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Abstract
Potentially Toxic Elements (PTEs) in Badgers (Meles meles), otherwise known as heavy metals, are
unique amongst environmental pollutants occurring, both naturally and anthropogenically. PTEs
have a broad range of negative health and environmental effects, therefore identifying their sources
and pathways through the environment is imperative for public health policy. This is difficult in
terrestrial systems due to the compositional nature of soil geochemistry. In this study, a

of

compositional statistical approach was used to identify how PTEs accumulate in a terrestrial
carnivorous mammal, Eurasian Badgers (Meles meles). Compositional principal component analysis

ro

(PCA) was used on geochemical data from the Tellus survey, the soil baseline and badger tissue data

-p

to map geo-spatial patterns of PTEs and show accumulative trends measured in time. Mapping PCs

re

identified distinct regions of PTE presence in soil and PTE accumulation in badger tissues in Northern
Ireland. PTEs were most elevated in liver, kidney and then muscle tissues. Liver and kidney showed

lP

the most distinct geo-spatial patterns of accumulation and muscle was the most depleted. PC1 and 2

na

for each type were modelled using generalised additive mixed models (GAMM) to identify trends
through time. PC1 for the liver and muscle were associated with rainfall and ∂N15 in the liver,

Jo
ur

showing a link to diet and a bioaccumulation pathway, whilst PC2 for both tissues was associated
with mean temperature, showing a link to seasonal activity and a bioaccessibility pathway. However,
in kidney tissue these trends are reversed and PC1 was associated with bioaccessibility and PC2 with
bioaccumulation. Combined these techniques can elucidate both geo-spatial trends in PTEs and the
mechanisms by which they move in environment and in future may be an effective tool for assessing
PTE bioavailability in environmental health surveys.
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1. Introduction
On the island of Ireland, the Tellus project, one of the largest geochemical surveys undertaken in the

of

world encompassing over 20,000 soil samples, has enabled research into the relationships between

ro

geogenic and anthropogenic contributions to soil geochemistry to be undertaken (Mcilwaine et al.,

-p

2015; McKinely et al., 2020). In Northern Ireland, there is a rich and complex geology spanning a
broad variety of rock types (Mitchell, 2004) and a long industrial history (McCutcheon, 1984). Both

re

through time have created a range of disparate soil types, each comprising their own unique

lP

geochemical signatures (Young et al., 2016). These signatures are multivariate compositional signals
that can be used to interpret whether potentially toxic elements (PTEs) like lead and chromium can

na

become a public health concern. Multiple lines of evidence deducing how PTEs move through the
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environment are necessary for best practice (Chapman, 2007). For example, geo-surveying of soils
and spatial analysis have identified soil domains acting as sources for PTEs at regional scales, but an
alternative approach is needed at the scale of the individual (Mcllwaine et al., 2014).
Previous research on PTEs has relied on assessing the bioavailable fraction, the percentage
of PTEs able to accumulate, through in-vivo chemical means via chelating agents (Manouchehri et
al., 2006). However, such results may lack specificity in an ecotoxicological context when there is a
lack of knowledge of the pathway PTEs take to enter the biosphere. Higher levels of specificity have
been achieved using the Triad approach (a combination of chemical analyses, ecotoxicological
testing, and ecological field surveys), a methodology for site-specific risk assessment which may
become imprecise over larger geospatial scales (Swartjes et al., 2008). Identifying larger
ecotoxicological patterns of accumulation in vertebrate animals has proven to be challenging and
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elucidating PTE pathways is needed to explain macro-trends in PTE accumulation. In Northern
Ireland, the creation of Tellus allows for macro-spatial questions to be asked with greater specificity
(Smyth, 2007). Consequently, a variety of methodologies have been used to investigate the
relationships between parent geology, anthropogenic contributions, environmental factors and the
biological pathways PTEs take to enter the biosphere and the likely bioavailable/bioaccessible
fraction. Public health studies have used various methods, such as the Unified Bioaccessibility
Research Group of Europe (BARGE) method, to identify geographical regions of bioaccessibility in

of

Northern Ireland. BARGE has successfully shown domains and correlations between these

