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ABSTRACT: Trace elements, particularly heavy metals like
mercury, pose significant risks to marine ecosystems due to their
toxic and bioaccumulative properties. Concentrations in some
marine species show concerning temporal increases, yet spatio-
temporal trends in UK marine mammals have not been
comprehensively assessed for nearly two decades. Marine mammals
serve as sentinel species for ocean health due to their long lifespan
and high trophic level, making them vulnerable to bioaccumulative
pollutants. Monitoring trace elements, in highly exposed
populations, is critical for assessing trends and indices of health,
like infectious disease. Using liver tissue samples of 738 UK-
stranded harbor porpoises (Phocoena phocoena) collected between
1990 and 2021, we found mercury and selenium concentrations
have increased, in contrast to declines in cadmium and lead. Spatial analyses revealed that mercury concentrations are highest at
lower latitudes, while cadmium increases northward. Levels of zinc, mercury, selenium, and cadmium are significantly associated with
infectious disease mortality risk. Our findings highlight the importance of monitoring trace elements in sentinel species to inform
conservation efforts and evaluate the effectiveness of pollution mitigation policies such as the Minamata Convention. Increasing
mercury levels, despite emission reductions, underscores the urgent need for improved measures to protect marine biodiversity and
ecosystem health.
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1. INTRODUCTION
Trace elements, particularly heavy metals like mercury (Hg),
pose a significant threat to marine ecosystems.1 Apex predators
such as marine mammals are particularly susceptible to
elements that biomagnify and bioaccumulate because they
are long-lived and feed at a high trophic level.2 Trace elements
are naturally occurring and have a wide range of toxicities and
deleterious effects. While some, such as iron (Fe), cobalt (Co),
copper (Cu), and zinc (Zn), are essential nutrients, they can
become toxic in high concentrations. Others, like Hg,
cadmium(Cd), and lead (Pb), are highly toxic even at low
concentrations.3 Although these metals are naturally occurring,
anthropogenic activities (including the increasing production
of electronic waste) have significantly elevated their environ-
mental concentrations above baseline levels, resulting in
serious ecological and health risks.4

Recent studies on trace element concentrations in freshwater
and marine environments have revealed contrasting temporal
trends. In UK rivers, there is evidence that metal
concentrations have decreased over the past 30 years.5

However, in the marine environment, trends vary between
species, locations and trace elements with a high percentage of
sites assessed by the Centre for Environment, Fisheries and
Aquaculture Science (Cefas) exceeding environmental thresh-
olds and upward trends observed in Pb, Cd and Zn in offshore
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fish.6 Globally, similar variability exists, with regional and
species-specific differences highlighting the need for more
comprehensive monitoring.7−11

Marine mammals are an excellent group to study the impacts
of pollutants as they are considered important sentinels of
ocean health.12 They are particularly vulnerable to heavy metal
toxicity, especially from Hg, which is the primary biomagnifi-
able metal, due to their high trophic position and long
lifespans, which facilitate the bioaccumulation and biomagni-
fication of toxic elements.12 Used alongside other species (e.g.,
fish or invertebrates), they offer complementary insights into
long-term exposure and may serve as more relevant indicators
for assessing risks to ecosystem and human health. Toothed
whales are of particular concern as they are one of the most
contaminated groups of marine mammals and Hg has been
linked to several deleterious effects (e.g., immunotoxicity,
neurotoxicity).13 The majority of research into trace elements
in marine mammals has primarily focused on mercury due to
its high toxicity. Marine mammals are mainly exposed to
mercury through their diet which they absorb as methyl-
mercury (MeHg), a highly toxic form produced by microbial
processes in aquatic systems.14 Methylmercury accumulates in
marine mammal tissues and is associated with serious health
issues, including neurotoxicity, reproductive issues, liver
disease and immunosuppression.15−17 When assessing risk
caused by Hg concentrations, it is crucial to also consider
selenium (Se) concentrations as marine mammals have a
detoxification mechanism that can mitigate the impact of high
dietary Hg exposure, through the formation of nontoxic inert
complex Hg−Se complex Tiammanite.18 To account for this,
studies typically determine the Hg:Se molar ratio to evaluate
the potential risk of mercury. A ratio greater than 1 indicates a
potential risk as it suggests there is excess Hg. While this
mechanism can protect against exposure to Hg, Se is an
essential nutrient for numerous biological functions therefore,
deficiencies (caused by detoxification of Hg) can cause several
negative effects, including oxidative damage and inflammation,
contributing to the neurotoxic effects of MeHg.13

In the UK, the harbor porpoise is used as a sentinel top
predator species for monitoring long-term trends in chemical
pollutant exposures in the marine environment.19 Declines
have been observed in several pollutants, including brominated
diphenyl ethers, Hexabromocyclododecane (HBCD), dichlor-
odiphenyltrichloroethane (DDT) and dieldrin between 1990
and 200018 as well as in some trace elements between 1990
and 2008.20,21 However, trace element concentrations and
trends have not been published in the scientific literature for
almost two decades, a period roughly equivalent to three
generations of harbor porpoises, whose generation length is
estimated to be 5−6 years.22,23 Moreover, the most recent
analysis did not analyze temporal trends or investigate
biological and spatial factors related to exposures.20 Therefore,
it is crucial to assess burdens and spatiotemporal trends to
determine the current risk of exposure particularly as the
harbor porpoise is listed by OSPAR (the Convention for the
Protection of the Marine Environment of the North-East
Atlantic) as a species under threat or in decline in the Greater
North Sea and Celtic Sea, partly due to the harmful effects of
pollutants, including mercury.24,25 Additionally, monitoring
concentrations in sentinel species is crucial for assessing
marine ecosystem health and the effectiveness of mitigation
plans such as the UK government’s Environment Plan, which
commits to substantially reducing the levels of harmful

chemicals entering the environment,26 and the Minamata
Convention, a multilateral treaty that aims to reduce mercury
pollution.
Given the reduction in monitoring trace element trends in

UK harbor porpoises over recent years, understanding their
spatiotemporal trends and investigating their associations with
health indices such as infectious disease is vital to better
understand the threat posed to marine mammals, and take
necessary steps to minimize risk. To address this, we evaluated
the hepatic concentrations of eight trace elements (Cr, nickel
(Ni), Cu, Zn, Cd, Pb, Se and Hg), as well as the molar ratio
between Hg and Se (Hg:Se) in harbor porpoises that stranded
along the coast of Great Britain, using one of the largest marine
mammal strandings data sets available globally, spanning over
three decades. The aims of our study were to (i) determine
and summarize trace element concentrations in 739 harbor
porpoises (ii) investigate spatiotemporal trends in trace
element concentrations and (iii) determine trends in causes
of mortality and associations between trace element concen-
trations and infectious disease mortality.

2. METHODS
2.1. Sampling. Harbour porpoise necropsies (n = 2589)

were carried out between 1990 and 2021, by the Cetacean
Strandings Investigation Programme (CSIP) in England and
Wales and by the Scottish Marine Animal Strandings Scheme
(SMASS), according to standard necropsy protocols for
marine mammals.27,28 Trace element analyses of liver samples
were carried out on a subset of these individuals (n = 738).
Carcasses were prioritised for toxicological analysis according
to their state of decomposition using a standardized
classification system for marine mammals.28 Carcasses were
prioritised in this way to minimize possible changes in
concentrations that may occur with decomposition.29 Of the
carcasses analyzed for trace elements, 90% were classified as
extremely fresh or only slightly decomposed. We ensured that
the individuals that underwent toxicological analysis were a
representative sample of the strandings that occurred over the
study period by testing for statistical differences in the
proportions of sex-maturity classes (neonates, juveniles, adult
females and adult males) between the toxicological data set
and the complete strandings data set (chi-squared age and sex
class X2 = 7.2116, p > 0.05).
As part of the pathological investigations, several biological

and life-history attributes were determined. Body length and
sexual maturity status were used to categorize individuals into
sex-maturity classes. Sexual maturity in males was assessed
using gross gonadal size and appearance and, in a
representative subset, histological evidence of spermiogenesis
in male testes.30 Female reproductive maturity was determined
by identification of one or more ovarian corpora (lutea or
albicantia).30,31 Age class classification was based on body
length and examination of gonadal tissues as follows: neonates
(body length ≤ 90 cm); juveniles (sexually immature, body
length >90 cm) and adults (sexually mature, body length >90
cm).32

2.2. Disease Diagnosis and Classification. Each
examination had a supervising veterinarian who determined
the cause of death by gross examination followed by ancillary
testing (including parasitology, bacteriology, histology, virol-
ogy and histology) as required. “Infectious disease” is a broad
category used for analyses within the UK strandings program,
consisting of a number of cause of death categories of
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infectious origin.33 Within this broad category, we have
provided further details on classification and diagnosis for
the categories (SI Section 1.1) that contained the highest
number of cases.
2.3. Trace Element Analyses. To conduct this analysis,

we have combined data from previous studies (n = 492)20 with
newly generated, directly comparable unpublished data, all
produced in the same laboratory using identical methods (n =
247). For each individual, cross-sectional samples of liver were
collected, placed in a plastic zip lock bag, and preserved at −20
°C. Concentrations of Hg, Cr, Ni, Cu, Zn, Cd, Pb and Se were
determined (on a mg/kg wet weight (ww) basis), by
inductively coupled plasma-mass spectrometry (ICP-MS) at
the Cefas laboratory (Lowestoft) following methods described
in detail by ref 34. The method followed recommendations of
the International Council for the Exploration of the Sea
(ICES) and have been validated under the QUASIMEME
laboratory proficiency scheme (further detail is provided in SI
Section 1.2). In cases where concentrations were below the
limit of quantification, the concentrations were set at the limit
divided by the square root of 2.35

2.4. Statistical Analyses. All statistical analyses were
carried out using the statistical computer program R (version
4.0).36 To address the various aims of the study, we used
multiple data sets, each with different sample sizes and
variables (Figure S1).
To investigate differences due to body condition we used a

basic index of weight-to-length ratio, which is considered an
appropriate metric of body condition and is widely acknowl-
edged as a good predictor of fitness in marine mammals.37,38

