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ARTICLE INFO ABSTRACT

Keywords: Inaccurate terminology and misinformation about lead (Pb) ammunition’s toxicity may obstruct proposed
Lead toxicity regulation requiring use of non-lead substitutes. Elemental lead of anthropogenic origin in the environment is
Non'mx_ic‘ often confused with naturally-occurring lead ore compounds in the scientific literature, leading to suggestions
:::]2 lrl:ltlon that its use cannot be regulated. Inaccurate and misleading statements about the composition of substitutes for
Regulation lead ammunition and fishing weights can cause public misunderstanding about their use and hinder proposals to
Terminology end the use of lead-based products. It is necessary to clarify the composition of lead substitutes in nationally/

internationally-approved lists of non-toxic products and to make them publicly available. Suitable products
already exist but need to be adopted in most countries’ legislation, especially if a broad transition to lead sub-
stitutes for all hunting ammunition and fishing weights is to be adopted. These concerns apply especially to the
European Union, the United Kingdom, and other countries in which much scientific evidence supports the use of

Misleading interpretation

non-lead substitutes.

1. Introduction

The introductions to some scientific papers about lead (Pb) exposure
and toxicity occasionally contain generalized, but imprecise, statements
(e.g. Stalwick et al., 2023; Eleftheriou and Schuler, 2024; Fernandez
et al., 2021). Simplified terminology and familiar language may be used
in attempts to make complex scientific information intelligible to those
who do not have scientific training and experience with a specific topic.
Consequently, the precision of the language used and its perceived
meaning may be jeopardized and the message distorted. The exposure of
wildlife and humans to ingested metallic lead from spent ammunition
and lost/discarded fishing weights is now well documented in the sci-
entific literature (Kanstrup et al., 2019), and transitions to the use of
substitutes are progressing in many jurisdictions (Katzner et al., 2024).
However, the transition to their use is resisted by much of the ammu-
nition and gun manufacturing industry (e.g. AFEMS/WFSA, 2015) and
by hunting communities defiant of advisories to use non-lead gunshot
(Greenetal., 2023, 2025a,b). This paper presents examples of how some
of the language used can provide a basis for misinformation and pro-
vides guidance on the regulation of non-lead products.

* This paper has been recommended for acceptance by Philip N. Smith.
* Corresponding author.

2. Confusion of elemental lead with lead compounds

Some scientific papers begin with a statement similar to ‘Lead is a
naturally-occurring metal .’; Lead (Pb) occurs naturally in the environment
... ’; ‘Lead (Pb) is a natural component in the environment.’; or ‘Elemental
lead is a heavy metal naturally present in the earth’s crust.” (e.g. Couture
et al., 2012; Fillion et al., 2014; Stalwick et al., 2023). As written, these
statements can be misleading.

Metallic, elemental lead occurs rarely in nature, but lead is a major
constituent of over 200 minerals of which galena (lead sulphide, PbS) is
the primary form in nature. While natural weathering of rocks, igneous
activity, and radioactive decay of naturally-occurring radon release lead
to the earth’s surface, the vast majority of lead in both remote and urban
environments derives from human activities (Flegal and Smith, 1992).
Where elemental lead is found it is generally of anthropogenic origin, as
in discharged lead-based ammunition, discarded lead batteries, lead
water delivery pipes, and lost fishing weights. Lead compounds occur-
ring naturally in soil and lead ores are rarely implicated in lead exposure
and toxicosis of wildlife, but elemental lead derived from spent shotgun
and rifle ammunition is a major contributor to both exposure and
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toxicosis in wildlife and humans (Kanstrup et al., 2019). The failure to
distinguish elemental lead from lead compounds such as lead ores, has
promoted the view that ‘because lead occurs naturally in the environment it
cannot be regulated or banned’ ." What this view overlooks is that it is the
use of elemental lead in ammunition and sinkers that is to be, and should
be, banned. Should this succeed, it simultaneously reduces its presence
in all terrestrial and aquatic environments of wild species and humans.

Elemental lead (such as from spent lead ammunition), having been
released to the environment, reacts with oxygen and carbon dioxide,
especially in low pH environments, to produce lead oxide and lead
carbonate:

2 Pb + Oy > 2 PbO
2 PbO + 2 COy > 2 Pb (CO3),

These compounds occur on the surface of spent lead gunshot and fishing
weights, and when such objects are ingested by wildlife, the lead com-
pounds and the underlying metallic lead dissolve in the acid environ-
ment of the foregut. Thus:

Pb + 2HCI > PbCl;, + Hy

PbO +2 HCI >> Pb Cly + Hy0

2 Pb (CO3)2 + 4 HCl >> 2 Pb Cl, + 2 CO3 + 2 HyO
Pb Cly > Pb™ 4+ 2Cl™

It is the lead ion, Pb™™, that is absorbed into the blood and exerts its
toxicity.

