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Abstract

Non-human animals serve as sentinels for numerous issues affecting humans, including exposure to toxic heavy metals like lead.
Lead plays a role in perpetuating cycles of poverty in low-income communities due to the inequitable distributions of indoor
health risks from lower-quality housing and outdoor health risks from industry and polluters, compounded by inequitable
distributions of heath care and education. In this pilot study, we explore the potential for studying lead in low-income populations
by partnering with nonprofit veterinary outreach programs. We investigate the lead concentration in fur samples of 85 domestic
cats (Felis catus) presented to a high-volume spay/neuter clinic and report a mean of 0.723 pg of lead per gram of fur. This study
reveals new information about lead exposure in cats in the USA, including that females had greater lead exposure than males, lead
exposure increased with increasing amount of access to the outdoors, and lead exposure increased in cats with decreased body
condition. We propose that pet, feral, and free-roaming cats presented to high-volume spay/neuter clinics could serve as a source
of data about lead exposure in disadvantaged communities where these clinics already operate. Such a non-invasive surveillance
system using inert, unobtrusively obtained samples could be deployed to detect highly exposed cats, prompting to follow up
contact to a cat’s caretakers to recommend seeking lead testing for themselves, their families, and their neighbors.
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Introduction

Non-human animals are considered sentinels for numerous
issues affecting humans (Schmidt 2009). There is an increas-
ing push to expand the understanding of connections among
animals, humans, and the environment through a One Health
“shared risk” paradigm (Rabinowitz et al. 2008). While these
approaches often focus on collaborations in tracking infec-
tious diseases (Doérea et al. 2011), another area for which

Responsible editor: Philippe Garrigues

>4 Sabrina Aeluro
sabrinaaeluro @gmail.com

Department of Environmental and Occupational Health Sciences,
UW Center for One Health Research, University of Washington, Box
357234, Seattle, WA 98195-7234, USA

Department of Environmental and Occupational Health Sciences,
University of Washington, Box, Seattle, WA 354695, USA

Published online: 07 June 2021

animal sentinels can be used is environmental monitoring
for heavy metal exposure, including lead.

Lead plays a role in perpetuating cycles of poverty and
underachievement in low-income communities of North
America and elsewhere. In addition to being a toxic heavy
metal of concern for negative effects in numerous body sys-
tems and species (Gomez-Ramirez et al. 2011), lead exposure
is a recognized environmental justice issue due to its roles in
causing low birth weight, reducing the 1Q and cognitive func-
tion of children and adolescents, impairing learning ability
and motor skills, and altering social behaviors, even at low
levels (Kalisinska et al. 2016; Sanders et al. 2012;
Sathyanarayana et al. 2006; Schillaci et al. 2011). Minorities
make up approximately three-fourths of children with elevat-
ed blood lead levels (Reyes 2018), generally defined as being
greater than 5 pg/dl (Mannino et al. 2005).

Lead exposure in the USA is associated with living in older
housing structures with lead-based paint or areas with contam-
inated drinking water (Sanders et al. 2012). Lead is part of
larger systemic problems of inequitable distributions of indoor
health risks from lower-quality housing (Adamkiewicz et al.
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2011) and outdoor health risks from industry and polluters
(Reyes 2018), compounded by inequitable distributions of
heath care and education (Neuwirth 2018). Lead has been
discussed as an additional burden for immigrant families in
low-income neighborhoods who may be unaware of lead risks
in the USA, struggle to read English language warnings and
educational materials, and unable to access healthcare
(Neuwirth 2018).

Ranging across wildland and urban areas and sharing hu-
man food and water resources to varying degrees, many wild-
life species have been studied as potential lead sentinels.
Blood lead levels, blood-based biomarkers, and tissue samples
have been analyzed across diverse taxa such as owls (Gomez-
Ramirez et al. 2011), mink (Ljungvall et al. 2017), and land
snails (Regoli et al. 2006). In North America, raccoons
(Rainwater et al. 2017) and pigeons (Cai and Calisi 2016)
have been proposed as sentinels for infectious disease and
heavy metal exposure because of their roles as widely distrib-
uted generalists living near humans as commensals and
synanthropes. In Asia, rhesus macaque monkeys fill the same
role (Engel et al. 2010).

Fur and hair samples are used in heavy metal research as a
non-invasive biomarker of chronic exposure to heavy metals
(Moreno-Santini et al. 2012). Sulthydryl groups on keratin
proteins of hair strands bind metal cations from the blood
supplying hair follicles, creating stable, inert samples that
can be acquired non-lethally and do not have special handling
and storage requirements (Dtugaszek and Kopczynski 2014;
Hernout et al. 2016b; Asano et al. 2005; Téte et al. 2014;
Engel et al. 2010). Fur has been widely subjected to lead
concentration testing in wildlife and domestic animals (see
Table 1 for a summary).

Domestic cats occupy a number of behavioral and ecolog-
ical niches, from indoor-only house pets to feral cats that are
unsocialized to humans. Indoor cats’ lead exposures may in-
clude lead-based paint, contaminated drinking water, cigarette
smoke, and food. Free-roaming and feral cats’ exposures may
include contaminated soil and water, paint dust, pollution, and
lead in anthropogenic food waste. This positions cats as a
unique potential sentinel. Sampling the breadth of cats allows
for the combined benefits of sampling both urban wildlife
species and domestic pet species, rather than using one species
as an indoor sentinel and another species with a different
physiology as an outdoor sentinel.

Cats have been studied as sentinels for numerous exposures
of concern to humans in environmental toxicology, including
methyl mercury (Takeuchi et al. 1977; Aronson 2005), flame
retardants (Mensching et al. 2012; Poutasse et al. 2019),
perfluoroalkyl substances (Bost et al. 2016), and chlorinated
pollutants (Ruiz-Suarez et al. 2015).

Lead concentration has been studied in domestic cats using
tissues in Italy (Esposito et al. 2019), the USA (Gilmartin et al.
1985), and Germany (PaBlack et al. 2014); blood samples in
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the USA (Berny et al. 1994; Berny et al. 1995), and the
Czech Republic (Smetkova et al. 2002); and using fur in
Poland (Rzymski et al. 2015; Skibniewski et al. 2014).
There have also been two clinical case studies of lead poison-
ing or elevated lead levels affecting both cats and humans
(Bischoff et al. 2010; Doumouchtsis et al. 2006).

One study of cats and dogs in an Illinois town with a dis-
used lead smelter found that human blood lead levels were
lower than those of pets living in the same environment.
While human blood lead levels did not correlate to lead con-
centrations in soil or dust, those of their pets did. These au-
thors concluded that pets are at greater risk of lead exposure
than humans, making them valuable sentinels and
recommending pets be tested for lead during routine veteri-
nary visits (Berny et al. 1994). This recommendation, howev-
er, assumes that people at risk of lead poisoning are visiting a
veterinarian at regular intervals.

Expanding access to affordable veterinary care is an issue
of rising prominence in the animal welfare world. A study of
high-volume spay/neuter clinic clients in the USA revealed,
among respondents who provided financial information, that
25% fell below the federal poverty level, defined as $11,880
for a single person and $28,440 for a family of five (White
et al. 2018). Many clinics engage in means testing to allow
their services to only be accessed by those below a certain
income threshold or who have qualified for government ben-
efits. Pets for Life, a social justice approach to providing ac-
cessible animal care services, operates in 39 US locations
where an average of 33% of residents live below the federal
poverty level. Approximately 73% of Pets for Life clients for
whom ethnicity data were available were nonwhite (Decker
Sparks et al. 2017). Such patrons likely overlap with the pop-
ulation at risk from lead poisoning.

There are other benefits to partnering with high-volume
spay/neuter clinics for data collection. Already maximized
for efficient operations, many samples from a broader area
can be obtained at a central location. Since clinics treat both
indoor and outdoor cats, the list of potential sources of the
exposure could be narrowed based on the cat’s lifestyle and
habitat to enable more targeted remediation and education
efforts in cases of elevated lead concentrations.

