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Abstract 

The performance and health of managed game species is important to remote and 

rural economies. Wild red deer (Cervus elaphus) in the Scottish Highlands have long 

been recognised as occupying a sub-optimal (i.e., limiting) environment in terms of 

nutrition and shelter. Despite this wide recognition, no studies regarding the 

population have extensively quantified geographic variation in parasite prevalence or 

nutritional essential and non-essential trace/macro and toxic element status. Given 

the well-recognised effects of sub-lethal parasitism and sub-optimal nutrition on 

performance of ruminants (from an agricultural perspective; e.g., milk yield, growth 

rates), it is desirable to be aware of wild deer health status. Here, I establish baseline 

expectations regarding the health of wild red deer in the Scottish Highlands; and, in 

so doing, present evidence of marked geographic variation in parasite prevalence and 

nutritional status of wild red deer inhabiting a wide range of habitat types. 

Specifically, I: 

(i) Demonstrate that the novel diagnostic test (the coproantigen ELISA), 

performs comparatively well to the established faecal egg count (FEC) 

method for quantification of liver fluke (Fasciola hepatica) prevalence in 

Scottish Highland red deer. 

(ii) Reveal substantial geographic variation in the prevalence of F. hepatica in wild 

red deer in the Scottish Highlands, and that an individual’s probability of 

infection: i) associates with sex, ii) follows a temporal pattern and iii) is 

associated with home range topography. 

(iii) Reveal marked geographic variation in essential trace, non-essential trace, 

macro and toxic-element status of wild red deer in the Scottish Highlands, 

and show this to be associated with sex. Furthermore, I identify soil parent 

material as a potentially important factor in the availability of elements to 

wild red deer. 

(iv) Utilise computer image analysis tools to reveal subtle geographic variation in 

red deer mandible shape and size in the Scottish Highlands; and, investigate 

the potential of a novel method for improving estimates of red deer age.  
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Chapter 1 

General introduction 

Wildlife, through the ecosystem services they provide, are integral to (for example) 

ecotourism, agriculture (e.g., through pollination) and to the game 

management/hunting sector. Globally, the expansion of urbanisation, road networks 

and agricultural intensification has often led to the isolation or physical exclusion of 

wildlife populations. Certain fauna, particularly game species, now commonly exploit 

more remote areas, often those deemed economically unviable for more intensive 

agriculture. In these areas, interactions between wildlife and other land uses (e.g., 

extensive agriculture and forestry) are commonplace. 

Owing to the potential for disease transmission to humans and to domesticated 

animals, the health of our most common wildlife is regularly monitored by wildlife 

disease surveillance schemes (e.g., the Animal and Plant Health Agency (AHPA) in 

the UK), which typically carry out surveys or investigate suspected or clinical 

incidences of disease (e.g., large scale monitoring of known host mammals for 

tuberculosis; (Chambers et al., 2010). In comparison, sub-clinical incidence of 

disease/sub-optimal health or condition in common wildlife often receives far less 

research attention (Gunn and Irvine, 2003) – at least in the UK. 

In addition to disease, variation in the performance and health of biota can relate to 

other environmental factors, to pollution or to land use. For example, factors such as 

weather (Coulson et al., 2000) and pathogens have been associated with the 

condition of red deer (Irvine et al., 2006) and black grouse (Formenti et al., 2012). 

Furthermore, nutritional factors such as degree of geophagy (soil-eating) (Mills and 

Milewski, 2007) and the acquisition of essential trace elements through forage 

(Flueck, 1994) have been attributed to the maintenance of health and reproductive 

performance. Factors that are actively managed, commonly population density, have 

also long been known to associate with variation in performance (Albon et al., 1983). 

Ultimately, variation and interactions between management practices (e.g., for 

conservation or sporting interests) and natural environmental conditions (e.g., 

geochemical, climatological and topographic) are inherently associated with 
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intraspecific variation in the health and welfare of wildlife. Fundamentally, like 

humans, wildlife are not just a product of their genes, but also of their environment. 

In this thesis, I investigate geographic variation in the health and condition of wild 

red deer from the Highlands of Scotland and, explore associations between 

potentially influential environmental factors. In this introduction, I describe some of 

the current scientific issues pertinent to deer management in Scotland (1.1), the 

importance of monitoring wildlife health in general (1.2) and the merits of 

investigating associations between wildlife health and environmental variables (1.3). 

Finally, I introduce the study environment and its wild deer population (1.4), briefly 

describe my methodology (1.5), and state the overall aim and objectives of the thesis 

(1.6). 

1.1 Science to underpin wildlife (deer) management 

In remote and rural areas, where income has historically been dependent on land 

productivity (and in some areas more recently on tourism), interactions between 

people, wildlife and livestock can lead to conflicting interests between various 

stakeholders (Figure 1.1.1). In such areas, large mammals such as red deer are 

fundamentally managed through fencing and culling. In this scenario, conflicting 

decisions can be made by various stakeholders, depending on their particular 

perspective. For example, heavy culling may be carried out and/or fencing 

introduced by a conservation organisation that wants to encourage self-seeding tree 

regeneration; whereas, supplementary feed/mineral licks may be placed out by a 

neighbouring estate for whom management of resident deer for sport and venison 

serves to provide local employment/core income. Both parties’ decisions will 

influence the population dynamics, movement and diet of those free-roaming deer; 

hence, each stakeholder’s decisions intrinsically influence the health and condition of 

these wild animals. If a balance can be reached, whereby the trees grow unabated 

and, the local deer population remains viable for hunting, both parties will obviously 

benefit. 
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Figure 1.1.1: Figure adapted from (Gortázar et al., 2007). Schematic 

highlighting potential areas of conflicting interest between the public, 

foresters, game managers, farmers, conservationists, hunters and veterinary 

authorities. 

Importantly, however, population viability alone is not the only “end-point” worth 

consideration in deer management. More subtle consequences of land management 

practices, i.e., the restriction of access to shelter, of movement and the provision of 

an alternative source of dietary minerals, may all influence condition and have sub-

clinical effects on wild deer health and welfare. Moreover, in areas co-inhabited by 

deer and livestock, there are potential epidemiological consequences; such as, the 

increased transmission of disease to livestock, and/or, promotion of the persistence 

of pathogens in the environment, at the wildlife-livestock interface. 

Historically, the management of wildlife (such as deer) has often been quite heavily 

influenced by landowner objectives. More recently, however, there has been an 

increased drive towards a more collaborative and informed decision and policy 

making process – involving the referral to and generation of, sound scientific 

evidence. For example, there has been a move to: increase the availability of large 

interpreted datasets to land managers (Huettmann, 2005); encourage managers to 

inform habitat use models (Irvine et al., 2009); encourage managers to participate in 

field manipulation trials to (for example) inform efficient seasonal culling regimes 

(Lieury et al., 2015). This more collaborative ‘science informed land management’ 

approach holds strong potential. In the past, scientific data were often generated 

exclusively/in isolation by academics and conservation organisations and then 

perhaps acted upon by statutory agencies (with limited wider landowner 

consultation). A more collaborative approach is now being sought (at least in 

Scotland), to ensure that sound scientific knowledge is passed on to and gained in 

collaboration with, those actively managing our rural landscapes. In the context of 
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wild deer in Scotland, the Scottish Government has highlighted the need for “sound 

science” to underpin management decisions (Scottish Government, 2014). 

Specifically, in a recent report Scotland’s Wild Deer: A National Approach it is stated 

that: 

“Wild deer should be managed in a way that uses sound science and the best available evidence and 

knowledge by using feedback and research to inform management.” 

Further; 

“Wild deer have been the focus of much research. However this is not always easy to put into 

practice. We need to do more to develop knowledge which is collectively owned, supported and trusted 

and ensure this is used to inform local action.” (Scottish Government, 2014) 

Indeed, much wild deer related research (in Scotland) has been carried out; however, 

the majority tends to relate to a long term study of an isolated deer population on the 

Isle of Rum in the Scottish Inner Hebrides. Notably, owing to the cessation of 

culling in 1972, studies on Rum have been able to examine how natural selection, 

population dynamics, evolutionary genetics and age relate to patterns in fecundity 

and senescence. In keeping with the drive for evidence based deer management, the 

relevance of the Rum project has recently been communicated in a booklet designed 

for deer managers (Pemberton and Kruuk, 2015). However, importantly, the authors 

also note the challenge in extrapolating knowledge of this highly studied island 

population to the wider (rather less well studied) population on the mainland. Results 

considered most applicable to mainland estates with a sporting interest relate to the 

effects of deer density (i.e., the factor most controllable by deer managers) and 

include: i) reproductive and performance traits (e.g., female-male calf ratios (Kruuk et 

al., 1999)), ii) antler size (Kruuk et al., 2002), iii) and female fecundity (Coulson et al., 

2000). 

Outside of Rum, during the 1960s to 90s, research into wild deer on the Scottish 

mainland tended to focus on the eastern Highlands (typically within/in close 

proximity to the area now designated as the Cairngorms National Park), and was 

related to grazing ecology and monitoring of wild deer condition and population 

performance. Studies considered: i) seasonal proportions of grazed and browsed diet 

(Fraser and Gordon, 1997), ii) age estimates from growth structures in tooth 
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cementum (Mitchell, 1967), iii) annual trends in body condition (Mitchell et al., 

1976), and iv) relationships between female fecundity, body weight and deer density 

(Albon et al., 1983). 

More recently (2000s – present), there has been increased focus on geographically 

expansive studies of deer in Scotland. Recent studies have examined red deer genetic 

diversity (Pérez-Espona et al., 2008a) and how landscape features affect gene flow 

(Pérez-Espona et al., 2008b). Relating explicitly to health, a large scale (n = 731) 

heart, lung and liver tissue sampling project (Highland, Grampian and Perth regions 

of Scotland) inspected samples for parasites and non-specific pathological indicators 

of ill-health. The aim here was to highlight key endo-parasites affecting red and sika 

(Cervus nippon) deer as a baseline for future monitoring (Böhm et al., 2006). Most 

recently, a large scale collaborative project between researchers and public and 

privately owned estates was initiated to develop methods for monitoring red deer 

performance and health in Scotland, with the ultimate aim of contributing to “Sound 

Science to underpin Deer Management in Scotland” (Brassey et al., Unpublished; Irvine, 

2011; Pérez-Barbería, 2007). The most recent outputs from this collaboration have 

related to the effects of habitat type on tooth wear and skeletal size (Pérez-Barbería 

et al., 2015a, 2015b).  

As such, whilst the monitoring of wild deer health and condition in Scotland has 

received some attention, given the geographic distribution of this species, its 

importance to the rural economy, and its potential interactions with livestock, the 

continued collection of novel data regarding wild deer health remains warranted. 

In addition, from an economic perspective, the demand for venison in the UK 

currently far exceeds supply (Scottish Venison Partnership, 2016); and the shortfall is 

met (in part) by imports from New Zealand (Deer Industry New Zealand, 2016). 

Recently however, active encouragement through the Deer Farm Demonstration Project 

(Anon., 2015) is being provided to establish new deer farms (including through the 

acquisition of local wild stock) throughout Scotland (Venison Advisory Service, 

2015), and the number of farmed deer has increased between 2012 and 2014 

(DEFRA, 2014). Hence, improved knowledge regarding potential spatial variations in 

wild deer health (and the drivers behind this), especially in the Northern Highlands 

region (where hunting is particularly important to the regional economy and limited 

research data exists), might well become highly desirable in the near future. 
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1.2 The importance of monitoring wildlife health 

For a variety of reasons, it is important to monitor wildlife health. For example, it is 

recognised that wildlife can act as a host or source of disease to livestock and 

humans (Daszak et al., 2000). Therefore, the monitoring of wildlife health plays an 

important role in enabling potential threats to be identified and transmission to be 

minimised accordingly; e.g., by management of wild deer reservoirs of bovine 

tuberculosis (Nishi et al., 2006). To this end, various surveys of wildlife health are 

undertaken, whereby the potential for a given species to act as an infective reservoir 

is identified: e.g., parasites in otters (Chadwick et al., 2013) and deer (Böhm et al., 

2006); bacterial infections in various birds (Refsum et al., 2002); and viral infections 

in geese (Chen et al., 2005). It is important at this point to note the definition of a 

pathogen reservoir: 

“one or more epidemiologically connected populations or environments in which the pathogen can be 

permanently maintained and from which infection is transmitted to the defined target population.” 

(Haydon et al., 2002) 

This definition implies that persistence of a pathogen in a population(s) must first be 

recognised through long term monitoring before recognition as a reservoir is 

established; hence, this statement underlines the importance of long-term wildlife 

health monitoring. 

The monitoring of wildlife also plays an important role in establishing baseline 

expectations regarding population performance. For the viability of a game species 

population, for example, it is important for hunters to have a reasonable estimate of 

recruitment rates. Furthermore, to help elucidate the causes of fluctuations in 

population abundance, it is appropriate to consider a range of potential factors. For 

example, marked temporal fluctuations in abundance have been shown, in part, to be 

a consequence of a predictable reduction in fecundity associated with parasite 

burdens in red grouse (Lagopus lagopus) (Cattadori et al., 2005; Hudson et al., 1999) 

and mountain hare (Lepus timidus) (Newey and Thirgood, 2004; Townsend et al., 

2011) – both observations made based on long term population monitoring. 

Where long-term datasets are not available, it is more challenging to identify causes 

of population fluctuations. Wildlife population declines often trigger reactive 

monitoring - the aim being to identify contributory factors. Drivers can vary greatly, 
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from infectious diseases in amphibians (Daszak et al., 1999), to organochloride 

pesticides in raptors (Newton and Bogan, 1974), heavy metals in mammals (Osowski 

et al., 1995), and even pharmaceutical exposure in birds (Oaks et al., 2004). 

Importantly, the challenge of identifying key drivers is often exacerbated by the 

paucity of reference data available in the literature. For example, in recent years, 

pesticides have been heavily implicated (owing to their undoubted toxicity to bees 

and acknowledged sub-lethal effects (Henry et al., 2012; Whitehorn et al., 2012)) in 

the global decline of pollinators; however, owing to conflicting inferences regarding 

the levels of “natural exposure” (as opposed to field trials), the debate is ongoing 

(Eisenstein, 2015). 

Nutritional deficiencies are also purported to be significant factors in certain 

population declines: e.g., in moose, pronghorn and bighorn sheep (Custer et al., 

2004; Dunbar et al., 1999; Frank, 1998; Mincher et al., 2007; O’Hara et al., 2001; 

Poppenga et al., 2012). However, owing to the lack of reference values available, i.e., 

for essential trace and toxic elements in specific wild species, article discussions 

invariably refer to reference ranges derived from domesticated or very different 

species, or, values from very few studies of a specific animal (perhaps from a very 

different geographic region). For example, studies of red deer (Handeland et al., 

2008; Jarzyńska and Falandysz, 2011; Vikøren et al., 2011), typically infer nutritional 

element deficiency based on a review undertaken in relation to farmed red deer 

(Wilson and Grace, 2001), even though Wilson and Grace (2001) conclude that the 

data they present is limited and more robust reference data needs to be established 

(repeated in (Grace et al., 2008)). 

Ultimately, in light of the importance of managed game species to remote and rural 

economies, their potential to act as reservoirs of pathogens to livestock and people 

and, the potential for sub-lethal infection and sub-optimal performance to influence 

population dynamics, it is desirable to be aware of wildlife health status. To this end, 

establishment of baseline expectations regarding the condition and health of 

managed wildlife (i.e., game) continues to require attention. 

1.3 Environmental drivers affecting wildlife health and condition 

The health of ecosystems (and the wildlife they contain) is heavily influenced by 

human-induced land-use change (Patz et al., 2004). A variety of factors/drivers are 
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known to affect the health and condition of wildlife – notably, the biogeochemical 

environment (e.g., toxic/essential element accumulation/cycling in biota (Presser et 

al., 1994)), and pathogens and animal movement (e.g., the wildlife-livestock interface 

(Gortázar et al., 2007)). Therefore, intraspecific variation in the health, condition and 

demographics of fauna can vary in accordance with habit. Very specifically, in a 

toxicological context (for example), contrasting dietary exposure to cadmium (Cd) 

has been demonstrated to result in disparities in adult survival of two populations of 

white-tailed ptarmigan (Lagopus leucurus) in the Colorado Rocky Mountains (Larison 

et al., 2000). Furthermore, variation in habitat (i.e., land cover/apparent differences 

in abundance of preferred diet species) has resulted in differences in mature fallow 

deer skeletal growth in New Zealand (Nugent and Frampton, 1994) and body 

weights of Norwegian deer (Mysterud et al., 2002). As such, data related to the health 

of wildlife have potentially greater informative value if they are modelled alongside 

complementary/detailed geographic (spatial) and/or temporal information. 

In this sense, the use of Geographic Information Systems (GIS), in conjunction with 

ever greater spatial resolutions of remotely sensed/satellite data, has increased the 

value of, for example, epidemiological studies of associations between environmental 

variables and infection status/prevalence/parasite burden (Bergquist and Rinaldi, 

2010). In fact, associations between parasites and environmental variables have 

received considerable research focus of late, e.g., regarding: rumen and liver fluke in 

livestock (Cringoli et al., 2004; Malone et al., 1998; McCann et al., 2010b; Selemetas 

et al., 2015), malaria in humans (Cohen et al., 2010) meningeal worms 

(Parelaphostrongylus tenuis) in deer (Vanderwaal et al., 2015), and malaria in wild birds 

(Gonzalez-Quevedo et al., 2014). An area of particular concern in North American 

wild deer has been the transmissible spongiform encephalopathy (or prion disease), 

Chronic Wasting Disease (CWD). In order to assist land/game/wildlife managers in 

minimising the transmission of CWD, GIS has been employed to identify 

environmental variables associated with high CWD risk areas in Wisconsin and 

Illinois (O’Hara Ruiz et al., 2013; Robinson et al., 2013). In so doing, research has 

challenged a previous hypothesis (also based on a GIS approach) that had attributed 

CWD risk to the persistence of infective prion proteins in clay soils in Colorado 

(Walter et al., 2011). Thus, GIS is clearly a useful tool for advancing epidemiological 

theory. 
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Beyond epidemiology, GIS also provides a useful tool to increase our understanding 

of soil-plant-animal uptake of essential trace and toxic elements. Geochemical soil 

maps, for example, are long-recognised for their application in health studies 

(Thornton and Alloway, 1974). For example, i) in an agricultural context, for 

predicting cobalt (Co) deficiency in sheep (Lark et al., 2014) and selenium (Se) 

content in human foodstuffs (Fordyce et al., 2010; Spadoni et al., 2007); and ii) in a 

wildlife toxicology context, for predicting heavy metal levels in meat of harvested 

game (Gamberg et al., 2005; Kocar et al., 2004). 

The majority of investigations to date regarding environmental variation in nutrition 

and animal health (as opposed to animal condition/body weight; (Mysterud et al., 

2002)) have focussed on livestock. This is obviously because farm-level management 

interventions, such as the provision of supplementary minerals to maintain health 

and performance of confined livestock, can (and should (Sinclair and Atkins, 2015)) 

be tailored in line with knowledge regarding “background” levels of essential 

elements in local soils/plants (Watson et al., 2012). Perhaps more importantly, the 

significance of sub-optimal performance of livestock is well recognised: e.g., the 

economic impact of gastrointestinal and liver parasites in cattle (Charlier et al., 2007; 

Schweizer et al., 2005; Vercruysse and Claerebout, 2001), or, the decreased 

productivity of sheep with sub-clinical selenium (Se) deficiency (Langlands et al., 

1991). 

Likewise, sub-clinical nutritional deficiencies/toxicities and parasitological infections 

in wildlife are also recognised (Gunn and Irvine, 2003; Stien et al., 2002), and have 

received some (although comparatively less) attention. For example: subclinical 

deficiencies in Se have been linked to sub-optimal performance in white-tailed deer 

(Odocoileus virginianus) (Flueck, 1994), pronghorn (Antilocapra Americana) (Dunbar et al., 

1999), and big horn sheep (Ovis Canadensis) (Mincher et al., 2007; Poppenga et al., 

2012); speculated copper (Cu) and Se deficiencies may have caused poor 

performance of moose (Alces Alces) (Vikøren et al., 2011); and sub-optimal habitat 

has been associated with roundworm (Aonchotheca caudinflata) burden and reduced 

weight in black grouse (Tetrao tetrix) (Formenti et al., 2012).  

Ultimately, geospatial models have the potential to identify associations between 

health and the environment; and, when applied to wildlife, serve as an additional tool 
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to help predict the effects of change in land use, management and environment (i.e., 

climate). 

1.4 Red deer in the Scottish Highlands: factors which may affect 

deer health 

A wide range of factors may affect the health and welfare of wild red deer in 

Scotland. Relative to other UK and European populations, red deer living in the 

Scottish Highlands have long been recognised as occupying a sub-optimal (i.e., 

limiting) environment. This is as a result of constraints on nutrition and shelter; 

conditions characterised by a largely treeless landscape with soils of low fertility 

(Mitchell et al., 1986, 1977). Broadly speaking this description is true, however, high 

variation in topography, soil geochemistry and climate in the Highlands has the 

potential to lead to equally wide geographic variation in forage quality and availability 

of shelter. Forage quality/preference (for example) having been linked to female 

lifetime breeding success on Rum (McLoughlin et al., 2006). Furthermore, at the 

individual level, deer are also contending with various parasites, such as liver fluke 

(Fasciola hepatica) and lungworm (Dictyocaulus spp.).  

Despite the wide acceptance that sub-optimal red deer habitat prevails in the 

Highlands, no published studies regarding the population have extensively quantified 

geographic variation in parasite infection or nutritional essential and non-essential 

trace/macro and toxic element status.  It is only recently that a large, geographically 

wide study (n = 874) of mandible size (as an indicator of limiting environment; 

(Nugent and Frampton, 1994)) has been conducted/published (Pérez-Barbería et al., 

2015b). 

The diversity of the Scottish Highlands landscape is very marked: i) geochemically, ii) 

topographically, and iii) climatologically (Figure 1.4.1). Furthermore, owing to these 

factors, soil type and land cover across the region is also highly varied (Figure 1.4.2). 

In addition, the Highland landscape is managed as a mixed patchwork containing 

commercial forestry, rough grazing and improved grazing as well as ostensibly un-

managed open space (large open peatland areas, mountains, etc.). Where 

landholdings are actively ‘managed’, often with sporting interests as a primary/key 

management objective, the abundance and movement of wild red deer is actively 

controlled by Deer Management Groups (DMGs) (Figure 1.4.3). As such, the health 
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and condition of red deer in the region is essential to the employment of ~2500 

gamekeepers (Anon., 2006). Red deer distribution covers this entire region, from 

coastline to mountain summits and from dense forests to exposed moorland; and in 

some areas, deer also share the landscape with varying densities of sheep and cattle. 

 

Figure 1.4.1: Average annual rainfall and temperature in the Highland region 

(Met Office, 2015a). Note that the highest values represent rainfall on the 

summits of the tallest west coast mountains (in excess of 4000mm); in 

contrast, the eastern summits receive around 1000mm. Similarly, temperatures 

are highly correlated with altitude; typical mean annual temperatures on the 

west coast are up to 3ºC warmer (due to the North Atlantic Drift) than on the 

more easterly inland areas of comparable altitude.  
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Figure 1.4.2: Soils of Northern Scotland (World Reference Base). Map (© The 

James Hutton Institute) obtained from UK Soil Map viewer (Lilly et al., 2012). 

The FAO categorises soils by: Al and Fe chemistry (GL, PZ, ST); limitations 

to root growth (LP); little or no profile differentiation (AR, CM, FL); soils with 

thick organic layers (HS); pronounced accumulation of organic matter in the 

mineral topsoil (UM) (Food and Agriculture Organization, 2014). 

 

Figure 1.4.3: Map of Deer Management Groups in Northern Scotland 

(Association of deer management groups, 2015), illustrating a wide distribution of 

areas actively managing wild deer in the region. Each DMG is responsible for 

the welfare of a discrete population or herd of deer that is managed as a 

common resource. 

 

Arenosol (AR) Weighted average texture class of 

loamy, sandy or coarser. 

Cambisol (CM) Weakly developed gley/mineral 

soil poorly differentiated horizon 

Fluvisol (FL) Recently/regularly deposited 

river/stream sediments/material 

Gleysol (GL) Groundwater-affected and 

reducing conditions 

Histosol (HS) Thick (> 10cm) organic material 

layer 

Leptosol (LP) Thin (< 10cm) and/or with 

many coarse fragments 

Podzol (PZ) Subsoil accumulation of humus 

and/or oxides (Fe and Al) 

Stagnosol (ST) Reducing conditions, overlies 

continuous rock/hard material 

Umbrisol (UM) Organic content (> 60%), low 

base status 
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Management of wild deer in Scotland is currently informed by Best Practice Guides 

(Anon., 2008), which are also used as a teaching tool for all deer stalkers. Specifically 

related to the health of wild deer, these guides advise deer managers to minimise the 

risk of transmission of diseases by: (i) protecting against malnutrition (which could 

render animals susceptible), and by (ii) maximising the quality of forage and shelter 

available for wild deer. Furthermore, deer managers are encouraged to minimise 

situations where deer are concentrated in close proximity to each other to prevent 

disease transmission. Should deer managers find any evidence of a notifiable disease 

(i.e., TB, CWD, foot and mouth disease and blue tongue), they are instructed to 

contact their local veterinarian immediately (owing to potential for transmission to 

livestock or farmed deer in the area). Essentially, therefore, if no notifiable diseases 

are present, no action is required. 

There are however, many more ‘non-notifiable’ conditions or signs of sub-optimal 

health that deer managers are expected to observe, i.e., internal parasites - liver fluke 

(F. hepatica), tissue worm (Elaphostongulus spp.), lungworm (Dictyocaulus spp.), and nasal 

bot fly (Cephenemyia spp.); and external parasites – tick (Ixodes ricinus), deer ked 

(Lipoptena cervi) and warble fly (Hypoderma spp.). Owing to the perceived high 

tolerance by red deer to these parasites (i.e., few deer are reported as suffering 

debilitating effects from these parasitic infections), there are few studies regarding the 

effects of such parasites on wild deer performance in Scotland. Likewise, in Scotland, 

there has been only one study (regarding gastrointestinal nematode worm (Ostertagia 

spp.)) for which burden has been associated with condition of red deer on the Isle of 

Rum (Irvine et al., 2006). 

Although subclinical parasitism in wild deer has generally been a neglected topic 

(Gunn and Irvine, 2003), in livestock it is an ever present concern. For example, 

owing to its lifecycle, liver fluke (F. hepatica) infection occurs annually in livestock and 

leads to reduced milk yields in cattle (Charlier et al., 2007). Furthermore, F. hepatica is 

particularly prevalent in years with high summer rainfall, such as that experienced in 

the UK in 2012 (Anon., 2014b). In light of current climate change predictions for the 

UK and Europe (Caminade et al., 2015; Fox et al., 2011; van Dijk et al., 2010), and 

the increased incidence of fasciolosis (the disease caused by liver fluke (F. hepatica)) in 

the UK over the last decade (Anon., 2014b; Kenyon et al., 2009), research into 

infection risk modelling has been considered warranted (McCann et al., 2010b; 
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Rapsch et al., 2008). Notably though, in Scottish Highland wild red deer, whilst 

incidences of F. hepatica infection are probably wide-spread (Irvine, 2011), no 

comprehensive peer-reviewed published data on current infection levels/drivers is 

yet available. With predicted UK increases in prevalence and/or burdens, deer could 

therefore pose a risk in terms of promoting infection risk in livestock in the region – 

not to mention any possible welfare threat to the deer themselves. As such, 

parasitism in wild deer (of liver fluke in particular) warrants further attention. 

In addition to parasitism, essential trace, toxic and macro-element nutrition also has 

the potential to limit the performance of wild red deer, as has been shown in other 

wild ungulates (Section 1.2). Indeed, many Highland estates with a sporting interest 

(33% according to a region-wide questionnaire; (Putman and Staines, 2004)) routinely 

provide mineral licks to wild deer, consistent with the perception that mineral 

nutrition in the environment limits local performance. Particularly in terms of antler 

size, as a consequence of the low availability of phosphorus (Mitchell et al., 1977). In 

a review of supplementary feeding practices (Putman and Staines, 2004), it is 

understood that the availability of minerals to wild deer in the Scottish Highlands is a 

limiting factor in terms of antler growth (and by extension, skeletal growth), but, that 

the extent to which provision is beneficial to deer depends on the extent to which 

local availability of minerals from natural forage is limited. Moreover, experimental 

manipulation by restriction of winter diet does indeed result in significant retardation 

of skeletal growth in captive male red deer; suggested to be the driver behind the 

smaller mature size of wild red deer in the Scottish Highlands (Suttie et al., 1983).  

Owing to the marked geographic variation present in the geochemical landscape of 

the Highlands (Figure 1.4.4), it certainly seems plausible that the availability of 

essential trace elements to deer may be more variable than is generally assumed – i.e., 

that the availability of minerals to “hill deer” may not be homogenous, but is more 

likely to be associated with local geology, glacial deposits and soil parent material. 

The question then becomes: does geographic geochemical variation in the Highlands 

impact red deer health and welfare? Furthermore, in light of Putman and Staines’ 

(2004) questionnaire, Highland estates that practice supplementary feeding and 

mineral block provision do not always know, or feel it is, cost effective/worthwhile. 

As such, a baseline survey of element status of wild red deer in the Highlands is 

desirable. To date, only two surveys in the region have quantified trace element 
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status, and these were both quite small scale studies of Cu on the Isle of Rum (n = 

186) (McTaggart et al., 1981) and at twelve locations on the mainland (total n = 37) 

(Cowie, 1976). 

 

Figure 1.4.4: Total concentration of Cu in stream sediments, illustrating (an 

example of) the marked variation in geochemical landscape in the Highland 

region. Note that concentrations in stream sediments do not necessarily 

represent the terrestrial “bioavailable” fraction (i.e., the fraction of Cu that is 

available for uptake by plants and soil biota). 

Ultimately, wider knowledge regarding red deer health in the Scottish Highlands 

could be beneficial for farmers because wildlife interact with livestock and current 

knowledge about potential disease transmission is limited. Furthermore, the good 

health of red deer is essential for this remote region’s economy – given the 

employment and income gained from venison and stalking sales. The overall aim of 

this thesis is therefore to establish some comprehensive baseline/reference 

values with relevance to the health and condition of wild red deer inhabiting a 

range of habitat types. Furthermore, the project aims to provide additional 

information regarding the possible links between habitat characteristics (such 

as topography and soil parent material) and parasite load/nutrition. This 

should be of benefit in terms of predicting the consequences of changes in land use, 

management and environment (i.e., climate). 

1.5 Study sites and sample collection 

In line with the overall aim of this project, in spring 2012 collaborations with several 

geographically separate (i.e., independent) open hill sporting estates in the Scottish 
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Highlands (north of the Great Glen) were established. By open hill, I refer to 

landscapes mostly characterised by exposed moorland and mountains with a small 

amount of forestry in the glens. Collaborations were established with nine estates in 

the Highland and Islands region (Figure 1.5.1). Each annually culled over 30 male 

and 30 female red deer. From these animals, gamekeepers agreed to take tissue and 

ingesta samples during their routine gralloching process (removing digestive systems 

on the hillside, immediately after shooting) and during larder work (eviscerating and 

pre-butchering the carcass in the larder). 

 

Figure 1.5.1: Map showing the location of the nine open hill sporting estates 

that collected tissue samples of wild red deer in the Highland region of 

Scotland. Note that eight of the nine estates are within separate deer 

management groups (see Figure 1.4.3); hence, each estate is perceived to 

manage geographically discrete populations/herds of wild deer. 

Each participating estate was supplied with sampling equipment to collect red deer 

tissues, this comprised: re-sealable bag for whole kidney plus surrounding fat; three 

50ml tubes for liver, rumen content and faeces samples; a small re-sealable bag for a 

muscle sample; and two uniquely numbered cable tags – one for the lower front leg 

(metacarpal to tip of hoof), and one for a lower hemi/half jaw bone. In addition, all 

estates were provided with a numbered (500 x 500m) gridded map of their estate and 
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60 sampling sheets on which they were instructed to record: gridded location culled, 

age estimate, age class, sex, reproductive status of females (milk; yeld (not with calf 

or pregnant); pregnant), date shot, carcass weight, and unique tag number (that 

corresponded with each animal’s tissue samples). All samples (bar some faeces 

samples discussed in Chapters 2 and 3) were stored at -20ºC in freezers on each 

participating estate, before collection and transfer to freezers at the ERI laboratory. 

The specific objectives of this thesis were: 

1. To assess the application of a novel diagnostic test (the coproantigen 

ELISA), for the quantification of liver fluke (F. hepatica) prevalence in the 

faeces of Scottish Highland red deer. 

2. To consider how the prevalence of observed liver fluke infection in Scottish 

Highland wild red deer varied in relation to  environmental factors that may 

associate with probability of infection. 

3. To quantify the essential trace, non-essential trace, macro and toxic element 

status of wild red deer in the region and identify any environmental variables 

(e.g., soil parent material) that associate with element status. 

4. To utilise image analysis tools to: investigate the spatial variation in red deer 

skeletal (mandible) size and shape in the Scottish Highlands; and, to improve 

deer age estimation techniques. 
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Chapter 2 

A comparison of three methods for diagnosis of liver 

fluke (Fasciola hepatica) infection in wild red deer (Cervus 

elaphus): Coproantigen ELISA, faecal egg counts and 

post-slaughter liver examination 

2.0 Summary 

In the UK, fasciolosis is the disease caused by liver fluke (Fasciola hepatica.). Liver 

flukes are parasitic flatworms that typically inhabit liver tissue and bile ducts of sheep 

and cattle, causing reduced productivity, milk yields and reproductive performance. 

Fasciolosis diagnosis by non-invasive methods is desirable in order to monitor 

national infection rate trends and the effectiveness of applied flukicide treatments in 

livestock. Diagnosis of infection in livestock is typically by faecal examination (FE; 

the detection of F. hepatica eggs). More recently, the coproantigen ELISA (cELISA) 

method has also been developed. The cELISA is designed to detect the excretory-

secretory antigens that are released by parasitic fluke and are thus present in the 

faeces of host animals. However, to date, the cELISA method has been infrequently 

used to test liver fluke infection in known wildlife hosts (such as deer, which are 

invariably diagnosed by FE). The aim of this study was to quantify the statistical 

agreement that exists between the FE method and the cELISA using red deer 

samples; and in so doing, to determine whether diagnosis of liver fluke infection in 

this species by cELISA is practicable. Here, concurrent diagnoses for 353 individual 

red deer by FEC and cELISA are compared; in addition, post-slaughter visual 

inspection of whole fresh livers of 65 of these animals were undertaken and used to 

gauge performance of each test against a concurrent standard. A high proportion of 

observed agreement between cELISA and FEC data, and a significant correlation 

between estimated prevalence of infection by both methods suggested that the 

cELISA holds potential as a diagnostic tool for red deer. However, a cautionary note 

exists as a consequence of an inflated probability of “by-chance” agreement; itself a 

consequence of apparently low prevalence of infection in this study population. 
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2.1 Introduction 

Wildlife as parasite reservoirs - application of a potentially useful diagnostic 

method 

Infectious diseases harboured by wildlife are a notable threat to domestic animals and 

human health worldwide (Daszak et al., 2000). In recent years, fasciolosis, the 

parasitic disease caused by Fasciola spp. (liver flukes) has posed an increasing threat to 

grazing ruminants in temperate climates (van Dijk et al., 2010). In addition to a 

reduction in overall animal health, and increase in condemnations of liver at 

slaughter, it has also been shown that liver fluke infection causes economic losses by 

leading to reduced livestock condition, reproductive performance and milk yield 

(Charlier et al., 2007; Hawkins and Morris, 1978). 

The epidemiology of fasciolosis (or F. hepatica infection, in the UK) has long been 

known to be strongly associated with weather conditions, and infection rates are to 

some extent predictable for this reason (Ollerenshaw, 1966); also see Figure 2.1.1). 

However, the role of wildlife as reservoirs (a population that harbours infection that 

can result in infection of other species or populations) is still the subject of some 

discussion with several species implicated. In Western Europe, the prevalence of F. 

hepatica infection in leporidae is notable; in the Netherlands, the prevalence of F. 

hepatica infection in hares (Lepus europeanus) has been found as high as 41% (Walker et 

al., 2011), and in central France 39.2% of hares and 42% of rabbits (Oryctolagus 

cuniculus) occupying watercress beds were found to be infected (Rondelaud et al., 

2001). Furthermore, in France (and in Argentina), coypu (Myocastor coypus) have been 

identified as harbouring sufficient burdens of F. hepatica to act as reservoirs (Issia et 

al., 2009; Ménard et al., 2001). In an area of NW Spain where infection of cattle is 

endemic, a detailed study of the prevalence and viability of F. hepatica eggs recently 

identified wild boar (Sus scrofa) as a secondary reservoir (Mezo et al., 2013). However, 

Arias et al., (2013) have questioned the role of roe deer as reservoirs for F. hepatica 

(also in NW Spain) wherein a low prevalence of infection has been recorded. 
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Figure 2.1.1: The life cycle of F. hepatica in relation to the calendar year 

(Hanna, 2003). Note the dependence on moist and sufficiently warm habitat 

for: i) egg hatching; ii) survival of the intermediate snail host (and associated 

intramolluscan stages of F. hepatica); and iii) the free-living larval stages of F. 

hepatica. Also note that for successful treatment of the infection (using a 

flukicide), appropriate drugs must be used at the right time, e.g., to treat 

immature flukes which are typically present in final hosts during autumn, or 

treat adult flukes during winter. 

In areas where F. hepatica infection is endemic in livestock, periodic treatment with 

anthelmintic drugs (such as triclabendazole and closantel) is commonly required. 

However, owing to the complex lifecycle of Fasciola spp., successful treatment often 

requires a tailored dosage with such drugs (depending on the age of the parasite) and 

a reliable diagnosis (Figure 2.1.1). Reliable diagnosis is critical, especially given the 

now ongoing development of anthelmintic drug resistance by F. hepatica (Gordon et 

al., 2012a; Hanna et al., 2015). 
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Historically, diagnosis of infection with F. hepatica has been carried out using faecal 

examination (FE); a method by which infection is confirmed by detection of F. 

hepatica eggs in the faeces of the host animal. In addition to the skills and time 

required for isolated egg identification, this method also requires sedimentation time, 

sample staining and slide preparation. When diagnosing infection rates in a large 

flock/herd, it may therefore be useful to pool faecal samples from several individuals 

in order to reduce the required analysis time. Given that time and labour saving 

techniques are desirable, research into high-throughput diagnostics recently resulted 

in the commercial development (by BioX Diagnostics, Belgium) of the F. hepatica 

coproantigen enzyme-linked immunosorbent assay (cELISA). This cELISA is 

advantageous (in comparison to FEC) because it requires less sample processing time 

and is capable of testing many tens of samples simultaneously. The principle of the 

cELISA is such that infection “should” be diagnosed wherever live parasites are 

present (including non-egg-laying immature fluke) in the liver of a host animal (i.e., 

the cELISA is theoretically both sensitive and specific to F. hepatica); this early 

detection of infection by cELISA is another advantage over FE and FEC, both 

methods wherein the presence of only egg-laying adult flukes (patent infection) can 

be detected. 

To date, the performance of this cELISA has shown considerable potential within 

livestock diagnostics, and there have been several performance studies conducted in 

sheep and cattle  (Brockwell et al., 2013; Gordon et al., 2012b; Mezo et al., 2007; 

Palmer et al., 2014; Valero et al., 2009). Potentially, the cELISA could also be applied 

to infection in other species, and may even be a useful tool when considering wildlife 

as reservoirs for liver fluke. However, such extensions must first be validated. For 

example, beyond sheep and cattle, in horse, the performance of this cELISA has not 

equated well with comparative FEC data (Palmer et al., 2014); wherein only a 9% 

sensitivity level was in fact shown and the cELISA was considered unsuitable for use. 

(Palmer et al., 2014) did demonstrate that potential species-specific improvements in 

sensitivity (up to 28%) could be made by calculating a cut-off threshold for the 

cELISA as the mean EU of known negatives plus 3-fold standard deviation of the 

mean, but, even this was not sufficient to make the test suitable for use with horses. 

Alternative “in-house” cELISAs have also been successfully used to diagnose 

fasciolosis in wild boar, and this test potentially outperformed the standard FEC test 

(Mezo et al., 2013). (Palmer et al., 2014) further showed that even in sheep and cattle, 
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the BioX cELISA cannot always be guaranteed 100% specific or 100% sensitive, 

especially where only low liver burdens are present (i.e., only one or two fluke). With 

such caveats in mind, extending the application of this cELISA into other species 

remains desirable - in particular, in relation to wildlife, but this requires careful 

evaluation. Furthermore, in certain parts of Europe, particularly in the UK and 

Ireland, an increasing trend in F. hepatica infection in farmed animals is currently 

being observed (Scottish Agricultural College, 2013); which may be associated with 

climate change (Kenyon et al., 2009). More specifically, predictions of future F. 

hepatica infection risk in the UK point to the Highlands of Scotland as being at 

particularly high risk because of prevailing rainfall levels (often well >1000mm per 

year) and the mild (>10ºC) summer temperatures that aid F. hepatica survival and 

development within the snail host (Fox et al., 2011). In turn, wildlife may also 

become increasingly infected in the future and/or act as increasingly significant 

reservoirs for these parasites; wild deer and leporidae (rabbits and hares) may be 

particularly significant in this regard. 

Here, the performance of the F. hepatica cELISA is compared with the accepted FEC 

technique and also with whole liver examination (for fluke presence) in Scottish 

Highland red deer. The main objective was to quantify how well the cELISA agrees 

with the accepted FEC technique and therefore provide some evidence regarding the 

practicability of using the cELISA for diagnosing F. hepatica infection in red deer. 

Wild red deer are known hosts of liver fluke, but, their role as a reservoir for this 

parasite remains to be fully elucidated. Principally, as wild deer interact with livestock 

(e.g., by grazing the same pasture or hill ground as sheep and cattle), there is potential 

for wild deer to act as reservoirs of F. hepatica infection to livestock. Furthermore, 

potential increases in deer farm numbers in the UK (and beyond) might necessitate 

increased monitoring in farmed red deer, particularly in areas considered historically 

endemic for F. hepatica infection of livestock. To our knowledge, there have been no 

previous evaluations of this particular cELISA in red deer. 

2.2 Materials and methods 

Sample collection and epidemiological information  

Sampling took place between August 2012 and February 2014, during which, faecal 

samples from red deer were collected into 50ml Falcon centrifuge tubes (Fisher 

Scientific, UK). Samples were collected from 353 wild red deer by deer stalkers 
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working on nine open hill sporting estates within the Scottish Highlands. Samples 

were taken during the annual deer cull which runs from 1st July to 20th October for 

males, and 21st October to 15th February for females. Faecal pellets were placed into 

sampling tubes by stalkers during gralloching (the process of removing the entire 

digestive system from the carcass immediately after each animal is shot). A subset of 

these 353 samples (n = 146) were analysed at Moredun Research Institute, Penicuik 

within one week of collection. These were refrigerated following collection (not 

frozen) and immediately analysed using FEC - at which point supernatants were also 

collected and frozen for subsequent cELISA analysis. The remaining samples (n = 

207) were handled slightly differently; these were frozen at -20 ºC on the day of 

collection, and then defrosted prior to FEC analysis and supernatant preparation at a 

later date.  

Each culled animal was allocated a unique code number. This corresponded to an 

accompanying sample sheet filled out by stalkers. Sample sheet information included: 

unique individual deer sample tag number; cull date; cull time; carcass weight; cull 

location (recorded as a unique grid square number from a 500 × 500m grid 

overlaying a map of each estate); age estimate; number of antler points (males only); 

lactating and pregnancy status (females only); stalker assessment of whether the 

individual was infected with liver fluke; and additional comments regarding any 

observed abnormalities or other observations. 

In addition to faecal samples, a range of other tissue samples was also collected and 

stored at -20°C during the study. During the 2013-14 sampling season, whole livers 

were collected from 65 of the culled individuals on two estates (49 females, 17 from 

Badanloch, 32 from Altnaharra; and 16 males (all from Badanloch)) and were stored 

frozen (labelled with the corresponding animal’s unique number). Faecal samples 

from these 65 individuals form part of the aforementioned subset that were stored 

fresh. 

Faecal Egg Counts (FEC) 

Eggs of F. hepatica were counted in faeces using a modified sedimentation technique 

(Gordon et al., 2012b). Three observers counted eggs: one observer counted all 

fresh/unfrozen samples (n = 146) that had been collected from three North 

Highland open-hill sporting estates, all during the 2013-14 red deer stalking season 

(August to February); the other two observers counted eggs in 42 and 165 frozen 
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samples, respectively (n = 207) that had been collected from a further six estates 

during the 2012-13 and 2013-14 red deer stalking seasons. Each faecal sample was 

homogenised by hand with a stainless steel spatula inside its corresponding 50ml 

tube. A sub-sample 3ml volume of faeces was then measured by filling a measuring 

cylinder with 42ml of water and topping up to 45ml by addition of homogenised 

faeces; this equates to approximately 3g by displacement, as red deer faecal moisture 

content is high (dry matter content 28% (Welch, 1982)). The mixture was stirred 

thoroughly and the resultant solution poured through a rigid metal tea strainer into a 

300ml beaker (to remove large particles). The beaker was topped up to 200ml with 

water before filtering the suspension through a 150µm mesh test sieve (100mm 

diameter; Fisher Scientific, UK) into a conical beaker (VITLAB, Germany). The 

resulting suspension was allowed to settle for three minutes, allowing eggs to fall to 

the bottom of the beaker. The supernatant was then siphoned off using a water tap-

siphon/vacuum attachment (taking care not to disturb the sediment). One drop of 

1% methylene blue (Sigma Aldrich, UK) was then added to the remaining sediment 

and the resulting stained solution pipetted onto a gridded 55mm microscope contact 

plate (SterilinTM). Each plate was then counted twice under a dissecting microscope 

and an average egg count taken which was divided by 3 to calculate eggs per gram of 

faeces (epg). An animal was considered to have a positive FEC if at least 1 egg was 

found (Figure 2.2.1). 
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Figure 2.2.1: A F. hepatica egg (typically 130-145µm in length) on a contact 

plate viewed under a dissecting microscope. The other faecal matter visible in 

this image is counter-stained with 1% methylene blue. 

Coproantigen ELISA (cELISA) 

F. hepatica coproantigen ELISA kits were used to analyse deer faecal samples in 

accordance with the manufacturer’s guidelines (BioX Diagnostics, Belgium). Faecal 

samples were homogenised with a stainless steel spatula and 0.50 ± 0.03g sub-

samples were weighed into 12ml centrifuge tubes (round-bottomed, Grenier bio-one 

CELLSTAR) to which 2ml of the kit’s dilution buffer was added. Each tube was 

then vortex mixed for 3s prior to centrifuging for 10 minutes at 1000g. Only 200µl of 

supernatant was required for the cELISA, but approximately 1ml of supernatant was 

extracted by pipette from each centrifuge tube (depending on the quality of the 

supernatant) for contingency/future reference. This was stored frozen at -20°C in 

2ml microfuge tubes (Eppendorf) until a cELISA kit plate could be filled. Each 96-

well kit plate consisted of eight rows (labelled alphabetically from top to bottom), 

half of which (i.e., rows A, C, E, G) were sensitised with an antibody specific to F. 
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hepatica, and the remaining (i.e., rows B, D, F, H) were sensitised with a non-specific 

antibody (i.e., the negative control wells). 

Prior to starting the cELISA procedure, supernatants were defrosted ensuring 6 

hours was available to subsequently complete 3-4 plates in parallel (accounting for 

defrosting, plate loading and four incubation periods). The first step in the cELISA 

was to pipette 100µl of a positive reference reagent (supplied) into well A1 and a 

further 100µl into B1. The positive reference reagent included in the kit contained a 

F. hepatica antigen previously demonstrated to bind to the antibody specific for F. 

hepatica coated on rows A, C, E and G (and not the antibody on rows B, D, F and H). 

Next, sample supernatants were sequentially loaded into both the F. hepatica antigen-

sensitised wells (n = 47 per plate) and the negative control wells; i.e., 100µl of each 

supernatant was pipetted into a well coated with the antibody specific for F. hepatica 

and a further 100µl into a well (directly below it) coated with the control antibody. 

Following loading, plates were incubated at 21ºC on a plate agitator set at 200rpm for 

2 hours. Plates were then washed three times. Following washing, plate wells were 

loaded with 100µl of a biotin-conjugated anti-F. hepatica antibody and incubated for 1 

hour. After incubation, plates were washed again and then loaded with 100µl of 

avidin-conjugated peroxidase per well and incubated for 1 hour. After this, plates 

were washed again, and then loaded with 100µl of indicator solution (consisting of 

500µl of chromogenic tetramethylbenzidine (TMB) and 9.5ml of hydrogen peroxide 

substrate solution) per well and incubated for 10 minutes. Finally, 50µl of stop 

solution (1M phosphoric acid) was pipetted into each well prior to plate reading. A 

plate reader was then used to measure optical densities in each well at 450nm. The 

optical densities measured in the negative control wells were then subtracted from 

those measured in the corresponding sample wells coated with the antibody specific 

for F. hepatica (creating 47 negative well-corrected records, i.e., one for each sample 

supernatant). Negative well-corrected optical densities for supernatants were then 

expressed as percentages of the positive reference reagent control, in ELISA units 

(EU). An individual deer was considered infected with F. hepatica if the ELISA unit 

value was greater than the kit cut-off value (at 6.55 - 9.32 EU). A total of four 

cELISA plate batches were used during the analysis of all 353 samples (involving 11 

plates (Figure 2.2.2) in total). 
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Figure 2.2.2: From left to right: Three cELISA plates loaded with faecal 

supernatants (left); three cELISA plates following addition of the indicator 

solution (centre); three cELISA plates following addition of stop solution 

(right). Positive diagnosis of F. hepatica infection is evident visually by 

marked colouring of wells following addition of indicator solution. 

Whole liver examinations 

Whole livers were defrosted for 24 hours prior to full visual examination. All livers 

were initially sliced into 1-2cm parallel strips with a scalpel. Sliced liver was then 

gently squeezed to encourage fluke to slide out of bile ducts/parenchyma. In each 

burdened animal, there was a tendency for fluke to reside in groups within pockets of 

pale-coloured scarred tissue, rather than in the bile ducts. These pockets were 

commonly found to contain between 1 and 13 fluke and a grey-coloured viscous 

fluid. Fluke from each liver were removed, rinsed with milliQ water and frozen at -

20°C or preserved in 70% ethanol for future reference. Numbers of fluke found in 

each liver were recorded and animals were considered infected if at least one fluke 

was found (Figure 2.2.3). 
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Figure 2.2.3: Three F. hepatica specimens emerging from bile duct of a goat 

liver. Adult F. hepatica (as shown) are approximately 25mm in length, and are 

very similar to those observed in the present study. 

Statistical analysis 

This study compares three methods that could be used for the diagnosis of F. hepatica 

infection in wild red deer. Fresh and frozen samples were analysed separately (e.g., 

using frozen samples alone, the agreement between FEC and cELISA data was 

measured). Fresh and frozen samples were treated separately because egg 

identification in frozen samples is theoretically more difficult due to egg 

deformation/breakage when frozen (as such, a bias may exist between fresh/frozen 

data). Furthermore, all comparisons are expressed in a 2 x 2 cross-tabulated form 

(Table 2.2.1). Cohen’s kappa was chosen to quantify the agreement between tests 

(Equation 2.2.1). 