Lead concentrations in shooting range soils can be extremely
elevated, but the solubility of secondary minerals that form a crust
around bullets that are corroding in soils limits the activity of Pb*"in
solution (Vantelon et al., 2005; Alasmary, 2025). Nonetheless, physi-
cochemical properties of the soil and organic matter content signifi-
cantly influence the bioavailability of the Pb from ammunition
(Alasmary, 2025) and studies carried out in recent decades show that the
uptake of Pb by plants growing in shooting ranges is a growing envi-
ronmental concern (Dinake et al., 2021) alongside the potential for
increasing Pb exposure in food webs. Military and recreational shooting
ranges should practice spent ammunition metal removal and recycling
to avoid corroded metal (as from Zn, Cu, Pb, Fe) interactions and
leaching into the soil.

3. Confusion regarding absorption of metallic lead into the
human body

A confusion related to elemental lead was created by the European
Arms and Ammunition Manufacturers Association (AFEMS) and the
World Forum on Shooting Activities (WFSA), when they stated in
defence of the continued manufacture and use of lead-based ammuni-
tion that:

¢

.. metallic lead in ammunition has no significant impact on human
health and the environment as compared to other forms of lead. Lead
fragments in game meat, if ingested, cannot be directly absorbed by the
human body because they are in metallic form.” (AFEMS/WEFSA, 2015).

While this statement is correct in saying that metallic lead is not
absorbed into the bloodstream, it overlooks the fact that the solubility of
metallic lead increases at low pH values. Consequently, lead ingested by
humans and animals from either bullet fragments or lead gunshot can be
dissolved in the acid medium of the stomach or gizzard. The extent to
which this happens will be related to the surface area to volume ratio of
lead particles ingested, retention time in the intestine and other factors.
While the exact mechanisms of gastro-intestinal Pb absorption remain

! Unattributed personal communication to V.G. Thomas.
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unknown, both active transport and/or diffusion across the epithelia
could occur, involving Pb ions and/or Pb complexes with bile acids
(ATSDR, 2020). Cooking of game meat killed with Pb ammunition can
enhance the dissolution and uptake of Pb into the body, especially when
low pH marinades or sauces are used (Mateo et al., 2011). Once absor-
bed into the blood, Pb exerts its toxicity. Good evidence for this is from a
controlled experiment on pigs in which metallic lead fragments derived
from rifle bullets included in their diets led to clear elevation of the
concentration of lead in the blood (Hunt et al., 2009). An experimental
study of rats, in which metallic lead powder of 6-197 pm in size was
included in the diet, found that a higher proportion of Pb is absorbed
from small than large particles (Barltrop and Meek, 1979). Furthermore,
lead particles of <20 pm and sometimes <10 pm in diameter were
frequently detected in ballistic gel, used to simulate game animal tissue,
into which bullets had been fired (Leontowich et al., 2022). Although
not experimental, it has also been shown that dogs fed scraps from the
wound channels of wild-shot game have elevated blood lead concen-
trations (Fernandez et al., 2021). Attempting experiments on humans
similar to those conducted on pigs and rats is considered to be unethical
because lead is well known to be toxic. However, it would be remarkable
if humans did not absorb ammunition-derived lead from the diet in
much the same way as other mammals. Less strong, but still convincing,
corroborative evidence that the same applies to humans comes from
correlative studies in which blood lead levels of humans were found to
be linearly related to their intake rates of meat from animals killed using
lead ammunition (Green and Pain, 2012) and from the similarity of the
stable isotope composition of lead in humans who eat game to that of
lead ammunition (Tsuji et al., 2008).

The statement of the AFEMS and WFSA is an example of the type of
information that could be accepted at face value and misinterpreted by
those unfamiliar with lead chemistry or studies of the number and size
distribution of lead fragments in game meat (as described in Green and
Pain, 2019, 2024; Pain et al., 2025). It could be used to obstruct any
transition to substitutes for lead-based ammunition.

