culled
with lead ammunition in El Palmar National Park, Argentina. Despite variable weekly frequency in game consumption, dogs had
detectable blood and hair lead levels, demonstrating recent and chronic exposure. Lead geometric mean and SD were 18.91 ±
346.85μg/dLw.w. in blood (range = 0.53–216.58), and 0.721 ± 6.444μg/gr d.w. in hair (range = 0.007–34.800). Hair lead levels
were relatively low in most samples, except for the oldest dog which had an atypically high value concurrent with anaemia, a
common outcome of chronic lead exposure. Dog’s owner was significantly predictive of both blood and hair lead levels, which
reflects the same feeding patterns for all dogs owned by the same person. Body condition was associated with hair lead, with dogs
in good condition presenting higher lead levels. This could be related to greater game consumption by those dogs, resulting in
higher lead ingestion. Dogs fed game meat and offal at very low or low frequency (≤4 times per week) showed higher blood lead
levels, suggesting there might not be a risk-free frequency for game provision to dogs. Considering the risks of dietary lead
exposure, avoiding feeding dogs lead-killed game and replacing lead ammunition with non-toxic alternatives are recommended.
This would allow using hunted game as a valuable food resource without unnecessary risk for the health of consumers and the
environment.
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Introduction

Lead (Pb) is a natural component in the environment; howev-
er, it can enter the human and animal food chains due to
anthropogenic activities (EFSA 2010). Ease of extraction,
low economic cost, malleability, and apparent resistance to
corrosion made it the metal of choice for, among other uses,
the manufacture of hunting ammunition (ATSDR 2020;
Dobrowolska and Melosik 2008). When fired, Pb ammuni-
tion contaminates the impacted tissues due to fragmentation
into hundreds of particles, which are retained in the meat
and represent an important source of Pb exposure for peo-
ple and animals that consume it (Gerofke et al. 2018; Hunt
et al. 2009; Lehel et al. 2017; Menozzi et al. 2019). Pb shots
that do not reach the target are deposited in the environment
and can be ingested by granivorous birds, which can suffer
poisoning and death (Romero et al. 2020). The magnitude
of this problem is reflected in the growing international
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recognition of the danger that Pb from hunting represents
for the health of wildlife and people (Arnemo et al. 2016;
Green and Pain 2015; Hunt et al. 2006; Kanstrup et al.
2018).

Domestic dogs depend on their human owners for
food. Working dogs owned by hunters are often exposed
to Pb intake when they are fed meat and offal of hunted
game. Hunters commonly trim the meat that surrounds the
trace of the bullet wound, since these sections are dam-
aged, and then use them to feed their dogs (Knutsen et al.
2013). Both meat trimmings and offal (entrails and inter-
nal organs) can contain significant amounts of ammuni-
tion fragments (Broadway et al. 2020; Gerofke et al.
2018; Tsuji et al. 2009), and their intake implies potential
health risks (Høgåsen et al. 2016). Once ingested, Pb is
widely distributed in the body of dogs and may cause
acute poisoning or may accumulate chronically in teeth,
bones, and haematopoiet ic system (Bates 2018;
Gwaltney-Brant 2008). As in humans, acute poisoning in
dogs is characterized by neurological signs, while gastro-
intestinal disturbances are more frequently observed in
chronic toxicity (Assi et al. 2016; Gwaltney-Brant
2010). Another very common alteration in chronic Pb
poisoning is anaemia, which is caused by the interference
of Pb on the enzymes that synthesize the heme group
(Buekers et al. 2009; Gwaltney-Brant 2010; Mitra et al.
2017).

Despite the obvious risks of Pb exposure associated with
feeding game to dogs, there is little information available, with
only two studies conducted in Norway. Knutsen et al. (2013)
interviewed hunters and evaluated the importance of game
feeding in dogs’ health and concluded that the risk of
chronic pathologies could be considered high and therefore
worrisome. However, in this investigation, Pb levels were
not determined in dog biological samples, which would have
allowed evaluating the magnitude of exposure and its
significance. On the other hand, Høgåsen et al. (2016) evalu-
ated the risk of exposure to Pb in dogs fed game meat through
literature review and calculation of exposure predictions.
Their results suggest that there is a health risk for dogs but
also highlight the lack of data about the amount of game meat
eaten and the bioavailability of Pb post-ingestion in this
species.