  

Image attribution Creative Commons Attribution 2.5 Generic license “Flukeman” 
(https://upload.wikimedia.org/wikipedia/commons/6/6c/F._hepatica_adults_i
n_bile_duct.jpg). 

https://en.wikipedia.org/wiki/en:Creative_Commons
https://creativecommons.org/licenses/by/2.5/deed.en
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Table 2.2.1: Example of cross tabulation comparison between two diagnostic 

methods. 

 Diagnostic method 1 

Infected Not 

infected 

Total 

Diagnostic  
method 2 

Infected a b g1 

Not 

infected 

c d g2 

Total f1 f2 N 

  

κ =
po−pe

1−pe
   

  po =
a+d

N
 

pe = (
f1

𝑁
) × (

g1

N
) + (

f2

𝑁
) × (

g2

N
)   

In addition to provision of a kappa statistic (κ), it is important here to quantify any 

bias (the difference between methods in terms of percentage of positive/negative 

diagnoses) and prevalence (the percentage of the sampled population diagnosed as 

infected), as the kappa statistic quoted alone can be misleading (Byrt et al., 1993; Sim 

and Wright, 2005). For example, if the cELISA and FEC agree that there is infection 

in 70/100 individuals and no infection in 10/100, there is a prevalence effect; 

conversely, if both agree 40/100 individuals are infected and 40/100 are not infected, 

there is no prevalence effect. In both cases there is total observed agreement in 

80/100 diagnoses (i.e., po = 0.80), but, the kappa statistic will inherently be lower in 

the first case because the percentage of chance agreement pe is greater (Equation 

2.2.1). Here, prevalence index should be interpreted as the difference between the 

probability of Infected and the probability of Not Infected; i.e., if there is a disparity 

between the probabilities of reaching a positive diagnosis compared to a negative 

diagnosis, there is a prevalence effect. 

For completeness, it is also important to mention that prevalence and its 

consequences can be broken down further (Cicchetti and Feinstein, 1990; Feinstein 

and Cicchetti, 1990). For a complete description of the data in hand, and the type of 

prevalence that exists, we also quote the observed agreement, po, and the proportion 

of positive ppos, and negative pneg, agreement. We calculate the proportion of 

positive agreement as the number of positive diagnoses that are in agreement 

between both tests as a proportion of the average number of positives recorded by 

Equation 2.2.1: (Cohen’s kappa) 
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both diagnostic methods combined ((Equation 2.2.2); the proportion of negative 

agreement is calculated similarly ((Equation 2.2.3). 

(Equation 2.2.2)  ppos =
a

(
f1+g1

2
)

=
2a

f1+g1
 

(Equation 2.2.3)  pneg =
d

(
f2+g2

2
)

=
2d

f2+g2
 

We define bias as the imbalance between the proportion of infected and uninfected 

animals diagnosed by each method. For example, if the cELISA diagnoses 70/100 

animals as infected and the FEC diagnoses 20/100 animals as infected, there is a 

bias. Conversely, if both the cELISA and FEC diagnose 80/100 animals as infected, 

there is no bias (even if they do not agree on which animals are infected/not 

infected). The consequence of bias is an increase in the value of kappa (Equation 

2.2.6). 

Therefore, to make comparisons of quantified “agreement” meaningful, we provide 

measures of both bias and prevalence for each case. (Byrt et al., 1993) provides these 

two measures as indices of prevalence (PI) and bias (BI) ((Equation 2.2.4 and 

(Equation 2.2.5) and their relation to kappa ((Equation 2.2.6). 

(Equation 2.2.4)  PI =
2a

N
− po = po −

2d

N
=

|a−d|

N
 

(Equation 2.2.5) BI =
2b

N
− 1 + po = 1 − po −

2c

N
=

|b−c|

N
    

(Equation 2.2.6) κ =
(2po−1)−PI2+BI2

1−PI2+BI2   kappa in relation to PI and BI   

Pairwise measurements of the agreement between FEC and full visual liver 

examination, and cELISA and full visual liver examination, were also carried out by 

kappa. 

2.3 Results 

Summary of results from fresh and frozen samples tested by cELISA and FEC 

Of the 146 fresh faecal samples analysed, 14 and 18 animals were identified as 

infected by the cELISA and FEC methods respectively – in nine of these cases the 

techniques were in agreement (Table 2.3.1). Of the 207 frozen faecal samples 

analysed, 80 and 52 animals were identified as infected by the cELISA and FEC 
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methods respectively - in 41 of these cases the techniques were in agreement (Table 

2.3.2). For fresh and frozen faecal samples, the statistical agreement between the 

cELISA and FEC methods (as measured by kappa) is shown in Table 2.3.1 and 

Table 2.3.2, respectively. 

Table 2.3.1: Cross-tabulated comparison between the diagnostic outcomes of 

a cELISA (BioX, Belgium) and FEC test for F. hepatica infection using fresh 

(unfrozen) faecal samples collected from wild Scottish red deer (n = 146). 

FRESH FAECAL SAMPLES 

   FEC  

  
positive negative total 

cELISA 

positive 9 5 14 

negative 9 123 132 

total 18 128 146 

 
agreement 9 123 132 

 
by chance 1.73 115.81 117.62 

 
kappa 0.51 

  
 Prop. agreement, po 

0.90 

 

  

 Prop. positive agreement, ppos 
0.56 

 

  

 Prop. negative agreement, pneg 
0.95 

 

  

 Bias Index, BI 0.03   

 Prevalence Index, PI 0.78   

 

Table 2.3.2: Cross-tabulated comparison between the diagnostic outcomes of 

a cELISA (BioX, Belgium) and FEC test for F. hepatica infection using faecal 

samples that had been frozen immediately after collection from wild Scottish 

red deer (n = 207). 

FROZEN FAECAL SAMPLES 

  FEC 

  positive negative total 
 positive 41 39 80 
cELISA negative 11 116 127 
 total 52 155 207 

 agreement 41 116 157 
 by chance 20.10 95.10 115.19 

 kappa 0.46   
 Prop. agreement, po 0.76   

 Prop. positive agreement, ppos 0.62   

 Prop. negative agreement, pneg 0.82   

 Bias Index, BI 0.14   

 Prevalence Index, PI 0.36   
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At the level of the individual, associations between the cELISA and the FEC were 

explored in the fresh and frozen samples (Figure 2.3.1) – although a linear 

relationship is not necessarily to be expected at low FEC (Brockwell et al., 2013). 
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Figure 2.3.1: Scatter plots comparing results of FEC and a commercial cELISA (Bio X, Belgium)  for F. hepatica infection in faecal 

samples that were collected from wild Scottish red deer between 2012 and 2014 (n = 353). Assays were carried out on samples that had 

been stored in two ways: (A) fresh (unfrozen) from the time of collection until time of testing (n = 147), and (B) frozen immediately after 

being collected from culled deer (n = 207). For the FEC test, results are recorded in eggs per gram of faeces (epg). For the cELISA, 

results are expressed in ELISA units (EU). Positive diagnosis by the cELISA was recorded for samples where results fell above a cut off 

derived using a positive reference standard. 

(Spearman’s ρ = 0.34, p <0.0001) (excluding one sample > 40epg, Spearman’s ρ = 0.55, p <0.0001) 
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Summary of results from the 65 whole livers examined visually and 

corresponding cELISA and FEC test results 

Of the 65 whole livers analysed visually by inspection, 18 were found to contain at 

least one liver fluke. The number of fluke found in a single liver ranged from 1 to 13 

(Figure 2.3.2). Only 6 of these 18 individuals were also identified as infected by 

cELISA; in contrast, 9 of these 18 individuals were positive by FEC. Two cELISA 

positives (both FEC negatives) were apparently fluke-free using visual liver 

inspection, and, two FEC positives (both cELISA negatives) were also apparently 

fluke-free by visual liver inspection (Figure 2.3.2). For cELISA and FEC, the 

statistical agreement with the visual liver examination data (as measured by kappa) is 

shown in Table 2.3.3 and Table 2.3.4, respectively. 

Table 2.3.3: Cross-tabulated comparison between the diagnostic outcomes of 

two tests for F. hepatica infection in wild Scottish red deer (n = 65): A cELISA 

(BioX, Belgium) using fresh faecal samples, and a visual inspection of whole 

livers. 

FRESH FAECAL SAMPLES AND WHOLE LIVERS (n = 65) 

  Liver examination 
  positive negative total 

cELISA 

positive 6 2 8 

negative 12 45 57 

total 18 47 65 

 agreement 6 45 51 
 by chance 2.22 41.22 43.43 

 kappa 0.35 

 

  
 Prop. agreement, po 

0.78 

 

  

 Prop. positive agreement, ppos 
0.46 

 

  

 Prop. negative agreement, pneg 
0.87 

 

  

 Bias Index, BI 0.15   

 Prevalence Index, PI 0.60   
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Table 2.3.4: Cross-tabulated comparison between the diagnostic outcomes of 

two tests for F. hepatica infection in wild Scottish red deer (n = 65): A FEC 

test using fresh faecal samples, and the visual inspection of whole livers. 

FRESH FAECAL SAMPLES AND WHOLE LIVERS (n = 65) 

  Liver examination 
  positive negative total 

FEC 

positive 9 2 11 

negative 9 45 54 

total 18 47 65 

 agreement 9 45 54 
 by chance 3.05 39.05 42.09 

 kappa 0.52   
 Prop. agreement, po 

0.83 

 

  

 Prop. positive agreement, ppos 
0.62 

 

  

 Prop. negative agreement, pneg 
0.89 

 

  

 Bias Index, BI 0.11   

 Prevalence Index, PI 0.55   

  

At the level of the individual, associations between the cELISA and FEC and 

number of flukes in the liver were explored (Figure 2.3.2) – although a linear 

relationship is not necessarily to be expected at low fluke burden (i.e., < 10 flukes, as 

observed here) (Mezo et al., 2004). 
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Figure 2.3.2: Scatter plots comparing results of FEC and cELISA (BioX, Belgium) diagnostic tests for F. hepatica infection against 

concurrent visual inspection of whole livers from red deer for fluke. Faecal samples and livers were collected from carcasses of wild 

Scottish red deer culled between 2012 and 2014 (n = 65). Livers were sliced and visually inspected for flukes.  For the FEC test, results are 

recorded in eggs per gram of faeces (epg). For the cELISA, results are expressed in ELISA units (EU). Positive diagnosis by the cELISA 

was recorded for samples where results fell above a cut off derived using a positive reference standard. 

Spearman’s ρ = 0.52, p-value < 0.001) 
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Observed prevalence of F. hepatica infection based on FEC and cELISA 

results 

The comparative performance of the cELISA as a diagnostic tool for wild red deer in 

contrast to FEC is illustrated in terms of prevalence estimated by both methods 

across the range of study sites (Table 2.3.5). Furthermore, potential discrepancies 

between prevalence diagnosed by the FEC and cELISA methods for a range of 

prevalences are illustrated in Figure 2.3.3. 

Table 2.3.5: Comparison of F. hepatica prevalence estimated by the FEC and 

cELISA methods in nine North Highland sporting estates during the 2012-13 

and 2013-14 red deer stalking seasons. 

 PREVALENCE OF INFECTION (%) by F. hepatica 

 2012-13  2013-14 

Estate n FEC cELISA  n FEC cELISA 

Alladale 28 3.6 17.9  14 28.6 14.3 
Altnaharra* 27 40.7 55.6  41 31.7 24.4 
Applecross 24 50.0 54.2  16 25 18.8 
Ardnamurchan 8 0.0 75  -  -   - 
Badanloch* 14 7.1 14.3  61 4.9 8.2 
Ben Loyal* 20 10.0 30  53 9.4 7.5 
Conaglen 3 0.0 66.7  -  -  -  
NHT and Aline 11 36.4 63.6  -  -  -  
Strathconon 24 41.7 50  9 0 22.2 

Totals 159 25.8 42.8  194 14.9 13.4 

* Estates in which all faeces samples collected during 2013-14 stalking season were stored fresh, except 

for Altnaharra where 32/41 were fresh. 
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Figure 2.3.3: Estimated prevalence of F. hepatica infection (percentage of 

infected animals) in nine separate wild deer populations during the 2012-13 

and 2013-14 red deer stalking seasons. The comparative prevalence illustrated 

by each data point are calculated using the diagnoses of the FEC and cELISA 

methods on between 3 and 61 individual deer; i.e., the percentage of infected 

individuals on each estate during each stalking season (nine estates in 2012-13 

and six in 2013-14). 

Temporal variation in diagnoses given by FEC and cELISA methods 

As per our sampling protocol, faecal samples collected throughout each sampling 

season, 2012-13 and 2013-14, were accompanied by a datasheet that had been filled 

out by deer stalkers. However, on 39 occasions (of a total of 353 occasions the 

samples were collected) datasheets were either not provided or did not include a date 

of cull. To assess temporal variation in diagnoses, samples were categorised by 

month (Table 2.3.6). For samples where a date was not provided, maximum 

temporal resolution could only be denoted by male or female season; these samples 
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are not included in Table 2.3.6, but represent 26 females (11 positive diagnoses by 

cELISA; 9 by FEC) and 13 males (7 positive by cELISA; 4 by FEC). 

Table 2.3.6: Monthly breakdown of diagnoses given by cELISA and FEC (n = 

314) highlighting typical sampling period for wild deer in the Scottish 

Highlands. Positive diagnoses of F. hepatica infection during the 2012-13 and 

2013-14 sampling seasons given by each method are highlighted in bold. 

 
                

 2012-13 (n = 128)  Aug Sep Oct Nov Dec Jan Feb 

FEC + 3 8 14 2 4 0 0 
  - 15 17 23 27 8 4 3 

cELISA + 4 20 16 5 4 1 2 
  - 14 5 21 24 8 3 1 

 
n 18 25 37 29 12 4 3 

                   2013-14 (n = 186)  Aug Sep Oct Nov Dec Jan Feb 

FEC + 3 1 13 8 0 1 0 
  - 16 30 45 34 9 20 6 

cELISA + 3 3 12 4 0 1 1 
  - 16 28 46 38 9 20 5 

totals n 19 31 58 42 9 21 6 

 

2.4 Discussion 

Method comparisons 

To our knowledge, this study is the first to use a liver fluke coproantigen ELISA to 

diagnose F. hepatica infection in red deer. The possibility of using the cELISA with 

red deer was investigated, the primary objective being to compare diagnoses by 

cELISA with those made using the FEC method. The secondary objective was also 

to compare both sets of diagnostic results with those of whole liver visual 

examinations; thus providing a standard, independent reference test against which 

the performance of the FEC and cELISA could be evaluated. 

Overall, there was a high proportion of observed agreement (range p0 = 0.76 to 0.90) 

between these three methods, but, with low to moderate kappa values (range κ = 

0.35 to 0.52; Table 2.3.3 and Table 2.3.4), i.e. low to moderate agreement beyond 

chance; this is potentially a reflection of the rather low underlying (unknown) 

prevalence of infection present in our study population. To aid interpretation, 

consider the greatest number of theoretically infected individuals from either FEC or 
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cELISA (Table 2.3.1 and Table 2.3.2) as a proxy for the true underlying prevalence 

in the study populations from which fresh and frozen samples were obtained; i.e., up 

to 18/146 fresh samples were obtained from infected individuals and 80/207 for 

frozen samples. The consequence of underlying prevalence of infection on kappa is 

quantified by the prevalence index, PI = 0.36 for frozen samples, and 0.78 for fresh 

samples (Table 2.3.1 and Table 2.3.2); the greater value of PI leading to greater 

reduction in kappa. Therefore, in the case of fresh samples, it is likely that the 

underlying agreement between FEC and cELISA is moderate (as quantified by κ = 

0.51), and that the high proportion of observed agreement (p0 = 0.90) is a reflection 

of the low underlying prevalence of infection in our sample population. In contrast, 

for frozen samples, underlying agreement between FEC and cELISA is also 

moderate (κ = 0.46), but the proportion of observed agreement (p0 = 0.76) is not so 

heavily influenced by low prevalence of infection in the sample population. The bias 

indices, although reported here for completeness (BI = 0.03 to 0.15; Table 2.3.1 and 

Table 2.3.3), only significantly influence kappa when observed agreement  is small 

(~ p0 < 0.7) (Byrt et al., 1993); Byrt et al., (1993), provide the example that when p0 = 

0.90 the maximum possible value for BI is 0.1 and the influence on kappa (as 

calculated using (Equation 2.2.6) is considered inherently small. 

Notwithstanding the potential for observer disagreement during egg counting and 

the analysis of fewer fresh samples than frozen, the magnitude of kappa indicates 

that the cELISA is performing moderately similarly to the traditional FEC (according 

to interpretational benchmarks of Landis and Koch (1977)). Furthermore, the weak 

positive correlation (i.e., spread of data points above and below the y = x 

relationship, R2 = 0.80, p = 0.002) between prevalence calculated by the FEC and 

cELISA methods (Figure 2.3.3) indicates that there is not a clear-cut difference 

between prevalence measured using fresh samples as opposed to frozen samples; this 

is in contrast to the direct comparisons (Table 2.3.1 and Table 2.3.2), where more 

positives are identified by cELISA (80) (than FEC; 52) when using frozen samples, 

and FEC (18) (than cELISA; 14) when using fresh samples.  

The majority of data points falling above the y = x line in Figure 2.3.3 suggest that 

the cELISA could be more sensitive than the FEC (regardless of whether faeces 

samples are stored fresh or frozen). Similar observations regarding ELISA 

performance versus FEC data have also been highlighted for wild boar (Mezo et al., 
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2013). If this were the case (and that freezing did not compromise the ability to make 

a reliable diagnosis) (for F. hepatica infection) this may be advantageous, particularly 

for studies similar to our own. Here, acquiring fresh samples was a challenge that 

required weekly sample collections and shipping and this may well have affected 

detectability of F. hepatica antigens in deer faeces. In similar wildlife sampling projects 

where sampling over a wide geographic area during a short sampling season is 

desirable, the rate of accumulation of samples may exceed laboratory processing 

capacity; in these cases, the ability to freeze samples will be appreciated.   

Typically, the individual performance of a diagnostic test can be assessed by its 

sensitivity and specificity. The sensitivity of a diagnostic test is expressed as the 

probability of obtaining a positive diagnosis from a sample obtained from an 

individual that is “known” to be infected; similarly, the specificity of a diagnostic test 

is expressed as the probability of obtaining negative diagnosis from a sample 

obtained from an individual that is known to be free from infection. Known 

infection status is typically obtained using a gold-standard diagnostic method that is 

100% sensitive and 100% specific for a given pathogen. Here, a gold-standard 

diagnostic test with which to classify animals as infected and not infected was not 

available. It is acknowledged that there are non-gold-standard methods that can be 

used to estimate sensitivity and specificity by maximum likelihood (Hui and Walter, 

1980), even when the sensitivity and specificity of a non-perfect standard are 

unknown (Hui and Zhou, 1998). Nevertheless, these parameters were not deemed 

necessary to compare the performance of the cELISA with FEC. Instead, we 

considered the comparison of cELISA and FEC with a common imperfect standard 

(visual whole liver inspection; which could result in false negatives, but not result in 

false positives), as this would identify substantial relative differences in sensitivity. 

For example, if a substantially larger proportion of positive diagnoses (in agreement 

with visual liver inspection) were recorded by cELISA than FEC, one could infer 

that the cELISA is more sensitive than the FEC method; hence, this does not require 

a calculation of the underlying sensitivity of either test. With this in mind, as a 

consequence of the imperfect standard, it could be argued that either the FEC or 

cELISA methods may identify truly infected individuals that were misdiagnosed as 

negative during visual liver inspection; in this case, we can only infer that the 

apparent relative differences in sensitivity of the FEC and cELISA methods reflect 

true differences if we assume that the whole liver inspection is more sensitive than 
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the other two diagnostic methods. In this case, whole liver inspection, which 

identified a comparably greater proportion of positives (18/65) than either FEC 

(11/65) or cELISA (8/65), does indeed appear most sensitive. At first glance, 

differing kappa statistics for FEC versus whole liver examination data (po=0.83, κ = 

0.52, n = 65; Table 2.3.4) and cELISA versus whole liver data (po=0.78, κ = 0.35, n 

= 65; Table 2.3.3) suggest that the FEC is perhaps the more sensitive test. However, 

for frozen samples, nearly twice as many animals were determined to be positive by 

cELISA in comparison to FEC (Table 2.3.2) - which may suggest that the cELISA 

is more sensitive (at least for frozen samples). Alternatively, the cELISA may simply 

be more prone to false positives (as a consequence of undefined cross-reactivity) 

when applied to wild deer that may be infected with other helminth parasites, though 

evidence suggests this is unlikely. To date, cross-reactivity occurring within this assay 

as a consequence of concurrent infection of sheep and cattle with rumen flukes 

(Calicophoron daubneyi (Gordon et al., 2013) and cattle with lancet liver fluke 

(Dicrocoelium dentriticum) and rumen fluke (Paramphistomun cervi) (Mezo et al., 2004) has 

been ruled out, in addition to several other common helminths in humans (Ubeira et 

al., 2009).  

Unfortunately, interpreting these results presents a problem for three reasons. Firstly, 

the cELISA may be able to detect immature fluke (i.e., non-egg laying fluke) and 

hence detect a greater number of infected animals in comparison to the FEC, which 

can only detect the egg-laying adults. In contrast to the well-characterised yearly 

lifecycle of F. hepatica in periodically flukicide-treated livestock (Figure 2.1.1), 

infection of wild deer may persist for more than one year and therefore make 

inferences about ages of parasites (in a selected individual) speculative; e.g., if an 

individual culled in August for whom positive diagnosis was given by cELISA and 

negative by FEC, one cannot be certain that this is because that individual was 

infected with parasite yet to reach maturity. For example, in goats, liver fluke survive 

for at least 5 years (Leiper, 1938); in sheep, for at least 11 years (Durbin, 1952); and 

in cattle, for at least 26 months (Ross, 1968). Secondly, the FEC carried out on 

frozen samples may be less likely to identify eggs (as a consequence of freezing/egg 

collapse, a confounding factor for parasite age) and hence appear to give poorer 

performance when compared to the cELISA. Third, due to the preliminary nature of 

this study, the manufacturer’s recommended protocol for the cELISA for sheep 

(which we used) may need to be refined further for use with red deer (and as such, it 
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may misdiagnose some individuals). For example, there are several cELISA values 

that fall close to the manufacturer’s current cut-off value (Figure 2.3.1), but, it has 

been argued that these cut-off values may well be overly conservative for certain 

species (Palmer et al., 2014); without cELISA data from “known” negatives, 

inferences about how conservative (or not) the kit cut-off is are inappropriate. 

Limitations of diagnostic tests 

It is important to note that there are several limitations inherent in the diagnostic 

tests used in this study that may influence our results. First, the fluke burden was not 

known/confirmed (by liver examination) for the majority of individuals tested, and 

this could be an important factor. Previous evaluations regarding the cELISA have 

tended to involve animals that are subject to much greater adult fluke burdens, i.e., n 

= 39 with >11 fluke (Mezo et al., 2004) or n = 12 with 33-66 fluke (Valero et al., 

2009), whereas in this study we had n = 18 positives with <13 fluke (as identified by 

visual inspection). Furthermore, the experimental nature of these evaluations 

involved a single dose of infectious cysts all at once (challenge study), which is in 

contrast to a low infection over time (trickle) observed in field trials and wildlife. The 

performance of the cELISA kit itself has also received mixed reviews in terms of 

specificity and sensitivity. In general, the kit is highly specific for F. hepatica and is 

marketed as being 100% specific. However, in independent evaluation, results have 

ranged between 88-100% sensitivity in sheep with burdens of 1 fluke and 80-100% 

sensitivity for cattle with 2 fluke (Mezo et al., 2004; Palmer et al., 2014). 

Furthermore, as yet under-studied epidemiological factors affecting the timing of F. 

hepatica infection in wild red deer in the Scottish Highlands, and, the wide temporal 

range in which animals were sampled (August to February; see also Figure 2.1.1) 

may lead to inherent differences in the age of parasites within the sample population. 

If this were the case, it is not unreasonable to expect that the cELISA may be more 

sensitive (than FEC) as the cELISA can detect antigens 4-7 weeks before parasites 

actually release their eggs (Mezo et al., 2004; Valero et al., 2009). In our study, all 

samples were collected between August and February during both the 2012-13 and 

2013-14 stalking seasons (n = 314 with known dates or month of cull; male samples 

collected in August - October and female November - February) (Table 2.3.6). 

During each sampling season, positive FEC (n = 3 in both 2012 and 2013) and 

cELISA (n = 4 in 2012 and n = 3 in 2013) results were recorded as early as August. 
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The majority of positive diagnoses by both methods most often occurred during 

October (the most intense sampling period for both seasons). The differences in 

positive diagnoses given by cELISA (n = 20) as opposed to FEC (n = 8) in 

September 2012 is exceptional; this discrepancy in positive diagnoses could be a 

consequence of the presence of infection by immature fluke (that cannot be detected 

by FEC). In support of this argument, September in the fluke life-cycle (Figure 

2.1.1) does coincide with presence of immature parasites. Moreover, the weather 

conditions of 2012-13 were generally “perfect” for liver fluke in UK livestock with 

average summer rainfall in excess of 150% of the 1981-2010 anomaly average across 

the majority of the country (Met Office, 2015b). In contrast, the North West 

Highlands of Scotland are naturally very wet with total annual rainfall typical ranging 

from 1000mm in the East to in excess of 4000mm on western mountains. 

Furthermore, rainfall and temperature in the North West Highlands during the 

summers of 2012 and 2013 were not markedly dissimilar; summer temperature in 

2012 was actually marginally cooler (and drier in western locations) than 2013, where 

we do not see a similar signature in diagnoses by FEC and cELISA methods. It is 

also important to note that previous studies by Mezo et al. (2004) and Valero et al 

(2009) were experimental infection trials. In contrast, in studies regarding naturally 

infected sheep, it has been shown that the cELISA only delivers positive diagnoses at 

the same time as detection of eggs (Gordon et al., 2012b).  

With particular reference to visual liver examination, it seems that fluke were 

potentially not observed (perhaps missed) on four occasions (two identified as 

positive by FEC and two by cELISA; none of which were in agreement). This also 

highlights a possible limitation with the visual inspection of liver. In terms of the 

FEC test, first, there is the potential for misidentification of rumen fluke (Calicophoron 

daubneyi) eggs as F. hepatica eggs; although it should be noted that rumen fluke 

infection in wild deer has only recently been found in Ireland (O’Toole et al., 2014) 

and there have been no confirmed cases in wild Scottish red deer. Second, the 

consumption and digestive passage of F. hepatica eggs may occur in rare cases and 

lead to misdiagnosis of animals as infected; although this is more likely in a farm 

environment where animals are enclosed in fields containing high faecal densities. 

Finally, in contrast to sheep and cattle (the species to which the cELISA and FEC 

tests are most frequently applied) red deer have no gall bladder. In sheep/cattle, the 

intermittent evacuation of the gall bladder (which retains bile and F. hepatica eggs) can 
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lead to misdiagnosis of sheep/cattle as free from infection by FEC. Conversely, the 

lack of gall bladder in red deer should theoretically make the passing of eggs by 

infected deer relatively constant, therefore making a negative diagnosis more likely to 

be representative of the true infection status at the time of sampling. 

Wider consideration of the data and future recommendations 

Wild red deer in Scotland are known hosts of F. hepatica, but, the prevailing infection 

prevalence in Scottish wild deer has gone largely unreported. The potential benefit of 

this cELISA over traditional tests is partially demonstrated here, and it would seem 

to hold considerable potential in terms of quantifying liver fluke infection in the 

Scottish wild red deer population. From this study, there are two stand out 

advantages of cELISA over FEC: i) the ability to store samples long term without 

loss in diagnostic power (important in large scale sample collection based projects 

such as our own); and ii) the potentially greater sensitivity when quantifying 

prevalence of infection in several populations (as illustrated by Figure 2.3.3). 

Furthermore, given the observed agreement here between the cELISA and the FEC 

data for this particular species, it is also conceivable that the test could be applied to 

other potentially important wild liver fluke hosts, perhaps other deer or even 

lagomorphs. 

In terms of recommended adjustments that could be made to the methodologies 

used here, a number of enhancements may help improve agreement/sensitivity. 

Firstly, prior to final cELISA testing, in an initial effort to ensure maximum 

sensitivity (towards deer), we used larger faecal samples for extracts (up to 2g, as used 

for cattle). However, this resulted in rather poor quality supernatant; i.e., relatively 

poor contrast between the supernatant and unwanted faecal material in the tube 

made extracting supernatant by pipette slightly more challenging and time-

consuming. Hence, the manufacturer’s protocol for sheep (which uses 0.5g) was 

subsequently followed for all tests reported here. We would certainly suggest that this 

is more appropriate for red deer. Secondly, there may be benefit in customising the 

kit’s quoted cut-off value to increase sensitivity for this particular species, following 

the approach of (Palmer et al., 2014). Whilst this was not possible here (as we did not 

have true negative control animals), acquisition of negative controls from wild red 

deer stock may be possible; ideally by obtaining individuals from a population known 

to be free from F. hepatica (if such a population exists); or perhaps, more feasibly, by 
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employing a 100% specific diagnostic standard - a serum antibody ELISA may hold 

potential in this regard. A serum antibody ELISA is designed to analyse serum 

samples for the presence of antibodies specific to F. hepatica; it indicates past (by 

presence of IgG antibodies) or recent (by presence of IgM antibodies) infection by 

liver fluke. A negative diagnosis from a serum antibody ELISA for an individual 

would therefore be indicative of a F. hepatica infection-free animal; in Spain, 

evaluation of a serum ELISA used to evaluate exposure of F. hepatica infection in 

wild ruminants including red deer yielded sensitivity and specificity of 92% and 

94.4%, respectively (Arias et al., 2012).Though this particular ELISA is not a gold-

standard, it is likely more specific (and sensitive) than our liver inspections and 

therefore provides a useful alternative for evaluating the relative differences in 

sensitivity of the coproantigen ELISA and FEC methods. Only with confirmation of 

true negative individuals could customisation of the kit’s cut-off value be achieved. 

2.5 Conclusion 

This study represents the first investigation regarding the possible application of a F. 

hepatica coproantigen ELISA as a diagnostic tool for red deer. We compared 

traditional FEC data with those of the cELISA and quantified agreement between 

the two methods using the kappa statistic (and associated parameters). The high 

proportion of observed diagnostic agreement between the cELISA and FEC data (po 

= 0.76 (n = 146 fresh), 0.90 (n = 207 frozen) suggests that the cELISA holds 

considerable potential as a diagnostic tool for red deer. However, a cautionary note 

exists as a consequence of the accompanying low kappa statistics (κ = 0.51 and 0.46 

for fresh and frozen samples respectively). The low κ indicates that the underlying 

agreement between the tests is moderate and should be interpreted as such. The high 

proportions of observed agreement appears to be an inherent consequence of the 

underlying low abundance of infection in our study population (at least where frozen 

faecal samples are used for diagnosis) and interpretation of these results should not 

therefore be based solely on κ values alone. Moreover, observed disagreement 

between tests might be a consequence of (i) the possible negative effect that sample 

freezing may have on  FEC data, and (ii) the relatively low adult fluke burdens 

present in the study population (which essentially pushes the sensitivity limits of both 

the FEC test and the cELISA). These low burdens were confirmed by visual whole 
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liver inspection using a subset of our study animals (wherein 1-13 adult flukes were 

present in 18 whole livers, n = 65).  

The cELISA generally predicts greater prevalence of F. hepatica infection in wild deer 

populations than does the FEC method; perhaps indicating that the cELISA is the 

more sensitive of the two. 

With our data in hand, we propose that the application of the cELISA shows 

considerable potential with regard to red deer diagnostics, but, further refinement of 

the kit’s operating protocol for this species would support its potential future 

application. Whilst the lack of true (known) negative individuals studied here (typical 

of a study involving wild populations) and the lack of a gold-standard diagnostic test 

made a full assessment of the cELISA kit’s sensitivity and specificity unfeasible, the 

method comparisons carried out provided a suitable alternative approach to assessing 

the cELISA performance in wild species.  
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Chapter 3 

Liver fluke (Fasciola hepatica) prevalence in wild red deer 

(Cervus elaphus) from the Scottish Highlands: 

Associations with environmental variation 

3.0 Summary 

Wild red deer are hosts for the parasite, liver fluke (Fasciola hepatica). In addition to 

these final mammalian hosts (i.e., hosts in which the parasite reaches maturity), F. 

hepatica requires an intermediate snail host to complete its life cycle; in the British 

Isles, the mud snail Galba truncatula commonly fulfils this role. Herbivores are 

infected by fluke when they eat foliage upon which the immature stage of the 

parasite (metacercariae) is attached. Following infection of the final host, immature 

fluke migrate through the intestinal wall and cause damage to the liver, before 

reaching maturity and releasing eggs that are passed in the host’s faeces, which allows 

the life cycle to repeat. For faecal-contaminated pasture to become infective to a final 

host, tolerable environmental conditions are required: Firstly, for snail population 

viability, F. hepatica eggs to hatch, and for the first immature stage of the parasite 

(miracidia) to find a suitable snail host; and secondly, the parasite to develop and 

asexually multiply within the snail host, before leaving the snail and then encysting 

onto foliage. Given the geographic variation in temperature, rainfall and soil 

conditions in the Scottish Highlands, it was hypothesised that geographic variation in 

liver fluke prevalence could be expected in wild red deer. Here, liver fluke prevalence 

on nine geographically separate open-hill sporting estates is estimated by 

coproantigen ELISA (cELISA) and differences in the probability of infection 

depending on location, age class and sex are identified. In addition, at the individual 

level, associations between non-climatic variables and probability of infection were 

identified. The results of this study suggest that around 30% of male and 18% of 

female deer in the Scottish Highlands are infected with F. hepatica, but that infection 

prevalence varies geographically. Furthermore, the probability of individual infection 

is greatest in older animals occupying low altitude (<200m) ground. 
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3.1 Introduction 

Global significance of liver fluke 

Globally, liver fluke infection (by F. hepatica in temperate regions and Fasciola gigantica 

in tropical regions) reduces productivity, milk yields and reproductive performance 

of livestock (Charlier et al., 2007; Hawkins and Morris, 1978). Furthermore, within 

some countries, relationships are beginning to emerge that suggest the prevalence of 

liver fluke is increasing and appearing in regions previously considered fluke-free 

(Kenyon et al., 2009; Pritchard et al., 2005). Within regions where infection is 

endemic, inter-annual differences in prevalence of liver fluke infection are strongly 

associated with inter-annual variation in weather conditions that influence the 

intermediate snail host (typically Lymnaea (Galba) truncatula) and parasite survivability 

and development rates (Malone et al., 1998). As such, (in addition to relocation of 

infected animals) the emergence of fluke in previously fluke-free areas is likely linked 

to climate change; this is of particular interest in the British Isles, where liver fluke 

infection has now become established in what was historically considered drier 

eastern areas (Kenyon et al., 2009). Annual cases of liver fluke infection in sheep in 

Scotland as a whole have also shown a steadily increasing trend from less than 5% in 

2004 to around 20% in 2013  (Anon. 2014) (Figure 3.1.1). 

 

Figure 3.1.1: Figure adapted from (Anon., 2014b). Annual prevalence of chronic 

fasciolosis as a percentage of diagnosable submissions of sheep to the Animal 

and Plant Health Agency (formerly the Animal Health and Veterinary 

Laboratories Agency (AHVLA)) and the Scottish Agricultural College (SAC) 

between 2004 and 2014. Vertical bars represent 95% CIs). 
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Economically, losses due to liver fluke are an increasing global concern. Losses 

owing to liver fluke are a consequence of several contributory factors: production 

animals are lost due to mortality, carcass weights are reduced, milk yields are reduced 

and, liver is condemned owing to damage caused by fluke that renders livers unfit for 

human consumption (e.g., calcified or “pipe stem” bile ducts in cattle livers (which 

are purported to not occur in red deer (Fletcher, 2014)); not to mention, the 

substantial cost of routinely treating infected animals. In 1999, for example, when 

risk of F. hepatica infection was lower than it is now (Caminade et al., 2015), the UK 

was estimated to lose around £29m (95% CIs; £7m – 51m) per year as a 

consequence of production loss and treatment (Bennett et al., 1999). More recently, 

owing to confirmed cases of resistance of F. hepatica to anthelmintic drugs such as 

triclabendazole (TCBZ) (Brockwell et al., 2014; Gordon et al., 2012a; Hanna et al., 

2015), it is also important to acknowledge increasing concerns regarding liver fluke 

treatment. In a farm based case study in south east Scotland, it was estimated that the 

losses incurred as a consequence of fasciolosis compounded by the presence of 

TCBZ-treatment failure (i.e., potentially TCBZ resistant F. hepatica), and 

consequential treatment with alternative anthelmintic clonsantel, were in the region 

of £20,000 (Sargison and Scott, 2011). 

Wildlife hosts of parasites and F. hepatica 

The prevalence of parasites in wildlife has received most attention when and where 

the co-use of grazing areas with livestock occurs. Globally, in terms of liver fluke 

(Fasciola spp.), several wildlife species are susceptible to infection: rabbit and hare 

(Olsen, 1948; Walker et al., 2011), coypu (Ménard et al., 2001), wild boar (Thompson 

et al., 2009), as well as several species of deer, i.e., red (Mitchell et al., 1986; Shimalov 

and Shimalov, 2000), roe (Arias et al., 2013) and fallow (Vengušt et al., 2003) being 

the most notable as a consequence of their wide species distributions in Europe. 

Where F. hepatica is concerned, there are three important issues relevant to wildlife 

hosts. 

Firstly, from an animal welfare point of view it is unclear to what extent F. hepatica 

(known to be highly detrimental to livestock health) limits the health of wildlife 

hosts. In the UK, anecdotal evidence suggests red deer are not adversely affected by 

F. hepatica infection, whereas in roe deer, it can cause fatalities (Anon., 2008). As with 

any study regarding disease in wildlife, it is possible to underestimate health 
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consequences, as fatalities related to infection may not be easily observed. Even in a 

heavily managed game species such as red deer, information gleaned from culled 

animals that harbour fluke infections with no accompanying clinical symptoms may 

not represent the population as a whole, and again, fatalities in the wild might be 

missed. More importantly, mortality is not the only health or fitness related end 

point. Deer infected with F. hepatica may well incur sub-lethal effects such as reduced 

milk yields and productivity losses, usually associated with livestock, but as the 

chances of survival of infected deer do not appear to be impaired, research into 

health impacts on deer has not been forthcoming. 

The second important issue regards the role of wildlife in acting as reservoirs of F. 

hepatica to domestic animals. Evidence suggests the most likely wildlife reservoirs of 

F. hepatica are species in which high prevalence (i.e., the percentage of the population 

infected with the parasite) is observed; such species include wild boar, coypu, rabbits 

and hares (Ménard et al., 2001; Mezo et al., 2013; Olsen, 1948; Walker et al., 2011). 

Another potential reservoir of infection (particularly relevant in the Scottish 

Highlands) is wild deer. In contrast to the aforementioned species, few studies have 

specifically focussed on F. hepatica prevalence in deer, and only low observed 

prevalence has been documented to date. Interestingly, even in areas where infection 

of livestock is endemic, prevalence in potential local wildlife hosts varies 

considerably, as has been shown in NW Spain where prevalence in roe deer is far 

lower than in wild boar (perhaps as a consequence of different feeding habits; 

browsing roe vs. ground feeding boar) (Arias et al., 2013). In the context of this 

study, the presence of F. hepatica in wild red deer in Scotland is documented through 

historical evidence (Böhm et al., 2006; Mitchell et al., 1986), however, the prevalence 

of infection specifically in the Highlands has not been objectively quantified. Given 

the lack of data regarding prevalence of F. hepatica in red deer in Scotland, prevalence 

is itself one focus of this study. 

A third issue concerning wildlife and F. hepatica regards epidemiology. The broad link 

between climatic variability and F. hepatica infection risk is now well-established and is 

examined here accordingly. In addition, this study considers non-climatic 

environmental variables such as soil parent material, land cover and topography – all 

of which may be associated with the probability of infection in wild red deer. 

Concerns regarding how climate change may increase disease risk in livestock have 
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recently driven a range of studies that have aimed to improve upon well-established 

disease risk models. 

Climate variation, liver fluke epidemiology and an established method for 

predicting infection risk 

The liver fluke lifecycle is complex (Figure 3.1.2). For F. hepatica to complete its life 

cycle, it requires two suitable hosts living in the same environment: A “final” 

mammalian host within which flukes reach maturity and produce eggs (to be shed in 

their host’s faeces), and an “intermediate” mud snail host which the freshly hatched 

first immature stage (miracidia) of the parasite can infect, inside which a-sexually 

multiply and subsequently emerge (as cercariae) to infect pasture (as metacercariae). 

In the UK, the most common final hosts are sheep and cattle and the intermediate 

host is typically the snail Lymneae (Galba) truncatula. Nevertheless, other mollusc 

species should not be discounted in terms of their potential role as intermediate 

hosts, particularly in upland areas where fewer studies of F. hepatica epidemiology 

have been carried out. In upland peaty soil environments in Ireland (for example), 

the snail Radix peregra and a mollusc of the Succineidae family have also been found 

to be infected with F. hepatica (Relf et al., 2009). Where studies of snail population 

dynamics and F. hepatica infection rates have been examined in detail (Relf et al., 

2011), tolerable temperature and soil conditions (i.e., moisture, availability of 

minerals and sufficient temperature above which the snail can survive and is active -

often quoted as 10ºC for Lymneae (Galba) truncatula and a pH>7) are also essential for 

the parasite to complete its lifecycle. 
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Figure 3.1.2: Life cycle of F. hepatica in relation to calendar year (adapted 

from Hanna, 2003). Note the dependence on moist and sufficiently warm 

habitat for: i) egg hatching; ii) survival of the intermediate snail host (and 

associated intramolluscan stages of F. hepatica); and iii) the free-living larval 

stages of F. hepatica (with the exception of metacercariae, which can 

withstand drought). Also note the red deer stalking (hunting) season in the 

Scottish Highlands begins in mid-July and ends during the following 

February, which coincides with the growth of the maturing parasite inside the 

final host. 

Similar to the intermediate snail host, for free-living stages of the parasite to survive 

and locate a suitable host, a sufficiently warm environment (also often quoted as 

≥10ºC), plentiful rainfall and sufficiently poor draining soil are all essential. This 

combination of factors results in suitably wet conditions that allow the first immature 

stage of the parasite to hatch and swim from its egg to infect a snail and the snail-

emergent immature stage to swim to and encyst upon pasture. At temperatures 

below 10ºC, snails and intra-snail larval stages of the parasite are dormant. Therefore, 
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owing to seasonal fluctuations in rainfall and temperature in the UK and Ireland, 

work to date has commonly focussed on predicting infection risk based on climate. 

Indeed, strong seasonal correlations between climatic conditions and incidences of F. 

hepatica infection in livestock are now well-established and seasonal infection rates 

are, at least at a regional scale (i.e., North West, West Midlands etc.,), somewhat 

predictable in the UK (Ollerenshaw, 1966). However, forecast modelling of 

nematode infection rates in ruminants has, until recently, been considered to be 

limited in geographic scale to broad regional risk maps (Smith, 2011). Owing to the 

physiological requirements of F. hepatica for water, forecast models (based on 

(Ollerenshaw and Rowlands, 1959) work) which include the meteorological variables 

air temperature, solar irradiance and rainfall, consistently explain inter-annual 

variations in regional infection rates of F. hepatica in the UK. In Belgium however, 

more spatially complex models which include snail habitat characteristics at a finer 

scale (e.g., which incorporate drainage ditches, slow-moving and standing water, and 

other small water bodies) have been suggested as a logical evolution of predictive 

regional models. At present, the practicability of creating (potentially through high-

resolution satellite imagery) and using models which incorporate small water body 

parameters remains uncertain (Charlier et al., 2014a). Nevertheless, promising 

extensions to established climatic parameter models may involve the inclusion of 

time-lagged climatological variables (i.e., using the previous 5 years rainfall data) 

and/or the use of non-meteorological variables (such as soil chemistry and 

topographic characteristics). In England and Wales, this approach has been shown to 

hold considerable potential in terms of increasing the resolution of risk model maps 

from 10 regions up to 75 post-code areas (McCann et al., 2010b). 

Climatologically-based F. hepatica predictive risk models and non-

climatological factors affecting prediction of infection in wild deer in the 

Scottish Highlands 

In the UK and Ireland, the Ollerenshaw F. hepatica risk index (Mt) is widely used to 

forecast the seasonal incidence of F. hepatica infection and also to predict future risk 

in the UK and Europe (Caminade et al., 2015). Given the Ollerenshaw model 

(Ollerenshaw and Rowlands, 1959) was originally designed for livestock in Anglesey 

(NW Wales), it is reasonable to be cautious about its application to wild deer in the 

Scottish Highlands. During the infancy of the model’s application, Ollerenshaw 
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(1966) notes the potential limitations of applying this model to all areas of the UK, as 

there are other notable variables (soil, topography, stocking density, etc.,) upon 

which incidence of disease is dependent. Importantly, in terms of our study, 

Ollerenshaw (1966) also noted that in areas of high annual rainfall (i.e., excess of 

1270mm) bog formation tends to occur, which then provides a stable prevailing 

habitat for intermediate hosts, and thus the relationship between seasonal variation in 

weather and incidence of disease ceases to be valid. An assessment of the climate of 

the Scottish Highlands (Table 3.1.1) highlights the potential invalidity of the 

Ollerenshaw model in this region. Furthermore, rainfall at high altitude (e.g., >500m 

in the Scottish Highlands) amplifies the amount of saturated ground at adjacent 

lower altitudes as a consequence of run-off. This amplification effect also varies east-

west across the Scottish Highlands wherein, the positive correlation between rainfall 

and altitude varies between 1mm of rain per metre altitude elevation in the east to 

>4.5mm/m  in the west (Brunsdon et al., 2001). As such, insufficient moisture alone 

is not expected to be a limiting factor for intermediate snail host survival in the 

Scottish Highlands. A more probable limitation is, however, temperature. Current 

climate projections suggest that increasing temperatures in the Scottish Highlands 

may lead to enhanced snail development and reproduction as the mean temperature 

threshold of 10˚C is more frequently exceeded (Fox et al., 2011). With climate 

predictions in mind, and the non-limiting effect of rainfall in the Scottish Highlands 

(in terms of Mt), it becomes desirable to identify any existing differences in infection 

risk (by estimating infection prevalence in a range of populations), and, to identify 

other “non-climatic” habitat characteristics that may exacerbate F. hepatica infection 

risk in wild deer (which in turn may impact infection rate risks in livestock). 
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Table 3.1.1: Comparison of annual climatological averages (1981-2010) 

measured by automated Met Office weather stations and calculated Mt index 

on or near our study sites. For comparison, the annual climatological averages 

calculated for regions of North and South England, Wales and North Scotland 

are also presented. Four risk categories: Mt < 300, little or no disease; 300 < Mt 

<399, * occasional infection; 400 < Mt < 474, ** disease prevalent; 475 < Mt, 

*** serious epidemic. 

Estate 
Nearest 
weather 
station 

Max 
temp 
(ºC) 

Min 
temp 
(ºC) 

Days 
of air 
frost 

Sunshine 
hours 

Rainfall 
(mm) 

Rainfall 
days 

Summer 
Mt 

Winter 
Mt 

Alladale & 
Strathconon 

Loch 
Glascarnoch 
57.725, -4.896 

265m a.s.l 

10.7 3.3 84.5 n/a 1766.6 207.3 398* 198 

Altnaharra & 
Ben Loyal 

Altnaharra 
58.288, -4.442 

81m a.s.l 
 

11.7 3.6 77.7 n/a 1196.3 196.2 337* 174 

Applecross Altbea 
57.859, -5.636 

11m a.s.l 

12.0 6.4 23.6 n/a 1467.6 208.9 473** 276 

Ardnamurchan Tiree 
56.497, -6.887 

9m a.s.l 

11.8 6.9 13.8 1476.6 1255.1 194.4 535*** 341* 

Badanloch Kinbrace 
58.233, -3.917 

103m a.s.l 

10.7 4.2 67.4 1186.8 1570.9 188.1 318* 168 

Conaglen Dunstaffnage 
56.450, -5.433 

3m a.s.l 

12.4 6.3 30.4 1219.4 1681.3 197.6 573*** 373* 

North Harris Stornoway 
58.214, -6.325 

15m a.s.l 

11.2 5.9 25.2 1223.8 1248.5 205.0 372* 176 

North Scotland Average 10.2 4.0 67.6 1079.9 1721.2 206.8 - - 

North England Average 12.4 5.3 54.9 1376.2 969.8 144.5 - - 

South England Average 14.0 6.2 46.0 1554.3 793.9 126.7 - - 

Wales Average 12.6 5.7 49.3 1401.0 1460.3 166.7 - - 

 



CHAPTER 3  F. HEPATICA PREVALENCE IN RED DEER 
 
 

73 
 

In the Scottish Highlands, liver fluke have historically been present in up to a third of 

hill sheep north of the great glen (Parnell et al., 1954), whereas, although widely 

confirmed to be present (Böhm et al., 2006; Irvine, 2011; Mitchell and Crisp, 1981), 

the prevalence of infection in wild deer has never been quantified in peer reviewed 

literature. The only published figures for infection rates in wild Scottish deer provide 

an unsurprisingly vast underestimation (owing to evisceration of carcasses prior to 

sale to the game dealer); i.e., only 30 cases per 10,0000 carcasses are evident during 

visual post-mortem meat inspections (Hill et al., 2014). 

Here, the prevalence of F. hepatica infection in wild red deer culled on nine 

geographically separate open-hill Scottish Highland sporting estates during the 

stalking seasons of 2012-13 and 2013-14 is estimated. Furthermore, at the individual 

level, non-climatic environmental variables associated with the probability of 

infection in wild red deer are identified. 

3.2 Materials and methods 

Study sites, sample collection and epidemiological information 

During the 2012-13 and 2013-14 male and female stalking seasons, faecal samples 

were collected into 50ml falcon tubes (Fisher Scientific, UK) directly from the 

carcasses of 959 culled wild red deer by deer stalkers working on nine Scottish 

Highland open-hill sporting estates (Figure 3.2.1). A subset of 170 samples (“fresh”) 

were stored in refrigerators on three of the estates and collected and sent for analysis 

to the Moredun Research Institute, Penicuik no later than one week after the date 

each animal was culled. In addition to the fresh faecal samples, the remaining 789 

faecal samples were stored on each participating estate at -20°C on the day of 

collection, before transporting (“frozen”) to laboratory freezers. Each culled animal’s 

faeces sample was labelled with a unique number that corresponded to the same 

number on an accompanying sample sheet that was filled in by stalkers. Sample sheet 

information included: unique individual deer sample tag number; cull date; cull time; 

carcass weight; cull location (within 500m2); weather conditions; age estimate; 

number of antler points (males); lactating and pregnancy status (of females culled 

during the 2013-14 stalking season); stalker assessment of whether the individual was 

infected with liver fluke; and any additional comments regarding abnormalities and 

observations.  
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Figure 3.2.1: Geographic locations of nine participating open-hill sporting 

estates in the Highlands and Islands region of Scotland from which all deer 

samples for this study were collected. Boundaries represent the collective 

extent generated when using a 5km radius buffer around each culled animal 

(hence the overlap between the Altnahara and Ben Loyal estates). 

