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Abstract 

Badgers (Meles meles) are the principal predator of hedgehogs (Erinaceus europeaus) and 

have been implicated in the decline of hedgehog populations in Britain and elsewhere. 

Sharing an intra-guild predation relationship, badgers may negatively impact hedgehog 

populations via predation, creating a ‘landscape of fear’ leading to avoidance behaviours and / 

or competition for shared food resources. Previous studies have evaluated the apparent 

negative relationship between badgers and hedgehogs, suggesting that hedgehogs may be 

excluded from areas of high badger density. Despite this, the mechanism by which badgers 

exert a negative pressure on hedgehogs remains unclear. This study aimed to identify the 

mechanisms that facilitate coexistence amongst badgers and hedgehogs by assessing densities 

of both species, habitat and food availability, and dietary niche overlap across multiple sites, 

to establish the importance of potential competition and predation amongst these two species 

of concern. 

Camera trapping and invertebrate sampling were conducted between 2018 and 2019 across 

twenty-three sites in England and Wales. Of these, two sites were surveyed all year round, to 

assess seasonal variation in invertebrate prey resources and, through scat analysis, dietary 

niche assessment for both badgers and hedgehogs. Dietary assessment was performed by 

analysing scat samples using the DNA metabarcoding technique. Density estimates were 

calculated for both species using the Random Encounter Model, and occupancy analysis at 

individual camera locations was used to assess the spatiotemporal relationship.  

To date, no studies have compared the diet of badgers and hedgehogs at the same location to 

determine the extent of dietary competition and the frequency of hedgehog consumption 

within the diet of rural badgers. Both species exploited many of the same dietary Families, 

however dietary composition of prey within each scat sample was significantly dissimilar 

between badger and hedgehog across all seasons, indicating niche partitioning between the 

two guild members. Hedgehog DNA was identified in only 1.3% of badger samples at sites 

where hedgehogs were present, suggesting that hedgehogs are not a key prey item for 

badgers, but are consumed opportunistically. Diet selection indices showed that neither 

species consume invertebrate prey relative to its abundance and instead exhibit dietary 

preferences, suggesting that they may compete for the most common shared dietary items. 

Furthermore, this study is the first to estimate densities of co-occurring badgers and 

hedgehogs across multiple sites, showing that hedgehog densities are significantly higher in 

mixed farmland landscapes, compared with arable-dominated landscapes. Although both 

species can co-exist at the regional scale, occupancy modelling in this study showed spatial 
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segregation at individual camera trap locations which was driven by species-specific 

differences in habitat selection. Hedgehogs were found in close proximity to buildings, 

whereas badgers were found away from buildings, closer to arable habitat. Badger and 

hedgehog temporal activity showed a high degree of overlap, providing no evidence for 

temporal separation.  

Findings from this novel study have identified dietary and spatial partitioning that are likely 

important mechanisms facilitating the coexistence of badgers and hedgehogs by reducing 

competitive and predatory interactions, particularly in mixed farmland habitat. Future studies 

may look to establish whether habitat selection demonstrated in this study is consistent in 

different land uses and whether hedgehogs are exhibiting their natural preferences or a 

landscape of fear response in the presence of badgers. 
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1.1 Agriculture and biodiversity 

Anthropogenic pressures such as habitat destruction, climate change and urbanisation, have 

triggered the sixth mass extinction (Chapin et al. 2000), resulting in severe and sustained 

declines in global biodiversity, beyond the background rate (Butchart et al. 2010). As 

ecosystem structure and function are directly related to biodiversity, changes in species 

richness, composition and abundance can affect how species interact with one another and 

have important effects on ecosystem properties. As such, global changes induced by 

anthropogenic pressures have increased the vulnerability of ecosystems to disturbance, 

affecting their stability (Hooper et al. 2005) and potential to provide services of importance 

to humans (Montoya et al. 2012). 

Forecasting suggests that changes in agricultural land-use, measured as more than 

50% of an area being converted for agriculture, will have the greatest impact on 

biodiversity across all major terrestrial biomes between 1990 and 2100 (Sala, 2000). It is 

estimated that 48.7% of all terrestrial habitat had lost ≥10% of its original species richness 

by 2005 and for 28% of all terrestrial habitat, overall abundance of all species was reduced 

by >20% (Newbold et al. 2016). The true rate of the loss of biodiversity is expected to be 

higher, as other factors such as abiotic conditions and climate change are likely to 

interplay, exacerbating the effects on biodiversity (Newbold et al. 2016). 

A widespread reduction in biodiversity is evident across farmland habitat and has 

been driven in Britain by the agricultural revolution since the late 17th century when 

agricultural output increased significantly (Pretty 1991). The second, most current 

agricultural revolution of the 20th century is characterised by advances to chemical and 

mechanical technologies (Robinson and Sutherland 2002), which has led to the 

intensification of farming practices to increase productivity (Benton et al. 2003). Together, 

the increased application of fertilisers by heavy machinery that causes soil compaction, 

usage of pesticides that affects invertebrate availability for higher trophic feeders, and 
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broader habitat simplification that has reduced heterogeneity, have contributed to the 

sustained decrease of biodiversity across the rural landscape in recent decades (Benton et 

al. 2003; Emmerson et al. 2016). The effect of these farming practices on biodiversity 

often varies across spatial scales, and therefore both local and landscape level effects 

should be considered as they may differ between species (Tscharntke et al. 2005). 

Furthermore, the relationship between a species and the environment is strongly 

influenced by its interactions with other species (Deng et al. 2012) that form part of the 

same ecological network (Tylianakis et al. 2010). To determine the resilience of these 

networks to disturbance, whether natural or anthropogenic, the underlying mechanisms of 

species interactions must be understood. For example, antagonistic interactions such as 

predator-prey relationships are susceptible to drivers of global environmental change 

including biochemical cycling, climate change and land use, causing instability that can 

lead to ecosystem level impacts such as the removal of a species from the system 

(Tylianakis et al. 2010). The complexity of these networks is further increased when they 

are dependent on more than one type of interaction (Melián et al. 2009) such as 

competitive and predatory interactions within an intraguild predation (IGP) relationship.  

1.2 Intraguild predation 

Incidences of IGP, in which two or more species engage in both competition and predation 

(Polis et al. 1989), are widespread (Arim and Marquet 2004). All species that share a 

common resource such as food or sheltering sites, irrespective of the taxa they belong to, 

are regarded as members of the same guild, such as the eagle owl (Bubo bubo), and their 

intraguild prey stone martens (Martes foina) (Virgós et al. 2020). The relationship 

exhibited by fishers and martens is an example of asymmetrical IGP in which predation 

between the two species is unidirectional, with fishers predating on martens (Polis et al. 

1989). For intra-guild members like these, resource partitioning provides a mechanism for 

promoting coexistence which can be achieved through either alteration of activity, 
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foraging, habitat selection or a combination of these (Polis et al. 1989). Where resources 

are spatially homogenised, antagonistic interactions are more likely and this has been 

shown to result in incidences of predation as in the example of fishers (Pekania pennanti) 

predating on their intraguild prey American martens (Martes americana) due to niche 

compression (Manlick et al. 2017). 

 In the simplest three species model of IGP, the intraguild predator gains a direct 

energetic advantage through consuming the intraguild prey and this act of predation 

reduces further competition for shared prey (Polis and Holt 1992). However, IGP can 

occur between several species within an assemblage, such as that exhibited by lynx (Lynx 

lynx) and wolf (Canis lupus), who are both intraguild predators of the red fox (Vulpes 

vulpes) though their effect on fox abundance is different and varies depending on the 

spatiotemporal scale (Wikenros et al. 2017). 

Incidences of IGP are common and have been observed across all major animal 

groups including arthropods (Brown et al. 2015), birds (Sergio and Hiraldo 2008), fish 

(Bachiller et al. 2015) and mammals (Arim and Marquet 2004). However, invertebrate 

guilds have been studied more frequently, possibly due to logistical challenges associated 

with studying mammals and birds (Sergio and Hiraldo 2008). Nonetheless, where field 

studies exist for mammals, they provide an opportunity to assess the mechanistic factors 

that promote the coexistence of intraguild species, either through spatial, temporal, or 

dietary niche partitioning.  

Many studies of IGP focus on assessing the spatial relationship between species, 

establishing the importance of habitat and its management on influencing these interactions 

(Janssen et al. 2007). Habitat availability is frequently identified as an important factor that 

allows fine-scale partitioning between intraguild species and has even been shown to be 

more important than the presence of the intraguild-predator in shaping the spatial 

relationship between intraguild species. For example, the intraguild prey, kit foxes (Vulpes 
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macrotis), have been observed utilising habitat that their intraguild predator, coyotes 

(Canis latrans), cannot exploit, as opposed to avoiding the coyotes directly (Robinson et 

al. 2014). Similarly, occupancy modelling showed the probability of an area being 

occupied by either stone marten or their intraguild predators (badgers (Meles meles) and 

red foxes) was more strongly affected by habitat type and structure, than by interspecific 

interactions (Cruz et al. 2015).  

Conversely, there is evidence of intraguild-predator and intraguild-prey species 

overlapping spatially, with temporal partitioning providing an alternative mechanism for 

reducing predator-prey interactions. Like spatial partitioning, the activity of intraguild-prey 

is not always in direct response to the intraguild-predator. For example, red foxes are 

temporally partitioned from their intraguild predator the lynx. However, whereas the red 

foxes mirror the changes in activity of rabbit (Oryctolagus cuniculus) prey in response to 

lunar cycles, the lynx do not alter their activity (Penteriani et al. 2013). The temporal 

activity of fox and lynx is therefore sufficiently different, which is likely to benefit foxes as 

the subordinate intraguild-prey species, by reducing competition and lowering the risk of 

predation. However, in food-limiting conditions, fox activity deviates and they will hunt 

when lynx are more active, regardless of the increased risk of predation (Penteriani et al. 

2013). This highlights the variability of observed responses by interacting species in 

relation to the availability of resources at the patch level.  

Hence, the suitability of an area for a species is partly influenced by the localised 

availability of potential food which can vary between habitat type. There is evidence that 

species need not be spatially separated when in prey rich areas, as this can reduce 

competitive and predatory interactions, facilitating coexistence (Lesmeister et al. 2015). 

For example, high spatial and temporal overlap was observed amongst a guild of five 

mammalian carnivores, with species co-occurring more frequently than expected, 

supported by an abundance of prey (Lesmeister et al. 2015). Alternatively, temporal 
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variability in food availability may promote spatial partitioning as in the example of red 

fox and their intraguild prey stone marten. In this example, both species utilise available 

habitat differentially, with martens exploiting arboreal fruits in summer, spring and 

autumn, a resource that foxes cannot exploit (Padial et al. 2002). Therefore, the strength of 

competition between these two species is likely reduced during seasons when fruits are 

abundant  (Prigioni et al. 2008). This highlights how diet often reflects seasonal 

availability of food, resulting in varying levels of competition throughout, and between, 

years (Davis et al. 2015). These fluctuations in food resources can indirectly lead to 

population level effects within the IGP relationship, on either the intraguild predator or 

prey species.  

Fewer studies have assessed the importance of potential dietary niche overlap 

between intraguild-predator and intraguild-prey, which is likely intrinsically linked to the 

local environment and available habitat, and directly influences the intensity of 

competition amongst intraguild-species (Manlick et al. 2017; Tsunoda et al. 2017). Niche 

overlap theory states that coexistence is less likely to occur when niche overlap is greater 

(Letten et al. 2017). This has been evidenced in American martens, where high dietary 

overlap with fishers prevented their recovery (Manlick et al. 2017). Dietary niche 

partitioning may facilitate coexistence (Tsunoda et al. 2017) and this is more likely where 

the intra-guild prey has a broader niche than the intraguild-predator (Polis et al. 1989). 

Importantly, where dietary niche partitioning is prominent, there must be sufficient prey 

availability to enable coexistence by this mechanism (Balme et al. 2017).  

Additionally, prey-switching may be a mechanism employed by intraguild-prey 

when competition for food with intraguild-predators is high. For example, dietary 

assessment of the spotted-tailed quoll (Dasyurus maculatus) revealed that different prey 

types were consumed when their intraguild-predator the Tasmanian devil (Sarcophilus 

harrisii) had declined (Andersen et al. 2017). Quolls benefitted from mesopredator release, 
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consuming larger mammal prey when competition with devils was reduced (Andersen et 

al. 2017). Therefore, determining whether the utilisation of different food resources by the 

intraguild prey species is density dependent, requires the assessment of diet, food 

availability and predator densities together.  

Coexistence within an IGP relationship can therefore be facilitated by several 

mechanisms including dietary, spatial, and temporal partitioning. The strength of these 

relationships and the intensity of competition and predation frequently reflects the relative 

densities of intraguild predator and prey species (Polis et al. 1989), together with the 

availability of habitat and shared prey resources. Alternate states of IGP have been 

observed reflecting the intensity of IGP interactions which can vary between localities 

from causing little or no negative effect on intraguild-prey, typically when resource 

availability is abundant, to significant effects that can exclude intraguild-prey completely. 

Identifying the factors that limit coexistence within an IGP relationship requires the key 

components to be assessed simultaneously, so their relative importance can be determined. 

However, studies usually assess only one aspect of the IGP relationship, without 

considering other factors that could be at play. In some cases, this results in behavioural 

observations that cannot be definitively explained. Therefore, studies should aim to 

provide a holistic approach where possible, to aid a more thorough understanding of the 

factors that drive IGP relationships.  

The European badger and European hedgehog (Erinaceus europaeus) share an 

asymmetrical intraguild predation relationship.  This is a complex and extreme case of 

interspecific competition, which can ultimately lead to the exclusion of the subordinate 

intraguild prey species (Périquet et al. 2015), in this example, hedgehogs. Ecological 

theory states that there are three potential states that can exist within this relationship; 1) 

the intraguild-predator is initially present alone at its carrying capacity preventing invasion 

by the intraguild prey, 2) the intraguild predator excludes the intraguild prey, or 3) the 
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intraguild prey is a superior exploiter of resources, supporting coexistence of both species 

(Polis et al. 1989). Competitive interactions can have a multitude of effects on the 

populations involved, leading to behavioural, physiological or spatiotemporal shifts and 

significant demographic change (Périquet et al. 2015).  

Badgers and hedgehogs are a valuable mammalian model IGP system to explore 

mechanisms that facilitate or limit coexistence as there are areas in the United Kingdom 

(UK) where the two species mutually coexist and areas where each species exist 

exclusively. Physiological and behavioural responses of hedgehogs to badgers (Ward et al. 

1996; Hof et al. 2012) coupled with evidence of predation (Doncaster 1994; Hof et al. 

2012), demonstrates the effects of IGP as a result of predator-prey interactions between 

these two species, implicating badgers in the recent population decline of hedgehogs 

(Young et al. 2006). Despite this, there is evidence to suggest that these two species can 

coexist with one another at the landscape level and this has been shown in geographically 

distinct areas in the UK and Netherlands (Poel et al. 2015; Williams et al. 2018).  

Establishing what factors facilitate the coexistence of these two species is important for 

promoting their persistence in the rural landscape.   

1.3  Population history of hedgehogs and badgers   

During the Last Glacial Maximum (23000-16000 BP), the European hedgehog was almost 

exclusively restricted to the Iberian and Italian Peninsulas that offered glacial refugia 

(Sommer 2007), whereafter its broad distribution during the early Holocene (9600-8600 

BC) across western Europe to northern Russia reflected temperate climates (Seddon et al. 

2001). Similarly the postglacial expansion of the European badger, led to its widespread 

distribution from the British Isles to the west bank of the Volga River in Europe (Kinoshita 

et al. 2020). During the early Holocene badgers inhabited the Ural Mountains in Russia but 

have since suffered contractions in their distribution within the last 2500 years, likely due 
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to changes in availability of resources associated to warmer climates (Kinoshita et al. 

2020). 

  Across the UK, badgers and hedgehogs have co-occurred throughout the rural 

landscape, though their distribution has altered spatiotemporally, reflecting the more recent 

anthropogenic pressures that have affected the population abundance of both species 

within the last century. Badgers were relatively uncommon in the 1920-30’s following a 

period of persecution and control by gamekeepers (Cresswell et al. 1990). A period of 

steady recovery, including reintroduction efforts to areas such as East Anglia where 

badgers were scarce, led to an estimate of 250,000 badgers in Britain in the 1980’s (Wilson 

et al. 1997), though proportionately more badgers were distributed in southwest England 

(24.9 %) than in southeast England (21.9 %), Wales (14%) or Scotland (9.9%) (Cresswell 

et al. 1989). Within the last two decades further increases in badger abundance have been 

reported, with an estimated 424,000 badgers in England and 61,000 badgers in Wales 

between 2012-2014 (Judge et al. 2017). Regional differences in badger abundance appear 

to be associated to habitat type, with over 55% of the estimated 485,000 badgers present in 

England and Wales, occupying lowland pastoral habitat, predominantly found in the 

southwest of England (Judge et al. 2017). 

Conversely, UK hedgehog population abundance has been declining rapidly, from 

an estimated abundance of around 30 million in the 1950’s to less than 1.5 million in the 

mid 1990’s (Harris et al. 1995), coinciding with a marked reduction in semi-natural 

agricultural habitat (Moorhouse et al. 2014) . A comparison of UK hedgehog distribution 

between the period of 1960 – 1975 and 2000 – 2015, showed a 5.0 – 7.4 % decline in the 

number of occupied grid cells, suggesting a more patchy distribution across the UK (Hof 

and Bright 2016). 
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1.4 Factors influencing hedgehog populations  

Hedgehogs are declining in the UK (Roos et al. 2012; Wembridge and Wilson 2018) and 

multiple factors have been suggested to explain the decline. Hedgehog road casualties are 

estimated to be between 167,000 – 335,000 per year (Wembridge et al. 2016), leading to 

direct reductions in hedgehog populations by mortality and reduced gene flow through 

fragmentation and isolation between areas (Moore et al. 2020). Between 2002 – 2018 road 

casualties fell by a third to a half (Wembridge and Wilson 2018), though urban and 

suburban areas remain hotspots for mortality (Wright et al. 2020), suggesting additional 

factors are important for declines in rural hedgehogs. Agricultural intensification is 

highlighted as a major cause of habitat loss and loss of heterogeneity, across the rural 

landscape (Wembridge 2011), coupled with poorer availability of invertebrate food 

resources (Yarnell and Pettett 2020). Another factor proposed is the impact of badgers on 

hedgehogs, as a negative relationship between the abundance of both species has been 

shown (Young et al. 2006; Trewby et al. 2014) warranting further investigation. An 

understanding of how these factors interplay and impact hedgehog populations is needed to 

better target conservation action for hedgehogs.  

The hedgehog is listed as a species of “principal importance for the purpose of 

conserving biodiversity” under section 41 (England) of the NERC Act (2006), recognising 

the need for immediate conservation action due to population losses of up to 50% in some 

regions of the United Kingdom between 1990 and 2001 (Wembridge 2011). Severe 

declines are estimated for rural hedgehogs, with road casualties recorded between 2002 

and 2017 decreasing between a third and a half across Great Britain (Wilson and 

Wembridge 2018). This is reflected in estimates of hedgehog densities which have been 

recorded 7.5 times higher in urban (32.3 km ̄ ²) contrasted with rural (4.3 km ̄ ²) sites 

(Schaus et al. 2020). The rural landscape covers 70% of the UK (DEFRA 2012) and 

throughout this hedgehog occupancy is estimated to be as low as 22% (Williams et al. 
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2018), demonstrating the patchy distribution of hedgehogs across largely agricultural 

habitats. 

Hedgehogs show an affinity to mown grassland, here termed amenity grassland 

habitat (Pettett et al. 2017), and also to suburban village habitat, which has been associated 

with good food availability and habitat for shelter (Hubert et al. 2011). Conversely, 

hedgehogs have been shown to avoid arable habitat  (Williams et al. 2018) and, as 

agricultural intensification has increased field sizes, coupled with the loss of hedgerows 

(Tscharntke et al. 2005), this suggests that large expanses of the agricultural landscape 

provide unfavourable habitat for hedgehogs.   

As a dietary generalist, hedgehogs naturally consume a broad range of prey items, 

with invertebrate prey being most dominant and supplemented by food items such as 

vertebrates including small mammals and birds, and plant species, namely grasses (Wroot 

1984; Yalden 1976). Anthropogenic food resources such as pet food are also prominent in 

the diet of suburban hedgehogs (Pettett 2016) and likely to be one of the significant 

attractions of villages and garden habitats  (Hubert et al. 2011; Pettett et al. 2017), 

particularly due to the decreases in invertebrate biodiversity across agricultural habitat 

(Hooper et al. 2005). Agricultural intensification has been suggested as a cause of 

hedgehog declines in the rural landscape, the effects of which may be compounded by 

climatic changes, that can reduce foraging opportunities and increase energetic demands on 

hedgehogs (Pettett et al. 2017; Geiser 2020).  

In addition, the increase in badger numbers from estimates of 250,000 across 

Britain in the 1980’s (Wilson et al. 1997) to 485,000 by 2014 (Judge et al. 2017) may have 

negatively impacted on hedgehogs via IGP interactions. Competition for shared prey 

resources may be increased in food limiting conditions and as a result, the risk of predation 

of hedgehogs by badgers may also increase. Evidence suggests that hedgehogs avoid areas 

with higher badger sett densities (Williams et al. 2018) and that they may be excluded from 
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areas of high badger density (Young et al. 2006). Despite this, hedgehogs are absent from 

many areas of potentially suitable habitat that are unoccupied by badgers (Williams et al. 

2018), thus highlighting the multifaceted nature of their decline. 

1.5 Badger ecology and population trends 

Badgers are omnivores that live in social clans of between 2 – 25 individuals that occupy 

exclusive territories and share underground burrows, termed setts (Da Silva et al. 1993). 

Over 50% of rural badger setts are located in deciduous woodland, though hedgerows are 

used when woodland is scarce (Thornton 1988). Setts are important, providing refugia for 

resting and reproduction (Roper 1992), and are typically found in areas with sandy soils 

and sloping topography which is beneficial for sett excavation and drainage (Neal 1972).  

Badgers forage throughout the surrounding rural landscape, utilising pasture habitat 

that is typically abundant in earthworms, the badger’s main prey (Kruuk et al. 1979). They 

also forage in arable habitat, particularly when there is a seasonal abundance of cereal 

crops (Thornton 1988). Badgers are broad generalists that commonly consume 

invertebrates such as earthworms and beetles, vertebrates including rabbits and rodents and 

plant species such as fruits and cereal crops (Kruuk and Parish 1981; 1985). Their diet 

typically reflects the local availability of these different prey types (Roper 1994).  

Moreover, the quality of foraging habitat can affect badger home range size, with higher 

densities supported in prey rich areas (Kruuk 1978). 

Badgers have a long history of persecution as both a pest species and for sport 

through the act of badger baiting (Macdonald et al. 2015). Protective legislation was first 

introduced in the late 20th century, at a time when badger numbers had declined to a point 

where they were regarded as being scarce throughout the UK (Cresswell et al. 1989). The 

Wildlife and Countryside Act (1981), and later the Protection of Badgers Act (1992), 

initiated a period of recovery in Great Britain that saw sett density stabilise in Wales and 

increase by 103% in England (see Sainsbury et al. 2019). The latest population estimate for 
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England and Wales is 485,000 individuals (Judge et al. 2017), almost double that of the 

estimate in the 1980’s, which predicted 250,000 individuals (Cresswell et al. 1989). 

However, this figure conceals some wide geographic variation, with little or no population 

increase in some areas such as Wales (Judge et al. 2014).  

Changes in badger abundance have been identified as possible drivers of population 

change in other species. For instance, reduced badger abundance through culling to control 

bovine Tuberculosis resulted in an increase in fox abundance through competitive release 

(Trewby et al. 2008). Similarly, hedgehog abundance in amenity grassland habitat was 

shown to double over a five year period, post badger culling (Trewby et al. 2014). 

However, the mechanism behind the latter observation was not investigated and could have 

been caused by a reduction in predation, competitive release, or a combination of these 

factors.  

Evidently, legislative changes are a powerful tool for conserving and protecting 

wildlife and, in relation to badgers, have helped increase their national abundance (Judge et 

al. 2017; Wilson et al. 1997). Nevertheless, conservation efforts that are targeted towards a 

specific species are likely to have wider ecological consequences as other species will also 

be impacted (Trewby et al. 2008). Badgers and hedgehogs have co-occurred for many 

decades though this may be an artefact of widespread badger persecution within a heavily 

managed rural landscape prior to legislation being brought in. Therefore, if increased 

badger densities can have a negative impact on hedgehogs, it is important to establish 

under what conditions both species can coexist, and which factors promote the persistence 

of both species within the rural landscape. 
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1.6 Intraguild predation amongst badgers and hedgehogs 

1.6.1 Habitat preferences  

1.6.1.1 Urban 

Sparse to moderately urbanised areas are recognised as attractive habitat for hedgehogs 

(MacGregor-Fors 2011), as often these areas provide good quality suitable amenity 

grassland habitat, selected by hedgehogs (Young et al. 2006). Hedgehogs can be 

considered urban adaptors, responding positively to development and degrees of 

urbanisation, which is likely due to their generalist foraging nature and behavioural 

flexibility (Rodewald and Gehrt 2014) that allows them to exploit low predator density 

areas that are plentiful in food and nesting sites. Hedgehogs, are similar to other urban 

adapted species such as foxes, in being able to exploit anthropogenic artificial food 

resources which may support higher densities than would be found in more natural 

environments (Murray et al. 2016). Hubert et al. (2011) showed that the difference between 

average hedgehog densities in rural (4.4 ± 1.3 individuals km ̄²) and urban environments 

(36.5 ± 15.2 individuals km ̄²) differed by an order of magnitude, in accord with more 

recent findings of Schaus et al. (2020). Interestingly, higher urban densities were not 

caused by higher reproductive rates, suggesting that other factors such as increased 

overwintering survival and reduced mortality may be important (Hubert et al. 2011). This 

study concluded that the population effects identified were best explained by a 

combination of greater food availability and availability of refugia and sheltering in urban 

areas, irrespective of badger activity (Hubert et al. 2011).  

Evidence from one study indicates that there may be a sex bias in hedgehog 

utilisation of specific urban habitat features (Dowding et al. 2010). For example, female 

hedgehogs were shown to avoid gardens of detached houses more frequently than males, 

and it was suggested that this may have been because these gardens were more suitable for 

badgers (Dowding et al. 2010). Occupying niches that the predator species does not utilise 
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provides refugia and a means of spatial avoidance. Therefore, hedgehogs appear to show a 

preference for built up areas, opting to stay close to buildings (Pettett et al. 2017), which 

also increases the likelihood of survival (Doncaster, 1994). Hof et al. (2012), found that 

hedgehogs were observed in suburban village habitat on 25% more occasions when 

badgers were present in surrounding habitat, suggesting that predation risk was causing 

hedgehogs to be displaced away from rural areas.  

1.6.1.2 Rural 

Rural, rather than urban, hedgehog ecology has received more attention, and therefore the 

severe declines in hedgehog abundance reported in rural hedgehogs may not be 

representative of the whole picture (Wembridge 2011; Wilson and Wembridge 2018). 

Nonetheless, hedgehog occupancy is just 22% across rural England and Wales, and in 77% 

of the areas where badgers are absent, hedgehogs were also absent (Williams et al. 2018). 

Therefore, in some areas of the rural landscape, hedgehogs are unlikely to be limited by 

badgers alone, as other factors such as agricultural intensification have drastically altered 

the rural landscape for badgers and hedgehogs alike. 

 Studies have shown that in rural landscapes hedgehogs favour amenity grassland 

habitat, and seemingly avoid arable and woodland habitat in relation to its availability in 

the presence and absence of badgers (Pettett et al. 2017). Radiotracking has shown that 

hedgehog’s use of arable habitat was 50% less in sites occupied by badgers (Pettett et al. 

2017). The presence of badger activity was also negatively correlated with hedgehog use of 

suitable habitat such as pasture, an effect which was further exacerbated by hedgehogs 

being isolated from other suitable habitat (Micol et al. 1994). This suggests that the 

agricultural landscape is becoming an increasingly hostile environment for hedgehogs due 

to lack of suitable habitat (Yarnell and Pettett 2020). Therefore, it has been suggested that 

preserving and restoring hedgerows and field margins would be beneficial, as this would 

increase habitat heterogeneity and connectivity across the rural landscape, whilst 
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potentially reducing predator-prey encounters (Hof and Bright 2010; Yarnell and Pettett 

2020). 

There is evidence to suggest that the behaviour exhibited by hedgehogs, namely 

their use of spatial refugia (Young et al. 2006), supports the ‘landscape of fear’ hypothesis 

(Hof et al. 2012), in which the prey species alters their behaviour in direct response to the 

level of predation risk (Laundré et al. 2001). For example, hedgehog home ranges have 

been shown to be smaller in sites occupied by badgers (Pettett et al. 2017), and their use of 

edge features is greatly increased with badger presence (Hof et al. 2012), suggesting that 

hedgehogs avoid badgers spatially, presumably due to the perceived risk of predation.  

1.6.1.3 Spatial 

The relationship between interacting species can differ at various spatial scales, and this 

was demonstrated by Pettett et al. (2018), revealing that fox abundance was negatively 

associated with hedgehog numbers at the 10 km² scale but positively associated at the 

county level. Importantly, these correlations do not imply causation as habitat selection and 

food availability could also be influencing these trends. Nonetheless, Pettett et al. (2018) 

found that badger abundance was negatively associated with hedgehog abundance at both 

scales, analogous to findings of Williams et al. (2018).  

 At the finer scale, there is strong evidence for habitat selection by hedgehogs, as 

they are infrequent users of arable, favouring amenity and other grassland habitats. Other 

habitat features such as buildings, hedgerows and gardens are also positively selected by 

hedgehogs (Hof and Bright 2010; Dowding et al. 2010b). In order to establish whether 

these are normal habitat preferences or caused by the presence of badgers, other variables, 

namely prey availability, must be considered simultaneously. The likelihood is that both 

factors may play a role in hedgehog habitat selection and therefore an assessment of their 

relative importance is needed. Hof et al. (2012) assessed the use of edge features by 

hedgehogs in relation to invertebrate food availability and the presence of badgers. Food 
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availability did not differ significantly with distance from the edge habitat, although 

hedgehogs were found disproportionately nearer to edge features when badgers were 

present, suggesting that factors other than food availability influence habitat selection by 

hedgehogs. 

1.6.2 Prey preferences 

Dietary assessment is required to determine how a species utilises locally available prey 

resources, to establish their dietary niche. Assessment of the diet of hedgehogs in village 

environments revealed a high frequency of occurrence of artificial food types. Pettett 

(2015), utilised molecular DNA metabarcoding to identify prey species consumed, and 

found that faecal samples contained Carabid beetles, Lumbricidae and Lepidoptera, in 

100%, 95% and 89% of samples, respectively. High levels of DNA belonging to Bovidae 

(93%) and Suidae (89%), were also found in the diet, and confirmed as originating from 

pet food (Pettett 2015). The ubiquity of these food types suggests that artificial food may 

be an important attractant to urban areas for hedgehogs.  

Many common invertebrate prey that hedgehogs consume are likely shared with 

badgers, particularly those frequently consumed such as earthworms which have been 

shown to be important in the diet of badgers (Shepherdson et al.1990; Zabala and 

Zuberogoitia 2003b; Cleary et al. 2011). However, badgers have a wide diet which also 

includes fruits, vegetables, crops and berries (Shepherdson et al. 1990). Roper (1994) 

described badgers as dietary specialists at the individual and population level, as badgers in 

northwest Europe reportedly most commonly consumed earthworms, whereas fruits were 

most readily consumed in southern Europe. Therefore, this demonstrates that the 

importance of each prey type is likely to vary in relation to its local and seasonal 

availability. 
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The theory of IGP suggests that increased dietary breadth of the intraguild-prey 

species can promote coexistence with the intraguild predator as the species can adapt and 

utilise different prey in relation to its availability (Michalko and Pekár 2017). The stable 

state of coexistence is also most likely to exist in areas with moderate levels of food 

productivity (Holt and Polis 1997). Whereas, intraguild-prey that are dietary specialists 

may be more easily outcompeted if food became limiting as they would be unable to adapt 

through mechanisms such as prey switching (van Zoeren et al. 2018). Therefore, for 

competition to be minimised, hedgehogs must be able to exploit resources that are either 

not favoured or are less available to badgers, possibly using niches that may be relatively 

poorer in terms of prey availability that are avoided or underutilised by badger, in order to 

coexist at the local level. To date, no studies have directly compared hedgehog and badger 

diet from the same location, and so it has not been possible to ascertain to what degree 

hedgehogs and badgers are competing for food at the local site level.  

1.6.3 Predation of hedgehogs by badgers 

Hedgehogs have been shown to associate badger odour with a risk of predation (Ward et 

al. 1996), and this has been attributed to their preference for low predator risk suburban 

habitat. Moreover, hedgehogs daily energy expenditure has been shown to be 30% lower 

than when in the presence badgers (Pettett et al. 2017). This suggests that hedgehogs alter 

their activity levels in response to predation risk, restricting their movement in the presence 

of badgers (Pettett et al. 2017) and avoiding areas tainted with badger odour (Ward et al. 

1997). However, the response of hedgehogs to badger presence is not ubiquitous, as they 

have been shown to forage within close proximity to one another, sharing gardens (Tysnes 

2016) and even food resources (PTES 2021), suggesting the relationship is complex and 

likely locally and temporally context dependent.  
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In conditions where food resources are limited, species may broaden their dietary 

niches, to allow them to better exploit the food available (Michalko and Pekár 2017). For 

badgers this could include predating on hedgehogs under food limiting conditions but not 

at other times, as suggested by Hof and Bright (2010) to be the cause of their observed 

high predation rates, particularly in areas with low earthworm availability. Across two 

large arable farms, Hof and Bright (2010) recorded a hedgehog mortality rate of 20%, of 

which 18% was caused by badger predation. When extrapolated over a full season, an 

unsustainable mortality rate of 52% was predicted. Moreover, 88% of hedgehogs predated 

by badgers were male, a sex bias most likely caused by larger home ranges of male 

hedgehogs during the mating season which potentially increases chances of encountering 

foraging badgers. Similarly, the translocation of hedgehogs into badger dense areas 

resulted in predation, and the dispersal of hedgehogs away from these introduction sites, 

which returned the abundance of hedgehogs to its initial number just a month after the 

translocation event took place (Doncaster, 1994).  

For predation to negatively affect a hedgehog population and drive its decline, the 

predation rate must exceed the birth rate and immigration rate combined. Intraguild 

predators can sustain high predation rates on intraguild prey as the latter decline in number, 

as shared prey becomes more plentiful, sustaining higher intraguild predator densities 

(Polis et al. 1989). Alternatively, predation may impact individuals but because of density 

dependent factors this may in fact help increase the survival of the remaining individuals 

by reducing encounter rates between predator and prey (Janssen et al. 2007). Therefore, it 

is difficult to establish whether predation itself has the potential to limit and reduce 

hedgehog abundance and, depending on the local hedgehog population size, whether this 

could occur at an unsustainable level, ultimately leading to localised extinctions of 

hedgehogs.  
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1.6.4 Numerical relationship between badgers and hedgehogs  

Micol et al. (1994) was the first to suggest a ‘landscape of fear’ hypothesis for explaining 

the relationship exhibited between hedgehogs and badgers and predicted that the former 

would be mostly absent from rural areas where badger sett density was ≥ 2.27 km-² (Micol 

et al.1994). Furthermore, there is evidence to suggest that hedgehogs can be excluded from 

amenity grassland habitat in areas with >10 setts km-² (Young et al. 2006). More recent 

estimates predict that hedgehogs would be excluded from an area that had a sett density of  

5.21 setts km-2 or 3.29 main setts km-2 (Williams et al. 2018). However, these studies are 

mostly correlative, large scale and limited to the use of indirect indices of abundance 

which may be imperfect.  

Whilst hedgehog numbers are decreasing in both rural and urban areas (Wilson and 

Wembridge 2018), there are large differences in the densities of hedgehogs in these two 

broad landscapes. Recent estimates of rural hedgehog densities ranged from 1.2 – 6.8 km-2, 

whereas urban densities were much higher, ranging from 13.9 – 25.9 km-2 (Schaus et al. 

2020). Long term monitoring suggests that the rate of decline could be four times greater in 

rural areas as hedgehog abundance decreased by up to 13.7% (between 2000 – 2014) and 

3.1% (between 2003 – 2014) in rural and urban areas, respectively (Wembridge and 

Langton 2015), suggesting that different processes may be driving declines in these 

environments. 

At the local scale, hedgehog abundance can vary within and between habitat types, 

with evidence of fine-scale variation related to earthworm availability and badger sett 

density across pasture habitat (Micol et al. 1994). The availability of earthworms was 

shown to increase incrementally with the age of mown grassland between 4 and 40 years 

old and this was positively associated with hedgehog abundance (Doncaster, 1994). 

However, in a study by Parrott et al. (2014), hedgehogs were only detected on 2% of 

pasture fields compared to 26% of amenity grassland habitat. The almost absence of 
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hedgehogs in pasture fields is consistent with Young et al. (2006), who again found them 

concentrated on amenity grassland that is rarely found in the rural landscape and more 

associated with urban landscapes where hedgehog densities are known to be higher 

(Schaus et al. 2020). Trewby et al. (2014) provided experimental evidence showing that 

hedgehog abundance doubled from 0.9 ha-1 to 2.4 ha- in their preferred amenity grassland 

habitat, over a five-year period in areas with badger culling. Hedgehog abundance did not 

change in control areas (0.3–0.3 ha-1) where there was no badger culling, suggesting that 

hedgehogs benefited from mesopredator release in in areas where badger density was 

reduced (Trewby et al. 2014). However, these studies did not account for variable detection 

probabilities of hedgehogs in each habitat. 

1.7 Summary and aims 

The available evidence suggests that badgers exert a negative pressure on hedgehogs, 

through both competition and predation (Doncaster et al. 2001; Hof and Bright 2010). Past 

studies have concluded that hedgehogs avoid badgers (Ward et al. 1996; Hof et al.2012; 

Williams et al. 2018), but there is no evidence for how other factors such as habitat 

preference and food availability may influence the resulting pattern of occupancy. 

Therefore, it is necessary to try to disentangle these complex interacting factors in order to 

explain hedgehog abundance and distribution in relation to badgers and other factors. 

Integrating habitat, prey, and predator presence into a broader, more holistic study, 

is essential to better understand the recent decline of the hedgehog and how badgers may 

influence hedgehog abundance and distribution. By including multiple rural study sites, 

hedgehog spatial use at the landscape and local level can be determined. Habitat use should 

be assessed in conjunction with a predictor of food resources, to better assess the 

importance of each component that may influence competition and predation amongst 

badgers and hedgehogs. Therefore, the main aim of this study is to explore which factors 

better explain the ecological mechanisms of coexistence within this IGP relationship. 
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The objectives of this study are to i) investigate whether hedgehogs and badgers 

coexist at the landscape and local scale across the rural landscape; ii) identify the best 

predictors of hedgehog abundance, including habitat, prey availability and predator 

abundance, and iii) provide an overview of the circumstances under which badgers and 

hedgehogs appear to co-exist, or otherwise, across the rural landscape.  

To meet these objectives, the following research questions are posed: 

• What is the numerical relationship between badger and hedgehog density at the 

local scale?  

It is anticipated that the relationship between hedgehog and badger density will be negative 

due to predation risk and competition for food. 

• Does habitat use by hedgehogs alter in the presence of badgers within their home 

ranges at the patch scale (i.e., is there spatial segregation from badgers)? 

Based on past research it is expected that hedgehog and badgers will show spatial 

separation due to hedgehogs avoiding predation from badgers. 

• Do hedgehogs exhibit temporal segregation from badgers? 

IGP theory depicts that niche separation can be achieved through temporal segregation and 

as this has been shown to facilitate coexistence of other intraguild species it may also be 

important for co-occurring hedgehog and badger. 

• To what extent does the diet of badgers and hedgehogs overlap and does this vary 

seasonally? 

As badgers and hedgehogs are both dietary generalists that consume invertebrate prey it is 

expected that their diets will be overlapping and that competition for food between these 

two species may vary in response to seasonal availability of different prey types.  

• How does hedgehog diet and habitat use reflect local food availability? 
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Under IGP theory, as badgers and hedgehogs share prey species, hedgehogs are expected 

to occupy areas of relatively low food availability in relation to badgers that may 

outcompete them. This would further explain their predicted spatial separation. Lastly, 

dietary assessment is expected to reveal predation of hedgehogs by badgers, which may 

exacerbate the requirement for spatial segregation. 

• Is hedgehog abundance best predicted by habitat availability, competition for prey 

or predation risk? 

These predictions will be tested and then evaluated in the thesis discussion. 

1.8 Thesis structure 

Chapter 1: Provides background information so that the subsequent chapters can be put 

in context. 

Chapter 2: Provides a general methodology, including site descriptions. 

Chapter 3: Investigates the availability of invertebrate prey across different rural 

habitats. 

Chapter 4: Identifies the diet of badger and hedgehog, assessing the level of dietary 

overlap and identification of predation events. Seasonal variation in the diet 

is also discussed.  

Chapter 5: Assesses whether badger and hedgehog diet reflect local food availability 

across two sites and four seasons.  

Chapter 6: Models camera trapping data from 23 sites to investigate spatial and 

temporal patterns of hedgehog and badger across rural habitats. 