ro

geographical regions and the PTEs extracted, for example Ni, V and Zn are associated with the lithic
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arenite bedrock group (Fig. 1) (Barsby et al., 2012; Palmer et al., 2013). The BARGE method
simulates the conditions in the human digestive system, the pathway considered is oral ingestion

re

and this may inform public health policy (Palmer et al., 2015) but does not act as a direct proxy for

lP

the wider ecosystem. Additionally, identifying geogenic versus anthropogenic signals of PTEs is
essential for identifying sources of PTEs in the environment and answering broader questions of the

na

environment and public health. In cases where data are available and the origins of PTEs are known,
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it is possible to correlate specific PTEs and their domains with the occurrence of certain cancers.
Prevalence of As has been shown to correlate with incidence of non-melanoma squamous skin and
stomach cancer, though socioeconomic factors also have an impact (McKinley et al., 2013). When
both the compositions of PTE data and the underlying environmental processes are understood, it is
possible to make firmer assertions not only about the impact of PTEs but also how they move
through the environment. This has been demonstrated in Northern Ireland via incidence of chronic
kidney disease and the occurrence of As, Cd and Pb in soils, sediments and streams (Jackson et al.,
2016).
Assessing variability in biogeochemical processes across larger geospatial scales is made
challenging by multiple environmental pathways operating alongside each other and the underlying
compositional nature of data. Compositional data is proportional in nature, i.e. each part is defined
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as a proportion or percentage of the whole, e.g. parts per million (ppm) or part per million (ppb)
(Pawlowsky-Glahn and Egozcue, 2001; Egozcue et al., 2003; Tolosana-Delgado, 2012). One practical
example is the ratios measured between the elements present in a specific soil, these ratios must be
accounted for in order interpret the data correctly (Aitchison, 1994). The same is true of PTEs and
this underlying compositional structure in the data creates a signal that analysts seek to
conceptualise when making predictions about the ways PTEs are transferred through the
environment (Barsby et al., 2012; Palmer et al., 2013; Palmer et al., 2015; McKinley et al., 2013;

of

Jackson et al., 2016).

ro

Since PTEs are a potential risk to biodiversity and public health, studying species which can
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elucidate trends in PTE accumulation is important for developing conservation strategies and
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informing public health policy (Tovar-Sánchez et al., 2018). Recent work has shown a relationship
between the PTE soil baseline and a bioaccumulation pathway for PTEs, namely, a terrestrial food

lP

chain of red foxes (Vulpes vulpes) and their rodent prey (Zietara et al., 2019). Additionally,

na

experimental work on cattle has demonstrated a bioaccessibility pathway where PTE accumulation
occurs from environmental exposure to serpentine soils when food sources are controlled (Miranda,
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2009). In the former study the bioaccumulation of PTEs through the food chain were studied, whilst
in the latter study, the bioaccessibility of PTEs directly from the environment were studied. Neither
study considers both pathways in their entirety, and this has remained a constraint in
ecotoxicological research. For example, in raccoons (Procyon lotor) both have been studied using
PTEs accumulated and Nitrogen Isotope ratios in muscle tissue where As, Cr, Mn, Se, Sr and Pb
accumulated (Gaines et al., 2002).). It was found that only Pb was independent of habitat,
(demonstrating the important connection between diet and habitat in determining the patterns of
accumulation documented in the environment. However, PTEs in soil are compositional in nature
and these compositions affect how these elements move through the environment and should
affect how they accumulate in living organisms (McKinley et al., 2013; Jackson et al., 2016).
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The ideal system would be nested within the environment in predictable spatial units and
the pathways, both bioaccumulative and bioaccessible, should be known to a discernible degree
(Filzmoser et al., 2009). Many potential systems exist in the form of both terrestrial mesopredators
and hypercarnivores. However, to ensure that both major pathways are considered and to decrease
the chances of bias from migratory behaviour, the animal system should be heavily dependent on
soil for its ecology and remain highly territorial. The European Badger (Meles meles) fit both these
criteria, they excavate large quantities of soil compared with many other mammals of a similar

of

ecology (Haussmann, 2017) and live gregariously in territories where individuals show divergent

ro

foraging strategies to avoid competition with family members (Robertson et al., 2014). Badgers also