Estimating liver fluke prevalence in wild red deer 

Liver fluke prevalence was quantified as the percentage of animals in a specified 

group (e.g., all females on Badanloch estate during 2012-13) that were diagnosed 

positive for F. hepatica. Three diagnostic methods were initially compared in order to 

identify a practicable method for measuring infection prevalence in wild red deer (see 

Chapter 2 for full method comparisons): i) the Faecal Egg Count (FEC) method; ii) 

the coproantigen ELISA method; and iii) visual whole liver inspection. The 

coproantigen ELISA was deemed appropriate to quantify prevalence owing to its 

capacity to provide a reliable diagnosis from frozen samples and its comparably 

similar performance to the established FEC method. As such, all analysis undertaken 

during this chapter relates to data gathered using the cELISA methodology described 

in detail in Chapter 2, 2.2 Materials and methods. 
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Modelling approach 

Quantifying environmental variation 

Each individual’s infection status was considered to be potentially associated with 

habitat characteristics within a 3km home range radius. As such, infection status was 

considered a binary response variable and home range characteristics were used as 

potential explanatory variables. Explanatory variables were defined as any potential 

environmental variable that may be associated with the probability of liver fluke 

infection in wild red deer. In general, each habitat characteristic was quantified in 

terms of the proportion of the two-dimensional area of home range it occupied as 

part of the total home range area within a specified data layer (e.g., the proportion of 

clay in the soil parent material data layer). This approach is similar to that taken by 

(Cringoli et al., 2004) who quantified environmental variables in a 3km radius buffer 

zone around farms in Italy and considered associations with infection of sheep with 

paramphistomes (rumen fluke). The explanatory variables chosen for this study and 

their potential association with F. hepatica infection in deer are listed in Table 3.2.1. 
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Table 3.2.1: Environmental variables considered to be potentially associated 

with F. hepatica infection in wild red deer in the Scottish Highlands. Home 

range refers to the environment immediately surrounding (in a 3km radius) 

each individual cull location. 

Variable Categories Range Associations with F. hepatica infection risk Data source Year 

Digital Terrain 

model, Altitude 

% of home range 

(< 200m,  200 - 

400m, 400 - 600m, 

600 - 800m, > 

800m)  

0 – 1100m Altitude correlates negatively with average 

annual temperature and positively with 

rainfall; both factors associated with parasite 

survival and dispersal. 

Edina 

Digimap, 

Ordnance 

Survey 

2015 

Topographic 

wetness index 

Floodplains and 

permanently 

saturated ground 

N/A F. hepatica and intermediate snail hosts 

require moist conditions for survival and the 

TWI identifies areas likely to contain such 

habitat. 

Calculated 

from DTM 

dataset 

2015 

Distance from 

coast to cull 

location 

Single category 

(m) 

0.021 – 31.426km Distance from coast correlates negatively with 

temperature (a factor associated with snail 

activity/reproduction and parasite survival. 

Primary 2015 

Date culled Season culled 

and days into the 

stalking season; 1 

to 200 

August – 

February (2012-13 

and 2013-14 

seasons) 

Infectious cyst (metacercariae) stage of F. 

hepatica is expected to be ingested in 

summer, typically following cercariae 

dispersal assisted by lowland flooding. 

Parasites typically mature from summer to 

winter and therefore may become more 

detectable by FEC and cELISA. Also required 

to test for temporal autocorrelation. 

Primary N/A 

Cull location Latitude, 

longitude 

N/A Required in addition to estimation of home 

range size to extract likely habitat 

characteristics frequented by each individual. 

Also required for testing for spatial 

autocorrelation between individual infection 

status. 

Primary N/A 

Land cover % pasture, rough 

grassland, 

heathland, etc. 

N/A Tolerable habitats for intermediate snail host 

are potentially to be associated with land 

cover, as plant communities are associated 

with soil conditions. 

EEA – 

Corine 2006, 

JHI – LCS88 

1988-

2006 

Soil parent 

material 

% clay, organic, 

carbonates, etc. 

N/A Tolerable habitats for intermediate snails are 

likely to be influenced by soil characteristics, 

which are influenced by SPM.  

Digimap, 

British 

Geological 

Survey 

2015 

Aspect % south east 

facing slopes 

N/A SE aspect is likely to be relatively warmer than 

other slopes, which may be relatively more 

tolerable for snail reproduction and survival 

than other aspects. 

Derived 

from DTM 

using 

ArcMap 10.0 

N/A 

Slope % shallow (0-5º), 

medium (5-10º), 

steep (10-15º), 

very steep)  

(>15º) 

N/A Shallow slopes associate with water 

accumulation and slow flowing waterbodies 

and may therefore provide moist tolerable 

habitat for intermediate snails hosts. 

Derived 

from DTM 

using 

ArcMap 10.0 

N/A 

Estate name* Nine open-hill 

sporting estates 

N/A Unique effects of each estate that relatively 

add to or increase infection risk, such as deer 

density, are expected, but are not measured. A 

random intercept model was used to quantify 

this additional uncertainty. 

N/A N/A 
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Ollerenshaw’s F. hepatica infection risk index, Mt 

For comparisons between F. hepatica infection prevalence and climatic conditions at 

the whole estate level, the Mt F. hepatica risk value proposed by Ollerenshaw and 

Rowlands (1959) was calculated (Equation 3.2.1) for stalking seasons 2012-13 and 

2013-14 using data from automated weather stations that were located near or within 

each participating estate (Figure 3.2.2). All weather station data were extracted from 

the online British Atmospheric Data Centre resource (UK Meteorological Office, 

2015). Weather station data were cleaned of repeated values and processed using 

Microsoft Excel 2010 (Microsoft, 2010). Horizontal solar irradiance values at each 

weather station were obtained from estimates provided online by the European 

Commission (European Commision, n.d.). 

Mt = 𝑛 (
𝑅

25.4
−

𝑃

25.4
+ 5) 

 

 

 

 

 

 

 

𝑷 = 𝟎. 𝟎𝟎𝟐𝟑 × 𝟎. 𝟒𝟎𝟖 × 𝑹𝒂 (
𝑻𝒎𝒂𝒙+𝑻𝒎𝒊𝒏

𝟐
+ 𝟏𝟕. 𝟖) √𝑻𝒎𝒂𝒙 − 𝑻𝒎𝒊𝒏 

Mt = Fasciolosis risk value, 

n = Number of rain days per month, 

R = Rainfall (mm/month), 

P = Potential evapotranspiration (mm/month). 

 

For the calculation of potential evapotranspiration (P), the Hargreaves 

equation for evapotranspiration was used, where Ra is extra-terrestrial 

radiation [MJ m-2 day-1], and Tmax and Tmin are mean maximum and 

mean minimum monthly temperatures, respectively: 

Equation 3.2.1: Ollerenshaw and Rowlands’s (1959) risk index adapted from 

(Fox et al., 2011) and (Caminade et al., 2015). 
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Figure 3.2.2: Map of the UK showing all automated Met Office weather 

stations. Note the lower density of stations available in the Scottish Highlands 

in comparison with much of England and Wales. The larger black points 

denote montane weather stations. 

Monthly Mt values were calculated for weather stations which were likely to provide 

the most representative data for an estate (as listed in Table 3.1.1). Where mean (of 

minimum and maximum monthly means) temperature exceeded 10˚C and calculated 

Mt values exceeded 100, Mt was capped at 100 as it is assumed that when Mt exceeds 

100 in the UK, moisture levels are sufficient for parasite development regardless of 

conditions during the previous month (Fox et al., 2011; Ollerenshaw and Rowlands, 

1959). Seasonal risk values (∑ Mt) were then calculated based on summed monthly 

Mt values for summer (May to October inclusive), and winter (August to October of 

one year and May and June post-winter). Four risk categories were used, as defined 

by Fox et al. (2011): ∑ Mt < 300 = little or no disease; 300 < ∑ Mt < 400 = 

occasional losses; 400 < ∑ Mt <474= disease prevalent; 475 < ∑ Mt = serious 

epidemic. 
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Geographic Information System protocol 

All GIS data layers were imported and processed in Arc Map 10.0 (ESRI, 2011). 

Individual deer cull locations were plotted according to cull location (based on a 500 

x 500m grid provided to deer stalkers as part of their sampling kit), alongside 

infection status, age category and sex of each individual. Three environmental data 

layers were then imported and georeferenced to Scotland’s Highland administrative 

region (Digimap OS Year CITE): i) Topographic data layers (slope, altitude class and 

aspect) were derived from digital terrain models (DTM) (Digimap BGS); ii) A land 

cover data layer was derived from the European CORINE Land Cover (CLC2006) 

map (European Environment Agency 2006); iii) A soil parent material (SPM) data 

layer was obtained from the British Geological Survey (BGS). 

Estimated circular home ranges, 3km in radius for each animal, were plotted using a 

buffer tool provided with the ArcMap software. Each buffer formed a home range 

with which environmental data could be extracted for each individual. Any home 

range for individuals culled within 3km of the coast were clipped (using the clip tool) 

to the coastline and were therefore delineated as (relatively) smaller home ranges. 

This was because it was not considered appropriate to make further assumptions 

(i.e., beyond a circular home range shape) to estimate the space likely to be used by 

individuals. Using this process, the home range area for each individuals was 

measured. However, rather than considering home range explicitly (as a potential 

factor associated with F. hepatica infection), it was considered appropriate to interpret 

this variable as a proxy measure of maritime influence. That is, an integrated measure 

of various potential coastal proximity related influences, i.e., climatological, 

geochemical and dietary factors that could be associated with tolerable intermediate 

snail habitat. Therefore, for each individual’s buffer, the proportion of ground 

occupied by a given variable of interest (e.g., proportion of clay soil parent material 

from the soil parent material data layer) was obtained following data preparation in 

ArcMap (Figure 3.2.3) and extraction tools provided in the Geospatial Modelling 

Environment software (Beyer, 2015). 
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Figure 3.2.3: Three maps showing cull locations and infection status of deer culled 

in Conaglen; black points refer to infected animals - white points to non-infected. 

The two large circles illustrate the 3km radius home ranges of two individuals. Each 

point label refers to the proportions of (A) 0 – 200m elevation ground, (B) clay-

dominated mineralogy in soil parent material, and (C) grassland land cover, within 

each individual’s home range. 

Statistical analysis 

All statistical analyses were carried out using the R statistical software environment 

(R Core Team, 2012). The dataset consisted of presence-absence data, wherein 

(A) 

(B) 

(C) 
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presence (value of 1) indicated occurrence of F. hepatica infection and absence (value 

of 0) indicated an animal free from infection – it is acknowledged that there is a 

distinction between cELISA positive and negative and true infection status (owing to 

imperfections in, for example, diagnosing animals with very low and/or immature 

fluke burdens by cELISA). The first column of the dataset was headed tag_number; 

whereby each animal (n = 959) was assigned a row in the dataset and subsequent 

column headings described other variables related to the individual (subsequently 

referred to as “Host” variables). Host variables included cull location (latitude and 

longitude in decimal degrees WGS84), sex (M = 1, F = 0), age category (an ordinal 

variable wherein age classes were ordered from youngest to oldest: calf < yearling < 

young < mature < old), season culled (2012-13, 2013-14), day of stalking season 

(from 1st of August) culled (2 – 199 for season 2012-13; 8 - 197 for season 2013-14), 

and estate within which each individual was culled. Only the deer for whom both cull 

location to within 500m and days into the stalking season was known (n = 811) were 

used for modelling associations between habitat characteristics and probability of 

infection. 

Quantifying significant differences in prevalence of F. hepatica infection in 

wild deer between estates, age groups and sexes  

Significant differences in infection rates between sporting estates, age classes and 

sexes were identified using the overall dataset (n = 959), unless stated. Prevalence of 

F. hepatica infection was calculated as the percentage of animals that were diagnosed 

by the cELISA as infected. Chi-square tests of independence (as typically used for 

analysis of frequency/prevalence data; e.g., in a parasitological context (Berret and 

Voordouw, 2015; Hersteinsson et al., 1993; Langford and Janovy Jr, 2015)) were 

used to examine the associations between prevalence of F. hepatica infection and 

sampling season, sex and age class; whereby, the chisq.test function in the MASS() 

package in R (R Core Team, 2012) was used, and results are expressed as: χ2 (degrees 

of freedom (df), sample size (n)) = χ2 statistic, p-value. If contingency tables were 

2×2 in dimension e.g., infection prevalence (1, 0) ~ sex (Male, Female), Yates’ 

continuity correction was applied (though this did not alter the significance (or non-

significance) of any examined associations at the 5% level). Furthermore, significant 

differences in prevalence of F. hepatica infection between estates were identified using 

post hoc Tukey contrasts using the glht function in the multcomp() package in R.  
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Quantifying associations between probability of F. hepatica infection and 

environmental variables 

Selecting an appropriate statistical modelling framework 

A generalised linear mixed effect modelling (GLMM; see (Zuur et al., 2009) for 

detailed discussion of GLMMs) approach (similar to and closer still to (Vanderwaal 

et al., 2015)), was chosen because non-independence between measured responses (a 

binary infection status; hence “generalised”) was expected, owing to the nested study 

design (Figure 3.2.4); i.e., it is assumed that within estates, the infection status of 

one individual is not independent of its neighbours, but it is independent of deer on 

other estates. Specifying the random intercept in a GLMM as estate (a random 

intercept model) introduces compound symmetry correlation structure; and in so 

doing, specifies that the infection statuses of deer between estates are independent, 

but within each estate they are not independent. In GLMMs here, variables other 

than estate are “fixed” variables. 

 

Figure 3.2.4: Illustration of the nested structure of the study design. Nine 

open-hill sporting estates were sampled during red deer stalking seasons 2012-

13 and 2013-14; within each estate, 29 to 174 culled wild deer carcasses were 

sampled (n = 959). Faeces samples were collected from each animal and 

analysed for presence of F. hepatica infection by cELISA. 
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Furthermore, the random intercept modelling approach assumes that the underlying 

relationships/correlations between the environmental explanatory variables (e.g., 

percent of home range <200m elevation) and the response variable (cELISA positive 

or negative) are identical on each site, but that there are “unknown” (constant) 

factors, unique to each estate, that elevate or reduce the risk of infection accordingly. 

Here for example, this would make sense if deer density (not measured here) varied 

between estates. In this situation, a higher risk of infection would make sense if there 

were more deer overlapping each other’s home range, as this could increase the risk 

of encountering infective cysts, which is itself a consequence of a greater rate of 

faeces deposition, hence more F. hepatica eggs through which infection may be 

sustained. 

Accounting for spatial and temporal autocorrelation 

Importantly, one must also note that within estates, deer may be more likely to have 

similar infection status to their nearby neighbours; this is known as spatial 

autocorrelation. Spatial autocorrelation is the correlation of infection statuses 

between individuals, associated with the geographic distance between them. While 

the implementation of a “random intercept GLMM” provides an appropriate 

correlation structure in the form of compound symmetry (i.e., whereby the infection 

status of all individuals in an estate are equally correlated), this may not fully account 

for further spatial autocorrelation within estates. In order to check that the random 

intercept GLMM approach does truly account for all spatial autocorrelation, a spline-

correlogram (also called semi-variogram) of the “full model” residuals (including all 

explanatory variables) was plotted (Appendix 3.A; Figure 3.A.2). It is also 

important to note that, in the context of our study, the mixed effect model with 

study site as the “random effect” was appropriate because it allows significant 

associations of explanatory variables to be discussed in context with the wider 

Scottish Highland red deer population north of the Great Glen, not explicitly those 

studied herein. 

“Days into the stalking season” was included in all models as a fixed variable. 

Temporal autocorrelation was not present in this dataset (as tested by visual 

inspection of residuals and autocorrelation function for entire dataset and split by 

season; Figure 3.A.1, Appendix 3.A). It is noted that the spread of days from which 

samples were collected formed a unimodal distribution around a prominent peak for 
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each sampling season (end of October). If temporal autocorrelation was present it 

would mean, in statistical terms, that samples from individuals culled in close 

temporal proximity are not independent. In statistical terms, where spatial and/or 

temporal autocorrelation is present, one could use the infection status of several 

individuals culled in close temporal or spatial proximity to another deer to predict the 

status of that individual. Here, this was not shown to be the case. If it were the case, 

an autocorrelation structure could be specified in a model to account for the 

resultant non-independence. 

Selecting appropriate explanatory variables prior to modelling 

Prior to statistically modelling associations between environmental (explanatory) 

variables and the probability of F. hepatica infection (response), there were three 

considerations for selecting environmental explanatory variables: i) univariate 

relationships between the response and explanatory variables; ii) collinearity between 

explanatory variables and iii) model overfitting. 

Univariate relationships between the response and explanatory variables were 

considered on the basis of whether there was sufficient information from which 

inferences would be useful for predictive purposes; that is, if only a very small 

proportion of the total study animals (<10%) had a certain type of habitat in their 

respective home ranges, the habitat characteristic would be considered exceptional 

(in relation to the other data), and were not included in any model. Furthermore, 

environmental variables were dropped from the dataset if deer were not likely to 

interact with them. For example, in the land cover dataset, the percentage of “man-

made structures” was dropped as it is not expected to be related to the liver fluke life 

cycle – importantly, “man-made structures” in the Corine land cover map only 

denoted heavy industry (not individual houses/fences/drainpipes etc., which may in 

fact be associated with increased risk of infection). Finally, variables were dropped 

following visual inspection of Cleveland dotplots. Cleveland dotplots were used to 

identify patchy (variables for which many missing values existed) or extreme outlying 

(i.e., potentially statistically influential) values. 

Collinearity is the occurrence of correlations between explanatory variables. 

Collinearity between explanatory variables is inappropriate as it can mask true 

relationships between explanatory and response variables (by inflating the uncertainty 
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of parameter estimates for collinear variables) and thus make interpretation of the 

effects of explanatory variables on the response variable unreliable. Therefore, all 

explanatory variables were examined for the occurrence of collinearity. The Akaike 

Information Criterion (AICc; lower case c denotes a correction for small sample 

sizes) was employed in the statistical model selection procedure here, and was first 

used to identify the potentially most informative variables when collinearity was 

present. The AICc (or an AICc score) provides a measure of model efficiency (or 

quality); that is, a measure of trade off between the fit of a model and the number of 

parameters used to specify that model – the lower the AICc score, the more efficient 

the model. 

Pairs of collinear variables (i.e., those with Spearman’s ρ coefficients >±0.5) were 

examined individually and the variable considered to be least important was 

identified and dropped according to univariate relationships with the response. In 

this case, competing univariate models were constructed, each containing just the 

response and one of the collinear variables (plus the random factor when using a 

GLMM), and the variable that produced a model with the highest AIC was dropped. 

Any remaining collinearity between the potential explanatory variables was identified 

by examining the variance inflation factors (VIFs) of each explanatory variable; 

variables with a VIF any greater than 3 were considered to be too great and were 

removed from the model. Although this cut-off is arbitrary (with lower values being 

most stringent against collinearity), literature suggests that a cut-off between 1.5 and 

10 is acceptable within the ecological sciences (Booth et al., 1994; Zuur et al., 2010). 

Despite discarding variables according to collinearity, it is important to acknowledge 

that dropped variables are still potentially associated with the response variable. This 

is because collinear variables are theoretically interchangeable within the model, but, 

only with experimental manipulation and biological interpretation can “causal” links 

between explanatory variables and response variables be inferred. Hypothetically for 

example, in the context of this study, low altitude and flooded ground are collinear as 

a consequence of gravity; however, low altitude may not be an explicit cause of F. 

hepatica infection. Rather, flooded ground is essential for F. hepatica to complete its 

lifecycle and it just so happens that flooding typically occurs at low altitude. 
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Finally, in terms of variable selection, to ensure our model was sufficiently general 

and our parameter estimates were stable we considered overfitting and shrinkage. 

Overfitting is an unwanted effect of over-parameterising, whereby the noise as well 

as the signal is modelled if too many predictors are included in a model. A predictor 

is defined here as either an explanatory variable (that in some cases has been 

transformed or re-scaled) within a model or an interaction term between two or 

more explanatory variables also within a model. A proxy index to guard against 

overfitting is shrinkage. Shrinkage describes the unwanted effect whereby model 

parameter estimates produced for one group of samples are dissimilar to those 

produced for a different sample, where both sample sets came from the same 

population. Reducing the number of potential predictors has the effect of reducing 

the chances of overfitting and shrinkage. Conveniently, it is possible to identify the 

maximum number of predictors that are appropriate to minimise shrinkage for 

multiple regression (a special case of GLMM) given a specified sample size prior to 

model selection (Osborne, 2000). Here, in line with Osborne’s (2000) examples, 

where the n/K ratio is between 40 and 100 (i.e., one predictor per 40-100 subjects) 

one predictor per 40-100 samples is considered appropriate to minimise shrinkage. 

Here, a conservative maximum of eight (non-interacting) predictors was set (allowing 

contingency in n/K for additional interactions) for 811 samples (n/K = 811/8 

=101.4). The most appropriate eight predictors were identified by ranking univariate 

mixed models, with site as the random effect, in order of AIC, after tests for 

collinearity had been carried out. This limit on number of predictors had the overall 

desired effect of making model/prediction equations (and their potential use for risk 

mapping) as general as possible. Therefore, limiting the influence of uninformative 

variables as well as maximising a model’s potential to be applied to identify areas of 

potentially high liver fluke infection risk in the wider Highland red deer population. 

Specifying biologically appropriate interactions between environmental 

variables 

Given the wide range (and nature) of environmental variables included in the 

modelling procedure outlined here, it was important to explore the possibility of 

interactions between potential explanatory variables. Given the size of the dataset, 

two-way interactions were considered sensible and examined statistically if two 

explanatory variables were well-balanced (e.g., a pair of continuous variables or 
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balanced factor variables such as sex, wherein number of males is similar to the 

number of females). Firstly, potential interaction terms were examined by co-plots 

and plotted logistic curves in R, prior to input into any GLMM. (e.g., Figure 3.2.5). 

Secondly, a two-way interaction was considered statistically important if, when added 

to a model containing simple fixed effects (of the two potentially interacting 

variables), the interaction term lead to a decrease in AIC, relative to the simpler 

model. 

Three-way interactions were not considered, as the quantity of data available limited 

conditional groups (brought about by three-way interactions) to inherently small sizes 

and this would have the undesirable effect of increasing the probability of identifying 

“by-chance” statistical significance rather than arriving at sound analytical 

conclusions. 

 

 

 

 

(A) (B) 

(C) 

Mean centred proportion of home range ground < 200m a.s.l 

Mean centred proportion of home range ground < 200m a.s.l Mean centred proportion of home range ground < 200m a.s.l 

Figure 3.2.5: Illustration of a search for an interaction term between sex and 

the proportion of low altitude ground. Each plot illustrates the logistic 

relationship between infection risk and the proportion of low altitude ground 

for: (A) males, (B) females and (C) combined sexes. No interaction is present 

in this example, and this is evident by the apparently identical slopes of the 

plots for females and males. However, the differing intercepts between plots 

(A) and (B) indicate that liver fluke infection risk is greater overall for male 

deer. 
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Interaction terms between sex and all environmental variables (in each global model) 

were examined; this allowed differences (if present) between each sex’s relationships 

between environmental variables and infection status to be revealed without the need 

for additional modelling. This was appropriate because, in red deer, the sexes live in 

sex-specific groups outside of the relatively short breeding (rutting) season, which 

occurs in autumn. Age category was considered inappropriate for modelling 

interaction terms because there are relatively few sampled animals in the lower and 

upper age categories (i.e., potentially unrepresentative samples), and such an 

inclusion could have resulted in statistically influential relationships and inferences 

owing to chance, rather than stable ecological conclusions. 

Finally, by not including an interaction term between sex and the random intercept, it 

is assumed that the additive or reductive shift of the relationship between each 

environmental variable and the probability of infection, depending on site, is the 

same for males and females. This is a reasonable assumption if it is assumed that 

each individual’s infection status is correlated with that of other deer within the same 

estate regardless of their sex. An alternative approach would be to specify a separate 

model for each sex. However, the first approach is more favourable, because, in 

addition to maximising statistical power by retaining a large number of modelled 

individuals, retaining both males and females in one model allows an estimate of the 

fixed effect of sex on probability of infection to be calculated (which would be more 

complex if comparing two models). 

Categorising environmental variables by type, global model construction and 

scaling environmental variables  

Three environmental variable sub-groups were defined: Soil parent material (SPM), 

land cover and topography; along with one set of host-related (e.g., sex, age class) 

variables. Environmental variable datasets used in this study were acquired from a 

range of sources; each therefore had strong potential to differ in reliability and 

usefulness. Therefore, to thoroughly examine each dataset’s usefulness, multi-model 

selection (following tests for collinearity) was carried out using sub-groups of 

environmental variables; for example, inputting only topographic and soil parent 

material variables into a model, while excluding land cover (global model M2; Table 

3.2.2). A global model is a GLMM that includes all potential predictors available 

from its sub-groups (e.g., all topographic and all land cover variables and appropriate 
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interactions) and forms the basis of multi-model selection; a multi-model group 

being a series of models that contain all possible combinations of the predictors in a 

given global model. 

Prior to constructing global models, all explanatory variables were transformed to 

have a standard deviation of 0.5 and mean of 0; this was to ensure that modelled 

parameter (both binary and continuous) estimates were quantified on a comparable 

scale, thus making model inferences relatively straightforward (Gelman, 2008); the 

binary variable for sex was not rescaled, but for ease of interpretation of sex 

interaction terms, was assigned values 0 for female and 1 for males. 

Table 3.2.2: Description of seven GLMM multi-model groups constructed to 

identify environmental variables associated with the probability of F. hepatica 

infection in wild red deer in the Scottish Highlands. 

GLOBAL MODEL VARIABLE TYPES RESPONSE VARIABLE GROUPS N MODEL GROUP 

Topography 

SPM 

Land cover 

All deer 811 M1 

   

   

Topography 

SPM 

All deer 811 M2 

   

   

Topography 

Land cover 

 

All deer 811 M3 

   

   

Topography 

 

All deer 811 M4 

   

   

SPM 
Land cover 

All deer 811 M5 

   

   

SPM 

 

All deer 811 M6 

   

   

Land cover All deer 811 M7 

   

   

 

Procedure for identification of plausible multi-model GLMM set 

A total of seven multi-models groups were constructed; each group contained 

between 256 and 2048 models (i.e., between 28 and 211 models). Within each group, 

all models were then ranked according to AIC, and only non-nested models were 

retained. Non-nested models were retained by discarding models that had one or 

more additional predictors to a higher AICc ranked model (Grueber et al., 2011); i.e., 



CHAPTER 3  F. HEPATICA PREVALENCE IN RED DEER 
 
 

90 
 

if additional predictors do not improve the quality of a model (as measured by AICc), 

the model with more parameters is discarded and the simpler model retained. Next, 

the models from all seven multi-model groups were ranked and nested models were 

removed. Finally, a set of plausible models were identified by ranking according to 

their respective Akaike weights and constructing a 95% confidence set. A 95% 

confidence set is constructed by adding up the Akaike weights of ranked models 

starting with the top-weighted model and working down until the cumulative weight 

reaches 0.95. In this case, a single best model did not emerge (i.e., the 95% 

confidence set contained more than one model and the Akaike weight of the top 

model did not exceed 0.90). 

Quantifying contribution of predictors to improving model fit and identifying 

uninformative predictors 

For each model in the 95% confidence set, the contribution of each predictor to 

improving the fit (or quality) of that model (ΔAICc) was calculated by comparing 

model fit with and without each predictor of interest. For a predictor in a given 

model (within the 95% confidence set), its ΔAICc was calculated by subtracting the 

AICc of the full model from the AICc of the same model without the predictor of 

interest. Following calculation of ΔAICc for each predictor in a model, the relative 

contributions, RCXi, of each predictor, Xi, to improving the fit of that model were 

calculated. The relative contribution (in %) of a predictor to improving the fit of a 

given model was equal to: 100 multiplied by the ΔAICc for the predictor of interest 

divided by the sum of ΔAICc for all variables in that model (Equation 3.2.2). 

RCXi
=100×

ΔAICcXi

∑ ΔAICcXi

imax

i=1

 

Equation 3.2.2: Relative contribution of a predictor to improving model fit 

Importantly, in cases where interactions were present in models, the individual 

contribution of each variable in the interaction was (inherently) calculated following 

removal of the interaction term; thus, the subsequent ΔAICc calculation was 

modified so that the AICc of the model without the interaction terms replaced that 

of the AICc for the full model. This was to avoid undue amplification of the 

contribution of the interaction term itself relative to the interacting terms examined 
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individually. The mean relative contribution to improving model fit was calculated 

for each predictor. The ranked mean relative contributions of each predictor across 

all models tells the reader the relative predictive importance of each predictor 

included in the 95% confidence set (Mac Nally, 2002).  

Retaining models for inference that only contain informative predictors 

Following the quantification of the relative contribution of predictors to improving 

model quality (using ΔAICc), it is desirable to identify informative predictors and 

discard uninformative predictors so as not to carry unjustified weight into final 

statistical inferences. An intuitive way to do this is to identify the variables whose 

combined influence contribute the majority of model-improving information. That is 

to sequentially sum, in the direction of largest contribution to smallest, the relative 

contribution to increasing model fit and define a cut-off point whereby a combined 

set of variables that contribute to 95% of the increased model quality are retained 

(remaining variables are discarded). Here, this approach was taken and final statistical 

inferences were based on models containing only informative predictors. 

Model validation and fit 

Residual vs. fitted plots (binned and non-binned) were examined to assess if the 

linear model and homogeneity of variance assumptions were valid and if any outliers 

were present in the data (Appendix 3.A; Figure 3.A.5). Partial residual plots were 

examined for patterns that could indicate non-linear relationships between 

explanatory and response variables (Appendix 3.A: Figure 3.A.3) and a Quantile – 

Quantile plot was examined to assess any obvious departure from model 

assumptions (Appendix 3.A; Figure 3.A.4). To further assess model fit, marginal 

and conditional R2 values were calculated to assess how much variation in the 

response could be explained by each model’s fixed effects (marginal R2
m) and 

combined fixed and random effects (conditional R2
c) (Nakagawa and Schielzeth, 

2013). The conditional R2
c indicates how plausible a given model hypothesis is, and 

therefore, if any model hypotheses have merit (Burnham et al., 2011). 

3.3 Results 

Liver fluke prevalence in wild red deer in the Scottish Highlands 

The total prevalence of liver fluke in wild red deer in the Scottish Highlands between 

August 2012 and February 2014 was 24.8% (n = 959). Marginally greater prevalence 
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was observed in 2012-13 compared with the 2013-14 stalking season, with 26.5% and 

23.2% infected, respectively (Table 3.3.1), although this was not statistically 

significant; that is, a chi-square test of independence (with Yates’ continuity 

correction for 2×2 tables), was performed to examine the association between season 

of cull and infection status – this association was not significant, i.e., χ2 (df = 1, n = 

959) = 1.21, p = 0.27, indicating that deer were no more likely to be infected with F. 

hepatica in 2012-13 than in 2013-14. The majority of variation in prevalence between 

seasons is attributed to a decrease in prevalence in males from 33.9% in 2012-13 to 

28% in 2013-14; whereas, prevalence in females remained almost constant at 18.4% 

and 18.5% for the 2012-13 and 2013-14 seasons, respectively. Categorisation of 

prevalence by sex revealed significantly greater prevalence of infection in males (151 

infected individuals; 30.9%) than in females (87 infected individuals; 18.5%); this 

association was significant, i.e., (with Yates’ continuity correction) χ2 (df = 1, n = 

959) = 19.32, p = <0.001. Further categorisation by age-class revealed a significantly 

greater prevalence of infection in older individuals (ranging from 9.0% prevalence in 

young to 32.7% in older animals, when sexes were pooled); i.e., χ2 (df = 4, n = 959) 

= 15.24, p-value = 0.006 (Table 3.3.2). However, there were no significant 

differences in infection prevalence between age groups when males and females were 

examined separately (males: χ2 (df = 4, n = 488) = 3.32, p = 0.51; females χ2 (df = 4, 

n = 471) = 8.33, p = 0.08). 
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Table 3.3.1: Combined prevalence (%) of liver fluke infection in male and 

female red deer culled on nine open-hill Scottish Highland sporting estates 

during the 2012-13 and 2013-2014 stalking seasons (where cull location to 

nearest 500m was known; n = 811). All diagnostic data were gathered by 

coproantigen ELISA (Bio-X Diagnostics, Belgium). Letters refer to Tukey 

test pair-wise comparisons within sampling seasons - sites that share at least 

one common letter do not have significantly different prevalence of infection 

(p < 0.05). 

ESTATE 2012-13 2013-14 
COMBINED 
SEASONS 

 
+ - n (% ) + - n (% ) 

Diff 
(%) 

+ n (% ) 

Alladale 11 65 76 14.5ab 8 82 90 8.9b -5.6 19 166 11.4ab 

Altnaharra 27 40 67 40.3c 17 16 33 51.5d 11.2 44 100 44.0d 

Applecross 16 32 48 33.3ac 19 28 47 40.4d 7.1 35 95 36.8d 

Ardnamurchan 9 21 30 30.0ac 13 41 54 24.1bd -5.9 22 84 26.2bcd 

Badanloch 6 54 60 10.0a 5 56 61 8.2ab -1.8 11 121 9.1a 

Ben_Loyal 12 57 69 17.4ac 5 47 52 9.6bc -7.8 17 121 14.0ac 

Conaglen 8 16 24 33.3ac 13 26 39 33.3acd 0 21 63 33.3cd 

NHT_and_Aline 6 4 10 60.0bc 9 9 18 50.0d -10 15 28 53.6d 

Strathconon 18 33 51 35.3ac 19 38 57 33.3cd -2 37 108 34.3d 

Total (n) or 
average (%) 

113 322 435 26.0 108 343 451 23.9 -2.1 221 811 24.9 
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Table 3.3.2: Prevalence (%) of liver fluke infection in wild Scottish Highland 

red deer culled between August 2012 and February 2014, by age and sex 

category. All diagnostic data were obtained by coproantigen ELISA (Bio-X 

Diagnostics, Belgium). No significant differences (p < 0.05) in prevalence of 

infection between age categories were found by Tukey test pair-wise sex-

specific comparisons. Letters refer to Tukey test pair-wise comparisons - age 

categories that share at least one common letter do not have a significantly 

different prevalence of infection (p < 0.05). When split by age category, 

differences between the sexes were only significant for mature animals, (with 

Yates’ continuity correction) χ2 (df = 1, n = 624) = 11.13, p = <0.001. 

Differences between the sexes were not examined statistically for calves 

because there were too few male calves. 

 
MALES 

    
FEMALES 

  
 BOTH SEXES  

AGE + - n (%) 
 

+ - n (%)  + - n (%) 

calf 1 1 2 50 
 

6 70 76 7.9  7 71 78 9.0a 

yearling 3 11 14 21.4 
 

6 17 23 26.1  9 28 37 24.3ab 

young 10 35 45 22.2 
 

16 61 77 20.8  26 96 122 21.3ab 

mature 114 249 363 31.4 
 

50 211 261 19.2  164 460 624 26.3b 

old 23 41 64 35.9 
 

9 25 34 26.5  32 66 98 32.7b 

Total (n) or 
average (%) 

151 337 488 30.9 
 

87 384 471 18.5  238 721 959 24.8 

 

Variation in liver fluke prevalence between sporting estates (illustrated by Figure 

3.3.1) and between sexes within estates was significant (Table 3.3.3). Pooling both 

sexes and seasons by site revealed distinct categories of prevalence (Table 3.3.1): 

Most notably, Badanloch had significantly lower prevalence than all estates except for 

Alladale (11.4%) and Ben Loyal (14.0%), and Alladale had significantly lower 

prevalence than all other estates except for Ardnamurchan (26.2%).  
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Table 3.3.3: Prevalence (%) of liver fluke infection in wild red deer culled in 

the Scottish Highlands during the 2012-13 and 2013-2014 stalking seasons (n = 

959). All diagnostic data were obtained by coproantigen ELISA (Bio-X 

Diagnostics, Belgium). Overall prevalence of infection was significantly 

greater in males than in females, χ2 (df = 1, n = 959) = 19.32, p = <0.001. 

Letters refer to Tukey test pair-wise comparisons within sampling seasons, 

and differences between sites are treated separately for each sex. Sites that 

share at least one common letter do not have a significantly different 

prevalence of infection (p < 0.05). 

ESTATE 2012-13 2013-14 
COMBINED 
SEASONS 

MALE + - n (% ) + - n (% ) 
Diff 
(%) 

+ n (% ) 

Alladale 8 25 33 24.2a 5 36 41 12.2a -12 13 74 17.6a 

Altnaharra 14 19 33 42.4a 17 16 33 51.5b 9.1 31 66 47b 

Applecross 15 19 34 44.1a 14 15 29 48.3b 4.2 29 63 46b 

Ardnamurchan 8 13 21 38.1a 7 22 29 24.1ab -14 15 50 30b 

Badanloch 6 25 31 19.4a 4 23 27 14.8ab -4.6 10 58 17.2a 

Ben_Loyal 8 25 33 24.2a 3 30 33 9.1a -15 11 66 16.7a 

Conaglen 7 14 21 33.3a 6 15 21 28.6ab -4.7 13 42 31ab 

NHT_and_Aline 6 5 11 54.5a 0 2 2 0ab -55 6 13 46.2ab 

Strathconon 11 17 28 39.3a 12 16 28 42.9ab 3.6 23 56 41.1ab 

Total (n) or 
average (%) 

83 162 245 33.9 68 175 243 28 -5.9 151 488 30.9 

             

FEMALE + - n (%)  + - n (%)  
Diff 
(%) 

+ n (% ) 

Alladale 4 44 48 8.3a 3 49 52 5.8a -2.5 7 100 7a 

Altnaharra 13 21 34 38.2b 6 29 35 17.1ab -21 19 69 27.5bc 

Applecross 2 13 15 13.3ab 5 14 19 26.3ab 13 7 34 20.6ac 

Ardnamurchan 1 9 10 10ab 6 19 25 24ab 14 7 35 20ac 

Badanloch 1 31 32 3.1ab 1 34 35 2.9a -0.2 2 67 3a 

Ben_Loyal 4 35 39 10.3ab 2 18 20 10ab -0.3 6 59 10.2ab 

Conaglen 5 6 11 45.5ab 7 11 18 38.9ab -6.6 12 29 41.4c 

NHT_and_Aline 1 0 1 100ab 9 6 15 60b -40 10 16 62.5c 

Strathconon 10 23 33 30.3ab 7 22 29 24.1ab -6.2 17 62 27.4bc 

Total (n) or 
average (%) 

41 182 223 18.4 46 202 248 18.5 0.1 87 471 18.5 
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Figure 3.3.1: Prevalence of F. hepatica infection in wild red deer in the 

Scottish Highlands during the period 2012-2014. Prevalence was calculated as 

the percentage of sampled individuals of all age classes (n = males + females) 

that were diagnosed positive by the cELISA. The backdrop map of mean 

annual rainfall was acquired as an RBG image from the (Met Office, 2015a) 

and was georeferenced and (image) classified for cross-hatching using ESRI 

ArcMap 10.0 (ESRI, 2011) in British National Grid projection. The estate 

outlines were acquired from (Scottish Natural Heritage, 2015) and the Highland 

region outline from Edina Digimap (EDINA, 2015a). 

Differences in prevalence between seasons for each estate were generally quite 

marked for both males and females. For males, prevalence varied from increasing by 

9.1% to decreasing by 15% between 2012-13 and 2013-14. For females, prevalence 

ranged from increasing by 14% to decreasing by 21% (see Table 3.3.3 – these 

figures exclude the NHT and Aline estate for which n was considered too low to be 

representative). 
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Environmental variables associated with the probability of liver fluke infection 

in wild red deer 

Climate data and the Ollerenshaw index in relation to prevalence of F. 

hepatica on each estate 

The Ollerenshaw index calculated for the seasons of interest (Table 3.3.4) indicated 

that there was a low risk dropping to no risk of infection in Alladale, Strathconon 

and Badanloch for both sampling seasons, which was in part reflected by an 

observed decrease in prevalence from the 2012-13 to 2013-14 sampling season. For 

the remaining sites, all (except North Harris) showed an increase in the summer risk 

of infection (between sampling seasons 2012-13 and 2013-14) when using the 

Ollerenshaw index. The increase in infection risk was not however reflected by an 

increased prevalence on all sites sampled; in fact, Ardnamurchan, Ben Loyal and 

North Harris all exhibited decreases in prevalence. Winter infection risk was 

predicted to be occasional in Ardnamurchan, Applecross and Conaglen. Sites for 

which the same weather station was used to calculate infection risk exhibited 

significantly different prevalence’s in tested samples; i.e., the Ben Loyal prevalence 

was much less than at Altnaharra, and the Alladale prevalence was much less than at 

Strathconon.  
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Table 3.3.4: Seasonal Ollerenshaw index (∑ Mt) values calculated using 

automated weather station data collected close to the study sites during the 

2012-13 and 2013-14 autumn-winter sampling periods. The risk value for 

summer 2011 is also included, as infection might be carried over in to 2012 

(there is nothing in the literature to say that infection is naturally cleared after 

a known period of time). Four liver fluke infection risk categories were 

defined: Mt < 300, little or no disease; 300 < Mt <399, * occasional infection; 

400 < Mt < 474, ** disease prevalent; 475 < Mt, *** serious epidemic. Alladale 

and Strathconon risk values were calculated using weather data from the 

weather station at Loch Glascarnoch; similarly, Altnaharra and Ben Loyal 

weather data were collected from the weather station at Altnaharra. 

Estate Summer 

2011 

Winter 

2011-12 

Summer  

2012 

Prevalence 

Autumn-

winter 2012-

13 (%) 

Winter 

2012-13 

Summer 

2013 

Prevalence 

Autumn-

winter 2013-

14 (%) 

Alladale 86 0 200 14.5ab 100 200 8.9b 

Altnaharra 280 200 200 40.3c 176 345* 51.5d 

Applecross 494*** 396* 396* 33.3ac 300* 400** 40.4d 

Ardnamurchan 457** 400** 400** 30ac 290 475*** 24.1bd 

Badanloch 272 200 200 10a 189 231 8.2ab 

Ben Loyal 280 200 200 17.4ac 176 345* 9.6bc 

Conaglen 500*** 300* 400** 33.3ac 200 500*** 33.3acd 

North Harris 391* 297 397* 60bc 295 395* 50d 

Strathconon 86 0 200 35.3ac 100 200 33.3cd 

 

Non-climatic environmental variables associated with the probability of F. 

hepatica infection in wild red deer 

The range of AICc scores of all non-nested Akaike-weighted ranked GLMMs 

derived from the three environmental variable data types (topography, SPM and land 

cover) are described in Table 3.3.5, along with the number of non-nested models 

per multi-model group and a breakdown of the reduction from 475 potential models 

to 40 plausible (the 95% confidence set) models. The parameter estimates, AICc 

scores, Akaike weights and marginal and conditional R2 values for the nine models in 

the 95% confidence set for which only informative predictors were included are 

tabulated in Table 3.3.6. 
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Table 3.3.5: Predictor variable types included in seven multi-model groups. 

Host variables refer to sex, age category and day of culling. The global model 

for each group consisted of the nine most informative predictors that were 

selected following tests for collinearity and ranking according to univariate 

relationships (by AIC scores) with the response variable (plus any reasonable 

two-way interactions). The number of variables included in each global model 

from each data type is shown in parentheses, and the number of interactions 

involving each data type are denoted by symbols (e.g., ii = two interactions). 

The number of potentially informative (i.e., non-nested) models for each 

multi-model group is also provided, along with the total number of combined 

models (following removal of nested models) and the total number in the 95% 

confidence set of plausible models. 

 GLOBAL MODEL VARIABLE TYPES  

Model group Host Topographic SPM Land cover 
No. non-nested models 

per model group 

M1 (3ii) (3) (2i) (1) 104 

M2 (3ii) (3) (3i)  104 

M3 (5ii) (3)  (1) 63 

M4 (6ii) (3)   63 

M5 (3ii)  (3ii) (3) 48 

M6 (4ii)  (5ii)  45 

M7 (5ii)   (4) 48 

    
Total models 

AICc range (814.2 – 848.9) 
475 

    
Total non-nested models 

AICc range (814.2 – 848.9) 
185 

    
Total models in 95% confidence set 

AICc range (814.2 – 822.2) 
40 
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Table 3.3.6: Tabulated parameter estimates for the six GLMMs with binomial error distributions (with logit link functions) that describe 

the variation in probability of infection in wild red deer (n = 811) and contain informative predictors only. Each informative predictor was 

identified by its relatively large contribution to the improvement (ΔAICc) in the quality of models in which it was included. 

 
 

 
HOST TOPOGRAPHY 

SOIL 
PARENT 

MATERIAL 
INTERACTIONS 

        

Rank (Intrc) SD 
Days into 
stalking 
season 

Sex 
Age 

category 
Maritime Altitute 0 - 200m SPM Organic 

Sex : 
Maritime 

Sex : 
SPM 

Organic 

Days 
into 

season : 
Sex 

df logLik AICc AICc_int_rem delta weight RsqrMar RsqrCon 

M1 -1.69 0.61 0.26 1.53 + 
 

0.74 -1.17 
 

0.92 1.70 12 -394.90 814.20 818.04 0.00 0.24 0.18 0.27 

M2 -1.75 0.71 0.55 1.64 + -0.45 0.70 
 

0.69 
 

1.41 12 -395.64 815.70 819.70 1.49 0.12 0.15 0.27 

M4 -1.70 0.52 0.60 1.62 + 
 

0.72 
   

1.34 10 -398.09 816.40 818.00 2.26 0.08 0.14 0.26 

M5 -2.04 0.70 1.08 1.62 + -0.43 0.69 
 

0.68 
  

11 -397.59 817.50 819.64 3.33 0.05 0.16 0.27 

M6 -2.04 0.61 0.95 1.52 + 
 

0.72 -0.99 
 

0.68 
 

11 -397.63 817.60 817.98 3.40 0.04 0.19 0.27 

M9 -1.97 0.71 1.10 1.59 + 
 

0.71 
    

9 -399.86 817.90 NA 3.76 0.04 0.14 0.26 
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Informative predictors 

Informative predictors were identified and ranked according to their percentage of 

partitioned variance, as shown in Figure 3.3.2. In combination, elevation (percentage 

of area at 0-200m), sex, days into stalking season and age category as GLMM 

predictors (on average) cumulatively contributed to over 100% in terms of improving 

model quality (as measured by increases in AICc when each model predictor was 

removed individually; ΔAICc). These four predictors are highlighted as the most 

informative predictors regarding the probability of liver fluke infection in wild red 

deer.  

 

Figure 3.3.2: Mean percentage contribution of informative predictor variables 

ranked in order of size of contribution. The mean percentage contribution of 

each variable to improving model quality provides an indication of the relative 

importance of including each predictor in a GLMM. Error bars illustrate 

standard errors. All other variables examined in the 95% confidence set, 

altitude 200 – 400m, saturated ground, slope 0 – 5 º, SPM clay, SPM organic, 

SPM intermediate and maritime effect contributed less than 6% improvement 

in ΔAICc when included in models. 
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Associations between environmental variables and the probability of infection 

in wild red deer from the Scottish Highlands 

Six GLMMs were selected from the 95% confidence set, each containing only 

informative variables (the relative importance of these are illustrated in Figure 3.3.2 

and parameter estimates are highlighted in Table 3.3.6). For illustrative purposes, 

relationships between continuous environmental variables and the probability of 

infection are shown in Figure 3.3.3, wherein the M1 model equation was used to 

predict infection probability (Equation 3.3.1). Conveniently, all other predictors (as 

they were mean centred) are set to zero (except for sex, which takes the value 0 or 1 

for female and male, respectively; and age category, which was not specified in the 

model but can be considered similarly as a constant). The illustrated relationships in 

Figure 3.3.3 should be interpreted as the association between the variable of interest 

and the probability of infection for an “average” individual; that is, the infection risk 

for individuals across a range of habitat characteristic proportions of interest, where 

all other habitat characteristic proportions are unchanged and represent the 

“average” habitat for all deer in the dataset. Calculated 95% confidence intervals are 

also presented in Figure 3.3.3, each of which was derived using the standard 

deviation of the random intercept. It is acknowledged that the concept of an average 

habitat remaining unchanged when the variable of interest increases in proportion is 

only intuitive if the variables are obtained from different data types: e.g., the 

proportion of 0 – 200m habitat may change while maintaining the same proportion 

of clay-based soil parent material; whereas, a change in proportion of clay-based soil 

parent material will inherently alter the proportion of another soil parent material at 

the same site. Parameter estimates for interaction terms tended to have larger 

uncertainties, which are reflected by the 95% confidence interval bands shown in the 

co-plots in Figure 3.3.3. 
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𝒍𝒐𝒈𝒊𝒕(𝒑𝒊𝒋) = −𝒊𝒏𝒕𝒆𝒓𝒄𝒆𝒑𝒕 + 𝜷𝟏 × 𝐬𝐞𝐱 𝒊𝒋 + 𝜷𝟐 × 𝒆𝒍𝒆𝒗𝟐𝟎𝟎𝒊𝒋 − 𝜷𝟑 × 𝑺𝑷𝑴𝒐𝒓𝒈𝒊𝒋 + 𝜷𝟒 × 𝑺𝑷𝑴𝒐𝒓𝒈𝒊𝒋 × 𝐬𝐞𝐱 𝒊𝒋 + 𝒂𝒊 

𝒍𝒐𝒈𝒊𝒕(𝒑𝒊𝒋) = −𝟏. 𝟓𝟗 + 𝟎. 𝟕𝟓 × 𝐬𝐞𝐱 𝒊𝒋 + 𝟎. 𝟖𝟗 × 𝒆𝒍𝒆𝒗𝟐𝟎𝟎𝒊𝒋 − 𝟎. 𝟗𝟕 × 𝑺𝑷𝑴𝒐𝒓𝒈𝒊𝒋 + 𝟎. 𝟕𝟕 × 𝑺𝑷𝑴𝒐𝒓𝒈𝒊𝒋 × 𝐬𝐞𝐱 𝒊𝒋 + 𝒂𝒊 

𝒂𝒊 ∼ 𝑵(𝟎, 𝟎. 𝟔𝟑𝟓𝟑𝟐) 

𝒍𝒐𝒈𝒊𝒕(𝒑𝒊𝒋)𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝒇𝒆𝒎𝒂𝒍𝒆
= 𝒑𝒇 = −𝟏. 𝟓𝟗 + 𝟎. 𝟖𝟗 × 𝒆𝒍𝒆𝒗𝟐𝟎𝟎𝒊𝒋 − 𝟎. 𝟗𝟕 × 𝑺𝑷𝑴𝒐𝒓𝒈𝒊𝒋 + 𝒂𝒊 

𝒑𝒓𝒐𝒃𝒂𝒃𝒊𝒍𝒊𝒕𝒚 𝒐𝒇 𝒊𝒏𝒇𝒆𝒄𝒕𝒊𝒐𝒏 𝒐𝒇 𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝒇𝒆𝒎𝒂𝒍𝒆 =
𝒆𝒑𝒇

𝟏 + 𝒆𝒑𝒇
 

𝟗𝟓% 𝑪𝑰 𝒂𝒗𝒆𝒓𝒂𝒈𝒆 𝒇𝒆𝒎𝒂𝒍𝒆 =
𝒆

(𝒑𝒇±𝟏.𝟗𝟔×
𝟎.𝟔𝟑𝟓𝟑

√𝟖𝟖𝟔
)

𝟏 + 𝒆
(𝒑𝒇±𝟏.𝟗𝟔×

𝟎.𝟔𝟑𝟓𝟑

√𝟖𝟖𝟔
)
 

β1 = 0.75, sex (0 or 1) 

β2 = 0.89, proportion of home range ground between 0 – 200m elevation (0.0 to 

1.0) 

β3 = -0.97, proportion of home range soil parent material that is organic (0.0 to 

1.0) 

β4 = 0.77, sex: SPM organic interaction (0.0 to 1.0) 

 

Equation 3.3.1: Used to produce logistic curves for females in Figure 3.3.2 and 

Figure 3.3.3. The first equation describes model M1. 
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Figure 3.3.3: Figure style adapted from (Zuur et al., 2009). GLMM predicted probability of infection of male (dotted line) and female (solid 

line) red deer with F. hepatica in relation to (A) proportion of 0 – 200m elevation ground in home range, (B) SPM organic and (C) day of 

culling. Probability of infection of a typical male or female is found by locating the probability corresponding to 0 on the x-axis; e.g., the 

x-axis is centred according to the mean proportion of 0 – 200m elevation ground found in an individual deer’s habitat. All x-axes show 

predictor variables as re-scaled according to standard deviation. The pairs of thin lines either side of the thick lines represent the ±95% 

confidence intervals calculated from the standard deviation of the random intercept in the GLMM. The points at 1.0 and 0.0 illustrate the 

raw data (i.e., the spread of data from lowest to highest proportion of environmental variable in individuals’ home ranges). 
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Figure 3.3.4: Illustration of weak evidence (owing to large error bars) for interaction between sex and shape area 

(effectively “maritime effect”), and marginally stronger evidence for an interaction between sex and organic SPM. 

