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Abstract 

Ungulate herbivores are key components of terrestrial ecosystems. However, anthropogenic 

transformation of landscapes has altered how ungulate populations interact with vegetation 

communities. While many large ungulate species are at risk of extinction, deer (Cervidae) 

populations have increased rapidly across the temperate zone over recent decades. Overbrowsing 

from expanding deer populations can reduce the structural complexity of the woodland understory, 

prevent regeneration, and reduce tree growth, which can be detrimental to woodland wildlife and 

reduce the profitability of forestry operations. Expanding deer populations present a significant 

barrier to the goals of the UK and devolved governments to increase forest cover for carbon 

capture, biodiversity conservation and economic prosperity. Studying the habitat use and diet of 

individual deer species can provide a better understanding of their effects on woodland 

environments. This thesis assesses the scientific knowledge regarding the influence of deer on 

woodland habitats and explores the development of novel methodologies for studying deer 

behaviour and diet. 

A systematic map collated current evidence for the ecological effects of seven deer species – six of 

which are present in the UK – on woodland and forest vegetation (Chapter 2). The review 

highlighted discrepancies in coverage between species and geographical regions and showed that 

many studies have not separated the effects of different deer species on the environment. A field 

study was conducted in the Elwy Valley, North Wales, a region occupied by a growing fallow deer 

(Dama dama) population (Chapter 3). Using mobile Terrestrial LiDAR (TLS) and forest inventory 

surveys, I characterised habitat structural components that may influence deer behaviour (Chapter 

4). Horizontal visibility at deer eye-height was significantly reduced with higher densities of small-

diameter tree stems, indicating that woodlands with this type of structure may provide safe refuges 

for deer under hunting pressure. This visibility metric was applied to behavioural data in a diel 

occupancy modelling approach (Chapter 5), using motion-activated camera data from a landscape-

scale study of the Elwy Valley fallow deer. Diurnal occupancy was lower in hunted than non-

hunted woodlands, which demonstrated the capability of fallow deer to respond to fine-scale 

temporal variation in risk. Using DNA metabarcoding to study the seasonal diet of this population 

(Chapter 6), I revealed that bramble (Rubus fruticosus agg.) was a key forage species, especially in 

winter, while deciduous browse accounted for a high proportion of the diet in the spring, summer 
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and autumn. Counter to expectations, grasses formed a comparatively small proportion of the diet, 

indicating that this population mainly relies on woodland resources.  

This thesis demonstrates the ability of fallow deer to respond to seasonal variation in resource 

availability and daily fluctuations in human disturbance, illustrating how their behavioural 

flexibility has facilitated them becoming one of the most widespread deer species in the world. The 

UK is lacking an effective landscape-scale deer management plan, with very little information on 

how individual deer species are affecting vegetation communities and wider ecosystems. This thesis 

exhibits use of novel technologies to refine the way we study deer herbivory and the ecological role 

of ungulate species in human transformed landscapes, to focus more on the individual species and 

design management practices that consider animal behaviour and trophic ecology. 
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Chapter 1 

 

General Introduction 

 

Herbivory 

Herbivory plays a central role in the functioning of terrestrial ecosystems (Olff & Ritchie, 1998). 

The removal of plant tissue influences plant physiological processes (Bryant et al., 1992; Coverdale 

et al., 2018; Ward, 2016), recruitment (Churski et al., 2017; Hester et al., 1996), growth (Churski et 

al., 2017; Vila et al., 2003), mortality (Long et al., 2007; Mårell et al., 2018; Parks et al., 1989) and 

dispersal (Gill & Beardall, 2001; Griffiths et al., 2010). These effects shape competitive 

relationships among plant populations, scaling up to affect the structure and composition of 

vegetation communities (Augustine & McNaughton, 1998; Bråthen et al., 2007; Estes & Duggins, 

1995; Koerner et al., 2018), nutrient cycling and primary productivity (Leopold & Hess, 2017; 

Ramirez et al., 2019; Subalusky et al., 2017). Large mammalian herbivores in particular act as a 

major source of ecological disturbance, which can contribute to the maintenance of habitat 

heterogeneity and biodiversity (Bakker, Pagès, et al., 2016; Coverdale et al., 2016; Vera et al., 

2008; Wisdom et al., 2006). In a world where anthropogenic influence is driving rapid and 

widespread change in ecological communities, understanding how herbivores interact with and 

structure their environment is a key aspect of conserving biodiversity and ecosystem function 

(Abraham et al., 2022; Foster et al., 2014). 

The ecological role of ungulate herbivores 

Ungulate herbivores are often described as “keystone species” or “ecosystem engineers” because of 

the transformative effects they can exert on whole ecosystems through top-down pressure on 

vegetation communities (Apollonio et al., 2017; Forbes et al., 2019; Gordon et al., 2004; Jia et al., 

2018; Vera et al., 2008). For instance, excretion of nitrogenous waste and consumption of leaf litter 

affects the rate of nitrogen cycling and distribution of nitrogen throughout the environment (du Toit 

& Olff, 2014; Ferraro et al., 2022; Hobbs, 1996; Murray et al., 2013; Pastor et al., 1998). Large 



23 

 

herbivores can also promote carbon “persistence” within ecosystems through defecation and 

bioturbation of the soil, and consumption of flammable biomass which reduces carbon emissions 

from wildfires (Kristensen et al., 2022). Ungulate herbivores can reduce the intensity and extent of 

fires and make them patchier, increasing heterogeneity in the landscape (Johnson et al., 2018; 

Knapp et al., 1999). In addition, herbivory by ungulates can increase the diversity of herbaceous 

(Faison et al., 2016; Newman et al., 2014; Perrin et al., 2011) and woody plants (Brüllhardt et al., 

2015; Laurent et al., 2017) in forests by suppressing highly competitive species which would 

otherwise dominate. Selective feeding can alter the composition of plant communities by mediating 

competitive interactions among plant species differing in palatability (Augustine & McNaughton, 

1998; du Toit & Olff, 2014; Kuijper et al., 2010; Strauss & Packer, 2015).  Furthermore, browsing 

and grazing can prevent encroachment of woody vegetation into open habitats, facilitating the 

persistence of grasslands (Ali et al., 2017; Daskin et al., 2016; Kowalczyk et al., 2021), wood-

pasture (Augustine & Mcnaughton, 2004; Vera et al., 2008) and tundra (Biuw et al., 2014).  

Ungulates can affect the physical structure of plants by influencing their growth form or preventing 

them from advancing through growth stages (Motta, 2003; Speed et al., 2013). For example, 

African elephants (Loxodonta africana) can create refuges from herbivory by toppling trees, leading 

to higher plant species diversity (Coverdale et al., 2016). Ungulate herbivores also affect plant 

physiology by generating nutrient redistribution within the plant (McNaughton, 1984; Ward, 2016) 

or upregulation of defences (Ohse et al., 2017; Rhodes et al., 2018; Vourc’h et al., 2001). The 

influence of ungulates on vegetation structure, composition and physiology has cascading effects on 

other animals (Foster et al., 2014) such as small mammals (Bush et al., 2012; Putman et al., 1989), 

amphibians (Baruzzi & Krofel, 2017), birds (Chollet & Martin, 2013; Fuller, 2001) and 

invertebrates (Berman et al., 2018; Lilleeng et al., 2018; van Klink et al., 2015). A study at the 

Mpala Research Centre in Kenya found that lizards preferentially occupied elephant-damaged trees 

and vacated trees when refuges created by elephants were removed, illustrating how ungulate 

herbivore activity can benefit other wildlife through increased structural complexity of habitats 

(Pringle, 2008). Ungulates have a crucial role in the functioning of dynamic ecosystems, however 

changes to their population abundance, density or behaviour can affect how they shape the 

landscape (Apollonio et al., 2017; Reimoser & Putman, 2011). 
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Ecological effects of the loss of ungulate herbivores 

The anthropogenic transformation of landscapes is having a significant effect on ungulate herbivore 

populations (Linnell et al., 2020). Many large herbivores are at risk of extinction and are declining 

in range and numbers (Ripple et al., 2015). In addition, with the ever-expanding sprawl of human 

infrastructure, anthropogenic disturbance can generate avoidance behaviour by ungulate species 

(Stankowich, 2008). This disrupts ungulate habitat use (Krishna et al., 2016; Oberosler et al., 2017) 

which may alter their ecological function as herbivores (Maxwell et al., 2019) and impact the health 

of ungulate populations (Jayakody et al., 2011; Spitz et al., 2019). The extirpation of ungulate 

herbivores often has profound effects on vegetation communities, with each ungulate species 

exhibiting differences in their feeding ecology and the pressure they exert on vegetation (Augustine 

& Mcnaughton, 2004). For example, Burkepile et al., (2016) found that the exclusion of small 

herbivores such as impala from savanna plots led to reduced plant diversity, possibly because this 

prevented less competitive plant species from establishing through increased light limitation 

(Burkepile et al., 2016). In addition, a 10-year experiment on Svanøy Island in Norway found that 

the exclusion of red deer (Cervus elaphus) resulted in lower plant species diversity and evenness, 

with a few species dominating the ground vegetation (Lilleeng et al., 2016).  

Reductions in numbers of ungulate herbivores have complex, indirect and often unexpected effects 

on ecosystems, such as changes to nutrient cycling (Bardgett & Wardle, 2003). For example, a 

simulation study of caribou (Rangifer tarandus), which are vulnerable to extinction (Gunn et al., 

2016), found that deposition of nutrients through defecation and death was important for 

maintaining landscape heterogeneity in tundra environments (Ferraro et al., 2022). Furthermore, 

extirpation of large herbivores can alter plant-invertebrate interactions (Pollard & Cooke, 1994; 

Takagi & Miyashita, 2012). Using the Kenya Long-term Exclosure Experiment, Palmer et al., 

(2008) found that ten years of large herbivore exclusion led to reduced investment from acacia trees 

in mutualistic ant provisioning, including shelter and food rewards. This led to competitive 

exclusion in favour of a different ant species that did not depend on these rewards, resulting in 

increased beetle infestation and tree mortality in acacias (Palmer et al., 2008). In the same study 

area, Keesing and Young, (2014) showed that large herbivore exclosure led to the pouched mouse 

(Saccosotmus mearnsi) doubling in abundance, resulting in a three-fold decline in acacia seedling 

survival. In addition, reduction or absence of ungulates can lead to a decline in large carnivores 

which rely on ungulate populations as an important food source (Schmidt, 2008; Zhang et al., 
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2014). For example, Walton et al., (2017) studied how the enforced seasonal migrations of semi – 

wild reindeer (Rangifer tarandus) in Norway affected reproduction and survival in Eurasian lynx 

(Lynx lynx). Lynx did not follow reindeer as they migrated, which led to some lynx lacking reindeer 

prey in their home range. There was a significant reduction in female lynx reproduction and 

survival of yearling kittens in areas where reindeer had been absent the previous winter (Walton et 

al., 2017).  

 

When do expanding ungulate populations become 

“overabundant?” 

Conversely, there are concerns of how “overabundant” ungulate populations can also impact 

ecosystem dynamics (Bernes et al., 2018). Reduced mortality due to extirpation of large predators, 

introductions of non-native species and human modification of landscapes have led to expansion of 

some ungulate populations, especially in the temperate zone (Côté et al., 2004; Ramirez et al., 

2018). This may be seen as a victory for conservation in contrast to many endangered large 

herbivore species (Ripple et al., 2015). Indeed, there is evidence that global herbivore biomass is 

drastically lower than it was before widespread, intensive anthropogenic habitat destruction and 

hunting (Fløjgaard et al., 2021). Large herbivores are a crucial natural disturbance mechanism for 

the health of terrestrial ecosystems, but conflict with human land use objectives in heavily modified 

landscapes has generated frequent use of the term “overabundant” to describe ungulate populations 

which may be well below their historic size (Hanberry & Faison, 2023; Carpio et al., 2021). It can 

be argued that the main goal should be localised management until the desired outcome for human 

land use is reached, without investing finite resources in population monitoring (Morellet et al., 

2007). For true rewilding of areas in Europe and North America to take place, ungulate populations 

would need to be allowed to grow without human intervention, restoring their role as a source of 

natural disturbance and nutrient redistribution within a complete ecosystem (Fløjgaard et al., 2021). 

However, this kind of approach is not feasible in human-transformed landscapes with degraded 

ecosystems. Rapid population expansion in landscapes lacking sufficient forage material to sustain 

this growth can generate fierce competition for food and result in ecological damage (O’Connor & 

Page, 2014). For example, Perea et al., (2015) studied the effects of a population of Iberian ibex 

(Capra pyrenaica) 25 years after their reintroduction to a mountain range in Spain with no natural 

predators. They found that the species had reached its highest population density on record. The 
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ibex was browsing a quarter of all woody species at unsustainable levels and preventing the 

regeneration of 50% of threatened species (Perea et al., 2015). Without population monitoring, 

understanding if a species has become “overabundant” is difficult to achieve; a population may be 

well below its historic “natural” size but still conflict with human land use. In the case where 

ungulate populations are to be culled to manage the intensity of herbivory in a landscape, 

monitoring the abundance or spatial distribution of individuals can be important to understand 

effects on the environment before and after culling (Husheer & Robertson, 2005; Enoki et al., 

2016), and to maintain the viability and health of the population under culling pressure (Barton et 

al., 2022).  

Deer (Cervidae) ecology and population expansion 

Deer are an important component of temperate woodland ecosystems and mediate ecological 

processes such as nutrient cycling (Ramirez et al., 2018; Ramirez et al., 2021a) plant competitive 

interactions (Faison et al., 2016; Laurent et al., 2017; Newman et al., 2014; Stephan et al., 2017) 

and habitat succession (Kienast et al., 1999; Ramirez et al., 2019). Deer are also important prey 

species for predators and scavengers (Inagaki et al., 2022; Walton et al., 2017). With reductions in 

natural predators, stricter hunting laws, milder winters, and the transformation of landscapes into 

farmland-woodland mosaics, growing populations of deer species are expanding their range across 

many global regions (Côté et al., 2004; Ramirez et al., 2018; Ward, 2005). Australia and New 

Zealand have seen growth of significant invasive populations of fallow deer (Dama dama) and red 

deer in recent years due to introductions for game hunting (Davis et al., 2016; Veblen & Stewart, 

1982). In Europe and North America, native or naturalised populations have taken advantage of 

human modification of landscapes (Côté et al., 2004; Ramirez et al., 2019; Ward, 2005). For 

example, the impacts of expanding North American elk (Cervus elaphus canadensis) populations 

have been extensively studied in the US National Parks, with the absence of wolves (Canis lupus) 

as a driving factor in their increased numbers (Beschta & Ripple, 2016; Kimble et al., 2011; Ripple 

& Beschta, 2012).  

Deer population growth has led to unprecedented herbivory pressure on temperate woodlands and 

forests with considerable implications for ecosystem health (Côté et al., 2004; Gass & Binkley, 

2011; Putman et al., 2011; Reimoser & Putman, 2011). For example, an overall reduction in low 

vegetation cover in woodlands of south and east England has been attributed to increased browsing 
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pressure (Amar et al., 2010). Furthermore, a study in the British lowlands showed that woodlands 

with higher deer numbers had reduced understory structural complexity compared to woodlands 

with low deer numbers (Eichhorn et al., 2017). This absence of understory vegetation can have 

consequences for woodland biodiversity (Bush et al., 2012; Chollet et al., 2016; Putman et al., 

1989). Studies have found negative impacts of deer over-browsing on woodland animals that rely 

on understory vegetation habitat, such as breeding birds (Gill and Fuller, 2007; Holt et al., 2010; 

Newson et al., 2012; Chollet and Martin, 2013), invertebrates (Sakata and Yamasaki, 2015; 

Roberson et al., 2016; Bernes et al., 2018; Mahon et al., 2019) and small mammals (Flowerdew and 

Ellwood, 2001; Bush et al., 2012). There is a necessity to sustainably manage deer populations to 

mitigate ecological and economic impacts of over-browsing, especially in environments lacking 

large predators, while conserving their functional role in ecosystems. 

Managing impacts of growing deer populations and the 

importance of deer behaviour 

Solutions are required to mediate the herbivory pressure from growing deer populations 

experienced by ecological communities (Redick & Jacobs, 2020) and increasing human-deer 

conflict such as damage to forestry and crops and increasing road-traffic collisions (Putman et al., 

2011; Valente et al., 2020). At present, culling is the main strategy for reducing deer populations or 

deterring them from certain areas (Barton et al., 2022; Kuijper, 2011). There is often a lack of 

landscape-scale organised culling efforts, therefore localised culling may lead to displacement of 

browsing pressure rather than an overall reduction (Hagen et al., 2018; Putman et al., 2011; Simard 

et al., 2013). For example, Takeshita et al., (2017) found that the density of some sika deer (Cervus 

nippon) populations in Japan resisted localised culling pressure, probably due to deer moving 

outside of the managed areas. Deer behaviours such as habitat selection and foraging are highly 

context and scale dependent (Spake et al., 2020), and are affected by season (Borkowski & 

Obidziński, 2003; Wam & Hjeljord, 2010), disturbance levels (Jayakody et al., 2011) habitat and 

food availability (Abbas et al., 2013; Gordon et al., 2004; Putman et al., 2011; Reimoser, 2003; 

Royo et al., 2017) and intraspecific variation among individuals (Bergvall et al., 2011; Gill, 1992; 

Putman & Flueck, 2011). Consequently, it can be difficult to find a clear relationship between deer 

density and browsing pressure (Heinze et al., 2011; Koda & Fujita, 2011).  
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Field studies have highlighted benefits of deer exclusion for tree growth rates and native vegetation 

density (Kalisz et al., 2014; Sabo et al., 2019; Shelton et al., 2014). However, these studies 

represent a scenario where deer are totally absent from a system, and there is considerable evidence 

that long-term exclusion of native deer species can have detrimental consequences for forest 

biodiversity (Laurent et al., 2017; Newman et al., 2014; Perrin et al., 2011). Furthermore, the cost 

and labour required for establishment and maintenance of deer fencing can rule out exclusion as an 

option for many woodland managers. Deer are a natural resource with considerable economic value 

for tourism, sport hunting and potential for sustainable meat production (Macmillan & Phillip, 

2008; Phillip et al., 2009; Veblen et al., 2010). Total exclusion or extirpation is therefore unlikely to 

be a viable long-term solution in many cases. With the complex societal issues (Green & Stowe, 

2000; Prager et al., 2018) and variable success rates (Hagen et al., 2018; Ramsey et al., 2018) that 

come with controlling deer densities, a focus on other aspects of deer biology, such as their 

behaviour, may provide alternative options for deer management (Apollonio et al., 2017). There is 

potential to reduce deer activity by modifying perceived habitat quality and disturbance levels, 

which could promote woodland regeneration without the need for deer exclusion (Schippers et al., 

2014). Studying the behavioural ecology of deer alongside their impacts on the environment is an 

important step towards a clearer understanding of the complex relationships between ungulate 

species and vegetation communities in a world dominated by anthropogenic change (Duncan & 

Gordon, 1999). 

Overview of the UK deer species 

There are six deer species in the UK, all of which are expanding their range (Ward, 2005), with 

great potential for further expansion if no interventions take place (Croft et al., 2019) This has 

raised concerns for the health of woodland and forest environments and the species that rely on 

them: 

The Reeve’s muntjac (Muntiacus reevesi) was introduced to the UK from China in the 20th 

century as an escapee from multiple captive collections and is now present throughout south and 

east England and the midlands (Croft et al., 2019). This species is native to China and feeds as a 

concentrate selector, browsing on new leaves of saplings and brambles and grazing on nutritious 

forbs. They predominantly inhabit a mixed habitat of forest, shrubland and grassland and live alone 

or in pairs. This species breeds all year round and has formed a rapidly growing population in 
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England (Croft et al., 2019; Ward, 2005; Ward et al., 2021) resulting in considerable damage to 

ground flora and trees in important woodland habitats (Cooke & Farrell, 2001; Morecroft et al., 

2001). The Reeve’s muntjac is now considered an invasive species in the UK due to its rapidly 

expanding population and the damage it is causing to native woodland environments.  

The water deer (Hydropotes inermis) is another introduced species as an escapee from Whipsnade 

Zoo in 1929. The subspecies introduced to the UK is the Chinese water deer Hydropotes inermis 

inermis which is native to the east of China. A second subspecies Hydropotes inermis argyropus 

occurs in North Korea and South Korea.  Like the Reeve’s muntjac, this species has established in 

the east of England. The population has mostly remained relatively localised to East Anglia, with 

the greatest range expansion occurring on the Norfolk Broads and some westward progression into 

fenland areas (Cooke, 1998; Croft et al., 2019; Ward, 2005). The species is classified as Vulnerable 

on the IUCN red list as populations in the native range are declining (Harris & Duckworth, 2015). 

Therefore, the UK now contains a considerable proportion of the global population. The water deer 

is well adapted to wetland areas and occupies intertidal and freshwater aquatic environments as well 

as surrounding forests and shrublands (Xu et al., 1998; E. Zhang et al., 2006).  

The red deer (Cervus elaphus) is native to the UK and has been present since the land bridge with 

the European continent during the last glacial maximum. This species is widespread but is 

particularly abundant in the north of the UK (Croft et al., 2019), thriving in the heather moorlands 

and pine plantations of the Scottish landscape. The red deer is a large bulk grazer and primarily 

feeds on graminoids and other roughage (Kerridge & Bullock, 1991) but also browses on tree 

shoots and dwarf shrubs such as heather and bilberry (Hester et al., 1999). Males and females 

mainly live in segregated herds, coming together for the rut from late September to November 

(Mitchell et al., 1977). The impacts of growing red deer populations on European forests are well 

studied (Klopcic et al., 2010; Kuiters & Slim, 2002; Welch & Scott, 2017) The close relative of the 

red deer, the North American elk (Cervus canadensis) has also been extensively studied in relation 

to its effects  on native aspen (Populus tremuloides) and cottonwood (Populus deltoides) forests in 

the US and Canada. The red deer has also been introduced to areas of New Zealand (Husheer, 

2007), Australia (Davis et al., 2016) and Patagonia (Barrios-Garcia et al., 2012; Veblen et al., 

2006), where it is having detrimental impacts on native vegetation. 
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The sika deer (Cervus nippon) originates from Asia and was introduced to the UK in 1860 as an 

escapee from deer parks. Sika deer are particularly abundant in the north of Scotland, with some 

isolated populations on the south coast of England (Croft et al., 2019; Ward, 2005). This species 

shows similar ecology to the native red deer, feeding as a bulk grazer with opportunistic browsing 

on nutritious leading shoots of tree saplings (Hofmann, 1989; Sakata et al., 2021). The two species 

also have similar social behaviour, with the sika deer rut taking place from late September to 

November. This similarity has resulted in many cases of hybridisation between red and sika deer, 

raising concern for the genetic integrity of British red deer populations (Iacolina et al., 2019; Smith 

et al., 2018). The ecological effects of sika deer in their native forests of Japan have been well 

studied, including the effects of browsing on tree regeneration (Nomiya et al., 2003; Shimoda et al., 

1994), invertebrate diversity (Sakai et al., 2013; Takada et al., 2008), soil characteristics (Harada et 

al., 2020; Niwa et al., 2011) small mammals (Shibata et al., 2008) and birds (Seki et al., 2014). In 

contrast, the effects of sika deer on European forests have received less attention, except for the 

widespread population in the Republic of Ireland (Kelly, 2002; Perrin et al., 2011). 

Like the red deer, the roe deer (Caproelus capreolus) is an ice age native to the UK. It has a 

widespread distribution, occurring throughout England and Scotland with recent westward 

expansion into their historic range in Wales (Croft et al., 2019; Ward, 2005). This species is a 

medium-sized deer with a similar feeding habit to the Reeve’s muntjac, primarily feeding on 

nutritious browse and herbaceous material with some graminoids and fungi (Jackson, 1980). Roe 

deer are variable in their social behaviour, often seen alone in dense woodland environments but 

may form herds in more open habitats (Barja & Rosellini, 2008; Pays et al., 2007). As the most 

widespread and numerous deer species in Europe, the effects of roe deer on woodlands and forests 

have been extensively studied in European forests, mostly in the context of ungulate communities 

(Gill & Morgan, 2010; Leonardsson et al., 2015; Nopp-Mayr et al., 2020; Ramirez et al., 2021a; 

Riesch et al., 2020). 

The fallow deer (Dama dama), the focal species of this thesis, is thought to have been introduced 

to the UK several times throughout history, first with the Romans and then the Norman invasion. 

The species originates from areas of southern Europe such as northern Italy, Bulgaria and 

Macedonia, but has been translocated around the world and is now present in at least 35 countries 

(Chapman & Chapman, 1975; Esattore et al., 2022).  It is considered “naturalised” in the UK, 

having been resident for nearly a millennium. Like the red deer, the fallow deer is also a 
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problematic introduced species in New Zealand (Husheer & Frampton, 2005), Australia (Claridge et 

al., 2016; Potts et al., 2015) and Patagonia (Barrios-Garcia et al., 2012; Veblen et al., 2006). Fallow 

deer are typically considered intermediate bulk feeders; predominantly grazers but woody browse 

forms a significant contribution to their diet (Borkowski & Obidziński, 2003; Caldwell et al., 1983; 

Hofmann, 1989). A recent review by Esattore et al., (2022) highlighted the significant flexibility of 

the fallow deer diet, with the ability to adapt to significant variation in resource availability. This 

species thrives in mixed landscapes of forests, shrublands and grasslands, utilising open fields for 

grazing and sheltering in adjacent forest blocks which provide important forage, especially in winter 

(Borkowski & Obidziński, 2003; Caldwell et al., 1983; Obidziński et al., 2013). Fallow deer social 

groups typically consist of single sex herds, coming together for the rutting season which takes 

place late September to early November (Langbein & Thirgood, 1989). Fallow deer social group 

sizes are highly variable across seasons and habitat types, from less than ten individuals to over a 

hundred (Apollonio et al., 1998; Thirgood, 1996). At high densities, fallow deer can cause 

significant damage to woodlands and crops (Putman & Moore, 1998). Despite this, the impact of 

fallow deer populations has been less extensively studied than roe deer and red deer, although 

several studies have identified impacts in multi-species systems (Gill & Morgan, 2010; Perea et al., 

2014; Petersson et al., 2019). A few studies have examined their effects in captive settings, allowing 

discrimination of the effects of fallow deer alone (Marozas et al., 2009, 2011), but single-species 

studies in natural systems are rare. 

Thesis structure 

This thesis uses multiple novel methods to study interactions between fallow deer and their 

environment and demonstrates how these can be applied to other study systems. The thesis 

objectives were 1) to review the existing literature of studies addressing the impacts of the UK deer 

species on woodland and forest vegetation, 2) to map physical habitat structure and relate this to 

woodland use by fallow deer and deer management in the Elwy Valley, and 3) characterise 

important seasonal components and diversity of the fallow deer diet to identify which woodland 

types may be most at risk from browsing in the Elwy Valley.  

Chapter 2 presents the results of a systematic map collating evidence for the effects of the six UK 

deer species and the North American elk (Cervus canadensis) on woodland and forest vegetation. 

The review reports methodologies used to measure deer numbers or activity, whether studies 
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accounted for other herbivores in the study system, the geographic extent of studies, and the 

different effects on vegetation that have been researched across the deer species. 

Chapter 3 introduces the ten woodland study sites in the Elwy Valley area of North Wales, where 

data were collected for the proceeding chapters. 

Chapter 4 reports a study investigating the use of mobile Terrestrial Laser Scanning (TLS) to 

quantify visibility for fallow deer in woodlands in the form of horizontal viewsheds, and how 

viewsheds vary with tree stem density. 

Chapter 5 uses the viewshed data from chapter 4, alongside other covariates, to investigate how 

habitat structure and human disturbance levels influence woodland occupancy by fallow deer in the 

Elwy Valley over the 24-hour cycle. This chapter uses deer occupancy data collected using motion-

activated cameras as part of a larger-scale study of the Elwy Valley fallow deer population (Barton, 

2023). 

Chapter 6 presents the results of a diet study which uses DNA metabarcoding to characterise the 

diet of the fallow deer in three of the ten woodland study sites and relates seasonal variation in the 

diet contents to resource availability at the landscape scale. 

Chapter 7 discusses the main results from the preceding chapters in the wider context of deer 

management and woodland conservation and highlights the urgent need for a landscape-scale deer 

management plan for the UK. 
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Chapter 2  
 

A systematic map of the effects of seven deer species on the 

vegetation of wooded habitats 

 

Introduction 

Deer (Cervidae) populations are expanding across the temperate zone, contrary to the downward 

trend of many wildlife population trajectories in the Anthropocene (Fløjgaard et al., 2021). 

Reductions in natural predators, a warmer climate, agricultural intensification, reforestation, stricter 

hunting laws and non-native species’ introductions have contributed deer population growth (Côté 

et al., 2004; Martin et al., 2020). Where native populations are expanding, this may be viewed as a 

conservation success story, as opposed to many other large herbivores which are declining as a 

result of habitat destruction and hunting pressure, with consequences for ecosystem function 

(Ripple et al., 2015). Increasing deer populations provide opportunities for social and economic 

growth, such as wildlife tourism, trophy hunting and enhanced cultural value of landscapes (Linnell 

et al., 2020). However, they can also present environmental challenges. In the UK and 

internationally, there is a motivation to plant more trees in the temperate zone to enhance 

commercial forestry, promote carbon sequestration and conserve woodland wildlife (Putman, 1996; 

Reimoser, 2003). Increased herbivory pressure from growing deer populations can interfere with 

these aims (Bernes et al., 2018). 

Large ungulates such as deer interact with woody vegetation in multiple ways: browsing and 

grazing of woody and herbaceous foliage; stripping, fraying and rubbing the bark of trees; and also 

physically trampling vegetation and soils (Gill, 1992). These behaviours contribute to a number of 

ecological processes. Deer can mediate competitive interactions between plant species through 

herbivory (Bernard et al., 2017; Newman et al., 2014) and generate changes to soil nutrient content 

(Niwa et al., 2008, Stephan et al., 2017). Deer can also contribute to seed dispersal through 

ingestion and defecation (Eycott et al., 2007). They can maintain open habitats such as forest 

clearings, shrubland or grassland, delaying succession towards high forest (Carranza & Mateos-

Quesada, 2001). These effects of disturbance from deer can improve ecosystem resilience through 
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increased habitat heterogeneity, supporting greater biodiversity (Faison et al., 2016; Lilleeng et al., 

2016). The total exclusion of deer can have unwanted effects, such as reduced plant species 

diversity (Laurent et al., 2017). However, if deer densities increase too far, this can lead to 

excessive browsing and grazing of vegetation, with negative consequences for the structure and 

function of ecosystems which are already under mounting pressure from human activity 

(MacSween et al., 2018; Newton et al., 2014; Reimoser & Putman, 2011).  

Intensive deer herbivory has been shown to reduce regeneration and recruitment of trees and shrubs 

in forests where deer are highly abundant (Ramirez et al., 2018; Vila et al., 2003). For example, 

MacDougall (2008) found that the majority of trees in oak (Quercus spp.) woodlands on Vancouver 

Island were established when cervids were nearly extirpated by hunters in the 19th century. Almost 

no regeneration occurred since the recovery of the deer population due to a cessation of hunting 

(MacDougall, 2008). The effects of deer on tree growth and mortality also represent a concern for 

the forestry industry. Deer browsing in commercial plantations can stunt tree growth (Brousseau et 

al., 2017) and cause multi-trunking (Welch et al., 1992). These reduce timber quality and may make 

trees more vulnerable to mortality from light competition (Welch et al., 2013).  

Browsing and grazing of growing deer populations can also impact woodland biodiversity across 

taxonomic groups (Putman et al., 1989). Selective, intense deer herbivory can reduce the diversity 

of the canopy, understory and ground flora by favouring herbivory-tolerant or unpalatable plant 

species (Bernes et al., 2018; Boulanger et al., 2015; Nuttle et al., 2013), which can lead to 

homogenisation of plant communities and forest structure (Eichhorn et al., 2017; Martin et al., 

2010; Vild et al., 2017). Simplification of forest structure can have detrimental consequences for 

animal species that rely on dense, complex vegetation, such as small mammals (Buesching et al., 

2011; Bush et al., 2012), invertebrates (Mahon et al., 2019; Roberson et al., 2016; Sakata & 

Yamasaki, 2015) and birds (Chollet & Martin, 2013; Gill & Fuller, 2007). Holt et al. (2010) found 

that male common nightingales (Luscinia megarhynchos) in the east of England preferentially 

selected deer exclosures for their home ranges, indicating that browsed control plots offered 

unsuitable habitat. Evidence suggests that habitat changes due to deer herbivory are contributing to 

the decline of the nightingale and other woodland birds in the UK (Newson et al., 2012; Palmer et 

al., 2015).  
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Deer also interact with vegetation through the removal of tree bark. This can be in the form of 

fraying or rubbing as a territorial marking strategy by males during the rut (Massei & Bowyer, 

1999). Deer may also bark-strip as a source of supplementary food when more nutritious vegetation 

is scarce (Kiffner et al., 2008; Ueda et al., 2002). Fraying and rubbing can result in mortality of 

small saplings and sometimes larger trees, reducing capacity for forest regeneration (Yokoyama et 

al., 2001). Bark removal can also increase the vulnerability of trees to fungal infection (Cukor, 

Vacek, Linda, Vacek, et al., 2019), which can reduce timber quality (Welch & Scott, 2008).  

In addition to foraging, deer can also affect their environment through general activity (Ramirez, et 

al., 2021a). Physical disturbance from sika deer (Cervus nippon) trampling was shown to increase 

seedling emergence of tree species benefiting from soil disturbances (Nomiya et al., 2003), but can 

be a major source of mortality for more disturbance-sensitive tree species (Tsujino & Yumoto, 

2004). Studies have also found effects of red deer (Cervus elaphus) trampling on soil nutrients and 

soil mesofauna (Mohr et al., 2005; Mohr & Topp, 2005), while deposition of faeces and urine can 

alter soil chemistry (Singer & Schoenecker, 2003) and promote endozoochorous seed dispersal 

(Malo et al., 2000). It is important to consider the multitude of effects that deer can have on the 

environment and how these effects are likely to change as deer populations continue to grow. 

The impacts of deer are often studied without considering the biology of the species in question 

(Palmer & Trustcott, 2003; Scott et al., 2009). In systems where multiple deer species coexist, it is 

often unclear how each species is affecting the environment, making it difficult to prioritise 

management. In a study of grazing in the New Forest in England, Putman (1986b) stated that 

simply observing the number or density of ungulate herbivores would only be useful up to a point. 

Instead, studying how the different ungulate species used certain habitat types would provide a 

measure of usage intensity for different vegetation communities within the forest (Putman, 1986b). 

Deer species exhibit marked differences in their body morphology, mode of foraging, home range 

size, sociality and reproductive strategies (Mysterud et al., 2001; Putman & Flueck, 2011; Putman, 

1989). This variation inevitably leads to differences in resource selection, which is likely to 

influence their relative impacts on vegetation (Gill & Morgan, 2010; Gordon et al., 2004). By 

understanding how differences among deer species drive resource use and environmental effects in 

addition to deer densities, ecologists can begin to identify how ecological effects may vary among 

co-existing deer species and design management plans accordingly (Fattorini et al., 2020). 
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The causes and consequences of deer impacts on woodlands and forests have been broadly 

reviewed (Gill, 1992; Côté et al., 2004; Reimoser and Putman, 2011), however differences in 

impacts among deer species have rarely been addressed. For example, Gerhardt et al., (2013) 

reviewed what factors determine the effects of deer in European forests. They showed the 

importance of forest management and disturbance levels, however deer species identity was not 

explored in depth as a key factor. Spake et al. (2020) performed a meta-analysis of variables 

influencing the probability of deer damage across the UK, including landscape-scale variables such 

as land cover type and regional deer density, and local variables such as tree density and distance to 

forest edge. The authors concluded that the effects of deer density were context-dependent and 

identified key environmental drivers but did not directly address differences among the deer 

species. A recent review highlighted that competition with fallow deer (Dama dama) has the 

potential to mask the impacts of Reeves’ muntjac (Muntiacus reevesi) due to their overlapping 

feeding height, making it more difficult to assess the impacts of individual species (Cooke, 2021). 

Ramirez et al. (2018) reviewed ungulate impacts on regeneration in temperate forests and identified 

a tipping point based on metabolic weight density, which is useful for examining the combined 

effects of multiple ungulate species. In a systematic review, Bernes et al., (2018) found that 

responses of understory vegetation abundance differed between livestock and introduced ungulates 

compared to native species. When exploring the temporal and spatial scales of deer-forest 

interactions, Ramirez (2021) highlighted that small- and large-bodied deer species differed in their 

foraging strategies, and that the strongest ecological effects occurred either when deer densities 

were very high or low, or where small- and large-bodied species co-existed. 

The aim of this review was to collate current evidence on the effects of deer species present in the 

UK on woodlands and forests across their global range. These species are the native red deer 

(Cervus elaphus) and roe deer (Capreolus capreolus), the naturalised fallow deer (Dama dama) and 

the more recently introduced sika deer (Cervus nippon), Reeves’ muntjac (Muntiacus reevesi) and 

Chinese water deer (Hydropotes inermis). Aside from the UK, the only other country where all six 

species are present is France, where introduced Reeves’ muntjac (Ward et al., 2021) and Chinese 

water deer (Dubost et al., 2011) have established wild populations. The North American elk 

(Cervus canadensis) was also included due to close taxonomic association with the red deer and 

interchangeable use of the name Cervus elaphus in the literature. Table 2.1 details characteristics of 

each species.  
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The UK is a good case study for assessing the ecological effects of multiple deer species. It 

provides a situation where a relatively small geographical area is shared by six species, with 

considerable variation in their morphology, ecology, behaviour and origins of introduction. By 

collating the current evidence available for the impacts of each species, this systematic map may 

help to inform targeted, species-specific deer management in the UK and internationally. In 

addition, contrast with the North American elk will highlight different approaches to studying deer 

impacts across continents. The review will also indicate where further research is needed to 

understand how these deer species are influencing woodland and forest vegetation in the UK and 

worldwide.    

 

The review questions are as follows:  

1) What is the extent of the literature about impacts on woodland and forest vegetation by the 

focal species, and to what extent do the species overlap across studies? 

2) What is the geographic extent of studies? 

3) What are the impact mechanisms studied? 

4) How do studies measure variation in deer activity or numbers? 

5) What impacts on vegetation are assessed? What is the coverage of these effects across the 

focal deer species? 
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Table 2.1. Characteristics of the six UK deer species and North American Elk (British Deer Society, 2022; Yellowstone National Park Service (US), 2022)   
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Methods 

 

Search strategy design 

A systematic literature search was undertaken to ensure the review approach was repeatable and to 

reduce bias in the information collected (Berger-Tal et al., 2019). Peer-reviewed journal articles 

were obtained from searching the Web of Science (WoS) Core Collection. The searches were 

restricted to the UK deer species and the North American elk or wapiti Cervus canadensis, 

including any subspecies. The North American elk was added into the population terms during the 

scoping searches due to some interchange between Cervus elaphus and Cervus canadensis with 

reference to elk in the literature. No geographical limits were used in order to capture studies from 

the full global ranges of the species. The time period for the Web of Science search was 1970 – 

2021. In addition, the online thesis database Opengrey was searched for the UK deer species and all 

relevant theses were downloaded when available. The UK government website Gov.UK was also 

searched for government literature reporting the effects of UK deer species, encompassing literature 

from Natural England, the Department for Environmental and Rural Affairs and the Forestry 

Commission. No temporal or geographical restrictions were applied to the Opengrey and Gov.UK 

search. 

When selecting Outcome search terms (Table 2.2), each potential term was first entered into the 

WoS Core Collection along with the Population terms. Each Outcome search term was recorded 

with the date, the total number of hits, whether there were relevant hits and whether the term would 

be included in the final search. Outcome search terms were selected when they gave relevant results 

that were not already being generated by other terms. Search terms were put together in one 

additive search. Search terms were discussed among the authors to ensure the search encompassed 

everything the review aimed to address. Some terms which brought up many irrelevant sources 

were excluded (Table 2.2). Scoping searches were conducted to assess the quantity and relevance of 

articles obtained. Following the final search, a WoS weekly search alert was used to monitor new 

publications until the end of 2021. Linguistic limitations meant that any articles not entirely 

published in English were excluded. 
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To identify whether any key articles were missed by the search terms, reviews identified by the 

WoS search that were published from 2010 onwards were screened for relevant articles by back-

searching through the bibliography. 

Table 2.2. Structure of the final systematic search entered into the Web of Science Core Collection 

including the different components of the main research question, detail on each component and the 

search terms used to satisfy each component. The excluded terms were dealt with by specifying 

“NOT” in the Boolean search string. 

 

Article screening 

The relevance of sources was first assessed based on their title, abstract and keywords. The second 

stage of screening involved reading the full text. Box 1 details the selection criteria used to select 

relevant sources and common reasons for exclusion of articles. Articles were added in at several 

stages of the screening process from WoS search alerts (Figure 2.1).  