In 2023, the European Food Safety Authority updated EU Regulation
(EU) 2023/915 (EU, 2023) on maximum levels (MLs) for certain con-
taminants, including lead, in food. However, they continued not to set
an ML for lead in game meat. This absence of setting an EUML for lead in
game meat was despite the long-standing MLs for lead throughout the
EU and UK for most other types of meat from farmed animals and some
wild non-game animals, such as shellfish, only commonly eaten by
subsets of the population, in order to protect the health of European
Union (EU) citizens, including the most at-risk population groups, such
as children and pregnant women (Pain et al, 2025). A digest of
up-to-date evidence that a lead ML for game meat would be appropriate
was available to them (Thomas et al., 2020). We do not know if they
considered this evidence when reaching their decision not to set an ML.

4. Distinctions among ‘lead-free’, ‘non-lead’, ‘does not contain
lead’, and ‘non-toxic’

The term ‘lead-free’ should carry the caveat that it does not contain
more than a legally-specified level of Pb. In the USA and Canada this is
no more than 1 % by mass when used as gunshot for hunting waterfowl
(USFWS, 1997). Given the analytic capacity to measure Pb in parts per
million and below, and given that removing all lead is practically
impossible for commercial ammunition and sinkers, it is best to specify a
maximum permissible level of Pb, as has been done in existing and
proposed EU and UK regulation (e.g., EU, 2021; 2025; Defra, 2025). This
provides guidance to manufacturers and provides the basis for
enforcement.

The terms ‘lead-free’ and ‘does not contain lead” do not necessarily
imply that ammunition is ‘non-toxic’ as it could comprise mainly other
elements that pose a toxic risk to wildlife, as in the case of zinc (Zn). Zn
shot was demonstrated to be toxic to waterfowl (Levengood et al., 1999)
and is not approved as a legal substitute for lead shot for waterfowl
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hunting in North America, although Zn and other metal coatings of
approved non-toxic shot types have been approved (CFR, 2025). How-
ever, Zn gunshot is sold in Europe (Faith and Gottlein, 2019) and Zn shot
has been recovered from carcasses of wild-shot common pheasants in
two studies in the UK (Green et al., 2024; Green et al., 2025a,b ). Zn is
also a commonly-used metal for fishing weights both in Europe and
North America due to its density. Use of the terms ‘non-lead’ and ‘does
not contain lead’ on a box of shotgun cartridges could be mistakenly
interpreted to mean ‘non-toxic’. This could reassure those wishing to use
lead shot substitutes, but who do not delve into the product’s actual
composition, and who are not familiar with the topic of ingested metal
toxicity. The terms ‘non-lead’ or ‘non-toxic’ best describe substitutes for
lead-based ammunition and sinkers, provided that they contain the
caveat ‘containing less than 1 % Pb and no other metals toxic to wildlife
singly or in combination at the levels contained’. These terms could be
included in any regulation used to accompany a transition to the use of
lead-based substitutes.

5. Providing context to the statement that ‘substitutes for lead
ammunition are toxic to wildlife, but less toxic than lead’

The terms ‘essential’ and ‘non-essential’ element require definition.
An essential element is required for animal metabolism, whereas non-
essential elements play no such role. Copper (Cu) and zinc (Zn) are
essential elements at low concentrations but can become toxic at high
concentrations. However, Pb is non-essential and is toxic even at low
concentrations (Lanphear et al., 2024). While it is strictly accurate that
most metals (and their compounds) used as lead substitutes in ammu-
nition can be toxic if exposure levels are sufficiently high, their toxicity
varies considerably. Unqualified, this statement reinforces the deter-
mination of those reluctant to forego the use of lead ammunition.
Statements such as ‘Most of the metals used as alternatives to lead in
ammunition are heavy metals that, dependent on dose, are toxic to living
organisms’ (Kanstrup, 2024) can be misinterpreted when taken alone.
Just because many essential and non-essential heavy metals can be toxic,
under certain circumstances and at certain levels of exposure, does not
mean that they are toxic when used as lead shot substitutes.

In the USA, the US Fish and Wildlife Service is legally required to
undertake a detailed toxicological evaluation of a candidate lead shot
substitute in order for it to receive legal approval for use. This Three-
Tiered process requires controlled laboratory experimental testing of
the candidate metal on captive waterfowl over two generations. It
evaluates the effects (if any) upon blood parameters, levels of the metal
in organs and tissues, effects on survivorship, reproductive output, and
development of progeny (USFWS, 1997; 2013). The testing procedure
also evaluates the effects of a given environmental spent shot loading
upon water quality, aquatic species, and soil parameters. Consequently,
any legally-approved lead shot substitute is considered to be non-toxic to
both animals and the environment under these testing criteria (Table 1
in Thomas, 2019). Moreover, both lead shot and iron (steel) gunshot are
used as experimental control comparisons with a candidate shot type in
the Three-Tier testing procedures enabling a direct comparison to be
made.