The scale of the x axis highlights that the area of the mean defined home ranges are up to 2.5 times larger than those 

of the smallest. 
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The interaction terms present in models M1 and M6 indicate that percentage organic 

SPM in the habitat of female deer has a stronger negative association with the 

probability of liver fluke infection than it does for males, but, the influence on 

probability remains negative for both sexes. The interaction terms in models M2 and 

M5 indicate that as the size of home range increases (i.e., maritime influence 

decreases), the probability of infection in females decreases; in contrast, the 

probability of infection in males increases. The interaction between days into the 

stalking season and sex in models M1, M2 and M3, illustrated in Figure 3.3.4, 

indicates that the probability of infection increases as the male and female stalking 

seasons progress, but, that the rate of increase is greater in males than in females. 

3.4 Discussion 

This study represents the first documented quantification of liver fluke prevalence in 

wild red deer in the Scottish Highlands by coproantigen ELISA. During the 2012-13 

and 2013-14 stalking seasons, a quarter of study animals were found to be infected 

with F. hepatica, with prevalence by estate ranging from 9.1 to 53.6%. This study also 

identified environmental variability within wild deer habitat to be significantly 

associated with the probability of infection; with the proportion of low altitude 

habitat showing the strongest association with increased infection. Furthermore, the 

age and sex of animals, and the day on which each was culled, were also strongly 

associated with probability of infection; with older individuals and males specifically 

being more likely to be infected. 

Prevalence of F. hepatica infection in wild red deer in the Scottish Highlands 

and elsewhere 

As this is the first study of its type for the Scottish Highlands, comparisons with 

previously published work cannot effectively be drawn. Furthermore, studies 

undertaken beyond Scotland (i.e., in Spain) have often used different methodologies 

(such as visual liver inspection, faecal egg counts and other ELISAs) which may 

make comparisons between studies rather tentative. Conflicting data derived from 

the same location for the same species is also not uncommon in this field. For 

example, one study regarding Iberian ibex has shown a very low prevalence may exist 

(0.5 - 1.5%; 10 and 5 infections observed in 2096 individuals studied by necropsy and 

by FEC, respectively; (Alasaad et al., 2008); whilst another study undertaken in the 

same region of NW Spain using serum antibody ELISA suggested prevalence could 
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be as high as 15% (n = 20; (Arias et al., 2012). Similarly, in Mexico, comparisons of 

F. hepatica prevalence measured by FEC and serum antibody in several cattle breeds 

revealed that prevalence was twice as high when measured by ELISA when 

compared to FEC (Munguía-Xóchihua et al., 2007). In both cases, evaluation by 

ELISA may have been able to identify infections for which FEC is not designed and 

visual liver inspection may be impractical; hence, the ELISAs higher recorded 

prevalence. This is because serum antibody ELISA can also identify past infection 

and animals infected by immature (potentially very small) non-egg-laying fluke - both 

of which are undetectable by FEC. 

In terms of literature available on red deer specifically, the prevalence found in the 

Scottish Highlands in this study was similar to that of red deer in Sierra de Cazorla, 

Segura and Las Villas Natural Park (Spain) where 34% of animals (n = 44) were 

found positive by serum ELISA (Arias et al., 2012). In contrast, using pooled FEC 

data from four sites in Co. Galway and Co. Offaly (Ireland), only around 10% of 

animals (n = 32) were noted to be infected (O’Toole et al., 2014).  

In terms of sex and age related differences in infection rates, a greater prevalence in 

older animals and in males was observed in the present study (Table 3.3.2). This was 

also the case in a study by Arias et al. (2012) although sample numbers were 

admittedly relatively small therein (females >2 years, n = 19; males >2 years n = 7). 

A greater prevalence of infection in males may be a consequence of differing feeding 

behaviour between the sexes; i.e., males eat more because they are bigger (as inferred 

for rumen fluke infection in cattle in the Republic of Ireland (Toolan et al., n.d.)). In 

addition, reduced feed intake by males during the rut (i.e., the period during which 

most samples were collected) may reflect a higher concentration (and detectability) of 

F. heaptica antigens in faeces, as there is less faecal material in which it is diluted. Such 

a difference is not unreasonable given that females and males tend to form sex-

specific herds outside the breeding season. Likewise, dietary intake will inevitably 

differ due to sexual dimorphism since males are significantly larger and heavier than 

females and will therefore ingest greater quantities of food than females. In turn this 

should make them more likely to encounter infective metacercariae (as they will 

physically need to ingest more plant material). An additional hypothesis for male 

biased parasitism (also observed in chamois (Rupicapra rupicapra) (Hoby et al., 2006)), 

is that sex-associated hormones (e.g., androgenic hormones) directly cause a 
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suppression of immune function, which in turn can reduce resistance to parasites; 

hence fitness of males is decreased, which (through increased parasitism) can lead to 

sex ratios skewed towards a greater number of females in wild populations (Moore 

and Wilson, 2002). 

An overall difference in prevalence of infection was not observed between the two 

sampling seasons, but, variation between years varied from an increase of 11.2% at 

Altnaharra, to a decrease of 7.8% at Ben Loyal (Table 3.3.1). It is important to note 

that owing to a land ownership change at Ben Loyal, culling strategy also changed 

between sampling seasons whereby targeted culling of relatively poor condition 

animals occurred in 2012-13 while a higher number of animals were culled in various 

states of condition in 2013-14. 

Environmental variability and probability of F. hepatica infection 

Application of the Ollerenshaw index 

Before examining relationships between the probability of infection and 

environmental variables at the individual level, the prevalence of infection on each 

estate was tabulated alongside the widely applied Ollerenshaw F. hepatica risk index 

(Mt) to see if any obvious correlation was present (Table 3.3.4). Though this index 

was designed for livestock, it was considered an informative means of examining 

associations between weather and infection risk. Unfortunately, due in part to the 

low density of weather stations in the Highlands, it was not possible to 

comprehensively examine the relationship between observed prevalence and the 

Ollerenshaw index. Nevertheless, on the Alladale, Strathconon and Badanloch 

estates, where Mt indicated that little to no risk of infection was present between 

2011 and 2013, prevalence in fact ranged between 8.2% and 35.3%, and, on all other 

estates, where the risk index ranged from occasional to serious epidemic, infection 

prevalence ranged from 9.6% to 50% (where n > 10) (Table 3.3.1); thus, there 

appears to be no discernible relationship between the Ollerenshaw index and 

prevalence of F. hepatica infection in wild Scottish red deer. The apparently 

inconsistent relationship between risk index and infection prevalence highlights the 

significant potential for misapplication of the Ollerenshaw index for wild red deer in 

the Scottish Highlands. Furthermore, having to use the same weather data for two 

pairs of estates (Alladale and Strathconon; Ben Loyal and Altnaharra), while a high 
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contrast in infection prevalence exists within each pair, further questions the 

legitimacy of attempting to correlate poorly resolved climate data with liver fluke 

prevalence in the Scottish Highlands. It may well be that the Index could be modified 

to include other key factors such as those highlighted here to generate a “new” risk 

index that would be more relevant. 

It is worth noting that, unlike livestock, wild deer are obviously not treated with 

anthelmintic drugs. As such, their infection status at the time of sampling may not 

strongly reflect recent (i.e., the spring/summers immediately preceding the 

autumn/winter sampling seasons of 2012-13 and 2013-14) rainfall/climate (as may 

be expected for livestock in areas where infection by F. hepatica is endemic). Instead, 

deer infection status may be more likely to reflect meteorological averages 

experienced during an individual’s entire lifetime (Figure 3.3.1). Hence, when 

estimating F. hepatica infection risk in deer, knowledge regarding rainfall immediately 

prior to the sampling period (Table 3.3.4) might not be as critical as it is in livestock 

infection risk modelling. If, however, fluke do not tend to survive long past maturity 

(i.e., in excess of 12 months) in livers of red deer (a statement for which there is no 

supportive evidence in the literature), there would be good cause to include recent 

meteorological data as a factors in a statistical risk model. Here, Figure 3.3.3 

suggests that the probability of infection correlates positively with days into the 

stalking season. Certainly, infection becomes increasingly detected later in the 

stalking season, but not necessarily as a consequence of maturation of each year’s 

reinfection of parasites (as Figure 3.1.2 suggests - though it may indeed be as simple 

as this). Although annual reinfection (and implied annual resistance/annual purge of 

parasites) should not be discounted, increased detection may simply reflect increased 

detectability of animals with low burden - perhaps reflecting a reduction in the 

volume of food eaten and excreted by males during the rut, hence, a potentially 

higher (i.e., more detectable) concentration of antigen in faeces. 

Another confounding factor here is that our sample is affected by hunting 

preferences. For example, trophy stags (heavy males with big antlers) tend to be shot 

later in the male stalking season (inherently older animals that have shed the velvet 

from their antlers) (see Appendix 3.A; Figure 3.A.6). This inherently creates a 

sampling bias which affects our ability to undertake comprehensive analysis. It is, 

however, interesting that there appear to be more mature males with fluke infection 
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after day 40 (35%) of the stalking season when compared to those shot before day 40 

(17%). Notwithstanding the argument of increased detectability as a consequence of 

decreased faecal volume (leading to higher concentrations of antigen in faeces) and 

not a consequence of increasing maturity of parasites (another possible cause of 

increased concentrations of antigen), resistance to liver fluke is already known in 

other ruminants. For example, in a controlled experimental infection of 36 

Indonesian thin-tailed (ITT) sheep with a metarcercariea challenge dose of 400 

infective cysts and an experimental duration of 147 days, 12 individuals that had had 

previous exposure to F. gigantica had fewer adult fluke in their livers at necropsy when 

compared to 12 naïve ITTs and a control group of 12 naïve St. Croix sheep (Roberts 

et al., 1997). An additional point worth noting here (for males) is that their liver 

tissue undergoes a physiological change during the rut; rapid mobilisation of visceral 

fat occurs when the males stop feeding during the rut. As the season progresses, 

male carcasses in turn exhibit fatty liver (Zomborszky and Husvéth, 2000). Whether 

this rapid physiological change is associated with a reduction in fluke burden, as 

evidenced by a relatively low burden early in the stalking season, would require 

further research. 

Model evaluation 

The application of sound scientific principles to wildlife management pins much 

importance on statistical modelling. Unfortunately, if applied incorrectly – potentially 

through inappropriate variable selection or inclusion of environmental variables of 

poor quality (e.g., datasets with missing values) - statistical models can lead to 

unfounded confidence in inferences that may lead to inappropriate wildlife 

management decisions. Fortunately, this is a recognised problem within the field of 

wildlife management (Giudice et al., 2012), and in terms of our study, we recognise 

the limitations of our exploratory approach. Here, the primary limitations by which 

the study was restricted were: i) the resolution of the environmental data, and ii) the 

temporal and geographic range from which samples were collected (which 

represented a relatively small fraction of all the deer culled in the region each year). 

In addition, the misclassification of positives and negatives by the cELISA (owing to 

imperfections acknowledged in Chapter 2), will potentially serve to dilute the 

strength of the modelling results. However, if for example, misclassification was 

more likely in males than females, it would be more appropriate to split the dataset 

by sex and then model associations separately. It is also acknowledged that 
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collinearity exists between certain host variables. Specifically, collinearity exists 

between cull date and sex (as date increases sex culled changes from males to 

females), and, collinearity between sex and age (males tend to be culled at an older 

age than females). Although the statistical simplification of pooling data for both 

sexes was considered beneficial in terms of increasing statistical power by increasing 

“n” (and therefore probability of finding significant associations between probability 

of infection risk and environmental variables – for which collinearity was accounted 

for), this was not appropriate for the host variables. An alternative approach to 

modelling that was not undertaken here (but would fully account for collinearity) is 

to model infection risk separately for males and females and discuss the two models 

independently. 

There are also recognised concerns with land cover accuracy for upland areas. 

Particularly, the lack of clear distinction between natural grasslands, moors and 

heathland and peat bogs (Smith et al., 2005). Furthermore, it is essential to emphasise 

the limited time window within which the data for this study were collected. For 

example, two years of sampling does not permit proper temporal assessment of the 

variation in infection rates according to month of the year or between multiple years. 

The geographic scale of the present study also warrants caution in terms of the wider 

acceptance of the associations observed between habitat characteristics and the 

probability of infection. Nevertheless, demand for increased understanding regarding 

the environmental factors that affect liver fluke prevalence and transmission has been 

high in recent years, owing to increasing occurrence of anthelmintic resistant 

parasites (e.g., in the UK (Gordon et al., 2012a), Northern Ireland (Hanna et al., 

2015), Ireland (Mooney et al. 2009)  and Australia (Brockwell et al., 2014)). 

Furthermore, wildlife have been implicated as reservoirs of anthelmintic resistant 

parasites (e.g., TCBZ resistant F. hepatica in hare in the Netherlands (Walker et al., 

2011) and benzimidazole resistant gastrointestinal (GI) nematode Haemonchus 

contotrtus in roe deer in the UK (Chintoan-Uta et al., 2014)). Ultimately, studying a 

highly abundant recognised host of F. hepatica in a region where infection risk has 

recently been predicted to increase (Fox et al., 2011), remains constructive. 

The recognised association between environment/habitat variables and the 

epidemiology of liver fluke infection has driven several studies to use a range of 

statistical modelling methods to attempt to prise information from increasingly large 
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and complex datasets. Most recently, dairy farming has been the focus of attention, 

and linear models and cluster analysis have been employed to identify environmental 

variables that are associated with exposure of herds to liver fluke infection in the UK 

(McCann et al., 2010a) and in Ireland (Selemetas and de Waal, 2015), respectively. In 

the Scottish Highlands, the livestock at primary risk of F. hepatica infection are sheep 

and cattle. On the scale of the Highland parish, cattle and sheep are stocked in low 

densities (Figure 3.4.1). Importantly, however, there are a significant number of 

small-holding communities (known as crofters in Scotland) for whom sales of 

relatively small numbers of animals forms their primary income. For these farmers, 

the potential for dramatic losses as a consequence of F. hepatica infection should not 

be underestimated (especially for sheep, which typically suffer more than cattle). 

 

Figure 3.4.1: Maps illustrating the low sheep (left) and cattle densities (per 

2km2) in the Highland region in 2013. Maps were generated using the web 

resource EDINA Agcensus (EDINA, 2015b) in conjunction with the results of 

the 2013 Scottish Agricultural census (Anon., 2014a). 

Here, there were two potential approaches which were available to evaluate links 

between environmental variation and F. hepatica infection risk. The first “broad 

brush” option was to simply estimate the prevalence of infection in several deer 

populations (i.e., on our 9 study sites) and to quantify the habitat characteristics of 

each estate in its entirety (e.g., median or proportions of altitude classes, rainfall 

amounts, etc.); from here, broad associations between estate environmental variables 

and prevalence could be investigated. The argument against this simple approach is 

that it assumes that all animals in each estate roam the entire estate and that 



CHAPTER 3  F. HEPATICA PREVALENCE IN RED DEER 
 
 

113 
 

(essentially) the entire estate has entirely uniform environmental characteristics. In 

reality, in Scotland, deer (and females in particular) are far more likely to be hefted to 

a particular area of ground from which they will not stray by more than a few 

kilometres during their lifetime (Catt and Staines, 1987). Moreover, there is actually 

commonly very marked variation in habitat characteristics within each estate, 

depending on its geographic location (e.g., mountainous and lowland areas within 

one estate). Therefore, here we assumed that (on average) deer occupy approximately 

circular home ranges with radius of 3km. Given the variation in size of participating 

estates from 94 km2 to 260 km2 and, that distances between cull locations within 

each may be >15km, it was deemed inappropriate to assume that “average habitat 

characteristics” for an entire estate could accurately represent those utilised by every 

animal. It is, however, conceded that the approach undertaken here makes an 

assumption regarding a well-defined and constant home range size, which in itself is 

not true of red deer (Mysterud et al., 2001). However, given the limited data available 

for Scottish Highland deer, this approach was considered more appropriate than 

attempting to predict more complex home range shapes/sizes based on studies 

undertaken elsewhere. As with any ecological investigation where statistical 

modelling aims to improve our understanding of a dynamic system, assumptions 

such as this are unavoidable, but, simplicity over complexity was certainly desirable 

(owing to the exploratory nature of the investigation). Ultimately, the aim of the 

statistical modelling used here was to identify possible associations between 

environmental variability and the probability of liver fluke infection in wild deer - not 

to produce a comprehensive predictive model. 

Given this stated aim, the primary concern was that analyses were robust. It is also 

important to note that the strength of evidence in support of the final models in this 

study were inherently relative to each other and relative to the data in hand; i.e., if, 

for example, further deer in the Highlands were sampled, how much would the 

inferences outlined here change? This question emphasises the need for an overall R2 

to help interpret if the “plausible” models selected (by AICc) here say anything useful 

in terms of increasing our understanding of the system as a whole. Here, the 

conditional R2 derived was between 0.26 and 0.27 for the top ranked models (Table 

3.3.6). This indicates that the majority of the variation in probability of infection 

remains unexplained. Nevertheless, given the relative simplicity of the modelling 
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used and limitations inherent in the datasets available, this remains an encouraging 

result. 

A higher R2 could potentially be produced by fitting a more complex model such as a 

generalised additive mixed effect model (GAMM), a Random Forest, or a generalised 

linear regression (with no mixed effects), or, by adding more predictors. However, 

this could also be considered as over-fitting the model to the data; i.e., modelling 

noise rather than signal. A more complex model would be redundant here since the 

purpose of this investigation was to identify general positive or negative relationships 

between environmental variability and the probability of infection. The logistic 

regression GLMM used was certainly applicable for this purpose. 

Associations between probability of F. hepatica infection and habitat 

With reference to Ollerenshaw and Rowlands’ (1959) risk model and the prevailing 

high annual rainfall in much of the Scottish Highlands, this study chose to consider 

temperature (rather than rainfall) as the most influential factor constraining F. hepatica 

infection risk in wild red deer in the region. However, owing to a lack of suitably 

high resolution climate data to distinguish between temperature and rainfall 

experienced by individual deer, altitudinal characteristics and distance inland from the 

coast (of an individuals’ home range) were considered reasonable proxies for 

temperature. 

Furthermore, more recent research has highlighted significant (but less influential) 

associations between soil type, land cover and F. hepatica infection prevalence 

(McCann et al., 2010b; Rapsch et al., 2008; Selemetas and de Waal, 2015) (factors 

also acknowledged by Ollerenshaw (1966)). However, again, the availability of these 

additional datasets is dependent on national surveys and, the spatial resolution of 

such data often differs between regions; as is the case for Scotland. For example, the 

resolution of top soil data in the south and east of Scotland is up to one sample per 

kilometre square, whereas it is generally one sample per ten kilometre square in the 

Highlands and Islands. As such, soil parent material (SPM) data for the Scottish 

Highlands can provide a useful alternative - furthermore, SPM, in addition to 

topography, land cover, climate and weathering rate/time are all pre-determinants of 

top soil type (Jenny, 1994) - hence, SPM was used herein. 
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Interestingly, the inclusion of the interaction predictor proportion of organic SPM in home 

range and sex improved model quality. Furthermore, the relative effect size of organic 

SPM on each sex can be interpreted from Figure 3.3.3. The figure shows the 

stronger negative correlation between the amount of organic SPM in female habitat 

and the probability of infection in comparison to data regarding males. This stronger 

correlation could be interpreted as females being more likely to be strongly hefted to 

an area than males, and therefore, if they are culled in a particular area, the immediate 

habitat surrounding them is more likely to be representative of its actual home range 

(than a male that just happened to be culled in a particular area). Similarly, owing to 

an interaction term, a stronger correlation in females than in males was exhibited in 

terms of the proportion of maritime influence (by proxy of home range area) and the 

probability of infection (Table 3.3.6). However, in both cases, for models M1, M2, 

M5 and M6, the standard error of the interaction term was large (not shown here); 

this indicates that, while both terms did improve model fit (as indicated by a 

reduction in AICc), both parameter estimates are borderline significantly different to 

zero. 

In contrast, the correlation between the predictor proportion of 0-200m elevation ground 

and the probability of infection (Figure 3.3.3) was identical for males and females 

(i.e., there was no significant interaction term). Notably, this topographic variable was 

the most important environmental predictor of probability of liver fluke infection in 

wild deer (Figure 3.3.2) which likely reflects the well-established relationship 

between temperature (which will, on average, be higher at lower altitudes) and liver 

fluke infection risk. In livestock in Belgian dairy cattle  probability of infection 

decreases with increasing farm altitude (though admittedly only a range from sea level 

to 150m) (Bennema et al., 2011); whereas, in the UK, probability of infection 

decreased with increasing altitude (range 14 – 250m a.s.l) (McCann et al., 2010b). It is 

conceded that the lack of detailed rainfall data available for the Highlands does not 

allow us to conclude that temperature is definitively the most important limiting 

climatic factor in liver fluke infection risk in the Scottish Highlands. The correlation 

with altitude does, however, provide evidence in support of a temperature related 

relationship, and, the lack of correlation between the Ollerenshaw index and 

prevalence of infection adds support against the importance of rainfall. It is 

acknowledged that there is an inherent relationship between altitude and moisture (as 

water runs downhill), but given the high rainfall in the Highlands, soil moisture is 



CHAPTER 3  F. HEPATICA PREVALENCE IN RED DEER 
 
 

116 
 

generally high and waterbodies occur at all altitudes – it is the temperature around 

these waterbodies that is hypothesised as the restrictive factor in snail population 

viability and fluke larval stage survival here. 

Consequences of observed F. hepatica prevalence in wild deer and increased 

evidence in support of temperature as a limiting factor for F. hepatica 

infection in the Scottish Highlands and worldwide 

Overall, the results of this study suggest that low altitude ground is associated with 

an increased probability of liver fluke infection in wild deer. Furthermore, animals 

shot later in the stalking season, older animals, and stags in particular, appear more 

likely to be infected with liver fluke. Also, this work has shown that wild red deer in 

the Scottish Highlands harbour a significant population of F. hepatica and should 

therefore be regarded as a potential reservoir of infection to other animals in the 

region. It is not indisputable that low altitude is a causal factor of liver fluke 

infection, but the association highlighted here suggests: firstly, that animals culled on 

low ground are more likely to be infected than those culled on higher ground; and 

secondly, that individuals within estates do not (apparently) move far from the 

location at which they were culled (as such, the home ranges delineated here may be 

reasonably accurate representations of true home range - at least for females). If 

animals were to move far from low ground after becoming infected, more infected 

animals would be found in high altitude areas adjacent to areas apparently endemic 

with F. hepatica (see Figure 3.4.2 for an example of spatial distribution of infected 

animals). 
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Figure 3.4.2: Spatial variation of infection status within three estates in North 

Sutherland, Highland. Black points represent infected animals and white dots 

represent uninfected. Note that proportionally very few infected individuals 

were culled above 200m altitude. 

The interaction term Sex: SPM organic included in M1 and M6 is positive and almost 

of the same magnitude as the negative fixed effect of SPM organic (Table 3.3.6). As 

such, because the multiplication factor associated with females is “0” and males is 

“1”, the negative association between probability of infection and SPM organic (i.e., 

the effect size) is only non-zero for females (illustrated by Figure 3.3.4). This implies 

that females with a large proportion of organic soil parent material (i.e., peatland) in 

their home range have a lower probability of being infected by F. hepatica than 

females with a relatively smaller proportion. Intuitively, peatland is not a tolerable 

habitat for snails because it is highly acidic and low in calcium (see Figure 3.4.3 for 

UK and Ireland snail distribution). As such, it seems likely that males more 

commonly ventured outside of the delineated 3km home ranges, and, consequentially 

became infected more frequently than did females. This suggestion that female home 

range is relatively more static and smaller than males is in line with GPS tagging 

observations of red deer in the Scottish Highlands (Thirgood et al., 2007). 
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Figure 3.4.3: Grid map (10km resolution) of records of the dwarf pond snail 

(Lymnaea (Galba) truncatula) in the UK and Ireland (National Biodiversity 

Network (NBN), 2015). Note the sparse records in the Scottish Highlands. 

Regarding infection control, occurrences of liver fluke infection in particular areas 

seems to be somewhat predictable in wild red deer in the Highlands. However, there 

will be factors that were not explored here; i.e., rabbits, for example, are highly 

numerous in the Highlands and are a potential host (but, fluke prevalence in this 

species has never been extensively quantified). Importantly for livestock farmers, 

awareness of wild red deer herds occupying areas adjacent to their fields may be 

beneficial if the effectiveness of established fluke control measures decreases (as may 

be the case if anthelmintic resistance increases (Fairweather, 2011)). Improved 

fencing might also be required to more effectively keep deer off grazing land and 

reduce their possible impact as reservoirs. Currently, it may be that no additional 

control measures are required when balancing cost vs benefit, but, this study has 

highlighted the potential for wild deer to harbour infection. In so doing, wild deer are 

highlighted as an additional factor well worth considering in Scotland when 

increasing infection rates in livestock are being observed (Figure 3.1.1).  
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Future recommendations 

Alternative and complementary approaches to gathering prevalence data 

Potentially the most useful extension to this work would be to measure liver fluke 

burden outside of the stalking season and to confirm Lymnaea (Galba) truncatula or 

identify the true intermediate host in the Highlands of Scotland. In addition, it would 

be desirable to know if infections within deer and livestock in the Highlands overlap. 

If there is evidence of overlap, deer could indeed be acting as reservoirs of fluke. 

Alternatively, if the populations of liver fluke do not overlap between deer and 

livestock, this might lessen concerns over deer as a reservoir of infection of this 

disease. However, even where populations of liver fluke do not overlap within 

livestock and wild deer, it would not be appropriate to not be concerned about the 

effects of fluke infection in wild deer. Indirect effects of F. hepatica infection in wild 

deer may well be a cause for concern, i.e., increased susceptibility of wild deer 

infected with F. hepatica to other diseases cannot be ruled out. In cattle, for example, 

individuals infected with F. hepatica are potentially more susceptible to salmonella (M. 

A. Vaessen et al., 1998). 

Also, if predictive mapping was desirable, a larger number of samples (from more 

estates in the region) would be beneficial to increase statistical power and provide a 

more representative sample of the overall Highland deer population. 

Ultimately, there are numerous refinements that could also be made to the modelling 

approach used here. One example that might result in interesting conclusions would 

be to change the home range delineation used. More specifically, one could examine 

if relationships between infection status and environmental factors are more strongly 

or weakly associated with smaller or larger home range sizes than those delineated 

here (3km radius), or, if the informative associations found in this study remain 

present at all. 

Additional and alternative environmental variables 

The UK Meteorological Office’s (5-25km) gridded datasets (as used by (McCann et 

al., 2010b)) of estimated climatological data, could be used but were not used in the 

present study because modelling of climatological variation in a topographically 

diverse region such as the NW Scottish Highlands is inherently more uncertain than 

in relatively flatterer regions, such as England and Wales (Coll et al., 2010, 2005). 
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Furthermore, the relative paucity of automated weather stations in the Scottish 

Highlands introduces additional uncertainty through extrapolation of these “ground 

truth” points over greater distances (than is the case for England and Wales). It is 

particularly notable that the estimated meteorological values in the Met Office 

gridded datasets are heavily influenced by correlations with altitude (positive for 

rainfall; negative for temperature) and distance from the coast (negative for 

temperature) (Perry and Hollis, 2004); as such, inclusion of these directly measurable 

variables was considered a viable alternative here. 

Initially, it was planned that land cover maps would be acquired from UK and/or 

European environmental organisations. Unfortunately, available land cover datasets 

for the Highlands of Scotland vary greatly in their classification methods. The 

Scottish Natural Heritage National Vegetation Classification Survey (SNH NVC) is 

the most detailed “ground-truthed” dataset available for the Scottish Highlands, but, 

is did not sufficiently cover the areas of the Highlands for which there were project 

participants. It was essential to acquire land cover data that would provide 

comparable measurements between all study sites, and there were three potential data 

sources: i) the 2007 Countryside survey (LCM2007 – Centre for Ecology & 

Hydrology) land cover map was downloaded via the CORINE land cover map for 

2006 (CLC2006) (European Environment Agency, 2006); ii) the Land Cover 

Scotland 1988 map (The James Hutton Institute, 1992), produced by the MacAulay 

Land Use Research Institute; and iii) the Pan-European Land Use and Land Cover 

Monitoring map (PELCOM) (Green World Research, 2003). Ultimately, the 

CLC2006 map was chosen because mapping of European land cover is ongoing 

through the “Copernicus” CLC2012 project (the successor to CLC2006, but is 

currently not validated). Methods used here may, therefore, ultimately be applicable 

to studies regarding the wider European deer population. Any one of these datasets 

may well have provided informative results, but, larger scale land cover maps 

currently rely on automated classification of satellite data and are therefore never as 

reliable as extensive surveys on the ground, particularly in upland regions (Morton et 

al., 2011; Smith et al., 2005). 

Further satellite derived data may also be of use in future work of this kind; for 

example, the Normalised Difference Vegetation Index (NDVI) or Enhanced 

Vegetation Index (EVI) may be worth incorporating. Both provide a measure of 
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“green-ness” that can be used to calculate vegetation growth through the seasons. 

These would therefore be of interest in any study looking at temporal differences in 

infection prevalence. 

Livestock-deer interactions are potentially a source of infection to wild deer. It would 

therefore certainly be of interest to include a variable that could capture this 

information. In this regard, it may be possible to include a variable such as 

“proximity to livestock”; i.e., the distance between the individual culled animal and 

the nearest livestock holding. Here, this approach was not taken because information 

of this nature was not obtained for all estates; maps of estates that did provide this 

information are included in Appendix 3.B (Figure 3.B.1; Figure 3.B.2). It is worth 

noting that the way in which livestock ground is managed to prevent fluke infection 

may also be associated with deer infection risk. For example, rushes are routinely 

cut/ploughed on sheep farms as they are perceived to associate with increased 

infection risk – this certainly occurs on Badanloch estate, where there is an extensive 

sheep farm. 

3.5 Conclusion 

This study represents the first quantification of F. hepatica infection prevalence in wild 

red deer in the Scottish Highlands. It is however, acknowledged that preliminary 

results of a study between 2009 and 2010 are in the public domain (Irvine, 2011). 

Here, the proportion of infected individuals on nine open-hill sporting estates was 

measured during the 2012-13 and 2013-14 stalking seasons. Prevalence varied 

significantly between estates, sexes and age groups. In addition, animals shot later in 

the stalking season were found to have a greater probability of infection than those 

shot earlier. 

The proportion of low altitude ground (0 - 200m elevation) present in each sampled 

animals local environment was found to be positively associated with an increased 

probability of infection. Weaker evidence suggested that the proportion of organic 

soil parent material was also negatively associated with probability of infection. More 

speculatively, results indicated that female living in close proximity to the coast had a 

greater probability of infection than those individuals residing further inland. 

Ultimately, this study has demonstrated that the prevalence of F. hepatica in wild red 

deer in the Scottish Highlands is not negligible; rather, it is sufficient to be worth 
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greater consideration in light of predicted climate change if the Highland region 

warms as predicted by current models. Likewise, the relevance of wild deer as a 

reservoir of infection which may then impact livestock (such as sheep) deserves 

further attention.   
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Appendix 3.A 

GLMM model validation 

Table 3.A.1 – Variance Inflation Factors (VIFs) for potential model predictors 

showing minimal collinearity (i.e., VIF <5). 

                                GVIF       Df     GVIF^(1/(2*Df)) 

days_into_stalking_season   3.901182  1        1.975141 
Sex_M_F                     3.949317  1        1.987289 
season_culled               1.065757  1        1.032355 
stalker_age_category        1.336583  4        1.036930 
Shape_Area                  1.613812  1        1.270359 
fresh_water_perc            1.246934  1        1.116662 
spm_Clay                    1.554742  1        1.246893 
spm_Intermediate            1.308367  1        1.143839 
spm_Organic                1.550364  1        1.245136 
alt_0_200                   2.021117  1        1.421660 
alt_200_400                 1.567230  1        1.251890 
slo_5_10                    1.768834  1        1.329975 

 

Figure 3.A.1: No temporal autocorrelation for combined seasons (i.e., from 

the beginning of the stalking season to 50 days in) nor any temporal 

autocorrelation when the dataset is split into each season.  Plots A, B and C 

refer to sampling seasons 2012-13, 2013-14 and combined seasons, respectively. 

(A) 
(B) 

(C) 
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Figure 3.A.2: Spline correlogram with 95% bootstrap confidence intervals. The 

figure shows that there is no correlation between infection status of 

individuals (the Pearson residuals of the full GLMM) and their near 

neighbours (in the distance range between 0 to 10,000m), when a random 

intercept of estate is included in the GLMM; i.e., there is no spatial 

autocorrelation. 

 

Figure 3.A.3: Partial residuals plots for model M1. Linear relationships (and 

lack of non-linear relationships) indicate that assumptions of linear 

relationships between explanatory variables and response are justified. 
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Figure 3.A.4: Q-Q plot for model M1. Virtually no departure from the y = x 

line indicates there are no deviations from the model assumptions. 

 

Figure 3.A.5: Binned fitted (Expected Values) vs. binned residual (left) and 

raw (right) plot of model M1. The random spread of binned points above and 

below the zero line indicates that the linear model assumption is valid. The 

roughly equal spread of points above and below the line indicates that 

variance is roughly homogenous. There are no obvious extreme values evident 

in the raw residual plot that, if present, might have had unjustified influence 

on the model fit. 



CHAPTER 3  F. HEPATICA PREVALENCE IN RED DEER 
 
 

126 
 

 

Figure 3.A.6: Temporal distribution of male age groups culled during the 

stalking seasons of 2012-13 and 2013-14 and infection status. Age class: 1, calf; 

2, yearling; 3, young; 4, mature; 5, old. 

 

Figure 3.A.7: Temporal distribution of female age groups culled during the 

stalking seasons of 2012-13 and 2013-14 and infection status. Age class: 1, calf; 

2, yearling; 3, young; 4, mature; 5, old. 
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Appendix 3.B 

 

Figure 3.B.1: Areas on Badanloch estate frequented by livestock and cull 

locations of infected (filled circles) and non-infected (unfilled circles) animals. 

  

Figure 3.B.2: Areas on Applecross estate frequented by livestock and cull 

locations of infected (filled circles) and non-infected (unfilled circles) animals. 

 

 

Sheep 
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Chapter 4 

Variation in liver and ingesta macro, trace and toxic 

element profiles in wild Scottish red deer (Cervus elaphus) 

4.1 Summary 

Intraspecific variation in tissue element concentrations in wild ungulates is associated 

with the plants (the soil adhered to those plants, e.g., to roots) and the water they 

ingest. Wild plants typically contain trace and macro elements in variable 

concentrations according to species and the season during which they are sampled, as 

well as the soil on which they grow. As such, the diversity of climatic conditions, soil 

types and plant species present in the Scottish Highlands is expected to have a 

significant influence on the availability of dietary trace elements to wild red deer. In 

addition, despite the wide recognition of generally low soil mineral content of the 

region, until this study, knowledge of trace element status of wild deer has been 

limited to a small scale study on the mainland and one study on the Hebridean Isle of 

Rum. To fill this knowledge gap, 929 samples of liver, faeces and rumen were 

collected across nine open-hill Highland sporting estates from culled male (n = 483) 

and female (n = 446) red deer during the 2012-13 and 2013-14 stalking seasons; and 

following total acid digestion, were analysed for trace and macro element content by 

ICP-OES. Consequently, pronounced geographic variation in Cd, Cu, Mo and Se 

liver concentrations were found between sporting estates. In addition, a significant 

association was found between Se concentrations in liver and rumen content for 

males, which appears to reflect a further association between the percentage area of 

the home range of an individual for which dominant soil parent material mineralogy 

is organic (i.e., blanket bog/deep peat). Between the sexes, females typically had 

significantly higher element status of all essential elements than males, which may 

reflect sex-specific feeding behaviour or physiological demands. Overall, the 

variation in element status of wild deer quantified in this study population indicates 

that marked geographic variation in element status is present in the Scottish 

Highlands and that further investigation of its effects on deer health may be 

warranted. 
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4.2 Introduction 

The health of animals is strongly associated with the food and water they ingest. 

More specifically, to optimise growth, reproductive performance, function of internal 

organs, of the immune system, and of physiological functions at the cellular level, all 

animals require sufficient quantities and proportions of major, minor and trace 

elements in their diet (Figure 4.2.1). Broadly speaking, background concentrations of 

elements in soils and the geological and/or biological materials from which soils are 

derived, define geochemical landscapes. Furthermore, the transfer and 

concentrations of elements from soil to plants to herbivores and to higher trophic 

levels in a specific locality will (in part) reflect the geochemical landscape. At a finer 

scale, the accessibility of elements in soil for uptake by plants (and other soil biota) 

(hereafter termed “bioavailability”) is strongly associated with soil conditions; 

particularly soil acidity (Figure 4.2.2), oxidation (redox) and associated mineral 

weathering rates/solubility. Therefore, it is not solely the total concentration of an 

element in a given landscape that defines its availability to biota, and consequentially, 

the quantity transferred to higher trophic levels.  

 

Figure 4.2.1: Adapted from (Selinus, 2013). Periodic table highlighting the 

essential, non-essential and toxic elements for bacteria, plants and/or 

animals. Note too that excessive intake of essential elements leads to toxicity. 



CHAPTER 4  MACRO/TRACE ELEMENTS RED DEER 

130 
 

 

Figure 4.2.2: Adapted from (Winston, 2005). Schematic of relationship between 

soil pH and relative solubility, availability and thus plant uptake of essential 

macro and trace elements present in soil solution. It is important to note that 

availability of elements for root uptake in soil solution is not only dependent 

on pH but also the proportions of “available” elements relative to each other 

and other soil properties (such as organic matter content). 

In herbivores, availability of elements (hereafter availability of elements is defined as 

“that which is accessible for physiological purpose”) is dependent on multiple 

factors. For example, in ruminants, the availability of an element is associated with 

the relative proportions of other elements in its diet, as well as the total quantities of 

elements ingested. For example, the well-recognised interaction between copper-

molybdenum, and sulphur; i.e., the Cu:Mo:S ratio. Specifically, following dietary 

intake, interactions between elements in the rumen can render elements relatively 

inaccessible (Figure 4.2.3) (Clarke and Laurie, 1980; Gould and Kendall, 2011; 

Suttle, 1991, 1974). 

Following eventual absorption along the digestive tract, the re-distribution of 

elements around the body is determined by physiological need and function within a 

species. However, prior to transportation to a target tissue, trace and toxic elements 

are transported via the bloodstream to the liver, from where net accumulation is 

strongly or partially regulated. Where element accumulation is strongly regulated (i.e., 
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net accumulation is ideally zero), quantities in excess of physiological requirements 

are excreted via, for example, bile (although not exclusively) (Ivan and Hidiroglou, 

1980). Conversely, where accumulation is only partially regulated (i.e., positive net 

accumulation can occur), a certain quantity can be retained, either in the liver or in 

other tissues; as observed for Cd whose concentrations increase with age in specific 

organs (i.e., commonly in the kidneys) of many animals (e.g., in red deer and wild 

boar (Sus scrofa) (Wolkers et al., 1994), shews Sorex araneus (Hunter et al., 1989), 

reindeer (Rangifer tarandus) (Borch-Iohnsen et al., 1996), and white-tailed ptarmigan 

(Lagopus leucurus) (Larison et al., 2000)). Moreover, experimental trials of domestic 

ruminants have demonstrated that element concentrations in liver tissue reflect 

medium to long term (~6 months) dietary intake concentrations for certain essential 

elements, such as Cu, Se and Mn; e.g., in sheep (Humann-Ziehank et al., 2013; Ivan 

and Hidiroglou, 1980; Saylor and Leach, 1980; Woolliams et al., 1983) and in cattle 

(Yost et al., 2002); hence partial regulation of essential trace elements is recognised in 

ruminant physiology, and plays an important role in coping with periods of 

nutritional stress as a result of seasonal fluctuations in plant tissue element 

concentrations (Suttle, 2010a). 

 

Figure 4.2.3: Adaptation by (Jones, 2013) of (Jacobson et al., 1972). Dietary 

interactions between essential trace, macro and toxic elements. 17 of the 

elements in this figure are measured in this chapter. The exceptions are Ti 

and Ni, both of which are widely considered non-essential elements. 
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In domestic animals, tissue reference ranges for essential elements are well-

documented (Puls, 1990; Suttle, 2010b), and these reflect the range of tissue element 

concentrations (typically in liver) that are not detrimental to physiological function 

(Figure 4.2.1). More recently, owing to apparent cases of essential trace element 

deficiency (Custer et al., 2004; Flueck, 1994; Mincher et al., 2007), wild ruminants 

have received increased attention; and in red deer, there has been additional interest 

in establishing tissue (and dietary provision) reference ranges for the farming sector 

in New Zealand (Wilson and Grace, 2001). 

Historically, a major motivation behind establishing tissue reference ranges for 

element concentrations in wildlife has focussed on tolerance ranges for toxic 

elements such as Pb (Buekers et al., 2009). However, establishing reference ranges 

for essential elements in managed game species is desirable since the health and 

viability of populations (in terms of growth, reproduction, and optimal immune 

system function) will be intertwined with nutritional element status. Furthermore, the 

employment and revenue generated in rural and remote areas are often dependent 

upon healthy populations of wild game species. As such, monitoring the health of 

species in terms of nutritional essential element status (in addition to disease, 

parasites, fecundity, etc.) is desirable. 

Geographic variation in element status in wild herbivores 

Globally, large scale data collection (i.e., strong statistical evidence) specifically 

targeted at investigating geographic variation in element status (both toxic and 

essential) of wild ruminants is not extensive; however, examples include: Canadian 

moose living in ecologically distinct “eco-regions” of the Yukon province where 

variation in renal Cd concentrations correlate with stream sediment Cd (Gamberg et 

al., 2005); Norwegian red deer, where marked variation in liver Cu concentration, and 

particularly low concentrations on the west coast are speculated to be a consequence 

of peat soil type (Vikøren et al., 2005); and Norwegian roe deer, where liver 

concentration of Co, Cu, Mn, Mo, Se and Zn varied significantly according to 

geographic region of Norway, and relatively low Cu in west coast individuals 

reflected that found in red deer (Vikøren et al., 2011). Geographically smaller scale 

studies aimed at characterising element status of wild ungulates are more numerous, 

though are typically concerned specifically with the transfer of toxic elements from 

sources of contamination; e.g., transfer of heavy metals to deer in a historically Pb 
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mined region of Spain or the USA (Beyer et al., 2007; Reglero et al., 2008); the use of 

roe and red deer as bio-monitors of heavy metals in an industrialised area of Poland 

(Wieczorek-Dąbrowska et al., 2013); quantifying heavy metal contamination in red 

deer and wild boar in a national park of the Netherlands confined by three cities and 

extensively partitioned by minor roads (Wolkers et al., 1994). 

Factors affecting intake and availability of elements in ruminants 

To directly link any sources of macro, trace or toxic elements to wild deer element 

status, it is essential to estimate dietary intake. Dietary intake can be quantified by 

measurement of element concentrations in: probable diet, e.g., by sampling 

vegetation, soil and/or stream sediments in a defined region; or, actual samples of 

diet from the digestive tract. Each have their limitations, notably: i) estimating intake 

of elements by sampling wild plants will add inherent uncertainty (since humans 

rather than animal will be making the choice) ii) sampling directly from an animals 

digestive system provides only a snapshot of its diet (for the time point it was 

sampled) and therefore may not be representative of long term average diet (long 

term intake of elements being the most likely causal factor influencing tissue element 

concentrations). One notable advantage of measuring element concentrations in 

rumen or faeces is that this can provide information that can also be used to estimate 

soil ingestion, which is a significant source of dietary elements to ruminants 

(Abrahams, 2012; Arthur and Alldredge, 1979; Arthur and Gates, 1988; Beyer et al., 

1994; Sheppard, 2013; Thornton and Abrahams, 1983). Briefly, soils typically contain 

high concentrations of elements Al and Ti, both of which are not readily 

accumulated in great quantities in plant tissues. Therefore, detection of quantities of 

aluminium (Al) and titanium (Ti) in rumen or faeces above those expected in 

vegetation is indicative of soil ingestion (Calabrese and Stanek, 1991). 

Factors affecting availability of elements to wild Scottish Highland red deer 

Though the Scottish Highlands can be considered reasonably pristine, roads, 

residential areas and present and historic industrial activity all influence the 

background (i.e., not 100% natural) geochemical landscape. Nevertheless, distinct 

dietary sources of elements are recognisable. Fresh water, seaweed (where accessible 

to deer), mineral soils (utilised as a natural lick or involuntarily ingested along with 

forage), and forage plants are all typical sources of dietary elements. Moreover, well-

defined anthropogenic sources of elements potentially include: road salt, also 
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commonly licked directly from roads by domesticated and wild ruminants; trace 

element-enriched mineral blocks provided specifically for deer or livestock; point 

sources of contamination from historic or present mining activity and/or local 

industry. Owing to the geographic variation in the distribution and nature of these 

sources and the rich variety of geological formations and soil parent materials that 

characterise the Highland region, it is reasonable to expect geographic variation in 

availability of elements to wild deer. Indeed, even in the relatively more intensively 

managed lowlands of southern Scotland, food crops and cattle accumulate Se in 

quantities that reflect the nature of the soil parent material underlying the pasture on 

which they graze (Fordyce et al., 2010). However, to date, only two studies in the 

Scottish Highlands have measured element concentrations in red deer liver; 

specifically, Cu in six locations within the Isle of Rum (n = 186; females and males 

51.3 ± 44.1 (S.D.) µg/g d.w.) (McTaggart et al., 1981), and twelve locations on 

mainland Scotland  (n = 37; females ~ 24µg/g d.w., males ~ 87µg/g d.w.) (Cowie, 

1976). 

Chapter aims and objectives 

The aim of this chapter is to quantify the essential trace, non-essential trace, macro 

and toxic element status of wild red deer in the region and identify any 

environmental variables (e.g., soil parent material) that associate with element status. 

The main objectives of this study are therefore as follows: 

1. Measure the element status of wild red deer in the Scottish Highlands and 

identify any significant geographic variations between distinct populations 

within the region. 

2. Sub-group sampled animals by sampling season, sex and age group and 

investigate differences in trace element status according to these factors. 

3. Measure element concentrations in ingesta and excreta of wild deer and 

consider relationships between liver element status and dietary intake. Also 

examine data for evidence of potential interactions between elements in the 

rumen. 

4. If relationships between liver and ingesta element concentrations are present, 

investigate potential associations between environmental data (such as soil 

parent material) and bioavailability/apparent uptake. 
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4.3 Methods 

Collection of wild deer liver, rumen content and faecal samples 

Sampling of liver, rumen and faeces were carried out by deer stalkers working on 

nine open hill sporting estates in the Scottish Highlands. For all samples, stalkers 

were instructed to fill a 50ml centrifuge tube with a sample and freeze it (at -20ºC) on 

their return to their estate larder. Faeces and rumen content samples were collected 

while stalkers were out on the hill, while liver samples were collected at the larder. 

Definition of populations, cohorts, home ranges and use of Geographic 

Information Systems (GIS) 

Hereafter, cohort refers to male or female groups within estates and population 

refers to both males and females sampled at each sporting estate, or, is sometimes 

used specifically to refer to the wider “Highland population”. 

The home range of all individually culled deer was delineated by a circle 3km in 

radius around each individual; from which, environmental data regarding soil parent 

material was extracted using ArcGIS (ESRI, 2011) and Geospatial Modelling 

Environment (Beyer, 2015) software. This method for delineating home range is 

similar to that of (Gamberg et al., 2005), who delineated 20km moose home ranges 

based on winter home range gleaned from the literature. 

Homogeneity of tissue element concentrations 

The distribution of trace and macro-elements can be expected to vary within the liver 

of an individual animal (Ludwick et al., 2008). As such, interlobular samples are an 

appropriate means of testing for variation in trace element levels within ruminant 

livers (Miranda et al., 2010). Here, to assess within-liver variation, six whole livers 

were collected from sporting estates at Badanloch and Altnaharra and sampled at five 

points across the liver (Figure 4.3.1). The five locations on the liver were chosen as 

representative of potential sampling locations by deer stalkers. 

Firstly, overall within-liver variation in tissue element concentrations was quantified 

using a method based on relative standard deviation (%RSD); this was to provide an 

overall measure of within-tissue variation that would be comparable between 

elements. As such, for a given element and liver, the mean and standard deviation of 

the five samples was initially calculated; followed by calculation of a %RSD (i.e., 100 
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× (SD/mean)). Subsequently, a mean %RSD and standard error was calculated from 

the six individual liver %RSDs. The same statistical approach was taken to assess the 

homogeneity of ingesta (i.e., rumen and faeces sample pools; see pooling methods). 

 

Figure 4.3.1: Schematic of a red deer liver illustrating the locations that were 

sampled to test for homogeneity of macro and trace elements. 

Secondly, to assess if any individual lobe accumulated more of an element than 

another, element concentrations measured within each of the five samples were first 

quantified as a percentage of the highest measured concentration for a given liver. 

Subsequently, the mean of each concentration for each element was calculated for 

each of the five locations; each mean being calculated form six samples taken from 

the same location (but on different livers). Significant differences between sample 

locations were found by one way ANOVA and Tukey test. 