Since 2006, El Palmar National Park in Argentina has
implemented a program to control invasive exotic mam-
mals such as wild boar (Sus scrofa) and axis deer (Axis
axis) (Gürtler et al. 2017). The program allows local con-
sumption of meat from culled animals, and meat trim-
mings and offal are regularly used to feed the hunters’
dogs. The objective of this study is to evaluate the levels
of Pb in blood and hair of domestic dogs fed with game
meat and offal and its relationship with general indicators
of health status.

Materials and methods

Study area

El Palmar National Park (31° 51′ 54″ S, 58° 15′ 34″ W) is
located in the province of Entre Ríos, Argentina. A multi-
stakeholder management program has been carried out since
2006 to reduce the populations of wild boar and axis deer
(Gürtler et al. 2017). This program is executed by a group of
private, registered hunters, with park ranger supervision and
strict safety practices. They hunt at night from watchtowers
and use firearms with Pb ammunition, without bag limits.
Hunted animals are slaughtered on site at a designated area
within the park, and meat is distributed for consumption by
hunters, park rangers, and residents from neighbouring towns
(e.g. via schools and community feeding centres). Meat trim-
mings and offal are usually used as food for dogs owned by
hunters or given to external people who request them. Some
hunters also kill deer and wild boar on private lands near the
park and likewise use meat and offal as dog food. This prac-
tice reduces the feeding costs for large groups of hunting dogs,
which are usually animals of large size and with high energy
requirements, whose diets are supplemented with other nutri-
ent sources according to each owner’s criteria.

Questionnaire

The pool of dogs available for this study was limited by the
number of dog owners and hunters participating in the inva-
sive species culling program at El Palmar National Park. Only
dogs fed game meat and offal (wild boar or axis deer) were
enrolled. Between August and November 2019, dog owners
residing at the margins of El Palmar National Park voluntarily
participated in the study providing their informed consent
(Online Resource 1). A questionnaire was used to collect iden-
tification and feeding data for each dog (Online Resource 2).
Frequency of feeding with gamewas classified as high (10–14
times a week), medium (5–9 times a week), low (1–4 times a
week), or very low (once every 15 days). The time since last
feeding of dogs with game prior to sampling was classified as
very recent (1 day prior), recent (approximately 1 week prior),
or not recent (approximately 2 weeks prior). Ratio of game
meat and offal in daily diet could not be specified because
dogs were not fed a regular and systematic proportion. Thus,
the amounts and ratio varied according to the quantities
discarded by hunters and the mixes prepared by owners.

Physical examination, sample collection, and analysis

A total of 31 dogs were sampled. Each dog was subjected to a
brief physical exam by a veterinarian (inspection, palpation,
thoracic auscultation, recording of any external lesions, or
clinical signs), and body condition was classified into five
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categories (emaciated, thin, good, exceeded, or obese) accord-
ing to parameters determined by WSAVA (2011). Dogs were
classified by sex, age (young ≤18 months old, adult >18
months old), and breed (Argentinean Dogo, Greyhound,
Greyhound-Dogo crossbreed, other).

One gram of hair was collected from the base of the neck
by cutting with surgical steel scissors (Nikolovski and
Atanaskova 2011; Sanna et al. 2003), and samples were stored
in individual plastic bags. Five millilitres of blood were drawn
by venipuncture of the cephalic vein. Blood smears were pre-
pared immediately after blood collection and were air-dried,
fixed with methanol, and stained with Giemsa. The remainder
of the blood sample was split into an EDTA-coated tube (for
haematological analyses) and a heparin-coated tube (for Pb
concentration), which were refrigerated. EDTA samples were
delivered to a clinical laboratory for processing within 3 h of
sample collection, and heparinized samples were transferred
to cryovials and stored in liquid nitrogen (also within 3 h).

