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II. Thesis Abstract 
 

Predators have undergone severe historical decline due to human persecution and habitat 

loss. Predator populations are starting to recover in parts of Europe for the first time in 

response to protective legislation and conservation efforts. The landscapes native predators 

are recovering in are greatly impacted by human presence and settlement. Habitats 

predators would have existed in, and species predators would have existed alongside are 

typically highly degraded or entirely absent. Contemporary available habitats are human-

modified, and often shared with humans, as well as numerous novel, human introduced 

species. Although early evidence suggests predators may be able to adapt to these modified 

landscapes, and ecological theory suggests that the return of predators may have profound 

impacts in structuring and regulating the systems they inhabit through top-down effects, 

limited examples of either exist. This thesis therefore investigates the ecology of a 

recovering predator: the European pine marten in Ireland. The pine marten is a semi-

arboreal opportunist, but in the fauna depauperate landscapes of Ireland and Britain, it 

appears to fill the niche as a key predator species. The natural recovery of the pine marten 

may provide us with insights into possibilities of the recovery of other predator species. The 

observed recovery of the pine marten in Ireland and Britain so far is of particular interest, as 

it is recovering despite a lack of suitable habitat, and it is recovering in the presence of 

invasive species which have occupied areas since the predators absence. This thesis 

investigated three key aspects of predator recovery which required address: 1) the most 

effective non-invasive method to monitor a carnivore population at a large scale; 2) how a 

recovering predator can fulfil its life requirements in a degraded landscapes lacking 

preferred habitat and prey and 3) if and how a generalist native predator in recovery can 
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provide control of invasive alien species, and benefit a native species of conservation 

concern, both of which are prey species of the predator. I demonstrate that camera 

trapping is likely to be the most efficient and cost-effective method of monitoring carnivores 

in the future. I highlight that species recovery in human-modified landscapes is likely to be 

strongly linked to species adaptability. Generalists will hold an advantage here, both in 

terms of diet as observed through the likely requirement of pronounced prey switching in 

response to seasonal and environmental fluctuations, and in denning as observed through 

behavioural plasticity in response to scarcity of natural above ground sites. Finally, I provide 

robust evidence of a three-way interaction between a recovering native predator, the pine 

marten, an invasive alien species, they grey squirrel, and a native species of conservation 

concern, the red squirrel. I demonstrate differential predation rates of the prey species, and 

differences in behavioural response to the shared native predator. I demonstrate the spatial 

relationship between the three-species over a regional scale (Northern Ireland) using 

quantitative techniques allowing for imperfect detection. I elucidate the potential of a 

recovering native predator to cause declines in an invasive prey species and have positive 

effects on the occurrence of a competing native prey species.  I hypothesise the mechanism 

driving this relationship to be direct predation, which is facilitated by a lack of anti-predator 

behaviours in the invasive prey species. Overall, this work demonstrates the substantial 

impacts a small recovering predator can have on the ecosystems it inhabits, while revealing 

the incredible propensity of the pine marten to adapt to human modified landscapes. It 

provides evidence of the European pine marten as a keystone species of Irish and British 

woodlands and highlights potential benefits of recovering predators to shaping and 

regulating their environments.   
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1.  The ecology and history of the European pine marten  

 

1.1 Background 

The European pine marten (Martes martes) is the only arboreal member of the Mustelidae 

present in western Europe. It is a small-sized (1 – 2kg) predator species with omnivorous 

tendencies, mainly nocturnal but also commonly active during daylight (Birks, 2017).  Pine 

martens have a wide distribution throughout mainland Europe from Russia in the east, 

Scandinavia in the north, to the Iberian Peninsula and British Isles in the west (Birks, 2002). 

The population in Ireland is the most westerly extent of the range of the European pine 

marten (O’Mahony et al. 2012; 2017). Pine martens have faced severe historical decline at 

the western edge of their range in Ireland and Britain, where they are considered one of the 

rarest mammals of these regions (Fairley, 1975a). These mesocarnivores are potentially 

keystone species to the woodland ecosystems they inhabit, feeding at multiple trophic 

levels, thus interacting and regulating both flora and fauna of the forest they inhabit and 

having a disproportional effect on certain species (Hale and Koprowski, 2018), specifically 

squirrels (Sciurus sp.).  This thesis concerns the ecology of the pine marten in Ireland and 

focuses on the species distribution, its trophic and spatial ecology, and role in reversal of 

species replacement in squirrels. Having undergone severe historic decline (an estimated 

97% of the population was eradicated between the Neolithic – 1970s) in the British Isles due 

to wide-scale persecution and habitat loss (Langley & Yalden, 1977), pine martens were 

granted legal protection in Ireland in 1976 and in the U.K in 1981 and are now gradually 

recovering in Ireland (O’Mahony et al. 2012; 2017). Pre-Millennium research focused 

predominantly on diet (Fairley & O ’Gorman, 1974; Fairley, 1970; Fairley, 1975b; Warner & 
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O’Sullivan, 1982; NiNeachtain, 1998), with a single study investigating the species 

distribution (O’Sullivan, 1983). The paucity of research on the species is due to the difficulty 

in studying a species that is elusive, wide ranging, occurring at low densities and is nocturnal 

and intelligent (Messenger & Birks, 2000). However, over the last two decades with the 

steady recovery of the European pine marten in Ireland, and advances in non-invasive 

technologies for monitoring the species (Statham, Turner & O’Reilly, 2005; Mullins et al. 

2009; O’Mahony et al. 2012; 2015; 2017) interest in the ecology and behaviour of pine 

martens has grown.  In addition to several assessments of population size and distribution 

of pine marten in the Republic of Ireland in the last decade (O.Mahony et al. 2012; 

O’Mahony et al. 2017), a number of research studies have investigated the potential of the 

pine marten to reverse native red squirrel replacement by invasive grey squirrels (Sheehy & 

Lawton, 2014; Sheehy et al. 2018; Flaherty & Lawton, 2019). This chapter reviews what is 

known about pine marten ecology in general and, more specifically, with reference to 

Ireland, which remains largely deforested with the least area of afforestation in Europe.  

Thus, in comparing results from Ireland with those from elsewhere, this study exams how a 

species adapts to less optimal conditions as well as highlighting existing knowledge gaps.  

1.2 The pine marten: biogeographic history 

There is debate around the method of post-glacial colonisation of Ireland by mammals and 

other biota.  The climate of Quaternary had a dramatic effect on the distribution of all 

vertebrate species in the Palaeoarctic (Hewitt, 2004; Montgomery et al. 2014). Most species 

in Europe were forced to retreat to southern refugia north of the present Mediterranean 

Sea during the last glacial maximum (LGM), however recent research has provided evidence 

for the existence of multiple cryptic northerly refugia e.g. Bay of Biscay, and off the southern 
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coast of Ireland (Kotlik et al. 2006; Wojcik et al. 2010; McDevitt et al. 2012; Ruiz-Gonzalez et 

al. 2013). Early genetic research suggests that the pine marten of Ireland and Britain are 

represented by two distinct phylogroups, the former originating from the Mediterranean, 

and the later from central northern Europe (Davison et al. 2001). The distinction between 

Irish and British populations suggests these islands were colonised by the pine marten at 

different times by different populations (See Figure 1.1). A similar phylogeographic pattern 

has also been observed in badgers (O’Meara et al. 2012) and stoats (Martinkova et al. 2007). 

However, a recent discovery from Wales indicates both haplotypes are present in Britain, 

with just the Mediterranean haplotype in Ireland (Jordan et al. 2012).  

There are two non-mutually exclusive hypotheses based on genetic research for the 

post-glacial re-colonisation of martens in the British Isles; natural post- glacial colonisation 

from the Iberian peninsula, tracking the coastline for Ireland (Ruiz-Gonzalez et al. 2013), or 

anthropogenic origin, with early traders bringing martens to Ireland along trade routes that 

were established from the Mesolithic (Searle, 2008). Montgomery et al. (2014) 

approximates the date of re-colonisation as during the Bronze Age, with the first 

archaeological record of martens in Ireland as 2.8 kya, long after the isolation of the island, 

and suggests this was likely the result of an anthropogenic introduction of the species for its 

fur. It is accepted generally that that pine martens were an early introduction and are 

considered a native species (Hayden & Harrington, 2000).  
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Figure 1.1 The distribution of Martes martes mitochondrial lineages in Europe. See text for 

explanation. Sample sizes are also shown (Ruiz-Gonzalez et al. 2013).  

 

1.3 The decline and recovery of the European pine marten in Ireland 

Once considered widespread and abundant throughout Ireland, the European pine marten 

faced severe historical decline, being pushed to the brink in Ireland by the 1960s by which 

time their range had retracted to the western, seaboard counties between Limerick and 

Sligo (O’Sullivan, 1983). The reason for this decline in Ireland has never been appropriately 

addressed.  However, in Britain, which witnessed similar declines, it was concluded that 

population contraction was due to two main factors: habitat loss and persecution (Langley & 

Yalden, 1977). Due to the timing of the most significant pine marten decline in Britain in the 

early 1900s which coincided with a period of reforestation and development of shooting 

estates and gamekeeping, it was concluded that persecution was the main driver of pine 

marten decline in Britain (Langley & Yalden, 1977). This hypothesis is also supported by the 
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later observed increase in the pine marten population during the 1920s coinciding with a 

decline in gamekeeping during and after the 1st World War (Tapper, 1992).  Further, pine 

marten numbers began to recover after the species protection under the 1981 Wildlife and 

Countryside Act. Despite the confident conclusions of Langley & Yalden (1977), It is 

important to note that had sufficient suitable habitat been available, and populations not 

constrained to the limited woodlands that remained, the effects of persecution may have 

been greatly dampened. Due to the historical nature of these events, it is difficult to 

disentangle the additive effects of habitat loss and persecution as both are anthropogenic 

pressures resulting in the decline of wildlife. 

Conclusions from British research cannot be generalised to Ireland without caution 

as despite being similar landscapes ecologically, the socio-political, demographic and 

historical landscapes of the countries differ greatly. Although there is an even greater lack of 

historical data in Ireland compared to Britain, which prohibits dissection of the confounding 

effects of habitat loss and persecution, there appear to be some clear differences between 

the two islands. Shooting estates and gamekeeping never reached the same heights in 

Ireland as in Britain.  In 1851, there were reportedly 591 gamekeepers in all of Ireland, 

compared to more than 12,000 in Britain by 1870, and the latter increased to more than 

23,000 by the early 1900s (Tapper, 1992; Birks, 2017). The massive difference in human 

population size and density between Ireland and Britain in the 20th century, 3.39 million (40 

people per km2) and 56.33 million (232 people per km2) respectively in the 1980s, also 

suggests lower pressure on pine marten from persecution in Ireland (Office for National 

Statistics, 2019).  Therefore, reduced persecution pressure from gamekeeper’s in Ireland 

compared to Britain, and overall lower human population in the former, suggest there may 

be an alternative reason for the decline of pine marten in Ireland.  Most likely, 
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intensification of agriculture and habitat loss played a role in this decline (Birks, 2017). 

Woodland clearance started by Neolithic farmers as a prerequisite to agriculture continued 

into historic times to the start of the 20th century, when Irish forest and woodland cover was 

<1%, compared to ca. 5% in Britain (Mitchell, 2000). In addition to the near complete 

destruction of natural habitat, the decline of pine martens in Ireland was also associated 

with the intensification of sheep farming and associated increases in use of strychnine, 

primarily to control foxes and birds of prey, in the twentieth century (O’Sullivan, 1983; Birks, 

2017). Thus, it seems probable that habitat loss was the first key driver of decline of the 

pine marten in Ireland, followed by agricultural intensification and the resultant widespread 

use of poisons to control predators of lambs and poultry.  

From the 1980s there has been a reversal of the population decline of pine marten in 

Britain and especially Ireland (See Figure 1.2; O’Sullivan, 1983; Croose et al. 2013; 2014; 

O’Mahony et al. 2012; 2017). This reversal in numbers and distribution has been attributed 

to a combination of factors including protection under national (Wildlife Act, 1976), and 

international law (EU Habitats Directive, 1992), banning of the poison strychnine, and a 

largescale increase in forest cover. Pine martens have expanded from their western 

refugium into the Irish midlands and are currently reported to be present in every county of 

the Republic of Ireland (O’Sullivan, 1983; O’Mahony et al. 2017), with a total population size 

of approximately 3,000 individuals. Despite the well-recorded recovery of pine marten in 

the Irish midlands (O’Mahony et al. 2012; O’Mahony et al. 2017), there was little evidence 

of expansion in Northern Ireland from isolated populations in County Fermanagh, raising 

some concern for the future of the species in this region (Birks, 2017). Although anecdotal 

reports suggest the pine marten has also recovered in Northern Ireland, there is no 
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published data prior to this thesis on the extent of the species distribution and abundance in 

Northern Ireland, clearly a position that requires address. 

 

Figure 1.2. Distribution map of the European pine marten in the 1970s – 1980s 

(O’Sullivan, 1983) and updated distribution map after initial recovery in 2000s (O’Mahony et 

al. 2012; Tosh, unpublished).  

1.4 Habitat suitability and requirements of the European pine marten 

The on-going recovery of the pine marten population in Ireland is interesting as it has 

occurred despite a general lack of what would be regarded as suitable habitat, woodland 

and forest. Pine martens are habitat specialists, with most studies concluding that pine 

martens require old-growth deciduous or coniferous woodland (Buskirk, 1992; Zalewski & 

Jedrzejewski, 2006).  Pine martens are thus assumed to be associated with more mature, 

more structurally developed forests as they fulfil the species biological requirements i.e. 

providing protection from predation, access to prey and appropriate denning sites affording 

thermal insulation (Brainerd, 1990; Storch et al. 1990; Birks et al. 2005). This association 
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with old growth woodland, however, may be partly due to most research on habitat 

suitability of the species being largely conducted in forest dominated landscapes of 

Fennoscandia (Brainerd, 1990; Kurki et al. 1998; Storch et al. 1990) or the ancient woodland 

of Bialowezi in Poland (Zalewski & Jedrzejewski, 2006). Historically, it was thought pine 

martens strongly avoided open habitats (Storch et al. 1990; Brainerd & Rolstad, 2002), but 

recently, there have been reports in Britain and the Iberian Peninsula, that pine martens 

occur in commercial, monotypic forests, coppices, heathland and agricultural land with 

forest edge (Clevenger, 1994; Caryl et al. 2012a). Pine martens, therefore, may have greater 

ecological plasticity in the presence of anthropogenic change and landscape fragmentation 

than originally considered (Pittiglio, 1996; Segovia et al. 2000). 

  In Ireland, the pine marten population is apparently recovering despite forest cover 

being some of the lowest in Europe (Republic of Ireland = 10.5%, Northern Ireland = 8%; 

Forest Statistics Ireland, 2017; Forestry Commision, 2017). This is a large increase from the 

early 20th century, however, and concurrent increases in pine marten numbers may indicate 

a general adaptability to heavily modified landscapes such as commercial plantations. 