QUESTION COMPONENT DETAIL SEARCH TERMS 

POPULATION The six UK deer 

species and Cervus 

canadensis 

"Muntiacus reevesi" OR "Hydropotes inermis" OR "Cervus 

elaphus" OR "Cervus canadensis" OR "Capreolus capreolus" OR 

"Dama dama" OR "Cervus nippon" OR "muntjac" OR "chinese 

water deer" OR "water deer" OR "roe deer" OR "red deer" OR 

“elk” OR “wapiti” OR "sika deer" OR "fallow deer”  

OUTCOME Effects of deer species 

on woodland and 

forest vegetation 

(("wood*" OR "forest*" OR "regen*" OR "recruitment" OR 

"succession" OR "vegetation") AND ("impact*" OR "damage" OR 

"pressure" OR "brows*" OR "graz*" OR "bark-stripping" OR 

"debarking" OR "trampling" OR "fraying" OR "rubbing" OR 

"herbivory")) 

EXCLUDED TERMS Nuisance terms 

producing irrelevant 

results 

("meat" OR "archaeo*" OR "paleontolo*" OR "cancer" OR "gene" 
OR “Elk-1”) 
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Box 2.1 inclusion criteria 

1. Primary research papers only; secondary analyses such as meta-analyses and reviews are 

excluded. 

2. Study should specify the deer species in the study area, or the species should be inferable from the 

text. 

3. The source must present primary research data concerning the ecological effects of any of the 

selected deer species on woodland or forest environments OR open woody vegetation mosaic 

habitats such as shrub-steppe or riparian willow communities. Data on the effects on herbaceous 

vegetation are only included if representing woodland or forest ground flora.  

4. Data must address the effects of herbivory, browsing, grazing, bark-stripping, fraying or 

otherwise specified activity of the deer species in question.  

5. The full text must be available in English. 

6. Reported effect(s) must not be a result of artificial browsing, debarking etc. caused by humans to 

simulate deer activity. 

7. Data must be presented from a real ecological system, not a computer simulation. 

8. The study must demonstrate an effect and not just the intensity of herbivory. Examples include 

changes in plant density, growth rate, recruitment rate, mortality and reproduction, or changes in 

species composition and not, for example, amount of biomass removed or browsing incidence. 

9. Studies may also report indirect effects of deer activity such as changes in soil composition, 

nutrient cycling, plant dispersal, or the diversity or abundance of other animals utilising habitats 

such as birds, invertebrates or small mammals. However, these studies must feature a primary 

measure of effect(s) on vegetation. 

10. The article must report either direct comparator control data or before/after data. 

Data were extracted from all selected articles into an Excel spreadsheet, including the citation, title, 

publication date, country and study location, deer species reported, additional herbivores reported, 

whether the study used captive or wild deer, use of exclosures, study duration, effects studied 

(browsing, grazing, bark-stripping, trampling), and outcome(s) of deer activity for forest, woodland 

or woody vegetation and any additional effects reported such as changes in animal populations or 

soil properties. Study duration was documented as the period of field investigation: for example, 

from when monitoring plots were established to the final year of observations, or the time period 

covered by historical records. 
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Figure 2.1. Flow diagram for acquisition and filtering of articles for the systematic map. Exclusion 

of articles was based on reasons such as a focus on other species not considered in this review 

(Population), recording frequency or intensity of herbivory without measuring the effect of that 

herbivory (Outcome), using simulation data rather than real field data (Simulation model), studying 

the effects of experimental foliage removal rather than true herbivory (Artificial defoliation) or 

presenting secondary data as opposed to primary data (Review or meta-analysis). Adapted from 

ROSES flow diagram for systematic reviews Version 1.0 (Haddaway et al., 2017). 
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Results & Discussion 

 

Systematic search results 

A total of 404 articles were selected for inclusion in the review (Supplementary S2.1). The multiple 

screening stages and the number of articles excluded at each stage are shown in Figure 2.1, adapted 

from the ROSES systematic review flow chart version 1.0 (Haddaway et al., 2017). The Opengrey 

searches identified three relevant PhD theses (Supplementary S2.2). The searches on the Gov.UK 

website did not identify any relevant literature. 

What is the extent of the literature on impacts to woodland and forest vegetation by 

the focal species, and to what extent do the species overlap across studies? 

Out of the 404 included sources, 150 explored the effects of North American elk, while 139 

investigated effects of red deer (Figure 2.2). Roe deer and sika deer received similar coverage with 

103 and 89 studies respectively. The effects of fallow deer were investigated in 53 studies, while 18 

studies took place in systems with Reeves’ muntjac. Chinese water deer received the least coverage 

with four studies identified. It is important to note that while a species may have been reported as 

present in a study, they were not always the species of interest. Several studies reported one or more 

of these species as being present, but the study primarily focused on the effects of other wild or 

domestic herbivores or found that the focal deer species did not contribute to effects observed e.g., 

Zamora et al., (2001). 

Sika deer had the highest relative single-species representation, with 70 studies in the absence of the 

five other study species (Figure 2.2). This was due to the majority of research being conducted in 

their native range of Japan, where the other deer species are absent. In contrast, red and roe deer 

were mostly studied in the context of a deer species community, with 43 and 22 studies 

investigating the effects of red and roe deer in the absence of other focal species, respectively. 

Similarly, with a broad distribution across Europe, only eight fallow deer studies were in the 

absence of other focal species. The Chinese water deer was never studied in isolation of other focal 

species within this dataset. The most common species combination was red and roe deer (Figure 
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2.2, n = 49), all of which were in Europe. Red and roe deer have the strongest overlap in their 

global ranges, as both species are widespread across Europe (Linnell et al., 2020). 

A large proportion of studies took place in systems with other ungulate herbivores (Figure 2.3). The 

most common species in Europe were wild boar (Sus scrofa) (n = 45) and moose Alces alces (n = 

36). Fifty-three studies reported the occurrence of cattle (Bos taurus); most of these were in North 

American studies of elk (n = 39). Seventeen studies reported the presence of domestic sheep (Ovis 

aries). In North American studies, mule deer (Odocoileus hemionus) was the most commonly 

reported wild ungulate (n = 65), with others including bison (Bison bison) (n = 26) and white-tailed 

deer (Odocoileus virginialus) (n = 16). A total of 80 studies reported smaller herbivore taxa in 

addition to ungulates, such as rabbits (Oryctolagus cuniculus), hare (Lepus spp) and mice 

(Apodemus spp) (Figure 2.3). 

Fourty-four percent of studies did not explicitly state whether other ungulate species were present in 

the area (n = 176), while only seven percent actively stated that no additional ungulate herbivores 

were present (n = 29) (Figure 2.3). One study reported only Reeves’ muntjac present in Monk’s 

Wood in Cambridgeshire, England (Pollard & Cooke, 1994). However, three other studies in 

Monk’s Wood reported additional focal deer species in the community (Cooke, 2006; Cooke & 

Lakhani, 1996; Tanentzap et al., 2012). The deer community may change in study sites as 

individual species may move into or out of the area. For example, the range of the Chinese water 

deer is expanding following introduction to the UK in 1929, albeit at a slow pace (Croft et al., 2019; 

Ward, 2005), therefore this species now occupies sites where it was previously absent. This 

illustrates how studies may fail to account for the wider ungulate herbivore community, which 

could lead to an incomplete understanding of how the different ungulate species are affecting an 

ecosystem. 

Study duration was variable across the focal species (Figure 2.4). On average, studies including sika 

deer and Reeve’s muntjac were the shortest, with a mean of 9.1 ± 1.0 and 9.8 ± 2.0 years, 

respectively. Probably owing to their frequent coexistence, studies including red (15.7 ± 2.3), roe 

(12.3 ± 2.5) and fallow deer (11.7 ± 2.0) were similar in duration, with Chinese water deer studies 

having the longest average duration of the UK species (but the lowest sample size) (17.3 ± 7.8). 

These results indicate that most of the current evidence on the impacts of these species is based on 

medium- to long-term studies, rather than snapshot studies from only one or two field seasons. 
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Studies of the North American elk had the longest average study duration (23.0 ± 3.8), reflecting 

the frequent use of long-term vegetation monitoring plots or historical records. 

 

Figure 2.2. Upset plot showing the frequency of studies where each focal species was present 

(horizontal bars) and the frequency of co-occurrence or single occurence of each focal species 

(vertical bars). Single dots show single occurrence of a species, while two or more joined dots 

indicate co-occurrence of deer species. 
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Figure 2.3. Number of studies reporting presence of other herbivores, split by whether each of the 

seven focal species was present. 
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Figure 2.4. Average duration in years of studies with each of the seven focal species present. Dots 

show the mean and error bars show the standard error. The numbered boxes show the sample sizes 

(number of studies). Note the sample sizes do not match the total number of studies per species, as 

some studies did not report their duration clearly so were not included in this figure. 

 

What is the geographic extent of studies? 

The global extent of studies identified in the search was heavily skewed towards North America 

(Figure 2.5), with 139 studies located in the United States and 11 in Canada. These all focused on 

the effects of North American elk. Thirty-eight US studies took place within or close to 

Yellowstone National Park. Many of these were in the context of the wolf reintroduction in the 

1990s, observing long-term landscape-scale trends in tree growth rates or abundance (Beschta & 

Ripple, 2016; Kimble et al., 2011; Ripple & Beschta, 2006). Some US studies used historical data 

across several centuries (Beschta & Ripple, 2015; Larsen & Ripple, 2003, 2011). Other recurring 

study locations in the US included the Starkey Experimental Forest and Range, Oregon (n = 12) and 
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Coconino National Forest, Flagstaff, Arizona (n = 7). Of the 11 studies in Canada, four took place 

in Elk Island National Park, Alberta.  Of the 150 studies in North America, 67 focused on the 

impacts of elk on quaking aspen (Populus tremuloides), probably because this species has the 

widest distribution of any tree on the continent (E. L. Little, 1971). Quaking aspen has been a 

subject of concern for several decades as recruitment largely ceased in many areas due to elk 

browsing (Pelz & Smith, 2018; Rhodes, Anderson, et al., 2017; Rhodes et al., 2019) and climate 

change (Worrall et al., 2013). 

Seventy-four studies were conducted in Japan, all of which investigated the effects of sika deer on 

their environment. Common study sites in Japan included Mount Odaigahara on the Kii Peninsula 

(n = 12) and Yakushima Island (n = 4). Studies where sika deer co-occurred with other focal species 

took place in New Zealand (n = 5), United Kingdom (n = 4), Czech Republic (n = 4) and Republic 

of Ireland (n = 3). Three studies in the University of Tokyo Chiba Forest reported introduced 

Reeves’ muntjac in the area but deemed the species unimportant (Harada et al., 2020; Suzuki et al., 

2021; Suzuki & Ito, 2014). After observing negligible impacts of Reeves’ muntjac compared to sika 

deer, Harada et al (2020) ignored the effects of Reeves’ muntjac on ground vegetation and soil 

properties. The systematic search did not identify any studies investigating the impacts of Reeves’ 

muntjac or Chinese water deer in their native range, probably due to their relatively low densities. 

Chinese water deer populations are decreasing overall across their native range (Harris & 

Duckworth, 2015), while Reeves’ muntjac is listed as Vulnerable on the IUCN China red list (Jiang 

et al., 2015). The lack of understanding on the ecological roles of declining Chinese water deer and 

Reeves’ muntjac is concerning for the conservation of the species and their native ecosystems. 

The remaining studies in systems containing Reeves’ muntjac all took place in south and east 

England, where muntjac damage to woodland vegetation is well documented (Chapman, 2021). 

Recurring sites were Monk’s Wood in Cambridgeshire (n = 4), Wytham Woods in Oxfordshire, (n 

= 2) and Bradfield Woods in Suffolk (n = 4). The four studies including Chinese water deer were 

also in the south of England, including three of the Monks Wood studies. The remaining study was 

a large-scale assessment of 15 sites throughout lowland England and was the only study in the 

dataset containing all six UK deer species (Gill & Morgan, 2010), perhaps because this co-

occurrence is relatively rare and more likely to be captured by landscape-scale studies (Chapman, 

2021). 
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Of the 103 studies that took place in systems containing roe deer, 102 were in European countries, 

with one study investigating plant dispersal by red and roe deer in Iran (Karimi et al., 2018). Some 

of the 139 studies including red deer were outside their native range, of which 16 were in New 

Zealand and six were in Argentina. Similarly, of the 53 studies including fallow deer, five studies 

were based in New Zealand, five in Argentina, and one in Australia (Ward-Jones et al., 2019). Red 

and fallow deer have been introduced to these countries and present a concern for the health of 

native vegetation communities (Tanentzap, Burrows, et al., 2009; Veblen et al., 2010). Of the 

studies where fallow and red deer co-occured (n = 37) four were on Isla Victoria in Argentina and 

two in New Zealand, while the rest took place in European countries. Studies with the combination 

of fallow, roe and red deer (n = 14) were all in European countries. 

 

Figure 2.5. Global distribution of the 404 articles included in the review at the country scale. 

Darker red indicates a higher quantity of studies. Note that although Alaska is coloured as part of 

the United States, no studies were conducted there. 

 

What are the mechanisms of impact studied? 

Browsing and grazing were the most commonly studied modes of interaction with vegetation (n = 

381, 94% of all studies). Herbivory of foliage influences the more frequently studied aspects of 

plant biology, such as growth (Scott et al., 2009; Zerbe & Kreyer, 2007), productivity (Menezes et 

al., 2001; Rose and Cooper, 2017) and community diversity (Boulanger et al., 2018; Kay & Bartos, 
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2000). Thirty-three studies (8%) investigated the effects of debarking, including fraying, rubbing or 

bark-stripping. These effects included mortality rates (Cukor, Vacek, Linda, Vacek, et al., 2019), 

growth rates (Cukor, Vacek, Linda, Sharma, et al., 2019), regeneration (Barnett & Stohlgren, 2001) 

and incidence of fungal infection (Vasiliauskas & Stenlid, 1998). Of these 33 studies, 12 were in 

systems with red deer, seven with elk and 13 with sika deer. Two studies were in systems with 

fallow deer (Cukor, Vacek, Linda, Vacek, et al., 2019; Valdés-Correcher et al., 2018), although one 

of these was focusing on the foraging habits of bison and cattle (Valdés-Correcher et al., 2018). 

Eight studies took place in systems with roe deer, although three acknowledged that roe deer were 

not the species responsible for the bark stripping damage (Cukor, Vacek, Linda, Sharma, et al., 

2019; Cukor, Vacek, Linda, Vacek, et al., 2019; Welch & Scott, 2017). The search did not identify 

studies investigating the effects of debarking in systems with Reeves’muntjac or Chinese water 

deer. The larger-bodied focal species (red, elk, sika and fallow deer) are known to bark strip for 

food (Szukiel, 1981; Takatsuki, 2009), as they are generally more able to digest low quality plant 

material compared to the smaller-bodied species (Hofmann, 1989). 

Six studies investigated the effects of rubbing or fraying, which are a result of territorial marking 

behaviour from reproductively active males during the rutting season. These focused on red deer 

rubbing behaviour (Charco et al., 2016; Maas-Hebner et al., 2005; Żywiec et al., 2019), elk bark 

scraping (Kurzel et al., 2007), red and roe deer rubbing impacts (Motta, 1996), and the effects of roe 

deer buck scent marking on shrub cover (Carranza & Mateos-Quesada, 2001). Scent marking 

behaviours of this nature are largely seasonal and specific to the rut (Motta, 1996) – see Table 2.1 

for rutting seasons of each species. These behaviours are localised but can cause considerable 

damage to vegetation in areas of high activity (Carranza & Mateos-Quesada, 2001). 

Five studies investigated the effects of trampling, one of which was the only identified study to take 

place in Australia (Ward-Jones et al., 2019). These studies all included at least one of the larger-

bodied herding species – red (Kingery & Graham, 1991), sika (Iida et al., 2018) or fallow deer 

(Ramirez et al., 2021a) – which generally occur in high density herds, in contrast to the smaller-

bodied species (Table 2.1) and are therefore more likely to generate ecological effects through 

trampling. Four of the studies examined effects on soil properties in addition to effects on 

vegetation. Soil compaction by deer can influence soil invertebrate diversity and biomass, leaf litter 

decomposition, and soil properties such as porosity and nutrient content (Harada et al., 2020; 

Ramirez et al., 2021a). Nine studies investigated the effects of defecation, namely seed dispersal 
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(Eycott et al., 2007; Karimi et al., 2018; Malo et al., 2000), nutrient cycling in soil or vegetation 

(Menezes et al., 2001; Schoenecker et al., 2004; Furusawa et al., 2016) and invertebrate diversity 

(Iida et al., 2016; Koike et al., 2014; Ramirez et al., 2021a). 

 

How do studies measure variation in deer activity or numbers? 

Fifty-five percent of studies (n = 222) used exclosures to study the effects of deer on vegetation. 

The vast majority of these investigated the effects of foliage herbivory, although some studied bark-

stripping (Baker et al., 1997; Valdés-Correcher et al., 2018), defecation (Iida et al., 2016; Ramirez 

et al., 2021a; Schoenecker et al., 2004) and trampling (Kingery & Graham, 1991; Ward-Jones et al., 

2019). One study used exclosures to study the influence of bark-stripping on epiphytes, using mesh 

around tree stems to prevent damage (Oishi & Doei, 2019). A number of studies examined release 

from browsing on saplings or seedlings within natural exclosure structures, where fallen trees (de 

Chantal and Granström, 2007; Smit et al., 2012; Kuijper et al., 2013; Hall Defrees et al., 2021), 

unpalatable or thorny vegetation (Schreiner et al., 1996; Forester et al., 2007; Salek et al., 2019), or 

steep topography (Larsen & Ripple, 2003; Moore & Crawley, 2014) may provide protection from 

browsing due to reduced accessibility. Deer exclusion studies are also helpful to show the effects of 

deer absence on vegetation recovery, while simultaneously tracking the effects of herbivory in open 

control areas. This can be especially important when studying the effects of invasive deer species, 

such as the Reeves’ muntjac in east England (Cooke, 2006) or red deer in New Zealand (Forsyth et 

al., 2015). They can also be useful for separating the effects of deer and other herbivores, such as 

livestock, in multifactorial fencing experiments (Durham, 2010; Endress et al., 2016; Kilpatrick et 

al., 2003). The effects of smaller herbivores can be separated from the effects of deer if suitable 

fencing is used (Lyly et al., 2014). For example, three studies examined effects of sika deer and 

mice on tree seedling survival using exclosure plots on Mount Odaigahara in Japan (Itô & Hino, 

2004, 2005, 2008). 

Many studies used deer density or activity metrics to quantify deer pressure on vegetation. Figure 

2.6 shows the use of these methods across studies that included the different deer species and Table 

2.3 gives example papers for each method of quantifying deer numbers or activity. Most of these 

studies focused on wild deer populations, however 21 studies utilised deer farms (Lilleeng et al., 

2018; Moe et al., 2018) or game enclosures (Ambroz et al., 2015), which are particularly useful for 

documenting the effects of deer activity at known densities (Niwa et al., 2011; Pépin et al., 2006) 
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and can be studied on a deer density “gradient” with wild deer populations (Hegland & Rydgren, 

2016; Synnøve Lilleeng et al., 2021).  

Studies identified in the search used a number of methods for estimating deer population size or 

density, such as bag counts from culling efforts, aerial census, terrestrial count census, camera traps 

and trackway counts (see Table 2.3 for example studies). Some studies sourced landscape-scale, 

long-term data from aerial surveys or game management records from national park authorities 

(Rose & Cooper, 2017; Valdés-Correcher et al., 2018), game management bodies (Heuze et al., 

2005) or previously published literature (Lilleeng et al., 2016; Suzuki et al., 2021). These data can 

provide a fairly reliable population size or density estimate for the area surveyed. However, field 

studies often corroborated such estimates for their study areas using their own survey methodology 

(Melis et al., 2006; White et al., 2003). 
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Method Uses Example papers 

 
Exclosures 

 Exclude deer from an area using fencing to examine 
presence / absence effects. Additional data were used to 
quantify deer numbers outside the fence, often from 
external sources or faecal counts. 

Exclosures: (Allen et al., 1984; González Hernández and Silva-Pando, 1996; Wilson et 
al., 2006; Rhodes, Wan et al., 2017); With additional methods to assess deer 
numbers: (Beschta & Ripple, 2010; Husheer & Robertson, 2005; Ward-Jones et al., 
2019) 

Captive deer  Control species present and density of animals in 
experimental setting or game enclosure. 

Single species: (Pépin et al., 2006; Brazaitis, 2011); Multiple species (Ambroz et al., 
2015) 

 
Faecal pile counts 

 Deer density estimates, space use. Difficult to 
differentiate faeces between ungulate species. Often 
done on transects. 

Density: (Barrere et al., 2021; Husheer & Frampton, 2005; Koda & Fujita, 2011); 
Space use: (Palmer & Truscott, 2003; Relva et al., 2009; Takada et al., 2002) 

Hunting statistics: bag 
counts, sightings per unit 

effort (SUE) 
 

 Estimating population density based on number of deer 
shot and/or sighted during regular culling efforts. Most 
often from external sources, sometimes contribute to 
long-term datasets. Reliable species identification. 

Bag counts: (Tanentzap et al., 2009; Pápay et al., 2020); SUE (Akashi et al., 2011; 
Fujiki et al., 2010) 

Count census: drive counts, 
thermal imaging, pedestrian 

counts, spotlight counts 
 

 Estimate population density or simply obtain a count. 
May use distance sampling or pedestrian kilometric 
index. Reliable species identification, although 
obstruction of view may hinder species ID. 

Spotlight count: (Laurent et al., 2017; Pellerin et al., 2010; Schulze et al., 2014); 
Thermal imaging: (Gill & Morgan, 2010; Harmer et al., 2010; Hemami, 2003); Drive 
counts: (Cutini et al., 2011; Sage et al., 2004); Pedestrian counts: (Barrere et al., 
2019) 

Telemetry: tracking collared 
individuals 

 

Estimate deer density by counting observations of 
tracked and untracked individuals. Can also be used to 
quantify deer habitat use or deer pressure. 

Habitat use: (Riesch et al., 2020; Rowland et al., 2017); Deer density: (Beschta & 
Ripple, 2013; Cooke, 2006; Stewart et al., 2006) 

Trail cameras 

 

Confirming species presence and quantifying habitat use. 
Reliable species identification and temporal data. 

Species presence: (Katagiri & Hijii, 2015; Stephan et al., 2017); Habitat use; (Brodie et 
al., 2012; Ramirez et al., 2021b; Rhodes et al., 2018) 

Sign surveys: trackway 
counts, browsing, faecal 

pellets, scrapes, roaring stag 
counts. 

 Quantifying space use or deer density. May survey some 
or all sign types. Sign can be difficult to differentiate 
between species. Browsing intensity is sometimes 
recorded as a metric of deer numbers or activity, as well 
as an impact mechanism. 

Trackway counts: (Bergquist et al., 2009; Holt et al., 2011); Browsing sign surveys: 
(Heinen and Currey, 2000; Anderson, 2007); Multiple sign surveys: (Joys et al., 2004; 
Relva et al., 2009); Roaring stag count: (Lovari et al., 2007) 

 
           Aerial census 

 Landscape-scale population census. Most often reported 
from long-term datasets from external sources. Most 
suitable for open landscapes as tree cover can obscure 
view. 

Density (Hebblewhite et al., 2005); Population size (Irby et al., 2002); Concentration 
(Barnett & Stohlgren, 2001) 

Table 2.3. Methodologies used to assess or manipulate deer numbers, with example papers from the systematic search. Note that many studies used data from external sources in 

addition to, or instead of, primary data. Therefore, many studies used a combination of these methods. 
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Figure 2.6. Structural matrix showing the number of studies identified by the systematic search that 

reported the presence of each deer species, and the methods used to quantify deer numbers or 

activity across studies. Note that the total values in the matrix will not add up to the total number of 

studies (n = 404), as some studies included more than one deer species and/or more than one 

method or did not report a measure of deer numbers. Some studies included in this matrix did not 

use these methodologies directly but reported their use in external surveys from which data were 

obtained. 

Many studies did not report deer numbers, as achieving a reliable estimate can be difficult 

(Boulanger et al., 2015). Instead, some studies used faecal counts (Heinen & Castillo, 2019; Palmer 

et al., 2004), camera data (Brodie et al., 2012; Iijima & Iijima, 2018) or browsing intensity 

(Anderson, 2007; Kay, 1997) as a measure of deer habitat use. Out of the 404 identified studies, 101 

did not give any information on deer numbers or activity. Fifty-three of these used fenced 

exclosures, while 48 did not. Of these 48 studies, some reported effects as a consequence of bark-

stripping incidence, so did not require an additional “intensity” or “activity” metric (Vasiliauskas & 

Stenlid, 1998; Welch & Scott, 1998). In addition, several of these studies were examining long-term 

changes in forest dynamics, such as plant species composition (Boulanger et al., 2015; Šebková et 
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al., 2011) or tree cover (Rogers & Leathwick, 1997). These studies were often in the context of a 

significant timepoint in the landscape ecology of deer species present, such as the introduction of 

non-native deer species (Husheer et al., 2003; Husheer & Frampton, 2005; Peltzer et al., 2014). 

Furthermore, some studies focused on the reintroduction of wolves to Yellowstone in the mid-

1990s as a potential turning point in elk browsing behaviour for the regeneration of aspen, rather 

than specifically changes to elk numbers (Kay, 2001; Larsen & Ripple, 2003; Ripple & Larsen, 

2000). Long term data sources such as landscape photographs or vegetation surveys can be used to 

assess changes to vegetation communities at the landscape scale, but without reliable data on deer 

numbers or activity, studies can only speculate on whether any changes detected were driven by 

deer herbivory (Peinetti et al., 2002; Ripple & Beschta, 2003). Shifts in forest dynamics can take 

many decades to detect (D’Aprile et al., 2020; Petersson et al., 2019), therefore long-term 

monitoring of the resident deer populations is necessary to truly understand how they are 

contributing to these changes. 

Studies which used both exclosures and a measure of browsing pressure or deer numbers had an 

advantage of both controlling for deer presence and exploring the effects of different levels of deer 

pressure (Ramirez et al., 2021a). For example, changes in competitive interactions between plants 

have been documented at different deer densities (Millett et al., 2006), with high deer densities 

often generating lower plant species diversity (Charro et al., 2018; Suzuki et al., 2008, 2013). 

Exclosure studies that do not account for differences in browsing pressure across non-fenced sites 

have the inherent weakness that they can only report gross effects of the presence or absence of 

deer. Deer are important for the ecology of many terrestrial ecosystems and are a valuable cultural 

and economic resource (Linnell et al., 2020), therefore total exclusion or eradication is often not a 

suitable management option. 

In study systems containing an ungulate community, distinguishing browsing effects of individual 

species can be difficult. The main indication of differences in relative impacts were species density 

estimates from count census data, camera traps or bag counts, where species can be reliably 

identified (Table 2.3). Studies of browsing in planted experimental plots may use camera traps to 

quantify direct visitation rates of different species (Kupferschmid et al., 2015). Perea & Gil (2014) 

were able to distinguish seedling mortality caused by deer and wild boar, as deer browsed the 

seedlings while wild boar uprooted them by turning over the soil during foraging, presenting very 

different mechanisms of impact (Perea and Gil, 2014). Ungulate browsing leaves characteristic 
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rough cuts on browsed twigs, which can give some indication of levels of ungulate herbivory 

relative to other herbivores, such as lagomorphs (Chauchard et al., 2018). Browsing height can give 

an indication of the most likely species responsible for a browsing mark (Chauchard et al., 2018), 

but this usually remains speculative, especially if species are browsing at similar heights (Holloway, 

1967). Furthermore, faecal counts are often unable to distinguish between deer species of a similar 

size (Hegland et al., 2005; Vuorinen et al., 2020). Valdés-Correcher et al (2018) compared the 

impacts of bison and cattle with wild herbivores, namely roe deer, fallow deer and rabbits, however 

the impacts of the individual wild herbivore species were not separated as herbivore densities were 

too variable across the grazing areas (Valdés-Correcher et al., 2018). 

Uncertainty can lead researchers to adopt the precautionary approach of attributing ecological 

effects to whole herbivore communities or groups. This gives no clear information on how 

individual deer species are influencing the environment or how they should be managed. Single-

species study systems in the wild provide a rare opportunity to study the effects of single species on 

woodland environments. This is most commonly achieved by studying deer in captive experimental 

setups (Marozas et al., 2009; Bideau et al., 2016). Captive deer studies not only allow control over 

herbivore species present, but also the density of each species. Any effects documented in single-

species captive systems are not likely to be directly comparable to unenclosed woodlands and 

forests owing to effects of interspecific competition on deer foraging behaviour and the influence of 

varying deer densities on vegetation. However, improving understanding of the effects of individual 

species is likely to enhance overall knowledge of multi-species systems. For example, a study used 

camera trap data to quantify habitat utilization of red and fallow deer (Ramirez et al., 2021b). They 

found different effects of utilization rates on sapling diversity and density depending on whether 

deer species were considered individually or as a single guild. Cameras allow easy species 

identification in most cases, compared to more cryptic techniques such as sign surveys.  

The systematic search highlighted many studies that investigated additional contributing factors to 

changes in vegetation, stressing that it is important to be mindful of the wider ecosystem when 

assessing deer impacts. For example, some studies assessed interacting effects of deer browsing and 

wild or prescribed fire treatments in the United States (Bailey & Whitham, 2002; Fairweather et al., 

2014; Hessl & Graumlich, 2002; Walker et al., 2015). The US Department of Agriculture has 

controlled burning programmes in place to improve habitat quality for native species and reduce 

fuel loads that lead to uncontrolled wildfires (Hall Defrees et al., 2020). In Europe, wildfire was 
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studied alongside deer herbivory in Portugal (Lecomte et al., 2019; Silva et al., 2014, 2015) and 

Sweden (de Chantal & Granström, 2007). Other forest management strategies were also studied 

with the effects of deer herbivory on vegetation (Hannah et al., 2007; Pekin et al., 2015; Schulze et 

al., 2014). For example, vegetation succession driven by deer has been studied in clear-cut forest 

stands (Heinen & Castillo, 2019; A. Sakai et al., 2006). In addition, mixed stands have been used to 

assess the relative vulnerability of different tree species to browsing pressure, such as oaks planted 

with less palatable nurse conifers (Dobrowolska et al., 2020; Maltoni et al., 2019). 

 

What impacts on vegetation are assessed? What is the coverage of these effects 

across the focal deer species? 

The systematic search identified a wide range of impacts on woody and herbaceous vegetation 

resulting from deer activity or herbivory. Common metrics included tree recruitment rate, tree 

regeneration, annual growth rate, height growth, vegetation cover, diversity, diameter growth, stem 

density, dispersal success, structural complexity and mortality (Table 2.4). There was also some 

focus on plant traits or resource allocation, such as changes in leaf C:N ratio, production of 

defensive compounds and reproductive rates. Some inconsistencies across studies often made direct 

comparisons across study systems difficult. For example, the terms “regeneration” and 

“recruitment” were used interchangeably. Recruitment was defined by tree height in some studies 

e.g., (Painter et al., 2014; Smit et al., 2012) and by stem diameter e.g., (Ambroz et al., 2015; Kimble 

et al., 2011) in others. In addition, height and stem diameter thresholds that defined a “recruit”, 

“sapling” or “seedling” were highly variable across studies and tree species. To investigate the 

spread in the literature of this wide range of effects and diverse terminology across the focal deer 

species, impacts were classified into broad categories similar to those previously used to describe 

canopy structure (Atkins et al., 2018). Table 2.4 shows the resulting vegetation effect categories and 

the metrics that were included within each category, with example papers identified in the search. 

Studies were then grouped by whether they included each focal deer species and effects measured 

and plotted in a matrix (Figure 2.7). 
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Effect category Included metrics Example papers 

Area, density & 
population structure  

 

Stem diameter or volume, density, age 
structure 

Density: (Akashi et al., 2011; Allen et al., 1984; Barnett & Stohlgren, 2001; Gill & Morgan, 2010; Koda et al., 
2008); Tree diameter or volume: (Beschta & Ripple, 2007; Cukor, Vacek, Linda, Sharma, et al., 2019; 
Forester et al., 2007; Kupferschmid et al., 2015; Petersson et al., 2019); Age structure: (Larsen & Ripple, 
2003; Veblen et al., 2006) 

Height 

 

Long-term annual height growth, one-off 
height measurements, leader shoot length 

Leader shoot length: (Herrera, 1995; Cooke and Lakhani, 1996; Palmer and Truscott, 2003); Annual height 
growth: (Best et al., 2003; Huffman and Moore, 2004; Endress et al., 2016); One-off height measurements: 
(Iijima and Nagaike, 2015; Hegland et al., 2016) 

Plant form 

 

Tree morphology and architecture, multi-
trunking/stemming, branching, shoot or twig 
number, vertical and horizontal spatial 
variability in vegetation structure 

Multi-stemming: (Bergquist et al., 2003; Scott et al., 2009; Welch et al., 2013); Architecture and branching: 
(Drexhage & Colin, 2003; Johnston et al., 2007); Structural diversity: (Baril et al., 2011; Takada et al., 2008) 

Cover & openness 

 

Tree canopy cover, shrub and sapling cover, 
understory vegetation cover, tree cover, 
forest cover. Most often expressed as 
percentage cover. 

Ground flora cover: (Cooke, 2006; Marozas et al., 2009); Understory cover: (Takarabe & Iijima, 2020; 
Tsuboike et al., 2021); Shrub and sapling cover: (Pekin et al., 2014; Rowland et al., 2017); Tree cover: 
(Peinetti et al., 2002; Zeigenfuss et al., 2011) 

Diversity & 
composition 

 

Biodiversity metrics, e.g. Shannon’s diversity, 
species composition or assemblage, relative 
species abundance or dominance, exotic vs 
native species, specialists vs generalists, 
palatable vs unpalatable species 

Specialist vs generalist: (Boulanger et al., 2018; Naaf & Wulf, 2007); Native vs non-native (Pekin et al., 
2016; Relva et al., 2010; Veblen et al., 2010); Palatable vs unpalatable (Koda & Fujita, 2011; Relva et al., 
2009; Suzuki et al., 2021); Grazing tolerant vs susceptible (Tamura & Yamane, 2017); Ground flora & 
understory vegetation (Boulanger et al., 2015; Morecroft et al., 2001); Tree species composition (D’Aprile 
et al., 2020; Klopcic et al., 2010); Tree species richness (Kumar et al., 2006; Perea et al., 2014) 

Productivity 

 

Biomass, reproductive output, nutrient 
content (C, N), NDVI, leaf area, resource 
allocation 

Biomass: (Melis et al., 2006; Morimoto et al., 2021); Resource allocation: (Drexhage & Colin, 2003; Peinetti 
et al., 2001); Nutrient content: (Alstad et al., 1999; Carline et al., 2005) 

Mortality 

 

Mortality, survival, proportions of dead and 
live stems 

Trees: (Tanentzap et al., 2012; Welch & Scott, 1998); Saplings: (Forsyth et al., 2015; Żywiec et al., 2019); 
Seedlings: (Itô & Hino, 2008; Kingery & Graham, 1991; Perea & Gil, 2014b) 

Condition 

 

Disease e.g., fungal infection, degradation 
index, wound healing 

Fungal infection: (Shibata & Torazawa, 2008; Vasiliauskas & Stenlid, 1998; Welch & Scott, 2008); 
Vegetation degradation index: (Fujiki et al., 2010; Seki et al., 2014; Taniwaki et al., 2020); Wound healing 
rate: (Welch et al., 1997) 

Dispersal 

 

Seed germination propensity following 
ingestion, species of seeds in faecal pellets 

Seed deposition and diversity in dung: (Eycott et al., 2007; Malo et al., 2000); Abundance of zoochorous 
plant species in environment: (Karimi et al., 2018; Naaf & Wulf, 2007) 

Table 2.4. The nine categories of effects on vegetation used to classify the 404 studies identified in the systematic search, with examples of metrics and sources included in each category. 

 



59 

 

 

 

Figure 2.7 Structural matrix showing the number of studies identified by the systematic search that 

reported the presence of each deer species, and the effects investigated in the identified studies. 

Note that the total values in this matrix add up to more than the total number of studies (n = 404), as 

many studies reported more than one deer species present and more than one effect category. 

 

Area, density & population structure was the most researched category for all seven deer species 

(Figure 2.7). Within this category, the most frequently used metric was stem density. Stem diameter 

or volume was also commonly reported (Table 2.4). In addition, effects on the Height of vegetation 

were commonly researched (Figure 2.7). Many studies in elk systems focused on recruitment or 

regeneration of dominant tree species, such as aspen or cottonwood, often measured as patch size or 

stem density (Beschta, 2005; Biggs et al., 2016; White et al., 2003). Similarly, aspen sapling and 

sucker height was commonly studied in North American systems (Durham, 2010; Painter et al., 

2014; VerCauteren et al., 2010). Studies of the other focal deer species’ effects on Area, density & 

population structure and Height covered a greater variety of forest types and tree species compared 

to studies on elk, including oak (Dobrowolska et al., 2020; Leonardsson et al., 2015; Maltoni et al., 

2019), pine (Pinus spp) (Herrero et al., 2016), birch (Betula spp.) (Harmer et al., 2010), mountain 

beech (Fuscospora cliffortioides) (Bellingham et al., 2016), spruce (Picea spp.) and rowan (Sorbus 

aucuparia) (D’Aprile et al., 2020; Kamler et al., 2010). 
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While studies of Area, density & population structure took place across a range of systems, it was 

clear that deer numbers were important in determining the magnitude of the effects observed. In 

general, higher deer densities or browsing intensity were shown to have a negative effect on woody 

plant size and density, while moderate or low deer densities generated smaller effects or no 

significant effect. This was evident across the more commonly studied deer species: elk (Rhodes, 

Wan, et al., 2017; Strand et al., 2009), sika (Akashi et al., 2011) red, roe, and fallow (Gill & 

Morgan, 2010; Petersson et al., 2019; Relva et al., 2009). The effects of very high deer densities on 

the environment were particularly obvious in studies utilising deer farms, but even under these 

conditions, some plant species benefitted from heavy browsing (Hegland & Rydgren, 2016). In 

addition, some studies found a positive effect of deer browsing on tree regeneration. For example, 

Stokely et al., (2018) found that herbivory by elk and black-tailed deer (Odocoileus hemionus 

columbianus) suppressed competing vegetation and improved crop-tree survival of newly planted 

Douglas fir (Pseudotsuga menziesii). However, a later study found that herbivory became 

detrimental if herbicides were not used in tandem to suppress competition from broadleaf trees 

(Stokely & Betts, 2020). While the suppression of the size, density or frequency of valuable species 

of woody plant might seem detrimental to forest managers looking to regenerate and grow timber 

stocks (Ando et al., 2006), suppression of tree establishment may prove beneficial for conserving 

open habitats degraded by tree encroachment (Widenmaier & Strong, 2010). 

The Diversity & composition category received moderate coverage across elk, red, sika, roe and 

fallow deer studies, but was more common for red deer (Figure 2.7). Studies frequently measured 

aspects of Diversity & composition and Cover & openness together, as cover is a useful metric to 

compare the relative abundance of different plant species under herbivory pressure (Meier et al., 

2017). The comparison of exclosures with open plots was a common method to assess effects on 

diversity, as shifts in community structure are typically medium- to long-term processes (Klopcic et 

al., 2010; Morecroft et al., 2001; Stohlgren et al., 1997). Studies observed shifts in vegetation under 

deer browsing from palatable, browse-intolerant, or native plants towards unpalatable species 

(D’Aprile et al., 2020), browse-resistant species such as grasses (Gerber & Schmidt, 1996; Meier et 

al., 2017) or exotic species (Relva et al., 2010). While this may be a concern for biotic 

homogenisation of forest habitats (Boulanger et al., 2018; Ohashi & Hoshino, 2014), deer exclusion 

can also result in biodiversity loss. For example, on Svanøy Island in Norway, Lilleeng et al., 

(2016) found that total exclusion of red deer resulted in reduced understory species diversity and 

greater dominance by a few plant species in boreal forest. Also, on Svanøy Island, Hegland and 

Rydgren, (2016) utilised a red deer farm to compare high and low deer density areas by using 
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exclosures. They found that while woody species such as trees and shrubs were supressed by 

browsing, the majority of understory plant species benefitted from some browsing pressure, with 

some thriving under even the heaviest herbivory.  In temperate hardwood forests in France, Laurent 

et al. (2017) also found a detrimental impact of total roe and red deer exclusion on understory plant 

diversity. Similarly, intermediate browsing by sika deer was also found to be beneficial to 

understory plant diversity in their native range in Japan (Suzuki et al., 2013). For sika deer in their 

invasive range in the Republic of Ireland, where they have successfully expanded and introgressed 

into the native red deer populations, their exclusion was shown to be detrimental to woodland 

specialist species (Perrin et al., 2011). It is notable, however, that some studies of invasive red deer 

populations in New Zealand and Argentina (where native ungulates tend to occur at comparatively 

lower densities) found negative effects on the native vegetation even at low deer densities (Veblen 

et al., 2006) despite intensive culling efforts (Husheer, 2007) with total extirpation recommended as 

the only hope of restoring ecosystems (Mark et al., 1991).  

