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Abstract 16 

Tissue concentrations of essential trace and toxic elements in red deer (Cervus elaphus) are 17 

associated with the plants, soil and water they ingest. As such, variation in tissue 18 

concentrations is associated with variation in local geochemistry and bioavailability of 19 

elements. Physiological factors such as liver fluke (Fasciola hepatica) infection, breeding 20 

status, and in-tissue element interactions may also affect tissue concentrations, though their 21 

effects in red deer are not well understood. The primary objective of this study was therefore 22 

to survey wild red deer liver element concentrations across a range of geographically distinct 23 

populations during the Scottish red deer stalking season; and, in so doing, establish element 24 

reference ranges while also exploring geographic and temporal variation and physiological 25 

factors. Livers were sampled from carcasses intended for human consumption on nine 26 

hunting estates during two seasons (2012-13, 2013-14). Samples were digested and analysed 27 

by ICP-OES for essential trace elements (Co, Cu, Fe, Mn, Mo, Se, Zn) and for Cd. Data (n = 28 

787) were modelled against cull location, date, and F. hepatica diagnosis. Interactions 29 

between elements within liver, and differences in element profiles between estates, were 30 

explored by principal component analysis. Our results revealed marked geographic variation 31 

in Cd, Cu and Se, where up to four-fold differences in median element concentrations 32 

occurred between estates, and, in males, Mn, Mo and Zn declined as the breeding season 33 

approached. In both sexes, within-liver associations (Cd-Cu-Se and Mn-Mo-Zn) were found. 34 

In females, liver Zn was greater on average in individuals that were not infected with F. 35 

hepatica. This study is the first to quantify geographic variation in Scottish red deer liver 36 

element concentrations; the drivers of which remain to be explored (and may be management 37 

related), and, the consequence of which may affect sub-clinical health. 38 
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1. Introduction 39 

Red deer (Cervus elaphus) obtain essential trace and toxic elements through their diet – a 40 

portion of which is stored in the liver. In farmed red deer, reference ranges for deficiency 41 

(i.e., tissue concentrations of essential trace elements below which clinical symptoms occur) 42 

have been proposed by referring to historical data from blood and liver samples from 43 

clinically deficient individuals (Wilson and Grace, 2001). Conversely, in wild deer, a lack of 44 

data has led to uncertainty surrounding deficiencies, even where low liver element 45 

concentrations have been found (e.g., Cu and Co related sicknesses in moose (Alces alces) 46 

manifesting as muscle weaknesses and behavioural abnormalities; Frank, 1998; Frank et al., 47 

2004). Consequently, sub-clinical deficiencies purported to affect wild populations (e.g., 48 

declines in moose populations (A. alces); Custer et al., 2004; Murray et al., 2006), and 49 

reduced reproductive performance in black-tailed deer (Odocoileus hemionus columbianus); 50 

(Flueck, 1994) are challenging to validate. To reduce this uncertainty, tissue reference ranges 51 

for essential trace elements in wild deer are required; and, monitoring toxic element content 52 

in wildlife (and indeed game species in regions where animals are harvested for meat, e.g., in 53 

Scotland) is also warranted. 54 

The transfer of elements from soil and subsequent uptake by soil biota and plants in a specific 55 

locality is dependent on soil conditions: i.e., redox potential (Eh), pH, organic matter content, 56 

clay content and hydrous oxides of Fe and Mn (Husson, 2012; Rieuwerts et al., 1998). As 57 

such, wild deer have access to variable quantities of essential trace and toxic elements 58 

depending on their locality, and this is reflected by differing tissue element concentrations 59 

between herds; e.g., Co, Cu and Se in Norwegian red and roe deer (Capreolus capreolus) 60 

(Vikøren et al., 2005, 2011) and Cd in Canadian moose (Gamberg et al., 2005). 61 
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The dominant soil types in the Scottish Highlands are rich in organic matter, and the 62 

landscape is a patchwork of peat, gley and podzols (Fig 1). As such, the region can be 63 

broadly characterised by two prevailing acidic soil conditions that are differentiated by their 64 

redox potential (Eh); these are, (i) reducing conditions that associate with soils in lowlands 65 

and on shallow slopes that are subject to permanent or partial waterlogging, and (ii) oxidising 66 

conditions that associate with drained soils on steep hill slopes. The diet of wild deer in the 67 

Scottish Highlands is dominated by plants, but also comprises fresh water, soil minerals 68 

(ingested either involuntarily with plant roots or as a natural lick) and seaweed (where 69 

accessible (Conradt, 2000). Deer diet may also be punctuated with occasional anthropogenic 70 

sources of elements (i.e., road salt, which may promote mobilisation of metals in roadside 71 

verge soils (Amrhein et al., 1992), which may subsequently be taken up by plants), trace 72 

element-enriched mineral blocks provided for deer and/or livestock, and point sources of 73 

contamination from historic or present mining activity and/or local industry). In terms of land 74 

use, largely unfenced hunting estates (which dominate the Scottish Highland land area) are 75 

principally managed for the maintenance of red deer populations for commercial hunting. As 76 

such, the availability of elements to wild red deer in the Scottish Highlands is in the interest 77 

of land owners and gamekeepers, but is likely to be primarily associated with the prevailing 78 

soil conditions that control element availability for plant uptake. Here, soil pH and Eh affect 79 

the solubility of elements in soil solution (Husson, 2012), which (for example) results in low 80 

availability of Mn to cereals grown in calcareous (i.e., high pH) soils , which are typical of 81 

the far north west Highlands and Islands of Scotland (George et al., 2014). 82 

The distribution and storage of elements in red deer tissues varies between organs. As such, 83 

physiological factors such as accumulation with age (e.g., Cd in liver and kidney; Wolkers et 84 

al., 1994), and antagonism between one or more elements, affect tissue element 85 

concentrations through interactions (for example, between Hg and Se; Berzas Nevado et al., 86 
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2012; Patiño Ropero et al., 2016). Such interactions are highly complex and their 87 

mechanisms often remain unclear. As such, various correlations within red deer liver (e.g., 88 

Zn-Cd, Cu-Cd and Se-Cd; Reglero et al., 2008) have received little interpretation, though (in 89 

some cases) might be explained by their joint roles as co-factors in antioxidant enzymes (e.g., 90 

copper (Cu) and zinc (Zn), which are both bound by the antioxidant enzyme Cu-Zn 91 

superoxide dismutase (SOD)). Likewise, storage of elements might be affected by macro-92 

parasites (e.g., liver fluke (Fasciola hepatica)), which occurs in red deer in the Scottish 93 

Highlands; French et al., 2016); though negative associations between F. hepatica and 94 

Fasciola magna and Cu in fallow (Dama dama) and red deer (Lazarus et al., 2008; Vengušt 95 

et al., 2003) remain the only two documented occurrences, respectively. The onset of the 96 

breeding season might also affect liver element status, particularly in red deer males, as they 97 

become physiologically stressed and develop fatty liver (Zomborszky and Husvéth, 2000); 98 

however, temporal related changes in liver element concentrations in relation to breeding 99 

stresses have (to our knowledge) not been explored.  100 

In the Scottish Highlands, wild red deer are managed by shooting and fencing to maintain 101 

populations for hunting and to maintain forestry (native and commercial). Therefore, through 102 

restriction of deer movement and provision of mineral licks (which may or may not promote 103 

the availability of some elements at the population level), the availability of elements to wild 104 

deer is affected by land management, which could ultimately affect the health of wild deer, 105 

for which those managing the deer have a strong interest. The aim of this study was to survey 106 

essential trace and toxic element content in Scottish wild red deer (harvested for human 107 

consumption); and, in so doing, establish liver element reference ranges for wild (Scottish) 108 

red deer. Furthermore, by stratifying data by hunting estate, and considering liver fluke 109 

infection and sampling dates, we aimed to identify any marked geographic variation in single 110 

element concentrations. In addition, by quantifying associations between elements, we aimed 111 
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to: (i) identify patterns in element (co-)accumulation (perhaps driven by physiological 112 

mechanisms), and (ii) explore geographic variation in element profiles that may be driven by 113 

environmental factors, such as soil conditions (e.g., redox potential). 114 

2. Materials and methods 115 

2.1 Sample collection, sample digestion and ICP-OES 116 

analysis 117 

Sampling took place between August and February 2012-13 and 2013-14. All samples were 118 

collected by deer stalkers/gamekeepers (hunters) on privately owned Scottish hunting estates 119 

(Alladale (AL), Altnaharra (AT), Applecross Trust (AP), Ardnamurchan (AR), Badanloch 120 

(BA), Ben Loyal (BL), Conaglen (CO), Strathconon (ST), and two neighbouring estates 121 

North Harris Trust and Aline (NA)) - see Materials and Methods of French et al., (2016) for 122 

ethics statement regarding the sampling of wild red deer for this study. In terms of hunting 123 

biases, hunters were asked to record the sex, date of cull and age category of each animal. 124 

Age category was determined (objectively) from tooth eruption for calves and yearlings and 125 

(subjectively) from inspection of tooth wear for young, mature and old animals. 126 

During the 2012-13 and 2013-14 stalking seasons (July 1st to October 20th for males; October 127 

21st to February 15th
 for females), 793 wild red deer liver samples (of known sex, estimated 128 

age category, and sampling date) were collected into 50ml centrifuge tubes and stored frozen 129 

at -20ºC at nine Scottish Highland hunting estates (Table 1; see Appendix A for breakdown 130 

of samples collected stratified by age category and estate). Participating estates were chosen 131 

primarily due to their contrasting environments (e.g., soil type) (Fig 1). Faecal samples were 132 

collected in parallel and 715 of these samples were diagnosed as positive or negative for liver 133 
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fluke (F. hepatica) using a coproantigen ELISA that was estimated as 96% specific (95% CI, 134 

95% – 100%) and 79% sensitive (95% CI, 73% – 84%) to patent infection (French et al., 135 

2016). Six whole livers, collected on two estates (Altnaharra and Badanloch), were sampled 136 

at five points - two samples from the left lobe, two from the right lobe and one from the 137 

caudate lobe - and were used to investigate heterogeneity in liver element concentrations. 138 

Samples were digested following an adapted UV-assisted method (Manjusha et al., 2007). 139 