Ireland has a diverse native tree genera, including birch, hazel, oak and pine (Mitchel, 2000), 

however due to government policy and economic incentives, a situation has arisen where 

over three quarters of the forest cover present in Ireland are formed of immature (<44 years 

old) coniferous plantations of non-native, timber producing trees such as sitka spruce (Picea 

sitchensis). Less the 0.1% of the land area of Ireland is defined as ‘ancient’ woodland i.e. 

land that has had continuous forest cover since the mid-1600s (Perrin & Daly, 2010). The 

fragmented and artificial forests that make up the majority of Ireland’s forest cover are 

predominantly formed of non-native species such as Sitka spruce, Norway spruce (Picea 

abies), Douglas Fir (Pseudotsuga menziesii), Lodgepole pine (Pinus contorta) and Japanese 
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Larch (Larix kaempferi). These monotypic plantations are planted on a variety of land-use 

types and are subject to rotational logging and clear felling approximately every 30 years 

(Birks et al. 2005).  Despite the increase in forest cover, there is growing evidence which 

suggests that it is the structural elements of ancient forest that make it suitable habitat for 

the pine marten, not the presence of forest itself (Brainerd et al. 1994; Caryl et al. 2012a). 

The structural features associated with ancient woodlands (e.g. multi-layered canopies, 

large diameter trees, standing and fallen deadwood, and ground cover) are required by pine 

martens as they provide dens which alleviate predation risk (Storch et al. 1990), and provide 

key thermoregulatory benefits (Zalewski, 1997). These structural legacies of old growth 

woodland, are absent in the commercial plantations because such plantations typically 

occupy ground that was not historically wooded, is heavily managed and is subject to clear 

felling every 30 - 50 years. Recent research in Scotland, which has a similar landscape in 

terms of forest cover and composition, demonstrates the importance of adjacent non-

forested habitats in fragmented landscapes such as those present in Ireland and Britain 

(Caryl et al. 2012a).  Although mature forest was preferred, two matrix habitats (tussock and 

scrub) were also consistently selected and utilised by pine martens for foraging and denning 

in a landscape dominated by commercial plantations. Heterogeneity along forest borders 

with non-forested habitats provided the martens with integral resources typically linked 

with old-growth forest that may be limited within managed commercial plantations: 

denning sites and prey (Caryl et al. 2012a).  Resource supplementation from such matrix 

habitats may be critical in regions with low-forest cover, or where forest cover is dominated 

by commercial plantations such as in Ireland. However, to-date, there has been no research 

conducted on the suitability of habitats for pine marten in Ireland, or how they satisfy key 

life requirements namely, access to prey, and refuge from predation.  
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1.5 Diet of the European pine marten 

The European pine marten is a small, semi-arboreal predator regarded as a food generalist 

and an opportunist thus consuming a broad range of food items (Balharry, 1993; Clevenger, 

1993; Zalewski et al. 2004). There is significant geographic and seasonal variation recognised 

in the diet of the pine marten, but typical food items consumed include a range of small 

mammals, birds, fruit, invertebrates, amphibians and reptiles (Warner & O’Sullivan, 1982; 

Clevenger, 1993; Helldin, 2000).  Despite this diverse and varied diet, there is a consensus 

that rodents, in particular microtine voles such as Myodes spp, are the most important food 

item for pine marten throughout much of the species range (Jedrzejewski et al. 1993; 

Clevenger, 1993; Pulliainen & Ollinmaki, 1996; Helldin, 2000; Zalewski, 2004).  Microtines 

are of such importance that marten population densities in central Europe were found to 

correlate with temporal fluctuations in abundance of these forest rodents (Zalewski & 

Jedrzejewski, 2006). However, in northern Europe, similar investigations found no link 

between microtine abundance and total food consumption, body condition or reproductive 

success (Helldin, 1999).  In the absence of microtines, consumption of other prey species, 

most notably hares, was found to increase.  

In contrast to continental Europe, the microtine species predated in Britain is commonly 

Microtus spp, rather than the Myodes spp., which is targeted throughout mainland Europe 

(Balharry, 1993; Putman, 2000; Caryl et al. 2012b).    Populations in Ireland may be expected 

to demonstrate different patterns of resource use due to the fact that Ireland has a highly 

truncated small mammal community, with no native vole species (Montgomery et al. 2014).  

There have been a few studies in Ireland, but all recent studies have focused on single 

resource groups i.e. small mammals (O’Meara et al. 2013; Sheehy et al. 2013) or single study 
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sites (Lynch & McCann, 2007). However, these studies suggest that pine martens in Ireland 

are more insectivorous and frugivorous than their continental counterparts (Lynch & 

McCann, 2007).  The general consensus that the pine marten is a habitat specialist 

dependant on old growth forest for survival has led to little or no research into the effects of 

habitat on diet of this species.  Filling this gap in our knowledge becomes more pertinent 

where the species is recovering, as in Ireland and Britain and/or regions that are modified 

hugely by anthropogenic processes. The resulting landscapes are dominated by agricultural 

land use types with any forests present being highly fragmented and degraded. Thus, there 

is a gap in the literature pertaining to the seasonal and habitat effects on the diet of the 

pine marten especially where staple prey items in continental areas are absent, as in 

Ireland.  

 

1.6 Denning ecology of the European pine marten 

Like most other carnivores, denning sites are a crucial resource for the pine marten.  Indeed, 

it has been hypothesised that the availability of above ground denning sites are the main 

limiting factor to pine marten populations (Brainerd et al. 1995). Suitable denning sites are 

thought to be selected primarily in response to predation risk and thermoregulatory 

constraints (Brainerd et al. 1995; Zalewski, 1997; Birks et al. 2005). Research in Bialowieza 

Forest, Poland, demonstrates that under natural circumstances over 90% of resting sites and 

dens of the European pine marten are above ground, high up matures trees (Zalewski, 

1997). Bialowieza is the closest approximation to a true “wildwood”, i.e. an unmanaged, 

ancient woodland, in central Europe with an average tree age of 300 years. Tree cavities and 

thus, potential above ground denning locations are unusually high in this ancient woodland 



28 
 

facilitated by the age composition of its trees. Arboreal denning sites are important to pine 

martens as they provide safe refuge from larger predators.  Predators of the pine marten 

are numerous (Brainerd, 1990; Balharry, 1993), but, in Ireland, the only predator is the red 

fox (Vulpes vulpes), which also competes with the pine marten for smaller prey.  Predation 

by the red fox has been demonstrated to limit pine marten population densities (Lindstrom 

et al. 1995) and affect fine-scale distribution and habitat use in Fennoscandia (Lindstrom et 

al. 1995; Helldin, 1998). Avoidance of foxes results in pine martens seeking safe denning 

sites above ground (Webster, 2001), where the risk of predation is removed. Predation by 

foxes in modern Ireland may be exacerbated due to a number of factors that include the 

extirpation of other large carnivores historically present, and resultant elevated abundance 

of foxes, as recorded in Britain (Maroo & Yalden, 2000). The fragmented and degraded 

nature of Ireland’s forests, largely being formed of young non-native coniferous plantations 

may result in a lack of above-ground structures for dens as has been suggested in Scotland 

(Birks et al. 2005). It is suspected therefore pine marten populations in commercial 

plantations may be more susceptible to predation by the red fox than those in more mature, 

deciduous woodland. Due to the high degree of sexual dimorphism within Martes species 

(Birks, 2017), smaller females and kits may be at especially high risk from foxes, whilst large 

adult males may not make easy prey.  Thus, lower densities and highly skewed sex ratios in 

marten populations, may be indicative of elevated predation rates by foxes.  

Denning sites not only provide shelter from predation, but dens also provide 

insulation (Brainerd, 1995). Pine martens possess an elongated body plan that is 

energetically inefficient (Iversen, 1972), and they carry limited fat reserves due to their 

arboreality (Buskirk & Harlow, 1989).  In addition, their fur does not have particularly good 

insulative properties (Scholander, Waters & Hock, 1950). All of these factors increase the 



29 
 

energetic costs of thermoregulation in cold weather typical of the north-western extremity 

of the pine marten’s range (Pulliainen, 1981a; Brainerd et al. 1995). Survival, therefore, may 

also depend on the availability of denning structures that provide adequate thermal 

protection. American martens have been reported to survive colder periods by seeking 

underground shelter (Buskirk, 1984), a phenomenon suggested to also apply to European 

martens (Zalewski, 1997). A study in Finland using snow-tracking has highlighted the 

potential importance of subnivean dens during winter, although squirrel dreys and other 

arboreal structures were also used (Pulliainen, 1981a). However, these studies used 

methodologies that relied purely on tracks and signs and do not confirm presence of an 

animal at any given den location.   

There is a paucity of information on the denning ecology of the pine marten in 

Ireland, with no published studies to date. A survey conducted in Britain which collated 

incidental reports of 370 denning sites in Scotland found less than half of these were 

associated with trees (Birks et al. 2005). Instead pine martens made use of underground 

rocky structures, or man-made structures including buildings. Indeed, almost half of all natal 

den sites (44%) were found in buildings. It was hypothesised that pine martens were 

responding to a lack of arboreal cavities, and thus seeking shelter in suboptimal locations 

(Birks et al. 2005). However, due to the method used in this investigation, based on 

questionnaires responses, there is an inherent bias towards dens linked with man-made 

structures, and the extent of this behaviour remains unverified. 

Potential increases in illegal persecution and increases in human-wildlife conflict have been 

suggested as one of the greatest threats to the recovery of pine marten in Ireland 

(O’Mahony et al. 2017). Denning in occupied houses as a response to a lack of suitable, 
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natural denning sites, is a growing source of human conflict with pine marten in both Britain 

and Ireland (Birks, 2017; F, Marnell, pers comm). The need for mitigation and reduction of 

such conflict events between humans and pine martens should be addressed urgently. In 

addition, there is a lack of information on the availability of den sites for pine marten in 

commercial, plantation habitats, and how the species adapts to the absence of preferred 

den sites is largely unknown. This thesis therefore aims to address these gaps in knowledge 

and the literature regarding pine marten denning ecology in a human modified landscape, 

and its potential effects on population density and structure.  

1.7 Interactions with squirrels: potential to provide biological resistance to invasive 

grey squirrel 

The eastern grey squirrel (Sciurus carolinensis), a North American native, has been 

introduced into several countries across Europe in the late 1800s and early 1900s (Bertolino, 

2008).  Following its introduction, it has replaced native red squirrels (Sciurus vulgaris), 

notably throughout most of Britain and Ireland (Gurnell et al. 2004; Shuttleworth et al. 

2016) and in numerous locations in Northern Italy (Bertolino, 2008; Bertolino et al. 2014).  

The interaction between red and grey squirrels is regarded as exemplary of the interaction 

between direct competition, involving congeneric species, and infectious disease, which 

together are considered the main drivers of species replacement of a native by an invasive 

alien species (IAS, Wauters & Gurnell, 1999; Gurnell et al. 2004; Chantrey et al. 2014).   The 

continued decline and replacement of red squirrels by grey squirrels is due to a combination 

of factors including the larger mass and greater population densities of grey squirrels.  

Direct aggression of grey squirrels towards red squirrels and raiding of food caches leads to 

a decrease in red squirrel fecundity, residency and recruitment (Wauters & Gurnell, 1999; 
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Gurnell et al. 2004).  Additionally, Grey squirrels are a vector for outbreaks of squirrel pox 

virus (SQPV) which causes mortality in red squirrels but not grey squirrels (Chantry et al. 

2014).  As a consequence of these multiple factors, replacement of red squirrels by invasive 

grey squirrels is expected throughout mainland Europe where there is suitable woodland for 

grey squirrels i.e. all broadleaf dominated habitats including woodlands and urban parklands 

(Bertolino & Genovesi, 2005; UNEP-WCMC, 2010; Bertolino et al. 2014).  

There is growing evidence that the recovery of the European pine marten, influences 

the interaction between, native red squirrel, and invasive grey squirrels in Europe. Since the 

legal protection of the European pine marten in Ireland, its population is recovering, 

resulting in the species returning to many counties from which it had previously been 

extirpated (See Figure 1.2, O’Sullivan, 1983; O’Mahony et al. 2017). Following anecdotal 

reports, Carey et al. (2007), Sheehy & Lawton (2014) and Lawton et al. (2015) found a 

negative spatial correlation between pine marten presence and grey squirrel occurrence 

based on incidental sightings.  A more recent study, again based on incidental reports and 

sightings directed at the regional demise of the grey squirrel in Ireland, again highlighted the 

potential importance of the pine marten (Flaherty & Lawton, 2019).  A quantitative 

investigation in Scotland, confirmed the negative spatial correlation of pine marten and grey 

squirrel to be also present in Britain, and also demonstrated the relationship to be density 

dependant (Sheehy et al. 2018). Thus, it has been hypothesised that the pine marten 

suppresses grey squirrel populations when present, although large scale, quantitative data 

remains absent, and there is no evidence predicting the outcome of such an effect. Such an 

unstable three-species interaction can either result in total extirpation of one of the prey 

species, or fugitive co-existence of both species. The probability of which of these two 

outcomes transpires depends on the mechanism by which the predator affects the prey 



32 
 

species, and the ability of prey species to occupy habitats that are avoided or unoccupied by 

the predator. The mechanism of this interaction, and the availability of refugia to the prey 

species remains unknown and requires address. 

There are two non-mutually exclusive mechanisms that could explain the role of the pine 

marten in suppressing grey squirrel populations: (a) direct predation with disparate 

mortality in the two squirrel species (Sheehy et al., 2013); and, (b) a predator-induced 

landscape of fear in grey squirrel leading to indirect negative effects on its survival and/or 

reproduction (Kauffman, Brodie & Jules, 2010; Sheehy et al., 2013). In order to understand 

the possible implications and ability of a native predator to provide control of an invasive 

prey species, further research is required to elucidate the mechanism and predict outcome 

of this three species interaction involving a recovering native predator, a native prey species 

and an alien invasive species.  

1.8 Aims and objectives 
 

The overarching aims of this research is to investigate the ecology and behaviour of the pine 

marten in sub-optimal conditions i.e. in the absence of predominant prey species found in 

continental parts of the species range, and paucity of suitable habitat (woodland).  This 

work is conducted in the context of a recovering population of a predator of conservation 

interest with the ultimate aim of identifying the habitat conditions critical to its successful 

recovery, in both range and population expansion.  Further, the research examines aspects 

of the interactions of the pine marten and prey species, highlighting the pine marten as a 

flagship woodland species capable of providing biological control of an invasive alien species 

and shedding light on the mechanism underlying the reversal of species replacement 

namely, the impact of the invasive grey squirrel on the native red squirrel.  The thesis 
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comprises seven results chapters followed by a general discussion drawing the work 

together and making recommendations for future research, pine marten and squirrel 

management and conservation policies.  Each results chapter addresses particular questions 

outlined in brief below. 

Chapter 2 focuses on comparing methods for estimating the population of a recovering 

predator population in order to highlight the most efficient and accurate approach for large 

scale monitoring of elusive and difficult to record species of conservation concern. 

Traditional live trapping is compared with non-invasive genetic sampling, and random 

encounter modelling applied to camera trap data. We examine accuracy, efficiency of both 

non-invasive methods and highlight advantages, disadvantages and potential biases of all 

approaches.  

Chapter 3 investigates the seasonal, habitat and geographical effects on diet of a recovering 

native predator throughout its range in Northern Ireland. Scat surveys were conducted once 

a month at twenty sites throughout the year, faecal hard-part analysis was performed on all 

918 scats collected. Reporting results in both frequency of occurrence and percentage 

biomass, this chapter investigates the effects of season, habitat and geographic location in 

order to elucidate how it is a small carnivore is recovering despite a paucity of suitable 

habitat. 