The Productivity category received moderate coverage across the focal species, most commonly for 

elk (Figure 2.7; Riggs et al., 2000; Smith et al., 2015). The most frequently assessed metric was 

biomass, which generally declined with greater deer browsing pressure (Bergquist et al., 1999; 

Bergström & Bergqvist, 1997; Morimoto et al., 2021). This was especially apparent when 

comparing enclosed and browsed areas (Maschinski, 2001; Menezes et al., 2001; Riggs et al., 

2000). Notably, some studies found mixed effects on biomass among plant species due to factors 

such as the propensity for compensatory growth (Case & Kauffman, 1997; Jobe & Gedan, 2021) or 

palatability (Geary et al., 2017), with the potential to alter plant community diversity. For example, 

on Mount. Ôdaigahara in Japan, Itô and Hino, (2005) found that sika deer browsing reduced the 

aboveground biomass of dwarf bamboo (Sasa nipponica) which benefitted some cohorts of tree 

seedlings, however browsing of other cohorts masked this positive effect. Other Productivity 

metrics included reproductive outputs such as cone masting (Shibata, 2007), fruit production 

(Becklin & Kirkpatrick, 2006; Endress & Averett, 2020; Hegland et al., 2005) and flowering 

success (Huffman & Moore, 2003) as well as resource allocation metrics such as nutrient content of 

foliage (Alstad et al., 1999; Carline et al., 2005; Furusawa et al., 2016) and primary productivity 

(Bork et al., 1997; Giralt-Rueda & Santamaria, 2021). These metrics provide useful indications of 

how deer activity might influence plant fitness, bridging the gap in understanding how effects on 

plant Area, density & population structure may lead to changes in community Diversity & 

composition through differential impacts on the competitive ability of individual plant species. 
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Mortality received comparable coverage to Productivity across the focal deer species, especially 

elk, red, roe and sika deer (Figure 2.7). Most studies focused on browsing-induced increases in 

mortality rate of seedlings or saplings (Maltoni et al., 2019; Rowland et al., 2017). A few studies 

investigated mortality effects of browsing on larger trees and shrubs, but mostly found negligible 

effects (Lovari et al., 2007; Zegler et al., 2012). Elk studies mostly focused on mortality of aspen, 

(Bork et al., 2013; Kurzel et al., 2007) while roe and red deer studies focused more on oak (Barrere 

et al., 2021; Jensen et al., 2012) and conifer seedlings (Ameztegui & Coll, 2015; Bergquist et al., 

2003; O’Reilly-Wapstra et al., 2014). Studies of mortality involving sika deer mainly focused on 

both coniferous (Shibata & Torazawa, 2008; Yokoyama et al., 2001) and mixed forests (Akashi & 

Nakashizuka, 1999; Itô & Hino, 2005) in Japan. Fallow deer received relatively lower coverage in 

the Mortality category, with just six studies (Figure 2.7). Confirming the cause of tree death can be 

difficult, especially when multiple factors are at play in addition to herbivory, such as disease or 

windthrow (Das et al., 2016). Accounting for background mortality rates is important when 

assessing effects of foliage herbivory or bark stripping (Welch & Scott, 2017). Herbivory alone is 

unlikely to be a major driver of mortality unless deer densities are high and browsing or bark-

stripping intensity is severe and repeated on the same plants (Nagaike, 2020). Bellingham et al., 

(2016) found that browsing from red deer at low densities did not significantly inhibit growth or 

survival of mountain beech seedlings. Furthermore, Motta (1996) found that while lethality from 

browsing at low deer densities was negligible, bark removal had an influential impact on tree 

mortality. Motta (1996) was able to separate whether the damage was caused by red or roe deer, as 

red deer fray bark in September-October during the rut, while roe deer mark their territories through 

bark fraying during March-August. This illustrates the importance of accounting for the ecology of 

co-existing deer species when studying their effects on vegetation. Habitat structure seems to be an 

influential determinant of browsing-induced mortality, such as the protective effect of shrub cover 

(Jensen et al., 2012; Perea & Gil, 2014a). Żywiec et al. (2019) demonstrated a positive density 

dependence of Norway spruce (Picea abies) survival, with isolated saplings more vulnerable to bark 

rubbing from red deer. In addition, Ameztegui and Coll (2015) found that browsing-induced 

mortality of conifer seedlings was dependent on distance to protective shrubs, site elevation and 

forest cover. 

Across all deer species, there were very few studies addressing effects on Plant form, Condition or 

Dispersal (Figure 2.7). These categories cover the wider ecological effects of deer on vegetation 

beyond the number, size or cover of plants. Plant form concerns structural heterogeneity of 

vegetation, such as multi-trunking (Bergquist et al., 2003; Scott et al., 2009; Welch et al., 2013), 
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number of branch junctions (Millett et al., 2006; Lyly et al., 2014), stand height distribution 

(Tamura & Nakajima, 2017) and structural diversity (Kurzel et al., 2007; Putman et al., 1989; 

Tinsley-Marshall, 2010). These factors are important for the wider ecological community. Indeed, 

the systematic search highlighted a number of studies investigating the effects of deer on vegetation 

structure and consequences for other taxa, such as arthropods (Bailey & Whitham, 2002; Miyashita 

et al., 2004; Tinsley-Marshall, 2010) and birds (Baril et al., 2011).  

A total of 52 studies addressed effects on other animals, although this was not the main focus of this 

review. Several studies addressed the potential effects of understory vegetation browsing on bird 

diversity and abundance in Europe (Baltzinger et al., 2016; Holt et al., 2011; Machar et al., 2018) 

and North America (Anderson, 2007; Hebblewhite et al., 2005; Martin, 2015; Martin & Maron, 

2012). Others looked at the effects of deer browsing on soil erosion around waterways (Beschta & 

Ripple, 2019), and consequences for aquatic invertebrate communities (Sakai et al., 2012, 2013). In 

addition, the search identified studies providing evidence of competition with other taxa, including 

invertebrates experiencing deer browsing of their obligate host plants (Moe et al., 2018; Takagi & 

Miyashita, 2012). One study found a negative relationship between the level of elk browsing 

pressure and the proportion of serviceberry in the diet of grizzly bears (Ursus arctos horribilis) in 

Yellowstone National Park (Ripple et al., 2014). Some studies investigated effects on invertebrate 

diversity (Katagiri & Hijii, 2015), such as carabid beetles (Melis et al., 2006) and other soil 

mesofauna (Katagiri & Hijii, 2017). 

 

Limitations of the review 
 

Due to linguistic limitations of the authors, any sources not published in English were rejected from 

the final list. In addition, the searches were limited to Web of Science, Opengrey and the UK 

Government website. Additional databases such as Scopus, Google Scholar, or government 

resources from Scotland and Wales were not consulted. These limitations may have resulted in key 

resources being missed. In addition, the dominance of studies on North American elk identified by 

the systematic search illustrates the significant bias in the literature towards certain study regions 

and topics, particularly the effects of “trophic cascades” on vegetation in and around Yellowstone 

National Park. The timing of extirpation and reintroduction of wolves to Yellowstone provided 

opportunity for highly productive research groups to generate numerous publications on the subject, 

such as Beschta & Ripple (2005, 2007, 2010, 2013, 2015, 2016, 2019) and Ripple & Beschta (2003, 
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2006, 2012). Therefore, the inclusion of elk in the systematic map resulted in inherent bias in the 

search towards North American studies on elk by a relatively low diversity of authors. 

 

Recommendations for future research 
 

Novel approaches are available to study the fine-scale complexities of ungulate community 

foraging, which may shed light on differences among sympatric deer species regarding their 

ecological impacts. For example, Nichols and Spong (2014) analysed environmental DNA in saliva 

left on browsed twigs in Swedish conifer plantations. They were able to identify the deer species 

that had browsed individual twigs in this multi-ungulate system and showed that moose were 

primarily responsible for the browsing damage observed, despite a recent increase in red deer 

abundance in the area (Nichols & Spong, 2014). (Nichols et al., 2015) also used this technique to 

study similarities and differences in browsing heights and diet components of sympatric moose, red 

and roe deer. Deer foraging habits can also be studied through the analysis of faeces or rumen 

contents; multiple studies have identified diet components through microscopy of partially digested 

plant material (Borkowski & Obidziński, 2003; Ismaili et al., 2018). In addition, molecular 

approaches can identify plants present in herbivore faeces through DNA barcoding (Gebremedhin et 

al., 2016; Nakahama et al., 2021; Nichols et al., 2016). Faecal analysis can indicate the dominant 

components of the diet and how the diet changes with season (McShea et al., 2019; Minder, 2012). 

Similar methods can also use deer DNA in faeces to identify the deer species which left the faecal 

material, which would improve the accuracy of species density estimates using faecal counts by 

allowing reliable, simultaneous monitoring of multiple species (Ushio et al., 2017). These 

techniques could give a clearer picture of how different deer species are influencing the vegetation 

and wider ecosystem in multi-herbivore communities.  

Red and sika deer are known to successfully hybridise, owing to their similar body size and rutting 

behaviour. This has led to extensive introgression of non-native sika deer into native red deer 

populations in Great Britain (Smith et al., 2018). A recent camera trapping study in Ireland found 

that sika deer and sika-red hybrids were far more numerous than the native red deer (Smith et al., 

2022). Although 15 studies identified in the search reported coexistence of red and sika deer in their 

study area (Figure 2.2), there was little mention of hybridisation. Hybridisation of red and sika may 

exacerbate the rapid expansion and resulting ecological impacts of growing deer populations, but 

this has not been explicitly studied.  
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The findings of this review have highlighted the necessity of accounting for deer population 

density. If deer density is sufficiently low, studies may not observe a difference between exclosed 

and open areas (Bellingham et al., 2016). This does not mean that an effect would not be observed 

at higher deer densities. Ultimately, the studies that provide the clearest picture of how deer 

influence habitats at the landscape scale generally include a clear measure of population sizes, local 

densities and/or activity metrics. While exclosures provide an indication of how the presence of 

deer is influencing a site, lack of data on deer numbers or activity means that deer managers won’t 

know whether shooting is required, what their culling targets should be, or whether species-specific 

targets are required where a multi-species deer community is present. 

The development of high-resolution GPS tracking technology has facilitated the study of fine-scale 

deer movement in forest environments (Dupke et al., 2017; Ewald et al., 2014). While a few studies 

highlighted in this review utilised GPS to understand spatial and temporal variation in deer 

browsing pressure (Beschta & Ripple, 2013; Lovari et al., 2007; Riesch et al., 2020), there is great 

potential for GPS tracking to improve understanding of how different deer species use forest 

environments and implications for forest management. GPS tracking of multiple species in the same 

landscape may highlight how competition among species influences browsing pressure and identify 

which species may be responsible for the majority of unwanted damage. Trail cameras can also 

provide large amounts of temporal and spatial data, with reliable species identification (Ramirez et 

al., 2021b), but have been used surprisingly infrequently when studying deer impacts (Figure 2.6). 

It is important to consider that short-term assessment of deer numbers may not truly represent the 

herbivory pressure experienced by an area in the medium- to long-term, potentially leading to ill-

informed conclusions concerning deer impacts and management plans. While fine-scale deer habitat 

use and activity has been extensively studied using faecal counts (Bergquist et al., 2009; Forester et 

al., 2007; Palmer & Trustcott, 2003), there can be substantial error rates in species identification 

(Pfeffer et al., 2018; Spitzer et al., 2019). Utilising advancing camera and GPS technologies, long-

term monitoring may allow more accurate quantification of temporal changes in habitat use 

(Licoppe, 2006; Niwa, 2021) or trends in deer numbers (Smith et al., 2022) in conjunction with 

changes to the vegetation. This would increase our understanding of how long-term processes in 

deer populations influence their ecological role as large herbivores. 

While studying differences among species should shed light on knowledge gaps and management 

needs, it is important to remember that intra-specific variability can be considerable. Foraging and 

anti-predator behaviours such as vigilance and herding can vary with environmental conditions, 
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especially across large geographic areas (Putman and Flueck, 2011). Deer respond to perceived risk 

from anthropogenic disturbance or natural predators through changes in habitat selection and 

feeding rates (Kuijper et al., 2013; Lovari et al., 2007; Mols et al., 2022). They also react to adverse 

weather conditions (Conradt et al., 2000) and competition when deer densities are high (Bartos et 

al., 2002). Behaviour also varies according to reproductive status, age and sex (Bartolomé et al., 

2012; Pecorella et al., 2019). When assessing which individuals are generating effects on a habitat, 

the most important comparisons may not all be among species, but also within species. Context-

dependency should always be considered when assessing deer populations for management (Spake 

et al., 2020). 

 

Synthesis & conclusions 
 

This review summarised the coverage of the literature investigating the effects of the seven focal 

deer species on woodland and forest vegetation. Elk and red deer were the most commonly studied 

species overall, followed by roe deer, sika deer and fallow deer. Only a few studies investigated the 

impacts of Reeves’ muntjac and Chinese water deer, none of which were in their native range. 

Owing to the frequency of studies on elk, the global distribution was skewed towards North 

America. Most other studies either investigated sika deer impacts in Japan, or mixed ungulate 

communities in eastern Europe. The vast majority of studies investigated the effects of foliage 

herbivory, with bark removal the second most commonly studied, and just a few studies covering 

trampling and defecation. Methodologies for investigating deer impacts typically involved either 

monitoring of exclosures and control plots or assessing changes to vegetation with variation in 

browsing pressure or deer numbers. The identified studies included a range of methods to assess 

deer numbers or activity levels, such as faecal counts, sign surveys, bag counts from hunting efforts 

and count census. It is recommended that exclosures should be used in combination with one or 

more species-specific monitoring methods - this will ensure a better understanding of how variation 

in deer density, in addition to the binary variable of deer presence/absence, influences the 

vegetation in a study system. In terms of effects on vegetation, Area, density & population structure 

received the greatest coverage across all species. The methods used to measure plant size and 

density are often straightforward to implement and can be used for both short-term snapshot studies 

and long-term monitoring of vegetation responses to deer activity. Height, Diversity & composition, 
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Cover & openness, Productivity and Mortality received moderate coverage, while Plant form, 

Dispersal and Condition categories received lower coverage.  

Negative effects were usually observed where deer densities were high, or where damage was 

repeated on the same trees or saplings. Whether a given effect is deemed “positive” or “negative” 

should be determined by the wider management objectives in the study area. While most studies 

focused on the negative effects of deer on tree regeneration, some treated those effects as positive, 

such as when discouraging scrub encroachment on to grassland habitats. Some studies observed 

positive effects of deer herbivory at low to moderate deer densities, mostly mediating competition 

between plant species which promoted community diversity. Many studies did not find a significant 

effect, again most commonly where deer densities were low. In systems where invasive deer species 

were present, some studies found negative effects even at low densities. 

Deer populations are expanding rapidly in the temperate zone, in contrast to trends in many wildlife 

populations (including wild ungulates in many tropical areas). This review has highlighted that 

whilst there is extensive knowledge of the ecological effects of well-studied ungulate communities 

on woodlands and forests, individual species often receive much less attention. There is an urgent 

need to monitor deer population growth and how their environment responds to changes in density 

and activity. It is vital that the ecological role of different deer species is well understood as we 

strive to reforest the temperate zone. Management strategies should be informed by species-specific 

ecological knowledge as herbivore communities develop with non-native species introductions and 

expanding global ranges. The combined effects of anthropogenic transformations of our landscapes, 

climate change and expanding deer populations should not be underestimated. 
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Chapter 3  

 

Woodland study sites in the Elwy Valley 

 

Introduction 

The source of the Elwy River is located in Llangernyw in North Wales, where the channels of the 

rivers Collen, Cledwen and Gallen merge into a single channel. The river flows east, then north 

towards St Asaph and finally joins the river Clwyd before the estuary at Rhyl on the north coast of 

Wales. The east-west stretch of the Elwy Valley spans around 24 kilometres and flows directly 

through the study area (Figure 3.1). The ten woodland sites considered in this study are situated in 

the river valleys associated with the this stretch of the River Elwy and associated tributaries. The 

area encompasses a diverse range of land uses: 1) commercial and small-scale forestry, including 

monospecific conifer, mixed broadleaf / conifer, and mixed broadleaf plantations; 2) pastoral and 

arable agriculture, and 3) nature reserves or unmanaged woodlands, typically semi-natural mixed 

broadleaf. Figure 3.2 shows the percentage of tree stems in the different size classes (Table 3.2) and 

genera recorded during the woody plant surveys described in chapters 4 and 5. Figure 3.3 shows the 

cumulative percentage cover of frequently occurring ground flora from the ground flora surveys 

described in Chapter 6. The woodland site names are given as three-letter acronyms to protect the 

anonymity of landowners to satisfy GPDR obligations. 

The connectivity of the woodlands on the slopes of the river valleys is believed to have facilitated 

dispersal of the local fallow deer (Dama dama) population from their point of origin near 

Bodelwyddan. From a large-scale study of the Elwy Valley fallow deer using motion-activated 

cameras, (Barton, 2023) it was confirmed that the range of this deer population included the ten 

woodland sites in this study (Figure 3.1). The southern-most site, EWD, was situated on the slopes 

of the river Aled, which provides a direct connection to the Elwy further north. This site had 

consistent deer detections, despite being the furthest site from the population’s origin. Sites east of 

the Clwyd River (not included in this study) have much lower rates of detection of fallow deer, 



69 

 

probably due to the river acting as a barrier to dispersal (Barton, 2023). Deer management was 

intermittent across the Elwy Valley and took place in four of the six study sites (Table 3.1). Some 

woodland owners hired a hunter a few times a year, while others permit access for sport shooting, 

or conducted shooting themselves As a Site of Special Scientific Interest (SSS), site PCG were 

systematically managed and high seats were in place, with hunters present several times a month 

throughout the open season.  

In the following sections, all maps were generated using ArcGIS Desktop © 1999-2020, Sources: 

Esri, DigitalGlobe, GeoEye, i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, 

swisstopo, and the GIS User Community. 
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Figure 3.1: Map of the Elwy Valley study region in North Wales. The yellow dots show the position of the ten woodlands containing the 71 circular 

sampling plots surveyed for this study.
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Table 3.1. Details of the ten woodland study sites in the Elwy Valley 

Study Site 
Number of survey 

plots 
Area (ha) 

Hunting 

(Present/Absent) 
Recreation (Low/High) 

BHL 6 5 P H 

BWN 8 11 A H 

EWD 6 12 A L 

EWW 10 20 P H 

HFD 10 64 A H 

LNH 8 10 P L 

MRN 5 6 P L 

PCG 7 12 P H 

TCL 4 2 A L 

WFR 7 11 P L 

 

Table 3.2. Woody plant stem size class categories recorded in the woody plant surveys. DBH = 

diameter at breast height. 

Category name Stem size category 

Sapling 
 

> 0.3 m, < 1.3 m height 
 

Small 
 

>= 1.3 m height, < 10 cm DBH 
 

Medium 
 

10 – 20 cm DBH 
 

Large 
 

21 – 30 cm DBH 
 

Very large 
 

>= 31 cm DBH 
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Figure 3.2. Percentage of woody plant stems belonging to different genera across the ten sampling 

sites, split by stem size. Each bar plot contains data for a different stem size category, and the 

columns represent data from the ten sites. Dominant genera include ash (Fraxinus), birch (Betula), 

hazel (Corylus) and oak (Quercus).  

 

Figure 3.3. Families that represented ten percent or more of the ground flora cover for each 

woodland survey. Each plot represents data from a site, and the columns represent data from the 

four seasons. The dominant components are Araliaceae (ivy Hedera sp.), Rosaceae (mostly 
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bramble Rubus fruticosus agg.), Bryophyta (mosses) and Euphorbiceae (dog’s mercury Mercurialis 

perennis). 

Site BHL 

BHL was a professionally managed small-scale broadleaf forestry site surrounded by livestock 

pasture, with a single-track road on the eastern edge (Figure 3.5). It was planted around 20 years 

ago by the owners and comprised high pruned sweet chestnut (Castanea sativa), cherry (Prunus 

avium), birch (Betula pendula), ash (Fraxinus excelsior) with some coppiced hazel (Corylus 

avellana) and a stand of red alder (Alnus rubra) and beech (Fagus sylvatica) (Figure 3.4). The 

single stem trees were uniform in size as they were all planted around the same time, either 10-20 or 

21-30 centimetres DBH (Figure 3.2). The understory was largely dominated by hazel coppice 

(Figure 3.4) and bramble (Rubus fruticosus L. agg.), with some open patches where the canopy 

presented dense shade. The site is used intermittently by walkers, and shooting is carried out several 

times a year. 
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Figure 3.4. Photographs from site BHL showing one of the coppiced hazel trees (top) - note the 

bramble cover - and a mixed stand of red alder and beech (bottom). Photos taken August 2020. 
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Figure 3.5. Map of site BHL. The yellow line denotes the boundary of the survey area for this 

study. The blue dot indicates the location of the camera. The yellow dots indicate the centre of the 

survey plots, and the red buffer zones show the extent of the plots (15-metre radius). Plot ID 

numbers are shown. 
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Site BWN 

The Bodelwyddan Castle estate is thought to be the earliest site occupied by the fallow deer when 

they were released from a nearby estate. The site consisted of a woodland to the south of the hotel 

(Figure 3.7). The woodland comprised a mix of planted ornamental evergreens and naturally 

regenerated broadleaf species (Figure 3.2). Overall, the canopy was dominated by ash (Figure 3.6), 

birch, sycamore maple (Acer pseudoplatanus) and wych elm (Ulmus glabra) with some localised 

patches of mature cedar (Thuja sp.) and beech. There were pockets of cherry laurel (Prunus 

laurocerasus) (Figure 3.6) and Cotoneaster sp. which the deer used as shelter. The understory was 

generally very open; dense patches of nettles dominated in summer but died back in the winter. 

Consequently, visibility was high with a notable browse line throughout, especially on the ivy 

Hedera helix growing up the tree stems. As the woodland formed part of the grounds of the hotel, 

there were public footpaths which were frequently used by hotel guests, and a bird hide (near Plot 

5). The deer were frequently spotted in large groups while on survey in this woodland and tended to 

flee when disturbed. They either left the woodland and ran across the neighbouring fields or took 

shelter in the dense clumps of shrubs. Despite this fleeing response when disturbed in the woodland, 

the deer seemed more habituated to human presence nearer the hotel and were seen grazing next to 

the car park on occasion. No shooting was carried out at this site. 
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Figure 3.6. Photographs of site BWN. The first photo shows the typically open understory of the 

woodland in a mixed stand of ash and sycamore with some hawthorn. The second photograph 

shows one of the cherry laurel thickets that provided pockets of dense shelter for the deer. 
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Figure 3.7. Map of site BWN. The Bodelwyddan Castle Hotel is visible to the north, with an 

amenity grassland to the northeast and sheep pasture encompassing the rest of the boundary. The 

yellow line denotes the boundary of the survey area for this study. The blue dot indicates the 

location of the camera. The yellow dots indicate the centre of the survey plots, and the red buffer 

zones show the extent of the plots (15-metre radius). Plot ID numbers are shown. 
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Site EWD 

EWD was planted around 15 years ago. It was situated on a steep hillside of the Aled River Valley 

sloping east to west (Figure 3.9) and mainly consisted of birch (Figure 3.8) and some rare oak in the 

smaller stem size classes (Figure 3.2). Larger stem size classes were rare at this site, mostly 

consisting of a few willow (Salix sp.) trees in the lower areas where the soil is moister (Plot 6 in 

Figure 3.9). The understory was heavily dominated by dense bramble with some localised 

blackthorn (Prunus spinosa) and elder (Sambucus nigra), again in the lower wetter areas. While the 

site was initially created through a substantial planting effort, considerable natural regeneration of 

birch had occurred since initial establishment. This site was not authorised for public access or 

shooting, although trespassers were seen on the camera on occasion. 

 

Figure 3.8. Photographs of site EWD. The first photograph shows a mixed stand of birch, oak and 

hazel, all in the small stem size class. The second photo illustrates dominance of birch throughout 

the site. Photographs taken in August 2020. 
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Figure 3.9. Map of site EWD. The yellow line denotes the boundary of the survey area for this 

study. The blue dot indicates the location of the camera. The yellow dots indicate the centre of the 

survey plots, and the red buffer zones show the extent of the plots (15-metre radius). Numbers are 

the plot ID numbers. 
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Site EWW 

At the time of writing, EWW is the home of Elwy Working Woods, a co-operative dedicated to 

managing local woodlands of the Elwy and producing sustainable building materials with harvested 

timber. The woodland was comprised of distinct blocks: hazel coppice (Figure 3.10), a larch (Larix 

decidua) plantation, a mixed area of ash, larch and birch, patches of pine (Pinus sp) and a few fruit 

trees (apple Malus sp. and pear Pyrus sp.). The site was situated on a higher slope of the Elwy 

Valley and the terrain was steep, sloping north-south. The understory was generally very open, with 

some patches of bramble. This was perhaps the most intensely managed woodland in this study 

with frequent human disturbance, including a sawmill and large workshop (Figure 3.11). In 

addition, the site was used by dog walkers most days. Occasional shooting was permitted at this 

site. 

 

Figure 3.10. Photographs of site EWW. The top photograph shows one of the hazel coppice 

compartments; note the bare ground. The bottom photograph shows part of the planted ash stand 

and some low bramble cover. Pictures taken in July 2020. 
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Figure 3.11. Map of site EWW. The yellow line denotes the boundary of the survey area for this 

study. The blue dot indicates the location of the camera. The yellow dots indicate the centre of the 

survey plots, and the red buffer zones show the extent of the plots (15-metre radius). Plot ID 

numbers are shown. Note the large workshop outside the survey area in the east section of the 

woodland, and the sawmill on the most westerly corner. 
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Site HFD 

Site HFD was the largest of the ten sites (Table 3.1). This woodland was on the site of an ancient 

oak woodland which was felled during the second World War and replaced with a Douglas fir 

(Pseudotsuga menziesii) plantation. Therefore, Douglas fir dominated the larger stem size classes 

(Figure 3.2). Oak was still present on the site, mostly more than 20 centimetres in diameter (Figure 

3.12). In addition to oak, naturally regenerated windblown broadleaf trees were interspersed with 

the Douglas fir, mainly sycamore and ash. There were also sizeable patches of naturally regenerated 

birch where Douglas fir was less prominent (e.g., Plot 12 in Figure 3.13). Woodland management 

was largely absent for the duration of the study. However, in 2021 a site management plan was 

agreed to gradually transition the site back to an oak woodland and extract the mature Douglas fir 

for timber. The site was in daily use by dog walkers and occasionally as a campsite, with a public 

footpath running through the southern third of the woodland. Heavy deer activity was very 

apparent, with little ground vegetation in large parts of the woodland, even in summer, and strong 

visibility throughout the understory (Figure 3.12). Patches of bramble dominated the centre of the 

wood where there were large canopy gaps.  At the time of writing, shooting was not taking place in 

this woodland. Like site BWN, this site was considered a “resident” woodland as deer were 

consistently present throughout the year, including large groups of females during the rut, and 

mothers with their dependent fawns. There was also evidence of deer hollows in the bramble banks, 

suggesting that the deer frequently rested in the denser areas of this site. In addition, there was 

significant browsing damage noted on much of the bramble across the site, indicating it was 

frequently used as a source of food. 
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Figure 3.12. Photographs of site HFD. The first photo typifies most of the woodland – planted 

Douglas fir interspersed with naturally regenerated sycamore, ash, oak, and birch with little to no 

understory vegetation. The second photo shows the stand of small diameter oak trees in the centre 

of the woodland (Plot 3). The third photo shows one of the canopy gaps that has been taken over by 

bramble (Plot 4). Photos taken in August 2020. 
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Figure 3.13. Map of site HFD. The yellow line denotes the boundary of the survey area for this 

study. The blue dot indicates the location of the camera. The yellow dots indicate the centre of the 

survey plots, and the red buffer zones show the extent of the plots (15-metre radius). Plot ID 

numbers are shown.  
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Site LNH 

Site LNH was located near the Llannerch Park Golf Club in St Asaph. This woodland contained 

distinct blocks; the canopy of the northwest square block (Figure 3.15) comprised a Sitka spruce 

(Picea sitchensis) plantation, while the canopy in the southwest was dominated by several mature 

oak trees exceeding 50 centimetres in diameter (Figure 3.14). The understory of the spruce 

plantation was dominated by bramble and ivy, with dense bramble banks limiting visibility and 

movement in the summer months. The southwest plots had less bramble cover, and the understory 

was dominated by dense, naturally regenerated ash saplings. The spruce block contained a disused 

pheasant pen with derelict fencing. No woodland management took place in any of the 

compartments, however there was some ad hoc deer shooting by a local hunter. On several 

occasions in the summer, a fallow deer fawn was spotted in the north section of the Sitka spruce 

plantation. This indicated that the woodland was being used as a fawn bedding site, where the 

mother would leave the fawn in shelter as an anti-predation strategy. 

 



87 

 

 

Figure 3.14. Photographs of site LNH. The first photo shows the south section of the woodland 

which was characterised by mature oak trees in the canopy with abundant ash regeneration in the 

understory. The second photo shows the Sitka spruce plantation with abundant bramble and ivy in 

the understory. Pictures taken July 2020. 
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Figure 3.15. Map of site LNH. Note the developed area to the south which comprises a residential 

area and stables. The surrounding fields were pasture for livestock. The golf course is out of view to 

the southwest. The yellow line denotes the boundary of the survey area for this study. The blue dot 

indicates the location of the camera. The yellow dots indicate the centre of the survey plots, and the 

red buffer zones show the extent of the plots (15-metre radius). Numbers are the plot ID numbers.  
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Site MRN 

This woodland bordered livestock pasture on the steep north-south slope of a small river valley. The 

canopy of this site was dominated by beech, hornbeam (Carpinus betulus) and ash with the 

occasional oak tree. Overall, the understory was open, the ground vegetation mostly composed of 

ferns (Pteridium sp.), wood false brome grass (Brachypodium sylvaticum) and dense patches of 

wild garlic (Allium ursinum) and dog’s mercury in the spring. Midstory trees were mostly coppiced 

hazel and holly (Figure 3.16). A dense patch of naturally regenerated hornbeam saplings was noted 

on the riverbank (Plot 4 in Figure 3.17). There was a disused pheasant pen adjacent to the camera 

(Figure 3.17). Public access of the site was not authorised, however occasional shooting took place. 

Numerous deer pathways were evident from intense deer activity, notably along the north edge of 

the valley. It is highly likely that site MRN served as a “transit” woodland for the deer, as this site 

formed part of the woodland corridor leading to the Elwy Valley (Figure 3.1).  
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Figure 3.16. Photographs of site MRN. The first photo shows the top of the north slope where a 

deer pathway traversed the top section of the woodland east-west. The second photo is looking 

south into the small river valley. The understory was very open throughout. Photographs taken 

August 2020. 
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Figure 3.17. Map of site MRN. The yellow line denotes the boundary of the survey area for this 

study. The blue dot indicates the location of the camera. The yellow dots indicate the centre of the 

survey plots, and the red buffer zones show the extent of the plots (15-metre radius). Numbers are 

the plot ID numbers. 
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Site PCG 

PCG was connected to the main woodland corridor on the south side of the Elwy valley, directly 

opposite site WFR (Figure 3.1). The ground flora was dominated by dog’s mercury in summer 

(Figure 3.18). The canopy was mainly composed of mature ash trees, with some oak and wych elm 

(Figure 3.2). There was a small beech stand on the western side (Plot 5 in Figure 3.19). The 

midstory and understory were largely open, although there were some dense patches of blackthorn 

and bramble on the southeast edge of the woodland (Figure 3.18). There were at least three high 

seats in this woodland and deer shooting took place on a regular basis, sometimes multiple 

occasions per week. The woodland was closely managed as a Site of Special Scientific Interest 

(SSSI). There was a store for drying logs when trees were removed. In addition, the site was 

frequently used by dog walkers. 
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Figure 3.18. Photographs of site PCG. The first photo typifies the structure of the woodland: open 

understory with ash trees dominating the canopy and herbaceous ground vegetation (dog’s mercury 

and ferns). The second photo shows the blackthorn thicket on the southeast edge of the woodland 

(Plot 3). Photographs taken August 2020.  
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Figure 3.19. Map of site PCG. The yellow line denotes the boundary of the survey area for this 

study. The blue dot indicates the location of the camera. The yellow dots indicate the centre of the 

survey plots, and the red buffer zones show the extent of the plots (15-metre radius). Plot ID 

numbers are shown. 
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Site TCL 

This linear section of woodland was adjacent to a track leading to a farm on the side of a very steep 

valley (Figure 3.21). There were some mature holly trees which had grown past browsing height, 

and some which had been browsed down to stunted shrubs. The canopy was made up of sycamore, 

ash, birch and oak, with some hazel coppice in the midstory. Birch and oak trees dominated the 

larger stem size classes (Figure 3.2). The understory was largely dominated by bramble and hazel 

foliage in the summer (Figure 3.20). The woodland was not under management and no deer 

shooting took place.  

 

Figure 3.20. Photographs of site TCL. The first photo shows the dominance of bramble in the 

understory, with ash, sycamore hazel and mature birch stems (Plot 3). The second photo shows Plot 

4, which was directly next to the farm track and had a dense understory of hazel foliage and 

bramble. Photographs taken August 2020. 
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Figure 3.21. Map of site TCL. The yellow line denotes the boundary of the survey area for this 

study. The blue dot indicates the location of the camera. The yellow dots indicate the centre of the 

survey plots, and the red buffer zones show the extent of the plots (15-metre radius). Numbers are 

the plot ID numbers. 
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Site WFR 

WFR formed part of the woodland corridor on the north side of the Elwy River, sloping north-

south, directly opposite site PCG (Figure 3.1). The topography was generally very steep with 

frequent rocky outcrops. The canopy was made up of ash, oak, and sycamore, with some mature 

hornbeam (Figure 3.2), which was historically used to build a nearby mill. There was a patch of 

midstory holly trees on the western side (Plot 6 in Figure 3.23) which displayed a clear browse line. 

Holly was the densest component of the understory and occurred in patches throughout the site 

(Figure 3.22). Aside from the holly, the understory was very open with almost no ground vegetation 

in winter, although dog’s mercury and wood false brome grass were abundant in summer and rare 

early purple orchid occurred in the spring. There was some tree extraction during the study period, 

although this was outside of the core sampling area to the east along a farm track. Dog walkers used 

the core sampling area on an infrequent basis. There was a high seat near Plot 6 where shooting 

took place several times a year. This site was considered to be a “transit” woodland, with numerous 

deer paths running east-west through the site, indicating the woodland was an important component 

of the Elwy Valley corridor. The lack of dense cover meant there were few areas that likely would 

be suitable resting places for the deer. 
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Figure 3.22. Photographs of site WFR. In the first and second photographs, note the dense holly in 

the background. In the foreground of the first photograph, there are some knee-high holly bushes 

that have been stunted from repeated browsing. The second photograph shows a mixed stand with 

wild cherry, oak, ash and hazel. The third photograph characterises the southeast portion of the site 

(Plots 2 and 3) which was mostly dominated by ash and sycamore. Photographs taken August 2020. 
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Figure 3.23. Map of site WFR. The yellow line denotes the boundary of the survey area for this 

study. The blue dot indicates the location of the camera. The yellow dots indicate the centre of the 

survey plots, and the red buffer zones show the extent of the plots (15-metre radius). Numbers are 

the plot ID numbers. Steep topography south of the camera prevented survey of that area. The south 

boundary of the sampling area is adjacent to the Elwy River running east-west. 
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Introduction 

Remote sensing methods have extensive applications in wildlife ecology research (Kays et al., 

2015; Neumann et al., 2015). For example, trail cameras have revolutionised our understanding of 

animal habitat use and activity patterns at the population level (Green et al., 2020), while GPS 

tracking technology has allowed the study of these processes in individual animals (Hebblewhite & 

Haydon, 2010). Over the past decade, Light Detection and Ranging (LiDAR) methods such as 

Airborne Laser Scanning (ALS) has been increasingly used to assess how physical habitat structure 

influences animal ecology and behaviour across a range of taxa in terrestrial and aquatic 
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environments (Acebes et al., 2021; Davies & Asner, 2014a; Goetz et al., 2014; Rauchenstein et al., 

2022; Wedding et al., 2019). However, when measuring structural characteristics of more closed 

habitats such as forest understory vegetation, the density and height of the overstory can limit the 

accuracy of ALS (Campbell et al., 2018; Hull & Shipley, 2019). Recent reviews have highlighted 

opportunities for the application of Terrestrial Laser Scanning (TLS) to study habitat structure on a 

fine scale in forest environments (Aben et al., 2018; Olsoy et al., 2015). For example, studies using 

static TLS  have shown reduced understory vegetation density in forests with high-density deer 

populations (Eichhorn et al., 2017; Li et al., 2022), which can lead to degraded habitat quality for 

birds, particularly woodland specialists (Allombert et al., 2005; Chollet & Martin, 2013; Gill & 

Fuller, 2007) and small mammals (Buesching et al., 2011; Flowerdew & Ellwood, 2001). Mobile 

TLS methods differ from static TLS in that the surveyor carries the scanning device and moves 

through the survey area, which often requires only a single survey as opposed to multiple static 

surveys. Mobile terrestrial laser scanners may have higher error rates compared to static terrestrial 

scanners, as the walking speed and pattern of the surveyor influences scan quality (Ryding et al., 

2015). However, mobile scanners sample surfaces from multiple angles, which reduces occlusion 

(Wei et al., 2020) and survey time (Ryding, 2016) compared to static scanners. With recent 

technological advances and greater affordability, mobile laser scanners are now capable of 

providing detailed habitat structure data for the study of animal behaviour (Malhi et al., 2018). 

Viewsheds (the area visible from a given location) are affected by the physical structure and density 

of features such as vegetation and topography (Kuijper et al., 2014; Ndaimani et al., 2013; Parsons 

et al., 2021), which can influence factors such as predation risk or hunting success (Bellamy et al., 

2018; Brown, 1988). In a “landscape of fear” (Gaynor et al., 2019; Laundré et al., 2011; Palmer et 

al., 2022), behavioural responses to risk induce trade-offs between concealment, thermoregulation, 

vigilance, and foraging efficiency (Acebes et al., 2013; Glass et al., 2021; Panzacchi et al., 2010; 

Ratikainen et al., 2007; Wiemers et al., 2014). In dense forest habitats, viewsheds are often 

restricted to short distances, therefore animal behavioural responses can be shaped by fine-scale 

habitat characteristics. For example, fallen trees and other structural impediments have been shown 

to reduce ungulate visitation and browsing of vegetation (Hall Defrees et al., 2021; Milne-

Rostkowska et al., 2020; Smit et al., 2012; van Ginkel et al., 2021). This effect has been attributed 

to physical barriers impeding escape routes and detection of predators in forest environments 

(Kuijper et al., 2013). In addition to risk from natural predators, perceived risk from human 

recreational activity (Coppes et al., 2017; van Beeck Calkoen et al., 2022; Wisdom et al., 2018), 
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hunting (Lone et al., 2015; Pecorella et al., 2016), and roads (Eldegard et al., 2012; Mathisen et al., 

2018; Montgomery et al., 2012) influences animal space use and vigilance. This perceived risk is 

likely to vary with visibility in the environment (Mols et al., 2022; Parsons et al., 2021). For 

example, a study of red deer (Cervus elaphus) stress responses in Lyme Park (UK), found that 

woodland and scrub landscape features decreased the probability of human-deer encounters, which 

could help buffer stress associated with high human activity (Dixon et al., 2021). Furthermore, a 

recent study used TLS to assess viewsheds at multiple heights in the vegetation canopy in forest, 

shrub-steppe, prairie and desert habitats, and showed that the density, variability and distribution of 

vegetation is influential for viewshed occlusion (Stein et al., 2022). 

There is great potential for TLS studies to quantify viewsheds in forest environments and further 

our understanding of how physical habitat structure may influence fine-scale animal space use, 

foraging behaviour and predation risk (Aben et al., 2018; Lecigne et al., 2020). This has been 

previously studied at the landscape scale using ALS technology. For example, an ALS study found 

that grizzly bears (Ursus arctos horribilis) were less likely to select habitats more visible from 

roads when resting, but selected more visible areas when travelling, indicating selection for 

perceived safety when resting and easier passage when travelling (Parsons et al., 2021). Another 

ALS study found that predation risk from human hunters on roe deer (Capreolus capreolus) 

decreased with understory cover density, probably due to reduced sightline length, while predation 

risk from an ambush predator, the Eurasian lynx (Lynx lynx), increased (Lone et al., 2014). Most 

recently, a study in the Bavarian Forest National Park (Germany) combined ALS and static TLS to 

study how visibility influenced movement rates of red deer (Zong et al., 2022). 

This study aimed to evaluate the extent to which woodland structure influences horizontal visibility 

at a height relevant to large herbivores, through the novel application of a technology. I used mobile 

TLS to quantify horizontal viewsheds, summarized as Viewshed Coefficients (VC) one metre above 

the ground. Woodland structure was assessed by surveying the stem size-class structure, density, 

and species composition of woody vegetation (trees and shrubs) and cover of the scrambling shrub 

bramble (Rubus fruticosus agg.). The expectation was that higher densities of tree stems of all size 

classes and higher bramble cover would result in a reduction in horizontal visibility as a function of 

distance from a given point. Leaf Area Index (LAI) of the understory was also calculated from the 

TLS data to assess the extent to which leafy foliage influenced the horizontal viewsheds. I predicted 

that higher LAI values would correspond to lower horizontal visibility as a function of distance 
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from a given point. In addition, a subset of plots was scanned in both summer and winter to 

compare horizontal viewsheds in different seasons. Horizontal visibility may be reduced in leaf-on 

compared with leaf-off conditions of deciduous vegetation due to greater foliage density. Each 

winter scan was also repeated to check the consistency of the mobile scanning method. Through this 

work, I demonstrate how potential sightlines of large herbivores are altered by properties of forest 

understory structure. 