The purpose of this study was to determine (1) whether fur
samples collected from cats presented to a high-volume spay/
neuter clinic correlated with census tract level human lead risk
metrics published by the Washington State Department of
Health, (2) which factors about these cats and their environ-
ments influenced lead concentrations in their fur, and (3)
whether this sampling approach could be incorporated unob-
trusively into a high-volume clinic setting. Such a system
could serve as a novel means of engaging in non-invasive
biomonitoring in partnership with veterinary outreach efforts
already being undertaken in many disadvantaged communi-
ties around the country.
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Range (u1g/g)

Median Dispersion

(ng/g)

Mean (ug/g)

Environment and country

Table 1 (continued)

Animal

@ Springer

<LD-7.10

0.19 SE

0.98

65

Hedgehogs Erinaceus europaeus (Rautio et al. 2010) Medium-sized town in Finland

Studies where the mean is listed as a range reported means by subgroups but no grand mean

*Means and SE provided in a personal communication from lead author

**Concentrations based on analyzing unwashed samples

*##*Concentrations based on wet weight

###*Concentrations based on a sample that contained unwashed skin and fur analyzed together

###kStudy did not specify whether samples were washed or unwashed

##kkk*] ead concentration in hair was presented only in a graph form and appears to be roughly 0.45ug/g

Methods

We obtained data and samples in June and July 2018 at the
Feral Cat Spay/Neuter Project, a high-volume feline clinic that
serves feral cat caretakers, low-income individuals, and small
rescue groups in Washington, USA. During the surgery
check-in process, we invited clients to participate in a short
electronic survey on a tablet (University of Washington
Institutional Review Board STUDY00005055). This process
was not randomized or blinded. Our sample size was deter-
mined by the number of clinic clients who elected to be part of
the study on dates in which a researcher was present in the
clinic. We included any cats over the age of approximately 6
months (kittens were excluded to avoid possible confounding
with lead sourced from mother’s body in the womb or via
lactation) and excluded cats about which a previous location
and lifestyle were not known. After agreeing to an informed
consent, cat caretakers provided information on the cat’s life-
style (100% indoors, mostly indoors with rare outdoor access,
50/50 indoor/outdoor mix, or 100% outdoors) and indicated
on a Google Map approximately where the cat lives (which
was initially stored as a latitude and longitude before being
translated to census tract level lead risk metric rank). We also
obtained data from each cat’s medical record as to its sex,
body condition (overweight, normal, underweight), and
whether a female was lactating, in heat, pregnant, and/or post-
partum. We did not collect names of cat caretakers, their con-
tact information, or other data about humans in this pilot
study.

Fur was obtained by saving material shaved from anesthe-
tized patients as part of routine preparation for
ovariohysterectomy (spay) or orchiectomy (neuter) surgery
(see Fig. 1). Unlike blood draws, which can require multiple
attempts in dehydrated patients, the collection of fur does not
interrupt operations in a high-volume clinic or pose any addi-
tional risk to patients (the University of Washington’s Office
of Animal Welfare determined that this study did not require
an IACUC protocol for use of non-human animals in research
because collecting fur that would otherwise be discarded was
considered an incidental sample). Electric clippers were not
disinfected or cleaned of hair fragments between healthy pa-
tients as was the custom of this and similar clinics, so each
cat’s sample likely contains a minuscule amount of hair from
other patients. Female cat fur samples were from the abdo-
men, and male cat fur samples were from the scrotum, clear-
ings on either side of the scrotum, and a patch on the abdomen
shaved for a tattoo that indicates surgical sterilization.

Our cat data and fur samples were originally collected for
carbon and nitrogen stable isotope analysis by mass spectrom-
etry, and as such, we used sample preparation methods drawn
from that field which use a 2:1 mixture of chloroform and
methanol (Newsome et al. 2015; Savory et al. 2014). In fur
sample preparation for both stable isotope analysis and lead
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Fig. 1 Example of a fur sample from an anesthetized female cat being
shaved in preparation for her ovariohysterectomy (spay) in a high-volume
spay/neuter clinic. This fur is normally discarded but could serve as a
source of One Health data

analysis, there are no established norms for washing proce-
dures and different authors report use of various methods. We
sought to remove surface contaminants and potential exoge-
nous lead from our samples using a 2:1 mixture of chloroform
and methanol. We soaked fur samples for approximately 30
min, rinsed with the same solution, rinsed with deionized wa-
ter, and a final rinse with methanol before transferring samples
to plastic containers for shipment to a lab for chemical
analysis.

The University of Idaho Analytical Sciences Laboratory
analyzed our samples using a 30% nitric acid digestion
followed by Inductively Coupled Plasma Mass Spectrometry
(ICP-MS). Quality control included initial and continuing cal-
ibration verification standards, a standard reference material,
method blank, and sample duplicates. A quantification limit of
0.01 ug/g was verified with a low-level calibration standard
(for complete details on laboratory methods, please see this
article’s supplementary files). Laboratory staff were blinded to
any characteristics of each sampled cat apart from its sample
number and the date the sample was collected.

Little is known about lead contamination in the state of
Washington. There is no systematic surveillance of lead found
in the environment, such as through soil sampling, or wide-
spread testing of human blood lead levels. Two metrics for
relative human lead risks are publicly available from the
Washington Tracking Network (Washington State
Department of Health 2019). The Lead Risk from Housing
metric is determined by an area’s percentage of housing units
built before 1980. The Lead Exposure Risk metric averages
housing-based lead risk and the amount of an area’s popula-
tion living in poverty (defined as 125% or less of the US
federal poverty level). Both metrics assign a relative ranking

of 1-10 (with 1 being lowest and 10 highest risk) using a
decile percentile scale. These rankings are calculated at the
census tract level. Each cat’s location was tied to a Federal
Information Processing Standard Publication (FIPS) code, and
we recorded the appropriate risk metric scores for each cat.
US census tracts are delineated by human population size,
and tracts occupied by cats in this study varied considerably in
geographic size. After converting each tract’s area (as listed on
censusreporter.org) from square miles to square kilometers,
we collapsed them into 5 groups. Group 1 tracts ranged
from 1.04 to 2.85 km? (n=21), group 2 were 3.11-6.73 km?
(n=15), group 3 were 14.25-26.42 km? (n=22), group 4 were
46.88-67.08 km® (n=19), and group 5 were 214.19-333.59
km? (n=8). These groups serve as a proxy for human density.
We analyzed data to report arithmetic means, medians, and
standard deviations of lead concentrations in cat fur, per-
formed Shapiro-Wilk tests of normality, Kruskal-Wallis anal-
yses of variance, correlation tests using the Pearson method,
Pearson’s chi-squared tests of independence, two sample F
tests of variance, Student’s t-tests of differences of means,
and one-way analyses of variance. We used R version 3.6.1
(R Core Team 2019) in RStudio version 1.2.1335 with pack-
ages ggplot2 (Wickham 2016), maps (Becker et al. 2018),
plotrix (Lemon 2006), reshape2 (Wickham, 2007, b),
tidyverse (Wickham 2017), and gridextra (Auguie 2017).

Results

We collected and analyzed fur samples from 85 cats (see
Table 2) presented from locations

around Western Washington, USA (see Fig. 2). Of these,
84 cats were intact (unsterilized), and one was discovered to
be already altered upon shaving. Lead concentrations in fur
samples ranged from 0.031 to 14.00 pg of lead per gram of fur
based on analyzing 0.25 g of fur on a dry weight basis, with an
overall mean of 0.723 pg/g, median of 0.230 pg/g, and a
standard deviation of 1.717. Lead data were right skewed
and not normally distributed according to a Shapiro-Wilk test
of normality (W = 0.370, p-value < 2.2e-16), even with a log;
transformation (W = 0.927, p-value = 0.00014).

We found weak and statistically nonsignificant correlations
(using an alpha of 0.05) when testing for associations between
cat fur lead concentrations and the two census tract level lead
risk metrics, using either raw or log;, transformed lead data
(see Fig. 3).

We found variations in lead concentrations when examin-
ing cats by subsets based on factors associated with the cats
and their environments (see Fig. 4). Because the lead data
were not normally distributed, we used Kruskal-Wallis tests
to compare lead concentrations in subsets of cats.