Chapter 4 takes a closer look at the occurrence of squirrel species in the diet of the pine 

marten in Northern Ireland, in order to elucidate the potential of predation as the 

mechanism driving the observed reversal of native red squirrel replacement by invasive 

greys. This chapter reviews the literature and presents further analysis on the previous scat 
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work to produce information on seasonal occurrence of squirrels in the diet of the pine 

marten.  

Chapter 5 focuses on the other potential mechanism for pine marten reversal of squirrel 

replacement, behavioural responses. This chapter experimentally investigates the 

behavioural responses of both squirrel species to the European pine marten. Squirrel 

populations were sampled at 20 sites using camera traps and baited feeders. Over 10,000 

visits by squirrels to the feeders were recorded and videos were watched, and behaviours 

analysed comparing number of visits, duration of visits and proportions of key behaviours 

displayed (feeding, vigilance).  

Chapter 6 examines the three species interaction between the European pine marten, the 

red squirrel and the grey squirrel taking account of habitat suitability using occupancy 

modelling. This chapter uses quantitative camera trap data collected at 332 sites throughout 

Northern Ireland, by accounting for habitat suitability, and through the use of multi -species 

models this chapter provides predictions and policy implications regarding the outcome of 

pine marten recovery on the two squirrel species.   

Chapter 7 aims to investigate the denning ecology of the European pine marten In Ireland. 

Availability of above ground denning sites are thought to be a key limiting factor to pine 

marten populations (Brainerd et al. 1995), and despite Ireland’s generally immature, and 

simple forest structures, and the fact that a large portion of the conflict with martens 

originates as a response to lack of suitable denning sites, no research exists pertaining to the 

species denning ecology in Ireland. This chapter will use data collected on the dens of the 

European pine marten in the two main habitat types available to the species in Ireland: 

upland commercial plantations and lowland broadleaf forest and compare the species 
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denning ecology, providing key data to inform future habitat management policies for the 

species.  

The final chapter will be a general discussion chapter, looking to bring together new 

knowledge gained from all the data chapters to provide additional insight into the ecology 

of the European pine marten.  
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2. Methods for monitoring terrestrial carnivore populations and 

estimating density 
 

2.1 Summary 

Effective monitoring of wildlife populations forms the foundation of modern-day 

conservation biology. Without reliable estimates of population size, it is not possible to 

accurately determine population trends, a key component of determining species status 

under international legislation. Terrestrial carnivores are one of the more difficult 

taxonomic groups to monitor due to low population densities, elusive and cryptic nature. 

We compare traditional live trapping methods to two modern non-invasive methods of 

population estimation: genetic analysis from hair tube sampling and random encounter 

modelling from camera trapping. We compare both the accuracy and the efficacy of the two 

non-invasive approaches with the traditional live-trapping approach on a population of 

European pine martens in coniferous plantations in Northern Ireland. Both methods 

produced realistic estimates of density however, in both terms of accuracy and efficacy, 

camera trapping was the most suitable method to utilise for large scale monitoring of this 

species.  

 

2.2 Introduction  

Acquisition of accurate data on the abundance and distribution of species is integral for 

effective monitoring of wildlife populations (Riddle et al. 2003). It is impossible to determine 

population status and trends accurately, without accurate information on a species 

abundance and distribution (Bartolemmei et al. 2012).  Reporting of these key parameters is 

integral to assessing species status under the terms of national and international legislation 
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(e.g. Article 17 reporting for the EU Habitats Directive). Moreover, population size and 

trends over time are key to determining species designations and identifying those of 

highest conservation concern. A wide variety of approaches exist for estimating population 

abundance and density, from simple censuses of animal tracks and signs, to more rigorous 

methods applying remote sensing and genetic techniques. Ultimately, the most appropriate 

methods will depend on budget and personnel constraints, the desired spatial scale and the 

ecology of the target species. Consideration of species life histories, habitats to be surveyed, 

as well as the overall goal of the study are key to informing decisions (Silveira et al. 2003; 

Manzo et al. 2012).    

For carnivores, which are typically wide ranging and occur at low densities, collection of 

accurate data pertaining to numbers of animals can be fraught with difficulty, particularly so 

where species are elusive, cryptic or difficult to trap (Mahon et al. 1998; Gese et al. 2001; 

Mills et al. 2000; Wilson & Delahay, 2001; Linkie et al. 2006). An optimal monitoring 

technique will therefore be cost-effective and allow abundance estimates over large spatial 

scales. This, however, presents an issue as traditional population monitoring techniques 

such as live capture require a substantial investment of time, expertise and resources in 

order to provide accurate information on abundance and density.  

Traditionally, obtaining density estimates of carnivore populations has typically involved the 

live-capture of animals, using unique identifying markers on individuals (i.e. claw clipping, 

painting, or more recently microchipping) to allow for application of capture-mark-

recapture (CMR) methods (Crawley, 1973; Chao, 1987; Efford, 2004). While this method has 

its merits, its implementation can be challenging. Accurate population estimates of 

carnivores derived from live-capture require a significant investment of time to sustain the 
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necessary trapping effort (Stanley & Royle, 2005). Where species are rare, occur at low 

densities, or have a tendency to become trap-shy, recapture rates can be low, reducing the 

accuracy of resultant estimates. Spotlight counts are another traditional method that can 

measure population density of nocturnal species provided an adequate number of repeats 

are conducted (Buckland et al. 1993). However, due to the short sampling window typical of 

this method, estimates can be temporally biased which results in inaccuracies (i.e. seasonal 

changes in circadian rhythms and activity patterns can be incorrectly interpreted as changes 

in abundance, Mahon et al. 1998). Furthermore, variance in habitat structures can result in 

drastic differences in researchers’ field of view making animal line-of-sight counts unsuitable 

when making comparisons between areas / locations (Edwards et al. 2000).  

When density estimates are not possible, numerous methods have been employed making 

use of an easily measurable sign (i.e. scats or tracks) to make an estimate of occupancy 

(relative abundance) as a surrogate for density (Karanth & Nichols, 2002; Jhala et al. 2011). 

The validity of this approach is still widely debated (Hayward et al. 2015; Linden et al. 2017). 

Occupancy based methods have comparatively reduced cost both financially and in labour 

(Jhala et al. 2011; Croose et al. 2013; 2014) but come with issues highlighted below. The 

number of animal tracks have been frequently used as an index of abundance (Edwards et 

al. 2000). However, this method demands a suitable substrate (i.e. snow, mud or sand) for 

observing the animal tracks, and this method is often made difficult, or worse, ineffective by 

adverse weather conditions such as wind, rain or frost (Edwards et al. 2000; Glen & Dickman 

2003). Additionally, scat counts have been used widely as a proxy of the relative abundance 

of carnivores (Sharp et al. 2001; Croose et al. 2013); however, rates of scat deposition are 

known to vary with diet, season and habitat (Sadlier et al. 2004). Additionally, difficulties in 

differentiating scats of some species can add to inaccuracies of estimates (Davison et al. 
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2002), as can certain species tendency to bury scats as is the case with some felids (Edwards 

et al. 2000). Both of these methods are applicable under certain circumstances due to their 

relatively low-cost, however due to inherent biases, type 1 and type 2 errors, and issues 

raised above, they should be expected to provide less valuable information than more 

recently developed non-invasive survey methods (Gormley et al. 2010; Sheehy et al. 2013; 

Hayward et al. 2015). 

In recent years with substantial technological developments, population estimation has 

been advanced by the development of numerous non-invasive techniques using camera 

traps and genetic methods (Rowcliffe et al. 2008; Mullins et al. 2009; Carravagi et al. 2016). 

The use of camera traps in species monitoring, management and conservation has become 

mainstream (Caravaggi et al. 2017). Camera trapping uses fixed cameras which are triggered 

by infrared sensors to attain images of animals passing with in a set detection area. This 

quantitative approach is non-invasive with minimal environmental disturbance (Silveira et 

al. 2003). It also has relatively low labour costs in comparison to other methods and can be 

used to collect data on highly rare and cryptic species which inhabitant difficult terrain 

where other methods are implausible (O’Brien, Kinnaird & Wibisono, 2003; Wearn et al. 

2013). In addition to this, camera traps are equally functional during day and night, and 

therefore provide the opportunity to collect information on species activity patterns, habitat 

use and behaviour (Henschel & Ray, 2003; Wegge et al. 2004; Caravaggi et al. 2017; Wearn 

& Kapfer, 2017).  In principle, the number of photographs taken of a particular species over 

a set unit of time contains necessary information about the density of that species. Although 

significant relationships have been established on numerous occasions between camera 

trapping rates and independent density estimates for a number of species (e.g. O’Brien, 

Kinnaird & Wibisono, 2003), the direct application of trapping rates as a proxy for 
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abundance is controversial, and potentially erroneous (Carbone et al. 2001;  Jenelle et al. 

2002). This is due to the fact it does not account for probability of detection of species, 

which is imperative as highlighted in earlier studies (MacKenzie et al. 2002).  A well-

established method to circumvent this problem is to use capture–recapture models to 

estimate density for species in which individual recognition is possible from phenotypic 

morphology i.e. Ocelots (Leopardus pardalis, Trolle & Kery, 2003; Maffei et al. 2005), Jaguars 

(Panthera onca, Wallace et al. 2003) and Tigers (Panthera tigris, Karanth & Nichols, 1998). 

Until relatively recently it was not possible to get density estimates from camera trapping in 

species which weren’t individually recognisable, and thus were largely not used outside of 

the felids, however, a number of methods have now been developed. Rowcliffe et al. (2008) 

developed a novel method for estimating density from camera trapping without the need 

for individual recognition. The Random Encounter Model (REM) method was adapted from 

gas models (Hutchinson & Waser, 2007), which are mechanistic models used by physicists to 

describe collision rates between molecules, that are instead used to describe rates of 

contact between cameras and individuals of a species, accounting for all variables affecting 

trapping rate. This model has been field tested successfully for accuracy on an array of 

species of which absolute density was known including: wallaby (Macropus rufogriseus), 

muntjac (Muntiacus reevesi), water deer (Hydropotes inermis), lions (Panthera leo), and 

Harvey's duiker (Cephalophus harveyi), (Rowcliffe et al. 2008; Rovero & Marshall, 2009; 

Cusack et al. 2015). Recent research has demonstrated REM to be a potentially useful 

approach that can be applied to numerous taxa, however its reliability and accuracy on a 

wider scale remain to be validated as many studies applying REM to produce estimates 

often fail to produce an independent measure of density for comparison (Cusack et al. 2015; 

Balestrieri et al. 2016; Carravagi et al. 2016).  Where cross-validation has been attempted, 
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REM has produced similar density estimates to a variety of other methods of density 

estimation (Zero et al. 2013; Pfeffer et al. 2018). Indeed, research on European wildcats 

(Felis felis) demonstrated REM to more suitable for low density species than scat collection 

or genetic analysis (Anile et al. 2014).  

As with other techniques, REM based camera trapping presents certain drawbacks that 

must be considered when selecting a method of population estimation. The most obvious is 

the need for a priori knowledge of the focal species average movement speed, which is 

essential to parameterising these gas-based models. Estimates of species movement speed 

have been estimated using observational records (Rowcliffe et al. 2008) and telemetry data 

(Caravaggi et al. 2016). Where movement speeds for a species in a specific location are 

unavailable, values are extrapolated from the literature (e.g. Anile et al. 2014; Balestrieri et 

al. 2016). As movement and speed of a specific species can vary between different 

environmental conditions and habitats, inferring this figure from other studies has been 

suggested as a potential source of bias (Rowcliffe et al. 2012; Pfeffer et al. 2018).   

Another key area of development in non-invasive animal monitoring has been in methods 

utilising DNA (Mullins et al. 2009; O’Mahony et al. 2012; 2015). By extracting DNA and 

analysing variation across a number of microsatellite loci; segments of the mitochondrial 

control region, individuals can be identified from non-invasively collected hair or scat 

samples. As this approach can be used to assign genetic tags to individuals, DNA analysis has 

enabled non-invasive estimates of density using the CMR framework. As trapping can alter 

behaviour, cause stress, injury or even death (Lynch et al. 2006; De Bondi et al. 2010), 

approaches using non-invasively collected biological samples can offer a viable alternative, 

and are becoming increasingly mainstream (Brazeal, Weist & Sacks, 2017; Arandjelovic & 
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Vigilant, 2018; Sabino-Marques et al. 2018; Croose et al. 2019). Non-invasive genetic 

techniques, however, are not a panacea, presenting their own issues and challenges 

including low amplification rates and genotyping errors which can lead to inaccuracies of 

resultant density estimates (Williams et al. 2009; Gray et al. 2014). Amplification and 

genotyping success rates are affected by both the quantity and the quality of available DNA, 

which can be affected by the material used (i.e. hair / scat), method of collection, the length 

of time samples are in the environment, and environmental conditions (Murphy et al. 2007). 

Collection of biological material for genotyping requires interaction between the target 

species and a novel object in their environment (i.e. a hair tube), and therefore share a 

drawback with live trapping. Both methods can result in bias against more cautious 

individuals, with bolder, more exploratory animals being more likely to investigate a novel 

object in their environment (Merrick & Koprowski, 2017). However, due to the absence of a 

physical capture event as in live-trapping, stress induced trap shyness is not an issue. 

Typically, non-invasive techniques have been compared to more direct or invasive methods 

such as live-trapping, and there is considerably less available literature on comparisons 

between different non-invasive methods. The aim of this study is to compare the accuracy 

and efficacy of three methods in estimating the density of a small, wide ranging, recovering 

predator: the pine marten. We compare traditional live trapping with two non-invasive 

methods – REM of camera trapping data and genetic analysis of non-invasively collected 

hair samples. 
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2.3 Methods 

Study Site 

The Ring of Gullion is located within County Armagh in Northern Ireland (NI) (Figure 2.1). It 

was designated as an Area of Natural Beauty (AONB) in 1991 due to its unique geological 

make-up and covers an area of 15,353 ha (153.53km2). Almost three-quarters of the area is 

grassland consisting of a mix of improved and rough pasture. Forest cover is low in the area, 

consisting of an area of approximately 11.92km2 or 7.7% of the AONB, similar to the 

national average of 10%. Dry heath, predominantly consisting of heather species (Culuna 

vulgaris; Erica cinerea; Erica tetralix), bilberry (Vaccinium myrtillis) and gorse species (Ulex 

europaeus; Ulex gallii) makes up 11% of the AONB and 6.1km2 of this contains the AONB’s 

only designated SAC. Slieve Gullion Special Area of Conservation is located in the centre of 

the ring of Gullion and constitutes one of the largest areas of dry heath in NI, a European 

protected habitat.  
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Figure 2.1 A) Map showing Ring of Gullion in the context of Northern Ireland with forest 

cover displayed. B) Map showing experimental design, black dots are camera traps, red 

pentagons are live traps and yellow pentagons are hair-tube traps.  