 

Methods 

Ten woodland study sites were established in the Elwy Valley area of North Wales (see Chapter 3). 

The Elwy Valley is a landscape mosaic of farmland (predominantly livestock pasture and forage 

crops) and patches of woodland under different ownership and management objectives.  These 

woodlands vary in composition and maturity and included conifer plantations, mixed broadleaf-

conifer woodland and semi-natural broadleaf woodlands (see Chapter 3 for details). There is a 

population of approximately 1500 fallow deer (Dama dama) occupying this area. 

A total of 71 circular plots (15 metre-radius) were located to capture as much variation as possible 

in density, structure, size and diversity of the tree and shrub communities within each of the ten 

woodland sites (Table 3.1, Figure 4.1). Sample plots were positioned to avoid human constructed 

paths or roads, although these features were sometimes close to plot edges. Plot edges were marked 

using red biodegradable flagging tape tied to tree branches. Sites WFR, TCL and MRN had some 

very steep slopes which could not be surveyed due to safety constraints. Woodland edges were not 

avoided. 
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a)  

b)  

Figure 4.1. a) Site HFD in summer 2019. There is a notable browse line from deer herbivory and 

lack of dense understory vegetation, with most trees belonging to larger size classes. b) Site EWD 

in summer 2020. The understory is relatively dense with many smaller trees and dense bramble 

cover. 

LiDAR scans were taken with a GeoSLAM (Nottingham, UK) ZEB Revo TLS to determine the 

horizontal visibility and Leaf Area Index in each plot. Previous studies have validated GeoSLAM 

ZEB devices for use in forest surveys (Bauwens et al., 2016; Camarretta et al., 2021; Ryding, 2016). 

Each of the 71 plots was scanned once in August 2020. The conditions required for these surveys 

were a) no rain and b) wind speeds of < 16 kilometres per hour. This reduced the risk that rain or 

moving foliage would artificially elevate point density. The laser scanner was placed on the ground 

at the centre of the plot during setup to mark the start and finish point. The scanning procedure 

involved the same surveyor walking around and through each 15-metre radius circular plot multiple 

times for 15 – 20 minutes, with the scanner held at breast height. During the scan, care was taken to 

present the scanner to habitat features from several angles to minimize occlusion effects. The 

walking pattern consisted of walking to the edge of the plot, walking around the edge in both 
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directions, then crossing the plot from different angles in a closed loop, starting and finishing in the 

plot centre (Bauwens et al., 2016; Ryding, 2016). Areas with thick cover of shrubs or scrambling 

plants, for example, bramble and blackthorn (Prunus spinosa), were surveyed as thoroughly as 

possible. 

Scans were also conducted in a subset of eight plots in winter (January 2021) to compare the 

horizontal visibility in leaf-off vs leaf-on seasons for deciduous species. This January sampling 

period was also used to assess the consistency of both the scanner and the data collection 

methodology by repeating all the scans in the eight sample plots, one directly after the other. The 

two scans per plot were then compared for significant differences in horizontal visibility. 

In addition to the mobile TLS surveys, all trees, saplings and shrubs (hereafter referred to as 

“woody plants”) greater than 0.3 m in height were surveyed in each plot. For each woody plant, the 

taxon was identified as precisely as possible (usually species, otherwise genus). For woody stems 

taller than or equal to breast height (1.3 m), the size class of diameter at breast height (DBH) was 

determined using a diameter tape and classified into size classes (Table 3.2). For multi-stemmed 

woody plants, the DBH of the largest stem was measured and the total number of stems was 

counted. For saplings shorter than breast height, the height was measured using a metre ruler. 

Woody plants less than 0.3 m in height were not recorded. Both dead and living woody plants were 

included in the inventory. In two plots at site LNH, there was very dense growth of saplings and 

small trees, particularly ash (Fraxinus excelsior). To enable measurement of these saplings within a 

practical timeframe, all ash stems within the “Sapling” and “Small” categories (Table 3.2) within 

plot LNH4 were counted in a circular sub-plot (4.5 metre radius) at the plot centre, then these 

counts were converted to estimate the number of ash saplings in the whole 15-metre radius plot area 

(Equation 4.1 where X = Stem density in 4.5 m radius circle and Y = Converted stem density).  The 

same approach was used for “Saplings” and “Small” stems of all tree species in plot LNH8. 

𝒀 =  (
𝑿

𝟔𝟑. 𝟔𝟐
) × 𝟕𝟎𝟔. 𝟖𝟔 

In addition to the woody plant survey, summer bramble cover of each plot was measured using a 

0.25 m2 quadrat sub-divided into 25 x 0.01 m2 squares. Each plot was surveyed either two or three 

times across the summers of 2019 - 2021. For each survey, eight quadrats were randomly placed 

inside the plot using cardinal directions and distance from the plot centre (1–15 metres). At each of 
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these eight locations, a quadrat was placed on the ground and the number of squares containing 

bramble foliage and stems was counted from above. These eight counts were averaged to obtain a 

bramble count value for each plot survey (Equation 4.2). These two or three values from across the 

survey years were then averaged to obtain mean percentage bramble cover for each plot. 

𝑩 = (
𝑻𝟏 +  𝑻𝟐 +  𝑻𝟑

𝑵
)  × 𝟏𝟎𝟎 

Equation 4.1. B = mean percentage bramble cover, T = total number of 0.01 m2 squares containing 

bramble per sampling occasion and N = total number of 0.01 m2 squares surveyed per plot across 

sampling occasions. For plots surveyed twice, N = 400, for plots surveyed three times, N = 600. 

Point clouds were processed in R version 4.0.3 (R Core Team, 2021) using the viewshed3d (Lecigne 

et al., 2020; Lecigne & Eitel, 2022) and lidR (Roussel et al., 2020) packages. Due to the memory 

constraints of a standard computer, the analysis was run on the Super Computing Wales platform. 

The processing broadly followed example workflows in the viewshed3d handbook. The cloud was 

first cropped to a 15-metre radius using the sample_scene function from the viewshed3d package. 

Duplicate points were removed using the filter_duplicates function from the lidR package, then 

isolated points were removed using the denoise_scene function from the viewshed3d package. The 

ground points were classified using the classify_ground function (lidR). The topographical slope 

was removed using the remove_slope function (viewshed3d) to make sure that the effect of 

vegetation in each plot could be examined independently of slope, then the ground was 

reconstructed with the optimal resolution to ensure that sightlines did not pass through the ground 

using the reconstruct_ground function (viewshed3d).  

The Viewshed Coefficient (VC) was calculated using the h_visibility function within the 

viewshed3d R package. The VC is defined as “the area under the curve of visibility as a function of 

distance from the animal’s location” (Figure 4.2, Lecigne and Eitel, 2022).  
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Figure 4.2. An example curve of percentage horizontal visibility for plot EWW1 one metre above 

the ground surface. Percentage horizontal visibility (unobscured sightlines) declines with distance 

from the origin (plot centre) as objects obstruct the view. In this example, the visibility declines 

sharply between one and three metres from the plot centre. The Viewshed Coefficient (VC) 

represents the total area under the curve of percentage visibility for each circular sampling plot. 

The location of the deer in each plot was defined using XYZ coordinates 0,0,1. This placed the 

animal at the centre of each plot and one metre above the ground surface. Fully grown fallow deer 

females stand at 0.7 – 0.8 m at the shoulder, while fully grown males stand at 0.7 – 0.9 m (Putman, 

1989). Therefore, the VC was a representation of visibility at the eye height of fallow deer standing 

in the centre of the plot over a 360 degree viewshed as a horizontal disc of 0.1 m thickness, one 

metre from the ground (Figure 4.3).  

In addition, Leaf Area Index (LAI) values were calculated for each point cloud within the bounds of 

0.75 – 1.5 metres in height. Pointcloud processing used the same functions as for the Visibility 

Coefficient estimates, except for the reconstruct_ground function. In addition, the filter_poi and 

clip_poi functions (lidR) were used to crop the point cloud to two metres in height and 15 metre 
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radius, respectively. The data were then filtered to include the z coordinates only, then a Leaf Area 

Density (LAD) profile was generated for each point cloud at height bands of 0.75, 1.25 and 1.75 

metres using the LAD function from the lidR package. The LAI for each point cloud was calculated 

from the LAD profiles for the height range of 0.75 - 1.5 metres using the lai function in the leafR 

package (de Almedia et al., 2021).  

 

Figure 4.3. Illustration of the viewshed concept in a 15-metre radius circular sampling plot in a 

study woodland. The solid and dotted red lines represent a subset of individual viewsheds. The solid 

red line illustrates the thickness of each measured viewshed. Where the viewshed hits the tree trunk, 

the view is obstructed. The Viewshed Coefficient (VC) calculation assumes the deer is at the centre 

of the plot with a horizontal sightline one metre above the ground surface. The VC encompasses a 

360-degree view at this height in one-degree increments. 

The large number of woody plant species across the ten sites (n = 44), combined with the high level 

of variability among plots in species composition, meant that there were no clear relationships 

between species and VC that could be demonstrated statistically. While certain species provided a 

notably strong obstruction of view, such as patches of large Cotoneaster spp. and cherry laurel 

(Prunus laurocerasus) evergreen shrubs at site BWN, they occupied an insufficient number of plots 

to test the individual effects of these species. Our analysis therefore focused primarily on the effects 

of woody plant size, understory LAI and bramble cover on VC. The densities of saplings, small, 

medium, large and very large woody plants (Table 2) was calculated for each plot using the formula 

in Equation 4.4. 
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𝒀 =  (
𝑿

𝟕𝟎𝟔. 𝟖𝟔
) × 𝟏𝟎, 𝟎𝟎𝟎 

Equation 4.2. Y = stem density per hectare, X = total number of stems per plot, 706.86 m2 = area of 

15-metre radius sample plot and 10,000 = square metres per hectare. 

Effects of stem density, LAI and mean percentage bramble cover on VC were tested using linear 

mixed effects models in the R package lme4 (Bates et al., 2015). Prior to analysis, collinearity 

between fixed effects was examined in a correlation matrix. Sapling density and small stem density 

were found to be significantly correlated (r = 0.74). In addition, data exploration using dot plots, 

histograms and box plots was conducted for each of the fixed effects and the dependent variable 

(VC) to check whether a normal error structure was appropriate. Based on this data exploration, a 

log transformation was applied to correct zero-skewness in the following variables: Very large stem 

density, small stem density, sapling density and mean percentage bramble cover. In addition, all 

explanatory variables were scaled through z-scoring to bring them on to comparable scales for 

analysis. A global linear mixed model including every explanatory variable was then analysed using 

the dredge function from the MuMIN package (Bartoń, 2022), with the condition that small tree 

density and sapling density did not co-occur in any models due to their strong collinearity. The 

significance of the beta estimates was assessed by whether the 95% CI overlapped zero. 

To gain an understanding of how the shading effect of larger trees may have influenced understory 

density and resulting viewsheds, I classified the species of all medium, large and very large woody 

plants (mature stems) by their propensity to cast shade using values reported by Ellenberg 

(Ellenberg, 1988) (p. 50) (Supplementary S4.1). These values were on a scale of increasingly strong 

shade from one to six: extremely low, very low, low, medium, high and very high. Where species 

from the study plots were not included in the original classification table, a category was assigned 

based on a close relative in the table, or by JRH. The average shade value of each survey plot was 

then calculated using the formula in Equation 5. Ellenberg values have previously been used to 

obtain average estimates for abiotic conditions in forests (Boulanger et al., 2015). A linear mixed 

model was used to examine the relationship between average Ellenberg value and log small stem 

density, with site as a random effect. 
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𝑨 =  
(𝑺 × 𝑬)

𝑻
 

Equation 4.3. A = average shade value, S = total number of stems in an Ellenberg shade category, 

E = Corresponding Ellenberg category value and T = total number of mature stems per plot.  

The following statistical tests were conducted using the scaled VC data: 1) The point cloud 

processing was repeated without the slope removal step to assess whether the slope of the ground 

influenced the viewshed coefficient in each plot. I compared VC values of point clouds from the 

same plots with and without ground slope removed using a Wilcoxon signed-rank test. 2) I used a 

paired t test to compare summer and winter scans to determine whether there was any significant 

difference between the VCs of plots between seasons. A mean value of VC from each of the eight 

pairs of winter scans was taken, and these were then compared with the eight summer scans. 3) I 

used a paired t test to compare same day repeat winter scans to assess whether error in the 

methodology generated differences in VC between scans. Scan pairs were randomised into two 

groups (A, n = 8 and B, n = 8) prior to this paired test to remove the influence of any order effects. 

Results 

A total of 71 Viewshed Coefficient (VC) values from summer scans of individual sample plots 

across ten woodland sites were used in the analysis. 20,555 woody plant stems were recorded across 

the 71 plots, which included the amended counts for plots LNH8 and LNH4. Of these, 601 were 

dead. Calculated stem densities per size class are shown in Supplementary S4.2. 

The global model containing small tree density (not sapling density) had a ΔAIC of 0, while the 

next top ranked model had a ΔAIC of 5.20. In addition, the top model had an AIC weight of 80 %. 

Given the importance of the top model, the model estimates and 95 % confidence intervals from the 

top model were examined for each explanatory variable. VC significantly decreased with increasing 

density of small stems (> = 1.3 m in height, < 10 cm DBH), which presented the strongest overall 

effect (β = -103.84, 95% CI = -149.67, -58.00, Figure 4.4, Table 4.1). The density of the remaining 

stem size categories did not have a significant effect on VC (Table 4.1). Understory Leaf Area 

Index did not have a significant effect on VC (Table 4.1). Despite there being notable bramble 

cover in most of the study sites (Supplementary S4.3), average percentage bramble cover did not 

significantly affect VC. A linear model showed that logged density of small stems was significantly 
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negatively related to average strength of shade from mature trees (β = -0.45, 95% CI = -0.80, -0.09, 

Figure 4.5). 

Table 4.1. Model estimates and 95 % confidence intervals for each of the variables that featured in 

the top model (ΔAIC = 0). 

 

 

Figure 4.4. Predicted values from the top model for predicting Viewshed Coefficient (y) as a 

function of log small stem density (x). The error around the line represents the 95% confidence 

intervals. 

Fixed effect Lower 95% CI Estimate Upper 95 % CI 

Log small stem density -149.67 -103.84 -58.00 

Medium stem density -49.99 -3.57 42.86 

Large stem density -70.04 -27.04 15.97 

Log very large stem density -16.15 33.40 82.95 

Log average bramble percentage cover -70.01 -25.05 19.91 

Leaf Area Index (0.75 – 1.5 metres) -38.04 1.93 41.90 



112 

 

 

Figure 4.5. Predicted values from a single factor linear mixed model showing that logged density of 

small stems (y) was significantly negatively related to the average shade intensity from mature trees 

(x). The error around the line represents the 95% confidence intervals from the model. 

Topographical slope 

The mean VC was marginally higher when the ground slope was removed (mean = 347.80, SE= 

23.72, n = 71) compared with when the ground slope was included (mean = 334.36, SE = 24.15, n = 

71) during point cloud processing. However, the difference was not significant (mean difference = -

13.44, SE = 9.27) between point clouds with and without slope included (V = 1184, p-value = 0.59, 

Figure 4.6.a).  
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Season 

The mean VC was higher in winter scans (mean = 366.87, SE = 59.49, n = 8) than summer scans 

(mean = 280.91, SE = 52.51, n = 8), but the difference was no significant (mean difference = -

85.96, SE = 31.54) between the VCs of winter and summer scans (t = 0.09, df = 7, p-value = 0.93, 

Figure 4.6.b). 

Scan consistency 

The mean VC for scans in group A (mean = 367.78, SE = 56.19, n = 8) and group B (mean = 

365.96, SD = 64.05, n = 8) sets of winter scans were very similar. There was no significant mean 

difference (mean difference = 1.82, SE = 19.21) between the VCs of scans in groups A and B (t = 

0.09, df = 7, p-value = 0.93, Figure 4.6.c). This indicates that the walking pattern of the surveyor 

was not sufficiently variable to influence the outcome of the viewshed analysis. 

 

  

 

a) 

a) 
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Figure 4.6. a) Viewshed Coefficients calculated with ground slope included (orange box) and with 

ground slope removed (blue box). b) Viewshed Coefficients from eight study plots scanned in 

summer (orange box) and again in winter (blue box). Ground slope was removed. c) Viewshed 

Coefficients from scans of eight plots taken twice on the same day. Each pair of scans was 

randomised into group A (orange box) or group B (blue box). Ground slope was removed. The 

central black lines show the median, the boxes show the upper (75 %) and lower (25 %) quartiles 

and the tails show the minimum and maximum values. 

b) 

c) 



115 

 

 

Discussion 

Woodland plots with a higher density of small woody plant stems had lower horizontal visibility, 

quantified through a Viewshed Coefficient (VC), one metre from the ground. This result is intuitive, 

as small woody plant stems occurred at high density compared to other woody plant size categories. 

This fits with the gap-phase paradigm in forest ecology: openings in the canopy due to windthrow 

or disease allow light to reach the forest floor, which stimulates seed germination and release of the 

growth of previously shaded seedlings, which generally results in the formation of a patch with a 

high density of small woody stems (Attiwill, 1994). This was evident for the pioneer species birch 

(Betula spp) and light-demanding species ash (Fraxinus excelsior) in several study plots at sites 

LNH, HFD and EWD (Figure 3.2). In addition, the common practice of coppicing hazel (Corylus 

avellana) leads to the dense growth of small stems from the same rootstock (Buckley, 1992; Joys et 

al., 2004) which probably contributed to reduced VC, particularly at EWW where coppiced hazel 

was widespread.  

Larger stem size classes (medium, large, and very large) had negligible independent effects on VC. 

The density of larger trees in woodlands is restricted by their greater resource requirements. In 

addition, due to self-shading the foliage of larger trees is generally concentrated in the main canopy, 

above the eye height of large herbivores. Therefore, they are less likely to significantly hinder 

viewsheds at one-metre height across a study plot. Canopy trees can also influence the understory 

themselves through shading from dense foliage, which reduces the density of light-demanding 

understory vegetation (Coomes et al., 2005; Ellenberg, 1988). In our study sites, this was especially 

true of plots that contained beech (Fagus sylvatica) or hornbeam (Carpinus betulus), which cast 

especially heavy shade (Ellenberg, 1988). This is supported by our post hoc examination of the 

density of small stems using Ellenberg’s species’ shade values (Ellenberg, 1988), which indicated 

that plots with a canopy dominated by trees casting a heavier shade had lower densities of small 

stems. 

Mean percentage bramble cover had no significant effect on VC. Bramble cover can become 

depleted in woodlands with heavy deer browsing (Cooke & Farrell, 2001; Gill & Fuller, 2007), but 

was nonetheless present in most of our study plots and was particularly dominant at sites EWD and 

TCL (Supplementary S4.3). The lack of an effect on visibility may be because bramble cover was 
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concentrated in the field layer, which was rarely above one metre in height (Supplementary S4.4). It 

was apparent at several sites that the fallow deer were using bramble patches as refugia, with deer-

sized hollows inside some of the thickets with lots of deer faecal droppings in the vicinity (AG pers. 

observ.). Whilst the results did not show a significant effect of bramble cover on horizontal 

viewsheds at one metre height, it may be that localized thickets serve as an important component of 

habitat structure for animals seeking cover. 

Understory LAI was not a significant predictor of VC in the summer scans. This may be because 

there was very little variation in understory LAI in this dataset (Supplementary S4.5). These 

uniform LAI values could be symptomatic of widespread browsing by the abundant deer population 

reducing structural complexity of the understory or dense canopy foliage restricting light 

availability to lower layers. Both mechanisms could lead to the low density of saplings relative to 

larger stems found in the woody plant surveys at most sites (Supplementary S4.2). Sapling stem 

density did not feature in the top model, supporting the notion that saplings and associated foliage 

have very little influence on horizontal visibility, particularly given their small size (<1.3m) and 

sparse occurrence across the study plots. The lack of variation in LAI may also be due to limitations 

of the data collection methods using TLS (Wang & Fang, 2020) or the methodology used to 

generate the LAI values using the leafR package (de Almeida et al., 2021). Leaf Area Density 

(LAD) may have provided a better measure of how foliage influenced visibility within such a 

specific height band.  

Horizontal visibility was greater in the winter scans than in summer scans of the same plots, but the 

difference was not significant. Although the direction of the effect was as expected, this finding 

goes against our expectation that visibility would be much greater in winter due to loss of deciduous 

leaves. The lack of seasonal difference may be linked to the small variation in summer foliage 

density within the understory, indicated by the LAI data (Supplementary S4.5). Interpretation is also 

limited by a low sample size of eight plots with scans from both seasons. Nonetheless, the repeated 

winter scans showed that the scanning methodology produced consistent VC values, indicating that 

the technology used is a reliable method for measuring and comparing horizontal viewsheds. 

Exclusion of topographical slope during point cloud processing did not significantly alter VC. This 

does not, however, confirm whether slope is an important factor for deer refuge in the study area. 

Topographical slope has been shown to affect viewsheds and ungulate browsing behaviour at the 
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landscape scale using Digital Elevation Models (DEM) (Ndaimani et al., 2013; Roženbergar et al., 

2019) but this is outside the scope of the present study. It is important to consider the perceptual 

range of animals when assessing potential effects of disturbance and habitat structure (Aben et al., 

2021; Parsons et al., 2020). Studies have found that when exposed to increased disturbance, 

ungulates select more rugged terrain where there is reduced hunter access and increased vegetation 

cover (Buchanan et al., 2014; Sergeyev et al., 2020). In landscapes like the Elwy Valley with steep 

topography and frequent human disturbance from culling and recreation, it would be interesting to 

examine the effects of slope on viewsheds at a larger scale. 

Hunting takes place in the Elwy Valley, both for recreation and management of the fallow deer 

population. It is good practice for hunters to ensure a clear line of sight before making a shot; this 

reduces the risk of deer being disturbed and escaping the cull or an unclean shot leading to 

wounding and distress of the animal (Aebischer et al., 2014). Therefore, where humans are the only 

predator and adopt a “sit and wait” shooting strategy – the main method of hunting in the study area 

– open areas present the greatest risk (Lone et al., 2015; Norum et al., 2015). In the present study, 

plots with higher densities of small stems had shorter average viewsheds, which may reduce both 

the perceived and actual threat from human hunters compared with plots that had lower densities of 

small stems. 

This study has demonstrated a novel application of mobile terrestrial laser scanning to studying 

habitat-scale structure with specificity to large herbivores. The functionality of advancing R 

packages and rapid quantification of habitat structure using TLS provides a user-friendly 

opportunity to study the same viewshed metrics for multiple animals in the same system (Lecigne & 

Eitel, 2022). For example, Lecigne et al. (2020) used TLS data to compare how forest structure 

influenced the viewsheds for an airborne predator, a terrestrial predator, and a terrestrial prey 

species. This could also be applied to studying how habitat structure influences viewsheds at 

different heights for the same animal. For example, when prey animals bed down in vegetation, 

their viewshed is likely to be significantly reduced compared to when they are standing. Zong et al., 

(2022) combined ALS and static TLS to quantify red deer habitat selection in relation to visibility 

using averaged three-dimensional cumulative viewsheds for eye-lines of bedded deer (30 cm) or 

standing deer (140 cm). While dense cover conceals animals from potential predators, it may also 

reduce ability to perceive and avoid ambush predation attempts (Lone et al., 2014; Norum et al., 

2015). In addition, other metrics such as leaf area or density could be used to study, for example, 



118 

 

the shelter quality of vegetation for thermoregulation or seasonal availability of forage material 

(Hill & Broughton, 2009; Z. Li et al., 2018). For example, Ewald et al. (2014) used ALS to study 

how canopy and understory cover influenced roe deer habitat selection according to wind speed and 

snow depth (Ewald et al., 2014). These concepts may be of interest for future research using TLS to 

address behavioural trade-offs relating to fine-scale habitat structure in animal populations (Davies 

& Asner, 2014a; Olsoy et al., 2015; Vierling et al., 2008). 

Conclusions 

Using a novel 3D mobile Terrestrial Laser Scanning approach, I demonstrate that higher densities 

of small woody stems reduced horizontal visibility at one metre height from the ground, while 

foliage quantities as measured by LAI and average bramble cover had no significant effect. Higher 

densities of small stems occurred in plots with a lighter shade from canopy trees. High densities of 

small woody stems may break up sightlines in the understory and reduce perceived threat levels for 

large herbivores – particularly the risk associated with humans. Behavioural responses to perceived 

risk may be related to understory structure in such temperate forests. The study of viewsheds using 

terrestrial LiDAR has great potential for improving our understanding of how habitat structure 

influences animal behaviour. 
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Introduction 

In a “landscape of fear” (Laundré et al., 2001; Palmer et al., 2022) animals respond to risk through 

changes in their habitat use, influenced by trade-offs between concealment and thermoregulation 

(Glass et al., 2021; Mysterud & Ostbye, 1999; Ratikainen et al., 2007) or foraging (Dupke et al., 

2017; Mathisen et al., 2018). Perception of risk is shaped by the physical structure and density of 

habitat features, such as vegetation and topography (Kuijper et al., 2014; Ndaimani et al., 2013; 

Parsons et al., 2021).  Vegetation structure has been shown to affect habitat use of large mammals 

in wooded environments, as dense cover can affect their ability to escape from predators (Kuijper et 

al., 2013; van Ginkel et al., 2021) and facilitates ambush predation (Belotti et al., 2013; Loarie et 

al., 2013) but sparse cover can provide insufficient concealment (Borkowski & Ukalska, 2008; 
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Olsoy et al., 2015). For example, a study quantifying the landscape of risk for roe deer (Capreolus 

capreolus) exposed to predation by humans and Eurasian lynx (Lynx lynx), an ambush predator, 

found that deer were killed by lynx most often in more closed habitats, whereas kills by humans 

were most common in open habitats, which provided longer sightlines for hunters with rifles 

(Norum et al., 2015). A study of a hunted red deer population in Poland found that the availability 

of cover encouraged habitat use in forests, indicating that security cover can be a key factor driving 

space use by deer experiencing hunting pressure (Borkowski et al., 2016). In addition to hunting 

pressure, non-lethal disturbance from human recreation (Hagen et al., 2017; Wisdom et al., 2018; 

van Beeck Calkoen et al., 2022), roads (Eldegard et al., 2012; Mathisen et al., 2018; Montgomery et 

al., 2012) and infrastructure development (Stankowich, 2008) contributes to perceived risk in 

forested landscapes and can alter deer habitat use. For example, in a national park in the 

Netherlands, deer space use was highest in the zone without hunting or recreation, which led to 

reduced sapling browsing on open heathlands where deer were most exposed (Mols et al., 2022).  

Variation in predation risk can influence changes in deer woodland use over time. For example, a 

study found that male red deer shifted their habitat use with the onset of the hunting season to more 

concealing cover, although males that were later shot did not make this shift (Lone et al., 2015). 

Perceived predation risk from humans also varies through the 24-hour period (Gaynor et al., 2018; 

Sullivan et al., 2018).  Gaynor et al. (2022) showed that Columbian black-tailed deer (Odocoileus 

hemionus columbianus) adjusted their diel activity patterns in response to higher risk from human 

hunters near roads and in open grasslands, which provide clear sightlines for shooting. The deer 

avoided open areas during daylight hours, as the hunters were most active from sunrise to sunset. 

(Gaynor et al., 2022). This shift in diel activity can also occur in response to non-lethal human 

disturbance (Coppes et al., 2017; Lewis et al., 2021; Marion et al., 2021). For example, a study near 

a military training site in Germany found that red deer inhabiting the most disturbed site selected 

locations providing cover during the day (Richter et al., 2020). If deer spatially and temporally 

separate themselves from humans, this can reduce the efficacy of management strategies to mitigate 

against overbrowsing (Ikeda et al., 2019; Yamaguchi et al., 2020).  

In addition to human activity, temporal variation in environmental conditions may influence deer 

habitat use. For example, harsh winter conditions may drive deer to spend more time in the shelter 

of woodland environments (Mysterud and Ostbye, 1999; Szemethy et al., 2003; Ratikainen et al., 

2007; Borkowski and Ukalska, 2008), or conversely in areas with higher solar radiation (Allen et 
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al., 2015). Tolerance of seasonal environmental conditions can also differ between the sexes 

(Conradt et al., 2000). Rutting males may prioritise habitats with abundant mating opportunities 

(Latham et al., 2015) while mothers and dependent calves may choose to spend more time within or 

close to woodland shelter (Long et al., 2016; Panzacchi et al., 2010) or in areas with nutritious 

forage to support lactation (Clutton-Brock et al., 1982). The understory layer of woodlands offers 

important forage resources for deer such as nutritious ground flora, woody browse and large tree 

seeds such as those of oaks (Quercus spp.) (Azorit et al., 2012; Esattore et al., 2022; Perrin et al., 

2011). In winter, deer may become more reliant on woodland forage resources such as evergreen 

trees, ivy (Hedera helix) and bramble (Rubus fruticosus agg.) due to reduced productivity of 

herbaceous vegetation (Borkowski & Obidziński, 2003; Jackson, 1977).  

The aim of this study is to assess how woodland understory structure and human disturbance 

influence woodland occupancy by a deer species (fallow deer, Dama dama) over the 24-hour cycle 

in the landscape of the Elwy Valley, North Wales. The fallow deer is a highly generalist ungulate 

herbivore and is one of the most widespread deer species in the world (Esattore et al., 2022; 

Hofmann, 1989). Fallow deer thrive in landscape mosaics of crop fields, pasture and woodlands, 

such as those in North Wales and throughout the UK and Europe (Esattore et al., 2022; Fuller & 

Gill, 2001; Putman et al., 2011). Aside from this Elwy Valley population, woodland occupancy by 

fallow deer has not previously been explored in relation to disturbance and habitat structure 

(Barton, 2023). Woodland occupancy may be related to the reproductive cycle, as fallow deer may 

use woodlands as lekking sites during the rut from September - November (Apollonio et al., 1992; 

Thirgood, 1990), as a source of forage from January – March during the post-rut recovery period 

(Borkowski & Obidziński, 2003; Caldwell et al., 1983) and as shelter for dependent fawns from 

May - July during the birthing period (Kjellander et al., 2012). While there are no natural predators 

in the Elwy Valley, the deer exhibit characteristic avoidance behaviours, reacting to disturbance 

from humans and dogs (AG and OB pers. obs.). Human hunters are present in the area and 

primarily harvest deer for the purpose of woodland management. For fallow deer in England and 

Wales, the shooting season is open during August–April for males, and November–March for 

females, therefore the deer experience the threat of being hunted for most of the year. Notably, 

however, the open seasons do not overlap with the birthing period. In addition, shooting only takes 

place during daylight hours unless a night license is obtained. To the best of our knowledge, no 

night hunting took place in the woodlands under study. Therefore, woodlands that may be safe to 

occupy at night may become dangerous places for the deer to visit during the day, shifting deer 



122 

 

habitat preferences and activity patterns over the 24-hour period. Conversely, the presence of dense 

cover may allow tolerance of human disturbance, allowing the deer to occupy disturbed sites even 

during periods of peak human activity.  

Methods 

 

Study site 

Ten woodlands were selected for study throughout the Elwy Valley landscape (Figure 3.1). Fallow 

deer have been present in the Elwy Valley for just over 100 years. The population is now estimated 

at around 1500 individuals (Lee Oliver pers. comm.). To our knowledge, no other deer species were 

present, though there have been reports of some isolated Reeves’ muntjac (Muntiacus reevesi) to 

the east of the river Clwyd outside of the main study area.  

The woodland sites were selected where fallow deer presence had been previously recorded to 

ensure that deer activity levels could be quantified and compared across sites. The woodlands 

comprised a range of tree communities, ground vegetation and topography. Most sites contained 

broadleaved trees mixed with some conifers such as larch (Larix decidua), sitka spruce (Picea 

sitchensis), Scots’ pine (Pinus sylvestris), western red cedar (Thuja plicata) and Douglas fir 

(Pseudotsuga menziesii). The most common broadleaved trees included oak (Quercus spp.), ash 

(Fraxinus excelsior), sycamore (Acer pseudoplatanus), beech (Fagus sylvatica), birch (Betula 

pendula), hazel (Corylus avellana, usually coppiced), holly (Ilex aquifolium), elm (Ulmus glabra) 

and locally dominant hornbeam (Carpinus betulus) and wild cherry (Prunus avium). Less common 

species included sweet chestnut (Castanea sativa), willow (Salix spp.) and hawthorn (Crataegus 

spp.). Some monospecific conifer stands were also present. The woodlands varied considerably in 

their age and management intensity (see Chapter 3). Some were completely unmanaged, others 

were rotationally felled or coppiced for timber production. Some were designated sites managed for 

conservation purposes, such as Sites of Special Scientific Interest (SSSIs) (e.g., Figure 5.1). 

Site-level human disturbance variables were included as covariates in the analysis. These data were 

collected during a larger-scale study of the Elwy Valley fallow deer population (Barton, 2023), in 

which landowners were asked to report the presence or absence of hunting and the levels of 

recreational activity in their woodlands. The present study used the results of these surveys to 



123 

 

categorise the woodlands as “not hunted or “hunted” and “low recreation or “high recreation” 

(Table 3.1). 

 

Figure 5.1. View of the understory in one study woodland (PCG) in summer 2020. This site 

contains SSSI areas and is actively managed, including the culling of fallow deer - note the high 

seat to the left of the photograph. 

 

Motion-activated cameras 

Deer detections were recorded using one motion-activated camera in each of the ten woodlands as 

part of the landscape-scale study of this deer population (Barton, 2023). Each camera was placed on 

deer trails following expert advice to maximise detection rate. Placing cameras on wildlife trails has 

been shown to increase detection probability in some large mammals (Cusack et al., 2015; 

Hofmeester et al., 2021). The cameras were locked to a tree approximately 80 cm above the ground. 

Cameras were operational across a period of two years (January 2019 – December 2020) over three 

seasons per year that were deemed biologically relevant to deer behaviour: January-March (Post-

rut), May-July (Birthing) and September-November (Rut).  
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Images were processed during the landscape-scale Elwy Valley study (Barton, 2023). When 

triggered by movement, the cameras were set to take a burst of three photographs. Images were 

manually tagged using the open-source software digiKam (www.digikam.org) as “deer present” or 

“deer absent”. The metadata were then extracted and converted into a spreadsheet in R version 4.1.1 

(R Core Team, 2021) using the camtrapR package (Niedballa et al., 2016). Images that were taken 

within ten minutes of each other were considered non-independent (Barton, 2023). Therefore, for 

each detection, the first image of the three-image burst was used for analysis and only detections at 

least ten minutes apart were included. 

Surveying for environmental covariates 

In each woodland, a series of 15-metre radius sample plots were established (see Chapter 3). The 

location of the plots was stratified to capture as much variation as possible in density, size structure, 

and species diversity of the tree and shrub communities within each of the ten woodland sites. 

Sample plots were positioned to avoid human constructed paths or roads, although these features 

were sometimes close to plot edges. Sites WFR, TCL and MRN contained steep slopes, which 

could not be surveyed due to safety constraints. Woodland edges were not avoided. The woodland 

unit was primarily defined as the area within 300 metres of the camera but was also constrained by 

a) access permission and b) woodland cover directly contiguous with the location of the camera.  

The position of plots was recorded using a Garmin handheld GPS unit which was then used to 

locate plots for later sampling. On the first visit to a plot, a wooden stake was hammered into the 

ground to mark the plot centre. A tape measure was used to measure the 15-metre radius from the 

centre point to identify the limits of the sampling plot, which were marked with flagging tape. 

Horizontal visibility at deer eye-height 

The use of new remote sensing technology such as terrestrial Light Detection and Ranging (LiDAR) 

provides an opportunity to accurately quantify metrics such as cover and understory openness as 

potential influencers of animal vigilance and risk perception (Lecigne et al., 2020). Surveys were 

carried out using a mobile GeoSLAM ZEB-REVO laser scanner in August 2020. Previous studies 

have validated GeoSLAM ZEB devices for use in forest vegetation surveys (Bauwens et al., 2016; 

Camarretta et al., 2021; Ryding, 2016). The conditions required for these surveys were a) no rain 

and b) wind speeds below 16 kilometres per hour. This reduced the risk that rain or moving leaves 
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and branches would artificially elevate point density. The GeoSLAM ZEB device was placed on a 

clipboard at the centre of the plot during setup to mark the start and finish point. The walking 

pattern consisted of walking to the edge of the plot and around the edge in both directions, then 

crossing the plot from different angles in a closed loop, starting and finishing in the plot centre 

(Bauwens et al., 2016; Ryding, 2016). Areas with thick scrub (e.g., bramble or blackthorn Prunus 

spinosa) were surveyed as thoroughly as possible. 

Point clouds were processed in R version 4.0.3 (R Core Team, 2021) using the viewshed3d (Lecigne 

et al., 2020; Lecigne & Eitel, 2022) and lidR (Roussel et al., 2020) packages. Due to the memory 

constraints of a standard computer, the analysis was run on the Supercomputing Wales platform. 

The processing broadly followed example workflows in the viewshed3d handbook. Each point 

cloud was cropped to a 15 metre-radius circle. Duplicated points were deleted and any “noise” in 

the form of isolated points was also removed. Remaining points were then classified as “ground” or 

“not ground”, then the topographical slope of the ground points was removed. This was to make 

sure that the effect of vegetation in each plot could be examined independently of slope. The ground 

points were then reconstructed following slope removal. 

The Viewshed Coefficient (VC) was calculated using the h_visibility function within the R package 

viewshed3D (Lecigne et al., 2020). The VC is defined as “the area under the curve of visibility as a 

function of distance from the animal’s location” (Lecigne & Eitel, 2022). The average VC for each 

site was then calculated. See Supplementary S5.1 for average VC values per site. 

The standardised location of a deer in each plot was defined using XYZ coordinates 0,0,1. This 

placed the animal at the centre of each plot and one metre above the ground surface. Fully grown 

fallow deer females stand at 0.7 – 0.8 m at the shoulder, while fully grown males stand at 0.7 – 0.9 

m (Putman, 1989). Therefore, the VC at one metre was a representation of visibility at the eye 

height of fallow deer standing in the centre of the plot over a 360 degree viewshed as a horizontal 

disc of 0.1 m thickness, one metre from the ground.  

Bramble surveys 

Percentage cover of bramble was surveyed in the ten woodland sites. Bramble is potentially an 

important resource for the deer in this area. It is an abundant scrambling shrub with evergreen 

foliage, providing potential foraging material during the winter (Caldwell et al., 1983). In addition, 
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the growth form of bramble forms dense thorny “banks” which may provide important shelter from 

human hunters, who require long sightlines to make a kill using rifles (Aebischer et al., 2014; 

Norum et al., 2015). 

Bramble cover of each plot was measured using a 0.25 m2 quadrat sub-divided into 25 x 0.01 m2 

squares. Each plot was surveyed either two or three times across the summers (June – August) of 

2019 - 2021. For each survey, eight quadrats were placed inside the plot using randomly generated 

cardinal directions and distances from the plot centre (1–15 m). At each of these eight locations, a 

quadrat was placed on the ground and the number of squares with any cover of bramble foliage and 

stems was counted from above. These eight counts were averaged to obtain a bramble count value 

for each plot survey. These two or three values from across the survey years were then averaged to 

obtain the mean percentage bramble cover for each plot. These values were then used to calculate 

an average percentage bramble cover value per site. See Supplementary S4.3 for average percentage 

bramble cover per site. 

 

Data analysis 

 

Diel occupancy modelling 

An occupancy modelling approach was used to quantify deer woodland use. Occupancy modelling 

provides two metrics. The first is occupancy probability (Ψ): the probability that a species is present 

within a survey site over a given time period. The second is detection probability (p): the 

probability that a species will be detected at a given survey site if that site is occupied (MacKenzie 

et al., 2002). While detection probability is often viewed as a nuisance parameter in occupancy 

modelling, which is necessary to estimate the false absence rate in detection methodology, it can be 

used as a relative measure of habitat use (Lewis et al., 2015). If a species uses a habitat frequently 

and in high numbers, it is more likely to be detected than if it used a habitat rarely and in low 

numbers (Lewis et al., 2015). This is especially useful where occupancy is expected to be high 

throughout a landscape, as occupancy probability may not pick out more fine-scale variation in 

habitat use. Therefore, occupancy was used as a measure of deer presence and detection probability 

as a relative measure of variation in woodland use over the 24-hour period. 
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A detection history contains presence-absence data of detections and non-detections for a species 

within a given sampling unit and occasion (MacKenzie et al., 2017). Single-season occupancy 

studies typically define a closed sampling occasion as a full day, or multiple consecutive days (Li et 

al., 2020; Oberosler et al., 2017). While this is useful for examining long-term trends in occupancy, 

these models only account for “average daily conditions”, when in fact conditions are likely to 

change over the 24-hour cycle (Gaston, 2019; Rivera et al., 2022). Instead, this study used a novel 

approach with three separate detection histories, one for each period within the 24-hour cycle: 

diurnal, crepuscular and nocturnal. This allowed examination of finer-scale temporal variation in 

the influence of risk factors and habitat characteristics on site occupancy and detection probability 

(Rivera et al., 2022). The crepuscular period consisted of two hours either side of dawn and dusk, so 

four hours per 24 hours across the survey seasons. In contrast, the length of the diurnal and 

nocturnal periods varied with the number of daylight hours per day, therefore detections were 

classified into the three diel periods accounting for variation in sunrise and sunset. The detection 

histories spanned six survey seasons over two years (January 2019 – November 2020). The survey 

seasons corresponded to the biological survey seasons (Post-rut = January-March, Birthing = May-

July, Rut = September-November) and were 90 days each in length. The covariates under 

investigation were as follows: 

1) Visibility (Vis, numeric) average Horizontal Visibility Coefficient across woodland. Visibility 

influences how far deer can see in a woodland so may influence their threat perception, 

although low visibility habitat may provide better hiding cover. 