By sex, males (n=28) had a mean lead concentration of
0.280 pg/g (SD 0.541), and females (n=57) had a mean lead

@ Springer


http://censusreporter.org

Environ Sci Pollut Res

Table2 A summary of the population characteristics of cats included in
analysis

Sample population characteristics n=85
Sex

Female 57
Male 28
Lifestyle and habitat

Indoor only 10
Mostly indoor 6
Indoor/outdoor 18
Outdoor only 51
Body condition

Obese 4
Normal 36
Underweight 45
Status of females (not mutually exclusive)

Lactating 28
Pregnant 14
In heat 21
Postpartum 25

concentration of 0.939 pg/g (SD 2.034). This difference was
statistically significant using a Kruskal-Wallis test (chi-
squared = 8.602, df = 1, p-value=0.0034).

By lifestyle/habitat as reported by caretakers, indoor cats
(n=10) had a mean lead concentration of 0.113 ug/g (SD
0.0807), mostly indoor cats (n=6) had a mean lead concentra-
tion of 0.176 ug/g (SD 0.0857), cats living half indoors and
half outdoors (n=18) had a mean lead concentration of 0.462
ug/g (SD 0.447), and outdoor-only cats (n=51) had a mean
lead concentration of 0.997 ug/g (SD 2.162). This difference
was statistically significant using a Kruskal-Wallis test (chi-
squared = 17.616, df = 3, p-value =0.00053).

Body condition category was determined from cat’s
medical record as assessed by a veterinary medical

o
Seattle, WA

professional during a routine pre-operative examination.
By body condition, obese-only cats (n=4) had a mean
lead concentration of 0.0875 pg/g (SD 0.0330), normal
cats (n=36) had a mean lead concentration of 0.674 ug/
g (SD 2.315), and underweight cats (n=45) had a mean
lead concentration of 0.817 pg/g (SD 1.148). This dif-
ference was statistically significant using a Kruskal-
Wallis test (chi-squared = 17.228, df = 2, p-value
=0.00018).

By census tracts grouped by size (with 1 being the smallest
and most densely populated and 5 being the largest and least
densely populated), cats in group 1 (n=21) had a mean lead
concentration of 0.410 pg/g (SD 0.533), cats in group 2
(n=15) had a mean lead concentration of 0.741 ng/g (SD
1.223), cats in group 3 (n=23) had a mean lead concentration
0f0.643 ng/g (SD 0.9123), cats in group 4 (n=19) had a mean
lead concentration of 0.267 pg/g (SD 0.170), and cats in group
5 (n=8) at a mean lead concentration of 2.800 pg/g (SD
4.817). This difference was not statistically significant using
a Kruskal-Wallis test (chi-squared = 5.795, df = 4, p-value =
0.22).

Female reproductive status was determined from cat’s
medical record as assessed by a veterinary medical profession-
al and were not mutually exclusive. Lactating females (n=28)
had a mean lead concentration of 0.993 ng/g (SD 1.322),
pregnant females (n=14) had a mean lead concentration of
0.482 ug/g (SD 0.519), postpartum females (n=25) had a
mean lead concentration of 0.923 pg/g (SD 1.144), and fe-
males in heat (n=21) had a mean lead concentration of 1.193
ug/g (SD 3.017).

This study had one outlier cat with 14.000 pg/g of
lead in her fur. The cause of this is comparatively high
lead concentration is unknown. She was reported by her
caretaker/trapper to be living 100% outdoors, had a nor-
mal body condition, was in heat at the time of sam-
pling, and was provided with an ear tip removal by
the clinic to indicate her as a sterilized feral cat.
Removing this outlier from analysis did not result in

Fig. 2 Map of the state of Washington, USA, where each of 85 sampled cats is represented by a small, green-filled circle, and Seattle is represented by a

larger black circle
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Fig. 3 Lead concentration from 85 cat fur samples was not strongly or significantly correlated with either of two metrics for human lead risk rankings

from the Washington State Department of Health: risk based on housing age,

statistically significant correlations or change overall
trends in lead concentration among cat subsets, although
it reduced the standard deviations for subsets in which
she was included. Removal of the outlier changed the
overall mean lead concentration in fur of sampled cats
from 0.723 (SD 1.717) to 0.564 pg/g (SD 0.914).

and risk based on a combination of housing age and poverty

Discussion

This study sought to determine whether fur samples from a
high-volume feline spay/neuter clinic could be used for envi-
ronmental lead surveillance using easily obtained and non-
invasive samples. This study reveals new information about

All Cats Male Female Indoor Only Mostly Indoors  Half In, Half Out =~ Outdoor Only Obese Normal Underweight

1.25-

1.00-

0.75-

L 0.50-

-
— —

=

Lead in Micrograms/Gram of Fur

0.00-

Fig.4 We found statistically significant differences in lead concentration
in cat fur by sex (p-value=0.0034), lifestyle/habitat (p-value=0.00053),
and body condition (p-value=00018). The horizontal bar in the middle of

L]

each plot shows the mean value, and the shaded area above and below
represents the middle half of data points each subset
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lead exposure in domestic cats in the USA, including that
female cats had greater lead exposure than males, lead expo-
sure increases with increasing amount of access to the out-
doors, and lead exposure increases in cats with decreased
body condition.

Some commonalities emerged among the most and least
exposed cats. The top decile (n=8) had fur lead concentration
ranging from 2.100 to 14.000 pg/g. All eight of these cats
were outdoor only, seven were underweight, six were lactat-
ing, and four were postpartum. The bottom decile (n=8) had
fur lead concentration ranging from 0.031 to 0.085 png/g. Four
were outdoor only and four were indoor only, two were un-
derweight, one was lactating, and one was postpartum.

Female cats in this study, which may have experienced
pregnancies prior to sterilization, had 3.35 times the lead con-
centration as males. In humans, pregnancy has been noted for
its ability to cause body’s lead stores to mobilize into the
blood (World Health Organization 2019). Pregnant non-
human mammals have been noted to absorb nearly 50% of
ingested lead compared to 5-15% in non-pregnant adults
(Kalisinska et al. 2016). Pregnant and lactating cats experi-
ence high metabolic demands to support their developing fe-
tuses and nursing kittens, which could lead to water- and food-
borne lead contamination being amplified in such cats.

There is not a universal pattern in lead concentration by sex
in non-human animals. Female opossums in Costa Rica
(Burger et al., 1994), female wood mice in Belgium
(Beernaert et al. 2007), and female fruit bats in Egypt (Sheta
and Beheary 2019) had higher fur lead concentrations than the
respective males. No statistically significant differences be-
tween the lead concentration of fur from males and females
were found in studies of long-tailed macaques in Singapore
(Schillaci et al. 2011), brown antechinus in Australia (McLean
et al. 2009), red and silver foxes in Poland (Filistowicz et al.
2011), horses in Japan (Asano et al. 2002), rthesus macaque
monkeys in Nepal (Engel et al. 2010), reindeer in Russia
(Medvedev 1999), hedgehogs in Finland (Rautio et al.
2010), bats in Italy (Andreani et al. 2019), wood mice in
Italy (Marcheselli et al. 2010), or in cats in Poland (Rzymski
et al. 2015). No statistically significant differences in lead
concentrations by sex in cats were found using tissue samples
in Italy (Esposito et al. 2019) or Germany (Paf3lack et al. 2014)
or in blood samples in the USA (Berny et al. 1994) or the
Czech Republic (Smetkova et al. 2002).

The effect of sex on lead concentration is also variable in
research using human hair. Some studies have found that
males have higher lead concentration than females
(Chlopicka et al. 1995; Shah et al. 2011; Sanna et al. 2003),
while others have found that females have higher lead than
males (Moreno-Santini et al. 2012; Gonzalez-Mufioz et al.
2008). Still others found no sex difference (Menezes-Filho
et al. 2012), and one found no difference among younger
children, but in adolescents, females had higher lead than
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males (Pefia-Fernandez et al. 2014). These findings in humans
may be due to the amount of exposure, with males potentially
having more contact with lead from dust and soil than females
(Shah et al. 2011). Further, males are more likely than females
to smoke tobacco (Higgins et al. 2015), and blood lead levels
are known to be higher in smokers than nonsmokers
(Mannino et al. 2005). Unlike animal fur, human hair samples
may have been treated with hair dye containing lead acetate,
which could affect results.

