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Simple Summary: The European hedgehog (Erinaceus europaeus) is a popular visitor in gardens and
recreational areas all over Europe, but hedgehog populations are declining. Research exploring the
causes of the decline, including exposure to potentially harmful pollutants and metals, may provide
relevant information to improve conservation initiatives to protect this species in the wild. Hedgehogs
are ground-dwelling mammals, feeding on a range of different food items such as insects, slugs, snails,
and earthworms but also eggs, live vertebrates, and carrion, and therefore come into close contact
with pollutants present in their habitats and in their prey. This review investigated published research
on the occurrence of metals and pollutants in hedgehogs and found that a vast range of different
pesticides; rodenticides; persistent organic pollutants (POPs), including organochlorine compounds
and brominated flame retardants (BFRs); as well as toxic heavy metals could be detected in samples
from hedgehogs representing different European countries. Due to their ecology, combined with the
opportunity to apply non-invasive sampling techniques through the collection of spines as sampling
material, we suggest that the European hedgehog is a relevant bioindicator species for monitoring the
exposure of omnivorous terrestrial wildlife to potential toxicants in urban and rural environments.

Abstract: Monitoring data from several European countries indicate that European hedgehog
(Erinaceus europaeus) populations are declining, and research exploring the causes of the decline,
including exposure to potentially harmful xenobiotics and metals, may inform conservation initia-
tives to protect this species in the wild. Hedgehogs are ground-dwelling mammals, feeding on a
range of insects, slugs, snails, and earthworms, as well as eggs, live vertebrates, and carrion, includ-
ing carcasses of apex predator species representing higher levels of the food chain. Consequently,
hedgehogs come into close contact with contaminants present in their habitats and prey. This review
investigated the studies available on the subject of the occurrence of metals and organic xenobiotics
in hedgehogs. This study found that a vast range of different pesticides; persistent organic pollutants
(POPs), including organochlorine compounds and brominated flame retardants (BFRs); as well as
toxic heavy metals could be detected. Some compounds occurred in lethal concentrations, and some
were associated with a potential adverse effect on hedgehog health and survival. Due to their ecology,
combined with the opportunity to apply non-invasive sampling techniques using spines as sampling
material, we suggest that the European hedgehog is a relevant bioindicator species for monitoring
the exposure of terrestrial wildlife to potential toxicants in urban and rural environments.

Keywords: European hedgehogs; Erinaceus europaeus; xenobiotics; heavy metals; environmental

pollution; toxicants; target screening; non-target screening; bioaccumulation; wildlife conservation
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1. Introduction

According to the United Nations Environment Programme [1] and the European
Environment Agency [2], an estimated 40,000-60,000 different industrial chemicals are
globally used in commerce to produce a vast range of commodities and goods, including
chemical-intensive products such as computers, mobile phones, furniture, and personal
care products. The European Environment Agency also estimated for 2016 that 62% of the
total volume of 345 million tonnes of chemicals consumed in the European Union were
hazardous to human health [2]. Several programmes have been established to monitor
the occurrence of hazardous chemicals in the environment, such as the European Union
Water Framework Directive [3], the Arctic Monitoring and Assessment Programme [4], or
the Partnership for the Assessment of Risks from Chemicals [5]. Where biota are included,
measurements often focus on the aquatic environment—in particular, fish species—whereas
relatively few monitoring initiatives exist for (terrestrial) wildlife [6].

Xenobiotics are chemical substances that do not occur naturally in the organism that
is studied [7]. There are several origins of xenobiotics, including industrial, household,
pharmaceutical, agricultural, and transportation sources [8]. They are used in a vari-
ety of products of modern-day society and include compounds such as pharmaceuticals,
personal care products, food additives, pesticides and biocides, plastic additives, and
detergents [9]. Some xenobiotic compounds may have problematic properties, including
toxic effects on wildlife [8]. The xenobiotics represented in this review include organochlo-
rine industrial chemicals (e.g., polychlorinated biphenyls), brominated flame retardants
(BFRs), pesticides—i.e., insecticides (including phased-out persistent ones such as DDT),
rodenticides, fungicides, herbicides, nematicides, and biocides.

Metals are defined as solid substances with high electrical and thermal conductiv-
ity. They occur naturally in the lithosphere, and their compositions and concentrations
vary among different localities [10]. Heavy metals are metals with relatively high atomic
weights and specific densities (e.g., >5 g/ cm3). In low concentrations, some metals play
an essential role in maintaining various biochemical and physiological functions in living
organisms (i.e., essential metals), but they become harmful when threshold concentrations
are exceeded [10], similar to non-essential metals. This can lead to adverse effects on living
organisms and the environment, specifically with exposure to lead, cadmium, mercury, and
arsenic as the main threats [11]. Simultaneously, some metals are essential and therefore oc-
cur naturally in vertebrates such as hedgehogs [12]. These include sodium (Na), potassium
(K), magnesium (Mg), calcium (Ca), iron (Fe), manganese (Mn), cobalt (Co), copper (Cu),
zinc (Zn), and molybdenum (Mo), and it is currently also accepted that metal elements such
as chromium (Cr) and nickel (Ni) should be included in that category, as vertebrates show
certain deficiency symptoms when these metals are absent or in low concentrations [12].
Therefore, being mindful of this, distinguishing between naturally occurring low levels and
elevated toxic levels remains important when interpreting results for chemically screening
and detecting metals in hedgehogs.

The European hedgehog (Erinaceus europaeus), hereafter referred to as hedgehog, is
widely distributed across Europe [13,14]. Nowadays, it primarily resides in habitats with
human activity and occupation [15-19], including habitats with a potential exposure to
xenobiotic chemicals, such as urban areas. As hedgehogs prey on a variety of insect species,
earthworms, and slugs, occasionally supplementing their diet with carrion, eggs, and live
vertebrate prey when available, they are potentially exposed to xenobiotic compounds
from a variety of sources such as soil (topic absorption) and different types of prey species,
including apex predators (carrion), by ingestion [20-24]. Hedgehogs have small home
ranges and tend to stay in the same area throughout their lives [13-15]. It is therefore likely
that xenobiotics in hedgehogs represent local pollution levels from the area from which the
hedgehogs originated. Despite a mean suggested life expectancy of around two years (see
Rasmussen et al. (2023) [25] Table 1 for an overview), hedgehogs have the potential to reach
16 years of age [25], which means they could experience long-term exposure to different
xenobiotics and metals, potentially causing harmful effects in some individuals. Previous
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studies have found that insectivores have a greater risk of metal intoxication compared to
other small mammal species like rodents [26,27]. Hedgehogs are likely exposed to metals
during foraging, as they prey on a variety of insect species, earthworms, and slugs [22], all
of which are known to accumulate high metal levels [28].

Hedgehogs are easy to catch and handle, and their spines and hair can be used for
chemical analyses, which allows for non-destructive sampling methods [29,30]. Although
these arguments make hedgehogs good candidates for monitoring programmes, few studies
have focussed on their exposure to environmental xenobiotics and metals in urban and
rural environments. Furthermore, substantial evidence, based on monitoring data from a
range of European countries, indicates that hedgehog populations are declining [16,31-40].
The suspected causes for the decline include habitat loss; habitat fragmentation; inbreeding;
intensified agricultural practices; road traffic accidents; a reduction in biodiversity and,
hence, food items; lack of suitable nest sites in residential gardens; accidents caused by
garden tools; netting and other anthropogenic sources in residential gardens; badger
predation; and infections with pathogens and endoparasites [15,17,32,41-53].

Research exploring the potential causes of the decline and conservation initiatives to
protect this species in the wild should consider the role of potentially harmful chemicals.
Consequently, we consider it relevant to review the existing data on the occurrence of
xenobiotics and metals in hedgehogs. Thus, our objective was to provide an update on the
occurrence of organic xenobiotics and metals in hedgehogs, which may inspire and inform
future studies on exposure to xenobiotics and metals, including their effects in hedgehogs.

2. Materials and Methods

To produce this literature review, the Google Scholar and Web of Science (WOS) search
tools were used with these keywords: Erinaceus europaeus OR hedgehog AND a combi-
nation of 19 different search words, each entered separately, e.g., Erinaceus europaeus OR
hedgehog AND toxicology (toxicology OR ecotoxicology OR accumulation OR xenobiotics
OR bioindicator OR chemicals OR target screening OR non-target screening OR metals
OR pollutants OR rodenticides OR pesticides OR herbicides OR insecticides OR mollusci-
cides OR acaricides OR brominated flame retardants OR persistent organic pollutants OR
organochlorine compounds).

A total of 25 results were obtained, although some were unpublished conference ab-
stracts or reports mentioning the poisoning of hedgehogs without presenting concentration
levels or specific chemicals detected [29,30,54-76]. These studies used a variety of sam-
ple types from hedgehogs to detect chemical compounds such as rodenticides, persistent
organochlorine compounds, brominated flame retardants, metalloids, and metals. Figure 1
provides an overview of the different sample types and compounds studied.
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Figure 1. Overview of sample types used for research on xenobiotics in European hedgehogs. Ab-
breviations: brominated flame retardants (BFRs). Pesticides (rodenticides, insecticides, fungicides,
herbicides, and nematicides) analysed: rodenticides: warfarin, coumatetralyl, difenacoum, broma-
diolone, brodifacoum, flocoumafen. A total of 55 different insecticides, fungicides, herbicides, and
nematicides [65]. Organochlorine compounds analysed: polychlorinated biphenyls (PCBs), dichloro-
diphenyl-trichloroethanes (DDTs), hexachlorobenzene (HCB), octachlorostyrene (OCS), chlordane
(CHL), hexachlorocyclohexanes (HCHs). BFRs analysed: polybrominated diphenyl ethers (PBDEs)
and brominated biphenyl 153 (BB 153). Metalloids analysed: selenium and arsenic. Metals anal-
ysed: silver (Ag), aluminium (Al), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron
(Fe), mercury (Hg), magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb),
zinc (Zn).

3. Results
3.1. Insecticides, Fungicides, Herbicides, and Nematicides

In 2021, Schanzer et al. [65] published their research screening for 55 pesticides (in-
secticides, fungicides, herbicides, and nematicides) in livers from six hedgehogs, dying
at a wildlife rehabilitation centre in Germany. In these liver samples, the fungicides fen-
propimorph and tebuconazole, the insecticides dieldrin and permethrin, as well as the
metabolites fipronil sulfone (originating from the insecticide fipronil) and p,p’-DDE (orig-
inating from the persistent organic pollutant insecticide p,p’-DDT) were detected [65].
A data summary is provided in Table 1. Adding to these investigations of pesticides,
Luzardo et al. (2014) [75] detected six unspecified carbamate insecticides in liver samples
from six hedgehogs collected from wildlife poisoning episodes in 2010-2012. Additionally,
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a study reported one incidence of poisoning with the herbicide paraquat in a hedgehog in
the UK and one case of poisoning of a hedgehog with the rodenticide chlorophacinone in
France [72]. Carbamate insecticides and organophosphate insecticides were detected in one
hedgehog, and anticoagulant rodenticides were detected in two individuals in a study on
wildlife dying from suspected poisoning in Italy [73]. Gemmeke (1995) [76] experimented
with the dosage of metaldehyde in live hedgehogs to determine the risk of secondary
poisoning with metaldehyde. The author served 200 slugs poisoned with metaldehyde
to six adult hedgehogs. Of the six hedgehogs tested, four ate all, or close to all, of the
200 slugs served, and two ate 0 and 12, respectively. None of the hedgehogs were reported
to show any adverse symptoms, behavioural differences, or signs of poisoning. However,
Keymer et al. (1991) [77] diagnosed metaldehyde poisoning in three dead hedgehogs col-
lected from the UK between 1976 and 1986, and detected concentrations of up to 80 mg/kg
of acetaldehyde (a by-product and metabolite of metaldehyde).

Table 1. Results from the screening for insecticides, fungicides, herbicides, and nematicides in liver
samples from German hedgehogs by Schanzer et al. (2021) [65]. The sampling material was six livers
from German hedgehogs dying in care, and they were analysed by gas chromatography coupled to
tandem mass spectrometry (GC-MS/MS).

Compound Pesticide Type Levels Detected ug/g Frequency of Positives %  Frequency of Positives N/n
p,p’-DDE Metabolit;gf_glg Fifnsecticide 0.001-0.22 50 3/6
Fenpropimorph Fungicide 0.0005-0.002 66.67 4/6
Fipronil sulfone Insecticide 0-0.05 100 6/6
Tebuconazole Fungicide 0-0.008 33.33 2/6
Dieldrin Insecticide 0.003-0.0031 16.67 1/6
Permethrin Insecticide 0.007-0.0073 16.67 1/6

3.2. Rodenticides

Rodenticides are widely used and are known to accumulate within food chains,
posing a threat to the survival of birds of prey and predatory mammals [78]. Given that
the hedgehogs’ natural diet includes vertebrate cadavers [20-24], scavenging on poisoned
rats and mice is not an uncommon behaviour for hedgehogs, potentially causing secondary
poisoning with rodenticides. Furthermore, hedgehogs may also scavenge on carcasses
of predatory species preying on rodents or ingest rodenticide pellets directly, if these are
accessible to the hedgehogs in, e.g., bait boxes with holes large enough to fit a hedgehog
head or by spreading the pellets directly on the ground [79-81]. Rodenticides are also
detected in non-target invertebrates such as beetles and slugs [82,83], which constitute a
considerable proportion of the natural diet of hedgehogs [22,23].

The occurrence of rodenticides in hedgehogs has been examined in a few studies
described in this section. Dowding et al., 2010 [60] analysed 120 livers from hedgehogs
dying in care in the UK for first-generation anticoagulant rodenticides (FGAR) and second-
generation anticoagulant rodenticides (SGAR). They detected rodenticides in a total of
67% of the samples (Table 2), with a low detection frequency of flocoumafen (1,/120) and
the highest detection frequency of difenacoum (57/120). Detectable levels of rodenticides
in liver samples from European hedgehogs ranged from 0.03 to 0.25 pg/g wet weight
(Table 2). Lopéz-Perea et al. (2015) [70] screened for six anticoagulant rodenticides in
liver samples from 48 hedgehogs dying in care in Spain in 2011-2013. The results showed
a detection frequency ranging from 0% (warfarin) to 50% (brodifacoum), with anticoag-
ulant rodenticides detected in 28 out of 48 individuals and a total mean concentration
of 0.122 ug/g anticoagulant rodenticides detected per individual [70]. A study of livers
from two hedgehogs from Spain, dying of suspected poisoning at a wildlife rehabilitation
centre in 2005-2010, screened for six different rodenticides [64]. The screening detected
bromadiolone (N =2/2, mean 0.026 pug/g wet weight, range 0.013-0.049 ug/g wet weight)
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and brodifacoum (N = 1/2, mean 0.092 ug/g wet weight). A conference poster, presenting
a study screening for anticoagulant rodenticides in six hedgehogs from Scotland collected
in 2003-2013, showed a detection range of 33% and a median residue of 0.047 ug/g for
unspecified anticoagulant rodenticides [69].