-p

readily accumulate PTEs in their liver, muscle and kidney tissue (Ozimec et al., 2015; Ozimec et al.,
2017) and adverse health impacts from PTE exposure have been documented (Bukovjan et al.,

re

2014). Badgers also interact with soil to the extent of affecting the soil chemistry itself, by elevating

lP

pH and lowering soil total N in burrow mounds, demonstrating the extent to which the
bioaccessibility pathway will affect PTE accumulation in badgers (Kurek, 2019). Badgers are

na

omnivorous, though they prefer carnivory and protein comprises 40 – 45% of their diet, however,
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this does vary seasonally (Abduriyim et al., 2019; Balestrieri et al., 2019). Consequently, this study
will test the effectiveness of the compositional approach to assess PTE accumulation both spatially
and temporally and use both carbon and nitrogen Isotopes alongside meteorological data to assess
the impact of diet and habitat on accumulation. Additionally, omnivorous species like badgers
accumulate PTEs more readily than other more carnivorous species, making them a good candidate
for understanding the compositional relationship between PTEs in soil and those which accumulate
naturally (Bilandžid et al., 2012; Kalisinska et al., 2016).
2. Method
2.1. Ecotoxicology of Potentially Toxic Elements
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The liver, kidney and muscle (right forelimb) of badger were dissected from road traffic accident
(RTA) specimens that were collected between November 2017 to October 2018 in collaboration with
the Agri-Food and Biosciences Institute at Stormont, Northern Ireland. Approximately 30 g of each
tissue was stored at -20:C until further processing. The samples were then freeze dried for a period
of 72 hours to constant weight and then homogenised with an agate pestle and mortar. Thereafter
0.5 g of homogenised sample was acid-digested in a digestion microwave (specification: CEM
Corporation, MARS 240/50) in a solution of 10 mL of HNO₃ (65% v/v), 2 mL of H₂O₂ (30% v/v) for

of

digestion: 0-1600 W, 20-220:C for 30 minutes and 0 W, 20:C for 30 minutes. Each digestion was run

ro

alongside a blank control of the digestive solution and the beef reference material RM 8414 was

-p

used to validate results (Ihnat, 1994). Analysis of samples was conducted by Inductively Coupled
Plasma – Optical Emission Spectroscopy (ICP-OES) , detection limits set to 0.1 ppm for Al, As, Cu, Mo,

re

Ni, Pb, Se and Zn; and 0.01 ppm for Cr and Sr, respectively. All results were corrected for

lP

contamination by deducting the level of contaminant in the blank sample, a dilution factor was

detectable sample.
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2.2. Environmental Data

na

applied to account for sample dilution and half of the detection limit was used in the case of no

The soil data used in this study was collected from the Tellus Survey, a publicly available dataset
which was produced by the Geological Survey of Northern Ireland (Smyth, 2007; Young and Donald,
2013). Data collected was an arithmetic mean of the soil data points closest to the RTA incident
(within a 1.5 km radius or next closest point) and these values were used for later analysis. These
data were used to analyse the potential relationships between Northern Irelands Geochemistry and
the elements which have accumulated in badger tissues (Fig. 1).
Carbon and nitrogen stable isotope ratios were produced from the same liver tissue used for
PTE analysis, and were corrected using a soil baseline produced from a kriging map of isotopic ratios
in soils across Northern Ireland (Stack and Rock, 2011). All analyses on Liver tissue and soil was
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performed using The Thermo ScientificTM DELTA VTM Isotope Ratio Mass Spectrometer coupled to
a Thermo Flash 1112 Elemental Analyser with four standards, three international: benzoic acid (δ13C:
-28.81‰), potassium nitrate (δ15N: 4.7‰), sucrose (δ13C: -10.449‰) and one internal quality
control: leucine (δ13C : -30.52‰, δ15N: 10.77‰). The purpose of this was to take account of the
inherent variability that occurs between individuals of a population which will inevitably show
variances in diet; both spatially and temporally.