Samples were oven-dried at 105ºC to constant weight and 0.30g of dried sample was weighed 140 

into 15ml pure quartz vials; 0.30 g of certified reference materials (CRMs; bovine liver 141 

BCR®-285R, dogfish liver NRC-CNRC DOLT-4 and lobster hepatopancreas NRC-CNRC 142 

TORT-2) and 0.50ml MilliQ® (for procedural blanks) were similarly weighed out. Next, 2ml 143 

of HNO3 (TraceMetalTM Grade, Fisher Scientific, UK) was added to each vial and left for 14 144 

hours (overnight) at room temperature to pre-digest. Vials were then placed on an aluminium 145 

heating block (Stuart 2 Block SBH130D, Bibby Scientific, UK) that was increased (over one 146 

hour to minimise foaming) from 70°C to 120°C. Following cessation of fuming, samples 147 

were removed from the block and 0.25 ml of H2O2 was added twice to each vial; samples 148 

were then replaced on the heating block until reactions subsided. Finally, vials were placed in 149 

a UV-digester (705 UV Digester Metrohm, Switzerland) for two hours with the addition of 150 

0.25ml of H2O2 every 30 minutes (total H2O2 per vial: 1.25ml) until clear, colourless digests 151 

remained. Finally, vials were removed from the digester and diluted to 10ml with MilliQ®. 152 

Digested samples were analysed by ICP-OES (Varian 710-ES, Agilent Technologies, USA) 153 

for seven essential trace elements (Co, Cu, Fe, Mn, Mo, Se, and Zn) and for Cd. In addition, 154 

samples were analysed for contamination by soil (using aluminium (Al) as proxy for soil 155 

content) and for lead ammunition (Pb), though we did not have sufficient certified reference 156 

material information to include these two elements in our further statistical analyses. A 157 
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calibration blank and a series of four in-house multi-element instrument calibration standards 158 

containing our analytes (Sigma-Aldrich, UK) were used; emission lines and limits of 159 

detection (LODs) are shown in Table S1. All samples, procedural blanks and CRMs were run 160 

over two weeks, in random order with respect to sex, site and season. 161 

Recoveries for Cd and all essential trace elements (Co, Cu, Fe, Mn, Mo, Se and Zn) ranged 162 

from 91.1 to 108% in all CRMs (Table S1); noting that this falls in the acceptable range (80 163 

– 110 % recovery) for trace elements measured in foods up to the order of 1000ppb 164 

recommended by AOAC International (Murphy et al., 2013). In addition, LODs were 165 

exceeded for all measurements of Cd and essential trace elements, with the exceptions of Se 166 

and Co where 13.4 and 13.9% of measurements fell below the LOD (0.062µg/g liver (dry 167 

weight) for Co; 0.28 µg/g liver (dry weight) for Se), respectively (Table S1). Within liver 168 

heterogeneity in element concentrations was smallest for Mn, Mo and Zn (mean relative 169 

standard deviation (RSD) ranged between 6.0 and 8.0%) and largest for Cd, Co, Cu, Fe and 170 

Se (mean RSD ranged from 10.3 to 14.4%) (Table S2). 171 

2.2 Statistical methods 172 

All analyses were carried out using R (R Core Team, 2012) and RStudio (RStudio Team, 173 

2015). To account for sex sampling biases (i.e., collinearity between sampling date and sex), 174 

data were stratified into males and females; thus, capturing data that reflected the sex-specific 175 

nature of Scottish red deer herds outside the breeding (Sep - Oct) season. 176 

To reduce the effect of hunter bias that originated from the subjectivity of age categorisation 177 

based on tooth wear, we chose not to include age as an ordinal predictor variable in any 178 

statistical models. Instead, we pooled males from the three age groups that are similar (in 179 

terms of size and herding/feeding behaviour; i.e., young, mature and old) and only present 180 
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sample numbers for calves and yearlings in Table 1. Similar, for females, we pooled a group 181 

of similar individuals (in terms of body size and feeding behaviour; yearling, young, mature, 182 

old). Female yearlings (~1.5 years old) were retained but not males, because males (at 1 year 183 

old) remain with their mother within female herds; hence, habitat use and element 184 

intake/requirements for yearling males will not necessarily reflect that typical for adult males. 185 

Initial data exploration revealed extremely high concentrations of Mn (451 - 809µg/g) in four 186 

samples and Pb (602 - 1698µg/g) in two samples. The distances between the animals from 187 

which these samples were collected and the nearest known possible point sources of 188 

contamination (i.e., Pb mine remnants east of Ardnamurchan (British National Grid (BNG) 189 

ref: NM 804 659), and east of Strathconon (BNG ref: NH 375 381), and Cu mine remnants 190 

east of Applecross (BNG ref: NG 849 432) were in excess of 17km. As such, it is unlikely 191 

that the extreme liver element concentrations are directly attributable to feeding around these 192 

particular contaminated sites. More likely, the two samples that contained extreme Pb 193 

concentrations (602 - 1698µg/g) were probably attributable to Pb ammunition fragments, as 194 

these values closely reflect those measured adjacent to bullet tracks in large game carcasses 195 

(Dobrowolska and Melosik, 2008). The four samples that contained extremely high Mn 196 

concentrations (in excess of 16-fold greater than the next greatest concentrations), also 197 

contained aluminium (Al) (11.5 - 192 µg/g). As such, it is likely that these four samples were 198 

contaminated by dust and dirt/soil, whereby excessive Al and Mn are recognised indicators of 199 

sample contamination in trace element studies of biological samples (Pineau et al., 1993). 200 

Data for omitted samples are shown in Table S3. 201 

For the 13-14% of the Co and Se data that fell below the LOD (i.e., for Co and Se), a 202 

multiplicative random lognormal replacement method was used to impute alternative 203 

plausible values (Cohen and Ryan, 1989; Helsel and Hirsch, 1992; Palarea-Albaladejo and 204 
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Martín-Fernández, 2013). Here, the R library (zCompositions; Palarea-Albaladejo and 205 

Martín-Fernández, 2015) was used to fit a lognormal distribution (for Se and Co for each sex) 206 

while accounting for the proportion of data below the LOD (i.e., censored data; Cohen, 207 

1976). This method is less often used than the conventional substitution of values below the 208 

LOD with values equal to half the detection limit; however, its use results in relatively less 209 

biased summary statistics (Baccarelli et al., 2005) than conventional substitution, which 210 

inherently reduces variance (Palarea-Albaladejo and Martín-Fernández, 2013). 211 

Differences in median element concentrations between estates were explored using 95% 212 

bootstrap resampling (percentile) confidence intervals. In addition, Spearman’s ρ correlations 213 

between male and female element concentrations were calculated using the median for each 214 

sampling site; i.e., the correlation between males and females was calculated for nine data 215 

points. 216 

Generalised linear (GLM) and generalised least squares (GLS) models were used to 217 

investigate geographic and temporal variation in element concentrations and any associations 218 

with F. hepatica infection in the liver. Firstly (for the dataset containing F. hepatica 219 

diagnoses; n = 715), GLMs were constructed using four predictors: estate, days into the 220 

stalking season (female 1 – 118 days; male 33 – 112 days), season culled and F. hepatica 221 

infection status (infected/non-infected). In addition, the relationship between cull date 222 

[squared] and element concentrations was explored by visual inspection of GLM partial 223 

residuals, and inclusion of a fifth [squared] term in final models was based on a lower 224 

Akaike’s Information Criterion (AIC) for the more complex model. GLMs were considered 225 

valid if visual inspection of graphical illustrations of model residuals revealed no patterns. 226 

Where visual inspections revealed non-normality and non-constant error variance of 227 

residuals, these were generally remedied by log transformation of element concentrations; 228 
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but, where heteroscedasticity remained, variance structures were implemented using GLS 229 

(error structures detailed in Table S5). Negligible autocorrelation (ACF; ACF < 0.15) was 230 

found for element concentrations in temporally and spatially adjacent culled animals; hence, 231 

no correlation structures were implemented for any model. In addition, no data were removed 232 

as a consequence of leverage, and visual inspection of coplots revealed no relevant 233 

interactions between predictors. Following final model validation, models were used in 234 

conjunction with least squares means (L-S means) and Tukey pairwise comparisons in R 235 

(Lenth, 2016) to identify significant differences in average (often log-transformed) tissue 236 

element concentrations between estates, sampling years, and F. hepatica and non-infected 237 

groups, while accounting for temporal relationships. For comparison, this statistical 238 

procedure was also applied to the larger dataset (n = 787; details of error structures are shown 239 

in Table S6), but omitting the predictor for F. hepatica infection status. 240 

Principal component analysis (PCA) was used to identify associations between elements, and 241 

to identify differences in element profiles between estates, whereby element concentrations 242 

were log transformed (with the exception of Mo, Mn in females and males). Here, the three 243 

principal components that explained ~60% of variation in element concentrations were also 244 

included as response variables in GLMs; whereby models were constructed following the 245 

same procedure as described for the single element GLMs, and comparisons were again made 246 

using L-S means (Lenth, 2016). 247 

3. Results 248 

3.1 Liver element reference ranges for Scottish red deer 249 

In both sexes, liver concentrations of Cd, Co, Cu, Fe and Se followed lognormal 250 

distributions, whereas Mn, Mo and Zn tended towards normality (particularly in females). 251 
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Variation in both sexes was extensive for Cu (IQ ratio >130%), Cd and Se (IQ ratio >70%) 252 

(Table 2); however, males also exhibited considerable variation (IQ ratio >70%) in Co, Mn 253 

and Mo. Variation in Fe was similar between the sexes (IQ ratio ≈ 45%), whereas variation in 254 

Zn was smaller in females (IQ ratio 20%) than males (52%) (Table 2). 255 

3.2 Geographic variation in red deer liver single element 256 

concentrations 257 

Differences in median element concentrations between estates were striking in males for all 258 

elements except for Fe (Fig 2; Table S4). Moreover, (two to three-fold) differences between 259 

estates observed in males, were reflected by (two to five-fold) differences between estates in 260 

females in Cd, Se and to a lesser degree, Cu (Fig 2; Table S4). Spearman’s ρ correlations 261 

between male and female median concentrations on each estate for Cd (ρ = 0.93, p <0.001), 262 