Other than the USA and Canada, no country has legal toxicity testing
requirements for gunshot used in waterfowl hunting. As if by default,
other countries appear to accept the USA legally-approved lead sub-
stitutes, as, for example, steel shot. Perhaps it is the absence of such
testing procedures that allows the unsubstantiated views that approved
lead shot substitutes are also toxic, albeit less so, to proliferate. Zn shot is
an example of an unapproved shot type that has a toxic effect when
ingested by waterfowl (Levengood et al., 1999; Faith and Gottlein,
2019), and this could give rise to the ‘less toxic’ view. Zn, when used as a
shot coating and comprising 1 % of the shot mass is permitted under US
regulation, but not as the entire mass of a shot. This concern emphasizes
the need for an approval process to be introduced at national and
multi-national levels, and especially by the European Union. A ban
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across the European Union on the use and carrying while hunting of shot
containing >1 % by weight of lead in and within 100 m of wetlands
came into force in February 2023 (EU, 2021). In February 2025, the
European Commission published a draft regulatory amendment pro-
posing a restriction on the placing on the market and use of lead-based
shotgun and rifle ammunition for hunting, and various other uses, and
lead fishing weights (with derogations and phase-in periods; EU, 2025).
In July 2025 the UK government announced its intention to ban the
placing on the market and use of shot containing >1 % lead and of large
calibre lead bullets containing >3 % lead (by weight) for live quarry
shooting, along with various other restrictions, in Britain, with a 3-year
phase-in period (with derogations; Defra, 2025).

The use of lead fishing weights of >0.06 g and <28.35 g has been
banned in the UK since 1986 (UK Statutory Instrument, 1986) and lead
hunting bullets have been banned in California State, Denmark, and, to a
limited extent, elsewhere (Katzner et al., 2024). However, to the best of
our knowledge, regulations approving types of rifle ammunition and
fishing weights based upon their chemical composition do not exist in
any jurisdiction, whether in North America or Europe. In the USA and
Canada, this is because only waterfowl hunting is a federal jurisdiction:
all other categories of hunting and angling fall under state or provincial
jurisdiction. Should the European Commission decide in favour of a
transition to hunting and angling with lead substitutes the need for a
regulated approval process arises. This could be the legal recognition of
the approved metals that have already undergone a rigorous experi-
mental approval analysis elsewhere. Metals approved for use in gunshot
could also be recognized as approved metals for making fishing weights
and rifle bullet cores. The list of approved metals to be used as lead
substitutes is unlikely to increase in future, given concerns about bal-
listic efficiency, availability, ease of manufacture, costs of production,
and non-toxicity. Thus, an existing experimental approval system is the
most expedient to introduce and enforce. It would also provide guide-
lines to national manufacturers and import agencies, and then assur-
ances to the public using the substitutes.

6. Conclusions

Metallic lead from ammunition clearly presents health risks to people
and wildlife that ingest it, as it can be dissolved in the intestine and
absorbed into the blood stream. These risks were recently and compre-
hensively reviewed in the United Kingdom and European Union as part
of their respective chemicals regulatory processes (UK REACH and EU
REACH). In both cases, the risk assessments and socio-economic ana-
lyses conducted resulted in recommendations for restrictions on the
placing on the market use of lead ammunition (with derogations), and in
regulatory amendments being drafted (Defra, 2025; EU, 2025).

The inaccuracies and/or misunderstandings described above provide
the basis for jurisdictions proposing a transition to non-lead hunting and
angling products to define, explicitly, in regulations what are acceptable
non-toxic products. This should be complemented by advisories issued
to the hunting and fishing communities. This would avoid much igno-
rance and misinformation about non-toxic materials in ammunition,
assure users of their safety, and speed up the phase-out of the use of lead
ammunition. These concerns apply especially to the European Union
and Great Britian where draft regulatory amendments have been pub-
lished proposing various bans on the placing on the market and use of
lead shotgun ammunition and bullets for hunting and certain other
purposes (Defra, 2025; EU, 2025). As these texts were in draft form at
the time of writing, we encourage the relevant authorities to explicitly
define non-toxic substitute materials, or how these are to be identified,
in any final regulatory text. These concerns also apply to Australia and
Canada in which the rationales for a regulated transition to non-lead,
non-toxic substitutes have been identified (Hampton et al., 2018;
Thomas, 2025).