Chapter 7: Evaluates and synthesises the findings of this thesis to draw conclusions as 

to the importance of intraguild predation on hedgehog populations. The best 

predictors of hedgehog abundance are discussed alongside how the research 

findings could inform the ongoing conservation of hedgehogs. 
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Chapter 2 Study Sites and General Methods  
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2.1 Study Site Designation 

In total, 23 rural sites ranging from 0.5 – 1.2 km² were surveyed for badger and hedgehogs 

between April and September in 2018 or 2019 (Figure 2.1). The total survey effort (23 

sites) was determined by logistical constraints related to the scope of the PhD and therefore 

sites were selected (Table 2.1) to provide a representation of rural areas across England 

and Wales where there had been recent evidence of badger and/or hedgehog activity 

(Williams et al. 2018). Survey efficacy was maximised to incorporate localised areas 

fulfilling three species mixes: badger only, hedgehog only and areas where both species 

co-occur at the local 1 km² scale. The People’s Trust for Endangered Species (PTES) 

provided support for raising awareness of the study to landowners, with several offering 

access to their farms. Three agricultural Campuses:  Nottingham Trent University, 

Hartpury College and Riseholme College, were included, and one National Trust site, 

Clumber Park. Remaining sites were either arable-dominated, pasture-dominated or mixed 

farms, which constitutes the vast proportion of the rural landscape in England and Wales. 

Badgers and hedgehogs co-occurred at 11 of the 23 sites (Table 2.1). This occurred at 7 out 

of 12 mixed farms, 4 out of 6 pasture farms and none of the 5 arable farms. Therefore, co-

occurrence was more likely at pasture farms, followed by mixed farms and less likely at 

arable farms.  
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Figure 2.1 Location of 23 sites where camera and invertebrate surveys were 

conducted to investigate badger and hedgehog intraguild predation between April 

2018 and September 2019. Sites surveyed in 2018 (n = 8) are depicted by triangles and 

those surveyed in 2019 (n = 15) by circles. Numbering depicts the order sites were 

visited.
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Table 2.1 Summary of site characteristics for 23 rural sites surveyed between April-September 2018-2019. Site numbers correlate with 

the sites illustrated in Figure 2.1. 

Site 

No. 

Site Name and County Grid Ref. Survey dates  No. of 

survey 

nights 

Site 

area 

(km²) 

Badger 

(ü = 

present) 

Hedgehog 

(ü= 

present) 

Land-use Description 

1 Brackenhurst A - Nottinghamshire SK 69533 52275 05/04/2018 - 24/04/2018 20 0.53 Ü ü Mixed farm (college) 

2 Hartpury- Gloucestershire SO 78752 22977  30/04/2018 -10/05/2018  10 0.70 Ü ü Mixed farm (college) 

3 Slade - Glamorgan SS 89139 73102  17/05/2018 - 28/05/2018  11 0.60 Ü ü Organic Pasture/Livestock farm 

4 Kendal - Cumberland NY 49572 03867  18/06/2018 - 28/06/2018  10 0.40 Ü ü Pasture/Livestock farm 

5 Driffield - East Yorkshire SE 95322 50697  30/06/2018 - 10/07/2018  10 0.84 Ü ü Mixed farm 

6 Keyingham - East Yorkshire TA 22393 23519  14/07/2018 - 24/07/2018  10 0.60 Ü   Mixed farm 

7 Clumber - Nottinghamshire SK 62587 75134  03/08/2018 - 17/08/2018  15 0.65 Ü   Arable (National Trust site) 

8 Thorn - East Yorkshire TA 19519 27495  20/08/2018 - 30/08/2018  10 0.72 Ü   Arable farm 

9 Brackenhurst B - Nottinghamshire SK 69533 52275  15/04/2019 - 26/04/2019  10 0.77 Ü ü Mixed farm 

10 Epperstone - Nottinghamshire SK 66100 49191 07/05/2019 - 17/05/2019 10 0.78 Ü   Arable farm 

11 Hodsock - Nottinghamshire SK 61271 85391  14/05/2019 - 24/05/2019  10 0.67 Ü ü Mixed farm 

12 Anglesey SH 51785 80988  04/06/2019 -14/06/2019  10  0.69   ü Mixed farm 

13 Dunmow - Essex TL 65600 17534  04/06/2019 -14/06/2019  11  1.00 Ü   Arable farm 

14 Loddington - Leicestershire SK 79094 02431  17/06/2019 - 27/06/2019  10  1.00 Ü   Mixed farm 

15 Usk - Monmouthshire SO 41668 04553  19/06/2019 -29/06/2019  10  0.50 Ü ü Pasture/Livestock farm 

16 Woodchester - Gloucestershire SO 81385 01635  02/07/2019 -12/07/2019  10  0.61 Ü   Dense woodland, Pasture 

17 Long Stratton - Norfolk TM 21040 90882 11/07/2019 - 23/07/2019 12  0.79 Ü ü Mixed farm 

18 Spreyton - Devon SX 69828 97398  16/07/2019 - 26/07/2019  10  0.63 Ü ü Organic Pasture/Livestock farm 

19 Ide - Devon SX 89042 90300  17/07/2019 - 17/07/2019  10  0.58 Ü   Mixed organic farm 

20 Knock - Cumberland NY 68769 27063  05/08/2019 - 15/08/2019  10  1.00 Ü   Pasture/Livestock farm 

21 Barnsley - South Yorkshire SE 39426 05206  09/08/2019 - 19/08/2019 10  1.10   ü Mixed farm 

22 Riseholme - Lincolnshire SK 96962 78065  12/09/2019 - 22/09/2019  10  0.96 Ü ü Mixed farm (college) 

23 Suffolk TM 36890 87186 16/09/2019 - 26/09/2019  10  0.53     Arable farm 
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2.2 Landowner Permissions 

Landowners were identified and contacted initially by telephone or email to discuss 

participation in the study and to gain permission for access. The methods and rationale for 

the study were explained prior to the start of survey work.  

2.3 Land Cover 

Site boundaries were designated primarily to ensure the inclusion of multiple broad 

habitats at the local scale (Table 2.2).  

Table 2.2 Broad habitat definitions adapted from the JNCC Phase 1 Habitat Survey 

Handbook (JNCC 2010) used to categorise and map the habitats across 23 study sites 

across the UK. 

Habitat Type Definition 

Arable Arable cropland, horticultural land (for example nurseries, 

vegetable plots, flower beds), freshly ploughed land and 

recently reseeded grassland, such as rye grass and rye clover 

leys, often managed for silage 

Amenity  Intensively managed and regularly mown grasslands, typical of 

lawns, playing fields, golf course fairways and many urban 

'savannah' parks 

Building  Includes agricultural, industrial, and domestic buildings. 

Grassland Acid grassland (unimproved and semi-improved) Neutral 

grassland (unimproved and semi-improved) Calcareous 

grassland (unimproved and semi-improved) Improved and poor 

semi-improved grassland. Marsh/marshy grassland. 

Hedges Includes native species-rich, intact, defunct and hedges with 

trees. 

Open water Standing water (all types, including 

coastal lagoons). Running water (all types) 

Woodland  Semi-natural broadleaved woodland Semi-natural coniferous 

woodland Semi-natural mixed woodland Plantation woodland 

(broadleaved, coniferous, and mixed) Dense/continuous scrub 

and recently felled woodland. 

Urban Built up areas with infrastructure such as hardstanding, roads 

and buildings. 

  



29 

 

2.4 Site Mapping 

The boundary of each study site was mapped using ArcMap GIS software (ESRI 

(Environmental Systems Research Institute.) 2018). Habitat mapping was conducted using 

aerial orthophotographs that were downloaded from the EDINA Digimap service providing 

detailed 25cm resolution of habitat features (Figure 2.2) 

 

Site 1) Brackenhurst A      Site 2) Hartpury 
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Site 3) Slade     Site 4) Kendal 

 

Site 5) Driffield      Site 6) Keyingham 
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Site 7) Clumber     Site 8) Thorn 

 

Site 9) Brackenhurst B    Site 10) Epperstone 



32 

 

 

Site 11) Hodsock     Site 12) Anglesey 

 

Site 13) Dunmow     Site 14) Loddington 
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Site 15) Usk      Site 16) Woodchester 

 

Site 17) Long Stratton     Site 18) Spreyton 
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Site 19) Ide      Site 20) Knock 

 

Site 21) Barnsley     Site 22) Riseholme 
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Site 23) Suffolk 

Figure 2.2 Habitat mapping for sites surveyed between April 2018 and September 

2019. Habitats are coded as follows: brown = arable, lime green = amenity grassland, 

black = buildings, light green = grassland, dark green = hedges, blue = open water, 

red = woodland and grey = urban. 

2.5 Weather 

The mean temperature in the UK was 9.5°C and 9.4°C in 2018 and 2019, respectively, 

0.6°C higher than the 1981-2010 average (Table 2.3) (Met Office 2020). In 2018, total 

rainfall was 1064 mm, 8% less than the average rainfall between 1981-2010, whereas 2019 

was generally wetter, with 1240 mm of rainfall, 7% more than the 1981-2010 average.  

Table 2.3 Seasonal temperatures and rainfall for the UK between 2018 and 2019 (Met 

Office 2020). 

2018 Winter Spring Summer Autumn 

Rainfall (average mm) 317 239 176 332 

Temperature (average °C) 3.6 8.1 15.8 9.8 

2019 Winter Spring Summer Autumn 

Rainfall (average mm) 256 249 337 357 

Temperature (average °C) 5.2 8.4 15.1 9.1 
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2.6 General Methods 

2.6.1 Invertebrate community sampling 

As invertebrates are known to constitute a major component of both hedgehog and badger 

diet, an assessment of the macroinvertebrate community was used as a proxy for food 

availability. Surveying was carried out at all sites, except for Thorn in 2018 which was 

omitted due to particularly hot and dry conditions that made sampling challenging. A 

standardised sampling effort was applied across each site for assessment of the 

macroinvertebrate community which included three earthworm cores and nine singular 

pitfall traps, placed at randomly generated locations within each habitat according to the 

types described in Table 2.2. Pitfall traps provided a standardised comparative method for 

comparing macroinvertebrate communities (Boetzl et al. 2018), however sampling effort 

that includes number of pitfalls and number of trapping nights, was limited at each site due 

to the logistical constraints of the project. Therefore singular pitfall traps were included to 

allow an increase in the number of spatial replicates that correlates with higher species 

richness and catch abundance (Boetzl et al. 2018). As earthworms are soil fauna, cores 

were included as an additional measure for this taxa, providing an efficient method of 

assessing abundance and density with limited disturbance (J. Smith et al. 2008). 

2.6.1.1 Pitfall trapping  

Plastic tapered cups with the dimensions 9.5 cm height, 8 cm width at the top and 6 cm at 

the base, were dug into the ground. The rim of the plastic cup was flush with the ground 

substrate to ensure a consistent catch rate between cup, habitat and location. Each cup was 

filled halfway with propylene glycol (Special Ingredients Ltd), an odourless preservative 

that is not harmful to livestock or other wildlife. The preservative also prevented predatory 

action between the macroinvertebrates that were caught in the traps (Schmidt et al. 2006). 

A wooden stick was placed within each cup to provide a ramp for non-target species such 

as small mammals and amphibian species to escape. To avoid the traps flooding and to 
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minimise disturbance, each trap was covered by a 15 cm by 15cm plastic half pipe, with 

the sides removed to leave a support in each corner. Traps were left unattended for ten 

nights before being collected and stored until identification took place. Individual pitfall 

traps were sorted through and organisms >5mm were identified to Order level, and 

abundance was recorded. Organisms from individual pitfall traps were dried in an oven at 

60°C for 72 hours. Organisms from each Order were dried separately, and their dry 

biomass recorded. Two measurements were recorded, initially at 48hrs and again at 72hrs, 

to ensure that a constant biomass had been reached.  

2.6.1.2 Earthworm coring  

Earthworm coring was performed following the protocol described by Valckx et al. (2011), 

whereby each 25cm³ square soil core was thoroughly sorted by hand in the field. 

Earthworm abundance and wet biomass (g) were recorded before returning organisms to 

the environment. 

2.6.1.3 Seasonal invertebrate surveys 

The invertebrate sampling protocols were repeated at Brackenhurst Campus and Hartpury 

College for five seasons commencing in summer 2018 and ending in summer 2019. This 

provided an assessment of the local availability of invertebrates as potential prey items 

throughout the year that could be compared against dietary preferences (Chapter 5). On 

each sampling occasion, new sampling locations were randomly generated for each site 

using the sampling tool in ArcMap (ESRI (Environmental Systems Research Institute.) 

2018). 

2.6.2 Scat analysis overview 

Two working farms set in rural University estates in the UK were selected to quantify the 

diet of badgers and hedgehogs: Hartpury College in Gloucestershire (0.70 km², 51° 54'N, -

2° 18'E) which is pasture-dominated and Nottingham Trent University’s Brackenhurst 
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Campus in Nottinghamshire (0.55 km², 53° 3'N, 0° 57'E) which is arable-dominated. 

Although next generation deoxyribonucleic acid (DNA) sequencing costs have rapidly 

reduced, the cost per sequencing run remains substantial (Hert et al. 2008) and therefore 

funding constraints of the present study, limited molecular dietary analysis of co-occurring 

badgers and hedgehogs to two study sites. These sites were selected as the presence of 

badger and hedgehog was known at both sites prior to commencing sampling, with density 

estimates as given in Chapter 6.  

Scat (faecal) samples were collected throughout the period May 2018 – August 

2019, representing four and five sampling seasons for hedgehog and badger, respectively. 

Seasons were as follows; Summer 2018 = June - August 2018, Autumn 2018 = September 

- November 2018, Winter 2018 = December 2018 – February 2019, Spring 2019 = March 

– May 2019 and Summer 2019 = June – August 2019. Sampling for hedgehog scats was 

omitted during the winter season, as this reflects their hibernation period when activity 

levels are low.  

Walkover site surveys were carried out to search for hedgehog scats systematically, 

with a minimum of two surveys per month, and additional sporadic sampling. Hedgehog 

scats were identified by their distinctive features, typically being about 3-5 cm in length 

and shiny black in appearance. Remnants of insect prey were usually clearly visible too 

(Olsen 2014). Badger scats were sampled by bimonthly surveys of active latrines found 

near badger setts. The appearance of badger scats varied and depended on what had been 

consumed. Often, scats were slimy and black, indicative of an abundance of earthworms, 

and deposited in distinctive shallow pits (latrines), up to 10 cm deep (Olsen 2014). 

Samples were taken from each individual scat, using 15 ml Kartel stool vials with 

integrated spoons that were filled with a ratio of 1:10, stool to absolute ethanol. To ensure 

that each sample was representative of the scat, three replicates were taken where possible, 

each from a unique sampling location on the scat. To minimise contamination from the 
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surrounding substrate, the external surface was avoided where possible. This was 

especially important for sampling badger scats that are typically found in shallow latrines 

(Buesching et al. 2016) where the substrate is often exposed soil, as the microbial 

community in soil would likely dominate genetic sequencing and therefore reduce the data 

on actual prey species (McInnes et al. 2017). Sample freshness was important for retaining 

prey DNA within the scats that is otherwise lost over time through DNA degradation 

(McInnes et al. 2017). Multiple studies have shown scats < 5 days old provide the highest 

concentration and quality of DNA (Deagle et al. 2005; Oehm et al. 2011). Therefore, only 

fresh scats were sampled then frozen at -18°C until further processing took place.  

A total of 215 scats were collected, of which 80 badger and 64 hedgehog scats (144 

in total) were selected for subsequent analysis as follows: eight samples were included per 

species, per season, from each of the two sites. A sufficient number of scats (> 59) for 

detecting principal prey items within the diet (Trites and Joy 2005; Foster et al. 2010) were 

analysed for both species, though the sample size was limited by the number of scats that 

could be analysed using the available sequencing resources, whilst maintaining adequate 

sequencing read depth per sample (Forin-Wiart et al. 2018). To ensure the diets of badgers 

and hedgehogs were assessed year-round, an equal number of scats were taken per season 

for each species. Seasonal variation in the diet was assessed at the species level across both 

sites combined due to the limited sample size. Samples were selected to represent unique 

sampling dates, ensuring independence of samples.  Records of sample freshness were also 

consulted to preferentially analyse fresher scats that would be more suitable for molecular 

assessment (Reed et al. 1997). All scats were analysed at the UK Natural Environment 

Research Council (NERC) Biomolecular Analysis Facility (NBAF) at the University of 

Sheffield. The full molecular workflow is shown in Figure 2.3.  
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Figure 2.3 Description of the molecular protocol implemented for the metabarcoding 

of 144 badger and hedgehog faecal samples, amplified using five primer sets and 

sequenced on the Illumina Miseq. 
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2.6.3 Confirming species’ identity and sexing host species 

To verify the host species of the scat samples, DNA was extracted from badger and 

hedgehog tissue samples using an ammonium acetate method (section 2.6.3.1). Existing 

extracted genomic DNA was available for dog (Canis lupus), mallard (Anas 

platyrhynchos), house sparrow (Passer domesticus) and fox (Vulpes vulpes), that were also 

included to assess primer amplification success. Including controls from a diverse range of 

species with varying numbers of mismatches between the species and the primer sequence 

allowed the effect of these primer mismatches and the capabilities of the primers to be 

tested. Increasing numbers of mismatches between the primer sequence and species-

specific DNA, especially at the 3-prime end of the primer, decreases the likelihood of 

successful amplification and thus species identification. All samples were amplified using 

the ‘MiMammal’ primer set (Ushio et al. 2017), generic to the DNA of many mammals, 

and polymerase chain reaction (PCR) methods (section 2.6.3.2). Amplicons were then 

Sanger sequenced (Sanger et al. 1977), and analysed using an ABI 3730 DNA analyser 

(section 2.6.3.3) and BioEdit software (Hall 1997). The sequences were then compared to 

reference sequences in the NCBI GenBank nr sequence database using the BLASTN tool 

and MEGA (Kumar et al. 2016) software (section 2.6.3.4), to identify which species 

produced the sample and select those samples for subsequent analysis that were from the 

target species. 

2.6.3.1 DNA extraction from tissue samples 

Genomic DNA was extracted from hedgehog and badger tissue using an ammonium 

acetate method (Nicholls et al. 2000; Richardson et al. 2001). Eight ear tissue samples, 

taken from known sex roadkill badgers, were provided by Roger Cottis of Scottish 

Badgers. One hedgehog ear tissue sample was provided from a deceased male that had 

been housed in captivity by Holderness Hedgehog Hospital (a registered charity 1178929). 

A 1 cm³ sample of tissue (taken from the ear of either species), was cut into small pieces 
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on a sterile glass tile using sterilised tweezers and a sharp scalpel. All equipment was 

bleached (10%) thoroughly between samples. Each sample was added to a 1.5 ml 

Eppendorf tube containing 250µl Digsol buffer and 10µl Proteinase K (10mg/ml). Samples 

were vortexed before placing in a rotating oven at 55°C for 2 hours to allow complete 

digestion. To precipitate the proteins, 300µl of 4M ammonium acetate was added to each 

sample, and these were vortexed several times over a 15-minute period at room 

temperature. All samples were then centrifuged for 10 minutes at 13000 rpm. The 

supernatant was discarded, then the remaining pellet was washed with 500µl of absolute 

ethanol. The ethanol was decanted off and the ethanol wash was repeated, but with 70% 

ethanol on the second occasion. After removal of any remaining ethanol, samples were air-

dried by placing them upside down on a clean paper towel. Once dry, 200µl of Low TE 

(10mM Tris-HCl, pH 8.0, 0.1nM EDTA) was added per sample and, after dislodging the 

DNA pellet, placed in a water bath at 57°C for 30 minutes. Once the pellet was fully 

dissolved, samples were removed and stored at -20°C.  

2.6.3.2  Polymerase Chain Reaction (PCR) and DNA quantification 

Polymerase Chain Reaction (PCR) of the scat DNA was carried out on a 96-well PCR 

plate, using 10µl reaction volume per sample (5µl Qiagen PCR Mastermix (hereby referred 

to as mastermix throughout), 1µl Forward MiMammal primer (0.5 µM), 1µl Reverse 

MiMammal primer (0.5 µM), 2µl ddH20 and 1µl DNA template) and performed on a DNA 

Engine Tetrad thermocycler (which was used for all subsequent PCR). PCR conditions 

were as follows; 95°C for 15 min, 35 cycles: 98°C for 20 s; 65°C for 15 s and 72°C for 15 

s, with a final extension at 72°C for 5 min. PCR products were visualised on 1% agarose 

gel with Tris-Borate-EDTA (TBE), stained with ethidium bromide. The Quick-load 100 bp 

DNA ladder (New England BioLabs) was used on each gel to provide a scale from which 

the approximate size of the PCR products could be assessed. Gels were run for 

approximately 40 minutes at 90 watts. 
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To quantify the DNA concentration of PCR products, each sample was analysed 

using a FlouroSTAR fluorometer. A 2µl sample of each individual PCR product was 

loaded onto a clean BMG LABTECH black microplate. Quantiflour mix was added to each 

well (200µl), which was made up as follows; 1 ml 20X TBE and 19 ml ddH20, added to 

50µl of Quantiflour dsDNA dye. A set of calf thymus DNA standards were prepared at 

following concentrations: 0, 3.125, 6.25, 12.5, 50, 100 ng/µl. The quality of DNA 

extracted from the tissue samples were assessed on 1% agarose gel and concentration 

estimated based on comparison to the calf thymus DNA standards.  

2.6.3.3 Sanger sequencing 

To prepare samples for Sanger sequencing, 2µl of EXO-sap was added to the PCR 

products in each plate well, before incubating at room temperature in the dark for 15 

minutes. Sequence PCR was then carried out on all samples separately for the forward and 

reverse reactions (adding 8µl of master mix to 2µl of EXO-sapped PCR product). PCR 

conditions were as follows; 96oC 1 min, 39 cycles of 94oC 10 secs, 50oC 5 secs and 60oC 

for 4 minutes. Following this, 66.5µl of mastermix containing 95% ethanol, 125mM 

EDTA and 3M sodium acetate was added to each sample and these were incubated in the 

dark for 15 minutes.  

Each plate was spun down in a plate centrifuge at 24,000 RPM for 30 mins. Plates 

were tapped lightly to remove liquid without dislodging DNA pellets and spun at 120 RPM 

for 30 secs. Samples were then washed with 70% ethanol, decanted, and then air-dried. 

Next, in a fume hood, 10µl of formamide was pipetted into each well, before being 

covered and denatured for 3 mins at 95°C, then loaded onto the ABI1370 sequencer. As a 

time and cost saving measure, only the reverse primer was sequenced for badger scat 

samples, and the forward for hedgehog scat samples. The reverse was used for badger scat 

sequencing as there were fewer base pair mismatches and therefore more likely to amplify 

badger DNA successfully.  
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2.6.3.4 Analysis of Sanger sequences using BioEdit and MEGA 

Once the samples had been sequenced, the files were analysed using BioEdit (Hall 1997), 

to remove any sequencing noise, and aligned using MEGA (Tamura et al. 2007), to 

construct a clean sequence for the entire target fragment. Using the Basic Local Alignment 

Search Tool (BLAST), each sequence was compared against the National Centre for 

Biotechnology Information (NCBI) nr nucleotide database, to find sequences with high 

similarity. The results of the BLAST search were then analysed to find the most fitting 

sequence, with full sequence overlap and a low e-value. The results of Sanger sequencing 

using the MiMammal primer set allowed identification of the most probable host of each 

scat sample (Appendix A), ensuring samples for subsequent analysis were from the target 

species only. 

2.6.3.5 In silico primer selection for identification of badger and hedgehog scats 

Primer fit was assessed using in-silico analysis. Reference sequences for the complete 12S 

rRNA gene region, which the MiMammal primers amplify, were obtained for hedgehog 

and badger from Genbank (Sayers et al. 2020), a repository for DNA sequences, in ‘fasta’ 

format. These were imported into the alignment software MEGA, to identify the position 

of the forward and reverse primer in reference sequences. For imperfect matches between 

the primer and reference sequence, the number of mismatching bases were counted. A 

reference matrix, developed in R using the package ‘stringdist’, was consulted to examine 

mismatches of the four control species (dog, mallard, house sparrow and fox), to test the 

breath of taxa that were amplifiable using the MiMammal primer set. Hedgehog had three 

primer base mismatches on both the forward and reverse primers, whereas badger had only 

one base mismatching, located on the reverse primer. The four controls had between one 

and three primer base mismatches on the forward and/or reverse primers (Appendix B). 

The primer sets successfully amplified for both badger and hedgehog, and the other 
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species. Therefore, these primers were suitable for ensuring the host species was identified 

and for identifying other vertebrate species in the diet.  

2.6.3.6 Sexing of badger scat samples 

Two sex-typing primer sets RG4 (Y-linked, SRY) (Griffiths and Tiwari 1993), and Mel592 

(X-linked) (Annavi et al. 2011), exist for sexing badger samples. Amplification of the Y-

linked SRY gene identifies males (XY), with proven success on known-sex genomic 

badger DNA (Kinoshita et al. 2017; Tashima et al. 2011). The pitfall of using only the 

SRY primer set, is that absence of detection could be due to PCR failure or poor-quality 

samples, as opposed to definitive evidence of a female (XX). The primer set Mel592 

amplifies a microsatellite which is X-linked (Annavi et al. 2011). A heterozygous indicates 

the individual is female (XX), but samples that are homozygous cannot be identified as 

either male or female because males (XY) have only one copy of this X-linked locus, 

which would be confused with homozygous females. Nevertheless, when used in tandem, 

the two sex markers complement one another to increase confidence in the assignment of 

female identity in samples. Currently, no sex-typing markers have been successfully 

developed for the sexing of hedgehog samples. The existing RG4 primer set was tested, 

however it was unsuccessful in sexing genomic hedgehog DNA, therefore sexing of 

hedgehogs was omitted from in this study. 

2.6.3.7 PCR using sex-linked primers 

Both primer sets were used to amplify genomic badger DNA from the eight badger tissue 

samples, as four were known females and four were known males, to validate the sexing of 

scats in this study. A 10µl PCR reaction was used per sample (5µl Qiagen PCR mastermix, 

1µl Forward primer (0.5 µM), 1µl Reverse primer (0.5 µM), 2µl ddH20 and 1µl DNA 

template), and a touchdown PCR profile was used as follows; 95°C for 15 mins, 34 cycles 

of 94° for 30 secs, 61°C for 90 secs (reducing by 1°C for the first 5 cycles), 72°C for 1 min 

and, finally, 60°C for 30 min. Due to low DNA concentrations of scat samples, 
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amplification was optimised further by air-drying 2µl DNA before performing amplicon 

PCR on a 2µl PCR reaction volume (1µl Qmix, and 1µl PrimerMix) following Kenta et al. 

(2008). 

2.6.3.8 Genotyping and Analysis 

Genomic DNA was diluted to 1:26000 prior to loading on the ABI 3730. For scat samples, 

8µl of water was added to the 2µl of undiluted PCR product, to allow easy removal of 1µl 

of DNA template to a new plate for sex determination. In a fume hood, 9µl of formamide 

(with Applied Biosystems ROX500 added as the internal standard) was added to each well 

containing 1µl DNA template. Plates were denatured for 3 mins at 95°C and then PCR 

products loaded onto the ABI13730 sequencer. Due to high DNA degradation, each DNA 

sample was genotyped three times, to increase the reliability of the genetic profiles 

produced (following Frantz et al. 2003; Frantz et al. 2006). GeneMapper (Chatterji and 

Pachter 2006) was used to assign allele sizes and these were manually assessed to assign 

sex to each sample (Appendix C). 

2.6.4 Molecular dietary assessment – DNA metabarcoding preparation 

Initially, primer selection was tested in silico, to ensure key prey items were detectable in 

this study (section 2.6.2.5). DNA was then extracted (section 2.6.3.2) from the selected 

scat samples, and amplified using five primer sets, targeting earthworms, insects (two sets 

used to account for the large number of species), mammals, and plants to provide thorough 

coverage of badger and hedgehog diet, plus the MiMammal primer set to identify the 

defecating species (see section 2.6.4.1). Next, DNA was amplified in primer set-specific 

single-plexes, to prevent primer associated bias in amplification and non-target 

amplification (section 2.6.3.3). To prepare samples for sequencing on a Miseq, samples 

were labelled with unique-tag dual indexes, that identify individuals in a pool (section 

2.6.3.4). Samples were pooled in several stages, to ensure equal representation of each 
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amplicon, before being sequenced on an Illumina Miseq. Finally, raw sequence data was 

analysed to identify prey species to Family level (section 2.6.3.5).  

2.6.4.1 In silico primer assessment 

Following a thorough search of the existing literature, an extensive list of potential prey 

items was constructed for both badger and hedgehog. Full mtDNA reference sequences for 

potential prey items were imported from the NCBI nucleotide database into MEGA for 

sequence alignment (as per section 2.6.3.4). In silico primer assessment was performed for 

all primer sets used, allowing primer fit and primer biases to be identified against potential 

prey items. The primer sets selected for in-vitro primer testing were chosen due to their 

relatively short amplicon lengths, and breadth of coverage of potential prey items (Table 

2.4). Primer sets were modified with unique identifying tags and the Illumina ‘small RNA 

sequencing primer’ and ‘read 2 sequencing primer’ adaptors to allow sequencing on the 

Ilumina MiSeq.  

Table 2.4 Primer sets included for diet assessment of hedgehog and badger scat 

samples. 

Primer set Target taxa Forward primer 

sequence 

Reverse primer 

sequence 

Amplicon 

length (bp) 

Reference 

Bienert Earthworm ATTCGGTTGGG

GCGACC 

CTGTTATCCCT

AAGGTAGCTT 

70 Bienert et 

al. 2012 

MiMammal Vertebrate GGGTTGGTAAA

TTTCGTGCCAG

C 

CATAGTGGGGT

ATCTAATCCCA

GTTTG 

171 Ushio et al. 

2017 

Gillet Invertebrate ATTCHACDAAY

CAYAARGAYAT

YGG 

ACTATAAAARA

AAATYTDAYAA

ADGCRTG 

133 Gillet et al. 

2015 

Zeale Invertebrate AGATATTGGAA

CWTTATATTTT

ATTTTTGG 

WACTAATCAAT

TWCCAAATCCT

CC 

157 Zeale et al. 

2011 

ITS2 Plant TGTGAATTGCA

RRATYCMG 

CCCGHYTGAYY

TGRGGTCDC 

187–387 Moorhouse-

Gann et al. 

2018 
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2.6.4.2 DNA extraction from scats 

DNA was extracted from ~300 ng of faecal sample using a QIAamp DNA Stool Mini Kit 

(QIAGEN) following the manufacturer’s instructions, with some minor modifications. The 

eluted DNA volume was reduced to 50 µl to increase the DNA concentration, and this was 

put back through the spin column once more to further optimise DNA recovery. Mock 

extractions without samples were performed systematically to monitor levels of 

contamination.  

2.6.3.3 PCR techniques 

Once DNA was extracted from the scat samples, PCRs were undertaken to amplify DNA 

for each of the five primer sets. PCRs were carried‐out in volumes of 20 µl, comprising 10 

µl of QIAGEN Multiplex PCR Master Mix, 2 µl of each primer (1µl forward primer 

reduced to a concentration of 5 µM, 1 µl reverse primer reduced to a concentration of 5 

µM), 4 µl of ultra‐pure water, and 2 µl of DNA from each scat sample of varying 

concentrations. Each plate was spun down before loading amplicons onto the PCR 

machine, ensuring all reagents were mixed at the bottom of each well pre-loading. Single-

use PCR lids were used to cover plates throughout library preparation, to reduce 

contamination and evaporation of the PCR product. The PCR thermal cycling conditions 

varied for each primer set and were performed on a TETRAD2 Peltier Thermal Cycler. A 

touchdown PCR program was used for amplification of the Zeale primer set (Zeale et al. 

2011) under the following conditions: 15 min at 95ºC followed by 16 cycles of 30 s at 

94 ºC, 30 s at 72 ºC followed in turn by 24 cycles of 30 s at 94 ºC, 30 s a 53 ºC and 20 s at 

72 ºC followed by a final incubation of 10 min at 72 ºC. For the Gillet primer set (Esnaola 

et al. 2018) the conditions were as follows; 15 min at 95 ºC, followed by 40 cycles of 30 s 

at 94 ºC, 45 s at 45 ºC, 30 s at 72 ºC and 10 min at 72 ºC. For the Bienert primer set 

(Bienert et al. 2012) the conditions were as follows; 95 ºC 15 min, 50 cycles of 95 ºC 30 s, 

58 ºC 30 s and 72 ºC 60 s. For the ITS2 primer set (Moorhouse-Gann et al. 2018) the 
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conditions were as follows; 95 °C 15 min, 40 cycles of 95 °C for 30 s, 56 °C for 30 s and 

72 °C for 1 min and finally 72 °C for 10 min. For the MiMammal primer set, the same 

conditions were used as stated in section 2.6.3.2. 

Amplicon PCR products were cleaned to remove excess reagent, primer dimers and 

non-specific amplicons (D’aquila et al. 1991), using AMPure XP paramagnetic beads in a 

1:1 ratio of beads to product. The beads were mixed by pipetting the PCR mixture up and 

down ten times before placing the plate on a magnetic stand. The beads bound to the DNA 

and sunk to the bottom of the well, and the supernatant (containing any contaminates) was 

discarded, ensuring the bead was not disturbed. The beads were then washed twice with 

70% ethanol before being allowed to air-dry at room temperature for a maximum of 10 

minutes. The purified amplicon was then eluted in 20 µl of LowTE, prior to a second PCR 

step being performed that added the identifying indexes. 

2.6.4.4 Dual-indexing PCR 

To enable the simultaneous sequencing of all species in this mixed samples, each purified 

amplicon was labelled uniquely with dual-indexed illumina adaptor tags, by combining 

different forward and reverse indexes (1µl of each at 0.2µM) from a Nextera XT Index Kit 

(FC-131-1002). The same dual index was used for each sample in each PCR for each of 

the five primer sets (see Appendix D for plate organisation), as the primer sequence itself 

allowed demultiplexing in post-sequencing analysis. Thermal cycling conditions for the 

index PCR were as follows; 15 min at 95 ºC, followed by 8 cycles of 30 s at 95 ºC, 30 s at 

55 ºC, 30 s at 72 ºC and 5 min at 72 ºC. This was repeated for all 5 PCR assays. The post-

index PCR product was cleaned using AMPure XP beads (Beckman Coulter, High 

Wycombe, UK). Initially, beads were added in a ratio of 0.5 beads to 1 PCR product. After 

placing on the magnetic stand, the supernatant was removed to a new plate. Beads were 

added at 0.9x concentration and after being placed on the magnetic rack, the supernatant 

was discarded, leaving the DNA bound to the pellet. An 80% ethanol wash was performed 
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twice and then left to dry at room temperature. Samples were removed from the magnetic 

rack and eluted in 15 µl of Low TE (10mM Tris-HCl, pH 8.0, 0.1nM EDTA). Samples 

were placed back onto the magnetic rack to separate the magnetic beads from the samples.  

The concentration of DNA in each sample was measured in ng/µl on the 

FluroSTAR fluorimeter. Samples were combined to eight pools per plate before 

quantifying DNA in each pool using quantitative PCR (qPCR), a highly accurate method 

for analysing the amount of indexed PCR product (Mardis and McCombie 2017). 

Unlabelled DNA is not detected during qPCR, so this qPCR provides a quality assurance 

step, ensuring each pool showed the anticipated amount of indexed DNA present. After 

obtaining the initial qPCR concentrations, further pooling in equimolar amounts was 

carried out, resulting in one pooled 40nM sample per plate. 

The resulting pooled sample that remained per plate, was run on the Agilent 4200 

TapeStation (Agilent 2018) to check the size of the indexed-amplicon; inclusive of 

Illumina adaptors and dual-indexes. The Tapestation revealed that amplicon PCR was 

often longer than expected, indicating substantial primer dimers in the samples. Therefore, 

samples were run on a BluePippin (Wang et al. 2015), to limit the DNA for sequencing to 

that of the required fragment size expected for each of the primer sets. 

The BluePippin was calibrated, and a new cassette containing an external marker 

was inserted before each use. Fresh electrophoresis buffer (40 µl) was added to each 

elution module before sealing with adhesive tape strips. Sample wells were topped up with 

buffer to ensure they were at maximum capacity (70 µl) prior to running the continuity 

test, ensuring the current in each sample column fell within the expected values. The 

BluePippin internal standard (10 µl) was added to each sample (30 µl), and was mixed by 

pipetting, vortexing and being spun down on the centrifuge. Samples were then washed 

with Tween 20, which increases DNA yield by up to 30% (Sage Science Inc. 2016). Clean-

up was performed on the post-BluePippin samples to remove the electrophoresis buffer, 
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and the remaining DNA was suspended in Low TE (10mM Tris-HCl, pH 8.0, 0.1nM 

EDTA). Post BluePippin products were re-quantified using qPCR to ascertain how much 

DNA had been recovered, prior to diluting to 4nM.  

Primer sets were were pooled at 4nM in 15 µl and these were further diluted to 20 

pM before loading on to an Illumina MiSeq Platform using v2 chemistry with 300 cycles 

and a 2 x 150 bp paired end read length, to provide sequences for further analysis. 

2.6.4.5 Bioinformatics analysis 

The Illumina sequencing yielded raw sequence data, where two sequences (essentially the 

forward and reverse DNA strands) were produced per primer set, for each sample, which 

were uploaded to the High Performance Computing (HPC) server Iceberg, supported by 

the University of Sheffield, and quality-filtered using strict criteria; a minimum average 

Phred score of 30 (Shi et al. 2016), a measurement for assessing sequence quality, over a 4 

bp sliding window, and minimum sequence length of 60 bp. Illumina adaptors and primer 

sequences were then trimmed from sequence data using the software ‘Mothur’, and only 

sequences >60bp were retained for analysis. The smallest amplicon expected was 70bp for 

the primer set amplifying earthworms (Bienert et al. 2012). Trimmed paired sequences 

were aligned using ‘FLASH’ software (Magoč and Salzberg 2011), allowing 1 mismatch 

in 10 bp. Both identical and chimeric sequences were removed, to condense the data to 

unique, high-quality sequences only. These were then clustered using ‘Usearch 

v9.2’(Edgar 2013), into molecular Operational Taxonomic Units (mOTUs), where each 

cluster showed 97% similarity (Edgar 2013; Johnson et al. 2019) between sequences. 

Taxonomic assignment to Family level was obtained by comparing the mOTUs 

against the NCBI nucleotide reference database, using the BLAST function, ensuring 95% 

similarity between the mOTU and reference sequence. Following taxonomic assignment, 

the sequence matrix depicting prey items in each sample was processed to remove 

contamination using microDecon in R Statistics (McKnight et al. 2019). This program 
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compares the proportions of contaminant taxa in blank samples to systematically remove 

contaminant reads. Assessment of the post-microDecon matrix, demonstrated that likely 

contamination had been removed.  

2.6.5 Camera trapping  

674 camera trap locations were surveyed across the 23 sites, with an average of 29 camera 

traps per study site, stratified by four key habitat categories: Arable, Amenity + Urban + 

Buildings, Grassland, and Woodland (Table 2.5). 

Table 2.5 Camera deployment information for 23 independent study sites surveyed 

between 2018 and 2019. Zeros indicate habitat present, but no cameras placed, dashes 

indicate absence of habitat within the site boundary. Camera trapping surveys were 

conducted for the initial 10 nights of the survey period depicted in Table 2.1. 

Site 

number 

Site name Number 

of 

cameras 

deployed 

Habitat (camera facing) 

Arable  Amenity, 

Urban and 

Buildings  

Grassland Woodland 

1 Brackenhurst A 40 23 4 11 2 

2 Hartpury 38 0 13 15 10 

3 Slade 40 0 2 32 6 

4 Kendal 29 0 2 23 4 

5 Driffield 29 8 3 15 3 

6 Keyingham 29 18 2 8 1 

7 Clumber 20 8 - 3 9 

8 Thorn 27 17 2 5 3 

9 Brackenhurst B 30 13 4 13 0 

10 Epperstone 30 19 3 6 2 

11 Hodsock 25 8 4 8 5 

12 Anglesey 30 5 1 19 5 

13 Dunmow 27 24 - 0 3 

14 Loddington 30 14 1 12 3 

15 Usk 31 1 2 24 4 

16 Woodchester 32 - - 6 26 

17 Long Stratton 29 20 1 3 5 

18 Spreyton 25 0 0 20 5 

19 Ide 24 2 1 14 7 

20 Knock 27 5 2 15 5 

21 Barnsley 26 12 1 10 3 

22 Riseholme 30 6 4 13 7 

23 Suffolk 26 16 1 6 3 
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The ‘Sampling Tool’ in ArcGIS 10.6.1 (ESRI (Environmental Systems Research 

Institute.) 2018) was used to generate random camera positions within each habitat, 

producing co-ordinates that could be located in the field (see Appendix F for site maps 

including camera trap locations). Cameras that failed during the survey period were 

removed from the study to avoid overestimation of sampling effort.  

Camera trapping surveys were conducted between June 2018 and September 2019, 

surveying each site for 10 consecutive nights. Camera deployment took 1-2 days and was 

supported by MSc students from Nottingham Trent University. A handheld ‘Garmin GPS, 

60’ device was used to locate, within 3-5 metres (95% accuracy), the randomly generated 

GPS position for each camera location. However, it was not possible to place the cameras 

precisely at the GPS locations, as the random point generation did not account for habitat 

features such as impermeable fences, dense cereal crop or livestock that would damage 

cameras and/or prevent the cameras working reliably. In these cases, the nearest available 

location for deployment of a camera was used. The random deployment of cameras was 

therefore fulfilled, despite most cameras being placed near linear features.  

Bushnell 119837 Essential E3 Trophy Cam HD (Bushnell Corp., Overland Park, 

KS, USA) cameras were used consistently throughout the study to reduce any detection 

bias that may have been introduced by using a camera with different technical 

specifications. Suitable features to attach a camera included trees, hedgerows, telegraph 

poles, fence posts and occasionally staked wooden posts. A good, clear field of view in 

front of the proposed camera location was sought to provide a reasonable chance of 

detecting the target species (Rowcliffe et al. 2008). In addition, camera detection zones, 

specified by its radius and angle, were calculated at individual camera locations (Cusack et 

al. 2015). Camera settings were as follows; mode = ‘Video’, LED = ‘High’, video size = 

‘640x480’, video length = ‘15 secs’, interval = ‘5 mins’, sensor level = ‘automatic’, night 

mode, time stamp = ‘On’, field scan = ‘Off’ and sound = ‘Off’. Each camera was fitted 
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with a 16GB micro-SD card and placed in the ‘ON’ mode before positioning in the field. 