Se (ρ = 0.77, p = 0.021) and Cu (ρ = 0.70, p = 0.043) enumerated these reflections and 263 

highlighted marked geographic disparities in the accumulation of these elements. No other 264 

significant correlations occurred between males and females. 265 

3.2.1 Modelling geographic variation in single element concentrations in 266 

relation to F. hepatica infection and temporal variation 267 

In females (n = 321), average liver Zn concentration was greater in individuals infected with 268 

F. hepatica (L-S means (95% CI), 111 (102, 108) µg/g) than non-infected individuals (L-S 269 

means (95% CI), 105 (106, 116) µg/g) (Table S5). In males (n = 394), no differences in 270 

average element concentrations were found between infected and non-infected individuals 271 

(Table S5). Models that were constructed using the larger dataset (male n = 435; female n = 272 

352) (i.e., containing an additional 72 samples) revealed similar coefficient estimates (Table 273 
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S6). In both sets of models, accounting for temporal variation effectively diluted the 274 

magnitude of differences between estates (data shown in Fig 2); however, variation remained 275 

marked to the extent that at least two significantly distinct estates/groups of estates were 276 

identified in at least one sex for all eight elements (Tables S5 and S6). Temporal variation 277 

was particularly striking in males, whereby average Mo and Mn concentrations halved during 278 

the stalking season (Fig 3). 279 

3.3 Associations between elements: Principal Component 280 

Analysis  281 

Principal component analysis reduced the complexity of our data from eight elements to three 282 

principal components that cumulatively explained ~60% of the variation in male and female 283 

element profiles. Moreover, two principal components (PC1 in females and PC2 in males) 284 

were analogous because they both described variation in Se, Cd and Cu (Figs 4A and 4C); 285 

and, the same parallel could be drawn between PC2 in females and PC1 in males (both of 286 

which described variation in Mo, Mn and Zn; Figs 4B and 4D). In both sexes, Fe was 287 

ostensibly independent from these groups, but in males was associated with Co through PC3 288 

(Fig 4D). In females, Co associated with Cd, Cu and Se through PC1 (Fig 4A). 289 

3.3.1 Modelling geographic variation in element profiles 290 

Stratifying PC1 and PC2 data by estate revealed clusters of estates within which average 291 

element profiles were shared (Figs 4E and 4F). After accounting for temporal effects, 292 

pairwise comparisons revealed that both sexes in Conaglen had significantly higher Cd-Cu-293 

Se concentrations on average than Altnaharra, Ardnamurchan and Ben Loyal (Table S7). 294 

Moreover, Conaglen males also had significantly higher Mn-Mo-Zn concentrations than 295 

Altnaharra and Ben Loyal. 296 
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Variations in principal components were also related to the date on which animals were shot, 297 

and a similar pattern emerged to the single element models. In males, this translated to an 298 

increase in PC1 (which drives a decrease in liver Mo-Mn-Zn; Table S7) and an increase in 299 

PC2 (which drives a decrease in liver Cd-Cu-Se); and, in females, PC1 increased (increasing 300 

Cd-Cu-Se) and PC2 decreased (decreasing Mn-Mo-Zn) (Table S7). Reflecting single element 301 

results for Cd and Cu, PC2 in males was greatest in 2013-14 (Table S7) and PC3 (Fe) in 302 

females was greatest in 2012-13 (Table S7). 303 

4.Discussion 304 

This study is the first to have extensively quantified element concentrations in wild Scottish 305 

Highland red deer livers; and, in so doing, has revealed marked geographic variation in liver 306 

element concentrations between hunting estates (in both single element and element profiles). 307 

Moreover, we have shown that temporal variation in sampling may substantially influence 308 

estimates of average element concentrations in wild red deer. Whilst we have found only a 309 

small effect of F. hepatica on female liver Zn concentrations, we cannot rule out further 310 

effects (on other elements) in livers that are subjected to very heavy fluke burdens; however, 311 

the severity of infection was not assessed in this study. Quantifying element profiles revealed 312 

two groups of associated elements, and has provided a novel insight into overarching 313 

differences between population element profiles. Our observations of some heterogeneity in 314 

element concentrations in liver tissue is not great enough to invalidate our inferences 315 

surrounding the most marked geographic variation at the population level (i.e., for 316 

observations of several-fold differences between hunting estates). Nevertheless, this result 317 

does suggests that trace element data should be interpreted with some caution at the 318 

individual level if a whole liver average is not provided. 319 
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4.1 Liver element reference ranges for red deer and 320 

geographic and temporal variation in single element 321 

concentrations 322 

Prior to our study, data concerning Scottish red deer trace element tissue concentrations were 323 

limited to two studies of Cu (data presented in Table 3); the largest of which was a 324 

comprehensive study of six areas on the Isle of Rum (McTaggart et al., 1981). Data for Rum 325 

were expressed as arithmetic means, which (based on the log-normal nature of liver Cu data) 326 

inflate their averages; yet, when 95% CIs are considered (Tables 2 and S4), averages from 327 

Rum fall modestly within the Cu range for the majority of our study sites. Elsewhere in the 328 

literature, liver element data for red deer relate to three distinct environments: (i) relatively 329 

pristine (i.e., non-polluted), (ii) polluted (by heavy metal mining and/or agri-industrial 330 

activity), and (iii) on farm (Table 3). Before discussing our results in depth, it is important to 331 

reiterate that during both of our sampling seasons (2012-13 and 2013-14) males were always 332 

collected earlier in the year than females (owing to the hunting seasons for red deer in 333 

Scotland). As such, date culled and sex are collinear explanatory variables, so it is impossible 334 

to disentangle the effects of sex from sampling date. Consequently, direct comparisons in 335 

liver element concentrations between males and females are avoided in this discussion. 336 

To our knowledge, Cu is the most widely measured trace element in red deer liver, and 337 

population average Cu concentrations are highly variable within countries; for example, in 338 

Norway, where municipality averages range from 21.1 to 118 µg/g d.w (Vikøren et al., 339 

2005). Likewise, in the Scottish Highlands, we revealed significant variation between hunting 340 

estates, particularly for males (Fig 2; Table S4). As such, while Scottish male red deer have 341 

lower liver Cu overall than their counterparts in the “unpolluted” environments in the 342 
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majority of Norway, Poland, New Zealand and Spain, the majority of our study estates 343 

exhibit relatively unremarkable male liver Cu (Tables 3 and S4). Nevertheless, particularly 344 

low levels (< 15 µg/g d.w.), considered marginally deficient in farmed deer (Wilson and 345 

Grace, 2001), were found in males in Ardnamurchan and Badanloch. As such, this could (in 346 

extreme cases) translate to sub-clinical deficiency, which (for example) is purported in 347 

Norwegian deer on the island of Hitra (where liver Cu < 20 µg/g d.w. has been associated 348 

with reduced growth rates; (Handeland et al., 2017).  349 

We found Se concentrations in Scottish red deer are higher on average than the vast majority 350 

of other red deer ranges. This may be explained by the high Se content in soils of the 351 

northwest Scottish Highlands (Shand et al., 2012). As such, even the estate from which we 352 

measured the lowest liver Se, Badanloch, had comparable Se concentrations to those in the 353 

literature (Table 3); indeed, only farmed New Zealand red deer have average Se 354 

concentrations significantly in excess of Badanloch. In terms of geographic variation, we 355 

found much greater variation in Se (up to three-fold differences between estates) within the 356 

Scottish Highlands (for both sexes) (Table S4) than has been documented for Norwegian red 357 

deer (Table 3). 358 

Our data suggest Cd content in Scottish deer liver is lower on average than the majority of 359 

other wild populations (Table 3). As such, toxic effects of Cd (or indeed disturbances to 360 

hepatic storage of other elements, such as Cu and Zn; Durkalec et al., 2017) are unlikely in 361 

this region, but may occur in extreme cases. In addition, populations in Poland, Netherlands 362 

and Croatia typically have around two to three-fold greater liver concentrations of Cd than 363 

Scottish Highland deer, and the highest levels of Cd unsurprisingly associate with agri-364 

industrial and mining areas (Table 3). From these findings, it appears that the Scottish 365 

Highlands is generally relatively pristine (regarding Cd pollution). Nevertheless, Conaglen 366 
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(particularly females) have remarkably high Cd concentrations that mirror more agri-367 

industrially active and metal mining regions (Tables 3 and S4). Whether Conaglen’s high 368 

accumulation of Cd is a consequence of (i) feeding on particularly Cd rich ground, (ii) a high 369 

abundance of Salix spp. (which accumulate Cd, which (for example) results in higher 370 

concentrations of Cd in upland birds in comparison to lowland birds; Hogstad, 1996), or, (iii) 371 

is simply a reflection of culling practices (i.e., a focus on comparatively old females) is 372 

unclear. The potentially confounding effect of age is applicable for Cd (which has been found 373 

to accumulate in red deer liver; Wolkers et al., 1994). However, age related accumulation 374 

(and depletion) may also occur for other elements; for example, high metabolic demand 375 

for/depletion of  Cu  in calves and yearlings has been suggested as a factor underlying 376 

differences in liver Cu between age classes in Norwegian red deer (Vikøren et al., 2005). In 377 

the present study, we did not have a balanced study design that would have allowed us to 378 

estimate rates of accumulation/depletion robustly, even if we used hunter age classifications 379 

(Table 1). Nonetheless, the distribution of samples stratified by age category, and the 380 

similarities between estates, demonstrate that hunters’ priorities for culling (of animals 381 

destined for human consumption) are at least consistent between our study sites. While this 382 

may not translate to consistent average age of culling (precise to a single year), our analyses 383 

using data only from independent animals does ensure calculation of representative 384 

population averages for “adult” herds. 385 

In unpolluted environments, Zn content appears highly consistent regardless of other liver 386 

element concentrations (Table 3). Indeed, average liver Zn falls within a range of 70 to 110 387 

µg/g d.w. for our study and all other studies in unpolluted environments (Durkalec et al., 388 