of

Meteorological data (mean temperature in :C and rainfall in mm) were provided by the MET
Office from several weather stations (located in Aldergrove, Armagh, Ballywatticock, Magilligan,

ro

Silent Valley and Thomastown) across Northern Ireland. This enabled the sample data to be collated

-p

with weather data that was within 10-30 km of the RTA incident (MET Office, 2006). Weekly

re

averages before the date of the RTA incident were calculated from the closest weather station. A
period of seven days was chosen as the metabolic turnover rate of liver tissue, since this rate is

lP

relatively fast and a shorter window of time is more appropriate for assessing the relationships

na

between environmental variables and bioaccumulation of PTEs (Miller et al., 2008). These data
combined with the isotopic data was used in the next phase to analyse potential pathways of
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accumulation in the badger population of Northern Ireland.
2.3. Statistical analysis

To account for the compositional effect, the PCAcoda function in the R package “robCompostions”
was used to generate a principal component analysis (PCA) plot of PTE data in a centred log-ratio
(clr) space. The clr transformation is isomorphic meaning the underlying structure between
compositions is preserved, isometric where distances within the data matrix are preserved and noninjective so singular observations are preserved whilst accounting for the compositional ratios within
the data (Aitchison, 1982). To show the spatial signal in the data both PC1 and PC2 for each tissue
were mapped in ArcGIS version 10.5, using the radial basis function (RBF) because this function can
cope with higher degrees of noise in data (Chen et al., 1991; Yu et al., 2011). To model the temporal
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component and variable trends in time, further analysis was conducted in the R package “mgcv”
(Wood and Wood, 2015) and General Additive Mixed effects Models (GAMMs) were created for PC1
and PC2 of each tissue type. Using environmental data from local soil and meteorology, coupled with
ecological data factors: body weight (kg) and isotopic ratios of carbon and nitrogen accumulated in
the liver as explanatory variables. Together these were used to conceptualise the mechanisms
responsible for accumulation of PTEs in each tissue. Thin plate regression splines (tp) were used
because it incorporates isotropic low rank smoothers which can accommodate several covariates

of

(Wood, 2003).

ro

3. Results

-p

The PTEs summary statistics can be seen in Table 1 for all three tissue types. Zn, Cu, Al and Se

re

showed the highest levels of accumulation, followed by Cr, Mo, Ni and Pb and lowest levels in As and

lP

Sr. The highest levels of PTEs were recorded in the liver, then kidney and then muscle. Zn, Al, Cu, Cr,
Mo, Se and Sr were by far the most widely distributed of all metals observed. Pb was observed

na

mainly in the East of Northern Ireland, Ni was observed mainly in the vicinity of Lough Neagh and As
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was shown to occur at low levels in all tissue types (Table 1).
The compositional signal of the metals can be seen in repeated patterns between the
eigenvectors in the PCA biplots for each tissue and soil, with clusters of eigenvectors (red arrows)
indicating which elements are closely associated (Fig. 2A-D). These patterns were also seen when the
data was plotted spatially, with PC1 and PC2 accounting for most of the variance (Appendix A: Fig.
A1). Distinct regions highlighting areas of urbanisation, previous anthropogenic activity and areas
naturally elevated in metals such as the basaltic rocks of the Antrim Plateau and the Mourne
Mountains have also shown a distinct signature (Fig. 3A-D; Fig. 4A-D).
Each PC was shown to be affected by several factors both environmental and ecological,
though the isotopic fraction of δ13C accumulated in the liver did not correlate with any of the PCs.
Liver PC1 is best inferred by a model splined by date (Fig. 5AI) and the badgers bodyweight (kg) (Fig.
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5AII), correlating with average rainfall (mm) and δ15N accumulated in the liver. Liver PC2 is best
inferred by a model splined by date (Fig. 5B) and correlated with mean temperature (:C). Muscle
PC1 was best inferred by a model splined by average rainfall (mm) (Fig. 5C) and correlating with δ15N
accumulated in the liver. Muscle PC2 was best inferred by a model smoothed by date (Fig. 5DI) and
body weight (kg) (Fig. 5DII), correlating with mean temperature (:C). Kidney PC1 was best inferred by
a model splined by date (Fig. 5EI) and bodyweight (kg) (Fig. 5EII), correlating with mean temperature
(:C) and average rainfall (mm). Kidney PC2 was best inferred by a model splined by date (Fig. 5F)

of

and correlated with δ15N accumulated in the liver and the loss of ignition quotient (LOI) of the soil

ro

which is a proxy for soil organic content. Overall, these models can demonstrate mechanisms by