To derive this metric we removed animals which had missing
weight or length data which reduced the sample size to 700 for
analysis including this metric. The weight and length data for
the individuals in this study followed a power relationship and
so a power regression model was fitted to obtain a metric that
could be used as a proxy for body condition. The residuals
from the best-fit regression line were extracted and used for
further modeling whereby values above the model fit
represented cases in good nutrition and individuals below
the line represented cases in poor nutritional condition. This
method may slightly overestimate condition in pregnant
females; however, based on published pregnancy rates of UK
stranded harbor porpoises (29%; Murphy et al. 2015), we
estimate that only 5% of individuals in our sample were
pregnant, and thus unlikely to have significantly biased our
findings. To investigate spatial variation, the latitudes and
longitudes of the stranding locations of each animal were
collected. A pilot assessment of pollutants in marine mammals
was carried out in 2022 at the OSPAR region level;39 therefore,
the contaminant assessment areas defined by OSPAR to
investigate pollutant trends in fish and shellfish were used for
this analysis (Figure S2).19,40 The OSPAR contaminant areas
assessed were the Irish & Scottish West Coast, the Irish Sea,
the Celtic Sea, the Channel, the Southern North Sea, and the
Northern North Sea. Summary information containing mean
body weight, length and sample size for each sex-maturity class
and OSPAR area are included in Table S2.
2.4.1. Spatiotemporal Trends. To investigate spatiotempo-

ral trends of the trace element concentrations, we fitted linear
regression models to selected variables that could explain the
variability in the data. For each model, the log-transformed
concentration was the response variable. The predictor
variables included in the full models were selected according

to the biological rational that they could influence concen-
trations. These were, date of stranding, sex-maturity class,
latitude, longitude, relative body weight, mean blubber
thickness and body weight. As described previously all possible
variable combinations were tested to obtain candidate models.
The final predictions were then obtained by averaging the set
of plausible models (ΔAIC < 2) from the candidate models.
Separate analyses were carried out to examine trends in
OSPAR contaminants assessment areas whereby the latitude
and longitude variables were replaced with the OSPAR area.
For post hoc comparisons between OSPAR areas, we carried
out a general linear hypothesis test using the multicomp
package.41 Posthoc pairwise comparisons of group means were
then carried out using the Tukey’s Honest Significant
Difference (HSD) method to adjust for multiple comparisons.
This method was chosen due to its flexibility in handling
multiple comparisons across different group means, while
controlling for Type I error. We only assessed risk against
published hepatic thresholds for Hg as we were unable to find
established thresholds for other trace elements. The thresholds
applied were those defined by Dietz et al. (2022), which assign
risk categories as follows: no risk (<16 mg/kg ww), low risk
(16−64 mg/kg ww), moderate risk (64−83 mg/kg ww), high
risk (83−123 mg/kg ww), and severe risk (>123 mg/kg ww).
We also considered the threshold of 61.1 mg/kg ww from
Rawson et al. (1993), which relates to toxic effects of mercury
in the liver. While other trace elements are undoubtedly
important, their inclusion, in this part of the analysis, was
beyond the scope of this study due to the lack of comparable
toxicity thresholds. We also investigated Hg concentrations in
relation to a proposed framework to assess Good Environ-
mental Status (GES) under Descriptor 8 of the Marine
Strategy Framework Directive (MSFD). This includes an
absolute assessment against environmental thresholds and a
relative assessment in relation to time trends.42

2.4.2. Temporal Trends in Causes of Mortality. To
determine temporal trends in mortality, we first tested whether
there was a significant trend in the overall number of reported
strandings. We fitted a generalized additive model using the
mgcv package with the number of strandings per year as the
response variable and the year as a smooth predictor.43 The
model assumed a negative binomial distribution due to
overdispersion in the count data. This analysis was carried
out on the wider strandings data set (n = 7171), which does
not include cause of death as post-mortem examinations are
only carried out on a minority of stranded animals. We then
tested whether there was a significant temporal trend in the
causes of mortality using the data set of animals that had
undergone necropsies. To standardize the data and limit the
impact of potential biases associated with strandings data
(including recording effort and carcase drift), counts were
converted to proportions. Cause of death was categorized into
three classes: infectious disease, trauma (e.g., bycaught, ship-
strike, bottlenose dolphin attack) and others (the latter
including starvation and live stranding) (see SI 2.2). To assess
changes in the proportions of the causes of mortality, yearly
frequencies were modeled against year of stranding, cause of
death class, sex maturity class by fitting a generalized negative
binomial model. We tested all possible variable combinations
(Year × cause of death × sex-maturity class) to obtain several
candidate models which were ranked according to their AIC
(Akaike’s Information Criterion) values. Our final prediction
model was obtained by averaging the set of plausible models
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with Δ < 2.44,45 To validate the model, we plotted the residuals
of the model against other variables to ensure there were no
systematic relationships and assessed residual variance for
patterns indicative of heteroscedasticity. Geographic variation
was assessed in the same way with OSPAR area included as an
additional variable.
2.4.3. Associations with Infectious Disease. To investigate

possible associations between trace elements and infectious
disease mortality we used an established case-controlled
approach to compare animals that died of infectious disease
(cases) with animals that died from trauma (controls).21,46 We
removed animals that died from “Other” causes of death such
as starvation and live stranding, this led to a sample size of 584.
We carried out principal component analysis (PCA) to

reduce the complexity of the data set by transforming the trace
elements into a small number of principal components (PCs).
These PCs capture the most significant variations in the data
set and allow patterns and relationships with outcomes, such as
infectious disease, to be identified. To carry out the analysis,
each of the trace element concentrations were log transformed,
zero centered and scaled to have unit variance. We fitted a
logistic regression model with cause of death as the dependent
variable and sex-maturity class, latitude, longitude and date of
stranding and the PCs as the predictors. To determine which
PCs should be included in the model, we carried out cross-
validation and compared AICs of the models that included
PC1 up to the total number of PCs that accounted for >80%
variance. Once we had selected the most appropriate number
of PCs to include, we carried out the same model averaging
approach described previously.
To further investigate the relationships between trace

elements and infectious disease, we fitted a weighted quantile
sum (WQS) regression model. Using the gWQS package, we
estimated a body burden index (the WQS index) to summarize
the overall exposure to the mixture of trace elements.47 WQS
regression has been specifically designed to address the
challenges that can arise in mixture analysis, particularly
when exposures are highly correlated and there is a need to
identify which components of a mixture contribute most to the
outcome. The coefficients were constrained to be positive as
we hypothesize that the trace element mixture will increase the

risk of infectious disease mortality. We log-transformed the
trace elements and grouped them into quartiles. As part of the
WQS regression a weighted linear index was calculated, which
represented the body burden index of all the trace elements.
The WQS was then included in a logistic regression model
with cause of death as the dependent variable and WQS, sex-
maturity class, latitude, longitude, mean blubber thickness,
relative body weight and body weight as predictor variables.
Owing to collinearity between relative body weight, mean
blubber thickness and body weight we either included relative
body weight or mean blubber thickness and body weight based
on which combination resulted in the lowest AIC. Due to the
detoxification interaction between Hg and Se and their high
correlation we fit three separate WQS regression models as it
would be challenging to interpret results if Hg and Se were
included in the same model. The first model included the
Hg:Se molar ratio and excluded Se and Hg, the second model
included Hg and excluded Se and the third model included Se
and excluded Hg. For each analyses, we tested all possible
variable combinations to obtain several candidate models,
which were ranked according to their AIC values. The models
with the lowest AIC were used in the analysis. The data were
randomly split into two data sets (40% training set, 60%
validation set). The training set was bootstrapped 1000 times
to obtain the weighted index of each chemical and the model
parameter estimates. The corresponding weight of each
chemical was used to determine the extent to which that
chemical contributed to the WQS index.48 A sectioned
threshold parameter (1/number of components) was derived
to identify significant chemicals.49 Further information about
this approach is available in the Supporting Information
Section 1.3.

3. RESULTS
3.1. Trace Element Concentrations. Zn had the highest

mean hepatic concentration (59.7 mg/kg ww) followed by Hg
(Table 1). The other elements decreased in mean concen-
tration from Cu > Se > Cd > Cr > Ni > Pb. The maximum
concentrations followed a similar pattern, however, the
maximum concentration of Cr was lower than Ni (Table
S3). The mean Hg:Se molar ratios were below one across all

Table 1. Mean Concentration, % Change Per Year from Regression Models, Significant of Temporal Trend and Factors
Included in Regression Models for Each Trace Elementa

trace
element

mean concentration
(mg/kg ww)

change per
year %

95%
confidence
interval

significant trend
(Yes/No) factors included in model (bold indicates p < 0.05)

Cd 0.26 −1.34 −2.10 to −0.60 Yes Sex_Maturity Class, Latitude, Relative Body wt., Lat*Long, Date
Found, Mean Blubber thickness, Longitude

Cr 0.25 −9.84 −10.55 to
−9.14

Yes Latitude, Date Found, Relative Body wt., Longitude, Lat*Long

Cu 14.73 +0.097 −0.32 to +0.52 No Sex_Maturity Class, Mean Blubber thickness, Relative Body wt., Date
Found,Longitude, Latitude

Hg 20 +1.01 +0.34 to +1.68 Yes Sex_Maturity Class, Latitude, Relative Body wt., Mean Blubber
thickness, Date Found, Longitude, Lat*Long

Ni 0.15 −7.62 −8.39 to −6.85 Yes Date Found, Longitude, Latitude, Lat*Long, Relative Body wt.
Pb 0.06 −5.54 −6.26 to −4.81 Yes Longitude, Sex_Maturity Class, Date Found, Lat*Long, Latitude,

Relative Body wt.
Se 10.44 +1.56 +0.95 to +2.18 Yes Sex_Maturity Class, Relative Body wt., Latitude, Mean Blubber

thickness, Date Found, Longitude
Zn 59.68 0.0095 −0.16 to +0.15 No Sex_Maturity Class, Mean Blubber thickness, Relative Body wt.,

Latitude, Longitude, Lat*Long, Date Found
Hg:Se
mratio

0.66 −0.0045 −0.23 to +0.22 No Sex_Maturity Class, Latitude, Longitude, Relative Body wt., Lat*Long,
Date Found

aMean, Maximum, Minimum values and sample sizes for each variable measured, split by sex-maturity class, are shown in Table S3.
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sex-maturity classes with the highest ratio in adult males
(0.96), followed by adult females (0.72), juveniles (0.52) and
neonates (0.41) (Table S3). Of the 717 animals for which Hg
and Se concentrations were available, 12% (n = 84) had a ratio
greater than one.
3.2. Spatiotemporal Trends And Environmental

Status Assessments. Mercury (Hg). Hg concentrations
have increased over the last three decades at a rate of 1 mg/
kg ww per year (Tables 1, S5, Figure 1).The mean Hg
concentration in the most recent year of the study (2021) was
35.36 (CI = 19.51−51.6) mg/kg ww. In the most recent ten

years of the study (2012−2021), 9% (16/188) of individuals
had Hg levels classed as high or severe risk (>83 mg/kg ww)
while 90% (169/188) had Hg levels classed as low or no risk
(<64 mg/kg ww) (according to marine mammal risk
thresholds defined by Dietz et al.7 and derived from harp
seals50). When we carried out an absolute and relative
assessment of Hg concentrations in relation to Good
Environmental Status under the MSFD we found that despite
mean levels being below the threshold of 61 mg/kg ww.,17,20

GES was not achieved owing to the increasing concentrations
in Hg.