Liver sample processing 

At the laboratory, liver samples were thawed to enable sub-sampling for drying, acid 

digestion and subsequent trace element analysis. Sub-samples of liver were first 

placed on individual petri dishes and oven-dried at 105ºC for 48 hours to obtain a 

constant weight (dry weight; d.w.). Dry samples were then digested following the 

process detailed below. 

Rumen content and faeces sample processing 

Samples of rumen content (n = 822) and faecal pellets (n = 804) of each animal were 

collected directly into 50ml centrifuge tubes from the rumen and rectum, respectively 

(see Appendix 4.A; Table 4.A.1; for breakdown of n per estate/sex/season) between 

July 20th 2012 and February 15th 2014 and stored in 50ml centrifuge tubes (Fisher 

Scientific, UK). Historically, when studying deer diet, researchers choose to wash 

rumen contents to retain only fragments of grasses and browse (Takatsuki and Ikeda, 
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1993) or not (Kocar et al., 2004). Here, we chose to not wash rumen contents as a 

portion of material would be lost (while removing microorganisms, saliva and animal 

derived nitrogen) which might contain a portion of water soluble ingested trace 

elements (derived from water/drinking or non-plant material, i.e., soil or mineral 

licks). Furthermore, the intention of this study was to estimate the availability of 

elements to wild deer and therefore washing out soluble fractions would lead to 

underestimates. 

Pooling rumen/faeces samples 

Here, the contents of the rumen, though mostly comprised of grass, was a 

heterogeneous mix of plant species, soil and any other non-targeted ingesta such as 

hair. Therefore, a single 50ml sample from one individual was not expected to 

represent the regular diet of that individual or the cohort with which it associates. 

Studies with access to sample volumes of ingesta greater than 1 litre typically 

homogenise and analyse at the replication level of the individual (Barboza and Blake, 

2001; Staines et al., 1982); i.e., one litre of rumen represents the diet of that individual 

at that time point/during the season in which it was sampled. Given such a large 

volume was not collected during this study, this approach was not possible. 

Further, an individual may have spent a period of time immediately prior to its death 

feeding at an unusually rich source of trace elements (e.g., at a mineral lick) – it may 

then have relatively high levels of trace elements in its rumen in comparison to other 

individuals from the same cohort. This would result in uncharacteristically high 

variation. Moreover, sampling might introduce unpredictable contamination to 

rumen samples (given that samples are taken by various game management staff). 

With these caveats in mind, we assumed that study animals could be divided into 

groups of similar individuals that target the same diet, i.e., of the same sex (each sex 

having differing dietary preferences/needs), age category (animals no longer 

following their mother form single sex herds; i.e., no yearlings) and culled during the 

male or female stalking seasons. Therefore, it is assumed that a collection of 

individual samples, from a group of similar individuals, will, when pooled, comprise 

the regular diet of that group and thus reduce the contribution of the minority of 

potentially non-representative samples (Figure 4.3.2) (see Appendix 4.A for details). 
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1. Rumen content assumed to be heterogeneous mix of element-rich and poor materials (black and white respectively; red sample is unusually rich). 

2. Variance of element content in 50ml rumen samples assumed to be very large. Each sample is not representative of individual or of cohort diet. 

3. Pooling and homogenising samples leads to replicates of closer similarity to the average ingesta of a cohort. 
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Figure 4.3.2: Schematic of rumen pooling method. Example construction of representative replicates of cohort diet (pooled replicates) 

as opposed to unrepresentative replicates of portions of an individual’s diet (50ml rumen content). Note that there is some non-

independence between replicates, but pooled replicates are more representative of average group diet than 50ml samples. 
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Nine pooled replicates were constructed by sub-sampling each group with 

replacement (see Appendix 4.A for an example breakdown of which individuals 

formed each pooled replicate); hence, a third of the individuals available within each 

group are pooled into each replicate, and individuals appear three times within nine 

pools. For example, from a group of nine individuals (Figure 4.3.2), subsamples of 

rumen were taken from three randomly selected 50ml tubes and placed on a petri 

dish to construct one pooled replicate – all 50ml tube were then returned to the 

group for the procedure to repeat. This ensured that each sample had an equal 

probability of being pooled with any other. Following a sample’s third appearance in 

a pool, it was removed, so it could not contribute to any subsequent pools. All 

pooled replicates were then oven dried at 105˚C to constant weight and milled for 

30s using a coffee grinder. 

For faecal samples, the same approach to pooling was adopted. However, prior to 

pooling, faecal pellets were fully defrosted and stirred with a stainless steel spatula to 

obtain a homogenous (i.e., non-pellet-biased) sample. 

Acid digestion of tissue samples and certified reference materials 

Acid digestion of all tissue samples followed an adapted UV-assisted digestion 

method (Manjusha et al., 2007). For each “batch” of digests, 27 dried tissue samples, 

six certified reference material aliquots (CRMs) and three procedural blanks (0.5ml 

MilliQ ultrapure water) were weighed out into 15ml pure quartz vials; 0.20g for 

milled pooled replicate samples of rumen or faeces were digested, and 0.30g was 

used for liver. Two ml of HNO3 was added to each digest tube left for 14 hours 

(overnight) at room temperature. Two CRMs, one procedural blank and nine tissue 

samples then made up “sub-batch” of 12 samples. After 14 hours, two sub-batches 

were placed on an aluminium heating block that was increased from 70°C to 130°C 

for rumen and faeces (70 to 120 for liver) over the course of 1 hour. Following 

cessation of fuming (normally ~1 hour), 0.25 ml of H2O2 was added twice to each 

vial with a 10 minute interval between additions. Next, the first sub-batch of 12 vials 

were placed in a UV-digester (705 UV Digester Metrohm, Switzerland) for 2 hours 

with the addition of 0.25ml of H2O2 every 30 minutes (total H2O2 added per vial 

during digestion: 1.25ml) until a clear, colourless solution was generated. The first 

batch of samples was then removed from the UV-digester and diluted to 10ml with 

Milli-Q in 14ml centrifuge tubes (Fisher Scientific, UK). The second sub-batch of 
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samples were then placed in the UV-digester, following the same procedure as above. 

The third sub-batch of vials was added to the heating block, and the whole 

procedure repeated. 

ICP-OES analysis of tissue samples and CRMs 

Sample digests were loaded into the ICP-OES (Varian 720-ES) auto-sampler in 

blocks of 180 samples per instrument run. Five instrument calibration standards 

(including a blank) were made up according to the dilutions given below (Table 

4.3.1) and placed into the auto-sampler; a complete set of five calibration standards 

were analysed at the beginning of an instrument run and then a re-slope was 

executed after every ten unknown samples (whereby, a blank and a single standard 

were measured to monitor instrument drift/sensitivity change throughout the run). 

Initially, for the first season liver samples and 100 rumen and faeces samples, ICP-

OES instrument calibration standards were made using a multi-element standard 

solution (Multielement standard solution 4 for ICP, TraceCERT®, in 10% nitric acid, 

Sigma Aldrich, UK). Calibration levels were based on expected element 

concentrations in a bovine liver CRM (BCR®-185R) and a bush branches and leaves 

CRM (NCS DC 73348). This initial ICP-OES data then informed subsequent 

instrument calibration curves. Histograms were plotted for the first season’s results 

(~500 liver samples, 100 rumen, and 100 faeces samples) to aid calculation of 

appropriate dilutions for a tailored multi-element standard. The tailored multi-

element standard was made up using certified single element standards as described 

in Table 4.3.1. All samples, including those 700 previously tested (in random order 

with respect to sex, site and season), plus, all procedural blanks and CRMs were then 

run over the course of two weeks. This minimised any effects caused by changing 

instrument sensitivity (over time) which may have resulted in biased measurements. 

The operating conditions for the ICP-OES are also shown in Table 4.3.2. 
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Table 4.3.1: Dilutions for intermediate standard and ICP-OES instrument calibration standards. Blanks consisted of 2.5% acidified milli-

Q water; i.e., 1.25ml trace element grade nitric acid and 48.75ml milli-Q water. Absorption lines (nm) are also shown. 

Single element TE standards 

all 1000 mg/L concentration

Vol. TE std in 

intermediate 

50ml std (ml)

Intermediate std (mg/L) Standard 1 Standard 2 Standard 3 Standard 4 Standard 1 Standard 2 Standard 3 Standard 4

As 188.980 0.25 5 100 200 300 500

C d 2 14 .4 3 9 0.275 5.5 110 220 330 550

Co  228.615 0.125 2.5 50 100 150 250

C u 3 2 7 .3 9 5 2.8 56 1120 2240 3360 5600

Hg 184887 0.125 2.5 50 100 150 250

M n 2 5 9 .3 7 2 6.5 130 2600 5200 7800 13000

M o  2 0 2 .0 3 2 0.125 2.5 50 100 150 250

N i 2 2 2 .4 8 6 0.125 2.5 50 100 150 250

P b 2 2 0 .3 5 3 0.125 2.5 50 100 150 250

S e  19 6 .0 2 6 0.125 2.5 50 100 150 250

Ti 3 3 4 .18 8 1.25 25 500 1000 1500 2500

Zn 2 0 2 .5 4 8 2.5 50 1000 2000 3000 5000

total vol. standards (ml) 14.325

total vol. remaining to dilute to 

50ml (ml)
35.675

Vol. acid required for 2.5% 

acidification of Inteermediate 

std. (ml)

0.892

vol milliQ dilution to 50ml (ml) 34.783 Single element standards  (1000 mg/L) Standard 1 Standard 2 Standard 3 Standard 4 Standard 1 Standard 2 Standard 3 Standard 4

Al 237.312 0.5 1 1.5 2.5 10000 20000 30000 50000

C a  3 18 .12 7 1 2 3 5 20000 40000 60000 100000

F e  2 5 9 .9 4 0 0.4 0.8 1.2 2 8000 16000 24000 40000

K 4 0 4 .7 2 1 2 4 6 10 40000 80000 120000 200000

M g  2 8 5 .2 13 0.6 1.2 1.8 3 12000 24000 36000 60000

Na 330.237 2 4 6 10 40000 80000 120000 200000

P  185.878 1 2 3 5 20000 40000 60000 100000

S  18 1.9 7 2 0.7 1.4 2.1 3.5 14000 28000 42000 70000

Intermediate std (various mg/L) 1 2 3 5

total volume stds. (ml) 9.2 18.4 27.6 46

total vol. remaining to dilute to 50ml (ml) 40.8 31.6 22.4 4

Vol. acid required for 2.5% acidification of 

calibration std. (ml)
1.02 0.79 0.56 0.1

vol milliQ dilution to 50ml (ml) 39.78 30.81 21.84 3.9

DILUTIONS FOR INTERMEDIATE STANDARD

MACRO ELEMENTS and INTERMEDIATE STD. dilutions for ICP-OES calibration stds.

Concentration in ICP-OES calibration standards (ppb)Volume added to ICP-OES calibration standards (ml)

Dependent on element (see above)

1 2 3 5

Volume added to ICP-OES calibration standards (ml) Concentration in ICP-OES calibration standards (ppb)
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Table 4.3.2: Operating conditions for ICP-OES. 

ICP-OES Model Varian 720-ES 

Software ICP expert II ver. 1.1 

Power 1.2kW 

Plasma flow 15L/min 

Auxiliary flow 1.5L/min 

Replicate read time 5s 

Instrument stabilisation delay 15s 

Sample uptake delay 20s 

Pump rate 15 rpm 

Rinse time 15s 

Sampling strategy 4 replicates 

Statistical methods 

Outliers, data distributions and modelling values below the limit of detection 

Prior to analysis, tissue trace and macro element concentrations were expected to 

follow log-normal and normal distributions, respectively. To check this assumption, 

firstly, element concentration data were sequentially split by tissue type, site, sex and 

age group to create comparable groups from which histograms and QQ-plots could 

be visually inspected. Next, mean and standard deviations were calculated for the 

resultant data and normal and log-normal probability density functions were plotted 

over the top of each histogram. If, by visual inspection, the plotted probability 

density function closely matched the observed data (either untransformed or log-

normal transformed) and subsequent QQ-plots showed a linear relationship, it was 

assumed that the distributional assumptions were justified (see Table 4.3.3 for 

summary of distributions). If however, the probability density function did not 

closely match the observed data, it was assumed that extreme values were present. 
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Table 4.3.3: Distributions of tissue element concentrations in faeces, rumen 

content and livers of wild red deer in nine open hill sporting estates in the 

Scottish Highlands. Elements for which element concentration distributions 

are tissue dependent are highlighted in grey. Q-Q plots of sex-specific linear 

models, with estate as the only fixed factor, (note example in Figure 4.3.4) 

were visually inspected, and relative variance calculations (Table 4.3.4) 

examined to ensure that distributional and constant error variance 

assumptions were justified, respectively. 

 Element Rumen content Faeces  Liver  

M
ac

ro
-e

le
m

en
t 

P Normal Lognormal Normal 

K Normal Normal Normal 

S Normal Normal Normal 

Na Normal Lognormal Lognormal 

Mg Normal Normal Normal 

Ca Lognormal Lognormal Lognormal 

E
ss

en
ti

al
 t

ra
ce

-e
le

m
en

t 

Fe Lognormal Lognormal Lognormal 

Zn Lognormal Normal Lognormal 

Cu Lognormal Lognormal Lognormal 

Mn Normal Normal Lognormal 

Mo Lognormal Lognormal Lognormal 

Se Normal Normal Lognormal 

Co Lognormal Lognormal Lognormal 

T
ra

ce
 a

n
d

 t
ox

ic
- 

el
em

en
ts

 

Cd Lognormal Lognormal Lognormal 

Pb NA Lognormal Lognormal 

Ti Lognormal Lognormal Lognormal 

Al Lognormal Lognormal NA 

Ni Lognormal Lognormal NA 
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Figure 4.3.3: Example of lognormal distribution of Se concentrations in liver 

tissues of wild female red deer in nine open hill sporting estates in the 

Scottish Highlands. Visually similar site-specific predicted lognormal curves 

(blue) (based on the raw data, not shown here) were used to generate 

plausible random values below the LOD for Se (i.e., at <0.27 µg/g). 

Extreme values were identified by visual inspection of histograms and probability 

density functions (Appendix 4.B; Figure 4.B.1); a value was judged extreme and 

subsequently dropped from the dataset if its presence led to a mismatch between 

observed values and the aforementioned probability density function. Extreme 

(outlier) values could potentially be attributed to contamination by (for example) Pb, 

Cu and As from the ammunition used to shoot the deer, from CRMs or due to 

insufficiently clean glassware (see Appendix 4.C for all removed extreme values and 

explanations for their removal). It should be noted that ammunition used to kill deer 

may vary in terms of Pb, As and Cu content. Here, we found a correlation between 

Pb and As in rumen content (Pearson’s correlation coefficient R = 0.51; 95% CI: 

0.41, 0.59; p < 0.0001; Appendix 4.D; Figure 4.D.1) which potentially indicated that 

rumen content samples may be contaminated with Pb from ammunition; hence eight 

samples were removed from the dataset for suspected contamination by ammunition. 

There were no other significant correlations between Pb and other elements in the 

rumen samples (Appendix 4.D; Figure 4.D.1). As such, it was assumed that if this 

was ammunition contamination, it was of nominal consequence in terms of values 

measured for all other elements. 
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Following the removal of extreme values, uninformative data (i.e., for those elements 

measured for which more than 50% of data fell below LOD) were also removed 

from the dataset: specifically, As, Al and Ni data were removed from the liver 

dataset; As and Pb from the rumen content dataset; and As from the faeces dataset. 

Conversely, for elements where a minority of tissue element concentrations fell 

below the LOD, values below the LOD [(liver; Pb, Se, Co, Al), (faeces; Se), (rumen; 

As, Se, Co)] were substituted for modelled alternatives (Helsel and Hirsch, 1992). 

Furthermore, owing to the raw data outputs of the ICP-OES instrument (i.e., the 

intensity of an emission line at a selected wavelength based on an estimated (and 

sometimes inherently noisy) baseline), some calculated concentrations falling below 

the detection limit were also negative. Given, negative concentrations are illogical, 

such values required replacement with plausible alternatives. Moreover, even with 

positive concentrations (which were more commonly derived in the present study), it 

is still not appropriate to assume that any given intensity of signal below the 

detection limit (calculated from the variance of procedural blanks) is distinguishable 

from noise. In nature, element concentrations in biological samples typically follow 

lognormal distributions (e.g., Figure 4.3.3); hence, it is reasonable to assume that 

data below the detection limit must follow the same (typically lognormal) distribution 

as the rest of the data (that falls above the LOD), but that the individual 

concentrations do not reflect signal intensity. Here, alternative values were identified 

by randomly generating values based on a data distribution with the same character 

(i.e., mean and standard deviation) as the element in question (see Appendix 4 for an 

illustration, Figure 4.A.1). For example, the mean and standard deviation were 

calculated for the Se data for a given site and sex (including the values below LOD). 

These values were then transformed to randomly generate a (lognormal) distribution 

of the same number of samples as included in the original sample size (e.g., liver 

samples of 91 females from Alladale). As each random distribution effectively 

echoed the original data, approximately the same number of generated replacement 

samples had values below the LOD as in the original data. Therefore, after a few 

iterations of the random generation process (usually fewer than 10), each randomly 

generated distribution would have exactly the same number of values below the 

LOD as in the original data. Therefore, following generation of random modelled 

distributions, values below the LOD in the original data could be substituted (in no 
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particular order) with those under the LOD in the randomly generated replacement 

data. 

Modelling approach 

Unless stated, (Generalised) Linear Mixed Effect Models (GLMMs), with estate as 

random intercept and (unless stated) a Gaussian error distribution, were constructed 

to quantify differences in element concentrations between seasons and sexes. As 

such, it was assumed that effects, such as the effect of being male on concentration 

of an element, were consistent between sites; i.e., it is assumed that (if existent) the 

difference in accumulation of a given element between males and females is 

consistent between all estates. Where, in addition to random intercepts, random 

slopes (i.e., also estate) were included in models, it implies that the effect of a 

predictor variable was not considered consistent between estates; i.e., the difference 

in accumulation of a given element between males and females is not consistent 

between sites. In general therefore, random intercepts were used when there was a 

biological reason for expecting consistency between sites; e.g., females accumulate 

greater quantities of trace elements than males, because they “transfer” elements to a 

foetus. And random slopes were used when there was not strong reasoning to expect 

a predictor variable to have the same effect on all estates; e.g., the effect on element 

status of increasing the proportion of an individual’s home range for which a certain 

soil parent material dominates cannot be expected to be consistent, because it does 

not take into account the other soil parent materials in the home range which might 

have a greater influence on element accumulation. 

Model diagnostics for one-way analysis of variance 

A linear model was created for each element within each tissue. Residuals of models 

were examined for normality with QQ-plots for each element; residuals were 

calculated as the difference between measured concentrations and the mean of each 

element within each site. Plots of residuals vs. calculated means were examined for 

heteroscedasticity. Variance (standard deviation squared) of each group was 

examined for each element to ensure that variance of any one group did not exceed 

four times that of another. 

Assumption 1 – independence of measurements 
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All individuals on any given site are independent from those on all other sites. This 

assumption of independence is justified as deer are highly unlikely to roam within a 

study site which is not the one in which it was culled. Within sites, data relate to 

individually sampled animals, and only data collected from mature animals (i.e., those 

for whom element concentrations are not influenced by consumption of their 

mother’s milk) are included in analysis of variance of tissue element concentrations 

between estates. 

Assumption 2 – normality of residuals 

QQ-plots were examined for departures from normality (Figure 4.3.4). If for any 

given element in any tissue, tissue element concentrations were non-normal based on 

visual inspection of a QQ-plot (i.e., there was departure from a straight y = x line), 

those data were log transformed and a QQ-plot redrawn and re-examined visually. 

Following all transformations, residuals approached normality. 
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Figure 4.3.4: Example diagnostic plot for linear model of Se concentrations in 

liver tissues of wild female red deer in nine open hill sporting estates in the 

Scottish Highlands. Note the straight line in the Normal Q-Q plot (top right) 

provides strong evidence justifying the assumption of normality of residuals 

(following transformation of raw data shown in Figure 4.3.3 by a log 

transformation). The even spread of residuals above and below the y = 0 line 

in the Residuals vs. Fitted plot (top left and bottom left) gives a visual 

indication of the homogeneity of variance between sites; further justification 

for the assumption of homogeneity of variance is shown in Table 4.3.4. Finally 

the bottom right plot shows there are no data points exerting undue influence 

(i.e., excessive influence beyond that of the other points) on the model. 

Assumption 3 – homogeneity of variance 

Following justification of normality and independence assumptions, variance of each 

element measured within each site was calculated and each estate ranked in order of 

size of variance. If (after appropriate transformation (Table 4.3.4)) the calculated 

variance of the top ranked site was not greater than four times the variance of the 

lowest ranked site, there was strong evidence to infer that the assumption of 

homogeneity of variance was justified (Fox, 2008; Zuur et al., 2010). Elements for 

which evidence in support of this assumption was weaker (i.e., where variance of top 

ranked site was >four times the variance of the lowest ranked site) were, in liver: Fe 
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(maximum of 7×), S (maximum of 4.1×), Zn (maximum of 5×), Mo (maximum of 

5×), Cd (maximum of 11×), Pb maximum of 6.8×) and Ti (maximum of 4.6×). 

Nevertheless, even for these, visual inspection of the residuals against fitted values 

revealed similar variance across all groups and no clear pattern of increase (or 

decrease) in variance of residuals with increasing means (Figure 4.3.4 - top left). A 

potential consequence of non-constant error variance would be a reduction in 

statistical power; more specifically, it is less likely that conventional ANOVA would 

identify a significant difference between a site with a very small variance and a much 

greater one (even if there was a true underlying difference between them). 

In contrast to liver samples, there was not strong evidence for constant error 

variance between sporting estates for rumen and faeces samples. In rumen, the 

relative variation in concentration of 15 of 17 elements between sites ranged between 

4 and 44 fold. Similarly in faeces (although typically well below 10), variance in 15 of 

18 elements ranged between 4 and 25 fold. The consequence of this non constant 

error variance is reduced statistical power when comparing means of some elements; 

i.e., the variance assumed by conventional ANOVA and Tukey post-hoc tests is 

constant (and will be calculated as an average of the variances of all groups), hence, 

true differences between two groups exhibiting small variance may be missed. 

Nevertheless, as for liver, the majority of elements showed only a small degree of 

non-constant error variance (i.e., up to 6 fold differences in variance) and so 

conventional ANOVA and Tukey tests can be applied for the majority of elements. 

However, where non-constant error variance was more concerning (i.e., when fold 

differences of 10 or above were present), caution was maintained when interpreting 

Tukey pairwise comparisons. 

An alternative method (not used here) for examining differences between groups 

would be to use bootstrap confidence intervals or employ a generalised least squares 

model, whereby the size of variance is assumed to be group (e.g., estate) specific. 
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Table 4.3.4: An example of evidence of non-constant error variance (non-

homogeneity of variance) in liver cobalt concentrations. Relatively large 

differences in variance (expressed as multiplication factors above 4) prior to 

log transformation are highlighted in grey. A relative reduction in 

multiplication factor, as a consequence of log transformation, is shown in the 

“Relative log var” column; this consequence, along with the approach to 

normality exhibited in similarly distributed elements such as Se (see Figure 

4.3.3), justifies the log transformation of element concentrations in liver. 

Co n median mean sd var 
Relative 

var 
Log 

mean 
Log 
sd 

Log 
var 

Relative 
log var 

Alladale 62 0.14 0.15 0.044 0.0020 4.9 -1.97ab 0.30 0.09 2.0 

Altnaharra 54 0.15 0.16 0.057 0.0032 3.0 -1.88ac 0.34 0.12 1.5 

Applecross 30 0.19 0.19 0.046 0.0021 4.5 -1.71cd 0.24 0.06 3.0 

Ardnamurchan 17 0.17 0.17 0.044 0.0019 5.0 -1.80abd 0.25 0.06 2.8 

Badanloch 50 0.13 0.14 0.063 0.0040 2.4 -2.04a 0.42 0.18 1.0 

Ben_Loyal 47 0.17 0.18 0.073 0.0053 1.8 -1.79bc 0.39 0.15 1.2 

Conaglen 33 0.18 0.18 0.049 0.0024 4.0 -1.77bc 0.27 0.07 2.5 

NHT and 
Aline 

11 0.16 0.18 0.061 0.0038 2.6 -1.74abd 0.32 0.10 1.7 

Strathconon 44 0.22 0.24 0.098 0.0096 1.0 -1.52d 0.40 0.16 1.1 

 

Relative differences 

Relative differences are included in this chapter to provide a consistent benchmark 

against which differences in element concentrations can be compared. All relative 

differences (%) are calculated after selecting a reference value. Reference values here, 

for consistency, are always the males (when comparing element concentrations 

between sexes) and the second sampling season (when comparing element 

concentrations between seasons). For example, a relative difference in rumen Mn 

between males and females during the 2012-13 season would be calculated as 

follows: 

𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 100 − (100 ×  (
𝑀𝑛𝑓𝑒𝑚𝑎𝑙𝑒𝑠

𝑀𝑛𝑚𝑎𝑙𝑒𝑠
)) 

In this case, Mnfemale = 459.26 and Mnmale = 315.80, so the value calculated was -

45.43%. This value is interpreted as the percentage deficit of Mn in male rumen 

when compared to female rumen; that is, a males would have to ingest dietary Mn 

concentrations 45.43% higher than those measured during 2012-13 to ingest the 
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equivalent of a female; i.e., 45.43 × (315.80/100) = 143.47 ; 315.80 + 143.47 = 

459.26. 

Correlation coefficients 

Spearman’s ρ correlations were used to determine the strength and significance of 

non-linear correlations between population mean element profiles in liver and 

ingesta. Pearson’s R correlations were used to determine the strength and 

significance of linear correlations. 

Influential points and grouping factors 

Identification of influential points in a generalised linear model is straightforward in 

R software as leverage plots are provided as default diagnostic tools. In contrast, 

identification of influential groups in generalised linear mixed models is more 

difficult. There are packages in R to calculate the influence of groups, but these were 

not applicable with the GLMMs constructed in this chapter. Instead, plots were 

visually inspected to examine whether associations between explanatory variables and 

response variables were reasonably consistent between study sites (i.e., grouping 

factors). If relationships were consistent across sites, a random intercept model was 

constructed; if not, a random intercept and slope model was constructed. There is an 

important distinction between parameter estimates in random slope mixed effect 

models and standard GLMs, that is: the relationship between the explanatory and 

response variable, when not grouped by site, is not necessarily the same as the 

parameter estimates from the mean relationship calculated from responses and 

explanatory variables calculated for each group individually. Therefore, parameter 

estimates in GLMMs and GLMs may not reflect each other. 

Here, the majority of models constructed (unless stated otherwise; for example, 

models looking at how “days into the stalking season” associates with “liver element 

status”; Figure 4.3.5) are mixed effect models with random intercepts. Random 

slope and intercept makes the assumption that the association between an 

explanatory and response variable is non-identical across all sites (e.g., absolute 

change in liver element status between August and October is inconstant between 

sites), and that there are additional factors (such as a higher or lower baseline element 

status) that means the proportion of change in a response between each site (e.g., in 

element status between August and October) is different. Model diagnostic plots 

were then similar to that shown in Figure 4.B.2, Appendix 4.B. 
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Figure 4.3.5: Site specific associations between liver Mn concentrations in 

males and days into the stalking season. Each line represents a linear model 

for each site. Here, the slopes for each site appear inconsistent but with an 

overall negative association; hence, a random intercept and slope GLMM was 

constructed for these data. 

4.4 Results 

Quality control and assurance 

Recovery information and quality control 

All recovery and quality control information is displayed in Table 4.4.1. The limit of 

detection for all elements of interest was generally exceeded by most samples. 

However, for Se, Ti, Co and Pb, up to 19% of samples fell below LOD. Arsenic, Al 

and Ni were difficult to detect in liver, hence, with >50% of samples below LOD, 

these elements were excluded from any data analysis involving liver samples. 

Furthermore, owing to extreme outlying measurements for Pb and As in rumen (we 

assume from ammunition contamination), these two elements were excluded from all 

data analysis involving rumen content. 
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Table 4.4.1: Recovery information for emission lines of 19 elements measured (using ICP-OES) in three certified reference materials. 

Limits of detection (LOD) and quantification (LOQ) and summary information for all CRMs and deer samples are also displayed. 

 

LOD LOQ

Meas. µg/g Cert. µg/g Rec. % RSD % Meas. µg/g Cert. µg/g Rec. % RSD % Meas. µg/g Cert. µg/g Rec. % RSD % Meas. µg/g Cert. µg/g Rec. % RSD % µg/g µg/g % < LOD(LOQ)

P 799.68 830.00 96.3 2.8 12107.94 3.4 12483.16 2.5 10131.16 1.68 10.63 35.45 0.0

Na 10682.05 11000.00 97.1 4.9 2038.99 3.6 6644.89 3.0 12713.66 1.95 8.28 27.60 0.0

Co 0.42 0.39 108.8 17.1 0.27 7.6 0.26 11.2 0.50 0.51 97.8 3.93 0.07 0.22 11.9(66.0)

Al 869.21 2140.00 40.6 9.4 0.89 72.7 88.40 26.3 17.99 9.64 2.14 7.13 50.2(59.1)

As 0.95 0.95 100.1 14.9 (0.05) (0.03) ~ ~ 9.29 9.66 96.1 2.4 21.71 21.60 100.5 1.77 0.21 0.71 79.0(90.7)

Ca 23076.27 22000.00 104.9 5.6 149.84 4.7 696.60 4.6 3859.17 5.63 13.39 44.63 0.0

Cd 0.23 0.14 165.9 9.5 0.55 0.54 100.2 3.8 23.78 24.30 97.8 2.5 26.20 26.70 98.1 1.58 0.02 0.06 0(7.6)

Cu 5.11 5.20 98.2 4.7 281.76 277.00 101.7 5.4 34.22 31.20 109.7 9.9 106.00 101.07 1.6 0.21 0.70 0(0.1)

Fe 959.94 1020.00 94.1 7.2 194.00 10.0 1832.48 1833.00 100.0 3.1 105.76 105.00 100.7 5.64 1.12 3.73 0.0

K 7974.50 8500.00 93.8 11.0 10822.14 4.1 9626.24 4.0 9019.13 2.49 204.32 681.07 0.0

Mg 2941.88 2870.00 102.5 7.9 677.47 3.5 1453.98 2.4 1195.88 1.71 1.31 4.35 0.0

Mn 64.08 58.00 110.5 6.6 12.04 11.07 108.8 3.4 12.82 4.0 13.65 13.60 100.3 2.12 0.54 1.81 0.0

Mo 0.25 0.26 96.5 15.1 4.05 4.3 1.02 5.7 0.97 0.95 101.6 2.86 0.07 0.25 0.2(4.1)

Ni 1.71 1.70 100.8 27.9 -0.02 -166.5 0.58 0.97 59.8 20.4 2.07 2.50 82.7 3.02 0.13 0.43 59.5(60.8)

Pb 7.17 7.10 101.0 8.7 (0.17) (0.17) ~ ~ (0.27) (0.16) ~ ~ 0.44 0.35 126.0 17.48 0.11 0.38 19.0(58.8)

S 3233.83 3200.00 101.1 2.8 7743.26 3.5 13601.04 2.3 10292.43 1.83 10.81 36.04 0.0

Se (0.04) (0.18) ~ ~ 1.54 1.68 91.8 7.9 7.84 8.30 94.4 3.3 5.59 5.63 99.3 2.51 0.27 0.89 16.5(72.0)

Ti 30.97 95.00 32.6 9.7 0.08 17.1 3.97 49.1 0.71 24.69 0.07 0.25 9.8(52.9)

Zn 22.38 20.60 108.6 7.2 144.83 138.60 104.5 4.0 125.03 116.00 107.8 2.3 187.87 180.00 104.4 1.61 1.02 3.41 0.0

Bush Branches and Leaves NCS DC 73348 Bovine Liver BCR®-285R Dogfish Liver NRC-CNRC DOLT-4 Lobster Hepatopancreas NRC-CNRC TORT- 2

Brackets () indicate that the certified concentration in the CRM falls below the limit of quantification (LOQ); hence correpsonding recovery and RSD were not calculated and are instead indicated by the ~ symbol.



CHAPTER 4  MACRO/TRACE ELEMENTS RED DEER 

154 
 

Homogeneity of element concentrations in liver and pooled ingesta samples 

Relatively little variation (mean RSD <10%) was observed in the majority of 

elements within whole livers; calculated mean %RSD for Na, Co, Ca, Se, Ti varied 

between 10 and 20%, whereas Pb mean %RSD was over 30% (Table 4.4.2). 

Similarly, pooled ingesta sample mean %RSD was very low; typically less than 7%. 

The only elements for which mean %RSD exceeded 7% were Co (20%), As (63%) 

and Se (13.2 %). Significant differences (found by one way ANOVA and Tukey test) 

in element concentrations according to location sampled within liver (see methods; 

Table 4.3.3) were found only for Mn and Fe (as illustrated in Figure 4.4.1). 

 

Figure 4.4.1: Comparison of differences in essential trace element 

concentrations (Mn and Fe) in liver tissue dependent on sampling location 

within a whole liver. Differences were identified by one-way ANOVA and 

pairwise comparisons made by Tukey test. Error bars represent standard 

errors.  
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Table 4.4.2: Element homogeneity within liver and pooled ingesta samples. 

Mean %RSD was calculated from %RSDs from five whole livers (three 

females, two from Altnaharra and one from Badanloch; and two males, both 

from Badanloch) – each tested 5 times). Similarly, mean %RSD for ingesta 

samples was calculated from %RSDs of five pooled replicates (faeces - one 

female and one male, from Ardnamurchan and Ben Loyal, respectively; rumen 

- two females from Ardnamurchan and Badanloch, and one male from 

Conaglen) – each tested 5 times. 

 

Tissue element profiles in livers and ingesta 

Trace and macro elements in livers – by sex 

Liver element profiles of mature males were significantly lower to those of females 

for all elements during at least one sampling season, with the exception only of Pb 

(Table 4.3.3); concentrations of Cu, Se, Co and Mn in males (all important 

physiologically) were around half that of the same elements measured in females. 

Furthermore, differences in essential trace element status between the sexes were 

greater (typically > 30%) than differences in macro elements (typically < 20%). 

  

Element mean RSD (%) SE mean RSD (%) SE

P 4.84 0.95 2.91 0.94

K 6.05 1.47 2.94 1.00

S 4.20 0.98 3.05 1.14

Na 13.12 2.61 2.97 0.95

Mg 5.16 1.04 2.97 0.92

Ca 10.22 1.95 2.78 1.13

Fe 8.89 2.30 3.63 0.73

Zn 6.61 1.08 3.09 1.01

Cu 9.87 3.01 2.64 0.90

Mn 5.85 1.03 2.78 0.99

Mo 8.32 2.07 5.09 0.99

Se 13.67 4.73 13.25 6.12

Co 11.53 2.97 20.81 9.35

Cd 8.08 1.15 3.66 1.16

Pb 30.54 3.64 6.59 2.02

Ti 17.11 4.67 6.15 1.61

Al NA NA 5.27 1.38

Ni NA NA 5.27 1.30

As NA NA 63.21 19.50

LIVER INGESTA
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Table 4.4.3: Mean liver element concentrations of wild male and female red 

deer culled during the 2012-13 and 2013-14 stalking seasons. Following log 

transformation according to Table 4.3.3, significant differences in mean 

concentrations between sexes were identified separately for each sampling 

season by linear mixed effect models with site as a random intercept and sex 

as a fixed effect. % diff is relative to males in each particular season. 

 

Ranges of liver element concentrations (by sex) are also illustrated by error bars in 

Figure 4.4.2, which shows the relatively large range of values measured for Cu, Se 

and Co in comparison to other essential trace elements like Zn, Mn and Mo. 

Furthermore, the relatively large %RSDs (table/fig) observed for Cu, Se, certain non-

essential trace and toxic elements (and to a lesser degree, Co) demonstrate the natural 

heterogeneity in storage of these elements in wild red deer livers. Moreover, in both 

males and females, measured non-essential trace and toxic elements exhibit larger 

ranges of concentrations than do essential trace elements of similar mean 

concentrations (i.e., Cd, Pb and Ti in comparison to Co and Se; Figure 3.4.1); and, 

in excess of double the %RSD. 

lmer lmer

Element mean SE mean SE % diff p mean SE mean SE % diff p

P 11293.92 95.12 10138.75 114.44 -11 <0.001 11443.37 74.47 10090.86 116.47 -13 <0.001

K 8413.44 105.45 8492.31 111.76 1 NS 7877.47 91.63 7402.24 97.52 -6 <0.001

S 7261.48 56.20 6415.66 85.78 -13 <0.001 7320.87 45.97 6280.70 79.01 -17 <0.001

Na 3193.76 75.22 3039.08 63.66 -5 NS 2805.26 59.37 2493.54 53.03 -13 <0.001

Mg 548.42 4.56 531.67 5.26 -3 <0.05 541.79 3.83 507.19 4.97 -7 <0.001

Ca 206.73 5.38 172.12 3.05 -20 <0.001 181.86 3.95 159.11 3.22 -14 <0.001

Fe 721.08 24.96 563.30 21.69 -28 <0.001 638.45 29.48 470.08 12.15 -36 <0.001

Zn 106.33 1.29 81.67 2.37 -30 <0.001 108.38 1.32 77.36 1.63 -40 <0.001

Cu 62.55 3.79 39.58 2.80 -58 <0.001 72.44 4.11 48.94 2.96 -48 <0.001

Mn 15.70 0.27 10.22 0.32 -54 <0.001 14.77 0.25 9.45 0.28 -56 <0.001

Mo 2.55 0.04 2.19 0.07 -16 <0.001 2.72 0.05 2.16 0.06 -26 <0.001

Se 0.94 0.06 0.68 0.03 -38 <0.001 0.83 0.05 0.68 0.03 -22 NS

Co 0.19 0.01 0.11 0.00 -72 <0.001 0.16 0.00 0.11 0.00 -55 <0.001

Cd 0.39 0.04 0.30 0.03 -27 <0.01 0.53 0.08 0.33 0.02 -63 <0.01

Pb 0.20 0.02 0.21 0.02 5 NS 0.21 0.02 0.20 0.02 -5 NS

Ti 0.16 0.01 0.19 0.01 15 NS 0.15 0.01 0.14 0.01 -7 <0.05

2012-13 (n = 373) 2013-14 (n = 441)

Male (n = 220)Female (n = 153) Male (n = 246)Female (n = 195)
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Figure 4.4.2: Mean concentrations of essential trace-, macro-, trace and toxic-

elements in livers of mature male (n = 466) and female (n = 348) wild red deer 

culled in the Scottish Highlands during the stalking seasons of 2012-13 and 

2013-14. Error bars relate to maximum and minimum concentrations 

measured. Following transformation of data according to Table 4.3.3 and 

implementation of a linear mixed effect model with site as random factor and 

sex as fixed factor, significant differences in means between sexes were 

identified by Tukey test. Significant differences between the sexes were found 

for all elements except Pb and Ti. 

Trace and macro elements in livers – by season 

Between stalking seasons, liver element concentrations in males and females generally 

decreased (Table 4.4.4). In males, macro element liver concentrations of K, Na, Mg 

and Ca and essential trace Fe decreased significantly between 2012-13 and 2013-14. 

Similarly for females, concentrations of K, Na, Ca and Fe decreased significantly 

between 2012-13 and 2013-14, as did non-essential Ti. In contrast to males, female 

liver essential trace Mn, Se and Co all decreased between 2012-13 and 2013-14. 

Furthermore, Mo increased in female livers. For both sexes, liver Cu increased by 

more than 14% between 2012-13 and 2013-14, though this was only significant in 

males. 
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Table 4.4.4: Mean liver element concentrations of wild male and female red 

deer culled during the 2012-13 and 2013-14 stalking seasons. Following log 

transformations according to Table 4.3.3 , significant differences in mean 

concentrations between seasons were identified separately for males and 

females by linear mixed effect models with site as a random intercept and year 

of season culled as a fixed effect. % diff is relative to 2013-14 season for each 

sex. 

 

Importantly, all differences between seasons that are tabulated in Table 4.4.4 are 

based on linear mixed models where site is defined as a random intercept. Therefore, 

the results of these comparisons provide an overall effect for season only. 

Furthermore, (owing to the random intercept) the effect of season on tissue element 

concentrations is calculated as an average of the effects of season on each site 

individually, and it is assumed that the distribution of these site effects construct a 

normal distribution around an overall effect of season. As such, the effect of 

sampling season on trace element concentrations is not necessarily the same for all 

sites, either directionally or in magnitude. To specifically examine if there is a 

consistent increase or decrease in any given tissue element profile across all sites, 

linear models were constructed, each with an interaction term between site and 

sampling season; if this term was found to be significant (by ANOVA), it could be 

concluded that the effect of season was inconsistent between at least two sites. As a 

consequence of these tests, inconsistent changes in tissue element profiles between 

years (across all sites) were found for only three elements (Na, Ca and K), though 

weak evidence (p-value <0.1) suggested that the effect of season on Se in female 

lmer lmer

Element mean SE mean SE % diff p mean SE mean SE % diff p

P 10138.75 114.44 10090.86 116.47 0 NS 11293.92 95.12 11443.37 74.47 1 NS

K 8492.31 111.76 7402.24 97.52 -15 <0.001 8413.44 105.45 7877.47 91.63 -7 <0.001

S 6415.66 85.78 6280.70 79.01 -2 NS 7261.48 56.20 7320.87 45.97 1 NS

Na 3039.08 63.66 2493.54 53.03 -22 <0.001 3193.76 75.22 2805.26 59.37 -14 <0.001

Mg 531.67 5.26 507.19 4.97 -5 <0.001 548.42 4.56 541.79 3.83 -1 NS

Ca 172.12 3.05 159.11 3.22 -8 <0.01 206.73 5.38 181.86 3.95 -14 <0.001

Fe 563.30 21.69 470.08 12.15 -20 <0.001 721.08 24.96 638.45 29.48 -13 <0.001

Zn 81.67 2.37 77.36 1.63 -6 NS 106.33 1.29 108.38 1.32 2 NS

Cu 39.58 2.80 48.94 2.96 19 <0.01 62.55 3.79 72.44 4.11 14 NS

Mn 10.22 0.32 9.45 0.28 -8 NS 15.70 0.27 14.77 0.25 -6 <0.01

Mo 2.19 0.07 2.16 0.06 -1 NS 2.55 0.04 2.72 0.05 6 <0.05

Se 0.68 0.03 0.68 0.03 1 NS 0.94 0.06 0.83 0.05 -13 <0.001

Co 0.11 0.00 0.11 0.00 -3 NS 0.19 0.01 0.16 0.00 -14 <0.01

Cd 0.30 0.03 0.33 0.02 7 <0.05 0.39 0.04 0.53 0.08 27 NS

Pb 0.21 0.02 0.20 0.02 -4 NS 0.20 0.02 0.21 0.02 6 NS

Ti 0.19 0.01 0.14 0.01 -41 <0.001 0.16 0.01 0.15 0.01 -13 <0.05

2012-13 (n = 153) 2013-14 (n = 195)2012-13 (n = 220) 2013-14 (n = 246)

Males (n = 466) Females (n = 348)
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livers might be inconsistent between sites. Specifically, in males, the only elements 

for which significant interactions between site and year were found were Na and Ca. 

Furthermore, in females, the effect of season on K was inconsistent between sites. 

Trace and macro elements in livers – by age 

Age related differences in liver element concentrations were often small. For the 

majority of comparisons (>60%), relative percentage differences in concentrations 

between age groups were less than 5% (Table 4.4.5). Age (calf through to old) 

related decreases in liver macro element concentrations occurred in females for P 

and Mg, and in males for P, K, S and Mg (if male calves (n = 3) were excluded from 

the analysis) (Table 4.4.5). 

Age related changes in essential trace elements did not always follow a consistent 

pattern. For example, Zn in females was higher in calves than mature animals, but 

calves did not have significantly higher levels than old animals. For males, Cu was 

highest in mature animals; whereas, Mn was lowest in mature and old animals. In 

contrast to males, neither Cu nor Mn in females differed between age groups. 

Moreover, concentrations of Mo were lowest in mature males and females; whereas, 

Se concentrations in liver were highest in mature animals of both sexes. In females, 

Co concentrations were highest in mature and old animals; whereas in males, the 

highest concentrations were in young animals. 

The most obvious/marked differences in liver concentrations between age groups 

were those for non-essential trace and toxic elements. Specifically, Cd concentrations 

in mature animals were up to 80% higher than in yearlings and calves (of both males 

and females). Similarly, Pb concentrations were highest in old animals, and ranged 

between 38% and 63% greater in old animals compared to yearlings of both sexes 

(though differences were only statistically significant in males). Similarly, higher 

concentrations were observed for Ti in old animals, but in this case, differences were 

only statistically significant for females. 
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Table 4.4.5: Mean liver element concentrations in wild red deer according to 

five age categories. Following log transformations according to Table 4.3.3, 

significant differences in mean concentrations were identified by Tukey 

pairwise comparisons. Mean concentrations for age categories that share a 

common letter are not significantly different from each other. Relatively large 

percentage differences (> 20%) between age groups (relative to levels in the 

group with the highest concentration) are highlighted in grey. 

 



CHAPTER 4  MACRO/TRACE ELEMENTS RED DEER 

161 
 

Associations between liver trace element concentrations and days into the 

stalking season 

A series of GLMM random intercept and slope models were constructed to estimate 

the association between days into the stalking season (date on which an animal is 

culled) and liver element status in males and females. An example output from a 

GLMM is shown in Code 4.B.1 in Appendix 4.B. Figure 4.4.3 and Table 4.4.6 

show the significant relationships found between days into stalking season and Mn in 

liver (respectively). 

 

Figure 4.4.3: Correlation between liver Mn concentration in mature male and 

female red deer and days into stalking season (date on which each individual 

was culled). 

  

August February 

Rut 
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Table 4.4.6: Associations between days into the stalking season (when culled) 

and liver element concentrations in mature male and female deer. All models 

were sex-specific mixed models with season culled (i.e., 2012-13 or 2013-14) 

and days into the stalking season as fixed effects; random slope was days into 

stalking season and random intercept was estate name. All models were based 

on Gaussian error distributions with log link functions. Positive and negative 

signs represent the direction of the relationship between the predictor (days 

into the stalking season) and the response (concentration of selected 

element). 

Element M (n = 377) p-value F (n = 257) p-value 

P - <0.001 + NS 

K - <0.001 - NS 

S - <0.0001 - <0.05 

Na - NS + NS 

Mg - <0.0001 - NS 

Ca - NS - NS 

Fe - NS + NS 

Zn - <0.0001 - NS 

Cu - NS + <0.0001 

Mn - <0.0001 - NS 

Mo - <0.0001 - <0.0001 

Se - NS + <0.001 

Co - NS + NS 

Cd - NS + <0.0001 

Pb - NS + <0.001 

Ti + NS - NS 

 

Trace and macro elements in pooled rumen and pooled faeces samples 

Rumen 

Relative concentrations of ingested macro and trace elements generally followed the 

same pattern as that for liver, but with two notable differences. The concentration of 

Mn in rumen was over 10 times greater than in liver and is the most abundant trace 
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element in Highland red deer rumen (Figure 4.4.4). Furthermore, non-essential Al, 

Ti and Ni are all high relative to essential trace elements such as Mo, Se and Co. 

 

Figure 4.4.4: Mean concentrations of essential trace-, macro-, non-essential 

and toxic-elements in pooled rumen samples of mature male (n = 131) and 

female (n = 119) wild red deer culled in the Scottish Highlands during the 

stalking seasons of 2012-13 and 2013-14. Error bars relate to the maximum and 

minimum concentrations for each element. Following transformation of data 

according to Table 4.3.3 and implementation of a linear mixed effect model 

(with site as a random factor and sex as a fixed factor), significant differences 

in means between sexes were identified by Tukey test. Significant differences 

between the sexes were found for all elements except S, Na, Mo, Co and Ni. 

Rumen – by sex and season 

Between the sexes, rumen element profiles often differed, with the most marked 

differences (i.e., differences above 20% for 10 elements) occurring in the second 

sampling season (Table 4.4.7). Notably, males had higher levels of P, K, Fe and Cd 

during both sampling seasons; whereas, females consistently had higher Se and Mn.  

Between seasons, both sexes had greater quantities of P, Na, Mn, Cd, Ti and Ni; 

whereas Mo levels were reduced (Table 4.4.8). The greatest differences in rumen 

element concentrations between seasons were observed for males. Specifically, 
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concentrations increased between 20 and 44% for Fe, Mn and Co. Moreover, 

concentrations of Ti, Al and Ni also increased by between 18 and 44%, as did Cd 

(25%). 

Table 4.4.7: Mean rumen element concentrations in wild male and female red 

deer culled during the 2012-13 and 2013-14 stalking seasons. Following log 

transformation according to Table 4.3.3, significant differences in mean 

concentrations between sexes were identified for each sampling season by 

linear mixed effect models with site as a random factor and sex as a fixed 

effect. %diff is relative to males; n is for “pooled” samples from 822 

individuals in total. 

 

  

lmer lmer

Element mean SE mean SE % diff p mean SE mean SE % diff p

P 6524.06 138.72 7370.46 160.22 11 <0.001 7100.89 122.29 8728.49 242.39 19 <0.001

K 7809.29 200.02 9448.58 229.49 17 <0.001 8672.29 145.54 10452.55 184.56 17 <0.001

S 1822.39 39.01 1906.40 41.56 4 NS 1986.01 27.29 1994.17 20.39 0 NS

Na 15665.61 248.55 16080.95 305.00 3 NS 17756.49 323.84 18767.00 299.84 5 <0.001

Mg 947.02 17.42 911.24 19.61 -4 NS 1294.11 31.20 960.68 28.38 -35 <0.001

Ca 2938.27 83.46 2997.58 92.89 2 NS 3670.71 95.91 2959.26 88.18 -24 <0.001

Fe 233.55 8.94 295.53 17.93 21 <0.05 204.96 8.53 429.18 36.81 52 <0.001

Zn 38.31 1.10 40.97 0.97 6 NS 41.02 1.16 45.45 0.75 10 <0.001

Cu 6.16 0.34 5.70 0.27 -8 NS 6.45 0.19 5.28 0.16 -22 <0.001

Mn 459.26 15.25 315.80 12.01 -45 <0.001 570.47 17.46 392.95 10.18 -45 <0.01

Mo 0.39 0.02 0.44 0.02 11 NS 0.35 0.01 0.35 0.02 -1 NS

Se 0.33 0.02 0.27 0.02 -22 <0.05 0.41 0.02 0.27 0.02 -53 <0.001

Co 0.11 0.01 0.10 0.01 -14 NS 0.14 0.01 0.18 0.02 23 <0.05

Cd 0.06 0.00 0.08 0.00 28 <0.001 0.06 0.00 0.11 0.01 46 <0.001

Ti 6.79 0.21 8.02 0.48 15 NS 8.49 0.37 13.35 1.10 36 <0.01

Al 69.40 3.11 85.99 5.71 19 NS 73.70 3.87 114.39 10.88 36 <0.001

Ni 0.99 0.03 1.09 0.04 9 NS 1.28 0.03 1.33 0.06 4 NS

2012-13 (n = 129) 2013-14 (n = 121)

Female (n = 52) Male (n = 77) Female (n = 67) Male (n = 54)
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Table 4.4.8: Mean rumen element concentrations in wild male and female red 

deer culled during the 2012-13 and 2013-14 stalking seasons. Following log 

transformations according to Table 4.3.3, significant differences in mean 

concentrations between seasons were identified for males and females by 

linear mixed effect models with site as a random effect and season culled as a 

fixed effect. %diff is relative to 2013-14 season; n is for “pooled” samples from 

822 individuals in total. 