Based on the high levels of rodenticides detected in some of the hedgehogs,
Dowding et al. (2010) [60] suggested that lethal poisoning by rodenticides was likely to oc-
cur in some hedgehogs. In the study by Sanchez-Barbudo et al. (2012) [64], it was described
that, in the wildlife carcasses chosen for rodenticide screening, death was suspected to have
occurred from poisoning by anticoagulant rodenticides due to discernible haemorrhages
detected during necropsies, which presumably then also applied to the hedgehog carcasses
included in the study, suggesting that the concentrations of rodenticides found in the
two individuals were lethal. Rasmussen et al. (2019) [15] used radio tracking to monitor
independent juvenile hedgehogs in the suburbs of Copenhagen (Denmark) and found
one suspected case of lethal rodenticide poisoning, but the carcass was in an advanced
state of decay when retrieved, preventing a chemical analysis of rodenticides. In New
Zealand, where the European hedgehogs introduced are considered pests, publications
have described how hedgehogs are efficiently controlled with rodenticides through the
application of aerial baits and bait stations containing sodium fluoroacetate (1080) [66],
which is not approved for use in European countries [84], and brodifacoum [67,68]. In one
of these studies, 32 of the targeted hedgehogs were found dead and later confirmed as
having been poisoned [68]. In a study conducted under laboratory conditions to investigate
blood coagulation factors and the effect of warfarin, ten hedgehogs were injected with
0.4 mg/kg body weight warfarin on three consecutive days [71]. No individuals died, but
the effect was a large decrease in coagulation factor activity after warfarin treatment [71].
However, even if the rodenticide doses analysed in the studies in Table 2 may not be lethal
for the hedgehogs, repeated exposure, or a certain bioaccumulation, has the potential to
cause different toxicological effects, which may compromise the fitness and survival of the
hedgehogs. With detection frequencies of rodenticides reaching up to 99% in predatory
species [81] and >90% in slugs [85], the secondary exposure to rodenticides in hedgehogs
through the ingestion of poisoned prey could potentially lead to an even higher prevalence
in hedgehogs than the 67% found by Dowding et al. (2010) [60].
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Table 2. Results from the screening for rodenticides in liver samples from hedgehogs. Abbreviations used: first-generation anticoagulant rodenticides (FGAR),
second-generation anticoagulant rodenticides (SGAR), United Kingdom (UK), Spain (S), not applicable (na). All the hedgehogs tested had died in care. All the
analyses were based on liquid chromatography (LC), with either fluorescence or mass spectrometric detection.

Median Levels

Mean Levels

Reference Compound Type Sample Size Sampling Year Country Detected (ug/g Detected (ug/g Frequency % Frequency N/n
Wet Weight) Wet Weight)
Dowding et al., 2010 [60] Warfarin FGAR 120 2004-2006 UK 0.03 8 10/120
Dowding et al., 2010 [60] Coumatetralyl FGAR 120 2004-2006 UK 0.05 14 17/120
Dowding et al., 2010 [60] Difenacoum SGAR 120 2004-2006 UK 0.05 13 16/120
Dowding et al., 2010 [60] Difenacoum SGAR 120 2004-2006 UK 0.06 48 57/120
Dowding et al., 2010 [60] Bromadiolone SGAR 120 2004-2006 UK 0.25 11 13/120
Dowding et al., 2010 [60] Bromadiolone SGAR 120 2004-2006 UK 0.05 19 23/120
Dowding et al., 2010 [60] Brodifacoum SGAR 120 2004-2006 UK 0.06 5 6/120
Dowding et al., 2010 [60] Brodifacoum SGAR 120 2004-2006 UK 0.04 3 4/120
Dowding et al., 2010 [60] Flocoumafen SGAR 120 2004-2006 UK na 1 1/120
Dowding et al., 2010 [60] Flocoumafen SGAR 120 2004-2006 UK na 0 0/120
Dowding et al., 2010 [60] Total SGAR SGAR 120 2004-2006 UK na 58 69/120
Dowding et al., 2010 [60] Total SGAR SGAR 120 2004-2006 UK na 23 27/120
Dowding et al., 2010 [60] TOtalggﬁ? and FGAR + SGAR 120 2004-2006 UK na 67 80/120
Sanchez-Barbudo et al., 2012 [64] Bromadiolone SGAR 2 2005-2010 S 0.026 100 2/2
Sanchez-Barbudo et al., 2012 [64] Brodifacoum SGAR 2 2005-2010 S 0.092 50 1/2
Lopéz-Perea et al., 2015 [70] Warfarin FGAR 48 2011-2013 S ND 0 0/48
Lopéz-Perea et al., 2015 [70] Coumatetralyl FGAR 48 2011-2014 S 0.08 27 13/48
Lopéz-Perea et al., 2015 [70] Difenacoum SGAR 48 2011-2015 S 0.008 25 12/48
Lopéz-Perea et al., 2015 [70] Bromadiolone SGAR 48 2011-2016 S 0.0074 12.5 6/48
Lopéz-Perea et al., 2015 [70] Brodifacoum SGAR 48 2011-2017 S 0.043 50 24/48
Lopéz-Perea et al., 2015 [70] Flocoumafen SGAR 48 2011-2018 S 0.023 4 2/48
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3.3. Organochlorine Compounds

Many of the organochlorine compounds that have been detected in hedgehogs are
regulated by the UN Stockholm Convention on persistent organic pollutants (POPs), which
covers chemicals that are persistent, bioaccumulative, toxic to humans and wildlife, and
can be transported over long distances [86].

The compounds that have been analysed in hedgehogs include polychlorinated biphenyls
(PCBs), dichloro-diphenyl-trichloroethane (DDT and its metabolites), hexachlorobenzene
(HCB), octachlorostyrene (OCS), chlordane (CHL), and hexachlorocyclohexanes (HCHs).
All of these compounds, except OCS, are considered POPs according to the UN Stock-
holm Convention.

They were originally synthesised for industrial purposes (e.g., PCBs,) or as agrochemi-
cals (DDT, chlordane, lindane (an HCH isomer)), while octachlorostyrene mainly forms
unintentionally [87]. A common characteristic of these organochlorine compounds is their
hydrophobic and lipophilic nature, leading them to bind strongly to solids such as organic
matter in soil and aquatic systems and accumulate in fatty tissues of the organisms exposed
to the chemicals. Lipolysis triggered by exercise can release PCBs from adipose tissue
into the bloodstream [88]. As a result, the concentration, distribution, and metabolism of
PCBs in plasma can differ significantly among individuals due to variations in lifestyle
and behaviour.

Polychlorinated biphenyls can biomagnify [89], which has caused concern about
their impact on organisms, especially on those higher up in the food chain. Exposure
to organochlorine compounds can result in severe health effects, including specific can-
cers [90,91], birth defects, compromised immune function [92], and reproductive system
dysfunction [93-96]. Additionally, it may lead to increased susceptibility to diseases [97]
and damage to both the central and peripheral nervous systems [86]. Due to potential
synergistic effects, it is challenging to determine the ecotoxicological influence of POPs, as
a range of different POPs typically co-occur and accumulate simultaneously in biota due to
their omnipresence in the environment [89].

As hedgehogs are ground-dwelling mammals, feeding on earthworms [13], they
frequently come into close contact with soil, where hydrophobic organochlorines tend to
accumulate, and are therefore also potentially exposed to POPs from this particular source.

Hedgehog muscles, fat, hair, livers, and kidneys have been used to study the accumu-
lation of these organochlorine compounds [30,54-56] (Table 3 and Figure 1).

With sample sizes ranging from 6 to 77 individuals and sampling taking place in
Belgium, the Netherlands, and Italy in 1994-2008, the different studies found a high detec-
tion frequency of organochlorine compounds in hedgehog samples in general, reaching
close to 100% or 100% in many cases (Table 3), with a few exceptions in the hair samples.
The occurrence in hair samples appears to be lower compared to the other sample types
such as the liver, kidneys, fat, and muscle, which may be explained by the fact that these
compounds accumulate in fatty tissues. The levels varied between not detected up to
31,780 ng/g dry weight and 0.1-2.8 ng/mL wet weight in blood samples. Furthermore, but
not included in Table 3, the organochlorine compound p,p’-DDE (a metabolite of p,p’-DDT)
was detected in three out of six hedgehog livers from Germany at concentrations ranging
from 1.03 to 22.23 ng /g [65].

D’Havé et al. (2006a) [30] targeted the PCB congeners 28, 31, 74, 95, 99, 101, 105, 110,
118, 128, 138, 149, 153, 156, 163, 170, 180, 183, 187, 194, and 199 in their analyses. They
found that the majority of PCB congeners in all the tissues were PCBs 153, 138/163, and
180, with a joint mean concentration of 53—63% out of the total PCB concentration in each
tissue analysed.

D’Havé et al. (2007) analysed the PCB congeners 28, 31, 74, 99, 101, 105, 110, 118, 128,
138, 149, 153, 156, 170, 180, 183, 187, 194, and 199 in the hair samples from hedgehogs
tested in the study. They found that PCB 118, PCB 138, and PCB 153 were dominant in the
hair samples.
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Table 3. Results from studies investigating organochlorine compounds in European hedgehogs. Abbreviations used: Belgium (BE), the Netherlands (NL), Italy (I),
not detected (ND), not applicable (na), polychlorinated biphenyls (PCBs), dichloro-diphenyl-trichloroethane and metabolites (DDTs), hexachlorobenzene (HCB),

octachlorostyrene (OCS), chlordane (CHL), hexachlorocyclohexanes (HCHs). Unknown is written when the number of samples is unknown and when it is unknown

whether only positive samples were represented in the dataset. All the samples were analysed with gas chromatograph (GC)-mass spectrometry (MS). * denotes a

range of medians for samples representing seven study sites.

Levels Detected Levels Detected Median Levels Hedeehoes Frequency of Frequency
Reference Compound Sample Material Sample Size Sampling Year Country (ng/g Dry (ng/mL Wet Detected (ng/g Anfl seg Po‘;‘itivesy"/ of Positives
Weight) Weight) Dry Weight) Yy ° N/n
CHL
D’Havé et al., 2006a [30] CHL Fat 6 2002-2003 BE + NL 1.9-14.1 na 4.7 Dead, roadkill, 100 6/6
and dead in care
, . . Dead, roadkill,
D’Havé et al., 2006a [30] CHL Hair 45 2002-2003 BE + NL ND-1.2 na ND . 33 15/45
and dead in care
, . . Dead, roadkill,
D’Havé et al., 2006a [30] CHL Kidney 44 2002-2003 BE + NL 0.02-26.4 na 0.5 X 100 44/44
and dead in care
, P . Dead, roadkill,
D’Havé et al., 2006a [30] CHL Liver 43 2002-2003 BE + NL 0.2-75.7 na 5.1 B 100 43/43
and dead in care
, . Dead, roadkill,
D’Havé et al., 2006a [30] CHL Muscle 44 2002-2003 BE + NL 0.01-20.7 na 0.5 . 100 44/44
and dead in care
DDT
Vermeulen et al., Wild, live
2010 [54] DDTs Blood 13 2005-2007 BE na 0.1-04 na hedgehogs Unknown Unknown
D’Havé et al., 2006a [30] DDTs Fat 6 2002-2003 BE + NL 5.51-194 na 18.1 Dead, roadkill, 100 6/6
and dead in care
Alleva et al., 2006 [56] DDTs Fat Unknown 1994-1995 1 0-27,680 na 1490 Dead, roadkill na na
Vermeulen et al., . Wild, live
2010 [54] DDTs Hair 18 2005-2006 BE 0.2-5.7 na na hedgehogs Unknown Unknown
, . . Dead, roadkill,
D’Havé et al., 2006a [30] DDTs Hair 45 2002-2003 BE + NL ND-725 na 2.5 . 91 41/45
and dead in care
D’Havé et al., 2007 [55] DDTs Hair 77 2002 BE ND-84 na ND-0.9 Wild, live 60 46/77
hedgehogs
, . . Dead, roadkill,
D’Havé et al., 2006a [30] DDTs Kidney 44 2002-2003 BE + NL ND-1313 na 1.8 . 98 43/44
and dead in care
, P . Dead, roadkill,
D’Havé et al., 2006a [30] DDTs Liver 43 2002-2003 BE + NL ND-750 na 14 . 98 42/43
and dead in care
, . Dead, roadkill,
D’Havé et al., 2006a [30] DDTs Muscle 44 2002-2003 BE + NL 0.02-1444 na 2.3 100 44/44

and dead in care
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Table 3. Cont.
Levels Detected Levels Detected Median Levels Hedgehogs Frequency of Frequency
Reference Compound Sample Material Sample Size Sampling Year Country (ng/g Dry (ng/mL Wet Detected (ng/g Angl g P qil‘,:i yo/ of Positives
Weight) Weight) Dry Weight) alyse ostttves Yo N/n
HCB
D’Havé et al., 2006a [30] HCB Fat 6 2002-2003 BE + NL 1.6-67.2 na 442 afﬁafe’aré’?ﬁ]iﬁl’e 100 6/6
, . . Dead, roadkill,
D’Havé et al., 2006a [30] HCB Hair 45 2002-2003 BE + NL 0.02-334.7 na 0.16 and dead in care 78 35/45
D’Havé et al., 2007 [55] HCB Hair 77 2002 BE ND-679 na ND-40.7 }YZ éllgé}ilgges 55 42/77
, . . Dead, roadkill,
D’Havé et al., 2006a [30] HCB Kidney 44 2002-2003 BE + NL 0.02-160.1 na 0.26 and dead in care 100 44/44
, . . Dead, roadkill,
D’Havé et al., 2006a [30] HCB Liver 43 2002-2003 BE + NL 0.02-247.6 na 0.28 . 100 43/43
and dead in care
D’Havé et al., 2006a [30] HCB Muscle 44 2002-2003 BE + NL 0.04-135.3 na 0.31 Dead, roadkill, 100 44/44
and dead in care
Chu et al., 2003 [74] HCB Fat 5 2001-2002 BE 1.61-82.54 na 20.08 Unknown na na
Chu et al., 2003 [74] HCB Liver 10 2001-2002 BE 0.11-4.49 na 1.27 Unknown na na
Chu et al., 2003 [74] HCB Muscle 11 2001-2002 BE 0.09-5.03 na 0.97 Unknown na na
Chu et al., 2003 [74] HCB Kidney 11 2001-2002 BE 0.09-4.65 na 0.96 Unknown na na
HCHs
D’Havé et al., 2006a [30] HCHs Fat 6 2002-2003 BE + NL 1.1-2.4 na 14 Dead, roadkill, 100 6/6
and dead in care
D’'Havé . Dead, roadkill,
avé et al., 2006a [30] HCHs Hair 45 2002-2003 BE + NL ND-105.5 na 0.7 B 93 42/45
and dead in care
D’Havé et al., 2007 [55] HCHs Hair 77 2002 BE ND-134.8 na ND-12.8 }:2/ (lllge,}?(:/ges 70 54/77
D’Havé et al., 2006a [30] HCHs Kidney 44 2002-2003 BE + NL 0.03-2.9 na 02 agﬁaféarg?ﬁliﬁi’e 100 44/44
, . . Dead, roadkill,
D’Havé et al., 2006a [30] HCHs Liver 43 2002-2003 BE + NL ND-8.8 na 0.1 and dead in care 98 42/43
, . Dead, roadkill,
D’Havé et al., 2006a [30] HCHs Muscle 44 2002-2003 BE + NL ND-11.5 na 0.2 98 43/44