Haematological analyses were performed using an auto-
matic blood count system (Sysmex XS-1000i, Sysmex
Corporation, Kobe, Japan). The following variables were
obtained: packed cell volume (PCV), total red blood cell
count (RBC), haemoglobin (Hb), mean corpuscular volume
(MCV), mean corpuscular haemoglobin (MCH), mean cor-
puscular haemoglobin concentration (MCHC), total white
blood cell count (WBC), differential leukocyte count
(banded and segmented neutrophils, eosinophils, basophils,
lymphocytes, and monocytes), and platelet count. Blood
smears were also examined for parasites and blood cell
abnormalities.

Pb concentration in blood and hair samples was determined
according to standards validated by the United States
Environmental Protection Agency (EPA) at Laboratorio de
Análisis Químicos (CERZOS–CONICET, Universidad
Nacional del Sur, Bahía Blanca, Argentina). Pre-treatment
was performed by oven-drying (40 °C, 24 h) and wet acidic
digestion (MARS-5 microwave digester, CEM Corporation,
USA) according to EPA Standard 3052 (power 400 W; max
pressure 800 psi; max temperature 170 °C; time 30 min). The
determinations were made by inductive coupling plasma
atomic emission spectrometry (ICP-AES; Shimadzu 9000,
Shimadzu Corporation, Kyoto, Japan), according to EPA
Standard 200.7. Samples were processed in their natural state,
blood Pb results were reported by the laboratory in mg/kg wet
weight, while hair Pb results were reported in mg/kg dry
weight. The limit of detection (LOD) was 0.005 mg/kg for
blood Pb and 0.01 mg/kg for hair Pb. In three cases where
hair Pb concentration was below the LOD, the concentration
was estimated as the LOD divided by the square root of 2
(Tekindal et al. 2017). Hair Pb concentrations expressed in
mg/kg were converted to μg/gr. Blood Pb values expressed
in mg/kg were converted to μg/dL assuming a blood density
of 1.0565 kg/L.

Data analysis

Blood Pb levels were scored as low (≤40 μg/dL) or high (>40
μg/dL) (Bates 2018). Even though several studies provide
data on hair Pb concentration in dogs (Nikolovski and
Atanaskova 2011; Park et al. 2005; Zaccaroni et al. 2014),
there is no standardized classification for harmful levels. We
therefore used the 25th and 75th percentiles as thresholds to
score hair Pb concentrations as low (≤0.605 μg/gr), interme-
diate (0.606–1.895 μg/gr), or high (>1.895 μg/gr).

Linear regression analysis was used to evaluate the rela-
tionship between log10-transformed blood and hair Pb con-
centrations. Stepwise general linear models (GLM) were
used to evaluate which individual variables (owner, breed,
age group, sex, body condition) were predictive of Pb con-
centration in blood and hair. Stepwise GLM were further
used to evaluate which individual variables (breed, age
group, sex, body condition), and blood and hair Pb scores
were predictive of haematological results. Data in GLM
analyses were transformed to their natural logarithm, ex-
cept for monocyte count and percentage. Dunn-Sidàk post
hoc tests were used to compare categories for variables
included in the model. The significance level was ≤0.05
for all tests.

Results

It was possible to sample 67% of the total universe of dogs,
which is high given the characteristics of this site and practice
and the limited number of dogs that were fed game meat and
offal. A total of 31 dogs from four owners were sampled
(Table 1), but five samples were excluded from haematolog-
ical analyses due to coagulation. All dogs reportedly received
both game meat and offal in their diets. Upon physical exam-
ination, with the exception of two pups (6%) which presented
with alopecia with erythema and skin peeling on face and
limbs, the remaining dogs appeared in good health, with heart
and respiratory rates within the normal values for the species.
Large numbers of fleas were present in four dogs (13%).
Except for the two pups, all dogs had participated in hunts.
According to the questionnaire responses, eight of these dogs
(26%) had suffered injuries during past hunts. Upon physical
examination, two dogs were healing from injuries reportedly
inflicted by wild boar, one was healing from injuries report-
edly inflicted by a capybara (Hydrochoerus hydrochaeris),
and the remaining dogs had healed from their past injuries.