Among cats in the present study, a positive trend was found
between lead concentration in fur and the amount of time
spent outdoors. A study of cats as sentinels of perfluoroalkyls,
toxicants of concern in indoor environments, mirrored our
findings: cats’ degree of habitation in the indoors was posi-
tively related to their total PFAS in serum (Bost et al. 2016).
Two Polish studies similar to the present study reached differ-
ent conclusions about the effect of cat lifestyle/habitat on lead
exposure. One group sampled 10 pet and 10 feral cats and
found that feral cats had higher lead concentration in their
fur (2.89 pg/g) versus pet cats (1.0 png/g) (Skibniewski et al.
2014). However, another study of 44 cats examined three cat
lifestyle/habitat groups, finding that lead concentration in fur
increased in order from “household outgoing” cats to free-
ranging cats to “household not outgoing” cats (Rzymski
et al. 2015).

The present study was unique in finding differences in lead
concentrations by body condition. In another study of domes-
tic cats, there was no association between animal weight and
lead concentration in fur or tissues (Rzymski et al. 2015). No
association was found between body mass and lead concen-
tration in the fur of long-tailed macaques (Schillaci et al.
2011). In brown antechinus, black rats, and brown rats, neither
snout-to-vent length nor weight had an effect on concentration
of lead in hair (McLean et al. 2009). Among Egyptian fruit
bats, body weight was not correlated with heavy metal content
in fur (Sheta and Beheary 2019). In wood mice, no relation-
ship was found between lead concentration in hair or tissue
samples and animal weight or length (Marcheselli et al. 2010).
A study of northern mockingbirds found no statistically sig-
nificant relationship between lead concentration in feather and
blood samples and body condition (McClelland et al. 2019).
In humans, malnourished children lacking in calcium and oth-
er beneficial ions absorb more lead ions (World Health
Organization 2019), which could be similar for underweight
cats with increased lead concentrations in the present study.

Outdoor cats living near each other seem to experience
similar exposure to lead. We analyzed sixteen samples from
free-roaming cats from a single neighborhood. The standard
deviation of the mean of this group’s lead concentration was
half the standard deviation of the entire study (0.846, com-
pared to 1.717).

Our attempt to correlate cat fur lead concentration with lead
risk metrics suffered from a mismatch between the size of
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census tracts (one as large as 333.59 km?®) compared to the
space utilization of cats. While census tracts are smallest scale
for which the Washington State Department of Health ranks
lead risk, census tracts cover a heterogenous landscape of
exposures, and a tract-level score obscures risk localized at
the scale of cat’s (or a human’s) living environment. The
study's high-lead outlier cat demonstrates this heterogeneity,
as the lead risk rankings for her tract were 3 and 4 out of 10.

Other researchers have had mixed success in finding small
and moderate correlations between lead concentration in a
sentinel species and traditional means of measuring lead in
an area. Even with finer scale environmental lead data, a study
in England and Wales did not find a statistically significant
correlation between lead concentration in bat fur and soil sam-
pled from 25 km? grid cells (Hernout et al. 2016b). In
Australia, researchers sampled fur from small mammal spe-
cies across a gradient from a decommissioned smelter and
compared these results to soil concentrations. A statistically
significant positive relationship was found in brown
antechinus (R? = 0.06), brown rat (R? = 0.49), and black rat
(R? = 0.19) (McLean et al. 2009). Pigeons have been studied
as lead sentinels in New York City (Cai and Calisi 2016) by
analyzing blood from birds submitted to a wildlife center and
children with elevated blood lead levels. Here, researchers
found a moderate correlation (r=0.647, p-value=0.042) be-
tween lead levels in pigeons by neighborhood and rates of
elevated lead in children by neighborhood.

Although we were unable to correlate lead concentra-
tion in cat fur to census tract-level lead risk metrics, we
propose that pet and free-roaming cats presented to
high-volume spay/neuter clinics could serve as a valu-
able source of data about lead exposure in disadvan-
taged communities at risk of lead poisoning. Such a
surveillance system could be deployed without causing
harm to non-human animals or infringing on the effi-
cient operations of such clinics, and samples can be
collected and stored without special equipment or train-
ing. Most cats in the present study had low concentra-
tions of lead in their fur. High-lead outlier cats would
stand out as red flags to prompt follow-up contact with
residents of a household (with pet cats) or people living
in a neighborhood (with free-roaming and feral cats) to
alert them that they may be at risk of increased lead
exposure and should discuss lead testing with a medical
professional. Additionally, if an outlier cat has care-
takers, recommendations could be made to present the
cat to a veterinarian for chelation therapy or other med-
ical treatment as necessary, as well as to investigate and
terminate the source(s) of lead exposure. While this was
a somewhat small and low-power study due to the sam-
ple size and variation in lead concentrations, it consti-
tutes the largest and most detailed study of lead in do-
mestic cat fur as of this writing.

As social justice-centered animal welfare and veterinary
outreach projects gain popularity and funding in the USA
(Hawes et al. 2020), we should seek to piggyback intersec-
tional research onto the infrastructure of these programs.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-021-14769-7.

Acknowledgements This study was conducted as a capstone for a
Graduate Certificate in One Health offered by Peter Rabinowitz’s
Center for One Health Research at the University of Washington.
Thank you to Vickie Ramirez as the program administrator; Shar Samy
and staff for allowing to use their lab for cleaning samples; Steven
McGeehan, Brian Hart, and technicians at the University of Idaho
Analytical Sciences Laboratory for analyzing our samples; and Rad
Cunningham and Lauren A. Freelander at the Washington State
Department of Health for answering questions about lead in our region.
Thank you to Dr. Jennifer Buchanan and the Feral Cat Spay/Neuter
Project for allowing collection of fur samples and to cat caretakers whose
cats were included in the study. Lastly, thank you to the cats themselves
for unknowingly contributing to this study.

Author contribution SA conceived and designed the study, collected
samples, paid for lead testing of samples, analyzed the data, and drafted
the manuscript. TJK supervised the study and contributed to the
manuscript.

Funding This study received no external funding and was funded by
author SA.

Data availability All data generated or analyzed during this study are
included in this published article and its supplementary information (see
S1 aelurocatleaddata.csv).

Declarations

Ethics approval and consent to participate Incidental sample collection
did not require an IACUC protocol application for animal use by the
University of Washington. Data about cats provided by their caretakers
was covered by the University of Washington Institutional Review Board
as STUDY00005055.

Consent for publication Not applicable. No data about individual per-
sons were collected for this study.

Competing interests The authors declare no competing interests.

References

Adamkiewicz G, Zota AR, Patricia Fabian M, Chahine T, Julien R,
Spengler JD et al (2011) Moving environmental justice indoors:
understanding structural influences on residential exposure patterns
in low-income communities. Am J Public Health 101:S238-S246.
https://doi.org/10.2105/AJPH.2011.300119

@ Springer


https://doi.org/10.1007/s11356-021-14769-7
https://doi.org/10.1007/s11356-021-14769-7
https://doi.org/10.2105/AJPH.2011.300119

Environ Sci Pollut Res

Andreani G, Cannavacciuolo A, Menotta S, Spallucci V, Fedrizzi G,
Carpene E, Isani G (2019) Environmental exposure to non-
essential trace elements in two bat species from urbanised
(Tadarida teniotis) and open land (Miniopterus schreibersii) areas
in Italy. Environ Pollut 254:113034. https://doi.org/10.1016/j.
envpol.2019.113034

Aronson SM (2005) The dancing cats of Minamata Bay. Med Health
Rhode Island 88:209

Asano R, Suzuki K, Otsuka T, Otsuka M, Sakurai H (2002)
Concentrations of toxic metals and essential minerals in the mane
hair of healthy racing horses and their relation to age. J Vet Med Sci
64:607—610. https://doi.org/10.1292/jvms.64.607

Asano K, Suzuki K, Chiba M, Sera K, Asano R, Sakai T (2005) Twenty-
eight element concentrations in mane hair samples of adult riding
horses determined by particle-induced X-ray emission. Biol Trace
Elem Res 107:135-140. https://doi.org/10.1385/BTER:107:2:135

Auguie B. 2017. gridExtra: miscellaneous functions for “grid” graphics.
Available: https://cran.r-project.org/package=gridExtra [accessed 4
September 2019].

Becker RA, Wilks AR, Brownrigg R, Minka TP, Deckmyn A. 2018.
maps: draw geographical maps. Available: https://cran.r-project.
org/package=maps [accessed 21 August 2019].