Figure 1. (A) Modeled temporal trend in log Mercury concentrations (mg/kg wet weight). The solid lines represent the model estimates for each
year, and the dashed lines represent 95% confidence intervals (1.96 times the standard error). The dots show the measured pollutant
concentrations. Trends lines were calculated using the model coefficients with all variables except for Mercury held constant at their mean values.
The model coefficients are shown in Table S5. Colors denote risk intervals defined by refs 7,50 . (No risk (green), Low risk (yellow). Moderate risk
(orange), High risk (red) and severe risk (dark red)) defined in Table S4. (B) Modeled spatial distribution of Hg concentrations. Estimates were
derived from the model using 2021 as the reference year.

Figure 2. Differences in trace element concentrations (mg/kg ww) between OSPAR areas, based on pairwise comparisons using Tukey’s posthoc
test (p < 0.05). The differences shown represent the log-transformed mean differences between the first and second OSPAR area in each contrast
(e.g., “Northern North Sea − Channel” = [Northern North Sea] minus [Channel]). for each trace element, obtained from separate averaged
models for each element. The OSPAR area contrasts are in Tables S15−S19.
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Sex-maturity class, latitude, body weight and mean blubber
were significant predictors in the model. Concentrations were
positively associated with body weight but negatively
associated with mean blubber thickness. Adult females had
the highest concentrations of Hg followed by adult males,
juveniles and neonates. There was no interaction between sex-
maturity class and the rate of decline. We also found spatial
variation such that Hg concentrations were highest at lower
latitudes.
When we included OSPAR area rather than latitude and

longitude in the model, Hg concentrations were significantly
higher in the Southern North Sea and the Irish and Celtic Seas
when compared with the Northern North Sea (Figure 2). The
full model coefficients are shown in Table S5.
Mercury:Selenium Molar Ratio (Hg:Se). There was no

statistically significant temporal trend in the Hg:Se molar ratio
(Table S7). However, we did find spatial variation such that
the Hg:Se ratio was significantly higher at lower latitudes. We
also found significant differences between sex-maturity classes
with adult males having significantly higher ratios than adult
females, juveniles and neonates. When we included the
OSPAR areas in the model, we found the Hg:Se ratio was
higher in the Irish and Celtic Seas compared to the Northern
North. We also found Hg:Se ratios were greater in the Channel
compared to the Irish and Celtic Sea (Figure 2).
Cadmium (Cd). Cd concentrations have significantly

decreased over the last three decades (Table S8, Figure S3).
Mean blubber and body weight were also significant predictors
such that cadmium concentrations were negatively associated
with mean blubber but positively associated with body weight.
Sex-maturity class was also a significant predictor with highest
concentrations in adult males followed by adult females,
juveniles and neonates. All differences were significant except
for between adult females and juveniles. We also found spatial
variation such that (in contrast to Hg) Cd concentrations
increased with latitude. Longitude was also a significant
predictor with greater concentrations on the west coast than
the east coast. When the OSPAR areas were included in the
model, we found Cd concentrations were higher in the
Northern North Sea than the Irish and Celtic Seas, the
Channel and the Southern North Sea. We also found
concentrations were higher in Western Scotland than the
Irish and Celtic Sea (Figure 2).
Lead (Pb). Similar to Cd, Pb concentrations have decreased

over the study period (Table S9). Sex-maturity class was also
significant such that adult females have significantly higher
concentrations than adult males, juveniles and neonates.
Latitude was not a significant predictor, however, we did find
significant longitudinal variation with higher concentrations on
the west coast compared to the east. This was also
demonstrated in the model that included OSPAR areas, as
concentrations were higher in the Irish and Celtic Seas when
compared to the Northern and Southern North Sea.
Concentrations were also significantly higher in the Irish and
Celtic Sea than Western Scotland indicating a north to south
gradient on the west coast (Figure 2).
Selenium (Se). Similar to Hg, Se concentrations have

increased over the study period (Table S10). Body weight and
mean blubber thickness were also significant predictors in the
model, such that concentrations were positively associated with
body weight and negatively associated with blubber thickness.
We also found that adult females had significantly higher
concentrations than adult males, juveniles and neonates and

animals that stranded at lower latitudes had higher
concentrations. We also found significant differences between
OSPAR areas as concentrations were higher in the Northern
North Sea than the Southern North Sea and in the Irish and
Celtic Seas compared with Scotland. Concentrations in the
Irish and Celtic Sea were also higher than the Northern North
Sea and the Channel (Figure 2).
Chromium (Cr). When we modeled Cr concentrations, date

of stranding and latitude were the only significant predictors in
the model (Table S11). Cr concentrations have steadily
decreased over the last 30 years and exhibited a latitudinal
gradient such that concentrations were higher at more
southerly latitudes. There were no statistically significant
differences between OSPAR areas.
Nickel (Ni). Date of stranding was the only significant

predictor in the model indicating a steady decline in Ni
concentrations between 1990−2021 (Table S12). Similar to
Cr, there were no significant differences between the OSPAR
areas.
Copper (Cu). There were no significant temporal or spatial

trends in Cu concentrations (Table S13). However, sex-
maturity class, body weight and mean blubber thickness were
significant predictors. Concentrations of Cu were negatively
associated with body weight but positively associated with
mean blubber (the inverse of Hg and Se). Neonates had
significantly higher concentrations of Cu than adult females,
adult males and juveniles, which all had similar concentrations.
There were no significant differences between OSPAR areas.
Zinc (Zn). There were no significant temporal trends in Zn

concentrations (Table S14). Latitude and longitude were not
significant predictors, however, when OSPAR area was
included in the model we found concentrations were higher
in the Channel compared to the Northern North Sea. Body
weight and mean blubber were both negatively associated with
Zn concentrations. We also found significant differences
between sex-maturity classes such that, adult females had the
highest Zn concentrations followed by adult males, juveniles
and neonates.
3.3. Temporal Trends in Causes of Mortality and

Associations between Trace Elements and Infectious
Disease. Between 1990 and 2021 there was a significant
increase in the overall number of strandings (n = 7171) in the
UK (edf = 2.95, p-value <0.05) (Figure S4). When we
investigated trends in causes of death, using the necropsy data
set (n = 2589), we found a significant increase (1% per year) in
the number of harbor porpoises that died from infectious
disease (betareg, p = < 0.05) (Table S20), corresponding with
a significant decline in deaths from trauma (−1% per year) and
no significant change in other causes of death. We were unable
to test trends in specific types of infectious disease due to the
small sizes in each category. Visual inspection of the absolute
number of cases and yearly frequencies in each category
indicated that no single category drove the proportional
increase in cases (Figure S5). When we incorporated the
OSPAR areas into our analysis, we found regional differences
in causes of mortality (Table S21). However, there were no
temporal trends in these differences. Proportional deaths from
infectious disease were highest in the Irish & Celtic Sea
followed by the Northern North Sea, the Southern North Sea,
Western Scotland and the Channel.
3.3.1. Principal Component Analysis. Eight principal

components (PCs) were required to describe the variance in
trace element profiles, with the first 5 accounting for over 80%
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of the total variance. The first two PCs accounted for 26.7%
and 22.69% of the variance respectively and revealed clustering
by cause of death (Figure S7A). Positive scores for Hg, Se, Cd
and Zn were observed across both components (Figure S7B).
When we modeled cause of death against the PCs, the best
fitting model included the first five PCs, however, PC1 and
PC3 were not significant predictors. PCs 2 and 5 were
negatively associated with infectious disease mortality whereas
PC4 was positively associated (Table S25), however, it should
be noted that they only accounted for 20%, 10% and 12% of
total variance, respectively. PCs 2 and 5 were characterized by
positive loadings for Cu and Pb and negative loadings for Zn,
Hg and Se, while PC4 was characterized by a large positive
loading for Zn (Figure S6).
Sex-maturity class, longitude and relative body weight were

also significantly associated with infectious disease mortality
risk. Juveniles and neonates have significantly reduced risk than
adult females, and animals with higher relative body weight are

also less likely to have died from infectious disease. There was
no latitudinal association, however, longitude was positively
associated with risk of mortality such that animals that
stranded along the east coast are more likely to have died from
infectious disease than those on the west.
3.3.2. Weighted Quantile Sum Regression (WQS). For all

three models (Hg:Se, Hg and Se), WQS score was positively
associated with risk of infectious disease mortality (Hg:Se
ratio, Hg, Se, ORs = 0.98, 1.27, 1.37,) (Tables 3, S22−24). Zn
exceeded the threshold parameter and had the greatest impact
on infectious disease mortality risk in all three models. Se, Hg
and Cd, Hg:Se ratio also exceeded the threshold parameter in
their respective model (Figure 3A) (Table 2). Similar to the
results of the PCA, longitude, sex-maturity class and body
condition were also significant predictors of infectious disease
mortality (Table S25). Further information regarding the
interpretation of this approach is available in the Supporting
Information.

Figure 3. Weights from weighted quantile sum regression for trace element body burden index and risk of infectious disease mortality. The
horizontal green line is the threshold for significant components in the index. Cause of death ∼ WQS + Sex-maturity + Latitude + Mean Blubber
Thickness. (A) Hg:Se molar ratio included, Hg and Se excluded (B) Hg included, Se excluded (C) Se included, Hg excluded.