Blood and hair Pb concentrations are summarized in
Table 1 and detailed in Online Resource 3. There was no
significant association between log10-transformed blood
and hair Pb concentrations (P = 0.398, R2 = 0.025; Fig. 1a).
The stepwise procedure identified that the dog's owner was
the only significant variable (P = 0.002; Fig. 1b) included in

Environ Sci Pollut Res



the final model (S = 0.948, R2 = 0.362), whereas the remain-
ing variables evaluated did not show a sufficiently signifi-
cant effect to be included in the model. Stepwise GLM (S =
1.435, R2 = 0.435) identified owner (P = 0.001) and body
condition (P = 0.024) as significant predictors of hair Pb
concentration (Fig. 1 c and d).

Haematological results are summarized in Table 2 and de-
tailed in Online Resource 3. Sex was a significant predictor of
MCV (S = 0.064, R2 = 0.294, P = 0.003; Fig. 2a), lymphocyte
count (S = 0.517, R2 = 0.142, P = 0.033; Fig. 2b), and mono-
cyte percentage (S = 2.31, R2 = 0.137, P = 0.036; Fig. 2c).
Breed was a significant predictor of MCHC (S = 0.037, R2 =

Table 1 Summary of the history of game consumption habits and blood and hair Pb concentrations in the studied dogs

Variable Owner Total

A B C D

What frequency do you feed game
meat and/or offal to your dogs?

Very low Low Medium High -

When did your dogs last eat game
meat and/or offal?

~2 weeks ~2 weeks ~1 week 1 day -

What other items do you feed your dogs? Rice, cornmeal, chicken and
cattle bones

Cattle offal Rice, occasionally chicken Rice -

Number of dogs studied 5 6 8 12 31

Breed, n (%)

Argentinean Dogo - - 2 (25%) 3 (25%) 5 (16%)

Greyhound - 1 (17%) 2 (25%) 4 (33%) 7 (23%)

Dogo-Greyhound cross 3 (60%) 1 (17%) 2 (25%) 3 (25%) 9 (29%)

Other breeds or crossbreeds 2 (40%) 4 (67%) 2 (25%) 2 (17%) 10 (32%)

Sex, n (%)

Female - 3 (50%) 2 (25%) 6 (50%) 11 (35%)

Male 5 (100%) 3 (50%) 6 (75%) 6 (50%) 20 (65%)

Age group, n (%)

Pup (≤6 months) - - - 2 (17%) 2 (6%)

Young (6–18 months) 1 (20%) 1 (17%) - 1 (8%) 3 (10%)

Adult (>18 months) 4 (80%) 5 (83%) 8 (100%) 9 (75%) 26 (84%)

Body condition, n (%)

Thin 3 (60%) 4 (67%) 5 (63%) 9 (75%) 21 (68%)

Good 2 (40%) 2 (33%) 3 (38%) 3 (25%) 10 (32%)

Blood Pb category, n (%)

Low (≤40 μg/dL) 2 (40%) 3 (50%) 8 (100%) 12 (100%) 25 (81%)

High (>40 μg/dL) 3 (60%) 3 (50%) - - 6 (19%)

Blood Pb concentration, μg/dL w.w.

Median 47.54 43.31 16.27 14.16 18.49

Arithmetic mean ± SD 80.29 ± 81.14 54.2 ± 38.88 18.28 ± 9.82 12.47 ± 6.34 32.96 ± 43.1

Geometric mean ± SD 54.51 ± 281.24 45.96 ± 191.33 16.48 ± 169.57 8.56 ± 367.77 18.91 ± 346.85

Minimum – maximum 17.96 – 216.58 25.35 – 129.95 9.61 – 39.83 0.53 – 18.7 0.53 – 216.58

Hair Pb category, n (%)

Low (≤0.605 μg/gr) 3 (60%) 3 (50%) - 2 (17%) 8 (26%)

Intermediate (0.606–1.895 μg/gr) 1 (20%) 3 (50%) 4 (50%) 7 (58%) 15 (48%)

High (>1.895 μg/gr) 1 (20%) - 4 (50%) 3 (25%) 8 (26%)

Hair Pb concentration, μg/gr d.w.