Beernaert J, Scheirs J, Leirs H, Blust R, Verhagen R (2007) Non-
destructive pollution exposure assessment by means of wood mice
hair. Environ Pollut 145:443-451. https://doi.org/10.1016/j.envpol.
2006.04.025

Berny PJ, Cote LM, Buck WB (1994) Relationship between soil lead,
dust lead, and blood lead concentrations in pets and their owners:
evaluation of soil lead threshold values. Environ Res 67:84-97.
https://doi.org/10.1006/enrs.1994.1066

Berny PJ, Cét¢ LM, Buck WB (1995) Can household pets be used as
reliable monitors of lead exposure to humans? Sci Total Environ
172:163—173. https://doi.org/10.1016/0048-9697(95)04787-5

Bischoff K, Priest H, Mount-Long A (2010) Animals as sentinels for
human lead exposure: a case report. ] Med Toxicol 6:185-189.
https://doi.org/10.1007/s13181-010-0014-9

Bost PC, Strynar MJ, Reiner JL, Zweigenbaum JA, Secoura PL,
Lindstrom AB, Dye JA (2016) U.S. domestic cats as sentinels for
perfluoroalkyl substances: possible linkages with housing, obesity,
and disease. Environ Res 151:145-153. https://doi.org/10.1016/].
envres.2016.07.027

Burger J, Marquez M, Gochfeld M (1994) Heavy metals in the hair of
opossum from Palo Verde, Costa Rica. Archives of Environmental
Contamination and Toxicology 27 (4)

Cai F, Calisi RM (2016) Seasons and neighborhoods of high lead toxicity
in New York City: the feral pigeon as a bioindicator. Chemosphere
161:274-279. https://doi.org/10.1016/j.chemosphere.2016.07.002

Chlopicka J, Zagrodzki P, Zachwieja Z, Krosniak M, Folta M (1995) Use
of pattern recognition methods in the interpretation of heavy metal
content (lead and cadmium) in children’s scalp hair. Analyst 120:
943-945. https://doi.org/10.1039/AN9952000943

Curi NHDA, Brait CHH, Filho NRA, Talamoni SA (2012) Heavy metals
in hair of wild canids from the Brazilian Cerrado. Biol Trace Elem
Res 147:97-102. https://doi.org/10.1007/s12011-011-9303-7

D’Havé H, Scheirs J, Mubiana VK, Verhagen R, Blust R, De Coen W
(2005) 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 24:2356-2364. https://doi.org/10.1897/04-
S97R.1

D’Havé H, Scheirs J, Mubiana VK, Verhagen R, Blust R, De Coen W
(2006) 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 142:438—-448. https://doi.org/10.1016/j.envpol.2005.10.021

@ Springer

Decker Sparks JL, Camacho B, Tedeschi P, Morris KN (2017) Race and
ethnicity are not primary determinants in utilizing veterinary ser-
vices in underserved communities in the United States. J Appl
Anim Welf Sci 21:120-129. https://doi.org/10.1080/10888705.
2017.1378578

Dey S, Stafford R, Deb Roy MK, Bhattacharjee CR, Khathing DT,
Bhattacharjee PC et al (1999) Metal toxicity and trace element de-
ficiency in some wild animal species from north-east India, as re-
vealed by cellular, bio-inorganic and behavioural studies. Curr Sci
77:276-280

Dlugaszek M, Kopczynski K (2014) Correlations between elements in
the fur of wild animals. Bull Environ Contam Toxicol 93:25-30.
https://doi.org/10.1007/s00128-014-1260-3

Dorea FC, Sanchez J, Revie CW (2011) Veterinary syndromic surveil-
lance: current initiatives and potential for development. Prev Vet
Med 101:1-17. https://doi.org/10.1016/j.prevetmed.2011.05.004

Doumouchtsis SK, Martin NS, Robins JB (2006) “Veterinary” diagnosis
of lead poisoning in pregnancy. Br Med J 333:1302—1303. https://
doi.org/10.1136/bmj.39024.611366.AE

Engel G, O’Hara TM, Cardona-Marek T, Heidrich J, Chalise MK, Kyes
R et al (2010) Synanthropic primates in Asia: potential sentinels for
environmental toxins. Am J Phys Anthropol 142:453—460. https://
doi.org/10.1002/ajpa.21247

Esposito M, De Roma A, Maglio P, Sansone D, Picazio G, Bianco R et al
(2019) Heavy metals in organs of stray dogs and cats from the city of
Naples and its surroundings (Southern Italy). Environ Sci Pollut Res
26:3473-3478. https://doi.org/10.1007/s11356-018-3838-5

Filistowicz A, Dobrzanski Z, Przysiecki P, Nowicki S, Filistowicz A
(2011) Concentration of heavy metals in hair and skin of silver
and red foxes (Vulpes vulpes). Environ Monit Assess 182:477—
484. https://doi.org/10.1007/s10661-011-1891-3

Flache L, Becker NI, Kierdorf U, Czarnecki S, Diiring RA, Encarnaco
JA (2015) Hair samples as monitoring units for assessing metal
exposure of bats: a new tool for risk assessment. Mamm Biol 80:
178-181. https://doi.org/10.1016/j.mambio.2015.01.007

Franzmann AW, Flynn A, Ameson PD (1975) Levels of some mineral
elements in Alaskan moose hair. J] Wildl Manag 39:374-378.
https://doi.org/10.2307/3799917

Gabryszuk M, Stoniewski K, Metera E, Sakowski T (2010) Content of
mineral elements in milk and hair of cows from organic farms. J
Elem 15:259-267. https://doi.org/10.5601/jelem.2010.15.2.259-
267

Gilmartin JE, Alo DK, Richmond ME, Bache CA, Lisk DJ (1985) Lead
in tissues of cats fed pine voles from lead arsenate-treated orchards.
Bull Environ Contam Toxicol 34:291-294. https://doi.org/10.1007/
BF01609737

Goémez-Ramirez P, Martinez-Lopez E, Maria-Mojica P, Leén-Ortega M,
Garcia-Fernandez AJ (2011) Blood lead levels and -ALAD inhibi-
tion in nestlings of Eurasian Eagle Owl (Bubo bubo) to assess lead
exposure associated to an abandoned mining area. Ecotoxicology
20:131-138. https://doi.org/10.1007/s10646-010-0563-3

Gonzilez-Muiloz MJ, Pefia A, Meseguer I (2008) Monitoring heavy met-
al contents in food and hair in a sample of young Spanish subjects.
Food Chem Toxicol 46:3048-3052. https://doi.org/10.1016/j.fct.
2008.06.004

Hariono B, Ng J, Sutton RH (1993) Lead concentrations in tissues of fruit
bats (Pteropus sp.) in urban and non-urban locations. Wildl Res 20:
315-320. https://doi.org/10.1071/WR9930315

Hawes SM, Hupe T, Morris KN (2020) Punishment to support: the need
to align animal control enforcement with the human social justice
movement. Animals 10:1-8. https://doi.org/10.3390/ani10101902