2017; Falandysz et al., 2005; Jarzyńska and Falandysz, 2011; Lazarus et al., 2008; Reglero et 389 

al., 2009, 2008). Interestingly, we have revealed a distinction between males (at the lower 390 

end of this range) and females (at the upper), but, without sex specific data from other 391 
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studies, it is unclear whether this reflects physiological differences in Zn metabolism between 392 

males and females. 393 

We found Co concentrations in the Scottish Highland red deer liver to be around two-fold 394 

lower than in Norway and NE Poland (Table 3), which to our knowledge are the only 395 

documented concentrations of Co in red deer. This lack of data is in part due to a focus on 396 

vitamin B12 (as opposed to its constituent, Co). Despite the scarcity of data on this element, 397 

we note that our observation of ostensibly greater concentrations of liver Co in females than 398 

males is reflected by findings for red deer in Norway (Vikøren et al., 2005). It is unknown 399 

whether our observations relate truly to sex differences (as opposed to differences that reflect 400 

disparate sampling windows). In future, it might therefore be appropriate to quantify vitamin 401 

B12 content, for which there are more comparable data (Clark et al., 1986; Grace and Wilson, 402 

2002), and with which reproductive performance of farmed deer has been correlated (Audigé 403 

et al., 1999). 404 

In terms of temporal variation, we observed steep declines in males (for Mn, Mo and Zn; Fig 405 

3). Interestingly, when these declines are taken into account by our GLM/GLS models 406 

(Tables S5 and S6), we find that it reduced the apparent marked geographic variation 407 

observed in males (Fig 2) to more closely resemble the less striking geographic variation seen 408 

in females. This lack of striking geographic variation suggests that these elements are in 409 

similar supply across the region. In addition, the tendency towards normal distributions of 410 

Mn and Zn and the relatively narrow interquartile ratio of Zn in particular (Table 2) may 411 

indicate that concentrations of these elements are controlled by physiological homeostatic 412 

mechanisms rather than local dietary limitation. It is tempting to speculate that dilution 413 

caused by increased liver volume (whereby fat deposits mobilised during the breeding season 414 

may swell the liver; Zomborszky and Husvéth, 2000) contributes to this decline. However, 415 
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owing to a lack of strong decline in other elements (Tables S5 and S6 and Fig 3), this does 416 

not seem to account for our observations. Depletion throughout the stalking season may more 417 

likely be indicative of physiological stress associated with breeding. Indeed, in males, 418 

breeding stresses could relate to cessation in appetite, which (for example) coincides with 419 

increased serum testosterone and depletion in serum Ca, Mg and P in farmed red deer (Kuba 420 

et al., 2015; Mysterud et al., 2008). 421 

4.1.1 Liver fluke and liver element concentrations 422 

Our observation of lower liver Zn in females infected with F. hepatica may have been 423 

assisted by the remarkably low variation in liver Zn for females (Table 2); i.e., small effects 424 

(such as the 6µg/g shift we observed) are inherently easier to detect. If so, the greater 425 

variation between individuals exhibited by other elements may indeed mask effects of F. 426 

hepatica. Given the scarcity of data for deer on this topic (and the marginal difference 427 

observed), it is debatable whether we have observed a true effect related to F. hepatica 428 

infection. If Zn depletion does indeed occur, the underlying physiological mechanism behind 429 

it may be related antioxidant Cu-Zn superoxide dismutase - the activity of which is reduced 430 

in rats experimentally infected with F. hepatica (Kolodziejczyk et al., 2006). Ultimately, our 431 

sampling design may have generally impeded our ability to detect the effects of fluke on 432 

element concentrations. We sampled from August to February (2012-13 and 2013-14), which 433 

coincides with the infection and maturation (and detectability) of F. hepatica in the UK. As 434 

such, collinearity between cull date and infection status may have increased our chances of 435 

type II error. To robustly assess the influence of F. hepatica on element concentrations, we 436 

therefore suggest sample collection during a shorter sampling window and validation of the 437 

extent of fluke burdens through inspection of a sub-sample of carcasses. 438 



20 

 

4.2 Associations between elements and possible factors 439 

associated with geographic variation 440 

Two questions arise from the results of our principal component analysis. Firstly, the 441 

analogous principal component loadings between males and females (i.e., Cd-Cu-Se and Mn-442 

Mo-Zn; Fig 4) tempt the question: What environmental and physiological factors drive the 443 

(co-)accumulation of trace elements? Secondly, Fig 4, which illustrates overlapping average 444 

estate element profiles, tempts the question: What environmental factors that influence 445 

element bioavailability are shared between the estates within these groups? 446 

In terms of factors associated with (co-)accumulation of elements, the principal component 447 

loadings illustrated in Fig 4, are similar to those previously identified in Norwegian red deer 448 

(in terms of Cd-Cu-Se grouping; Egeland et al., 2005). Moreover, the Se-Cd-Cu group also 449 

reflects positive correlations found within livers of Spanish deer (between Cd-Se and Cu-Se ; 450 

Reglero et al., 2008). As such, it appears that red deer accumulate elements in similarly 451 

associated groups regardless of their environment. Simplistically, owing to similarities in 452 

environmental factors that affect the bioavailability of more than one element (particularly 453 

Eh-pH; Husson, 2012), we might therefore expect our observed loadings to reflect Eh-pH 454 

associated bioavailability; however, we find this not to be so simple. Here, four of our 455 

analytes (Cd2+, Co2+, Mn2+ and Zn2+) are theoretically bioavailable under similar Eh-pH 456 

conditions (Fig S2), but these do not reflect our PCA loadings (Fig 4). Likewise, Mo (as 457 

MoO4
2-) appears available only under high pH conditions, yet it correlates strongly with Mn 458 

(Fig S1), which is more bioavailable under low pH (Fig S2). As such, it seems more likely 459 

that physiological (rather than environmental) factors drive the (co-)accumulation we have 460 

observed. 461 
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In terms of drivers of geographic variation, our study sites (Fig 1) can be differentiated in 462 

terms of redox potential. Waterlogged (reducing) conditions dominate low lying areas and 463 

areas covered by blanket bog (i.e., at Altnaharra, Ardnamurchan, Badanloch and to a lesser 464 

extent Ben Loyal), whereas free-draining (oxidising) conditions dominate steep mountainous 465 

areas (i.e., at Applecross, Conaglen, North Harris, and to a lesser extent Alladale and 466 

Strathconon). As such, in terms of principal component analysis (Fig 4), it is interesting that 467 

estates cluster roughly into groups that share soils of similar redox potential. Moreover, after 468 

modelling temporal effects (Table S7), significant differences in Cd-Cu-Se remain for both 469 

sexes between (montane podzol dominated) Conaglen, and the two most northerly (peat and 470 

gley dominated) estates, Ben Loyal and Altnaharra. This result is in agreement with the 471 

theory that the oxidising conditions in Conaglen will drive higher bioavailability of Cu and 472 

Se (Fig S2) than the reducing conditions in Ben Loyal and Altnaharra, but does not explain 473 

(co-)accumulation of Cd. As such, geographic variation in liver element concentrations of 474 

Scottish Highland red deer is influenced to a substantial degree by local redox conditions; 475 

but, correlations between (for example) Cd and Se and Cd and Cu, require further 476 

investigation. 477 

5. Conclusions 478 

Ultimately, in the Scottish Highlands, wild red deer numbers are managed for deer stalking 479 

and to manage impacts (e.g., on native forest regeneration). The underlying health of deer, in 480 

part governed by dietary intake of essential elements, is therefore also partly dependent on 481 

anthropogenic influence – i.e., through land management practices (fencing, for example) 482 

access to essential elements may be restricted (or promoted) temporally and geographically. 483 

As such, if wild deer health, welfare and performance is to be maximised in the region (for 484 

multiple benefit), it is desirable to know if or where deer may be susceptible to element 485 
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deficiencies/toxicities, which may then have undesirable consequences for their health. This 486 

study has revealed that wild deer liver element concentrations are markedly varied across the 487 

Scottish Highlands, and, that this is probably driven by major differences in soil 488 

type/chemistry across the region. As such, those managing Scotland’s wild deer should be 489 

aware that management practices (current and future) that restrict deer movement might 490 

affect wild red deer element accumulation and therefore have knock-on implications for 491 

health. Whilst we have found only weak evidence that liver fluke (F. hepatica) infection 492 

influences liver element concentrations in red deer at this time, we advocate continued 493 

monitoring in light of increasing incidences of F. hepatica in UK livestock (APHA, 2016; 494 

Skuce and Zadoks, 2014), which, in turn, may be reflected in wild deer. Finally, the results of 495 

this work begs two key questions: (i) what are the health implications for red deer (for 496 

example) relating to differences in Se, Cu and Cd concentrations between Scottish hunting 497 

estates?; and, (ii) what are the principal environmental (potentially management related) and 498 

physiological factors driving the geographic and within-tissue variations we have observed? 499 
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Tables 

Table 1. Number of liver samples collected from red deer (Cervus elaphus) collected on nine hunting 

estates in the Scottish Highlands during the 2012-13 and 2013-14 stalking seasons, stratified by age group 

(assigned by hunters) and estate. Numbers in parentheses show the number of samples for which 

corresponding faecal samples were tested for the presence/absence of liver fluke (Fasciola hepatica) antigens 

by coproantigen ELISA. 

Estate Sex Calves Yearlings Young Mature Old †
Total 

Alladale Male 0 0 18 (14) 51 (46) 9 (9) 78 (69) 

 Female 25 (24) 6 (4) 21 (19) 31 (28) 10 (9) 68 (60) 

Altnaharra Male 0 0 3 (3) 55 (51) 5 (5) 63 (59) 

 Female 0 5 (5) 6 (6) 53 (51) 1 (1) 65 (63) 

Applecross Male 0 0 2 (2) 55 (51) 6 (5) 63 (58) 

 Female 4 (4) 0 3 (3) 15 (15) 7 (6) 25 (24) 

Ardnamurchan Male 1 (1) 0 0 43 (40) 2 (2) 45 (42) 

 Female 14 (13) 8 (6) 4 (3) 14 (12) 0 26 (21) 

Badanloch Male 1 (0) 0 1 (1) 42 (40) 12 (12) 55 (53) 

 Female 5 (5) 3 (3) 6 (6) 47 (46) 3 (3) 59 (58) 

Ben Loyal Male 0 13 (12) 18 (17) 22 (21) 3 (3) 43 (41) 

 Female 6 (6) 1 (1) 9 (9) 29 (29) 1 (1) 40 (40) 

Conaglen Male 0 0 1 (0) 31 (24) 15 (11) 47 (35) 

 Female 0 0 1 (1) 28 (20) 6 (4) 35 (25) 

NHT and Aline Male 0 0 3 (3) 7 (7) 0 10 (10) 

 Female 3 (3) 0 5 (5) 6 (6) 0 11 (11) 

Strathconon Male 0 0 0 23 (20) 8 (7) 31 (27) 

 Female 9 (9) 1 (1) 4 (4) 17 (13) 1 (1) 23 (19) 

  
    Male 435 (394) 

  
    Female 352 (321) 

      Total 787 (715) 
†Totals show the number of independent individuals in sex specific groups; i.e., (i) males categorised as young, mature and old, and (ii) females 

categorised as yearling, young, mature and old. 
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Table 2. Concentrations (µg/g dry weight) of cadmium (Cd) and seven essential trace elements (cobalt 

(Co), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), selenium (Se), and zinc (Zn)) 

measured in liver samples (n = 770) of red deer (Cervus elaphus) collected on nine hunting estates in the 

Scottish Highlands during the male (1st July to 20th October) and female (21st October to 15th February) 

hunting seasons during 2012-13 and 2013-14. 