Substitutes for lead ammunition are widely available, especially in
North America and Europe. They are effective in hunting all species of
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game, whether as shotgun shot (Pierce et al., 2015) or rifle bullets
(Kanstrup et al., 2016). A simple, helpful, step would require that the
term ‘non-lead’ be printed not only on the packages of non-lead
ammunition and fishing weight, but on individual shotgun cartridges.
This could enhance compliance and enforcement.

CRediT authorship contribution statement

Vernon G. Thomas: Writing — review & editing, Writing — original
draft, Investigation, Formal analysis, Conceptualization. Rhys E. Green:
Writing — review & editing, Validation, Conceptualization. Deborah J.
Pain: Writing — review & editing, Conceptualization.

Funding

This research did not receive any specific grant from funding
agencies in the public, commercial, or not-for-profit sectors.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability
No data was used for the research described in the article.

References

AFEMS/WFSA, 2015. The sustainable use of lead ammunition in hunting and sports
shooting: facts and emotions. https://cazawonke.com/wp-content/uploads/2015
/11/Press-Release_Symposium.rev_ENG.pdf.

Alasmary, Z., 2025. Lead (Pb) contamination in soils and plants at military shooting
ranges and its mitigation strategies: a comprehensive review. Procedures 13, 345.
https://doi.org/10.3390/pr13020345.

ATSDR, 2020. Agency for toxic substances and disease registry. Toxicological profile for
lead. U.S. Department of Health and Human Services, 2020. U.S. Department of
Health and Human Services. Agency for Toxic Substances and Disease Registry 2020.
https://www.atsdr.cdc.gov/toxprofiles/tp13.pdf.

Barltrop, D., Meek, F., 1979. Effect of particle size on lead absorption from the gut. Arch.
Environ. Health 34 (5), 280-285. https://doi.org/10.1080/
00039896.1979.10667414.

CFR, 2025. Code of federal regulations. Title 50CFR 20.21. What hunting methods are
illegal? https://www.ecfr.gov/current/title-50/section-20.2.1.

Couture, A., Levesque, B., Dewailly, E., et al., 2012. Lead exposure in nunavik: from
research to action. Intl. J. Circumpolar Health 71, 18591. https://doi.org/10.3402/
ijch.v71i0.18591.

Defra, 2025. Decision: UK REACH Restriction for Lead in Ammunition, 27 June 2025.
From Department for Environment, Food & Rural Affairs. Published 10 July 2025.
https://www.gov.uk/government/publications/uk-reach-restriction-for-lead-in-
ammunition-27-june-2025.

Dinake, P., Mokgosi, S.M., Kelebemang, R., Kereeditse, T.T., Motswetla, O., 2021.
Pollution risk from Pb towards vegetation growing in and around shooting ranges-a
review. Environ. Pollut. Bioavailab. 33 (1), 88-103.

Eleftheriou, A., Schuler, K., 2024. Diving into the wicked discourse of lead ammunition
for big game hunting. Wildl. Soc. Bull., 1538 https://doi.org/10.1002/wsb.1538.

EU, 2021. Commission regulation (EU) 2021/57 of 25 January 2021 amending annex
XVII to regulation (EC) no 1907/2006 of the European parliament and of the council
concerning the registration, evaluation, authorisation and restriction of chemicals
(REACH) as regards lead in gunshot in or around wetlands. https://eur-lex.europa.
eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0057.

EU, 2023. Commission regulation (EU) 2023/915 of 25 April 2023 on maximum levels
for certain contaminants in food and repealing regulation (EC) no 1881/2006 (text
with EEA relevance) C/2023/35. https://eur-lex.europa.eu/eli/reg/2023/915/0j/
eng.

EU, 2025. COMMISSION REGULATION (EU) .../... of XXX amending annex XVII to
regulation (EC) no 1907/2006 of the European parliament and of the council
concerning the registration, evaluation, authorisation and restriction of chemicals
(REACH) as regards lead in ammunition and fishing tackle. Document Code:
D105447/01 (Draft Implementing Act). https://ec.europa.eu/transparency/comito
logy-register/screen/documents/105447/1/consult?lang=en.

Faith, J., Gottlein, A., 2019. Assessing the leaching behavior of different gunshot
materials in natural spring waters. Environ. Sci. Eur. 31, 57. https://doi.org/
10.1186/12302-019-0249-2.