Hernout BV, Arnold KE, McClean CJ, Walls M, Baxter M, Boxall ABA
(2016a) A national level assessment of metal contamination in bats.
Environ Pollut 214:847-858. https://doi.org/10.1016/j.envpol.2016.
04.079


https://doi.org/10.1016/j.envpol.2019.113034
https://doi.org/10.1016/j.envpol.2019.113034
https://doi.org/10.1292/jvms.64.607
https://doi.org/10.1385/BTER:107:2:135
https://cran.r-project.org/package=gridExtra
https://cran.r-project.org/package=maps
https://cran.r-project.org/package=maps
https://doi.org/10.1016/j.envpol.2006.04.025
https://doi.org/10.1016/j.envpol.2006.04.025
https://doi.org/10.1006/enrs.1994.1066
https://doi.org/10.1016/0048-9697(95)04787-5
https://doi.org/10.1007/s13181-010-0014-9
https://doi.org/10.1016/j.envres.2016.07.027
https://doi.org/10.1016/j.envres.2016.07.027
https://doi.org/10.1016/j.chemosphere.2016.07.002
https://doi.org/10.1039/AN9952000943
https://doi.org/10.1007/s12011-011-9303-7
https://doi.org/10.1897/04-597R.1
https://doi.org/10.1897/04-597R.1
https://doi.org/10.1016/j.envpol.2005.10.021
https://doi.org/10.1080/10888705.2017.1378578
https://doi.org/10.1080/10888705.2017.1378578
https://doi.org/10.1007/s00128-014-1260-3
https://doi.org/10.1016/j.prevetmed.2011.05.004
https://doi.org/10.1136/bmj.39024.611366.AE
https://doi.org/10.1136/bmj.39024.611366.AE
https://doi.org/10.1002/ajpa.21247
https://doi.org/10.1002/ajpa.21247
https://doi.org/10.1007/s11356-018-3838-5
https://doi.org/10.1007/s10661-011-1891-3
https://doi.org/10.1016/j.mambio.2015.01.007
https://doi.org/10.2307/3799917
https://doi.org/10.5601/jelem.2010.15.2.259-267
https://doi.org/10.5601/jelem.2010.15.2.259-267
https://doi.org/10.1007/BF01609737
https://doi.org/10.1007/BF01609737
https://doi.org/10.1007/s10646-010-0563-3
https://doi.org/10.1016/j.fct.2008.06.004
https://doi.org/10.1016/j.fct.2008.06.004
https://doi.org/10.1071/WR9930315
https://doi.org/10.3390/ani10101902
https://doi.org/10.1016/j.envpol.2016.04.079
https://doi.org/10.1016/j.envpol.2016.04.079

Environ Sci Pollut Res

Hernout BV, McClean CJ, Amold KE, Walls M, Baxter M, Boxall ABA
(2016b) Fur: a non-invasive approach to monitor metal exposure in
bats. Chemosphere 147:376-381. https://doi.org/10.1016/j.
chemosphere.2015.12.104

Hickey MBC, Fenton MB, MacDonald KC, Soulliere C (2001) Trace
elements in the fur of bats (Chiroptera: Vespertilionidae) from
Ontario and Quebec, Canada. Bull Environ Contam Toxicol 66:
699-706. https://doi.org/10.1007/s001280065

Higgins ST, Kurti AN, Redner R, White TJ, Gaalema DE, Roberts ME,
Doogan NIJ, Tidey JW, Miller ME, Stanton CA, Henningfield JE,
Atwood GS (2015) A literature review on prevalence of gender
differences and intersections with other vulnerabilities to tobacco
use in the United States, 2004-2014. Prev Med (Baltim) 80:89—
100. https://doi.org/10.1016/j.ypmed.2015.06.009

Hyvérinen H, Sipild T (1984) Heavy metals and high pup mortality in the
Saimaa ringed seal population in eastern Finland. Mar Pollut Bull
15:335-337. https://doi.org/10.1016/0025-326X(84)90490-9

Ikemoto T, Kunito T, Watanabe I, Yasunaga G, Baba N, Miyazaki N,
Petrov EA, Tanabe S (2004) Comparison of trace element accumu-
lation in Baikal seals (Pusa sibirica), Caspian seals (Pusa caspica)
and northern fur seals (Callorhinus ursinus). Environ Pollut 127:83—
97. https://doi.org/10.1016/S0269-7491(03)00251-3

Iwase P, Soska J (2019) Predisposing factors to horses exposure to se-
lected heavy metals. In: Norbert K, Pawet S (eds) The Book of
Articles National Scientific e-Conference “e-Factory of Science”
III edition. Promovendi Foundation Publishing, Lodz, pp 5-14

Kalisinska E, Lanocha-Arendarczyk N, Kosik-Bogacka D, Budis H,
Podlasinska J, Popiolek M, Pirog A, Jedrzejewska E (2016) Brains
of native and alien mesocarnivores in biomonitoring of toxic metals
in Europe. PLoS One 11:1-27. https://doi.org/10.1371/journal.
pone.0159935

Lemon J (2006) Plotrix: a package in the red light district of R. R-News 6:
8-12

Ljungvall K, Magnusson U, Korvela M, Norrby M, Bergquist J, Persson
S (2017) Heavy metal concentrations in female wild mink
(Neovison vison) in Sweden: sources of variation and associations
with internal organ weights. Environ Toxicol Chem 36:1-6. https://
doi.org/10.1002/etc.3717

Marnkovska B (1980) The contents of As, Cd, Pb, and Zn in the hair of roe
deer from industrial and comparative areas. Biologia (Bratisl) 35:
547-551. https://doi.org/10.1080/02757540.2012.711322

Mannino DM, Homa DM, Matte T, Hernandez-Avila M (2005) Active
and passive smoking and blood lead levels in U.S. adults: data from
the Third National Health and Nutrition Examination Survey.
Nicotine Tob Res 7:557-564. https://doi.org/10.1080/
14622200500185264

Marcheselli M, Sala L, Mauri M (2010) Bioaccumulation of PGEs and
other traffic-related metals in populations of the small mammal
Apodemus sylvaticus. Chemosphere 80:1247—1254. https://doi.
org/10.1016/j.chemosphere.2010.06.070

McClelland SC, Durées Ribeiro R, Mielke HW, Finkelstein ME,
Gonzales CR, Jones JA et al (2019) Sub-lethal exposure to lead is
associated with heightened aggression in an urban songbird. Sci
Total Environ 654:593—603. https://doi.org/10.1016/j.scitotenv.
2018.11.145

McLean CM, Koller CE, Rodger JC, MacFarlane GR (2009) Mammalian
hair as an accumulative bioindicator of metal bioavailability in
Australian terrestrial environments. Sci Total Environ 407:3588—
3596. https://doi.org/10.1016/j.scitotenv.2009.01.038

Medvedev N (1999) Levels of heavy metals in Karelian wildlife, 1989-
91. Environ Monit Assess 56:177-193. https://doi.org/10.1023/A:
1005988511058

Medvedev N, Panichev N, Hyvérinen H (1997) Levels of heavy metals in
seals of Lake Ladoga and the White Sea. Sci Total Environ 206:95—
105. https://doi.org/10.1016/S0048-9697(97)00210-6

Menezes-Filho JA, De Sousa Viana GF, Paes CR (2012) Determinants of
lead exposure in children on the outskirts of Salvador, Brazil.
Environ Monit Assess 184:2593-2603. https://doi.org/10.1007/
s10661-011-2137-0

Mensching DA, Slater M, Scott JW, Ferguson DC, Beasley VR (2012)
The feline thyroid gland: a model for endocrine disruption by
polybrominated diphenyl ethers (PBDEs)? J Toxicol Environ Heal
- Part A Curr Issues 75:201-212. https://doi.org/10.1080/15287394.
2012.652054

Mina R, Alves J, Alves da Silva A, Natal-da-Luz T, Cabrl JA, Barros P
et al (2019) Wing membrane and fur samples as reliable biological
matrices to measure bioaccumulation of metals and metalloids in
bats. Environ Pollut 253:199-206. https://doi.org/10.1016/j.
envpol.2019.06.123

Mora MA, Laack LL, Clare Lee M, Sericano J, Presley R, Gardinali PR,
Gamble LR, Robertson S, Frank D (2000) Environmental contam-
inants in blood, hair, and tissues of ocelots from the Lower Rio
Grande Valley, Texas, 1986-1997. Environ Monit Assess 64:477—
492. https://doi.org/10.1023/A:1006233509475

Moreno-Santini V, Mansilla-Rivera I, Garcia-Rodriguez O, Rodriguez-
Sierra CJ (2012) A pilot study determining hair arsenic and lead
levels in residents of a community established on a former landfill
in Puerto Rico. Bull Environ Contam Toxicol 89:572-576. https://
doi.org/10.1007/s00128-012-0715-7

Neuwirth LS (2018) Resurgent lead poisoning and renewed public atten-
tion towards environmental social justice issues: a review of current
efforts and call to revitalize primary and secondary lead poisoning
prevention for pregnant women, lactating mothers, and children
withi. Int J Occup Environ Health 24:86-100. https://doi.org/10.
1080/10773525.2018.1507291

Newsome SD, Garbe HM, Wilson EC, Gehrt SD (2015) Individual var-
iation in anthropogenic resource use in an urban carnivore.
Oecologia 178:115-128. https://doi.org/10.1007/s00442-014-
3205-2