 

Sampling 

Live trapping 

Sampling was conducted between August – November 2019, ten Tomahawk 205 live cage 

traps were deployed along two perpendicular transects throughout the study area at 400m 

spacing (See Figure 2.1). Traps were half covered with tarpaulin to provide shelter from bad 

weather, hay and locally collected mosses and substrates were used to cover the trap and 

provide insulation. Traps were baited with “sticky mix” (Vincent Wildlife Trust, pers coms), a 

2:1 mixture of peanuts and raisins covered in strawberry jam. The traps additionally had one 

whole hen egg, and a handful of grapes to provide all necessary sustenance and hydration 

for any animal captured. Traps were checked daily, just after dawn. Trapped animals were 

anaesthetised with an intramuscular injection of ketamine (25mg per kg) and midazolam 

(0.2mg per kg) and scanned for microchip. If absent a Microchip (AVID Friendchip mini) was 

inserted upwards into the subcutaneous tissue between the shoulder blades (Mrozec et al. 

1995). Animals were released once conscious and responsive.   

Camera traps  

Camera trapping was conducted during July 2019, pine martens were censured using 30 

Bushnell HD Trophy Camera Traps, providing 8-megapixel fully automated digital cameras 

with flash and 8GB SD cards, linked to passive infrared motion detectors. Within the focal 

area, camera traps were deployed at 30 locations within forest across the chosen study area 
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(Figure 2.1).  All cameras were set adhered to trees at a height of approximately 30cm. 

Cameras were not baited (Rowcliffe et al. 2008). Camera traps were set to capture 3 photo 

images when triggered, with a 1 second interval. To determine camera density, we 

calculated the ratio between number of camera traps available (30) and size of the study 

area (6km2), and the inverse square root of this was used to calculate approximate distance 

between camera placements (0.4km). We then plotted trapping sites in a grid with 400m 

spacing across the study area on a digital map using ArcGIS.  

At the end of the survey period, images from SD cards were downloaded and viewed in the 

field to order to accurately record detection distances and angles for each detection. A 

detection was taken as the first image in a series of successive images of an individual pine 

marten. As there was only a 1 second delay, pine martens often remained in the field of 

view between successive triggers, and so these were considered as one event. 1 minute was 

used as the interval for a new capture event, however the shortest time between two 

events recorded was 28 minutes. Where the animal could not be identified to species with 

confidence (e.g. because of a blurry image or obscured by environment) the detection was 

discarded.  

Hair traps 

Hair tube traps were based on those developed previously for pine marten (Mullins et al. 

2009; Denise O’Meara, pers comms). These were constructed from plastic tubing 

(300x110mm) fixed vertically approximately 1.5m above ground on trees and sealed at the 

top.  Sampling was conducted June – July 2019, ten tube-based hair traps were deployed 

throughout the study area at 400m spacing in following the pattern of the live traps detailed 

above, however as hair tube traps required trees to be deployed, if a trapping site fell in a 
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non-forested habitat (i.e. heath / scrub) the nearest tree cover was used.  Tubes were 

baited with raw chicken tied to the top end with metal wire, with peanut butter smeared on 

the inside of the lid. A sticky patch was fixed to the bottom of each hair tube to allow hair 

sample collection as the pine marten entered. The patch consisted of a small square of 

strong adhesive rat-trap glue (The Big Cheese, STV International Ltd, UK) fixed to a square (5 

x 5cm) of poster board covered in double-sided tape which was placed inside the tube, 

towards the entrance, on the side opposite the tree. Hair tubes were deployed from 1st 

June- 31st July 2019 and were checked and rebaited every week. Samples were collected and 

sticky patches replaced during weekly checks.  

 

 

DNA Extraction  

DNA was extracted from hair samples using the Quick-DNA™ Miniprep Plus Kit. 

Ideally a minimum of 10 hairs were used from each sample (Mowat & Paetkau, 

2002). Forceps were soaked in 70% ethanol and heated to red hot between samples 

to prevent cross-contamination. The number of hairs and follicles used from each 

sample was recorded. Once added to Eppendorf tubes with protein digestion, hairs 

were chopped finely using scissors.   

Following digestion and purification, DNA was tested for quality and quantity using a 

NanoDrop ND-1000 spectrophotometer. Presence of DNA was confirmed on a 2% 

agarose gel electrophoresis using a standardised 1µl of 100 base-pair ladder. 1µl 6X 

DNA loading dye was mixed with 4µl DNA and loaded into gel wells and run in a 1X 

Tris-borate EDTA buffer stained with 5µl of ethidium bromide. Gels were viewed and 

photographed using a UVP BioDoc-It2 imager.   
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Genetic analysis 

Real-time quantitative PCR (qPCR) assays for sex were carried out as described in 

Statham et al. (2007). Females were identified through the amplification of ZFX 

restriction sites only, while restriction sites from both ZFX and ZFY indicated male 

DNA was amplified. The sexing protocol was repeated for individuals that appeared 

female to check that lack of ZFY amplification was not a result of PCR failure or other 

factors.   

Microsatellite analysis to identify individual pine marten was carried out using six 

microsatellite markers: Gg7, Ma2, Mar21, Mar53, Me11 and Mvi1341 (Table 2.1). Alleles 

were scored independently 3 times to ensure consistency.  Genotype data was analysed for 

evidence of genotyping errors, including the presence of large allele drop out, null alleles 

and scoring errors as a result of stuttering in Micro-Checker version 2.2.3 (Van Oosterhout 

et al. 2004). Probability of identity, allele frequencies, polymorphic information content, 

observed and expected heterozygosity, and deviations from Hardy-Weinberg equilibrium 

were analysed using CERVUS version 3.0.7 (Kalinowski et al. 2007). Deviations from Hardy-

Weinberg equilibrium were examined using a chi-square test with Bonferroni Correction to 

account for Type 1 errors that can arise when testing multiple loci at once. Identity analysis 

using pairwise comparisons was carried out to identify individual genotypes that were 

resampled.   

Table 2.1. Details of the microsatellite loci used in this study. The six loci were used in a 

single multiplex reaction. The fluorescent dyes used to label the forward primers were FAM 
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(blue), VIC (Green) and PET (red). IDT: Integrated DNA Technologies; AB: Applied 

Biosystems.  

 

 

Statistical Analysis 

Live traps and hair tubes 

We calculated density for both the live trapping method, and the non-invasive hair tube 

sampling approach using spatially explicit capture-recapture (SECR) models (Efford & 

Loci  Primer sequence 5'-3'  Repeat motif  
Base 

pairs  
Source  Reference  

Gg7  

F: FAM-GTT TTC AAT TTT AGC CGT 

TCT G  (TG)20(T)2(TG)5  

170-

178  IDT  

Davis and Strobeck 

(1998)  

  R: GTT TCT TGT TTA TCT CCC TCT TCC 

TAC CC     

    IDT  Davis and Strobeck 

(1998)  

Ma2  F: VIC-CCA TGT ACT TTT CCT ATC TTT 

TAG GA  

(TG)17  131-

137  

AB  O'Mahony et al. 

(2017)  

  R: GTT TCT TAT CTT GCA TCA ACT AAA 

AAT  

    IDT  Davis and Strobeck 

(1998)  

Mar21  F: VIC-ACA TGC ATA CCT CCC AGA CC   (CA)24  208-

218  

AB  Natali et al. (2010)  

  R: GTT TCT TTC TTC CCA TTC CAC TTT 

GTT CTA CT  

    IDT  O'Mahony et al. 

(2017)  

Mar53  F: FAM-TCT CCA GCA TTT ACC TTT 

ACC C  

(CA)18  242-

248  

IDT  Natali et al. (2010)  

  R: GAA CAG CCA ACC CCA TAC C      IDT  Natali et al. (2010)  

Mel1  F: FAM-CTG GGG AAA ATG GCT AAA 

CC  

(GT)20  110-

118  

IDT  Bijlsma et al. (2000)  

  R: GTT TCT TGC TCT TAT AAA TCT GAA 

AAT TAG GAA TTC  

    IDT  Mullins et al. 

(2009)  

Mvi1341  F: PET-GTG GGA GAC TGA GAT AGG 

TCA  

(CA)17  168-

178  

AB  Vincent et al. 

(2003)  

  

R: GTT TCT TGG CAA CTT GAA TGG 

ACT AAG A      

IDT  Vincent et al. 

(2003)  
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Boulanger, 2019). SECR is a recent advancement on more traditional forms of capture-

recapture abundance and density estimation. This method incorporates spatial information 

on an individuals’ capture location and home range activity centre inferred from spatial data 

to generate population density estimates. The use of spatial location information overcomes 

issues associated with non-spatial estimation techniques, such as edge effects and 

incomplete detection (Efford 2004; Efford et al. 2004; Borchers and Efford, 2008; Borchers 

and Fewster 2016) and, as such, SECR techniques are being increasingly used in studies 

estimating population density (e.g. Kéry & Royle, 2010; Royle et al. 2011; Kubasiewicz et al. 

2017).  A standardised, four times root pooled square variance (RSPV) of movement was 

used as a buffer to trapping locations in each density estimation (Efford, 2017).   

Camera traps 

We calculated density of the European pine marten from camera traps using random 

encounter modelling (REM). For REM we calculated density of the pine marten population 

adopting the approach of Rowcliffe et al. (2008), gas based random encounter model. In 

order to convert camera trapping survey into density we used the equation as follows: 

Equation 2.1: 

𝐷 =  
𝑦

𝑡
 × 

𝜋

𝑣𝑟(2 + 𝜃)
 

Where D is density, y is number of photographs captured, t is survey effort in hours, v is 

daily distance moved by specialised, and r is detection distance from camera, and 𝜃 is 

detection arc (See Figure 2.2A). Sensor detection zone (r and 𝜃), were measured individually 

for each photo in the field for each photograph taken using topography and land-features 
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for scale (see Figure 2.2B). The mean detection distance was 2.66m and the mean detection 

arc was 0.503 radians. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2 A) Diagrammatic representation of detection arc used in equation 2.1 showing 

how r (distance) and 2 x 𝜃 (𝑎𝑛𝑔𝑙𝑒) create the detection zone for the camera traps. B) 

Diagrammatic representation of how these measurements were taken for each photo in the 

field.  

We used data from Zalweski et al. (2004), who tracked pine martens radio collared 

individuals in Bialowieza National Park for 70 sessions of 24h taking fixes every 15 mins. 

Daily movement distance (v) was therefore given as 7.2km for martens. The figure of 7.2km 
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used in this study was taken as the average distance of both males and females over spring 

and summer (16 March-15 October), as activity levels during this period were higher than 

during autumn and winter. Pine marten are a solitary mammal out of breeding season 

(Birks, 2017), and this was demonstrated in all of our images apart from two where a kit was 

photographed with mothers, despite this we gave a group size of 1.  All analysis were 

performed using software R 3.3.2 (R Development Core Team, 2009) with remBoot package 

(Carravagi et al. 2017). 

 

2.4 Results 

Density estimates 

Live trapping 

Six individuals were trapped 34 times at nine of ten trapping sites over 546 trap nights. 

Examination of animals revealed that there were five males and one female, with four being 

adults (three males and female), and two yearlings (both males). Spatially explicit capture 

recapture (SECR) models produced a density estimate of 0.96 animals per km2 (Figure 2.3, CI 

95% 0.39 – 2.375). 

Camera traps 

Pine martens were detected a total of 85 times at 16 of the 30 camera traps over 

1036 camera trap days. The average number of detections per camera was 5.3 

detections. In all but two detections, pine martens were recorded alone. In two 

detections, two pine marten were photographed together (likely an adult female with 

a kit). The mean rate of trap success was 2.8 photographs per camera placement 
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across all 30 cameras.  The lowest interval between consecutive capture events was 

28 minutes.  Random encounter models produced a density estimate of 0.95 per km2 

(Figure 2.3; CI 95% 0.42 -1.49).  

Hair tubes 

In total, 41 pine marten hair samples were collected from the 10 hair tubes over five 

weeks of sampling. Of 41 hair samples, 15 were successfully sex-typed, 27 were 

successfully genotyped at all six loci (65.85%). Pine marten density as estimated from 

SECR models produced a density estimate of 0.53 per km2 (Figure 2.3; CI 95% 0.15 – 

1.77).    

All six microsatellite loci were polymorphic, but numbers of alleles were generally 

low ranging from 2-4 alleles per locus. The mean expected heterozygosity was 0.52 

and the mean observed heterozygosity was 0.58. Two loci, Mel1 and Ma2, showed 

deviations from Hardy-Weinberg expectations (p = 0.004; p <0.001), no other loci 

showed deviations from Hardy-Weinberg expectations. No evidence for null alleles, 

large allelic dropout or scoring errors were observed.   
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Figure 2.3. A) bar plot showing the estimated density of the European pine marten 

population in Slieve Gullion Forest Park, Northern Ireland using three different 

methods with 95% confidence limits.  

Efficacy 

Camera trapping was the most efficient in terms of total hours taken, followed by hair 

tube sampling (DNA) and then live-trapping (Figure 2.4). Although the set up and field 

exit of the camera method required more time than the other two, there was no 

maintenance required once cameras were deployed, and statistical analysis was also 

simple. The DNA method was the shortest in terms of field time, with a fast set up, 

only weekly visits to replace bait and collect samples and straightforward exit, 

however time required in the lab for analysis of hair samples was extensive. Finally 

live-trapping was the most labour intensive in the field, with daily trap checks 
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required, and processing of any trapped individuals, however, exit and analysis was 

extremely rapid.  

 

Figure 2.4 A bar plot showing the time taken to complete each of the three methods 

of estimating density: camera trapping, genetic sampling (DNA) and live trapping split 

up into the main phases of each project.  

 

2.5 Discussion 

This report sheds light on the accuracy and efficacy of two non-invasive methods of 

monitoring carnivore populations in comparison to traditional live trapping. Both non-

invasive methods provide estimates within reported ranges for pine marten populations 

across Europe (0.01-1.75 per km2, Zalewski and Jędrzejewski 2006), and within Ireland where 

pine martens have been reported at the highest densities throughout their range (0.53 – 4.42 
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per km2; Mullins et al. 2009; O’Mahony et al. 2015; 2017; Sheehy et al. 2014). The estimates 

produced from random encounter modelling applied to the camera trap data appear to 

provide a more accurate representation of density than hair tube sampling as compared with 

the traditional live trapping. Camera trapping is also by far the most efficient way in terms of 

man-hours necessary to produce density estimates for the species. Although difficult to 

quantify without bias camera trapping would also likely be the cheapest in terms of financial 

cost. These points combined suggest that for large scale, or multi-sited assessments, such as 

those needed to fulfil reporting requirements of the EU Habitats Directive, camera trapping 

may be the most applicable approach for producing population estimates for a small 

carnivore like the European pine marten. 