 

Faeces 

Faeces element profiles generally reflected that of rumen (Figure 4.4.5 and Figure 

4.4.4), insofar as, macro elements concentrations were higher than essential trace 

elements in faeces, and non-essential trace elements exceeded the concentrations of 

essential trace elements. Moreover, Mn in faeces was notably elevated compared to 

other essential trace elements (and when considering the liver data; Figure 4.4.2). In 

contrast to rumen however, concentrations of P and Na in faeces were similar to that 

of the other macro elements K, Mg and Ca, rather than greatly in excess of these, as 

they were in rumen. 

  

lmer lmer

Element mean SE mean SE % diff p mean SE mean SE % diff p

P 7370.46 160.22 8728.49 242.39 16 <0.001 6524.06 138.72 7100.89 122.29 8 <0.001

K 9448.58 229.49 10452.55 184.56 10 NS 7809.29 200.02 8672.29 145.54 10 <0.001

S 1906.40 41.56 1994.17 20.39 4 NS 1822.39 39.01 1986.01 27.29 8 <0.01

Na 16080.95 305.00 18767.00 299.84 14 <0.001 15665.61 248.55 17756.49 323.84 12 <0.001

Mg 911.24 19.61 960.68 28.38 5 NS 947.02 17.42 1294.11 31.20 27 <0.001

Ca 2997.58 92.89 2959.26 88.18 -1 NS 2938.27 83.46 3670.71 95.91 20 <0.001

Fe 295.53 17.93 429.18 36.81 31 <0.01 233.55 8.94 204.96 8.53 -14 <0.01

Zn 40.97 0.97 45.45 0.75 10 <0.001 38.31 1.10 41.02 1.16 7 NS

Cu 5.70 0.27 5.28 0.16 -8 NS 6.16 0.34 6.45 0.19 4 NS

Mn 315.80 12.01 392.95 10.18 20 <0.001 459.26 15.25 570.47 17.46 19 <0.001

Mo 0.44 0.02 0.35 0.02 -28 <0.001 0.39 0.02 0.35 0.01 -13 <0.001

Se 0.27 0.02 0.27 0.02 -2 NS 0.33 0.02 0.41 0.02 19 <0.01

Co 0.10 0.01 0.18 0.02 44 <0.001 0.11 0.01 0.14 0.01 18 NS

Cd 0.08 0.00 0.11 0.01 25 <0.001 0.06 0.00 0.06 0.00 1 <0.05

Ti 8.02 0.48 13.35 1.10 40 <0.001 6.79 0.21 8.49 0.37 20 <0.01

Al 85.99 5.71 114.39 10.88 25 NS 69.40 3.11 73.70 3.87 6 NS

Ni 1.09 0.04 1.33 0.06 18 <0.001 0.99 0.03 1.28 0.03 22 <0.001

Males (n = 131) Females (n = 119)

2012-13 (n = 77) 2013-14 (n = 54) 2012-13 (n = 52) 2013-14 (n = 67)
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Figure 4.4.5: Mean concentrations of essential trace-, macro-, non-essential 

and toxic-elements in pooled faecal samples of mature male (n = 143) and 

female (n = 121) wild red deer culled in the Scottish Highlands during the 

stalking seasons of 2012-13 and 2013-14. Error bars relate to maximum and 

minimum concentrations for each element. Following transformation of data 

according to Table 4.3.3 and implementation of a linear mixed effect model 

(with site as random factor and sex as fixed factor), significant differences in 

means between sexes were identified by Tukey test. Significant differences 

between the sexes were found for all elements, except for Mg, Mo and Ni). 

Faeces – by sex and season 

Between sampling seasons, differences in faeces element concentrations were 

greatest in males Table 4.4.9. Specifically, Fe, Mn, Se and Co all increased by 

between 13 and 28%; whereas Cu did not differ significantly. In contrast, a large 

decrease in Mo (of 39%) in males culled in 2012-13 and 2013-14 reflected a similarly 

stark decrease in rumen (Table 4.4.8 and Table 4.4.9). Similar to males, in females, 

increases in Se (19%) between sampling seasons were seen. Furthermore, moderate 

increases (4 – 23%) in all macro element concentrations were observed in female 

faeces between sampling seasons, and this reflected increases in the same elements in 
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rumen. For the non-essential trace elements, faecal Ti and Al increased significantly 

between seasons for both males and females. 

Between sexes, similar differences were observed in each sampling season (Table 

4.4.10). For example, female faeces consistently contained lower concentrations of all 

macro elements (than males), with the exceptions of Ca (where concentrations were 

consistently higher) and Mg (which differed between seasons). Moreover, regarding 

essential trace elements, male faeces had much greater (> 28%) Fe and Zn, and much 

lower (between 30 and 46%) Mn and Se (which reflected contrasts observed in 

rumen). Finally, in terms of contrasts between sexes, males consistently had greater 

(23 – 53 %) faecal non-essential elements (Cd, Ti, Pb and Al). 

Table 4.4.9: Mean faeces element concentrations in wild male and female red 

deer culled during the 2012-13 and 2013-14 stalking seasons. Following log 

transformation according to Table 4.3.3, significant differences in mean 

concentrations between sampling seasons were identified for each sex by 

linear mixed effect models with site as random intercept and sampling season 

as fixed effect. %diff is relative to 2013-14; n is for “pooled” samples from 804 

individuals in total. 

 

  

lmer lmer

Element mean SE mean SE % diff p mean SE mean SE % diff p

P 2517.57 70.88 2598.89 72.71 3 NS 2225.86 43.26 2400.07 54.11 7 <0.05

K 9656.44 238.38 10037.25 213.51 4 NS 8319.92 146.75 8651.87 185.47 4 <0.001

S 2741.41 42.45 2933.67 49.33 7 <0.05 2253.86 15.76 2387.69 26.91 6 <0.001

Na 3820.39 141.54 3935.93 207.13 3 NS 2393.34 71.64 3123.17 170.03 23 <0.001

Mg 2509.85 56.71 2411.02 57.25 -4 <0.01 2268.70 20.69 2678.36 53.86 15 <0.001

Ca 4016.73 141.13 3773.18 133.39 -6 <0.01 4145.26 89.82 4789.41 160.60 13 <0.01

Fe 750.54 63.12 1024.14 93.10 27 <0.01 497.36 22.65 460.69 17.05 -8 NS

Zn 88.57 1.72 96.03 2.29 8 <0.05 64.06 0.90 64.46 0.90 1 NS

Cu 11.15 0.29 11.01 0.25 -1 NS 10.71 0.15 12.17 0.21 12 <0.001

Mn 816.86 28.58 936.99 23.03 13 <0.05 1186.29 29.35 1222.21 28.12 3 <0.01

Mo 0.77 0.05 0.56 0.04 -39 <0.001 0.62 0.03 0.62 0.03 0 NS

Se 0.50 0.02 0.60 0.03 17 <0.05 0.72 0.03 0.88 0.02 19 <0.001

Co 0.40 0.03 0.56 0.05 28 <0.001 0.39 0.03 0.39 0.02 0 NS

Cd 0.19 0.01 0.23 0.02 20 <0.05 0.10 0.00 0.11 0.00 5 NS

Pb 2.18 0.42 1.94 0.13 -12 NS 1.07 0.08 1.02 0.05 -5 NS

Ti 24.24 1.66 37.31 2.74 35 <0.001 18.66 1.08 22.50 0.89 17 <0.001

Al 270.07 23.65 369.10 33.45 27 <0.05 183.71 10.93 202.11 9.66 9 <0.01

Ni 2.16 0.11 2.28 0.13 5 NS 2.00 0.07 2.24 0.08 11 <0.01

Males (n = 143) Females (n = 121)

2012-13 (n = 75) 2013-14 (n = 68) 2012-13 (n = 52) 2013-14 (n = 69)
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Table 4.4.10: Mean faeces element concentrations of wild male and female red 

deer culled during the 2012-13 and 2013-14 stalking seasons. Following log 

transformation according to Table 4.3.3, significant differences in mean 

concentrations between sexes were identified for each sampling season by 

linear missed effect models with site as random intercept and sex as fixed 

effect. %diff is relative to males; n is for “pooled” samples from 804 

individuals in total. 

 

Rumen vs faecal element ratios 

The ratio of element concentrations in rumen and faeces was largely consistent 

between seasons for both sexes (Table 4.4.11). Specifically, for both males and 

females, rumen essential and non-essential trace element concentrations were 

typically around half that of concentrations measured in faeces; whereas, the macro 

elements P and Na were between 2.9 and 6.5 times higher in rumen than in faeces. 

Concentrations of K did not differ between faeces and rumen. 

lmer lmer

Element mean SE mean SE % diff p mean SE mean SE % diff p

P 2225.86 43.26 2517.57 70.88 12 <0.001 2400.07 54.11 2598.89 72.71 8 <0.05

K 8319.92 146.75 9656.44 238.38 14 <0.001 8651.87 185.47 10037.25 213.51 14 <0.001

S 2253.86 15.76 2741.41 42.45 18 <0.001 2387.69 26.91 2933.67 49.33 19 <0.001

Na 2393.34 71.64 3820.39 141.54 37 <0.001 3123.17 170.03 3935.93 207.13 21 <0.001

Mg 2268.70 20.69 2509.85 56.71 10 <0.001 2678.36 53.86 2411.02 57.25 -11 <0.001

Ca 4145.26 89.82 4016.73 141.13 -3 <0.01 4789.41 160.60 3773.18 133.39 -27 <0.001

Fe 497.36 22.65 750.54 63.12 34 <0.001 460.69 17.05 1024.14 93.10 55 <0.001

Zn 64.06 0.90 88.57 1.72 28 <0.001 64.46 0.90 96.03 2.29 33 <0.001

Cu 10.71 0.15 11.15 0.29 4 NS 12.17 0.21 11.01 0.25 -11 <0.001

Mn 1186.29 29.35 816.86 28.58 -45 <0.001 1222.21 28.12 936.99 23.03 -30 <0.001

Mo 0.62 0.03 0.77 0.05 20 <0.05 0.62 0.03 0.56 0.04 -12 <0.01

Se 0.72 0.03 0.50 0.02 -43 <0.001 0.88 0.02 0.60 0.03 -46 <0.001

Co 0.39 0.03 0.40 0.03 2 NS 0.39 0.02 0.56 0.05 30 <0.01

Cd 0.10 0.00 0.19 0.01 44 <0.001 0.11 0.00 0.23 0.02 53 <0.001

Pb 1.07 0.08 2.18 0.42 51 <0.001 1.02 0.05 1.94 0.13 47 <0.001

Ti 18.66 1.08 24.24 1.66 23 <0.05 22.50 0.89 37.31 2.74 40 <0.001

Al 183.71 10.93 270.07 23.65 32 <0.05 202.11 9.66 369.10 33.45 45 <0.001

Ni 2.00 0.07 2.16 0.11 8 NS 2.24 0.08 2.28 0.13 2 NS

2012-13 (n = 127) 2013-14 (n = 137)

Female (n = 52) Male (n = 75) Female (n = 69) Male (n = 68)
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Table 4.4.11: Rumen to faeces ratio of element concentrations in pooled faecal 

and pooled rumen samples of mature male and female wild red deer culled in 

the Scottish Highlands during the 2012-13 and 2013-14 stalking seasons. 

 

Geographic variation in tissue element profiles and associations between liver 

and ingesta element profiles 

In the introduction to this chapter, the possibility of geographic variations in certain 

elements was suggested. Some of these have been established in previous studies; 

hence liver concentrations for three essential trace elements (Cu, Se and Mo) and a 

fourth toxic element (Cd) were compared between Highland sporting estates as 

shown in Figure 4.4.6 and Figure 4.4.7; each figure illustrating significant 

geographic variation between Highland sporting estates. In construction of these 

figures, both seasons of data (2012-13 and 2013-14) were pooled because (where 

significant differences between seasons occurred, i.e., Cu and Cd in males, and Mo 

and Se in females) differences in concentrations of these elements between years 
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were consistent across all sites; i.e., there was no significant interaction term between 

season and site for these four elements. 
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Figure 4.4.6: Differences between estates in log transformed liver element 

concentrations for Cd, Cu, Se and Mo in mature males where data were 

pooled for both stalking seasons (2012-13 and 2013-14). Significant differences 

between estates were identified by one-way ANOVA and pair-wise differences 

by post-hoc Tukey. Deer living in estates that share a common letter do not 

have significantly different liver element concentrations. Vertical errors 

represent 95% CIs. 
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Figure 4.4.7: Differences between estates in log transformed liver element 

concentrations for Cd, Cu, Se and Mo in mature females where data were 

pooled for both stalking seasons (2012-13 and 2013-14). Significant differences 

between estates were identified by one-way ANOVA and pair-wise differences 

by post-hoc Tukey. Deer living in estates that share a common letter do not 

have significantly different liver element concentrations. Vertical errors 

represent 95% CIs. 
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Correlations between sexes as an indicator of marked geographic variation in 

element uptake 

Within tissue correlations between sexes from the same population may mean that 

geographic variation (i.e., in geochemical environment) affects both sexes. This is 

explored in Table 4.4.12. That is, if a given element measured in one estate is found 

to be high in females, it is also high in males (in the same estate). Strong correlations 

of this type were found between male and females in: liver Cd, Cu, Mo, Se; faecal Al, 

Mn, Mo; and rumen Cd, Mn. The strong correlations in Table 4.4.12 suggest that 

Cd, Cu, Mo and Se (Figure 4.4.8) status of wild deer in the Scottish Highlands are 

strongly associated with the estate in which they are culled. 

Where changes in liver element concentrations between years did not follow a 

consistent direction (i.e., males for Ca, Na; females for K), liver element 

concentrations were also pooled within sites for each sampling season, and this may 

have resulted in non-significant Spearman’s ρ correlations Table 4.4.12. 

Table 4.4.12: Spearman’s ρ correlations between male and females by sample 

type - for mature wild deer. Significant correlations are indicative of marked 

geographic variation, as highlighted in grey. 
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Figure 4.4.8: Scatter plot of liver Se in mature males and females on nine 

open-hill sporting estates in the Scottish Highlands. Note that horizontal 

error bars represent standard errors calculated from 11 to 62 individual females 

per estate and vertical error bars represent standard errors calculated for 

between 10 and 73 individual males per estate. 

Correlations between element concentrations in different sample types – 

indicators of element uptake, availability and deer trace element status 

Evidence provided to this point indicates that wild deer trace element status, for 

certain elements, is strongly associated with the estate/geographic location in which 

it is culled; and therefore, is related to the geochemical characteristics of each estates 

local landscape. Additional correlations between liver and ingesta element profiles 

(i.e., one population mean per sex, per sample type, per estate) (shown in Table 

4.4.13) may provide an indicator as to what geographic differences in dietary intake 

are associated with liver element status. However, a note of caution is important here 

as uptake and availability of elements is not always directly related solely to dietary 

intake. Two reasons to be cautious are: i) ratios between elements, such as Cu, Mo, S 

and Fe can influence uptake of Cu within the intestinal tract, ii) total acid digestion 
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(used here) provides total concentrations of elements in samples only (which does 

not reflect the “(bio)available” or readily soluble fraction absorbed during digestive 

transit). 

Table 4.4.13: Spearman’s ρ correlations between sample types in mature wild 

red deer males and females. In males, correlations consisted of nine data 

points (i.e., one population mean for each study site). Similarly, in females, 

correlations consisted of eight points (i.e., North Harris and Aline not used as 

n too low). The number of pooled replicates for faeces or rumen per sex on 

each study site (the calculated mean of which represented a cohort average) 

ranged between 8 and 18, and pooled samples from both seasons were 

included in the calculation of population averages. Significant correlations are 

highlighted in grey. See Figure 4.4.9 for example plot. 

 

Nevertheless, in males at least, a strong link was observed between dietary intake and 

liver storage of Se, Mn and Zn; Figure 4.4.9 illustrates the correlation (Table 4.4.13; 

Spearman’s ρ = 0.87, p-value <0.01) between rumen and liver Se in wild male red 

deer. In contrast to males, no significant correlations between rumen and liver were 

found in females (perhaps as a result of lower sample size). However, strong 

correlations between faeces and liver Mo and Mn were seen in both sexes. 

Correlations between rumen and faeces concentrations (Table 4.4.13) were also 

remarkably strong in males in comparison to females. Specifically, males and females 

only had strong positive correlations between rumen and faeces in common for Ca, 

element ρ p-value ρ p-value ρ p-value ρ p-value ρ p-value ρ p-value

Al 0.93 0.001 0.69 0.069

Ca 0.95 0.000 0.25 0.521 -0.03 0.948 0.81 0.022 -0.10 0.840 -0.19 0.665

Cd 0.93 0.001 0.22 0.581 0.35 0.359 0.86 0.011 0.29 0.501 0.60 0.132

Co 0.98 0.000 0.07 0.880 -0.02 0.982 0.55 0.171 0.40 0.327 -0.02 0.977

Cu 0.82 0.011 0.20 0.613 -0.02 0.982 0.33 0.428 0.31 0.462 -0.38 0.360

Fe 0.97 0.000 0.00 1.000 0.03 0.948 0.17 0.703 -0.50 0.216 0.52 0.197

K 0.48 0.194 -0.30 0.437 0.27 0.493 0.55 0.171 0.71 0.058 0.43 0.299

Mg 0.90 0.002 -0.02 0.982 0.13 0.744 0.45 0.268 -0.02 0.977 0.17 0.703

Mn 0.93 0.001 0.70 0.043 0.82 0.011 0.90 0.005 0.55 0.171 0.76 0.037

Mo 0.82 0.011 0.63 0.076 0.78 0.017 0.90 0.005 0.67 0.083 0.86 0.011

Na 0.37 0.336 -0.27 0.493 0.48 0.194 0.14 0.752 -0.64 0.096 -0.45 0.268

Ni 0.88 0.003 0.60 0.132

P 0.03 0.948 -0.27 0.493 0.83 0.008 0.24 0.582 -0.21 0.619 0.05 0.935

S 0.52 0.162 0.27 0.493 -0.42 0.270 0.45 0.268 0.33 0.428 0.10 0.840

Se 0.15 0.708 0.87 0.005 0.25 0.521 0.48 0.243 0.21 0.619 0.14 0.752

Ti 0.97 0.000 0.32 0.410 0.32 0.410 0.60 0.132 0.40 0.327 0.76 0.037

Zn 0.25 0.521 0.78 0.017 0.30 0.437 0.55 0.171 0.57 0.151 0.19 0.665

Pb 0.07 0.880 -0.02 0.977

Males

Rumen - Faeces Rumen - FaecesRumen - Liver Faeces - Liver Rumen - Liver Faeces - Liver

Females
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Cd, Mn, Mo; whereas, males exhibited strong correlations for 11 elements in total. 

Concentrations of non-essential elements, Al and Ti, which can be strongly 

associated with levels of soil ingestion (Fries et al., 1982; Mayland et al., 1975), 

correlated significantly between rumen and faeces in males but not females. 

 

Figure 4.4.9: Scatter plot of mean liver and rumen Se in mature males on nine 

open-hill sporting estates in the Scottish Highlands. Note that horizontal 

error bars represent standard errors calculated from between 8 to 18 pooled 

rumen samples per estate and vertical error bars represent standard errors 

calculated for between 10 and 73 individuals per estate. 

Uptake and thus availability of all elements measured during this study is assumed to 

correlate with liver concentration; hence, a selected element is assumed to be most 

available on estates within which liver concentrations are highest. The contents of 

Table 4.4.12 indicate that Cd, Cu, Mo and Se exhibit distinct geographic variation in 

the Scottish Highlands, because it shows that when samples are essentially grouped 

by sporting estate, liver concentrations of these elements strongly correlate between 

males and females. The visual correlation shown in Figure 4.4.8 illustrates this 

relationship for Se. However, to elucidate whether there is a clear link between 
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dietary intake of these elements and liver levels, a further table was constructed 

(Table 4.4.13); this time of liver correlated against rumen and faeces content. 

Strong correlations between dietary intake and liver concentrations were not found 

for Cd and Cu (Table 4.4.13). Also, though borderline (p-value < 0.1), there was not 

overwhelming evidence of a correlation between Mo in rumen and liver. There was 

however, a strong correlation between Se in rumen and liver in males (Spearman’s ρ 

= 0.87; p-value < 0.01; illustrated in Figure 4.4.9). Similarly, dietary concentrations 

of Mn and Zn, also reflect uptake and availability (also Table 4.4.13). However, 

geographic variation in the concentrations of these two elements is not sufficiently 

marked to produce a clear correlation between Zn and Mn between males and 

females in these Highland estates (Table 4.4.12). 

Associations between liver Se and soil parent material 

In addition to correlations between males and females for liver Se (Figure 4.4.8), 

correlations between Se in rumen and liver in males (Figure 4.4.9) were considered 

indicative of a strong association between geographically distinct geochemical 

landscapes, dietary intake/uptake and liver accumulation in wild deer. Strong 

associations between Se in soil parent material (SPM), plants and animals are well-

documented; e.g., in Italy (Spadoni et al., 2007), Scotland (Fordyce et al., 2010), and 

most notably North America (Hintze et al., 2001; Kubota et al., 1967). Results here 

indicate that this association may be relevant to wild deer in the Scottish Highlands. 

Therefore, a GLMM was constructed to examine the direct link between SPM and 

liver Se. The primary expectation was that organic SPM, i.e., peatland areas – might 

associate with low Se intake in diet and therefore accumulation in liver. This may be 

due to adsorption of Se to OM, or, to reduced access and uptake of Se by plants (as 

peatlands tend to be nutrient poor due to limited root access to underlying mineral 

substrates; i.e., till, rock, etc). The output of the GLMM indicated a significant 

association between liver Se and organic SPM (p <0.05) (Code 4.B.2), but caution in 

interpretation should be maintained as visual inspection of the modelled random 

slope and intercepts highlights inherent sampling bias owing to the varied 

proportions of organic SPM within each study site (Figure 4.4.10). 
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Figure 4.4.10: Linear relationships between the percentage of home range soil 

parent material where organic material was the dominant mineralogy and Se 

in liver of males. For seven of the nine estates, there is a negative relationship 

between percentage of organic SPM and Se. 

A GLMM with gamma error distribution and log link function was constructed to 

quantify the overall association between organic matter dominant mineralogy and 

liver Se concentration; the random intercept was implemented as estate and the 

random slope was implemented as percentage organic SPM. The result of this 

GLMM was a significant negative association between SPM organic matter and Se 

(see Code 4.B.2 in Appendix 4.B for R statistical software output). Season (2012-

13, 2013-14) was not a significant predictor in the model and neither was “days into 

the stalking season” on which each animal was culled. 

The assumption of independence was checked by plotting and then looking for auto 

correlation between animals based on latitude and longitude (Figure 4.B.4; 

Appendix 4.B). Homogeneity of variance was assessed with a fitted vs Pearson 

residual plot, which showed no sign of heterogeneity or patterns indicative of any 

other misspecification of the model (Figure 4.B.3; Appendix 4.B). Finally, no 

patterns in the residuals between normalised residuals and predictors indicated that 

the relationship between the responses and predictors were linear. Unfortunately, 
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identification of influential points was not possible in R. Furthermore, the use of a 

random slope term in the GLMM introduced the possibility of influential sites. 

However, the similarity between the linear relationships in Figure 4.4.10 indicates 

that this is not likely to be the case. 

4.5 Discussion 

Overall findings 

The primary aim of this study was to measure ingesta and liver element 

concentrations in distinct cohorts of mature male and female wild red deer culled on 

geographically separate open-hill sporting estates in the Scottish Highlands; and in so 

doing, evaluate whether associations between element status in wild deer and the 

food they ingest is markedly discernible. Furthermore, the study examined whether a 

broader link between wild deer element status and geochemical/geomorphological 

character of the landscape in which wild deer lived is quantifiable by use of a soil 

parent material dataset. 

The primary results here showed that wild deer exhibited relatively greater individual 

variation in trace and toxic element liver concentrations than in macro element 

concentrations (Figure 4.4.2); specifically, the relatively large RSDs observed for 

liver concentrations of Se, Cu, Cd, Pb and Ti (Figure 4.4.2) are interpreted as highly 

pronounced indicators of individual variation. Furthermore, the element status of 

wild deer (as measured by liver concentrations) often varied significantly between 

sampling season, age, sex, and by date culled. These potentially cofounding factors 

make it challenging to form strong assertions about geographic variation in element 

status for the majority of elements measured in this study. 

However, when data were considered in single sex groups consisting of only mature 

individuals for each study site, it was possible to identify significant correlations 

between sex cohorts for certain elements (Table 4.4.12); for example, Se status was 

relatively high in males and females in Conaglen in comparison to other sites, but 

was low in both males and females in Badanloch (Figure 4.4.8). Owing to this 

distinct separation of study sites, these correlations provide evidence that geographic 

variation in wild deer element status is marked for Se, Cu, Mo and Cd. Collectively, 

these correlations and the significant differences in Cu, Se and Cd between estates 
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for males and females (Figure 4.4.6 and Figure 4.4.7) provide strong evidence that 

the (bio)availability, uptake and accumulation of certain important trace and toxic 

elements to wild deer is associated with factors specific to individual estates. 

One factor hypothesised to associate with these geographic differences in elements in 

liver was a difference in (bio)availability of elements. To explore this, average total 

element concentrations in rumen of cohorts were measured and linearly regressed 

against cohort liver concentrations. The results of this analysis revealed a significant 

correlation between Mn, Zn and Se in rumen content and in livers of males (Table 

4.4.13). This suggests that total Se, Mn and Zn in the landscape (represented by 

rumen content) and the (bio)availability of these in late summer/early autumn to red 

deer males are correlated (see Figure 4.4.9 for visual illustration of correlation). 

Furthermore, owing to the additional correlation between males and females (Figure 

4.4.8) for liver Se and the significant differences observed between estates (Figure 

4.4.6 and Figure 4.4.7), Se stands out as an element for which accumulation in male 

red deer liver is strongly associated with localised dietary intake; hence, further 

investigation of environmental factors associated with the geochemical landscape of 

male home ranges (here we considered soil parent material) is warranted. 

Results indicated that within an individual male’s home range, the percentage of soil 

parent material whose dominant mineralogy was organic matter (i.e., peatland soils) 

was negatively correlated with liver Se. This suggests that the (bio)availability of Se to 

forage plants growing on soils formed primarily of organic matter (OM) is potentially 

low, or, simply that deep peat prevents plants accessing underlying inorganic mineral 

layers (richer in Se). This suggestion is corroborated by experimental trials whereby 

soil OM was incrementally added to sandy soils and accumulation of Se in plants 

decreased (Johnsson, 1991). This might be a consequence of a propensity for 

adsorption of Se to organic matter to form relatively insoluble complexes; hence, the 

low concentrations observed in rumen content and subsequently in liver. Specifically 

related to differences between estates studied here, the SPM that dominates at 

Applecross (for example) is silicate in nature, owing to the underlying sandstone 

bedrock in the area. Johnsson (1991) also demonstrated that accumulation of Se by 

plants grown on sandy soils is higher than on soils with high organic matter and/or 

clay content (even when total soil Se content was lowest in the sandy soils). This 
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again suggests that the Se available for plant uptake in sandy soils tends to be higher. 

Another potential factor here may relate to the oxidation-reduction status of the soils 

in question. In the Scottish Highlands, reducing conditions that lead to a reduction of 

bioavailable selenate to more insoluble/inaccessible selenite, selenide or elemental Se 

tend to be associated with anoxic environments that commonly exist in peatlands 

(Figure 4.5.1). An alternative explanation for low Se availability in certain areas of 

the Scottish Highlands could be leaching – i.e., comparatively high rainfall and thus 

weathering rates encourages the loss (to rivers, etc.) of selenite from certain areas. 

 

Figure 4.5.1: Adapted from (Fordyce, 2013). Redox and pH affecting 

bioavailability of Se. 

Age related differences in element status 

It was not a pre-defined aim of this chapter to compare tissue element 

concentrations between age groups of wild deer. However, given the range  of age 

categories (five) for which individual samples were collected, it was considered 

appropriate to look at trends (with the caveat that the majority of samples were 

collected from mature animals). 
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Owing to existing knowledge regarding the possible accumulation of certain heavy 

metals in soft tissues of mammals (Hunter et al., 1989), and, of wild deer specifically 

(Falandysz et al., 2005; Lazarus et al., 2008; Wolkers et al., 1994), it was anticipated 

that Cd (and perhaps Pb) would be highest in older animals (and lowest in the 

young). In line with expectation, this was also found to be the case here. Both males 

and females exhibited similar statistically distinct groups with low Cd (and, to a lesser 

degree, Pb) in younger animals (Table 4.4.5). In contrast to the present study, 

(Lazarus et al., 2008) also found age related differences in Cu in liver for a modest 

sample size (age group n was 8 to 17 for 4 age classes) with Croatian red deer. 

Lazarus et al. (2008) found that the average Cu concentration in red deer less than 

1.5 years of age was greater (and twice as high; 23.7 µg/g vs. ~10 µg/g w.w) 

compared to those of the three older age categories (which were not significantly 

different from each other). Here, we observed no significant differences in Cu in 

relation to age for females, but did observe a peak in liver Cu levels in mature males. 

Sex related differences in element status 

In this study, female deer had higher liver concentrations of all elements than males - 

and the majority of differences were significant (Table 4.4.3). Intuitively, one might 

expect that sexual dimorphism in red deer would provide a physiological explanation 

for these differences; e.g., females may tend to accumulate certain elements to enable 

them to supply a growing foetus. However, there are various conflicts here with 

results from previous studies of red deer in Europe, for example: no significant 

difference was seen in liver Se between the sexes in Poland (Pilarczyk et al., 2011); 

higher Se was noted in red deer male livers (compared to females) in Norway 

(Vikøren et al., 2005); higher concentrations of Cu and Cd were reported in male red 

deer from a Pb mining area in Spain (Reglero et al., 2009). 

Within this study, evidence supporting a hypothesis regarding different physiological 

demands by sex arose when strong significant negative correlations between male 

liver Mn and “days into the stalking season” were identified (Figure 4.4.3; Table 

4.4.6). This suggests a difference in physiological demand for these elements which is 

associated with the timing of the breeding season (rut). This represents the first 

description of temporal decline in trace element status in wild Scottish red deer. It is 

however acknowledged that seasonal declines in element status are known in both 
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domestic and wild ruminants; e.g., declines in concentrations of Mn between summer 

and autumn have also been observed in free-ranging reindeer in coastal areas of 

Svalbard (Borch-Iohnsen et al., 1996). In contrast to the present study however, the 

Svalbard data were presented as pooled for males and females (n = 16 in summer, n 

= 12 in autumn), owing to a similar tendency for a decline in Mn between summer 

and autumn. 

An alternative or complementary explanation for differences seen here for liver 

profiles in males and females could be differences in foraging behaviour by sex. 

Differences in foraging behaviour between male and female Scottish deer could 

result in disparate intake of elements by each sex. In Scotland, differences in foraging 

behaviour have (for example) been attributed to differences in sensitivity to harsh 

weather (Conradt et al., 2000), with males seeking more sheltered areas during harsh 

weather than females. Males therefore perhaps forgo foraging opportunities that 

females do not (where nutritional intake may have been richer); though there are 

multiple hypotheses for sexual segregation in European red deer (Loe et al., 2004). 

Samples of male and female ingesta taken here were collected during the summer and 

autumn, and autumn and winter, respectively; as such, while it was possible to 

identify differences between element intake by the sex (Table 4.4.7), it was not 

possible to demonstrate differences in diet selection between the sexes during the 

same temporal window. 

Season related differences in element status 

Seasonal variation in liver element concentrations was observed for both sexes. Both 

males and females had lower Na, K, Fe and Ca in livers in season 2013-14 when 

compared with 2012-13 (Table 4.4.4). In contrast, Cu and Cd (significant in males) 

were higher in 2013-14 compared to 2012-13. Weather conditions may be associated 

with these differences as rainfall and temperature can affect weathering and element 

bioavailability to plants in soil. For example, in experimental field trials in the 

Mediterranean, Cu accumulation in leaves was demonstrated to increase when plants 

were subjected to six years continuous warming relative to a control (Sardans et al., 

2008). Furthermore, average June and July (i.e., grass growing season) temperatures 

in the North of Scotland were 1.2ºC and 2.8ºC warmer in 2013-14 than they were in 

2012-13, respectively (Met Office, 2015c). 
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In addition to temperature as a factor associated with Cu bioavailability to plants, 

rainfall may associated with lower concentrations of Na, K, Fe and Ca in livers 

collected in 2013-14 if additional short term soil leaching occurred. For example, in 

typical plant available forms, Ca (a divalent cation), K (a monovalent cation) and Fe 

(a divalent or trivalent cation) are not readily retained in soils with a low cation 

exchange capacity (CEC) (e.g., sandy soils with low organic matter, such as at 

Applecross). In such cases, these ions are readily mobile/soluble in pore water 

solution (Alloway, 2013; Bunzl et al., 1976), meaning they can be easily leached to 

ground/surface water. Importantly however, rainfall and the organic matter content 

of soils would have to be examined for each site to fully understand/model whether 

the differences in macro elements observed (between 2012-13 and 2013-14) were 

potentially as a consequence of such leaching. 

Comparisons between liver element profiles in wild Scottish red deer and 

other populations of wild and domestic red deer 

The present study has provided the first regional scale quantification of toxic, 

essential/non-essential trace and macro elements in wild red deer in the Scottish 

Highlands. The large %RSD values for Se, Mo, Cd, and Cu in liver (Table 4.4.2) and 

the significant geographic variation observed (Figure 4.4.6 and Figure 4.4.7) 

highlight these elements as particularly interesting. Results seem to suggest that 

optimal element status may not be uniformly reached across the Scottish Highlands 

and/or that regulation of uptake/accumulation of these elements is not strong. A 

comparison of the results of the present study with other similar assessments for red 

deer (Table 4.5.1) suggests that Cu in Scottish populations is (on average) similar to 

free-ranging populations in Poland, Netherlands and Slovakia, but is around half that 

in Norway and New Zealand’s feral populations. Selenium status of Highland deer 

appears to be greater (on average) in Scotland than elsewhere, though Figure 4.4.8 

indicates that some Scottish deer, particularly those living on peatland (Figure 

4.4.10) areas have Se concentrations below the global average. Furthermore, in an 

experimental trial of Se injections for farmed red deer, (Grace et al., 2000) observed a 

range of 200 to 3000 nmol Se/kg liver w.w. (which converts to a range of 0.059 to 

0.78 µg/g d.w., if w.w. to d.w. conversion is a multiplication factor of 3.3), which 

indicates that the values observed in wild Scottish red deer (present study mean 

cohort liver Se range 0.40 to 1.50µg/g) are not atypical. Nevertheless, (Grace et al., 
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2000) also highlighted historic incidences of white muscle disease (due to Se 

deficiency) observed in young farmed red deer with liver Se as high as 590nm/kg 

w.w. (~0.15 µg/g d.w.) – a liver concentration below which several deer in 

Badanloch, Ben Loyal and Ardnamurchan exhibited. Regarding toxic elements, Cd 

status of wild Scottish deer in this study is similar to that in Poland, but greater than 

in Croatia. Interestingly, Cd status of Scottish deer is much lower than in the 

relatively densely populated Netherlands, perhaps reflecting the more pristine 

environment of the Scottish Highlands. 

Table 4.5.1: Summary of liver element concentrations of Cu, Se and Cd in free-

ranging red deer in Scotland and other parts of the world. Several of these 

values were converted from µg/g w.w to µg/g d.w by multiplying by 3.3. The 

symbol (~) in the table relates to averages taken between two sexes when the 

original study noted no significant differences between the sexes. 

 

Importantly, Table 4.5.1 only provides population average element concentrations, 

not typical ranges or distributions (e.g., lognormal distributions noted in the present 

study). Therefore, for in depth comparisons, it would be ideal to have access to 

original full datasets in order to identify any truly significant differences between 

different populations globally. It should also be noted that many previous studies 

consider rather low n values in comparison to the data presented here. 

Dietary availability of elements to wild deer 

Relative standard deviation (%RSD) (as presented in Table 4.4.2) of liver element 

concentrations could be taken as an indicator of highly variable availability of trace 

Reference Country (no. of sites) n Age groups Sex Cd Cu Se

Present study (Males) Scotland (9) 466 mature M 0.32 44.5 0.68

Present study (Females) Scotland (9) 348 mature F 0.47 68.1 0.88

Cowie (1976) d.w. Scotland (12) 37 ? M & F 36.3

McTaggart et al. (1981) d.w. Scotland (1) 186 mature M & F 51.3

Falandysz et al. (2005) w.w. Poland (1) 65 mature M & F ~0.22 ~54.45

Pilarczyk et al. (2009) d.w. Poland (1) 73 ? ? 0.36

Pilarczyk et al. (2011) w.w. Poland (1) 23 mature M & F 0.31

Lazarus et al. (2008) w.w. Croatia (1) 24 (6 for Se) mature M & F ~0.17 ~33 0.29

Vikoren et al. (2005) w.w. Norway (5) 112 mature M & F 108.9 0.36

Wolkers et al. (1994) median d.w. Netherlands (1) 19 young-mature F 0.87 73.0

Gasparik et al. (2004) w.w. median Slovakia (1) 22 mature M 0.85 44.0

Tremain-Boon et al. (2002) w.w. New Zealand (3) 52 yearling-mature M & F 164.4 0.41

Wilson and Grace (2001) (µg/g) d.w. New Zealand (Various) ? ? ? 0 12.6 ~0.13

Mean conc. in liver (µg/g) d.w.



CHAPTER 4  MACRO/TRACE ELEMENTS RED DEER 

186 
 

elements to deer in the Scottish Highlands. Interestingly, the elements for which total 

content in rumen samples were much greater than that measured in the liver (e.g., 

Mn; liver Table 4.4.3 and rumen Table 4.4.7) exhibited the smallest liver RSD 

values. This perhaps suggests that availability of Mn is essentially nutritionally 

unlimited (in excess). Further, the correlation between liver and rumen Mn in males 

(Table 4.4.13) suggests that liver accumulation is perhaps not strongly regulated in 

relation to dietary intake (Figure 4.5.2). In contrast, where liver element 

concentrations were not several fold less than in rumen (e.g., Cu and Se, where 

concentrations in the rumen were less than those in liver), %RSD was greatest 

(though the high RSD for Se may be a reflection of the ICP-OES instrument’s 

LOD). Large %RSD values are perhaps indicative of the limited/highly variable 

availability of these elements to wild deer in the Scottish Highlands. For Cu, but not 

Se, this is reflected by the lower average concentration seen here in liver, than in 

Norway and New Zealand (Table 4.5.1). For Se, it could be that regulation of Se is 

not strong in red deer and that the concentration of Se simply reflects geographic 

variation in dietary intake. 
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Figure 4.5.2: Schematic diagram of hypothesised relationships between rumen 

and faeces element correlations. Note also the unknown relationship between 

ingested concentrations of elements and concentrations in livers (i.e., 

unregulated/regulated). Previously, Figure 4.4.9 demonstrated a significant 

correlation between rumen Se and liver Se, but the form of this relationship is 

unknown outside of the range measured in the present study. 

Significant correlations between rumen and faeces element concentrations were 

hypothesised to reflect high availability of elements in the environment (Figure 

4.5.2). For example, a strong correlation coefficient between rumen and faeces Mn 

was expected - as Mn is ingested in quantities (~ 300µg/g) twentyfold greater than 

those found in liver tissue (~ 15 µg/g) – i.e., it is consumed “in excess” of 

requirements. Hence it could be expected that (if deer on all estates are ingesting in 

excess of the dietary requirements) only a small portion of ingested Mn will be 

absorbed by the digestive system of a deer and the majority will then be excreted 

(regardless of the amount ingested, because it is already above the dietary availability 

(Figure 4.5.2)). Conversely, where concentrations of a given element in diet are 

relatively low with respect to liver concentrations, i.e., dietary intake is potentially 

limiting (such as Se where liver concentration was ~ 0.70 µg/g and rumen 

concentration was ~ 0.27 µg/g) we may expect that correlations (rumen vs faeces) 
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will not be strong as deer will absorb a large portion of ingested Se (minimising 

concentration in faeces (Figure 4.5.2)). 

Concentrations of trace and macro elements in pasture grazed by farmed red deer in 

New Zealand (where deer farmers seek to maximise live weight and reproductive 

performance) potentially provide an indication of optimal dietary requirements. As 

part of on-going experimental trials on red deer in New Zealand, Grace et al. (2008) 

investigated the concentration of elements associated with live-weight gain; Table 

4.5.2 shows direct comparisons between pasture on farms (i.e., effectively “near-

optimal” pasture) in New Zealand and rumen content in wild Scottish red deer. It is 

acknowledged that comparing rumen with pasture is not ideal - as concentrations 

measured in rumen will include salivary compounds and salts, as evidenced by the 10 

fold difference in Na concentrations (Table 4.5.2) and high rumen to faeces ratio of 

Na and P in Table 4.4.11. However, comparisons in this table are of particular 

interest where concentrations are higher in pasture than in rumen content. Notably, 

the macro elements K, S and Mg and trace elements Fe, Cu and Co are present in 

higher concentrations in New Zealand pasture than in rumen content from the 

Scottish Highlands. 
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Table 4.5.2: Comparison of element concentrations in near-optimal pasture 

from New Zealand and rumen content of red deer from the Scottish 

Highlands. P and Na are much higher in rumen owing to digestive salts. 

Darker grey cells highlight the highest concentrations. 

 

Limitations of this study 

The primary limitation of this study was the temporal availability of wild deer tissue 

and ingesta samples. This is because the red deer stalking seasons in Scotland do not 

allow for culling of both sexes at the same time of year. Therefore, it was not 

possible to directly compare the sexes in terms of element concentrations in liver or 

ingesta. Nonetheless, if it is assumed that dietary and liver element profiles follow a 

predictable pattern throughout the year (as observed in vegetation preferable for 

moose ((Ohlson and Staaland, 2001) and sika deer (Hayashida et al., 2012), and livers 

of reindeer (Borch-Iohnsen et al., 1996)), then geographic differences in diet (as 

measured by ingesta element profiles) may also provide a reflection of underlying 

differences in background geochemical landscapes. Only where there were distinct 

sex related differences in terms of correlations between liver element status and 

“days into the stalking season” (e.g., for Mn), could it be inferred that males and 

females had different requirements for an element; i.e., it is highly unlikely that the 
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“step” observed between mature males and mature females in Figure 4.4.3 

represents the profile for both sexes. 

In parallel with other work in this thesis, parasite load may also have an influence on 

liver element profiles (Vengušt et al., 2003); particularly in the case of liver fluke that 

inhabits the liver parenchyma and causes physical damage to tissue, perhaps altering 

its capacity to store elements, and/or, because the fluke has its own specific 

nutritional requirements (which may not be aligned to that of the deer). 

There were also considerable limitations to the diet sampling procedure. One of the 

aims of the study was to collect representative samples of diet by sampling the rumen 

and faeces of individuals. But, a deer’s rumen holds a very large volume of material. 

Here, only small samples could be collected, which were therefore not necessarily 

representative of average diet. In future, it might be desirable to collect larger rumen 

content samples (e.g., 1kg) and dry and homogenise this to provide a representative 

sample of the diet of an individual at the time of culling. 

The statistical methods employed in this study also limit interpretation of the data. 

Most importantly, using the GLMM procedure described was more applicable for 

certain analysis than for others. Notably, the % of home range comprised of organic 

SPM available to cohorts on each estate varied considerably (as illustrated by the very 

small range for the estate closest to zero on the x-axis in Figure 4.4.10). 

Interpretation of the GLMM output is then not as reliable as when used to estimate 

the effect of “days into the stalking season” on liver element profiles for males (e.g., 

Figure 4.3.5) where all estates collected samples over the same/very similar range of 

dates. 

Future recommendations 

Other elements of interest, but not the main focus of discussion in this study, 

notably Zn, Mn, Ca, P and K are also associated with skeletal development of 

mammals. Any geographic variation in their availability in the Scottish Highlands 

may therefore influence skeletal growth. If skeletal variation in wild deer was 

associated with such variation in availability, this would be of interest to deer 

managers, particularly those managing estates with a sporting interest, where 

commercially viable numbers of trophy (i.e., heavy and large antlered) males are 
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desired. The influence of trace element status has also previously been hypothesised 

as a causal factor in antler breakage in non-native free-roaming tule elk (Cervus 

canadensis nannodes) populations in California (Johnson et al., 2007), while a 

similar hypothesis was rejected for bone breakages in moose in Norway (Ytrehus et 

al., 1999). Moreover, in Spain it has been hypothesised that Mn plays an important 

role in antler development, and, where freezing temperatures lead to a reduction in 

Mn plant uptake, antler breakages are more frequent (Landete-Castillejos et al., 2010). 

4.6 Conclusion 

Ultimately, in the Scottish Highlands, wild red deer numbers are primarily managed 

for sport shooting/deer stalking and to manage impacts (i.e., on native forest 

regeneration). The health status of deer, in part governed by dietary intake of 

essential elements, is therefore also partly dependent on anthropogenic influence. 

Importantly, through management, i.e., fencing for example, access to essential 

elements may be restricted (or promoted) temporally and geographically. If wild deer 

health, welfare and performance is to be maximised in the region (for multiple 

benefit), it is desirable to know if/where deer are susceptible to deficiencies in 

essential elements that may have undesirable consequences to their health status. 

This study has provided evidence that wild deer element status is significantly 

variable between sporting estates/deer forests across Scottish Highlands, and that 

availability of elements is therefore dependent on an individual’s home range locality. 
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Appendix 4.A 

Rumen and faeces sample pooling 

Table 4.A.1: Group sizes of similar individuals (i.e., all males and females 

older than yearlings) used in rumen and faecal content trace element analysis. 

  
Rumen (n = 822) 

 
Faeces (n = 804) 

  
Season 2012-13 

 
Season2013-14 

 
Season 2012-13 

 
Season2013-14 

Estate 
 

Male 
 

Female 
 

Male 
 

Female 
 

Male 
 

Female 
 

Male 
 

Female 

Alladale 
 

30 
 

33 
 

46 
 

34 
 

34 
 

32 
 

46 
 

36 

Altnaharra 
 

35 
 

33 
 

35 
 

24 
 

35 
 

34 
 

34 
 

24 

Applecross 
 

33 
 

13 
 

32 
 

18 
 

34 
 

13 
 

32 
 

18 

Ardnamurchan 
 

20 
 

- 
 

30 
 

13 
 

21 
 

0 
 

31 
 

14 

Badanloch 
 

32 
 

25 
 

24 
 

31 
 

32 
 

25 
 

24 
 

33 

Ben Loyal 
 

20 
 

31 
 

28 
 

20 
 

19 
 

31 
 

31 
 

20 

Conaglen 
 

15 
 

- 
 

26 
 

22 
 

15 
 

- 
 

13 
 

13 

NHT and 
Aline  

11 
 

- 
 

- 
 

- 
 

11 
 

- 
 

- 
 

- 

Strathconon 
 

29 
 

25 
 

30 
 

24 
 

25 
 

25 
 

29 
 

20 

Totals 
 

225 
 

160 
 

251 
 

186 
 

226 
 

160 
 

240 
 

178 

 

Pooling rumen content 

When selecting the number of individuals to form each pooled sample, there were 

two main considerations. Firstly, it was necessary to not form pooled samples 

consisting of sub-samples from all similar individuals (i.e., not to construct several 

pooled samples consisting of sub-samples of 100% of the individuals); this would 

make all pooled replicates effectively identical/non-independent of each other (and 

therefore lead to artificially low variance between replicates). Secondly, too few sub-

samples (i.e., pools consisting of sub-samples of 10% of individuals) would defeat 

the object of pooling. For example, pooling samples of 10% of 20 females would 

result in pool replicates of 2 animals per replicate; i.e., each replicate not being 

representative of the group. Ultimately, 33% of individuals from each group was 

chosen as representative of the groups average diet. This was chosen as the cut-off 

criterion, rather than the absolute number of individuals per replicate, because it 

allowed the same criterion to be applied to each group, regardless of the number of 

samples. A final criterion of no fewer than 3 individuals per pooled replicate ensured 

that no replicates could be constructed for groups with <9 individuals. 
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The number of pooled replicates per group was decided by weighing up the benefits 

of additional replicates to statistical power vs., the limitations of the pooled replicates 

as informative samples. Construction of pooled replicates inherently reduces within-

group variation (actually desired here due to heterogeneity of rumen content). 

However, it is also acknowledged that variation will be further reduced between 

pooled replicates when the same individuals appear in more than one pool; hence, 

there is potential for Type I error (i.e., identifying differences between groups when 

there are none). 

SEASON 2012-13 RUMEN AND FAECES 

Strathconon rumens 
Females n = 25 (set.seed(1000)) STF 
         [,1]    [,2]     [,3]     [,4]     [,5]     [,6]     [,7]     [,8]     [,9]  
[1,] "435" "428" "440" "442" "441" "789" "427" "427" "422" 
[2,] "471" "431" "443" "444" "490" "440" "434" "434" "427" 
[3,] "425" "435" "424" "438" "439" "425" "437" "437" "431" 
[4,] "443" "444" "789" "471" "443" "441" "481" "472" "434" 
[5,] "438" "490" "426" "425" "422" "468" "426" "478" "437" 
[6,] "424" "468" "444" "426" "481" "490" "439" "484" "440" 
[7,] "442" "442" "428" "439" "438" "472" "471" "441" "468" 
[8,] "478" "424" "484" "422" "428" "435" "431" "789" "472" 
leftover females 
[1] "478" "481" "484" 
Males n = 29 (set.seed(1001)) STM 
           [,1]    [,2]     [,3]     [,4]     [,5]     [,6]    [,7]     [,8]     [,9]  
 [1,] "485" "470" "436" "453" "446" "448" "450" "450" "446" 
 [2,] "456" "457" "469" "479" "467" "469" "458" "458" "448" 
 [3,] "482" "447" "462" "485" "465" "432" "460" "460" "450" 
 [4,] "455" "485" "454" "459" "482" "463" "466" "462" "452" 
 [5,] "479" "455" "474" "476" "456" "474" "480" "466" "453" 
 [6,] "469" "451" "463" "474" "447" "452" "455" "470" "457" 
 [7,] "432" "467" "451" "454" "457" "454" "482" "480" "458" 
 [8,] "436" "448" "465" "447" "476" "476" "432" "436" "459" 
 [9,] "451" "452" "459" "446" "479" "456" "453" "465" "460" 
leftover males 
[1] "462" "463" "466" "467" "470" "480" 
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Figure 4.A.1: Adapted from (Helsel and Hirsch, 1992). A typical histogram of 

element concentration data in a biological sample and an associated limit of 

detection (LOD) (reporting limit), below which data are not reliable. The data 

for which concentrations fall below the LOD should plausibly mimic a 

lognormal distribution. However, it is not appropriate to assume that the 

exact values of the data derived below this limit (e.g., sample vial 

concentrations by ICP-OES) are distinguishable from noise, because the 

LOD is derived from the variance of procedural blanks; hence (randomly 

generated) plausible alternative concentrations may be substituted as 

reasonable estimates of the true concentrations of data that fall below the 

LOD. 