2) Mean summer bramble cover (Bramble, numeric) average summer bramble cover taken from 

ground vegetation surveys of the ten woodland sites. Bramble provides a source of cover and 

food. 

3) Biological season (Bioseason, categorical) corresponding to the six survey seasons. Seasons 1 

& 4 = Post rut, seasons 2 & 5 = Birthing, seasons 3 & 6 = Rut. 

4) Hunting (Hunt, categorical) presence / absence of stalking during the sampling period, 

obtained from landowner surveys (Barton, 2023). 

5) Recreation (Rec, categorical) low / high levels of recreation (e.g., dog walking) during the 

sampling period, obtained from landowner surveys (Barton, 2023). 

The following occupancy modelling methodology was based on a protocol developed by Barton 

(2023) using the RPresence package (MacKenzie & Hines, 2023). A single-season occupancy 
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modelling approach was used, whereby sites were grouped by survey season to produce a total of 

60 “site-seasons” (e.g., site1-Rut, site2-Rut etc.). The biological seasons can be considered 

temporally independent from one another, as they were separated by a one-month gap. By using this 

site-season categorisation, I was able to maximise available degrees of freedom for the occupancy 

models with a small number of sites (n = 10) while still measuring relative differences in occupancy 

and detection probability across sites.  

The following methodology was repeated for each diel period using the three detection histories. 

Firstly, occupancy (Ψ) was modelled in a series of candidate models using each of the covariates. 

Within these models, Ψ was allowed to either remain constant, vary by a single covariate, or vary 

by two covariates in a series of single-factor and two-factor combinations of all covariates. Initial 

trials of the modelling approach flagged convergence issues when more than one variable was 

included for detection probability (p). Therefore, for these models investigating the influence of 

covariates on Ψ, p was modelled using single covariates, which included each of the environmental 

variables and Bioseason (see Supplementary S5.2 for full model list).  

The opposite was then conducted for occupancy models that were used to investigate effects of the 

covariates on detection probability (p), which was allowed to either remain constant, vary by a 

single covariate, or vary by two covariates in a series of single- and two-factor occupancy models. 

As the additional parameter in the models, Ψ was modelled using a single environmental covariate 

in each candidate model (see Supplementary S5.3 for full model list). 

Using the top models from these two sets (model weight > 0.05), beta estimates and 95 % 

confidence intervals were then obtained for Ψ and p. For covariates which had significant beta 

estimates (confidence intervals did not overlap zero), model averaging of the top models was used 

to produce predictive values for Ψ and p using the MuMIn package (Bartoń, 2022). This involved 

testing each covariate individually using a dummy dataset, where all other covariates that featured 

in the top models were held constant. Numeric variables were held at their median value, while 

factors were held at one reference level. Predicted estimates for Ψ and p were then plotted against 

each covariate of interest. 
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Results 

The motion-activated camera survey took place across 10 woodland sites for 6 three-month survey 

seasons, each 90 days in duration, with a potential total of 5400 active “camera days”. A total of 

556 active camera days were lost due to asynchronous deployment and incidents of camera 

malfunction. The 4844 active camera days were distributed across all six survey seasons and all 10 

sites (Figure 5.2) and resulted in a total of 2760 fallow deer detections. For eight sites, most 

detections occurred in the post-rut seasons, while the rut seasons had the fewest detections in nine 

of the sites (Table 5.1). Prior to modelling, the raw occupancy data indicated lower diurnal and 

crepuscular occupancy in the hunted woodlands compared to the woodlands where hunting was 

absent, with the opposite effect in the nocturnal period (Figure 5.3). In addition, the raw data 

indicated that diurnal, crepuscular and nocturnal occupancy were higher in sites with high 

recreation compared to sites with low recreation (Figure 5.4). 
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Figure 5.2 Number of active camera days across sites, coloured by season. The six survey seasons 

correspond to the biological seasons as follows: Post-rut = seasons 1 & 4, Birthing = seasons 2 & 5, 

Rut = seasons 3 & 6. 
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Table 5.1 Number of fallow deer detections across each site and survey season. The six survey 

seasons correspond to the biological seasons as follows: Post-rut = sum of seasons 1 & 4, Birthing = 

sum of seasons 2 & 5, Rut = sum of seasons 3 & 6. 

Site Season1 Season2 Season3 Season4 Season5 Season6 Post-rut Birthing Rut 

BWN 36 214 181 68 292 89 104 506 270 

BHL 15 87 65 21 32 19 36 119 84 

EWD 14 21 14 7 35 22 21 56 36 

EWW 1 2 0 0 0 0 1 2 0 

HFD 74 223 64 6 118 201 80 341 265 

LNH 2 27 1 0 35 158 2 62 159 

MRN 16 99 0 0 0 19 16 99 19 

PCG 7 79 1 15 67 26 22 146 27 

TCL 7 18 12 9 8 10 16 26 22 

WFR 22 18 52 18 33 79 40 51 131 

Total 194 788 390 144 620 623 338 1408 1013 
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Figure 5.3 Mean number of days occupied in each of the three diel periods across woodlands where 

hunting was absent (n = 4) and woodlands where hunting was present (n = 6). The error bars 

represent the standard error of the means. 
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Figure 5.4 Mean number of days occupied in the three diel periods across woodlands where 

recreation levels were low (n = 5) and woodlands where recreation levels were high (n = 5). The 

error bars represent the standard error of the means. 
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Diurnal occupancy & detection probability 

For diurnal occupancy, the top two candidate models contributed 98% of the AIC weight (Table 

5.2). There was a significant negative effect of hunting on diurnal occupancy (Table 5.2), although 

confidence intervals could not be generated for the model-averaged estimate for hunted woodlands 

(Figure 5.5). This was probably due to the high levels of occupancy in woodlands where hunting 

was not present. Diurnal detection probability was also significantly reduced by the presence of 

hunting (Table 5.3, Figure 5.6). In addition, diurnal detection probability was lower in woodlands 

with higher bramble cover (Figure 5.7).  

Table 5.2 The top two candidate models (model weight > 0.05) for diurnal occupancy probability 

(Ψ) with beta estimates and confidence intervals (CI) for each Ψ covariate. p = detection 

probability, DAIC = delta AIC. See Supplementary S5.4 for the full AIC table and Supplementary 

S5.5 for the summed Akaike weights for each covariate.   

 

Model 

ID 
Ψ and p covariates DAIC 

Model 

weight 

Ψ 

covariate 
Beta estimate and 95% CI 

39 Ψ(Vis+Hunt)p(Bramble) 0 0.55 Hunt -23.98 (-30.74/-17.22) 

    Vis 0.42 (-0.4/-1.25) 

40 Ψ(Bramble+Hunt)p(Bramble) 0.5 0.43 Hunt -22.94 (-29.96/-15.91) 

    Bramble -0.4 (-1.44/ - 0.64) 
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Figure 5.5 Model-averaged beta estimates for diurnal occupancy probability (Ψ) for woodlands 

where hunting was absent (n = 4) and present (n = 6). Error bars represent 95% confidence 

intervals. 
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Table 5.3 The top scoring model in the AIC table (model weight > 0.05) with beta estimates and 

covariates for each of the covariates for diurnal detection probability (p) that featured in the model 

(Hunting and Bramble). Ψ = occupancy probability, DAIC = delta AIC. Significant results are 

highlighted in bold. See Supplementary 5.6 for the full AIC table of candidate models and 

Supplementary S5.7 for the summed Akaike weights for each covariate.   

Model ID Ψ and p covariates DAIC Model weight p covariate Beta estimate and 95% CI 

78 Ψ(Hunt)p(Bramble+Hunt)  0 0.99 Hunt -1.27 (-1.45/-1.09) 

    Bramble -0.75 (-0.84/-0.66) 

 

Figure 5.6. Model-averaged predicted beta estimates for the effect of the presence of hunting on 

diurnal detection probability (p).  Error bars represent 95% confidence intervals. 
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Figure 5.7. Model-averaged predicted beta estimates and 95% confidence intervals (shaded area) 

for the effect of average summer bramble cover on diurnal detection probability (p). 
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Crepuscular occupancy and detection probability 

The occupancy models did not identify any significant effects on crepuscular occupancy (Table 

5.4). The null model for occupancy was the highest ranked by DAIC and accounted for the majority 

of model weight. From the top models, the confidence intervals of the beta estimates for each of the 

covariates overlapped zero (Table 5.4). 

Table 5.4. Top scoring occupancy models (model weight ≥ 0.05) for investigating effects on 

covariates on crepuscular occupancy probability (Ψ) with beta estimates and 95% confidence 

intervals (CI) for each covariate for Ψ that featured in the models. p = detection probability, DAIC 

= delta AIC. No results were significant. See Supplementary S5.8 for the full AIC table and See 

Supplementary 5.9 for the summed Akaike weights for each covariate. 

 

Model 

ID 
Ψ and p covariates DAIC 

Model 

weight 
Ψ covariate Beta estimate and 95% CI 

16 Ψ(.)p(Bioseason) 0 0.21 - - 

19 Ψ(Bramble)p(Bioseason) 0.94 0.13 Bramble -0.36 (-1.04/0.32) 

18 Ψ(Vis)p(Bioseason) 1.01 0.13 Vis 0.35 (-0.34/1.04) 

20 Ψ(Rec)p(Bioseason) 1.68 0.09 Rec 0.39 (-0.97/1.74) 

29 Ψ(Vis+Bramble)p(Bioseason) 2.58 0.06 Vis 0.23 (-0.53/0.99) 

    Bramble -0.26 (-1.02/0.51) 

28 Ψ(Bramble+Hunt)p(Bioseason) 2.62 0.06 Bramble -0.47 (-1.28/0.34) 

    Hunt -0.45 (-2.07/1.16) 

26 Ψ(Bramble+Rec)p(Bioseason) 2.83 0.05 Bramble -0.33(-1.02/0.37) 

    Rec 0.24 (-1.17/1.65) 

25 Ψ(Vis+Rec)p(Bioseason) 2.83 0.05 Vis 0.32(-0.37/1.01) 

    Rec 0.3(-1.09/1.69) 

Crepuscular detection probability was significantly influenced by Bioseason and the presence of 

hunting (Table 5.5). Crepuscular detection probability was higher in the birthing season compared 

to the post rut and rutting seasons (Figure 5.8). In addition, the presence of hunting led to an 

increase in crepuscular detection probability (Figure 5.9).  
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Table 5.5. Top scoring occupancy models (model weight > 0.05) for investigating effects of 

covariates on crepuscular detection probability (p) with beta estimates and 95% confidence intervals 

(CI) for each covariate for p that featured in the models. Ψ = occupancy probability, DAIC = delta 

AIC. Significant results are highlighted in bold. For the Bioseason covariate, the “birthing” season 

was used as the reference level. See Supplementary S5.10 for the full AIC table and Supplementary 

S5.11 for the summed Akaike weights for each covariate. 

Model ID Model DAIC 
Model 
weight 

p covariate 
Beta estimate and 95% 

CI 

10 Ψ(.)p(Bioseason+Hunt) 0 0.34 Bioseason(Rut) -0.48 (-0.72/-0.24) 

    Bioseason(Post.rut) -0.44 (0.12/0.66) 

    Hunt 0.37 (0.16/0.58) 

50 Ψ(Bramble)p(Bioseason+Hunt) 1.05 0.20 Bioseason(Rut) -0.48 (-0.72/-0.24) 

    Bioseason(Post.rut) -0.44 (-0.67-0.21) 

    Hunt 0.37 (0.16/0.57) 

34 Ψ(VIS)p(Bioseason+Hunt) 1.12 0.17 Bioseason(Rut) -0.48 (-0.72/-0.24) 

    Bioseason(Post.rut) -0.44 (-0.67/0.21) 

    Hunt 0.37 (0.16/0.57) 

65 Ψ(Rec)p(Bioseason+Hunt) 1.73 0.13 Bioseason(Rut) -0.48 (-0.72/-0.24) 

    Bioseason(Post.rut) -0.44 (-0.67/-0.21) 

    Hunt 0.36 (0.16/0.57) 

22 Ψ(Bioseason)p(Bioseason+Hunt) 3.51 0.05 Bioseason(Rut) -0.48 (-0.72/-0.24) 

    Bioseason(Post.rut) -0.44 (-0.67/0.21) 

    Hunt 0.37 (0.16/0.57) 
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Figure 5.8. Model-averaged beta estimates for the effect of each Bioseason on crepuscular 

detection probability. The biological seasons correspond to the following time periods: Post rut = 

January-March, Birthing = May-July, Rut = September-November. Error bars represent 95% 

confidence intervals. 
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Figure 5.9. Model-averaged beta estimates for the effects of the absence and presence of hunting on 

crepuscular detection probability. Error bars represent 95% confidence intervals. 
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Nocturnal occupancy and detection probability 

No significant effects on nocturnal occupancy were found (Table 5.6). The null model for 

occupancy was the highest ranked by AIC and accounted for the majority of the AIC weight. For all 

four covariates, the confidence intervals for the beta estimates from model averaging overlapped 

zero.  

Table 5.6. Top scoring occupancy models (model weight > 0.05) for investigating effects of 

covariates on nocturnal occupancy probability (Ψ), with beta estimates and 95% confidence 

intervals (CI) for each covariate for p that featured in the models. No results were significant. See 

Supplementary S5.12 for the full AIC table and Supplementary S5.13 for the summed Akaike 

weights for each covariate. 

Model ID Model DAIC 
Model 

weight 
Ψ covariate Beta estimate and 95% CI 

17 Ψ(.)p(Bioseason) 0 0.12 - - 

58 Ψ(.)p(Rec) 0.95 0.07 - - 

19 Ψ(Vis)p(Bioseason) 1.02 0.07 Vis 0.30 (-0.30/0.91) 

21 Ψ(Rec)p(Bioseason) 1.09 0.07 Rec -0.58 (-1.77/0.62) 

22 Ψ(Hunt)p(Bioseason 1.59 0.05 Hunt -0.40 (-1.64/0.84) 

 

Nocturnal detection probability was significantly influenced by Bioseason in a similar way to 

crepuscular detection probability (Table 5.7). The birthing season had consistently higher detection 

probability compared to the other two seasons (Figure 5.10). Nocturnal detection probability was 

lower in woodlands with high levels of recreation compared to woodlands with low levels of 

recreation (Figure 5.11). Although two of the top models (Model ID 8 and 60) indicated a 

significant negative effect of bramble cover on nocturnal detection probability, the contribution of 

these models to AIC weight was negligible (Table 5.7), and post-hoc examination of the predicted 

values indicated that the effect size was minimal.  
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Table 5.7. Top scoring occupancy models (model weight > 0.05) for investigating effects of 

covariates on nocturnal detection probability (p) with beta estimates and 95% confidence intervals 

(CI) for each covariate for p that featured in the models. Significant results are highlighted in bold. 

For the Bioseason covariate, the “birthing” season was used as the reference level. See 

Supplementary S5.14 for the full AIC table and Supplementary S5.15 for the summed Akaike 

weights for each covariate. 

Model ID Ψ and p covariates DAIC 
Model 
weight 

p covariate 
Beta estimate and 95% 

CI 

9 Ψ(.)p(Bioseason+Rec) 0 0.2 Bioseason(Rut) -0.48 (-0.77/-0.20) 

    Bioseason(Post.rut) -0.49 (-0.78/-0.19) 

    Rec -0.44 (-0.69/-0.19) 

32 Ψ(VIS)p(Bioseason+Rec) 0.93 0.13 Bioseason(Rut) -0.48 (-0.77/-0.19) 

    Bioseason(Post.rut) -0.49 (-0.78/-0.19) 

    Rec -0.44 (-0.69/-0.20) 

61 Ψ(Rec)p(Bioseason+Rec) 1.25 0.11 Bioseason(Rut) -0.48 (-0.77/-0.20) 

    Bioseason(Post.rut) -0.48 (-0.78/-0.19) 

    Rec -0.44 (-0.69/-0.19) 

77 Ψ(Hunt)p(Bioseason+Rec) 1.63 0.09 Bioseason(Rut) -0.48 (-0.77/-0.20) 

    Bioseason(Post.rut) -0.49 (-0.78/-0.19) 

    Rec -0.44 (-0.69/-0.19) 

8 Ψ(.)p(Bioseason+Bramble) 1.86 0.08 Bioseason(Rut) -0.60 (-0.89/-0.31) 

    Bioseason(Post.rut) -0.53 (-0.82/-0.23) 

    Bramble -0.21 (-0.34/-0.08) 

60 Ψ(Rec)p(Bioseason+Bramble) 1.91 0.08 Bioseason(Rut) -0.60 (-0.89/-0.31) 

    Bioseason(Post.rut) -0.52 (-0.82/-0.22) 

    Bramble -0.21 (-0.34/-0.08) 

 



144 

 

 

Figure 5.10 Model-averaged beta estimates for the effect of each Bioeason on nocturnal detection 

probability. The biological seasons correspond to the following time periods. Post rut = January-

March, Birthing = May-July, Rut = September-November. Error bars represent 95% confidence 

intervals. 
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Figure 5.11 Model-averaged beta estimates for the effects of low and high levels of recreation on 

nocturnal detection probability. Error bars represent 95% confidence intervals. 
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Discussion 

Diurnal woodland occupancy and detection probability of fallow deer were negatively affected by 

the presence of hunting. In contrast, crepuscular and nocturnal woodland occupancy were not 

affected by any of the covariates investigated. This suggests that the deer exhibited a direct, short-

term response to the threat of hunters, who are generally only active during daylight hours. 

Therefore, the deer may continue to utilise the woodlands unincumbered outside of the diurnal 

period. For example, a study on Nakanoshima Island in Japan found that sika deer (Cervus nippon) 

shifted their activity patterns to become more nocturnal as culling intensity increased, temporally 

separating their activity peaks from those of humans (Ikeda et al., 2019). In addition, a study 

showed that North American elk (Cervus canadensis) reduced their foraging time and avoided 

roads and trails during the diurnal period when hunters were active, although they suffered 

nutritional costs as a result (Apollonio et al., 2014). In the present study, if the fallow deer can 

temporally separate their activity peaks from those of humans without substantial reductions in their 

foraging rate, hunting may be having a minimal effect on browsing pressure.  

A larger-scale study across 29 woodlands in the same study area assessed the influence of lethal and 

non-lethal disturbance on fallow deer activity across the three diel periods, using a different set of 

landscape covariates (Barton, 2023). Crepuscular and nocturnal activity increased relative to diurnal 

activity where hunting was present, while high levels of recreation and woodland management 

generated a shift towards diurnal activity patterns. However, when both lethal and non-lethal human 

disturbance were present, hunting was the overriding driver and maintained a crepuscular / 

nocturnal pattern of activity (Barton, 2023). This shift towards nocturnal activity in response to 

diurnal hunting has been demonstrated in other deer populations as an avoidance of peak human 

activity (Bonnot et al., 2020; Gaynor et al., 2022). Nonetheless, while the Elwy Valley fallow deer 

have apparently adjusted the timing of their activity peaks in response to hunting, overall activity 

levels were not very different between hunted and non-hunted sites (Barton, 2023). In addition, 

Barton (2023) did not find a significant effect of hunting on occupancy. By conducting separate 

model sets for the diurnal, crepuscular and nocturnal periods, the present study identified a strong 

effect of hunting in the diurnal period only. Taken together, it seems that current hunting strategies 

are not generating significant overall reductions in woodland use by fallow deer in the Elwy Valley, 

as the deer are shifting the timing of their habitat use to compensate for elevated risk in the diurnal 

period.  Strategies for species management and conservation should account for temporal variation 
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in human disturbance and diel activity patterns when assessing impacts on animal habitat use 

(Rivera et al., 2022). 

Probability of diurnal detection of fallow deer declined with increasing bramble cover. The deer 

may use dense bramble thickets as a form of shelter during the day, when perceived risk is highest 

due to peaks in human activity. Dense vegetation cover can reduce deer predation risk by humans, 

as the use of rifles require clear sightlines over relatively long distances (Gaynor et al., 2022; Lone 

et al., 2014; Norum et al., 2015). Therefore, diurnal movement rates in woodlands with high 

bramble cover may be lower, as the deer may bed down under the bramble as a sheltering 

behaviour. This was particularly evident at sites PCG and HFD, where deer-sized hollows were 

present in the bramble thickets surrounded deer signs (tracks and droppings). Deer lay down to 

ruminate as they digest their food, therefore budgeting for rest in safe sites during risky periods may 

be an efficient use of time (Bose et al., 2018). Previous studies have demonstrated reduced 

movement rates in deer populations in response to predation risk by human hunters (Little et al., 

2016; Picardi et al., 2019; Wiskirchen et al., 2022). A recent study of red deer in Norway showed 

that deer preferred more dense resting sites, especially during the hunting season (Meisingset et al., 

2022). Lower movement rates due to increased sheltering behaviour could lead to a reduction in 

detection probability (Caravaggi et al., 2020; Neilson et al., 2018; Rogan et al., 2019; Stewart et al., 

2022; Stewart et al., 2018) which may have manifested as reduced movement rates past the cameras 

in the present study. An alternative explanation is that dense brambles present a barrier to deer 

movement. For example, bramble and other dense understory vegetation can act as browsing 

refugia for tree saplings (Harmer et al., 2010; Ward et al., 2008). In the present study, bramble may 

have restricted the speed and directionality of deer movement, which could reduce probability of 

detection. Frequently used deer pathways were present throughout the survey sites, indicating the 

deer favoured paths of least resistance. Furthermore, dense bramble near the cameras may have 

reduced the distance over which deer triggered the cameras (Hofmeester et al., 2017), however the 

cameras were deliberately placed on deer trails to minimise this effect Another consideration is the 

possible negative effect of high deer browsing pressure on bramble cover. However, there was no 

effect of bramble cover on crepuscular detection probability, and the effect on nocturnal detection 

probability was very weak. This provides strong evidence for the first explanation – that the deer 

utilise bramble as a form of cover during the riskiest diel period.  
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Diurnal hunting often begins or ends during the crepuscular period, as the sun is rising or setting 

respectively. As a result, deer movement rates may increase during this transition period. When 

hunters move into a woodland, they may disturb the deer and cause them to flee. Conversely, when 

hunters leave a woodland, the deer may move more freely in open areas and reduce their use of 

protective shelter. Previous studies have identified increased crepuscular activity in hunted deer 

populations relative to the diurnal period, indicating deliberate avoidance of peaks in human activity 

(Agetsuma et al., 2016; Ikeda et al., 2019; Sullivan et al., 2018).  In addition, studies of deer 

movement rates have identified peaks in velocity during the crepuscular period as they transition 

between secure resting sites and feeding areas (Ager et al., 2003; Ensing et al., 2014; Zong et al., 

2022). This seems to be true of the present study population, as the larger-scale Elwy Valley study 

found that fallow deer activity peaked in the crepuscular period in woodlands where hunting was 

present (Barton, 2023). Therefore, if sheltering behaviour generates a reduction in detection 

probability (as suggested by the effect of bramble in the diurnal period), release from sheltering 

behaviour may generate an increase in detection probability. Nocturnal detection probability was 

higher in woodlands where recreation levels were low. The fact that recreation only generated a 

detectable effect in the nocturnal period is surprising, as recreation is supposedly more likely to 

affect deer behaviour during the day when humans are more active (Coppes et al., 2017; Ensing et 

al., 2014; Lewis et al., 2021). Although this analysis did not identify any significant effects of 

recreation on occupancy, the larger-scale Elwy Valley study on deer activity indicated that overall 

occupancy was higher in woodlands with high recreation levels across all three time periods 

(Barton, 2023). Previous studies have documented shifts to nocturnality in human-disturbed deer 

populations (Lewis et al., 2021; van Doormaal et al., 2015). Conversely, in woodlands in the Elwy 

Valley where hunting is absent and recreation is high, the fallow deer tend to shift towards a more 

diurnal pattern of activity, indicating habituation to non-lethal human disturbance (Barton, 2023). 

Habituation to frequent and predictable non-lethal human disturbance has previously been 

documented in red and fallow deer, such as reduced vigilance or fleeing responses in deer parks 

(Langbein & Putman, 1991; Recarte et al., 1998) and near public trails (Marion et al., 2022; 

Schuttler et al., 2017). In addition, prey species such as deer may instinctively shift towards a 

diurnal activity pattern if human disturbance may disrupt hunting success of their natural predators 

(Basille et al., 2009; Ordiz et al., 2021; Shannon et al., 2014). Therefore, in the present study, fallow 

deer nocturnal activity may have been relatively higher in woodlands with low recreation, leading 

to increased detection probability.  
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Crepuscular and nocturnal detection probability were both influenced by biological season in a very 

similar way, with the birthing period exhibiting higher detection probabilities than the rut or 

birthing periods. A greater detection probability in the birthing period agrees with the findings of 

the larger-scale Elwy Valley study, which showed higher detection rates in the birthing season 

compared to the rut and post-rut seasons (Barton, 2023). Movement rates may have been relatively 

higher during the birthing period. Although male fallow deer are generally more mobile within their 

territories during the rut (Apollonio et al., 1992; Davini et al., 2004), on a landscape-scale their 

movements may become restricted to a smaller area as they attempt to intercept female movements 

and defend a valuable mating area (Thirgood, 1990; Thirgood et al., 1999) as was shown in a study 

on male white-tailed deer (Odocoileus virginianus) (Foley et al., 2015). Females may cluster in 

defended harems, perhaps where high quality foraging resources are available, or exhibit excursion 

behaviour where they pass through defended territories but do not always remain near males 

(Apollonio et al., 2014; Clutton-Brock et al., 1988). The rut is typically associated with increased 

movement rates across deer species due to mate-searching behaviour, while post-rut activity is 

generally lower as males recover from exertion and individuals slow their movement rates to 

conserve energy over winter (Csányi et al., 2022; Hothorn et al., 2015; Kämmerle et al., 2017; 

Pépin et al., 2009; Richard et al., 2008). During the birthing period (May-July), there may be less 

need to conserve energy due to warmer temperatures and greater food availability, and there may be 

less social clustering (Thirgood, 1996), so individual movement rates may be greater. In addition, 

the hunting seasons for male and female fallow deer do not overlap the birthing period, therefore 

there may have been relatively reduced diurnal risk during the birthing period and subsequent 

effects on deer behaviour. For example, a study of a hunted roe deer population in the Italian Alps 

found that movement rates were lower in hunted areas during the open season (Picardi et al., 2019). 

Nonetheless, the data from the present study showed that detection rates was generally higher in 

both hunted and non-hunted sites during the birthing period. 

It is likely that biological season influenced diurnal detection probability in the same way as during 

the crepuscular and nocturnal periods, but the strong effects of hunting and bramble dominated in 

the diurnal period. This demonstrates the uncertainty brought about by limitations of our modelling 

approach, with restricted numbers of covariates in each candidate model due to the limited number 

of sites, and lack of testing of interactions between covariates. Therefore, caution is advised when 

interpreting the effect of biological season on diel detection probability in the present study. 
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The models identified no effect of horizontal visibility at deer eye height (one metre) on occupancy 

or detection probability throughout the 24-hour cycle. This may indicate a mismatch in the spatial 

scale of the TLS surveys in multiple sampling plots and the single cameras, however an effect of 

bramble cover - surveyed at the same scale as visibility - was identified by the models. Averaging 

the horizontal visibility measurements across whole woodlands provided a very coarse 

representation of the variation in understory structure within each site. In addition, the visibility 

measurements were set to be one metre from the ground at deer eye height, when in fact visibility as 

perceived by humans may have been a bigger driver of perceived risk and deer movement (Gaynor 

et al., 2022; Norum et al., 2015; Olsoy et al., 2015). For example, several of the woodlands 

contained high-seats from which hunters used the sit-and-wait strategy to shoot deer. These seats 

are typically at least four metres above the ground, which would reduce the obscuring effect of 

vegetation 1 m in height, especially when deer are standing or moving. Dense bramble may provide 

the most efficient cover, as deer can bed down under bramble to hide. In addition, high seats are 

deliberately placed in areas with good visibility, therefore areas with dense bramble may be hunted 

less often. A more targeted survey of habitat structure in the direct vicinity of the cameras, more 

cameras distributed throughout the sampled area, or information on vertical vegetation structure and 

horizontal cover at different heights in the understory (Stein et al., 2022) may have provided a 

clearer picture of how woodland habitat structure influences deer habitat use. For example, a recent 

study in the Bavarian Forest National Park in Germany studied the habitat use of GPS-collared red 

deer using visibility measures averaged from the eye heights of resting deer (30 cm) and standing 

deer (140 cm) (Zong et al., 2022). The fine-scale behaviour data from the collars, combined with 

detailed TLS data, provided a clear picture of deer habitat selection according to visibility (Zong et 

al., 2022). The present study has demonstrated the potential for integration of mobile TLS 

technology into studies of interactions between habitat structure and deer risk perception and 

behaviour. Given the importance of cover as a factor for habitat selection in deer and other prey 

animals (Mysterud & Ostbye, 1999), this technology could be hugely valuable for informing 

wildlife management and conservation (Lecigne et al., 2020; Olsoy et al., 2015). 
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Conclusions 

This study aimed to improve understanding of how human disturbance and woodland understory 

structure influenced occupancy and detection probability of fallow deer in the Elwy Valley, using a 

novel occupancy modelling approach split across the three diel periods and three biological seasons 

with visibility data from terrestrial laser scanning and summer bramble cover. Diurnal occupancy 

and detection probability were lower in woodlands where hunting was present, but this did not 

extend to the crepuscular and nocturnal periods. This indicated that behavioural responses to 

hunting occurred over short timescales within the 24-hour cycle, and that deer were able to make 

fine-scale adjustments to their habitat use in response to predation risk. This was supported by 

increased crepuscular detection probability in hunted woodlands, which suggested an increase in 

movement rate in response to changes in perceived risk in the crepuscular period. The negative 

effect of bramble cover on diurnal detection was likely associated with lower deer movement rates, 

suggesting that bramble may be an important shelter resource during the riskiest period in the 24-

hour cycle. This study supports the findings of the larger-scale Elwy Valley study that the fallow 

deer in this landscape are highly adaptable to fine-scale temporal variation in perceived predation 

risk. Management of growing deer populations requires careful consideration of their ability to 

compensate for variation in perceived risk and how this interacts with dense vegetation cover, 

especially where human activity peaks are generally very predictable. 
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Chapter 6  

 

Woodland plants dominate fallow deer diet across seasons in a 

woodland-pasture mosaic landscape 

 

Introduction 

The diets of “ecosystem engineer” species such as large herbivores can shape ecosystem function 

and habitat structure (Apollonio et al., 2017; Forbes et al., 2019). Ungulates mediate natural 

processes such as nutrient cycling (Ramirez et al., 2018; Ramirez et al., 2021a), plant competitive 

interactions (Faison et al., 2016; Newman et al., 2014; Stephan et al., 2017) and vegetation 

succession (Kienast et al., 1999; Ramirez et al., 2019). These ecological mechanisms are crucial for 

maintaining biodiversity (Fløjgaard et al., 2021; Perrin et al., 2011). For example, foraging activity 

of multiple African ungulate herbivores was found to maintain species richness of savannah habitats 

by inhibiting encroachment of woody vegetation and mediating dominance of more competitive 

plant species (Burkepile et al., 2017). In northern France, deer exclusion led to dominance of beech 

(Fagus sylvatica) or bramble (Rubus fruticosus agg.), which reduced the diversity of the plant 

community (Laurent et al., 2017). Wild populations of large herbivores are in crisis across the 

globe, with significant declines in population sizes and ranges, which has considerable implications 

for ecosystem function (Forbes et al., 2019; Ripple et al., 2015). Conversely, where large herbivores 

are at very high densities, they can have detrimental effects on habitat structure and diversity 

(O’Connor, 2017; Schulze et al., 2014). 

Deer (Cervidae) populations are expanding throughout the temperate zone, raising concerns for 

woodland conservation and management (Fuller and Gill, 2001; Côté et al., 2004; Reimoser and 

Putman, 2011). In human altered landscapes such as in the UK, woodlands often exist as relatively 

small patches in a mosaic of pasture and crop fields. Woodland-pasture mosaic landscapes are 

particularly suitable for deer (Bjørneraas et al., 2011; Spitzer et al., 2020; Ward, 2005). The fields 

offer highly fertilised, nutritious crops and grasses (Corgatelli et al., 2019; Kjøstvedt et al., 2018) 
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while woodland cover can provide a refuge from predation risk (Bongi et al., 2008; Bonnot et al., 

2013; Theuerkauf & Rouys, 2008) and shelter from adverse weather conditions (Melin et al., 2014; 

van Moorter et al., 2009; Wiemers et al., 2014). Woodlands themselves also offer a variety of 

foraging resources including browse material from trees and shrubs and herbaceous material in the 

ground layer. A study in Japan found that woodlands surrounded by a high percentage of grassland 

had the highest sika deer (Cervus nippon) densities, leading to reduced understory vegetation cover 

and greater incidences of debarking compared to woodlands with lower deer numbers (Takarabe & 

Iijima, 2020). In addition, a study in Sweden found that bark-stripping damage by red deer (Cervus 

elaphus) was higher in conifer forests closer to nutrient-rich rapeseed (Brassica napus) fields 

(Jarnemo et al., 2022). At elevated densities, deer browsing can reduce understory structural 

complexity (Eichhorn et al., 2017), reducing habitat suitability for various bird, mammal and 

invertebrate species (Gill & Fuller, 2007). Deer can also reduce the biodiversity of the plant 

community by favouring grazing-tolerant (Tamura & Yamane, 2017), unpalatable (Ramirez et al., 

2019) or more generalist (Boulanger et al., 2018; Perrin et al., 2011; Vild et al., 2017) plant species. 

Additionally, deer browse the leading shoots of tree saplings and seedlings, which can inhibit 

growth and alter growth form, with detriment to timber yield (Bergquist et al., 2009; Kupferschmid 

et al., 2015; Reimoser, 2003). Tracking deer foraging behaviour and diet can improve our 

understanding of how increasing deer populations are affecting woodland environments (Apollonio 

et al., 2017). 

Resource availability data allow interpretation of deer diet selectivity, which is crucial to 

understanding their foraging ecology (Norbury & Sanson, 1992; Sakata et al., 2021). If there is a 

large proportion of a relatively rare plant in the diet, this indicates selection for a preferred food 

source, while absence of a frequent and widespread plant species may indicate avoidance (Forsyth 

et al., 2002; Jackson, 1977; Tanentzap, Bee, et al., 2009). On the other hand, dominance of a 

common plant may show foraging for convenience rather than active selection (Johnson et al., 

2001). These factors are interesting in the context of controlling deer browsing pressure. For 

example, diversionary feeding with natural or human-provisioned food can protect tree saplings 

from browsing by providing alternative, high quality foraging resources (Arnold et al., 2018; 

Bobrowski et al., 2020; Borowski et al., 2019), while dense thorny shrub cover or unpalatable 

vegetation can discourage sapling browsing (Champagne, Dumont, et al., 2018; Maublanc et al., 

2021; Smit et al., 2006). Conversely, a study of invasive red deer (Cervus elaphus) in New Zealand 

found that forest plants were more likely to be browsed if they were in a patch of high-quality 
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forage vegetation (Bee et al., 2009). Palatable foraging resources may inadvertently attract deer into 

an area and increase the risk of browsing damage to neighbouring plants (Bee et al., 2009; Čermák 

et al., 2011; Holík et al., 2021), especially when resources are heterogenous at the landscape scale 

(Ohse, Seele, et al., 2017). At the foraging patch scale, however, unpalatable neighbouring plants 

may make palatable plants more susceptible to browsing due to their relatively high quality 

(Champagne, Perroud, et al., 2018). Spatial distribution of resources is an important and complex 

driver of deer foraging decisions (Hagen & Suchant, 2020; Morellet & Guibert, 1999). 

Temporal fluctuation in resource availability is an important factor in deer diet composition. Deer 

can afford to be more selective during the growing season when more diverse, nutritious plants are 

available, but in winter may resort to bulk foraging with reduced selectivity of more fibrous 

material to meet their nutritional requirements (Bee et al., 2011; Dumont et al., 2005; Storms et al., 

2008; Verheyden-Tixier et al., 2008). Consequently, grazing species such as fallow deer (Dama 

dama) and red deer (Cervus elaphus) tend to increase their reliance on low quality browse of 

evergreen species in winter (Borkowski & Obidziński, 2003; Caldwell et al., 1983; Kamler & 

Homolka, 2011; Spitzer et al., 2020). A study of red deer and roe deer (Capreolus capreolus) in 

France found that the winter diets of both species contained significantly greater proportions of 

conifers, which have low palatability and high fibre content, compared to the other seasons (Storms 

et al., 2008). In addition, a Europe-wide analysis found that the diets of fallow and red deer, 

(intermediate bulk-roughage grazers), became more similar to those of moose (Alces alces) and roe 

deer (selective browsers), in the winter due to reduced grass content in the diet (Spitzer et al., 2020). 

Deer density can also modulate resource selection, as higher densities can lead to more intense 

competition for preferred food (Kalb et al., 2018; Koda & Fujita, 2011; Spitzer et al., 2021). For 

example, a study in Roztocze National Park in Poland found that increasing red deer density 

promoted more consumption of unpalatable beech (Fagus sylvatica) saplings relative to more 

palatable sycamore (Acer pseudoplatatnus), possibly because high deer density increased browsing 

pressure at the wider landscape scale, where beech was the dominant tree species (Borowski et al., 

2021).  

Previous studies have assessed the diet of deer species through direct observation of grazing 

behaviour of wild or captive individuals (Bergvall, 2009; Pompanon et al., 2012; Putman, 1986a) or 

visual examination of diet contents from faecal material (Putman et al., 1993; Shannon et al., 2013; 

Zweifel-Schielly et al., 2012) and the rumen contents of culled animals (Jackson, 1977, 1980; 
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Riganelli et al., 2010). Whilst visual examination of partially digested plant tissue is technically 

simple and affordable, taxonomic resolution is limited as usually only the most undigested material 

is identifiable (Garnick et al., 2018; Nichols et al., 2016; Tanentzap, Bee, et al., 2009). This often 

leads to diet contents being categorised into broad groups, such as “grass” or “woody browse” 

(Riganelli et al., 2010; Shannon et al., 2013; Tixier & Duncan, 1996). In contrast, DNA 

metabarcoding provides the opportunity for more precise identification of dietary components that 

are not always visible by eye.  

Metabarcoding the DNA of faecal remains is a well-established technique for studying the diet of 

ungulate herbivores such as European bison (Bison bonasus) (Cellura et al., 2010; Kowalczyk et al., 

2019), tapir (Tapirus terrestris) (Hibert et al., 2013), African elephants (Loxodonta Africana) 

(Kartzinel et al., 2015), and deer (Czernik et al., 2013; Erickson et al., 2017). Metabarcoding has 

also been used to reveal the foraging habits of ungulate herbivores from rumen contents (Nichols et 

al., 2016), and saliva from browsed branches (Nichols et al., 2012, 2015; Nichols & Spong, 2014). 

Universal primers are designed to bind to regions of DNA conserved within a taxonomic group that 

have sufficient resolution to discriminate among taxa in the diets of animals using high through-put 

sequencing (Deiner et al., 2017). For plants, combining the chloroplast DNA marker rbcL and 

nuclear ribosomal DNA from the internal transcribed spacer 2 (ITS2) regions ensures both a wide 

range of detection and good taxonomic discrimination, respectively (Brennan et al., 2019; 

Hollingsworth, 2011; Moorhouse-Gann et al., 2018). The creation of the Barcode UK database has 

greatly increased the reliability of these markers for taxonomic identification of UK plants (Jones et 

al., 2021), making them ideal for studying the diets of herbivores. 

Following expansion of a fallow deer (Dama dama) population in the Elwy Valley (North Wales) 

since introduction from a deer park just over 100 years ago, there has been growing concern 

amongst landowners that increased herbivory pressure has had a detrimental impact on the 

ecological function of their woodlands and the growth rates of trees planted for timber. The Elwy 

Valley area is a mosaic landscape, with patches of woodland surrounded by a matrix of pastoral and 

arable farmland (Chapter 3). Fallow deer can be described as an intermediate grazing herbivore, as 

their diet primarily consists of low-quality bulk roughage grasses (Borkowski & Obidziński, 2003; 

Hofmann, 1989; Kerridge & Bullock, 1991). However, they also consume broadleaved and 

coniferous tree and shrub browse, climbing and scrambling plants such as ivy (Hedera helix), 

honeysuckle (Lonicera spp.) and bramble, and nutritious herbs (Bruno & Apollonio, 1991; Jackson, 
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1977; Nugent, 1990). In fact, a recent review of fallow deer feeding ecology and distribution found 

it to be one of the most widespread deer species on the planet, with very adaptable dietary habits 

(Esattore et al., 2022). The fallow deer has a variable home range size of 1 – 10 square kilometres, 

depending on sex, season and landscape configuration (Borkowski & Pudełko, 2007; Davini et al., 

2004). In addition, the gut retention time of a fallow deer has been reported to be 31.4 hours 

(Ramanzin et al., 1997). Therefore, it is probable that deer will enter and leave woodland patches 

multiple times during feeding and digestion.  