Table 2. Summary of Weighted Quantile Sum (WQS) Regression Models Assessing the Association between Trace Element
Mixtures and the Odds of Infectious Disease Mortality in Harbour Porpoises

WQS model setup
significant trace
elements

WQS model coefficient (log-odds of infectious
disease mortality)

std.
error

factors included in model (bold indicates
p < 0.05)

Hg:Se ratio included, Hg and
Se excluded

Zn, Hg:Se mratio 0.98 0.22 Relative Body wt., Sex-Maturity Class, WQS,
Latitude, Longitude

Hg included, Se and Hg:Se
ratio excluded

Zn, Hg 1.371 2.973 WQS, Relative Body wt., Sex-Maturity Class,
Latitude, Longitude

Se included, Hg and Hg:Se
ratio excluded

Zn, Se, Cd 1.272 0.301 WQS, Relative Body wt., Sex-Maturity Class,
Longitude, Latitude
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4. DISCUSSION
We show that hepatic concentrations of Zn, Hg, Cd and Se are
significantly associated with increased rates of infectious
disease mortality in UK-stranded harbor porpoises. However,
Cd was only significant in the model that included the Hg:Se
molar ratio and excluded Hg and Se as individual predictors
(Figure 3A). This suggests that Cd’s association with infection
may be masked when the detoxifying role of Se is not captured
via its balance with Hg. It is important to note, that Hg has no
physiological role and is only toxic, meaning its relationship
with infectious disease is clearer to derive. Our findings,
coupled with the temporal increase in Hg concentrations, are
concerning. Projections indicate methyl mercury concentra-
tions will increase in some marine mammal populations under
future climate scenarios and similar increases have been
observed in other marine species both in the UK and
worldwide.7,51−53 This trend, when considered alongside the
multitude of threats facing marine mammals (including other
immunosuppressive pollutants (e.g., PCBs), bycatch, noise
pollution, and prey depletion21,54) highlights21,55 the need to
reduce environmental Hg concentrations. Such efforts are not
only crucial for the protection of marine mammals but are also
critical to ensure the health of the broader marine ecosystem.
This is the first study in almost two decades to assess

spatiotemporal trace elements in UK-stranded marine
mammals. We found declines in Cd and Pb concentrations
over time, while Zn showed no trend. In contrast, Hg and Se
levels have risen, with the increasing Hg concentrations being
particularly concerning due to Hg’s high toxicity and
persistence. The Hg:Se ratio plays a critical role in evaluating
Hg toxicity owing to the detoxifying effects of Se.13,18 Although
no significant trend was observed in the Hg:Se ratio, the rise in
Se levels may reflect a compensatory response to Hg exposure,
potentially leading to Se deficiency and associated health
impacts. Our findings align with regional and wider assess-
ments that have reported similar increases in Hg in marine
biota.7,10,52,53 However, there are regional and species-specific
variations. In UK waters, OSPAR reported increases in levels of
Hg in fish and shellfish, while Defra’s H4 indicator (which
assesses the exposure and effects of chemicals on wildlife)
reported stable concentrations in fish.52,53 Globally, similar
regional and species-specific variations have been documented.
For example, while Hg levels have increased in some Arctic
marine mammals (e.g., polar bears (Ursus maritimus) and pilot
whales (Globicephala melas)), declines have been observed in
ringed seals (Pura hispada) and belugas (Delphinapterus leucas)
and a metanalysis of global Hg concentrations in cetaceans
spanning 45 years found no overall trend.7,10,13 A study on
harbor porpoises and common dolphins (Delphinus delphis)
that stranded along the French Atlantic Coast did not find any
significant temporal trends in Hg and Pb in harbor porpoises
but found increases in Hg and decreases in Pb concentrations
in common dolphins. The rates of increase of Hg in our study
were almost double those recorded in common dolphins in
France.56 Comparative studies indicate that Hg levels in our
study are higher than those reported in West Greenland and
Danish waters,57 similar to those reported in the North Sea
and lower than those reported in the Celtic and Irish seas.56

Concentrations of Cu, Se and Zn were less than half those
reported in the Southern North Sea and the Bay of Biscay.58

Together, these findings highlight the regionally specific nature
of contaminant exposure, underscoring the importance of local

monitoring to detect emerging pollution trends and assess
ecological risk.
Despite the overall reduction in European anthropogenic

mercury emissions following reduction measures in the 1970s,
Hg concentrations in the open ocean are thought to have
tripled globally at depths of 100−1000 m.59 Therefore, the
observed increase in Hg may indicate an increased supply of
this accumulated subsurface legacy Hg to subsurface and
surface ocean food webs.8 Additionally, the divergence
between trends in emissions and biota could be linked to
climate-mediated environmental changes that impact Hg
deposition and bioaccumulation.60,61 Analysis of stable
isotopes and Hg concentrations in the Arctic shows that
ocean currents transporting legacy Hg from Asia and North
America may explain why atmospheric Hg deposition has been
decreasing in the region while Hg levels have been increasing
in many Arctic species.11 An important next step would be to
speciate mercury into elemental and methyl mercury to better
assess the risk62 and identify sources. Additionally, analysis of
stable isotopes would help infer the impact of temporal
changes in foraging on pollutant loads. Our findings
demonstrate that continuous long-term monitoring of sentinel
species is vital to assess the effectiveness of emissions
reductions and the necessity of more stringent controls.56

Our analysis also revealed significant geographical variations
in trace element concentrations. Cd exhibited a latitudinal
gradient, increasing from south to north. This likely reflects
regional dietary differences, as harbor porpoises in Scotland are
thought to consume more oceanic cephalopods and other Cd-
enriched species than those in England, owing to their greater
abundance in Scottish waters.63 In contrast, Hg concentrations
were higher at lower latitudes (aligning with OSPAR’s
assessment in fish and shellfish53), while Pb concentrations
demonstrated a longitudinal gradient, with higher concen-
trations on the west coast. These spatial gradients may be due
to a number of factors including locations of historical
industrial activities,64,65 prevailing westerly winds carrying
potential trans-Atlantic sources of lead,66 greater rainfall
causing increased atmospheric deposition,67 and localized
sources such as river discharge. These spatial patterns align
with concentration gradients of POPs, such as PCBs, which are
likely to have compounding impacts on health.21,68 Under-
standing the spatial distribution of toxic trace elements is
critical for targeting conservation efforts and emissions
monitoring.
While trace elements were linked to infectious disease

mortality, their relationship is complex, as several of the trace
elements we analyzed (Cu, Se and Zn) are critical for
physiological functions and maintaining health, with their
levels regulated by homeostatic mechanisms.69 An imbalance
in concentrations, whether through high environmental
exposures or detoxification-induced deficiencies, can lead to
harmful effects. For example, Zn can be toxic in high
concentrations while Se deficiency can lead to numerous
negative health outcomes.69 Zn (unlike Hg) plays an important
physiological role and has been shown to be essential for
immune system function in mammals.69 For instance,
infectious diseases in humans have been shown to elevate
hepatic Zn concentrations, suggesting a complex interaction
between Zn and the immune response.70 Increased Zn
concentrations have also previously been associated with
disease occurrence in cetaceans, hence, elevated levels may be
a response to poorer health status rather than a contributory
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cause.62,71 Our results reflect this relationship as both the WQS
regression and PCA demonstrated a strong association
between Zn and infectious disease making it difficult to
determine whether elevated Zn concentrations are a
consequence rather than a cause of infection. In contrast, the
Hg:Se ratio provides clearer insight into toxicity due to Hg’s
detrimental effects and Se’s detoxifying role. Yet, this
interaction does somewhat complicate the interpretation of
their independent effects, as Se may mitigate Hg toxicity,
potentially biasing the WQS regression by down-weighting
Hg’s influence. We attempted to mitigate this by building
separate models so that Hg and Se were not included in the
same model. The weights of Hg, Se and Hg:Se ratio
demonstrate that the interaction between these variables is
the most important determinant in relation to infectious
disease. However, experimental data specific to marine
mammals are needed to define toxic thresholds for Hg:Se
imbalances. Additionally, our analysis revealed a negative
association between Cr, Ni, and infectious disease, supporting
prior research suggesting these elements may have protective
effects in small quantities.69 Although it should be noted that
nearly half of Ni concentrations (48%) and around one-third
of Cr and Pb concentrations were below the LOQ, which may
limit the reliability of model estimates for these elements.
Results for these elements should therefore, be interpreted
with caution.
Maturity class and nutritional condition significantly

influenced infectious disease risk. Adults had a higher risk of
infectious disease, which may be due to adults being exposed
to a greater number of pathogens and differences in prey
selection, and juveniles and neonates being more vulnerable to
other causes of mortality such as bycatch and starvation.
Additionally, our model may not fully distinguish between the
effects of maturity class and trace element concentrations, as
toxic elements like the methyl form of Hg bioaccumulate,
leading to higher concentrations in older individuals. There-
fore, the elevated risk in adults may partly reflect higher
concentrations of Hg rather than age alone. Nutritional
condition had the largest effect on infectious disease mortality
risk, but nutritional condition and infectious disease are
intrinsically linked. Nutritional stress weakens the immune
system, while infections can cause nutritional stress. Con-
sequently, the extent to which nutritional stress directly
contributes to infectious disease mortality likely varies between
individuals, influenced by a combination of environmental and
biological factors.
While our analysis used maturity class as a proxy for age, we

acknowledge the absence of precise age data (e.g., from tooth
layer counts) as a limitation. Harbour porpoises exhibit a wide
age range, living up to ∼20 years, with sexual maturity reached
at approximately 3−4 years of age.72 Many trace elements,
particularly mercury, are known to bioaccumulate with age.
Therefore, maturity class may not fully capture the influence of
age-related accumulation, especially among adults where age
spans over a decade. The lack of finer-scale age resolution may
have introduced additional variability into our models and
potentially obscured more nuanced age-related patterns in
trace element burdens. Future studies incorporating accurate
age estimation would improve the ability to disentangle the
effects of age, maturity, and toxicant exposure on health
outcomes.
The observed relationship between trace element tissue

burdens and infectious disease mortality is particularly

concerning in the context of the significant increase in the
number of animals dying from infectious disease over time as
well as the increase in overall strandings numbers. It is,
however, important to consider that an increase in strandings
may not be the direct cause of reduced population health but
can also be explained by increased reporting effort.73