Fernandez, V., Caselli, A., Tammone, A, et al., 2021. Lead exposure in dogs fed game
meat and offal from culled invasive species in El Palmar National Park, Argentina.

Environmental Pollution 384 (2025) 127010

Environ. Sci. Pollut. Res. 28, 45486-45495. https://doi.org/10.1007/s11356-021-
13880-z.

Fillion, M., Blais, J.M., Yumvihoze, E., et al., 2014. Identification of environmental
sources of lead exposure in Nunavut (Canada) using stable isotopes. Environ. Int. 71,
63-73. https://doi.org/10.1016/j.envint.2014.06.004.

Flegal, A.R., Smith, D.R., 1992. Lead levels in pre-industrial Humans. N. Engl. J. Med.
326 (19), 1293-1294. https://doi.org/10.1056/NEJM199205073261916.

Green, R.E., Pain, D.J., 2012. Potential health risks to adults and children in the UK from
exposure to dietary lead in gamebirds shot with lead ammunition. Food Chem.
Toxicol. 50 (11), 4180-4190. https://doi.org/10.1016/].fct.2012.08.032.

Green, R.E., Pain, D.J., 2019. Risks to human health from ammunition-derived lead in
Europe. Ambio Special Issue 48 (9), 954-968. https://doi.org/10.1007/s13280-019-
01194-x.

Green, R.E., Pain, D.J., 2024. Partitioning human dietary exposure to ammunition-
derived lead in meat from game animals between bullets and shotgun pellets. Expo.
Health 16, 1435-1444. https://doi.org/10.1007/514203-024-00635-7.

Green, R.E., Taggart, M.A., Pain, D.J,, et al., 2023. Voluntary transition by hunters and
game meat suppliers from lead to non-lead shotgun ammunition: changes in practice
after three years. Conserv. Evidence J. 20, 1-7. https://doi.org/10.52201/CEJ20/
OQWU5273.

Green, R.E., Taggart, M.A., Guiu, M., et al., 2024. Difference in concentration of lead (Pb)
in meat from pheasants killed using lead and iron (Fe) shotgun ammunition. Sci.
Total Environ. 916, 170356. https://doi.org/10.1016/j.scitotenv.2024.170356.

Green, R.E., Taggart, M.A., Pain, D.J., et al., 2025a. Sampling of red grouse carcasses in
Britain indicates no progress during an intended five-year voluntary transition from
lead to non-lead shotgun ammunition. Conserv. Evidence J. 22, 9-15. https://doi.
org/10.52201/CEJ22/YYWM1722.

Green, R.E., Taggart, M.A., Pain, D.J., et al., 2025b. The proportion of common
pheasants shot using lead shotgun ammunition in Britain has barely changed over
five years of voluntary efforts to switch from lead to non-lead ammunition. Conserv.
Evidence J. 22, 18-25. https://conservationevidencejournal.com/reference/pdf/
12816.

Hampton, J.O., Laidlaw, M., Buenz, E., et al., 2018. Heads in the sand: public health and
ecological risks of lead-based bullets for wildlife shooting in Australia. Wildl. Res.
45, 287-306. https://doi.org/10.1071/WR17180.

Hunt, W.G., Watson, R.T., Oaks, J.L., et al., 2009. Lead bullet fragments in venison from
rifle-killed deer: potential for human dietary exposure. PLoS One 4 (4), e5330.
https://doi.org/10.1371/journal.pone.0005330.

Kanstrup, N., 2024. The Transition to Non-lead Ammunition: an Essential and Feasible
Prerequisite for Sustainable Hunting in Modern Society. Aarhus University,
Department of Ecoscience, Denmark.

Kanstrup, N., Thomas, V.G., Fox, A.D., 2019. Lead in hunting ammunition: persistent
problems and solutions. Ambio 48 (9), 923-1098.

Kanstrup, N., Balsby, T.J.S., Thomas, V.G., 2016. Efficacy of non-lead rifle ammunition
for hunting in Denmark. Eur. J. Wildl. Res. 62 (3), 333-340. https://doi;10.1007/
510344-016-1006-0.

Katzner, T.E., Pain, D.J., McTee, M., et al., 2024. Lead poisoning of raptors: state of the
science and cross-discipline mitigation options for a global problem. Biol. Rev. 99,
1672-1699. https://doi.org/10.1111/brv.1308.