 Male (n = 435)    Female (n = 352)    

 Median  (95% CI) Mean (95% CI) Range 
IQ ratio 

(%) 
Median (95% CI) Mean (95% CI) Range 

IQ ratio 
(%) 

Cd 0.238 (0.216, 0.257) 0.312 (0.284, 0.343) 0.0275  -  4.68 97.9 0.276 (0.254, 0.302) 0.460 (0.372, 0.569) 0.0376  -  10.4 99.0 

Co 0.093 (0.0839, 0.0998) 0.101 (0.0962, 0.106) <0.0622  -  0.498 75.1 0.152 (0.144, 0.159) 0.160 (0.153, 0.167) <0.0622  -  0.735 47.4 

Cu 28.7 (25.4, 33.0) 44.2 (39.8, 48.2) 2.35  -  309 160 51.0 (45.1, 59.5) 66.5 (61.2, 72.1) 6.42  -  306 133 

Fe 457 (441, 473) 506 (482, 532) 129  -  3550 44.2 565 (543, 586) 653 (607, 703) 207  -  6350 45.7 

Mn 9.29 (8.56, 10.1) 9.54 (9.12, 9.94) 2.00  - 23.0 74.2 14.6 (14.1, 15.1) 14.9 (14.6, 15.3) 6.85  -  27.5 31.7 

Mo 2.06 (1.89, 2.20) 2.14 (2.05, 2.24) 0.404  -  4.84 80.8 2.66 (2.60, 2.72) 2.69 (2.63, 2.76) 1.30  -  5.35 32.4 

Se 0.613 (0.561, 0.648) 0.682 (0.645, 0.719) <0.277  -  3.18 77.3 0.654 (0.587, 0.716) 0.822 (0.753, 0.887) <0.277  -  3.88 98 

Zn 74.7 (71.5, 79.1) 78.1 (75.2, 81.0) 25.6  -  282 53.3 106 (104, 109) 107 (105, 110) 55.2  -  344 20.2 

aInterquartile ratio (IQ ratio) provides a relative measure of data dispersion between elements, and for each element is defined as the interquartile 

range divided by the median, all multiplied by 100. 

b95% CI (confidence intervals) were calculated using a bootstrap resampling (percentile) procedure. 
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Table 3. Element concentrations (cadmium (Cd), cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), selenium (Se), and zinc (Zn)) 

in liver of red deer sampled in polluted, ostensibly non-polluted, and farm environments. 

 Location (number of sites) εSex n Cd (95% CI) Co (95% CI) Cu (95% CI) Mn (95% CI) Se (95% CI) Zn (95% CI) αReference 

Non-polluted NW Scotland (9) M 427 0.238 (0.216, 0.257) 0.0926 (0.0836, 0.0990) 28.7 (25.4, 33.8) 9.34 (8.7, 10.1) 0.613 (0.561, 0.650) 75.7 (71.6, 79.6) This study Me DW 
  F 343 0.276 (0.255, 0.310) 0.152 (0.145, 0.160) 51.0 (45.1, 59.9) 14.7 (14.1, 15.1) 0.649 (0.583, 0.707) 106 (104, 108)  

 W Scotland (6) M 87   53.3 (43.6, 63.0)    (McTaggart et al., 1981) M DW 

  F 99   49.5 (41.2, 57.8)     

 Scotland (10) F 31   11.8 (3.70, 19.9)    (Cowie, 1976) M DW 

 SW Norway (5) (Adult only) MF 112  0.260 (0.248, 0.272) 95.7 (82.9, 109)  0.330 (0.263, 0.397)  (Vikøren et al., 2005) Me WW 

 Hitra (various ages) MF 45  0.264 (0.252, 0.276) 21.1 (13.8, 28.0)  0.363 (0.290, 0.436)   

 Eid (various ages) MF 49  0.231 (0.219, 0.243) 56.1 (45.7, 66.0)  0.231 (0.219, 0.243)   

 Gaular (various ages) MF 47  0.264 (0.252, 0.276) 69.3 (57.1, 82.0)  0.363 (0.339, 0.387)   

 Hareid (various ages) MF 52  0.264 (0.252, 0.276) 75.9 (63.7, 88.0)  0.330 (0.251, 0.409)   

 Namos (various ages) MF 52  0.330 (0.318, 0.342) 118.8 (104.1, 133)  0.264 (0.246, 0.282)   

 NE Croatia(1) MF 52 0.449 (0.332, 0.565)  21.6 (8.03, 35.2)  γ0.380 (0.0370, 0.723) 93.1 (84.0, 102) (Lazarus et al., 2008) Me WW 

 NE Croatia (4)         (Bilandžić et al., 2009) M WW 

 Virovitica–Podravina ? 12 0.627 (0.426, 0.828)       

 Požega–Slavonia ? 9 0.495 (0.146, 0.844)       

 Osijek–Baranya ? 13 0.363 (0.247, 0.479)       

 Vukovar–Srijem ? 11 0.660 (0.291, 1.029)       

 NE Poland (1) M 36 0.759 (0.554, 0.964)  49.5 (40.9, 58.1)   99.0 (93.6, 104) (Falandysz et al., 2005) M WW 

  F 29 0.660 (0.492, 0.828)  59.4 (52.2, 66.6)   99.0 (91.8, 106)  

 NW Poland (1) M 10     0.180 (0.0183, 0.342)  (Pilarczyk et al., 2011) Me WW 

  F 13     0.170  β(ND, 0.345)   

 NE Poland (1) MF 20 0.550 (0.379, 0.721) 0.180 (0.156, 0.204) 49.0 (31.0, 67.0) 11.0 (9.29, 12.7) 0.190 (0.146, 0.234) 100 (90.8, 109) (Jarzyńska and Falandysz, 2011) Me DW 

 NE Poland (control) (1) MF 9 0.310 #(0.182, 0.538)  59.1 #(6.24, 120)   86.8 #(59.5, 121) (Durkalec et al., 2017) Me WW 

 New Zealand (various) MF 52   164 (144, 184)  0.410 (0.337, 0.483)  (Tremain-Boon et al., 2002) M WW 

 S Spain (control) (9) MF 74 0.210 (0.186, 0.237)  35.8 (29.3, 43.7)  0.162 (0.144, 0.182) 90.1 (87.2, 92.9) (Reglero et al., 2009) (M:F ≈ 3.5:1) GM DW 

 S Spain (control)(2)         (Reglero et al., 2008) M WW 

 Hornias Bajas ? 18 0.249 (0.206, 0.292)  47.3 (34.8, 60.0)  0.193 (0.146, 0.240) 89.0 (83.7, 94.3)  

 Torneros ? 20 0.226 (0.165, 0.287)  55.9 (42.4, 69.0)  0.200 (0.190, 0.210) 95.4 (90.3, 100.5)  

 Italy (2) ? 201 0.231 (0.208, 0.254)      (Chiari et al., 2015) M WW 

Polluted Spain (Pb mines) (10) MF 87 0.274 (0.226, 0.333)  61.4 (51.4, 73.2)  0.233 (0.208, 0.261) 91.5 (86.0, 97.3) (Reglero et al., 2009) (M:F ≈ 3.5:1) GM DW 
 Spain (Pb mines) (2)         (Reglero et al., 2008) M WW 

 Minas de Horcajo ? 12 0.554 (0.378, 0.730)  50.8 (35.5, 66.0)  0.327 (0.262, 0.392) 89.9 (82.3, 97.5)  

 Navalmartina ? 17 0.463 (0.328, 0.598)  51.7 (33.9, 70.0)  0.224 (0.173, 0.275) 97.6 (82.3, 112.9)  

 S Poland (Zn smelter) (1) MF 13 2.77 #(0.653, 5.58)  4.13 #(0.528, 14.3)   35.5 #(20.2, 48.2) (Durkalec et al., 2017) Me WW 

 E Netherlands (agri-industrial) (1) ? 19 0.870 (0.586, 1.15)  73.0 (47.1, 98.9)   108 (95.9, 120) (Wolkers et al., 1994) Me DW 

 NW Poland (agri-industrial) (1) M 25 0.422 (0.314, 0.530)  10.4 (6.22, 14.5)   46.4 (36.6, 56.2) (Wieczorek-Dąbrowska et al., 2013) Me DW 

Farmed E Netherlands (1) F 6 0.212 (0.158, 0.266)      (Wolkers et al., 1994) (female) Me DW 
 New Zealand (various) MF 55   49.7 (30.3, 69.1)  0.520 (0.449, 0.591)  (Tremain-Boon et al., 2002) (both) M WW 

95% Confidence intervals (95% CI) were constructed using bootstrap resampling (percentile) procedure for the present study, but were calculated using mean/median/GM mean ± 1.96 × standard errors provided by cited studies. 
αReference data averages are indicated by superscripts: mean (M), median, (Me), geometric mean (GM), and sources that were converted from wet weight to dry weight by multiplying by 3.3 are also indicated by superscripts (WW). 

βND indicates confidence limit below the instrument detection limit (i.e., not detectable).  

εSymbol (?) is used where sex is not clearly stated in a reference. 
γTwenty liver samples were used to calculate this average.  