Median 0.350 0.375 1.770 1.150 1.140

Arithmetic mean ± SD 1.297 ± 2.001 0.444 ± 0.475 6.501 ± 12.494 1.362 ± 0.673 2.367 ± 6.210

Geometric mean ± SD 0.292 ± 11.661 0.122 ± 10.315 2.597 ± 3.299 1.210 ± 1.679 0.721 ± 6.444

Minimum – maximum 0.007 – 4.780 0.007 – 1.170 0.980 – 34.800 0.520 – 2.640 0.007 – 34.800
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0.311, P = 0.011; Fig. 2d). The remaining individual variables
did not show a significant effect on the haematological results.

Discussion

This is the first field study to evaluate Pb exposure in dogs fed
game meat and offal and, to our knowledge, the first study
exploring associations between game consumption and the
health status of hunting dogs. Previous research has found
high concentrations of Pb in game meat trimmings and offal,
suggesting that their use for dog feeding could result in chron-
ic exposure to Pb (Høgåsen et al. 2016; Knutsen et al. 2013),
and our results confirm that dogs fed game present detectable
Pb levels in blood and hair.

Six dogs (19%) had blood Pb levels higher than 40 μg/dL,
which may be clinically indicative of poisoning (Bates 2018;
Balagangatharathilagar et al. 2006). These dogs did not pres-
ent any apparent signs of Pb poisoning (e.g. neurological or
gastrointestinal signs—see Buekers et al. 2009 and Saed
et al. 2020) upon physical examination, and their owners
did not report such signs. Similar findings were reported by
Toyomaki et al. (2020), who analysed 120 dogs and diag-
nosed blood Pb levels above 40 μg/dL in 24% of them,
although none showed signs of Pb poisoning or clinical
alterations. However, in our study, the dogs were not

treated as “house pets” and, presumably, the ability of their
owners to notice subtler signs associated with chronic Pb
poisoning may have been limited. The stepwise procedure
identified the dog’s owner as the only significant variable
related to blood Pb concentration. This result is expected,
since all feeding variables (diet composition, game feeding
frequency, last game feeding) are similar for dogs owned by
the same person. The dog with the highest blood Pb con-
centration (216.58 μg/dL), surprisingly, was fed game meat
and offal with very low frequency. Its owner reported that
this animal had recently received an application of burnt
vehicle oil on the skin as treatment against ectoparasites.
Vehicle oil residues can contain significant Pb concentra-
tions (Wolak et al. 2019), and this metal can be absorbed
through wounded or intact skin (Eqani et al. 2016;
Gwaltney-Brant 2008). Therefore, it is likely that this blood
Pb outlier was linked to this treatment rather than dietary
exposure. Although haematological abnormalities are fre-
quent in cases of chronic Pb poisoning (Assi et al. 2016;
Buekers et al. 2009), we did not detect a significant associ-
ation between blood Pb levels and haematological vari-
ables, which could be due to the small sample size and the
uneven distribution of individual characteristics of the
dogs, related to the different owners and husbandry.

Hair Pb levels were relatively low in most dogs. Only one,
the oldest of all subjects in this study (7 years old), had an

Fig. 1 Relationship between
blood and hair Pb concentrations
in dogs fed game meat and offal
and their relationship with
individual variables. Different
letters above boxplots indicate
significant differences between
groups (Dunn-Sidàk post hoc
tests, P < 0.05)
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atypically high result (34.8 μg/gr), even though its blood Pb
concentration was not significantly elevated (21.76 μg/dL).
This animal also presented with anaemia (PCV = 35%,
RBC = 5.95 × 1012 cells/L), with decreased corpuscular
volume (MCV = 17.8 fL) and haemoglobin concentration
(MCHC = 30.3 g/L), and with noticeable polychromasia
(detailed haematological results provided in Online
Resource 3). Kozak et al. (2002) also diagnosed the highest
hair Pb concentrations in 7-year-old dogs, while Nikolovski
and Atanaskova (2011) found it in 3-year-old dogs, al-
though in both studies, the Pb source was environmental.