Appendix 4.B 

Model diagnostics 
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Figure 4.B.1: Histogram of manganese concentrations in livers of female red 

deer culled on nine open-hill sporting estates. Note extremely high 

concentrations are present in the Alladale and Strathconon histograms. 

Mn (µg/g) Mn (µg/g) Mn (µg/g) 

Mn (µg/g) 
Mn (µg/g) Mn (µg/g) 

Mn (µg/g) Mn (µg/g) Mn (µg/g) 
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Figure 4.B.2: Model diagnostic plot of GLMM with K as response variable, 

days into stalking season and season culled as fixed effects, and days into 

stalking season as random slope and estate names as random intercept. 

Code 4.B.1: GLMM model output from R software. “Estimate” provides the 

estimated model coefficient for the GLMM on the scale of the link function, 

which in this case is a log link. It is not possible to directly rescale the 

coefficient estimates to the scale of the response to gain an effect size. 

However, the output does provide the direction of the relationship. 

Generalized linear mixed model fit by maximum likelihood (Laplace Approximation) ['glmerMod'] 
 Family: Gamma  ( log ) 
Formula: data$Mn259372[data$Sex_M_F == "M"] ~ data$days_into_season_shot[data$Sex_M_F ==   
    "M"] + data$seasons_culled[data$Sex_M_F == "M"] + (data$days_into_season_shot[data$Sex_M_F ==   
    "M"] | data$NAME_estate[data$Sex_M_F == "M"]) 
   Data: subset(data, Sex_M_F != "F") 
Control: glmerControl(optimizer = "bobyqa", check.conv.grad = "ignore",      check.conv.singular = "ignore", check.conv.hess = "ignore",   
    check.scaleX = "ignore", optCtrl = list(maxfun = 10000)) 
 
     AIC      BIC   logLik deviance df.resid  
  2068.6   2096.1  -1027.3   2054.6      370  
 
Scaled residuals:  
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    Min      1Q  Median      3Q     Max  
-1.7973 -0.6921 -0.1677  0.5223  5.5408  
 
Random effects: 
 Groups                                Name                                            Variance  Std.Dev. Corr  
 data$NAME_estate[data$Sex_M_F == "M"] (Intercept)                                     4.965e-02 0.222833       
                                       data$days_into_season_shot[data$Sex_M_F == "M"] 1.565e-05 0.003956 -0.98 
 Residual                                                                              1.826e-01 0.427343       
Number of obs: 377, groups:  data$NAME_estate[data$Sex_M_F == "M"], 9 
 
Fixed effects: 
                                                 Estimate Std. Error t value Pr(>|z|)     
(Intercept)                                      3.002655   0.143663  20.901  < 2e-16 *** 
data$days_into_season_shot[data$Sex_M_F == "M"] -0.014359   0.002528  -5.681 1.34e-08 *** 
data$seasons_culled[data$Sex_M_F == "M"]2013-14 -0.002265   0.045234  -0.050     0.96     
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Correlation of Fixed Effects: 
            (Intr) d$__=" 
d$___[$S_=" -0.958        
d$_[$S_M_=" -0.107 -0.076 

 

Code 4.B.2: GLMM model output from R software. “Estimate” provides the 

estimated model coefficient for the GLMM on the scale of the link function, 

which in this case is a log link. It is not possible to directly rescale the 

coefficient estimates to the scale of the response to gain an effect size. 

However, the output does provide the direction of the relationship. 

Generalized linear mixed model fit by maximum likelihood (Laplace Approximation) ['glmerMod'] 
 Family: Gamma  ( log ) 
Formula: data$Se196026LODc[data$Sex_M_F == "M"] ~ data$spm_Organic[data$Sex_M_F ==   
    "M"] + data$days_into_season_shot[data$Sex_M_F == "M"] +   
    data$seasons_culled[data$Sex_M_F == "M"] + (data$spm_Organic[data$Sex_M_F ==      "M"] | data$NAME_estate[data$Sex_M_F == "M"
]) 
   Data: data 
Control: glmerControl(optimizer = "bobyqa", check.conv.grad = "ignore",      check.conv.singular = "ignore", check.conv.hess = "ignore",   
    check.scaleX = "ignore", optCtrl = list(maxfun = 10000)) 
 
     AIC      BIC   logLik deviance df.resid  
   182.1    213.6    -83.1    166.1      369  
 
Scaled residuals:  
    Min      1Q  Median      3Q     Max  
-1.7013 -0.6699 -0.0770  0.5419  4.0942  
 
Random effects: 
 Groups                                Name                                  Variance Std.Dev. Corr  
 data$NAME_estate[data$Sex_M_F == "M"] (Intercept)                           0.03747  0.1936         
                                       data$spm_Organic[data$Sex_M_F == "M"] 0.13217  0.3635   -0.83 
 Residual                                                                    0.24496  0.4949         
Number of obs: 377, groups:  data$NAME_estate[data$Sex_M_F == "M"], 9 
 
Fixed effects: 
                                                 Estimate Std. Error t value Pr(>|z|)   
(Intercept)                                     -0.280027   0.150360  -1.862   0.0625 . 
data$spm_Organic[data$Sex_M_F == "M"]           -0.735813   0.335247  -2.195   0.0282 * 
data$days_into_season_shot[data$Sex_M_F == "M"] -0.000427   0.001471  -0.290   0.7717   
data$seasons_culled[data$Sex_M_F == "M"]2013-14  0.010845   0.054281   0.200   0.8416   
--- 
Signif. codes:  0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘ ’ 1 
 
Correlation of Fixed Effects: 
            (Intr) d$_O=" d$__=" 
d$_O[$S_M=" -0.638               
d$___[$S_=" -0.441 -0.078        

d$_[$S_M_=" -0.187  0.099 -0.151 
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Figure 4.B.3: Model diagnostic plot of GLMM with Se as response variable, 

organic SPM, days into the stalking season and season culled as fixed effects, 

and organic SPM as random slope and estate names as random intercept. 

There is some non-normality in the fitted residuals, but the assumption of 

constant error variance appears justified. Furthermore, the normalised 

residuals plotted against the fixed effects in the model indicate that the model 

specification is justified; i.e., there are no patterns in the residuals indicative 

of non-linear relationships. Slight clustering of points in the residuals vs fixed 

factors is a reflection of the uneven sampling across time (days into stalking 

season) and space (most west coast estates have thin soils whose dominant 

mineralogy is not organic). 
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Figure 4.B.4: Correlogram of Se ~ organic SPM + season culled + days into 

season + (organic SPM|Name estate) GLMM for males showing no 

autocorrelation. 

 

 

 

 

 

 

 

 

Appendix 4.C 

Removal of extreme outliers 
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Table 4.C.1: Individual deer liver element profiles omitted from data analyses owing to known laboratory error (e.g., losing sample, 

mislabelling) or suspected contamination (e.g., from Pb ammunition) evidenced by extreme outliers. (continued overleaf) 

Re om. tagno. P Na Co Al As Ca Cd Cu Fe K Mg Mn Mo Pb S Se Ti Zn 

lab err. 232 11494.77 3569.89 0.23 2.79 0.06 202.79 0.23 119.54 399.68 8009.38 536.82 19.07 2.64 0.14 7568.77 1.06 0.25 106.26 

lab err. 319 11136.75 2671.07 0.14 2.63 0.01 369.81 0.05 13.82 280.04 8734.90 618.84 13.27 2.65 0.09 6539.25 0.48 0.25 102.62 

lab err. 247 10365.45 2410.81 0.15 1.94 0.00 133.30 0.13 73.86 489.64 7821.29 491.57 15.29 2.56 0.14 6596.37 0.15 0.18 92.79 

lab err. 211 10438.31 1926.12 0.06 1.93 -0.14 121.35 0.14 7.25 1527.98 10347.17 622.54 6.41 1.45 0.15 6277.79 
-

0.02 0.15 48.36 

lab err. 169 11444.73 2204.74 0.19 1.89 0.07 124.62 0.37 86.37 612.32 9124.03 568.42 14.98 2.14 0.16 7823.83 0.41 0.08 125.52 

lab err. 188 11097.62 3132.57 0.15 1.73 0.17 202.17 0.25 50.64 3338.80 7809.08 549.97 23.66 2.86 1.92 7018.52 
-

0.59 0.47 92.69 

lab err. 899 11736.56 2485.14 0.17 1.54 0.04 121.16 0.20 137.39 608.02 6534.71 562.56 10.28 3.78 0.29 6977.27 1.60 0.11 91.86 

lab err. 260 10962.75 2815.00 0.12 1.49 0.07 178.85 0.25 7.71 329.95 8930.88 518.80 8.31 3.35 0.05 7478.94 0.32 0.08 78.84 

lab err. 764 10648.99 3597.35 0.18 1.46 -0.08 279.02 0.29 95.29 670.29 6991.82 544.32 14.80 2.26 0.14 6877.93 1.42 0.10 104.07 

lab err. 129 12587.70 3108.78 0.30 1.41 -0.01 163.30 0.78 75.71 551.64 9692.59 606.13 16.47 3.01 0.62 8135.04 1.21 0.12 114.44 

lab err. 715 12601.08 2449.28 0.25 1.23 -0.18 162.83 0.16 55.20 1193.87 10704.05 617.08 23.27 2.63 0.22 8022.74 0.37 0.18 114.72 

lab err. 484 15365.13 3953.04 0.17 1.20 -0.04 220.63 0.14 128.25 816.41 11584.68 731.42 23.50 4.37 0.24 10099.52 0.63 0.14 140.79 

lab err. 437 9953.70 3107.28 0.19 1.14 -0.03 184.88 0.24 81.56 1466.88 6778.19 483.87 16.45 1.69 0.26 6570.59 0.16 0.22 90.47 

lab err. 309 10422.80 2769.52 0.14 1.13 -0.17 150.81 0.40 75.89 2470.96 9081.10 530.87 18.49 2.32 0.35 6908.32 0.14 0.29 98.87 

lab err. 234 10624.51 3202.94 0.03 0.75 0.09 288.84 0.26 20.48 806.66 8288.99 546.54 12.38 2.72 0.22 6915.97 0.11 0.14 113.78 

lab err. 262 15437.08 2891.60 0.14 0.69 0.02 181.75 3.30 15.10 622.98 13254.13 762.80 18.93 3.35 0.23 10209.45 0.35 0.11 121.79 

lab err. 296 11897.45 2689.26 0.17 0.66 -0.04 128.66 0.17 161.92 412.63 9791.90 568.83 14.31 3.21 0.19 7643.42 1.17 0.10 111.93 

lab err. 141 9620.56 2521.49 0.11 0.65 -0.07 150.28 0.69 142.95 686.40 6846.23 443.23 10.65 1.52 0.32 6019.51 0.90 0.12 100.48 

lab err. 273 10680.83 3077.00 0.07 0.63 -0.08 190.21 0.42 47.62 470.82 9605.44 577.36 12.49 3.33 0.13 7181.23 0.54 0.08 94.16 

lab err. 896 8514.60 1513.61 0.10 0.61 0.02 99.23 0.06 15.11 412.90 5857.47 473.13 2.00 1.23 0.15 5202.73 0.83 0.07 45.11 

lab err. 834 10523.62 2606.08 0.11 0.37 0.02 155.23 0.23 23.27 876.42 9008.00 495.24 15.04 2.54 0.11 7293.08 0.49 0.11 109.85 

lab err. 209 6692.59 1833.79 0.06 0.35 0.05 144.35 0.06 10.58 303.31 5055.95 386.81 3.23 0.92 0.11 4005.84 0.47 0.05 87.40 

lab err. 721 11357.32 4714.08 0.20 0.10 -0.05 253.31 0.26 22.31 3091.00 6930.42 537.52 27.37 2.40 0.53 7623.49 
-

0.13 0.39 108.91 

Al 327 8522.19 3104.77 0.14 49.44 -0.03 190.89 0.16 13.80 424.06 5729.04 474.84 6.53 1.07 0.10 4717.69 0.48 2.21 54.38 

Al 303 12618.43 2829.20 0.17 2.72 0.06 159.25 0.46 166.87 801.44 10739.26 636.24 16.57 2.83 0.12 7903.76 0.93 0.22 111.23 

Al, Mn 299 5273.32 1173.72 0.25 193.94 0.07 1676.90 0.17 30.10 725.58 4862.24 1137.34 457.43 1.35 0.40 3583.71 0.43 23.58 61.00 

Al, Mn 302 5366.93 2743.94 0.08 32.30 0.08 2033.28 0.26 38.97 847.72 11634.14 1915.77 617.06 1.29 0.73 4390.33 0.47 3.31 114.18 

Al, Mn 442 4690.01 2173.55 0.13 11.61 0.00 1442.91 0.10 59.01 522.68 8514.30 1508.14 821.53 1.63 0.37 3588.27 0.90 2.57 73.74 

As 833 11861.16 9140.01 0.34 10.25 13.12 2353.95 16.13 133.05 327.46 9237.08 970.69 14.99 1.50 0.45 9488.56 3.84 0.38 165.66 

Cu 2826 10249.83 1857.20 0.04 0.60 -0.02 128.24 0.38 312.03 454.53 8076.66 596.10 6.50 1.19 0.29 6529.68 3.20 0.13 58.88 

Pb 466 11744.62 4625.12 0.22 32.98 0.00 312.52 0.24 78.53 384.36 8318.41 605.31 16.66 3.52 7.36 7616.87 0.88 0.49 94.90 

Pb 2300 9630.26 3076.27 0.16 8.59 0.07 188.56 0.36 29.98 362.10 6573.41 527.75 6.89 1.03 10.29 6271.51 1.18 1.41 47.63 

Pb 456 11563.03 3543.45 0.17 4.34 0.02 257.59 0.25 44.88 302.85 8831.83 569.40 16.29 2.77 6.08 7892.68 1.20 0.44 103.52 

Pb 333 8587.41 2443.65 0.08 2.57 0.09 189.04 0.16 43.04 382.56 7159.40 465.27 6.57 2.30 3.09 5627.79 0.51 0.13 209.10 

Pb 213 11577.66 4009.20 0.10 1.89 0.08 247.77 0.44 43.30 594.29 9053.37 556.81 20.21 3.69 6.57 7712.93 0.60 0.12 130.00 

Pb 2434 12104.07 5005.23 0.17 1.86 0.02 338.74 0.10 86.64 479.11 6595.87 572.85 14.06 2.63 1698.54 7216.52 0.69 0.19 128.98 

Pb 230 11034.85 3121.88 0.11 1.22 0.11 198.80 0.24 126.10 458.47 9391.56 551.03 17.22 2.33 9.16 7372.93 0.36 0.07 109.72 

Pb 2356 10465.15 5337.07 0.18 1.21 -0.27 295.65 0.78 43.81 727.21 7432.73 569.34 11.36 2.42 9.37 6823.52 1.07 0.22 61.42 

Pb 2459 12941.03 3386.00 0.15 0.98 0.22 209.32 0.25 36.90 594.21 8170.50 624.17 15.68 3.03 9.15 8207.19 0.94 0.13 101.38 
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Re om. tagno. P Na Co Al As Ca Cd Cu Fe K Mg Mn Mo Pb S Se Ti Zn 

Pb 2488 9991.81 3615.98 0.20 0.88 -0.02 195.72 0.07 5.99 670.84 5893.39 524.57 7.29 1.83 601.88 6080.87 0.15 0.15 54.82 

Pb 2125 13226.02 2812.62 0.14 0.79 0.10 162.63 0.34 19.52 667.31 8575.62 608.99 16.61 3.23 6.37 8265.45 0.64 0.14 113.29 

Pb 2190 12130.14 2600.07 0.04 0.65 -0.03 194.89 0.37 20.56 347.73 7883.06 554.13 14.53 3.34 9.99 7309.98 0.39 0.22 111.91 

Pb 248 11872.82 2881.65 0.10 0.64 -0.04 157.53 0.37 85.27 469.62 10664.62 602.25 8.13 1.38 18.43 7148.20 0.48 0.09 57.48 

Pb 340 11842.58 3769.38 0.10 0.60 -0.01 138.74 0.39 113.99 649.97 9384.16 587.63 12.59 2.15 11.95 7465.60 1.49 0.15 84.19 

Pb 2231 11230.89 1771.81 0.22 0.50 -0.18 176.01 0.35 51.42 6488.72 8737.26 577.14 26.10 2.91 1.41 7067.75 
-

0.73 0.49 119.73 

Pb 2520 11981.67 2003.64 0.10 0.40 0.10 163.10 0.21 21.87 448.51 8244.40 534.78 12.90 3.07 5.82 7476.60 0.81 0.11 111.57 

Pb 2334 11509.60 3328.88 0.13 0.37 0.11 214.61 0.54 31.00 402.76 7337.38 524.20 22.18 2.94 5.54 7168.67 0.64 0.11 105.66 

Pb 243 12031.11 2709.74 0.09 0.34 0.06 542.18 0.15 24.77 442.17 10289.93 578.54 17.69 2.62 11.77 7834.42 0.30 0.10 102.08 

Pb 252 11781.65 3162.92 0.03 0.33 0.10 291.12 0.25 35.70 797.09 10285.95 615.65 17.21 2.89 7.60 7323.51 0.33 0.11 98.87 

Pb 2273 11353.85 4397.45 0.09 0.28 -0.07 246.34 0.19 113.61 500.60 7153.73 516.78 17.78 2.72 87.65 7404.81 0.34 0.13 102.38 

Pb 424 11853.33 3860.42 0.25 -0.25 -0.23 219.87 0.38 17.55 7236.38 8145.57 620.81 22.76 2.43 1.78 7462.71 
-

1.44 0.54 97.05 

Pb, Mn 619 8152.13 3606.82 0.33 102.70 0.27 10561.60 0.29 32.53 405.95 8966.37 4565.31 580.79 3.87 1.18 5231.03 0.32 6.46 153.90 

Ti 307 12089.64 3069.12 0.13 22.04 0.13 174.70 0.15 24.37 415.09 8533.40 595.71 16.09 3.34 0.14 7335.83 0.67 2.33 122.29 

Ti 276 14156.12 3749.42 0.31 11.86 0.05 316.86 0.48 60.75 840.27 11716.58 757.40 16.49 3.23 0.84 8797.61 1.65 0.70 133.92 

Ti 317 11411.61 2567.36 0.17 10.07 0.00 177.74 0.20 94.92 794.73 9395.29 609.69 11.07 1.93 0.20 7140.73 0.78 2.74 70.19 

Ti 747 5039.79 1963.78 0.02 8.98 0.06 159.44 0.08 22.74 381.09 4064.68 241.40 3.74 0.70 0.24 2700.97 0.40 1.07 42.39 

Ti 822 12072.96 3804.81 0.19 7.61 -0.01 181.68 0.28 18.34 770.14 8539.01 603.08 17.77 3.02 0.72 7313.29 0.86 0.83 125.54 

Ti 754 9177.46 2664.13 0.13 7.05 0.06 167.11 0.20 47.03 713.68 6898.09 452.95 12.15 1.83 0.29 5956.00 0.78 0.83 71.04 

Ti 242 12021.07 2693.78 0.30 3.47 0.22 156.26 0.12 8.32 630.19 8736.24 553.38 9.77 3.42 0.11 7499.99 0.74 0.78 113.57 

Ti 219 12593.40 4627.86 0.43 2.96 0.14 199.54 0.10 11.65 836.88 8578.25 621.51 11.05 3.60 0.30 7288.74 0.83 0.80 172.62 

Zn 2299 11411.35 2467.27 0.09 -0.13 -0.15 242.04 0.68 7.53 1472.60 6712.65 619.11 13.26 2.83 0.44 7597.63 0.40 0.19 348.14 
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Table 4.C.2: Individual deer rumen and faeces element profiles omitted from data analyses for known laboratory error (e.g., losing sample, 

mislabelling) and suspected contamination (e.g., from Pb ammunition) evidenced by extreme outliers. 

Re om. type tag. No. P  Na  Co Al As  Ca Cd  Cu  Fe  K  Mg  Mn Mo Ni Pb S Se  Ti  Zn 

Cu, Pb, 
As 

rumen stm4 7068.94 15776.68 0.06 49.09 5.70 2982.20 0.09 5.56 189.56 9696.76 877.40 372.57 0.37 1.49 10485.78 1872.16 0.27 4.23 41.73 

Cu, Pb, 
As 

rumen adf2 7500.55 17191.99 0.05 70.11 5.26 2500.96 0.07 4.76 263.13 9360.99 853.33 373.33 0.32 1.80 9776.57 1703.98 0.47 7.01 36.03 

Fe, Al, 
Pb 

rumen bem6 9588.28 21893.21 0.05 22.56 0.01 3766.75 0.08 6.62 133.68 10614.55 968.84 348.13 0.34 1.07 1708.19 1996.27 0.56 3.17 41.35 

Cu, Pb rumen adm5 7590.09 16983.99 0.15 69.03 
-

0.03 
2736.46 0.06 1582.59 270.62 12361.93 998.61 573.20 0.31 0.98 75.16 1860.19 0.73 8.51 121.14 

Cu, Pb rumen adf1 7583.30 16228.99 0.11 67.76 0.19 2926.17 0.06 1413.80 170.34 12131.96 986.42 376.59 0.34 0.93 68.74 1875.62 0.08 7.85 110.74 

lab rep. rumen bam5 6635.36 14904.80 0.08 62.55 0.25 3655.88 0.07 5.02 212.85 10012.23 1001.19 392.82 0.57 0.86 14.96 1951.91 0.30 4.81 40.74 

lab rep. rumen bam5 8140.85 18556.10 0.13 24.45 0.01 2843.85 0.22 5.90 169.93 13689.61 1023.60 379.99 0.70 0.97 11.84 2101.53 0.50 3.25 48.44 

lab rep. rumen bam5 8029.86 17825.65 0.03 29.52 0.24 2771.47 0.22 5.83 164.31 13743.98 996.22 370.51 0.75 1.10 7.34 2077.36 0.49 3.91 48.70 

As, Pb faeces 2farm8 1704.32 8030.83 0.42 561.05 0.55 12965.08 0.19 7.10 936.63 7523.02 2579.03 573.03 0.31 1.72 4.21 2880.99 0.42 30.91 49.65 

Fe, Al, 
Pb 

rumen 2rcof2 4371.51 10136.70 0.76 818.97 0.43 4237.84 0.21 9.25 1437.00 8369.26 1795.07 850.29 0.64 2.66 4.18 2856.31 0.71 54.90 74.39 

As, Pb faeces 2fapf1 1297.13 6580.63 0.43 462.57 0.82 12459.01 0.16 6.88 621.56 7821.85 2675.93 561.37 0.32 1.56 3.75 2708.46 0.33 19.25 35.34 

lab rep. rumen 2rapf4 6704.01 16096.53 0.17 66.89 
-

0.04 
4212.92 0.05 7.05 247.10 8674.87 1497.98 489.95 0.20 1.38 1.40 2257.53 0.48 9.65 38.84 

Fe, Al rumen 2rapf2 4634.00 9857.60 0.41 181.33 0.36 3068.74 0.18 9.08 1735.35 10449.95 1955.46 718.70 0.32 1.66 1.26 2730.24 0.45 19.99 67.07 

lab rep. rumen 2rapf4 6632.79 15638.35 0.13 63.91 0.05 4156.35 0.05 6.92 197.85 8476.48 1468.97 486.08 0.17 1.36 0.77 2245.90 0.63 7.04 37.98 

lab rep. rumen 2rbaf6 9116.78 21415.72 0.08 47.01 0.04 4021.28 0.05 6.15 142.96 10775.61 1291.58 791.04 0.50 0.89 0.58 2081.13 0.45 6.27 49.19 

lab rep. faeces fstm6 2663.66 3549.99 0.31 87.44 
-

0.01 
3231.24 0.12 12.13 269.87 11964.00 2524.01 938.54 1.10 1.85 0.54 2396.41 0.78 11.79 71.29 

lab rep. faeces fstm6 2751.80 3685.86 0.28 89.21 
-

0.06 
3319.64 0.12 12.51 276.19 12272.03 2596.53 960.74 1.12 1.88 0.54 2430.83 0.74 12.14 73.19 

lab rep. faeces fstm6 2421.87 2979.99 0.10 67.37 0.17 3417.05 0.16 12.35 216.17 10319.77 2417.07 977.67 0.98 1.72 0.53 2438.71 0.42 8.70 74.74 

 

Appendix 4.D 

Correlations between elements in rumen, faeces and livers 



   

 
 

2
0
3
 

C
H

A
P

TER
 4

                                                   M
A

C
R

O
/TR

A
C

E ELEM
EN

TS R
ED

 D
EER

 

 



   

 
 

2
0
4
 

C
H

A
P

TER
 4

                                                   M
A

C
R

O
/TR

A
C

E ELEM
EN

TS R
ED

 D
EER

 

 

Figure 4.D.1: Pairwise correlations between macro and trace elements in rumen content. Note that these data are untransformed. 
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Figure 4.D.2: Pairwise correlations between macro and trace elements in faeces content. Note that these data are untransformed. 
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Figure 4.D.3: Pairwise correlations between macro and trace elements in liver. Note that these data are untransformed.
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Chapter 5 

Image analysis for the semi-automated measurement of 

skeletal and tooth features of wild red deer: geographic 

variation in mandible morphometry and an extension to 

established age estimation methods by tooth cementum  

5.1 Summary 

Computer based image analysis holds potential for automating morphometric 

analysis of skeletal tissues. Specifically, novel approaches to morphometric analysis 

such as the use of Fourier elliptical descriptors to quantify overall shape can provide 

fresh insights into intraspecific variation. Moreover, where visual identification and 

counting of detectable features are required, computer image analysis can provide 

estimates with uncertainties regarding the number of features (not subject to human 

bias). Here, two investigations were carried out to evaluate the potential of computer 

image analysis: i) for the morphometric analysis of red deer mandibles, and ii) for the 

counting of growth annuli in tooth cementum of red deer for (non-human-biased) 

age estimation. It was hypothesised that geographic variation in the natural 

environment and deer management practices in the Scottish Highlands may influence 

the skeletal shape and size of mature wild red deer, and envisaged that image analysis 

based morphometric analysis may provide novel insights into intraspecific variation 

in this species. Furthermore, it was envisaged that the established age estimation 

method of counting growth features in tooth cementum (the clarity of which are 

specific to individual specimens) could be enhanced by using image analysis to 

estimate uncertainty and thus minimise (potentially detrimental) human subjectivity. 

From the morphometric study, significant differences in mandible size and shape 

were found between Scottish Highland estates; most notably, shape analysis revealed 

significant variation in the angle between the corpus and the ramus, which could be a 

reflection of geographic separation between herds. From the age estimation study, 

the precision of estimates (i.e., 95% CIs) typically spanned 0 to 3 years of age and the 

method correctly enveloped the true age of half of the known age teeth within the 

95% CIs. 
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5.2 Introduction 

Over the last 25 years, customisation of open-source scientific image analysis 

software by researchers in the biological sciences has increased (Schneider et al., 

2012). Tailor-made enhancements to software functionality through “plug-ins” have, 

for example, allowed researchers to consistently extract information of interest from 

scientific digital images. Widely used plugins can be found for freely available 

software such as ImageJ: e.g., BoneJ, for morphometric measurements of skeletal 

tissues (Doube et al., 2010); and Fiji, for identifying and tracking individual cell 

development (Schindelin et al., 2012). Ultimately, image analysis reduces the time 

required to obtain meaningful data from samples, and, in fully-automated 

applications, it has the potential to exceed the limitations of conventional data 

collection methods (eliminating human subjectivity and thus bias). 

Uninformative results, or results of limited meaning, can be the consequence of data 

collection that is heavily influenced by subjectivity. Conventional morphometry using 

callipers is, for example, often limited due to its inherent reliance on visual 

identification of landmark features. Although measuring between such landmarks is 

apparently logical (from an experimental repeatability point of view), distances 

measured do not necessarily carry strong biological association/meaning. However, 

even in recent experimental genetics research, certain skeletal features such as the 

anterior and posterior portions of mouse mandibles, have been associated with 

quantitative trait loci (QTLs); demonstrating how landmark based morphometric 

analyses remains valuable (Burgio et al., 2012; Klingenberg et al., 2004). In studies of 

wildlife, where morphological variation between and within populations is not solely 

attributed to genetic differences, a more robust approach to morphometry is to 

quantify the overall shape of a biological specimen (in 2D or even 3D). In 2D, the 

unbroken outline of a specimen (in a selected orientation) is used, maximising the 

amount of morphological information collected from each specimen (Renaud and 

Michaux, 2003). 

Maximising the amount of information gathered from biological samples is not 

restricted to morphological work. In studies that require visual identification and/or 

counting of anatomical features or cells (particularly in microscopy based 

investigations), observer bias can also impair conventional data collection (for 

example, an individual’s perception of contrasts between colours and brightness may 
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differ between observers). With this in mind, it is desirable to minimise such bias. 

Computer image analysis has the potential to minimise bias by making rapid 

consistent automated observations possible. Furthermore, by accurately calibrating 

image analysis software, the potential for erroneous identification and/or counting of 

specimen features of interest is minimised. 

Given subjectivity and bias are undesirable, researchers are increasingly applying 

computer based image analysis to data collection in the biological sciences (Schneider 

et al., 2012). The present study looked to use novel image analysis to readdress two 

well-studied topics related to harvested wild ungulates: i) intra-specific morphological 

variation of red deer jaws, and ii) estimating the age of harvested individuals using 

teeth. 

Intraspecific morphological variation in wild deer 

Globally, numerous species of ungulate are harvested by humans for their meat; and 

in many countries the selection of individuals for harvest is based (at least in part) on 

morphological characteristics. In recent years, the selective effect of long-term 

harvesting based on local morphological characteristics has been well documented; 

e.g., effects on horn size in Spanish Caprinae spp. (Pérez et al., 2011) and Canadian 

big-horn sheep (Ovis canadensis). Furthermore, in some western European countries, 

the absence of large carnivores and the established tradition of recreational hunting, 

has meant that culling has exerted strong selective pressure. Perhaps nowhere more 

so than in the Scottish Highlands - where the historical focus (which remains in 

many areas of the region) has been the production of trophy males for paying clients. 

In addition, the importation of deer with desirable morphological characteristics 

(most notably, large body size and antlers) to certain estates for trophy hunting has 

served to change the morphological characteristics of native herds; though evidence 

for strong genetic introgression stemming from such introductions is weak (Pérez-

Espona et al., 2012). Conversely, evidence for reduced gene flow between wild deer 

populations that are separated by landscape features that are considered costly 

obstacles to traverse is stronger (Pérez-Espona et al., 2008b). 

In a study of wild red deer in Scotland living north and south of the Great Glen, 

(Pérez-Espona et al., 2008b) found (by microsatellites) that deer populations 

separated by sea lochs and high mountains were less closely related than would be 

expected as a consequence of the geographic distance alone. In contrast, (Pérez-
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Espona et al., 2008a) found (by mitochondrial DNA) that differentiation between 

estates north and south of the Great Glen was not as strong as had been indicated by 

microsatellites. The authors suggested that this discord between results (owing to 

methodological differences) nevertheless indicated that landscape does inhibit gene 

flow between estates (but that deer from north and south of the Great Glen originate 

from a common colonization event). This evidence does not suggest that populations 

separated by landscape features will necessarily have distinct morphological 

characteristics; but, it does indicate that sufficient time has elapsed that genetic 

differences have emerged. What’s more, the provision of feed and mineral licks on 

certain Highland sporting estates is practiced and this may contribute to a propensity 

for herds to remain hefted to specific areas (thus discouraging gene flow between 

estates).  

Beyond gene flow, in the UK, the availability of shelter and nutritional limitations are 

regarded as the two key factors that cause size differences between small open-hill 

Scottish Highland red deer and relatively larger red deer living in southern England 

(Suttie et al., 1983). An experimental study where two captive cohorts of red deer 

males, one fed a relatively restricted winter diet with respect to the other, has 

demonstrated that nutritional limitations in red deer does indeed retard growth 

(Suttie et al. 1983). Moreover, in New Zealand, the size of mandibles of mature wild 

fallow deer has been shown to associate with the habitat type in which herds reside 

(Nugent and Frampton, 1994). 

In the Scottish Highlands, geographic variation in habitat types is marked, and 

significant variation in diet quality in terms of ingested macro- and trace-elements has 

also been observed (see Chapter 4). Macro-elements, specifically calcium, 

phosphorus and magnesium, go to form much of the mineral content of animal 

skeletons - and trace-elements such as copper, zinc and manganese are also involved 

in bone growth (Hidiroglou, 1980). Ultimately, the additive effect of geographic 

variation in habitat type, dietary trace- and macro-element availability, selective 

culling, and geographic isolation of populations in the Scottish Highlands may well 

manifest as geographic variation in red deer morphological characteristics. 

Estimating the age of harvested wildlife 

Estimating the age of individual wild animals is possible using counts of annually 

deposited growth structures in teeth cementum (Low and Cowan, 1963; Reimers and 
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Nordby, 1968). Specifically related to tooth cementum (Figure 5.2.1), a regular 

deposition of dark + lighter bands is considered a consequence of environmental 

(such as winter diet restriction and forage quality) and physiological stress (related to 

the breeding season). Since its early application for species such as red deer (Mitchell, 

1967), modifications involving cementum staining and meticulous histological 

examination (Azorit et al., 2004, 2002) have increased the level of precision of this 

method. However, in practice, demand for reasonable accuracy (i.e., plausible age 

estimation with an associated uncertainty) over the high precision provided by costly 

and time-consuming histological methods has warranted further work regarding teeth 

wear patterns and teeth cementum based aging (Pérez-Barbería et al., 2014). 

 

Figure 5.2.1: Figure of cross section of a 19.5 year old red deer male tooth from 

Mitchell (1967). Circles are placed on distinct light annuli. 

Where precision is desired for deer aging, cementum aging is the least biased method 

(Pérez-Barbería et al., 2014); but occasionally, owing to factors unique to individual 

specimens, this method performs poorly, i.e., due to difficulty in differentiating 

between the milky (the colour of the cementum) growth annuli. Moreover, individual 

technicians require training in identification of annuli, and variation in age estimates 

occur between individual observers and between multiple teeth from the same 

animals (Asmus and Weckerly, 2011; Gasaway et al., 1978; Rolandsen et al., 2007). 

To account for this, efforts have been made to construct computer assisted annuli 

counting methods (Greenfield et al., 2015; Wall-Scheffler and Foley, 2008). In the 

present study, enhancements to these computer assisted methods are made, which 

provide estimates of uncertainty specific to each individual specimen.  
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Chapter aims and objectives 

Here, the application of two computer based image analysis techniques to study bone 

and teeth specimens of wild Scottish red deer are examined: i) the use of digitally 

captured jaw images to help quantify mandible shape and size using object outlines, 

and ii) the use of digitally captured tooth cementum images to assist in the 

identification of cementum features and thus age (removing obstructive high and low 

frequency image noise, and enhancing the contrast between features of interest and 

those of the background). Both procedures used the same tools (e.g., a shared initial 

step of decomposing full colour images into Red-Green-Blue (RGB) components). 

After initial construction of software macros, these techniques were considered semi-

automated; hence, both are discussed in terms of practicality and potential 

advantages over traditional methods. Furthermore, both applications of computer 

image analysis are used in conjunction with statistical methods to quantify variation 

between individual specimens and grouped specimen averages. They therefore 

provide novel information regarding the morphological and anatomical variation that 

is present in the Scottish Highland wild deer population. 

Aim of chapter 

To demonstrate the use of computer based image analysis and well-established 

statistical methods for the semi-automated processing of photographs of biological 

red deer tissue specimens for skeletal morphometric analysis and aging of wild deer 

by tooth cementum. 

Chapter tasks and objectives 

1. Geographic intraspecific variation in red deer mandibles. 

a. Digitally photograph mandibles in lateral view and obtain their outlines 

and sizes - use Fourier Elliptical Descriptors (FEDs) to quantify the 

shape of mandibles. 

b. Obtain Principal Components (PCs) that describe an informative 

proportion of variation in mandible shape by Principal Component 

Analysis (PCA), and carry out univariate analysis of variance on each 

informative PC to identify any significant differences in mandible shape 

between sporting estates. 

2. Age estimation of deer by inspection of tooth cementum. 
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a. Extract, bisect and polish first molar from mandible to obtain visually 

comparable tooth specimens with exposed cementum - digitally 

photograph polished specimens in vertical alignment, manually crop 

images to display only areas of cementum, and enhance the contrast 

between dark and light growth annuli. 

b. Construct multiple vertical line transects (perpendicular to annuli 

perimeters) and obtain average number of light annuli intercepted by 

transects - use resampling with replacement of line transect data to 

construct confidence intervals that represent uncertainty. 

5.3 Methods 

Study sites and sample collection 

Samples of left or right side, whole lower jaws (mandibles) were collected from culled 

mature wild red deer and stored at -20ºC by deer stalkers on nine open-hill sporting 

estates in the Scottish Highlands during the 2012-13 and 2013-14 red deer stalking 

seasons. Deer stalkers also filled out a sample collection sheet with corresponding 

sample tag number which included estimated age class, sex and cull location (to 

within 500m). Mandibles were categorised by size, tooth eruption and tooth wear as 

mature (i.e., fully grown) and immature individuals at the ERI laboratory; only 

mandibles obtained from mature deer (160 females; 342 males) were used in the 

analysis of mandible shape. 

Quantifying mandible size and shape 

Mandibles were submerged in a water bath that was maintained at 70ºC for 2 hours 

to facilitate removal of the M1 molar (Figure 5.3.1). To remove each M1 molar, first, 

the point of a flexible knife was inserted laterally between the bone and the tooth 

(sometimes requiring gentle hammering), on the inside surface of the mandible (i.e., 

the side of the mandible adjacent to the tongue). Next the knife was used to gently 

lever the tooth out of the mandible taking care not to damage the cementum, The 

ease with which the tooth was removed varied greatly between individuals, but teeth 

from larger mandibles were typically more challenging to remove. The tooth was 

then returned to the freezer at -20ºC for future processing (for age), and the 

mandible was returned to the water bath at 90ºC for a further 1 hour to facilitate the 

removal of remaining flesh, muscle, skin. Finally, after removal of all tissue, the 

mandibles were left to dry out and cool to room temperature prior to photography. 
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Clean mandibles were placed on a clean white sheet of A3 paper and digitally 

photographed laterally beside a ruler (precision to 1mm) and their unique numbered 

tag using a camera mounted on a tripod approximately 1.5m above the jaw (Figure 

5.3.1). Both sides of each mandible were photographed, but only the outside surface 

side (i.e., the side adjacent to the cheek) was used for later analysis. Several digitally 

photographed mandibles were reflected to achieve comparable visual alignment; i.e., 

all photographs of right side mandibles were reflected to match the alignment of 

photographs of left side mandibles. 

 

Figure 5.3.1: Photographed clean mandible with tag number 321 (2nd year) 

with missing M1 and M2 molars. All mandibles were aligned and 

photographed consistently by placing each mandible relative to a pencil 

drawn guideline and guide point (both highlighted here in red, but intended 

not to be visible on photographs); the equivalent mirror image point and line 

were also used for right side lower mandibles. For each mandible, it was 

ensured that the third premolar was initially positioned just left of the point 

(shown) and the mandible was then rotated (using the point as the rotational 

axis) until the condyle touched the guideline. The tripod was fixed in place to 

minimise any parallax effects. 

Diastema 

Posterior accessory mental foramen present 

Mental foramen 

Condyle 

Coronoid process 

Guide point 

Mandibular 

angle 

Corpus 

M1 position M2 position 

Mandibular notch 
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Digital photographs of mandibles were uploaded into ImageJ (ImageJ, 2012) 

software and manually renamed, cropped and scaled to remove the tag and scale rule 

elements. A macro was then written to automatically remove the teeth (based on 

their relative darkness in comparison to the mandible bone) and obtain binary images 

(black and white silhouettes) of the mandibles. Unfortunately, this automatic method 

did not work perfectly for all digital images and any remaining teeth, conspicuous by 

their prominence above the corpus, were therefore removed digitally using the inbuilt 

Image J paintbrush tool. Whilst this manual removal required some degree of 

subjectivity (see Figure 5.3.2 for an example) to estimate the upper edge of the 

corpus, given the guide of the original image, this added variation was not considered 

sufficiently great to lead to unrepresentative mandible outlines. 

 

Figure 5.3.2: Schematic showing the original and macro resultant image, and 

the subjective specification of the upper edge of the corpus (illustrated by the 

dashed grey line) after imperfect execution of an ImageJ macro designed to 

remove teeth from the original digital images of mandibles. 

Subsequently, all binary images of jaws were mosaicked together into an overall large 

image that was suitable for upload into SHAPE software (Iwata and Ukai, 2002). The 

SHAPE software was then used to generate chain code files (.chc file extension), by 

tracing the outline of the binary images (Freeman, 1974). The chain code files then 

contained (in plain text) all the information required to accurately reconstruct the 



CHAPTER 5  IMAGE ANALYSIS, MORPHOLOGY & AGE 
 

218 
 

outline of each binary mandible (Figure 5.3.3). The chain code files were then 

imported into the R statistical software (R Core Team, 2012) package Momocs 

(modern morphometrics) (Bonhomme et al., 2013a) (Bonhomme et al., 2013b). 

 

Figure 5.3.3: Example outline of a mandible (tag number 103, Conaglen, 

male) plotted from a Coo object in Momocs R package. The vertical and 

horizontal number scales correspond to distances measured in pixels. 

Chain code files (one for each sex; males n = 342, females n = 170) were also 

imported into RStudio software and stored as Coo class objects (i.e., coordinate 

outline objects). Additional information regarding estate was appended to each Coo 

object. In addition, landmark coordination points (i.e., specific points on the outline 

image) for each mandible were defined; these landmark points were placed at 

maximum distances between the mandible angle and the extremity of the diastema to 

provide coordinates between which the length of the mandible was measured and 

exported into Microsoft Excel. 

The length of each mandible (and the 2D lateral surface area, as measured in ImageJ) 

was measured to provide an indication of overall investment in skeletal growth. 

Owing to the pixel based coordinate system of the Momocs package, ten manual 

measurements between the same landmark points were also taken from a random 

selection of original images of mandibles (in ImageJ) to calculate the number of mm 

per pixel. The mean mm/pixel ratio (of these ten) was then used to calculate the 
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distance between the two landmark points on each mandible in mm units; it is 

noteworthy that the relative standard deviation (RSD) of these calculations was 

≤0.3%, indicating that variation between the mm/pixel ratios of each image was 

negligible. 

The shape of each mandible chain code outline was quantified using Fourier 

Elliptical Descriptors (FEDs) (Kuhl and Giardina, 1982) implemented in the 

Momocs package (Bonhomme et al., 2013b). Concisely, a closed contour (i.e., outline 

of a shape) in Cartesian coordinates (i.e., on the x - y plane) can be plotted by Fourier 

approximation (Equation 4.3.1 (A)), where a series of periodic functions of cosine 

and sine functions that, if plotted, describe the shape of ellipses (i.e., elliptical 

harmonics) are defined as in Equation 4.3.1 (B). 

𝑥(𝑡) = 𝐴0 + ∑ 𝑋𝑛

𝑁

𝑛=1
 

𝑦(𝑡) = 𝐴0 + ∑ 𝑌𝑛

𝑁

𝑛=1
 

 

𝑋𝑛(𝑡) = 𝑎𝑛𝑐𝑜𝑠
2𝜋𝑛𝑡

𝑇
+ 𝑏𝑛𝑠𝑖𝑛

2𝜋𝑛𝑡

𝑇
 

𝑌𝑛(𝑡) = 𝑐𝑛𝑐𝑜𝑠
2𝜋𝑛𝑡

𝑇
+ 𝑑𝑛𝑠𝑖𝑛

2𝜋𝑛𝑡

𝑇
 

Equation 4.3.1 – (A) Fourier approximation of a closed contour, with 

component equations (B) that describe the shape of an ellipse. Adapted from 

(Kuhl and Giardina, 1982). Coefficients an, bn, cn, and dn describe the nth 

harmonic and are defined as Fourier elliptical descriptors. 

The likeness of a shape outline constructed by the Fourier elliptical method to an 

original/target shape increases as the number of harmonics included in the method is 

increased. With the addition of a harmonic, the number of Fourier elliptical 

descriptors increases four-fold. Therefore, in the context of the present study, an 

outline constructed by the Fourier method that strongly represents an original chain 

code outline is potentially defined by tens of harmonics and well over 100 

descriptors. With this potential for such large numbers, it is desirable to only include 

harmonics that markedly improve the ability of the Fourier method to accurately 

(B) 

(A) 
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describe a shape outline (i.e., the ability to increase cumulative harmonic power); 

here, 24 harmonics was considered sufficient (Figure 5.3.4; Figure 5.3.5). The 

individual effects of harmonics on shape are illustrated in Figure 5.3.6. 

 

Figure 5.3.4: The relationship between adding Fourier elliptical harmonics to 

a description of a closed mandible shape outline and the increase in likeness 

of the described shape relative to the original chain code outline. 
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Figure 5.3.5: Cumulative effect (1 to 24, top left to bottom right) of Fourier 

elliptical harmonics used to describe the shape of a closed mandible shape 

outline. 
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Figure 5.3.6: Individual effects of Fourier elliptical harmonics used to describe 

the shape of a closed mandible shape outline illustrated by exaggerating each 

harmonics influence of the shape when other harmonics remain unamplified. 

Though this figure only shows the first eight harmonics, it serves to illustrate 

the importance of individual harmonics in describing specific characteristics 

of mandible shapes. 

From the coefficients of the 24 harmonics (i.e., a total of 96 variables), principal 

components were constructed (PC1, PC2, PC3 etc.,) using the Momocs R package. 

Univariate analysis of variance (ANOVA) of each of the principal components (PC1, 

PC2, PC3 and PC4) was used to identify if significant differences in average (mean) 

mandible shape between sporting estates was present (see Appendix 5.A for 

example model diagnostic). If the ANOVA identified significant differences between 

estates, pairwise comparisons were made between individual estates using the Tukey 

test. 

Estimating age using tooth cementum 

All tooth sample cutting was carried out in a fume cupboard to ensure dust from the 

process was extracted. The cementum of each extracted tooth was exposed by 
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bisection through the plane that separated the two root branches (Figure 5.3.7) 

using a hand held rotary saw (Dremel®; diamond coated saw blade, diameter approx. 

15mm). Each tooth was held during cutting using a pair of long nosed plyers to grasp 

one root branch. Exposed bisected tooth was inspected visually with a hand lens to 

ensure cementum that contained growth annuli was exposed. If cementum did not 

appear to show annuli by visual inspection, or if it was considered insufficiently clear 

(e.g., if there were cracks in the cementum), the exposed cementum surface was 

further polished using a rotary bench-mounted polisher. In rare cases (usually for 

very old animals), it was not possible to expose a sufficient area of cementum on the 

M1 molar, so, as an alternative, an identical preparation procedure was used on the 

M2 molar from the same individual. 

 

Figure 5.3.7: Figure adapted from (Azorit et al., 2002). Illustration of a red deer 

M1 molar showing the plane through which each tooth was bisected. 

Exposed tooth cementum from one tooth bisection per animal was aligned under 

water in a petri dish with root branch pointing toward the observer and was digitally 

photographed under a dissecting microscope (using a Nikon DS-5M-L1) taking care 

to avoid reflections. Digital images were uploaded into ImageJ and an image 

processing macro was written to obtain a dataset that was subsequently used to 

estimate the number of annuli present in the cementum of a given tooth. Prior to 

running the macro, each image was cropped manually to contain only the exposed 

area of cementum (Figure 5.3.8).  
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Figure 5.3.8: Uncropped, cropped and contrast enhanced images of tooth 

cementum of a bisected red deer M1 molar. 

The first automated process carried out on each image by the macro was to enhance 

the contrast between light and dark cementum growth (annuli) and to (Gaussian) 

blur the image sufficiently to remove uninformative image noise. Next, the macro 

automatically drew 960 equally spaced vertical line transects (i.e., perpendicular to the 

perimeters of the cementum annuli) through the image. It is important to note that 

owing to natural variation in the width of the exposed area of tooth cementum, not 

all 960 transects intersected the cementum for every tooth (Figure 5.3.9). Finally, the 

grey value profiles of all transects were extracted in XY coordinates by ImageJ into a 

Microsoft Excel readable tab delimited text file (.txt file extension). 
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Figure 5.3.9: An illustration of a single transect perpendicular to the tooth 

cementum annuli, and its grey value profile from which the number of peaks 

correspond to an estimate of the number of detectable growth annuli. 

Distance (pixels) is measured from the top of the image downward. 

Using R software for data for each tooth, the number of peaks in all of the 960 

profiles was counted and the mode of these values calculated. This calculated mode 

is an estimate of age for the tooth, but on its own has relatively poor informative 

value as it does not provide any uncertainty. More specifically, the positioning of the 

line transects were arbitrary, hence, a statistically robust bootstrap resampling 

procedure was also applied. The bootstrap method essentially repeated the 

aforementioned procedure (used to find the mode of the counts made by 960 

transects), however, the data from the 960 transects were now chosen at random 

with replacement (i.e., bootstrap resampling). This procedure was repeated 999 times; 

hence 999 modes were calculated, each providing an estimate of age for the same 

tooth. Finally, the estimates were ordered according to size and the 25th and 975th 

estimates were defined as the 95% confidence limits for the age estimate. The age 

estimate itself was the mode of the 999 estimates. 
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To examine the accuracy of the above tooth aging method, eight farmed female red 

deer of known age from Altnaharra deer farm were sampled and aged. In addition, a 

further 100 wild male and female deer from the same estate were also aged to 

ascertain the range of uncertainties in age estimates expected for wild individuals. 

Statistical Analyses 

All statistical analyses were carried out using R statistical software (R Core Team, 

2012) in the graphical user interface (GUI) RStudio desktop (RStudio Team, 2015). 

5.4 Results 

Mandible size 

Significant differences between estates in mandible size for males and females were 

identified separately by ANOVA and Tukey pairwise comparisons elucidated 

individual differences between estates. In males, mandibles from Ardnamurchan 

were significantly larger than from all other estates (Figure 5.4.1), and there were no 

other significant differences in mandible sizes between estates. In contrast, in 

females, there was no single estate within which deer had significantly larger 

mandibles than all other estates (Figure 5.4.2). However, females from Alladale and 

Ben Loyal had significantly longer mandibles than females from Conaglen. In 

addition, females from Alladale and Altnaharra had significantly larger mandible 

surface areas than those from Conaglen. In contrast to findings related to overall 

length, females from Ben Loyal did not have mandibles with a significantly larger 

surface area than those from Conaglen. 
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Figure 5.4.1: Boxplots showing mandible length and surface area for wild 

male red deer. Though it is not indicated on the above plots, Ardnamurchan 

mandibles were significantly longer and had greater surface area (both 

quantified by Tukey pairwise comparisons) than all other estates. There were 

no other significant differences in mandible size between estates that were 

quantified by these two measurements. For each boxplot, the whiskers are 

positioned at the minimum and maximum measured values that do not 

exceed 1.5 times the inter-quartile range (IQR). 
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Figure 5.4.2: Boxplots showing mandible length and surface area for wild 

female red deer. Pairwise differences in mandible length and surface area 

were quantified by Tukey pairwise comparisons. For each metric, estates that 

share a letter were not significantly different in size. 