Additionally, trends in causes of death, such as the increase
in disease cases, may be due to an increasing population,
changes in local distribution and/or increased incidence of
disease in the population but could also be influenced by biases
when selecting individuals to examine.
Our findings make an important contribution to under-

standing trace element trends and their associations with
infectious disease mortality in cetaceans. However, the scope
of our study did not include whether risk varies across different
pathogens or sublethal infections. Future research should
include more in-depth pathological investigations in relation to
specific infectious diseases.74 We also cannot completely rule
out that selection bias in the controls may have impacted our
findings. While we attempted to select the cases and controls
independently of trace element exposure, there is a possibility
that animals that died of physical trauma had a higher or lower
exposure than the general population. However, we suspect
that this is likely to have had a minimal effect as there is no
evidence to suggest that animals that die from physical trauma
are not representative of the broader population in terms of
trace element exposure. Therefore, we consider these
individuals an appropriate reference group for comparison.
Animal movement and carcass drift may also have affected our
results, particularly the spatiotemporal analysis. Very little is
known about the home range size of harbor porpoises in the
UK. Therefore, large home ranges or the movement of
carcasses in ocean currents may cause individuals to accrue
contaminants in different locations to where they strand.
However, spatial trends of persistent organic pollutants
(POPs) in porpoises were found to correspond with historical
use and production suggesting that stranded animals can be
used to assess spatial contamination. Moreover, tagged
porpoises exhibit relatively high site fidelity with seasonally
shifting but broadly consistent spatial patterns, which supports
our spatial approach.75 Hence, we are confident that the
OSPAR assessment units that we have used should be large
enough to minimize the impact of animal movement on our
results. Moreover, the effect of carcass drift should be
minimized by selecting fresher carcasses because this increases
the likelihood that an animal died close to where they were
found.76

When comparing Hg hepatic concentrations against risk
thresholds defined by Dietz et all.,7 in the most recent ten years
of the study, 9% of individuals were classified as at severe or
high risk of health effects (>64 mg/kg ww). However, the
studies on which these thresholds are based reflect relatively
severe pathological effects and are far higher than those
required to cause mild liver lesions in humans.13 Moreover,
these thresholds only account for liver-related impacts yet, our
study highlighted associations between Hg concentrations and
infectious disease. Additionally, a substantial body of work
documents Hg’s effects on other physiological systems
including immune function.13 Effects threshold concentrations
for suppression of lymphocyte proliferation in cetaceans,
derived from field and laboratory data, are significantly lower
than those for hepatic damage, at 0.047 Hg mg/kg, which
suggests a large proportion of the porpoises in our study
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experienced Hg-induced immunosuppression.77 Further re-
search is necessary to establish robust toxic thresholds for
chronic exposures incorporating indirect effects of imbalances
in other trace elements and the impacts of cumulative exposure
to other pollutants.
This study highlights the enduring risks posed by legacy

pollutants, like heavy metals. While global attention often shifts
toward novel emerging contaminants, the continued impact of
legacy pollutants on marine ecosystems serves as a stark
reminder of their toxic legacy. The rise in mercury
concentrations, raises concerns about the effectiveness of
current measures under the Minamata Convention and
highlights the need for strengthened global implementation
and monitoring and the potential impacts of climate-mediated
environmental change that may lead to increases in environ-
mental concentrations despite reductions in emissions.
Moreover, nearly half of Hg emissions are attributed to the

combustion of fossil fuels and biomass (24%) and industrial
activities such as smelting and cement production (28%), with
around 50% of total emissions originating in Asia.78 Therefore,
the reduction of Hg levels is only likely to be achieved if we
can achieve global climate targets. Our findings not only
inform the conservation management of marine mammals but
offer insights into the health of marine ecosystems globally.
Given the pervasive and persistent threat of chemical pollution,
our findings are globally significant and demonstrate that more
aggressive reduction targets are urgently required to halt the
increase in concentrations of mercury,one of the most toxic
trace elements.79

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.est.5c08346.

Methods used for disease diagnosis and classification;
trace element analysis and weighted quantile sum
workflow and interpretation guide. Supplementary
figures: schematic depicting the data sets used for the
different parts of the analysis; geographic locations of the
stranded animals and the OSPAR area classifications;
plots of modeled temporal trends of additional trace
elements, strandings per year, yearly causes of death;
loadings for the PCA and a plot of PC1 vs PC2.
Supplementary tables: percentage of nondetects of each
trace element; mean weight, length and sample size for
each sex-maturity class by OSPAR area; mean, min, mac
values of each trace element split by sex-maturity class;
mercury concentrations classified into risk levels;
summary statistics of the models fitted to each trace
element; summary statistics of the weighted quantile
regression models (PDF)

■ AUTHOR INFORMATION

Corresponding Author
Rosie S. Williams − Institute of Zoology, Zoological Society of
London, London NW1 4RY, U.K.; Department of Genetics,
Evolution and Environment, University College London,
London WC1E 6BT, U.K.; orcid.org/0000-0003-1801-
8092; Email: rosie.williams@ioz.ac.uk

Authors
David J. Curnick − Institute of Zoology, Zoological Society of
London, London NW1 4RY, U.K.

Andrew Baillie − The Natural History Museum, London SW7
5BD, U.K.

Jonathan L. Barber − Centre for Environment, Fisheries and
Aquaculture Science (Cefas), Lowestoft, Suffolk NR33 0HT,
U.K.

James Barnett − Cornwall Marine Pathology Team, Cornwall
TR11 5QG, U.K.

Andrew Brownlow − School of Biodiversity, One Health and
Veterinary Medicine, College of Medical, Veterinary & Life
Sciences, University of Glasgow, Glasgow G12 8QQ, U.K.

Robert Deaville − Institute of Zoology, Zoological Society of
London, London NW1 4RY, U.K.

Nicholas J. Davison − School of Biodiversity, One Health and
Veterinary Medicine, College of Medical, Veterinary & Life
Sciences, University of Glasgow, Glasgow G12 8QQ, U.K.

Mariel ten Doeschate − School of Biodiversity, One Health
and Veterinary Medicine, College of Medical, Veterinary &
Life Sciences, University of Glasgow, Glasgow G12 8QQ,
U.K.

Rod Penrose − Marine Environmental Monitoring, Ceredigion
SA43 2PS, U.K.

Matthew Perkins − Institute of Zoology, Zoological Society of
London, London NW1 4RY, U.K.

Simon Spiro − Institute of Zoology, Zoological Society of
London, London NW1 4RY, U.K.

Lee Warford − Centre for Environment, Fisheries and
Aquaculture Science (Cefas), Lowestoft, Suffolk NR33 0HT,
U.K.

Ruth Williams − Cornwall Wildlife Trust, Cornwall TR4 9DJ,
U.K.

Andrew A. Cunningham − Institute of Zoology, Zoological
Society of London, London NW1 4RY, U.K.

Andrew C. Johnson − UK Centre for Ecology and Hydrology,
Wallingford OX10 8BB, U.K.; orcid.org/0000-0003-
1570-3764

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.est.5c08346

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The Cetacean Strandings Investigation Programme (CSIP)
coordinates the investigation of strandings in England and
Wales and is funded by the Department for Environment,
Food and Rural Affairs and the Devolved Government of
Wales, as part of the UK Government’s commitment to a
number of international conservation agreements. The Scottish
Marine Animal Strandings Scheme (SMASS) coordinates the
investigation of strandings in Scotland under contract to the
Scottish Government Marine Directorate. The authors would
like to thank funders of both stranding schemes and would also
like to thank the Joint Nature Conservation Committee and
other members of the CSIP Project Steering Group (PSG) for
their support of the UK strandings programmes. Some of the
contaminant analysis was carried out under the ChemPOP
project (NE/S000100/1). The authors would like to thank
Natural Resources Wales for funding trace metal analyses of
some Welsh stranded harbour porpoises. The authors would

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c08346
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

J

https://pubs.acs.org/doi/10.1021/acs.est.5c08346?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.est.5c08346/suppl_file/es5c08346_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rosie+S.+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1801-8092
https://orcid.org/0000-0003-1801-8092
mailto:rosie.williams@ioz.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+J.+Curnick"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+Baillie"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+L.+Barber"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="James+Barnett"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+Brownlow"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Robert+Deaville"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nicholas+J.+Davison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mariel+ten+Doeschate"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rod+Penrose"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthew+Perkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Simon+Spiro"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lee+Warford"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ruth+Williams"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+A.+Cunningham"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andrew+C.+Johnson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1570-3764
https://orcid.org/0000-0003-1570-3764
https://pubs.acs.org/doi/10.1021/acs.est.5c08346?ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c08346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


also like to thank the Centre for Environment, Fisheries and
Environmental Sciences for carrying out the chemical analysis
and Defra for funding some of this analysis under a service-
level agreement and under the 25-year Environmental
Improvement Plan H4 indicator project. The authors would
also like to thank Fiona Reid, the Sea Mammal Research Unit,
the Natural History Museum and Sinéad Murphy for their help
in verifying the classification of a number of maturity classes
and Dina Sadykova for advice with the statistical analysis. The
authors also wish to thank the volunteers of the Cornwall
Wildlife Trust Marine Strandings Network for their help
retrieving carcasses and staff at what was (AH)VLA Polwhele
and volunteers at Cornwall Marine Pathology Team for their
assistance with post mortem examination and sampling in
Cornwall. R.W. was funded by the Natural Environment
Research Council (NERC) grant NE/L002485/1 and grant
NE/S000100/1 supporting the ChemPOP project. R.W.,
D.J.C., R.D., and M.P. were partially funded by Research
England. Finally, the authors acknowledge Dr Paul Jepson,
who conducted a large proportion of the necropsy examina-
tions during the study period, and whose mentorship and
supervision were integral to this work.