Random encounter modelling is not without its biases which must be recognised and 

accounted for. One source of potential error is the need for an independent estimate of daily 

average movement. Daily movement of pine marten can vary considerably between habitats 

and seasons, at both local and landscape scales. Pine marten day range estimates have been 

found to vary up to fivefold across sites along a latitudinal gradient in central Europe (Zalewski 

et al. 2004). This highlights the potential for error when extrapolating such a figure from the 

literature for use as a model parameter. In order to achieve an independent estimate for pine 

marten within the study area would require movement data, collected via animal-borne 

devices, an invasive and costly method, which would negate the key advantage of applying a 

non-invasive method such as camera trapping. Although adopting a figure from the literature 

did not seem to create issues with inaccuracy in this instance, it is important to have relevant 

estimates to utilise (i.e. specific to your season of study, and your study species). 
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 One of the key assumptions of REM, and other gas-based models, is that animal’s 

movement is random, and independent of one another (Rowcliffe et al. 2008). Despite this 

key assumption, carnivores like the pine marten are typically not nomadic, and do not move 

at random (Powell, 2012). In a natural setting, individuals confine their movement in space, 

responding to conspecifics, resource availability and key elements in their environment, 

developing home ranges. Despite known behavioural patterns of most animals violating one 

of the underlying model assumptions, REM appears relatively robust to these behavioural 

violations, this is supported here by the comparative accuracy of the REM derived density 

estimates when compared against live trapping.  

Random encounter models and equations have been developed since their first inception, 

recent additions using step-wise random animal pathways to account for the importance of 

space use have allowed the assumption of random detector placement to be violated, while 

maintaining robust density outputs (Lou et al. 2020). This has enabled random encounter 

models to be applied to data collected from camera traps that are deployed heterogeneously 

(i.e. not in random, equally spaced, stratified grids as assumed in original equations, Rowcliffe 

et al. 2008).  REM equations have also been developed allowing their application to acoustic 

data (Lucas et al. 2015), and varying combinations of detectors types and indirect data 

collection methods (e.g. track data, dung pile counts; Jousimo & Ovaskainen, 2016). Although 

not directly applicable here, the on-going expansions and applications of random encounter 

models demonstrate its high utility beyond the use of camera traps in the future. 

The density estimates from the genetic approach appear slightly low in comparison to 

live trapping as has been reported previously (Croose et al. 2019). As recognised previously, 

the genetic approach can be biased by low amplification rates and genotyping errors 
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(Williams et al. 2009; Gray et al. 2014). The genotyping success rate was similar to other 

studies using the same approach to produce estimates of pine marten populations (Croose et 

al. 2016; 2019; O’Mahony et al. 2015; Sheehy et al. 2014; Kubasiewicz, 2014; Mullins et al. 

2009). Observed deviations from Hardy-Weinberg expectations likely due to the limitations 

of a small sample size as has been reported previously (O’Mahony et al. 2015; Croose et al. 

2016). Genotyping success rate was much higher from samples collected during the first half 

of the investigation. DNA quality from biological samples can be affected by various factors, 

including the length of time the samples are in the field, temperature, humidity, however this 

is of greater importance when working with faecal matter rather than hairs (Murphy et al. 

2007).  Number of hairs available to use from each sample has also been reported to affect 

quality of DNA (Mowat & Paekau, 2002; Kubasiewicz, 2014). Sample collection occurred 

weekly and the number of hairs used per extraction was standardised (minimum of 10 where 

possible; Mowat & Paekau, 2002). Thus, although difficult to pinpoint the decline in genotype 

success rate may stem from perturbations in the environmental conditions (e.g. changes in 

temperature or humidity) specific to the last two weeks of data collection. 

The genetic approach, although most costly in terms of time, and seemingly less 

accurate in the density estimate produced, does provide a great deal more information on 

the population than gathered through camera trapping. Population estimates can be a crude 

tool when used alone to assess health and sustainability of a species. A species ability to 

perform ecological functions is not just related to their numbers, other factors of a 

population, including sex and age can exert strong determinants on the ecosystem services 

provided, and sustainability of a population (Beasley et al. 2011). For example, male sex-

biased populations can result in increased rates of inter-and intra-sexual conflict including 

infanticide, and territorial disputes, decreasing overall fitness of a population (Palombit, 2015; 
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Twining et al. 2017). There is currently a paucity of research examining the far-reaching and 

complex effects of alterations to population structure of wild populations (Polis & Strong, 

1996). Genotyping of biological material collected through hair tube sampling enables the 

examination of such factors, in addition to information on density, it also provides 

information on population structure, and provide indicators of home range size, and 

territoriality (O’Mahony, 2014). Hair tube sampling has further advantages when it comes to 

heterogenous landscapes and habitat, i.e. when sampling in more structurally complex 

habitats like old growth forest. Immature coniferous plantations are homogenous and lacking 

in above ground connectivity, this reduces the possibility of arboreal movement and 

therefore ground-based camera trapping provides a suitable approach. However, this may 

not be the case in more structurally developed and complex habitats. It is important to 

consider the habitat you are sampling in, and your species locomotive tendencies. In a 

situation where subterranean or arboreal behaviour is to be expected, then use of a bait 

system, and statistical analysis that does not rely on the assumption of random movement on 

a two-dimensional plane may provide advantageous. The aims of any research project must 

be carefully considered, as must the logistics and potential biases before deciding on a most 

suitable methodology. 

While both non-invasive hair tubes and camera trapping have proved successful in this 

study and others throughout Ireland and Britain (Mullins et al. 2009; Sheehy et al. 2014;  

O’Mahony et al. 2015, 2017; Croose et al. 2016; 2019), it is worth noting that the accuracy 

and efficacy of survey methods can vary by locality and researcher. Previous work in Poland 

(Power, 2015), Scotland (Kubasiewicz et al. 2017) and Italy (Bartolemmei et al. 2012) have 

found hair tubes to be an ineffective method to sample pine martens, being unable to collect 

hair where populations were known to be present. This has led some to conclude camera 
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trapping to be the most effective non-invasive method to estimate pine marten population 

density (Bartolemmei et al. 2012). However, contrary to this, other studies have found density 

estimates derived from REM applied to camera trap data to dramatically under-estimate 

population size (Balestrieri et al. 2016). This highlights the importance of knowledge and 

experience of the biases and pitfalls of either selected method, with neither providing an 

infallible representation of population size. 

In conclusion, both non-invasive methods can be used to produce reliable relative density 

estimates for rare and elusive mammalian carnivores. However, both the results here, and 

those available in the literature demonstrate camera trapping to be the most efficient and 

accurate method to deploy due to the complete lack of need to maintain traps once they have 

been deployed, and quick processing time of data once data has been collected. 
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3. Seasonal, geographical and habitat effects on the diet of a 

recovering predator population: the European pine marten 

(Martes martes) in Ireland 

3.1 Summary 

Human activity is increasingly altering the natural world. Yet the natural adaptability of most 

mammal species remains unknown.  Seasonal and spatial influences on the diet of temperate 

carnivores tending towards omnivory, are particularly, poorly understood.  The pine marten 

is one such species which in Ireland and Britain is of additional interest due to recent recovery 

in its range and abundance from near collapse. We investigated diet of the pine marten on 

regional, national and continental scales and with regard to seasonal and habitat variation.  

Habitat effects on diet were examined with regards to samples from deciduous woodland, 

coniferous forestry plantations, heath-coniferous matrices and mixed habitats. The diet of the 

pine marten differed significantly amongst all studies across its range, although it maintains 

the same approximate trophic niche breadth throughout. This plasticity may explain its 

recovery in an environment where resources are scarce, and underscores its status as an 

opportunistic species which is likely to be robust to environmental and habitat changes in the 

future. These results highlight the presence of dietary plasticity and prey switching in a 

temperate mesocarnivore and are likely applicable to a number of generalist temperate 

predators.  

Key words: pine marten; diet; scat analyses; spatial effects; seasonal variation; habitat 

effects; environmental resilience 
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3.2 Introduction 

Anthropogenic processes are constantly, and increasingly, changing the “natural” world.  

Habitat destruction for exploitation of resources and agricultural activity remain the 

greatest threats to global biodiversity (Maxwell et al. 2016).  A species ability to adapt to 

this change is linked to characteristics that include trophic niche width (Williamson, 1996; 

Vazquez, 2006) and involve dietary plasticity (Vazquez, 2005; Blackburn et al. 2009) and/or 

behavioural alterations (Sol et al.2002).  In contrast to species with a specialist niche, 

generalist predators may be more robust in terms of adaptation to change.  Optimal 

foraging theory suggests that generalists exploit resources that maximise net energy intake 

while minimising energetic costs, switching diet to focus on high-quality and abundant 

resources (Pyke et al. 1977).  Such species may change diet opportunistically as a response 

to seasonal fluctuations in resources or drastic change in the distribution of resources on a 

landscape scale (Stapp & Polis, 2003; Popa-Lissenu et al. 2007).  Native predators support 

ecological processes that are integral to the developing structure of ecosystems. They can 

affect community composition and productivity, and, hence, can directly impact the wide 

range of ecosystem services associated with biodiversity (Taylor, 1984; Arnundrud et 

al. 2015; Breviglieri & Romero, 2017).  Despite a growing body of research focusing on 

understanding the causes and consequences of inter-annual fluctuations in predation 

(O’Donoghue et al. 1998; Vucetich et al. 2011), our understanding of predation remains 

incomplete due to the paucity of data on seasonal, annual and spatial variation in the diet of 

predators (Metz et al. 2012).  In contrast to savannah ecosystems involving large specialist 

carnivores (Marker et al., 2003; Hayward & Kerley, 2005; Hayward et al. 2006; Owen-smith, 

2008; Davidson et al. 2013), there are few detailed studies of generalist omnivorous 

carnivores.  Those in temperate systems which undergo pronounced spatio-temporal 
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variations in resource availability are particularly scarce.  Perturbations in resource 

availability result from large scale environmental and ecological processes such as annual 

cycles in availability of fruit and seeds (Gregory & Macdonald, 2009), and seasonal patterns 

in bird migration, nesting and fledging (Walker et al. 2017).  Identifying seasonal and habitat 

effects in foraging of temperate predators, and their ability to survive extreme seasonal 

fluctuations in trophic interactions, will enhance our understanding of their potential to 

adapt to global environmental change in temperate ecosystems (Davies et al., 2011; 

Seabra et al., 2015). 

The European pine marten (Martes martes) is a small, semi-arboreal mustelid 

typically associated with coniferous and deciduous habitats (Delibes, 1983; Buskirk, 1992; 

Zalewski et al. 2004; Croose et al. 2016) but its use of heathland and other open habitats is 

increasingly being acknowledged (Caryl et al. 2012a). Pine martens are at the western edge 

of their global range in the Britain and Ireland, where they are recovering from historical 

decline driven by land-use change and persecution (Langley & Yalden 1977; Birks, 2002; 

Croose et al. 2014). Although anthropogenic processes were the primary drivers of pine 

marten decline, it is not clear how its habitat and trophic requirements are fulfilled on 

islands where perceived optimal habitat (e.g. woodland) has declined since Neolithic times 

(Montgomery et al. 2014).  The United Kingdom has some of the lowest forest cover in 

Europe, at 13% (Forestry Commission, 2011) compared to the European Union average of 

37% (Forestry Commission, 2010).  Northern Ireland has the lowest woodland cover, which 

in 2017 was 8% (Forestry Commission, 2017).  Further, over 75% of Northern Ireland’s forest 

cover is immature (<30 years old), commercial coniferous plantation predominantly 

comprised of Sika spruce (Picea sitchensis), Scots pine (Pinus sylvestris) and Norway spruce 

(Picea abies).  Limited research exists on the ability of the pine marten to persist in such 
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degraded and fragmented habitats created through deforestation and rotation cycles in 

commercial plantations (Caryl et al. 2012a; O’Mahony, 2014).  Thus, it is not clear how these 

habitat and landscape effects influence diet, interspecific interactions and ecosystem 

functioning.  However, it is clear that in spite of historical loss of preferred habitat, pine 

marten populations have persisted and expanded their range since the 1980s. This reversal 

is suspected to be due to a combination of factors that include the banning of a poison used 

in bait, strychnine, and protection under national (Wildlife and Countryside Act, 1981) and 

international law (EU Habitats Directive, 1992) (O’Sullivan, 1983; O’Mahony et al., 2017).  

One plausible explanation for the species persistence and subsequent recovery, is that it has 

a plastic trophic position in that it can deal with spatial and temporal changes in prey and 

food availability. 

At present, knowledge of the species diet supports this hypothesis as it is considered 

broad and varied in studies from across its range.  However, in central and northern Europe 

pine marten predate small mammals and specifically, vole species (Balharry, 1993; Gurnell et 

al. 1994; Paterson & Skipper, 2008; Putman, 2000; Zalweski et al. 1995; 2004; Helldin, 2000). 

Despite wide variation in occurrence of fruit and invertebrates in these studies, microtine 

rodents are consistently the most important prey of pine martens throughout their 

continental European range and Britain (Clevenger, 1993; Jedrzejewski et al. 1993; Zalewski 

et al. 1995; Helldin, 2000; Caryl, 2012b). The primary microtine rodent predated varies across 

the pine martens range with British populations having a preference for Microtus spp., while 

those in Europe focus on Myodes spp. (Lockie, 1961; Balharry, 1993; Gurnell et al. 1994; 

Putman, 2000; Caryl et al. 2012b).  Previous research has shown in European populations that 

pine marten densities are positively correlated with temporal fluctuations in abundance of 

forest rodents (Zalewski et al. 2006).  In contrast to Britain and mainland Europe, there are 
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no native vole species present in Ireland (Montgomery et al. 2014), and small mammal 

biodiversity is less than in Britain and continental Europe.  Although the bank vole (Myodes 

glareolus) is present throughout much of southern Ireland where it has been introduced 

(Montgomery et al. 2014), dietary preferences of pine marten in Ireland are still likely to be 

impacted, with reliance on resource groups other than small mammals e.g. birds and carrion 

in winter and spring, or greater dependence on invertebrates and fruit in summer and 

autumn.  Such plasticity may mean that martens fill a different trophic position in Ireland 

compared to the rest of their European range.  Studies from Ireland are few and concentrate 

on small mammals which suggest a preference for wood mice (Apodemus sylvaticus), pygmy 

shrews (Sorex minutus) and, where they occur, invasive bank voles (Sheehy et al. 2013; 

O’Meara et al. 2014). To date, studies from Ireland have neglected the importance of other 

food groups, or concentrated on single study sites (Lynch & McCann, 2007; Warner & 

O’Sullivan, 1982) and fail to address how pine marten survived habitat loss and expanded 

their distribution. 

There has been no large-scale investigation of pine marten diet in Ireland that 

addresses habitat and landscape effects as well as seasonal variation. Data pertaining to 

regional and seasonal effects on diet in a temperate carnivore with omnivorous tendencies 

will be useful in understanding the ability of a small generalist species to recover in a degraded 

landscape. There has also been no study comparing diet in pine marten on a continental scale.  