Lanphear, B., Navas-Acien, A., Bellinger, D.C., 2024. Lead poisoning. N. Engl. J. Med.
391, 1621-1631. https://doi.org/10.1056/NEJMra2402527.

Leontowich, A.F., Panahifar, A., Ostrowski, R., 2022. Fragmentation of hunting bullets
observed with synchrotron radiation: lighting up the source of a lesser-known lead
exposure pathway. PLoS One 17 (8), e0271987.

Levengood, J.M., Sanderson, G.C., Anderson, W.L., et al., 1999. Acute toxicity of ingested
zinc shot to game-farm mallards. Ill Nat. Hist. Surv. Bull. 36, 1-36.

Mateo, R., Baos, A.R., Vidal, D., et al., 2011. Bioaccessibility of Pb from ammunition in
game meat is affected by cooking treatment. PLoS One 6 (1), e15892. https://doi.
org/10.1371/journal.pone.0015892.

Pain, D.J., Green, R.E., Kanstrup, N., et al., 2025. EU regulation: an unprecedented
opportunity to protect children’s and wildlife health from the toxic effects of lead
ammunition. Ambio. https://doi.org/10.1007/513280-025-02219-4.

Pierce, B.L., Roster, T.A., Frisbie, M.C,, et al., 2015. A comparison of lead and steel shot
loads for harvesting mourning doves. Wildl. Soc. Bull. 39, 103-115. https://doi.
org/10.1002/wsb504.

Stalwick, J.A., Ratelle, M., Gurney, K.E.B,, et al., 2023. Sources of exposure to lead in
arctic and subarctic regions: a scoping review. Intl. J. Circumpolar Health 82,
2208810. https://doi.org/10.1080/22423982.2023.2208810.

Thomas, V.G., 2019. Chemical compositional standards for non-lead hunting
ammunition and fishing weights. Ambio 48 (9), 1072-1078. https://doi.org/
10.1007/513280-018-1124-x.

Thomas, V.G., Pain, D.J., Kanstrup, N., et al., 2020. Setting maximum levels for lead in
game meat in EC regulations: an adjunct to replacement of lead ammunition. Ambio
49, 2026-2037. https://doi.org/10.1007/513280-020-01336-6.

Thomas, V.G., 2025. Enhancing Canadian bird conservation through further federal
regulation of lead hunting and angling products. J, Vet. Med. Res. 12 (1), 1276.
https://doi.org/10.47739/2378-931X/1276.

Tsuji, L.J.S., Wainman, B.C., Martin, L.D., et al., 2008. The identification of lead
ammunition as a source of lead exposure in first nations: the use of lead isotope
ratios. Sci. Total Environ. 393, 291-298. https://doi.org/10.1016/].
scitotenv.2008.01.022.

UK Statutory Instrument, 1986. No.1992. The control of pollution (anglers lead weights)
regulation 1986. Public health, England and Wales public health regulation,
Scotland public health, Northern Ireland. https://www.legislation.gov.ukuks
i/1986/1992/made#;~;text=Regulation%204%20prohinits%20the%20sSupply,un
less%20%the20contrary%20is%20shown.