-p

which these metals have accumulated within the badgers. Inferentially, PCs driven by average
rainfall (mm) and δ15N accumulated in the liver are related to bioaccumulation as the former is a

re

proxy for time spent foraging and the latter for prey consumed. Those PCs best explained by mean

lP

temperature (:C) are related to levels of exposure to the wider environment. Consequently, this can
be interpreted as a bioaccessibility pathway where it is the animal being present in a particular

na

locale, that leads to a particular signal being present. For Kidney PC2 to correlate with LOI suggests
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the metals accumulated are related to the organic content of soils upon which the animals were
living. Organic matter contains ligands that restrain the activity of PTEs in soils. When this is
considered alongside the results of the δ15N analysis, it can be inferred that the bioavailability of
PTEs to the badgers prey has an influence on the PTEs accumulated (Appendix A: Table A1).
4. Discussion
4.1. Patterns of Accumulation Identified in each Tissue Type
The patterns of accumulation across the three tissues for PC1 and PC2 are highly congruent, showing
similar geospatial patterns. Muscle is the most depleted in PTEs, which is expected given liver and
kidney more readily accrue PTEs due to their physiological functions (Fig. 2 A-D; Fig. 3) (Li et al.,
2015). Across the biplots (Fig.s 2 and 3) similar trends are seen as Cr is predominantly associated
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with PC1 and Al with PC2. The other elements associated with the mafic rocks of the Antrim plateau
(Ni and Zn) are contributing to the red region to the North and East of Lough Neagh, demonstrating
a geogenic source for these elements (Fig. 1) (Barsby et al., 2012). These and other PTEs (As and Pb)
are known to cause chronic health conditions from long term exposure and this phenomenon has
been studied extensively in Northern Ireland (McKinley et al., 2013) showing regions where these
PTEs may be affecting the local ecosystem to a measurable degree. Al, Cu and Mo accumulation is
mostly associated with sedimentary and metamorphic rocks in the South East, though these

of

elements are associated with soils overlying igneous rock (Fig. 2D; Fig. 4) (Smyth, 2007). Most likely

ro

mineralisation in the South East has allowed these elements to become readily bioavailable in the
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soils of these regions as other elements are dominant in the igneous regions: Antrim plateau
(basaltic) and the Mourne Mountains (granitic) (Fig. 1). Overall, the geo-spatial distribution of PTEs in

re

soils (Fig. 4) match the patterns of accumulation in the badger tissues (Fig. 3) but other factors are

lP

having an effect as the compositional patterns of soil and tissue do not match completely.

na

The relationships between the meteorological factors and the compositional signal of PTE
accumulation in different tissues, shows that environmental factors do contribute to the
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mechanisms that lead to PTE accumulation in badgers. The models also demonstrate that PTE
accumulation varies in time (Fig. 5) and the maps display variation in space (Fig. 3). PC1 liver and
muscle both correlate with average rainfall and accumulation of δ15N in the liver, demonstrating
similar physiological pathways for the accumulation of PTEs in these tissues. This is likely to be
caused by the biomagnification of PTEs and foraging activity and can be asserted by the correlation
with rainfall (Robertson et al., 2014). However, PC2 liver and muscle, correlate with mean
temperature showing a link to seasonal activity and an alternative pathway for accumulation. Thus,
PC1 liver and muscle are related to bioaccumulation (accumulation through diet), and PC2 is related
to bioaccessibility (environmental exposure). Whereas in the kidney, these trends are reversed, PC1
correlates with average rainfall and mean temperature, whilst PC2 correlates with δ15N in the liver
and soil LOI, a proxy for soil organic content. This reversal is likely to be because of the physiological
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function of the kidney, breaking down complex proteins and accruing urea for excretion, rather than
a signal directly related to PTEs dissolved in the bloodstream from digestion (Li et al., 2015).
Consequently, PTE accumulation in the kidney is a more latent signal, as PC1 relates to general
activity and PC2 is related to PTE bioaccumulation because the compositional pattern of PTEs is
similar to the availability of PTEs in soil (Fig. 3F; Fig. 4B).
4.2. Effects of Badger Ecology on PTE accumulation