Cameras were placed approximately 30 cm from the ground, with a slight downwards tilt 

which was achieved by securing a small block of wood/stick with a diameter of 

approximately 2cm, between the camera and the object it was being fastened to. All 

camera data were copied from the SD card and the corresponding camera location was 

recorded. 

2.6.6 Data analysis and software packages used 

All statistical analysis was carried out using ‘R Studio’ software version 1.2.5 (R Studio 

Team 2020) and individual packages are referred to in each chapter. To compare site-

specific data including habitat and invertebrate covariates (Chapters 5 and 6), Z Scores 

were calculated. Bioinformatic analysis (Chapter 4) was performed on the University of 

Sheffield’s High-Performance Computing resource, Iceberg. An in-house pipeline was 

followed that utilised Python (Python Software Foundation, NH, USA) and Perl scripts 

(Cranor 1994), leading to taxonomic assignment.  

2.7 Ethical Approval 

The full methodologies implemented were granted ethical approval by Nottingham Trent 

University’s School Ethics Committee on 16/02/2018 under the project code ARE721. 
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Chapter 3 Effect of rural habitat type on invertebrate prey availability  
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3.1 Introduction 

Habitat and any associated management, have considerable effects on the abundance and 

diversity of invertebrate assemblages inhabiting it (Chapin et al. 2000). In intra-guild 

predation (IGP) relationships, these basal resources can underpin ecological interactions at 

higher trophic levels, causing bottom-up effects on intraguild species (Sergio et al. 2003; 

Sergio et al. 2005; Dicks et al. 2019). A reduction in basal prey abundance and / or 

diversity can influence the level of competition and rate of predation amongst intra-guild 

predator and intra-guild prey species (Polis et al. 1989; Navarrete et al. 2000; Takimoto et 

al. 2012). Prey availability is often closely linked to habitat availability and its quality 

(Marshall et al. 2006; McHugh et al. 2019), which varies at the local scale (Rosalino et al. 

2005; Andersen et al. 2017).  Furthermore, as seasonal fluctuations in food availability are 

typical at certain latitudes and can affect the abundance and range of prey items available 

at a given time, there is potential for prey-switching, either increasing the level of 

competition between intraguild-competitors, or leading to more frequent predation events 

(Périquet et al. 2015). Assessing the availability of invertebrate assemblages as food 

resources is therefore a necessity when investigating the interactions amongst higher 

trophic species (McHugh et al. 2019).  

Food availability can indirectly shift the balance of competition and predation, with 

the potential to cause population level effects (Sergio and Hiraldo 2008). Despite this, 

these data are often missing from studies investigating the spatial and temporal relationship 

between IGP competitors, resulting in inferences that rely on habitat type only, and the 

presence of the intra-guild competitor as explanatory variables (Cruz et al. 2015). For 

example, a comparison of red foxes, badgers, and stone martens demonstrated that the 

probability of an area being occupied by a species was more strongly affected by habitat 

type and structure than by interspecific interactions (Cruz et al. 2015). However, the 

patterns of habitat selection exhibited by each of these species may also have been 
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influenced by the availability of food but, without its assessment, this cannot be 

ascertained. 

The main aim of this study was to evaluate the availability of prey for two IG 

competitors as a potential driver of competition. In particular, this study assesses the 

availability of invertebrate prey for badgers and hedgehogs across different rural habitats in 

Britain. Whilst badger and hedgehog diets are not composed exclusively of invertebrate 

prey, it does represent the most common food group for both species (Wroot 1984; 

Shepherdson et al. 1990) and therefore was assessed as a proxy for food availability in this 

study. Due to the high frequency in which some invertebrate prey are consumed, this is 

likely to lead to competition between badgers and hedgehogs. In contrast, vertebrate 

species such as small mammals are consumed at lower frequencies by both species (Kruuk 

and Parish 1981; Yalden 1976), likely resulting in weaker competition for these prey types. 

Notably, not all prey items are shared between badgers and hedgehogs such that the degree 

of dietary niche overlap (Chapter 4) will also affect the magnitude of competition for prey 

between these two species  

In this study, habitat type was predicted to be a key factor affecting the composition 

of invertebrate communities that are basal prey resources for badgers and hedgehogs. Prey 

availability can influence the stability of the IGP relationship as it is an important driver of 

both competitive and predatory interactions (Chapter 5). Variability between month, 

season and site were also investigated to assess their importance in explaining fluctuations 

in prey availability and hence the potential pattern of competition over the course of the 

year.  

This study used pitfall traps and earthworm cores to analyse the invertebrate 

community across 22 rural sites in England and Wales, to: 1) compare the abundance of 

invertebrates from pitfall trap captures between different habitats, seasons and sites, 2) 

compare the biomass of invertebrates from pitfall trap captures between different habitats, 
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seasons and sites, 3) compare the abundance of earthworms as measured by earthworm 

cores between different habitats, seasons and sites, and 4) compare the biomass of 

earthworms as measured by earthworm cores between different habitats, seasons and sites.  

This assessment of invertebrate communities provides an understanding of the availability 

of potential invertebrate prey resources for badgers and hedgehogs, with prey preferences 

considered in Chapter 5 and prey resource utilisation assessed in Chapter 6. 

3.2 Methods 

Surveying was conducted across the four distinct habitats described in Chapter 2: arable, 

amenity grassland, other grassland and woodland. Pitfall trapping was selected to measure 

the availability of ground dwelling invertebrates that are potentially consumed by badgers 

and hedgehogs; soil cores were used to estimate earthworm availability, a key prey type of 

both species. By assessing abundance and biomass together, a more thorough assessment 

of the availability of prey can be attained, potentially highlighting the relative quantitative 

importance of different prey items. 

 3.2.1 Surveying invertebrate communities 

Pitfall trapping and earthworm cores were sampled as described in Chapter 2, section 

2.6.2. Pitfall trap data were excluded if the traps had been disturbed by cattle or wildlife 

during the 10-day survey period to minimize errors from inconsistent survey effort. 

Similarly, data from Thorn (Site 8) were excluded due to particularly dry soil conditions 

which inhibited the deployment of pitfall traps. In total, 493 pitfall traps and 212 

earthworm cores taken from 22 study sites were included for analysis. 

Three earthworm cores were taken in each of the following habitats: amenity 

grassland, arable, grassland and woodland, present within the site boundaries of 22 study 

sites (see Chapter 2 for habitat mapping). From each core, measures of earthworm 

abundance and biomass were collected in the field before returning organisms back into 
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the environment. The number of adult and juvenile worm abundance per core was 

recorded, as was fresh biomass (g).  

Nine unbaited pitfall traps containing the preservative propylene glycol, were 

deployed in each habitat present at each of the 22 sites for a ten-night trapping period. 

Pitfall trap captures were sealed and stored in a cool place until processing took place, 

typically within six weeks of surveying. Invertebrates that measured > 5 mm in length 

were identified to the Order level using taxonomic identification guides (Tilling 1987; 

Barnard 2011) and abundance was recorded. Order level identification was carried out as 

this accounts for differences in functional traits of prey such as mobility, that may 

influence the likelihood of being potential prey to either badger or hedgehog (Kennedy et 

al. 2019). Following identification, organisms were dried at 60°C for 72 hours to obtain 

measures of dry biomass (g) (Chapter 2.6.1.1). 

Pitfall captures were pooled across each of the broad habitat types and the diversity 

of invertebrate communities was measured using the Reciprocal Simpson Diversity Index 

(D) that assesses richness and evenness of the invertebrate structure (Lande 1996): 

𝐷 =  
𝑁(𝑁 − 1)

∑ 𝑛 (𝑛 − 1)
 

where N = total number of organisms of all species (Order level) found within each habitat 

and n = number of individuals of a particular species (Order level) found in each habitat. 

 The principal means of testing for differences in abundance, biomass, and diversity 

of invertebrates between habitat types and months (Table 3.1) was through a series of 

Generalised Linear Mixed Models (GLMMs), where both interactions and main effects 

were tested and site was included as a random factor in all models (Ostfeld et al. 2018; 

Hothorn et al. 2008). Interaction terms were included in each analysis but were excluded 

where they were not significant via a stepwise backwards elimination. Data processing and 

formatting were performed in Microsoft Excel (Microsoft Corporation 2018) and all 
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figures and statistical analysis were conducted using R Studio version 1.2.5 (R Studio 

Team 2020).  

3.2.2  Model Selection 

The best fitting models for each of the four invertebrate measures; pitfall 

abundance, pitfall biomass, earthworm abundance and earthworm biomass are reported 

below.  

3.2.2.1 Pitfall abundance 

A negative binomial GLMM was used to investigate the factors affecting the abundance of 

invertebrates captured in pitfall traps. 

𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖  ~ 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑏𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝜇𝑖,𝜎
2) 

𝐸(𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖)  = 𝜇𝑖 𝑎𝑛𝑑 𝑣𝑎𝑟(𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖) =  𝜎2 

𝜇𝑖 = 𝜇𝑖 =  𝛽1 +  𝛽2  𝑋  ℎ𝑎𝑏𝑖𝑡𝑎𝑡𝑖  X 𝑚𝑜𝑛𝑡ℎ𝑖+ Sitej + eij 

Sitej ~ N(0, s2
Site) 

eij ~ N(0, s2) 

Where Abundancei is the abundance of organisms i from Site j assuming a negative 

binomial distribution with mean 𝜇𝑖, and variance 𝜎2. 𝐻𝑎𝑏𝑖𝑡𝑎𝑡𝑖 𝑚𝑜𝑛𝑡ℎ𝑖  are categorical 

covariates indicating the habitat and month in which the pitfall sample was taken from. A 

significant interaction between habitat and month was identified and included in the model. 

The random intercept Sitej, is included in the model to introduce a correlation structure 

between observations for different abundances from different sites, with variance s2
Site 

distributed normally and equal to 0. eij is the residual variance in the model, again with the 

assumption of normality and equal to 0.  
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3.2.2.2 Pitfall biomass 

A Gamma GLMM was fitted to the data to examine the effects of invertebrate biomass of 

pitfall trap captures sampled from UK rural landscapes. 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑖 ~ 𝐺𝑎𝑚𝑚𝑎(𝜇𝑖,𝜎
2) 

𝐸(𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑖)  = 𝜇𝑖 𝑎𝑛𝑑 𝑣𝑎𝑟(𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖) =  𝜎2 

𝜇𝑖 = 𝜇𝑖 =  𝛽1 +  𝛽2  𝑋  ℎ𝑎𝑏𝑖𝑡𝑎𝑡𝑖 +  𝑚𝑜𝑛𝑡ℎ𝑖+ Sitej + eij 

Sitej ~ N(0, s2
Site) 

eij ~ N(0, s2) 

Where Biomassi is the biomass (g) of organisms i from Site j assuming a gamma 

distribution with mean 𝜇𝑖, and variance 𝜎2. 𝐻𝑎𝑏𝑖𝑡𝑎𝑡𝑖 is a categorical covariate indicating 

the habitat in which the pitfall sample was taken from. The random intercept Sitej, is 

included in the model to introduce a correlation structure between observations for 

different abundances from different sites, with variance s2
Site distributed normally and equal 

to 0. eij is the residual variance in the model, again with the assumption of normality and 

equal to 0.  

3.2.2.3 Earthworm abundance 

A Negative Binomial GLMM was fitted to the data to examine the effects of earthworm 

abundance of earthworm cores sampled from UK rural landscapes 

𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖  ~ 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑏𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝜇𝑖,𝜎
2) 

𝐸(𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖)  = 𝜇𝑖 𝑎𝑛𝑑 𝑣𝑎𝑟(𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖) =  𝜎2 

𝜇𝑖 = 𝜇𝑖 =  𝛽1 +  𝛽2  𝑋  ℎ𝑎𝑏𝑖𝑡𝑎𝑡𝑖 +  𝑚𝑜𝑛𝑡ℎ𝑖+ Sitej + eij 

Sitej ~ N(0, s2
Site) 

eij ~ N(0, s2) 

Where earthworm abundancei is the abundance of earthworms i from Site j assuming a 

negative binomial distribution with mean 𝜇𝑖, and variance 𝜎2. 𝐻𝑎𝑏𝑖𝑡𝑎𝑡𝑖 is a categorical 
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covariate indicating the habitat in which the pitfall sample was taken from. The random 

intercept Sitej, is included in the model to introduce a correlation structure between 

observations for different abundances from different sites, with variance s2
Site distributed 

normally and equal to 0. eij is the residual variance in the model, again with the assumption 

of normality and equal to 0.  

3.2.2.4 Earthworm biomass 

A Gamma GLMM was fitted to the data to examine the effects of earthworm biomass of 

earthworm cores sampled from UK rural landscapes. 

𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑖 ~ 𝐺𝑎𝑚𝑚𝑎(𝜇𝑖,𝜎
2) 

𝐸(𝐵𝑖𝑜𝑚𝑎𝑠𝑠𝑖)  = 𝜇𝑖 𝑎𝑛𝑑 𝑣𝑎𝑟(𝑏𝑖𝑜𝑚𝑎𝑠𝑠𝑖) =  𝜎2 

𝜇𝑖 = 𝜇𝑖 =  𝛽1 +  𝛽2  𝑋  ℎ𝑎𝑏𝑖𝑡𝑎𝑡𝑖 +  𝑚𝑜𝑛𝑡ℎ𝑖+ Sitej + eij 

Sitej ~ N(0, s2
Site) 

eij ~ N(0, s2) 

Where Biomassi is the biomass (g) of earthworms i from Site j assuming a gamma 

distribution with mean 𝜇𝑖, and variance 𝜎2. 𝐻𝑎𝑏𝑖𝑡𝑎𝑡𝑖 is a categorical covariate indicating 

the habitat in which the pitfall sample was taken from. The random intercept Sitej, is 

included in the model to introduce a correlation structure between observations for 

different abundances from different sites, with variance s2
Site distributed normally and equal 

to 0. eij is the residual variance in the model, again with the assumption of normality and 

equal to 0.  
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3.2.2.5 Order level abundance 

A series of Negative binomial GLMM’s were used to investigate the factors affecting the 

abundance of invertebrates belonging to Coleoptera, Isopoda and Pulmonata captured in 

pitfall traps. 

𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖  ~ 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑏𝑖𝑛𝑜𝑚𝑖𝑎𝑙(𝜇𝑖,𝜎
2) 

𝐸(𝐴𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖)  = 𝜇𝑖 𝑎𝑛𝑑 𝑣𝑎𝑟(𝑎𝑏𝑢𝑛𝑑𝑎𝑛𝑐𝑒𝑖) =  𝜎2 

𝜇𝑖 = 𝜇𝑖 =  𝛽1 +  𝛽2  𝑋  ℎ𝑎𝑏𝑖𝑡𝑎𝑡𝑖 +  𝑚𝑜𝑛𝑡ℎ𝑖+ Sitej + eij 

Sitej ~ N(0, s2
Site) 

eij ~ N(0, s2) 

Where Abundancei is the abundance of organisms i (belonging to either Coleoptera, 

Isopoda or Pulmonata) from Site j assuming a Poisson distribution with mean 𝜇𝑖, and 

variance 𝜎2. 𝐻𝑎𝑏𝑖𝑡𝑎𝑡𝑖 𝑚𝑜𝑛𝑡ℎ𝑖  are categorical covariates indicating the habitat and month 

in which the pitfall sample was taken from. The random intercept Sitej, is included in the 

model to introduce a correlation structure between observations for different abundances 

from different sites, with variance s2
Site distributed normally and equal to 0. eij is the residual 

variance in the model, again with the assumption of normality and equal to 0.  
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Table 3.1 List of variables included in Generalised Linear Mixed Models of 

invertebrate assemblages. 

Variable Distribution 

and (link 

function) 

Data type Variable 

type 

Description 

Abundance Negative 

binomial(log) 

Count Response Number of organisms > 5mm 

in a pitfall capture (n = 493) 

Biomass Gamma (log) Continuous Response Dry biomass (g) of pitfall 

capture 

Earthworm 

abundance 

Negative 

binomial(log) 

Count Response Number of adult and juvenile 

earthworms per core 

Earthworm 

biomass 

Gamma (log) Continuous Response Fresh biomass (g) of adult and 

juvenile earthworms per core 

Habitat_ N/A Categorical Predictor Habitat 1 = Amenity, 2 = 

Arable, 3 = Grassland and 4 = 

Woodland 

Month_ N/A Categorical Predictor Month of survey: 1 = April, 2 

= May, 3 = June, 4 = July, 5 = 

August and 6 = September 

Site N/A Categorical Random 

factor 

Sites 1 – 23 (omitting Thorn -

site 8) see Chapter 2 for site 

description. 

3.3 Results 

A total of 24 orders were identified across all pitfall captures, (Table 3.2). Coleoptera was 

the most abundant order within the arable, grassland and woodland habitats whereas 

Isopoda was the most abundant order within the amenity grassland habitat. The mean 

number of organisms per pitfall capture was greatest in woodland habitat (24.8), followed 

by grassland (21.9), arable (19.8) and amenity (19.4). Species richness, as assessed at the 

Order level, followed the same trend, with greatest richness (23 orders) identified within 

woodland, followed by grassland, arable and amenity where 21, 19 and 18 orders were 

identified, respectively.
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Table 3.2 Taxonomic rank showing total abundance of invertebrates captured by pitfall trapping (>5 mm) for individual taxa ranked from most to 

least abundant. Data were merged from 22 rural sites in Britain with an average of 7 pitfall traps per broad habitat type. Total number of pitfall 

traps per habitat was as follows;Amenity grassland = 86, Arable = 103, Grassland = 145 and Woodland = 159. A 10-night trapping period using 

pitfall traps containing propylene glycol was conducted across all sites to obtain captures. 

Rank Total abundance 

Amenity (n=86) Arable (n=103) Grassland (n=145) Woodland (n=159) 

Taxon Tot. Taxon Tot. Taxon Tot. Taxon Tot. 

1 Isopoda 485 Coleoptera 939 Coleoptera 1091 Coleoptera 1047 

2 Coleoptera 432 Isopoda 317 Isopoda 714 Isopoda 1018 

3 Pulmonata 188 Araneae 186 Araneae 389 Pulmonata 346 

4 Araneae 185 Diptera 184 Hemiptera 323 Dermaptera 269 

5 Hemiptera 101 Dermaptera 97 Pulmonata 246 Hemiptera 266 

6 Polydesmidae 67 Pulmonata 94 Collembola 109 Collembola 240 

7 Collembola 57 Polydesmidae 54 Diptera 58 Polydesmidae 159 

8 Dermaptera 43 Opiliones 43 Opiliones 55 Araneae 157 

9 Julidae 25 Collembola 38 Dermaptera 37 Julidae 101 

10 Geophilomorpha 23 Hemiptera 33 Oligochaeta 35 Opiliones 99 

11 Diptera 15 Hymenoptera 21 Hymenoptera 25 Diptera 49 

12 Opiliones 15 Julidae 11 Geophilomorpha 24 Oligochaeta 48 

13 Oligochaeta 13 Oligochaeta 8 Neuroptera 15 Geophilomorpha 46 

14 Lepidoptera 12 Geophilomorpha 6 Polydesmidae 13 Hymenoptera 20 

15 Ephemeroptera 4 Neuroptera 5 Lepidoptera 11 Glomerida 15 

16 Hymenoptera 1 Lepidoptera 3 Julidae 10 Amphipoda 13 

17 Lithobiidae 1 Lithobiidae 2 Ephemeroptera 5 Lepidoptera 12 

18 Stylommatophora 1 Ephemeroptera 1 Glomerida 4 Ephemeroptera 11 

19 Amphipoda 0 Glomerida 1 Orthoptera 2 Stylommatophora 9 

20 Glomerida 0 Stylommatophora 0 Lithobiidae 1 Lithobiidae 6 

21 Glossiphoniidae 0 Amphipoda 0 Stylommatophora 1 Orthoptera 4 

22 Neuroptera 0 Glossiphoniidae 0 Amphipoda 0 Glossiphoniidae 1 

23 Odonata 0 Odonata 0 Glossiphoniidae 0 Odonata 1 

24 Orthoptera 0 Orthoptera 0 Odonata 0 Neuroptera 0 

All Taxa 
 

1668 
 

2043 
 

3168 
 

3937 
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The taxonomic group Coleoptera was identified in the highest proportion of individual 

pitfall traps (n = 493) across all four habitats, indicative of its commonness (Figures 3.1 – 

3.4). 

 

Figure 3.1 Proportion of pitfall captures (n = 86) sampled from amenity grassland 

habitat across 22 sites containing organisms belonging to different taxonomic Orders. 
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Figure 3.2 Proportion of pitfall captures (n = 103) sampled from arable habitat across 

22 sites containing organisms belonging to different taxonomic Orders. 

 

 

Figure 3.3 Proportion of pitfall captures (n = 145) sampled from grassland habitat 

across 22 sites containing organisms belonging to different taxonomic Orders. 
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Figure 3.4 Proportion of pitfall captures (n = 159) sampled from woodland habitat 

across 22 sites containing organisms belonging to different taxonomic Orders. 

  

Comparison of diversity between habitat type showed woodland to be the most diverse 

habitat and arable to be the least diverse habitat for invertebrate community composition 

(Table 3.3).  

Table 3.3 Comparison of invertebrate diversity of organisms captured by pitfall 

trapping and identified to the level of Order, using Simpson's Reciprocal Index, 

whereby higher values indicate greater diversity amongst sample group. 

Habitat Simpson's Reciprocal Index Diversity Rank 

Amenity 5.42 2 

Arable 3.88 4 

Grassland 4.92 3 

Woodland 6.12 1 

 

3.3.1 Pitfall invertebrate abundance 

A negative binomial GLMM was used to investigate the factors affecting the abundance of 

invertebrates captured in pitfall traps. The marginal and conditional R² values for the 
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GLMM were 0.16 and 0.33, respectively. There was a significant interaction between 

habitat and month (Table 3.4) showing significant variability in the abundance across 

habitats throughout the sampling period, which explains 16% of the variance within the 

dataset. There were significantly more invertebrates in grassland habitat in May, June, July 

and August, and significantly fewer invertebrates in woodland habitat in May and June 

(Table 3.4). Site, as the random factor, accounted for 17% of the variance within the 

dataset, demonstrating that invertebrate abundance varied both between habitats and on a 

local scale. 

Table 3.4 Summary of Negative Binomial Generalised Linear Mixed Model (GLMM) 

for the effect of month and habitat on invertebrate abundance of pitfall trap captures 

sampled from the UK rural landscape. Site was included as a random factor with 

standard deviation of 0.30. Nobs = 484. Bold P values indicate statistical significance 

at 0.05 level. SE = Standard Error. 

Model Parameter Estimate SE P-value 

(Intercept) 2.96 0.24  <0.001 

Habitat_arable:Month_august 0.31 0.28 0.281 

Habitat_grassland:Month_august 1.15 0.34 0.001 

Habitat_arable:Month_july 0.09 0.28 0.735 

Habitat_grassland:Month_july 1.14 0.35 0.001 

Habitat_wood:Month_july -0.48 0.28 0.087 

Habitat_arable:Month_june -0.02 0.27 0.954 

Habitat_grassland:Month_june 0.60 0.33 0.070 

Habitat_wood:Month_june -0.82 0.25 0.001 

Habitat_arable:Month_may -0.28 0.31 0.375 

Habitat_grassland:Month_may 1.03 0.34 0.002 

Habitat_wood:Month_may -0.84 0.26 0.001 

Habitat_arable:Month_september 0.41 0.33 0.213 

Habitat_grassland:Month_september 0.28 0.41 0.501 

Habitat_wood:Month_september -0.32 0.33 0.342 

 



70 

 

3.3.2 Pitfall invertebrate biomass 

A Gamma GLMM was fitted to the data to examine the effects of invertebrate biomass of 

pitfall trap captures sampled from UK rural landscapes. The marginal and conditional R² 

values for the GLMM were 0.15 and 0.25 respectively. There was significant variability in 

the biomass across habitats throughout the sampling period, which explained 15% of the 

variance within the dataset (Table 3.5). Invertebrate biomass was significantly higher in 

July than in any of the other months surveyed and there was significantly lower biomass in 

May. Between habitats there was significantly higher invertebrate biomass in woodland, 

grassland and arable habitat compared with amenity grassland habitat. Site, as the random 

factor, accounted for 10% of the variance within the dataset, demonstrating that 

invertebrate biomass varied both between habitat and on a local scale.   

Table 3.5 Summary of Gamma Generalised Linear Mixed Model (GLMM) for the 

effect of month and habitat on invertebrate biomass of pitfall trap captures sampled 

from the UK rural landscape. Site was included as a random factor with standard 

deviation of 0.35. Nobs = 484. Bold P values indicate statistical significance at 0.05 

level. SE =Standard Error. 

Model Parameter Estimate SE P 

(Intercept) -0.97 0.29 0.001 

Habitat_arable 0.35 0.14 0.015 

Habitat_grassland 0.46 0.14 0.001 

Habitat_woodland 0.78 0.13 <0.001 

Month_may -0.78 0.34 0.023 

Month_june -0.63 0.33 0.055 

Month_july -0.67 0.32 0.040 

Month_august -0.21 0.37 0.574 

Month_september 0.31 0.39 0.436 
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3.3.3 Earthworm abundance 

A Negative Binomial GLMM was fitted to the data to examine the effects of earthworm 

abundance of earthworm cores sampled from UK rural landscapes. The marginal and 

conditional R² values for the GLMM were 0.37 and 0.63 respectively (Table 3.6). There 

was significant variability in the abundance of earthworms across habitat and month 

throughout the sampling period, which explains 37% of the variance within the dataset. 

Earthworm abundance was significantly lower in arable and woodland habitat, also during 

June, July and September. Site, as the random factor, accounted for 26% of the variance 

within the dataset, demonstrating that earthworm abundance varied both between habitat 

and on a local scale. 

Table 3.6 Summary of Negative Binomial Generalised Linear Mixed Model (GLMM) 

for the effect of month and habitat on earthworm abundance of earthworm cores 

sampled from the UK rural landscape. Site was included as a random factor with 

standard deviation of 0.55. Nobs = 212. Bold P values indicate statistical significance 

at 0.05 level. SE = Standard Error. 

Model Parameter Estimate SE P 

(Intercept) 2.63 0.42 <0.001 

Habitat_arable -1.37 0.18 <0.001 

Habitat_grassland -0.28 0.14 0.050 

Habitat_woodland -0.30 0.14 0.029 

Month_may -0.49 0.50 0.329 

Month_june -0.97 0.48 0.042 

Month_july -1.21 0.49 0.014 

Month_august -0.59 0.53 0.273 

Month_september -1.44 0.60 0.017 

 

3.3.4 Earthworm biomass 

A Gamma GLMM was fitted to the data to examine the effects of earthworm biomass of 

earthworm cores sampled from UK rural landscapes. The marginal and conditional R² 
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values for the GLMM were 0.36 and 0.59 respectively (Table 3.7). There was significant 

variability in the biomass across habitats and months throughout the sampling period, 

which explains 36% of the variance within the dataset. Earthworm biomass was 

significantly lower in arable habitat and in July and September. Site, as the random factor, 

accounted for 23% of the variance within the dataset, demonstrating that earthworm 

biomass varied both between habitat and on a local scale.  

Table 3.7 Summary of Gamma Generalised Linear Mixed Model (GLMM) for the 

effect of month and habitat on earthworm biomass of earthworm cores sampled from 

the UK rural landscape. Site was included as a random factor with standard 

deviation of 0.69. Nobs = 212. Bold P values indicate statistical significance at 0.05 

level. SE =Standard Error. 

Model Parameter Estimate SE P 

(Intercept) 2.00 0.61 0.001 

Habitat_arable -1.76 0.27 <0.001 

Habitat_grassland -0.33 0.26 0.193 

Habitat_woodland -0.22 0.25 0.376 

Month_may -0.68 0.72 0.342 

Month_june -1.01 0.68 0.136 

Month_july -1.54 0.70 0.027 

Month_august -0.91 0.76 0.230 

Month_september -1.84 0.83 0.027 

 

3.3.5 Order level abundance 

Overall, invertebrate abundance showed more variance than invertebrate biomass. 

Therefore, a series of GLMMs were run to investigate whether the abundance of specific 

Orders varied by habitat and whether this was influenced by seasonal differences between 

the months of April – September. Coleoptera, Isopoda and Pulmonata were assessed due 

their dominance in the landscape across habitats, relative to other Orders identified.  
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3.3.5.1 Coleoptera 

The abundance of Coleoptera was uneven between habitats and months surveyed and was 

least abundant in amenity grassland habitat (Figure 3.5). Seasonally, the lowest abundance 

of Coleoptera was in grassland habitat in April with a mean abundance of 1.6 individuals 

and the highest abundance was in woodland habitat in August with a mean abundance of 

14.3 individuals per pitfall capture.  

 

Figure 3.5 Mean abundance of Coleoptera in pitfall trap captures across four broad 

habitats and six different months. Averages taken from 493 unique pitfall traps 

sampling in the UK between April 2018 and September 2019. 

 

A Negative binomial GLMM was used to investigate the factors affecting the abundance of 

Coleoptera captured in pitfall traps. The marginal and conditional R² values for the GLMM 

were 0.11 and 0.24, respectively. There was a significant variability in the abundance of 

Coleoptera across habitats throughout the sampling period, which explains 11% of the 
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variance within the dataset. There were significantly more Coleoptera in arable, grassland 

and woodland habitat than in amenity grassland habitat (Table 3.8). Site, as the random 

factor, accounted for 13% of the variance within the dataset, demonstrating that abundance 

of Coleoptera varied more greatly at the local site than between habitats.  

Table 3.8 Summary of Negative Binomial Generalised Linear Mixed Model (GLMM) 

for the effect of month and habitat on the abundance Coleoptera of pitfall trap 

captures sampled from the UK rural landscape. Site was included as a random factor 

with standard deviation of 0.44. Nobs = 484. Bold P values indicate statistical 

significance at 0.05 level. SE = Standard Error. 

Model Parameter Estimate SE P-value 

(Intercept) 1.38 0.35 0.00 

Habitat_arable 0.80 0.17 0.00 

Habitat_grassland 0.71 0.16 0.00 

Habitat_woodland 0.38 0.16 0.01 

Month_may -0.16 0.42 0.70 

Month_june -0.41 0.41 0.32 

Month_july -0.16 0.40 0.69 

Month_august 0.47 0.45 0.30 

Month_september 0.00 0.48 1.00 

 

3.3.5.2 Isopoda 

The abundance of Isopoda differed between the four broad habitats, with the lowest overall 

average abundance recorded in arable habitat and the highest in woodland (Figure 3.6). 

The abundance of Isopoda was highest in woodland habitat in May with a mean abundance 

of 22.0 individuals and lowest in arable habitat in May with a mean abundance of 0 

individuals per pitfall capture.  
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Figure 3.6 Abundance of Isopoda in pitfall trap captures across four broad habitats 

and six different months. Averages taken from 493 unique pitfall traps sampling in 

the UK between April 2018 and September 2019. 

 

A Negative binomial GLMM was used to investigate the factors affecting the abundance of 

Isopoda captured in pitfall traps. The marginal and conditional R² values for the GLMM 

were 0.17 and 0.28, respectively. There was a significant variability in the abundance of 

Isopoda across habitats throughout the sampling period, which explains 17% of the 

variance within the dataset. There were significantly less Isopoda in arable and grassland 

habitats (Table 3.9). Site, as the random factor, accounted for 11% of the variance within 

the dataset, demonstrating that abundance of Isopoda varied between habitats with some 

variation at the local scale. 
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Table 3.9 Summary of Negative Binomial Generalised Linear Mixed Model (GLMM) 

for the effect of month and habitat on the abundance Isopoda of pitfall trap captures 

sampled from the UK rural landscape. Site was included as a random factor with 

standard deviation of 0.69. Nobs = 484. Bold P values indicate statistical significance 

at 0.05 level. SE = Standard Error. 

Model Parameter Estimate SE P-value 

(Intercept) 1.58 0.56 0.00 

Habitat_arable -1.02 0.31 0.00 

Habitat_grassland -0.64 0.30 0.03 

Habitat_woodland -0.49 0.29 0.09 

Month_may 1.02 0.68 0.13 

Month_june -0.70 0.66 0.29 

Month_july 0.36 0.65 0.58 

Month_august -1.05 0.75 0.16 

Month_september 1.08 0.78 0.17 

 

3.3.5.3 Pulmonata 

The abundance of Pulmonata was greatest in woodland habitat, and lowest in arable habitat 

(Figure 3.7). The highest abundance of Pulmonata was in woodland habitat in April with a 

mean abundance of 9.0 individuals per pitfall capture. In amenity and grassland habitat, 

abundance of Pulmonata was greatest in August with a mean abundance of 6.4 and 9.4 

individuals. In arable habitat Pulmonata was most abundant in May with a mean 

abundance of 5.1 individuals per pitfall capture. 
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Figure 3.7 Abundance of Pulmonata in pitfall trap captures across four broad 

habitats and six different months. Averages taken from 493 unique pitfall traps 

sampling in the UK between April 2018 and September 2019. 

 

A Negative binomial GLMM was used to investigate the factors affecting the abundance of 

Pulmonata captured in pitfall traps. The marginal and conditional R² values for the GLMM 

were 0.24 and 0.77, respectively. There was a significant variability in the abundance of 

Pulmonata across habitats throughout the sampling period, which explains 24% of the 

variance within the dataset. There were significantly less Pulmonata in arable habitat 

(Table 3.10) though no significant differences in abundance were observed between 

months. Site, as the random factor, accounted for 53% of the variance within the dataset, 

demonstrating that abundance of Pulmonata varied both between habitats and on a local 

scale. 
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Table 3.10 Summary of Negative binomial Generalised Linear Mixed Model 

(GLMM) for the effect of month and habitat on the abundance Pulmonata of pitfall 

trap captures sampled from the UK rural landscape. Site was included as a random 

factor with standard deviation of 1.04. Nobs = 484. Bold P values indicate statistical 

significance at 0.05 level. SE = Standard Error. 

Model Parameter Estimate SE P-value 

(Intercept) 0.69 0.74 0.35 

Habitat_arable -0.45 0.13 0.00 

Habitat_grassland -0.15 0.10 0.14 

Habitat_woodland 0.09 0.10 0.35 

Month_may 0.04 0.91 0.97 

Month_june 0.00 0.88 1.00 

Month_july -1.21 0.87 0.16 

Month_august -0.76 0.97 0.43 

Month_september -1.49 1.11 0.18 

 

3.4 Discussion 

Changes to farming practices can have significant effects on biodiversity across 

anthropogenic landscapes (Robinson and Sutherland 2002; Tscharntke et al. 2005; Angus 

et al. 2009). Modern farming, characterised by the  application of chemicals, use of heavy 

machinery and intensified management practices, has introduced and exacerbated many of 

the negative pressures that affect ground dwelling invertebrate communities (Bruce 2016; 

Dicks et al. 2019). This study investigated the differences in invertebrate communities 

across multiple habitats and sites inhabited by hedgehogs and badgers, to assess the 

availability of prey and how this varied at the local scale, between habitats and seasons. 

The results highlight significant differences in abundance and biomass between habitat 

types, showing that higher abundances also correlated with overall greater diversity. 

Moreover, abundance of specific invertebrate Orders varied both seasonally and between 

sites. Coleoptera and Araneae were most abundant in grassland habitat, whereas Isopoda 
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and Pulmonata were most abundant in woodland habitat. This study revealed significant 

variation in the abundance and biomass of invertebrates between habitat type that was 

partly explained by seasonal differences, though Site had a more profound effect, 

explaining comparatively high proportions of the variance. This study demonstrates the 

highly variable nature of invertebrate assemblages at both the habitat and local scale, 

which will likely influence interactions amongst higher trophic levels. 

3.4.1 Richness and diversity of pitfall captures 

Modelling showed that the overall abundance of invertebrates varied significantly between 

all habitats. Woodland habitat was associated with the highest abundance of invertebrates, 

followed by grassland, arable and finally amenity grassland habitat. In this study, amenity 

habitat refers to mown grassland which is typically short, and its lower diversity and 

abundance of invertebrates is attributed to its regular maintenance (Fischer et al. 2013). 

Similarly, lower diversity and abundance of invertebrates is also attributed to intensively 

managed grassland habitat, which is subject to grazing and compaction (Vickery et al. 

2001), and arable habitat, which is increasingly intensively managed (Poschlod et al. 

2005). These results align with existing literature that depicts relatively poor biodiversity 

across cultivated land (Poschlod et al. 2005; V. Smith et al. 2008) and demonstrate how 

management practices can have detrimental effects on the richness and diversity of 

invertebrate communities across different habitats.  

3.4.2 Biomass of pitfall captures 

The strength of correlation between abundance and biomass inevitably varies between 

different invertebrate groups and can depend on the sampling technique used to assess 

community structure (Saint-Germain et al. 2007). For example, the positive correlation 

between the abundance and biomass of ground beetles sampled by pitfall trapping has been 

shown to be strong, though weaker correlation is expected for less active species which 
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tend to be smaller (Saint-Germain et al. 2007). In this study, biomass was included to allow 

the functional importance of different groups of taxa to be assessed, as biomass may be 

more informative in terms of competitive interactions between badger and hedgehog 

(Saint-Germain et al. 2007). Results showed that invertebrate biomass was not 

significantly different between arable, amenity and grassland habitat, but greater in 

woodland habitat. Woodland habitat is typically patchily distributed across the rural 

landscape and yet it can be an important habitat for supporting higher abundances of 

generalist species at higher trophic levels, particularly those which are generalists within 

the broader agricultural environment (Fuentes-Montemayor et al. 2020).  

3.4.3 Availability of earthworms 

Amenity grassland habitat supported a significantly higher abundance of earthworms than 

woodland, grassland and arable habitats. Earthworm biomass correlated with abundance, 

suggesting the availability of earthworms was greatest in amenity grassland followed by 

woodland, grassland, and lastly arable habitat.  The lowest earthworm abundance in arable 

habitat was an expected result, as earthworm populations have suffered markedly with 

modern farming practices, namely increased frequency of tillage (Chan 2001), and with the 

use of heavy modern machinery which has led to the removal of some species of 

earthworm from local environments (Decaëns and Jiménez 2002). Lower earthworm 

availability in grassland habitat may reflect its use as grassland for livestock, which can 

cause significant soil compaction (Vickery et al. 2001). Whereas, earthworm availability in 

woodland habitat is more strongly affected by soil structure which often develops in 

complexity as the woodland matures (Ashwood et al. 2019). Earthworms are also affected 

by the soil’s microclimate and are sensitive to changes in temperature and moisture 

(Eggleton et al. 2009). These factors may contribute to the lower earthworm availability 

observed in woodland habitat compared with amenity grassland habitat in this study. 



81 

 

Earthworm biomass was affected significantly by month, though abundance was 

not, and this may be reflective of the species of earthworm active in the upper layer of the 

soil. For example, during cold and dry periods, earthworms migrate deeper and therefore 

less may be available for capture in earthworm cores which are taken near the ground’s 

surface (Fraser et al. 2012).  These results are consistent with other studies demonstrating 

that earthworm captures decreased between April – June, reflective of the drier surface 

soils and earthworm migration (Peach et al. 2004; Blouin et al. 2013).  

3.4.4 Site level differences  

The results of this study showed that the abundance and biomass of invertebrates was 

partly explained by habitat and season, demonstrating broad trends that are likely common 

across rural landscapes. However, Site accounted for between 27% to 53% of variation in 

abundance indices. This result highlights that invertebrate assemblages are highly variable 

at the local scale, typically reflecting local land use and its management at small spatial 

scales. Typically, studies have focused on a specific management practice, or habitat type, 

to quantify the impacts on invertebrate diversity (Hof and Bright 2010; Yarnell and Pettett 

2020; Atkinson et al. 2005; Frazão et al. 2017). However, the results here indicate that 

broad relationships are not applicable when considering local differences in abundance and 

biomass of invertebrates. 

Management practices at the local level, which includes the application of 

pesticides that often has unintended consequences due to their broad specificity, can result 

in negative effects on non-target organisms. Invertebrate assemblages have suffered 

reductions at the landscape level as a result of the widespread use of pesticides to meet the 

increasing demand for higher agricultural productivity (Mancini et al. 2020; Wilson and 

Tisdell 2001) that has resulted in increasing pesticide resistance due to its overuse (Wilson 

and Tisdell 2001). Whereas, organic farming has shown that a combination of reducing 
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pesticide application and providing semi-natural habitat that increases habitat 

heterogeneity, can have a positive effect on invertebrate abundance and richness (Gonthier 

et al. 2014). This demonstrates the importance of land management decisions and the 

potential for both positive and negative effects on invertebrate biodiversity.  

 In addition, some management practices differentially affect certain groups of 

invertebrate taxa. For example, hedgerow cutting regimes and meadow cutting techniques 

can unequally affect ground dwelling and flying insects (Amy et al. 2015; Humbert et al. 

2010), demonstrating that site specifics can cause variation in invertebrate assemblages. 

The results of this study suggest that variation in invertebrate diversity and abundance are 

better predicted by site specifics than by generalised patterns between broad habitats. This 

further highlights the need for invertebrate sampling at individual sites to clarify the role of 

prey in intra-guild studies as patterns of invertebrate availability reported in other studies 

may not apply to specific sites.   

3.4.5 Effects of invertebrate assemblages on predators 

The general patterns of decline that have been observed in invertebrates as a reflection of 

farming intensification have been shown to cause lower densities of farmland bird species  

(Benton et al. 2003) and this is likely to be the same for other taxa that utilise rural 

landscapes too. Within the IGP relationship shared by badger and hedgehog, the local 

availability of invertebrate food may influence both competitive and predatory interactions. 