and dead in care
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Table 3. Cont.
Levels Detected Levels Detected Median Levels Hedgehogs Frequency of Frequency
Reference Compound Sample Material Sample Size Sampling Year Country (ng/g Dry (ng/mL Wet Detected (ng/g Angl g P qil‘,:i yo/ of Positives
Weight) Weight) Dry Weight) alyse ostttves Yo N/n
ocCs
D'Havé et al., 2006a [30] ocs Fat 6 2002-2003 BE + NL 0.08-0.5 na 04 Dead, roadill, 100 6/6
and dead in care
D’Havé et al., 2006a [30] 0ocCs Hair 45 2002-2003 BE + NL ND-0.06 na ND Dead, roadkill, 9 4/45
and dead in care
, . . Dead, roadkill,
D’Havé et al., 2006a [30] OCs Kidney 44 2002-2003 BE + NL 0.01-1.1 na 0.1 . 100 44/44
and dead in care
, . . Dead, roadkill,
D’Havé et al., 2006a [30] ocCs Liver 43 2002-2003 BE + NL 0.03-3.1 na 0.2 . 100 43/43
and dead in care
D’Havé et al., 2006a [30] 0oCs Muscle 44 2002-2003 BE + NL 0.01-0.9 na 0.1 Dead, roadkill, 100 44/44
and dead in care
Chu et al., 2003 [74] OcCSs Fat 5 2001-2002 BE 0.08-0.49 na 0.34 Unknown na na
Chu et al., 2003 [74] OCSs Liver 10 2001-2002 BE 0.14-1.10 na 0.39 Unknown na na
Chu et al., 2003 [74] OCs Muscle 11 2001-2002 BE 0.01-0.29 na 0.08 Unknown na na
Chu et al., 2003 [74] OCs Kidney 11 2001-2002 BE 0.01-0.32 na 0.12 Unknown na na
PCB
Vermeulen et al., Wild, live
2010 [54] PCB Blood 13 2005-2009 BE na 0.2-2.8 na hedgehogs Unknown Unknown
D’Havé et al., 2006a [30] PCB Fat 6 2002-2003 BE + NL 89-739 na 273 Dead, roadkill, 100 6/6
and dead in care
Alleva et al., 2006 [56] PCB Fat Unknown 1994-1995 1 0-31,780 na 1800 Dead, roadkill na na
Vermeulen et al., . Wild, live
2010 [54] PCB Hair 18 2005-2008 BE 0.6-13.5 na na hedgehogs Unknown Unknown
D’Havé et al., 2006a [30] PCB Hair 45 2002-2003 BE + NL ND-789 na 10 Dead, roadkill, 9% 43/45
and dead in care
D’Havé et al., 2007 [55] PCB Hair 77 2002 BE ND-65 na 1-5* Wild, live 69 53/77
hedgehogs
, . . Dead, roadkill,
D’Havé et al., 2006a [30] PCB Kidney 44 2002-2003 BE + NL 3-5150 na 49 X 100 44/44
and dead in care
, < . Dead, roadkill,
D’Havé et al., 2006a [30] PCB Liver 43 2002-2003 BE + NL 2-5910 na 75 . 100 45/45
and dead in care
, . Dead, roadkill,
D’Havé et al., 2006a [30] PCB Muscle 44 2002-2003 BE + NL 5-2940 na 50 100 44/44

and dead in care
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Vermeulen et al. (2010) [54] targeted the PCB congeners 99, 101, 118, 138, 153, 156,
170, 180, 183, and 187. Except for PCB 101, all the congeners were detected in the blood
and hair samples used in the study, but PCB 118, PCB 138, PCB 153, and PCB 180 were
dominant, which is in agreement with the studies by D’'Havé et al. and generally presented
a group of the most bioaccumulating PCB congeners. Alleva et al. (2006) [56] found that
European hedgehogs had the highest levels of PCBs of the mammal species analysed in the
study (mean =+ SE: 6430 £ 4330 ng/g weight) and that this level was equivalent to those
of insectivorous bird species, whereas the levels of fish- and small-mammal-eating bird
species were considerably higher (see Table 1 in Alleva et al. (2006) [56] for an overview
of the species included in the study). The authors suggested that the lower concentration
of organochlorine compounds found in mammals compared to fish- and mammal-eating
birds is due to the fact that mammals metabolise organochlorine compounds more readily
than birds [98]. They also argued that the higher levels detected in the insectivorous species
in general compared to, e.g., herbivorous species could be caused by the direct poisoning of
their prey with organochlorine pollutants. Other factors to consider in the interpretation of
POPs in wildlife is the sex differences found in species like the polar bear [99] and striped
dolphin [100]. The POPs tend to accumulate in fat tissue, exhibiting a notable distinction
between males and females in terms of a generally lower BMI index in males with more
muscle mass compared to fat tissue [101]. In periods of stress, where an animal is starving,
the fat is metabolised, and the accumulated POPs are then transferred from the fat to
the blood stream [102,103]. However, females offload POPs via pregnancy and lactation,
especially in species like the polar bear with high-nutrition milk (between 27.5 and 35.8%
fat) [104,105]. However, the fat percentage in the mother’s milk of European hedgehogs is
only 10% [14], which may therefore not have a similarly strong effect on the levels of POPs
detected in female versus male hedgehogs. In comparison, Chu et al. (2003) [74] found that
OCS concentrations in the fat tissue of the hedgehogs (mean 0.34 ng/g ww, n = 5) were
similar with levels in the liver (mean 0.39 ng/g wet weight, n = 10), whereas mean HCB
levels in the fat tissue (mean 20.08 ng/g lipid weight, n = 5) were markedly higher than
in the liver, kidney, and muscle tissue (means ranging from 0.09 to 5.03 ng/g wet weight,
n = 10-11) analysed.

3.4. Brominated Flame Retardants (BFRs)

Several families of BFRs have been listed as POPs in the UN Stockholm Convention,
including polybrominated diphenyl ethers (PBDEs) and hexabromobiphenyl (HBB) [86].
They were listed later than the most prominent organochlorine compounds, such as PCBs
and DDT. HBB and two technical PBDE mixtures, Penta- and OctaBDE, were regulated
in 2009, while the third technical PBDE product, DecaBDE, was added to the Stockholm
Convention in 2017.

PBDEs and polybrominated biphenyls (PBBs) are two classes of BFRs, which have been
used to improve the fire safety of synthetic polymers used in, e.g., electronic equipment,
cars, building materials, and textiles [106,107]. The described toxic effects of these BRFs
in vertebrates are developmental neurotoxicity, altered thyroid hormone homeostasis,
liver conditions (hepatotoxicity), limb deformities in foetuses, and carcinogenic effects
(tumours) [108,109]. Two studies so far have analysed the occurrence of PBDEs and the
hexabrominated biphenyl BB 153 in hedgehogs [54,61] (Table 4).

Using fat, hair, kidney, liver, and muscle samples from individuals collected in Belgium
and the Netherlands, with samples sizes ranging from 6 to 44, BB 153 and PBDEs were
detected in all the samples, with median values of <0.10 ng/g wet weight for BB 153 and
1.2-9.5 ng/g wet weight for } PBDE.
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Table 4. An overview of the results from studies on brominated flame retardants (BFRs) in European hedgehogs. Abbreviations used: polybrominated diphenyl ethers
(PBDEs), brominated biphenyl 153 (BB 153), the Netherlands (NE), Belgium (BE), not applicable (na). All the samples were analysed with gas chromatography-mass
spectrometry (GC-MS).

Levels Detected Median Levels Detected

Reference Compound Sample Type Sample Size Sampling Year Country (ng/g Wet Weight) (ng/g Wet Weight) Hedgehogs Analysed
BB 153
D’'Havé et al., 2005b [61] BB 153 Fat 6 2002-2003 BE + NL <0.10-0.2 <0.10 Roadkill and dead in care
D’Havé et al., 2005b [61] BB 153 Hair 32 2002-2003 BE + NL <0.05-0.6 0.09 Roadkill and dead in care
D’'Havé et al., 2005b [61] BB 153 Kidney 44 2002-2003 BE + NL <0.10-1.1 <0.10 Roadkill and dead in care
D’Havé et al., 2005b [61] BB 153 Liver 43 2002-2003 BE + NL <0.10-2.5 <0.10 Roadkill and dead in care
D’Havé et al., 2005b [61] BB 153 Muscle 44 2002-2003 BE + NL <0.10-1.1 <0.10 Roadkill and dead in care
PBDE
D’Havé et al., 2005b [61] PBDE Fat 6 2002-2003 BE + NL 3.1-194 9.1 Roadkill and dead in care
Vermeulen et al., 2010 [54] PBDE Hair 18 2005-2010 BE 0.01-3.3 na Wild, live hedgehogs
D’Havé et al., 2005b [61] PBDE Hair 32 2002-2003 BE + NL 0.8-11 1.5 Roadkill and dead in care
D’Havé et al., 2005b [61] PBDE Kidney 44 2002-2003 BE + NL 0.4-238.9 1.2 Roadkill and dead in care
D’Havé et al., 2005b [61] PBDE Liver 43 2002-2003 BE + NL 1-1177.5 9.5 Roadkill and dead in care

D’Havé et al., 2005b [61] PBDE Muscle 44 2002-2003 BE + NL 0.3-316.3 15 Roadkill and dead in care
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D’Havé et al. (2005b) [61] reported a positive correlation between BFRs in hair and
organs when considering the sum of PBDEs, concluding that hair can be used as a non-
invasive alternative to organs for the monitoring of PBDE accumulation in hedgehogs. The
chosen PBDE congeners 28, 47, 99, 100, 153, 154, and 183 were detected in all the sample
types from the hedgehogs (hair, liver, kidney, muscle, and fat tissue) [61]. Except for the
hair samples, the PBDE pattern in hedgehogs was dominated by the PBDE 47, followed
by PBDEs 153 and 99. Compared with other species of wildlife, the most common PBDE
congeners found in a selection of terrestrial herbivorous mammals (rabbits, moose, and
reindeer) were BDEs 47, 99, and 100 [110], but, in predatory bird species, BDE 153 was
the predominant congener [111,112]. These differences in the detection patterns of PDBEs
between the terrestrial wildlife species may be explained by species-specific differences in
PBDE metabolism and accumulation as well as food preferences, as hedgehogs and birds
of prey are positioned at a higher trophic level than herbivorous species, causing diets and
metabolisation to differ [112]. Furthermore, different studies were conducted in different
decades, and the composition of PBDE mixtures may have changed during that period,
exposing wildlife to different congeners.

3.5. Metals

Research has indicated that insectivores have a greater risk of metal intoxication
compared to other small mammal species like rodents [26,27]. As hedgehogs prey on a
variety of insect species, earthworms, and slugs [22], all of which are known to accumulate
high metal levels [28], they are likely exposed to metals during foraging.

Some metals are essential and therefore occur naturally in vertebrates such as hedge-
hogs [12]. These include sodium (Na), potassium (K), magnesium (Mg), calcium (Ca),
iron (Fe), manganese (Mn), cobalt (Co), copper (Cu), zinc (Zn), and molybdenum (Mo),
and it is currently also accepted that metal elements such as chromium (Cr) and nickel
(Ni) should be included in that category, as vertebrates show certain deficiency symptoms
when these metals are absent or in low concentrations [12]. Therefore, being mindful
of this, distinguishing between naturally occurring low levels and elevated toxic levels
remains important when interpreting results from chemical screening and detection of
metals in hedgehogs.

In our literature search, we found six studies that investigated the presence of metals
in hedgehogs, using sample material ranging from hair; spines; and tissues such as kidney,
liver, fat, and muscle to blood [29,56-59,63]. The metals tested were silver (Ag), aluminium
(Al), cadmium (Cd), cobalt (Co), chromium (Cr), copper (Cu), iron (Fe), mercury (Hg),
magnesium (Mg), manganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb), and zinc
(Zn) (see Supplementary Materials for an overview).

The detection of metals was based on samples of blood, spines, livers, muscles, kid-
neys, hair, and fat, with sample sizes between 7 and 83. The levels detected (blood
samples excluded) were Ag (ND-0.62 ng/g, mean ND-0.12 ug/g), Al (ND-230 ug/g,
mean 8-76 ug/g), Cd (ND-337 pg/g, mean 0.04-45.17 ug/g), Co (ND-1366 ug/g, mean
0.01-0.99 pg/g), Cr (0-30.9 ng/g, mean 0-5.4 pg/g), Cu (0.2-200 pg/g, mean 1.8-64 ug/g),
Fe (ND-2849.76 ng/g, mean 22.94-2339 ug/g), Hg (0.19 nug/g, mean 0.06 pg/g), Mg
(46.33-1086.24 ng/g, mean 144.88-731.04 ug/g), Mn (ND-31.11 nug/g, mean 1.85-6.33 ug/g),
Mo (ND-5.12 ug/g, mean ND-2.55 pg/g), Ni (ND-35 ug/g, mean 0.07-0.73 ug/g), Pb
(ND-31.5 pg/g, mean 0.54-10.9 ug/g), and Zn (0.1-7.47 pug/g, mean 0.06-228.97ug/g).

Including information on the age of the individuals in their study, Rautio et al. (2010) [57]
found significant increases in the levels of several metals (Cd, Mo, Cu, Fe, Mn) with increasing
age, although this depended on the tissue types analysed, suggesting an age-related bioac-
cumulation of metals in hedgehogs. This was supported by Jota Baptista et al. (2023) [63],
showing that concentrations of Cd and Co were significantly lower in juvenile compared to
adult individuals. At present, it appears that no values describing physiologically normal
concentrations of essential metals exist for European hedgehogs, which complicates an
interpretation and discussion of the concentrations of essential metals in hedgehogs. How-
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ever, Jota Baptista et al. (2023) [63] detected biliary hyperplasia in 16 of the 45 hedgehogs
examined, concluded that concentrations of metals were higher in individuals with this con-
dition, and suggested that heavy metals and metalloids may be the primary contributing
factor causing biliary hyperplasia in hedgehogs.