Mandible shape - males 

The first four components PC1, PC2, PC3 and PC4 explained 63% of the variation 

in shape of male red deer mandibles (Table 5.4.1). Individually, PC1 explained 34% 

and PC2 explained 14%. The effect of each principal component (PC1, PC2, PC3 

and PC4) on shape of male mandibles is illustrated in Figure 5.4.3. Studying Figure 

5.4.3, the lack of significant difference for PC2 and PC3 suggest that there is 

considerable within-estate variation among males in the length of the coronoid 

process and the prominence of the condyle. 
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Table 5.4.1: Individual and cumulative proportions of variance explained by 

principal components for PC1, PC2, PC3 and PC4 in males. Mean principal 

components for estates that share a significant letter indicate that mandible 

shapes between estates are not significantly different. 

   Principal component 

   PC1 PC2 PC3 PC4 
 Prop. of var  0.34 0.14 0.10 0.05 
 Cumulative prop. of var  0.34 0.48 0.58 0.63 

  n     

E
st

a
te

 n
a
m

e
 

Alladale 65 ab a a ab 
Altnaharra 55 b a a ab 
Applecross 24 ab a a ab 

Ardnamurchan 42 ab a a ab 
Badanloch 49 b a a a 
Ben_Loyal 30 b a a ab 
Conaglen 26 ab a a ab 

Strathconon 51 a a a b 

 

 

Figure 5.4.3: Effects of principal component PC1, PC2, PC3 and PC4 that 

cumulatively explain 62% of variation in male mandible shape. 

In males, Altnaharra, Ben Loyal and Badanloch mandibles were found to be shaped 

significantly differently (by PC1) to Strathconon mandibles (Table 5.4.1 ; see Figure 

5.4.4 for illustration of the full extent of variation in PC1 and PC4 in Badanloch and 

Strathconon). From Table 5.4.1, Figure 5.4.3 and Figure 5.4.5 it can be deduced 

that male mandibles in the three most northerly estates have a smaller angle between 
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the corpus and the ramus than mandibles of animals on the Strathconon estate. 

Furthermore, though a relatively small effect (as PC4 explained only 5% of the 

overall variation in male mandible shape), significant differences were also observed 

for PC4 between Badanloch and Strathconon estates; this indicated that Badanloch 

mandibles were bulkier than Strathconon mandibles, and also that the condyle was 

not as prominent in Badanloch males. 

 

 

Figure 5.4.4: Scatter plots for all sampled male mandibles of PC1 and PC4. 

The significant difference in PC1 between Strathconon and Altnaharra is 

evident from this plot. For illustration of the extreme shape differences 

observed during this study, Figure 5.4.3 illustrates the distortion in shape 

attributed to each principal component. 
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Figure 5.4.5: Scatter plots of mean PC1 and PC4 that cumulatively explain 

39% of variation in male wild red deer mandible shape. Vertical and horizontal 

bars illustrate the standard error in PC4 and PC1, respectively. 

Mandible shape - females 

In the female mandible dataset, significant differences in mandible shape between 

estates were only identified for the first principal component (PC1) (Figure 5.4.6). It 

is important to note that the effect of PC1 in males and females is essentially 

identical; i.e., the variation in angle between the ramus and the corpus is characterised 

by PC1. In general, for both males and females, the angle between the corpus and 

ramus is greatest in Strathconon and Conaglen, and smallest in Altnaharra, 

Badanloch and Ben Loyal (see Figure 5.4.7 for illustration of differences in females). 

Specifically related to the females, angles between the corpus and ramus were 

significantly smaller in Badanloch and Altnaharra individuals than in Conaglen. 
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Figure 5.4.6: Boxplots of PC1 for female mandibles, where PC1 explains 32% 

of the variation in shape of female mandibles. Pairwise differences in PC1 

between estates were quantified by Tukey. Mandibles from estates that share 

a common letter were not significantly different in shape. 

 

Figure 5.4.7: Illustration of significant difference in population mean 

mandible shape between Badanloch (filled black outline; n = 41) and 

Conaglen (unfilled red outline; n = 25) estate females. The dark blue shaded 

areas indicate little variation in shape of the corpus; whereas the bright red 

and yellow shaded areas highlight significant variation in mandible shape in 

the ramus. 

Teeth aging method 

The age estimates for the eight farmed female red deer (see Figure 5.4.8 for example 

tooth cementum image) and their respective uncertainties are shown in Table 5.4.2. 
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Owing to the small sample size, a statistical evaluation of the method would not be 

robust. However, from the limited evidence provided by Table 5.4.2, the method 

appears moderately accurate (with 50% correct for at least one tooth), and the 

confidence limits suggest the method has typical precision of between 0 and 3 years. 

See Appendix 5.C, Figure 5.C.1 for estimates of wild deer ages by deer stalkers at 

Altnaharra and the image analysis method. 

Table 5.4.2: Age estimates and known ages of eight female farmed red deer 

from Altnaharra deer farm. Precision is calculated as the greatest number of 

years between the lower and upper age estimates of the M1 and M2 estimates. 

Accuracy is calculated as the distance from the closest estimate (either by M1 

or by M2) to the true age. 

Tag number Known age M1 low est. M1 up est. M2 low est. M2 up est. precision accuracy 

705 11 8 8 10 11 1 Correct M2 

708 11 
  

9 10 1 +1 

755 13 
  

13 13 0 Correct M2 

756 10 
  

9 10 1 Correct M2 

761 11 5 6 10 10 1 -1 

762 12 12 14 
  

2 Correct M1 

768 13 8 9 7 8 1 -4 

770 13 7 10 11 12 3 -1 

 

 

Figure 5.4.8: Raw digital image of cementum section of a 12 year old farmed 

female from Altnaharra, and histogram illustrating the uncertainty around the 

estimated age by tooth cementum image analysis. The histogram illustrates 

the age estimates from all of the original 960 line transects drawn 

perpendicular to the perimeters of the cementum annuli. 
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5.5 Discussion 

This investigation is the first to quantify wild deer mandible shape by non-landmark 

based morphometric analyses; and in so doing, has revealed, by application of 

Fourier elliptical harmonics in combination with principal component analysis, 

marked morphological variation in the wild red deer population of the Highlands of 

Scotland. Notably, the methods used in this study to gather morphometric data 

demonstrate the substantial analytical strength of computer image analyses. 

Moreover, a further application of image analysis, used here to enhance an 

established method of estimating the age of red deer by tooth cementum, has also 

demonstrated considerable potential.  

Mandible size 

Analyses carried out here consistently placed the mandibles of male and female red 

deer that were sampled in the far north of the Highland region into morphologically 

distinctive groups, with respect to deer that were sampled in other areas of the 

region. Notable variation was also observed in size measurements of mandibles. In 

males, the mandibles sampled from one estate were much larger (by around 15mm in 

length, and also by surface area) than all other estates; whereas, in females, though 

variation in size was less stark, significant differences in mandible length between 6 

and 7mm were also measured. The size of mandibles of wild deer have historically 

been linked to habitat quality/food availability (Nugent and Frampton, 1994), 

and/or, used to consider how the carrying capacity of an environment relates to 

mandible size; e.g., for red deer living at various densities in three areas of New 

Zealand (Challies, 1978), and reindeer in 13 areas of Norway (Skogland, 1983). In 

addition, extreme weather events associated with food restriction (e.g., drought) 

during early life have been shown to have a life-lasting effect that effectively limits 

the mandible size of entire cohorts that were born under nutritionally stressful 

conditions (Azorit et al., 2003). 

Here, we noted a striking size disparity in mandibles between Ardnamurchan and all 

other estates’ male mandibles. This is most likely a reflection of this estate’s land 

cover and management system, whereby large male deer from Europe are imported 

for breeding (i.e., the fathers of the males in this study), and, male deer have access to 

sheltered forests all year round and are fed whisky draff during winter and provided 

with access to specialised mineral licks. With this information in mind, it is also 
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noteworthy though that there were no differences in mandible sizes of males 

between other estates in the Highland region; despite supplementary feeding and 

mineral lick provision for males in Strathconon, Badanloch and Conaglen. This lack 

of difference may be a consequence of the relatively greater exposure to weather 

experienced by deer living in these particular open-hill estates. 

In females, mandibles were around 7mm longer in Alladale and Ben Loyal than in 

Conaglen, and this was also mirrored by  Alladale deer having the largest jaw surface 

area (for females). Moreover, when comparing surface area, Altnaharra females also 

had significantly larger mandibles than females in Conaglen, suggesting Altnaharra 

mandibles are bulkier than those collected from Conaglen. These differences are 

potentially a consequence of differences in climatic conditions/shelter availability, 

particularly owing to Conaglen’s west coast location which is characterised as being 

the wettest in the Highlands (with in excess of 1600mm per year of rain at sea level 

(Figure 5.5.1)). In contrast, the environment of the more north easterly located 

estates of Ben Loyal, Altnaharra and Alladale have typically colder winters but annual 

rainfall is less (perhaps exerting a weaker influence on thermoregulatory costs). 

Indeed, it has been suggested that the consequence of warmer wetter winters (due to 

high North Atlantic Oscillation (NAO)) to Norwegian red deer is a smaller body size 

at birth for which growth compensation during later life is not achievable (Post et al., 

1997).  
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Figure 5.5.1: Woodland coverage (Scottish Natural Heritage, 2015), mean annual 

rainfall (Met Office, 2015a), and topographic elevation (EDINA, 2015a) in the 

Scottish Highlands. 
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It is interesting that females apparently exhibit greater geographic variation in 

mandible size and are therefore perhaps more susceptible to variable environmental 

conditions than males (Figure 5.4.1 and Figure 5.4.2). These data are in conflict 

with more widely recognised theory that females do not require large body sizes to 

be highly fecund (as it is body condition rather than size that correlates with 

fecundity (Albon et al., 1986)); hence, females respond to environmental stress by 

reducing (energetically demanding) reproductive output (as opposed to skeletal size). 

Size of males on the other hand, for which in a polygynous species is advantageous 

for reproductive success (particularly in deer, owing to the rut (Clutton-Brock et al., 

1979; McElligott et al., 2001)), is related to nutritional investment (Pérez-Barbería et 

al., 2015b; Suttie et al., 1983); hence it could be expected that males size would vary 

more widely that females in relation to environmental variation. Such disparities in 

variation between males and females has been observed in musk oxen (Ovibos 

moschatus), for example; whereby variation in mandible size from three geographically 

separate (but genetically closely related) populations was greater in males than in 

females (Lyberth et al., 2007). 

Mandible shape 

Intraspecific variation in deer skeletal characteristics, most notably cranial 

morphometry, occurs globally and within the UK and Ireland. For example, roe deer 

from north and south UK sub-populations are distinguishable by quantifiable cranial 

characteristics that are purported to reflect a distinction between native deer from 

Scotland and reintroductions of continental individuals into east England (Hewison, 

1997). In addition, measurements of skulls from three Republic of Ireland sub-

populations of red deer suggest there may be morphological distinction between the 

Irish counties of Kerry and Donegal and Scottish deer (Carden et al., 2012). The 

results of both of these studies and other morphometric studies undertaken on a 

larger geographical scale (i.e., on African vervet monkeys (Ceropithecus aethiops) 

(Cardini et al., 2007) and Eurasian marmots (Marmota spp.)  (Caumul and Polly, 

2005)) were generated using landmark based quantification of shape. As noted above, 

this is to some degree subjective in nature and as such, could lead to erroneous 

biological inferences or to unclear results. 

Indeed, Caumul and Polly (2005) observed poor performance of landmark based 

mandible morphometry when constructing phylogenetic trees of marmots - despite 
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finding a strong association between shape and mtDNA divergence and a weak 

association between shape and diet. Instead, landmark derived data from marmot 

skulls provided a more accurate reconstruction of phylogenetic trees (than did data 

derived from mandibles). They noted that mandibles had fewer developmental 

modules (genetically independent morphological features (Klingenberg et al., 2004; 

Renaud et al., 2012)) than skulls - measuring 13 landmarks for mandibles vs 31 for 

skulls. A potential consequence of selecting a greater number of landmarks for the 

skulls was to construct data that contained far more skull than mandible 

morphometric information. Therefore, the chances of obtaining a morphological 

measurement that strongly represented a developmental module was greater in skulls. 

Bearing in mind that the aim of morphometric analysis is typically to identify 

significant variation in shape between population means, traditional (e.g., lengths, 

widths and angles) and geometric (i.e., quantification of shape using a series of 

landmarks) morphometric approaches can certainly be improved upon. Fourier 

elliptical harmonics, as advocated this study, facilitate an exhaustive 2D definition of 

shape, whereby subjectivity is diminished in data collection. 

Furthermore, the value of Fourier elliptical harmonics in conjunction with principal 

component analysis is maximised by the inclusion of diagrams that show direct 

comparisons between population mean shapes (e.g., Figure 5.4.7). Diagrams that 

display a close resemblance to the original sample material (i.e., shape outlines) also 

assist in qualitative description, and are perhaps more intuitive than when 

considering results of geometric morphometric analyses that simply define a few 

landmark readings (e.g., distances between arbitrary points). 

Here, it has been shown that the mandible shape of red deer in the Scottish 

Highlands varies significantly between sporting estates. The most striking type of 

variation observed here, for which the difference is most clearly visible between 

females of Badanloch and Conaglen (Figure 5.4.7), is the angle between the corpus 

and the ramus. Interestingly, a propensity for a smaller corpus-ramus angle was 

observed in samples from the three most northerly estates: Badanloch, Ben Loyal 

and Altnaharra. Furthermore, although significant differences in PC1 (the PC that 

associated with the corpus-ramus angle) were identified in males and females 

between these northern estates and two others (Strathconon and Conaglen, 

respectively; Figure 5.4.6 and Figure 5.4.4), if representative of the wider Highland 
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population, results imply that there may be geographically associated genetic and/or 

environmental factors driving quantifiable intraspecific variation. 

The differences in wild red deer mandible shape that were identified in this study are 

not straightforward to interpret in terms of genetic and environmental drivers; in 

part, due to the value of the morphological data that can be obtained from 

mandibles. In terms of genetics, for example, the value of skeletal morphometric data 

for elucidation of phylogeny is dependent on which skeletal structure is measured. 

This is principally because the shape (and size) of skeletal characteristics of an 

individual are also influenced by environment in addition to genetics; i.e., these two 

drivers are virtually impossible to uncouple. In particular, structures that experience 

any physical strain, such as weight bearing bones or the mandibles of large 

ruminants, will certainly contain an “environment” signature. 

Here, females from Conaglen were smaller than those from Alladale and Ben Loyal 

(in length) and Alladale and Altnaharra (in surface area) (Figure 5.4.2). In addition, 

females from Conaglen had significantly different shape to those in Altnaharra and 

Badanloch (Figure 5.4.6). The relatively small size of the Conaglen mandibles 

(compared to those of Alladale and to a lesser extent Altnaharra, Ben Loyal) may be 

indicative of poorer nutrition in Conaglen, or, greater selection pressure for larger 

females in the colder and dryer north (compared to the warmer and wetter south) 

(Figure 5.5.1). Furthermore, though it has been shown that intraspecific variation in 

morphology may reflect genetic divergence (e.g., in marmots (Caumul and Polly, 

2005), wood mice (Renaud and Michaux, 2003) and roe deer (Hewison, 1997)), it is 

also plausible that morphological variation could simply reflect phenotypic plasticity; 

e.g., when nutrition is poor, individuals do not reach their full genetic potential (i.e., 

optimum size), and as a consequence, investment into skeletal tissue in certain 

developmental modules is reduced with respect to others. However, this explanation 

is perhaps not adequate here, as not all differences in size reflect differences in shape 

(e.g., Ardnamurchan males differ clearly in size (Figure 5.4.1), but not in shape 

(Table 5.4.1) to all other estates). Furthermore, differences in shape do not always 

reflect differences in size. Alternatively, it is appropriate to suggest at least two 

possible explanations for the variation observed: i) small genetic differences between 

estates are manifesting as differences in mandible shape and size, or ii) phenotypic 

plasticity is particularly high in the Highland red deer population. In terms of ii), 
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estate specific factors such as diet may vary to the point that varying degrees of 

mastication (throughout the lifetime of individuals) leave a signature in terms of 

mandible shape (as has been demonstrated experimentally in rats fed soft and hard 

diets (Kiliaridis et al., 1985); even when equivalent nutritional value is obtained. 

At this stage it is also important to note the disparity in sample size tested between 

males and females. The number of samples obtained for males is effectively twice 

that of the females; morphological data obtained for males may therefore be more 

representative of the true variation present in the Highlands. Indeed, in a study using 

landmark based skull morphometric analysis with vervet monkeys ((Cardini and 

Elton, 2007) found that small sample sizes resulted in representative estimates of 

sample variance (in size and shape), but, cautioned against the use of small sample 

sizes to estimate population mean shapes. In the present study, it is therefore 

important to interpret results cautiously, particularly for females. 

Age estimation using tooth cementum 

Here, the use of computer image analysis to estimate the age of farmed female red 

deer from digital photographs has shown encouraging accuracy and precision (Table 

5.4.2). Moreover, comparable or even greater clarity of the cementum annuli was 

observed in the teeth of wild individuals (Appendix 5.B; Figure 5.B.1). This implies 

that this method should be applicable to, and perhaps better suited to, wild deer. 

Wild deer should (in theory) experience greater/more significant periods of 

physiological stress during winter months and this may manifest itself as more easily 

identifiable annuli in cementum. However, additional periods of physiological stress 

owing to cessation of feeding by males participating in the rut, may make age 

estimates less reliable for males than for females. For example, observations of dark 

annuli in wild male teeth cementum were found during this study; but, they were 

often poorly resolved and came with undesirable noise (owing to the final Gaussian 

blur used during image processing; see Figure 5.5.2). 
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Figure 5.5.2: Photograph of a male deer cementum from the Strathconon 

estate. Photo shows periods where annuli were closely paired (double 

banding). This may relate to periods of physiological stress (i.e., rut followed 

by winter). The fully processed blurred image and extracted line transect 

highlight that only the low frequency (i.e., seven annual growth lines) annuli 

are recorded and possible rut lines are not. On balance, this was considered 

beneficial, but it may lead to age underestimation in some cases. 

An estimation of the population age structure of harvested wild animals is useful for 

wildlife/estate managers, as it allows them to monitor if they have over or under 

harvested during the previous season. For example, to approach economic viability, a 

sporting estate deer manager in the Scottish Highlands would ideally like to maintain 

a population from which a selection of prime aged males (for trophies and venison) 

and females (for venison) can be harvested. If the manager finds that they are only 

encountering/readily harvesting young animals, it suggests that too many prime older 

animals were culled (or died of natural causes) in the previous year. The traditional 

method used by managers to monitor the age of deer culled is to visibly inspect the 

teeth wear (older animals have relatively more worn teeth). As discussed in the 

introduction, the easily discernible age range for mature animals using tooth wear is 

typically 5 to 10 yrs (i.e., differentiation between 5 and 10 can be challenging). The 



CHAPTER 5  IMAGE ANALYSIS, MORPHOLOGY & AGE 
 

242 
 

method developed here is promising because it utilises a more objective approach (in 

comparison to subjective visual inspection of tooth wear). It also provides a 

confidence interval that usually spans just 1 year (Table 5.4.2). This provision of a 

confidence interval represents an improvement upon the frequently used observer 

biased methods. There are however, a number of limitations to this method. 

Firstly, access to more known age animals is essential if we are to fully evaluate the 

accuracy and precision of this method. Secondly, the calibration (not full evaluation) 

of the method against known age farmed deer (rather than wild deer) is challenging 

as teeth of supplementary fed animals may be more likely to have poorly defined 

annuli (as definition probably requires periods of physiological stress; i.e., winter 

housing and unlimited feeding are not conducive to clear annuli). Hence, age 

estimates for farmed deer, even using computer based image analyses, may be 

underestimates (as in one case Tag 768 here; see Table 5.4.2). 

Future recommendations 

In addition to genetic factors, environmental factors influence the growth, 

development and morphometric character of large herbivores, but, the relative 

contribution to morphometry of wild deer is not known. In the context of the 

Highlands, trace and macro elements (i.e., copper, zinc, manganese, phosphorus and 

calcium) all have essential roles in bone growth in mammals; thus, geographic 

variation in skeletal morphometry might (at least in part) be a consequence of local 

availability of these elements. 

The application of computer image analysis to estimate the age of red deer by tooth 

cementum growth annuli has also shown encouraging potential. However, calibration 

of the method outlined here with tooth specimens from many more known age 

individuals is essential to statistically evaluate its accuracy and precision. 

5.6 Conclusion 

The application of computer image analyses for quantifying shape and size of red 

deer mandibles has revealed significant intraspecific morphological variation within 

the Scottish North Highland region. Furthermore, differences in the shape did not 

reflect differences in size, suggesting that there may be highly estate specific 

differences in nutrition/feeding regimes, and/or marked differences in genetic 

structure of these sub-populations. The application of a computer image analysis 
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based method for estimating the age of red deer from growth structures in their 

tooth cementum has also been shown to provide a novel,  observer-independent 

means (with uncertainty estimation) of estimating the age of deer. These two novel 

applications of computer image analysis highlight useful ways of reducing 

measurement subjectivity and bias in work of this nature.   
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Appendix 5.A 

 

Figure 5.A.1: Diagnostic plot for male mandible shape, PC1 univariate 

analysis. Note the straight line in the Normal Q-Q plot (top right) provides 

strong evidence justifying the assumption of normality of residuals. The even 

spread of residuals above and below the y = 0 line in the Residuals vs. Fitted 

plot (top left and bottom left) gives a visual indication of the homogeneity of 

variance between sites. Finally the bottom right plot shows there are no data 

points exerting undue influence (i.e., excessive influence beyond that of the 

other points) on the model. 
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Figure 5.A.2: Diagnostic plot for male mandible shape, PC4 univariate 

analysis. Note the straight line in the Normal Q-Q plot (top right) provides 

strong evidence justifying the assumption of normality of residuals. The even 

spread of residuals above and below the y = 0 line in the Residuals vs. Fitted 

plot (top left and bottom left) gives a visual indication of the homogeneity of 

variance between sites. Finally the bottom right plot shows there are no data 

points exerting undue influence (i.e., excessive influence beyond that of the 

other points) on the model. 
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Appendix 5.B 

 

Figure 5.B.1: Raw digital image and enhanced image of cementum section of 

a wild male (top) and wild female from Altnaharra illustrating the clarity of 

annuli in samples of wild individuals. 
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Appendix 5.C 
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Figure 5.C.1: Ages of 94 wild red deer estimated by deer stalker and at the ERI 

laboratory. The majority of estimates are under estimates (i.e., 52/94 teeth). 

Tag 

number

NAME 

estate

Sex 

M F

Stalker age 

estimate 

(years)

Laboratory 

estimate 

(years)

Minimum 

95% CI 

(years)

Maxium 

95% CI 

(years)

95% CI 

width 

(years)

Exact 

agreement 

between lab 

and stalker?

Agreement 

within 

CI?/Number 

of years 

outside inerval

Over or under-

estimate

706 Altnaharra F 13 6 6 10 4 3 under

709 Altnaharra F 6 3 3 4 1 2 under

710 Altnaharra F 6 3 2 3 1 3 under

711 Altnaharra F 2 3 2 3 1 yes

717 Altnaharra F 12 15 15 16 1 3 over

718 Altnaharra F 6 5 5 5 0 1 under

724 Altnaharra F 11 10 9 10 1 1 under

741 Altnaharra F 6 5 5 6 1 yes

743 Altnaharra F 6 10 9 10 1 3 over

748 Altnaharra F 11 8 8 8 0 3 under

751 Altnaharra F 7 10 9 10 1 2 over

753 Altnaharra F 6 1 1 1 0 5 under

754 Altnaharra F 5 5 5 5 0 yes yes

763 Altnaharra F 3 3 3 3 0 yes yes

764 Altnaharra F 6 5 5 6 1 yes

813 Altnaharra F 6 6 6 6 0 yes yes

819 Altnaharra F 6 7 7 7 0 1 over

822 Altnaharra F 7 4 4 4 0 3 under

823 Altnaharra F 7 5 5 5 0 2 under

824 Altnaharra F 6 11 9 11 2 3 over

825 Altnaharra F 8 16 15 17 2 7 over

827 Altnaharra F 6 7 7 7 0 1 over

830 Altnaharra F 10 15 13 16 3 3 over

832 Altnaharra F 9 19 19 20 1 10 over

836 Altnaharra F 7 7 7 7 0 yes yes

702 Altnaharra M 7 7 6 7 1 yes yes

712 Altnaharra M 8 11 10 11 1 2 over

713 Altnaharra M 11 6 6 6 0 5 under

714 Altnaharra M 9 11 11 11 0 2 over

719 Altnaharra M 7 12 11 12 1 4 over

723 Altnaharra M 8 10 8 12 4 yes

725 Altnaharra M 6 8 8 8 0 2 over

726 Altnaharra M 5 6 6 12 6 1 over

727 Altnaharra M 8 5 1 6 5 2 under

728 Altnaharra M 4 3 3 4 1 yes

729 Altnaharra M 8 11 11 11 0 3 over

730 Altnaharra M 3 1 1 1 0 2 under

731 Altnaharra M 8 9 8 9 1 yes

732 Altnaharra M 8 5 5 5 0 3 under

733 Altnaharra M 8 11 7 11 4 yes

734 Altnaharra M 11 5 5 5 0 6 under

735 Altnaharra M 10 10 6 10 4 yes yes

736 Altnaharra M 10 11 11 11 0 1 over

737 Altnaharra M 11 8 8 8 0 3 under

738 Altnaharra M 9 11 7 11 4 yes

739 Altnaharra M 4 3 3 3 0 1 under

740 Altnaharra M 8 6 6 6 0 2 under

742 Altnaharra M 7 4 4 9 5 yes

744 Altnaharra M 8 4 4 6 2 2 under

745 Altnaharra M 7 3 3 3 0 4 under

746 Altnaharra M 8 7 7 7 0 1 under

747 Altnaharra M 7 4 4 5 1 2 under

749 Altnaharra M 8 4 4 5 1 3 under

750 Altnaharra M 7 7 7 7 0 yes yes

752 Altnaharra M 7 7 4 7 3 yes yes

757 Altnaharra M 6 6 6 9 3 yes yes

759 Altnaharra M 8 5 5 5 0 3 under

760 Altnaharra M 8 6 6 7 1 1 under

765 Altnaharra M 10 9 7 10 3 yes

769 Altnaharra M 8 17 9 17 8 1 over

2701 Altnaharra M 6 3 3 4 1 2 under

2702 Altnaharra M 8 4 4 4 0 4 under

2708 Altnaharra M 9 5 5 5 0 4 under

2709 Altnaharra M 10 8 8 9 1 1 under

2710 Altnaharra M 9 5 5 5 0 4 under

2711 Altnaharra M 8 4 4 4 0 4 under

2713 Altnaharra M 10 8 7 8 1 2 under

2717 Altnaharra M 11 5 5 6 1 5 under

2718 Altnaharra M 8 5 5 5 0 3 under

2720 Altnaharra M 12 6 6 8 2 4 under

2721 Altnaharra M 7 6 4 7 3 yes

2722 Altnaharra M 9 5 5 5 0 4 under

2724 Altnaharra M 8 3 3 4 1 4 under

2725 Altnaharra M 12 10 9 10 1 2 under

2726 Altnaharra M 8 5 4 5 1 3 under

2731 Altnaharra M 6 4 4 4 0 2 under

2734 Altnaharra M 9 12 12 12 0 3 over

2737 Altnaharra M 8 6 5 6 1 2 under

2744 Altnaharra M 7 5 5 6 1 1 under

2746 Altnaharra M 10 7 7 7 0 3 under

2748 Altnaharra M 11 6 5 6 1 5 under

2750 Altnaharra M 12 5 5 5 0 7 under

2752 Altnaharra M 10 5 5 5 0 5 under

2813 Altnaharra M 8 7 6 7 1 1 under

2819 Altnaharra M 10 6 5 6 1 4 under

2822 Altnaharra M 8 9 7 10 3 yes

2824 Altnaharra M 13 5 5 5 0 8 under

2826 Altnaharra M 7 7 5 7 2 yes yes

2827 Altnaharra M 5 4 4 11 7 yes

2829 Altnaharra M 5 9 9 9 0 4 over

2830 Altnaharra M 7 5 5 5 0 2 under

2832 Altnaharra M 12 7 7 8 1 4 under

2836 Altnaharra M 8 4 3 4 1 4 under

2839 Altnaharra M 10 3 3 7 4 3 under

total teeth 94
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Chapter 6 

General discussion 

6.1 Introduction 

One aim of this thesis was to establish some comprehensive baseline/reference 

values with relevance to the health and condition of wild red deer inhabiting a range 

of habitat types in the Scottish Highlands. In line with this aim, I have: i) evaluated 

the application of a novel method (the coproantigen ELISA) for diagnosis of liver 

fluke (Fasciola hepatica) infection in wild deer, ii) quantified the prevalence of liver 

fluke  in wild red deer and proposed possible associations between environmental 

(and host; e.g., sex, age) variables and infection risk, iii) measured the essential 

trace/macro, non-essential and toxic element status of wild red deer occupying a 

variety of habitats, and iv) applied a computer image analysis approach to reveal 

subtle morphological variation in the mandibles of wild red deer. 

Within chapters 2 to 5, I have discussed the relevance of my findings in the context 

of the wider scientific literature. In this final discussion, I will first summarise the key 

outputs of this project in terms of the health of wild red deer in the Scottish 

Highlands. I will then discuss the relevance of my findings to inform deer 

management in the Highland region. Finally, I will outline some future 

recommendations for research into the Highland red deer population - including 

further use of the data gathered as part of this thesis. 

6.2 The health of wild red deer in the Scottish Highlands 

In the introductory chapter of this thesis, I highlighted the long-standing view that 

wild red deer in the Scottish Highlands occupy a limiting environment in terms of 

mineral (essential trace and macro element) nutrition, despite the paucity of data on 

this topic. 

“The most important nutritional factors likely to be limiting red deer performance in Scotland are 

metabolisable energy, protein and possibly calcium and phosphorus.” (Mitchell et al., 

1977) 
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“The decline in body size and relative antler size in Scottish deer appears to be a result of stunting 

in the harsh and mineral-poor environment in the Scottish uplands rather than of genetic 

changes” (Clutton-Brock et al., 1982) 

 “In the Scottish Highlands, the majority of red deer populations live on peaty and minerally 

deficient soils and various lines of evidence make it abundantly clear that antler development of stags 

is genuinely restricted by mineral availability.” (Putman and Staines, 2004) 

“This study confirmed that Scottish red deer occupying moorland habitat are, on average, skeletally 

smaller that woodland deer. This likely reflects increased energy demands and (or) poorer quality 

diet in moorland.” (Pérez-Barbería et al., 2015b) 

In addition, I noted the lack of peer-reviewed parasitological studies of the wild red 

deer population in the Scottish Highlands, despite the wide acknowledgement that 

parasites are frequently encountered by those managing/harvesting wild red deer in 

the region (Anon., 2008; Irvine, 2011). 

In response to these two knowledge gaps, a key focus of this thesis has been the 

quantification of red deer essential trace and macro element status, and liver fluke 

prevalence in the Highland region. 

Essential trace and macro element availability to wild red deer 

In terms of calcium (Ca) and phosphorus (P) (as mentioned by Mitchell et al., 

(1977)), liver element profiles are not as informative for gauging element status as 

bone samples (as bone is the main tissue in which they are stored/used structurally). 

Nevertheless, in this study, both liver Ca and P exhibited significant geographic 

variation (Figure 6.2.1); thus, indicating that the availability of Ca and P to deer 

occupying open-hill ground is perhaps not as homogenously limiting as supposed. 

To fully answer this question, quantification of bone mass/density/length and length 

would be desirable (i.e., to form bone, Ca and P are needed to form apatite). Hence, 

reduced bone mass/length/density would be indicative of lower availability of Ca 

and P in the environment. 
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In line with the overall aim of this project to establish baseline expectations with 

relevance to the health of wild deer, Table 6.2.1 summarises the essential trace 

element concentrations in livers of wild male and female red deer. It is important to 

note that data regarding essential trace elements in the liver represent the most 

informative tissue element data gathered during this study. This is because the liver is 

the main organ in which these elements are stored; hence, liver element 

concentrations are representative of medium to long term (~6 month) element status 

of wild red deer (e.g., Cu (Woolliams et al., 1983) and Se in sheep (Humann-Ziehank 

et al., 2013) and Cu in red deer (Grace and Wilson, 2002)). 

Although the data collected for this study cannot be used to establish reference 

values for marginal deficiency or deficiency of essential trace elements (as this would 

require controlled experimental trials on wild stock, which would be highly 

challenging), it is nevertheless the most comprehensive data available for wild red 

deer in the North Highland region. As such, it provides an insight into relative 

differences between estates which could perhaps highlight areas “at risk of sub-optimal 

nutrition” in the Scottish Highlands. With this in mind, deer managers in the Scottish 

Highlands who provide mineral licks to wild deer (and researchers studying other 

populations of wild red deer) should be made aware of these data – particularly for 

Se, Cu and Mo (i.e., the essential trace elements that show the most marked 

geographic variation). 

Figure 6.2.1: Significant geographic variation in liver calcium (µg/g) in hinds 

(left) and stags (centre), and phosphorus (µg/g) in stags (right). Liver P in 

hinds showed no significant geographic variation. 
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Table 6.2.1: Reference values and distributions for essential trace elements in 

wild red deer in the Scottish Highlands. Numbers on the x-axes show the liver 

concentration of each element in µg/g (d.w.). Numbers on the y-axes show 

the number of deer with the corresponding liver element concentration. 

 

Robust data regarding element status of wild deer generated herein may also be of 

particular interest in Scotland because there is currently active encouragement 

(through the Deer Farm Demonstration Project) to set up new deer farms (Anon., 2015). 

The suitability of land for new farms will (to an extent) depend on the nutritional 

qualities of available pasture and the wider geochemical landscape. 
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Liver fluke prevalence in wild red deer 

In Chapter 3, I quantified the geographic variation in F. hepatica infection prevalence 

in wild red deer in the North Highlands of Scotland. Here, it is evident that deer that 

occupy certain areas of the region are more prone to infection than others; thus, 

underlining wild deer as a potential reservoir of infection to livestock (as well as 

seemingly perpetuating infection among themselves). 

In livestock, liver fluke infection is well-recognised for its potentially lethal effect on 

sheep, as well as incurred losses through reduced milk yields and performance 

(Charlier et al., 2014b; Hawkins and Morris, 1978). In contrast, liver fluke in deer is 

not (at present) considered a cause for concern, even among the deer farming 

industry (Fletcher, 2014). As such, little additional concern for deer welfare may arise 

from the results of the present study. Nevertheless, the adverse effects arising from 

sub-clinical infection (i.e., reduced milk yields that could potentially adversely affect 

calf survival; or reduced immune system function), should not be discounted. 

Presently, however, it may be that the results of this study are of more interest to 

livestock farmers in the Highland region (and perhaps elsewhere in the UK where 

red deer freely roam), as wild deer may be able to contaminate previously “clean” 

pasture with F. hepatica eggs. It should also be noted that from an agricultural 

perspective, agri-environmental schemes aimed at improving breeding opportunities 

and chick survival of farmland waders by “wetting” areas of fields (O’brien and 

Wilson, 2011), may amplify the risk posed by deer that access such areas. 

Finally, it is also important to note the substantial knowledge gap concerning the 

within-host biology of liver fluke in deer; i.e., how long does F. hepatica survive? What 

is the lag time between ingesting a cyst (becoming infected) and parasite 

maturity/egg-laying? These questions require experimental (challenge) trials, whereby 

captive deer could be continually monitored for (for example) F. hepatica egg 

shedding. 

Skeletal morphometry 

Prior to this study, geographic variation in mandible size of red deer in the Scottish 

Highlands has been attributed to habitat; specifically, woodland deer are larger than 

moorland (open-hill) deer (Pérez-Barbería et al., 2015b). In the present study, 

variation in mandible size within the “open-hill” habitat category has proven to be 

marked in wild female red deer (Chapter 5; Figure 5.4.2), but perhaps less so in 
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males (for which importation of large European males for breeding and substantial 

winter feeding may be the main contributory factors leading to the disparity in size 

between Ardnamurchan and all other estates). 

The subtle shape differences observed (in Chapter 5) in mandibles of wild red deer 

are intriguing. Here, it has been demonstrated that measurements of mandible 

morphometry by image analyses can provide a novel insight into the intraspecific 

variation present in a large free-roaming mammal. The proportion of variation 

attributable to genetic and environmental factors was not estimated here, but, the 

significant variation in shape observed did not always correlate with differences in 

size; and, since size may be more likely to correlate with nutrition/dietary intake, this 

may imply that there are small quantifiable genetic differences between sub-

populations of deer in the Highlands. Genetic diversity and population structure in 

Highland red deer has been studied comprehensively in the Central and West 

Highlands of Scotland (Pérez-Espona et al., 2008a), whereas the Northern Highlands 

have received far less attention. Given the observed morphological diversity that has 

been observed here, it may be fitting to complete the picture for the entire region. 

6.3 Research to inform deer management on Scottish sporting 

estates 

The results of this study are of most use to those estates that carried out tissue 

sampling; however, in terms of essential trace elements, the marked geographic 

differences found for essential Cu, Se and Mo should be of interest to the wider deer 

management sector, as the results imply that mineral licks rich in particular elements 

may be more beneficial for some estates than for others. For example, prior to 

sample collection, it was known that deer at Badanloch are highly likely to have been 

accessing mineral licks; yet, this population had the lowest Se status of all study sites. 

Mapping estate level spatial variation in parasites and trace elements 

The findings of this study provide the foundations for further research, including 

additional work with the dataset in hand. Owing to the exploratory nature of this 

study, we aimed to quantify and discuss general trends in element status of wild deer 

in the Highland region, however, given the quantity of data available (n > 60 animals 

per sampling site), it may be possible to identify further local scale variation in element 

status. This has the potential to be useful for deer management staff on individual 
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estates, especially on estates that do/do not provide mineral block supplements (and 

would like to know if this is/would be valuable). For example, if a cluster of animals 

have lower element status than deer on another part of the estate, it may indicate a 

local propensity for deficiency in certain elements that may influence fecundity, 

health/welfare and population recruitment. For example, Figure 6.3.1 illustrates the 

liver Cu status in males and females in Altnaharra and Ben Loyal estates; here, there 

appears to be spatial clustering of low Cu status animals particularly in Altnaharra – 

perhaps indicative of herd “hefting” to Cu-poor ground. 

Similarly in relation to parasitism, in Figure 6.3.1 cull location data in combination 

with liver fluke diagnostics appears to show that infected animals are more likely 

encountered on particular areas of Altnaharra and Ben Loyal estates. Maps such as 

these can provide useful reference materials to deer (and hill livestock) managers, for 

whom animal welfare is a primary concern. 

In addition to the data gathered during this study, there is scope to continue 

sampling in the region. Extending the sampling of wild Scottish deer is desirable (as 

in any wildlife study, where replication is essential to add confidence to results and 

reaffirm (or challenge) historic inferences (Johnson, 2002)). Such long term sampling 

carried out in Sweden has shown long term trends in moose element status (Odsjö et 

al., 2007), whereby temporal changes linked to land-use change, acid rain and climate 

change have been identified (e.g., long term increasing trend in Mo status between 

1980 and 2005, potentially linked to liming of soil in response to acid rain). 
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Figure 6.3.1: Map of Altnaharra (bottom) and Ben Loyal (top) estates 

illustrating liver copper concentrations in wild male (light blue) and female 

(dark blue) red deer (left); and cELISA diagnosis for the same individuals. 

Age estimation by tooth cementum 

The computer image analysis based teeth aging method introduced in Chapter 5 

holds strong potential for rapid age estimation for wild red deer. However, at this 

stage it still requires further evaluation with known age samples. A high-throughput 

and accurate age estimation of wild deer is certainly of interest to those managing 

wild deer as it can inform deer managers of the demographic structure of their wild 

population to (potentially) a greater extent than traditional tooth wear estimates. As 

such, this could provide useful information. For example, if, over several years, the 

average age of culled individuals is decreasing, it may be indicative of an overall 

declining population. 

Informative future tissue sampling 

Gathering tissue samples and additional information from the managers of wild red 

deer in Scotland is an appropriate strategy for monitoring Scotland’s wild deer. 
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However, it is labour intensive and as such should be limited to the most informative 

sample types and numbers. In the case of this study, some samples and data have not 

yet been extensively analysed (for example kidney fat index (KFI); Figure 6.3.3). 

This is in part owing to potentially confounding factors associated with kidney fat 

depletion in males during the rut. In Scotland, stags are in peak condition just before 

cessation of feeding, which occurs from the beginning of the rut. At this point, fat is 

mobilised and depleted from accumulated deposits around the kidneys. Hence, it is 

not appropriate to compare condition of stags (by KFI) that were culled on different 

dates with respect to the start of the rut because they are likely to be in different 

physiological states. Furthermore, owing to geographic variation in the timing of the 

rut, it is also not-appropriate to use date as a correction factor. In future comparisons 

of KFI between males during the rut, it may be desirable to estimate the 

physiological state of individuals based on (for example) fat content of the liver; this 

is because mobilised fats tend to accumulate in the liver of wild male deer during the 

rut (Zomborszky and Husvéth, 2000). Hence, fat content of liver may be a useful 

proxy measure of the date at which a male ceased feeding/entered the rut. 

 

Figure 6.3.3: Mean kidney fat index for mature female (left) and male (right) 

wild red deer culled on nine open-hill sporting estates in the Scottish 

Highlands during the 2012-13 and 2013-14 stalking seasons. Vertical error bars 

illustrate standard errors. The low KFI for males culled at Ben Loyal during 

the 2012-13 season are a consequence of highly selective culling of poorer 

condition animals. 
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Finally, whole-blood samples from this project have been analysed for tick-borne 

diseases (Alex Gray, unpublished; (Gray, 2013)), thus underlining the value of the 

archive collected as part of this project. 

6.4 Unanswered questions and future recommendations 

Health related consequences of element status 

The essential trace elements measured during this study may also be associated with 

measurable health related physiological processes/functions. In this regard, 

“biomarkers” related to physiological functions have the potential to be used;  for 

example, to examine associations between liver element status and specific 

antioxidant enzyme activities. With the archived samples collected in this project, 

there is potential to collect information related to liver glutathione peroxidase (GPx) 

(an antioxidant enzyme for which Se is structurally essential) depending on the 

integrity of this enzyme following freeze thawing (Murias et al., 2005). Selenium 

(both in elemental form and as part of proteins such as GPx) is known to scavenge 

reactive oxygen species (ROSs) and hence has a protective role against cell damage 

(i.e., oxidative stress). Evidence from experimentally induced Se deficiency in rats 

suggests that (in comparison to control and supplemented rats) where Se in diet is 

deficient, hepatic stores of Se are depleted along with GPx activity; this in turn is 

associated with increased protein oxidation and lower birth weights (Nogales et al., 

2013). The majority of data related to the effect of trace elements on red deer health 

has centred on New Zealand deer farms. Nevertheless, some of these data are 

potentially applicable to wild deer – particularly in terms of Se, Cu and Co (Wilson 

and Grace, 2001). For example, (Audigé et al., 1999) observed conception rates of 

yearling females that were 11 times higher on farms where blood glutathione 

peroxidase (GPx) activity was above 3 kIU/L. Moreover, owing to the requirement 

for Se in GPx synthesis (and the observed correlation between liver Se and liver GPx 

activity in red deer (Pilarczyk et al., 2011)), the importance of the Se status of wild 

deer and its relevance to reproductive performance could be explored further. In line 

with this hypothesis, data collected during the present study regarding reproductive 

status of females (i.e., pregnant, milk (calf at foot) and yeld (without calf)) provide an 

opportunity to investigate this association. 

In the Scottish Highlands, where wild deer populations are managed to (a) balance 

potential impacts of deer on other land uses (forestry/farming, etc.) whilst (b) 
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allowing commercially viable sport shooting (i.e., of trophy males), maximising 

reproductive performance and skeletal development is potentially highly desirable. It 

would therefore also be desirable to fully understand how geographic variation (as 

identified in this study) may influence health and nutritional status with a focus on 

potentially detrimental effects caused by possible localised (sub-clinical) deficiencies 

(e.g., in Se). 

A note on geochemical landscapes, non-essential and toxic elements 

Ingested soil forms a significant part of the diet of wild and domestic ruminants and 

plays a considerable role in essential trace (and toxic) element status (Beyer et al., 

1994; Fries et al., 1982; Thornton and Abrahams, 1983). Moreover, the proportion of 

soil in the diet of herbivores can be estimated by measuring the concentration of 

titanium or aluminium in ingesta (Mayland et al., 1975); both of which are not 

accumulated in large quantities in vegetation. As such, the non-essential elements in 

the rumen and faeces (measured in this project) can provide an insight into the 

importance of soil ingestion to wild red deer. 

The accumulation of essential trace and toxic elements in plants (and ingested soils) 

are also related to soil parent material. Specifically, mineralogy (i.e., the minerals 

present in soil as a result of parent material/bedrock weathering) typically dictate the 

proportions of essential and trace elements in the soil. For example, the dominant 

mineralogy across the Iberian Pyrite belt (south Spain) is strongly influenced by 

sulphide orebodies that consist of Fe, Pb and As rich minerals; i.e., pyrite (FeS2), 

galena (PbS) and arsenopyrite (FeAsS). As such, accumulation of these elements in 

the tissues of biota tends to be concurrent in this region; e.g., in plants (Reglero et al., 

2008). Therefore, correlations between elements in (for example) faeces and rumen 

(shown in Appendix 4.D), may be indicative of soil parent mineralogy, e.g., the 

strong correlation between Ni and Co. Lastly, in relation to mineralogy, as more than 

two elements are likely to associate with a given mineral, employing principal 

component analysis to look for associations between metals may be the most 

informative method for investigating mineralogy. 

The marked geographic variation in liver Cd was of particular note during this study. 

Cadmium is toxic to animals, and, if consumed in sufficient quantities, could pose a 

hazard for humans. Although the maximum levels of Cd observed in this study 

(Conaglen female liver mean ≈ 1.5µg/g d.w. ≈ 0.45 µg/g w.w.) fall below those 
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considered toxic to humans (tolerable weekly intake < 2.5 µg/kg body weight ≈ 

175µg Cd per week for an average (70kg) individual), it is noteworthy that those that 

regularly consume wild deer liver (or kidney) (most likely those working within the 

game management industry) could be exposed to this toxic element. For example 

one meal including just 150g of liver would contain approximately 67.5µg Cd, 

equivalent to 39% of the tolerable weekly intake of Cd for an average person. 

Liver fluke 

Health related consequences of infection, resistance and immunity to F. 

hepatica in livestock and wildlife 

A potentially important consequence of liver fluke infection in wild deer (which fell 

outside the scope of this study, but is certainly of interest) is the possible effect of F. 

hepatica on red deer health and any indirect knock-on effects on other wild or 

domestic animals in the region. Two key questions of relevance remain unanswered: 

i) is the observed increase in disease prevalence as the stalking season progresses a 

reflection of a lower burden at the start of the season and hence an apparent annual 

(late winter) purge/immune response of deer to liver fluke? If not, why do we see a 

significant increase in detectability of infection later on in the stalking season? 

Notably, immunity of livestock to parasitic helminths has been documented in 

Indonesian thin tail sheep (ITT), which show strong resistance to Fasciola gigantica 

during experimental trials (Pleasance et al., 2011; Roberts et al., 1997). In deer, 

immunity to lancet liver fluke (Dicrocoelium dendriticum) has also been documented in 

studies of infection burden in elk (Cervus canadensis) and wapiti (Cervus elaphus 

canadensis) (Beck et al., 2014; Goater and Colwell, 2007). Interestingly, both studies 

observed the greatest parasite burdens in calves and juveniles, and a steep decline in 

burden occurred with increasing age. This suggests that resistance to lancet liver fluke 

in these species is associated with exposure earlier in life. 

In red deer, there are no documented cases of resistance to liver fluke, or, any clinical 

signs of infection. This may however simply be because the effects are subtle and act 

upon end-points which remain unstudied. As such, a second question is prompted: ii) 

are there any sub-lethal impacts of F. hepatica infection on wild deer health? Oxidative 

stress as a consequence of parasite infections (including F. hepatica) has been reviewed 

(Abd Ellah, 2013), notably highlighting significant reductions in liver antioxidant 

enzyme activities and liver concentrations of non-enzymatic antioxidants in rats 
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experimentally infected with F. hepatica (Kolodziejczyk et al., 2005). Furthermore, 

stress hormones in faeces have also shown some association with parasite burden in 

Alpine chamois (Rupicapra rupicapra) (Corlatti et al., 2012). Corlatti et al. (2012) 

observed that during the breeding season (rut), individuals with higher investment in 

reproduction (i.e., territorial males with high faecal androgen levels) tended to be 

more stressed (as measured by faecal cortisol) and had higher burdens of lungworm. 

Owing to these observations, Corlatti et al. (2012) hypothesised that high 

reproductive effort (as a consequence of high androgen), directly suppresses the 

immune system and leads to higher worm burdens. Interestingly, referring to their 

path analysis, Corlatti et al. (2012) did not suggest that increased faecal cortisol was a 

consequence of heavier worm burdens, but instead suggests that increased faecal 

cortisol is a direct consequence of increased androgen. Nevertheless, in their study, 

faecal cortisol did correlate with increased worm burden and as such, worm burden 

may well have influenced cortisol levels. Ultimately however, teasing out causal links 

such as these remains challenging. 

In addition to the two main questions posed above, another potential area of interest 

that is relevant to other parts of this study (Chapter 4) is the possible association 

between liver mineral concentrations and F. hepatica. Trace and macro element status 

may play a role in terms of resistance to parasites (Suttle and Jones, 1989), or 

conversely, infection may lead to deficiencies in trace elements - however, there is 

very little in the literature to substantiate either hypothesis. One study of sheep (n = 

100), showed a decrease in Co, Cu and Fe concentrations in liver of chronically F. 

hepatica infected individuals (Kojouri et al., 2012). Furthermore, only one study has 

compared tissue mineral concentrations in livers of infected and uninfected cervids; 

where Cu and Ca concentrations in liver of fallow deer (Dama dama) have been 

shown to be significantly lower in individuals infected with fluke when compared to 

those without infection (Vengušt et al., 2003). Despite the lack of research in this 

field, (Landete-Castillejos et al., 2007) further suggested that such a decrease in 

mineral constituents in tissues, associated with parasitic infection, may influence 

bone/antler mineral composition and strength/quality. 

6.5 Conclusions 

Nutritional status, infection status and morphological features of wild red deer in the 

Scottish Highlands exhibit notable geographic variation. The raw data provided in 
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this thesis (i.e., trace element status and liver fluke prevalence) serve to provide 

robust reference levels relevant to the health of red deer in this study region, as well 

as those in other areas. Furthermore, the analyses regarding links to environmental 

(and host) variables provide insights into potentially influential landscape features 

with which those managing the wild deer (and livestock) in the Scottish Highlands 

are familiar. In light of the importance of red deer as a managed resource in this 

region and elsewhere, this study provides robust data to which those managing wild 

red deer can refer. 
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