Studies of bird distributions showed that densities were higher in mixed farmland followed 

by pastoral farmland, with comparatively lower densities in arable landscapes due to lower 

invertebrate and plant food resources (Atkinson, Fuller, and Vickery 2002). Seasonal 

variation can further exacerbate the differences in food availability between pastoral, 

arable and mixed farming landscapes. For example song thrush (Turdus philomelos) 

declines across arable dominated landscapes in Britain, have been attributed to lower 
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invertebrate abundance due to fast drying arable soils in summer and a lack of alternative 

grassland and woodland habitat (Peach et al. 2004). Like many farmland bird species, 

badgers and hedgehogs forage on invertebrates, which suggests it is possible that these 

mammals may also benefit from the resources supported by mixed farmland environments. 

Therefore, badger and hedgehog may be expected to occupy areas of mixed farmland more 

frequently and perhaps together, in comparison with other habitat mixes. 

3.4.6 Habitat selection  

Often, habitat selection has been shown to drive the spatial relationships between 

intraguild-competitors, resulting in spatial overlap or partitioning. The habitat in which a 

species forages will influence the encounter rate of potential prey (Crowder and Cooper 

1982; Glaspie and Seitz 2018). IGP theory depicts that the intraguild-predator species will 

occupy optimal habitat, including areas that are abundant in prey, potentially forcing 

intraguild-prey into resource-poor areas (Zabalo 2012). In this respect, badgers might be 

expected to utilise woodland habitat which is supported by the highest abundance and 

diversity of invertebrate prey, perhaps excluding hedgehog from habitat they have been 

shown to rest in (Hof and Bright 2010).  

For the intraguild-prey species, dietary breadth and prey switching may provide an 

alternative means for niche partitioning. For example the dietary breadth of tigers 

(Panthera tigris), leopards (P. pardus) and dholes (Cuon alpinus), doubled in food-limiting 

circumstances, with more abundant but less energetically profitable prey being more 

readily consumed (Steinmetz et al. 2020). Similarly, the hog badger (Arctonyx collaris) 

consumed different prey in relation to its seasonal availability, although they showed 

preferences too, choosing fruits over more abundant earthworms (Zhou et al. 2015). Again, 

hedgehogs might be expected to exploit resources that badgers do not utilise in order to 

reduce potential competition for shared resources. Dietary partitioning has been observed 
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to promote the coexistence of intraguild-competitors in other species (Kamler et al. 2007) 

and this is investigated amongst badger and hedgehog in Chapter 4. 

Notably, many of the invertebrate and also plant prey that badger and hedgehog 

compete for, such as Poaceae, Coleoptera and Lepidoptera, are also common prey types for 

many farmland bird species. Therefore, badger and hedgehog are also competing for these 

prey types with many other species (Vickery et al. 2002). This food network highlights 

how IGP relationships are influenced by broader ecological networks which may have 

important effects on overall resource availability within the rural landscape.  

3.4.7 Limitations 

Identification of potential invertebrate prey for badgers and hedgehog in the present study 

was limited to Order level, providing an assessment of abundance and biomass of broad 

taxonomic groups across each study site. Species level identification would provide a more 

detailed assessment, though this was unlikely to be informative for assessing patterns in 

resource use between the 23 sites in this present study.  

 Furthermore, whilst pitfall trapping is routinely used as the primary method for assessing 

ground dwelling invertebrates (Brown and Matthews 2016), the capture rate is likely to be 

affected by habitat characteristics such as vegetation type and differences in the activity 

between taxa, with species more active on the substrate’s surface being more readily 

captured  (Melbourne 1999) . Moreover local weather conditions are likely to influence the 

capture rate of both pitfall traps and earthworm cores due to the sensitivity of invertebrates 

to climatic conditions (Saska et al. 2013).   

3.4.8 Conclusions and further research 

Invertebrates respond to environmental change and this study describes the differences in 

invertebrate assemblages between broad rural habitats and how the availability of different 
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prey groups varies between seasons. It also highlights site-specific differences in the 

abundance and biomass of invertebrates. This indicates that localised management 

practices may strongly influence the availability of invertebrate prey and provides 

important information on the availability of resources for species which utilise these 

different broad habitats, potentially providing explanatory power for their habitat 

preferences which may be driven by prey preferences and availability.  Further 

investigation would be necessary to understand the nature of these site-specific differences, 

to determine what factors enhance diversity of invertebrate assemblages within the same 

broad habitat types. Understanding how to improve habitat quality for invertebrates would 

likely be beneficial to the wider ecosystem, which is dependent on them. The information 

gained in this study is utilised in Chapter 6 to assess badger and hedgehog spatial 

distributions and habitat preferences, considering local food availability of invertebrate 

prey. In Chapter 4, the diet of both generalists is discussed and compared in relation to the 

seasonal availability of invertebrate prey in Chapter 5.  
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Chapter 4 Assessing dietary niche overlap between badgers and hedgehogs 
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4.1 Introduction 

Predation and competition can lead to rapid demographic change by reducing population 

densities and altering community structure (Mack et al. 2000; Hiltunen and Laakso 2013). 

Within Intra-Guild Predation (IGP), guild members are subject to both competitive and 

predator-prey, antagonistic interactions (Polis and Holt 1992). These interactions can lead 

to multiple states, including coexistence of intraguild-predator and intraguild-prey, 

alternative stable states such as the intraguild predator existing alone, or exclusion of the 

intraguild-prey. For example, predation is typically a ‘top down’ pressure that can limit 

prey populations and result in an increase in the abundance of shared prey resources for the 

intraguild predator (Holt et al. 1999). However, another common limit on population size 

is often due to ‘bottom up’ processes related to the availability of food resources and the 

strength of competition for them (White 2008). Understanding what conditions 

(competition, predation or their interaction) become limiting factors to intraguild-prey 

populations is difficult to establish (Hiltunen and Laakso 2013), though dietary niche 

assessment provides an opportunity to identify the level of niche overlap and potentially 

quantify the rate of predation between intraguild-predator and intraguild-prey species.  

Anthropogenic causes such as habitat alteration, loss of habitat heterogeneity, or 

climate change, can exacerbate ‘bottom up’ pressures that influence the IGP relationship 

(North and Ovaskainen 2007; Elmhagen et al. 2010). Reductions in food resources are 

associated with primary production, levels of biodiversity and the number of available 

niches for organisms. This is often accompanied by cascading effects for species at higher 

trophic levels (Carson 1962; Fey et al. 2008; Tucker and Rogers 2014). The resilience of a 

species engaged in IGP to respond to environmental change is likely influenced by their 

dietary niche. For example, for an intraguild-prey species to persist and coexist with the 

intraguild-predator species, IGP theory states it must be the superior exploiter of resources 

(Holt and Polis 1997). Therefore, intraguild-prey species that are dietary generalists may 
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benefit from being able to adjust their diet to fluctuating availability of food (Holt et al. 

1999). Whereas, if a reduction in one food resource cannot be compensated for by 

switching to an alternative prey item, then competition intensity will increase (Chase et al. 

2002), which may lead to a population reduction in the predator species. Being a generalist 

may support dietary partitioning within IGP and may be particularly important for 

intraguild-prey that are known to utilise prey-poor areas in the presence of intraguild-

predators (Thompson et al. 2007; Steinmetz et al. 2013). Hence, the availability of suitable 

habitat for the intraguild-prey species will indirectly affect the distribution of a species 

(Cross et al. 2019). 

The theory of IGP states that the level of predation between intraguild-competitors, 

such as badgers predating on hedgehogs, is typically assumed to be density-dependent and 

can increase through either high, unstable levels of intraguild-prey, or low availability of 

shared food (Polis et al. 1989). Not only does the act of predation result in an immediate 

energetic gain, but it reduces competition further (Polis et al. 1989). Predation between 

badgers and hedgehogs is asymmetrical, with badgers preying on hedgehogs (Neal 1986; 

Doncaster 1992; Trewby et al. 2014). To understand the dynamic balance of predation and 

competition (i.e. under what circumstances does IGP increase) the degree of dietary niche 

overlap between the predator and prey species must first be established (Kartzinel et al. 

2015). Understanding the level of niche overlap provides evidence for how changes in 

shared prey resources might affect the species concerned. 

According to Niche Overlap Theory the level of overlap is fundamentally important 

with  a maximum threshold below which species can coexist (Pianka 1974). Often, it is 

niche partitioning itself, or behavioural adaptation, that allows species to coexist when 

sharing resources (Salinas‐Ramos et al. 2020). Within IGP, intraguild-prey may utilise 

prey poorer areas to avoid riskier high predator density areas, which may lead to an 

increased dietary breadth and individual specialism, as animals opportunistically utilise 
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what is available, and this may be outside their typical dietary preferences (Michalko and 

Pekár 2014). Similarly, if the intraguild-predator and intraguild-prey compete for a 

common food type that becomes depleted, the intraguild-prey may broaden their niche to 

attain enough food (Michalko and Pekár 2014). The complexity of predator-prey 

relationships and the prevalence of multi-species effects (Reddy et al. 2019), highlights the 

potential benefits of wide dietary breadth for allowing niche partitioning within the IGP 

relationship.  

Existing studies have documented the generalist foraging nature of both badgers 

(Roper 1994; Roper 2010) and hedgehogs (Reeve 1994; Hof and Bright 2010). 

Invertebrates constitute an important part of both diets, though the items consumed, and 

their relative proportions will vary by site and season. For example, the reported frequency 

of earthworms within the diet of hedgehogs has previously ranged greatly from 34% 

(Yalden 1976) to 95% of samples analysed (Wroot 1984), although this may in part be 

associated with the limitations of using morphological analyses, as soft-bodied organisms 

can be difficult to identify (Wroot 1984), potentially leading to over and under 

representation of different prey types (Berry et al. 2017). Although traditional methods are 

inexpensive and have been used widely, morphological analysis is time consuming (de 

Sousa et al. 2019) and provides poorer taxonomic resolution than newer molecular 

methods (Berry et al. 2015). However, existing morphological studies have been shown to 

identify important prey types (Granquist et al. 2018), showing that hedgehogs commonly 

consume beetles (Coleoptera), moths (Lepidoptera) and earwigs (Dermaptera), amongst 

other invertebrates and less frequently vertebrate prey, including mammals, birds and eggs 

(Yalden 1976; Wroot 1984).  

The breadth of badger diet is also well evidenced and although many studies have 

highlighted the ubiquity and importance of earthworms (Shepherdson et al. 1990; Zabala 

and Zuberogoitia 2003; Cleary et al. 2011), other food types such as wheat may be 
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consumed in similar volumes when seasonally available (Shepherdson et al. 1990). Roper 

(1994) reported that in two studies more than 50% of the diet by volume consisted of 

fruits, with earthworms representing no more than 50% of diet by volume across eleven 

studies. This demonstrates the wide variation in the diets of badgers and hedgehogs, and 

despite both species consuming many similar food types (Hof et al.2012), the extent of 

possible competition where the two species co-occur has not been investigated. Therefore, 

to establish the level of dietary niche overlap and to understand if this results in 

competition for food resources, a comparison of diets from badgers and hedgehogs at sites 

where they coexist is needed. 

In addition to the potential for competition, the importance of predation of 

hedgehogs by badgers requires investigation. Several studies have provided evidence for 

badger predation on hedgehogs which increases with badger density (Doncaster 1992; 

1994; Hof and Bright 2010). A mortality rate of 20% was recorded in a 75 day trapping 

period of 44 wild hedgehogs, of which 89% of deaths were caused by badger predation and 

when extrapolated over a whole year, this resulted in an unsustainable mortality rate of 

52% (Hof and Bright 2010). This demonstrates the potential for predation to cause 

population level effects, though the extent to which this occurs across the UK badger and 

hedgehog system is unknown.  

Increasingly, the value and versatility of molecular methods for investigating 

ecological networks is being realised and these methods have been used successfully on 

elusive species such as giant otters (Pteronura brasiliensis), (Quéméré et al. 2021), in 

logistically challenging environments (Casper et al. 2007), and as an alternative to more 

traditional surveying (Valentini et al. 2016). Molecular methods are non-invasive and are 

replacing morphological analyses of food remains due to the sensitivity of these techniques  

(Pompanon et al. 2012). Progression from deoxyribonucleic acid (DNA) barcoding that 

identifies specific species, to next-generation sequencing, such as DNA metabarcoding, 
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where a whole community can be identified simultaneously, has been revolutionary (Yu et 

al. 2012). These techniques can be applied to studies of environmental DNA (eDNA) 

derived from faeces, mucous and gametes that have been left behind in the environment by 

the host species (Rees et al. 2014). Although typically more degraded than genomic DNA 

(Marshall and Stepien 2017), eDNA can be analysed successfully using next-generation 

sequencing as it targets only short regions of a gene which are often still well preserved 

(Ruppert et al. 2019). Therefore, the diet of rare, elusive, and protected species that are 

difficult to observe continuously in the field, can be assessed through faecal eDNA 

sampling. 

This study used DNA metabarcoding to analyse the faeces (“scats”) of badgers and 

hedgehogs, collected from two rural sites in the UK where the species co-occur, to: 1) 

compare the diet of the two species, 2) assess the level of dietary niche overlap between 

them, 3) identify seasonal variation in their diets, and 4) identify occurrences of badger 

predation on hedgehogs. Ultimately, this novel, comparative study will assess the level of 

competition for food resources between hedgehogs and badgers and the importance of 

badgers as predators of hedgehogs in a rural environment. 

4.2 Methods 

4.2.1 Study sites and sample collection 

Two working mixed farms, set in University rural estates in the UK, were selected for the 

study: Hartpury College in Gloucestershire (0.8 km²,51° 54'N, -2° 18'E), and Nottingham 

Trent University’s Brackenhurst Campus in Nottinghamshire (0.55 km², 53° 3'N, 0° 57'E). 

The presence of badgers and hedgehogs at both sites was known prior to sampling, with 

density estimates given in Chapter 6.  

Faecal samples were collected throughout, May 2018 – August 2019, representing 

four and five sampling seasons for hedgehog and badger, respectively. Seasons were as 
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follows; Summer 2018 = June - August 2018, Autumn 2018 = September - November 

2018, Winter 2019 = December 2018 – February 2019, Spring 2019 = March – May 2019 

and Summer 2019 = June – August 2019. Sampling for hedgehog scats was omitted during 

the winter season, as this reflects their hibernation period when activity levels are low 

(Reeve 1994; South et al. 2020).  

Walkover site surveys were carried out to search for hedgehog scats systematically, 

following linear features such as hedgerows and field margins, with a minimum of two 

surveys per month, and additional sporadic sampling. Hedgehog scats were identified by 

their distinctive features, typically cylindrical and about 3-5 cm in length, often tapered at 

one end and shiny black in appearance. Remnants of insect prey were also usually clearly 

visible (Olsen 2014). Badger scats were sampled during walkover surveys and additionally 

by bimonthly surveys of latrines located at active setts. The appearance of badger scats 

varied from solid sausage-shaped, to sloppy with a jam-like consistency depending on 

what had been consumed. Often scats were slimy and black, indicative of an abundance of 

earthworms (Skoog 1970) and deposited in distinctive shallow pits, up to 10 cm deep 

(Olsen 2014). Although scats were collected in the field based on their size, shape and 

smell etc., “species” was confirmed by subsequent genetic analyses. 

A total of 215 scats were collected, of which a subset of 144 were selected for 

analysis to attain suitable sequencing read depth. In total, 80 badger and 64 hedgehog scats 

were selected for subsequent analysis as follows: eight samples were included per species, 

per season, from the two UK sites, Brackenhurst in Nottinghamshire and Hartpury in 

Gloucestershire, with sample records being consulted to preferentially analyse fresher scats 

that would be more suitable for molecular assessment (Reed et al. 1997). All scats were 

analysed at the UK Natural Environment Research Council (NERC) Biomolecular 

Analysis Facility (NBAF) at the University of Sheffield.  
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4.2.2 Overview of molecular methodology 

Genomic DNA was extracted from the 144 scat samples, and the originator species was 

verified using Sanger sequencing with MiMammal primers (Ushio et al. 2017), to be sure 

that samples taken forward originated from the target hosts. Subsequently, two existing 

sex-markers  RG4 (Y-linked, SRY) (Griffiths and Tiwari 1993), and Mel592 (X-linked) 

(Annavi et al. 2011) were tested to investigate whether the originator of each scat sample 

could be accurately sexed, with a view of investigating dietary niche partitioning between 

the sexes (Jones et al. 2015). 

To investigate diet, five primer sets were selected to provide broad coverage of 

badger and hedgehog diets, and in silico assessment ascertained that these primers were 

likely to amplify the broad range of potential prey items. Scat samples were assayed four 

times to identify contents, using combined primer sets based on short (invertebrate) and 

variable (plant, vertebrate, and earthworm specific) DNA amplicon length. Samples were 

pooled in equimolar amounts, then sequenced using an Illumina MiSeq (Illumina, San 

Diego, California, USA) next generation sequencing platform. Finally, raw sequencing 

data was analysed using an in-house bioinformatic pipeline, and further statistical analysis 

was conducted using R Studio version 1.2.5 (R Studio Team 2020). Low level 

contamination was systematically removed from the dataset using the program 

microDecon (McKnight et al. 2019). 

Family level comparisons of different food groups were made to ascertain dietary 

overlap between badger and hedgehog, and whether this was exacerbated between the sites 

surveyed or temporally, as prey availability varied. Analysis of data at the Family level 

increases the proportion of data that can be included in analysis, as not all sequences can 

be identified to species level. Also, species level may be too sensitive for ecological 

interpretation (Cristescu 2014). It is unlikely that predators, in this case badgers or 

hedgehogs, distinguish between similar species of prey and, perhaps instead, consume 
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them relative to their encounter frequency (Clare et al. 2016). Subsequent data analysis 

was conducted in R 4.0.5 (R Core Team 2019) and is described in Chapter 6. DNA from 

the originator species was omitted for downstream analysis, therefore hedgehog DNA was 

not analysed for hedgehog scats and badger DNA was not analysed for badger scats. 

Hedgehog DNA identified in badger scats was included as this may represent potential 

predation events.  

4.2.3 Data analysis 

Dietary composition was analysed at the Family level and two analytical methods were 

used for quantitative interpretation of the metabarcoding datasets: frequency of occurrence 

(FOO), and relative read abundance (RRA) (Deagle et al. 2019). FOO of each Family is 

expressed as the percentage of samples (individual scats) that contain a given food item, 

inferring that a food group found in a high proportion of samples is likely to be important 

(Deagle et al. 2019). Food items present in >10% of samples were considered common 

dietary items in this study. A threshold value, typically around 1%, appropriate to the study 

question, can also be applied to remove non-dietary food items that may exist due to 

contamination or secondary ingestion (Deagle et al. 2019). Shorter amplicon lengths 

increase the possibility of sequencing items representing secondary predation, but are often 

required in dietary studies to simultaneously increase the probability of identifying rare 

prey items (Uiterwaal and DeLong 2020). RRA is a proxy for relative abundance that 

compares the number of DNA sequences amplified per dietary item within each sample 

and can be used to assess the volume of each dietary item that is consumed (Deagle et al. 

2019). However, there are many avenues for introducing biases that can lead to unequal 

representation of prey items during sequencing. For example, some primers have a better 

binding affinity to a particular species’ DNA (Piñol et al.2019). Therefore, caution must be 

taken when interpreting RRA results.  
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 Sequence data were translated into both a binary format (presence/absence) from 

FOO data, and proportion of reads per sample from RRA data. Initially, species richness 

was assessed using FOO data to construct prey accumulation curves, in order to assess 

whether the sample size was sufficient to quantify the diet of each species. 

Dietary niche breadth was assessed using Levin’s diversity index (Levins 1968). 

This was calculated using the frequency of occurrence of each dietary Family (n = 94), 

with the ‘invsimpson’ function in the R package ‘Vegan’ (Oksanen et al. 2016), using the 

following formula: 

�̂� =  
𝑌²

∑ 𝑁𝑗
2 

where �̂� = Levins’ measure of niche breadth, 𝑁𝑗 = number of individuals scats containing 

each food type, Y= ∑ 𝑁𝑗 = total number of scats sampled. Values range from 1 to a 

maximum value of the number of Families in the sample, with higher values indicating 

greater dietary breadth. In addition, dietary richness rarefaction curves were generated 

using ‘specacc’ in the R package ‘Vegan’ using the ‘Chao’ method (Chao et al. 2014), to 

establish the level of undetected mOTUs. This allows the sampling effort to be assessed, to 

determine whether sampling was representative of the community being measured. 

Dietary niche overlap between badgers and hedgehogs was calculated using 

Pianka’s Index, which describes overlap on a scale of 0 to 1, with 1 indicating high overlap 

and 0 indicating no overlap (Pianka 1973), using the following formula: 

�̂�𝑗𝑘 =  
∑   �̂�𝑖𝑗 �̂�𝑖𝑘

𝑛
𝑗

√∑ �̂�𝑖𝑗
2𝑛

𝑖  ∑ �̂�𝑖𝑘
2𝑛

𝑖

  

where 𝑂𝑗𝑘 = Pianka’s measure of niche overlap between species j and k, 𝑝𝑖𝑗 = proportion 

of resource i of the total resources used by species j, 𝑝𝑖𝑘 = proportion of resource i of the 

total resources used by species k, n = total number of resource states (94 unique Families). 
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Pianka’s Index was calculated from FOO data for badger and hedgehog, relative to 

null models of randomised occurrence data, in the R package ‘EcoSimR’ (Gotelli and 

Ellison 2015). Niche overlap was also calculated using RRA, and an ecological network 

was constructed using the R package ‘Barpartite’ to visualise the results. Where RRA was 

used, the ratio of sequence reads for each prey Family present in negative control samples 

was used to deduce the proportion of reads that were likely due to contamination 

(McKnight et al. 2019). Contamination values were removed from each sample before 

calculating the RRA of food Families present within each sample. 

Dietary composition was analysed, providing an assessment of the dissimilarity 

between the food items present in individual scats of each species (Arrizabalaga-Escudero 

et al. 2018; Kartzinel et al. 2015). Friedman’s test was carried out using the R package 

‘Rstatix’ (Kassambara 2021) to find significant seasonal differences in the FOO of 

common food types for each species. Badger and hedgehog dietary niches were visualised 

using non-metric multidimensional scaling (NMDS) of FOO data, a technique that uses 

rank orders to collapse information from multiple dimensions that can be analysed and 

interpreted (Clarke and Gorley 2015). NMDS was carried out using the R package 

‘Vegan’, specifically ‘metaMDS’(Kruskal 1964). Permutational multivariate analysis of 

variance (PERMANOVA) was undertaken using the R package ‘Vegan’ and function 

‘adonis’ which calculated Jaccard distance matrices based on 999 permutations, to 

compare food Family composition in the diets between species season and site (Anderson 

2005).  

4.3 Results 

A total of 144 faecal samples were analysed, of which 80 were from badgers and 64 from 

hedgehogs based on Sanger sequencing using the MiMammal primer set (Ushio et al. 

2017). Sexing of the hedgehog faecal samples was not possible using the RG4 vertebrate 

sex-linked primer set (Griffiths and Tiwari 1993) and, despite correctly sexing known male 
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and female badgers from genomic DNA extracted from badger tissue, only 35.7% of scat 

samples tested (n = 16) provided reliable indicators of badger sex. This was likely the 

result of using highly degraded DNA from faecal samples and, therefore, neither badger 

nor hedgehog sex was included as a covariate in analyses. 

Following successful DNA extraction, amplification and sequencing, 1,180,396 

high quality sequences were clustered into taxonomic units to allow identification of prey 

items to Family level. 

4.3.1 Species richness 

Prey accumulation curves demonstrate that the total sampling effort implemented in this 

study was sufficient to allow a high proportion of both badger and hedgehog dietary items 

to be described (Figure 4.1). For both species, richness begins to plateau at approximately 

55 – 60 unique scats, suggesting that few further Families present in the diet remained 

unidentified. As scat samples per season and site were lower than 55 – 60 unique scats, 

season and site comparisons should be treated with caution as species richness may be 

underestimated.  

a)  
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b)  

Figure 4.1 Accumulation curves for prey Families in badger (a) and hedgehog (b) scat 

samples, with 95% confidence intervals shown by the shaded area. Data were 

randomly resampled 100 times, and only prey Families that represented >1% of 

sequence reads per sample were included to minimise the risk of including 

contaminant DNA. 

 

In terms of broad dietary categories, hedgehog scats contained invertebrate DNA in 

100% of scats, followed by plant 96.9%, bird 14.0%, other mammal 15.6%, amphibian 

1.6%, and fungi 1.6%. By comparison, badger scats had similar broad dietary composition 

and rankings, with invertebrates being found in 98.8% of badger scats, followed by plant 

72.5 %, other mammal 43.8%, bird 18.8%, amphibian 1.3%, and fungi 1.3%. 

Several different dietary items were found in both species, suggesting generalist 

dietary preferences. A larger number of prey Families (75) were detected in badger 

samples than in hedgehog samples (63) (Appendix E), suggesting that badgers have a 

broader dietary niche, though slightly more scat samples were analysed for badgers too. 

The most frequently detected prey Families in hedgehog samples were beetles (Carabidae 

in 89.0% of samples), slugs and snails (Arionidae in 71.0%) and earthworms (Lumbricidae 
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in 68.0%) (Table 4.2), whereas in badger samples the most common prey detected were 

earthworms (86.0%) followed by slugs and snails (68.0%) and beetles (61.0%). Despite the 

large number of Families found in the scats of badgers and hedgehogs, several were found 

exclusively in either hedgehog (10 unique Families) or badger (15 unique Families) 

samples (Appendix E), suggesting some dietary niche partitioning. In addition, hedgehog 

(Erinaceidae) DNA was only detected in one badger scat (1.3%) (see section 4.3.6). 

Badgers consumed other mammalian prey, including Muridae (5.0%) and Leporidae 

(11.0%), more frequently than hedgehogs in this study. 

Prey items were unevenly represented by RRA in both hedgehog and badger diet 

(Table 4.1). Beetles (Carabidae) represented 45.2% of RRA in hedgehog samples, 

followed by earthworms (Lumbricidae) 16.7%, moths (Noctuidae) 8.9% and slugs 

(Arionidae) 8.4%. Together, these four Families accounted for 79.2% of RRA in hedgehog 

scats, demonstrating their abundance in sequence data. In contrast, slugs (Arionidae) were 

proportionally greatest in badger samples 27.0%, followed by earthworms (Lumbricidae) 

26.9%, beetles (Carabidae) 12.6% and grasses (Poaceae) 4.5%, accounting for 71.0% of 

total read abundance of prey items in badger samples. Therefore, it appears that both 

species consume similar dietary Families, but in differing quantities.  
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Table 4.1 The presence of dietary plant and animal Families detected in >10% of 

hedgehog or badger scat samples from two rural farms in England, between summer 

2018 and summer 2019, using DNA metabarcoding. Information is presented in 

descending order of frequency of prey types from hedgehog scats. RRA indicates the 

proportion of sequence reads identified to each food group from data pooled across all 

scats from each species. A complete dietary list is given in Appendix E. 

Prey type Prey Family  Percentage of 

hedgehog scats 

containing 

Family DNA 

(n=64) 

Percentage 

RRA hedgehog 

scats (n=64) 

Percentage of 

badger scats 

containing 

Family DNA 

(n=80) 

Percentage 

RRA badger 

scats 

(n=80) 

Invertebrate  Carabidae 89.0 45.2 61.0 12.6 

Invertebrate Arionidae 71.0 8.4 68.0 27.0 

Invertebrate Lumbricidae 68.0 16.7 86.0 26.9 

Invertebrate Agriolimacidae 60.0 2.1 30.0 1.5 

Invertebrate Noctuidae 49.0 8.9 13.0 1.5 

Plant Poaceae 40.6 0.6 47.5 4.5 

Invertebrate Tipulidae 33.0 0.7 14.0 <0.01 

Invertebrate Armadillidiidae 24.0 0.9 0.0 0.0 

Invertebrate Forficulidae 24.0 <0.1 0.0 0.0 

Plant Ranunculaceae 21.9 0.1 17.5 1.0 

Invertebrate Helicidae 17.0 <0.1 20.0 0.4 

Invertebrate Elateridae 16.0 <0.1 0.0 0.0 

Aves Phasianidae 15.6 <0.1 1.3 0.1 

Plant Plantaginaceae 15.6 0.2 18.8 2.4 

Plant Asteraceae 14.1 0.1 3.8 <0.1 

Invertebrate Hygromiidae 13.0 0.5 10.0 <0.1 

Invertebrate Julidae 13.0 <0.1 1.0 <0.1 

Aves Columbidae 12.5 0.4 1.3 <0.1 

Plant Rosaceae 12.5 0.7 27.5 0.2 

Invertebrate Curculionidae 11.0 0.2 0.0 0.0 

Mammal Bovidae 10.9 0.2 17.5 0.4 

Invertebrate Scathophagidae 10.0 0.1 1.0 <0.1 

Plant Geraniaceae 6.3 <0.1 25.0 1.8 

Invertebrate Entomobryidae 6.0 <0.1 19.0 0.1 

Invertebrate Muscidae 6.0 0.7 25.0 <0.1 

Invertebrate Phoridae 6.0 1.8 18.0 0.1 

Plant Sapindaceae 3.1 <0.1 15.0 0.1 

Invertebrate Psychodidae 3.0 0.9 19.0 2.1 

Invertebrate Sepsidae 2.0 0.1 11.0 2.3 

Invertebrate Anthomyzidae 0.0 4.2 14.0 4.5 

Invertebrate Baetidae 0.0 0.0 11.0 0.1 

Invertebrate Hypogastruridae 0.0 0.0 13.0 0.3 

Invertebrate Nymphalidae 0.0 0.0 15.0 <0.1 

Invertebrate Vespidae 0.0 0.0 11.0 2.4 

Mammal Leporidae 0.0 0.0 11.0 1.1 
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a)  

b)  

Figure 4.2 Frequency of occurrence (%) of animal and plant Families detected in 

badger (a) and hedgehog (b) scat samples. Only Families represented in >10 % of 

samples are shown. 
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4.3.2 Diet composition 

Diet composition was assessed across species, site and season using FOO data, revealing 

differences in the diet composition between badgers and hedgehogs (Table 4.2). There was 

no significant intraspecific variation in diet composition due to site for hedgehogs (P=0.22) 

or badgers (P=0.32), (Table 4.2). Therefore, as site had no significant effect, samples were 

pooled for each species across the two sites, resulting in 16 samples per species per season. 

Season had a significant effect on badger diet composition (P<0.001) and marginal 

differences were identified for hedgehog diet (P=0.08). Also, there was a near significant 

result for the interaction between species and season on dietary composition (P=0.08), 

suggesting seasonal differences in the diet were different for each species. 

Table 4.2 Results of the permutational multivariate analysis of variance with Jaccard 

distance matrices based on 999 permutations, to compare the diet composition 

(Family level) between (a) badgers, (b) hedgehogs and (c) badgers and hedgehogs. For 

(c) data from the two sites were merged as there was no significant difference for Site 

in either single-species analysis. 

Variables F df R² P 

Badger  

Season 2.53 4 0.12 <0.001  

Site 1.17 1   0.01 0.32 

Season*Site 1.53 4 0.07 0.07 

Hedgehog 

Season 1.59 3 0.07 0.08 

Site 1.43 1 0.02 0.22 

Season*Site 1.06 4 0.05 0.38 

Badger & Hedgehog       

Species 90.59 1    0.38 <0.001  

Season 1.48 1 0.01 0.17 

Species*Season 2.04 1 0.01 0.08  

 

4.3.3 Prey diversity 

At both sites, badger samples show greater prey diversity than hedgehogs (Table 4.3). 

However, between sites, badger prey diversity was highest at Hartpury, whereas the 
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reverse was true for hedgehogs (Table 4.3). Levin’s index ranged from 17.73 for the 

diversity of hedgehog’s diet at Hartpury to 28.07 for badgers at Hartpury, demonstrating 

high levels of diversity amongst different sample groups (Table 4.3). There was more 

inter-site variation in the diversity of prey taken by hedgehogs than that taken by badgers. 

Moreover, there was a greater difference in diversity indices for badger and hedgehog diet 

at Hartpury (difference of 10.34) than at Brackenhurst (difference of 2.92). 

Table 4.3 The diversity of dietary Families as measured by Levin’s Index found in 

hedgehog and badger scat samples. Higher index values are indicative of greater 

diversity within samples. 

Group Number of samples Levin’s Diversity Index 

Badger (all) 80 28.36 

Badger (Brackenhurst) 40 26.21 

Badger (Hartpury) 40 28.07 

Hedgehog (all) 64 21.49 

Hedgehog (Brackenhurst) 32 23.29 

Hedgehog (Hartpury) 32 17.73 

 

4.3.4 Dietary Niche Overlap 

The level of dietary niche overlap exhibited between badger and hedgehog samples was 

high (Table 4.4). Also, pairwise comparisons of sites (Brackenhurst and Hartpury) showed 

high niche overlap between the two different populations of hedgehogs and badgers, 

suggesting high similarity in diet, regardless of location.  

Table 4.4 Pianka’s Niche Overlap Index, calculated from the presence–absence 

matrix (FOO) including 144 scats from two sites, Brackenhurst and Hartpury. 

Pair-wise comparison Pianka's Index (FOO) 

Hedgehog diet between sites 0.93 

Badger diet between sites 0.92 

Hedgehog and badger diet (sites pooled) 0.73 
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Relative Read Abundance 

The level of dietary niche overlap measured using Pianka’s index was substantial from 

both RRA and FOO analysis, with values of 0.60 and 0.73 respectively. This shows 

slightly more overlap when considering the presence, rather than relative proportion, of 

diet items within scats. Network analysis revealed the Family found in greatest abundance 

in hedgehog samples was Carabidae, accounting for 45.2% of total sequence reads. For 

badgers, the most abundant Families were Lumbricidae and Arionidae, accounting for 

26.9% and 27.0% of total read abundance, respectively, illustrating differential selection of  

diet Families (Figure 4.3).  

4.3.5 Seasonality 

To investigate seasonal differences in the diet of badger and hedgehog, samples from 

across the two sites were pooled for each species as no significant intraspecific differences 

in diet composition were found between sites (Table 4.2). DNA from invertebrate and 

plant Families was consistently present in badger and hedgehog samples irrespective of 

season (Table 4.4). Bird DNA was identified in badger and hedgehog scats in all seasons, 

though lower relative frequencies were observed in Autumn and Spring. Amphibian and 

Figure 4.3 Network analysis between badger and hedgehog prey, constructed using the 

Bipartite package in R Statistics software. Each shaded segment represents a 

predator-prey interaction, where width is relative to the proportion of reads that were 

obtained from sequencing. Only taxa that constituted >10% of overall reads from prey 

items of either species are shown in the figure. 
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fungal DNA was rare in both badger and hedgehog samples relative to the other taxa, each 

being recorded only once per species, although in different seasons. Mammal DNA 

occurred more often in badger scats than hedgehog scats in all seasons, except for the 

summer of 2019.  

Table 4.4 Proportion of badger and hedgehog scat samples (n = number of scat 

samples) containing broad prey types across five seasons in 2018 and 2019. Winter 

data were not recorded for hedgehogs because this is the hibernation season. 

Food type Species Summer 

2018 

(n=16) 

Autumn 

2018 

(n=16) 

Winter 

2018/19 

(n=16) 

Spring 

2019 

(n=16) 

Summer 

2019 

(n=16) 

Invertebrate Hedgehog  100.0 100.0 NA 100.0 100.0 

Badger 100.0 100.0 93.8 100.0 100.0 

Plant Hedgehog  100.0 87.5 NA 100.0 100.0 

Badger 87.5 68.8 68.8 62.5 75.0 

Mammal Hedgehog  6.3 18.8 NA 12.5 25.0 

Badger 62.5 56.3 43.8 43.3 12.5 

Bird Hedgehog  18.8 6.3 NA 12.5 18.8 

Badger 25.0 18.8 6.3 18.8 25.0 

Amphibian Hedgehog  0.0 0.0 NA 0.0 6.3 

Badger 6.3 0.0 0.0 0.0 0.0 

Fungi Hedgehog  6.3 0.0 NA 0.0 0.0 

Badger 0.0 0.0 0.0 6.3 0.0 

 

The proportion of scats containing the five most common diet Families varied 

seasonally (Table 4.5). A Friedman test was carried out to compare the FOO of the most 

five most common Families (Table 4.5) for the different seasons for each species. For 

hedgehogs no significant difference between seasons was found χ ² (3) = 6.8, p >0.05. For 

badgers, there was found to be a significant difference between the seasons, χ ² (4) = 10.5, 

p <0.05. Dunn-Bonferroni post hoc tests were carried out and there was a significantly 

higher proportion of badger scat samples containing the five most common dietary 

Families in Summer 2018 than Autumn 2018 (p <0.05) and in Summer 2019 compared 



106 

 

with Autumn 2018 (p <0.05) after Bonferroni adjustments. There were no significant 

differences between any other seasons for badgers’ diet.  

Table 4.5 Proportion of badger and hedgehog scat samples containing the five 

common food types across five seasons sampled in 2018 and 2019. 

Food type Species Summer 

2018 

Autumn 

2018 

Winter 

2018/19 

Spring 

2019 

Summer 

2019 

Agriolimicidae Hedgehog  62.5 43.8 NA 50.0 81.3 
 

Badger 62.5 15.4 50.0 12.5 12.5 

Arionidae Hedgehog  87.5 62.5 NA 56.3 75.0 
 

Badger 100.0 38.5 64.3 31.3 87.5 

Carabidae Hedgehog  93.8 81.3 NA 81.3 93.8 
 

Badger 87.5 15.4 50.0 56.3 68.8 

Lumbricidae Hedgehog  68.8 43.8 NA 93.8 62.5 
 

Badger 87.5 76.9 92.9 87.5 75.0 

Poaceae Hedgehog  7.8 4.7 NA 17.2 10.9 
 

Badger 10.0 6.3 8.8 8.8 7.5 

 

Carabidae were consistently found in a greater proportion of hedgehog samples 

than badger samples irrespective of season. Lumbricidae were found in higher proportions 

in badger samples, with the exception of spring 2019 (March – May), when its occurrence 

in hedgehog (93.8%) samples was greater than badgers (75.0%). 

Arionidae were found in 12.5% more badger samples than hedgehog samples in 

both Summer 2018 and Summer 2019, demonstrating a consistent pattern between years. 

In Summer 2018, 62.5% of both badger and hedgehog samples contained Agriomicidae, 

whereas in summer 2019 these increased in hedgehog diet (81.25) and decreased in badger 

samples (12.5 %).  

To visualise patterns in dietary composition amongst badgers and hedgehogs, 

NMDS plots were produced considering all dietary items (Figure 4.5). Samples were 

placed in the 2D ordination space, whereby distance along each axis relates to the level of 
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dissimilarity between the dietary composition of each sample. The higher proportions of 

badger samples containing Lumbricidae were important in driving the dissimilarity 

between the diet of both species in all seasons (Figure 4.5). Moreover, Arionidae was a 

driver of dissimilarity, in the hedgehog diet in Summer 2019, Autumn 2018 and Spring 

2019. Between season, the level of dissimilarity changes, as does the overall composition 

of the diet. Niche dissimilarity was lowest in Autumn 2018, with fewer Families driving 

the dissociation between the two groups. 
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Figure 4.4 Frequency of occurrence of key food Families present in the scats of 

hedgehogs (grey bars) and badgers (black bars). Hedgehog scats were not collected in 

Season 3 as they are inactive during winter. 
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A) All scats from badgers and hedgehogs pooled, excluding scats sampled during 

Winter 2018/19. 

 

B) Summer 2018 
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C) Autumn 2018 

 

D) Spring 2019 
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E) Summer 2019 

Figure 4.5 Non-metric multidimensional scaling (NMDS) plots based on a Bray-

Curtis distance matrix, to show the difference in Family composition of different food 

types of badger (red) and hedgehog (blue) scat samples, for Families identified in 

>5% samples. The unconstrained ordination plots show the compositional differences 

between both species’ diets. Badger and hedgehog diet is shown across all sampling 

periods (Plot A), in Summer 2018 (Plot B), in Autumn 2018 (Plot C), in Spring 2019 

(Plot D), and in Summer 2019 (Plot E). Arrows depict the prey Families that are 

significantly driving the disassociation between dietary composition of badgers and 

hedgehogs. Ellipse (shaded) show 95% confidence intervals. 

 

4.3.6 Badger predation of hedgehogs 

Hedgehog DNA was present in 1.3% (n=1) of badger samples that were analysed. The 

sample containing hedgehog DNA was collected between April – September 2018 at the 

Brackenhurst site.  

 

 

 



113 

 

4.4 Discussion 

This study presents the first comparison of badger and hedgehog diet, using faecal samples 

from the same localities, in an attempt to understand the potential for competition for food 

between these intra-guild species. Although the diets of both species have been described 

in specific locations using traditional morphological methods (Yalden 1976; Shepherdson 

et al.1990; Hof et al.2012), a comparison of their diets at the same time and place, which is 

a pre-requisite for understanding how they may compete for food, has not yet been 

undertaken. High-throughput sequencing of scats in this study allowed precise 

identification of a diverse range of invertebrate, plant and vertebrate Families consumed by 

badgers and hedgehogs. The results are consistent with existing literature (Cleary et al. 

2009; Shepherdson et al. 1990; Yalden 1976), which shows many shared food items, 

leading to assumptions of competition between the species (Wembridge 2011). However, 

the present study also shows that the composition of the diet of hedgehogs and badgers was 

sufficiently different to be consistent with dietary niche partitioning between the species 

within local areas. In addition, several Families were found to be unique to either hedgehog 

or badger diets, suggesting some specificity and significant differences in diet composition 

between the species. Hedgehog DNA was only extracted from one badger scat out of 80, 

suggesting infrequent predation. This comparative DNA metabarcoding approach has 

provided a novel, in-depth assessment of potential competitive interactions between these 

two species and, through identification of niche partitioning, and limited direct predation, 

increases our understanding of the conditions of their coexistence.  