3.6. Selenium and Arsenic Metalloids in Hedgehogs

Selenium is an essential trace element and has several important functions in the
metabolism of animals, e.g., as an antioxidant constituting a component of glutathione
peroxidase (GSHPx), assisting in intracellular defence mechanisms against oxidative dam-
age [113]. However, selenium poisoning, or selenosis, has been described in production
animals through conditions called “blind staggers” and “alkali disease” [114], causing
impaired vision, ataxia, and deformities in nails, hooves, and hair [114-116]. However,
research also suggests that selenoproteins and other selenium metabolites are important in
regulating immune function and reducing cancer risk [117]. Selenium deficiency is known
to cause a range of health conditions in vertebrates [118,119], which is why selenium is
used extensively in fertilizers, especially as an enrichment of livestock feed crops [120].
Natural sources of selenium include marls, gypsum, volcanic eruptions, sea spray, and the
weathering of rocks and soils containing selenium. Anthropogenic sources, constituting
the majority of the influx of selenium to the environment, include mining, agriculture, coal
combustion, insecticide production, oil refining, photocells, and glass production [119].
Industrial and agricultural activities are the dominant anthropogenic sources of selenium
pollution in, e.g., soil and drinking water [119].

Arsenic is a widespread element occurring worldwide [121], which originates from
natural geogenic sources, as it is a major constituent of more than 245 minerals [122], and
from anthropogenic sources. Anthropogenic activities contribute three times as much as
natural sources to the accumulation of arsenic in the environment [122]. Out of these,
industrial effluents constitute the largest contribution. Most of the arsenic is used for the
preservation of wood, but the manufacturing of paints, dyes, ceramics and glass, electronics,
pigments, and antifouling agents also include arsenic. Agricultural inputs from chemicals
such as insecticides, herbicides, desiccants, and fertilizers are a major source of arsenic in
soils. Insecticidal products containing arsenic have previously been used extensively for
the treatment of ectoparasites in livestock [123].

Arsenic appears in several chemical forms, all with different degrees of toxicity. In-
organic forms of arsenic (arsenite and arsenate) are more toxic, while methylated forms
(methylarsonate (MMA) and dimethylarsinate (DMA)) are moderately toxic [121]. Other
arsenic species, like trimethyl-arsine oxide (TMAO) and tetramethyl-arsonium (TETRA) are
also considered moderately toxic. By contrast, the forms arsenobetaine (AsB), arsenocholine
(AsC), and other arsenosugars (AsS) appear to have low or very low toxicity [124]. The
toxicity caused by arsenic exposure is linked to an imbalance between pro-oxidant and
antioxidant homeostasis, which results in oxidative stress [125]. The general mechanism
behind the toxic effects of arsenic is the oxidative deterioration of polyunsaturated fatty
acids, a process known as lipid peroxidation [126]. Research on the health aspects of arsenic
exposure has revealed how chronic exposure may cause cancer in the skin, lungs, bladder,
and liver [127].

Given the potential toxicity of arsenic and selenium exposure, and the presence
of these metalloids in the soil and water, it is relevant to explore the occurrence and
bioaccumulation of these compounds in hedgehogs. Five different studies so far have
addressed the prevalence of the specific metalloids selenium [57] and arsenic [29,57-59,63]
in hedgehogs. Table 5 provides an overview of the findings.
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Table 5. An overview of the prevalence and detection levels of the metalloids selenium and arsenic in European hedgehogs. Abbreviations used: Belgium (BE), the

Netherlands (NL), Finland (FI), Portugal (PT), not detected (ND), not applicable (na), inductively coupled plasma mass spectrometry (ICP-MS), inductively coupled

plasma optical emission spectrometry (ICP-OES). * denotes measures based on a range of means from seven study sites.

Levels Detected

Levels Detected

Median Levels

Reference Compound Method Sample Material Sample Size Sampling Country (ugl/g Dry (ug/mL Wet Mean Levels Detected (ug/g Hedgehogs Analysed
Year Wai . Detected (ng/g)
eight) Weight) or pug/mL)
Arsenic
Vermeulen et al., 2009 [58] Arsenic ICP-MS Blood 26 2005-2006 BE na 0.1-155.5 na 0.2-17.8 Live, wild
D’Havé et al., 2006b [29] Arsenic ICP-MS Fat 7 2002-2003 BE + NL ND-0.13 na 0.08 na Dead, roadkill + in care
Vermeulen et al., 2009 [58] Arsenic ICP-MS Hair 26 2005-2006 BE 0.2-17.3 na na 0.3-8.2 Live, wild
Rautio et al., 2010 [57] Arsenic ICP-OES Hair 65 2004-2005 FI ND-1.6 na 0.46 na Dead, roadkill +
starvation
D’Havé et al., 2006b [29] Arsenic ICP-MS Hair 43 2002-2003 BE + NL ND-2.33 na 0.69 na Dead, roadkill + in care
D’Havé et al., 2005a [59] Arsenic ICP-OES Hair 83 2002 BE 0.11-6.46 * na na na Live, wild
Rautio et al., 2010 [57] Arsenic ICP-OFS Kidney 64 2004-2005 FI 0.13-1.1 na 047 na Dead, roadkill +
starvation
D’Havé et al., 2006b [29] Arsenic ICP-MS Kidney 44 2002-2003 BE + NL ND-2.06 na 0.58 na Dead, roadkill + in care
Rautio et al., 2010 [57] Arsenic ICP-OES Liver 58 2004-2005 FI 0.26-1.06 na 0.45 na Dead, roadkll +
starvation
D’Havé et al., 2006b [29] Arsenic ICP-MS Liver 43 2002-2003 BE + NL ND-4.23 na 0.69 na Dead, roadkill + in care
Jota ggg;‘fzift al., Arsenic ICP-MS Liver 1 2019-2021 PT 0-0.64 na 0.13 na Dead, in care
D’Havé et al., 2006b [29] Arsenic ICP-MS Muscle 44 2002-2003 BE + NL ND-1.42 na 0.29 na Dead, roadkill + in care
Vermeulen et al., 2009 [58] Arsenic ICP-MS Spines 26 2005-2006 BE 0.2-23.6 na na 0.4-6.3 Live, wild
Rautio et al., 2010 [57] Arsenic ICP-OES Spines 63 2004-2005 FI 0.16-1.56 na 042 na Dead, roadkill +
starvation
D’Havé et al., 2006b [29] Arsenic ICP-MS Spines 43 2002-2003 BE + NL ND-5.66 na 1.24 na Dead, roadkill + in care
D’Havé et al., 2005a [59] Arsenic ICP-OES Spines 82 2002 BE 0.23-7.97 * na na na Live, wild
Selenium
Rautio et al., 2010 [57] Selenium ICP-OES Hair 65 2005-2006 FI ND-1.02 na 0.18 na Dead, roadkill +
starvation
. . . Dead, roadkill +
Rautio et al., 2010 [57] Selenium ICP-OES Kidney 64 2004-2005 FI 2.05-11.36 na 4.63 na X
starvation
Rautio et al., 2010 [57] Selenium ICP-OES Liver 58 2004-2005 FI 1.22-3.89 na 24 na Dead, roadkill +
starvation
Rautio et al., 2010 [57] Selenium ICP-OES Spines 63 2004-2005 FI 0.05-1.65 na 0.69 na Dead, roadkill +

starvation
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The sampling took place in Finland, Belgium, and the Netherlands in the years
2002-2006 and in Portugal in 2019-2021, with sample sizes ranging from 7 to 83 hedgehogs,
representing the sample types of hair, kidney, liver, spine, muscle, blood, and fat. For
selenium, the detection levels ranged between not detected to 11.36 ug/g dry weight, with
means ranging from 0.18 to 4.63 nug/g. Arsenic had detection levels from ND to 23.6 ug/g
in the hair, kidneys, livers, spines, muscles, and fat, with means ranging from 0.08 to
1.24 pg/g. In the blood samples, levels of arsenic ranged from 0.1 to 155.5 ug/mL. The
data presented in the studies unfortunately did not allow for a representation of detection
frequencies for the two metalloids.

Rautio et al. (2010) [57] found that selenium concentrations increased significantly
with increasing age in all the tissue types studied, suggesting a gradual accumulation
of this compound in hedgehogs with age. Jota Baptista et al. (2023) [63] described how
levels of arsenic were significantly lower in independent juveniles compared to adults and
dependent juveniles.

4. Discussion
4.1. More Research on Exposure to Xenobiotics

Hedgehogs are increasingly inhabiting areas of human occupation [15-19], such as
residential gardens and urban parks, where they navigate through dense shrubberies,
flower beds, vegetable gardens, and open green spaces. Facilitated by their short stature,
rarely reaching > 15 cm in height, they may be exposed to many sources of herbicides
and insecticides, as they come into close contact with plants during foraging, in addition
to consuming prey items living and feeding on these plants, which are then targeted by
insecticides [20,22,23,128]. Dietary studies have also revealed remnants of plants and fruit
in the stomachs of hedgehogs, although it is unknown whether they intentionally fed on the
plants or whether they were ingested during an attempt to catch prey items positioned on
the plant material [13,20]. The use of insecticides in residential gardens serving to eliminate
species of, e.g., ants and aphids, is common. Hedgehogs may be exposed to insecticides
through foraging on poisoned prey items but also by moving through treated shrubs and
areas (in the case of aerosol or liquid insecticidal products) or by ingesting the poison
through oral intake, if the poison is placed in the open.

Hedgehog populations in rural areas appear to face the highest decline [37,39], in-
cluding agricultural landscapes, with a possible pathway of exposure during foraging to
herbicides and insecticides used in cultivated fields [129].

Hedgehogs admitted into care at a wildlife rehabilitation centre may furthermore
become exposed to insecticides through flea treatments in cases where their ectoparasite
burdens have become extensive enough to cause a reduction in fitness, such as anaemia,
requiring treatment. Evidence from wildlife rehabilitation centres has led to a general
consensus among hedgehog rehabilitators and veterinarians treating hedgehogs that per-
methrin is likely lethal to hedgehogs, as it is to cats [130], with its documented critical effect
concentration (PNEC) of 120 mg permethrin/kg food for small mammals [131] and an
oral lethal dose of 50 (LDsy) for rats of 480 mg permethrin/kg bodyweight [131], with an
estimated LDs of 480 mg permethrin/kg bodyweight for mammals in general, in case of
primary poisoning [132]. But are hedgehogs otherwise exposed to insecticides intended
for the treatment of ectoparasites in pets? As these substances are excreted from dogs and
cats through urine and faeces [133-135], there is a risk that hedgehogs may come into close
contact with the compounds, as they sometimes cover themselves in faeces from dogs and
cats, likely as an attempt to disguise their own smell for predators. Furthermore, sharing
sources of fresh water with pets could also lead to an exposure of insecticides used for
treatment against endoparasites, if a dog swims or rolls in a small puddle or a lake or
stream from which the hedgehog drinks, as a range of the products against ectoparasites
are nowadays “spot on” products, which are applied directly onto the skin and fur of the
pets [136]. Schanzer et al. (2021) [65] detected permethrin in one individual and a metabo-
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lite of fipronil in all of the six hedgehogs analysed, which may indicate that exposure to
insecticidal treatments for ectoparasites in cats and dogs is widespread in hedgehogs.

4.2. Food and Waterborne Contaminants

As hedgehogs are frequently offered supplementary feeding with commercial cat
food in residential gardens [137], it would also be relevant to analyse cat food for different
potentially toxic compounds, as recent research discovered that perfluoroalkylated sub-
stances (PFASs) were found, especially in organic chicken eggs, likely due to the addition
of fish meal in commercial chicken feed [138,139]. Fish meal is also a common ingredient in
commercial cat and dog food [140], which may cause PFASs to accumulate in hedgehogs
feeding on these products, in addition to the exposure of PFAS from other sources, such
as contaminated sites and wastewater [141]. Even though the toxic effects of PFASs are
currently unknown for hedgehogs, previous research indicates negative health impacts of
the bioaccumulation of PFASs in wildlife, e.g., a significant association between infectious
diseases and elevated concentrations of perfluorooctanesulfonate (PFOS) and perfluorooc-
tanoic acid (PFOA) in the livers of southern sea otters (Enhydra lutris nereis) [142].

Municipal wastewater is well known to contain a range of xenobiotics, including
pesticides, PFAS, and flame retardants but also pharmaceutical products [143], excreted
through urine and faeces from their human users. Sewage sludge is also a common fertiliser
that contains a range of compounds such as heavy metals [144], pharmaceuticals [145], and
pesticides [146]. The same applies to manure from livestock treated with different types
of medical drugs. When sludge or manure is spread as fertilisers on the fields in which
hedgehogs forage, a possible exposure pathway for hedgehogs is created. Furthermore,
there may also be residues of pesticides, PFAS, pharmaceuticals, and other pollutants in
the plain drinking water [147] provided for hedgehogs in people’s gardens in, e.g., ponds
and water bowls.

4.3. Non-Target Screening

Traditionally, analytical chemistry applies trace-level chemical analytical methods for
a specific type of sample and group of substances. This form of targeted analysis is used
for the identification and quantification of specific compounds, especially at low levels.
However, target analyses only identify compounds that have been defined in advance,
potentially overlooking other compounds with toxic potential. New analytical techniques,
such as non-target screening based on high resolution mass spectrometry (HRMS), offer a
possibility to scan for unknown compounds in a sample (e.g., Hollender et al. (2017) [148]).
HRMS can be coupled with different types of chromatographic separation methods, i.e.,
liquid chromatography (LC) and gas chromatography (GC), for polar and non-polar com-
pounds, respectively. Thus, a combination of both will be required to cover a broad
spectrum of organic chemicals [149]. Following the recording of high-resolution mass
spectra, bioinformatic analysis is applied to identify the compounds via comparisons with
mass spectra libraries. Non-target screening would be a useful complementary approach
for research on xenobiotics in hedgehogs, as it would allow for a more comprehensive
screening of substances in hedgehog samples, providing insights into potentially over-
looked compounds. If analytical standards are available for the identified compound, a
target method for quantification can be developed as a second step. Due to the potentially
high number of chemicals hedgehogs can be exposed to, we would like to advocate for the
use of non-target screening in future studies on xenobiotics in hedgehogs.

4.4. The Health- and Age-Related Effects of the Occurrence of Contaminants in Hedgehogs

So far, research has primarily focused on quantifying the extent of contaminants in
hedgehogs, detecting levels and frequencies of toxic, and potentially lethal, compounds
but has, until recently (2023), not related these exposure levels to health effects in hedge-
hogs. However, Jota Baptista et al. (2023) [63] detected biliary hyperplasia in 16 of the
45 dead hedgehogs examined in their study and concluded that concentrations of metals
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were higher in individuals with biliary hyperplasia. We encourage future studies to in-
vestigate the potential toxicological effects of the widespread occurrence of rodenticides,
organochlorine compounds, and BFRs in this declining species and expand this to currently
understudied compounds, such as insecticides and PFAS. Since hedgehogs are exposed to
multiple compounds at the same time, their combined effects will be relevant to address as
well. Rautio et al. (2010) [57] found evidence of an age-related increase in concentrations of
different metals (Cd, Se, Mo, Cu, Fe, and Mn) in hedgehogs, which is also a relevant subject
in need of further study, including the health effects of bioaccumulation of multiple metals,
especially given the fact that European hedgehogs have the potential to reach 16 years of
age [25].