Pacyna AD, Koziorowska K, Chmiel S, Mazerski J, Polkowska Z (2018)
Svalbard reindeer as an indicator of ecosystem changes in the Arctic
terrestrial ecosystem. Chemosphere 203:209-218. https://doi.org/
10.1016/j.chemosphere.2018.03.158

Pacyna-Kuchta AD, Wietrzyk-Pelka P, Wegrzyn MH, Frankowski M,
Polkowska Z (2020) A screening of select toxic and essential ele-
ments and persistent organic pollutants in the fur of Svalbard rein-
deer. Chemosphere 245:125458. https://doi.org/10.1016/j.
chemosphere.2019.125458

PaBllack N, Mainzer B, Lahrssen-Wiederholt M, Schafft H, Palavinskas
R, Breithaupt A, Zentek J (2014) Liver and kidney concentrations of
strontium, barium, cadmium, copper, zinc, manganese, chromium,
antimony, selenium and lead in cats. BMC Vet Res 10:163. https://
doi.org/10.1186/1746-6148-10-163

Patra RC, Swarup D, Naresh R, Kumar P, Nandi D, Shekhar P, Roy S, Ali
SL (2007) Tail hair as an indicator of environmental exposure of
cows to lead and cadmium in different industrial areas. Ecotoxicol
Environ Saf 66:127—-131. https://doi.org/10.1016/j.ecoenv.2006.01.
005

Pena-Fernandez A, Lobo-Bedmar MC, Gonzalez-Muifioz MJ (2014)
Monitoring lead in hair of children and adolescents of Alcala de
Henares, Spain. A study by gender and residential areas. Environ
Int 72:170-175. https://doi.org/10.1016/j.envint.2014.03.010

Pereira R, Pereira ML, Ribeiro R, Gongalves F (2006) Tissues and hair
residues and histopathology in wild rats (Rattus rattus L.) and
Algerian mice (Mus spretus Lataste) from an abandoned mine area
(Southeast Portugal). Environ Pollut 139:561-575. https://doi.org/
10.1016/j.envpol.2005.04.038

Pourjafar M, Rahnama R, Baharloo F (2006) Study on cattle’s hair and
blood lead content around Isfahan oil industry. Toxicol Lett 164S:
S196-S197. https://doi.org/10.1016/j.tox1et.2006.07.067

@ Springer


https://doi.org/10.1016/j.chemosphere.2015.12.104
https://doi.org/10.1016/j.chemosphere.2015.12.104
https://doi.org/10.1007/s001280065
https://doi.org/10.1016/j.ypmed.2015.06.009
https://doi.org/10.1016/0025-326X(84)90490-9
https://doi.org/10.1016/S0269-7491(03)00251-3
https://doi.org/10.1371/journal.pone.0159935
https://doi.org/10.1371/journal.pone.0159935
https://doi.org/10.1002/etc.3717
https://doi.org/10.1002/etc.3717
https://doi.org/10.1080/02757540.2012.711322
https://doi.org/10.1080/14622200500185264
https://doi.org/10.1080/14622200500185264
https://doi.org/10.1016/j.chemosphere.2010.06.070
https://doi.org/10.1016/j.chemosphere.2010.06.070
https://doi.org/10.1016/j.scitotenv.2018.11.145
https://doi.org/10.1016/j.scitotenv.2018.11.145
https://doi.org/10.1016/j.scitotenv.2009.01.038
https://doi.org/10.1023/A:1005988511058
https://doi.org/10.1023/A:1005988511058
https://doi.org/10.1016/S0048-9697(97)00210-6
https://doi.org/10.1007/s10661-011-2137-0
https://doi.org/10.1007/s10661-011-2137-0
https://doi.org/10.1080/15287394.2012.652054
https://doi.org/10.1080/15287394.2012.652054
https://doi.org/10.1016/j.envpol.2019.06.123
https://doi.org/10.1016/j.envpol.2019.06.123
https://doi.org/10.1023/A:1006233509475
https://doi.org/10.1007/s00128-012-0715-7
https://doi.org/10.1007/s00128-012-0715-7
https://doi.org/10.1080/10773525.2018.1507291
https://doi.org/10.1080/10773525.2018.1507291
https://doi.org/10.1007/s00442-014-3205-2
https://doi.org/10.1007/s00442-014-3205-2
https://doi.org/10.1016/j.chemosphere.2018.03.158
https://doi.org/10.1016/j.chemosphere.2018.03.158
https://doi.org/10.1016/j.chemosphere.2019.125458
https://doi.org/10.1016/j.chemosphere.2019.125458
https://doi.org/10.1186/1746-6148-10-163
https://doi.org/10.1186/1746-6148-10-163
https://doi.org/10.1016/j.ecoenv.2006.01.005
https://doi.org/10.1016/j.ecoenv.2006.01.005
https://doi.org/10.1016/j.envint.2014.03.010
https://doi.org/10.1016/j.envpol.2005.04.038
https://doi.org/10.1016/j.envpol.2005.04.038
https://doi.org/10.1016/j.toxlet.2006.07.067

Environ Sci Pollut Res

Poutasse CM, Herbstman JB, Peterson ME, Gordon J, Soboroff PH,
Holmes D, Gonzalez D, Tidwell LG, Anderson KA (2019)
Silicone pet tags associate tris(1,3-dichloro-2-isopropyl) phosphate
exposures with feline hyperthyroidism. Environ Sci Technol 53:
9203-9213. https://doi.org/10.1021/acs.est.9b02226

Pulscher LA, Gray R, McQuilty R, Rose K, Welbergen J, Phalen DN
(2020) Investigation into the utility of flying foxes as bioindicators
for environmental metal pollution reveals evidence of diminished
lead but significant cadmium exposure. Chemosphere 254:126839.
https://doi.org/10.1016/j.chemosphere.2020.126839

R Core Team (2019) R: a language and environment for statistical com-
puting. https://www.R-project.org/

Rabinowitz PM, Odofin L, Dein FJ (2008) From “us vs. them” to “shared
risk™: can animals help link environmental factors to human health?
Ecohealth 5:224-229. https://doi.org/10.1007/s10393-008-0170-4

Rainwater KL, Marchese K, Slavinski S, Humberg LA, Dubovi EJ, Jarvis
JA, McAloose D, Calle PP (2017) Health survey of free-ranging
raccoons (Procyon lotor) in central park, New York, New York,
USA: implications for human and domestic animal health. J Wildl
Dis 53:272-284. https://doi.org/10.7589/2016-05-096

Rashed MN, Soltan ME (2005) Animal hair as biological indicator for
heavy metal pollution in urban and rural areas. Environ Monit
Assess 110:41-53. https://doi.org/10.1007/s10661-005-6288-8

Rautio A, Kunnasranta M, Valtonen A, Ikonen M, Hyvirinen H,
Holopainen 1J, Kukkonen JVK (2010) Sex, age, and tissue specific
accumulation of eight metals, arsenic, and selenium in the European
Hedgehog (Erinaceus europaeus). Arch Environ Contam Toxicol
59:642—651. https://doi.org/10.1007/s00244-010-9503-8

Regoli F, Gorbi S, Fattorini D, Tedesco S, Notti A, Machella N, Bocchetti
R, Benedetti M, Piva F (2006) Use of the land snail Helix aspersa
sentinel organism for monitoring ecotoxicologic effects of urban
pollution: an integrated approach. Environ Health Perspect 114:
63—-69. https://doi.org/10.1289/ehp.8397

Reyes JW (2018) A social justice framework for lead policy. JAMA
Pediatr 172:912-914. https://doi.org/10.1093/LJE

Ruiz-Suarez N, Camacho M, Boada LD, Henriquez-Hernandez LA, Rial
C, Valeron PF, Zumbado M, Gonzalez MA, Luzardo OP (2015) The
assessment of daily dietary intake reveals the existence of a different
pattern of bioaccumulation of chlorinated pollutants between do-
mestic dogs and cats. Sci Total Environ 530-531:45-52. https://
doi.org/10.1016/j.scitotenv.2015.05.070

Rzymski P, Niedzielski P, Poniedzialek B, Rzymski P, Pacynska J,
Kozak L, Dabrowski P (2015) Free-ranging domestic cats are char-
acterized by increased metal content in reproductive tissues. Reprod
Toxicol 58:54-60. https://doi.org/10.1016/j.reprotox.2015.08.004