In our study, the dog with the highest hair Pb concentration
was fed game meat and offal regularly at a medium frequen-
cy from a young age. This could explain the prolonged and
constant intake of Pb (as manifested through high hair con-
centrations if consumption is maintained), as well as the
development of haematological abnormalities, which are
frequent in chronic Pb poisoning (Bates 2018; Buekers
et al. 2009; Gwaltney-Brant 2010). Other than this outlier,
however, we did not detect statistically significant associa-
tions between hair Pb levels and the haematological vari-
ables analysed.

Table 2 Summary of haematological results of dogs fed game meat and offal

Variable Owner Total

A B C D

Number of dogs studied 4 6 8 8 26

Erythrogram

Packed cell volume, % 45.0 ± 3.2 42.0 ± 4.8 41.4 ± 5.3 48.9 ± 5.2 44.4 ± 5.7

Red blood cell count, 1012 cells/L 7.1 ± 0.5 6.2 ± 0.7 6.6 ± 1.1 7 ± 0.9 6.7 ± 0.9

Haemoglobin, g/L 153 ± 12.8 140 ± 18.2 136.5 ± 20.2 164 ± 22 148.3 ± 21.9

MCV, fL 63.2 ± 3 67.8 ± 2.1 63 ± 5.5 70 ± 3.9 66.3 ± 4.9

MCH, pg 21.5 ± 0.3 22.6 ± 0.8 20.8 ± 2.2 23.4 ± 1.3 22.1 ± 1.8

MCHC, g/L 340.1 ± 19.4 332.9 ± 9.0 329.3 ± 13.2 334.9 ± 18.2 333.5 ± 14.7

Polychromasia, n (%) - - 3 (38%) 2 (25%) 5 (19%)

Leucogram

White blood cell count, 106 cells/L 9.7 ± 3.4 14.5 ± 2.4 11.8 ± 2.7 13.7 ± 4.6 12.7 ± 3.7

Segmented neutrophils, 106 cells/L 4.9 ± 2 8.4 ± 3.2 6.6 ± 3.1 7.9 ± 2.4 7.2 ± 2.9

Eosinophils, 106 cells/L 1.6 ± 0.5 2.8 ± 2.7 2.3 ± 1.4 1.1 ± 0.8 1.9 ± 1.7

Lymphocytes, 106 cells/L 2.9 ± 0.9 2.9 ± 1.2 2.6 ± 1.4 4.3 ± 2.3 3.2 ± 1.7

Monocytes, 106 cells/L 0.3 ± 0.2 0.4 ± 0.5 0.5 ± 0.2 0.4 ± 0.5 0.4 ± 0.4

Segmented neutrophils, % 50.3 ± 5.9 57.7 ± 18.3 54.9 ± 19.3 59.4 ± 11.4 56.2 ± 14.9

Eosinophils, % 17.3 ± 4.6 19.2 ± 18.1 18.6 ± 11.1 7.0 ± 3.7 15.0 ± 11.7

Lymphocytes, % 29.8 ± 1.7 20.2 ± 10.1 22.3 ± 11.6 30.5 ± 12.6 25.5 ± 11.1

Monocytes, % 2.8 ± 2.5 3.0 ± 3.7 4.3 ± 1.5 3.1 ± 2.4 3.4 ± 2.5

Platelet count, 106 platelets/L 232.4 ± 90 263.8 ± 73.3 260.5 ± 89.3 254.4 ± 122.3 255.1 ± 92.6