4.5. Selecting the Relevant Sample Types

The published studies investigated in this review used different approaches and
sample types for studying the occurrence of xenobiotics and metals in hedgehogs, including
spines, hair, muscles, fat, livers, kidneys, and blood (Figure 1). Depending on the compound
in focus, its physical-chemical characteristics, and physiological processes, some sample
types seemed more representative than others. As an example, Vermeulen et al. (2009) [58]
found that the levels of As, Cd, and Pd were correlated in the hair, spines, and blood, but,
by contrast, this did not apply to Al, Cr, Cu, Fe, Mn, Ni, or Zn. D’Havé et al. (2006B) [29]
discovered the highest concentrations of metals in internal tissues compared to the hair
and spines, with Ag, Fe, Pb, and Zn concentrations being dominant in the livers, and
Cd and Co measured in the highest levels in liver and kidney tissue. Furthermore, the
authors concluded that external tissues, such as the hair and spines, may accumulate
substantial concentrations of certain metals (Al, Cr, Cu, and Ni) and As. They recorded
the highest concentrations for Al in spines, while As was predominant in the hair and
spines. Rautio et al. (2010) [57] found that As, Cd, and Se concentrations were the highest
in the kidneys, compared to Fe, Mg, Mn, Mo, Pb, and Zn, which were the highest in the
livers, and Cu and Ni levels being the highest in the hair. In this study, there was a general
tendency for the concentrations of the chemical compounds investigated to be lower in
spine samples compared to samples from internal organs [57]. Lipophilic compounds
typically accumulate in lipid-rich tissues, and the concentrations of liposoluble toxicants
may vary due to morphological and behavioural differences between the sexes.

We encourage harmonised approaches for monitoring purposes, including an align-
ment of protocols regarding tissue types selected for analyses and sampling techniques,
as well as quality control measures for the harmonisation of analytical methods. These
combined efforts would improve the comparability of the results. However, while the
standardisation of tissue types is important, there is also a need for analyses of different
organs and tissues to improve the toxicokinetic understanding of xenobiotics and metals
in hedgehogs.

4.6. Non-Destructive Measures and Hibernating Mammals as Bioindicators

Several of the research papers reviewed suggest that hedgehogs may serve as potential
bioindicators for studies on the presence and accumulation of different environmental
pollutants, as they share habitats with a wide range of vertebrates, and their spines appear
to be a valuable and non-invasive sample type for the analysis of selected chemicals.
However, for a correct interpretation of the detection of chemical compounds, a better
understanding of the metabolism of contaminants in hedgehogs would be useful. It should
also be considered that the direct causes of exposure to chemicals in humans and hedgehogs
are not necessarily identical even though they share habitats, as humans generally do not
tend to eat insects in Europe. Instead, humans may eat the same plants as the insects, which
are then consumed by the hedgehogs. However, signals of potentially harmful compounds
in hedgehog samples may indicate exposure sources in specific areas that would benefit
from closer investigation to prevent or reduce exposure to other species.
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Using spines from hedgehogs may serve as an important non-invasive alternative to
traditional organ analyses of sacrificed animals [150]. The spines can be collected through
a non-invasive method, as they do not contain any nerves [13], and can be sampled very
rapidly with a minimum duration of handling, potentially only causing a low degree of
acute stress to the hedgehog being sampled [151]. However, it should be considered that
the concentrations and chemical compounds found in spines are not necessarily directly
comparable to those found in organs [57,58]. Additionally, the use of dead hedgehogs for
research collected by volunteers in the wild is also widely applied, and citizen science
projects like The Danish Hedgehog Project have provided large numbers of samples from a
wide range of habitat types for a variety of different research purposes [25,47,48,50,51]. The
public adoration of hedgehogs makes large-scale citizen science projects possible, where the
use of dead hedgehogs collected in the wild could also serve as a non-invasive sampling
technique for future studies of xenobiotic exposure and ecotoxicology.

In contrast to actively wintering small mammals that are forced to increase their food
intake during colder temperatures, potentially leading to a higher exposure of pollutants
during the winter, hedgehogs hibernate for up to six months a year in most of their
geographical distribution [13,14]. This may influence the accumulation of xenobiotics in
their tissues. The potential lack of metabolisation of different chemical compounds during
the state of torpor in hedgehogs could perhaps affect the levels detected in hedgehogs
compared to non-hibernating species. Additionally, they are also likely to be affected
by “delayed toxicity” through the metabolisation of adipose tissue with accumulated
pollutants during hibernation.

Therefore, we advocate for research investigating these potential influences on the
levels of xenobiotics and metals detected in hedgehogs compared to other small mammal
species, enabling a more robust comparison between future studies with hedgehogs utilised
as bioindicator species.

5. Conclusions

This review aimed to provide a comprehensive overview of the available studies
screening for xenobiotics and metals in hedgehogs. Our findings revealed that a vast range
of different pesticides, POPs, including organochlorine compounds and BFRs, metals, and
metalloids, could be detected in samples from hedgehogs collected from different locations
throughout Europe. In some cases, the compounds reached lethal concentrations, causing
fatal poisoning in hedgehogs, and, in other cases, adverse health impacts, such as biliary
hyperplasia, were described in the poisoned hedgehogs. Since some studies included
animals that had died from poisoning, it is important to note that these might present a bias
towards high concentrations, rather than representing general exposure levels. Moreover,
given the lack of information on lethal doses for European hedgehogs, the interpretation of
the concentrations of xenobiotics and metals present in the hedgehogs with regard to toxic
effects is challenging and restricts us to drawing conclusions about the presence of these
compounds in the hedgehogs.

Because we share habitats, toxicological screenings of hedgehogs could also indicate
the potential exposure of xenobiotics to other terrestrial vertebrates. Hedgehogs are ground-
dwelling mammals, feeding on a range of insects, slugs, snails, and earthworms and
thereby come into close contact with contaminants present in the soil. They also feed on
carrion, potentially accumulating compounds found in higher levels of the food chain from
apex predator species. Combined with the opportunity to apply non-invasive sampling
techniques through the collection of spines as sampling material, as well as the large
potential for citizen science projects collecting dead hedgehogs in the wild, the European
hedgehog should be regarded as a relevant bioindicator species. Furthermore, hedgehogs
are declining in Europe, and insights gained through research on the role of xenobiotics
and heavy metals in this decline will help inform future conservation actions directed at
this species.



Animals 2024, 14, 232 21 of 27

Due to this important potential, we advocate for more research into the exposure
to and potential bioaccumulation of xenobiotics and metals in hedgehogs with a stan-
dardisation and harmonisation of sampling techniques, sample types, and methods of
analysis in future studies, which would be imperative for facilitating robust comparisons.
Additionally, incorporating non-target screening techniques will enable the detection of
hitherto overlooked relevant and potentially toxic substances.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/ani14020232 /s1. An overview of the prevalence and de-
tection levels of metals in European hedgehogs. Abbreviations used: Belgium (BE), the Netherlands
(NL), Finland (FI), Portugal (PT), Italy (I), not detected (ND), not applicable (na), inductively coupled
plasma mass spectrometry (ICP-MS), inductively coupled plasma optical emission spectrometer
(ICP-OES), atomic absorption spectrometry (AAS). * denotes measures based on a range of means
from seven study sites. An overview of the prevalence and detection levels of metals in European
hedgehogs. Abbreviations used: Belgium (BE), the Netherlands (NL), Finland (FI), Portugal (PT),
Italy (I), not detected (ND), not applicable (na), inductively coupled plasma mass spectrometry
(ICP-MS), inductively coupled plasma optical emission spectrometer (ICP-OES), atomic absorption
spectrometry (AAS). * denotes measures based on a range of means from seven study sites.

Author Contributions: Conceptualization, S.L.R., C.P,, PR., K.V. and ].L.N.; methodology, S.L.R., C.P,
PR, K.V.and ]J.L.N,; investigation, S.L.R.; resources, S.L.R.; data curation, S.L.R.; writing—original
draft preparation, S.L.R.; writing—review and editing, S.L.R., C.P,, PR, K.V. and J.L.N.; visualization,
S.L.R;; supervision, C.P,, PR., K.V. and J.L.N.; All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Carlsberg Foundation, grant number CF20_0443, and the
Danish Environmental Protection Agency’s Pesticide Research Programme J.nr. 2019-15128.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: All the data are available in the published studies used for this review.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  United Nations Environment Programme. Global Chemicals Outlook Ii: Summary for Policymakers; United Nations Environment
Assembly of the United Nations Environment Programme, Ed.; United Nations: Nairobi, Kenya, 2019.

2. European Environment Agency. Consumption of Hazardous Chemicals. In Environmental Indicator Reports, Environment and
Health; European Environment Agency: Luxembourg, 2018.

3.  The European Commission. Directive 2000/60/EC of the European Parliament and of the Council of 23 October 2000 Establishing a
Framework for Community Action in the Field of Water Policy; European Commission: Brussels, Belgium, 2014.

4. Reiersen, L.-O.; Vorkamp, K.; Kallenborn, R. The role of the Arctic Monitoring and Assessment Programme (AMAP) in reducing
pollution of the Arctic and around the globe. Environ. Sci. Ecotechnol. 2024, 17, 100302. [CrossRef] [PubMed]

5. Marx-Stoelting, P; Riviére, G.; Luijten, M.; Aiello-Holden, K.; Bandow, N.; Baken, K.; Canas, A.; Castano, A.; Denys, S.; Fillol, C.;
et al. A walk in the PARC: Developing and implementing 21st century chemical risk assessment in Europe. Arch. Toxicol. 2023, 97,
893-908. [CrossRef]

6. Badry, A.; Slobodnik, J.; Alygizakis, N.; Bunke, D.; Cincinelli, A.; Claien, D.; Dekker, R.W.R.J.; Duke, G.; Dulio, V.; Gockener,
B.; et al. Using environmental monitoring data from apex predators for chemicals management: Towards harmonised sampling
and processing of archived wildlife samples to increase the regulatory uptake of monitoring data in chemicals management.
Environ. Sci. Eur. 2022, 34, 81. [CrossRef]

7.  Schlegel, H. Xenobiotics. In General Microbiology; Cambridge University Press: Cambridge, UK, 1986; p. 433.

8.  Mishra, VK;; Singh, G.; Shukla, R. Chapter 6—Impact of Xenobiotics Under a Changing Climate Scenario. In Climate Change and
Agricultural Ecosystems; Choudhary, K K., Kumar, A., Singh, A K., Eds.; Woodhead Publishing: Sawston, UK, 2019; pp. 133-151.

9. Rieger, P-G.; Meier, H.-M.; Gerle, M.; Vogt, U.; Groth, T.; Knackmuss, H.-J. Xenobiotics in the environment: Present and future
strategies to obviate the problem of biological persistence. . Biotechnol. 2002, 94, 101-123. [CrossRef] [PubMed]

10. Jaishankar, M.; Tseten, T.; Anbalagan, N.; Mathew, B.B.; Beeregowda, K.N. Toxicity, mechanism and health effects of some heavy
metals. Interdiscip. Toxicol. 2014, 7, 60. [CrossRef] [PubMed]

11. Jéarup, L. Hazards of heavy metal contamination. Br. Med. Bull. 2003, 68, 167-182. [CrossRef]


https://www.mdpi.com/article/10.3390/ani14020232/s1
https://doi.org/10.1016/j.ese.2023.100302
https://www.ncbi.nlm.nih.gov/pubmed/37731838
https://doi.org/10.1007/s00204-022-03435-7
https://doi.org/10.1186/s12302-022-00664-6
https://doi.org/10.1016/S0168-1656(01)00422-9
https://www.ncbi.nlm.nih.gov/pubmed/11792455
https://doi.org/10.2478/intox-2014-0009
https://www.ncbi.nlm.nih.gov/pubmed/26109881
https://doi.org/10.1093/bmb/ldg032

Animals 2024, 14, 232 22 of 27

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Zoroddu, M.A; Aaseth, J.; Crisponi, G.; Medici, S.; Peana, M.; Nurchi, V.M. The essential metals for humans: A brief overview.
J. Inorg. Biochem. 2019, 195, 120-129. [CrossRef]

Morris, P. Hedgehog, [New Naturalist Vol. 137]; Collins: London, UK, 2018.

Reeve, N. Hedgehogs; Poyser: London, UK, 1994.

Rasmussen, S.L.; Berg, T.B.; Dabelsteen, T.; Jones, O.R. The ecology of suburban juvenile European hedgehogs (Erinaceus europaeus)
in Denmark. Ecol. Evol. 2019, 9, 13174-13187. [CrossRef]

van de Poel, ].L.; Dekker, J.; van Langevelde, F. Dutch hedgehogs Erinaceus europaeus are nowadays mainly found in urban areas,
possibly due to the negative effects of badgers Meles meles. Wildl. Biol. 2015, 21, 51-55. [CrossRef]

Hubert, P; Julliard, R.; Biagianti, S.; Poulle, M.-L. Ecological factors driving the higher hedgehog (Erinaceus europeaus) density in
an urban area compared to the adjacent rural area. Landsc. Urban Plan. 2011, 103, 34—43. [CrossRef]

Pettett, C.E.; Moorhouse, T.P; Johnson, P.J.; Macdonald, D.W. Factors affecting hedgehog (Erinaceus europaeus) attraction to rural
villages in arable landscapes. Eur. J. Wildl. Res. 2017, 63, 54. [CrossRef]

Gazzard, A.; Yarnell, RW.; Baker, PJ. Fine-scale habitat selection of a small mammalian urban adapter: The West European
hedgehog (Erinaceus europaeus). Mamm. Biol. 2022, 102, 387—403. [CrossRef]

Dickman, C.R. Age-related dietary change in the European hedgehog, Erinaceus europaeus. J. Zool. 1988, 215, 1-14. [CrossRef]
Rautio, A.; Isomursu, M.; Valtonen, A.; Hirvela-Koski, V.; Kunnasranta, M. Mortality, diseases and diet of European hedgehogs
(Erinaceus europaeus) in an urban environment in Finland. Mammal Res. 2016, 61, 161-169. [CrossRef]

Wroot, A.J. Feeding Ecology of the European Hedgehog, Erinaceus Europeaus. Ph.D. Thesis, University of London, London, UK,
1984.

Yalden, D. The food of the hedgehog in England. Acta Theriol. 1976, 21, 401-424. [CrossRef]

Jones, C.; Moss, K.; Sanders, M. Diet of hedgehogs (Erinaceus europaeus) in the upper Waitaki Basin, New Zealand: Implications
for conservation. N. Z. ]. Ecol. 2005, 29, 29-35.