Thus, we investigate the diet of Pine marten with respect to: (a) regional, national and 

continental scales; (b) seasonal variation; and, (c) habitat effects.  We discuss implications of 

dietary variation in the ecological role of the pine marten in Ireland and elsewhere in Europe, 

and consider how these may be affected by future environmental change.  
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3.3 Methods 

Twenty sites were chosen across the pine martens range in Northern Ireland based on an 

earlier survey using camera traps to examine the distribution of squirrel species and pine 

marten (Figure 3.1, Table A.3.1, Tosh, unpublished). In this study, Northern Ireland was split 

into 1km2 hectads; each had a camera trap and baited feeder. Sites with pine marten 

occupancy were selected for scat surveys (Table. A.3.1). Sites were categorised into four 

habitat groups, namely; deciduous woodland (n=5), mixed broadleaf and coniferous (n = 4), 

heath coniferous matrix (n= 3), and coniferous plantation (n= 8) based on major tree species 

present. Coniferous plantations were typically made up of single stands of Sika spruce (Picea 

sitchensis), Scots pine (Pinus sylvestris) or Norway spruce (Picea abies). Heath coniferous 

matrices were dominated by open areas of heather (Calluna vulgaris), gorse (Ulex gallii), 

bilberry (Vaccinium myrtillus) and cowberry (Vaccinium vitis-idaea) with small stands of the 

former conifer species. Deciduous woodland was dominated by broadleaf species including 

oak (Quercus robur), beech (Fagus sylvatica), ash (Fraxinus excelsior) and hawthorn 

(Cratageus monogyna). Mixed forests were a combination of coniferous plantation and 

broadleaf woodland tree species (See Table A.3.1). 
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Figure 3.1.  A) Map showing Northern Ireland within context of British Isles, B) Map showing 

twenty sampling sites across Northern Ireland, United Kingdom. 

 

Scats were collected along one three kilometre transect in each location (Balharry, 1993; 

Croose et al., 2014).  Prior to sampling, each site was visited and all scats were cleared to 

ensure all future scats collected were fresh and deposited during that sampling month. 

Subsequent visits to each site were made once a month from December 2015 – January 

2017, for a total of 12 visits per site throughout the sampling year in addition to the visit for 

scat clearance. Due to previously observed error by certain individual recorders using a 

morphological approach to scat identification (Davison et al. 2002), every effort was taken 

to ensure correct species assignment, and minimize error. All scat surveys, identification and 

analysis were performed by the lead author to remove recorder bias. Scat surveys were only 

conducted in locations with known occupancy of pine martens. Every scat collected was 

rated based on the following morphological and topographical factors; location, substrate 
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deposited on, size, shape, colour, and smell.  Pine marten scats are typically heart or C -

shaped, with a pungent, aromatic smell (Lynch & McCann, 2007; Birks, 2017). Only fresh 

scats were collected; hence, smell and morphology of scat were the defining factors in 

assigning species to scats (Lynch & McCann, 2007). All scats that did not meet all the 

criteria, or if there was any doubt in regards to species assignment were discarded (>150 

scats). Scats were stored in sealable bags with self-indicating silica gel as desiccant for a 

minimum of four weeks until they were a constant mass (g).  Dry macro-analysis of scats 

was conducted, dried scats were broken down and separated into their constituent parts 

using forceps. Mammal hairs were identified to species level (except Lagomorphs, see 

below) through examination of guard hair cuticle scales and medulla patterns at x10 and x40 

magnification (Teerink, 1991; Cornally et al. 2016).  Lagomorphs were not identified to 

species level due to the difficulty in differentiating species using cuticle and medulla hair 

fragments (Cornally et al. 2016).  Carrion was identified by presence of hair as above, or in 

absence of hair, due to presence of a black tar-like substance that results from consuming 

viscera of prey (Balharry, 1993).  Birds were identified to order level using barbule structure 

(Day, 1966) and invertebrates to the lowest taxonomic level possible using exoskeletal 

remains (Chinery, 1993).  Fruits were identified to species level using a reference collection 

of possible material assembled during and after field work.   

  Data are reported as frequency of occurrence (FO%) to make it comparable to 

previous dietary studies; 94% of published studies utilise FO% with 50% using this as the 

sole method to report results of scat analysis (Klare et al., 2011).  Frequency of occurrence 

was calculated as: 
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Equation 3.1:  

  𝐹𝑂% =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑡𝑖𝑚𝑒𝑠 𝑝𝑟𝑒𝑦 𝑖𝑡𝑒𝑚 𝑝𝑟𝑒𝑠𝑒𝑛𝑡

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑠𝑐𝑎𝑡𝑠
× 100 

 

However, as FO% over-estimates the importance of small items (e.g. invertebrates, Klare et 

al. 2011), results are also reported using percentage biomass of hard remains (BP%). This 

more quantitative approach is used less commonly but provides a more accurate 

approximation of true diet (Klare et al. 2011). The mass of the whole scat was recorded, and 

then the individual components were weighed.  Percentage biomass was calculated as: 

Equation 3.2: 

 

 𝐵𝑃% =
𝑀𝑎𝑠𝑠 (𝑔) 𝑜𝑓 𝑖𝑛𝑑𝑖𝑣𝑖𝑑𝑢𝑎𝑙 𝑓𝑜𝑜𝑑 𝑖𝑡𝑒𝑚

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 (𝑔) 𝑜𝑓 𝑠𝑐𝑎𝑡
× 100 

 

 

Dietary data were grouped into small mammals (1g – 1kg), carrion (mammals >10kg), 

birds, lagomorphs, invertebrates and fruit.  Pearson’s Chi Squared (Chi2) and Fisher’s Exact 

tests (FET) were used to compare proportions of food groups in different seasons and 

habitats.  Due to simplicity of the statistical tests used and associated assumptions a 

significance threshold of 0.02 was used as opposed to the conventional p value of 0.05 to 

avoid false positives (Colquhoun, 2017). The degree of specialization of the diet was 

estimated based on the Levins’ standard index of niche breadth (B) that ranges from 0 to 1 

(Levins, 1968), so that values close to 1 indicate a generalist diet and those close to 0 

indicate a specialized diet. Levin’s niche breadth was calculated as: 
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Equation 3.3: 

 𝐵 =
1

∑ 𝑝𝑖
2  

 

Where B is niche breadth, pi is the proportion of individuals found using resource i. In order 

to standardise niche breadth between 0 – 1 the following calculation was used: 

 Equation 3.4: 

𝐵𝐴  = 1 −  
𝐵 − 1

𝑁 − 1
 

where N is number of resources used by any population.  

 

Dietary data collected in this survey were compared with similar data from 

throughout the pine marten’s known European range.  A literature search was conducted 

and comparable large datasets based on scat analysis in a discreet geographical area were 

selected for analyses.  Pearson’s Chi Squared was used to compare proportions of different 

dietary components in Ireland, in Britain and Ireland and finally across the European range. 

Levin’s standard index of niche breadth was calculated for all datasets, and Pearson’s Chi 

Squared used to compare degree of specialisation. All statistical tests were carried out in R. 

3.2.1 (R Core Team, 2014). 

3.4 Results 

Diet of European pine marten (Martes martes) in Northern Ireland 

A total of 918 pine marten scats were collected from 19 sites, with 57 plant, invertebrate 

and vertebrate taxa represented in the macro-remains (Table 3.1). One site produced zero 

pine marten scats collectable for analysis. A small amount of plant material was 

unidentifiable (0.013 BP%) and was excluded from the analysis. Figures 3.2A and 3.2B 
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illustrate presence of food categories by FO% and BP% respectively.  Invertebrates were the 

most commonly occurring items in the faeces (Fig. 3.2A) but contributed little in terms of 

biomass of hard remains (Fig, 3.2B). Invertebrate material consisted mainly of beetles; 

(Coleoptera), bees and wasps (Hymenoptera), slugs and snails (Gastropoda) , and 

earthworms (Oligochaeta). Fruit was also common (Fig. 3.2A), but unlike invertebrates, fruit 

formed a major part of the diet as quantified using biomass of hard remains (Fig. 3.2B). The 

fruit component was dominated by rowan (Sorbus aucuparia), blackberry (Rubus fruticosus) 

and bilberry (Vaccinium myrtillus), but hawthorne (Crataegus monogyna) and cherry 

(Prunus avium), were also present.  Other items such as ivy (Hedera helix), cotoneaster 

(Cotoneaster integerrimus) and damson (Prunus insititia) were present but did not 

contribute greatly to overall pine marten diet as revealed by faecal analyses.  

Overall, birds were the dominant vertebrate prey, with similar frequency of 

occurrence to fruit across the 12 month period (Fig. 3.2A). The majority of birds identified in 

the scats were Passeriformes but Falconiformes, Columbiformes, Anseriformes, Ralliformes 

and Galliformes were also present, albeit infrequently.  A large number of bird feathers 

remained unidentified as barbules used in identification were broken down in the gut during 

digestion (Day, 1966; Lynch & McCann, 2007). In terms of biomass, birds were the second 

most important overall prey/food items (Fig. 3.2B).   

Small mammals formed a staple part of diet throughout the year (Fig. 3.2A), mainly 

consisting of wood mouse, followed distantly by pygmy shrew. House mouse (Mus 

musculus), brown rat (Rattus norvegicus), red squirrel (Sciurus vulgaris), and grey squirrel 

(Sciurus carolinensis), were also recorded but relatively infrequently. Small mammals were 

the third largest contributor to faecal biomass (Fig. 3.2B).  
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Evidence of species presumed to have been scavenged in the diet consisted of 

domestic and wild ungulate species: sheep (Ovis aries), goat (Capra hircus), red deer (Cervus 

elaphus), and fallow deer (Dama dama). All sheep and goat remains that were detected 

were adults as distinguished from lambs by long coarse hairs, as opposed to shorter, finer 

hair which would be present in the juveniles of these species. Carrion was an important 

food group in terms of biomass (Fig. 3.2B). Lagomorphs were recorded less commonly in 

scats than small mammals (Fig. 3.2A).  This food group was made up of rabbits (Oryctolagus 

cuniculus) and hares (Lepus spp.). Lagomorphs comprised over 6% of faecal biomass (Fig. 

3.2B). Miscellaneous faecal remains consisted of common frog (Rana temporaria), human 

refuse and bird eggs which were collectively uncommon and unimportant dietary items in 

terms of contribution to overall hard biomass of scats (Figs. 3.2A and 3.2B). 
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Table 3.1. Summary of major prey and other food items by number of scats an item 

occurred in (N), average frequency of occurrence (FO%) and percentage biomass (BP%) in 

scats over all sites and seasons (n = 19). 

Group Species N FO% BP% 

Fruit  Rowan (Sorbus aucuparia) 282 30.34 33.30 

 Blackberry (Rubus fruticosus)  235 25.83   6.15 

 Bilberry (Vaccinium myrtillus) 67   7.29   2.50 

 Hawthorne (Crataegus monogyna) 12   1.32   0.88 

 Cherry (Prunus avium) 33   3.59   4.58 

 Cotoneaster (Cotoneaster integerrimus) 15   1.80   1.41 

 Ivy (Hedera helix) 2   0.22   0.04 

Small Mammals  Wood Mouse (Apodemus sylvaticus) 184 19.85 7.74 

 Pygmy Shrew (Sorex minutus) 83 14.4 2.28 

 House Mouse (Mus musculus) 39   5.27 1.77 

 Brown Rat (Rattus norvegicus) 27   3.9 0.63 

 Red Squirrel (Sciurus vulgaris) 37   4.20 1.35 

 Grey Squirrel (Sciurus carolinensis) 11   3.00 0.84 

Large Mammals  Sheep (Ovis aries) 49 5.56 4.67 

(Carrion) Red Deer (Cervus elaphus)  9 1.32 0.19 

 Goat (Capra aegagrus hircus) 10 1.05 0.33 

 Fallow Deer (Dama dama) 7 0.65 0.31 

 Unidentifiable 36 4.03 6.38 

Lagomorphs Lagomorphs  82 7.02 6.37 

Invertebrates Beetles (Coleoptera) 415 54.5 2.29 

 Wasps & Bees (Hymenoptera) 63 14.2 0.32 

 Slugs & Snails (Gastropoda) 26   3.8 0.09 

 Earthworms (Oligochaeta) 18   2.27 0.001 



74 
 

 Damselflies (Zygoptera) 1   0.16 <0.001 

 Millipedes (Diplopoda) 4   0.51 0.002 

 True flies (Diptera) 11   1.81 <0.001 

 Spiders (Arachnida) 1   0.16 <0.001 

Birds  Song Birds (Passeriformes) 147 20.41 8.368 

 Doves & Pigeons (Columbiformes) 5   0.42 0.050 

 Ducks & Geese (Anseriformes) 4   0.77 0.244 

 Rails (Ralliformes) 38   5.92 1.809 

 Ground birds (Galliformes) 3   0.72 0.017 

 Falcons (Falconiformes) 14   1.63 0.599 

 

 

 

Unidentifiable 155   17.35 7.153 
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Figure 3.2. Pine marten diet from 19 sites in Northern Ireland, with dietary components split 

in to taxa.  A) Mean per site (95% clm) frequency of occurrence (FO%) of items from scat 

analysis. B) Mean per site (95% clm) percentage biomass of hard remains (BP%) of items 

from scat analysis.  

Seasonal dietary variation 

There was seasonal variation in the occurrence and biomass of food types, across all main 

categories of food items. In spring, small mammals (Fig. 3.3A & 3.3B) occurred most 

frequently followed by birds, invertebrates, and fruit. In contrast, during the summer, 

invertebrates were the most common items in faeces and birds, small mammals and fruit 
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had similar frequencies to each other.  Fruit was the most frequent food item in autumn and 

there was a marked decrease in occurrence of the other food groups (Chi2, X2 = 85.167, P 

<0.001). During winter, small mammals and birds occurred most frequently whilst the 

presence of fruit decreased. Carrion occurrence in faeces peaked in spring and winter 

compared to summer, and, in particular, autumn (Fig. 3.3A & 3.3B).  

 Although birds were important as a food item in all seasons, peaks occurred in 

spring and summer.  Fruit occurred in all seasons but was significantly higher in autumn 

than all other seasons (FET, P <0.001), and fruit also occurred significantly more in summer 

than spring (FET, P = 0.004) or winter (FET, P <0.001).  Occurrence of fruit was not 

significantly different between spring and winter (FET, P = 0.374).  Frequency of bird 

remains in scats demonstrated seasonal peaks in spring and summer in comparison to other 

seasons (FET = P <0.001), but was not significantly different between spring and summer 

(FET = P = 0.772).  Although winter had a higher average occurrence of birds than autumn, 

occurrence was highly variable but not significantly so (FET, P = 0.091). Small mammal 

occurrence fluctuated throughout the year with a pronounced autumnal decrease.  Small 

mammals occurred significantly less in scats in autumn than all other seasons (FET, winter: P 

<0.001; spring: P <0.001; summer: P = 0.02).  Small mammals occurred significantly more 

frequently in spring than winter (FET, P = 0.006) and summer (FET, P <0.001).  Occurrence of 

small mammals did not differ significantly between summer and winter (FET, P = 0.116).  

Carrion frequency occurrence showed seasonal peaks in spring and winter in comparison to 

other seasons (FET, P <0.001), but there was no significant difference between spring and 

winter (FET, P = 1).  There was significant decrease in carrion occurrence observed from 

summer to autumn (FET, P = 0.02).  
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Figure 3.3. Seasonal variation in pine marten diet throughout the year at 19 sites across 

Northern Ireland. A) Mean per site (95% clm) frequency of occurrence from scat analysis of 

different food groups. B) Mean (95% clm) percentage biomass of hard remains in scats of 

different food groups. 