The aim of this study was to characterise seasonal variation in the diet of a UK fallow deer (Dama 

dama) population using DNA metabarcoding in a mosaic landscape of agricultural land and 

woodland pasture, in relation to resource availability. The expectation was that the faecal samples 

would not only reflect plants that deer consume within the study woodlands, but also in the 

surrounding environment. I expected that grasses would form a principal dietary component, and 

that the diet would be more diverse in the autumn and winter as availability of this key resource 

declines and thus deer are forced to be less selective. In addition, I predicted that woody browse 

would be mostly utilised in the winter, especially evergreen foliage. If certain plants were selected 

for in the diet, they should be overrepresented in the diet relative to their availability. 

 

Methods 

 

Study sites 

Three woodlands in the Elwy Valley were surveyed once per month for two years (September 2019 

– August 2021), excluding April – June 2020 due to the COVID-19 pandemic (Figure 6.1). These 

woodlands were selected for survey as they were shown to be actively used by deer in a landscape-

scale motion-activated camera study of the Elwy Valley fallow deer population (Barton, 2023). As 

deer are unlikely to remain in a single woodland between feeding bouts, the three woodlands should 

be considered as sampling points, not exclusive foraging locations (Jayakody et al., 2011). Seven 

additional woodlands in the landscape were surveyed for seasonal resource availability. For full 

descriptions of the tree species composition and characteristics of the understory in these 

woodlands, see Chapter 3. 
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To explore how the diet of deer using woodlands might vary compared to deer restricted to 

grassland foraging, six faecal samples were also collected in December 2020 from the fallow deer 

enclosure (approx. 200 x 70 metres in size, location: 53.29565 N, -3.75060 W) by keepers at the 

Welsh Mountain Zoo, Colwyn Bay, North Wales. The enclosure consisted of a grass field with a 

hedgerow. Six samples only were collected from the zoo during a single December sampling 

occasion due to time constraints. This limits direct comparison with the wild samples from other 

time periods, however the diet of the captive deer grazing the paddock was likely to remain 

consistent throughout the seasons (aside from provided feed). 

 

Figure 6.1. The Elwy Valley study area in North Wales and locations of the three study woodlands 

where diet samples were collected, marked with blue circles. The yellow circles indicate the 

remaining seven sites that were surveyed for resource availability across the study area. Map 

generated using ArcGIS Desktop © 1999-2020, Sources: Esri, DigitalGlobe, GeoEye, i-cubed, USDA 

FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, and the GIS User Community. 
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Field data collection 

The following protocol was used at the three study woodland sites. Initially, a well-used deer path 

with deer faeces present was located within the woodland. For each survey, the surveyor walked 

along the track, scanning the ground for faecal material. Only distinct faecal mounds of six or more 

pellets were collected. Fresh samples were prioritised for collection and were identified as dark in 

colour and shiny from residual mucous. A 50-millilitre Falcon tube or zip-lock bag was labelled 

with the site name and date. The faecal pellets were placed in the labelled tube or bag using clean 

nitrile gloves. The surveyor aimed to collect six faecal mound samples per survey. If six mounds 

were not found, the surveyor continued searching for up to an hour. When insufficient samples were 

found along the track, the surveyor searched off-track within the bounds of the woodland in an 

opportunistic fashion. In total, 353 field samples were collected and analysed. For the captive deer, 

a keeper collected six samples from the paddock while wearing nitrile gloves. All samples were 

double-bagged and stored at -20 oC within eight hours of collection. The number of samples 

collected per woodland per month is shown in Table 6.1. 
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Table 6.1. Number of surveys per site and month over two years (2019-2020) and number of 

samples collected per month. 

Study Site Month Sampling occasions Number of samples 

 

BWN 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

Total 

2 

2 

2 

1 

1 

1 

2 

2 

2 

2 

2 

2 

21 

11 

12 

11 

5 

5 

6 

13 

11 

12 

10 

10 

10 

116 

 

HFD 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

Total 

2 

2 

2 

1 

1 

1 

2 

2 

2 

2 

2 

2 

21 

10 

11 

12 

6 

5 

5 

10 

11 

12 

15 

11 

11 

119 

WFR 

January 

February 

March 

April 

May 

June 

July 

August 

September 

October 

November 

December 

Total 

2 

2 

2 

1 

1 

1 

2 

2 

2 

2 

2 

2 

21 

10 

11 

7 

5 

6 

6 

13 

11 

11 

11 

11 

10 

112 

Zoo December 1 6 
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An experiment was carried out at site WFR to assess the degree of contamination from pollen and 

other plant material that may stick to the faecal samples (Table 6.2). Small pebbles approximately 5 

millimetres in diameter were sterilised with bleach and dried in a UV hood for 30 minutes. The 

pebbles were then coated with an adhesive mixture of 9:1 petroleum jelly and paraffin oil and 

sterilised again under UV light for 30 minutes. Three groups of these blank pellets were then placed 

on the ground at a random location between 0 and 60 steps from the starting points for the faecal 

surveys and covered with chicken wire to allow air to circulate to the pellets while minimising 

disturbance from animals. The pebbles were then left in the woodland for at least two weeks (Table 

6.2). One tube of pellets was retained in the lab at room temperature as a control. The field pebbles 

were collected into falcon tubes following the same methods as for the faecal samples and frozen 

with the control tube at -20 oC for storage, along with the control sample. 

Table 6.2. Timing of sampling occasions for blank pellets, including the dates samples were 

deployed in the woodland and later collected, and the codes assigned for each sampling occasion. 

Samples marked “W” were in the woodland; samples marked “C” were laboratory controls and 

were not taken into the woodland. 

Sample codes Sampling period 
Woodland deployment 

date 
Retrieval date 

W1, W2, W3, C1 Nov – Dec 2020 19/11/2020 07/12/2020 

W4, W5, W6, C4 Jan – Feb 2021 12/01/2021 16/02/2021 

W7, W8, W9, C7 Feb – Mar 2021 16/02/2021 17/03/2021 

W10, W11, W12, C8 Mar – Apr 2021 17/03/2021 16/04/2021 

W13, W15, C9 Apr – May 2021 16/04/2021 25/05/2021 

 

Plant resource availability surveys 

Woodland ground vegetation cover was surveyed once every three months in ten woodland sites 

across the Elwy Valley, including the three sites surveyed for faeces (Figure 6.1). This included 

scrambling vines such as bramble, ivy and honeysuckle. Woody plants less than 30 cm tall (such as 

tree seedlings) were also included. Any woody plants taller than 30 cm were excluded from this 

survey, except for scrambling vine cover (ivy, bramble or honeysuckle). There was at least one 
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month between successive woodland surveys, and the site survey order was randomised for each 

season. This ensured that enough time had passed to observe seasonal change and that the survey 

order would not become an artefact in any temporal trends observed. Between four and ten 15-

metre radius permanent sample plots were established in each woodland (Chapter 3). For each 

survey, eight 0.25 m2 quadrats were located at randomly positioned points within each plot, with 

independent positions in each survey. Each 0.25 m2 quadrat was sub-divided into 25 x 0.01 m2 

squares. The position of each quadrat was selected using polar coordinates from a randomly 

generated compass bearing and a random number of paces (0-15) from the plot centre. If a standing 

tree was obstructing the placement, the quadrat was moved a step further out from the centre (not 

exceeding the plot perimeter) until a position was found where the quadrat could be placed. 

Percentage cover of all plant taxa in each quadrat was assessed by counting the number of 0.01 m2 

squares that contained each plant species. For any unidentifiable plants, the number of squares 

containing the plant was recorded, then a sample was taken for subsequent identification. Samples 

were taken from outside the sample plot to avoid changing the vegetation under study. See Figure 

3.3 for visualisation of the seasonal ground flora survey data.  

In addition to seasonal ground vegetation surveys, to sample vegetation potentially available at 

browsing height for deer, surveys of trees and shrubs > 30 cm in height were made in all sample 

plots. The number of tree and shrub stems was recorded, the size was measured using a DBH tape 

(or for those shorter than 1.3 m, a metre ruler) and the species identified. See Figure 3.2 for 

visualisation of the tree and shrub survey data. 

Laboratory protocol  

Faecal samples were defrosted and crushed with a pestle and mortar, using a sterile approach 

(Supplementary S6.1). A portion of 0.04 – 0.08 grammes was weighed out into a 1.5-ml Eppendorf 

tube. DNA was then extracted using the Qiagen DNA Plant Mini kit, following a modified protocol 

(Supplementary S6.2). The lysis solution was added to the sample tubes, which were then put on a 

bead-beater for four minutes at 1800 rpm, followed by a 30-minute incubation period at 65 °C. 

Samples were then put through a Qiagen spin column in several washing steps with buffer and then 

100% ethanol to remove any staining from the column membrane. The DNA was then eluted in 60 

µl of AE buffer. The elution step was repeated by putting the AE buffer through the column a 

second time to increase the yield.  
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For the blank pellets, each pebble was placed in a 1.5 millilitre microcentrifuge tube and the 

protocol was followed as for the faecal samples. For downstream processing, the DNA extracts 

from each of the time points at which the blanks were deployed in the woodland were combined to 

produce five pooled samples in total – one for each time point (Table 6.2). The laboratory controls 

were combined into two pools: 1) C1, C4 and C7, and 2) C8 and C9. 

The target ITS2 and rbcL fragments were amplified using a two-step PCR protocol. All DNA 

extractions, including the blank pellets and zoo samples were randomised across four 96-well 

plates. The first round of PCR served to increase the concentration of the target fragments; the 

second round attached dual-indexed barcodes for sample identification and adaptors to facilitate 

Illumina sequencing.  

All primer sequences included 5’ universal tails to enable annealing of Illumina barcodes. The first 

round PCR primers for ITS2 were ITS2F ACACTCTTTCCCTACACGACGCTCTTCCGATCT-

NNNNNN-ATGCGATACTTGGTGTGAAT (Chen et al., 2010) and UniplantR 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-CCCGHYTGAYYTGRGGTCDC 

(Moorhouse-Gann et al., 2018). The first round rbcL primers were rbcla-F 

ACACTCTTTCCCTACACGACGCTCTTCCGATCT-NNNNNN-

ATGTCACCACAAACAGAGACTAAAGC (Khanam et al., 2016) and rbclr506 

GTGACTGGAGTTCAGACGTGTGCTCTTCCGATCT-AGGGGACGACCATACTTGTTCA 

(de Vere et al., 2012). This combination of rbcL primers and the ITS2F primer have been used 

previously for DNA metabarcoding of UK plants in pollen (Brennan et al., 2019) and honey (de 

Vere et al., 2017). All primers were diluted from a starting stock of 4 nmol to 10 µmol. The first 

round PCR amplification was carried out in 25 µl sample volumes using 12.5 µl of Qiagen 

Multiplex PCR Master Mix (2X), 0.5 µl of the forward primer, 0.5 µl of the reverse primer and 10.5 

µl of DNA-free water. Thermocycling conditions began with a Hot start Taq activation step of 95 

°C for 15 minutes, followed by 35 cycles of the following program: 94 °C for 30 seconds, 50 °C for 

90 seconds, 72 °C for 1 minute. The final extension step was 10 minutes at 72 °C.  

The first round PCR products were then cleaned using magnetic beads (Agencourt ® AMPure ® 

XP, Beckman Coulter) at a volume of 0.7 x the original PCR reaction volume (17.5 µl of beads 

added to 25 µl of PCR product) to remove unused primers and primer dimers (see Supplementary 

S6.3 for full bead cleaning method). The second round of PCR was also carried out in a 25 µl 
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volume using 12.5 µl of Qiagen Multiplex PCR Master Mix (2X), 1 µl of the corresponding second 

round primer index i5-i7 (10nM) for each sample, 6.5 µl of DNA-free water and 5 µl of first round 

PCR product. Thermocycling conditions began with a Hot start Taq activation step of 95 °C for 15 

minutes, followed by 15 cycles of the following programme: 98 °C for 10 seconds, 65 °C for 30 

seconds, 72 °C for 30 seconds. The final extension step was 5 minutes at 72 °C. 

Sample pooling and size selection 

The second round PCR products were electrophoresed on a 96-well 1% agarose gel and categorised 

by DNA concentration according to brightness of each band. The second round PCR products were 

then combined into pools of the same concentration category at 10 µl per sample. Samples of the 

strongest concentration category were combined within PCR plates only; samples in the medium, 

weak and no band categories were combined across plates. This gave a total of 11 pools for ITS2 

and 11 pools for rbcL (see Supplementary S6.4 for full pool list). The negative controls for 

extractions and PCRs were added into the strongest pools of each plate at 1 µl per control. The 

positive controls were added into their respective concentration category pool at 1 µl per control. 

For rbcL, ten samples were not sequenced as they did not produce a band after second round PCR 

and quantification using a high-sensitivity Qubit found no detectable DNA. 

The fragment sizes and their relative concentrations were analysed on a 4150 TapeStation System 

(Agilent), following the manufacturer’s instructions. The pools were combined according to the 

concentration of the target band to obtain a final volume of 325 µl each for ITS2 and rbcL (see 

Supplementary S6.4. for target band concentrations and Supplementary S6.5. for volumes of each 

plate pool added into final combined pools). The two weakest pools were limited to 100 µl within 

these final volumes to ensure they were represented during sequencing but did not overdilute pools 

with stronger concentrations. Pooling in equimolar concentrations was not possible, as this would 

overdilute the final pool. 

The two final 325 µl pools were isolated using a Pippin Prep (Sage Science) to remove any non-

target bands, following manufacturer’s instructions. For ITS2, the size range selected was 500 – 700 

bp, and for rbcL, 600 – 800 bp, terminating with an elution into 40 µl. The libraries were sequenced 

on an Illumina MiSeq using a MiSeq Reagent Kit v3 (600-cycle) at 8 picoMoles, spiked with 20% 

Phi-X to reduce the risk of under-clustering due to the low diversity nature of ruminant faecal 

samples. 
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Processing of sequencing data 

Data processing was carried out in R version 4.1.0 (R Core Team, 2021) using the Supercomputing 

Wales (SCW) facility. Initially, the ITS2 and rbcL primers were removed using cutadapt (Martin, 

2011). This step also removed any sequences where the primers were not present. The fastqc quality 

scores were then inspected for the forward and reverse reads of each sample. A QC quality score of 

30 (99.9% inferred base call accuracy) is considered the highest standard for next generation 

sequencing (NGS), however the vast majority of reads did not meet this threshold. Therefore, to 

retain sufficient reads for meaningful analysis, a QC quality score of 20 (99.0% inferred base call) 

was used as the threshold for downstream processing. The sequences were filtered and trimmed 

using the DADA2 package (Callahan et al., 2016). For the filterAndTrim function, I specified a 

trunQ score of 20 and a max error rate of 2 for the forward reads and 5 for the reverse reads. For the 

mergePairs function, I specified a maximum mismatch of 1 and a minimum overlap of 10. Any 

detected chimeras were also removed. For rbcL, the filterAndTrim step resulted in heavy losses of 

reads, therefore I took the decision to only use unmerged forward reads for taxonomy assignment. 

In contrast, the ITS2 marker performed well during merging, therefore the merged reads were used 

for taxonomy assignment.  

Before taxonomy assignment, the text file containing the filtered sequences was converted to a fasta 

file containing the number of occurrences of each Amplicon Sequence Variant (ASV) per sample. 

The ASVs were then blasted against a curated ITS2 and rbcL plant database from Barcode UK 

(Jones et al., 2021) using the blastn function on the SCW platform, resulting in the assignment of 

plant species codes for ASVs across all samples.  

After taxonomy assignment, downstream processing was carried out using the phyloseq package 

(McMurdie & Holmes, 2013) in R version 4.1.1 (R Core Team, 2021). Initially, 1386 and 8195 

unique ASVs were identified for ITS2 and rbcL, respectively. Rarefaction curves were inspected to 

identify the quality of coverage for both markers. On this basis, samples with less than 100 reads 

were removed prior to further analysis, reducing the sample total to 309 woodland samples, 4 zoo 

samples and one blank sample for ITS2. For rbcL, 319 woodland samples, 4 zoo samples and 3 

blank samples were retained. None of the extraction or PCR blanks survived this step for ITS2. For 

rbcL, some ASVs were present in blanks in sufficient number that they survived filtering. ASV 

“seq_26” was present in Extraction blank 22/04/2021 and the R1 PCR control for plate D. ASVs 

“seq1661” and “seq1807” were also present the R1 PCR control for plate D. These ASVs were 
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identified as Silene sp., which were subject to DNA extractions during a different study conducted 

in the same laboratory, therefore these ASVs were likely the result of contamination. Consequently, 

these ASVs were removed from the final ASV table.  

Data Analysis 

The reads from ITS2 and rbcL were joined to give a consensus dataset whereby taxa were assigned 

to the highest taxonomic level reached by both markers, following methodology from Lowe et al., 

(2022). For each sample, the number of reads for each consensus taxon were summed for both 

markers. The proportion of reads per taxon per sample was then used as a measure of relative read 

abundance (Lowe et al., 2022). For each consensus taxon, I examined the relationship between the 

percentage of reads per sample for ITS2 and rbcL using a Spearman’s rank test with Holm 

correction for multiple testing (Lowe et al., 2022). Following the methodologies of previous 

metabarcoding studies using similar plant primers, I treated the metabarcoding data as “semi-

quantitative” due to the inherent biases in species detection and DNA extraction, PCR and 

sequencing (Jones et al., 2022; Lowe et al., 2022). Accordingly, I used presence / absence data or 

proportional read abundance data for all analyses. I took a post hoc decision to remove sample S295 

from the dataset, as it was an outlier with the dominant taxon being Berberis sp., a genus of 

flowering shrubs in the family Berberidaceae, which are frequently cultivated in domestic gardens. 

For the taxa identified in the woodland faecal samples by DNA metabarcoding, a Non-Metric 

Multidimensional Scaling (NMDS) approach was used to visualise dissimilarity in taxonomic 

composition of the diet across seasons and woodland sites using the metaMDS function in the vegan 

package in R (Oksanen et al., 2022). This was also done for the vegetation survey data, separately 

for the quadrat ground flora and woody plant datasets due to differences in survey methodology. 

The Shannon Diversity Index (SDI) for the taxa identified in faecal samples from each woodland 

site and season was also calculated and plotted. In addition, a Permutational multivariate analysis of 

variance (PERMANOVA) test was carried out using the adonis2 function in the vegan package to 

test whether woodland site or meteorological season was a significant predictor of taxonomic 

composition in the diet. The PERMANOVA used a binary presence / absence matrix of taxa across 

338 faecal samples from the consensus dataset across the three woodland sampling sites. Samples 

were split by season as follows: autumn (September, October, November), winter (December, 

January, February), spring (March, April, May) and summer (June, July, August). A similar 

approach with NMDS plots and a PERMANOVA test was used to explore whether woodland site 
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or season was more important for explaining variation in the percentage cover of ground flora 

species. The PERMANOVA used a binary presence / absence matrix of taxa from 79 individual site 

surveys across the ten woodlands during 2019-2021.  

To visualise the relative contributions of plant taxa to the diet per month and per site, bipartite 

networks were constructed using the proportion of sequences per genus as a measure of relative 

abundance using the geom_alluvium function in the ggplot2 R package (Wickham, 2016). In 

addition, to test the specificity of the diet relative to resource availability, a preference analysis was 

carried out using the generate_null_net function from the econullnetr package in R (Vaughan et al., 

2018). This package has been used previously to assess the plant foraging preferences of honeybees 

(Lowe et al., 2022) and giant tortoises (Moorhouse-Gann et al., 2022) in relation to plant 

availability. A preference analysis involves comparing the proportion of plant taxa in diet samples 

with the relative availability of taxa in the environment. A resource is deemed to be used more than 

expected if observed consumption is outside the central 95% confidence intervals of expected 

values derived from multiple iterations of the null model, indicating higher or lower percentage 

content in the diet than expected given availability in the landscape (Vaughan et al., 2018). In the 

present study, this methodology was applied separately for ground flora (dicot and monocot herbs, 

ferns, grasses, sedges, rushes, reeds and vines) and woody plants (trees and shrubs) as these groups 

were surveyed separately according to the methodology previously described. For the ground flora 

preference analysis, the diet data were aligned with the plant percentage cover data according to 

survey month (Oct-2019, Nov-2019 etc.).  

I used ground flora survey data from all ten woodland study sites to quantify resource availability, 

as the fallow deer potentially have access to the whole landscape for foraging. A null model was 

generated using the econullnetr function generate_null_net with 500 iterations (Vaughan et al., 

2018). This model used two matrices: 1) a consumer matrix which contained presence / absence 

data for all plant genera that were present in the diet (representing ≥ 1 % of reads in a sample) and 

ground flora surveys and 2) a resource matrix with proportional data of the total ground flora cover, 

split by survey month, across all ten woodland sites for each ground flora genus that was present in 

both the diet (representing ≥ 1 % of reads in a sample) and vegetation surveys. For the woody plant 

preference analysis, each woodland site had only been surveyed once for stem number by taxon, 

therefore I was unable to temporally link the diet data to woody plant availability. Instead, the 

proportional availabilities of woody plant genera were calculated using the total number of stems > 
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30 cm tall counted in all the surveys across all ten sites. Two matrices were used for this null model: 

1) a consumer matrix with presence / absence data for all woody plant genera present in the diet 

(representing ≥ 1 % of reads in a sample) and field surveys and 2) a resource matrix containing a 

single row of proportional data per genus calculated relative to the total number of recorded stems 

across all included woody genera that were present in the diet (representing ≥ 1% of reads in a 

sample) and field surveys. 

To quantify differences in taxonomic composition of the diet across sites and seasons, post-hoc 

pairwise comparisons with a Bonferroni correction for multiple testing was carried out using the 

pairwise.adonis function from the pairwiseAdonis package in R (Martinez Arbizu, 2017), utilising 

the Bray-Curtis method with 1000 iterations. 

 

Results  

 

Sequencing products 

Sequencing produced a total of 14,888,424 forward reads for ITS2 and rbcL combined. Of these 

forward reads, 4,428,309 were not assigned to any samples. Excluding these unassigned reads, the 

average number of reads per sample was 27,240 ± 1048 (SE). Following removal of primers and 

reads that did not contain primer sequences, 6,337,650 forward reads for ITS2 from 309 field 

samples and 4,868,694 forward reads for rbcL from 319 field samples remained.  

A total of 3,273,487 merged reads for ITS2 and 2,387,737 forward reads for rbcL survived quality 

control. For ITS2, the mean number of sequences per sample was 10,594 ± 537 (SE) with a range of 

126 to 41,544. For rbcL, the mean number of sequences per sample was 7485 ± 406 (SE). with a 

range of 107 to 33,444. The ITS2 marker identified a total of 77 unique taxa to genus level, while 

the rbcL marker identified a total of 155 unique taxa to genus level. 

There was a significant positive correlation between the percentage read content of consensus taxa 

in faecal samples from ITS2 and rbcL (rho = 0.17, df = 2844, p < 0.001). The consensus dataset of 

the ITS2 and rbcL sequences from 338 field samples consisted of 177 unique identified genera. The 

dataset contained 5,661,026 reads with a mean of 17,139 ± 805 (SE) per sample with a range of 107 

to 71,762 reads.  
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Diet diversity 

In general, the fallow deer diet was most diverse in the autumn and least diverse in winter, although 

there was variation across the three sampling sites (Figure 6.2). The Shannon Diversity of the diet 

appeared to track the percentage content of bramble, with large increases in bramble content 

corresponding with lower diet diversity (Figures 6.3, 6.4). While there was variation in percentage 

bramble content (Figure 6.4), bramble remained an important dietary component in all three sites 

and four survey seasons (Figure 6.2).  

 

Figure 6.2: Average proportion of reads obtained using DNA metabarcoding from plant genera that 

make up more than ten percent of reads in one or more samples, expressed as proportions of the 

whole plant community detected in the diet. This plot represents the consensus dataset for ITS2 and 

rbcL. Each column shows data from one of the sampling sites (BWN, HFD or WFR). The panels 

split the data by meteorological season (Autumn, Spring, Summer, Winter). 
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Figure 6.3. Violin plots of Shannon Diversity Index (SDI) against month for taxa identified using 

DNA metabarcoding from faecal samples collected at sites BWN, HFD and WFR. Blue = winter, 

yellow = spring, green = summer and orange = autumn. The central black lines show the median, 

the white boxes show the lower (25%) and upper (75%) quartiles, the tails show the minimum and 

the maximum values and the coloured “violins” show the density of samples spread across the 

range of SDI values. 
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Figure 6.4. Mean proportion of bramble (Rubus fruticosus L. agg.) present in faecal samples per 

month, split across sites. The error bars represent the standard error for each mean value. The fitted 

lines represent predicted values from generalised additive models (GAMs). The shaded area around 

the lines represents the 95% confidence intervals for the predicted values. Colour indicates season. 

         

The PERMANOVA results showed that neither woodland site (F(2,326) = 1.22, p = 0.22) nor pool 

concentration for ITS2 (F(3,326) = 1.02, p = 0.41) or rbcL (F(3,326) = 1.07, p = 0.33) were significant 

predictors of taxa present in diet samples at genus level. Conversely, meteorological season was a 

significant predictor of taxonomic composition (F(3,326) = 8.76, p = 0.001). The post-hoc pairwise 

comparison with a Bonferroni correction showed that all seasons were significantly different from 

each other in their taxonomic composition (Table 6.3). Ordination of the diet data using NMDS 

illustrated how the samples clustered more strongly by season than by site. (Figure 6.5). 
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Table 6.3. Results from pairwise comparisons between seasons of the taxonomic composition by 

genus of the diet of fallow deer with Bonferroni-corrected p values. * = significant at 95% 

confidence level, ** = significant at 99% confidence level. 

Pairwise comparison F Degrees of freedom Adjusted P value 

Autumn vs Winter 15.12 1 0.006 ** 

Autumn vs Spring 11.79 1 0.006 ** 

Autumn vs Summer 9.63 1 0.006 ** 

Winter vs Spring 2.02 1 0.05   * 

Winter vs Summer 7.30 1 0.006 ** 

Spring vs Summer 5.21 1 0.006 ** 

 

 

Figure 6.5. NMDS plot showing community dissimilarity among fallow deer diet samples, split by 

month (colour) and the three woodland study sites (shape). Each point represents a sample. 
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Seasonal variation in diet composition  

The bipartite network plots reiterate the dominance of bramble in the diet of fallow deer throughout 

the year, especially in January and February, for all three woodland study sites (Figure 6.6). The 

plots also highlight variation in the percentage composition of plant genera amongst the three sites, 

particularly in the second half of the year. While the annual percentage bramble content of samples 

from sites BWN and HFD was comparable across the seasons (Figure 6.6), the percentage content 

at site WFR declined sharply as the year progressed, with an average of 39% (SE ± 13, n = 6) 

bramble in December, compared to 78% (SE ± 3, n = 10) in samples from HFD and 73% (SE ± 8, n 

= 10) from BWN. Across all sites, the periods of decline in dominance of bramble in the diet in 

were not associated with any other single genus displacing it but instead a diversity of other genera.  

Grasses remained relatively scarce in the diet compared to woody genera. Lolium was the dominant 

grass genus, present in 72 samples and visible in the bipartite plots (Figure 6.6). This was most 

likely perennial ryegrass (L. perenne), a very common species in livestock pastures in Europe. The 

strongest peak in Lolium spp. consumption was in sample S208 in October at site BWN, making up 

43% of the sample, but in the ten other samples from BWN that contained Lolium, the average 

monthly content was less than 4%. At site WFR, Lolium consumption spiked in November (mean = 

34%, SE ± 14, n = 5), March (mean = 24%, SE ± 22, n = 2), and October (mean = 16% SE ± 6, n = 

4).  Lolium content peaked at site HFD in April (mean = 28%, SE ± 21, n = 2), but aside from one 

sample in August with an average content of 12%, the average monthly content of the remaining 23 

samples that contained Lolium sp. was less than 6%. 

Of the woody plant genera, oak was present in the diet in very small quantities from January until 

August but became present in larger quantities in September – October across all three sites (Figure 

6.6). Oak content peaked in September at site BWN with an average percentage content of 30% (SE 

± 12.3, n = 7). The peak at site HFD was in October, with an average percentage content of 24% 

(SE ± 10, n = 10). From November to December, the relative proportion of oak declined in samples 

from sites BWN and HFD but remained higher in samples from WFR, peaking at an average of 

31% in December (SE ± 10, n = 7). Other major woody components of the diet across all three sites 

included Acer spp. in May and June (probably mostly sycamore) and Rosa spp. in May – August 

(Figure 6.6). Prunus spp. consumption resurged throughout the spring and summer, likely to be 

mostly blackthorn (P. spinosa) with some wild cherry (P. avium). Sample S295 was removed from 

the dataset as it was an outlier with the dominant taxon being Berberis sp., a genus of flowering 
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shrubs. Common barberry (Berberis vulgaris) is sometimes included in ornamental plantings in the 

UK. This sample originated at site BWN and may reflect deer browsing of the horticultural gardens 

in the hotel grounds.  
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Figure 6.6. Bipartite plots showing the identity and proportion of plant genera (labels in the left 

panel) present in the fallow deer diet faecal samples from each of the three woodland study sites 

(denoted by three-letter codes in the right panel).  
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Resource availability: spatial and temporal variation in plant community 

composition  

The seasonal ground vegetation surveys yielded a total of 113 plant species across 92 genera. Both 

woodland site (PERMANOVA, F(9,66) = 14.4, p = 0.001) and meteorological season (F(3,66) = 6.5, p 

= 0.001) had a significant influence on the taxonomic composition of the ground vegetation across 

the ten woodlands sampled. The post-hoc pairwise comparison with a Bonferroni correction showed 

that Winter vs Summer and Autumn vs Spring were significantly different from each other in their 

ground vegetation taxonomic composition (Table 6.4). In addition, a pairwise comparison amongst 

the sites indicated that most sites were significantly different from each other, but there were some 

exceptions. This was supported by ordination using NMDS, which showed distinct clustering for 

most sites (Figure 6.7). Notably, the three sites where diet content were sampled were significantly 

different from each other in their ground vegetation composition (Table 6.5). The relative 

proportions of different tree and shrub genera across the sites can be found in Figure 3.2. 

Table 6.4. Results from pairwise comparison of taxonomic composition of ground vegetation per 

season across all ten woodland study sites. ** = significant at the 99% confidence level. 

Pairwise comparison F Degrees of freedom Adjusted P value 

Autumn vs Winter 2.46 1 0.108 

Autumn vs Spring 3.55 1      0.006 ** 

Autumn vs Summer 1.68 1 0.480 

Winter vs Spring 1.87 1 0.509 

Winter vs Summer 3.47 1      0.006 ** 

Spring vs Summer 2.19 1 0.072 

Table 6.5. Partial results from pairwise comparison of diversity of ground flora per site across all 

seasons. * = significant at the 95% confidence level. 

Pairwise comparison F Degrees of freedom Adjusted P value 

BWN vs HFD 14.54 1 0.045 * 

BWN vs WFR 9.99 1 0.045 * 

HFD vs WFR 12.72 1 0.045 * 
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Figure 6.7. Ordination of the ground flora survey data for the ten woodland study sites by survey 

month using NMDS.  Deer faecal samples were collected from sites BWN, HFD and WFR. 

 

Ground vegetation preference analysis 

A total of 1275.85 m2 of ground vegetation cover was recorded across the ten woodland sites. 

Mosses and liverworts were recorded in the ground vegetation but were excluded from further 

analysis as they were not present in the diet and could not be identified to genus level. In addition, 

tree and shrub seedlings were excluded from this analysis, as these genera were analysed separately 

in the woody plant preference analysis. A total of 292 faecal samples contained DNA from ground 

vegetation at ≥ 1 % of reads. Of the 74 herb, fern, rush, grass and vine genera that were present in 

the ground vegetation survey data, 24 were present and 50 were absent in the diet. Twelve genera 

that were present in the ground vegetation survey were also present in the consensus diet dataset at 

≥ 1% of reads in one or more samples. Therefore, the preference analysis was carried out on these 

12 genera only. The preference analysis used a total of 124 faecal samples which were collected 

during the ground vegetation survey months and within which any of the 12 genera were present at 

≥ 1% of reads. The results showed that six genera were consumed at a higher proportion than their 

availability, although reliable confidence intervals could not be generated for the predicted values 
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for five of these genera due to their rarity in the field surveys (Figure 6.8). The strongest preference 

was for bramble Rubus sp. (Observed occurrences = 119, Null = 81, 95% CI = 73, 89). One genus, 

ivy Hedera sp. occurred in fewer samples than expected given its availability in the ground 

vegetation (Observed occurrences = 71, Null = 130, 95% CI = 121, 139). Five genera were 

consumed at a similar frequency to that predicted by the null model. Bramble and ivy were the most 

abundant resources in the ground vegetation (Figure 3.3), making up 17% and 23% of the total 

recorded cover, respectively and ivy also occurred frequently climbing on the stems of trees and 

shrubs (although this was not measured). 

 

Figure 6.8. Preference plot for the 12 ground vegetation genera that were present at ≥ 1% content in 

one or more faecal samples and were also present in the concurrent ground vegetation surveys. 

Lines indicate the 95% confidence intervals for expected consumption given the null model. The 

coloured dots indicate the observed number of faecal samples in which each genus was present. 

White dots show the genus was consumed in proportion to its availability; blue shows the genus 

was consumed less than expected and orange indicates the genus was consumed more than expected 

given the null model in the preference analysis.  
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Tree and shrub preference analysis 

A total of 20,555 tree and shrub stems of a range of sizes and 37 genera were recorded across the 

ten woodland study sites (Figure 3.2). A total of 337 faecal samples contained DNA from tree or 

shrub genera at ≥ 1% of reads. Of the 37 unique tree and shrub genera that were present in the field 

survey, 13 were not present in the faecal samples. A total of 22 genera that were present in the tree 

and shrub survey were also present in the consensus diet dataset at ≥ 1% of reads in one or more 

faecal samples. Therefore, the preference analysis was carried out for these 22 genera only. The 

preference analysis used a total of 258 faecal samples, in which any of the 22 genera represented ≥ 

1% of reads. Seven tree and shrub genera were consumed at a higher proportion than their 

availability (Figure 6.9). The strongest preferences were for Rosa (Observed = 82, Null = 8, 95% CI 

= 3, 13), Prunus (Observed = 96, Null = 13, 95% CI = 6, 20), oak Quercus (Observed = 100, Null = 

25, 95% CI = 16, 33) and elm (Ulmus) (Observed = 60, Null = 10, 95% CI = 4, 16). A preference 

was recorded for horse chestnut (Aesculus), but this result should be treated with caution as this 

genus was found so rarely in the tree and shrub surveys that confidence intervals could not be 

generated for the null value (Observed = 4, Null = 0). Six genera were underrepresented in the 

faecal samples relative to their abundance in the tree and shrub survey: ash (Fraxinus) (Observed = 

76, Null = 218, 95% CI = 195, 241), hazel (Corylus) (Observed = 15, Null = 95, 95% CI = 195, 

241), birch (Betula) (Observed = 13, Null = 70, 95% CI = 55, 85), holly (Ilex) (Observed = 4, Null 

= 23, 95% CI = 14, 33) elder (Sambucus) (Observed = 2, Null = 16, 95% CI = 9,24) and hornbeam 

(Carpinus) (Observed = 2, Null = 13, 95% CI = 7, 20). 
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Figure 6.9. Preference plot for the 22 woody plant genera that were present at ≥ 1% content in one 

or more faecal samples and were also present in the tree and shrub surveys. Lines indicate 95% 

confidence intervals for expected consumption given the null model. The coloured dots indicate the 

observed number of faecal samples where each genus was present. White dots show the genus was 

consumed in proportion to its availability; blue shows the genus was consumed less than expected 

and orange indicates the genus was consumed more than expected given the null model in the 

preference analysis. 
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Zoo samples 

Of the six faecal samples included from the captive fallow deer population at the Welsh Mountain 

Zoo, all but one survived filtering for at least one marker and three survived filtering for both markers 

(Table 6.6). The ITS2 marker gave a total of 11,491 reads with a mean of 2873 (SD = 3972) reads 

per sample with a range of 663 to 8823 (n = 4). The rbcL marker gave a total of 12,265 reads, with a 

mean of 3066 = (4567) reads per sample with a range of 372 to 9898 (n = 4). The consensus dataset 

for the zoo samples contained a total of 23,756 reads with a mean of 5752 (SD = 7545) reads per 

sample with a range of 372 to 18,721 (n = 5). The consensus dataset consisted of 16 plant taxa 

identified to genus level. In contrast to the field samples from wild deer, the zoo samples were mostly 

dominated by grasses and small quantities of other plants typically associated with grasslands, such 

as thistles (Cirsium spp.), yarrow (Achillea spp.) and vetch (Vicia spp.) (Figure 6.10). Sample M2 

contained 63% wheat (Triticum), which was probably present in animal feed. Woody species such as 

bramble and Prunus spp. may have come from the hedge adjacent to the enclosure fence.  

Table 6.6. Zoo samples that survived quality filtering for rbcL and ITS2 

Zoo samples Sex Survived filtering rbcL? Survived filtering ITS2? 

F1 Female No No 

F2 Female Yes Yes 

F3 Female No Yes 

M1 Male Yes Yes 

M2 Male Yes Yes 

M3 Male Yes No 
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Figure 6.10. Percentage read abundance of plant genera present in the zoo fallow deer faecal samples 

that survived filtering. This represents a consensus dataset containing combined data from ITS2 and 

rbcL markers. Sample F3 represents ITS2 data only, and M3 represents rbcL data only, as they did 

not survive filtering through both pipelines. 
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Field blanks 

Of the five field blanks and two lab controls included in the sequencing run, only one survived 

filtering for the ITS2 marker, while three samples survived filtering for rbcL (Table 6.7). Neither of 

the laboratory control pools survived filtering. The ITS2 marker generated a total of 20,074 reads for 

the one surviving sample. The rbcL marker generated a total of 21,905 reads with an average of 7302 

(SD = 6340) reads per sample with a range of 1845 to 14,256. The consensus dataset for the field 

blanks contained a total of 41,979 reads with a mean of 16,634 (SD = 10155) reads per sample with 

a range of 1845 to 25,878. The consensus dataset consisted of 11 taxa identified to genus level (Figure 

6.11). The sequences from the November-December sampling period were 86% holly Ilex and 14 % 

oak Quercus. The sequences from the March-April sampling period were made up of 84% Douglas 

fir (Pseudotsuga) and 16% larch (Larix). The sequences from April-May were more diverse, perhaps 

partly because they included sequences from both markers, or because more species were releasing 

pollen in these months. The sequences were made up of 35% Prunus, 29% Fraxinus and 14% 

hawthorn (Crataegus). 

Table 6.7. Field blanks that survived quality filtering for rbcL and ITS2 

Sample pools Sampling period Survived filtering rbcL? Survived filtering ITS2? 

W1-W3 Nov – Dec 2020 Yes No 

W4-W6 Jan – Feb 2021 No No 

W7-W9 Feb – Mar 2021 No No 

W10-W12 Mar – Apr 2021 Yes No 

W13, W15 Apr – May 2021 Yes Yes 
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Figure 6.11. Percentage read abundance of plant genera present in the field blanks that survived 

filtering. The column for Apr - May contains consensus data for rbcL and ITS2. The Nov - Dec and 

Mar - Apr column contain data from rbcL only. 

 

Discussion 

This study aimed to characterise the diet of fallow deer in the Elwy Valley and identify how diet 

content varied with spatial and temporal variation in resource availability. The lack of grasses in the 

diet despite abundant pasture in the landscape indicates that graminoid productivity was not a driver 

of diet diversity, which contradicts our initial prediction. The only notable grass content was 

Lolium, appearing in moderate quantities in April at site HFD and in November at site WFR. 

Grasses were virtually absent from the diet of deer at site BWN. Overall, bramble was the dominant 

component of the diet across all three sites, although there was considerable variation in the relative 

proportion of bramble in samples across sites and seasons. The preference analysis for ground 

vegetation indicated that the deer disproportionately utilised bramble relative to its frequency in the 

resource availability surveys, despite bramble being among the most abundant taxa recorded in the 

landscape. The remainder of the diet was mainly composed of woody browse. Other studies have 

documented substantial seasonal variation in the diet of the fallow deer (Bruno and Apollonio, 

1991; Borkowski and Obidziński, 2003; Morse et al., 2009), however this is the first study to use 
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DNA metabarcoding to identify seasonal variation in the diet of this species and relate this to 

seasonal resource availability and dietary preference. 