of

Highly toxic PTEs such as As, Cr and Pb can vary in bioaccessibility from soil (Tchounwou et al., 2012)

ro

and PTEs like Cr, Cu, Mo, Se and Zn have been shown to be highly available during the gastric phrase
of accumulation (Tokalıoğlu et al., 2014). This means that an individual would have a unique
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signature of PTE accumulation dependent upon the compositions of PTEs consumed. Badgers have

re

been shown to have individual specialised foraging strategies within a clan that are constrained by

lP

food availability and the quality of the territory and these factors are affected by energy demands,
which are related to and predicted by abiotic factors such as temperature, time of year, rainfall and

na

physiological factors like body size (Robertson et al., 2014; Barbour et al., 2019). Most animal
samples were also found in the South and East of Northern Ireland, which is likely due to the high
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density of roads in this region which is a direct predictor of traffic accident mortality in badgers
(Fabrizo et al., 2019). This region is also synonymous with many of the landscape features strongly
associated with high badger population densities, mainly moderate annual temperatures and the
occurrence of herbaceous fields and shrublands (Rosalino et al., 2019). Population densities and
territoriality are also highly predictable and constant across local populations (Potts et al., 2019). In
badgers these are maintained by a network of latrines and scent marking points, meaning badgers
are locked spatially within territories made up of several square kilometres and can be expected to
move within these territories in consistent repeatable patterns (Noonan et al., 2019). Additionally,
badgers reach adult size at the age of eleven months and conditions during early ontogeny can affect
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a badger’s senescence, but it is not known to what extent PTEs affect this process (Sugianto et al.,
2019; van Lieshout et al., 2019).
In other mammal species (mainly Carnivora and ungulates) these trends of PTE accumulation
are not often as traceable. Studies often include a specific environmental context with comparisons
made between species and land types. In livestock studies either a variety of species are studied, the
levels of PTEs accumulated compared and referenced against public health standards, or

of

environmental domains are identified and mechanisms for accumulation explored (Bilandžid et al.,
2010; Wajdzik et al., 2017; Miranda et al., 2009). By contrast, in wild species most studies compare

ro

several species across a given region (Bilandžid et al., 2010; Bilandžid et al., 2009) or there is a

-p

comparison made between rural and urban areas looking to identify causal trends based on the

re

landscape type (Lazarus et al., 2014; Bilandžid et al., 2010). However, geochemistry and land use are
complex and it is important to account for this complexity, for example when comparing species,

lP

assigning land classes or when variances in toxicity and chemical attributes are unknown. Therefore,

na

methods that take account of the complexity of the environment will provide more realistic
information about the mechanisms by which PTEs move and better inform public health policy
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(Jaishankar et al., 2014). In future, researchers should adopt approaches which can measure
geospatial trends more effectively and where possible identify the mechanisms through which PTEs
move in the environment.

5. Conclusion
Overall, the compositional approach allows for distinct patterns of accumulation to be identified and
similarities can be seen between these and PTE domains in the soils across Northern Ireland. When
coupled with GAMMs it becomes possible to identify mechanisms for accumulation within each
tissue. Badgers are also an acceptable indicator of PTE accumulation and both geospatial and
temporal trends can be elucidated. This technique could be used to monitor PTE accumulation
across a variety of different landscape types and geologies identifying regions of concern. However,
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more work is required to identify other PTE domains in the North and West of Northern Ireland and
to verify the limits of this method. In future, this approach should be tested across a variety of
different systems and seek to understand the complex relationships between the lithosphere and
the biosphere.
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Fig. 1. This map shows the geological formations of Northern Ireland, most animals in the study were
found in areas above the Ordovician and Silurian (Psammite and Semipelite) and the Antrim Lava
Group (Basalt) (Mitchell, 2004; Rawlins et al., 2012).