Influence of habitat on diet 

In heath-coniferous matrices, the principal food source in scats was fruit (Fig. 3.4A & 3.4B) 

with a lower occurrence of birds and small mammals. The same pattern was observed in 

mixed woodlands, with fruit forming the most frequently occurring component, with a 

reduced occurrence of birds and small mammals. In coniferous plantations, pine marten diet 
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as inferred by presence in scats was dominated by birds and small mammals, followed by 

fruit. Although invertebrates were the most frequently occurring item, they were not 

considered to be a dominant food source due to low biomass contribution. In deciduous 

woodland, diet was largely made up of birds, followed by small mammals.  Fruit 

consumption was significantly higher in mixed forest, and heath-coniferous matrices in 

comparison to coniferous plantation (FET, P <0.001), and deciduous woodland (FET, P 

<0.001) but did not differ significantly between the former two habitats.  Birds occurred in 

the diet significantly more frequently in deciduous woodland than all other habitat types 

(FET = <0.001).   Carrion occurrence and biomass in scats did not vary significantly with 

habitat.  Small mammal occurrence was not significantly different between heath-

coniferous matrices, coniferous plantation and deciduous woodland (FET, P = 0.125), but 

was significantly lower in mixed forests (FET, P = 0.02). 
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Figure 3.4. Habitat variation in pine marten diet at 19 sites in Northern Ireland. A) Mean per 

site (95% clm) frequency of occurrence of different food groups from scat analysis. B)  Mean 

per site (95% clm) biomass of hard remains in scats  

 

Niche breadth  

Levin’s standardised niche breadth of the European pine marten in Northern Ireland is B = 

0.69.  Variation in niche breadth of pine martens across different habitats and seasons 

displayed variation (See Fig. 3.5 & 3.6) but not significantly: season ANOVA, F1,20 = 2.148, P = 

0.074, and habitat ANOVA, F1,20 = 1.634, P = 0.224.  
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Figure 3.5. Mean (95% clm) Levin’s standardised niche breadth of European pine marten 

throughout the year in seasons.  Based on scat data from 19 sites across Northern Ireland. 

 

Figure 3.6. Mean (95% clm) Levin’s standardised niche breadth of European pine marten 

across various habitat types. Based on scat data from 19 sites across Northern Ireland.  
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European analysis 

Pine marten diet composition (i.e. occurrence of different food groups) was significantly 

different between every population studied across Europe (Table 3.2): Irish populations 

(Chi2, df = 6,  X1,20 = 122.26, P <0.001); British Isles populations (Chi2, df = 12, X1,20 = 517.02, P 

<0.001); and, Europe (Chi2, df = 30, X1,20 = 1679.3,  P <0.001).  Poland had the highest 

occurrence of small mammals and carrion.  Northern Ireland had the highest occurrence of 

birds and invertebrates.  Invertebrates were also high in both Ireland and Poland, whilst 

fruit dominated in Ireland, Northern Ireland and Italy (Table 3.2).  However, despite this 

variation in the occurrence of food categories amongst studies, Levin’s niche breadth was 

similar across all studies varying between 0.6 to 0.8. (Fig. 7, Chi2, X1,20 = 0.043, P = 1).  There 

was no continental, latitudinal or longitudinal effects on niche breadth.  
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Figure 3.7. Levin’s standardised niche breadth of European pine marten across European 

range. Based on scat data from 19 sites across Northern Ireland and previously published 

data for other locations.  
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Table 3.2. Table showing geographic variation in pine marten diet throughout range in 

Europe from previously published datasets, results are presented in frequency of 

occurrence (FO%).  

Country / 

Authour / 

Sample size 

(n)  

Carrion 

 

Small 

Mammals 

Birds Invertebrates Fruit Lagomorphs Other 

Scotland  

(Caryl et al. 

2012b);  

n = 2449  

3 

 

 

30.5 

 

18.2 16.8 33.1 0 0 

Ireland  

(Lynch & 

Mccan, 2007); 

n =  387 

7.82 

 

 

12.45 8.95 29.22 30.01 0.45 8.49 

Sweden 

(Helldin, 

2000);  

n = 760 

4.8 38.8 10.9 10.6 15 5.3 5.8 

Italy 

(Balestrieri et 

al. 2011a); 

 n = 109 

2.7 

 

 

. 

31.2 22.9 5.5 41.3 7.6 0 
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Poland 

(Zalewski et al. 

2004); 

 n = 1203 

17.38 

 

. 

58.7 33.9 30.35 5.15 N/A 24.1 

Northern 

Ireland 

n = 918  

12.61 43.6 46.7 54.5 47.2 7.65 3.2 

 

 

Table 3.3 Table showing the percentage forest cover (EU Forestry Commission, 2018) and 

number of prey species of small mammals (Wilson et al. 2017; 2018) and birds (Dickenson & 

Remson, 2013) present throughout the range of the European pine marten. Presence within 

a region does not confirm presence of a species within specific study sites, thus actual 

number of prey species available will vary within these regions depending on habitat and 

locality. 

 No. Rodent Sp No. Shrew sp No. Bird sp Forest Cover (%) 

Ireland 4 2 493 8 

Britain 15 5 623 13 

Italy 24 13 553 31 

Sweden 18 6 529 57 

Poland 30 8 462 30 

Northern Ireland 3 1 354 8 
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3.5 Discussion 

This investigation demonstrates dietary plasticity in a temperate, generalist predator 

recovering from the historic impact of habitat loss and persecution (Langley & Yalden, 1977; 

Birks, 2017).  The results suggest that generalist, omnivorous carnivores may be able to 

thrive even where optimal habitat and preferred prey are scarce. Diet varied substantially 

throughout the year, and in different habitat types for the European pine marten in 

Northern Ireland. These differences are likely to be driven by changes in availability and 

vulnerability (i.e. presence of altricial juveniles) of resources and prey (Barber-Meyer et al. 

2008; Metz et al. 2012), and energetic trade-offs resulting in resources being targeted when 

in their highest abundance. The ability to recover in an environment where optimal habitat 

is scarce and there are fewer prey species, as in Ireland (Table 3; Montgomery et al. 2014) 

suggests that pine marten populations may be relatively robust and able to survive further 

environmental change.  

The present results concur with earlier studies throughout the European range of the 

pine marten, in indicating that it is an opportunistic, generalist predator.  However, with the 

exception of southern Ireland, most studies indicate that small mammals are the most 

important dietary component in terms of frequency of occurrence and percentage biomass 

(Balharry, 1993; Jedrzejewski et al. 1993; Helldin, 2000; Zalweski et al.  2004). Typically, 

European pine martens make only limited, seasonal use of fruits, birds and other items.  In 

this investigation, we identified an alternative pattern of resource use, with fruit, such as 

rowan and blackberry, and birds, predominantly passerines, the most frequently occurring, 

and prevalent in terms of percentage biomass in the pine marten diet as inferred from scats.  

Pine marten diet in Northern Ireland was highly variable, but almost two thirds of total 
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biomass was composed of three items; rowan (mountain ash) berries, song birds and wood 

mice. Peaks in two of the most important prey groups (birds and fruit), coincided with likely 

peaks in their abundance (e.g. fruit in autumn), or presence of vulnerable juveniles (e.g. 

young birds in early summer), whilst the most common small rodent, the wood mouse, was 

a staple component throughout the year.  The yellow-throated marten (Martes flavigula) in 

China, which also relies on small mammals as a staple resource, also has a preference for 

fruit when available (Zhou et al. 2011). These apparent dietary switches do not appear to be 

explained by fluctuations in the abundance of principal prey species, small mammals, but 

rather by ease of procurement of fruit in fruiting season, or additionally, as in our study, 

birds during fledging. The pine marten diet, therefore, does not simply reflect the 

abundance of a single resource, but is likely a function of abundance as well as availability 

and vulnerability of alternate resources.  

The observed niche breadth of the pine marten in Northern Ireland is indicative of a 

generalist species which specialises or has a preference for certain staple species 

supplemented by a wide range of ephemeral resources suggesting a highly opportunistic 

predator.  Despite major differences in the species present in the diet of the pine marten 

across its European range, its niche breadth remained very similar (ca 0.6-0.8) between 

populations. This suggests martens remain opportunistic predators feeding at multiple 

trophic levels regardless of geography, habitat and species richness of prey communities 

Table 3).  

 

  The present results support the idea that unlike elsewhere in its distribution, fruit is 

an integral food group for pine marten in Ireland (Fairley, 1970; Warner & O’Sullivan, 1982; 

Lynch & McCann, 2007). The relative importance of birds and small mammals, as observed 
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in this study was also evident in the 1980s in the west of Ireland (Warner & O’Sullivan, 

1982). However, the relative importance of birds and small mammals was reversed in the 

south-west (Killarney National Park; Lynch & McCann, 2007), with small mammals being the 

most common item after fruit.   Caution must be taken when comparing current results 

from a landscape or regional scale investigation with studies that concentrated at a single 

study site. Nevertheless, Irish studies contrast to Britain where >80% of prey items in scats 

were field voles (Microtus agrestis) (Balharry, 1993) and mainland Europe, where Myodes 

voles are dominant (Helldin, 2000; Zalweski et al. 2004).  This difference is likely to be a 

result of the reduced small mammal assemblage in Ireland compared to rest of Europe 

(Table 3; Tosh et al. 2011). However, the characteristic Irish prey may change as the range of 

the introduced bank vole (Myodes glareolous; Claassens & O’Gorman, 1965) and greater 

white-toothed shrew (Crocidura russula; Tosh et al. 2008) increases in Ireland. Precedence 

for this exists already in Ireland where studies of predatory birds indicate shifts in dietary 

preferences. Where the range of the barn owl (Tyto alba) in Ireland overlaps with that of the 

two recently introduced species, it shows a preference for the greater white-toothed shrew 

and bank vole over native species (Smiddy, 2018a). Additionally, the kestrel (Falco 

tinnunculus) shows a similar trend where its range overlaps with the invasive bank vole, its 

diet becomes dominated by the species, occurring in up to 78% of pellets (Smiddy, 2018b). 

The implications of such a dietary shift are currently unknown but could have implications 

for breeding success, and population size.  The bank vole is already a common prey item in 

pine marten scats where both occur in southern Ireland (Lynch & McCann, 2007).  

 

Fruit occurrence in scats varied significantly with season as observed previously in 

Ireland and throughout the species range. Where seasonal peaks in fruit consumption have 
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been observed, it typically involves the most abundant berry at the specific sites where 

investigations were carried out (Marchesi & Mermod 1989; Lynch & McCann, 2007). 

Predators are thought to function at near maximum power outputs (Drent & Daan, 1980) 

where fruit consumption may serve as a trade-off to conserve energy that would be 

otherwise wasted pursuing, and potentially failing to catch active prey species.  Such 

patterns of resource use with high exploitation of fruit when available have been observed 

in other opportunistic omnivores such as brown bears (Ursus arctos) in Sweden (Stenset et 

al. 2016).  There are many fruit bearing species throughout Northern Ireland, but pine 

martens concentrated primarily on three: rowan, blackberry and bilberry, as have been 

found in other studies throughout their European range (Balharry, 1993; Helldin 2000; Caryl 

et al. 2012b). All three were key food items throughout summer and autumn, as previously 

demonstrated for blackberry (Fairley, 1970; Lynch & McCann, 2007), bilberry and rowan 

(Helldin, 2000; Caryl et al. 2012b).  The higher occurrence of rowan reported in this 

investigation as compared to other locations may reflect rowan being highly prevalent in 

upland Northern Ireland, along plantation edges and field boundaries (Rivers & Beech, 

2017). Providing further evidence that martens feed primarily on items that are abundant 

and easily accessible in the environment. 

Under seasonal and habitat conditions when fruit is less readily available, pine 

martens switch to alternative prey sources, primarily birds and small mammals.  High 

predation rates of birds have also been observed in southern Ireland and Majorca where 

birds contributed to about 20% of overall biomass of faeces (Warner & O’Sullivan, 1982; 

Clevenger, 1993). The present investigation supports the majority of studies on pine marten 

diet that demonstrate seasonal peaks in avian prey primarily composed of passer ines in 

spring and summer, when altricial, and thus vulnerable, juveniles and fledglings are present 
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at or close to nests (Gorszcynski, 1976; Marchesi & Mermod 1989; Balharry 1993; 

Jedrzejewski et al. 1993; Helldin, 2000; Zalewski et al.  2004; Lynch & McCann, 2007). 

Predation pressure from pine martens constrains nest characteristics of cavity nesting birds 

(Kalinski et al. 2014).  The present results suggest generalist arboreal predators like pine 

martens, have a potential role in limiting population recruitment in birds where small 

mammal abundance is low.  Pine martens, thus, make a distinct shift in foraging ecology 

from a largely carnivorous ecology in spring to a primarily frugivorous life history in autumn.  

Switching to alternative prey is well documented in apex predators (e.g. Pole et al. 2004; 

Owen-Smith, 2008).  However, the present results provide an example of prey switching in a 

temperate mesocarnivore. This dietary plasticity and adaptability may explain how pine 

marten populations have been able to recover in Ireland, from low density, isolated 

populations despite the paucity of woodland and commercial forestry, their preferred 

habitats (O’Mahony et al. 2017). 

The rates of occurrence and biomass of carrion in the diet in the present study was 

similar to studies from mainland Europe and Scandanavia (Jedrejewski et al. 1993; Helldin, 

2000; Zalewski et al. 2004), which provides further evidence of the propensity to feed on 

high energetic value, yet high risk resources when present.  Carrion occurred more often in 

scats of martens in coniferous plantation sites in comparison to deciduous or mixed forest 

sites perhaps as a result of increased prevalence of carrion in the environment where 

habitat is less diverse as in conifer plantations (Benbow et al. 2016). Alternatively, a reason 

could be that upland coniferous plantation is often adjacent to in-by-land and rough grazing 

fields. Carrion consumption also showed seasonal peaks in spring and winter unlike other 

studies which report a single peak of carrion consumption in winter coinciding with 

increased death rate in ungulates (Jedrejewski et al. 1993; Zalewski et al. 2004).  The spring 
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peak may result from continuation of winter weather but is not necessarily representative 

of continued prevalence of carrion. Instead, it may reflect the increased energetic demands 

of female pine martens provisioning for kits during this time in the absence of voles in 

Ireland. Thus, in spring, female pine martens may be driven to increase intake of high value, 

high risk resources, risking competition over carcasses with conspecifics and intraguild 

predators such as the red fox (Vulpes vulpes) which may otherwise be avoided.  The high 

proportion of carrion in spring may also be evidence of food caching in pine martens 

(Pulliainen, 1981b; Helldin, 2000; Twining et al. 2018).  Nevertheless, pine martens are 

important scavengers in Northern Ireland and elsewhere, and thus provide a key ecosystem 

process with implications for nutrient recycling and disease dynamics (Wilson & Wolkovich, 

2011; Twining et al. 2017).  

Despite invertebrates being the most frequently occurring items in pine marten 

scats, they are often thought to contribute little to the diet as percentage biomass is 

typically small, as was observed here. This leads to invertebrates being largely discarded as 

an unimportant food item despite being extremely commonly occurring (Balharry, 1993, 

Helldin, 2000; Lynch & McCann 2007). However, this may be a reflection of inherent biases 

of determining diet from scat analysis based on hard remains, rather than an accurate 

representation of diet owing to the digestibility of invertebrates in comparison to other 

items, a potentially erroneous conclusion. Such nebulous interpretations demonstrate the 

need for accurate quantitative ingested prey weight transformations, only possible through 

feeding trials (Balharry, 1993). The ubiquitously high occurrence of invertebrates across all 

seasons and habitats may suggest invertebrates are an essential resource for pine martens. 