#Range provided (not 95% CI). 
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Figures 

 

Fig 1. Map of the Scottish Highlands showing the three dominant soil types present in our study sites. 

The inset map shows the locations of the nine participating hunting estates.  
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Fig 2. Median liver element concentrations in red deer (Cervus elaphus) on nine hunting estates in the 

Scottish Highlands. Filled (black) circles represent males, and unfilled (white) circles represent females. 

Vertical lines represent 95% bootstrap resampled confidence intervals for each median. Light grey circles 

illustrate all measured concentrations. Number of sampled males and females are indicated in parentheses 

(NMale, NFemale). Note, however that the extent of geographic variation for Mn, Mo and Zn for males illustrated 

in this figure decreases when temporal variation is accounted for by generalised linear/least square models that 

include sampling/cull date as an explanatory variable. 
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Fig 3. Principal component analysis for liver element profiles in male and female Scottish red deer. 

Loadings (A), (B), (C) and (D) illustrate associations between elements in red deer liver tissue. In females, 

there are two groups i) Cd, Se, Cu and Co, ii) Mn, Mo and Zn, and apparent independence of Fe. In males, there 

are three groups: i) Cd, Cu and Se ii) Mn, Mo and Zn, and iii) a weak association between Fe and Co. For 

females (E) and males (F) in PC1-PC2 space, mean and 95% (s.e. C.I.) ellipses for liver element profiles for 

each estate illustrate differences in population average element profiles. 
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Fig 4. Temporal trends in element concentrations (cadmium (Cd), cobalt (Co), copper (Cu), iron (Fe), 

manganese (Mn), molybdenum (Mo), selenium (Se), and zinc (Zn)) in liver samples collected from nine 

hunting estates in the Scottish Highlands during the male (n = 435) and female (n = 352) red deer (Cervus 

elaphus) stalking seasons (2012-13 and 2013-14). The stalking season for males runs from 1st July to 20th 

October; the stalking season for females runs from 21st October to 15th February. Note all vertical axes are on 

the logarithmic scale and correlation coefficients are Spearman’s ρ. Illustrative quadratic regression lines 

(males: Cd, Cu, Fe, Mn, Mo, Zn; females: Fe and Mo) and linear regression lines (males: Co, Se; females: Cd, 

Co, Cu, Mn, Se, Zn) (created using the LOESS smoothing function in R) do not show model coefficients. 
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Table S1: Quality control information for eight elements measured (using ICP-OES) in three certified reference materials used to 

validate element concentrations measured in red deer liver samples. Limits of detection and quantification were calculated from 174 

procedural blanks. Recoveries were calculated from three CRMs: Bovine Liver BCR®-285R, n = 66; Dogfish Liver NRC-CNRC DOLT-4, n = 

56; and Lobster Hepatopancreas NRC-CNRC TORT- 2, n = 46. 

 Bovine Liver BCR®-285R Dogfish Liver NRC-CNRC DOLT-4 Lobster Hepatopancreas NRC-CNRC TORT- 2     

 Emission line Measured Cert. Recov. RSD Measured Cert. Recov. RSD Measured Cert. Recov. RSD LOQ % < LOQ LOD % < LOD 

Cd 214.439 0.54 0.54 99.25 3.75 23.55 24.30 96.92 2.52 25.95 26.70 97.19 1.58 0.06 5.43 0.02 0.00 

Co 228.615 0.27   7.56 0.25   11.19 0.48 0.51 94.92 3.93 0.21 90.65 0.06 13.90 

Cu 327.395 279.13 277.00 100.77 5.40 33.90 31.20 108.67 9.85 106.13 101.07 100.12 1.61 0.73 0.00 0.25 0.00 

Fe 259.940 189.74   9.99 1792.19 1833.00 97.77 3.13 103.44 105.00 98.51 5.64 3.93 0.00 1.38 0.00 

Mn 259.372 11.86 11.07 107.17 3.42 12.63   4.00 13.45 13.60 101.12 2.12 1.80 0.00 0.55 0.00 

Mo 202.032 4.03   4.33 1.02   5.74 0.96 0.95 101.16 2.86 0.26 0.00 0.09 0.00 

Se 196.026 1.53 1.68 91.12 7.93 7.78 8.30 93.76 3.29 5.55 5.63 98.56 2.51 0.89 71.81 0.28 13.37 

Zn 202.548 143.13 138.60 103.27 4.04 123.57 116.00 106.52 2.34 185.66 180.00 103.15 1.61 3.63 0.00 1.27 0.00 

Element concentrations are expressed in µg/g. Recoveries and relative standard deviations (RSD) are expressed in %. 
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Table S2: Element homogeneity within red deer (Cervus elaphus) liver samples collected 

on nine hunting estates in the Scottish Highlands during August to February 2012-13 

and 2013-14. Mean %RSD was calculated from %RSDs from six whole livers (three 

females, two from Altnaharra and one from Badanloch; and three males, all from Badanloch) 

– each tested at five locations on the liver. 

 Conc. homogeneity in liver 

Element Mean RSD (%) Range 

Cd 10.30 (4.58, 21.40) 

Co 14.29 (7.16, 28.06) 

Cu 10.37 (2.03, 20.19) 

Fe 10.59 (4.94, 19.05) 

Mn 6.01 (3.88, 9.70) 

Mo 7.97 (3.22, 15.84) 

Se 14.37 (4.64, 31.60) 

Zn 6.51 (3.43, 9.09) 
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Table S3: Extreme outlying data for liver element concentrations (for cadmium (Cd), 

cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), selenium (Se), 

and zinc (Zn), lead (Pb) and aluminium (Al) measured in red deer (Cervus elaphus) 

collected across three hunting estates in the Scottish Highlands during the 2012-13 and 

2013-14 stalking seasons (1st July – 20th October for males; 21st October – 15th February 

for females). 

 

Estate Cd Co Cu Fe Mn Mo Se Zn Pb Al Sex Age Lat Long 

Strathconon 0.09 0.16 85.8 469 13.9 2.61 0.686 127 1698 1.84 F calf 57.51 -4.95 

Alladale 0.26 0.08 38.6 829 608 1.28 0.466 113 0.727 31.9 F calf 57.87 -4.78 

Alladale 0.17 0.24 29.8 710 451 1.34 0.424 60.3 0.403 192 F mature 57.89 -4.75 

Strathconon 0.10 0.13 58.5 511 809 1.62 0.892 72.9 0.370 11.5 F mature 57.58 -4.87 

Ardnamurchan 0.28 0.32 32.2 397 572 3.85 0.320 152 1.177 102 M mature 56.73 -6.10 

Strathconon 0.07 0.20 5.94 656 7.18 1.82 <0.277 54.2 602 0.867 M mature 57.50 -4.93 
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Table S4. Summary statistics for element concentrations (for cadmium (Cd), cobalt (Co), copper (Cu), iron 

(Fe), manganese (Mn), molybdenum (Mo), selenium (Se), and zinc (Zn)) measured in red deer (Cervus elaphus) 

liver collected on nine hunting estates in the Scottish Highlands during August to February 2012-13 and 2013-

14. 

 

    Males          Females         

Element Estate n min max median 95% CI  n min max median 95% CI 

Cd Alladale 78 0.0437 0.83 0.288 (0.222, 0.336)  68 0.088 1.05 0.372 (0.266, 0.421) 

 Altnaharra 63 0.0362 0.583 0.139 (0.112, 0.17)  65 0.0632 0.445 0.163 (0.137, 0.179) 

 Applecross 63 0.0558 1.26 0.328 (0.257, 0.423)  25 0.183 2.54 0.337 (0.277, 0.484) 

 Ardnamurchan 45 0.0635 0.516 0.151 (0.128, 0.188)  26 0.0672 1.07 0.17 (0.125, 0.242) 

 Badanloch 55 0.053 4.68 0.224 (0.179, 0.256)  59 0.0803 1.38 0.246 (0.19, 0.265) 

 Ben_Loyal 43 0.0275 1.55 0.213 (0.177, 0.282)  40 0.0376 5.19 0.278 (0.214, 0.32) 

 Conaglen 47 0.0624 1.85 0.393 (0.309, 0.562)  35 0.131 10.4 0.649 (0.491, 0.784) 

 NHT & Aline 10 0.112 0.422 0.304 (0.145, 0.351)  11 0.162 0.951 0.337 (0.289, 0.845) 

  Strathconon 31 0.0877 0.612 0.261 (0.226, 0.309)  23 0.0423 0.633 0.324 (0.301, 0.395) 

Co Alladale 78 < 0.0622 0.222 0.0933 (0.0771, 0.107)  68 < 0.0622 0.277 0.138 (0.12, 0.148) 

 Altnaharra 63 < 0.0622 0.257 0.0702 (0.0551, 0.08)  65 0.0708 0.339 0.139 (0.129, 0.155) 

 Applecross 63 < 0.0622 0.175 0.0717 (0.0582, 0.0858)  25 < 0.0622 0.309 0.186 (0.158, 0.199) 

 Ardnamurchan 45 < 0.0622 0.498 0.135 (0.125, 0.143)  26 0.079 0.256 0.162 (0.146, 0.182) 

 Badanloch 55 < 0.0622 0.189 0.0926 (0.0796, 0.109)  59 < 0.0622 0.414 0.123 (0.102, 0.147) 

 Ben_Loyal 43 < 0.0622 0.276 0.0807 (0.067, 0.0923)  40 0.0663 0.432 0.154 (0.136, 0.171) 

 Conaglen 47 < 0.0622 0.218 0.112 (0.099, 0.131)  35 0.0765 0.273 0.173 (0.155, 0.179) 

 NHT & Aline 10 < 0.0622 0.173 0.109 (0.0508, 0.146)  11 0.0816 0.27 0.152 (0.139, 0.187) 

  Strathconon 31 < 0.0622 0.214 0.118 (0.101, 0.139)  23 0.0701 0.735 0.202 (0.188, 0.231) 

Cu Alladale 78 2.39 192 33.3 (28.4, 42.6)  68 7.46 184 55.8 (39.3, 79.9) 

 Altnaharra 63 4.02 309 25.6 (18.7, 34.2)  65 6.42 198 35.5 (27.8, 46.9) 

 Applecross 63 2.35 188 42.5 (31.7, 49.7)  25 12.3 212 56.5 (29.3, 107) 