■ REFERENCES
(1) Sweta; Singh, B. Metal pollution in the aquatic environment and
impact on flora and fauna. In Metals in Water; Shukla, S. K.; Kumar,
S.; Madhav, S.; Mishra, P. K., Eds.; Elsevier, 2023; Chapter 4, pp 53−
70.
(2) Eisler, R. Mammals. In Compendium of Trace Metals and Marine
Biota; Eisler, R., Ed.; Elsevier: Amsterdam, 2010; Chapter 6, pp 363−
489.
(3) Verma, N.; Rachamalla, M.; Kumar, P. S.; Dua, K. Assessment
and impact of metal toxicity on wildlife and human health. In Metals
in Water; Shukla, S. K.; Kumar, S.; Madhav, S.; Mishra, P. K., Eds.;
Elsevier, 2023; Chapter 6, pp 93−110.
(4) Daripa, A.; Malav, L. C.; Yadav, D. K.; Chattaraj, S. Metal
contamination in water resources due to various anthropogenic
activities. In Metals in Water; Shukla, S. K.; Kumar, S.; Madhav, S.;
Mishra, P. K., Eds.; Elsevier, 2023; Chapter 7, pp 111−127.
(5) Whelan, M. J.; Linstead, C.; Worrall, F.; Ormerod, S. J.;
Durance, I.; Johnson, A. C.; Johnson, D.; Owen, M.; Wiik, E.;
Howden, N. J. K.; Burt, T. P.; Boxall, A.; Brown, C. D.; Oliver, D. M.;
Tickner, D. Is water quality in British rivers “better than at any time
since the end of the Industrial Revolution”? Sci. Total Environ. 2022,
843, No. 157014.
(6) Nicolaus, E.; Lyons, B.; Miles, A.; Robinson, C.; Webster, L.;
Fryer, R. Time trend and status for cadmium, mercury and lead in fish
and shellfish See Httpsmoat Cefas Co Ukpressures--Hum.-Act.--Biota,
2018.
(7) Dietz, R.; Letcher, R. J.; Aars, J.; Andersen, M.; Boltunov, A.;
Born, E. W.; Ciesielski, T. M.; Das, K.; Dastnai, S.; Derocher, A. E.;
Desforges, J.-P.; Eulaers, I.; Ferguson, S.; Hallanger, I. G.; Heide-
Jørgensen, M. P.; Heimbürger-Boavida, L.-E.; Hoekstra, P. F.; Jenssen,
B. M.; Kohler, S. G.; Larsen, M. M.; Lindstrøm, U.; Lippold, A.;
Morris, A.; Nabe-Nielsen, J.; Nielsen, N. H.; Peacock, E.; Pinzone, M.;
Rigét, F. F.; Rosing-Asvid, A.; Routti, H.; Siebert, U.; Stenson, G.;
Stern, G.; Strand, J.; Søndergaard, J.; Treu, G.; Víkingsson, G. A.;
Wang, F.; Welker, J. M.; Wiig, Ø.; Wilson, S. J.; Sonne, C. A risk
assessment review of mercury exposure in Arctic marine and
terrestrial mammals. Sci. Total Environ. 2022, 829, No. 154445.
(8) Médieu, A.; Point, D.; Sonke, J. E.; Angot, H.; Allain, V.; Bodin,
N.; Adams, D. H.; Bignert, A.; Streets, D. G.; Buchanan, P. B.; et al.
Stable Tuna Mercury Concentrations since 1971 Illustrate Marine
Inertia and the Need for Strong Emission Reductions under the
Minamata Convention. Environ. Sci. Technol. Lett. 2024, 11, 250−258.
(9) Schartup, A. T.; Thackray, C. P.; Qureshi, A.; Dassuncao, C.;
Gillespie, K.; Hanke, A.; Sunderland, E. M. Climate change and

overfishing increase neurotoxicant in marine predators. Nature 2019,
572, 648−650.
(10) Morris, A. D.; Wilson, S. J.; Fryer, R. J.; Thomas, P. J.;
Hudelson, K.; Andreasen, B.; Blévin, P.; Bustamante, P.; Chastel, O.;
Christensen, G.; Dietz, R.; Evans, M.; Evenset, A.; Ferguson, S. H.;
Fort, J.; Gamberg, M.; Grémillet, D.; Houde, M.; Letcher, R. J.;
Loseto, L.; Muir, D.; Pinzone, M.; Poste, A.; Routti, H.; Sonne, C.;
Stern, G.; Rigét, F. F. Temporal trends of mercury in Arctic biota: 10
more years of progress in Arctic monitoring. Sci. Total Environ. 2022,
839, No. 155803.
(11) Søndergaard, J.; Elberling, B.; Sonne, C.; Larsen, M. M.; Dietz,
R. Stable isotopes unveil ocean transport of legacy mercury into Arctic
food webs. Nat. Commun. 2025, 16, No. 5135.
(12) Bossart, G. D. Marine mammals as sentinel species for oceans
and human health. Vet. Pathol. 2011, 48, 676−690.
(13) Kershaw, J. L.; Hall, A. J. Mercury in cetaceans: exposure,
bioaccumulation and toxicity. Sci. Total Environ. 2019, 694,
No. 133683.
(14) Munthe, J.; Bodaly, R. D.; Branfireun, B. A.; Driscoll, C. T.;
Gilmour, C. C.; Harris, R.; Horvat, M.; Lucotte, M.; Malm, O.
Recovery of mercury-contaminated fisheries. AMBIO J. Hum. Environ.
2007, 36, 33−44.
(15) Evers, D. C.; Ackerman, J. T.; Åkerblom, S.; Bally, D.; Basu, N.;
Bishop, K.; Bodin, N.; Braaten, H. F. V.; Burton, M. E.; Bustamante,
P.; et al. Global mercury concentrations in biota: Their use as a basis
for a global biomonitoring framework. Ecotoxicology 2024, 33, 1−72.
(16) Krey, A.; Ostertag, S. K.; Chan, H. M. Assessment of neurotoxic
effects of mercury in beluga whales (Delphinapterus leucas), ringed
seals (Pusa hispida), and polar bears (Ursus maritimus) from the
Canadian Arctic. Sci. Total Environ. 2015, 509−510, 237−247.
(17) Rawson, A. J.; Patton, G. W.; Hofmann, S.; Pietra, G.; Johns, L.
Liver abnormalities associated with chronic mercury accumulation in
stranded Atlantic bottlenosed dolphins. Ecotoxicol. Environ. Saf. 1993,
25, 41−47.
(18) Melnick, J. G.; Yurkerwich, K.; Parkin, G. On the
chalcogenophilicity of mercury: evidence for a strong Hg− Se bond
in [TmBut] HgSePh and its relevance to the toxicity of mercury. J.
Am. Chem. Soc. 2010, 132, 647−655.
(19) Williams, R. S.; Brownlow, A.; Baillie, A.; Barber, J. L.; Barnett,
J.; Davison, N. J.; Deaville, R.; ten Doeschate, M.; Penrose, R.;
Perkins, M.; Williams, R.; Jepson, P. D.; Lyashevska, O.; Murphy, S.
Evaluation of a marine mammal status and trends contaminants
indicator for European waters. Sci. Total Environ. 2023, 866, 161301.
(20) Law, R. J.; Barry, J.; Barber, J. L.; Bersuder, P.; Deaville, R.;
Reid, R. J.; Brownlow, A.; Penrose, R.; Barnett, J.; Loveridge, J.; et al.
Contaminants in cetaceans from UK waters: Status as assessed within
the Cetacean Strandings Investigation Programme from 1990 to 2008.
Mar. Pollut. Bull. 2012, 64, 1485−1494.
(21) Williams, R. S.; Brownlow, A.; Baillie, A.; Barber, J. L.; Barnett,
J.; Davison, N. J.; Deaville, R.; ten Doeschate, M.; Murphy, S.;
Penrose, R.; Perkins, M.; Spiro, S.; Williams, R.; Jepson, P. D.;
Curnick, D. J.; Jobling, S. Spatiotemporal Trends Spanning Three
Decades Show Toxic Levels of Chemical Contaminants in Marine
Mammals. Environ. Sci. Technol. 2023, 57, 20736.
(22) Kesselring, T.; Viquerat, S.; Brehm, R.; Siebert, U. Coming of
age: - Do female harbour porpoises (Phocoena phocoena) from the
North Sea and Baltic Sea have sufficient time to reproduce in a human
influenced environment? PLoS One 2017, 12, e0186951.
(23) Learmonth, J. A.; Murphy, S.; Luque, P. L.; Reid, R. J.;
Patterson, I. A. P.; Brownlow, A.; Ross, H. M.; Barley, J. P.; Begoña
Santos, M.; Pierce, G. J. Life history of harbor porpoises (Phocoena
phocoena) in Scottish (UK) waters. Mar. Mammal Sci. 2014, 30,
1427−1455.
(24) ASCOBANS. ASCOBANS Conservation Plan for Harbour
Porpoises in the North Sea 2024 Revision, 2024.
(25) OSPAR. OSPAR Recommendation /11 on Furthering the
Protection and Restoration of the Harbour Porpoise (Phocoena
Phocoena) in Regions II and III of the OSPAR Maritime Area, 2013,
https://www.ospar.org/documents?d=71872013.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c08346
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