Fig. 2 Comparison of haematological results among individual variables of dogs fed game meat and offal. Different letters above boxplots indicate
significant differences between groups (Dunn-Sidàk post hoc tests, P < 0.05)
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We did not find a significant relationship between blood
and hair Pb concentrations. The literature on this matter is
mixed, with some studies reporting a significant correlation
and considering hair as a reliable indicator of Pb exposure
(Ahmad et al. 2018; Patra et al. 2007; Rashed and Soltan
2005; Sanna et al. 2003; Skalny et al. 2018), while others
come to the opposite conclusion (Barton 2011; Wilhelm
et al. 2002; Zaccaroni et al. 2014). In studies where no signif-
icant association was found, hair contamination with atmo-
spheric Pb pollution was proposed as a potential explanation
(Barton 2011; Wilhelm et al. 2002; Zaccaroni et al. 2014). In
our study, since El Palmar National Park is far from industrial
areas and large cities, it is more likely that the Pb present in
dog hair samples would have dietary rather than atmospheric
origin. In this context, the lack of a clear association between
blood and hair Pb could be related to other factors, such as
individual differences in the chronology of Pb ingestion and
tissue deposition. Pb in blood has a half-life of 1 or 2 months
(Gwaltney-Brant 2010), unlike hair, in which it is deposited
according to the hair growth phase (NRC 2005). Therefore,
concentrations found in both samples reflect different tempo-
ralities. Hair is a keratin-rich tissue, highly abundant in
sulphydryl groups which bind divalent cations. The lack of
association between blood and hair Pb could also be ascribed
to the saturation of such binding sites after chronic exposure,
leading to a plateau in hair Pb concentration and to the lack of
correlation with blood levels (Patra et al. 2007). Hair growth
rate and shedding could also influence Pb concentrations, as
mentioned below.

Frequency of feeding with game meat and offal varied con-
siderably among our study subjects. All dogs whose owners
reported a medium or high frequency of game feeding had
blood Pb levels below 40 μg/dL, which would be considered
low by some authors (Bates 2018; Balagangatharathilagar et al.
2006). In contrast, the dogs whose owner reported a very low
or low frequency of game feeding tended to present higher
blood Pb concentrations, with 54% presenting high levels
(>40 μg/dL). It has been established that the percentage of Pb
absorbed in the duodenum decreases as the ingested dose in-
creases (NRC 2005) due to saturable active transport across the
intestinal barrier (Rădulescu and Lundgren 2019), which can
explain why dogs fed gamemeat and offal more frequently had
relatively lower blood Pb concentrations. Moreover, adult dogs
absorb much less ingested Pb, compared to young ones (Bates
2018) which have greater Pb intestinal absorption due to diges-
tive tract immaturity (Gwaltney-Brant 2008; NRC 2005). In
our study, most dogs that were fed game meat and offal with
medium and high frequencies were adults older than two years
(average 50 months old). In contrast, dogs fed game with very
low and low frequencies were comparatively younger (average
36 months old). Similar trends were described by Langlois
et al. (2017) and Toyomaki et al. (2020), who found significant
negative correlations between blood Pb concentration and age

of the dogs. In our study, high Pb values in dogs fed game only
occasionally suggest that variability in ingested versus
absorbed Pb, frequency of ingestion, and age may explain the
apparent discrepancy between game feeding frequency and
blood Pb concentrations. The fragmentation of Pb ammunition
in game meat should also be considered. The health risks of Pb
absorption are likelymore dependent on total fragments surface
rather than the total Pbmass ingested (Green and Pain 2019), as
more Pb becomes bioavailable when fragment surface area
increases. Thus, there might not be a risk-free frequency for
the provision of game to dogs, regardless of age. Interestingly,
dogs belonging to owners who reportedly fed them with game
meat and offal in a medium or high frequency tended to show
higher Pb concentrations in their hair, in contrast with the gen-
erally low Pb concentrations in their blood. It may be that these
dogs were shedding the higher levels of Pb intake through their
hair, thereby effectively lowering their blood Pb levels. In fact,
hair is an important excretion route for toxic elements (Pereira
et al. 2006), and shedding can significantly influence the accu-
mulation of non-essential metals, such as Pb, in this sample
type (Strumińska-Parulska et al. 2015). It is also possible that
genetic differences in metabolism and hair growth modulate
the distribution of Pb (Gundacker et al. 2009), biasing our
results due to the uneven breed distribution across owners.
Hair growth rates vary widely between breeds. In short-haired
dogs, complete growth takes 3 to 4 months, while it can take up
to 18 months for long-coat breeds (Diaz et al. 2004; Scott et al.
2001). Our GLM analyses did not detect an interference from
breed on hair Pb content; however, this could have beenmissed
due to the relatively small sample size, which was a significant
limitation of this study. Although we did not find a clear asso-
ciation between hair Pb and age, a positive association was
reported in previous studies with larger sample sizes (Kozak
et al. 2002; Park et al. 2005).