Rasmussen, S.L.; Berg, T.B.; Martens, H.J.; Jones, O.R. Anyone Can Get Old—All You Have to Do Is Live Long Enough:
Understanding Mortality and Life Expectancy in European Hedgehogs (Erinaceus europaeus). Animals 2023, 13, 626. [CrossRef]
Nickelson, S.A.; West, S.D. Renal Cadmium Concentrations in Mice and Shrews Collected from Forest Lands Treated with
Biosolids. J. Environ. Qual. 1996, 25, 86-91. [CrossRef]

Wijnhoven, S.; Leuven, R.S.E.W,; van der Velde, G.; Jungheim, G.; Koelemij, E.I; de Vries, E.T.; Eijsackers, H.].P.; Smits, A.J.M.
Heavy-Metal Concentrations in Small Mammals from a Diffusely Polluted Floodplain: Importance of Species- and Location-
Specific Characteristics. Arch. Environ. Contam. Toxicol. 2007, 52, 603-613. [CrossRef]

Seri¢ Jelaska, L.; Jurasovi¢, J.; Brown, D.S.; Vaughan, I.P.; Symondson, W.O. Molecular field analysis of trophic relationships in
soil-dwelling invertebrates to identify mercury, lead and cadmium transmission through forest ecosystems. Mol. Ecol. 2014, 23,
3755-3766. [CrossRef] [PubMed]

d’'Havé, H.; Scheirs, J.; Mubiana, V.K.; Verhagen, R.; Blust, R.; De Coen, W. Non-destructive pollution exposure assessment in the
European hedgehog (Erinaceus europaeus): II. Hair and spines as indicators of endogenous metal and As concentrations. Environ.
Pollut. 2006, 142, 438-448. [CrossRef]

d’Havé, H.; Scheirs, J.; Covaci, A.; Schepens, P.; Verhagen, R.; De Coen, W. Nondestructive pollution exposure assessment in the
European hedgehog (Erinaceus europaeus): III. Hair as an indicator of endogenous organochlorine compound concentrations.
Environ. Toxicol. Chem. Int. . 2006, 25, 158-167. [CrossRef]

Miiller, F. Langzeit-Monitoring der Strassenverkehrsopfer beim Igel (Erinaceus europaeus L.) zur Indikation von Populations-
dichteveranderungen entlang zweier Teststrecken im Landkreis Fulda. Beitrige Zur Naturkunde Osthessen 2018, 54, 21-26.
British Trust for Ornithology (BTO); Commissioned by British Hedgehog Preservation Society and People’s Trust for Endangered
Species. The State of Britain’s Hedgehogs 2011; BTO: London, UK, 2011.

British Hedgehog Preservation Society; People’s Trust for Endangered Species. The State of Britain’s Hedgehogs 2015; British
Hedgehog Preservation Society and People’s Trust for Endangered Species: London, UK, 2015.

Wilson, E.; Wembridge, D. (Eds.) The State of Britain’s Hedgehogs 2018; British Hedgehog Preservation Society and People’s Trust
for Endangered Species: London, UK, 2018.

Hof, A.R.; Bright, PW. Quantifying the long-term decline of the West European hedgehog in England by subsampling citizen-
science datasets. Eur. . Wildl. Res. 2016, 62, 407-413. [CrossRef]

Krange, M. Change in the Occurrence of the West European Hedgehog (Erinaceus europaeus) in Western Sweden during 1950-2010.
Master’s Thesis, Karlstad University, Karlstad, Sweden, 2015.

Williams, B.M.; Baker, PJ.; Thomas, E.; Wilson, G.; Judge, J.; Yarnell, R W. Reduced occupancy of hedgehogs (Erinaceus europaeus)
in rural England and Wales: The influence of habitat and an asymmetric intra-guild predator. Sci. Rep. 2018, 8, 12156. [CrossRef]
Taucher, A.L.; Gloor, S.; Dietrich, A.; Geiger, M.; Hegglin, D.; Bontadina, F. Decline in Distribution and Abundance: Urban
Hedgehogs under Pressure. Animals 2020, 10, 1606. [CrossRef] [PubMed]

Wembridge, D.; Johnson, G.; Al-Fulaij, N.; Langton, S. The State of Britain’s Hedgehogs 2022; British Hedgehog Preservation Society
and People’s Trust for Endangered Species: London, UK, 2022.

Mathews, E.; Harrower, C. IUCN—Compliant Red List for Britain’s Terrestrial Mammals. Assessment by the Mammal Society under
Contract to Natural England, Natural Resources Wales and Scottish Natural Heritage; Natural England: Peterborough, UK, 2020.


https://doi.org/10.1016/j.jinorgbio.2019.03.013
https://doi.org/10.1002/ece3.5764
https://doi.org/10.2981/wlb.00072
https://doi.org/10.1016/j.landurbplan.2011.05.010
https://doi.org/10.1007/s10344-017-1113-6
https://doi.org/10.1007/s42991-022-00251-5
https://doi.org/10.1111/j.1469-7998.1988.tb04881.x
https://doi.org/10.1007/s13364-015-0256-7
https://doi.org/10.4098/AT.arch.76-39
https://doi.org/10.3390/ani13040626
https://doi.org/10.2134/jeq1996.00472425002500010011x
https://doi.org/10.1007/s00244-006-0124-1
https://doi.org/10.1111/mec.12566
https://www.ncbi.nlm.nih.gov/pubmed/24138157
https://doi.org/10.1016/j.envpol.2005.10.021
https://doi.org/10.1897/05-208R.1
https://doi.org/10.1007/s10344-016-1013-1
https://doi.org/10.1038/s41598-018-30130-4
https://doi.org/10.3390/ani10091606
https://www.ncbi.nlm.nih.gov/pubmed/32916892

Animals 2024, 14, 232 23 of 27

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.
61.
62.
63.

64.

Brakes, C.R.; Smith, R.H. Exposure of non-target small mammals to rodenticides: Short-term effects, recovery and implications
for secondary poisoning. J. Appl. Ecol. 2005, 42, 118-128. [CrossRef]

Haigh, A.; O'Riordan, R.M.; Butler, F. Nesting behaviour and seasonal body mass changes in a rural Irish population of the
Western hedgehog (Erinaceus europaeus). Acta Theriol. 2012, 57, 321-331. [CrossRef]

Hof, A.R.; Bright, PW. The value of agri-environment schemes for macro-invertebrate feeders: Hedgehogs on arable farms in
Britain. Anim. Conserv. 2010, 13, 467-473. [CrossRef]

Huijser, M.P.; Bergers, PJ.M. The effect of roads and traffic on hedgehog (Erinaceus europaeus) populations. Biol. Conserv. 2000, 95,
111-116. [CrossRef]

Young, R.P,; Davison, J.; Trewby, I.D.; Wilson, G.J.; Delahay, R.]J.; Doncaster, C.P. Abundance of hedgehogs (Erinaceus europaeus) in
relation to the density and distribution of badgers (Meles meles). ]. Zool. 2006, 269, 349-356. [CrossRef]

Dowding, C.V.; Harris, S.; Poulton, S.; Baker, PJ. Nocturnal ranging behaviour of urban hedgehogs, Erinaceus europaeus, in relation
to risk and reward. Anim. Behav. 2010, 80, 13-21. [CrossRef]

Rasmussen, S.L.; Nielsen, J.L.; Jones, O.R.; Berg, T.B.; Pertoldi, C. Genetic structure of the European hedgehog (Erinaceus europaeus)
in Denmark. PLoS ONE 2020, 15, €0227205. [CrossRef]

Rasmussen, S.L.; Yashiro, E.; Sverrisdéttir, E.; Nielsen, K.L.; Lukassen, M.B.; Nielsen, J.L.; Asp, T.; Pertoldi, C. Applying the
GBS Technique for the Genomic Characterization of a Danish Population of European Hedgehogs (Erinaceus europaeus). Genet.
Biodivers. (GAB]) 2019, 3, 78-86. [CrossRef]

Larsen, J.; Raisen, C.L.; Ba, X.; Sadgrove, N.J.; Padilla-Gonzalez, G.F.; Simmonds, M.S.J.; Loncaric, I.; Kerschner, H.; Apfalter, P,;
Hartl, R,; et al. Emergence of methicillin resistance predates the clinical use of antibiotics. Nature 2022, 602, 135-141. [CrossRef]
[PubMed]

Rasmussen, S.L.; Larsen, J.; van Wijk, R.E.; Jones, O.R.; Berg, T.B.; Angen, O.; Larsen, A.R. European hedgehogs (Erinaceus
europaeus) as a natural reservoir of methicillin-resistant Staphylococcus aureus carrying mecC in Denmark. PLoS ONE 2019, 14,
€0222031. [CrossRef]

Rasmussen, S.L.; Hallig, J.; van Wijk, R.E.; Petersen, H.H. An investigation of endoparasites and the determinants of parasite
infection in European hedgehogs (Erinaceus europaeus) from Denmark. Int. |. Parasitol. Parasites Wildl. 2021, 16, 217-227. [CrossRef]
Rasmussen, S.L.; Schreder, A.E.; Mathiesen, R.; Nielsen, ]J.L.; Pertoldi, C.; Macdonald, D.W. Wildlife Conservation at a Garden
Level: The Effect of Robotic Lawn Mowers on European Hedgehogs (Erinaceus europaeus). Animals 2021, 11, 1191. [CrossRef]
Moore, L.].; Petrovan, S.O.; Baker, PJ.; Bates, A.J.; Hicks, H.L.; Perkins, S.E.; Yarnell, R W. Impacts and potential mitigation of road
mortality for hedgehogs in Europe. Animals 2020, 10, 1523. [CrossRef] [PubMed]

Vermeulen, F; Covaci, A.; d’'Havé, H.; Van den Brink, N.W.; Blust, R.; De Coen, W.; Bervoets, L. Accumulation of background
levels of persistent organochlorine and organobromine pollutants through the soil-earthworm-hedgehog food chain. Environ.
Int. 2010, 36, 721-727. [CrossRef]

d'Havé, H.; Scheirs, J.; Covaci, A.; van den Brink, N.W.; Verhagen, R.; De Coen, W. Non-destructive pollution exposure assessment
in the European hedgehog (Erinaceus europaeus): IV. Hair versus soil analysis in exposure and risk assessment of organochlorine
compounds. Environ. Pollut. 2007, 145, 861-868. [CrossRef] [PubMed]

Alleva, E.; Francia, N.; Pandolfi, M.; De Marinis, A.M.; Chiarotti, F.; Santucci, D. Organochlorine and Heavy-Metal Contaminants
in Wild Mammals and Birds of Urbino-Pesaro Province, Italy: An Analytic Overview for Potential Bioindicators. Arch. Environ.
Contam. Toxicol. 2006, 51, 123-134. [CrossRef]

Rautio, A.; Kunnasranta, M.; Valtonen, A.; Ikonen, M.; Hyvarinen, H.; Holopainen, 1.].; Kukkonen, J.V. Sex, age, and tissue specific
accumulation of eight metals, arsenic, and selenium in the European hedgehog (Erinaceus europaeus). Arch. Environ. Contam.
Toxicol. 2010, 59, 642—-651. [CrossRef]

Vermeulen, F.; d’"Havé, H.; Mubiana, V.K.; Van den Brink, N.W.; Blust, R.; Bervoets, L.; De Coen, W. Relevance of hair and spines
of the European hedgehog (Erinaceus europaeus) as biomonitoring tissues for arsenic and metals in relation to blood. Sci. Total
Environ. 2009, 407, 1775-1783. [CrossRef] [PubMed]

d’'Havé, H.; Scheirs, J.; Mubiana, V.K,; Verhagen, R.; Blust, R.; De Coen, W. Nondestructive pollution exposure assessment in the
European hedgehog (Erinaceus europaeus): 1. Relationships between concentrations of metals and arsenic in hair, spines, and soil.
Environ. Toxicol. Chem. Int. |. 2005, 24, 2356-2364. [CrossRef]

Dowding, C.V.; Shore, R.E; Worgan, A.; Baker, PJ.; Harris, S. Accumulation of anticoagulant rodenticides in a non-target
insectivore, the European hedgehog (Erinaceus europaeus). Environ. Pollut. 2010, 158, 161-166. [CrossRef] [PubMed]

d’Havé, H.; Covaci, A.; Scheirs, J.; Schepens, P.; Verhagen, R.; De Coen, W. Hair as an indicator of endogenous tissue levels of
brominated flame retardants in mammals. Environ. Sci. Technol. 2005, 39, 6016-6020. [CrossRef]

D'Havé, H. De egel als bio-indicator. Monitoring van milieuvervuiling. Zoogdier 2009, 20, 12-15.

Jota Baptista, C.; Seixas, F.; Gonzalo-Orden, ].M.; Patinha, C.; Pato, P.; Ferreira da Silva, E.; Casero, M.; Brazio, E.; Brandao, R.;
Costa, D.; et al. High Levels of Heavy Metal(loid)s Related to Biliary Hyperplasia in Hedgehogs (Erinaceus europaeus). Animals
2023, 13, 1359. [CrossRef]

Sanchez-Barbudo, 1.S.; Camarero, PR.; Mateo, R. Primary and secondary poisoning by anticoagulant rodenticides of non-target
animals in Spain. Sci. Total Environ. 2012, 420, 280-288. [CrossRef]


https://doi.org/10.1111/j.1365-2664.2005.00997.x
https://doi.org/10.1007/s13364-012-0080-2
https://doi.org/10.1111/j.1469-1795.2010.00359.x
https://doi.org/10.1016/S0006-3207(00)00006-9
https://doi.org/10.1111/j.1469-7998.2006.00078.x
https://doi.org/10.1016/j.anbehav.2010.04.007
https://doi.org/10.1371/journal.pone.0227205
https://doi.org/10.46325/gabj.v3i2.59
https://doi.org/10.1038/s41586-021-04265-w
https://www.ncbi.nlm.nih.gov/pubmed/34987223
https://doi.org/10.1371/journal.pone.0222031
https://doi.org/10.1016/j.ijppaw.2021.10.005
https://doi.org/10.3390/ani11051191
https://doi.org/10.3390/ani10091523
https://www.ncbi.nlm.nih.gov/pubmed/32872180
https://doi.org/10.1016/j.envint.2010.05.006
https://doi.org/10.1016/j.envpol.2006.05.013
https://www.ncbi.nlm.nih.gov/pubmed/16787689
https://doi.org/10.1007/s00244-005-0218-1
https://doi.org/10.1007/s00244-010-9503-8
https://doi.org/10.1016/j.scitotenv.2008.10.039
https://www.ncbi.nlm.nih.gov/pubmed/19058834
https://doi.org/10.1897/04-597R.1
https://doi.org/10.1016/j.envpol.2009.07.017
https://www.ncbi.nlm.nih.gov/pubmed/19674821
https://doi.org/10.1021/es0507259
https://doi.org/10.3390/ani13081359
https://doi.org/10.1016/j.scitotenv.2012.01.028

Animals 2024, 14, 232 24 of 27

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.
83.

84.

85.

86.

87.

88.

89.
90.

91.