K

https://doi.org/10.1016/j.scitotenv.2022.157014
https://doi.org/10.1016/j.scitotenv.2022.157014
https://doi.org/10.1016/j.scitotenv.2022.154445
https://doi.org/10.1016/j.scitotenv.2022.154445
https://doi.org/10.1016/j.scitotenv.2022.154445
https://doi.org/10.1021/acs.estlett.3c00949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.3c00949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.estlett.3c00949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41586-019-1468-9
https://doi.org/10.1038/s41586-019-1468-9
https://doi.org/10.1016/j.scitotenv.2022.155803
https://doi.org/10.1016/j.scitotenv.2022.155803
https://doi.org/10.1038/s41467-025-60356-6
https://doi.org/10.1038/s41467-025-60356-6
https://doi.org/10.1177/0300985810388525
https://doi.org/10.1177/0300985810388525
https://doi.org/10.1016/j.scitotenv.2019.133683
https://doi.org/10.1016/j.scitotenv.2019.133683
https://doi.org/10.1579/0044-7447(2007)36[33:ROMF]2.0.CO;2
https://doi.org/10.1007/s10646-024-02747-x
https://doi.org/10.1007/s10646-024-02747-x
https://doi.org/10.1016/j.scitotenv.2014.05.134
https://doi.org/10.1016/j.scitotenv.2014.05.134
https://doi.org/10.1016/j.scitotenv.2014.05.134
https://doi.org/10.1016/j.scitotenv.2014.05.134
https://doi.org/10.1006/eesa.1993.1005
https://doi.org/10.1006/eesa.1993.1005
https://doi.org/10.1021/ja907523x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja907523x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja907523x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.scitotenv.2022.161301
https://doi.org/10.1016/j.scitotenv.2022.161301
https://doi.org/10.1016/j.marpolbul.2012.05.024
https://doi.org/10.1016/j.marpolbul.2012.05.024
https://doi.org/10.1021/acs.est.3c01881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c01881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.3c01881?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1371/journal.pone.0186951
https://doi.org/10.1371/journal.pone.0186951
https://doi.org/10.1371/journal.pone.0186951
https://doi.org/10.1371/journal.pone.0186951
https://doi.org/10.1111/mms.12130
https://doi.org/10.1111/mms.12130
https://www.ospar.org/documents?d=71872013
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c08346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(26) Defra. At a Glance: Summary of Targets in Our 25 Year
Environment Plan, 2021, https://www.gov.uk/government/
publications/25-year-environment-plan/25-year-environment-plan-
our-targets-at-a-glance.
(27) IJsseldijk, L. L.; Brownlow, A. C.; Mazzariol, S. Best practice on
cetacean post mortem investigation and tissue sampling, Jt.
ACCOBAMS ASCOBANS Doc., 2019.
(28) Kuiken, T.; Baker, J. R. Guidelines for the postmortem and
tissue sampling of cetaceans. Fish. Res. Technol. Rep. 1993, 97, 5−10.
(29) Horvat, M.; Byrne, A. R. Preliminary study of the effects of
some physical parameters on the stability of methylmercury in
biological samples. Analyst 1992, 117, 665−668.
(30) Murphy, S. Annex to Final Report to the UK Department for
Environment Food and Rural Affairs, Project MF0736, Sea Mammal
Research Unit, 2008.
(31) Pierce, G. J.; Santos, M. B.; Murphy, S.; Learmonth, J. A.; Zuur,
A. F.; Rogan, E.; Bustamante, P.; Caurant, F.; Lahaye, V.; Ridoux, V.;
Zegers, B. N.; Mets, A.; Addink, M.; Smeenk, C.; Jauniaux, T.; Law, R.
J.; Dabin, W.; López, A.; Alonso Farré, J. M.; González, A. F.; Guerra,
A.; García-Hartmann, M.; Reid, R. J.; Moffat, C. F.; Lockyer, C.;
Boon, J. P. Bioaccumulation of persistent organic pollutants in female
common dolphins (Delphinus delphis) and harbour porpoises
(Phocoena phocoena) from western European seas: Geographical
trends, causal factors and effects on reproduction and mortalit.
Environ. Pollut. 2008, 153, 401−415.
(32) Jepson, P. D.Pathology and toxicology of stranded harbour
porpoises (Phocoena phocoena in UK waters. Diss. Royal Veterinary
College (University of London), 2003, 221.
(33) Deaville, R.; Jepson, P. D.; Perkins, M.; Brownlow, A.; Davison,
N. J.; ten Doeschate, M.; Smith, B.; Allan, L.; Clery, M.; Swindells, S.;
Wilson, S.; Sabin, R. C.; Penrose, R.; Barnett, J.; Astley, K.; Clear, N.;
Crosby, A.; Williams, R. Appendices to Final Contract Report 2011−
2017; 2019; pp 24−30.
(34) Al-Zaidan, A.; Al-Sarawi, H.; Massoud, M.; Al-Enezi, M.; Smith,
A.; Bignell, J.; Green, M.; Askem, C.; Bolam, T.; Barber, J.; et al.
Histopathology and contaminant concentrations in fish from Kuwait’s
marine environment. Mar. Pollut. Bull. 2015, 100, 637−645.
(35) Handelsman, D. J.; Ly, L. P. An Accurate Substitution Method
To Minimize Left Censoring Bias in Serum Steroid Measurements.
Endocrinology 2019, 160, 2395−2400.
(36) R Core Team. R: A Language and Environment for Statistical
Computing; R Foundation for Statistical Computing, 2021.
(37) Beauplet, G.; Guinet, C. Phenotypic determinants of individual
fitness in female fur seals: larger is better. Proc. R. Soc. London B Biol.
Sci. 2007, 274, 1877−1883.
(38) Kershaw, J. L.; Sherrill, M.; Davison, N. J.; Brownlow, A.; Hall,
A. J. Evaluating morphometric and metabolic markers of body
condition in a small cetacean, the harbor porpoise (Phocoena
phocoena). Ecol. Evol. 2017, 7, 3494−3506.
(39) Pinzone, M.; Parmentier, K.; Siebert, U.; Gilles, A.; Authier, M.;
Caurant, F.; Das, K.; Galatius, A.; Geelhoed, S.; Hernández Sánchez,
M. T. Pilot Assessment of Status and Trends of persistent chemicals
in marine mammals Quality Status Report, 2023.
(40) OSPAR. OSPAR Assessments, Intermediate Assessment 2017,
Pressures from Human Activities, Contaminants, Status and Trends of
Polychlorinated Biphenyls (PCB) in Sediment, 2017.
(41) Hothorn, T.; Bretz, F.; Westfall, P.; Heiberger, R. M.;
Schuetzenmeister, A.; Scheibe, S.; Hothorn, M. T. Package
‘multcomp’. Simultaneous Inference Gen. Parametr. Models Proj. Stat.
Comput. Vienna Austria 2016, 1−36.
(42) Mille, T.; Wessel, N.; Brun, M.; Bustamante, P.; Chouvelon, T.;
Méndez-Fernandez, P.; Poiriez, G.; Spitz, J.; Mauffret, A. Develop-
ment of an integrated indicator to assess chemical contamination in
different marine species: The case of mercury on the French Atlantic
continental shelf. Sci. Total Environ. 2023, 902, No. 165753.
(43) Wood, S.; Wood, M. S. Package ‘mgcv’. R Package Version
2015, 1, 729.
(44) Akaike, H. Information theory as an extension of the maximum
likelihood principle. In Second International Symposium on Information

Theory; Petrov, B. N.; Csaki, F., Eds.; BNPBF Csaki Bp. Acad. Kiado,
1973.
(45) Richards, S. A. Testing ecological theory using the information-
theoretic approach: examples and cautionary results. Ecology 2005, 86,
2805−2814.
(46) Hall, A. J.; Hugunin, K.; Deaville, R.; Law, R. J.; Allchin, C. R.;
Jepson, P. D. The risk of infection from polychlorinated biphenyl
exposure in the harbor porpoise (Phocoena phocoena): a case−
control approach. Environ. Health Perspect. 2006, 114, 704−711.
(47) Renzetti, S.; Gennings, C.; Curtin, P. C. gWQS: an R package
for linear and generalized weighted quantile sum (WQS) regression. J.
Stat Softw 2019, 1−9.
(48) Zhang, Y.; Dong, T.; Hu, W.; Wang, X.; Xu, B.; Lin, Z.; Hofer,
T.; Stefanoff, P.; Chen, Y.; Wang, X.; Xia, Y. Association between
exposure to a mixture of phenols, pesticides, and phthalates and
obesity: Comparison of three statistical models. Environ. Int. 2019,
123, 325−336.
(49) Barrea, C.; Dufour, P.; Catherine, P.; Charlier, C.; Brevers, F.;
Rousselle, L.; Parent, A.-S. Impact of antenatal exposure to a mixture
of persistent organic pollutants on intellectual development. Int. J.
Hyg. Environ. Health 2024, 261, No. 114422.
(50) Ronald, K.; Tessaro, S.; Uthe, J.; Freeman, H.; Frank, R.
Methylmercury poisoning in the harp seal (Pagophilus groenlandi-
cus). Sci. Total Environ. 1977, 8, 1−11.
(51) Booth, S.; Zeller, D. Mercury, food webs, and marine mammals:
implications of diet and climate change for human health. Environ.
Health Perspect. 2005, 113, 521−526.
(52) Defra. Exposure and Adverse Effects of Chemicals on Wildlife
in the Environment: Interim H4 Indicator, 2021 https://www.gov.
uk/government/publications/exposure-and-adverse-effects-of-
chemicals-on-wildlife-in-the-environment-interim-h4-indicator.
(53) Larsen, M.; Hjermann, D. Status and Trend for Heavy Metals
(Mercury, Cadmium and Lead) in Fish, Shellfish and Sediment, 2023.
(54) Avila, I. C.; Kaschner, K.; Dormann, C. F. Current global risks
to marine mammals: Taking stock of the threats. Biol. Conserv. 2018,
221, 44−58.
(55) Williams, R. S.; Curnick, D. J.; Baillie, A.; Barber, J. L.; Barnett,
J.; Brownlow, A.; Deaville, R.; Davison, N. J.; ten Doeschate, M.;
Jepson, P. D.; Murphy, S.; Penrose, R.; Perkins, M.; Spiro, S.;
Williams, R.; Williamson, M. J.; Cunningham, A. A.; Johnson, A. C.
Sea temperature and pollution are associated with infectious disease
mortality in short-beaked common dolphins. Commun. Biol. 2025, 8,
557.
(56) Méndez-Fernandez, P.; Spitz, J.; Dars, C.; Dabin, W.; Mahfouz,
C.; André, J.-M.; Chouvelon, T.; Authier, M.; Caurant, F. Two
cetacean species reveal different long-term trends for toxic trace
elements in European Atlantic French waters. Chemosphere 2022, 294,
No. 133676.
(57) Strand, J.; Larsen, M. M.; Lockyer, C. Accumulation of
organotin compounds and mercury in harbour porpoises (Phocoena
phocoena) from the Danish waters and West Greenland. Sci. Total
Environ. 2005, 350, 59−71.
(58) Mahfouz, C.; Henry, F.; Courcot, L.; Pezeril, S.; Bouveroux, T.;
Dabin, W.; Jauniaux, T.; Khalaf, G.; Amara, R. Harbour porpoises
(Phocoena phocoena) stranded along the southern North Sea: An
assessment through metallic contamination. Environ. Res. 2014, 133,
266−273.
(59) Lamborg, C. H.; Hammerschmidt, C. R.; Bowman, K. L.;
Swarr, G. J.; Munson, K. M.; Ohnemus, D. C.; Lam, P. J.;
Heimbürger, L.-E.; Rijkenberg, M. J.; Saito, M. A. A global ocean
inventory of anthropogenic mercury based on water column
measurements. Nature 2014, 512, 65−68.
(60) Li, F.; Ma, C.; Zhang, P. Mercury deposition, climate change
and anthropogenic activities: A review. Front. Earth Sci. 2020, 8, 316.
(61) Sundseth, K.; Pacyna, J. M.; Banel, A.; Pacyna, E. G.; Rautio, A.
Climate change impacts on environmental and human exposure to
mercury in the Arctic. Int. J. Environ. Res. Public. Health 2015, 12,
3579−3599.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c08346
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