 Ardnamurchan 45 3.74 184 14 (9.98, 25.4)  26 7.46 129 13.6 (9.95, 26.6) 

 Badanloch 55 5.39 190 15 (11.6, 27.6)  59 10.2 260 58 (42.9, 83.3) 

 Ben_Loyal 43 4.41 178 25.4 (18.1, 39.3)  40 15.9 241 65.6 (44.4, 82.1) 

 Conaglen 47 5.48 261 42.9 (24.9, 67.4)  35 10.8 216 64.8 (53.7, 85.9) 

 NHT & Aline 10 6.35 164 26.1 (12.2, 54.4)  11 15.1 120 43.1 (29.9, 58.5) 

  Strathconon 31 7.58 201 36.6 (14.7, 59.6)  23 12.3 306 70.6 (61.6, 94.1) 

Fe Alladale 78 197 1100 445 (402, 486)  68 314 3090 570 (534, 621) 

 Altnaharra 63 232 863 478 (445, 530)  65 295 1860 578 (541, 657) 

 Applecross 63 129 721 431 (390, 464)  25 324 2040 561 (413, 618) 

 Ardnamurchan 45 242 3550 511 (467, 729)  26 325 1000 480 (436, 667) 

 Badanloch 55 273 1430 452 (417, 498)  59 207 6350 523 (490, 586) 

 Ben_Loyal 43 168 816 418 (381, 461)  40 274 1140 574 (502, 657) 

 Conaglen 47 179 827 433 (378, 517)  35 296 1630 507 (461, 653) 

 NHT & Aline 10 275 2240 513 (360, 673)  11 354 778 546 (472, 689) 

  Strathconon 31 257 713 479 (410, 531)  23 375 3300 615 (536, 653) 

Mn Alladale 78 2 20.2 8.86 (7.12, 10.1)  68 7.43 27.5 14 (12.8, 15) 

 Altnaharra 63 3.07 23 6.03 (5.33, 7.81)  65 9.21 23.3 16.3 (15.1, 17.2) 

 Applecross 63 2.18 18.6 7.95 (6.42, 8.75)  25 9.61 19.9 14.3 (13.3, 15) 

 Ardnamurchan 45 3.51 18.5 7.61 (6.7, 9.04)  26 6.85 21.7 13.3 (11.4, 13.8) 

 Badanloch 55 3.57 20.6 11.9 (10.7, 13.3)  59 10.9 25.7 17.5 (16.8, 18.2) 

 Ben_Loyal 43 2.66 21.4 11 (8.22, 12.7)  40 9.03 24.7 14.9 (13.3, 15.5) 

 Conaglen 47 3.11 19.1 10.6 (10.1, 12.5)  35 8.18 18.4 13.5 (12.8, 14.8) 

 NHT & Aline 10 2.5 12.7 7.66 (4.71, 11.3)  11 10.3 16.3 13.2 (11.6, 14.7) 

  Strathconon 31 3.8 16.4 10.9 (8.56, 12.2)  23 9.11 23.2 12.5 (11, 15.1) 

Mo Alladale 78 0.606 3.82 1.74 (1.54, 2.1)  68 1.3 3.99 2.63 (2.44, 2.82) 

 Altnaharra 63 0.508 4.19 1.16 (1.08, 1.36)  65 1.34 3.97 2.57 (2.45, 2.71) 

 Applecross 63 0.404 4.19 1.75 (1.49, 2.03)  25 1.35 5.35 2.62 (2.25, 2.97) 

 Ardnamurchan 45 0.686 4.13 2.09 (1.56, 2.49)  26 1.83 3.99 2.88 (2.55, 3.18) 

 Badanloch 55 0.802 4.11 2.85 (2.65, 3.18)  59 1.4 3.67 2.87 (2.7, 2.96) 

 Ben_Loyal 43 0.573 4.84 2.29 (1.97, 2.75)  40 1.41 3.66 2.48 (2.18, 2.7) 

 Conaglen 47 0.596 4.26 2.44 (1.97, 3.1)  35 1.84 4.44 2.62 (2.49, 2.91) 

 NHT & Aline 10 0.527 4.7 1.76 (1.19, 3)  11 1.34 4.1 2.47 (2.07, 3.15) 

  Strathconon 31 1.18 3.79 2.5 (1.88, 2.99)  23 1.75 3.58 2.94 (2.54, 3.15) 

Se Alladale 78 < 0.277 1.48 0.681 (0.62, 0.77)  68 < 0.277 1.47 0.562 (0.487, 0.624) 

 Altnaharra 63 < 0.277 3.18 0.613 (0.523, 0.702)  65 < 0.277 2.75 0.591 (0.532, 0.711) 

 Applecross 63 < 0.277 2.76 0.836 (0.703, 0.958)  25 < 0.277 3.69 1.47 (0.912, 2.09) 

 Ardnamurchan 45 < 0.277 1.14 0.452 (0.389, 0.517)  26 < 0.277 2.25 0.594 (0.361, 0.734) 

 Badanloch 55 < 0.277 1.08 0.321 (0.295, 0.4)  59 < 0.277 2.47 0.374 (0.277, 0.471) 

 Ben_Loyal 43 < 0.277 1.24 0.52 (0.369, 0.641)  40 < 0.277 3.88 0.65 (0.478, 0.805) 

 Conaglen 47 < 0.277 2.22 0.926 (0.645, 1.09)  35 0.48 3.55 1.21 (1.1, 1.66) 

 NHT & Aline 10 0.447 1.99 0.768 (0.603, 1.26)  11 0.658 1.92 0.892 (0.766, 1.33) 

  Strathconon 31 < 0.277 1.32 0.645 (0.561, 0.711)  23 < 0.277 1.82 0.825 (0.567, 0.971) 

Zn Alladale 78 34 282 67.1 (61.2, 79.2)  68 57.9 344 104 (100, 109) 

 Altnaharra 63 35.5 173 52.3 (49, 61.8)  65 55.2 176 103 (95.9, 108) 

 Applecross 63 33.3 116 68.9 (60.1, 73.8)  25 75.1 145 109 (103, 116) 

 Ardnamurchan 45 38.5 271 82.6 (73.7, 95)  26 73.7 143 111 (104, 120) 

 Badanloch 55 39.5 116 91.9 (82.3, 97.7)  59 60.9 171 108 (104, 111) 

 Ben_Loyal 43 36.3 177 87.8 (76.5, 98.9)  40 67.8 146 107 (100, 112) 

 Conaglen 47 25.6 213 82.9 (69.1, 89.1)  35 77.5 131 112 (103, 118) 

 NHT & Aline 10 30.9 115 64.3 (46.4, 86.1)  11 74.5 146 102 (94.1, 118) 

  Strathconon 31 36.2 121 81.1 (66.5, 93.4)  23 77.5 178 99.1 (96.6, 107) 
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Table S5. Summary of GLSφ model coefficient estimates for cadmium (Cd) and seven essential trace element (cobalt (Co), copper (Cu), iron (Fe), 

manganese (Mn), molybdenum (Mo), selenium (Se), and zinc (Zn)) concentrations measured in male (M; n = 394) and female (F; n = 321) red deer 

(Cervus elaphus) liver samples collected on nine hunting estates in the Scottish Highlands during July to February 2012-13 and 2013-14, in relation to 

sampling date and Fasciola hepatica infection status (diagnosed by coproantigen ELISA). 

Element Sex ε Estates ( L-S means) Days into the stalking 
season (±SE) 

β Days into the stalking season 
squared (±SE) 

γ Season culled (L-S 
means) 

F. hepatica status (L-
S means) 

ϵError variance structure 

Cd M ATa, ARab, BLbc, BAbc, STbc,NAabcd, ALcd, APcd, COd 0.0295 (0.0123) -0.000198 (0.0000811) 13-14 > 12-13 n.d. varExp(Days into season) 

 F ATa, ARab, BAbc, STabcd, BLabcd, ALd, APbcde, NAcde, COe 0.00378 (0.00170) - n.d. n.d. varIdent(Estates) + varPower(Days into season) 

Co M ATa, APa, BLab, BAab, ALab, NAabc, CObc, STbc, ARc -0.00297 (0.00130) - n.d. n.d. - 

 F BAa, ATa, BLab, ALa, COab, NAab, APab, ARb, STab 0.00337 (0.000929) - 12-13 > 13-14 n.d. varIdent(Estates) 

Cu M BAa, ARab, ATabc, BLabc, STabc, NAabc, CObc, ALc, APc 0.0540 (0.0182) -0.000386 (0.0000120) 13-14 > 12-13 n.d. varExp(Days into season) 

 F ARa, NAab, ATab, APab, COb, BLb, ALb, BAb, STb 0.00489 (0.00225) - n.d. n.d. - 

Fe M APa, BLa, COa, ALa, BAa, ATab, STab, NAab, ARb 0.0111 (0.00653) -0.0000740 (0.0000427) 12-13 > 13-14 n.d. varIdent(Estates) 

 F n.d. 0.0103 (0.00278) -0.0000690 (0.0000221) 12-13 > 13-14 n.d. varIdent(Estates) + varPow(Days into season) 

αMn M n.d. 0.00482 (0.0699) -0.000828 (0.000456) n.d. n.d. varIdent(Estates) 

 F ARa, NAab, STab, ALab, COabc, APabc, BLabc, ATbc, BAc  -0.0110 (0.00893) - n.d. n.d. varExp(Days into season) 

αMo M ATa, STab, BLab, APab, ALab, BAb, ARb, COab, NAab 0.000744 (0.0141) -0.000210 (0.0000926) 13-14 > 12-13 n.d. varIdent(Estates) 

 F n.d. -0.0154 (0.00503) 0.0000886 (0.0000411) 13-14 > 12-13 n.d. varExp(Days into season) 

Se M BAa, ARab, BLabc, ATbcd, STbcde ALcde, COde, APe, NAde 0.000239 (0.00156) - n.d. n.d. varExp(Days into season) 

 F BAa, BLab, ALabc, ATabc, ARabcd, STbcd, APcd, NAd, COd 0.00677 (0.00132) - 12-13 > 13-14 n.d. varIdent(Estates) + varPower(Days into season) 