Schanzer, S.; Kroner, E.; Wibbelt, G.; Koch, M.; Kiefer, A.; Bracher, F; Miiller, C. Miniaturized multiresidue method for the analysis
of pesticides and persistent organic pollutants in non-target wildlife animal liver tissues using GC-MS/MS. Chemosphere 2021,
279, 130434. [CrossRef] [PubMed]

Dilks, P; Sjoberg, T.; Murphy, E.C. Effectiveness of aerial 1080 for control of mammal pests in the Blue Mountains, New Zealand.
N. Z.]. Ecol. 2020, 44, 1-7. [CrossRef]

Griffiths, R.; Buchanan, F.; Broome, K.; Neilsen, J.; Brown, D.; Weakley, M. Successful eradication of invasive vertebrates on
Rangitoto and Motutapu Islands, New Zealand. Biol. Invasions 2015, 17, 1355-1369. [CrossRef]

Tearne, D.C. Eradication and Population Dynamics of the European Hedgehog (Erinaceus europaeus) on Rangitoto and Motutapu
Islands. Ph.D. Thesis, University of Auckland, Auckland, New Zealand, 2010.

Hughes, J.; Sharp, E.; Taylor, M.; Melton, L. Monitoring Plant Protection Product and Rodenticide Use and Wildlife Exposure in
Scotland. Available online: https:/ /research-scotland.ac.uk/bitstream /handle/20.500.12594 /24942 /SETAC_2013_Monitoring
PPP_and_rodenticide_use_and_wildlife_exposure_in_Scotland.pdf?sequence=1 (accessed on 1 November 2023).

Lopez-Perea, ].J.; Camarero, PR.; Molina-Lopez, R.A.; Parpal, L.; Obdn, E.; Sola, ].; Mateo, R. Interspecific and geographical
differences in anticoagulant rodenticide residues of predatory wildlife from the Mediterranean region of Spain. Sci. Total Environ.
2015, 511, 259-267. [CrossRef] [PubMed]

de Wit, C.A.; Persson, G.; Nilsson, LM.; Johansson, B.W. Circannual changes in blood coagulation factors and the effect of warfarin
on the hedgehog Erinaceus europaeus. Comp. Biochem. Physiol. Part A Physiol. 1985, 80, 43-47. [CrossRef] [PubMed]

de Snoo, G.R.; Scheidegger, N.M.; de Jong, .M. Vertebrate wildlife incidents with pesticides: A European survey. Pestic. Sci. 1999,
55,47-54. [CrossRef]

Bertero, A.; Chiari, M.; Vitale, N.; Zanoni, M.; Faggionato, E.; Biancardi, A.; Caloni, F. Types of pesticides involved in domestic
and wild animal poisoning in Italy. Sci. Total Environ. 2020, 707, 136129. [CrossRef] [PubMed]

Chu, S.; Covaci, A.; Voorspoels, S.; Schepens, P. The distribution of octachlorostyrene (OCS) in environmental samples from
Europe. J. Environ. Monit. 2003, 5, 619-625. [CrossRef]

Luzardo, O.P; Ruiz-Suarez, N.; Valerén, PF.; Camacho, M.; Zumbado, M.; Henriquez-Hernandez, L.A.; Boada, L.D. Methodology
for the Identification of 117 Pesticides Commonly Involved in the Poisoning of Wildlife Using GC-MS-MS and LC-MS-MS.
J. Anal. Toxicol. 2014, 38, 155-163. [CrossRef]

Gemmeke, H. Untersuchungen uber die Gefahr der Sekundarvergiftung bei Iqeln (Erinaceus europaeus L.) durch metaldehyd-
vergiftete Ackerschnecken. Nachrichtenblatt Des Deutschen Pflanzenschutzdienstes 1995, 47, 237-239.

Keymer, L.E; Gibson, E.A.; Reynolds, D.]. Zoonoses and other findings in hedgehogs (Erinaceus europaeus): A survey of mortality
and review of the literature. Vet. Rec. 1991, 128, 245-249. [CrossRef] [PubMed]

Van den Brink, N.W.,; Elliott, ].E.; Shore, R.E; Rattner, B.A. Anticoagulant Rodenticides and Wildlife; Springer: Berlin/Heidelberg,
Germany, 2018; Volume 5.

Christensen, T.K.; Lassen, P.; ElImeros, M. High exposure rates of anticoagulant rodenticides in predatory bird species in intensively
managed landscapes in Denmark. Arch. Environ. Contam. Toxicol. 2012, 63, 437-444. [CrossRef] [PubMed]

Topping, C.J.; Elmeros, M. Modeling exposure of mammalian predators to anticoagulant rodenticides. Front. Environ. Sci. 2016, 4,
80. [CrossRef]

Elmeros, M.; Topping, C.J.; Christensen, T.K.; Lassen, P.; Bossi, R. Spredning af Antikoagulante Rodenticider med mus og Eksponer-
ingsrisiko for Rovdyr; Miljestyrelsen, Ministry of Environment Denmark: Copenhagen, Denmark, 2015.

Spurr, E.; Drew, K. Invertebrates feeding on baits used for vertebrate pest control in New Zealand. N. Z. J. Ecol. 1999, 23, 167-173.
Elliott, J.E.; Hindmarch, S.; Albert, C.A.; Emery, J.; Mineau, P.; Maisonneuve, F. Exposure pathways of anticoagulant rodenticides
to nontarget wildlife. Environ. Monit. Assess. 2014, 186, 895-906. [CrossRef] [PubMed]

University of Hertfordshire. Ppdb: Pesticide Properties Database. Available online: http://sitem.herts.ac.uk/aeru/ppdb/en/
Reports/3160.htm (accessed on 21 December 2023).

Alomar, H.; Chabert, A.; Coeurdassier, M.; Vey, D.; Berny, P. Accumulation of anticoagulant rodenticides (chlorophacinone,
bromadiolone and brodifacoum) in a non-target invertebrate, the slug, Deroceras reticulatum. Sci. Total Environ. 2018, 610,
576-582. [CrossRef] [PubMed]

United Nations Environment Programme. The Stockholm Convention on Persistent Organic Pollutants; United Nations: Stockholm,
Sweden, 2001.

Vorkamp, K.; Rigét, EE; Bossi, R.; Sonne, C.; Dietz, R. Endosulfan, Short-Chain Chlorinated Paraffins (SCCPs) and Oc-
tachlorostyrene in Wildlife from Greenland: Levels, Trends and Methodological Challenges. Arch. Environ. Contam. Toxicol. 2017,
73,542-551. [CrossRef]

Domazet, S.L.; Grentved, A.; Jensen, T.K.; Wedderkopp, N.; Andersen, L.B. Higher circulating plasma polychlorinated biphenyls
(PCBs) in fit and lean children: The European youth heart study. Environ. Int. 2020, 136, 105481. [CrossRef]

Jones, K.C.; De Voogt, P. Persistent organic pollutants (POPs): State of the science. Environ. Pollut. 1999, 100, 209-221. [CrossRef]
Qing Li, Q.; Loganath, A.; Seng Chong, Y.; Tan, J.; Philip Obbard, J. Persistent organic pollutants and adverse health effects in
humans. J. Toxicol. Environ. Health Part A 2006, 69, 1987-2005. [CrossRef]

Greim, LW.W.H. The toxicity of brominated and mixed-halogenated dibenzo-p-dioxins and dibenzofurans: An overview.
J. Toxicol. Environ. Health Part A 1997, 50, 195-216. [CrossRef]


https://doi.org/10.1016/j.chemosphere.2021.130434
https://www.ncbi.nlm.nih.gov/pubmed/33873063
https://doi.org/10.20417/nzjecol.44.13
https://doi.org/10.1007/s10530-014-0798-7
https://research-scotland.ac.uk/bitstream/handle/20.500.12594/24942/SETAC_2013_Monitoring_PPP_and_rodenticide_use_and_wildlife_exposure_in_Scotland.pdf?sequence=1
https://research-scotland.ac.uk/bitstream/handle/20.500.12594/24942/SETAC_2013_Monitoring_PPP_and_rodenticide_use_and_wildlife_exposure_in_Scotland.pdf?sequence=1
https://doi.org/10.1016/j.scitotenv.2014.12.042
https://www.ncbi.nlm.nih.gov/pubmed/25546464
https://doi.org/10.1016/0300-9629(85)90675-9
https://www.ncbi.nlm.nih.gov/pubmed/2858289
https://doi.org/10.1002/(SICI)1096-9063(199901)55:1%3C47::AID-PS859%3E3.0.CO;2-%23
https://doi.org/10.1016/j.scitotenv.2019.136129
https://www.ncbi.nlm.nih.gov/pubmed/31869614
https://doi.org/10.1039/b304364a
https://doi.org/10.1093/jat/bku009
https://doi.org/10.1136/vr.128.11.245
https://www.ncbi.nlm.nih.gov/pubmed/2035215
https://doi.org/10.1007/s00244-012-9771-6
https://www.ncbi.nlm.nih.gov/pubmed/22588365
https://doi.org/10.3389/fenvs.2016.00080
https://doi.org/10.1007/s10661-013-3422-x
https://www.ncbi.nlm.nih.gov/pubmed/24048882
http://sitem.herts.ac.uk/aeru/ppdb/en/Reports/3160.htm
http://sitem.herts.ac.uk/aeru/ppdb/en/Reports/3160.htm
https://doi.org/10.1016/j.scitotenv.2017.08.117
https://www.ncbi.nlm.nih.gov/pubmed/28822925
https://doi.org/10.1007/s00244-017-0428-3
https://doi.org/10.1016/j.envint.2020.105481
https://doi.org/10.1016/S0269-7491(99)00098-6
https://doi.org/10.1080/15287390600751447
https://doi.org/10.1080/009841097160456

Animals 2024, 14, 232 25 of 27

92.

93.

94.

95.

96.
97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

118.
119.

120.

Scheringer, M. Persistence and spatial range as endpoints of an exposure-based assessment of organic chemicals. Environ. Sci.
Technol. 1996, 30, 1652-1659. [CrossRef]

Bergman, A.; Olsson, M. Pathology of Baltic grey seal and ringed seal females with special reference to adrenocortical hyperplasia:
Is environmental pollution the cause of a widely distributed disease syndrome. Finn. Game Res. 1985, 44, 47-62.

Reijnders, P.J. Reproductive failure in common seals feeding on fish from polluted coastal waters. Nature 1986, 324, 456-457.
[CrossRef]

Giesy, ].P.; Ludwig, ].P.; Tillitt, D.E. Deformities in birds of the Great Lakes region. Environ. Sci. Technol. 1994, 28, 128 A-135A.
[CrossRef] [PubMed]

Ratcliffe, D. Decrease in eggshell weight in certain birds of prey. Nature 1967, 215, 208-210. [CrossRef] [PubMed]

de Swart, R; Ross, P.; Vedder, L.; Timmerman, H.; Heisterkamp, S.; Van Loveren, H.; Vos, J.; Reijnders, PJ.; Osterhaus, A.
Impairment of immune function in harbor seals (Phoca vitulina) feeding on fish from polluted waters. Ambio 1994, 23, 155-159.
de Solla, S.R. Exposure, Bioaccumulation, Metabolism and Monitoring of Persistent Organic Pollutants in Terrestrial Wildlife. In
Dioxin and Related Compounds: Special Volume in Honor of Otto Hutzinger; Alaee, M., Ed.; Springer International Publishing: Cham,
Switzerland, 2016; pp. 203-252.

Daugaard-Petersen, T.; Langebzk, R.; Rigét, EEF; Letcher, R.J.; Hyldstrup, L.; Jensen, J.-E.B.; Bechshoft, T.; Wiig, J.; Jenssen, B.M.;
Pertoldi, C.; et al. Persistent organic pollutants, skull size and bone density of polar bears (Ursus maritimus) from East Greenland
1892-2015 and Svalbard 1964-2004. Environ. Res. 2018, 162, 74-80. [CrossRef]

Marsili, L.; D’Agostino, A.; Bucalossi, D.; Malatesta, T.; Fossi, M.C. Theoretical models to evaluate hazard due to organochlorine
compounds (OCs) in Mediterranean striped dolphin (Stenella coeruleoalba). Chemosphere 2004, 56, 791-801. [CrossRef]
Glucksmann, A. Sexual dimorphism in mammals. Biol. Rev. 1974, 49, 423-475. [CrossRef]

Henriksen, E.O.; Gabrielsen, G.W.; Skaare, ].U. Levels and congener pattern of polychlorinated biphenyls in kittiwakes (Rissa
tridactyla), in relation to mobilization of body-lipids associated with reproduction. Environ. Pollut. 1996, 92, 27-37. [CrossRef]
[PubMed]

Fenstad, A.A,; Jenssen, B.M.; Moe, B.; Hanssen, S.A.; Bingham, C.; Herzke, D.; Bustnes, J.O.; Krokje, A. DNA double-strand breaks
in relation to persistent organic pollutants in a fasting seabird. Ecotoxicol. Environ. Saf. 2014, 106, 68-75. [CrossRef] [PubMed]
Derocher, A.E.; Andriashek, D.; Arnould, J.P. Aspects of milk composition and lactation in polar bears. Can. J. Zool. 1993, 71,
561-567. [CrossRef]

Bernhoft, A.; Wiig, J.; Utne Skaare, J. Organochlorines in polar bears (Ursus maritimus) at Svalbard. Environ. Pollut. 1997, 95,
159-175. [CrossRef]

De Wit, C.A. An overview of brominated flame retardants in the environment. Chemosphere 2002, 46, 583-624. [CrossRef]
[PubMed]

de Wit, C.A.; Herzke, D.; Vorkamp, K. Brominated flame retardants in the Arctic environment—Trends and new candidates. Sci.
Total Environ. 2010, 408, 2885-2918. [CrossRef] [PubMed]

Darnerud, P.O. Toxic effects of brominated flame retardants in man and in wildlife. Environ. Int. 2003, 29, 841-853. [CrossRef]
Sun, Y.; Wang, Y,; Liang, B.; Chen, T.; Zheng, D.; Zhao, X,; Jing, L.; Zhou, X.; Sun, Z.; Shi, Z. Hepatotoxicity of decabromodiphenyl
ethane (DBDPE) and decabromodiphenyl ether (BDE-209) in 28-day exposed Sprague-Dawley rats. Sci. Total Environ. 2020, 705,
135783. [CrossRef]

Jansson, B.; Andersson, R.; Asplund, L.; Litzen, K.; Nylund, K.; Sellstréom, U.; Uvemo, U.B.; Wahlberg, C.; Wideqvist, U.; Odsjo,
T. Chlorinated and brominated persistent organic compounds in biological samples from the environment. Environ. Toxicol. Chem.
Int. ]. 1993, 12, 1163-1174. [CrossRef]

Lindberg, P; Sellstrom, U.; Haggberg, L.; de Wit, C.A. Higher brominated diphenyl ethers and hexabromocyclododecane found
in eggs of peregrine falcons (Falco peregrinus) breeding in Sweden. Environ. Sci. Technol. 2004, 38, 93-96. [CrossRef]

Law, RJ.; Alaee, M.; Allchin, C.R.; Boon, J.P; Lebeuf, M.; Lepom, P; Stern, G.A. Levels and trends of polybrominated
diphenylethers and other brominated flame retardants in wildlife. Environ. Int. 2003, 29, 757-770. [CrossRef] [PubMed]

Tinggi, U. Essentiality and toxicity of selenium and its status in Australia: A review. Toxicol. Lett. 2003, 137, 103-110. [CrossRef]
[PubMed]

Magg, D.D.; Glen, M.W. Toxicity of Selenium: Farm Animals. In Selenium in Biomedicine; Muth, O.H., Oldfield, ].E., Weswig, PH.,
Eds.; International Symposium on Selenium in Biomedicine; AVI Pub. Co.: Westport, CT, USA, 1967; pp. 127-140.