https://cazawonke.com/wp-content/uploads/2015/11/Press-Release_Symposium.rev_ENG.pdf
https://cazawonke.com/wp-content/uploads/2015/11/Press-Release_Symposium.rev_ENG.pdf
https://doi.org/10.3390/pr13020345
https://www.atsdr.cdc.gov/toxprofiles/tp13.pdf
https://doi.org/10.1080/00039896.1979.10667414
https://doi.org/10.1080/00039896.1979.10667414
https://www.ecfr.gov/current/title-50/section-20.2.1
https://doi.org/10.3402/ijch.v71i0.18591
https://doi.org/10.3402/ijch.v71i0.18591
https://www.gov.uk/government/publications/uk-reach-restriction-for-lead-in-ammunition-27-june-2025
https://www.gov.uk/government/publications/uk-reach-restriction-for-lead-in-ammunition-27-june-2025
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref8
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref8
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref8
https://doi.org/10.1002/wsb.1538
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0057
https://eur-lex.europa.eu/legal-content/EN/TXT/PDF/?uri=CELEX:32021R0057
https://eur-lex.europa.eu/eli/reg/2023/915/oj/eng
https://eur-lex.europa.eu/eli/reg/2023/915/oj/eng
https://ec.europa.eu/transparency/comitology-register/screen/documents/105447/1/consult?lang=en
https://ec.europa.eu/transparency/comitology-register/screen/documents/105447/1/consult?lang=en
https://doi.org/10.1186/12302-019-0249-2
https://doi.org/10.1186/12302-019-0249-2
https://doi.org/10.1007/s11356-021-13880-z
https://doi.org/10.1007/s11356-021-13880-z
https://doi.org/10.1016/j.envint.2014.06.004
https://doi.org/10.1056/NEJM199205073261916
https://doi.org/10.1016/j.fct.2012.08.032
https://doi.org/10.1007/s13280-019-01194-x
https://doi.org/10.1007/s13280-019-01194-x
https://doi.org/10.1007/s14203-024-00635-7
https://doi.org/10.52201/CEJ20/OQWU5273
https://doi.org/10.52201/CEJ20/OQWU5273
https://doi.org/10.1016/j.scitotenv.2024.170356
https://doi.org/10.52201/CEJ22/YYWM1722
https://doi.org/10.52201/CEJ22/YYWM1722
https://conservationevidencejournal.com/reference/pdf/12816
https://conservationevidencejournal.com/reference/pdf/12816
https://doi.org/10.1071/WR17180
https://doi.org/10.1371/journal.pone.0005330
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref26
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref26
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref26
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref27
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref27
https://doi;10.1007/s10344-016-1006-0
https://doi;10.1007/s10344-016-1006-0
https://doi.org/10.1111/brv.1308
https://doi.org/10.1056/NEJMra2402527
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref31
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref31
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref31
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref32
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref32
https://doi.org/10.1371/journal.pone.0015892
https://doi.org/10.1371/journal.pone.0015892
https://doi.org/10.1007/s13280-025-02219-4
https://doi.org/10.1002/wsb504
https://doi.org/10.1002/wsb504
https://doi.org/10.1080/22423982.2023.2208810
https://doi.org/10.1007/s13280-018-1124-x
https://doi.org/10.1007/s13280-018-1124-x
https://doi.org/10.1007/s13280-020-01336-6
https://doi.org/10.47739/2378-931X/1276
https://doi.org/10.1016/j.scitotenv.2008.01.022
https://doi.org/10.1016/j.scitotenv.2008.01.022
https://www.legislation.gov.ukuksi/1986/1992/made#;%7E;text=Regulation%204%20prohinits%20the%20sSupply,unless%20%the20contrary%20is%20shown
https://www.legislation.gov.ukuksi/1986/1992/made#;%7E;text=Regulation%204%20prohinits%20the%20sSupply,unless%20%the20contrary%20is%20shown
https://www.legislation.gov.ukuksi/1986/1992/made#;%7E;text=Regulation%204%20prohinits%20the%20sSupply,unless%20%the20contrary%20is%20shown

V.G. Thomas et al.

USFWS (US Fish and Wildlife Service), 1997. Migratory bird hunting: revised test
protocol for nontoxic approval procedures for shot and shot coating: final rule. Fed.
Regist. 62, 63607-63615.

USFWS (US Fish and Wildlife Service), 2013. Migratory bird hunting: revision of
language for approval of nontoxic shot for use in waterfowl hunting. Fed. Regist. 78,
78275-78284.

Environmental Pollution 384 (2025) 127010

Vantelon, D., Lanzirotti, A., Scheinost, A.C., Kretzschmar, R., 2005. Spatial distribution
and speciation of lead around corroding bullets in a shooting range soil studied by
micro-X-ray fluorescence and absorption spectroscopy. Environ. Sci. Technol. 39,
4808-4815. https://pubs.acs.org/doi/abs/10.1021/es0482740.


http://refhub.elsevier.com/S0269-7491(25)01383-1/sref42
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref42
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref42
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref43
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref43
http://refhub.elsevier.com/S0269-7491(25)01383-1/sref43
https://pubs.acs.org/doi/abs/10.1021/es0482740

	Inaccurate and misleading terminology may impede the protection of people and wildlife from adverse effects of lead ammunition
	1 Introduction
	2 Confusion of elemental lead with lead compounds
	3 Confusion regarding absorption of metallic lead into the human body
	4 Distinctions among ‘lead-free’, ‘non-lead’, ‘does not contain lead’, and ‘non-toxic’
	5 Providing context to the statement that ‘substitutes for lead ammunition are toxic to wildlife, but less toxic than lead’
	6 Conclusions
	CRediT authorship contribution statement
	Funding
	Declaration of competing interest
	Data availability
	References