L

https://www.gov.uk/government/publications/25-year-environment-plan/25-year-environment-plan-our-targets-at-a-glance
https://www.gov.uk/government/publications/25-year-environment-plan/25-year-environment-plan-our-targets-at-a-glance
https://www.gov.uk/government/publications/25-year-environment-plan/25-year-environment-plan-our-targets-at-a-glance
https://doi.org/10.1039/an9921700665
https://doi.org/10.1039/an9921700665
https://doi.org/10.1039/an9921700665
https://doi.org/10.1016/j.envpol.2007.08.019
https://doi.org/10.1016/j.envpol.2007.08.019
https://doi.org/10.1016/j.envpol.2007.08.019
https://doi.org/10.1016/j.envpol.2007.08.019
https://doi.org/10.1016/j.marpolbul.2015.07.030
https://doi.org/10.1016/j.marpolbul.2015.07.030
https://doi.org/10.1210/en.2019-00340
https://doi.org/10.1210/en.2019-00340
https://doi.org/10.1098/rspb.2007.0454
https://doi.org/10.1098/rspb.2007.0454
https://doi.org/10.1002/ece3.2891
https://doi.org/10.1002/ece3.2891
https://doi.org/10.1002/ece3.2891
https://doi.org/10.1016/j.scitotenv.2023.165753
https://doi.org/10.1016/j.scitotenv.2023.165753
https://doi.org/10.1016/j.scitotenv.2023.165753
https://doi.org/10.1016/j.scitotenv.2023.165753
https://doi.org/10.1890/05-0074
https://doi.org/10.1890/05-0074
https://doi.org/10.1289/ehp.8222
https://doi.org/10.1289/ehp.8222
https://doi.org/10.1289/ehp.8222
https://doi.org/10.1016/j.envint.2018.11.076
https://doi.org/10.1016/j.envint.2018.11.076
https://doi.org/10.1016/j.envint.2018.11.076
https://doi.org/10.1016/j.ijheh.2024.114422
https://doi.org/10.1016/j.ijheh.2024.114422
https://doi.org/10.1016/0048-9697(77)90057-2
https://doi.org/10.1016/0048-9697(77)90057-2
https://doi.org/10.1289/ehp.7603
https://doi.org/10.1289/ehp.7603
https://www.gov.uk/government/publications/exposure-and-adverse-effects-of-chemicals-on-wildlife-in-the-environment-interim-h4-indicator
https://www.gov.uk/government/publications/exposure-and-adverse-effects-of-chemicals-on-wildlife-in-the-environment-interim-h4-indicator
https://www.gov.uk/government/publications/exposure-and-adverse-effects-of-chemicals-on-wildlife-in-the-environment-interim-h4-indicator
https://doi.org/10.1016/j.biocon.2018.02.021
https://doi.org/10.1016/j.biocon.2018.02.021
https://doi.org/10.1038/s42003-025-07858-7
https://doi.org/10.1038/s42003-025-07858-7
https://doi.org/10.1016/j.chemosphere.2022.133676
https://doi.org/10.1016/j.chemosphere.2022.133676
https://doi.org/10.1016/j.chemosphere.2022.133676
https://doi.org/10.1016/j.scitotenv.2005.02.038
https://doi.org/10.1016/j.scitotenv.2005.02.038
https://doi.org/10.1016/j.scitotenv.2005.02.038
https://doi.org/10.1016/j.envres.2014.06.006
https://doi.org/10.1016/j.envres.2014.06.006
https://doi.org/10.1016/j.envres.2014.06.006
https://doi.org/10.1038/nature13563
https://doi.org/10.1038/nature13563
https://doi.org/10.1038/nature13563
https://doi.org/10.3389/feart.2020.00316
https://doi.org/10.3389/feart.2020.00316
https://doi.org/10.3390/ijerph120403579
https://doi.org/10.3390/ijerph120403579
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c08346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(62) Gosnell, O.; McHugh, B.; Minto, C.; McGovern, E.; Rogan, E.;
Caurant, F.; Pierce, G. J.; Das, K.; O’Donovan, J.; Emerit, A.; Murphy,
S. Trace element concentrations in common dolphins (Delphinus
delphis) in the Celtic Seas ecoregion: Interelement relationships and
effects of life history and health status. Environ. Int. 2024, 190,
No. 108826.
(63) Santos, M. B.; Pierce, G. J.; Learmonth, J. A.; Reid, R. J.; Ross,
H. M.; Patterson, I. A. P.; Reid, D. G.; Beare, D. Variability in the diet
of harbor porpoises (Phocoena phocoena) in Scottish waters 1992−
2003. Mar. Mammal Sci. 2004, 20, 1−27.
(64) Davies, B. E. Consequences of environmental contamination by
lead mining in Wales. Hydrobiologia 1987, 149, 213−220.
(65) Davies, B. E.; White, H. M. Environmental pollution by wind
blown lead mine waste: a case study in Wales, UK. Sci. Total Environ.
1981, 20, 57−74.
(66) Mayes, J. Changing regional climatic gradients in the United
Kingdom. Geogr. J. 2000, 166, 125−138.
(67) Alexander, L. V.; Jones, P. D. Updated precipitation series for
the UK and discussion of recent extremes. Atmospheric Sci. Lett. 2000,
1, 142−150.
(68) Williams, R. S.; ten Doeschate, M.; Curnick, D. J.; Brownlow,
A.; Barber, J. L.; Davison, N. J.; Deaville, R.; Perkins, M.; Jepson, P.
D.; Jobling, S. Levels of polychlorinated biphenyls are still associated
with toxic effects in harbor porpoises (Phocoena phocoena) despite
having fallen below proposed toxicity thresholds. Environ. Sci. Technol.
2020, 54, 2277−2286.
(69) Nordberg, G. F.; Nordberg, M.; Costa, M.Toxicology of metals:
overview, definitions, concepts, and trends. In Handbook on the
Toxicology of Metals 2022; pp 1−14.
(70) Maret, W. Zinc and Human Disease. In Interrelations between
Essential Metal Ions and Human Diseases; Sigel, A.; Sigel, H.; Sigel, R.
K. O., Eds.; Springer Netherlands: Dordrecht, 2013; pp 389−414.
(71) Bennett, P. M.; Jepson, P. D.; Law, R. J.; Jones, B. R.; Kuiken,
T.; Baker, J. R.; Rogan, E.; Kirkwood, J. K. Exposure to heavy metals
and infectious disease mortality in harbour porpoises from England
and Wales. Environ. Pollut. 2001, 112, 33−40.
(72) Murphy, S.; Petitguyot, M. A.; Jepson, P. D.; Deaville, R.;
Lockyer, C.; Barnett, J.; Perkins, M.; Penrose, R.; Davison, N. J.;
Minto, C. Spatio-temporal variability of harbor porpoise life history
parameters in the North-East Atlantic. Front. Mar. Sci. 2020, 7,
No. 502352.
(73) ten Doeschate, M. T.; Brownlow, A. C.; Davison, N. J.;
Thompson, P. M. Dead useful; methods for quantifying baseline
variability in stranding rates to improve the ecological value of the
strandings record as a monitoring tool. J. Mar. Biol. Assoc. 2018, 98,
1205−1209.
(74) Sonne, C.; Alstrup, A. K. O.; Pagh, S.; Thøstesen, C. B.; Jensen,
T. H.; Jensen, T. K.; Galatius, A.; Kyhn, L.; Søndergaard, J.; Siebert,
U.; Lakemeyer, J.; Dietz, R. Gross pathology and liver mercury
concentrations in harbour porpoises, harbour seals and grey seals in
Denmark, Northern Europe. Sci. Total Environ. 2024, 954,
No. 176662.
(75) Sveegaard, S.; Teilmann, J.; Tougaard, J.; Dietz, R.; Mouritsen,
K. N.; Desportes, G.; Siebert, U. High-density areas for harbor
porpoises (Phocoena phocoena) identified by satellite tracking. Mar.
Mammal Sci. 2011, 27, 230−246.
(76) Santos, B. S.; Kaplan, D. M.; Friedrichs, M. A. M.; Barco, S. G.;
Mansfield, K. L.; Manning, J. P. Consequences of drift and carcass
decomposition for estimating sea turtle mortality hotspots. Ecol. Indic.
2018, 84, 319−336.
(77) Desforges, J.-P.; Sonne, C.; Levin, M.; Siebert, U.; De Guise, S.;
Dietz, R. Immunotoxic effects of environmental pollutants in marine
mammals. Environ. Int. 2016, 86, 126−139.
(78) Monitoring, A.. AMAP Assessment 2021: Mercury in the Arctic;
Arctic Monitoring and Assessment Programme (AMAP), 2021.
(79) U.S. National Library of Medicine. Trace elements and metals.
LiverTox: Clinical and Research Information on Drug-Induced Liver
Injury. [Internet] 2025 https://www.ncbi.nlm.nih.gov/books/
NBK548854/.

Environmental Science & Technology pubs.acs.org/est Article

https://doi.org/10.1021/acs.est.5c08346
Environ. Sci. Technol. XXXX, XXX, XXX−XXX

M

https://doi.org/10.1016/j.envint.2024.108826
https://doi.org/10.1016/j.envint.2024.108826
https://doi.org/10.1016/j.envint.2024.108826
https://doi.org/10.1111/j.1748-7692.2004.tb01138.x
https://doi.org/10.1111/j.1748-7692.2004.tb01138.x
https://doi.org/10.1111/j.1748-7692.2004.tb01138.x
https://doi.org/10.1007/BF00048662
https://doi.org/10.1007/BF00048662
https://doi.org/10.1016/0048-9697(81)90036-X
https://doi.org/10.1016/0048-9697(81)90036-X
https://doi.org/10.1111/j.1475-4959.2000.tb00013.x
https://doi.org/10.1111/j.1475-4959.2000.tb00013.x
https://doi.org/10.1006/asle.2000.0016
https://doi.org/10.1006/asle.2000.0016
https://doi.org/10.1021/acs.est.9b05453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.est.9b05453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0269-7491(00)00105-6
https://doi.org/10.1016/S0269-7491(00)00105-6
https://doi.org/10.1016/S0269-7491(00)00105-6
https://doi.org/10.3389/fmars.2020.502352
https://doi.org/10.3389/fmars.2020.502352
https://doi.org/10.1017/S0025315417000698
https://doi.org/10.1017/S0025315417000698
https://doi.org/10.1017/S0025315417000698
https://doi.org/10.1016/j.scitotenv.2024.176662
https://doi.org/10.1016/j.scitotenv.2024.176662
https://doi.org/10.1016/j.scitotenv.2024.176662
https://doi.org/10.1111/j.1748-7692.2010.00379.x
https://doi.org/10.1111/j.1748-7692.2010.00379.x
https://doi.org/10.1016/j.ecolind.2017.08.064
https://doi.org/10.1016/j.ecolind.2017.08.064
https://doi.org/10.1016/j.envint.2015.10.007
https://doi.org/10.1016/j.envint.2015.10.007
https://www.ncbi.nlm.nih.gov/books/NBK548854/
https://www.ncbi.nlm.nih.gov/books/NBK548854/
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c08346?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.cas.org/solutions/biofinder-discovery-platform?utm_campaign=GLO_ACD_STH_BDP_AWS&utm_medium=DSP_CAS_PAD&utm_source=Publication_ACSPubs