Body condition was a significant predictor of hair Pb con-
centrations, with dogs in good body condition presenting
higher levels than those in thin body condition. This could
result from competition for food between dogs from the same
owner, where some dogs might have consumed a greater pro-
portion of game meat and offal than others, resulting in a
better nutritional condition but also in higher Pb ingestion. It
is also possible that all dogs consumed the same amount of
game but individual or breed factors determined different nu-
tritional metabolism and hair growth, as already mentioned
(Gundacker et al. 2009).

Although we did not analyse diet samples, high Pb levels
(exceeding 25,000 μg/gr w.w.) have been found in meat sam-
ples along the bullet path from axis deer culled at the time of
our study (Tammone et al. 2021). Since these damaged meat
sections are commonly trimmed by hunters and used for dog
food, we expect a high risk of dietary exposure to Pb even if
diluted with offal and supplements like cornmeal. Another
consideration is the possible exposure to other dietary sources
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of Pb, like cattle bones and offal, chicken, cornmeal, and/or
rice, which were given to dogs in different combinations in
addition to gamemeat and offal. Since these components were
not tested, they cannot be excluded as an additional Pb source.
Thought should also be given to the potential effect of dilution
of game meat within the total volume of the portions con-
sumed, as well as the possibility of rapid intestinal transit,
stimulated by dietary fibre (e.g. cornmeal), which would de-
crease the absorption time of Pb (Jadán-Piedra et al. 2017).
Regarding diet components, which were not analysed in our
study, it has been demonstrated that higher fat and lower cal-
cium diets result in significantly greater gastrointestinal Pb
absorption (Kordas et al. 2018). Moreover, a recent study
(Kim et al. 2018) has shown that even dog commercial diets
with Pb levels well below known toxicity thresholds could
affect neural development of young dogs, due to their in-
creased absorption of ingested Pb. Considering that elevated
Pb levels have been detected in both game meat trimmings
and offal worldwide (Broadway et al. 2020; Gašparík et al.
2017; Martin et al. 2019; Tsuji et al. 2009), the reported health
risks for game-eating dogs (Høgåsen et al. 2016) could be
even greater than proposed. Clearly, numerous factors may
have influenced the results in our study, many of which are
reflective of the typical difficulty of field studies to establish
unique cause-effect relationships. The analysis of all diet com-
ponents and the accurate knowledge of their quantity and fre-
quency of consumption, through the study of dogs under con-
trolled conditions, should be considered in future research to
establish their relative importance as sources of Pb. This
would allow the factors influencing the results to be
established more precisely, without the interference of con-
founding variables. Additionally, the low number of samples
in our investigation, inherent to the small universe of hunting
dogs in the study area, represents a limitation regarding the
probability to detect differences, when prevalence is low.

In conclusion, our results confirm that dogs fed game are
exposed to dietary Pb, and high Pb blood levels in dogs fed
game occasionally suggest that there might not be a risk-free
frequency for the consumption of game meat or offal.
Considering the well-known ecological and health risks that
Pb represents, and particularly within a protected area such as
our study site, the use of non-toxic ammunition for invasive
species culling is seen as the simplest and most effective way to
mitigate the associated negative impacts. In this way,meat from
culled animals could continue to be used as food for dogs and
humans without posing a risk to their health, and the additional
problem of safe disposal of meat trimmings and offal (out of the
reach of scavenging wildlife) would be avoided.
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