4.4.1 Species Richness 

Hedgehog and badger diets, as measured across two rural sites over five consecutive 

seasons, showed that both species have broad generalist diets, comprising largely of 

invertebrates and supplemented by vertebrates and likely incidental ingestion of plants, 
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similar to previous studies (Reeve 1994; Neal and Cheeseman 1996). Overall, species 

richness of taxa (to Family level) consumed by badgers was 12.5% and 58.3% higher than 

that of hedgehogs at Brackenhurst and Hartpury respectively. Both species showed high 

diversity of taxa in their diet (as measured by the Levin’s Index) with the diversity of food 

items taken by badgers being only slightly greater than that of hedgehogs, supporting their 

generalist dietary niche ( Hof et al. 2019). The diversity of food items taken by hedgehogs 

was 31.4% higher at Brackenhurst than Hartpury, whereas the diversity of badger diet was 

7.1% greater at Hartpury in comparison with badger diet at Brackenhurst. Levin’s index 

ranged from 26.21 – 28.36 for badgers, much greater than that observed in other taxa, such 

as the genus Martes, where diversity only ranges between 2.07 and 3.96 (Zhou et al. 2011). 

Collectively, hedgehog and badger diets contained 94 Families (see Appendix E) of which 

35 were common food types (>10% faecal samples) to either one or both species. 

Hedgehog diet contained 29 common food types of which 25 were also present in badger 

diet, suggesting these species have access to many of the same food resources. Many of the 

food items found in only one of the two species’ diet were relatively rare, whereas the 

more common prey occurred in the diets of both.  

The most common food types identified in hedgehog and badger diets in this study 

are broadly consistent with the findings of previous studies. For hedgehogs, Carabidae 

(ground beetles) was the most common Family, identified in 89% of samples taken from 

the two sites. This is greater than the 60% of stomach samples containing Carabidae 

identified by Yalden (1976), but agrees broadly with the work of Pettett (2015) which 

identified Carabidae in 100% of hedgehog fecal samples (n = 57). Pettett’s (2015) study 

used similar methods to those used in the present study, possibly accounting for the 

difference with Yalden’s (1976), however differences in food availability between 

sampling different sites and times may also account for the variation shown. What all three 

studies highlight, is a high frequency of occurrence of Carabidae within hedgehog diets. 
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Similarly for hedgehog, Lumbricidae (earthworms) were found in 69% of samples, twice 

as common as the 34% of samples Yalden (1976) reported, though in accord with Pettett 

(2015). Interestingly, the present study identified slugs and snails in a much higher 

percentage of hedgehog samples (Arionidae in 71% and Agriolimacidae in 60%) than 

recorded by Pettett (2015) in which only 4% of samples contained either Arionidae or 

Agriolimacidae. 

For badger scats, Lumbricidae was the most common prey taxa identified, present 

in 87% of samples, followed by Arionidae (land slugs), found in 67% of samples. The 

ubiquity of Lumbricidae in the badgers diet is well-reported (eg. Shepherdson et al. 1990; 

Zabala and Zuberogoitia, 2003a; Cleary et al. 2011), emphasising earthworms as a key 

prey taxon for badgers. However, slugs have not previously been shown to be a key prey 

type of badgers, with Cleary et al. (2011) identifying slugs in just 0.7% of gut and faecal 

samples (n=281) from badgers in Ireland. Moreover, slugs accounted for 28.5% of RRA in 

this study, which is considerably greater than the bulk volume of slugs found in badger 

stomach (0.14%) and faecal samples (0.01%) through morphological analysis by Cleary 

(2011). This suggests that slugs may previously have been underrepresented in the diet of 

badgers in comparison to earthworms, and this is likely to be because of identification 

issues caused by the differential digestibility of prey (Strauss 1979). After digestion, there 

may be no visually distinguishable remains of slugs, unlike earthworms that can be 

identified by the presence of undigested chaetae (Wroot 1984; Battisti et al. 2019). 

The main prey types that were consumed frequently by both badgers and 

hedgehogs are also abundant and widespread in rural habitats (Chapter 3; Hof et al.2012), 

and therefore are likely the most readily available prey too. Interestingly, vertebrate prey 

were taken more frequently by badgers than hedgehogs, which may reflect the ability of 

the former to handle larger prey. The ability of badgers to predate other mammals may 

reduce competition for food with hedgehogs further, although this was not identified as a 
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main driver of dissimilarity in diet. The thirteen Families of taxa found exclusively in 

badger samples included several arthropods and mammals. Leporidae (rabbits and hares) 

DNA was found in 11.0% of badger scats which may indicate a higher level of 

consumption compared to the lower frequencies of mammals (0.36%, n = 281) reported in 

the diet of badgers before (Cleary et al. 2011). DNA from several other mammal and bird 

species was found in low numbers of samples in the present study (Appendix E), including 

Felidae (cats) and Canidae (fox and dogs) in 1.3% and 5.0% of samples respectively, and is 

likely to represent environmental contamination or incidental consumption of cat or dog 

DNA whilst badgers foraged.  

The presence of Bovidae (cows and sheep) DNA in hedgehog (10.9%) and badger 

(17.5%) scats suggests either environmental contamination, from soil  (Buesching et al. 

2016), incidental consumption of other animals faeces (Mychek-Londer et al. 2020), or 

perhaps food provision by humans  (e.g. pet food). Suidae (pigs) DNA was also found, and 

their absence in the vicinity of either study site most likely indicates the consumption of 

pet food. Nevertheless, possible supplementary feeding in the present study was relatively 

low in comparison with hedgehog scats analysed from rural villages, in which sources of 

pet food (Bovidae and Suidae) were identified in 93% and 89% of hedgehog scats 

respectively (Pettett 2015).  

FOO data showed Muridae (rodents), Soricidae (shrews) and Talpidae 

(moles/shrews) DNA was present in low numbers of badger samples and therefore are 

unlikely to represent very important prey items. Similarly, Erinaceidae (hedgehog DNA) 

was found in only 1.3% of badger samples, indicating one potential predation or 

consumption event. These prey items are likely consumed opportunistically and may 

represent either scavenging or predation events.  

The hedgehog’s diet is mainly comprised of invertebrate prey (Wroot 1984; Yalden 

1976), with ten Families of prey taxa found only in hedgehog scats, eight of which were 
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arthropods, one belonged to Annelida and the last was a mollusc. There are, however, 

distinct morphological differences between some of these Families such as Lumacidae, a 

Family of soft-bodied large slugs, and Forficulidae, a Family that includes earwigs. 

Hedgehog samples contained relatively low proportions of mammal prey species in 

comparison with badgers. 

Determining why a species consumes one prey and not another could require 

extensive dietary assessment, taking into account factors such as size, locomotion, 

palatability, and digestibility of prey. However, one potentially important factor could be 

the encounter rate of different prey, attributed to the habitats used by badgers and 

hedgehogs, and this is investigated in Chapter 5. Poaceae (grasses) were the most common 

plant Family identified in scats, being found in 40.6% and 47.5% of hedgehog and badger 

samples, respectively. RRA analysis also suggests that badgers consumed greater 

quantities of this food type. Unlike other studies that have demonstrated the presence of 

fruits, vegetables, crops and berries in relatively high proportions in badger diet 

(Shepherdson et al. 1990), the present study did not find them to contribute significantly to 

the diet, irrespective of season. This could, however, reflect the local availability of food 

resources at the particular sites surveyed. Alternatively, grasses may have been incidentally 

consumed by either species, either whilst foraging in grassland habitat or through 

secondary predation of other prey.  

4.4.2 Dietary Overlap 

Dietary niche overlap between badgers and hedgehogs, measured using Pianka’s index, 

was 0.73 across the five seasons surveyed, demonstrating that both species have, at some 

point, consumed many of the same plant and animal Families. This finding has not been 

demonstrated previously. Plateauing of prey accumulation curves demonstrates that the 

sampling effort employed in the present study was sufficient to capture most of the 
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Families present in badger and hedgehog diets. Therefore, the high level of overlap 

observed is likely to reflect the availability of similar resources within the home ranges of 

both species. Badgers and hedgehogs both currently occupy similar habitats in the UK 

rural landscape, both for example utilising  grassland for foraging (Parrott et al. 2014). At 

the local scale, there is much variation in food availability between different habitats and 

land uses (see chapter 3; Poschlod et al. 2005) and in Chapter 5 this is investigated in 

relation to the diet of both species.  

Despite hedgehogs and badgers consuming many of the same food types, their 

frequency of occurrence in their respective diets differed, suggesting dietary niche 

partitioning between the species. Each Family represented different proportions of the diet 

in each sample, with differences between badger and hedgehog diets accounting for 38% 

of the variance in dietary composition. Hence, hedgehogs consumed beetles more 

frequently than badgers, and badgers consumed earthworms more frequently than 

hedgehogs. RRA also suggested that slugs were proportionately more important to badgers 

and were a major driver of the dissimilarity between badger and hedgehog diet.  

Previous studies have defined badgers and hedgehogs as broad generalists (Hof and 

Bright 2010; Roper 1994) that share invertebrate prey (Trewby et al. 2014). The results 

from the current study suggest that niche partitioning exists between the two species, 

which is evident across all seasons, and this likely acts to reduce the intensity of 

competition for prey resources.   

Seasonally, the dissimilarity between species varied too, which is likely to reflect 

seasonal variability in food availability (Saska et al. 2013). NMDS plots indicated that the 

composition of plant and animal Families identified in badger and hedgehog scats was 

dissimilar in all seasons, suggesting dietary niche partitioning between the species 

throughout the year. December to February was omitted from analysis as this reflects the 

period when hedgehogs are largely inactive due to hibernation (Morris 1973). The 
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magnitude of dietary divergence was greatest between the species from September to 

November, when fewer Families of food items drove the dissimilarity, suggesting a 

narrower diet during this period when hedgehogs are putting on fat for hibernation (South 

et al. 2020) and badgers for torpor (Woodroffe 1995). This fits well with Byrne et al’s 

(2012) review that documents the breadth of Irish badger diets being greatest in the 

summer and spring. Although specific compositional data varies between studies that have 

been undertaken across Europe, there is uniformity in finding strong seasonal variation in 

badger diet (Byrne et al. 2012). Hedgehogs also exhibit seasonal dietary differences 

(Wroot 1984) as identified in  the present study which also indicated that despite this 

variation their diet remained dissimilar to that of badgers  in all seasons, with beetles, 

worms and slugs being significant drivers of those differences (figure 4.6). 

The pattern of resource use for badgers and hedgehogs, as assessed by the FOO of 

plant and animal Families in scats, was relatively consistent for Carabidae, Lumbricidae 

and Arionidae in June – August of 2018 and 2019. This suggests that there may be regular 

seasonal fluctuations in the availability of some food items available to both species. 

However, Agriomicidae was found in fewer badger samples in Summer 2019 than in the 

previous year, demonstrating the ability of these generalists to alter their diet in relation to 

resource availability, which may also affect the overall level of competition between 

badgers and hedgehogs. However, these patterns should be interpreted cautiously due to 

the relatively low sample number that was assessed for each season and species.  

4.4.3 Relative Read Abundance 

Although the breadth of hedgehog and badger diets may reduce opportunities for 

competition, the intensity of competition for their common prey groups may still remain 

high (Holbrook and Schmitt 1989). The RRA data provides a measure of how often the 

DNA of a particular Family was found in individual hedgehog or badger scats, giving an 



120 

 

indication of the volume consumed of each food type. For example, previous work 

analysing 490 badger scats found that despite identifying 9 food types, only fruits and 

invertebrates accounted for 89% of the biomass of the diet (Rosalino et al. 2005). In the 

case of RRA, we assume that sequence reads reflect the amounts of different food items 

consumed, which is notably caveated as shorter DNA fragments are preferentially 

sequenced (De Barba et al. 2014; Deagle et al. 2019) though evidence is growing that 

shows it does indeed reflect biomass (Smith et al. 2018; Young et al. 2020; Browett et al. 

2021).   

RRA findings were in agreement with those from the FOO analysis, with both 

approaches highlighting the importance in the diet of hedgehogs of the Carabidae, 

Arionidae and Lumbricidae. A comparison of RRA showed that, proportionally, beetles 

were more important for hedgehogs (45.2%) than badgers (12.6%). However, whilst FOO 

showed Arionidae was detected in only 18% fewer hedgehog samples than Carabidae, it 

was represented by 37% fewer reads. This demonstrates how FOO and RRA can be used to 

complement one another, showing the importance of specific food groups that are both 

frequently detected in the diet and likely consumed in higher proportions than others.  

4.4.4 Evidence for Predation  

Badgers are considered to be the main predator of hedgehogs in the UK, with recorded 

rates of predation of 18% following a 75 day tracking period of 44 hedgehogs (Hof and 

Bright 2010). The avoidance of badgers by hedgehogs was shown by Doncaster (1992), 

who compared two sites and showed that hedgehog mortality and dispersal was greater in 

the area with higher badger density, despite offering similar availability of suitable habitat 

for hedgehogs. Furthermore, Trewby et al. (2014) showed that a decrease in badger density 

was followed by an increase in hedgehog density, and speculated that a reduction in 

predation was possibly the cause. However, the impact of predation on hedgehog 
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population sizes is unknown and would require birth rate, other sources of mortality and 

population sizes to be accounted for. It also requires an assessment of whether badger 

predation is likely to be additive to other forms of mortality, or compensatory, i.e., whether 

badgers predate on animals that would otherwise die from other causes. 

In the present study dietary assessment allowed potential predation events to be 

identified and quantified for the two rural sites surveyed. To enable the confident 

identification of IGP events, hedgehog and badger samples were processed separately in 

the laboratory. No badger DNA was found in any hedgehog samples, nor negative controls. 

Similarly, no hedgehog DNA was found in negative controls for badgers. However, 

hedgehog DNA was present in 1.3% (n=1) of badger samples that were analysed. Although 

there is high confidence that this represents consumption of hedgehog tissue by a badger, it 

is not possible to ascertain whether this represents predation, scavenging, incidental 

consumption of faeces, or environmental contamination.  

Much higher rates of predation than that suggested by the present study have been 

reported previously. For example,  7 out of 24 hedgehogs (Doncaster (1994) and 8 out of 

44 hedgehogs (Hof and Bright (2010). However, these reflect local environmental 

conditions as Doncaster (1994) released hedgehogs into unfamiliar territory, and these 

animals may have been more vulnerable to predation. In addition, Hof and Bright (2010) 

assessed hedgehogs across two large arable farms, whereas the present study assessed 

badgers and hedgehogs occupying mixed farmland habitat. However, it is also possible that 

predation may have been underestimated in the current study, as the likelihood of detecting 

predation events will depend on how long hedgehog DNA persists in badger scats after 

consumption and the frequency that samples were collected.  

Badgers are known to be opportunistic exploiters of food resources (Delahay et al. 

2001). The infrequent detection of hedgehogs in the present study may simply suggest that 

they are an opportunistic prey item. Indeed, hedgehog DNA was only present in one 
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badger scat collected from the Brackenhurst site in June – November 2018. During this 

period, the mean UK summer temperature was the highest on record since 1884 (Kendon 

et al. 2019; Petch et al. 2020), perhaps presenting harsher than usual foraging conditions 

for badgers and hedgehogs, making some food types such as earthworms inaccessible due 

to very dry soils, which may have caused badgers to switch to other food types including 

hedgehogs. The results of the present study suggest that incidences of hedgehog predation 

by badgers may be rare at these two study sites and highlight that hedgehogs do not make a 

major contribution to badger diet. However, a larger sample size would be required to 

ascertain the broader significance of badger predation on hedgehogs and their contribution 

to badger diet more generally.  

4.4.5 Limitations 

Identification of food items in the present study was limited to Family level in order to 

maximise the amount of sequence data that could be accurately taxonomically assigned 

and included in the analysis. Ideally, dietary items would be identified to species level, 

providing a more detailed assessment of the food types consumed by badgers and 

hedgehogs. It is possible that badgers and hedgehogs may differentially select species 

within the same Family, and this may reveal further niche partitioning than identified in 

this study. 

 Furthermore, it is not possible to infer whether the presence of DNA in the diet 

represents scavenging, predation, incidental predation, or environmental contamination 

when using molecular methods such as DNA metabarcoding in this study. Similarly, it was 

not possible to make the distinction between pheasant ‘meat’ and pheasant ‘eggs’ using 

these molecular methods. Whereas classical morphological scat analysis would indicate the 

presence of eggshell which might allow discrimination. 

 



123 

 

4.4.6 Further Research 

There is evidence that sex differentiation in diet exists between male and female 

hedgehogs in New Zealand (Jones et al. 2015) and that juvenile and adult hedgehogs take 

different prey (Dickman 1988). Similarly, individual badgers within the same social group 

can specialise on certain prey items (Robertson et al. 2014). Sex biases in the diet may 

identify further niche partitioning, and individual food preferences within each species. 

Thus, the identification of sex-linked primers, specific to hedgehogs, would be useful to 

analyse non-invasive DNA samples, whether it be for dietary or genetic studies. Findings 

from sexing badger scats do, however, demonstrate the limitations of using degraded DNA 

samples (Fernando et al. 2003), as successful sexing of badger scats was just 37.5%, much 

lower than that achieved using DNA from genomic tissue samples. 

4.4.7 Conclusions 

The present study has shown that, in localities where badgers and hedgehogs co-

occurred, they consumed many similar plant and animal Families, although the relative 

contributions of these to the diet of each species was sufficiently different to reduce 

competition. Dissimilarity in diet composition was evident across all seasons, revealing 

that niche partitioning exists at a site scale. However, it is not clear if this pattern is due to 

the species foraging on different prey and frequencies, or encountering prey and 

frequencies based on differential space use at each site. Therefore, the dissimilarity in diet 

may be driven by hedgehogs either selecting different foraging areas or being forced into 

them by badgers, which is discussed in Chapter 6. 

Both RRA and FOO analysis highlighted the commonness of beetles and slugs in 

the diet of hedgehogs, and of earthworms in the diet of badgers. Despite this, badgers and 

hedgehogs have the ability to take a wide range of prey and this likely helps promote the 

coexistence of the two species. Moreover, it is important to incorporate a measure of local 
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food availability at the sites where scats are sampled, to establish whether these prey 

choices reflect availability (see Chapter 5). Food availability is likely to vary between 

habitats and should be measured to assess whether hedgehogs are using optimal habitats 

for foraging, or whether badger presence, or other factors, can explain hedgehog habitat 

use (see Chapter 6). Furthermore, this study looked at two sites, with a range of habitats 

including rural and mixed farming with some urban infrastructure. Niche partitioning was 

observed at these sites, although whether these patterns remain in other habitats and sites 

requires further investigation. Similarly, how competition between these species may vary 

in different habitats or in response to lower food availability remains to be seen. Future 

studies should attempt to measure diet changes in hedgehogs and badgers in response to 

changes in density or, in areas with and without badgers, to better untangle the influence of 

badgers on hedgehog diet. 
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Chapter 5 Dietary patterns of co-occurring hedgehog and badger 
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5.1 Introduction 

 For a species to occupy and persist within the local environment, it must be able to 

efficiently exploit available food resources (Emlen, 1966). The conceptualisation of 

Optimal Foraging Theory (hereafter OFT) described the relationship between maximum 

net energy intake (calories) per unit of time spent foraging (Emlen, 1966; MacArthur and 

Pianka, 1966), such that individuals who make optimal decisions and maximise their net 

energy intake will survive long enough to pass on their genes to the next generation. 

Therefore, in conditions where food is limited and uncertain, animals spend more time 

foraging, often over larger patches, as their motivation to forage and build fat reserves 

increases (Anselme et al. 2017). Dietary niche breadth also alters in response to variability 

in the availability of food. It is predicted that a more productive environment decreases 

niche breadth (MacArthur and Pianka, 1966) as the predator can be more selective, 

increasing the degree of dietary specialism.  For example, the great tit (Parus major) 

selected profitable prey when it was abundant, ignoring less profitable prey, irrespective of 

the rate at which it encountered it (Krebs et al. 1977). 

Dietary selection, defined as the consumption of food in relation to food 

availability (Gillis et al. 2020), is an important mechanism for studying ecological 

networks, namely predation and competition (Amundsen et al. 1996). Not all fauna and 

flora within the local environment represent potential food species, some may be 

inaccessible due to the size and feeding posture of a species, whilst other food items may 

be recognised as being unpalatable due to toxicity or physical defence mechanisms such as 

thorns (Westoby, 1974). Similarly, species do not utlise all available foraging habitat 

which can affect the encounter rate and abundance of different prey types (Gillis et al. 

2020). A criticism of OFT is it assumes all prey are encountered at the same frequency and 

does not differentiate between stationary (plant) and mobile (animal) prey (Sih and 

Christensen 2001). Mobility can effect the ability of a predator to capture potential prey 
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and therefore can affect the likelihood of prey acquisiton between different predator 

species (Sih and Christensen, 2001). 

Several indices have been developed to study the electivity of prey (Lechowicz, 

1982), assessing whether particular prey items are consumed at random, in proportion to 

their avaialiblity, or selected for, either postively or negatively (Jacobs, 1974). Molecular 

methods are increasingly being utilised for dietary assessment from stomach or faecal 

samples, to demonstrate the frequency of dietary items in relation to their availability in the 

landscape (Hayward et al. 2017). For example, Kowalczyk et al. (2011) demonstrated that 

the most frequently consumed tree species (Carpinus/Corylus) by European bison (Bison 

bonasus) was also highly represented in the forest understory, indicating minimal negative 

impact on tree diversity. This highlights that dietary patterns can be observed, allowing 

inferences to be made about the relative importance of particular food types for species that 

could not be ascertained from diet assessment alone.  

Badger and hedgehog are dietary generalists, both omnivores that consume a broad 

range of prey (Morris, 2006; Neal and Cheeseman, 1996). However, the consumption of 

different prey likely varies in response to local availability (Serbent et al. 2011) and 

accessibility (Westoby, 1974). The dynamic balance of competition and predation within 

the IGP relationship shared by badger and hedgehog can be further understood by 

assessing dietary preferences in relation to prey availability. Wroot (1984) assessed the 

selection of invertebrate prey by hedgehog from the environment, though no comparative 

study exists for comparing prey selection of both badgers and hedgehogs from areas where 

they co-occur. The results from Chapter 4 provide the first comparative dietary study, 

identifying the level of dietary niche overlap between badgers and hedgehogs from the 

same localities, which showed similar and wide niche breadth between the two species, 

though badger diet was more diverse overall. Both species exhibited a broad dietary niche 

which may indicate poor food resource availability for these two generalists across the two 
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study sites. Composition analysis revealed dissimilarity between the two species, 

occupying the same local environment. This indicates that they utilise available resources 

differently to one another. Further dietary selection assessment could potentially provide a 

better understanding of whether each species under or over utilises each prey species in 

relation to its availability, and whether the dietary dissimilarity shown in chapter 4 is due 

to preferential feeding habits of badgers and hedgehogs. 

This study aimed to assess the patterns of resource use of badger and hedgehog on 

invertebrate prey. The specific research questions were to: (1) assess the effect of 

seasonality and site on prey availability, (2) investigate whether badger and hedgehog 

utilise invertebrate prey in relation to its availability, (3) identify any potential prey 

preferences of either species, (4) compare selectivity of prey between badger and hedgehog 

and (5) assess whether there are seasonal prey preferences driven by resource availability. 

Under IGP theory, badger would be expected to be the dominant forager for certain prey 

types, potentially excluding hedgehog from these food resources. This study will deepen 

our understanding of how co-occurring badger and hedgehog utilise locally available 

resources and its implications for competition between these two IGP competitors.  

5.2 Methodology 

5.2.1 Study sites 

To investigate patterns of resource use by badger and hedgehog, diet and prey availability 

were studied across two sites, Brackenhurst Campus and Hartpury College Estate (see 

Chapter 2) across 4 seasons, giving 8 comparisons between diet and invertebrate biomass 

as assessed by pitfall traps. The diet was analysed molecularly, utilising DNA 

metabarcoding of faecal samples (Chapter 4) that were collected throughout April 2018 – 

August 2019. The four seasons used for comparison were as follows, Summer 2018 (June 

– August 2018), Autumn 2018 (September – November 2018), Spring 2019 (March – May 
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2019) and Summer 2019 (June – August 2019). The period between December – February 

was omitted from electivity analysis to reflect the inactivity of hedgehogs during this 

period. Complementary invertebrate sampling (Chapter 2) was conducted during each 

quarterly period to give a measure of seasonal invertebrate food availability.  

5.2.2 Seasonal invertebrate food availability 

Ideally, a measure of food availability would include all possible food types and, in this 

study, would include vertebrate, invertebrate and plant species. Suitable survey methods 

for estimating the availability of these diverse taxa are not comparable with one another 

and therefore this assessment of food availability considers exclusively invertebrate prey 

using pitfall trapping. Dietary assessment (Chapter 4) demonstrated that this prey group is 

proportionally greater than other food types and therefore the most likely prey that badger 

and hedgehog compete over (Kruuk and Parish 1985; Wroot 1984; Roper 1994).  

Pitfall traps were used to assess the availability of ground dwelling invertebrates as 

this method has been shown to capture higher species richness (94%) than other survey 

methods such as visual searching (41%) or sweep netting (25%) (Hancock and Legg 2012). 

Despite this, there is criticism for its use in quantitative studies due to the bias towards 

species more active on the soil’s surface, essentially providing an index of activity rather 

than abundance (Sabu and Shiju 2010). Nonetheless, invertebrates that are more active are 

also more likely to be encountered by their predators (O’Donnell 2000), and therefore 

activity also reflects what food is available. Here, the measure of abundance and biomass 

calculated from this method is coarse and is used in this study to assess the resource 

availability of key ground dwelling invertebrate prey types shared by badgers and 

hedgehogs.  

Seasonal variation of invertebrate prey was assessed quarterly at two study sites 

(Brackenhurst and Hartpury – see Chapter 4). Pitfall traps were sampled as described in 
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Chapter 2, section 2.6.1.1. In total 247 pitfall traps were set across both campuses and in 

proportion to habitat availability. Pitfall captures, submerged in the preservative propylene 

glycol, were removed from the field and dried to obtain measures of dry biomass (g), 

(Chapter 2.6.1.2). Pitfall trap captures were sealed and stored in a cool place until 

processing took place, typically within 6 weeks of surveying. Macro-invertebrates that 

measured > 5 mm in length were identified to the Order level and abundance per trap was 

recorded. Order level identification was carried out as this accounts for differences in 

functional traits of prey such as mobility, that may influence the likelihood of being 

potential prey to either badger or hedgehog (Kennedy et al. 2019). Following 

identification, dry biomass was calculated for each Order within each individual pitfall 

trap, giving a second measure of the invertebrate communities present in the environment.  

To assess prey availability, potential variation in invertebrate communities between 

habitat and season should be accounted for. Therefore, seasonal differences in abundance 

of invertebrates (>5mm) and biomass of invertebrates between habitat types and months 

(Table 5.1) was investigated through a series of Generalised Linear Mixed Models 

(GLMMs), where both interactions and main effects were tested and site was included as a 

random factor in all models (Ostfeld et al. 2018; Hothorn et al. 2008). Data processing and 

formatting were performed in Microsoft Excel (Microsoft Corporation 2018) and all 

figures and statistical analysis was conducted using R Studio version 1.2.5 (R Studio Team 

2020).  
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Table 5.1 List of variables included in Generalised Linear Mixed Models of 

invertebrate assemblages. 

Variable Distribution 

and (link 

function) 

Type Variable Description 

Abundance Negative 

Binomial  

Count Response Number of organisms > 5mm in 

a pitfall capture 

Biomass Gamma (log) Continuous Response Dry biomass (g) of pitfall 

capture 

Habitat N/A Categorical Predictor Habitat 1 = Amenity, 2 = 

Arable, 3 = Grassland and 4 = 

Woodland 

Season N/A Categorical Predictor Season: 1 = Summer 2018, 2 = 

Autumn 2018, 3 = Winter 2019, 

4 = Spring 2019, 5 = Summer 

2019  

Site N/A Categorical Random factor Sites 1 and 2, Brackenhurst and 

Hartpury respectively (see 

Chapter 2 for site description). 

5.2.3 Diet of hedgehog and badger 

In total 144 faecal samples, of which 80 were sampled from badger scats and 64 from 

hedgehog scats, were analysed using two primer sets which identified invertebrate taxa in 

the diet (see Molecular methodology Chapter 2). Of the 80 badger samples, 16 were not 

included in the assessment of diet selection, reflecting the period between December 2018 

to February 2019 that had been omitted for hedgehog, due to their hibernation activity in 

this season. After sequencing, taxonomic identification and removal of potential 

contamination, data was converted into a binary format, allowing the presence/absence of 

each prey group (Order level) within each individual sample to be shown. For each species 

Frequency of occurrence (FOO) of each dietary item was calculated, that is the number of 

scat samples that contain each prey type expressed as a percentage (% FOO) (Deagle et al. 

2019). FOO was further rescaled to give the Percent of occurrence (POO), so that the sum 

of all food groups was 100% (Deagle et al. 2019).  

To assess diet selection, POO was calculated again, using only invertebrate prey, 

therefore excluding other prey types. This allowed invertebrate prey availability within the 
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environment and invertebrate prey in the diet to be compared using Ivlev’s electivity index 

(section 5.2.5). 

5.2.4 Availability of invertebrate prey 

 Invertebrate data measuring the biomass of organisms collected from pitfall 

trapping was collated from the five sampling occasions throughout April 2018 – August 

2019. Survey effort was consistent in each broad habitat (Arable, Amenity, Grassland and 

Woodland) across study sites (see Chapter 2). Biomass data were collated from both sites 

and POO was calculated to show the proportion of each invertebrate prey group (Order 

level), present in the environment.  

5.2.5 Electivity Index 

The selection of invertebrate prey, measured by POO (McLachlan-Troup et al. 2010), by 

badger and hedgehog was calculated using Ivlev’s electivity index, D (Jacobs, 1974). 

𝐷 = (𝑟 − 𝑝)/(𝑟 + 𝑝 − 2𝑝𝑟) 

Where r is the proportion of samples containing a given prey group and p is the proportion 

of a given prey group available in the environment as measured by pitfall traps. D ranges 

from -1 to +1, indicating extreme negative and positive selection respectively, with values 

around zero indicating similar selection of prey to the relative proportion of that prey type 

in the environment. As the foraging activity of each species within different habitat was 

unknown, Ivlev’s index was calculated at the site level, with a unique value calculated per 

season per site. 
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5.3 Results 

In total, 247 pitfall traps were successfully recovered from seasonal field sampling at 

Brackenhurst and Hartpury, resulting in, on average, 25 pitfall traps per season, per site.  

5.3.1 Seasonal invertebrate community variation 

A Gamma GLMM was fitted to the data to investigate seasonal differences in invertebrate 

biomass of pitfall trap captures sampled from two UK rural sites (Brackenhurst and 

Hartpury). The marginal and conditional R² values for the GLMM were 0.37 and 0.42, 

respectively. There was a significant interaction between habitat and season (Table 5.3) 

with significant variability in the biomass across habitats throughout the sampling period, 

which explains 37% of the variance within the dataset. Site, as the random factor, 

accounted for 5% of the variance within the dataset, demonstrating that invertebrate 

biomass varied most greatly at the habitat level between the seasons surveyed. Invertebrate 

biomass was significantly higher in woodland habitat during Autumn 2018 than in 

woodland across other seasons. Biomass was also significantly greater in Grassland and 

Arable habitat during Winter 2018/19 than in these habitats across other seasons. In Spring 

2019, invertebrate biomass was significantly higher in Grassland and Woodland habitat 

than comparison with other seasons. 
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Table 5.2 Summary of Gamma Generalised Linear Mixed Model (GLMM) for the 

effect of season and habitat on invertebrate biomass of pitfall trap captures sampled 

from two rural sites in the UK. Site was included as a random factor with standard 

deviation of 0.23. Nobs = 247. Bold P values indicate statistical significance at 0.05 

level. SE =Standard Error. 

Model Parameter Estimate SE P-

value 

(Intercept) -0.59 0.31 0.06 

Arable:Autumn2018 0.85 0.57 0.14 

Grassland:Autumn2018 0.98 0.53 0.06 

Woodland:Autumn2018 1.77 0.55 < 0.001 

Arable:Winter2018/19 1.55 0.58 0.01 

Grassland:Winter2018/19 1.67 0.56 < 0.001 

Woodland:Winter2018/19 -0.33 0.56 0.56 

Arable:Spring2019 0.34 0.60 0.57 

Grassland:Spring2019 1.40 0.59 0.02 

Woodland:Spring2019 1.49 0.56 0.01 

Arable:Summer2019 0.10 0.50 0.84 

Grassland:Summer2019 0.26 0.56 0.65 

Woodland:Summer2019 0.78 0.51 0.13 

 

5.3.2 Diet composition of prey groups  

A total of 64 hedgehog scat and 64 badger scats sampled evenly across four seasons and 

two sites, provided complementary dietary data. A total of 97 prey types were identified in 

the diet of badger and hedgehog together, of which POO showed that invertebrate prey 

were proportionally the greatest dietary component for both species (Figure 5.1).  

Broad prey groups were found in similar proportions of scat samples of badger and 

hedgehog, though invertebrate prey were taken more frequently by hedgehog than badger. 

Invertebrate prey typically constituted 73.8% of prey items in hedgehog scats, 10% greater 

than in badger diet (63%). The second most common prey group was plant species, 

representing 18.9% of prey items found in hedgehog scats and 25.5 % of prey items within 
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badger scats. Mammal prey species made up 8.6% of prey items within badger scats, in 

comparison to a lower proportion of 4.9% of prey items in hedgehog scats. Therefore, 

mammal and plant prey were more frequently identified in badger scats than hedgehog 

scats, with other broad groups being identified in low numbers of badger and hedgehog 

samples. Bird DNA represented 1.7% of prey items and fungi and amphibian DNA 

represented <1% of the food items identified in both badger and hedgehog scats. 

 

Figure 5.1 Diet composition shown as the POO of major food groups for the 

European badger (black bars) and hedgehog (grey bars) in rural England. 

 

5.3.3 Diet composition of invertebrate prey 

Percentage of occurrence (POO) analysis showed that the most abundant invertebrate prey 

type consumed by hedgehog, according to its relative frequency in all samples pooled 

across seasons was Coleoptera (beetles) followed by Stylommatophora (slugs and snails), 

and Haplotaxida (earthworms). This was consistent across the two study sites, constituting 

27.7 % of hedgehog diet at Brackenhurst, and 32.0 % of hedgehog diet at Hartpury (Figure 
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5.2). For badger, Stylommatophora (land snails and slugs) was proportionately greatest in 

the diet of badgers at Hartpury representing 30.5 %, followed by Haplotaxida (28.4%) and 

Coleoptera (27.4%). Whereas at Brackenhurst the Order Haplotaxida, that includes 

earthworms, was proportionately greatest in the diet of badgers (31.9 %), followed by 

Stylommatophora (25.9%) and Coleoptera (21.6%). 

Haplotaxida (earthworms) consistently constituted a greater proportion of badger 

diet (28.4 – 31.9 %) in comparison to hedgehog diet (14.8 - 18.2 %). The top five ranking 

invertebrate prey in hedgehog diet were Coleoptera, Stylommatophora, Haplotaxida, 

Lepidoptera and Isopoda (Table 5.4). Except for Isopoda, the remaining four prey types 

were also ranked within the five most common invertebrate prey in badger diet.  

 

Figure 5.2 Proportion of different invertebrate prey (grouped by Order) consumed by 

European badger and hedgehog at two sites in England (Brackenhurst ad Hartpury). 

 

Despite being available in the environment, Araneae (spiders) and Chilopoda 

(centipedes), Hemiptera (true bugs) and Trichoptera (caddisflies) were not present in the 
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diet of badger or hedgehog. Similarly, badger did not consume Psocoptera (booklice), 

Dermaptera (earwig) or Opiliones (harvestmen). 

Throughout the four seasons that badger and hedgehog diet was simultaneously 

assessed, both species showed seasonal variation in the prey that they selected for at each 

site. Ivlev’s electivity index showed that hedgehog and badger most strongly selected for 

Haplotaxida (earthworms), Diptera (flies), Ephemeroptera (mayflies) and Lepidoptera 

(butterflies and moths) relative to their availability (Table 5.3). 

Table 5.3 Selection of invertebrate prey by hedgehog and badger across Brackenhurst 

and Hartpury estates. Hedgehog and badger diet is shown as POO and available prey 

is shown as proportion of biomass from pitfall trap captures. Invertebrate prey 

Orders that represented <1% of available prey (Collembola, Diptera, 

Ephemeroptera, Opiliones, Psocoptera, Trichoptera) are represented by category 

Other. 

Invertebrate  

Prey (Order) 

Proportion 

of  

hedgehog 

diet (%) 

SE Proportion 

of  

badger diet 

(%) 

SE Proportion 

available 

(%) 

Selectivity 

index D 

Hedge

-hog 

Bad-

ger 

Araneae 0.00 - 0.00 - 3.91 -1.00 -1.00 

Chilopoda 0.00 - 0.00 - 2.63 -1.00 -1.00 

Coleoptera 21.91 1.26 15.32 1.88 23.04 -0.03 -0.20 

Dermaptera 4.32 1.25 0.00 - 2.08 0.35 -1.00 

Haplotaxida 15.29 1.35 21.37 2.61 3.68 0.61 0.71 

Hemiptera 0.00 - 0.00 - 4.54 -1.00 -1.00 

Hymenoptera 2.02 0.64 3.56 1.55 6.50 -0.53 -0.29 

Isopoda 1.73 0.49 1.88 0.97 12.38 -0.75 -0.74 

Julida 2.50 1.06 0.33 0.31 2.72 -0.04 -0.78 

Lepidoptera 12.49 1.75 7.56 1.59 1.37 0.80 0.69 

Stylommato-

phora 

18.81 1.25 19.77 2.23 35.51 -0.31 -0.28 

Other 20.93 4.54 30.21 3.56 1.65 0.85 0.90 

 

Amongst the most common prey within the diet, both species selected against 

Stylommatophora in relation to the availability of this prey type. Badger selected against 

Coleoptera (Index = -0.20), whereas hedgehog utilised Coleoptera proportionate to its 

availability (Index = -0.03).  
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5.3.4 Seasonal and Site patterns of prey use 

5.3.4.1 Summer 2018 

The utilisation of Coleoptera was similar between badger and hedgehog in Summer 2018, 

differing between the two sites. At Brackenhurst, Coleoptera was selected for by both 

species, whereas Coleoptera was selected against at Hartpury. This may reflect the 

increased availability of Coleoptera at Hartpury in which 35.0 % of available prey biomass 

was represented by Coleoptera, as opposed to 10.1% at Brackenhurst. Both populations of 

hedgehog strongly selected for Dermaptera during this period, though availability was <1% 

across both sites. Haplotaxida was positively selected for by both species across the two 

sites, though the strength of selection was greater at Brackenhurst. 

5.3.4.2 Autumn 2018 

During the period September – November 2018, the percentage availability of 

Stylommatophora was twice as great at Brackenhurst than at Hartpury. This was reflected 

in the diet of badger and hedgehog at Brackenhurst, as Stylommatophora occurred in 

higher percentages of samples than any other Order of invertebrate prey. Both species 

positively selected for Lepidoptera, though selection was stronger for both badger and 

hedgehog at the Brackenhurst site (Table 5.6). Coleoptera was underutilised relative to its 

availability at Hartpury College, whereas Coleoptera was again positively selected for by 

both species at Brackenhurst. Collembola was selected for by badger at both sites and was 

absent from hedgehog diet.   

5.3.4.3 Spring 2019 

Coleoptera was underutilised by both species relative to its availability from March – May 

2019 at Hartpury College, whereas Coleoptera was positively selected for by both species 

at Brackenhurst (Table 5.7). Collembola was selected for by badger at both sites whereas it 

was selected against by hedgehog. Hymenoptera was consumed in similar frequencies by 
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hedgehog at both sites. However, the availability measured by pitfall traps was lower at 

Hartpury College, which resulted in hedgehog underutilising Hymenoptera at Brackenhurst 

and positively selecting for Hymenoptera at Hartpury. Hymenoptera was only selected for 

by hedgehog at Hartpury as was Opiliones by hedgehog at Brackenhurst. Hedgehog diet 

contained proportionately more Stylommatophora than badger diet. Despite this, selectivity 

was consistent within each site, showing that Stylommatophora was selected for at 

Brackenhurst and selected against at Hartpury by both species.  

5.3.4.4 Summer 2019 

A similar pattern in resource use was observed for Coleoptera in the Summers of 2018 and 

2019, with hedgehog and badger utilising Coleoptera similarly across both sites (Table 

5.8). However, selection in 2019 was positive at Hartpury and negative at Brackenhurst, a 

reversal on the previous year for both species. The selection of Dermaptera by hedgehog 

was comparable to the previous year, with strong selection at both sites. Similarly, 

Haplotaxida and Stylommatophora were again positively selected for by both species and 

at both sites during this period. 

5.3.5 Seasonal selection of invertebrate prey Orders 

The utilisation of individual Orders of invertebrate prey varied between seasons. 

Selectivity indices showed that the utilisation of Coleoptera varied between seasons, 

though the pattern of resource use was similar for badger and hedgehog at each site (Figure 

5.3). From June – August 2018, badger and hedgehog positively selected for Coleoptera at 

Brackenhurst, whereas both species selected against Coleoptera at Hartpury, relative to its 

availability. This suggests that the selection of Coleoptera varies at the local scale, in 

relation to its availability. Between September and November 2018, badgers at both sites 

strongly selected against Coleoptera, with much lower proportions of Coleoptera in the diet 

than any other season. 
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Figure 5.3 Selection of Coleoptera as shown by Ivlev’s electivity index, demonstrating 

prey selection by badger and hedgehog populations between June 2018 and August 

2019. The prey index was calculated for FOO of dietary data obtained by molecular 

analysis of faecal samples and availability of prey was measured as biomass of 

organisms caught by pitfall trapping. 