The lack of grass in the diet of Elwy Valley fallow deer contradicts the findings of previous studies, 

which characterised the species as an intermediate grazer with high grass content in the diet 

supplemented by woody browse in winter (Borkowski & Obidziński, 2003; Caldwell et al., 1983; 

Kerridge & Bullock, 1991; Morse et al., 2009; Putman et al., 1993; Spitzer et al., 2020). Fallow 

deer are in fact highly flexible in their foraging habits and able to exploit resources which might not 

sustain other more specialist herbivores (Esattore et al., 2022; Hofmann, 1989). This may allow 

prioritisation of safety and convenience over a more palatable diet. In landscapes dominated by 

forest as opposed to grassland, fallow deer may adopt a heavily browse-dominated diet (Nugent, 

1990). Notably, some previous studies of fallow deer diet were on deer estates in Essex (Caldwell et 

al., 1983) and Leicestershire, UK (Kerridge and Bullock, 1991) and an area in Poland where deer 

were fed supplementary hay (Borkowski and Obidziński, 2003). In these areas, graminoid 

availability is likely to be relatively high compared to woodland resources, and human activity more 

predictable (Recarte et al., 1998). Habituation to humans may permit more frequent foraging in 

open areas (Langbein & Putman, 1991). In contrast, the Elwy Valley population exists in a mosaic 

of woodlands and farmland where human activity is less predictable across the landscape. 

Woodlands may offer safe refuge from disturbance by humans and livestock (Gaudiano et al., 2021; 

Hood & Inglis, 1974; Khadka & James, 2016), which may lead to lower feeding rates in open areas 

(Ciuti et al., 2012; Jayakody et al., 2008; Stankowich, 2008) and reduced graminoid content in the 

diet. A study in the Scottish Highlands found that red deer faeces from recreation-disturbed sites 

contained less grassland species (grasses, sedges, herbs and rushes) and more browse (heather and 

trees) in the springtime compared to less disturbed sites (Jayakody et al., 2011). However, grassland 

species increased in recreation-disturbed sites in winter, possibly due to a reduction in recreation 

and the onset of the hunting season, which may drive deer to spend more time in fields away from 

hunters in woodlands (Jayakody et al., 2011). In addition, a study in Germany found that red deer 

used areas less frequently when they were grazed by cattle compared to non-grazed areas, even up 

to 21 days after relief from grazing (Weiss et al., 2022) In the Elwy Valley, where hunting took 

place in some woodlands and livestock grazing was widespread in the surrounding fields, woodland 

resources appeared to be dominant year-round, indicating that the fallow deer tend to avoid foraging 

in open fields across the seasons and that hunting did not deter deer foraging in woodlands 

compared to fields. This is also evident when contrasting the contents of the wild deer faecal 
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samples with samples from the zoo, where the enclosed fallow deer were constrained to grassland 

foraging. The findings of this study complement the larger-scale study of the Elwy Valley fallow 

deer, which found a positive effect of tree cover and negligible effects of hunting on deer woodland 

use at the landscape scale (Barton, 2023). 

The diet was most diverse in the autumn season and least diverse in the winter months. The relative 

proportion of bramble consumed tracked diet diversity across site and season: as relative 

proportions of bramble in the diet decreased from January-February onwards, the diversity of the 

diet increased as alternative seasonal resources became available. Therefore, the diet diversity 

appears to be driven by availability of seasonal woody browse and woodland ground flora, with 

bramble as the keystone winter resource. The preference analysis for ground flora was limited to 

vegetation in woodlands, therefore I could not test for preferences of grassland and meadow species 

or crop plants. In addition, woodland plants that were missed by the ground flora surveys could not 

be tested for preference. Nonetheless, the preference for bramble was much stronger than for other 

ground flora genera that were tested. Even with their high availability in the landscape, evergreen 

ivy (Hedera) and holly (Ilex) were both consumed less than predicted by the preference analyses. 

Indeed, this was despite these species being moderately palatable to deer (González Hernández & 

Silva-Pando, 1999; Tixier et al., 1997) and previously recorded as significant components of the 

winter diet of fallow deer in the UK (Jackson, 1977).  

The dominance of bramble over other evergreen resources contradicts the prediction that deer 

would become less selective in winter to maximise energy intake. Prolific vegetative growth and 

wide geographical distribution make bramble one of the most abundant understory plants in 

temperate forests (Balandier et al., 2013). This is especially true in the winter as bramble retains 

foliage throughout the year, while most other understory foliage is largely absent (Aerts, 1995). 

Previous studies have found that deer frequently consume bramble and woody browse outside of the 

plant growing season (Boulanger et al., 2009; Jackson, 1977; Kamler & Homolka, 2011; Tixier et 

al., 1997). Winter is an energetically costly period due to thermoregulatory demands. Therefore, 

deer may spend more time in sheltered environments such as woodlands and bulk browse on 

evergreen foliage to save energy (Mysterud et al., 2011; Nudds, 1980; Ossi et al., 2015). The 

relative decline in selectivity over the winter seems to be due to sole reliance on bramble as a 

common, reliable resource to ensure survival through the winter. Nonetheless, the ground flora 

preference analysis showed a strong overall preference for bramble across the seasons. Indeed, 
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bramble can be a highly palatable resource for browsing deer species (Harmer et al., 2010; 

Obidziński et al., 2013). New growth in the spring contains high concentrations of nitrogen, 

potassium and phosphorus, while more aged leaves have a higher concentration of calcium and 

intermediate levels of magnesium (Taylor, 1982). In addition, woodland resources such as bramble 

may provide a low-risk food option compared to grasses in open fields if human disturbance is high 

(Jayakody et al., 2011). These factors provide some possible explanations for the continuous 

consumption of bramble by fallow deer throughout the year in the present study.  

The results of the tree and shrub preference analysis indicate that genera occurring at high localised 

stem densities were under-represented in the diet according to their availability. For example, ash 

sapling densities were exceptionally high at site LNH; birch was locally dominant throughout site 

EWD; and hornbeam saplings were locally abundant at site MRN (Figure 3.2). Similarly, hazel 

stems were usually recorded in clusters as they occurred as coppice shoots from the same stool 

(e.g., Figure 3.10). Although these species were abundant in the landscape, their distribution was 

more clustered and so the deer may have been less likely to encounter them while foraging. In 

contrast, woody genera that were more widespread but less locally dominant were designated as a 

preferred resource in the diet, such as oak Quercus, Rosa spp, Prunus spp, Acer spp. and elm Ulmus 

spp. Some care should be taken when drawing conclusions on the foraging preferences of the fallow 

deer for woody species based on this preference analysis, as the results may be an artefact of 

resource distribution in the environment (Duparc et al., 2020; Wang et al., 2010). Nonetheless, these 

“preferred” woody genera have been shown to be palatable for deer (Moore et al., 1999; Ohse, 

Seele, et al., 2017; Rupprecht et al., 2022). Blackthorn (Prunus spinosa) and dogrose (Rosa canina) 

are typically low shrubs, while elm and occasionally sycamore can produce suckers from the main 

stem (Bleay, 1987). These growth forms are more likely to present available foliage at browsing 

height, compared to more light demanding species such as birch and ash, which typically have a 

higher crown base and were recorded as under-represented in the diet. The presence of moderate 

quantities of oak in the diet from September – December suggests that the deer were primarily 

consuming acorns rather than browsing oaks directly. There was a particular spike in oak 

consumption across all three sites in October, which would typically be the peak month for acorn 

production (Hanley et al., 2018) and previous fallow deer diet studies have shown oak seeds to be 

an important component of the autumn and winter diet in this species (Azorit et al., 2012; Caldwell 

et al., 1983; Herrera, 1995). Oak masting (acorn production) varies substantially between years 

(Hanley et al., 2018) and Forestry England recorded autumn 2020 as a good mast year in the UK 
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(Forestry England, 2020). Another possible explanation is the late senescence of oak foliage 

compared to other deciduous species, which could still provide browse material into the winter 

months.  

The site from which samples were collected did not have a significant influence on the taxonomic 

composition of the diet, however all seasons were significantly different from each other in 

taxonomic composition. Conversely, ground vegetation community composition did not 

substantially change with season but was very spatially variable amongst sites. There was also 

considerable spatial variation in the taxonomic composition of trees and shrubs (Figure 3.2), 

although temporal variation in browse availability from these taxa was not assessed. Taken 

together, these results indicate that while woodland site was the main determinant of variation in 

resource availability, it was not a driver of diet composition. Areas of the Elwy Valley vary in soil 

type, with base-rich limestone soils around Bodelwyddan and St Asaph and more acidic soils to the 

south and east. Soil moisture is also an important factor, as lower areas accumulate higher water 

content. This was evident in plant species communities across the valley, with drier limestone areas 

displaying more grassland species, while the wetter woodland areas showed more typical ancient 

woodland ground flora such as dog’s mercury, wood anemone (Anemone nemorosa), wild garlic 

(Allium ursinum) and bluebells (Hyacinthoides non-scripta). This variation in soil type and 

moisture is also likely to influence nutritional quality and palatability of the ground flora, which 

could generate local variation in browsing preferences (Hundley, 1959; Dykes et al., 2018) but this 

was beyond the scope of the present study.  

The spatial scale of deer foraging probably did not match the site-scale at which resource 

availability was measured. The home range of a fallow deer may be several times larger than the 

individual study woodlands (Borkowski & Pudełko, 2007). It is therefore very likely that the deer 

utilised multiple woodlands within their home range within a single bout of feeding. A recent 

camera trap study of roe deer habitat use in the Black Forest, Germany found that local forest 

structure aspects (100 x 100 m2) such as canopy cover and tree species richness were the greatest 

determinant of roe deer habitat use, while patch scale food availability (5 x 5 m2) had little effect 

(Schwegmann et al., 2023). In addition, a study in the east of England found that culling of small-

bodied, sedentary deer species - roe deer and Reeve’s muntjac (Muntiacus reevesi) - was effective 

at reducing browsing impacts at the individual woodland scale and the efficacy meaningfully 

increased up to a radius of 50 km for roe deer and 30 km for muntjac (Fattorini et al., 2020). In 
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contrast, culling of fallow deer only became effective at the 5 km scale, doubled at the 70 km scale 

and was three times more effective at the 100 km scale (Fattorini et al., 2020). Taken together with 

the results of the present study, deer populations require management at a spatial scale that matches 

the scale of foraging and ranging behaviour of the species. 

To successfully manage a growing population of browsing ungulates such as the Elwy Valley 

fallow deer, there is a necessity to preserve the ecological and socio-economic role of deer in the 

landscape (Reimoser & Putman, 2011; Vera et al., 2008; Weisberg & Bugmann, 2003), determine 

threshold levels at which browsing is problematic (Putman et al., 2011), and identify management 

interventions to successfully prevent or mediate impacts (Barton et al., 2022). While this study has 

highlighted considerable browse content in the diet, the lack of crop plants and grasses indicates 

minimal use of crop fields and grazing pasture, which is contrary to concerns that the deer may be 

reducing crop yield (Menichetti et al., 2019) or spending time in the vicinity of livestock with the 

possibility of disease transmission (Putman et al., 2011). If reductions in deer numbers are required 

for the benefit of tree regeneration, this is likely to require a landscape-scale effort due to 

displacement of deer out of hunted woodlands (Fattorini et al., 2020; Yamaguchi et al., 2020) – see 

Chapter 5. While modifying tree species composition to make a stand less palatable (Maltoni et al., 

2019) or altering the availability of cover in the understory (Bobek et al., 2016; Borkowski & 

Ukalski, 2012) may deter herbivory at the woodland scale, it is unlikely to curtail problematic 

browsing pressure across the whole landscape without a coordinated effort, as deer foraging bouts 

are likely to overlap management units. Nonetheless, conversion of a whole landscape to be 

deliberately unsuitable for deer would be impractical and ecologically damaging. There is a balance 

to be struck between maintaining the ecological and economic value of deer populations while 

mitigating the consequences of intensive browsing for woodland health (Gordon et al., 2004; 

Valente et al., 2020).  

Methodological considerations 

Bramble dominance in the diet raises questions of contamination from the laboratory or the 

sampling environment, or biases in the primer sets used. However, the lack of bramble in the zoo 

samples and field blanks demonstrated that there was not ubiquitous contamination. While the field 

blanks indicated that pollen and fallen leaves are likely to contaminate faecal samples, the 

dominance of bramble in the diet with a peak in January – February strongly suggests that pollen 

contamination was not the main cause of bramble dominance. Furthermore, the dominance of 
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bramble in the diet at sites WFR and BWN - despite lack of bramble in the ground vegetation 

surveys at these two sites (Supplementary S4.3) - indicates that soil contamination is unlikely to be 

a significant contributor to relative read abundance. The primer pair combinations used in this study 

have been previously used by Lowe et al., (2022) and Jones et al., (2022) to study the foraging 

habits of honeybees Apis melifera. While bramble was a key component of the honey in certain 

survey months, it was not ubiquitous across their datasets, indicating that these primers accurately 

represented bramble use (Jones et al., 2022; Lowe et al., 2022). 

The dominance of holly in DNA extracted from the field blanks placed in the field during the 

November-December sampling period was not surprising, considering the samples were positioned 

in and around a holly grove. The soil may have contained a high concentration of holly DNA from 

cumulative leaf fall. Although there were no larch or Douglas fir recorded within site WFR (see 

Chapter 3), sequences from the March-April blanks were entirely composed of these taxa. This 

strongly indicates that wind-blown pollen was the source of the detected sequences, as Douglas fir 

(Isaac & Dimock, 1958) and larch (Colas et al., 2008) both release pollen during those months. The 

April-May blanks were dominated by hawthorn, Prunus spp and ash, which are all in flower in the 

UK at this time (Sparks et al., 2000; Thomas, 2016). The results from the field blanks highlight the 

potential for environmental contamination to influence the results of DNA metabarcoding studies 

looking at herbivore diet from faecal samples. Future studies of deer diet could analyse intestinal 

faeces from culled individuals (Smith & Shandruk, 1979) to validate diet contents and to assess the 

degree of environmental contamination of samples collected from the field. 

It would have been interesting to segregate the diet samples by sex to identify whether male and 

female deer vary in their dietary choices. Although protocols are available for sexing ungulate 

herbivores from faecal samples (Liu et al., 2015; Pajares et al., 2007), including deer (Yamauchi et 

al., 2000; Gurgul et al., 2010), there has been limited use of these in diet studies thus far. Nakahama 

et al., (2021) used the AMEL sexing primers developed by Yamauchi et al., (2000) to compare the 

diets of male and female sika deer, although DNA degradation prevented definitive identification 

for nearly a quarter of their samples. While previous studies have identified sex-specific patterns in 

diet relating to reproductive behaviour (Djaković et al., 2015; Pélabon & Komers, 1997; Soulsbury, 

2019) or social segregation (Putman et al., 1993), this was beyond the scope of the present study.  
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Conclusions 

The aim of this study was to characterise the dietary composition of the fallow deer in the Elwy 

Valley using DNA metabarcoding and identify how the diet changes with temporal and spatial 

variation in resource availability. Contrary to expectations in this woodland-pasture landscape, 

grasses were not a major component of the diet across seasons. The diet was largely dominated by 

bramble throughout the year, especially in the winter months. The diversity of the diet increased in 

the spring and peaked in the summer and autumn as availability of different browse material 

increased, corresponding with a reduction in percentage of bramble content. While availability of 

forage plants was mainly determined by spatial variation, diet composition was influenced by 

season. Therefore, deer foraging was not spatially restricted within individual woodland sites and 

varied according to seasonal woodland resource availability. This study further demonstrates the 

generalist nature of the fallow deer diet and exhibits DNA metabarcoding as a valuable tool to 

monitor regional deer foraging, which could help to inform landscape-scale, co-ordinated deer 

management. 
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Chapter 7  

 

General Discussion 

 

My thesis aimed to explore key drivers of deer habitat use and diet in woodlands within human-

altered landscapes using novel methodologies. A systematic map collated the existing literature on 

the effects of the six UK deer species and the North American elk (a close relative of the red deer) 

on vegetation in wooded habitats across the globe, addressing the methodological context of studies 

and whether deer species were studied alone or within a herbivore community. Focusing on a local 

fallow deer population in North Wales, the subsequent chapters brought together Terrestrial 

LiDAR, DNA metabarcoding and motion-activated cameras to explore how deer woodland use 

varied across the 24-hour period according to risk factors and habitat structure, and how seasonal 

deer diet varied with landscape-scale resource availability.  

Deer are not a single generic species 

To successfully manage expanding deer populations in the temperate zone, a sound understanding 

of the ecological roles of different deer species is crucial. Where multiple deer species exist in a 

landscape, they are often treated as a single entity when it comes to browsing impacts and 

management. In reality, body size, feeding strategy and habitat use are closely linked to resource 

selection, which will generate different effects on vegetation communities among deer species 

(Gordon, 2003; Johnson, 1980; J. Latham, 1999; Putman et al., 2011). For example, a recent review 

highlighted how roe deer were the most likely deer species to be overabundant in forestry in 

Europe, while red deer were most likely to be overabundant in protected areas (Carpio et al., 2021). 

Despite their differences, species often overlap in their diet content (Esattore et al., 2022; Kerridge 

& Bullock, 1991; Spitzer et al., 2020; Tixier & Duncan, 1996). Therefore, it can be difficult to 

separate out the ecological effects of coexisting deer populations (Faison et al., 2016). Without 

species-specific monitoring of behaviour and diet, disentangling the effects of coexisting herbivores 

may not be possible. The systematic map (Chapter 2) highlighted the huge range of effects that 

deer can exert on vegetation and found that most studies have been conducted within the context of 

a herbivore community, therefore there is very little information available on the effects of 
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individual deer species, even for red, roe and fallow deer which are widespread across the UK and 

Europe. 

In order to understand how growing deer populations are affecting landscapes, there is a need for 

population or activity monitoring alongside documentation of ecological change. Many studies 

identified by the systematic map used a method of quantifying deer numbers to study effects on 

vegetation. The study of deer impacts on forests using exclosures is common (Stephan et al., 2017; 

Fujiki and Sakata, 2021). However, exclosures represent a scenario where deer are totally absent 

from a system and may therefore be most useful for studying potential ecological consequences of 

ungulate extinctions (Bakker, Gill, et al., 2016) or recovery of vulnerable vegetation communities 

following relief of grazing (Barrere et al., 2021; Otsu et al., 2019; Putman et al., 1989). For 

common, widespread ungulates such as the fallow deer, quantifying their habitat use and activity 

patterns provides a better picture of herbivory pressure and ecological impacts. In the systematic 

map (Chapter 2), the most common method for quantifying deer numbers was faecal pile counts, 

however error rates in deer species identification are frequent when using this method (Pfeffer et al., 

2018; Spitzer et al., 2019). Survey techniques such as camera trapping or spotlight counts allow 

reliable species identification (Corlatti et al., 2016; Rowcliffe et al., 2008). However, without 

identification of individual animals, density estimates from cameras are often unreliable due to 

dispersal in and out of the survey area and deliberate placement of cameras to maximise species 

detection (Hofmeester et al., 2019; Rowcliffe et al., 2008). In addition, the frequency or effects of 

herbivory may not be linked to deer density in a linear way (Charro et al., 2018; Koda & Fujita, 

2011), and the same deer density may be damaging in one habitat type but produce negligible 

impacts in another (Putman, 1996). Instead of focusing purely on species density, studying the 

behaviour and habitat use of different deer species can improve our understanding of their impacts 

on the environment (Putman et al., 2011). 

Advancing deer ecology and behaviour research using novel methodologies 

Rapid developments in Terrestrial LiDAR (TLS) technology have provided exciting opportunities 

to explore interactions between animal behaviour and habitat structure (Aben et al., 2018, Davies & 

Asner 2014). While TLS equipment requires significant financial investment, a single survey can 

supply multiple metrics of fine-scale habitat structure from a single dataset (Ryding et al., 2015). 

These include foliage density (Béland & Kobayashi, 2021; Greaves et al., 2015; Zhao et al., 2015), 

tree stem density and size (Bauwens et al., 2016; Dassot et al., 2011; Watt & Donoghue, 2005), 
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structural complexity (Maguire et al., 2019) and viewshed length (Lecigne et al., 2020; Olsoy et al., 

2015). Habitat complexity metrics can be related to diversity of different animal guilds, such as 

birds or invertebrates (Acebes et al., 2021). In addition, resource availability or cover in the form of 

foliage could be quantified at different heights of the canopy or across seasons (Z. Li et al., 2018), 

as demonstrated in Chapter 4 where Leaf Area Index (LAI) was compared between winter (leaf-

off) and summer (leaf-on) scans. Habitat openness can influence the quality of cover for 

concealment and thermoregulation for animals at different heights within the canopy (Lecigne et al., 

2020; Olsoy et al., 2015).  

TLS data can be used to study the quality of cover for prey animals, which could improve our 

understanding of predator-prey relationships in wooded environments (Olsoy et al., 2015; Lecigne 

et al., 2020). As deer primarily influence their environment through herbivory, factors that affect 

their foraging behaviour will alter the ecological effects of different deer species. Habitat structure 

is a key driver of deer space use, as deer frequently select for dense cover when perceived predation 

risk is high (Mysterud and Ostbye, 1999; Uzal et al., 2013).  Indeed, studies have shown that sika 

(Takada and Washida, 2020), fallow (Thirgood, 1996) and roe (San José et al., 1997; Pays et al., 

2007) deer form larger social groups in more open habitats. When the physical structure of a habitat 

is sparser, concealment from predators is reduced, therefore increased group sizes boost vigilance 

capacity of the herd to compensate (Barja and Rosellini, 2008). In addition, red deer have been 

shown to alter their space use in response to the onset of the hunting season by selecting for habitats 

more dense vegetation cover (Lone et al., 2015; Meisingset et al., 2022). An experiment using 

enclosed red and roe deer found that both species exhibited stronger reactions to visual human 

disturbance stimuli than acoustic, although the two species exhibited differences in the magnitude 

and duration of their reactions (Reimoser, 2012). Visual concealment is therefore likely to be 

important for deer populations under human disturbance to buffer perceived risk and stress 

(Reimoser, 2012; Dixon et al., 2021). 

In UK landscapes such as the Elwy Valley where management of the local fallow deer population is 

spatially patchy, quantifying woodland habitat structure may identify features which could allow 

deer to evade shooting and increase their tolerance to disturbance. Chapter 4 of this thesis 

demonstrates the use of mobile TLS technology to quantify visibility (viewshed length) in the 

understory layer for forest-dwelling deer using high resolution, three-dimensional point cloud data. 

Horizontal visibility was lower in woodlands with higher densities of small-diameter tree stems, 
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indicating that these woodlands provided better horizontal cover than woodlands with lower stem 

densities. Shooting deer is likely to be more challenging in woodlands where small-diameter trees 

have grown past browsing height but remain in high density due to reduced sightlines (Gaynor et 

al., 2022; Lone et al., 2014). Consequently, woodlands with shorter sightlines may act as safe 

refuge (Meisingset et al., 2022) which may reduce the efficacy of shooting in neighbouring areas 

(Iijima, 2017; Yamaguchi et al., 2020).  

Deer behavioural plasticity in response to perceived risk is likely to buffer effects of human 

disturbance on deer browsing pressure (Barton et al., 2022; Hewison et al., 2001). Lethal 

management of deer at the site level can displace deer into the surrounding landscape where 

shooting is absent (Iijima, 2017; Lone et al., 2015; Yamaguchi et al., 2020). While this 

displacement effect has been shown to reduce localised browsing intensity in other deer populations 

(Hothorn & Müller, 2010; Martin & Baltzinger, 2002; Mols et al., 2022), the results from Chapter 

5 of this thesis indicated that the Elwy Valley fallow deer are compensating for fine-scale temporal 

variation in risk from hunters by adjusting their timing of woodland use. Site occupancy was 

reduced in the diurnal period - when hunters are most active - but hunting did not influence 

occupancy in the crepuscular or nocturnal period. In addition, diurnal detection probability was 

lower in areas with greater bramble cover, indicating that the fallow deer may have been using 

dense bramble banks as hiding cover during the riskiest part of the 24-hour cycle. This spatial and 

temporal displacement of deer habitat use is likely to be reducing the efficacy of existing lethal 

management by preventing removal of individuals from the population and temporarily shifting 

browsing pressure around the landscape (Bonnot et al., 2020; Ikeda et al., 2019; Yamaguchi et al., 

2020). Hunting is therefore unlikely to significantly reduce regional and site-level browsing damage 

at present, even in regularly hunted woodlands. Monitoring deer responses to perceived risk in 

different woodland environments is key to successful, species-specific management.  

Responses to predation risk of different deer species are traded off against their nutritional 

requirements, which are likely to generate differences in ecological effects of browsing across 

species. The UK deer species are a mix of small-bodied concentrate selectors for browse, forbs and 

herbs (roe deer, Reeve’s muntjac and Chinese water deer) and large-bodied intermediate grazers 

(sika, red and fallow deer) (Hofmann, 1989). The general categorisation of deer species as primary 

grazers or browsers may in fact be unhelpful for deer management, as there are likely to be 

considerable regional differences in diet content within species according to seasonal resource 
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availability. For instance, the fallow deer is a generalist herbivore that can thrive on a wide variety 

of browse and grazing material, which has probably contributed to its success as an introduced 

species across the globe (Esattore et al., 2022). Chapter 6 of this thesis demonstrates the use of 

DNA metabarcoding to monitor the seasonal diet of the Elwy Valley fallow deer population at the 

landscape scale. The results showed that the fallow deer in this region are primarily browsers across 

all seasons, which contradicts the typified categorisation of fallow deer as intermediate grazers 

(Hofmann, 1989) and confirms the huge dietary flexibility of the species (Esattore et al., 2022). 

Bramble formed a significant portion of the diet during winter, although the diet became more 

diverse as the seasons progressed with a greater proportion of deciduous browse and woodland 

ground flora. In addition, a preference analysis highlighted several woody plant genera that 

appeared to be actively selected for in the diet, including Rosa, Prunus, Ulmus and Acer. Given the 

rapid expansion of this population over the last 100 years, the high deciduous browse content in the 

diet relative to grasses suggests the Elwy Valley fallow deer may be problematic for woodland 

creation, restoration, and broadleaf forestry in the local area. 

There is great potential to use molecular tools for improved management of ecosystems where 

ungulate herbivory is a key component (McShea et al., 2019). DNA metabarcoding, as used in 

Chapter 6, can provide highly detailed taxonomic information on the diets of large herbivore 

species, with the possibility to explore seasonal and spatial variation in the diet (Spitzer et al., 

2020), This can be especially useful where the browsing impacts of co-existing deer species are 

difficult to tease out. Where dung is collected in the environment, the herbivore species and sex can 

be identified by sequencing DNA present from the animal (Ramón-Laca et al., 2014; Sugimoto et 

al., 2018), which opens the possibility of studying variation in foraging habits between the sexes 

due to differences in nutritional requirements (Hamasaki et al., 2009; Perez-Barberia & Gordon, 

1998; Shannon et al., 2013) or thermal constraints (Conradt et al., 2000). In addition, seasonal diet 

content of culled animals from rumen contents (Nichols et al., 2016) can be related to body 

condition, providing information on the health of managed deer populations in relation to resource 

availability (Fløjgaard et al., 2017). Animal DNA can even be sequenced from the saliva on 

browsed branches to explore spatial overlap of feeding behaviour between coexisting ungulate 

species (Iacolina et al., 2020; Nichols et al., 2012). On a global scale, DNA metabarcoding can be 

used to study the diets of endangered ungulates (Kim et al., 2021; Leonard et al., 2017), or even 

track long-term climate-driven changes in large herbivore diets (Craine et al., 2016). The 
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widespread use of DNA sequencing to monitor deer diet and population dynamics could contribute 

valuable information towards a landscape-scale deer management plan in the UK. 

Integrating novel methods with ungulate management and policy 

The integration of new technologies to support data analysis and decision making is crucial for 

improvement of UK deer management. Population growth of generalist herbivores such as the 

fallow deer presents a significant barrier to expansion of native broadleaf woodland cover (Croft et 

al., 2019; Fuentes-Montemayor et al., 2022). In 2018, the Welsh Government published an update 

to their Woodlands for Wales action plan (Welsh Government, 2018). In addition, the UK 

government has published the England Trees Action Plan covering 2021-2024 (Defra, 2021). The 

primary objectives of these plans are to increase woodland cover in England and Wales to boost 

carbon storage and biodiversity, provide opportunities for local livelihoods in forestry and tourism, 

benefit human wellbeing and mitigate flood risk, using a “right tree, right place” approach (Defra, 

2021; Welsh Government, 2018). These documents acknowledge that growing deer populations 

need to be managed and action plans are required but give no further detail on how this will be 

achieved. This reflects the lack of detailed knowledge on species-specific deer impacts identified by 

the systematic map (Chapter 2). There is an urgent need to build an informed, landscape-scale deer 

management strategy for the UK as deer populations continue to expand. 

To build an efficient and sustainable plan for UK deer management, lessons should be learned from 

approaches in other countries. In European countries such as Norway and Poland, municipal deer 

management is informed by quantifying deer densities from hunter bag counts and citizen reports 

(Husek et al., 2021; Mysterud et al., 2007). Based on these counts, annual harvest quotas are 

calculated to maintain population densities at an ‘acceptable’ level. These decisions aim to balance 

maintaining a healthy population while mitigating against damage to crops and forestry, road traffic 

accidents and ecological damage (Putman et al., 2011). In Scandinavia, hunting is an actively 

encouraged public activity that is crucial to the management of ungulate populations (Brainerd & 

Kaltenborn, 2010). Encouraging a sense of public stewardship for the landscape and accessibility to 

wildlife as a common resource is key to maintaining the public engagement that supports this model 

of wildlife management (Hansson-Forman et al., 2020; Prager et al., 2018). Such landscape-scale 

deer monitoring and engagement with hunting is lacking in the UK, with most organised deer 

management taking place in closed deer parks for animal welfare reasons, or sport shooting on 

game estates and private land. Deer in the wider UK landscape are mainly managed on an informal 
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basis by landowners where deer are considered a barrier to management objectives, such as the 

growth of timber or woodland conservation. According to the behavioural observations in this thesis 

and the larger-scale study of the Elwy Valley fallow deer (Barton, 2023), this sporadic approach to 

management is unlikely to have any substantial effect on UK deer populations, and both native and 

introduced species are continuing to grow in number and range (Croft et al., 2019; Ward, 2005; 

Ward et al., 2021). The methodologies outlined in this thesis provide new tools to monitor regional 

woodland resource use and behavioural responses to management. 

Conclusions 

Large herbivores are integral components of terrestrial ecosystems in the temperate zone, but 

anthropogenic landscape changes are altering interactions between deer and vegetation 

communities. Deer species continue to be treated as a single entity when it comes to management, 

despite the considerable differences in their biology and feeding ecology. By using remote sensing 

technologies to monitor deer populations and their habitat use, we can improve our understanding 

of which woodlands are most vulnerable to browsing damage by different deer species, and how 

deer are likely to respond to management and disturbance. In addition, new molecular methods such 

as DNA metabarcoding can be used to identify the dietary components of deer species, which 

provides valuable information on the trophic interactions between growing populations and 

vegetation communities. The lack of a long-term, landscape scale, species-specific approach to deer 

management means that the health of UK woodlands and forests is facing a growing challenge. 

Increasing deer populations may impede woodland creation and expansion, which could jeopardise 

efforts to boost carbon storage, conserve biodiversity and promote sustainable forestry practices. 

There is clearly a balance to be struck: total removal or exclusion of deer is impractical and would 

be ecologically damaging in the long-term. However, rapidly increasing deer populations must be 

carefully managed if we are to mitigate ecological impacts in the UK and across the temperate zone. 

Studying the behavioural ecology of deer species is key to developing effective management 

strategies at the landscape scale. 
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Supporting information 

S2.1. Database of the 404 sources identified for inclusion in the systematic map, provided as an 

accompanying Excel file S2.1.systematic.map.database.xlsx. 

S2.2. Search terms entered into the UK Government website and the Opengrey thesis database. 

These searches yielded two PhD theses for inclusion. One PhD thesis had published data as peer 

reviewed journal articles; therefore, those articles were included instead of the thesis. Relevant 

theses were also excluded when no electronic download was available. 

Search terms 
Search 

engine 
Date Number of hits 

Number of relevant 

articles 

Number of articles selected 

for inclusion 

"red deer" Gov.UK 21/04/2020 4 0 0 

"muntjac" Gov.UK 21/04/2020 14 1 0 

"roe deer" Gov.UK 21/04/2020 7 0 0 

"fallow deer" Gov.UK 21/04/2020 1 0 0 

"sika deer" Gov.UK 21/04/2020 2 0 0 

"chinese water deer" Gov.UK 21/04/2020 4 1 0 

"deer" AND "damage" Gov.UK 21/04/2020 61 1 0 

"cervus elaphus" OR "red deer" Opengrey 21/04/2020 74 7 1 

"muntiacus reevesi" OR "muntjac" Opengrey 21/04/2020 10 2 1 

"cervus nippon" OR "sika deer" Opengrey 21/04/2020 8 0 0 

"dama dama OR "fallow deer" Opengrey 22/04/2020 18 2 1 

"hydropotes inermis" OR "chinese 

water deer" 
Opengrey 22/04/2020 2 0 0 
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S4.1. Woody plant taxa identified in the medium, large or very large stem diameter categories with their 

corresponding shade-casting categories (Ellenberg, 1988) (p. 50). 

 

Taxon Shade casting category 

Abies spp High 

Acer campestre Medium 

Acer pseudoplatanus High 

Acer spp Medium 

Alnus rubra Medium 

Betula spp Very low 

Carpinus betulus Very high 

Castanea sativa Medium 

Corylus avellana Medium 

Cotoneaster sp Very high 

Crataegus spp Low 

Dead Extremely low 

Euonymus europaeus Low 

Fagus sylvatica Very high 

Fraxinus excelsior Medium 

Ilex aquifolium Very high 

Larix decidua Very low 

Malus spp Low 

Picea sitchensis Very low 

Pinus sylvestris Very low 

Prunus avium Medium 

Prunus laurocerasus Very high 

Prunus spinosa Low 

Pseudotsuga menziesii High 

Pyrus spp Low 

Quercus rubra Medium 

Quercus spp Medium 

Salix caprea Low 

Salix spp Low 

Sambucus nigra Low 

Sorbus aucuparia Low 

Thuja occidentalis High 

Thuja plicata High 

Tillia cordata High 

Ulnus glabra High 
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S4.2. Stem density per hectare per sample plot, split by site and coloured by woody plant size 

category. Woody plant size categories were defined as follows: Sapling (> 0.3 m, < 1.3 m height); 

Small (> = 1.3 m height, < 10 cm DBH); Medium (10 – 20 cm DBH); Large (21 – 30 cm DBH) and 

Very large (> = 31 cm DBH). 
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S4.3. Average percentage cover of bramble across the ten woodland sites. Error bars represent the 

standard error of the mean. 
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S4.4. Average resting height of survey quadrats during summer bramble cover surveys across the 

ten study sites. This provides an indication of the height of the field layer vegetation including 

bramble. Caution is advised when interpreting these data however, for two reasons: 1) there was an 

effect of the quadrat squashing down vegetation, and 2) it is likely there was surveyor bias of 

avoiding areas where the field vegetation was so dense that safe access was not possible. For these 

reasons, these data are likely to underestimate the height of the field layer vegetation, including 

bramble. The error bars represent the standard error of the means. 
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S4.5. Understory Leaf Area Index (LAI) of the ten study sites. The LAI is derived from point clouds 

from between four and ten plots at each of the woodland sites at 0.75 – 1.5 metres above the 

ground. The error bars represent the standard error of the means. 
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S5.1. Average Horizontal Visibility Coefficient at 1 metre from the ground across each of the ten 

woodland sites. Error bars represent the standard error of the mean. 
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S5.2. Candidate models for assessing effects of covariates on occupancy probability (Ψ). Detection 

probability (p) was modelled alongside Ψ using single covariates. 

Ψ~1 p~1 
Ψ ~ VIS p~1 
Ψ ~ Bramble p~1 
Ψ ~ Rec p~1 
Ψ ~ Hunt p~1 
Ψ ~ VIS+Rec p~1 
Ψ ~ Bramble+Rec p~1 
Ψ ~ VIS+Hunt p~1 
Ψ ~ Bramble+Hunt p~1 
Ψ ~ VIS+Bramble p~1 
Ψ ~ Rec+Hunt p~1 
Ψ~1 p~VIS 
Ψ ~ VIS p~VIS 
Ψ ~ Bramble p~VIS 
Ψ ~ Rec p~VIS 
Ψ ~ Hunt p~VIS 
Ψ ~ VIS+Rec p~VIS 
Ψ ~ Bramble+Rec p~VIS 
Ψ ~ VIS+Hunt p~VIS 
Ψ ~ Bramble+Hunt p~VIS 
Ψ ~ VIS+Bramble p~VIS 
Ψ ~ Rec+Hunt p~VIS 
Ψ~1 p~Bramble 
Ψ ~ VIS p~Bramble 
Ψ ~ Bramble p~Bramble 
Ψ ~ Rec p~Bramble 
Ψ ~ Hunt p~Bramble 
Ψ ~ VIS+Rec p~Bramble 
Ψ ~ Bramble+Rec p~Bramble 
Ψ ~ VIS+Hunt p~Bramble 
Ψ ~ Bramble+Hunt p~Bramble 
Ψ ~ VIS+Bramble p~Bramble 
Ψ ~ Rec+Hunt p~Bramble 
Ψ~1 p~Rec 
Ψ ~ VIS p~Rec 
Ψ ~ Bramble p~Rec 
Ψ ~ Rec p~Rec 
Ψ ~ Hunt p~Rec 
Ψ ~ VIS+Rec p~Rec 
Ψ ~ Bramble+Rec p~Rec 
Ψ ~ VIS+Hunt p~Rec 
Ψ ~ Bramble+Hunt p~Rec 
Ψ ~ VIS+Bramble p~Rec 
Ψ ~ Rec+Hunt p~Rec 
Ψ~1 p~Hunt 
Ψ ~ VIS p~Hunt 
Ψ ~ Bramble p~Hunt 
Ψ ~ Rec p~Hunt 
Ψ ~ Hunt p~Hunt 
Ψ ~ VIS+Rec p~Hunt 
Ψ ~ Bramble+Rec p~Hunt 
Ψ ~ VIS+Hunt p~Hunt 
Ψ ~ Bramble+Hunt p~Hunt 
Ψ ~ VIS+Bramble p~Hunt 
Ψ ~ Rec+Hunt p~Hunt 
Ψ~1 p~Bioseason 
Ψ ~ VIS p~Bioseason 
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Ψ ~ Bramble p~Bioseason 
Ψ ~ Rec p~Bioseason 
Ψ ~ Hunt p~Bioseason 
Ψ ~ VIS+Rec p~Bioseason 
Ψ ~ Bramble+Rec p~Bioseason 
Ψ ~ VIS+Hunt p~Bioseason 
Ψ ~ Bramble+Hunt p~Bioseason 
Ψ ~ VIS+Bramble p~Bioseason 
Ψ ~ Rec+Hunt p~Bioseason 

S5.3. Candidate models for assessing effects of covariates on detection probability (p). Occupancy 

probability (Ψ) was modelled alongside p using single covariates. 

p~1 Ψ~1 
p ~ VIS Ψ~1 
p ~ Bramble Ψ~1 
p ~ Rec Ψ~1 
p ~ Hunt Ψ~1 
p ~ Bioseason Ψ~1 
p ~ VIS+Rec Ψ~1 
p ~ Bramble+Rec Ψ~1 
p ~ VIS+Hunt Ψ~1 
p ~ Bramble+Hunt Ψ~1 
p ~ VIS+Bramble Ψ~1 
p ~ Rec+Hunt Ψ~1 
p ~ Bioseason+Rec Ψ~1 
p ~ Bioseason+Hunt Ψ~1 
p ~ Bioseason+Bramble Ψ~1 
p ~ Bioseason+VIS Ψ~1 
p~1 Ψ~VIS 
p ~ VIS Ψ~VIS 
p ~ Bramble Ψ~VIS 
p ~ Rec Ψ~VIS 
p ~ Hunt Ψ~VIS 
p ~ Bioseason Ψ~VIS 
p ~ VIS+Rec Ψ~VIS 
p ~ Bramble+Rec Ψ~VIS 
p ~ VIS+Hunt Ψ~VIS 
p ~ Bramble+Hunt Ψ~VIS 
p ~ VIS+Bramble Ψ~VIS 
p ~ Rec+Hunt Ψ~VIS 
p ~ Bioseason+Rec Ψ~VIS 
p ~ Bioseason+Hunt Ψ~VIS 
p ~ Bioseason+Bramble Ψ~VIS 
p ~ Bioseason+VIS Ψ~VIS 
p~1 Ψ~Bramble 
p ~ VIS Ψ~Bramble 
p ~ Bramble Ψ~Bramble 
p ~ Rec Ψ~Bramble 
p ~ Hunt Ψ~Bramble 
p ~ Bioseason Ψ~Bramble 
p ~ VIS+Rec Ψ~Bramble 
p ~ Bramble+Rec Ψ~Bramble 
p ~ VIS+Hunt Ψ~Bramble 
p ~ Bramble+Hunt Ψ~Bramble 
p ~ VIS+Bramble Ψ~Bramble 
p ~ Rec+Hunt Ψ~Bramble 
p ~ Bioseason+Rec Ψ~Bramble 
p ~ Bioseason+Hunt Ψ~Bramble 
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p ~ Bioseason+Bramble Ψ~Bramble 
p ~ Bioseason+VIS Ψ~Bramble 
p~1 Ψ~Rec 
p ~ VIS Ψ~Rec 
p ~ Bramble Ψ~Rec 
p ~ Rec Ψ~Rec 
p ~ Hunt Ψ~Rec 
p ~ Bioseason Ψ~Rec 
p ~ VIS+Rec Ψ~Rec 
p ~ Bramble+Rec Ψ~Rec 
p ~ VIS+Hunt Ψ~Rec 
p ~ Bramble+Hunt Ψ~Rec 
p ~ VIS+Bramble Ψ~Rec 
p ~ Rec+Hunt Ψ~Rec 
p ~ Bioseason+Rec Ψ~Rec 
p ~ Bioseason+Hunt Ψ~Rec 
p ~ Bioseason+Bramble Ψ~Rec 
p ~ Bioseason+VIS Ψ~Rec 
p~1 Ψ~Hunt 
p ~ VIS Ψ~Hunt 
p ~ Bramble Ψ~Hunt 
p ~ Rec Ψ~Hunt 
p ~ Hunt Ψ~Hunt 
p ~ Bioseason Ψ~Hunt 
p ~ VIS+Rec Ψ~Hunt 
p ~ Bramble+Rec Ψ~Hunt 
p ~ VIS+Hunt Ψ~Hunt 
p ~ Bramble+Hunt Ψ~Hunt 
p ~ VIS+Bramble Ψ~Hunt 
p ~ Rec+Hunt Ψ~Hunt 
p ~ Bioseason+Rec Ψ~Hunt 
p ~ Bioseason+Hunt Ψ~Hunt 
p ~ Bioseason+Bramble Ψ~Hunt 
p ~ Bioseason+VIS Ψ~Hunt 

S5.4. Corrected AIC table for models assessing effects of covariates on diurnal occupancy 

probability (Ψ) where model weight > 0. Detection probability (p) was modelled alongside Ψ using 

single covariates. 