Sanders AP, Flood K, Chiang S, Herring AH, Wolf L, Fry RC (2012)
Towards prenatal biomonitoring in North Carolina: assessing arse-
nic, cadmium, mercury, and lead levels in pregnant women. PLoS
One 7:1-7. https://doi.org/10.1371/journal.pone.0031354

Sanna E, Liguori A, Palmas L, Soro MR, Floris G (2003) Blood and hair
lead levels in boys and girls living in two Sardinian towns at differ-
ent risks of lead pollution. Ecotoxicol Environ Saf 55:293-299.
https://doi.org/10.1016/S0147-6513(02)00072-6

Sathyanarayana S, Beaudet N, Omri K (2006) Predicting children’s blood
lead levels from exposure to school drinking water in Seattle,
Washington, USA. Ambul Pediatr 6:288-292. https://doi.org/10.
1016/j.ambp.2006.07.001

Savory GA, Hunter CM, Wooller MJ, O’Brien DM (2014)
Anthropogenic food use and diet overlap between red foxes
(Vulpes vulpes) and arctic foxes (Vulpes lagopus) in Prudhoe Bay,
Alaska. Can J Zool 663:657-663. https://doi.org/10.1139/cjz-2013-
0283

Schillaci MA, Lee BPY-H, Castellini JM, Reid MJC, O’Hara TM (2011)
Lead levels in long-tailed macaque (Macaca fascicularis) hair from
Singapore. Primates 52:163—170. https://doi.org/10.1007/s10329-
011-0236-8

@ Springer

Schmidt PL (2009) Companion Animals as Sentinels for Public Health.
Veterinary Clinics of North America: Small Animal Practice 39 (2):
241-250

Shah F, Gul Kazi T, Imran Afridi H, Khan S, Fatima Kolachi N, Balal
Arain M, Ahmed Baig J (2011) The influence of environmental
exposure on lead concentrations in scalp hair of children in
Pakistan. Ecotoxicol Environ Saf 74:727-732. https://doi.org/10.
1016/j.ecoenv.2010.10.036

Sheta B, Beheary M (2019) Using Egyptian fruit bat (Rousettus
aegyptiacus) as a bioindicator of environmental health, across some
Egyptian Governorates. ] Med Life Sci 1:34-42. https://doi.org/10.
21608/jmals.2019.68361

Skibniewski M, Kosla T, Skibniewska EM (2014) Domestic cat (Felis
catus) as a bioindicator of environmental lead contamination / Kot
domowy (Felis catus) jako bioindykator zanieczyszczenia
$rodowiska otowiem. Ochr Srodowiska i Zasobéw Nat - Environ
Prot Nat Resour 24:47-50. https://doi.org/10.2478/0szn-2013-0043

Smetkova V, Docekal B, Suchy J, Doc¢ekalova H (2002) Stanoveni
kadmia, olova a rtuti v krevni plazmé koc¢ky domaci. Chem List
96:156-161

Takeuchi T, D’Itri FM, Fischer PV, Annett CS, Okabe M (1977) The
outbreak of Minamata disease (methyl mercury poisoning) in cats
on Northwestern Ontario Reserves. Environ Res 13:215-228.
https://doi.org/10.1016/0013-9351(77)90098-6

Téte N, Afonso E, Crini N, Drouhot S, Prudent AS, Scheifler R (2014)
Hair as a noninvasive tool for risk assessment: do the concentrations
of cadmium and lead in the hair of wood mice (Apodemus
sylvaticus) reflect internal concentrations? Ecotoxicol Environ Saf
108:233-241. https://doi.org/10.1016/j.ecoenv.2014.07.010

Vermeulen F, D’Havé H, Mubiana VK, Van den Brink NW, Blust R,
Bervoets L et al (2009) Relevance of hair and spines of the European
hedgehog (Erinaceus europaeus) as biomonitoring tissues for arse-
nic and metals in relation to blood. Sci Total Environ 407:1775—
1783. https://doi.org/10.1016/j.scitotenv.2008.10.039

Ward NI, Savage JM (1994) Elemental status of grazing animals located
adjacent to the London Orbital (M25) motorway. Sci Total Environ
146-147:185-189. https://doi.org/10.1016/0048-9697(94)90236-4

Washington State Department of Health (2019) Information by location.
Washingt Track Netw. Available: https:/fortress.wa.gov/doh/wtn/
WTNIBL/. Accessed 19 August 2019

Wenzel C, Adelung D, Kruse H, Wassermann O (1993) Trace metal
accumulation in hair and skin of the harbour seal, Phoca vitulina.
Mar Pollut Bull 26:152—-155. https://doi.org/10.1016/0025-
326X(93)90126-5

White SC, Scarlett JM, Levy JK (2018) Characteristics of clients and
animals served by high-volume, stationary, nonprofit spay-neuter
clinics. ] Am Vet Med Assoc 253:737-745. https://doi.org/10.
2460/javma.253.6.737

Wickham H (2007) Reshaping data with the {reshape} package. J Stat
Softw 21:1-20

Wickham H (2016) ggplot2: Elegant Graphics for Data Analysis. Second.
Springer International Publishing:New York. doi:10.1007/978-3-
319-24277-4

Wickham H (2017) Tidyverse: easily install and load the “Tidyverse.”
Available: https://cran.r-project.org/package=tidyverse. Accessed
21 Aug 2019.

World Health Organization (2019) Lead poisoning and health. Available:
https://www.who.int/news-room/fact-sheets/detail/lead-poisoning-
and-health. Accessed 4 Nov 2019

Yediler A, Panou A, Schramel P (1993) Heavy metals in hair samples of
the Mediterranean monk seal (Monachus monachus). Mar Pollut
Bull 26:156-159. https://doi.org/10.1016/0025-326X(93)90127-6

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1021/acs.est.9b02226
https://doi.org/10.1016/j.chemosphere.2020.126839
https://www.R-project.org/
https://doi.org/10.1007/s10393-008-0170-4
https://doi.org/10.7589/2016-05-096
https://doi.org/10.1007/s10661-005-6288-8
https://doi.org/10.1007/s00244-010-9503-8
https://doi.org/10.1289/ehp.8397
https://doi.org/10.1093/IJE
https://doi.org/10.1016/j.scitotenv.2015.05.070
https://doi.org/10.1016/j.scitotenv.2015.05.070
https://doi.org/10.1016/j.reprotox.2015.08.004
https://doi.org/10.1371/journal.pone.0031354
https://doi.org/10.1016/S0147-6513(02)00072-6
https://doi.org/10.1016/j.ambp.2006.07.001
https://doi.org/10.1016/j.ambp.2006.07.001
https://doi.org/10.1139/cjz-2013-0283
https://doi.org/10.1139/cjz-2013-0283
https://doi.org/10.1007/s10329-011-0236-8
https://doi.org/10.1007/s10329-011-0236-8
https://doi.org/10.1016/j.ecoenv.2010.10.036
https://doi.org/10.1016/j.ecoenv.2010.10.036
https://doi.org/10.21608/jmals.2019.68361
https://doi.org/10.21608/jmals.2019.68361
https://doi.org/10.2478/oszn-2013-0043
https://doi.org/10.1016/0013-9351(77)90098-6
https://doi.org/10.1016/j.ecoenv.2014.07.010
https://doi.org/10.1016/j.scitotenv.2008.10.039
https://doi.org/10.1016/0048-9697(94)90236-4
https://fortress.wa.gov/doh/wtn/WTNIBL/
https://fortress.wa.gov/doh/wtn/WTNIBL/
https://doi.org/10.1016/0025-326X(93)90126-5
https://doi.org/10.1016/0025-326X(93)90126-5
https://doi.org/10.2460/javma.253.6.737
https://doi.org/10.2460/javma.253.6.737
https://cran.r-project.org/package=tidyverse
https://www.who.int/news-room/fact-sheets/detail/lead-poisoning-and-health
https://www.who.int/news-room/fact-sheets/detail/lead-poisoning-and-health
https://doi.org/10.1016/0025-326X(93)90127-6

Environ Sci Pollut Res

@ Springer



	Domestic...
	Abstract
	Introduction
	Methods
	Results
	Discussion
	References