 

In contrast, the Order Lepidoptera, was almost continuously positivity selected for, across 

all seasons for badger and hedgehog (Figure 5.4). The strength of selection may be 

overstated due to poor capture rates of Lepidoptera in pitfall traps. At each site, selection 

of Lepidoptera was slightly greater by hedgehog than by badger, except for March – May 

2019 when selection was strongest (+1) and consistent across all groups.  
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Figure 5.4 Selection of Lepidoptera as shown by Ivlev’s electivity index, 

demonstrating prey selection by badger and hedgehog populations between June 

2018 and August 2019. The prey index was calculated for FOO of dietary data 

obtained by molecular analysis of faecal samples and availability of prey was 

measured as biomass of organisms caught by pitfall trapping. 

 

There were seasonal patterns in the selection of Stylommatophora, with both species 

positively selecting for this prey type between June and August 2019 (Figure 5.5). 

However, during this period in 2018, positive selection was only identified in badger and 

hedgehog at Hartpury. Between September to November 2018, neither species selected for 

Stylommatophora, potentially demonstrating underutilisation of this prey resource. Pitfall 

trap captures were highly variable for this prey type, and this may be reflected in the 

selection indices for Stylommatophora.  
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Figure 5.5 Selection of Stylommatophora as shown by Ivlev’s electivity index, 

demonstrating prey selection by badger and hedgehog populations between June 

2018 and August 2019. The prey index was calculated for FOO dietary data obtained 

by molecular analysis of faecal samples and availability of prey was measured as 

biomass of organisms caught by pitfall trapping. 

 

Haplotaxida was positively selected for across both sites and all four seasons. During the 

period June – August in both 2018 and 2019, hedgehog more strongly selected for 

Haplotaxida than badger (Figure 5.6). Conversely, between September and November 

2018, badger showed stronger selection of Haplotaxida across both sites. In the period 

March – May 2019, selection for Haplotaxida was similar between each species, with 

selection being greater at the Hartpury site. Low capture rates of Haplotaxida in pitfall 

traps likely influence the strength of selection observed here.  
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Figure 5.6 Selection of Haplotaxida as shown by Ivlev’s electivity index, 

demonstrating prey selection by badger and hedgehog populations between June 

2018 and August 2019. The prey index was calculated for FOO of dietary data 

obtained by molecular analysis of faecal samples and availability of prey was 

measured by was biomass or organisms caught by pitfall trapping. 

 

The selection of Hymenoptera (Figure 5.7) varied between season and site. There was no 

consistent pattern for either species. Between March and May 2019, hedgehog at Hartpury 

showed a strong selection for Hymenoptera, whilst all other groups avoided this prey type. 

In June – August 2019, both badger and hedgehog selected for Hymenoptera, whereas both 

species underutilised Hymenoptera at Hartpury.  
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Figure 5.7 Selection of Hymenoptera as shown by Ivlev’s electivity index, 

demonstrating prey selection by badger and hedgehog populations between June 

2018 and August 2019. The prey index was calculated for FOO of dietary data 

obtained by molecular analysis of faecal samples and availability of prey was 

measured as biomass of organisms caught by pitfall trapping. 

 

Selection of Isopoda was observed at Brackenhurst, by both badger and hedgehog between 

the months of June – August 2018 and March – May 2019 (Figure 5.8). Hedgehog at 

Brackenhurst also selected for Isopoda between September and November. However, 

neither species selected for Isopoda at Hartpury during any season. 
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Figure 5.8 Selection of Isopoda as shown by Ivlev’s electivity index, demonstrating 

prey selection by badger and hedgehog populations between June 2018 and August 

2019. The prey index was calculated for FOO of dietary data obtained by molecular 

analysis of faecal samples and availability of prey was measured as biomass of 

organisms caught by pitfall trapping. 

 

The selection of Dermaptera was specific to hedgehog, and evident in the period June – 

August in both 2018 and 2019 (Figure 5.9). At Brackenhurst, hedgehog selected for 

Dermaptera in all seasons apart from September to November. Dermaptera was not present 

in the diet of badger despite being available in the environment.  
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Figure 5.9 Selection of Dermaptera as shown by Ivlev’s electivity index, 

demonstrating prey selection by badger and hedgehog populations between June 

2018 and August 2019. The prey index was calculated for FOO of dietary data 

obtained by molecular analysis of faecal samples and availability of prey was 

measured as biomass of organisms caught by pitfall trapping. 

 

Other Orders that were exclusively utilised by hedgehog were often consumed during 

specific seasons. Psocoptera (booklice) constituted 2.7% of hedgehog diet at Hartpury 

from June -September 2018. This rose to 9.9% between the period September- November. 

This prey type was not captured by pitfall trapping, indicating its low abundance within the 

environment. The availability of the Order Opiliones (harvestmen), was greatest at 

Brackenhurst between March and May 2019, representing 2.6% of available prey. 

Hedgehogs at Brackenhurst positively selected for Opiliones during this period and 

through until August 2019. Opiliones were not however identified in the diet of hedgehog 

at Hartpury throughout the period surveyed. 
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5.4 Discussion 

Competition for shared prey resources constitutes a key component of the Intra-Guild 

Predation (IGP) relationship between badgers and hedgehogs. Invertebrate prey dominates 

the diet of both species (Chapter 4), (Cleary et al. 2009; Wroot, 1984), though the degree 

of competition for shared prey items is dependent on local prey availability. IGP theory 

states that the level of competition indirectly affects the rate of predation between 

intraguild-predator and intraguild-prey (Holt and Polis 1997). Until now, there has been no 

comparative dietary assessment of badger and hedgehog with reference to local food 

availability. The diets of both species are extremely broad and often includes species from 

distinct groups of taxa, posing a significant challenge when attempting to quantify the 

relative availability of potential food items within the environment. In this study, pitfall 

trapping provides an index of the availability of ground dwelling invertebrate prey 

(Chapter 3), which dominates the diet of badger and hedgehog (Chapter 4) and therefore 

represents the prey types most likely to be competed over. However, this study exposed the 

nuances in prey biomass that likely exist between different prey Orders captured by pitfall 

trapping. Therefore, these results should be interpreted with appropriate caution, although 

for the most common prey items consumed by both species, namely ground dwelling 

invertebrates (Chapter 4), pitfall trapping does provide a reliable method of assessment. 

The results of this study show that neither species demonstrates strong selection of 

preferential prey, but instead tend to select what is available, reflective of their generalist 

statuses. Differences in prey selection showed that hedgehog take proportionally more 

beetles than badgers, whereas badgers consume proportionally more slugs and earthworms 

which may facilitate niche partitioning (Cloyed and Eason 2017) between co-occurring 

badger and hedgehog. Moreover, seasonal variation of available prey appears to affect prey 

selection, thus driving the strength of competition between seasons too. 
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Dietary assessment (Chapter 4) of hedgehog showed that Coleoptera (beetles) was 

in the highest proportion of samples, followed by Stylommatophora (slugs) and 

Haplotaxida (earthworms). Hedgehogs utilised Coleoptera proportionate to its availability 

(Index = -0.03), whereas badger selected against this prey type (Index = -0.20). This 

perhaps reflects the hedgehog’s smaller size, making it better suited for finding and 

consuming this prey type, unlike badgers, where foraging for Coleoptera is likely to be 

energetically inefficient in comparison. Seasonally, Coleoptera consistently represented a 

substantial proportion of prey biomass within the environment, though this varied between 

each site. In Autumn 2018, badgers at both sites showed a substantial reduction in the 

consumption of Coleoptera that did not correspond to a decrease in availability, suggesting 

that badgers may be utilising other prey during this period. As badgers are known to 

consume proportionately more plant and mammal prey than hedgehog (Chapter 4), and 

previous studies have highlighted the consumption of cereal crops during Autumn (Kruuk 

and Parish 1981), it is probable that badgers may have utilised other prey types that were 

seasonally available during this period. In the other three seasons assessed, the strength of 

selection appeared to be driven by the site-specific availability of Coleoptera, which was 

broadly similar between badger and hedgehog within each site. Again, this highlights a 

common prey type for both species which is likely competed over, with the strength of 

competition being affected by the local availability of prey.  

Both species selected for Haplotaxida (earthworms), highlighting the importance of 

this prey group for both species and the potential for competition over this prey resource. 

Selection for Haplotaxida was consistently high throughout all seasons, further reinforcing 

the understanding of Haplotaxida as a key prey type. Relatively low proportions of 

available prey biomass were constituted by Haplotaxida, and this may highlight a sampling 

bias between different prey groups. However, as hedgehogs are known to forage mainly on 
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surface dwelling invertebrates, pitfall trapping is likely to provide a realistic estimate of 

available prey for which badger and hedgehog may compete for (Doncaster 1992).  

Arable habitat (Chapter 3) supports a high abundance of Coleoptera, though 

hedgehogs are known to widely avoid arable habitat (Pettett et al. 2017; Williams et al. 

2018).  Despite this, hedgehog were shown to select Coleoptera relative to its site-wide 

availability, indicating that there was accessibility to this prey type across the wider site. 

The utilisation of different habitats, which likely affects the availability and encounter rate 

of certain prey, is discussed in Chapter 6 and considers whether hedgehogs avoid arable 

land in response to badgers, due to the difficulty they face in navigating this habitat, or to 

avoid badgers. 

In contrast, there were other Orders that accounted for relatively small proportions 

of available prey biomass that were still strongly selected for. Lepidoptera, for example, 

exceeded no more than 6.7% of available prey in any season. Although pitfall traps have 

been used similarly in other studies to assess broad invertebrate communities (Bhandari et 

al. 2018), the results here indicate that capture rate likely fluctuates between Orders. 

Caterpillars (Lepidoptera), for example, may be underrepresented in pitfall trapping, and 

this demonstrates a limitation of this method that must be recognised when comparing 

across different Orders. 

In this analysis, both species demonstrated strong selection of Lepidoptera, 

highlighting a preference for this prey type. Despite the strong selection exhibited towards 

Lepidoptera, neither badger nor hedgehog diet contained substantial proportions of this 

prey group. Therefore, it is unlikely that badger and hedgehog are frequently in 

competition for this prey type. More realistically, it highlights an opportunistic prey 

resource, that both species will select for, should they encounter this rarer prey type. This 

has been shown in badgers previously, with predation rates on bumble bees ranging from 1 

– 6.5 % (Cleary et al. 2009; Roberts et al. 2020) in reflection of seasonal availability of this 
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prey type. This also supports the level of Hymenoptera observed in the diet of badgers in 

this study, which was on average 3.6% of badger diet. Whereas, other studies have shown 

higher frequencies of badger predation on wasp nests in Summer, reflecting their seasonal 

importance (Goszczynski et al. 2000). 

Several of the prey groups available in the environment were not utilised by one or 

both species. Badger did not consume Dermaptera, nor Opiliones or Psocoptera. Araneae 

Chilopoda, Hemiptera and Trichoptera were not identifed in the diet of either species, 

despite representing between 0.90  and 4.5 % of available prey in pitfall traps. Several 

factors could potentially explain the non-consumption of these prey groups, such as the 

ability of each predator species to detect the prey and capture these prey types (Deudero 

and Morales-Nin, 2001). Moreover, the encounter rate of different prey may influence the 

likelihood of a prey type being consumed by either species (Sih and Christensen 2001).  

Another aspect that is infrequently considered is the macronutrient content of 

different prey. It has been suggetsed that badger densities and group size may potentially 

be limited by the availability of macronutrients, in additon to the abundance of prey 

(Balestrieri et al. 2019). Therefore, it is possible for there to be an abundance of prey yet 

the predator to still be nutrient deficent. Both species strongly selected for Lepidoptera, 

perhaps indicating its nutritional value. Indeed high levels of protein (Ramos-Elorduy et al. 

2011) are needed for 40-45 % of badger nutritional requriements (Balestrieri et al. 2019).  

Perhaps the integration of agri-environment schemes that promote the recovery of insects 

(Kleijn et al. 2003; McHugh et al. 2019) may also provide unintentional benefits to the 

wider ecosystem, providing an abundance of these preferred prey types for badger and 

hedgehog. 

Competition for prey items between badger and hedgehog is more likely for the 

common prey types and therefore this study assessed the selection of prey items that 

consitutied >1% of available prey biomass. However, for both species, the cateory ‘Other’ 
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represented a sizable proportion of the diet. This shows that many other prey items that are 

relatively less available in the envronment, are important collectively within the diet of 

both species. This supports the findings of Chapter 4 which demonstrated the broad dietary 

niche of both species. High dietary breadth, as exhibited by both species across the two 

sites surveyed (Chapter 4), may be indiciative of poor resource availability (MacArthur 

and Pianka 1966), whereby species broaden their niche to compensate for limited resource 

availability in order to meet their energetic demands.  

5.4.1 Limitations 

Whilst invertebrate prey dominates the diet composition of both badger and hedgehog, it 

does not describe their foraging patterns completely. Here, a measure of ground dwelling 

invertebrate biomass served as an index for available prey via pitfall traps, although plant, 

mammal, bird and amphibian species were not considered. As invertebrate prey dominate 

the diet of both badger and hedgehog, these are the prey they most likely compete for 

regularly. The measure of invertebrate biomass was obtained from pitfall trapping, which 

was chosen as it presented the broadest assessment of ground dwelling invertebrate prey 

that could be used exclusively as a measure of prey availability. For some taxa, namely 

Haplotaxida (earthworms) that only emerge on the soils surface to forage and mate (Butt et 

al. 2003), this may underrepresent the measure of available prey, particularly for badger 

that can dig and capture worms from beneath the soil’s surface. Therefore, although the 

method of assessing available prey was imperfect, it provided a useful estimate for the 

broad array of invertebrate prey consumed by these competitors.  

 Patterns of prey selection revealed the complete avoidance of some Orders, namely 

Chilopoda and Araneae, despite their notable availability. There are several unmeasured 

factors that may have accounted for this, such as the palatability or motility of prey. These 

interactions would be logistically difficult to observe, particularly without disturbing the 
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natural foraging behaviour of badger and hedgehog. Potentially, food trials (Peterson and 

Renaud 1989) could be used to better understand these apparent prey preferences exhibited 

by badger and hedgehog. 

 Another limitation of the study was the number of faecal samples that could be 

analysed molecularly, which in turn constrained the number of study sites. The results of 

this study were obtained from sampling two mixed farms, and therefore the assessment of 

several additional sites would be beneficial to assess whether the results observed in this 

study are consistent across other geographical locations. For example, areas with different 

land use may support different prey that would affect the level of niche segregation and 

competition between badger and hedgehog. Moreover, given the evidence for sex biases 

and individual level specialism in the diet of many species (Catry et al. 2014; Jacquier et 

al. 2020; Terraube et al. 2014), including the badger (Robertson et al. 2014, 2015), it 

would perhaps have been revealing to include host identification of individual scats. 

Technical constraints currently prevent hedgehog faecal samples from being sexed as there 

are no known sexing primers. Moreover, existing genotyping of badger faecal samples 

(Frantz et al. 2003), and that performed as part of this wider study, document variable 

success rates when analysing poor quality samples such as degraded faecal samples (see 

Chapter 4). 

5.4.2 Further Research 

This study allowed dietary patterns of badger and hedgehog to be analysed across the two 

sites studied. However, accessibility and utilisation of the available foraging habitat is an 

important driver of diet selection indices, which alters considerably with spatial scale 

(Gillis et al. 2020). Therefore, by using home range analysis to investigate the proportion 

of available habitat utilised by both species, a more accurate assessment of prey 

availability could be calculated (Gillis et al. 2020). Moreover, a measure of the other prey 
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groups would be beneficial. For example, incorporating a seasonal assessment of the plant 

species available would reveal whether either species exhibit prey switching, in relation to 

the seasonal availability of cultivated crops. Farmland habitat has been associated with 

higher levels of individual specialism in badgers, driven by limited resources that also was 

associated with larger territory size (Robertson et al. 2015). 

In addition, the two sites in this study included mixed farms where both species co-

occur. Prey availability is likely to differ more greatly in arable dominated sites and prey 

selectivity of one species may alter in the absence of the other. Inclusion of a broader range 

of sites would be interesting, to ascertain whether the dietary selection shown in this study 

is consistent amongst sites with differing land use and species composition. 

5.4.3 Conclusions 

The results of this study highlight that both badgers and hedgehogs do not consume 

invertebrate prey randomly, relative to its availability, but rather the dietary patterns of 

these species show that they positively select certain invertebrate prey. The most common 

prey types Coleoptera and Haplotaxida were positively selected for by badgers and 

hedgehogs, indicating that there is competitive pressure for these prey resources. However, 

hedgehogs utilised prey that badgers selected against. This could reflect palatability, 

encounter rate at a finer level, and the ability of these species to capture different mobile 

prey types (Sih and Christensen 2001). Differential selection of prey may facilitate niche 

partitioning, highlighting an important mechanism whereby hedgehogs exploit resources 

that badgers do not. This is in line with IGP theory that hedgehogs, the intra-guild prey, 

must be a superior exploiter of resources to enable coexistence with the intra-guild 

predator, badgers (Polis et al. 1989). Understanding the utilisation of available foraging 

habitat by badgers and hedgehogs (Chapter 6) will enhance the understanding of the 

accessibility of available prey further.  
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Chapter 6 The spatio-temporal and abundance relationships between badgers 

and hedgehogs across the rural landscape 
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6.1 Introduction 

The relationship between badgers (Meles meles) and hedgehogs (Erinaceuas europaeus) is 

complex due to their intra-guild predation relationship (Doncaster 1992), whereby they 

compete for food resources within the same habitats and badgers predate hedgehogs, 

thereby acting as the principle driver of interactions between these two species (Polis et al. 

1989). Studying intra-guild predation relationships amongst wild animals is difficult due to 

the wide range of variables that need to be quantified to understand the interplay between 

predation and competition. Typically, research on badgers and hedgehogs has focused on 

one dimension of the relationship, either spatial, density or temporal, whilst omitting the 

effects of prey availability and dietary niche partitioning and involving too few study sites 

to incorporate context-specific habitat preferences. 

Spatial avoidance strategies represent a key mechanism for facilitating the 

coexistence of some species, relying on the utilisation of the same resources but in 

different locations, or switching to different resources which occur in different locations, 

namely habitat and food (Darmon et al. 2012). Often, multiple study sites are required to 

investigate these spatial patterns and therefore by collecting data uniformly, larger datasets 

can be produced, providing greater explanatory power (Scotson et al. 2017). At the 

regional scale, both badgers and hedgehogs are widely distributed across the United 

Kingdom, suggesting their frequent co-occurrence (Judge et al. 2017; Wembridge and 

Wilson 2018). However, at a finer scale they exhibit different habitat associations, with 

hedgehogs showing an affinity for amenity grassland and suburban areas that is not 

commonly shared by badgers (Doncaster 1992; Young et al. 2006). Such relationships 

have been attributed to badgers creating a ‘landscape of fear’ for hedgehogs, precluding 

them from suitable habitat where badgers are present. Indeed, hedgehog occupancy at the 1 

km2 scale has been shown to be negatively related to the presence of badgers in rural 

England and Wales (Yarnell et al. 2014; Williams et al. 2018). This solidifies the growing 
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consensus that badgers exert a negative pressure on hedgehogs (Young et al. 2006; Hof et 

al.2012; Williams et al. 2018; Hof et al. 2019b), possibly “excluding” them from suitable 

habitat as they seek refuge from badger predation and competition. Therefore, at a finer 

habitat scale, hedgehogs may be spatially excluded from suitable habitat by the 

competitive and predatory action of badgers leading to reduced densities or occupancy 

rates which could then result in population declines.  

Theory also suggests that the intraguild-prey species may occupy lower quality 

habitats to minimize the risk of interactions with the intraguild-predator. This has been 

observed in coyotes (Canis latrans) and their intraguild-prey the kit fox (Vulpes macrotis), 

(Robinson et al. 2014). This highlights that habitat use can also impact the availability and 

quality of food resources, and typically results in subordinate species avoiding optimal 

foraging habitat in the presence of a predator (Morris 2009). Accordingly, in the case of 

badgers and hedgehogs, the latter would be hypothesised to be found in suboptimal habitat, 

in terms of prey availability.  

 The dynamic nature of resource availability means that there is some variation in 

the subordinate species’ response to predation risk. For example, bobcats (Lynx rufus) 

avoid coyotes when basal prey are abundant but are forced to use areas of higher coyote 

presence when prey resources in suboptimal habitats are diminished (Wilson et al 2010). 

This demonstrates that the response to predation risk in bobcats varies with fluctuating 

food availability. As stated in Chapter 4, there is a maximum level of dietary overlap that 

allows species to coexist, and alternative prey items increase the likelihood of establishing 

this balance. When food is limiting, intra-guild predators may switch their prey, consuming 

their occasional prey more readily. Therefore, the rate of intraguild predation may rise 

under these circumstances. Without incorporating co-occurrence data and a measure of 

food availability, these interactions would go undetected, and the mechanisms for 

coexistence would not be identified. 
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Temporal segregation is another predator avoidance strategy that has been shown to 

promote the coexistence of some species. In the example of coyotes avoiding wolves 

(Canis lupus) (Arjo and Pletscher 1999), temporal segregation was only evident during the 

winter when home ranges were highly overlapping, showing the fluidity of these 

behavioural shifts in response to the threat posed by intraguild predators. By altering their 

daily activity between seasons, coyotes effectively occupied the same prey-rich area as 

wolves, benefitting from scavenging on wolf kills whilst avoiding predator encounters. 

This demonstrates that when shared prey are sufficiently abundant to support both 

intraguild predator and prey species, temporal segregation may provide another mechanism 

for promoting the coexistence of these competitors. Though the nocturnal habits of badgers 

and hedgehogs are well known (Dowding et al. 2010; Garnett et al. 2002), there has been 

no direct comparison of temporal patterns of hedgehog and badger activity to date. 

Evidence showing that hedgehogs physiologically respond to predator olfactory cues 

(Ward et al. 1997) suggests that they perceive badgers as a threat which may in turn initiate 

a shift in activity, though this remains unstudied. 

There is evidence that badgers predate hedgehogs (Micol et al., 1994), which was 

demonstrated by the detection of hedgehog DNA within badger scats in the wider study 

(Chapter 4), though this may represent scavenging behaviour on an already dead hedgehog. 

Furthermore, decreases in badger abundance can result in increases in hedgehog density in 

their preferred habitat, amenity grassland (Trewby et al. 2014). Indeed, other studies have 

highlighted the negative correlation between increasing badger activity and hedgehog 

abundance (Hof et al.2012; Hubert et al. 2011; Williams et al. 2018; Yarnell et al. 2014). 

However, these studies have relied on using badger sett density, or main sett density, as a 

proxy for badger abundance, which may be erroneous leading to over or underestimation 

of badger activity within an area. Despite this, scientific consensus is that badgers exert a 

negative population response on hedgehog (Doncaster et al. 2001; Young et al. 2006). 
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However, the mechanism of this negative population response (competition for food or 

direct predation) has not been identified. Furthermore, habitat selection by each species is 

different and use of amenity grassland by hedgehogs may either be because it provides 

optimal habitat for them, or because it reflects their landscape of fear response caused by 

the presence of badgers in the surrounding habitat (Doncaster 1992). However, hedgehog 

densities are considerably higher in urban areas (Schaus et al. 2020), which suggests that 

urban areas may offer the best habitat for them, irrespective of badger presence.  

The aim of this study was to test whether the presence of badgers, habitat 

preference, or an index of prey availability, best predicted hedgehog presence, density and 

temporal activity across rural England and Wales. Based on intraguild predation theory 

(Polis et al. 1989) and past literature, it is hypothesised that badger density and presence 

will negatively influence hedgehog presence and density, and that hedgehogs will avoid 

areas of high prey availability shared by badgers. Finally, it is hypothesised that badgers 

and hedgehogs will exhibit spatial or temporal partitioning and, should they be spatially 

separated, there will be no change in the temporal niche of hedgehogs in order to avoid 

badgers.  

6.2 Methods 

The study took place across all 23 study sites described in Chapter 2. Camera trapping was 

used to estimate focal species density and occupancy (Chapter 6), whilst invertebrate 

sampling was used as an index of prey availability for both species (Chapter 3). 

Methodologies were consistent between sites and years, allowing data to be pooled for 

analysis.  
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6.2.1 Data analysis 

6.2.1.1 Density estimation 

The density of badgers and hedgehogs at each site was estimated using the Random 

Encounter Model (REM) methodology (Rowcliffe et al. 2008). REM allows density 

estimates to be obtained from camera trapping data for species such as hedgehogs that do 

not have any unique identification features (Schaus et al. 2020). The REM formula 

calculates density (D) as a function of trapping rate (the number of detections per unit 

time, y/t), speed of movement (v), radial distance to the animal (r) and camera detection 

zone (θ), (2a, where a is the angle of detection, in radians): 

𝑫 =  
𝒚

𝒕

𝝅

(𝒗𝒓(𝟐 + 𝜽))
 

Total trapping effort was calculated by multiplying the number of trapping hours 

per survey night, defined as the time between the first and last detection of either target 

species at each site, by the number of survey nights. Number of detections were recorded 

by counting the number of individuals within any one 15-second video. A 5-minute delay 

between camera triggers was considered sufficient to assume that video recordings 

represented unique detection events. A minimum of 10 independent detections per species 

was required to calculate reliable density estimates using site-specific parameters 

(Rowcliffe et al. 2008).  

The position of the animal as the first point of detection was used to calculate 

distance from the camera and angle of detection. Landmark features such as trees, shrubs 

and hedgerows were important for positioning the location of the animal and describing the 

path travelled by the animal over the course of the video. Where possible, the movement of 

the animal was tracked and measured using a measuring tape and the overall distance 

travelled (m) was recorded. For each species, the speed of movement (m/s) was calculated 

as the average, taken from all detections across each site. For sites where badgers or 
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hedgehogs were detected but the number of detections was low, mean parameters for 

species daily ranges were calculated across all sites. 

The 95% confidence intervals around the density estimates were calculated by 

resampling camera locations using replacement bootstrapping analysis based on 1000 

iterations, as per Rowcliffe et al. (2008). Standard errors were also calculated for the 

independent estimation of parameters V, r, and θ. A linear regression was used to establish 

whether hedgehog density was associated with badger density. The scatterplot of 

standardised predicted values versus standardised residuals indicated that the data met the 

assumptions of homogeneity of variance and linearity, and the residuals were 

approximately normally distributed. 

Inferential analyses were performed to assess whether land-use affected densities of 

badger and hedgehog. Assumptions of normality were not met for hedgehog density, 

therefore the non-parametric Kruskal–Wallis test (Kruskal and Wallis 1952) was 

performed to assess hedgehog density between different land-uses. Pairwise comparisons 

were assessed using Bonferroni adjusted Wilcoxon rank sums tests. A one-way ANOVA 

(Chambers et al. 1992) was performed to assess the relationship between badger density 

and land-use as the assumptions of normality were met.  

6.2.1.2 Temporal activity analysis 

Diel activity patterns were assessed by fitting kernel density functions to the patterns of 

timing of observations of badgers and hedgehogs (Ridout and Linkie 2009). Analyses were 

conducted in R Statistics software using the packages ‘Activity’ (Rowcliffe 2016) and 

‘Overlap’ (Meredith and Ridout 2016). The ‘overlap’ package produced a non-parametric 

estimator of the coefficient of overlap between badgers and hedgehogs, ‘dhat 1’ (Δ1), 

ranging from 0 (no overlap) to 1 (complete overlap). To minimise biases due to small 

sample sizes, a minimum of ten detections per species at each site was required to fit 

kernel density estimates and calculate the coefficient of overlap (Lashley et al. 2018). High 
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confidence in activity estimation requires 100 detections per species (Rowcliffe et al. 2014; 

Dykes et al. 2018), therefore preventing within site analyses in this study due to relatively 

low detection levels. The degree of overlap was visualised with the function ‘adjust’, using 

the value 0.8, which produced smooth density estimates. Bootstrapping using 10,000 

iterations was carried out and 95% confidence intervals were generated. The Wald Test 

was used to compare activity level estimates by assessing whether the difference between 

two activity estimates was significantly different from zero (Ridout and Linkie 2009). 

Nightly temporal activity patterns for each species were first estimated from the 

pooled time stamps of all videos recorded across all sites. To assess whether the presence 

of badgers at a site resulted in a change in hedgehog temporal activity, temporal data from 

sites where both species co-occurred were compared to the temporal activity of the same 

species at sites where badgers or hedgehogs were found exclusively. Comparison of badger 

and hedgehog activity at individual sites was conducted for 6 of the 11 sites where both 

species co-occurred; low detection levels (<10 timed observations per species per site 

(Lashley et al. 2018) at the remaining 5 sites prevented activity overlap from being 

quantified.  

6.2.1.3 Occupancy Modelling  

Occupancy modelling estimates the probability of a species being present whilst 

accounting for imperfect detection. Repeated surveys allow the detection probability to be 

estimated, either as a constant or using detection covariates. Single-species single-season 

occupancy models (MacKenzie et al. 2017) were used to estimate badger and hedgehog 

presence/absence in relation to habitat and food covariates. Multi-species occupancy 

models, using the best predictors identified for the occupancy of each species, were used to 

test which variables influence species co-occurrence. Each camera survey night was treated 

as a repeat survey. For occupancy analysis, a site was defined as a camera trap location, 

which allowed potential spatial segregation at the habitat scale to be assessed. Cameras 
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were spaced a minimum of 40 metres apart, which is less than one home range, meaning 

individuals of both species could have visited >1 camera location per night, potentially 

violating assumptions of independence. However, occupancy was calculated as a measure 

of relative activity at a site rather than as a measure of true occupancy (MacKenzie et al. 

2017). Differences in the abundance of the target species may affect the detection of the 

target species, therefore to account for the perceived change in detection, a relative 

abundance score was used as a covariate for detection occupancy (MacKenzie et al. 2017). 

Measures of relative species abundance were calculated as the number of photos taken at 

each camera station divided by the number of trapping days, averaged for each study site. 

No other detection covariates were included as there was no evidence to suggest detection 

would vary with any other covariate. Camera locations were pooled across 2018 and 2019 

prior to analysis to provide occupancy estimates for both badgers and hedgehogs. 

Data was collected from 674 cameras, though data was omitted from the 27 

cameras placed at Thorn site, due to missing invertebrate data, and from 7 cameras that had 

extremely high detection rates due to random location generation placing cameras near 

badger setts that caused issues with over-dispersion. A further 2 camera sites with high 

pitfall capture biomass (g) were identified and removed as outliers, resulting in 638 camera 

sites that were included in subsequent occupancy models. All occupancy analyses were 

conducted in R Statistics software using the package ‘Unmarked’ (Fiske et al. 2013). 

To assess the occurrence of each species in relation to habitat availability (amenity, 

arable, building, grassland and woodland: Table 6.1), nearest Euclidean distances (m) from 

each camera location to each habitat type were included as covariates in occupancy 

models. Distances were calculated in ArcMap 10.6.1 (ESRI (Environmental Systems 

Research Institute.) 2018) using the “Near” tool. Distance to amenity grassland and 

distance to the nearest building were co-linear, therefore only distance to buildings was 

included in the occupancy models. Covariates that were continuous data were standardised 
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using z-scores (Table 6.1). Habitat diversity was quantified as the number of habitat types 

present within a 10m circular buffer of each camera location (ranging from 1 – 4). 

Table 6.1 Summary of the covariates used in the single-season single-species 

occupancy models and the data format for each. 

 

 

Variable name Description Variable type 

Dist_to_arable Distance from camera location to nearest 

habitat feature – Arable 

Z-scores 

Dist_to_amenity Distance from camera location to nearest 

habitat feature – Amenity grassland 

Z-scores 

Dist_to_building Distance from camera location to nearest 

habitat feature – Buildings 

Z-scores 

Dist_to_grassland Distance from camera location to nearest 

habitat feature – Grassland 

Z-scores 

Dist_to_woodland Distance from camera location to nearest 

habitat feature – Woodland 

Z-scores 

Badger_relative Relative abundance of badger at each camera 

location. 

Binary 

Hedgehog_relative Relative abundance of hedgehog at each 

camera location. 

Binary 

Habitats Number of habitats within 10m buffer of 

camera location  

Count 

Earthworm_abundan

ce 

Camera location specific estimate of 

earthworm abundance 

Z-scores 

Earthworm_biomass Camera location specific estimate of 

earthworm biomass 

Z-scores 

Pitfall_abundance Camera location specific estimate of pitfall 

abundance 

Z-scores 

Pitfall_biomass Camera location specific estimate of pitfall 

biomass 

Z-scores 

Beetle_abundance Camera location specific estimate of beetle 

abundance 

Z-scores 

Beetle_biomass Camera location specific estimate of beetle 

abundance 

Z-scores 
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To test whether the availability of food (see Chapter 3) was associated with the 

occurrence of either species, the abundance and biomass of both earthworms and pitfall 

trap captures within each habitat was measured and used as an index of prey availability. 

Average values from invertebrate sampling sites were calculated for each habitat type, 

specific to each unique study site (n = 22 sites). Unique values were calculated for each 

camera location (638) by extracting the proportion of each broad habitat within a 10-metre 

buffer and weighting the average food availability measure by these proportions. This 

resulted in six unique covariates for the index of food availability per camera location; 

earthworm abundance, earthworm wet biomass, pitfall capture abundance, pitfall capture 

dry biomass, beetle abundance and beetle biomass. Data specific to earthworms and beetles 

were included in the analysis as these contributed large components of both species diet 

(Chapter 4). The relative abundance of species was added as a variable influencing 

detection probability (p), to account for variations in abundance between study sites. 

For each species, a global model was used to test each combination of the 

following variables using the dredge function from the ‘MuMIn’ package (Bartoń 2019): 1) 

distance to arable; 2) distance to building; 3) distance to grassland: 4) distance to 

woodland; 5) earthworm biomass; 6) pitfall biomass 7) beetle biomass and 8) number of 

habitats within 10m. Models produced a value for detection probability, naive occupancy, 

and estimated occupancy (considering the detection probability). Models were ranked 

using ΔAIC scores (Akaike 1974) and only those with a value < 2 were selected for 

subsequent analysis (Burnham and Anderson 2002). Models that did not converge were 

omitted. The goodness of fit for the highest-ranking model was assessed using a bootstrap 

method (1000 replications) (MacKenzie and Bailey 2004). Hedgehog occupancy models 

were not over-dispersed ĉ = 1.04, whereas badger models were, resulting in a variation 

inflation factor (VIF) of ĉ = 2.58 for badger occupancy models. Standard errors were 
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inflated by a factor of √�̂� = 1.61 for badger models and ranked by quasi-AIC (ΔQAIC) 

values. Models with ΔQAIC values >2 were excluded. 

Multispecies models were used to evaluate interactions between hedgehogs and 

badgers. The models were built with the best single-species occupancy parameters yielded 

from the single species occupancy modelling which included pitfall biomass, distance to 

buildings, arable, and woodland habitat, with parameters for interaction. 

6.3 Results 

Of the 23 study sites, hedgehogs were detected at 13 sites (Table 6.2), of which badgers 

co-occurred at 11 of these sites. Badgers were found at 20 sites, of which 9 had no 

hedgehogs. All 11 sites where both species were found were either livestock farms with 

predominantly pasture habitat or classified as mixed farms, that had both arable and 

recently grazed pasture, except for Norfolk where grassland was present but was not 

grazed by livestock. One study site (Suffolk) failed to detect either species; this was also 

the largest arable-dominated site included in the study. 

Of the 638 unique camera locations included in the occupancy analysis across 23 

study sites, 218 were surveyed in 2018 and 420 in 2019. A Pearson’s Chi-Squared test was 

carried out to assess whether the presence of each species and land-use were related. There 

was significant evidence of an association for hedgehog, (χ2 (2) = 10.59 p = 0.01) but not 

for badger (χ2 (2) = 0.96, p = 0.62). Hedgehogs were detected at 0.0% of the 5 sites 

classified as arable, 66.7% of the 6 pasture sites, and 75.0% of the 12 mixed farm sites 

(Figure 6.1). Therefore, hedgehogs were more likely (Chi-squared result) found at pasture 

and mixed farming sites than arable. Badgers were present at 80.0% of the 5 sites classified 

as arable, 100.0% of the 6 pasture sites, and 83.3% of the 12 mixed farm sites (Figure 6.1). 
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Table 6.2 Camera trap derived density estimates for badgers and hedgehogs across 23 sites in England and Wales between April 2018 and August 

2019. Site number, number of camera detections and the estimated Day Range used to calculate random encounter model (REM) density estimates 

are also given. Activity represents the proportion of time animals spent being active and is one of the parameters required to obtain REM estimates. 

Standard deviations and 95% confidence intervals are given for density estimates. 

Site Land-use  No. of 

detections 

Day Range  

(speed*activity) 

Density 

per km² 

SD 95% CI No. of 

detections 

Day Range  

(speed*activity) 

Density 

per km² 

SD 95% CI 

Hedgehog Badger 

1 Mixed farm (college) 11 0.46 4.73 2.18 1.96 - 9.78 54 1.23 4.49 1.42 2.21 - 7.31 

2 Mixed farm (college) 44 0.66 12.05 3.19 6.50 -19.42 17 1.03 3.04 0.81 1.51 - 4.87 

3 Organic Pasture/Livestock 

farm 

16 0.43 4.05 1.94 2.00 - 9.54 26 1.74 4.16 1.55  1.03 - 7.39  

4 Pasture/Livestock farm 2 1.84 0.96 1.41  0.50 – 3.97  42 0.74 15.21 4.26 8.36 - 24.18 

5 Mixed farm 9 1.00 3.81 0.48 3.03 - 4.92 36 0.75 7.89 2.52 3.72 - 14.49 

6 Mixed farm 0   0     63 0.46 34.1 7.66 20.73 - 52.08 

7 Arable (National Trust site) 0   0     22 0.96 4.07 1.50 2.14 - 7.54 

8 Arable farm 0   0     3 0.97 1.39 NA  0.71 - NA  

9 Mixed farm 14 1.52 1.71 0.78 0.68 - 3.60 33 0.50 15.25 8.31 3.93 - 32.37 

10 Arable farm 0   0     8 2.23 1.60 0.60 0.90 - 3.03 

11 Mixed farm 31 0.78 7.08 2.61 3.16 - 13.35 1 1.10 1.50   0 0.34 – 0.34  

12 Mixed farm 12 0.67 3.91 0.23 3.54 - 4.62 0  0 
 

 

13 Arable farm 0   0     57 1.03 7.43 1.79 4.92 - 11.67 

14 Mixed farm 0   0     22 0.86 11.07 10.81 2.62 - 43.62 

15 Pasture/Livestock farm 10 0.56 2.88 0.92 0.98 - 3.50 1 1.10 0.55  0  0.55 – 0.55  

16 Dense woodland, Pasture 0   0     35 1.15 4.64 1.05 2.97 - 7.31 

17 Mixed farm 10 0.35 7.61 2.78 4.02 - 14.34 1  1.10 0.59  0  0.59 – 0.59  

18 Organic Pasture/Livestock 

farm 

1 0.65 0.30 0  0.27 – 0.27  18 1.33 3.76 1.29 2.02 - 6.61 

19 Mixed organic farm 0   0     14 1.95 1.64 0.43 0.98 - 2.62 

20 Pasture/Livestock farm 0   0     23 0.51 5.53 3.52 9.76 - 22.76 

21 Mixed farm 16 0.40 8.37 4.74 9.95 - 27.73 0    0     

22 Mixed farm (college) 6 0.37 2.05 0.40 1.63 - 3.18 7 1.25 3.3 1.00  1.60 - 5.11 

23 Arable farm 0   0     0    0     
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Figure 6.1 The percentages of sites (n = 23) where badger and hedgehog were detected 

using camera traps, showing an association between land-use and detection of 

hedgehogs. Black bars = badgers, grey bars = hedgehogs. 

  

Badgers were also recorded at more individual camera trap locations than hedgehogs (n = 158 

(24.6%) and n = 64 (10.0%), respectively). At the 11 sites where both species were detected, 

both species were recorded at just 11 individual camera trap locations (1.7%), suggesting 

spatial separation within sites at a local level.  

6.3.1 Numerical relationship between badgers and hedgehogs 

Using site-specific parameters, density estimates were calculated for hedgehog and badger for 

11 and 16 sites, respectively (Table 6.2). Hedgehogs and badgers were detected at a further 2 

and 4 sites, respectively but, due to low detections rates, average parameters were used to 

calculate density estimates at these sites. Hedgehog densities ranged from 1.7 to 12.1 km-². In 

comparison, badger densities ranged from 1.6 to 15.3 km-². Hedgehogs were not detected at 
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10 sites and badgers were not detected at 3 sites. The density of a species that was not 

detected at a site was assumed to be zero and included in this analysis. 

Due to the variability in hedgehog densities, both linear and non-linear approaches 

were used to investigate the relationship between hedgehog and badger density. Linear 

regression showed a non-significant negative relationship (Figure 6.2) between the density of 

both species (R² = 0.09, F(1,14) = 2.05 , p = 0.17), with the plot indicating a non-linear 

relationship. As the distribution of hedgehog density was skewed, a non-linear Gamma GLM 

was carried out, however the model failed to converge and was likely due to the small sample 

size of sites where both species co-occurred (Montez-Rath et al. 2006). 

 

Figure 6.2 Linear regression showing the relationship between badger and hedgehog 

density (km-2) across 23 rural sites in England and Wales. 
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6.3.1.1 Land-use 

A Kruskal-Wallis test was carried out to compare hedgehog densities between arable, pasture 

and mixed farming landscapes. The results indicated that the density of hedgehogs differed 

between the three types of land-use, H(2) = 7.87, p = 0.02. Wilcoxon signed rank pairwise 

tests were carried out for the three pairs of groups. Hedgehog densities were significantly 

higher (p = 0.02, adjusted using Bonferroni correction) in mixed farmland landscapes in 

comparison with arable-dominated landscapes (Figure 6.3). The median density of hedgehogs 

in mixed farmland was 3.86 km-2 compared to 0.63 km-2 and 0.00 km-2 in pasture and arable 

dominated landscapes, respectively. 