Hovda, L.R.; Benson, D.; Poppenga, R.H. (Eds.) Selenium. In Blackwell’s Five-Minute Veterinary Consult Clinical Companion: Equine
Toxicology; Wiley-Blackwell: Hoboken, NJ, USA, 2021; pp. 207-211.

Raisbeck, M.E. Selenosis in ruminants. Vet. Clin. Food Anim. Pract. 2020, 36, 775-789. [CrossRef] [PubMed]

Rayman, M.P. Selenium in cancer prevention: A review of the evidence and mechanism of action. Proc. Nutr. Soc. 2005, 64,
527-542. [CrossRef] [PubMed]

Reilly, C. Selenium in Food and Health; Blackie Academic and Professional, Chapman and Hall: London, UK, 1996.

He, Y; Xiang, Y.; Zhou, Y,; Yang, Y.; Zhang, J.; Huang, H.; Shang, C.; Luo, L.; Gao, J.; Tang, L. Selenium contamination,
consequences and remediation techniques in water and soils: A review. Environ. Res. 2018, 164, 288-301. [CrossRef]

Gupta, U.C.; MacLeod, J. Effect of various sources of selenium fertilization on the selenium concentration of feed crops. Can. J.
Soil Sci. 1994, 74, 285-290. [CrossRef]


https://doi.org/10.1021/es9506418
https://doi.org/10.1038/324456a0
https://doi.org/10.1021/es00052a720
https://www.ncbi.nlm.nih.gov/pubmed/22668474
https://doi.org/10.1038/215208a0
https://www.ncbi.nlm.nih.gov/pubmed/6049131
https://doi.org/10.1016/j.envres.2017.12.009
https://doi.org/10.1016/j.chemosphere.2004.03.014
https://doi.org/10.1111/j.1469-185X.1974.tb01171.x
https://doi.org/10.1016/0269-7491(95)00087-9
https://www.ncbi.nlm.nih.gov/pubmed/15091408
https://doi.org/10.1016/j.ecoenv.2014.04.020
https://www.ncbi.nlm.nih.gov/pubmed/24836880
https://doi.org/10.1139/z93-077
https://doi.org/10.1016/S0269-7491(96)00122-4
https://doi.org/10.1016/S0045-6535(01)00225-9
https://www.ncbi.nlm.nih.gov/pubmed/11999784
https://doi.org/10.1016/j.scitotenv.2009.08.037
https://www.ncbi.nlm.nih.gov/pubmed/19815253
https://doi.org/10.1016/S0160-4120(03)00107-7
https://doi.org/10.1016/j.scitotenv.2019.135783
https://doi.org/10.1002/etc.5620120704
https://doi.org/10.1021/es034614q
https://doi.org/10.1016/S0160-4120(03)00110-7
https://www.ncbi.nlm.nih.gov/pubmed/12850094
https://doi.org/10.1016/S0378-4274(02)00384-3
https://www.ncbi.nlm.nih.gov/pubmed/12505436
https://doi.org/10.1016/j.cvfa.2020.08.013
https://www.ncbi.nlm.nih.gov/pubmed/32943303
https://doi.org/10.1079/PNS2005467
https://www.ncbi.nlm.nih.gov/pubmed/16313696
https://doi.org/10.1016/j.envres.2018.02.037
https://doi.org/10.4141/cjss94-040

Animals 2024, 14, 232 26 of 27

121.

122.

123.
124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Ventura-Lima, J.; Bogo, M.R.; Monserrat, ]. M. Arsenic toxicity in mammals and aquatic animals: A comparative biochemical
approach. Ecotoxicol. Environ. Saf. 2011, 74, 211-218. [CrossRef]

Akter, K.E,; Owens, G.; Davey, D.E.; Naidu, R. Arsenic Speciation and Toxicity in Biological Systems; Springer: Berlin/Heidelberg,
Germany, 2005.

George, ].E. Present and future technologies for tick control. Ann. N. Y. Acad. Sci. 2000, 916, 583-588. [CrossRef]

Fattorini, D.; Notti, A.; Regoli, F. Characterization of arsenic content in marine organisms from temperate, tropical, and polar
environments. Chem. Ecol. 2006, 22, 405-414. [CrossRef]

Samuel, S.; Kathirvel, R.; Jayavelu, T.; Chinnakkannu, P. Protein oxidative damage in arsenic induced rat brain: Influence of
DL-«-lipoic acid. Toxicol. Lett. 2005, 155, 27-34. [CrossRef]

Flora, S.J.S.; Bhadauria, S.; Pant, S.C.; Dhaked, R.K. Arsenic induced blood and brain oxidative stress and its response to some
thiol chelators in rats. Life Sci. 2005, 77, 2324-2337. [CrossRef] [PubMed]

Aposhian, H.V,; Zakharyan, R.A.; Avram, M.D.; Kopplin, M.]J.; Wollenberg, M.L. Oxidation and detoxification of trivalent arsenic
species. Toxicol. Appl. Pharmacol. 2003, 193, 1-8. [CrossRef] [PubMed]

Dimelow, E.J. Observations on the Feeding of the Hedgehog (Erinaceus europaeus L.). Proc. Zool. Soc. Lond. (]. Zool.) 1963, 141,
291-309. [CrossRef]

Tudi, M.; Daniel Ruan, H.; Wang, L.; Lyu, J.; Sadler, R.; Connell, D.; Chu, C.; Phung, D.T. Agriculture development, pesticide
application and its impact on the environment. Int. J. Environ. Res. Public Health 2021, 18, 1112. [CrossRef] [PubMed]

Boland, L.A.; Angles, ].M. Feline permethrin toxicity: Retrospective study of 42 cases. |. Feline Med. Surg. 2010, 12, 61-71.
[CrossRef] [PubMed]

European Chemicals Agency (ECHA). Product Assessment Report of a Biocidal Product (Family) for National Authorisation Applications.
Product Type: Pt 18. Pyriproxyfen and Permethrin. Case Number in R4bp: Bc-Gy023113-30; European Chemicals Agency: Helsinki,
Finland, 2020.

Product Assessment Report of a Biocidal Product for National Authorisation Applications. Product Type 18: Permethrin. Bc-Yr023158-12;
European Chemicals Agency: Helsinki, Finland, 2019.

Lestremau, F; Willemin, M.E.; Chatellier, C.; Desmots, S.; Brochot, C. Determination of cis-permethrin, trans-permethrin and
associated metabolites in rat blood and organs by gas chromatography—ion trap mass spectrometry. Anal. Bioanal. Chem. 2014,
406, 3477-3487. [CrossRef]

Snodgrass, H.L., Jr.; Nelson, D.C. Dermal Penetration and Distribution of 14c-Labeled Permethrin Isomers; United States Army
Environmental Hygiene Agency: Aberdeen, MD, USA, 1982.

Chrustek, A.; Holyriska-Iwan, I.; Dziembowska, I.; Bogusiewicz, J.; Wréblewski, M.; Cwynar, A.; Olszewska-Stonina, D. Current
Research on the Safety of Pyrethroids Used as Insecticides. Medicina 2018, 54, 61. [CrossRef]

Teerlink, J.; Hernandez, J.; Budd, R. Fipronil washoff to municipal wastewater from dogs treated with spot-on products. Sci. Total
Environ. 2017, 599-600, 960-966. [CrossRef]

Gazzard, A.; Baker, PJ. Patterns of feeding by householders affect activity of hedgehogs (Erinaceus europaeus) during the
hibernation period. Animals 2020, 10, 1344. [CrossRef]

DTU National Food Institute. Indhold Af Pfas I Fiskemel Og Via Indhold I @kologisk Foder I Dkologiske £g; DTU National Food
Institute: Lyngby, Denmark, 2023.

Pfas Found in Organic Eggs in Denmark. Available online: https://www.food.dtu.dk/english/news/pfas-found-in-organic-
eggs-in-denmark?id=789f9bal-bdfc-4a7d-908b-fcbcceff4742 (accessed on 1 February 2023).

De Silva, S.S.; Turchini, G.M. Towards understanding the impacts of the pet food industry on world fish and seafood supplies.
J. Agric. Environ. Ethics 2008, 21, 459-467. [CrossRef]

De Silva, A.O.; Armitage, ].M.; Bruton, T.A.; Dassuncao, C.; Heiger-Bernays, W.; Hu, X.C.; Karrman, A ; Kelly, B.; Ng, C.; Robuck,
A. PFAS exposure pathways for humans and wildlife: A synthesis of current knowledge and key gaps in understanding. Environ.
Toxicol. Chem. 2021, 40, 631-657. [CrossRef] [PubMed]

Kannan, K; Perrotta, E.; Thomas, N.J. Association between Perfluorinated Compounds and Pathological Conditions in Southern
Sea Otters. Environ. Sci. Technol. 2006, 40, 4943-4948. [CrossRef]

Surra, E.; Correia, M.; Figueiredo, S.; Silva, ].G.; Vieira, |.; Jorge, S.; Pazos, M.; Sanroman, M.A,; Lapa, N.; Delerue-Matos, C.
Life Cycle and Economic Analyses of the Removal of Pesticides and Pharmaceuticals from Municipal Wastewater by Anodic
Oxidation. Sustainability 2021, 13, 3669. [CrossRef]

Pathak, A.; Dastidar, M.G.; Sreekrishnan, T.R. Bioleaching of heavy metals from sewage sludge: A review. . Environ. Manag. 2009,
90, 2343-2353. [CrossRef] [PubMed]

Verlicchi, P.; Zambello, E. Pharmaceuticals and personal care products in untreated and treated sewage sludge: Occurrence and
environmental risk in the case of application on soil—A critical review. Sci. Total Environ. 2015, 538, 750-767. [CrossRef] [PubMed]
Tadeo, J.L.; Sanchez-Brunete, C.; Albero, B.; Garci-Valcarcel, A.I. Determination of pesticide residues in sewage sludge: A review.
J. AOAC Int. 2010, 93, 1692-1702. [CrossRef]

Chander, V.; Sharma, B.; Negi, V.; Aswal, R.S.; Singh, P.; Singh, R.; Dobhal, R. Pharmaceutical compounds in drinking water.
J. Xenobiotics 2016, 6, 5774. [CrossRef]

Hollender, J.; Schymanski, E.L.; Singer, H.P,; Ferguson, P.L. Nontarget screening with high resolution mass spectrometry in the
environment: Ready to go? Environ. Sci. Technol. 2017, 51, 11505-11512. [CrossRef]


https://doi.org/10.1016/j.ecoenv.2010.11.002
https://doi.org/10.1111/j.1749-6632.2000.tb05340.x
https://doi.org/10.1080/02757540600917328
https://doi.org/10.1016/j.toxlet.2004.08.001
https://doi.org/10.1016/j.lfs.2005.04.016
https://www.ncbi.nlm.nih.gov/pubmed/15964026
https://doi.org/10.1016/S0041-008X(03)00324-7
https://www.ncbi.nlm.nih.gov/pubmed/14613711
https://doi.org/10.1111/j.1469-7998.1963.tb01614.x
https://doi.org/10.3390/ijerph18031112
https://www.ncbi.nlm.nih.gov/pubmed/33513796
https://doi.org/10.1016/j.jfms.2009.09.018
https://www.ncbi.nlm.nih.gov/pubmed/19897392
https://doi.org/10.1007/s00216-014-7774-z
https://doi.org/10.3390/medicina54040061
https://doi.org/10.1016/j.scitotenv.2017.04.219
https://doi.org/10.3390/ani10081344
https://www.food.dtu.dk/english/news/pfas-found-in-organic-eggs-in-denmark?id=789f9ba1-bdfc-4a7d-908b-fc6cccff4742
https://www.food.dtu.dk/english/news/pfas-found-in-organic-eggs-in-denmark?id=789f9ba1-bdfc-4a7d-908b-fc6cccff4742
https://doi.org/10.1007/s10806-008-9109-6
https://doi.org/10.1002/etc.4935
https://www.ncbi.nlm.nih.gov/pubmed/33201517
https://doi.org/10.1021/es060932o
https://doi.org/10.3390/su13073669
https://doi.org/10.1016/j.jenvman.2008.11.005
https://www.ncbi.nlm.nih.gov/pubmed/19303195
https://doi.org/10.1016/j.scitotenv.2015.08.108
https://www.ncbi.nlm.nih.gov/pubmed/26327643
https://doi.org/10.1093/jaoac/93.6.1692
https://doi.org/10.4081/xeno.2016.5774
https://doi.org/10.1021/acs.est.7b02184

Animals 2024, 14, 232 27 of 27

149. Hollender, J.; Schymanski, E.L.; Ahrens, L.; Alygizakis, N.; Béen, F.; Bijlsma, L.; Brunner, A.M.; Celma, A ; Fildier, A.; Fu, Q.; et al.
NORMAN guidance on suspect and non-target screening in environmental monitoring. Environ. Sci. Eur. 2023, 35, 75. [CrossRef]

150. Fossi, M.C. Nondestructive biomarkers in ecotoxicology. Environ. Health Perspect. 1994, 102, 49-54. [CrossRef]

151. Rasmussen, S.L.; Kalliokoski, O.; Dabelsteen, T.; Abelson, K. An exploratory investigation of glucocorticoids, personality and
survival rates in wild and rehabilitated hedgehogs (Erinaceus europaeus) in Denmark. BMC Ecol. Evol. 2021, 21, 96. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1186/s12302-023-00779-4
https://doi.org/10.1289/ehp.94102s1249
https://doi.org/10.1186/s12862-021-01816-7
https://www.ncbi.nlm.nih.gov/pubmed/34022803

	Introduction 
	Materials and Methods 
	Results 
	Insecticides, Fungicides, Herbicides, and Nematicides 
	Rodenticides 
	Organochlorine Compounds 
	Brominated Flame Retardants (BFRs) 
	Metals 
	Selenium and Arsenic Metalloids in Hedgehogs 

	Discussion 
	More Research on Exposure to Xenobiotics 
	Food and Waterborne Contaminants 
	Non-Target Screening 
	The Health- and Age-Related Effects of the Occurrence of Contaminants in Hedgehogs 
	Selecting the Relevant Sample Types 
	Non-Destructive Measures and Hibernating Mammals as Bioindicators 

	Conclusions 
	References