αZn M ATa, STab, COab, APab, BAab, BLab, NAab, ALab, ARb -0.00633 (0.00532) -0.0000190 (0.0000362) n.d. n.d. varIdent(Estates) + varConstPower(Days into season) 

 F n.d. -0.0470 (0.0514) - n.d. pos > neg varPower(Days into season) 

α Female Zn data and male and female Mn and Mo data were not log transformed prior to modelling. 
ε Estate abbreviations: Alladale (AL), Altnaharra (AT), Applecross Trust (AP), Ardnamurchan (AR), Badanloch (BA), Ben Loyal (BL), Conaglen (CO), Strathconon (ST), and two neighbouring estates North Harris Trust and Aline (NA). Within the 
sexes, significant differences between estate Least-Square means (L-S means) (at the 5% level) are denoted by compact letter descriptors; estates that share a common letter did not have significantly different element content. L-S means 
were used to estimate differences between sampling estate means (log transformed unless stated), while accounting for temporal variation modelled by the GLM or GLS. Similarly, L-S means were used to estimate differences between 
sampling season means and between means for F. hepatica infected and non-infected groups, while accounting for geographic and within season temporal variation. 
β Parameter estimates show the direction of temporal associations, but are of the log transformed scale unless stated. Dashed lines (-) indicate that temporal parameters were not included in the model, as AIC increased with their 
inclusion. 
γ n.d. indicates that no differences in concentrations were found between estates, sampling seasons (2012-13 and 2013-14); nor were differences in liver element concentrations found between F. hepatica infected and non-infected 
individuals. 
ϵError variance structures: All structures (varExp, varConstPower and varPower) indicate that error variance increases as the stalking season progresses. 
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Table S6. Summary of model coefficient estimates for cadmium (Cd) and seven essential trace element (cobalt (Co), copper (Cu), iron (Fe), manganese 

(Mn), molybdenum (Mo), selenium (Se), and zinc (Zn)) concentrations measured in male (M; n = 435) and female (F; n = 352) red deer (Cervus 

elaphus) liver samples collected on nine hunting estates in the Scottish Highlands during July to February 2012-13 and 2013-14 in relation to sampling 

date. 

  ε Estates (lowest to highest L-S means) 
β Days into the stalking season 

(±SE) 

β Days into the stalking season 
squared (±SE) 

γ Season culled (L-
S means) 

ϵError variance structure 

Cd M ATa, ARab, BLbc, BAbc, STbc, NAbcd, ALcd, APcd, COd 0.0333 (0.0119) -0.000216 (0.0000787) 13-14 > 12-13 varIdent(Estates) + varConstPower(Days into season) 

 F ATa, ARab, BLabc, BAbc, STbc, APbcd, ALcd, NAbcd, COd 0.00460 (0.00163) - n.d. varIdent(Estates) + varPower(Days into season) 

Co M ATa, APab, BLabc, BAabc, ALbc, NAabcd, COcd, STcd, ARd -0.00300 (0.00123) - n.d. - 

 F BAa, BLab, ATa, ALa, COab, APabc, NAabc, ARbc, STc 0.00381 (0.000857) - 12-13 > 13-14 varIdent(Estates) 

Cu M BAa, ARab, ATabc, STabc, BLabc, NAabc, CObc, ALc, APc 0.0522 (0.0176) -0.000378 (0.000116) 13-14 > 12-13 varExp(Days into season) 

 F ARa, NAab, ATab, APab, COab, BLb, ALb, BAb, STb 0.00546 (0.00215) - n.d. - 

Fe M BLa, APa, COa, ALa, BAa, ATab, STab, NAab, ARb -0.000329 (0.000891) - 12-13 > 13-14 varIdent(Estates) + varExp(Days into season) 

 F n.d. 0.0110 (0.00268) -0.0000740 (0.0000215) 12-13 > 13-14 varIdent(Estates) + varPower(Days into season) 

αMn M n.d. 0.00115 (0.0675) -0.000840 (0.000438) n.d. varIdent(Estates) 

 F ARa, NAab, STab, COabc, ALa, APabc, BLabc, ATbc, BAc -0.0175 (0.0271) 0.0000810 (0.000206) n.d. varExp(Days into season) 

αMo M ATa, STa, BLab, APab, ALab, BAb, ARb, COb, NAab -0.000538 (0.0135) -0.000208 (0.0000882) 13-14 > 12-13 varIdent(Estates) 

 F n.d. -0.00581 (0.0678) - n.d. varExp(Days into season) 

Se M BAa, ARab, BLabc, STbcde, ATbcd, ALcde, APde, COe, NAde -0.000202 (0.00143) - n.d. - 

 F BLa, BAab, ALab, ATabc, ARabcd, STabcd, APbcd, NAcd, COd 0.00748 (0.00382) 0.000000900 (0.0000316) 12-13 > 13-14 varIdent(Estates) + varPower(Days into season) 

Zn M ATa, STa, APab, COab, BAab, BLab, ALab, NAab, ARb -0.00774 (0.00519) -0.0000130 (0.0000352) n.d. varIdent(Estates) + varConstPower(Days into season) 

 F n.d. -0.00164 (0.00153) 0.0000120 (0.0000120) n.d. - 

α Female and male Mn and Mo data were not log transformed. 
ε Estate abbreviations: Alladale (AL), Altnaharra (AT), Applecross Trust (AP), Ardnamurchan (AR), Badanloch (BA), Ben Loyal (BL), Conaglen (CO), Strathconon (ST), and two neighbouring estates North Harris Trust and Aline (NA). Within the 
sexes, significant differences between estate Least-Square means (L-S means) (at the 5% level) are denoted by compact letter descriptors; estates that share a common letter did not have significantly different element content. L-S means 
were used to estimate differences between sampling estate means (log transformed unless stated), while accounting for temporal variation modelled by the GLM or GLS. Similarly, L-S means were used to estimate differences between 
sampling season means, while accounting for geographic and within season temporal variation. 
β Parameter estimates show the direction of temporal associations, but are of the log transformed scale unless stated. Dashed lines (-) indicate that temporal parameters were not included in the model, as AIC increased with their 
inclusion. 
γ n.s indicates differences in concentrations between seasons of sampling that included zero within 95% confidence intervals (but season was retained in the model because AIC increased with their exclusion). 
ϵError variance structures: Structures involving days into the season (i.e., varExp(), varConstPower() and varPower()) show error variance increases as the stalking season progresses. Structures involving Estates (i.e., varIdent()) show that 
error variance varied between estates. 
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Table S7. Summary of GLM model parameter estimates for three principal components calculated using concentrations of eight elements (cadmium 

(Cd), cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), selenium (Se), and zinc (Zn)) measured in the livers of male (M; n =) 

and female (F; n = 352) red deer (Cervus elaphus) collected on nine hunting estates in the Scottish Highlands during August to February 2012-13 and 

2013-14. 

 

αFemale PC3 data were [log (PC3+3)] transformed to coerce normality and homoscedasticity in residuals of a simple linear regression. 
εEstate abbreviations: Alladale (AL), Altnaharra (AT), Applecross Trust (AP), Ardnamurchan (AR), Badanloch (BA), Ben Loyal (BL), Conaglen (CO), Strathconon (ST), and two neighbouring estates North Harris Trust and Aline (NA). Within the 

sexes, significant differences between estate Least-Square means (L-S means) (at the 5% level) are denoted by compact letter descriptors; estates that share a common letter did not have significantly different element content. L-S means 

were used to estimate differences between sampling estate means (log transformed unless stated), while accounting for temporal variation modelled by the GLM or GLS. Similarly, L-S means were used to estimate differences between 

sampling season means, while accounting for geographic and within season temporal variation. 

 

  

PC Sex Associated elements Variance 

explained (%) 

ε Element concentrations on estates (lowest to highest) and significant differences (L-S means) in relation 

to increasing principal components 

Days into the stalking 

season (±SE) 

Season culled (L-S mean) 

1 

 

M Mn, Mo, Zn 36.1 (High Mn, Mo, Zn) COa, NAabc, ALab, ARabc, APabc, BAabc, STabc, BLbc, ATc (Low Mn, Mo, Zn) 0.0418 (0.00387) n.d 

1 

 

F Cd, Co, Cu, Se 23.6 (Low Cd, Co, Cu, Se) ATa, ARab, BLab, ALabc, BAabc, NAabc,APabc, STbc, COc (High Cd, Co, Cu, Se) 0.0121 (0.00336) n.d. 

2 

 

M Cd, Cu, Se 21.4 (Low Cd, Co, Cu, Se) ARa, BAab, BLbc, ATc, STcde, ALcd, NAcde, COde, APe (High Cd, Co, Cu, Se) 0.0152 (0.00291) 13-14 > 12-13 

2 

 

F Mn, Mo, Zn 20.9  (Low Mn, Mo, Zn) NAab, STab, COab, ALa, ARab, APab, BLab, ATab, BAb (High Mn, Mo, Zn) -0.0136 (0.00319) n.d. 

3 

 

M Fe, Co 12.7 (Low Fe, Co) BLa, APab, BAab, ATab, ALab, COab, STbc, NAabc, ARc (High Fe, Co) 0.0119 (0.00246) 12-13 > 13-14 

α3 

 

F Fe 15.0 (Low Fe) APab, ARa, BLab, COab, NAab, ATab, STab, ALab, BAb (High Fe) 0.00291 (0.000965) 12-13 > 13-14 
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Figure S1. Pairwise Spearman’s ρ correlations between element (cadmium (Cd), cobalt (Co), copper 

(Cu), iron (Fe), manganese (Mn), molybdenum (Mo), selenium (Se), and zinc (Zn)) concentrations in red 

deer (Cervus elaphus) liver samples (n = 770) collected on nine hunting estates in the Scottish Highlands 

during August to February 2012-13 and 2013-14. The top panel illustrates data for females, and the bottom 

panel for males. Note that none of the liver element data were log-transformed prior to this analysis, but axis 

scales are logarithmic to aid visual clarity. 
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Figure S2. Eh-pH phase diagrams for eight elements (cadmium (Cd), cobalt (Co), copper (Cu), iron (Fe), manganese (Mn), molybdenum (Mo), selenium 

(Se), and zinc (Zn)) and their relation to soil type (adapted from Husson, 2012; Snakin et al., 2001; Takeno, 2005). 
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