 

 

Figure 6.3 Boxplots (median, 25% and 75% quartiles, and 95% confidence interval) of 

the density of hedgehogs (blue) and badgers (pink) in Arable (n = 5), Mixed (n = 12) and 

Pasture (n = 6) dominated landscapes. 
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A one-way ANOVA was conducted to compare badger densities between arable, pasture and 

mixed farming landscapes. Normality checks and Levene’s test were carried out and the 

assumptions met. There was no significant difference in mean badger density, F2,20 = 0.47, p 

= 0.63, between the three different types of land-use. 

6.3.2 Factors predicting hedgehog occupancy 

Naïve hedgehog occupancy across the 638 camera locations was 10.0 %. Of these 64 

detections, 42 (66%) were located less than 200 metres from buildings. The number of 

habitats present within the 10-metre buffer of each camera location ranged from 1- 4 (1.5 ± 

0.6). The mean ( sd) distance (m) from locations to each habitat was: arable = 121 ± 157, 

amenity = 282 ± 247, building = 254 ± 183, grassland = 83 ± 130 and woodland = 96 ± 125. 

Grassland was the most commonly occurring habitat, present within the 10m buffer of 46% 

of cameras, followed by followed by arable (40%), woodland (35%), buildings (17%) and 

amenity grassland (12%). 

The best fitting models for hedgehog occupancy (Table 6.3) all included distance to 

the nearest building (Dist_to_building) and relative pitfall biomass (Pitfall_biomass). Badger 

presence as a covariate for explaining hedgehog occupancy was not in the top models with 

ΔAIC<2. 

Detection of hedgehogs was influenced by their relative abundance 

(Hedgehog_relative), (β= 32.14, 95% CI= 23.19 – 40.22). In the highest ranked model, 

hedgehog occupancy was significantly negatively associated with distance to the nearest 

building (Dist_to_building), (β= -0.47, 95% CI= -0.77 – 0.14) and pitfall capture biomass 

(Pitfall_biomass), (β= -2.69, 95% CI= -5.35 – -0.26). The combined AIC weight of the six 

best fitting models with an AIC < 2 was 0.19, with all models including distance to nearest 

building (Figure 6.4) and pitfall biomass (Figure 6.5).  
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Table 6.3 Summary of single-species occupancy models ΔAIC<2 (N = 638 locations) 

used to evaluate detection (p) and occupancy (ψ) for hedgehogs. Variable names relate 

to those depicted in Table 6.1. K = number of parameters; QLL = Quasi Log 

Likelihood; wi = model weight, cum.wi = cumulative model weight. Final retained 

model is in bold. 

Model K AIC ΔAIC QLL wi Cum. 

wi 

p (Hedgehog_relative), ψ 

(Dist_to_building + Pitfall_biomass) 

5 941.21 0.00 -465.56 0.05 0.05 

p (Hedgehog_relative), ψ 

(Dist_to_building + Dist_to_arable + 

Pitfall_biomass) 

6 941.79 0.58 -464.83 0.04 0.09 

p (Hedgehog_relative), ψ 

(Dist_to_building + Pitfall_biomass 

+ Earthworm_biomass) 

6 941.92 0.71 -464.90 0.04 0.13 

p (Hedgehog_relative), ψ 

(Dist_to_building + 

Dist_to_grassland + Pitfall_biomass) 

6 942.53 1.32 -465.20 0.03 0.16 

p (Hedgehog_relative), ψ 

(Dist_to_building + Pitfall_biomass 

+ Beetle_biomass) 

6 943.16 1.95 -465.51 0.02 0.18 

p (Hedgehog_relative), ψ 

(Dist_to_building + 

Dist_to_woodland + Pitfall_biomass) 

6 943.19 1.98 -465.53 0.01 0.19 
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Figure 6.4 Relationship between distance to nearest building (m) and hedgehog 

occupancy across 638 camera sites in England and Wales in 2018 – 19, based on an 

occupancy model with distance to nearest building added as a covariate and constant 

detection. 

 

Figure 6.5 Relationship between pitfall capture biomass (g) and hedgehog occupancy 

across 638 camera sites in England and Wales in 2018 – 19, based on an occupancy 

model with pitfall biomass as a covariate and constant detection.  
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6.3.3 Factors predicting badger occupancy 

Badgers were found at 158 (24.8 %) of the 638 locations. Of these 158 detections, 80% were 

located less than 200 metres from arable habitat, whilst only 30 % were located within 200 

metres of buildings. There were 196 camera locations in arable habitat, of which 32.1 % were 

occupied by badgers. Badgers were only detected at 2 of the 41 camera locations located in 

amenity grassland habitat (4.8 %). 

The best fitting models for badger occupancy (Table 6.4) included distance to nearest 

building (Dist_to_building), distance to arable (Dist_to_arable) and distance to woodland 

(Dist_to_woodland). Hedgehog presence as a covariate for explaining badger occupancy was 

not in the top models with ΔAIC<2. 

Detection probability was positively influenced by relative badger abundance 

(Badger_relative) (β= 17.32, 95% CI=13.46 – 21.17). In the highest ranked model, badger 

occupancy was significantly positively associated with distance to the nearest building (β= 

0.43, 95% CI= -0.17 –  -0.70), and negatively associated with distance to arable (β= -0.20, 

95% CI= -0.32 – -0.07) and distance to woodland (β= -0.17, 95% CI= -0.29 – -0.04). The 

combined QAIC weight of the eight best fitting models with an AIC < 2 was 0.46, with all 

models including distance to buildings (Figure 6.6), woodland (Figure 6.7) and arable habitat 

(Figure 6.8).  
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Table 6.4 Summary of single-species occupancy models ΔAIC<2 (N = 638 locations) 

used to evaluate detection (p) and occupancy (ψ) for badgers. Variable names relate to 

those depicted in Table 6.1. K = number of parameters; QLL = Quasi Log Likelihood; 

wi = model weight, cum.wi = cumulative model weight. Final retained model is in bold. 

Model K QAIC ΔQAIC QLL wi Cum. 

wi 

p (Badger_relative), ψ (Dist_to_arable + 

Dist_to_building + Dist_to_woodland) 

6 832.33 0.00 -1055.4 0.09 0.09 

p (Badger_relative), ψ (Dist_to_arable + 

Dist_to_building + Dist_to_woodland + 

Earthworm_biomass) 

7 833.66 1.33 -1054.49 0.09 0.18 

p (Badger_relative), ψ (Dist_to_arable + 

Dist_to_building + Dist_to_woodland + 

Pitfall_biomass) 

7 833.77 1.44 -1054.62 0.08 0.26 

p (Badger_relative), ψ (Dist_to_arable + 

Dist_to_building + Dist_to_woodland + 

Coleoptera_biomass) 

7 834.23 1.90 -1055.22 0.04 0.34 

p (Badger_relative), ψ (Dist_to_arable + 

Dist_to_building + Dist_to_woodland + 

Dist_to_grassland) 

7 834.26 1.93 -1055.26 0.04 0.38 

p (Badger_relative), ψ (Dist_to_arable + 

Dist_to_building + Dist_to_woodland + 

Dist_to_grassland + Habitats) 

8 834.33 2.00 -1055.36 0.04 0.46 
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Figure 6.6 Relationship between distance to nearest building (m) and badger occupancy 

across 638 camera sites in England and Wales in 2018 – 19, based on an occupancy 

model with distance to nearest building added as a covariate and constant detection. 

 

Figure 6.7 Relationship between distance to woodland habitat (m) and badger 

occupancy across 638 camera sites in England and Wales in 2018 – 19, based on an 

occupancy model with distance to woodland added as a covariate and constant 

detection. 
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Figure 6.8 Relationship between distance to arable habitat (m) and badger occupancy 

across 638 camera sites in England and Wales in 2018 – 19, based on an occupancy 

model with distance to arable added as a covariate and constant detection. 

6.3.4 Multi-species occupancy  

The environmental predictors of hedgehog and badger occupancy identified above, were 

incorporated into multi-species occupancy models to test which variables influence species 

co-occurrence (Table 6.5). The best ranking model showed no species interaction between the 

occupancy of badgers and hedgehogs (Table 6.5). The majority of cameras did not detect 

both species during the sampling period, demonstrated by their fine scale separation (see 

Appendix F) which limited any inference and statistical power associated with this test.  
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Table 6.5 Multi-species occupancy models used to evaluate species interactions between 

badgers and hedgehogs. Covariates from single-season-single species occupancy models 

for hedgehog (Table 6.3) and badger (Table 6.4) were incorporated. 

Multi-species model K AIC ΔAICc QLL wi Cum. wi 

No Interaction 11 3064.22 0.00 -1520.9 0.45 0.45 

Constant 13 3065.98 1.75 -1519.7 0.19 0.64 

Dist_to_woodland 12 3066.2 1.98 -1520.85 0.17 0.81 

Pitfall_biomass 13 3068.09 3.87 -1520.75 0.07 0.88 

Dist_to_building 13 3068.14 3.92 -1520.78 0.06 0.94 

Dist_to_arable 13 3068.28 4.05 -1520.85 0.06 1.00 

 

6.3.5 Temporal analysis 

A total of 181 hedgehog detections and 482 badger detections were recorded across all sites. 

Analysis of activity levels showed that both species were principally nocturnal, with peaks in 

activity between 21.00-03.00hrs and showing a high coefficient of overlap (0.93  0.05 95% 

CI; Figure 6.9). 
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Figure 6.9 Overlap plot comparing diel activity pattern density curves of badger and 

hedgehog as obtained from camera trap detections (181 hedgehog and 482 badger 

detections) across 23 sites in England and Wales. The grey shaded area indicates 

activity overlap and individual detection times at shown along the X axis as rings. 

  

Comparison of badger and hedgehog activity where both species were present, and a 

sufficient number of detections were recorded (n = 6), showed substantial overlap at all sites 

(Appendix G). However, as the number of detections per species per site was low i.e. < 100 

and > 10, patterns of activity should be treated with caution, as recommended by Rowcliffe et 

al. (2014) and Lashley et al. (2018). 

Of the 181 hedgehog detections, 153 (84.5%) were at camera locations on sites where 

badgers were also detected and 28 (15.5%) were at camera locations on sites where badgers 

were not recorded. Consequently, there was no difference in hedgehog activity at camera 

traps with and without badgers (Wald statistics: χ2 = 0.09, p = 0.76; Figure 6.10), with a high 
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degree of activity overlap shown (0.87  0.10 95% CI). Therefore, there is no evidence of 

temporal partitioning between badgers and hedgehogs. 

 

Figure 6.10 Overlap plot comparing diel activity pattern density curves of hedgehog 

detections at sites where badgers were present (n = 153) and sites where badgers were 

absent (n =28). The grey shaded area indicates activity overlap and individual detection 

times at shown along the X axis by rings. 

 

6.4 Discussion 

Badgers have been implicated in the decline of hedgehogs in the UK and elsewhere which 

could represent a negative effect due to direct predation and / or as a consequence of predator 

avoidance in areas where they would be competing for access to shared resources (Micol et 

al. 1994; Young et al. 2006; Trewby et al. 2014; Hof et al.2012; Williams et al. 2018). 

However, the exact relationship between these two species remains open to conjecture, due to 

the omission of potential explanatory variables such as food availability and habitat 
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preference at multiple sites that would allow the importance of competition to be assessed, in 

addition to predation risk. This study found no significant relationship between hedgehog and 

badger densities. Hedgehogs may be unlikely to persist in areas where badger density exceeds 

a threshold value, however this will be site specific, based on the availability of habitat, and 

scale dependent (Yarnell and Pettett 2020). Further, the results of this study showed that 

hedgehog density was significantly greater in mixed farmland landscapes compared to arable 

dominated landscapes (Wembridge and Langton 2015). Occupancy modelling supported this 

finding, demonstrating that hedgehog presence was best predicted by models containing 

habitat and indices of food availability covariates, with no evidence of significant species 

interactions. In accord with IGP theory, hedgehogs were associated with prey-poor habitats 

(Pitfall_biomass), close to buildings, whereas badger occupancy models showed that they 

were more likely to be present at greater distances from buildings, closer to arable and 

woodland habitat. Such spatial segregation may negate the necessity for temporal avoidance, 

consistent with the high overlap in activity observed. These patterns of occupancy at sites 

where badgers and hedgehogs co-occur could suggest that badgers are excluding hedgehogs 

(Young et al. 2006), as shown by the association between hedgehog and prey-poor areas 

(Pitfall_biomass).  

Despite this, the models suggest that hedgehog and badger occupancy is best 

predicted by species-specific habitat preferences. Hedgehog habitat utilisation was consistent 

at the two sites where badgers were absent, with hedgehog remaining close to buildings. This 

suggests that these areas support resources that are important to hedgehogs. Future studies 

should investigate habitat use by hedgehog at sites occupied and unoccupied by badgers to 

confirm or refute the landscape of fear hypothesis, as the sample size for badger-absent sites 

was limited to two. An alternative argument is that badgers might be restricting their own 
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activity by avoiding buildings due to fear of humans (Sévêque et al. 2020), creating pockets 

of habitat that is suitable for hedgehogs.  

Badgers were detected more frequently than hedgehogs and at more geographical 

locations throughout this study, which is similar to occupancy trends at the 1km scale in rural 

areas (Williams et al. 2018b). All three scenarios (hedgehogs only, badgers only and both 

species present) were identified, although sites where hedgehogs were absent were more 

common than sites where badgers were absent, limiting the ability to measure hedgehog 

habitat selection at sites without badgers. Badger abundance is estimated to have increased by 

88% since the 1980s across parts of England, though abundance in Wales has remained 

unchanged (Judge et al. 2017), leading to hypotheses that badgers may be partly responsible 

for concomitant hedgehog declines (Hof et al. 2019).  Previous comparisons of indices of 

hedgehog abundance and badger sett density predicted that hedgehogs would be largely 

absent from rural areas with  ≥ 2.27 badger setts 10 km-² (Micol et al. 1994) and may be 

excluded from amenity grassland habitat with >10 setts km-² (Young et al. 2006). More 

recently, sett densities of  >5 km-² were shown to exclude hedgehogs from sites at the 1 km² 

scale (Williams et al. 2018). To date, all studies of badger and hedgehog relationships have 

used badger sett density as a proxy for badger abundance (Micol et al.1994; Young et al. 

2006; Williams et al. 2018). However, this approach is likely to be less reliable than using 

directly comparable estimates of badger and hedgehog density, because of the wide 

geographic variability in mean social group size (estimated between 2.67 to 7.92 mean 

number of badgers per social group (Judge et al. 2017) across different land types. The 

present study provides the first assessment of the numerical relationship between badgers and 

hedgehogs using locally derived density estimates for both species. In this study, no 

hedgehogs were found on sites with badgers when badger density exceeded 15.25 km-2, 

consistent with the argument that areas with high badger activity may exclude hedgehogs. 
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Therefore, depending on badger group sizes, these estimates are in line with the predictions 

of Williams et al. (2018), and suggest that although badger presence alone may not be 

influential on excluding hedgehogs, badger density could be.  

A weak negative correlation was observed between badger and hedgehog densities, 

that explained only 9 % of the variation exhibited. This implies that other factors may be 

more important in determining the density of hedgehogs across the rural landscape, than 

badger density alone. This finding is in agreement with Williams et al (2018), who showed 

that hedgehogs were absent from many 1 km² sites in England and Wales when badgers were 

absent. Habitat availability is likely an important factor, as the results of this study showed 

hedgehog densities were higher in mixed farmland sites than in arable. Hedgehogs’ 

association to buildings has been demonstrated at the site level (Williams et al. 2018) and the 

results of this study show this is consistent at the finer local scale, affecting occupancy too.  

Covariates representing both habitat composition and prey availability were included 

in occupancy models to examine their relative importance in explaining hedgehog and badger 

presence. Modelling identified that hedgehog occupancy was positively influenced by 

proximity to buildings, and therefore proximity to amenity grassland habitat, which was 

correlated with distance to buildings in this study. This is consistent with previous work 

showing hedgehog preference for amenity grassland and proximity to buildings (Trewby et 

al. 2014; Young et al. 2006; Pettett et al. 2017; Williams et al. 2018). Hedgehogs have been 

shown to be associated with buildings, with higher densities found in urban compared to rural 

areas (Hubert et al. 2011; Williams et al. 2018; Schaus et al. 2020) indicating a preference for 

urban infrastructure even in rural environments. Their positive association with buildings 

may reflect the climatic benefits associated with urbanised habitat, providing shelter and 

refugia (Hubert et al. 2011). Higher hedgehog density in urban areas (Schaus et al. 2020) may 

be linked with greater food resources in this environment in the form of anthropogenic 
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resources (Pettett et al. 2017), but studies on the abundance of natural prey in rural and urban 

habitats are needed to inform whether natural food is also more abundant. Currently, it is 

often suggested that hedgehogs are in towns to escape predation, but if food is also more 

numerous, this may provide an alternative hypothesis. 

Whilst other studies have shown similar trends regarding the affinity between 

hedgehog and ‘green infrastructure’ associated with the built environment (Williams et al. 

2018; Yarnell et al. 2014; Schaus et al. 2020; Hof et al. 2012), the question remained as to 

whether this is driven by a landscape of fear, with hedgehogs seeking refuge in habitat 

infrequently utilised by badgers, or because it offers the best quality habitat in terms of 

shelter and food availability. If hedgehogs were primarily choosing their foraging habitat 

based on the avoidance of badgers, we might expect them to be found in relatively lower 

quality habitat in terms of prey availability, compared with badgers. For invertebrates 

captured by pitfall traps, this was found to be the case, as models indicated that hedgehog 

occupancy was negatively influenced by higher pitfall biomass.  Moreover, beetles 

(Coleoptera) were the most abundant order captured in pitfall traps (Chapter 3) and were 

identified in the highest proportion of hedgehog scats, in comparison to any other prey type. 

Arable habitat which often dominates land-use in rural landscapes (Angus et al. 2009), 

supported the highest abundance of beetles but, despite this, hedgehog occupancy was 

negatively associated with distance to arable habitat, indicating avoidance which is not fully 

understood. Furthermore, no hedgehogs were found in arable-dominated study sites, 

suggesting that this land use type is unsuitable for hedgehogs in England and Wales. 

Interestingly, the relative presence of badgers at a location was not a significant 

predictor of hedgehog occupancy in any of the models, and multi-species models did not 

identify any species interactions affecting species co-occurrence. This shows that badgers and 

hedgehogs rarely co-occur in the same space, though it was not possible to determine whether 
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this is due to species-specific habitat preferences, or some form of landscape of fear. The 

results are consistent with the idea that hedgehogs are not compatible with the modern arable 

agricultural landscape, as hedgehogs were detected at most mixed farming and pasture sites, 

raising questions as to the role badgers play in reported hedgehog population decline in the 

UK.   

Badger occupancy was associated with shorter distances to arable and woodland 

habitat and, in contrast to hedgehogs, large distances to buildings. Badgers were detected 

more often in arable habitat (35.2 %) and grassland habitat (27.6 %) than in amenity 

grassland (1.9 %), possibly reflecting foraging preferences or human activity levels which 

may be indicative of badger-human conflict (Huck et al. 2006). Badgers are generally more 

common in rural than urban areas (Harris 1984), but increasing high urban badger sett density 

areas (Davison et al. 2009) can be comparable with rural densities (Davison et al. 2008). 

Therefore, perhaps low-level human disturbance in the rural landscape results in avoidance 

by badgers, demonstrated by their evasion of amenity grassland and built-up habitats 

associated with proximity to humans.   

 In addition to the study showing that badgers and hedgehogs were spatially separated 

at the local habitat scale, this is the first study to compare potential temporal partitioning of 

both species. As hedgehogs have shown short-term physiological responses to badger odour 

(Ward et al. 1996; Ward et al. 1997) and alteration of their movement in the presence of 

badgers (Hof et al. 2012), it is conceivable that they could utilise temporal avoidance to 

reduce encounter rates with badgers. However, as expected, daily nocturnal activity was 

highly overlapping, revealing no significant difference in activity between species. At sites 

with badgers, hedgehog and badger activity mostly overlapped, and when comparing across 

sites, there was no difference.  
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The absence of temporal avoidance may suggest that spatial partitioning is sufficient 

for reducing competition for both species, and predatory pressure on hedgehogs. Therefore, 

this study has demonstrated a clear difference in habitat use, meaning that at the small spatial 

scale, these two species are spatially segregated, as previously indicated (Hubert et al. 2011; 

Pettett et al. 2017). Hedgehogs appear to occupy sites with proportionately low arable habitat 

and show a preference for proximity to buildings. Until now, studies have not considered that 

hedgehogs and badgers may be exhibiting different preferences, providing an alternative 

hypothesis to the landscape of fear caused by badgers. To differentiate these further, work is 

required assessing hedgehog habitat preferences in badger-free sites or, alternatively, 

assessing hedgehogs’ use of urban sites with badgers. Potentially, more caution should be 

taken when inferring ‘landscapes of fear’ driven by predation, as other factors such as habitat 

selection and prey availability need considering simultaneously. Additionally, the 

accessibility of the rural landscape likely differs between each species, as badger activity may 

be somewhat constricted by the location of their setts. If suitable habitat for setts were located 

away from towns, this again would create pockets of space for hedgehogs. This is especially 

important for understanding the population dynamics for declining species such as the 

hedgehog. 

6.4.1 Limitations 

By design, this study aimed to investigate three species mixes of badger and hedgehog (both 

species, badger only and hedgehog only) equally, though this was logistically challenging at 

the very fine local scale due to the scarcity of areas where hedgehogs were abundant and 

badgers absent. Also, at the camera level, there were very few locations where both species 

were detected. A more balanced study design could be achieved by the addition of more 

hedgehog only sites and this would increase confidence in the findings. Additionally, most 
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study sites had relatively low densities of hedgehogs and badgers ranging between 1.7 - 12.1 

km-² and 1.6- 15.3 km-² respectively. For example, mean urban hedgehog densities of 32.3 

km-² have been recorded (Schaus et al. 2020) and badger densities of up to 25.3 km-² in 

south-west England (Rogers et al. 1997). Additional sites including those of higher densities 

of each species may strengthen the relatively weak negative correlation shown between 

densities of badgers and hedgehogs in this study. 

There were also limitations in the measures of prey availability, as it was not possible 

to quantify if the invertebrates that were caught were available for each species. Moreover, 

there are other food resources that were not quantified, such as higher vertebrates and plant 

species which are often consumed by badgers (Kruuk and Parish 1981; Shepherdson et al. 

1990). A complete assessment of potential food items would more accurately reflect local 

food availability and is recommended for future studies of this kind, as opposed to 

extrapolating the invertebrate indices by habitat, as in this study. The feasibility of this is 

hampered by the labour-intensive nature of these studies and the necessity to survey many 

sites to ensure a representative study. 

6.4.2 Further research 

This study highlights the importance of incorporating measures of prey and habitat 

availability when studying interactions amongst IG predator and prey species. Understanding 

the mechanisms that facilitate their coexistence provides a better understanding of how these 

species are interacting with one another and the intensity of these interactions. Generally, 

quantitative data for IGP is sparse, particularly in mammals, and although field studies of this 

nature are challenging, more quantitative evidence is needed to establish under what 

conditions coexistence occurs. 
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This study showed that both species can co-occur at the landscape scale on pasture 

and mixed farming landscapes, but hedgehogs cannot occur in arable landscapes. 

Furthermore, locally within sites where the two species co-exist, they are separated almost 

exclusively, with hedgehogs being found near buildings and badgers being found away from 

buildings. This fine scale spatial segregation exhibited by badgers and hedgehogs may be 

driven by habitat selection, although it was not possible to rule out whether a landscape of 

fear exists and, to do so, a more balanced study of each species mix would be required. 

Nevertheless, the spatial niche segregation identified may also be important for reducing 

competitive and predatory interactions between the two species. To further understand the 

dynamic balance between predation and competition between badgers and hedgehogs, it 

would be useful to quantify the effects of food availability on predation rates. This was 

beyond the scope of the present study and would require long term monitoring of hedgehog 

and badger abundance, alongside food availability.  

6.4.3 Conclusions 

Many studies have documented a negative association between badgers and hedgehogs in the 

UK and badgers have been implicated in hedgehog declines. This study sought to investigate 

this association further by including information on habitat associations and prey availability 

and showed that patterns of hedgehog and badger occupancy were strongly related to the 

availability of different habitats. Data on activity levels of the two species suggest that spatial 

segregation may provide the mechanism for reducing competitive and predatory risk, 

negating the need for temporal avoidance. Further, these results confirm low hedgehog 

occupancy in the rural landscape of the UK, likely due to a combination of factors, rather 

than an increase in badgers per se. Certainly, both species can co-occur in mixed farming and 

pasture landscapes, though arable landscapes appear unsuitable for hedgehogs. More broadly, 
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this study highlights the need for including habitat and other resources such as food into 

studies investigating intra-guild predation in mammals, to ensure that the roles of predation 

and competition are not overemphasised.  
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Chapter 7 General discussion – The relationship between hedgehogs and badgers 

across the rural landscape  
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7.1 Overview  

This thesis set out to investigate what mechanistic factors facilitate the coexistence of the 

European hedgehog (Erinaceus europaeus) and their intra-guild predator, the European 

badger (Meles meles) which has been implicated in their decline. Using the framework of  

Intra-Guild Predation (IGP), these two species exhibit predation and compete for shared prey 

resources (Polis et al. 1989), namely invertebrate prey, that has been shown to vary in its 

availability between habitat types and locations (Hof and Bright 2010). In this study, the 

numerical relationship between badgers and hedgehogs was negative but weak, suggesting 

that both species can coexist where badger densities are relatively low. Whilst previous 

studies have demonstrated that high badger density can lead to the exclusion of hedgehogs 

from an area (Doncaster 1992; 1994; Young et al. 2006), there are also many sites at the 1 km 

scale without badgers where hedgehogs are still absent such as upland habitat that is rarely 

inhabited by hedgehogs (Williams et al. 2018).  

In this study, hedgehog density was highly variable amongst sites, which suggests that 

site-specific characteristics other than badger density may be influential. These factors may 

be related to major land use types at the 1 km scale, with the presence of hedgehogs being 

more likely in areas dominated by pasture or mixed farmland compared to arable. Several 

sites in this study supported both species, although they were representative of areas with 

relatively low densities of both species. Where both species can co-occur, habitat and food 

availability are likely to be important for facilitating their coexistence (Lesmeister et al. 

2015). Moreover, in the present study the spatial distribution of hedgehogs and badgers 

revealed that despite both species being present at the site scale, there was clear segregation 

at the finer habitat scale. The main predictor of hedgehog presence and density was proximity 

to buildings, which is potentially important for reducing predator-prey interactions, as 

badgers avoided buildings (Poel et al. 2015).  
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There is some evidence that suggests hedgehogs may exhibit a ‘landscape of fear’ 

response in the presence of badgers (Doncaster 1992; Hof et al. 2012). The results of the 

present study show fine scale spatial segregation that is strongly associated with habitat type, 

which is consistent with this hypothesis. However, it was not possible to ascertain whether 

these patterns reflected species-specific habitat preferences or avoidance of badgers by 

hedgehogs. Nonetheless, in the present study there were too few co-occurrences of badgers 

and hedgehogs to be certain, necessitating further investigation. If there was a ‘landscape of 

fear’ effect, then hedgehogs might be expected to shift their temporal activity patterns (de 

Satgé et al. 2017), but this was not observed in the present study. However, this may not be 

necessary if the two species are sufficiently spatially segregated within the local environment.  

Additionally, dietary niche overlap between badgers and hedgehogs was assessed to 

determine the potential for competition for food. Despite high overlap in dietary breadth, with 

the two species consuming many of the same food items, the composition of individual 

hedgehog and badger scats was distinctly dissimilar throughout all seasons assessed, 

demonstrating that they utilised available prey differently and suggesting dietary niche 

partitioning. This might result from individual prey preferences of badgers and hedgehogs, or 

alternatively, may reflect differences in fine scale habitat selection that in turn influence the 

encounter rates for different prey types (Sih and Christensen 2001). The generalist nature of 

both species may provide opportunities for niche partitioning through prey switching (Kang 

and Wedekin 2013) and may therefore facilitate coexistence within the IGP relationship. This 

is likely to depend on the densities of both species (Anderson and Semlitsch 2014), which is 

highly variable at the local scale. In the present study both species were at relatively low 

densities of <10 km-2 at the majority of sites, so the potential for one to compete and deplete 

the food resources for the other was marginal. Interestingly however, similar to hedgehogs, 

other generalist invertebrate feeders such as farmland birds have also declined (Chamberlain 
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et al. 2000; Benton et al. 2002). Therefore, declining invertebrate food resources in rural 

Great Britain may have increased potential competition and predation between hedgehogs 

and badgers. A study including a large number of sites with varying abundances of 

invertebrate prey would be required to investigate whether the level of competition between 

badgers and hedgehogs varied with available resources. 

The present study attempted to assess the importance of hedgehogs in the diet of 

badgers. Hedgehog DNA was only detected in a single badger scat out of eighty assessed, 

showing that the frequency of occurrence of hedgehogs in the diet of badgers was low across 

the two study sites where both species were known to be present. However, these findings are 

likely influenced by low densities of both species and spatial separation, reducing the 

likelihood of badgers encountering and predating hedgehogs.  

 The present study focused only on rural environments, and so other habitat types and 

associated badger and hedgehog densities were not represented. Therefore, it would be useful 

to include more study sites in other landscapes (e.g., suburban environments) where the two 

species co-occur. The patterns shown in this study may apply to the rural agricultural 

countryside and not urban areas, where the relationships may differ due to differing food 

availability and interspecific densities. Furthermore, the present study assessed a limited 

number of study sites and so looking at more sites would help determine whether the 

observations made are representative.  

In conclusion, this study identified both dietary and spatial partitioning as 

mechanisms that likely facilitate the coexistence of badgers and hedgehogs in rural 

landscapes. Impacts of competition are limited due to both species being generalists and 

exhibiting some dietary differentiation, predation rates of badgers on hedgehogs appear low 

potentially due to low densities and fine scale spatial separation which appears to be driven 
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by species specific habitat preferences with hedgehogs being found closer to buildings than 

badgers. These clear patterns can be explained by either a ‘landscape of fear’ whereby 

hedgehogs avoid badgers, or differential habitat selection as both species exhibit their habitat 

preferences. However, surveying across a wider range of habitats and densities would be 

required to determine this. Results of the present study suggest that these species are more 

likely to co-occur in mixed farmland or pasture dominated farmland (Figure 6.1). This 

chapter presents the evidence from the complete study that supports the above conclusions. 

The findings of this work are discussed in relation to IGP theory and previous research, to 

demonstrate how this work has progressed the understanding of hedgehog-badger 

relationships, by discussing mechanisms that likely facilitate the coexistence of these two 

species. These findings may inform future management efforts towards promoting the 

persistence of hedgehogs within the rural landscape and highlight opportunities for further 

research that enhance our understanding of hedgehog declines.  

7.2 Numerical relationship between badger and hedgehog densities at the local 

scale  

This study sought to investigate the negative relationship between badgers and hedgehogs 

described in other studies, which includes the prediction that hedgehogs will be excluded 

from areas of high badger density (Young et al. 2006; Williams et al. 2018). In the present 

study, the relationship between badger and hedgehog densities, assessed across twenty-three 

rural sites, was found to be negative, albeit weak, suggesting a non-linear relationship, with 

hedgehogs present at several sites where badger densities were below 15.25 km-2. Hedgehog 

densities were highly variable amongst sites and likely depend on the local context, as 

significantly higher hedgehog densities were associated with mixed farmland sites in 

comparison to arable sites, demonstrating that other local factors are likely to be at play in 

determining rural hedgehog abundance.  
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Previous studies have typically calculated hedgehog densities by capture, mark, 

recapture methods and have relied on using variations in sett density as a proxy for badger 

density (Young et al. 2006; Williams et al. 2018). More recently, the reliability of the 

Random Encounter Model (Rowcliffe et al. 2008) for estimating hedgehog densities has been 

demonstrated (Schaus et al. 2020), and this was implemented within the present study to 

provide estimates of the numbers of badgers and hedgehogs at each study site. 

The weak negative relationship between badger and hedgehog numbers identified 

here may reflect the observation that several study sites supported both species and others 

supported low densities of only one species. The inclusion of sites supporting extremely high 

densities of either species may have altered the relationship observed here, perhaps reflecting 

the strongly negative relationship described by Young et al. (2006) more closely. However, 

the relatively low hedgehog densities observed in rural locations in the present study are 

consistent with earlier reports that hedgehog densities are frequently higher in urban areas 

(Hubert et al. 2011; Schaus et al. 2020). Hedgehog occupancy at the 1 km scale has been 

predicted to be as low as 22 %, demonstrating that hedgehogs do not occupy large 

proportions of the rural landscape, even in the absence of badgers (Williams et al. 2018). In 

the present study, finer scale analysis at camera sites showed that hedgehog occupancy was 

just 10 %, whereas badgers occupied 30 % of sites, showing how localised their distribution 

can be. This suggests that other factors related to the local environment have the potential to 

have an influence on hedgehog densities than badgers. Specifically, local site level conditions 

likely influence whether the two species can co-occur. Where both species were identified 

together at the 1 km scale, this tended to be in mixed farmland landscapes, as opposed to 

arable dominated areas where only badgers were found, although still at low densities.  
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7.3 Frequency of badger predation on hedgehogs 

Dietary assessment allowed potential incidences of hedgehog predation by badgers to be 

quantified over a period of a year and a half, across two populations. The observed frequency 

of potential predation events was low, with only one badger scat (from Brackenhurst) out of a 

total of 80 scats containing hedgehog DNA. This could indicate a predation or scavenging 

event (Sheppard and Harwood 2005) and suggests that in these two co-occurring populations, 

badgers consume hedgehogs infrequently. In the present study, densities of both species were 

low, and perhaps at higher densities the encounter rate between the two species would be 

greater potentially resulting in more predation. However, for predation rates to be calculated 

and extrapolated over the year, a greater sampling effort would be needed and longer-term 

monitoring would be necessary to estimate whether predation is likely to influence hedgehogs 

at the population level. Higher predation rates have been observed in studies of other 

hedgehog populations (Doncaster 1994; Bearman-Brown et al. 2020) which demonstrates 

that the frequency of predation varies at the local scale and is likely dependent on the density 

of both species. 

7.4 ‘Landscape of fear’ hypothesis 

At the site scale, badgers and hedgehogs were found coexisting, especially where land use 

was classified as mixed farming. This landscape is likely to be associated with a 

heterogenous habitat structure, which has been shown to facilitate coexistence amongst other 

intraguild-competitors (Janssen et al. 2007). However, comparison of hedgehog and badger 

activity within each site, at the finer patch level, revealed spatial segregation between badgers 

and hedgehogs across multiple sites where both species co-occurred. Very few camera 

positions were visited by both species throughout the survey period, demonstrating that 

hedgehogs and badgers rarely coexist at the patch level (Appendix F), and this may be 

important for reducing the risk of predation and helping to limit competitive interactions too 
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(Krauze-Gryz et al. 2012). Moreover, there were no instances of both species being detected 

on the same camera at the same time, although footage of this does exist elsewhere (Wildlife 

Online n.d.).  

Previous studies have stated that hedgehogs likely exhibit a ‘landscape of fear’ 

response, remaining closer to linear features when foraging in the presence of badgers (Hof et 

al. 2012). Also, the abundance of invertebrate prey was shown to be significantly lower in 

sites occupied by only badgers (Hof et al. 2012), which is consistent with the possibility that 

hedgehogs may have been removed from some rural areas by competitive exclusion. To 

investigate these possibilities, hedgehog behaviour in the presence and absence of badgers 

must be compared.   

In the present study, hedgehogs were present at two of the twenty-three sites where 

badgers were not identified. Across these badger-free sites, hedgehog activity was again 

predominately clustered around buildings (Appendix F), although hedgehogs did use 

woodland and arable habitat that was infrequently visited by hedgehogs on sites where both 

species co-occurred. Generalisations as to whether hedgehog space-use is affected by the 

presence of badgers cannot be ascertained from these limited study sites. However, the 

patterns of habitat use by hedgehogs appear consistent across the twenty-three sites 

suggesting that the patterns observed in this study may reflect general habitat preferences of 

rural hedgehogs co-occurring with badgers. 

In the present study, habitat, and correlates of invertebrate food availability, were the 

best predictors of hedgehog presence, as opposed to the presence of their potential predator, 

badgers. Hedgehog presence was strongly associated with proximity to buildings that 

commonly co-occurred with amenity grassland habitat which has been shown to be preferred 

by hedgehogs (Micol et al. 1994; Parrott et al. 2014). Moreover, amenity areas supported a 
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relatively high abundance of earthworms, though lower pitfall trap biomass. This suggests 

that hedgehogs utilise habitat rich in earthworms, though this is possibly a poorer habitat in 

relation to the availability of beetles, their most common prey item. Inversely, badgers were 

found to be negatively influenced by proximity to buildings and grassland habitat, suggesting 

that they did not frequently utilise the same habitats as hedgehogs. Therefore, this spatial 

segregation may potentially reflect the natural habitat preferences of both species, as opposed 

to hedgehogs displaying a ‘landscape of fear’ response. Nevertheless, due to the low number 

of co-occurrences of badgers and hedgehogs in the present study, more sites would be needed 

to confirm this.  

Another consideration that may provide an alternative explanation for the habitat 

choices by badgers and hedgehogs is the availability of suitable nesting/denning habitat. 

Badgers are known to select woodland, scrub and hedgerows for sett location, supporting 

higher sett densities than other open habitat including arable, pasture and amenity grassland 

habitat (Feore and Montgomery 1999). Whereas, hedgehogs have been shown to nest in close 

proximity to hedgerows, roads and woodland features (Bearman-Brown et al. 2020), with 

urban environments suggested as providing good day nesting sites (Pettett et al. 2017). In the 

present study, distance to setts or hedgehog nests was not measured though their location in 

the landscape may partly describe the local occupancy of each species. Therefore, the 

avoidance of amenity grassland habitat by badgers may be due to the proximity to woodland 

habitat where setts are commonly found (Feore and Montgomery 1999). Similarly, the lack of 

hedgerow and connected woodland within hedgehog home ranges may partly explain their 

affinity with buildings and amenity grassland habitat. Finer scale habitat features associated 

with these habitats, including gardens, may provide hedgehogs with refuge from predation, 

suitable nesting habitat and an abundance of food, whether it be from natural sources and/or 

supplementary feeding (Pettett et al. 2017; Schaus et al. 2020). 
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Under IGP theory, hedgehogs might be expected to alter their temporal activity 

patterns in the presence of badgers (Palmer et al. 2017). The present study is the first to 

quantify the degree of temporal overlap between badgers and hedgehogs at the same 

locations, and reveals high temporal overlap between their activity patterns. Hedgehog 

activity was similar amongst sites occupied by badgers and those where badgers were absent. 

This suggests that hedgehogs do not alter their activity patterns in response to badger 

presence, at least at low densities where perhaps the risk of predation is lower. Short-term 

physiological and behavioural responses in hedgehogs have been observed in response to 

badger odour (Ward et al. 1996; Ward et al. 1997), though the present study demonstrates 

that at a site level hedgehogs do not necessarily temporally avoid badgers. Rather hedgehogs 

may utilise other methods of niche partitioning that likely facilitate their coexistence such as 

spatial partitioning as demonstrated here (Appendix F and Chapter 6). 

7.5 Competition for food 

Dietary niche partitioning is another mechanism that can facilitate the coexistence of intra-

guild competitors (Tsunoda et al. 2017). In the present study, dietary analysis of co-occurring 

badgers and hedgehogs was used to assess the level of dietary niche overlap and the potential 

for competition for shared food items. The novelty of this work is not only in the 

methodological approach, which provides a highly sensitive technique for identifying prey 

items (Sousa et al. 2019), but also in the assessment of the seasonal consumption of prey by 

both species in the same locations. The results identified the broad dietary breadth of badgers 

and hedgehogs, and considerable overlap between the two species. This demonstrates their 

generalist nature, which may be important for weakening the potential for dietary competition 

(Kang and Wedekin 2013). For hedgehogs, as the subordinate intraguild-prey species, this 

broad diet may also provide opportunities for prey switching (Andersen et al. 2017), to 

further reduce competition for shared resources. However, the results of the present study 
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revealed that hedgehog and badger diet composition was significantly dissimilar throughout 

the year, indicating that they select prey differentially, perhaps as a result of foraging in 

different areas within a site or due to variations in prey handing, capture or palatability 

(Westoby 1974). Therefore coexistence within the IGP relationship may be more likely when 

both intraguild-predator and prey are generalist feeders (Kang and Wedekin 2013). 

Several prey items were common to both species’ diets including beetles, earthworms 

and slugs, and are therefore likely to be important prey items for both (Deagle et al. 2019). 

Given the low densities of badgers and hedgehogs across the two sites, the possible impact of 

either species on these common prey types is likely to be limited, again reducing the chance 

of competition at these sites. This highlights the potential importance of intra-guild predator 

densities on the strength of competitive interactions within the IGP relationship (Anderson 

and Semlitsch 2014).  