ID Model AIC npar warn.conv warn.VC DAIC Model weight 

44 Ψ(VIS+Hunt)p(Bramble) 3715.086 5 7 0 0 0.5543 
45 Ψ(Bramble+Hunt)p(Bramble) 3715.592 5 7 0 0.5055 0.4305 
34 Ψ(.)p(Bramble) 3725.002 3 7 0 9.9155 0.0039 
37 Ψ(Bramble)p(Bramble) 3726.267 4 7 0 11.1804 0.0021 
36 Ψ(VIS)p(Bramble) 3726.659 4 7 0 11.5726 0.0017 
46 Ψ(VIS+Bramble)p(Bramble) 3726.709 5 7 0 11.6228 0.0017 
38 Ψ(Rec)p(Bramble) 3726.891 4 7 0 11.8052 0.0015 
35 Ψ(Bioseason)p(Bramble) 3727.349 5 7 0 12.2629 0.0012 
43 Ψ(Bramble P Rec)p(Bramble) 3727.963 5 7 0 12.8768 9.00E-04 
40 Ψ(Bioseason P Bramble)p(Bramble) 3728.594 6 7 0 13.5078 6.00E-04 
42 Ψ(VIS P Rec)p(Bramble) 3728.608 5 7 0 13.5221 6.00E-04 
39 Ψ(Bioseason P VIS)p(Bramble) 3728.998 6 7 0 13.9121 5.00E-04 
41 Ψ(Bioseason P Rec)p(Bramble) 3729.235 6 7 0 14.1493 5.00E-04 
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S5.5. Summed Akaike weights for covariates modelled against diurnal occupancy probability (Ψ) 

for models where model weight > 0 

 
Covariate Ψ AIC weight 

Hunt 0.98 

VIS 0.56 

Bramble 0.44 

Rec 0 

Bioseason 0 

 

S5.6. Corrected AIC table for models assessing effects of covariates on diurnal detection probability 

(p) where model weight > 0. Occupancy probability (Ψ) was modelled alongside Ψ using single 

covariates. 

ID Model AIC npar warn.conv warn.VC DAIC Model weight 

78 Ψ(Hunt)p(Bramble+Hunt) 3512.927 5 7 0 0 0.9896 

14 Ψ(.)p(Bramble+Hunt) 3523.683 4 7 0 10.7563 0.0046 

62 Ψ(Bramble)p(Bramble+ Hunt) 3524.953 5 7 0 12.0264 0.0024 

46 Ψ(VIS)p(Bramble+Hunt) 3525.29 5 7 0 12.3638 0.002 

30 Ψ(Bioseason)p(Bramble+Hunt) 3526.09 6 7 0 13.1631 
 

0.0014 

 

S5.7. Summed Akaike weights for covariates modelled against diurnal detection probability (p) for 

models where model weight > 0 

 

Covariate p AIC weight 

Bramble 1 

Hunt 1 

Bioseason 0 

VIS 0 

Rec 0 
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S5.8. Corrected AIC table for models assessing effects of covariates on crepuscular occupancy 

probability (Ψ) where model weight > 0. Detection probability (p) was modelled alongside Ψ using 

single covariates. 

ID Model AIC neg2ll npar warn.conv warn.VC DAIC 
Model 
weight 

16 Ψ(.)p(Bioseason) 2942 2934 4 7 0 0 0.2123 
19 Ψ(Bramble)p(Bioseason) 2942.937 2932.937 5 7 0 0.9369 0.1329 
18 Ψ(VIS)p(Bioseason) 2943.011 2933.011 5 7 0 1.0111 0.1281 
20 Ψ(Rec)p(Bioseason) 2943.681 2933.681 5 7 0 1.6802 0.0917 
29 Ψ(VIS P Bramble)p(Bioseason) 2944.583 2932.583 6 7 0 2.5825 0.0584 
28 Ψ(Bramble P Hunt)p(Bioseason) 2944.624 2932.624 6 7 0 2.6233 0.0572 
26 Ψ(Bramble+Rec)p(Bioseason) 2944.828 2932.828 6 7 0 2.8272 0.0517 
25 Ψ(VIS+Rec)p(Bioseason) 2944.835 2932.835 6 7 0 2.8343 0.0515 
27 Ψ(VIS+Hunt)p(Bioseason) 2945.005 2933.005 6 7 0 3.0046 0.0473 
17 Ψ(Bioseason)p(Bioseason) 2945.439 2933.439 6 7 0 3.4384 0.0381 

22 
Ψ(Bioseason+ 
Bramble)p(Bioseason) 

2946.199 2932.199 7 7 0 4.1985 0.026 

21 Ψ(Bioseason+VIS)p(Bioseason) 2946.288 2932.288 7 7 0 4.2878 0.0249 
23 Ψ(Bioseason+Rec)p(Bioseason) 2947.051 2933.051 7 7 0 5.0507 0.017 
24 Ψ(Bioseason+Hunt)p(Bioseason) 2947.439 2933.439 7 7 0 5.4384 0.014 
69 Ψ(.)p(Hunt) 2947.736 2941.736 3 7 0 5.7359 0.0121 
71 Ψ(Bramble)p(Hunt) 2948.784 2940.784 4 7 0 6.7837 0.0071 
70 Ψ(VIS)p(Hunt) 2948.84 2940.84 4 7 0 6.8392 0.0069 
72 Ψ(Rec)p(Hunt) 2949.47 2941.47 4 7 0 7.4696 0.0051 
76 Ψ(Bramble+Hunt)p(Hunt) 2950.45 2940.45 5 7 0 8.4499 0.0031 
77 Ψ(VIS+Bramble)p(Hunt) 2950.463 2940.463 5 7 0 8.4626 0.0031 
75 Ψ(VIS+Rec)p(Hunt) 2950.7 2940.7 5 7 0 8.6995 0.0027 
30 Ψ(.)p(VIS) 2951.927 2945.927 3 7 0 9.9263 0.0015 
73 Ψ(Bioseason+Bramble)p(Hunt) 2952.203 2940.203 6 7 0 10.2027 0.0013 
32 Ψ(Bramble)p(VIS) 2952.725 2944.725 4 7 0 10.7246 0.001 
31 Ψ(VIS)p(VIS) 2952.791 2944.791 4 7 0 10.7905 0.001 
74 Ψ(Bioseason+Rec)p(Hunt) 2952.971 2940.971 6 7 0 10.9705 9.00E-04 
33 Ψ(Rec)p(VIS) 2953.569 2945.569 4 7 0 11.5691 7.00E-04 
40 Ψ(VIS+Bramble)p(VIS) 2954.317 2944.317 5 7 0 12.3165 4.00E-04 
39 Ψ(Bramble+Hunt)p(VIS) 2954.429 2944.429 5 7 0 12.4288 4.00E-04 
37 Ψ(VIS+Rec)p(VIS) 2954.6 2944.6 5 7 0 12.5994 4.00E-04 
38 Ψ(Bramble+Rec)p(VIS) 2954.606 2944.606 5 7 0 12.6053 4.00E-04 
35 Ψ(Bioseason+Bramble)p(VIS) 2955.933 2943.933 6 7 0 13.9323 2.00E-04 
34 Ψ(BIOSEASO+VIS)p(VIS) 2956.013 2944.013 6 7 0 14.0129 2.00E-04 
36 Ψ(Bioseason+Rec)p(VIS) 2956.894 2944.894 6 7 0 14.8932 1.00E-04 
41 Ψ(.)p(Bramble) 2957.067 2951.067 3 7 0 15.0671 1.00E-04 
43 Ψ(Bramble)p(Bramble) 2958.074 2950.074 4 7 0 16.0739 1.00E-04 
42 Ψ(VIS)p(Bramble) 2958.133 2950.133 4 7 0 16.1329 1.00E-04 

 

S5.9. Summed Akaike weights for covariates modelled against crepuscular occupancy probability 

(Ψ) for models where model weight > 0 

Covariate Ψ AIC weight 

Bramble 0.34 

VIS 0.32 

Rec 0.22 

Bioseason 0.12 
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S5.10. Corrected AIC table for models assessing effects of covariates on crepuscular detection 

probability (p) where model weight > 0. Occupancy probability (Ψ) was modelled alongside Ψ 

using single covariates. 

 

 

S5.11. Summed Akaike weights for covariates modelled against crepuscular detection probability 

(p) for models where model weight > 0. 

Covariate p AIC weight 

Bioseason 1 
Hunt 0.95 
VIS 0.04 

Bramble 0.01 
Rec 0 

ID Model AIC npar warn.conv warn.VC DAIC 
Model 
weight 

10 Ψ(.)p(Bioseason+Hunt) 2931.399 5 7 0 0 0.3429 
50 Ψ(Bramble)p(Bioseason+Hunt) 2932.452 6 7 0 1.0528 0.2026 
34 Ψ(VIS)p(Bioseason+Hunt) 2932.515 6 7 0 1.1163 0.1962 
65 Ψ(Rec)p(Bioseason+Hunt) 2933.124 6 7 0 1.7255 0.1447 
22 Ψ(Bioseason)p(Bioseason+Hunt) 2934.913 7 7 0 3.5138 0.0592 
7 Ψ(.)p(Bioseason+VIS) 2938.447 5 7 0 7.0481 0.0101 

47 Ψ(Bramble)p(Bioseason+VIS) 2939.257 6 7 0 7.858 0.0067 
31 Ψ(VIS)p(Bioseason+VIS) 2939.335 6 7 0 7.9357 0.0065 
62 Ψ(Rec)p(Bioseason+VIS) 2940.08 6 7 0 8.6815 0.0045 
74 Ψ(Hunt)p(Bioseason+VIS) 2940.447 6 7 0 9.0481 0.0037 
8 Ψ(.)p(Bioseason+Bramble) 2940.667 5 7 0 9.2683 0.0033 

48 Ψ(Bramble)p(Bioseason+Bramble) 2941.688 6 7 0 10.2888 0.002 
32 Ψ(VIS)p(Bioseason+Bramble) 2941.756 6 7 0 10.3575 0.0019 
20 Ψ(Bioseason)p(Bioseason+VIS) 2941.808 7 7 0 10.4096 0.0019 
2 Ψ(.)p(Bioseason) 2942 4 7 0 10.6015 0.0017 

63 Ψ(Rec)p(Bioseason+Bramble) 2942.379 6 7 0 10.9804 0.0014 
75 Ψ(Hunt)p(Bioseason+Bramble) 2942.662 6 7 0 11.2631 0.0012 
42 Ψ(Bramble)p(Bioseason) 2942.937 5 7 0 11.5384 0.0011 
26 Ψ(VIS)p(Bioseason) 2943.011 5 7 0 11.6126 0.001 
13 Ψ(.)p(VIS+Hunt) 2943.352 4 7 0 11.9536 9.00E-04 
9 Ψ(.)p(Bioseason+Rec) 2943.411 5 7 0 12.0118 8.00E-04 

57 Ψ(Rec)p(Bioseason) 2943.681 5 7 0 12.2817 7.00E-04 
53 Ψ(Bramble)p(VIS+Hunt) 2944.287 5 7 0 12.8878 5.00E-04 
49 Ψ(Bramble)p(Bioseason+Rec) 2944.32 6 7 0 12.9207 5.00E-04 
37 Ψ(VIS)p(VIS+Hunt) 2944.346 5 7 0 12.9467 5.00E-04 
33 Ψ(VIS)p(Bioseason+Rec) 2944.396 6 7 0 12.9973 5.00E-04 
68 Ψ(Rec)p(VIS+Hunt) 2945.046 5 7 0 13.6471 4.00E-04 
64 Ψ(Rec)p(Bioseason+Rec) 2945.079 6 7 0 13.6802 4.00E-04 
78 Ψ(Hunt)p(VIS+Hunt) 2945.351 5 7 0 13.9517 3.00E-04 
18 Ψ(Bioseason)p(Bioseason) 2945.439 6 7 0 14.0399 3.00E-04 
15 Ψ(.)p(VIS+Bramble) 2946.176 4 7 0 14.7773 2.00E-04 
21 Ψ(Bioseason)p(Bioseason+Rec) 2946.829 7 7 0 15.4297 2.00E-04 
55 Ψ(Bramble)p(VIS+Bramble) 2947.079 5 7 0 15.68 1.00E-04 
39 Ψ(VIS)p(VIS+Bramble) 2947.138 5 7 0 15.7394 1.00E-04 
6 Ψ(.)p(Hunt) 2947.736 3 7 0 16.3374 1.00E-04 

70 Ψ(Rec)p(VIS+Bramble) 2947.857 5 7 0 16.4584 1.00E-04 
16 Ψ(.)p(Rec+Hunt) 2948.622 4 7 0 17.2236 1.00E-04 
46 Ψ(Bramble)p(Hunt) 2948.784 4 7 0 17.3852 1.00E-04 
30 Ψ(VIS)p(Hunt) 2948.84 4 7 0 17.4407 1.00E-04 
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S5.12. Corrected AIC table for models assessing effects of covariates on nocturnal occupancy 

probability (Ψ) where model weight > 0. Detection probability (p) was modelled alongside Ψ using 

single covariates. 

ID Model AIC npar warn.conv warn.VC DAIC wgt 

17 Ψ(.)p(Bioseason) 2119.343 4 7 0 0 0.116 

58 Ψ(.)p(Rec) 2120.289 3 7 0 0.9463 0.0723 

19 Ψ(VIS)p(Bioseason) 2120.366 5 7 0 1.0229 0.0696 

21 Ψ(Rec)p(Bioseason) 2120.431 5 7 0 1.0882 0.0673 

22 Ψ(Hunt)p(Bioseason) 2120.936 5 7 0 1.5932 0.0523 

24 Ψ(VIS+Rec)p(Bioseason) 2121.069 6 7 0 1.7257 0.0489 

59 Ψ(VIS)p(Rec) 2121.193 4 7 0 1.85 0.046 

20 Ψ(Bramble)p(Bioseason) 2121.276 5 7 0 1.9336 0.0441 

18 Ψ(Bioseason)p(Bioseason) 2121.344 6 7 0 2.0016 0.0426 

61 Ψ(Rec)p(Rec) 2121.481 4 7 0 2.1385 0.0398 

26 Ψ(VIS+Hunt)p(Bioseason) 2121.898 6 7 0 2.5553 0.0323 

62 Ψ(Hunt)p(Rec) 2121.932 4 7 0 2.5889 0.0318 

29 Ψ(Rec+Hunt)p(Bioseason) 2121.963 6 7 0 2.6199 0.0313 

66 Ψ(VIS+Rec)p(Rec) 2121.999 5 7 0 2.6565 0.0307 

25 Ψ(Bramble+Rec)p(Bioseason) 2122.181 6 7 0 2.8384 0.0281 

60 Ψ(Bramble)p(Rec) 2122.188 4 7 0 2.8451 0.028 

28 Ψ(VIS+Bramble)p(Bioseason) 2122.312 6 7 0 2.9692 0.0263 

27 Ψ(Bramble+Hunt)p(Bioseason) 2122.6 6 7 0 3.257 0.0228 

68 Ψ(VIS+Hunt)p(Rec) 2122.775 5 7 0 3.4322 0.0209 

23 Ψ(Bioseason+Hunt)p(Bioseason) 2122.856 7 7 0 3.5133 0.02 

71 Ψ(Rec+Hunt)p(Rec) 2123.069 5 7 0 3.7265 0.018 

70 Ψ(VIS+Bramble)p(Rec) 2123.155 5 7 0 3.8119 0.0172 

67 Ψ(Bramble+Rec)p(Rec) 2123.179 5 7 0 3.8366 0.017 

63 Ψ(Bioseason+VIS)p(Rec) 2123.359 6 7 0 4.0166 0.0156 

64 Ψ(Bioseason+Rec)p(Rec) 2123.408 6 7 0 4.0656 0.0152 

69 Ψ(Bramble+Hunt)p(Rec) 2123.534 5 7 0 4.1912 0.0143 

65 Ψ(Bioseason+Hunt)p(Rec) 2123.939 6 7 0 4.5961 0.0117 

45 Ψ(.)p(Bramble) 2127.341 3 7 0 7.9977 0.0021 

48 Ψ(Rec)p(Bramble) 2128.342 4 7 0 8.9996 0.0013 

46 Ψ(VIS)p(Bramble) 2128.445 4 7 0 9.1024 0.0012 

49 Ψ(Hunt)p(Bramble) 2128.892 4 7 0 9.5495 0.001 

72 Ψ(.)p(Hunt) 2128.936 3 7 0 9.5936 0.001 

52 Ψ(VIS+Rec)p(Bramble) 2129.064 5 7 0 9.7207 9.00E-04 

47 Ψ(Bramble)p(Bramble) 2129.296 4 7 0 9.9533 8.00E-04 

30 Ψ(.)p(VIS) 2129.354 3 7 0 10.0116 8.00E-04 

57 Ψ(Rec+Hunt)p(Bramble) 2129.828 5 7 0 10.485 6.00E-04 

54 Ψ(VIS+Hunt)p(Bramble) 2129.934 5 7 0 10.5913 6.00E-04 

75 Ψ(Rec)p(Hunt) 2129.967 4 7 0 10.6239 6.00E-04 

73 Ψ(VIS)p(Hunt) 2130.008 4 7 0 10.6649 6.00E-04 
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51 Ψ(Bioseason+Rec)p(Bramble) 2130.05 6 7 0 10.7072 5.00E-04 

53 Ψ(Bramble+Rec)p(Bramble) 2130.128 5 7 0 10.785 5.00E-04 

31 Ψ(VIS)p(VIS) 2130.265 4 7 0 10.9219 5.00E-04 

56 Ψ(VIS+Bramble)p(Bramble) 2130.376 5 7 0 11.0328 5.00E-04 

50 Ψ(Bioseason+VIS)p(Bramble) 2130.379 6 7 0 11.0362 5.00E-04 

33 Ψ(Rec)p(VIS) 2130.474 4 7 0 11.1313 4.00E-04 

76 Ψ(Hunt)p(Hunt) 2130.491 4 7 0 11.1482 4.00E-04 

55 Ψ(Bramble+Hunt)p(Bramble) 2130.598 5 7 0 11.2556 4.00E-04 

78 Ψ(VIS+Rec)p(Hunt) 2130.648 5 7 0 11.3055 4.00E-04 

74 Ψ(Bramble)p(Hunt) 2130.881 4 7 0 11.5378 4.00E-04 

39 Ψ(VIS+Rec)p(VIS) 2130.976 5 7 0 11.6332 3.00E-04 

34 Ψ(Hunt)p(VIS) 2131.001 4 7 0 11.6578 3.00E-04 

32 Ψ(Bramble)p(VIS) 2131.254 4 7 0 11.9115 3.00E-04 

83 Ψ(Rec+Hunt)p(Hunt) 2131.463 5 7 0 12.1197 3.00E-04 

80 Ψ(VIS+Hunt)p(Hunt) 2131.497 5 7 0 12.1542 3.00E-04 

79 Ψ(Bramble+Rec)p(Hunt) 2131.73 5 7 0 12.3873 2.00E-04 

41 Ψ(VIS+Hunt)p(VIS) 2131.849 5 7 0 12.5058 2.00E-04 

82 Ψ(VIS+Bramble)p(Hunt) 2131.948 5 7 0 12.6055 2.00E-04 

44 Ψ(Rec+Hunt)p(VIS) 2132.064 5 7 0 12.7207 2.00E-04 

40 Ψ(Bramble+Rec)p(VIS) 2132.163 5 7 0 12.8202 2.00E-04 

81 Ψ(Bramble+Hunt)p(Hunt) 2132.166 5 7 0 12.8235 2.00E-04 

43 Ψ(VIS+Bramble)p(VIS) 2132.226 5 7 0 12.8836 2.00E-04 

37 Ψ(Bioseason+Rec)p(VIS) 2132.315 6 7 0 12.9718 2.00E-04 

35 Ψ(Bioseason+VIS)p(VIS) 2132.334 6 7 0 12.9915 2.00E-04 

42 Ψ(Bramble+Hunt)p(VIS) 2132.61 5 7 0 13.2673 2.00E-04 

77 Ψ(Bioseason+Bramble)p(Hunt) 2132.779 6 7 0 13.4363 1.00E-04 

38 Ψ(Bioseason+Hunt)p(VIS) 2132.907 6 7 0 13.5645 1.00E-04 

3 Ψ(VIS)p(.) 2133.141 3 7 0 13.7984 1.00E-04 

36 Ψ(Bioseason+Bramble)p(VIS) 2133.27 6 7 0 13.9267 1.00E-04 

11 Ψ(VIS+Rec)p(.) 2133.811 4 7 0 14.4685 1.00E-04 
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S5.13. Summed Akaike weights for covariates modelled against nocturnal occupancy probability 

(Ψ)  for models where model weight > 0. 

Covariate Ψ AIC weight 

VIS 0.31 

Rec 0.3 

Hunt 0.26 

Bramble 0.2 

Bioseason 0.11 

 

S5.14. Corrected AIC table for models assessing effects of covariates on nocturnal detection 

probability (p) where model weight > 0. Occupancy probability (Ψ) was modelled alongside Ψ 

using single covariates. 

ID Model AIC npar warn.conv warn.VC DAIC wgt 

9 Ψ(.)p(Bioseason+Rec) 2108.832 5 7 0 0 0.2083 

32 Ψ(VIS)p(Bioseason+Rec) 2109.764 6 7 0 0.9323 0.1307 

61 Ψ(Rec)p(Bioseason+Rec) 2110.079 6 7 0 1.2478 0.1116 

77 Ψ(Hunt)p(Bioseason+Rec) 2110.466 6 7 0 1.6339 0.092 

8 Ψ(.)p(Bioseason+Bramble) 2110.69 5 7 0 1.8586 0.0823 

60 Ψ(Rec)p(Bioseason+Bramble) 2111.665 6 7 0 2.8332 0.0505 

31 Ψ(VIS)p(Bioseason+Bramble) 2111.853 6 7 0 3.021 0.046 

12 Ψ(.)p(Bramble+Rec) 2112.068 4 7 0 3.2363 0.0413 

76 Ψ(Hunt)p(Bioseason+Bramble) 2112.178 6 7 0 3.3459 0.0391 

20 Ψ(Bioseason)p(Bioseason+Bramble) 2112.628 7 7 0 3.7959 0.0312 

47 Ψ(Bramble)p(Bioseason+Bramble) 2112.668 6 7 0 3.8367 0.0306 

35 Ψ(VIS)p(Bramble+Rec) 2113.084 5 7 0 4.2523 0.0249 

64 Ψ(Rec)p(Bramble+Rec) 2113.221 5 7 0 4.3889 0.0232 

80 Ψ(Hunt)p(Bramble+Rec) 2113.656 5 7 0 4.824 0.0187 

50 Ψ(Bramble)p(Bramble+Rec) 2114.009 5 7 0 5.1773 0.0157 

10 Ψ(.)p(Bioseason+Hunt) 2115.916 5 7 0 7.0846 0.006 

15 Ψ(.)p(VIS+Bramble) 2116.48 4 7 0 7.6486 0.0045 

62 Ψ(Rec)p(Bioseason+Hunt) 2116.949 6 7 0 8.1173 0.0036 

33 Ψ(VIS)p(Bioseason+Hunt) 2117.011 6 7 0 8.1792 0.0035 

78 Ψ(Hunt)p(Bioseason+Hunt) 2117.434 6 7 0 8.6028 0.0028 

38 Ψ(VIS)p(VIS+Bramble) 2117.474 5 7 0 8.6423 0.0028 

67 Ψ(Rec)p(VIS+Bramble) 2117.532 5 7 0 8.7006 0.0027 

21 Ψ(Bioseason)p(Bioseason+Hunt) 2117.852 7 7 0 9.02 0.0023 

48 Ψ(Bramble)p(Bioseason+Hunt) 2117.871 6 7 0 9.0391 0.0023 

83 Ψ(Hunt)p(VIS+Bramble) 2118.069 5 7 0 9.2371 0.0021 

23 Ψ(Bioseason)p(VIS+Bramble) 2118.4 6 7 0 9.5681 0.0017 

7 Ψ(.)p(Bioseason+VIS) 2118.498 5 7 0 9.6661 0.0017 

16 Ψ(.)p(Rec+Hunt) 2118.975 4 7 0 10.1432 0.0013 

11 Ψ(.)p(VIS+Rec) 2119.177 4 7 0 10.3451 0.0012 
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2 Ψ(.)p(Bioseason) 2119.343 4 7 0 10.5112 0.0011 

30 Ψ(VIS)p(Bioseason+VIS) 2119.445 6 7 0 10.6134 0.001 

59 Ψ(Rec)p(Bioseason+VIS) 2119.617 6 7 0 10.7855 9.00E-04 

39 Ψ(VIS)p(Rec+Hunt) 2119.944 5 7 0 11.1126 8.00E-04 

34 Ψ(VIS)p(VIS+Rec) 2119.997 5 7 0 11.165 8.00E-04 

75 Ψ(Hunt)p(Bioseason+VIS) 2120.121 6 7 0 11.289 7.00E-04 

68 Ψ(Rec)p(Rec+Hunt) 2120.131 5 7 0 11.2993 7.00E-04 

5 Ψ(.)p(Rec) 2120.289 3 7 0 11.4575 7.00E-04 

25 Ψ(VIS)p(Bioseason) 2120.366 5 7 0 11.5341 7.00E-04 

63 Ψ(Rec)p(VIS+Rec) 2120.404 5 7 0 11.5725 6.00E-04 

46 Ψ(Bramble)p(Bioseason+VIS) 2120.414 6 7 0 11.5822 6.00E-04 

54 Ψ(Rec)p(Bioseason) 2120.431 5 7 0 11.5994 6.00E-04 

19 Ψ(Bioseason)p(Bioseason+VIS) 2120.533 7 7 0 11.7013 6.00E-04 

84 Ψ(Hunt)p(Rec+Hunt) 2120.561 5 7 0 11.7291 6.00E-04 

79 Ψ(Hunt)p(VIS+Rec) 2120.853 5 7 0 12.0211 5.00E-04 

52 Ψ(Bramble)p(Rec+Hunt) 2120.893 5 7 0 12.0612 5.00E-04 

70 Ψ(Hunt)p(Bioseason) 2120.936 5 7 0 12.1044 5.00E-04 

49 Ψ(Bramble)p(VIS+Rec) 2121.051 5 7 0 12.219 5.00E-04 

28 Ψ(VIS)p(Rec) 2121.193 4 7 0 12.3612 4.00E-04 

41 Ψ(Bramble)p(Bioseason) 2121.276 5 7 0 12.4448 4.00E-04 

22 Ψ(Bioseason)p(VIS+Rec) 2121.286 6 7 0 12.454 4.00E-04 

18 Ψ(Bioseason)p(Bioseason) 2121.344 6 7 0 12.5128 4.00E-04 

57 Ψ(Rec)p(Rec) 2121.481 4 7 0 12.6497 4.00E-04 

73 Ψ(Hunt)p(Rec) 2121.932 4 7 0 13.1001 3.00E-04 

44 Ψ(Bramble)p(Rec) 2122.188 4 7 0 13.3563 3.00E-04 

 

 

S5.15. Summed Akaike weights for covariates modelled against nocturnal detection probability (p) 

for models where model weight > 0. 

Covariate p AIC weight 

Bioseason 0.85 

Rec 0.68 

Bramble 0.42 

Hunt 0.02 

VIS 0.02 
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S6.1. Faecal sample preparation 

Prior to starting work, the workbench was cleaned with 10% bleach solution and all pipettes, racks 

and pipette tips were exposed to UV light in a hood for at least 20 minutes. Faecal samples were 

defrosted at room temperature. A scalpel and tweezers were dipped in 70% ethanol and held in a 

Bunsen burner flame after each sample, and periodically cleaned with 10% bleach. At first, faecal 

pellets were placed on a clean glass tile and the external part of the pellet was cut off, the centre 

extracted using the tweezers and the external parts discarded. This was to minimise any 

contamination from exterior sources such as aerial pollen or soil. However, this process was 

deemed inefficient as it greatly lengthened the amount of time spent processing each sample. 

Therefore, the final method involved removing any obvious contaminants such as pieces of 

vegetation using the tweezers and scalpel but retaining whole pellets. Each sample was then 

homogenised using a mortar and pestle. Each mortar and pestle set were cleaned with 10% bleach 

between samples. A portion of 0.04 – 0.08 g of crushed faecal material was weighed out in a plastic 

weigh boat. The remaining faecal material was then returned to storage at -20 oC in their original 

containers, unless the container was particularly soiled by invertebrates which has emerged from the 

sample when it was first frozen, in which case the remaining material was frozen in a new falcon 

tube.  

Where there was no time to perform DNA extractions following sample preparation, samples were 

refrozen in 1.5 millilitre microcentrifuge tubes at -20 oC. 
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S6.2. DNA extraction protocol 

• UV racks, tips, tubes etc. 

• UV ethanol 

• Soak steel beads in bleach, rinse in water then soak in ethanol. Rinse in water before use.  

• Warm buffer AP1 to 65oC on heat block 

• Remember to include a tube for negative control! 

• Make lysis solution: 

- Buffer AP1 @ 400 ul per sample 

- RNase A (100mg/ml) @ 1ul per sample *spin down RNase A 

- Protenaise K (20mg/ml) @ 4ul per sample *defrost & vortex to mix 

Protocol: 

1. Place a steel bead inside the tube with the sample 

2. Add 405 μl lysis solution to sample  

3. Place lid locks on all samples / tape lids if no lid locks 

4. Bead beat sample for 4 mins / 30hz / 1800 rpm 

5. Remove lid locks / tape 

6. Incubate samples @ 65oC for 30 mins 

7. Cool tubes to RT (can store samples overnight) 

8. Micro centrifuge tubes (few secs) 

9. Add Buffer P3 @ 130 ul per sample *Change tip each time 

10. Shake all samples up and down for 15 secs 

11. Micro centrifuge for a few seconds 

12. Incubate sample in – 20oC for 10 mins  

13. Centrifuge @ 14,000 rpm for 5 mins 

14. Transfer liquid from each sample into new 1.5ml micro centrifuge tube  

15. Centrifuge again @ 14,000 rpm for 5 mins 

16. Transfer liquid from each sample into new 1.5ml micro centrifuge tube  

17. Add 600 ul Buffer AW1 to each sample (this should be ~1.5 x volume therefore 600 ul) 

18. Shake vigorously up and down for 15 secs 

19. Centrifuge @ 3000rpm  

20. Transfer 650 ul of this mixture into a labelled DNeasy mini spin column placed in a 2 ml collection tube 

21. Centrifuge for 1 min @ 14,000 rpm 

22. Discard the flowthrough 

23. Repeat steps (21-22) until samples are empty 

24. Place spin column into new 2ml collection tube 

25. Add 500 ul Buffer AW2 

26. Centrifuge for 1 min @ 14,000 rpm 

27. Discard the flow through 

28. Add another 500 ul Buffer AW2 

29. Centrifuge for 2 mins @ 14,000 rpm 

30. Discard the flow through 

31. Add 500 ul ethanol (96-100%) 

32. Centrifuge for 2 mins @ 14,000 rpm 

33. Remove spin column carefully so it doesn’t come into contact with flow through 

34. Transfer the spin column into a new 1.5ml micro centrifuge tube *SNIP LIDS! 

35. Elution step: Add 60 ul Buffer AE 

36. Incubate @ RT for 10 mins 

37. Centrifuge for 1 min @ 8000 rpm 

38. Transfer the elution back into the spin column on to the membrane 

39. Incubate @ RT for 10 mins 

40. Centrifuge for 1 min @ 8000 rpm 

41. Discard the spin column 

42. Aliquot DNA from snipped 1.5ml tubes into a new 1.5ml tube 

43. If using Q-BIT aliquot out accordingly 

44. Store samples at -20oC 

45. Remove steel beads from original tubes and soak in 50% bleach 
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S6.3. Bead clean-up protocol for 25 ul volume 

Reagents required: 

- 80% freshly prepared Ethanol 

 e.g for a final volume of 10 ml, add 8 ml of 100% ethanol to 2 ml of distilled water, Or can make up 40 ml of ethanol 

with 10 ml ultrapure water 

- Agencourt® AMPure® XP (Beckman Coulter)  

Preparation: UV following equipment for 20 minutes: 

- New storage plate + strip caps (if needed) 

- PCR water storage plate 

- 8 tube strip and strip caps 

- Rack + 1.5ml tube for bead aliquot 

- Pipette tips 

- Multichannel + single channel pipettes 

Protocol : 

1. Leave the Agencourt AMPure XP bottle at room temperature for 30 minutes. 

2. Gently shake the AMPure XP bottle to re-suspend any magnetic particles that may have settled. 

Check the bottom of the bottle to see if the beads are stuck to it. Can vortex a little and tap to “spin 

down”. 

3. Aliquot out some to prevent future contamination (number of samples + extra for pipetting error + 

extra again for pipetting into strip). 

4. Split the beads into an 8-tube strip for the multi-channel pipette according to the number of rows you 

are doing. 

5. Add 17.5 µl of Agencourt AMPure XP to 25 µl of Round 1 PCR product (0.7x)  

6. Mix reagent and PCR product thoroughly by pipette mixing 15 times. Let the mixed samples incubate 

for 5 minutes at room temperature for maximum recovery. 

7. Quick spin (optional < 500rpm) and place the 96-well plate onto an Agencourt SPRIPlate 96 Super 

Magnet Plate for 5 minutes to separate beads from the solution. 

8. Using 200ul or 100ul tips, remove very slowly the cleared solution (around 43 µl) from the 96 well 

PCR plate, making sure not to disturb the ring of separated magnetic beads (or remove from one side 

if using a strip). Discard the cleared solution. 

9. With the PCR plate still on the magnetic plate, add 200 µl of freshly prepared 80% ethanol (made 

fresh each day, in a 15ml falcon tube 8ml 100% etoh and 2ml distilled water) to each well and 

incubate for 30 seconds at room temperature. 

10. Using 200 ul tips, very slowly remove the ethanol and discard. 

11. Add 200 µl of freshly prepared 80% ethanol to each well and incubate for 30 seconds at room 

temperature.  

12. Using 200 ul tips, very slowly remove the ethanol and discard. For the second ethanol wash, be sure 

to remove all the ethanol from the bottom of the well as it is a known PCR inhibitor. Use 10ul tips to 

remove any final drops. 

13. Still on the magnetic plate, dry for 3 minutes at room temperature to ensure all traces of ethanol are 

removed. Watch for ethanol droplets and make sure they have evaporated before proceeding. Don’t 

leave for much longer than 4 mins as the beads will dry out (but this is variable). 

14. Take the PCR plate off the magnetic plate, then add 26ul µl of PCR water to each well of the 96-well 

plate and pipette mix 10 times. Make sure that the beads are put back in suspension and well mixed. 

15. Incubate on bench for 5 minutes, spin down (optional: incubate at 37oC in PCR machine if beads are 

not well mixed, make sure lid is at 37oC). 

16. Place the PCR plate onto an Agencourt SPRIPlate 96 Super Magnet Plate for 5 minute to separate 

beads from the solution. 

17. Using 200 ul tips, transfer 25 µl of the eluent to individual PCR tubes, leaving a few microlitres 

behind if necessary, to ensure no beads are in the final elution. If beads are drawn out, leave a few 

microliters behind. If beads are present in the pipette tip, resuspend the beads and try again. 
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S6.4. List of final pools for ITS2 and rbcL. Number of samples includes positive controls (one per 

plate), first and second round PCR controls (one each per plate) and negative controls for DNA 

extractions (2-3 per plate). The peak size indicates the average base pair length for the PCR 

amplicons in each pool. The peak size and concentration were recorded on the 4150 TapeStation 

System (Agilent). 

Marker Pool ID Pool contents Number of samples Peak size Peak conc ng/ul 

ITS2 Pool 1 No band plate 1 + 2 31 494 0.60 

ITS2 Pool 2 No band plate 3 + 4 25 509 3.70 

ITS2 Pool 3 Weak plate 1 + 4 43 510 4.94 

ITS2 Pool 4 Weak plate 2 + 3 24 505 1.85 

ITS2 Pool 5 Medium plate 1 + 4 38 507 6.32 

ITS2 Pool 6 Medium plate 2 + 3 40 508 2.90 

ITS2 Pool 7 Strong plate 1 33 501 9.99 

ITS2 Pool 8 Strong plate 2 31 518 2.49 

ITS2 Pool 9 Strong plate 3 A 36 515 18.10 

ITS2 Pool 10 Strong plate 3 B 35 508 11.70 

ITS2 Pool 11 Strong plate 4 27 509 12.00 

rbcL Pool 12 No band plate 1 + 2 33 666 0.33 

rbcL Pool 13 No band plate 3 + 4 34 666 1.44 

rbcL Pool 14 Weak plate 1 + 2 35 669 2.42 

rbcL Pool 15 Weak plate 3 + 4 32 664 5.42 

rbcL Pool 16 Medium plate 1 + 3 26 670 9.08 

rbcL Pool 17 Medium plate 2  + 4 31 675 9.78 

rbcL Pool 18 Strong plate 1 29 667 15.60 

rbcL Pool 19 Strong plate 2 A 26 679 6.21 

rbcL Pool 20 Strong plate 2 B 27 688 6.05 

rbcL Pool 21 Strong plate 3 40 666 19.60 

rbcL Pool 22 Strong plate 4 38 672 24.70 
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S6.5. Details of the volume of each plate pool added to the two final pools for ITS2 and rbcL for 

sequencing 

Marker Pool ID Pool ng/ul n Samples ng per sample Volume ng in pool 

ITS2 Pool 1 No band plate 1 + 2 0.60 31 1.10 57.4 34.21 

ITS2 Pool 4 Weak plate 2 + 3 1.85 24 3.43 44.4 82.22 

ITS2 Pool 8 Strong plate 2 2.49 31 1.82 22.6 56.39 

ITS2 Pool 6 Medium plate 2 + 3 2.90 40 2.12 29.2 84.74 

ITS2 Pool 2 No band plate 3 + 4 3.70 25 2.70 18.3 67.57 

ITS2 Pool 3 Weak plate 1 + 4 4.94 43 3.61 31.4 155.18 

ITS2 Pool 5 Medium plate 1 + 4 6.32 38 4.62 27.8 175.44 

ITS2 Pool 7 Strong plate 1 9.99 33 7.30 24.1 240.83 

ITS2 Pool 10 Strong plate 3 B 11.70 35 8.55 25.6 299.15 

ITS2 Pool 11 Strong plate 4 12.00 27 8.77 19.7 236.69 

ITS2 Pool 9 Strong plate 3 A 18.10 36 13.22 26.3 476.01 

rbcL Pool 12 No band plate 1 + 2 0.33 33 0.43 42.9 14.14 
rbcL Pool 13 No band plate 3 + 4 1.44 34 1.87 44.2 63.58 
rbcL Pool 14 Weak plate 1 + 2 2.42 35 1.92 27.7 67.10 
rbcL Pool 15 Weak plate 3 + 4 5.42 32 4.29 25.4 137.41 
rbcL Pool 16 Medium plate 1 + 3 9.08 26 7.19 20.6 187.04 
rbcL Pool 17 Medium plate 2 + 4 9.78 31 7.75 24.6 240.20 
rbcL Pool 18 Strong plate 1 15.60 29 12.36 23.0 358.42 
rbcL Pool 19 Strong plate 2 A 6.21 26 4.92 20.6 127.92 
rbcL Pool 20 Strong plate 2 B 6.05 27 4.79 21.4 129.41 
rbcL Pool 21 Strong plate 3 19.60 40 15.53 31.7 621.13 
rbcL Pool 22 Strong plate 4 24.70 38 19.57 30.1 743.61 

 

 

 

 

 

 

 