of

Fig. 2. The principal component analysis (PCA) clr robust biplots for liver (A), muscle (B), kidney (C)
and soil (D). Liver, muscle and kidney show similar patterns of dispersion for Al, Cr, Cu and Sr. As,
Mo, Ni, Pb, Se and Zn are more strongly associated though there are variances between all three
tissue types. Mo, Se and Zn are strongly associated in the liver as well as As, Ni and Pb. Mo is more
distinct in muscle but As, Ni, Pb, Se and Zn are closely associated and Ni is closely associated with Cu
in the kidney, whilst, As, Mo, Pb, Se and Zn are also closely associated. In the soil, a more distinct
pattern emerges with geogenic elements on the right and anthropogenic elements on the left with
less directionality than the three tissue plots.
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ro

Fig. 3. The radial basis function (RBF) interpolated maps of the centred log-ratio (clr) transformed
principal component (PC) scores for badger tissues. PC1 liver (A), PC2 liver (B), PC1 muscle (C), PC2
muscle (D), PC1 kidney (E), PC2 kidney (F). PC1 across all three tissue types shows a distinct North to
South zonation and PC2 shows a distinct East to West zonation.

na

lP

Fig. 4. The radial basis function (RBF) interpolated maps of the centred log-ratio (clr) transformed
principal component (PC) scores for Soils: PC1 Soil (A), PC2 Soil (B). PC1 shows a distinct North to
South zonation and PC2 shows a distinct East to West zonation.
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Fig. 5. Splines of PC1 and 2 for each tissue, liver PC1 (A), liver PC2 (B), muscle PC1 (C), muscle PC2
(D), kidney PC1 (E) and kidney PC2 (F), versus the smoothed spline function of the variable(s), dashed
lines show degrees of error in the spline, broader regions between the dashed lines represent parts
of the data not as densely sampled. These splines represent the models which best predicted each
PC.
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Table 1. The concentration, median and kurtosis of potentially toxic elements in liver, kidney and
muscle of badger, and soil (mg/kg).
Cr

Cu

Mo

Ni

Pb

Se

Sr

Zn

6.2

1.2

1.3

77.61

3.18

1.39

1.21

4.22

0.35

113.39

Med 3.49

1.2

0.12

59.66

3.12

1.2

1.2

3.96

0.24

118.77

Kurt

14.13

-2.08

24.99

24.41

0.17

13.59

25.35

5.61

1.19

0.54

12.47

1.2

2.37

12.83

1.4

1.44

1.2

1.2

0.15

166.16

1.2

0.15

7.46

1.2

1.2

1.2

1.2

0.12

173.10

-2.08

12.15

5.34

8.19

18.68

-2.08

25.36

9.31

0.32

1.2

1.62

25.83

1.41

3.02

1.47

8.2

0.54

83.08

Med 5.78

1.2

0.34

17.38

1.2

1.2

1.2

8.16

0.25

85.80

Kurt

16.65

-2.08

44.83

6.78

23.57

54.95

53.27

4.09

5.14

-0.39

2.08

7.58

51.2

33

0.81

42

34.81

0.55

24.39

75.48

Med 2.05

4.6

44

31.25

0.62

35.7

31.2

0.5

16

75

Kurt

42.99

4.43

0.92

5.88

6.82

5.79

36.13

5.07

-0.68
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17.41

Kidney
N = 56
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Muscle
Med 4.46
N = 57
Kurt 22.46
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Highlights


First study to use the compositional statistical approach to analyse ecotoxicological data.



Badgers have been shown to be an exemplary system for detecting trends in terrestrial
potentially toxic element ecotoxicology.



Distinct spatial patterning of potentially toxic elements in each tissue type.



Different potentially toxic elements can be assigned either a bioaccumulative or
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bioaccessible pathway in each tissue type.

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