By assessing the diet of both species in areas where they co-occur, it was possible to 

also compare resource use. Prey availability is logistically challenging to measure, 

particularly when assessing resource availability of two generalist and opportunistic feeders, 

as this requires all possible dietary items to be assessed (Rutz and Bijlsma 2006). For badgers 

and hedgehogs, this would require many groups of potential prey to be assessed 

simultaneously using a range of methods, that would each introduce biases and ultimately 

may not represent availability. Invertebrate prey is frequently the principal food type for both 

species (Roper 1994; Yalden 1976; Wroot 1984; Kruuk and Parish 1981; Cleary et al. 2009), 

as shown by the dietary assessment component of this study. Therefore, selection of 

invertebrate prey is likely to be a meaningful indication of the strength of competition 

between the two species.  
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Hedgehogs consume invertebrate prey in disproportionately greater amounts than any 

other food type (Yalden 1976; Wroot 1984) and this was evidenced in the present study, 

emphasising the importance of invertebrate prey availability in habitat occupied by 

hedgehogs. Diet selection indices showed that neither badgers nor hedgehogs consumed 

invertebrate prey relative to availability. Broadly, the abundance and biomass of invertebrate 

prey varied seasonally, at the site level, and also between habitats. This demonstrates that 

environmental characteristics at the local scale are important drivers of prey availability 

(Sperry and Weatherhead 2009). Therefore, dietary selection will likely vary between 

populations, and this may also affect the strength of competition between badgers and 

hedgehogs. In the present study both species showed strong positive selection of Haplotaxida 

(earthworms), although methodological limitations may have underrepresented this prey type. 

Nevertheless, both species consumed earthworms at high frequencies, demonstrating the 

importance of this prey item irrespective of season and site.  

There was, however, no uniform pattern in prey selection in the present study, which 

varied between species, season, and site, across different Orders of invertebrate prey. This 

suggests that prey selection is complex and therefore difficult to disentangle. Dissimilarity in 

the diet may be steered by the utilisation of different habitats observed in the study, which in 

turn dictates the accessibility of different prey, including their encounter rates (Padial et al. 

2002). For example, hedgehogs infrequently utilised arable habitat, abundant in beetles, 

though this may be compensated for by the overall availability of beetles and additional prey 

types in other habitats. Further investigation of prey preferences would require a more 

focused assessment that could possibly be achieved through feeding experiments as opposed 

to field observations. Nonetheless, the present work has shown that prey availability is a 

crucial aspect of the IGP relationship, and that dietary partitioning is likely an important 

mechanism that promotes coexistence amongst hedgehogs and badgers.  
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7.6 Limitations 

The twenty-three rural sites selected for the present study were chosen to represent areas 

occupied by both species at the finer habitat scale, and areas where each species is found 

separately. By selecting sites that were thought to support both species, those supporting 

higher densities of either species were likely excluded from the study. Badger-free areas were 

far scarcer than hedgehog-free areas, reflecting the low persistence of hedgehogs within the 

rural landscape (Williams et al. 2018). The present study found relatively low levels of 

activity of both species across several sites which arguably constrained analysis of the 

numerical relationship between badgers and hedgehogs, which would have benefited from 

additional sites, particularly those with high densities of either species. Logistically, the 

number of sites that could be included in the study had to be balanced against the resources 

available, resulting in a compromise between sample size and the survey effort required at 

each site.  

Deciphering a suitable measure of food availability is challenging and, in this study, 

invertebrate prey was determined to be a suitable proxy for food availability, as it was not 

possible to combine multiple survey methods assessing the availability of different broad 

taxonomic groups. However, the trapping rate produced by pitfall trapping, differed between 

taxa (Hancock and Legg 2012) and may have caused some, including earthworms, to be 

underrepresented. Consequently, diet selection of some prey types should be interpreted 

cautiously. Diet selection by both species was considered by assessing the diet of co-

occurring badgers and hedgehogs from two sites in conjunction with food availability, 

showing that both species can have strong prey preferences. However, this assumed that both 

species had equal access to the resources available across the whole site, and the spatial 

distributions of each species (Appendix F) suggest that this is not the case. Badgers and 
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hedgehogs are therefore likely to encounter prey and food types at different rates, depending 

on the habitats they utilise.  

7.7 Conservation of hedgehogs 

The results of the present study show that hedgehogs can coexist with their intraguild-

predator, though this may be dependent on a multitude of factors and the scale at which 

coexistence is considered. Fine-scale spatial segregation appears to facilitate co-occurrence 

within the rural landscape, with seemingly infrequent use of the same locations which will 

also limit costly encounters. The results show that hedgehogs avoided arable habitat, despite 

it being relatively abundant in one of their principal prey items, Coleoptera. Hedgehogs have 

been shown to utilise grassy field margins, maintaining their proximity to hedgerows in the 

presence of badgers (Hof et al. 2012). These features increase heterogeneity within arable 

habitat, improving connectivity, providing refuge and reasonably therefore, increasing the 

suitability of arable habitat for hedgehogs (Yarnell and Pettett 2020). This emphasizes the 

need for the maintenance and restoration of valuable habitats such as grassy field margins and 

hedgerows for the benefit of hedgehogs amongst other species (Benton et al. 2002). 

 Moreover, another factor that may influence the likelihood of hedgehog presence 

within the rural landscape is the availability of prey, which can also influence the strength of 

competitive and predatory interactions.  Differences in dietary preferences may reflect 

palatability, encounter rate at a finer spatial scale and the ability of these species to capture 

different mobile prey types (Westoby 1974), requiring further investigation. Nonetheless, 

these dietary dissimilarities may be important for reducing competition and promoting 

coexistence between badgers and hedgehogs across mixed farmland habitat. Conservation 

efforts should therefore employ a bottom-up approach, managing land and creating habitat 

that best supports the prey utilised by hedgehogs (Yarnell and Pettett 2020). Furthermore, 
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promoting the recovery of invertebrate biodiversity is likely to benefit a wide range of other 

species including farmland birds, which also frequently rely on invertebrate prey (Benton et 

al. 2002). 

7.8 Further research 

The results of the present study have progressed our understanding of the mechanisms that 

likely facilitate coexistence amongst badgers and hedgehogs across rural landscapes in 

England and Wales. However, this has invoked further research questions that would be of 

interest in the future. Habitat was the best predictor of hedgehog occupancy, and this revealed 

that hedgehogs avoided arable, woodland and grassland habitats, and were found more 

frequently near to buildings. This, coupled with diet analysis, suggests that they utilise areas 

with high earthworm abundance and therefore these observed patterns in habitat utilisation 

may reflect their preferences in the absence of badgers. However, it would be beneficial to 

include further study sites where there are no badgers, to reaffirm whether hedgehogs do or 

do not utilise other habitats in the absence of their principal predator, and also areas with 

higher hedgehog density such as urban areas both with and without badgers. This would help 

ascertain whether hedgehogs do behave in accordance with the ‘landscape of fear’ hypothesis 

at the habitat scale. Similarly, dietary analysis revealed partitioning between badgers and 

hedgehogs, although diet was studied at locations where both species co-occur. It would 

again be useful to broaden the assessment of diet to include more study sites, both with 

alternative land-uses and alternative species mixes to establish if both species dietary 

preferences are consistent under these different conditions.  
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7.9 Conclusions 

Badgers have been implicated in the rapid decline of the European hedgehog (Micol et al. 

1994; Doncaster 1992; Young et al. 2006; Wembridge, Wilson 2018) and an understanding 

of the relationship between hedgehogs and their principle predator and potential competitor 

will help inform future conservation efforts. More specifically, understanding the 

circumstances that allow both native species to co-occur may be advantageous. 

Badgers and hedgehogs engage in complex intra-guild interactions involving both 

competition and predation (Holt and Polis 1997), making the drivers of their relationship 

difficult to disentangle. Previous studies have shown that areas supporting high badger 

densities likely exclude hedgehogs (Young et al. 2006; Williams et al. 2018), reflected in the 

low occupancy (Williams et al. 2018) and relatively low densities of rural hedgehogs 

compared with urban areas (Schaus et al. 2020). Historically, the association between 

hedgehogs and buildings has been viewed as being the result of them avoiding badgers, but 

few have considered that hedgehogs may prefer urban areas regardless of the presence or 

absence of badgers (Hubert et al. 2011; Pettett et al. 2017). The present study of IGP between 

badgers and hedgehogs represents the first of its kind, assessing the potential for temporal 

partitioning and comparing the densities of both species across a number of sites. Potential 

competition and predation were also assessed by comparing the diet of the two species, both 

seasonally and at the same site. 

The results of this study describe for the first time, the characteristics of badger and 

hedgehog coexistence. The holistic nature of this study has revealed fine scale spatial 

partitioning and dietary niche partitioning which likely supports the coexistence of badgers 

and hedgehogs in mixed farmland and pasture habitat within the rural landscape. Alternative 

states of the IGP relationship, such as the exclusion of hedgehogs by badgers, may result in 
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environments with higher badger densities or lower prey availability, that make it 

increasingly difficult for hedgehogs to survive using strategies such as spatial or dietary 

partitioning, potentially leading to their eventual exclusion. Co-occurrence was not identified 

at any arable sites, suggesting either that hedgehogs actively avoid arable habitat or that 

badgers exclude them from this habitat. 

In high density areas, competition and demand for resources will be higher and 

potentially reduces the likelihood of coexistence relative to areas of moderate to low densities 

(Holt and Polis 1997; Polis et al. 1989). In conditions where both species can co-occur, 

hedgehogs and badgers are partitioned spatially at the local scale and show some partitioning 

in diet, as both species consume a wide array of food types. Therefore, low densities of both 

badgers and hedgehogs, together with spatial and dietary segregation, suggests that these 

species are unlikely to be in strong competition with one another and, as such, there may be 

no need for temporal partitioning or perhaps temporal partitioning is more costly. Whether 

the driver of the spatial segregation exhibited is a ‘landscape of fear’ or hedgehog preference 

for habitats features near buildings, requires further study. To better support the coexistence 

of badgers and hedgehogs, more high-quality habitat such as hedgerows and grassy margins 

are needed to increase connectivity across the rural landscape, provide cover and nesting 

habitat for hedgehogs and support an abundance of shared invertebrate prey, which would 

likely benefit other wildlife too.  
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Appendices 

Appendix A: Identification of the originator species of scat samples for hedgehog and 

badger following Sanger sequencing using DNA amplified with MiMammal primers (a). 

Sequences were compared against the NCBI database using the BLASTn function. 

Sample numbers correspond to the position of samples within 96-well plates for 

hedgehog (b) and badger (c) samples. Samples from each species were processed on 

separate plates to minimize laboratory contamination. 

Sample Species Illumina Tag Site BLASTn taxonomic assignment match (%) 

1 Hedgehog Fi5_1Ri7_1 Brackenhurst 88.00% 

25 Hedgehog Fi5_2Ri7_1 Brackenhurst 96.00% 

49 Hedgehog Fi5_3Ri7_1 Brackenhurst 98.00% 

73 Hedgehog Fi5_4Ri7_1 Brackenhurst 88.00% 

97 Hedgehog Fi5_5Ri7_1 Brackenhurst 83.00% 

121 Hedgehog Fi5_6Ri7_1 Brackenhurst 83.00% 

145 Hedgehog Fi5_7Ri7_1 Brackenhurst 97.52% 

169 Hedgehog Fi5_8Ri7_1 Brackenhurst 98.00% 

2 Hedgehog Fi5_1Ri7_2 Brackenhurst 91.95% 

26 Hedgehog Fi5_2Ri7_2 Brackenhurst 89.47% 

50 Negative Fi5_3Ri7_2   
 

74 Hedgehog Fi5_4Ri7_2 Brackenhurst 98.00% 

98 Hedgehog Fi5_5Ri7_2 Brackenhurst 96.89% 

122 Hedgehog Fi5_6Ri7_2 Brackenhurst 94.23% 

146 Hedgehog Fi5_7Ri7_2 Brackenhurst 96.89% 

170 Hedgehog Fi5_8Ri7_2 Brackenhurst 97.52% 

3 Hedgehog Fi5_1Ri7_3 Brackenhurst 84.46% 

27 Hedgehog Fi5_2Ri7_3 Brackenhurst 90.56% 

51 Hedgehog Fi5_3Ri7_3 Brackenhurst 97.52% 

75 Hedgehog Fi5_4Ri7_3 Brackenhurst 83.77% 

99 Hedgehog Fi5_5Ri7_3 Brackenhurst 97.52% 

123 Negative Fi5_6Ri7_3   
 

147 Hedgehog Fi5_7Ri7_3 Brackenhurst 97.52% 

171 Hedgehog Fi5_8Ri7_3 Brackenhurst 97.52% 

4 Hedgehog Fi5_1Ri7_4 Brackenhurst 98.83% 

28 Hedgehog Fi5_3Ri7_4 Brackenhurst 95.65% 

52 Hedgehog Fi5_3Ri7_4 Brackenhurst 95.65% 

76 Hedgehog Fi5_4Ri7_4 Brackenhurst 97.52% 

100 Hedgehog Fi5_5Ri7_4 Brackenhurst 97.52% 

124 Hedgehog Fi5_6Ri7_4 Brackenhurst 97.52% 

148 Hedgehog Fi5_7Ri7_4 Brackenhurst 98.70% 

172 Hedgehog Fi5_8Ri7_4 Brackenhurst 79.02% 

5 Negative Fi5_1Ri7_5   
 

29 Hedgehog Fi5_2Ri7_5 Brackenhurst 98.14% 
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Sample Species Illumina Tag Site BLASTn taxonomic assignment match (%) 

53 Hedgehog Fi5_3Ri7_5 Brackenhurst 98.42% 

77 Hedgehog Fi5_4Ri7_5 Hartpury 98.92% 

101 Hedgehog Fi5_5Ri7_5 Hartpury 91.16% 

125 Hedgehog Fi5_6Ri7_5 Hartpury 96.27% 

149 Hedgehog Fi5_7Ri7_5 Hartpury 96.89% 

173 Hedgehog Fi5_8Ri7_5 Hartpury 98.66% 

6 Hedgehog Fi5_1Ri7_6 Hartpury 97.52% 

30 Hedgehog Fi5_2Ri7_6 Hartpury 98.83% 

54 Hedgehog Fi5_3Ri7_6 Hartpury 98.00% 

78 Negative Fi5_4Ri7_6   
 

102 Hedgehog Fi5_5Ri7_6 Hartpury 98.51% 

126 Hedgehog Fi5_6Ri7_6 Hartpury 96.12% 

150 Hedgehog Fi5_7Ri7_6 Hartpury 98.77% 

174 Hedgehog Fi5_8Ri7_6 Hartpury 98.79% 

7 Hedgehog Fi5_1Ri7_7 Hartpury 97.44% 

31 Hedgehog Fi5_2Ri7_7 Hartpury 97.52% 

55 Hedgehog Fi5_3Ri7_7 Hartpury 96.51% 

79 Hedgehog Fi5_4Ri7_7 Hartpury 96.89% 

103 Hedgehog Fi5_5Ri7_7 Hartpury 94.44% 

127 Hedgehog Fi5_6Ri7_7 Hartpury 97.52% 

151 Negative Fi5_7Ri7_7   
 

175 Hedgehog Fi5_8Ri7_7 Hartpury 96.89% 

8 Hedgehog Fi5_1Ri7_8 Hartpury 98.66% 

32 Hedgehog Fi5_2Ri7_8 Hartpury 97.44% 

56 Hedgehog Fi5_3Ri7_8 Hartpury 96.89% 

80 Hedgehog Fi5_4Ri7_8 Hartpury 98.66% 

104 Hedgehog Fi5_5Ri7_8 Hartpury 97.56% 

128 Hedgehog Fi5_6Ri7_8 Hartpury 97.52% 

152 Hedgehog Fi5_7Ri7_8 Hartpury 97.52% 

176 Hedgehog Fi5_8Ri7_8 Hartpury 97.52% 

9 Hedgehog Fi5_1Ri7_9 Hartpury 98.00% 

33 Negative Fi5_2Ri7_9   
 

57 Hedgehog Fi5_3Ri7_9 Hartpury 81.82% 

81 Hedgehog Fi5_4Ri7_9 Hartpury 97.52% 

105 Hedgehog Fi5_5Ri7_9 Hartpury 99.89% 

129 Hedgehog Fi5_6Ri7_9 Hartpury 97.52% 

153 Samples not applicable to this present study 
 

177 Samples not applicable to this present study 
 

10 Samples not applicable to this present study 
 

34 Samples not applicable to this present study 
 

58 Samples not applicable to this present study 
 

82 Samples not applicable to this present study 
 

106 Negative Fi5_5Ri7_10   
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Sample Species Illumina Tag Site BLASTn taxonomic assignment match (%) 

130 Samples not applicable to this present study 
 

154 Samples not applicable to this present study  

178 Samples not applicable to this present study 
 

11 Samples not applicable to this present study 
 

35 Hedgehog Fi5_2Ri7_11 Hartpury 98.32% 

59 Hedgehog Fi5_3Ri7_11 Hartpury 98.83% 

83 Hedgehog Fi5_4Ri7_11 Hartpury 98.83% 

107 Hedgehog Fi5_5Ri7_11 Hartpury 97.59% 

131 Hedgehog Fi5_6Ri7_11 Brackenhurst 98.18% 

155 Hedgehog Fi5_7Ri7_11 Brackenhurst 99.44% 

179 Negative Fi5_8Ri7_11   
 

12 Hedgehog Fi5_1Ri7_12 Replicates 
 

36 Hedgehog Fi5_2Ri7_12 Replicates 
 

60 Hedgehog Fi5_3Ri7_12 Replicates 
 

84 Hedgehog Fi5_4Ri7_12 Replicates 
 

108 Hedgehog Fi5_5Ri7_12 Replicates 
 

132 Hedgehog Fi5_6Ri7_12 Replicates 
 

156 Hedgehog Fi5_7Ri7_12 Replicates 
 

180 Samples not applicable to this present study 
 

13 Badger Fi5_1Ri7_13 Brackenhurst 85.62% 

37 Badger Fi5_2Ri7_13 Brackenhurst 98.91% 

61 Badger Fi5_3Ri7_13 Brackenhurst 98.36% 

85 Badger Fi5_4Ri7_13 Brackenhurst 97.81% 

109 Badger Fi5_5Ri7_13 Brackenhurst 100.00% 

133 Badger Fi5_6Ri7_13 Brackenhurst 100.00% 

157 Badger Fi5_7Ri7_13 Brackenhurst 100.00% 

181 Badger Fi5_8Ri7_13 Brackenhurst 100.00% 

14 Badger Fi5_1Ri7_14 Brackenhurst 100.00% 

38 Badger Fi5_2Ri7_14 Brackenhurst 100.00% 

62 Negative Fi5_3Ri7_14   
 

86 Badger Fi5_4Ri7_14 Brackenhurst 100.00% 

110 Badger Fi5_5Ri7_14 Brackenhurst 87.65% 

134 Badger Fi5_6Ri7_14 Brackenhurst 99.37% 

158 Badger Fi5_7Ri7_14 Brackenhurst 86.42% 

182 Badger Fi5_8Ri7_14 Brackenhurst 96.86% 

15 Badger Fi5_1Ri7_15 Brackenhurst 91.51% 

39 Badger Fi5_2Ri7_15 Brackenhurst 100.00% 

63 Badger Fi5_3Ri7_15 Brackenhurst 100.00% 

87 Badger Fi5_4Ri7_15 Brackenhurst 100.00% 

111 Badger Fi5_5Ri7_15 Brackenhurst 100.00% 

135 Negative Fi5_6Ri7_15   
 

159 Badger Fi5_7Ri7_15 Brackenhurst 100.00% 

183 Badger Fi5_8Ri7_15 Brackenhurst 100.00% 
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Sample Species Illumina Tag Site BLASTn taxonomic assignment match (%) 

16 Badger Fi5_1Ri7_16 Brackenhurst 100.00% 

40 Badger Fi5_3Ri7_16 Brackenhurst 98.88% 

64 Badger Fi5_3Ri7_16 Brackenhurst 100.00% 

88 Badger Fi5_4Ri7_16 Brackenhurst 87.29% 

112 Badger Fi5_5Ri7_16 Brackenhurst 100.00% 

136 Badger Fi5_6Ri7_16 Brackenhurst 99.35% 

160 Badger Fi5_7Ri7_16 Brackenhurst 100.00% 

184 Badger Fi5_8Ri7_16 Brackenhurst 96.86% 

17 Negative Fi5_1Ri7_17   
 

41 Badger Fi5_2Ri7_17 Brackenhurst 85.89% 

65 Badger Fi5_3Ri7_17 Brackenhurst 100.00% 

89 Badger Fi5_4Ri7_17 Brackenhurst 100.00% 

113 Badger Fi5_5Ri7_17 Brackenhurst 98.15% 

137 Badger Fi5_6Ri7_17 Brackenhurst 85.22% 

161 Badger Fi5_7Ri7_17 Brackenhurst 81.97% 

185 Badger Fi5_8Ri7_17 Brackenhurst 100.00% 

18 Badger Fi5_1Ri7_18 Brackenhurst 98.15% 

42 Badger Fi5_2Ri7_18 Brackenhurst 100.00% 

66 Badger Fi5_3Ri7_18 Brackenhurst 100.00% 

90 Negative Fi5_4Ri7_18   
 

114 Badger Fi5_5Ri7_18 Hartpury 100.00% 

138 Badger Fi5_6Ri7_18 Hartpury 100.00% 

162 Badger Fi5_7Ri7_18 Hartpury 100.00% 

186 Badger Fi5_8Ri7_18 Hartpury 99.37% 

19 Badger Fi5_1Ri7_19 Hartpury 100.00% 

43 Badger Fi5_2Ri7_19 Hartpury 99.37% 

67 Badger Fi5_3Ri7_19 Hartpury 96.86% 

91 Badger Fi5_4Ri7_19 Hartpury 100.00% 

115 Badger Fi5_5Ri7_19 Hartpury 100.00% 

139 Badger Fi5_6Ri7_19 Hartpury 100.00% 

163 Negative Fi5_7Ri7_19   
 

187 Badger Fi5_8Ri7_19 Hartpury 100.00% 

20 Badger Fi5_1Ri7_20 Hartpury 100.00% 

44 Badger Fi5_2Ri7_20 Hartpury 100.00% 

68 Badger Fi5_3Ri7_20 Hartpury 100.00% 

92 Badger Fi5_4Ri7_20 Hartpury 100.00% 

116 Badger Fi5_5Ri7_20 Hartpury 100.00% 

140 Badger Fi5_6Ri7_20 Hartpury 99.87% 

164 Badger Fi5_7Ri7_20 Hartpury 98.18% 

188 Badger Fi5_8Ri7_20 Hartpury 100.00% 

21 Badger Fi5_1Ri7_21 Hartpury 100.00% 

45 Negative Fi5_2Ri7_21   
 

69 Badger Fi5_3Ri7_21 Hartpury 100.00% 



244 

 

Sample Species Illumina Tag Site BLASTn taxonomic assignment match (%) 

93 Badger Fi5_4Ri7_21 Hartpury 96.23% 

117 Badger Fi5_5Ri7_21 Hartpury 100.00% 

141 Badger Fi5_6Ri7_21 Hartpury 100.00% 

165 Badger Fi5_7Ri7_21 Hartpury 97.42% 

189 Badger Fi5_8Ri7_21 Hartpury 100.00% 

22 Badger Fi5_1Ri7_22 Hartpury 100.00% 

46 Badger Fi5_2Ri7_22 Hartpury 100.00% 

70 Badger Fi5_3Ri7_22 Hartpury 100.00% 

94 Badger Fi5_4Ri7_22 Hartpury 99.84% 

118 Negative Fi5_5Ri7_22   
 

142 Badger Fi5_6Ri7_22 Hartpury 100.00% 

166 Badger Fi5_7Ri7_22 Hartpury 100.00% 

190 Badger Fi5_8Ri7_22 Hartpury 99.37% 

23 Badger Fi5_1Ri7_23 Hartpury 100.00% 

47 Badger Fi5_2Ri7_23 Hartpury 98.88% 

71 Badger Fi5_3Ri7_23 Hartpury 99.15% 

95 Badger Fi5_4Ri7_23 Hartpury 99.40% 

119 Badger Fi5_5Ri7_23 Hartpury 92.74% 

143 Badger Fi5_6Ri7_23 Hartpury 91.98% 

167 Badger Fi5_7Ri7_23 Hartpury 97.53% 

191 Negative Fi5_8Ri7_23   
 

24 Badger Fi5_1Ri7_24 Replicates 
 

48 Badger Fi5_2Ri7_24 Replicates 
 

72 Badger Fi5_3Ri7_24 Replicates 
 

96 Badger Fi5_4Ri7_24 Replicates 
 

120 Badger Fi5_5Ri7_24 Replicates 
 

144 Badger Fi5_6Ri7_24 Replicates 
 

168 Badger Fi5_7Ri7_24 Replicates 
 

192 Badger Fi5_8Ri7_24 Replicates 
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b)            

1 2 3 4 5 6 7 8 9 10 11 12 

25 26 27 28 29 30 31 32 33 34 35 36 

49 50 51 52 53 54 55 56 57 58 59 60 

73 74 75 76 77 78 79 80 81 82 83 84 

97 98 99 100 101 102 103 104 105 106 107 108 

121 122 123 124 125 126 127 128 129 130 131 132 

145 146 147 148 149 150 151 152 153 154 155 156 

169 170 171 172 173 174 175 176 177 178 179 180 

 

c) 

           

13 14 15 16 17 18 19 20 21 22 23 24 

37 38 39 40 41 42 43 44 45 46 47 48 

61 62 63 64 65 66 67 68 69 70 71 72 

85 86 87 88 89 90 91 92 93 94 95 96 

109 110 111 112 113 114 115 116 117 118 119 120 

133 134 135 136 137 138 139 140 141 142 143 144 

157 158 159 160 161 162 163 164 165 166 167 168 

181 182 183 184 185 186 187 188 189 190 191 192 
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Appendix B: Number of primer mismatches between several mammal species full 

mtDNA and MiMammal primers. 

Common 

name 

Latin Name Complete 

mtDNA 

used 

MiMammal 

Forward 

primer 

MiMammal      

Reverse primer 

Badger Meles meles Y 1 0 

Dog Canis lupus 

familiaris 

Y 0 0 

Hedgehog Erinaceus europaeus Y 3 3 

House 

sparrow 

Passer domesticus Y 3 0 

Mallard Anas platyrhynchos Y 3 0 

Red fox Vulpes vulpes Y 0 0 

Appendix C: Identification of badger sex from DNA obtained from facecal samples 

(n=16) using RG4 (Y-linked, SRY) (Griffiths and Tiwari 1993), and Mel592 (X-linked) 

(Annavi et al. 2011) primer sets. Sex was successfully assigned to 37.5% of badger 

samples analysed.    

Sample 

Name 

Mel592 SRY Sex 

confirmed Allele 1 Allele 2 Allele 1 Allele 2 

40 238 238 123 123 Male 

48 238 240 
  

Female 

41 238 238 124 124 Male 

49 
    

- 

42 248 248 125 125 Male 

50 
    

- 

43 248 248 
  

- 

51 
  

124 124 - 

44 232 232 124 124 Male 

52 238 240 
  

Female 

45 238 238 
  

- 

53 
  

125 125 - 

46 
  

124 124 - 

56 240 240 
  

- 

47 
    

- 

57 240 240 
  

- 
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Appendix D: Plate organisation (96-well) with dual indexes for hedgehog (a) and badger (b) DNA scat samples including negatives 

(shaded blue) and replicates (shaded green) in preparation of sequencing on the Illumina MiSeq Platform.  

a)            

Ri7_1Fi5_1 Ri7_1Fi5_2 Ri7_1Fi5_3 Ri7_1Fi5_4 Ri7_1Fi5_5 Ri7_1Fi5_6 Ri7_1Fi5_7 Ri7_1Fi5_8 Ri7_1Fi5_9 Ri7_1Fi5_10 Ri7_1Fi5_11 Ri7_1Fi5_12 

Ri7_2Fi5_1 Ri7_2Fi5_2 Ri7_2Fi5_3 Ri7_3Fi5_4 Ri7_2Fi5_5 Ri7_2Fi5_6 Ri7_2Fi5_7 Ri7_2Fi5_8 Ri7_2Fi5_9 Ri7_2Fi5_10 Ri7_2Fi5_11 Ri7_2Fi5_12 

Ri7_3Fi5_1 Ri7_3Fi5_2 Ri7_3Fi5_3 Ri7_3Fi5_4 Ri7_3Fi5_5 Ri7_3Fi5_6 Ri7_3Fi5_7 Ri7_3Fi5_8 Ri7_3Fi5_9 Ri7_3Fi5_10 Ri7_3Fi5_11 Ri7_3Fi5_12 

Ri7_4Fi5_1 Ri7_4Fi5_2 Ri7_4Fi5_3 Ri7_4Fi5_4 Ri7_4Fi5_5 Ri7_4Fi5_6 Ri7_4Fi5_7 Ri7_4Fi5_8 Ri7_4Fi5_9 Ri7_4Fi5_10 Ri7_4Fi5_11 Ri7_4Fi5_12 

Ri7_5Fi5_1 Ri7_5Fi5_2 Ri7_5Fi5_3 Ri7_5Fi5_4 Ri7_5Fi5_5 Ri7_5Fi5_6 Ri7_5Fi5_7 Ri7_5Fi5_8 Ri7_5Fi5_9 Ri7_5Fi5_10 Ri7_5Fi5_11 Ri7_5Fi5_12 

Ri7_6Fi5_1 Ri7_6Fi5_2 Ri7_6Fi5_3 Ri7_6Fi5_4 Ri7_6Fi5_5 Ri7_6Fi5_6 Ri7_6Fi5_7 Ri7_6Fi5_8 Ri7_6Fi5_9 Ri7_6Fi5_10 Ri7_6Fi5_11 Ri7_6Fi5_12 

Ri7_7Fi5_1 Ri7_7Fi5_2 Ri7_7Fi5_3 Ri7_7Fi5_4 Ri7_7Fi5_5 Ri7_7Fi5_6 Ri7_7Fi5_7 Ri7_7Fi5_8 Ri7_7Fi5_9 Ri7_7Fi5_10 Ri7_7Fi5_11 Ri7_7Fi5_12 

Ri7_8Fi5_1 Ri7_8Fi5_2 Ri7_8Fi5_3 Ri7_8Fi5_4 Ri7_8Fi5_5 Ri7_8Fi5_6 Ri7_8Fi5_7 Ri7_8Fi5_8 Ri7_8Fi5_9 Ri7_8Fi5_10 Ri7_8Fi5_11 Ri7_8Fi5_12 

 

b)            

Ri7_1Fi5_13 Ri7_1Fi5_14 Ri7_1Fi5_15 Ri7_1Fi5_16 Ri7_1Fi5_17 Ri7_1Fi5_18 Ri7_1Fi5_19 Ri7_1Fi5_20 Ri7_1Fi5_21 Ri7_1Fi5_22 Ri7_1Fi5_23 Ri7_1Fi5_24 

Ri7_2Fi5_13 Ri7_2Fi5_14 Ri7_2Fi5_15 Ri7_3Fi5_16 Ri7_2Fi5_17 Ri7_2Fi5_18 Ri7_2Fi5_19 Ri7_2Fi5_20 Ri7_2Fi5_21 Ri7_2Fi5_22 Ri7_2Fi5_23 Ri7_2Fi5_24 

Ri7_3Fi5_13 Ri7_3Fi5_14 Ri7_3Fi5_15 Ri7_3Fi5_16 Ri7_3Fi5_17 Ri7_3Fi5_18 Ri7_3Fi5_19 Ri7_3Fi5_20 Ri7_3Fi5_21 Ri7_3Fi5_22 Ri7_3Fi5_23 Ri7_3Fi5_24 

Ri7_4Fi5_13 Ri7_4Fi5_14 Ri7_4Fi5_15 Ri7_4Fi5_16 Ri7_4Fi5_17 Ri7_4Fi5_18 Ri7_4Fi5_19 Ri7_4Fi5_20 Ri7_4Fi5_21 Ri7_4Fi5_22 Ri7_4Fi5_23 Ri7_4Fi5_24 

Ri7_5Fi5_13 Ri7_5Fi5_14 Ri7_5Fi5_15 Ri7_5Fi5_16 Ri7_5Fi5_17 Ri7_5Fi5_18 Ri7_5Fi5_19 Ri7_5Fi5_20 Ri7_5Fi5_21 Ri7_5Fi5_22 Ri7_5Fi5_23 Ri7_5Fi5_24 

Ri7_6Fi5_13 Ri7_6Fi5_14 Ri7_6Fi5_15 Ri7_6Fi5_16 Ri7_6Fi5_17 Ri7_6Fi5_18 Ri7_6Fi5_19 Ri7_6Fi5_20 Ri7_6Fi5_21 Ri7_6Fi5_22 Ri7_6Fi5_23 Ri7_6Fi5_24 

Ri7_7Fi5_13 Ri7_7Fi5_14 Ri7_7Fi5_15 Ri7_7Fi5_16 Ri7_7Fi5_17 Ri7_7Fi5_18 Ri7_7Fi5_19 Ri7_7Fi5_20 Ri7_7Fi5_21 Ri7_7Fi5_22 Ri7_7Fi5_23 Ri7_7Fi5_24 

Ri7_8Fi5_13 Ri7_8Fi5_14 Ri7_8Fi5_15 Ri7_8Fi5_16 Ri7_8Fi5_17 Ri7_8Fi5_18 Ri7_8Fi5_19 Ri7_8Fi5_20 Ri7_8Fi5_21 Ri7_8Fi5_22 Ri7_8Fi5_23 Ri7_8Fi5_24 



248 

 

Appendix E: The presence (P) and absence (A) of 94 food types (Families) detected 

across hedgehog and badger scat samples from two rural farms in England, between 

summer 2018 and summer 2019, using DNA metabarcoding.  

Prey Family  Prey type Hedgeho

g P/A 

Badger 

P/A 

Percentage 

of hedgehog 

samples 

(n=64) 

Percentage of 

badger 

samples 

(n=80) 

Bufonidae Amphibian P A 1.6 0.0 

Ranidae Amphibian P A 1.6 0.0 

Salamandridae Amphibian A P 0.0 1.3 

Phasianidae Aves P P 15.6 1.3 

Columbidae Aves P P 12.5 1.3 

Anatidae Aves P P 1.6 3.8 

Corvidae Aves A P 0.0 3.8 

Gruidae Aves A P 0.0 5.0 

Hyaloriaceae Fungi A P 0.0 1.3 

Cladosporiaceae Fungi P A 1.6 0.0 

Carabidae Invertebrate  P P 89.0 61.0 

Arionidae Invertebrate P P 71.0 68.0 

Lumbricidae Invertebrate P P 68.0 86.0 

Agriolimacidae Invertebrate P P 60.0 30.0 

Noctuidae Invertebrate P P 49.0 13.0 

Tipulidae Invertebrate P P 33.0 14.0 

Armadillidiidae Invertebrate P A 24.0 0.0 

Forficulidae Invertebrate P A 24.0 0.0 

Helicidae Invertebrate P P 17.0 20.0 

Elateridae Invertebrate P A 16.0 0.0 

Hygromiidae Invertebrate P P 13.0 10.0 

Julidae Invertebrate P P 13.0 1.0 

Curculionidae Invertebrate P A 11.0 0.0 

Scathophagidae Invertebrate P P 10.0 1.0 

Limacidae Invertebrate P A 8.0 0.0 

Entomobryidae Invertebrate P P 6.0 19.0 

Formicidae Invertebrate P A 6.0 0.0 

Muscidae Invertebrate P P 6.0 25.0 

Phalangiidae Invertebrate P A 6.0 0.0 

Phoridae Invertebrate P P 6.0 18.0 

Porcellionidae Invertebrate P P 6.0 4.0 

Staphylinidae Invertebrate P P 6.0 6.0 

Tephritidae Invertebrate P A 6.0 0.0 

Caeciliusidae Invertebrate P A 5.0 0.0 
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Prey Family  Prey type Hedgeho

g P/A 

Badger 

P/A 

Percentage 

of hedgehog 

samples 

(n=64) 

Percentage of 

badger 

samples 

(n=80) 

Braconidae Invertebrate P P 3.0 3.0 

Hepialidae Invertebrate P A 3.0 0.0 

Katiannidae Invertebrate P P 3.0 3.0 

Parasitidae Invertebrate P P 3.0 9.0 

Psychodidae Invertebrate P P 3.0 19.0 

Drosophilidae Invertebrate P P 2.0 5.0 

Dryomyzidae Invertebrate P P 2.0 4.0 

Euzetidae Invertebrate P P 2.0 1.0 

Sepsidae Invertebrate P P 2.0 11.0 

Sphaeroceridae Invertebrate P P 2.0 5.0 

Syrphidae Invertebrate P P 2.0 4.0 

Trichoniscidae Invertebrate P P 2.0 3.0 

Anthomyzidae Invertebrate A P 0.0 14.0 

Baetidae Invertebrate A P 0.0 11.0 

Hypogastruridae Invertebrate A P 0.0 13.0 

Limoniidae Invertebrate A P 0.0 8.0 

Lonchopteridae Invertebrate A P 0.0 4.0 

Nymphalidae Invertebrate A P 0.0 15.0 

Ripiphoridae Invertebrate A P 0.0 5.0 

Sciaridae Invertebrate A P 0.0 9.0 

Succineidae Invertebrate A P 0.0 5.0 

Vespidae Invertebrate A P 0.0 11.0 

Bovidae Mammal P P 10.9 17.5 

Suidae Mammal P A 6.3 0.0 

Felidae Mammal P P 1.6 1.3 

Canidae Mammal A P 0.0 5.0 

Cricetidae Mammal A P 0.0 2.5 

Leporidae Mammal A P 0.0 11.0 

Muridae Mammal A P 0.0 5.0 

Soricidae Mammal A P 0.0 1.3 

Talpidae Mammal A P 0.0 1.3 

Erinaceidae Mammal N/A P N/A 1.3 

Poaceae Plant P P 40.6 47.5 

Ranunculaceae Plant P P 21.9 17.5 

Plantaginaceae Plant P P 15.6 18.8 

Asteraceae Plant P P 14.1 3.8 

Rosaceae Plant P P 12.5 27.5 

Fagaceae Plant P P 9.4 8.8 
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Prey Family  Prey type Hedgeho

g P/A 

Badger 

P/A 

Percentage 

of hedgehog 

samples 

(n=64) 

Percentage of 

badger 

samples 

(n=80) 

Brassicaceae Plant P P 7.8 8.8 

Geraniaceae Plant P P 6.3 25.0 

Aquifoliaceae Plant P A 4.7 0.0 

Fabaceae Plant P P 4.7 6.3 

Apiaceae Plant P A 3.1 0.0 

Boraginaceae Plant P P 3.1 1.3 

Sapindaceae Plant P P 3.1 15.0 

Adoxaceae Plant P A 1.6 0.0 

Berberidaceae Plant P A 1.6 0.0 

Cupressaceae Plant P P 1.6 5.0 

Lamiaceae Plant P A 1.6 0.0 

Polygonaceae Plant P P 1.6 1.3 

Araliaceae Plant A P 0.0 1.3 

Betulaceae Plant A P 0.0 2.5 

Caryophyllaceae Plant A P 0.0 3.8 

Convolvulaceae Plant A P 0.0 2.5 

Euphorbiaceae Plant A P 0.0 7.5 

Onagraceae Plant A P 0.0 1.3 

Pinaceae Plant A P 0.0 5.0 

Primulaceae Plant A P 0.0 2.5 

Rubiaceae Plant A P 0.0 6.3 

Salicaceae Plant A P 0.0 1.3 
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Appendix F: The location of trial cameras across 23 sites surveyed between April 2018 

and September 2019 were generated and mapped using ArcMap GIS software (ESRI 

(Environmental Systems Research Institute 2018). Habitats are coded as follows: brown 

= arable, lime green = amenity grassland, black = buildings, light green = grassland, 

dark green = hedges, blue = open water, red = woodland and grey = urban. Detection 

data during 10-night surveys are coded as follows: black triangle = camera location, 

yellow asterisk = hedgehog detected, blue square = badger detected and pink pentagon 

= hedgehog and badger detected (although at separate times). 

 

Site 1) Brackenhurst A 
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Site 2) Hartpury 



253 

 

 

Site 3) Slade      
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Site 4) Kendal 
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Site 5) Driffield       
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Site 6) Keyingham 
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Site 7) Clumber      
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Site 8) Thorn 
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Site 9) Brackenhurst B     
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Site 10) Epperstone 
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Site 11) Hodsock      



262 

 

 

Site 12) Anglesey 
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Site 13) Dunmow      
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Site 14) Loddington 
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Site 15) Usk       
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Site 16) Woodchester 
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Site 17) Long Stratton      
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Site 18) Spreyton 
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Site 19) Ide       
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Site 20) Knock 
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Site 21) Barnsley      
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Site 22) Riseholme 



273 

 

 

Site 23) Suffolk 



274 

 

Appendix G: Comparison of activity levels of badgers and hedgehogs at six sites where 

they co-occurred. Overlap plot comparing diel activity pattern density curves of badger 

and hedgehog at the following sites; A) Brackenhurst A, B) Hartpury, C) Slade, D) 

Driffield, E) Brackenhurst B and F) Riseholme, as obtained from camera trap 

detections of hedgehog, and badger. The grey shaded area indicates activity overlap and 

individual detection times at shown along the X axis as rings. 

Site No. 

badger 

detections 

No. 

hedgehog 

detections 

Coefficient 

of overlap 

Bootstrap 

coefficient 

of overlap 

95% 

confidence 

intervals 

Wald 

statistic 

(χ²) 

P-

value  

Bracken-

hurst 2018 

54 11 0.74 0.74 0.54-0.94 1.10 0.31 

Hartpury 17 43 0.84 0.80 0.67 1.0 2.17  0.14 

Slade 26 16 0.75 0.74 0.58-0.92 4.06 0.05 

Driffield 36 9 0.86 0.78 0.55-0.93 0.37 0.55 

Bracken-

hurst 2019 

33 14 0.71 0.70 0.50-0.92 3.14 0.08 

Rise-

holme 

7 6 0.59 0.50 0.27-0.90 0.01  0.97 

 

The difference in badger and hedgehog activity levels bordered on statistical significance 

(P=0.05) for Slade, where hedgehog activity was particularly concentrated between 24:00 and 

01:00 hours (C).  

 

A) Brackenhurst A 
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B) Hartpury 

 

C) Slade 
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D) Driffield 

 

E) Brackenhurst B 
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F) Riseholme 

  

 

 