There were seasonal peaks in invertebrate consumption in autumn and summer alongside 

increased consumption in fruit, which may suggest that invertebrates, specifically beetles, 
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serve as a key protein source for martens when assuming an otherwise frugivorous foraging 

pattern.  This pattern of invertebrate use was observed in most (Warner & O’Sullivan, 1982; 

Marchesi & Mermod 1989; Balharry, 1993) but not all (Nı´ Neachtain, 1998; Lynch & 

McCann, 2007) previous studies of pine marten diet.  Invertebrate consumption was 

consistent across all habitat types and was dominated by beetles, followed by common 

wasps and honey bees, and then slugs and snails. Other studies report beetles as the 

dominant invertebrates consumed (Warner & O’Sullivan, 1982; Balharry, 1993; Helldin, 

2000; Lynch & McCann, 2007).    Remains of beetles in scats in this study were typically large 

ground beetles and dung beetles, as in Sweden (Helldin, 2000).  As beetles were a highly 

abundant prey species but do not significantly contribute to biomass of scats, it has been 

suggested that pine martens consume beetles when opportunistically encountered whilst 

searching for other items.  Hymenoptera have also been reported in pine marten diet 

previously (Marchesi & Mermod, 1989; Balharry, 1993; Helldin, 2000; Lynch & McCann 

2007). Their seasonal peaks in spring and winter suggest predation of old nests or those 

displaying sluggish emergence. Bees and wasps were less common in scats from open heath 

suggesting reduced availability of nests, again indicating the opportunistic nature of pine 

martens.  Although the hard biomass of Hymenoptera in scats was low, their presence may 

indicate martens target nests for honey and larvae (Marchesi & Mermod, 1989), energy rich 

food resources which leave minimal hard remains in scats, and are thus underestimated in 

diet as a whole. This provides further evidence for the need for quantitative biomass-based 

correction values (as opposed to frequency of occurrence-based correction values 

presented in Lockie, 1961; Balharry, 1993) to estimate ingested prey weight for more 

accurate estimation of diet. 
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Previously noted difficulties in distinguishing pine marten scats morphological ly from 

other species have been highlighted in Britain where there are numerous similar sized 

predators (Davison et al. 2002). Recent advancement of real time PCR methods for 

genetically determining species of scats using mitochondrial DNA (Reilly et al. 2007) has 

resulted in certain researchers investigating marten diet to adopt this method (Caryl et al. 

2012b). However, the high failure rate, and high cost of such genetic techniques prohibit 

many large-scale studies from adopting such an approach. In this study we used a multi-

evidence approach, firstly confirming presence of pine martens at sites using camera traps, 

followed by a single experienced fieldworker, conducting scat surveys using a strict scoring 

system with specific criteria (i.e. pungent aromatic smell, C or heart shaped morphology) on 

fresh scats only, discarding all scats that were in doubt. It would be pertinent for a future 

study to compare these methods in the context of dietary investigation, as it could save 

researchers valuable time and resources. 

The omnivorous trophic position of the pine marten is evident throughout Europe, 

where it is heavily reliant on a limited set of prey species, supplemented by a wide range of 

ephemeral resources.  The large variety of plant and animal species that martens exploit 

demonstrate their importance in providing key ecosystems services, affecting plant 

communities as well as vertebrate populations.  They are critical in seed dispersal of various 

fruiting species, and removal of carrion from the environment as well as management of 

species of conservation interest such as the red squirrel (Sheehy & Lawton, 2014; Sheehy et 

al. 2018). The extent the pine marten is involved in these processes is dependent on the 

resources available, whether they are highly abundant or scarce.  Prey switching and dietary 

plasticity not only provides an explanation for the recovery of pine marten populations in 

Ireland despite a lack of woodland and forest, but also suggest they may be robust to future 
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environmental changes.  Key survival mechanisms in carnivores dealing with fluctuating 

resources have been documented previously in apex predators.  The present report 

indicates that these behavioural traits are also apparent in a temperate, generalist 

mesocarnivore.  
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4. The dynamics of pine marten predation on red and grey 

squirrels 

4.1 Summary 

Invasive alien species pose one of the greatest threats to global biodiversity. In parts of 

Europe, introduced eastern grey squirrels (Sciurus carolinensis) have caused regional 

extinctions of the native red squirrel (Sciurus vulgaris). However, exposure to pine martens 

has been demonstrated to reverse the competitive outcome between red and grey 

squirrels. The mechanism whereby this effect occurs remains unclear. It is hypothesised that 

direct predation, potentially facilitated by a lack of behavioural response is the mechanism 

driving this relationship. We review the literature and reanalyse a new dataset to provide 

further data on the occurrence of both squirrel species in the scats of pine marten. Both 

squirrel species occurred in the scats of pine marten confirming its role as a predator of 

these species. Predation of grey squirrels was significantly higher than red squirrels and was 

recorded only in spring and summer. Our review provides evidence for the mechanism 

driving the current decline in grey squirrels in Ireland and Scotland and supports the 

hypothesis that in the presence of a shared predator, direct predation influences the 

outcome of species interactions between native red and non-native grey squirrels.  

Key words: pine marten, diet, grey squirrel, red squirrel, predation, invasive species, prey 

switching 
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4.2 Introduction 

Invasive alien species (IAS) arise when non-native species become established in a new 

environment and negatively impact the naïve ecosystem. Impacts by IAS on native 

biodiversity, to which IAS are a global threat (ISAC, 2006), have been widely reported. 

Awareness of and the ability to measure impacts of IAS on economies, health and 

ecosystem services is increasingly being recognised and documented (Charles & Dukes, 

2008; Kelly et al. 2013; Pimental et al. 2000). The annual economic cost of IAS to Europe is 

estimated at €12 billion p. a. (Kettunen et al. 2009). Mitigation of these losses can take the 

form of direct culling (e.g. Schuchert et al. 2014), the use of poisons (Witmer et al. 2007) or 

biocontrol via the introduction of a predator (Lindquist, 1992) or a pathogen (Cooke & 

Fenner, 2002).  The introduction of disease or predators from the native range of an IAS 

(Simberloff & Stiling, 1996; Shine, 2010) may lead to unintended negative consequences e.g. 

the development of resistance or predation on non-target species (Hays & Conant, 2007; 

O'Donnell et al. 2017). 

One IAS of widespread concern in Europe is the eastern grey squirrel (Sciurus 

carolinensis). Introduced from North America to Great Britain and Ireland in the 19th and 

20th centuries (Lloyd, 1968), it is now in Italy where its presence poses a risk to the rest of 

continental Europe (Bertolino et al. 2014).  The species negatively impacts forestry (Mayle & 

Broom, 2013) and native biodiversity (Hewson & Fuller, 2003; Newson et al. 2010), 

particularly the red squirrel which has been replaced across much of its former range in 

Britain (Lloyd, 1968).   Replacement of red by grey squirrels is due to factors including: larger 

individual mass and greater population densities of grey squirrels; decreases in red squirrel 
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fecundity, residency and recruitment (Wauters & Gurnell, 1999; Gurnell et al. 2004); and, 

grey squirrels acting as a vector for squirrel pox virus (SQPV) causing mortality in red but not 

grey squirrels (Tompkins et al. 2003; Rushton et al. 2006). In order to prevent a repeat of 

this situation in Italy and continental Europe, efforts are required to manage or eradicate 

grey squirrels.   

 Control of the grey squirrel has been attempted in Britain and Ireland via culling to 

mitigate their impacts.   However, success has been localised and arguably ineffective, with 

few successful outcomes (Schuchert et al. 2014). Cost and effort required impedes 

successful control both locally and nationally in Great Britain and Ireland (Manchester & 

Bullock, 2001), whilst in Italy, objections by animal rights groups have hindered control 

efforts (Genovesi & Bertolini, 2001). At present, culling is the only means available to 

control grey squirrels as efforts to develop an immuno-contraceptive for grey squirrels 

continue with no practical and deliverable method yet available (Barr et al. 2002). 

Consequently, a new approach is needed to reduce the economic impact of grey squirrels 

on forestry (> £10 million per annum in Britain alone, Mayle & Broom, 2013) and 

replacement of the red squirrel and other local biodiversity is to be averted. 

Recent research suggests a potential new approach to control grey squirrels may 

involve a recovering native predator, the European pine marten (Martes martes). Negative, 

spatial correlations between pine marten and the presence of grey squirrels has been 

recorded in Ireland (Sheehy & Lawton, 2014) and Scotland (Sheehy et al. 2018).  The latter 

suggests exposure to pine martens negatively impacts grey but not red squirrel occupancy 

(Sheehy et al. 2018) and that exposure to pine martens reverses the typical outcome of 

resource and disease mediated competition between the two sciurids. Recent research has 
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suggested that native red squirrels possess anti-predator behaviours to pine martens, while 

invasive grey squirrels do not (Chapter 5; Sheehy et al. 2018). This suggests behavioural 

differences may enable the red squirrel to avoid pine martens more successfully than greys 

which, as a result, are more vulnerable to predation by pine martens than red squirrels.    

The European pine marten is an opportunistic omnivore which since its legal 

protection under the 1981 Wildlife and Countryside Act, has been recovering in the British 

Isles. Its recent recovery in Ireland and Britain is particularly interesting due to the fact the 

species is a woodland specialist, recovering in a landscape that is lacking in suitable habitat; 

woodland. The pine martens ability to do so has recently been linked to its dietary plasticity 

and proficiency for prey switching (Chapter 3).  Although squirrels are not a frequently 

reported prey item, if pine marten switch food types according to their abundance and 

vulnerability, it may explain how pine marten recovery could have the observed effect of 

causing declines grey squirrel populations (Sheehy & Lawton, 2014; Sheehy et al. 2018; 

Flaherty & Lawton, 2019), without squirrels being commonly recorded in the diet.  Most 

dietary studies on pine marten either focus on single field sites or sampling periods (Helldin, 

2000; Lynch & McCann, 2007; Zalewski, 2007; Sheehy et al. 2013; O’Meara et al. 2014). 

In order to investigate the potential mechanism for the reversal of squirrel 

replacement, we reviewed published studies to compile available information on the 

occurrence of red and grey squirrels in the diet of the European pine marten, and 

reanalysed Chapter 3, a new dataset of 918 scats.  These were collected from twenty sites 

across the pine martens range in Northern Ireland accounting for the presence of red and 

grey squirrels at each site (Tosh et al. unpublished). We aim to determine whether there is 

evidence for predation to be a potential mechanism for the observed reversal of sciurid 
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species replacement by the pine marten in Britain and Ireland (Sheehy & Lawton, 2014; 

Sheehy et al. 2018; Flaherty & Lawton, 2019), and to highlight potential nuances in sciurid 

predation by the pine marten elsewhere in Europe.   

4.3 Methods 

Peer reviewed and unpublished literature on European pine marten diet was searched for 

via the Web of Science and Google Scholar. Searches conducted utilised the terms “pine 

marten diet squirrel”, “pine marten predation squirrel”.   Publications were selected using 

the following criteria: 1) diet composition was estimated by analysis of scats with a 

minimum sample size of 100; 2) results were reported for each prey species as frequency of 

occurrence (FO%), or as number of times an item occurred and total sample size number to 

FO% could be calculated manually; and, 3) red or grey squirrels, or both species, were 

reported present in the study area or diet.  In addition, we supplement the review material 

by using data from Chapter 3 accounting for the presence of either squirrel species at the 

study sites. In the latter study, twenty sites were selected in which to collect scats and 

investigate pine marten diet (Chapter 3, Figure 3.1) based on data from a previous survey 

examining the distribution of the squirrel species and the pine marten in Northern Ireland 

(Tosh, unpublished). The distribution study in 2015 involved surveys of 332 woodland sites 

by citizen scientists using camera traps. 3km transects were established at each of the 

twenty study sites.  All sites were visited once per month for 12 months and on the first 

visit, all scats were cleared. Subsequently, only fresh scats deemed of the correct shape (e.g. 

heart or C-shaped) and smell (e.g. pungent, aromatic) typical of pine martens were collected 

(Lynch & McCann, 2007). Scats were stored in sample bags with self-indicating silica gel to 

dry out samples.  Due to the scarcity of locations where pine marten and grey squirrel co-
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occur in Ireland (Sheehy & Lawton, 2014, Tosh, unpublished; Flaherty & Lawton, 2019), 

there is an unavoidable bias towards sites supporting only red squirrels. Sites included 

coniferous plantation, coniferous plantation and heath, deciduous forest, and mixed 

broadleaf and coniferous habitats. 

    Dry macro-analysis of scats was conducted to establish diet. Mammal hairs were 

identified to species level via examination of guard hair cuticle scales and medulla patterns 

at x10 and x40 magnification (Teerink, 1991). Data are reported as frequency of occurrence 

(FO%) for comparison to previous dietary studies (Klare et al. 2011). Frequency of 

occurrence was calculated as: 

Equation 4.1: 

𝐹𝑂% =
𝑁𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑡𝑖𝑚𝑒𝑠  𝑝𝑟𝑒𝑦 𝑖𝑡𝑒𝑚 𝑝𝑟𝑒𝑠𝑒𝑛𝑡

𝑇𝑜𝑡𝑎𝑙  𝑛𝑢𝑚𝑏𝑒𝑟  𝑜𝑓  𝑠𝑐𝑎𝑡𝑠
× 100 

Pearson’s Chi-squared test was used to test for general effects of season on proportions of 

red and grey squirrel in the scats. Fisher’s Exact tests (FET) were used to compare 

proportions of grey and red squirrels in scats between seasons.  Due to simplicity of the 

statistical tests used and associated assumptions, to avoid rejection of true null hypotheses, 

a significance threshold of 0.02 was used (Colquhoun, 2017). All statistical tests were carried 

out in in R. 3.2.1 (R Core Team, 2014). 

 

4.4 Results 

The literature review revealed 13 studies (Table 1) in addition to Twining et al. 

(2019) that met the criteria above. Squirrel predation was recorded in 10 (76.9%) studies 

(Table 4.1).  Red squirrels were present in all 13 study sites and occurring in the diet at 9 of 

these (69.2% of investigations where the species co-occurred with the pine marten).  In 



100 
 

contrast, grey squirrels were present in just 1 of the 13 study sites, where they were also 

present in the diet (100% of investigations where the species co-occurred with the pine 

marten; Table 4.1). Overall, squirrel predation was highly variable, but typically low or 

absent for red squirrels with occurrence ranging from 0 – 19.03% (mean = 3.73%). The only 

study with occurrence of grey squirrels available to review had a significantly higher 

frequency of occurrence at 15.6% (Table 4.1). Despite low averages, there are rare examples 

of elevated predation rates on red squirrels,e.g. FO% = 50.1%, Storch et al. (1990); FO% = 

11.5%, Pulliainen & Ollinmaki (1996). Both these studies were conducted during winters in 

boreal forests.  

Table 4.1. Table showing review of red and grey squirrel frequency of occurrence in the diet 

of European pine marten published literature throughout the range of the pine marten. 

Country Habitat Season Sample 

size (n) 

Red squirrel 

occurrence (%) 

Grey squirrel 

occurrence (%)  

Authors 

Northern 

Ireland 

Broadleaf, Coniferous 

plantation, Coniferous 

plantation and heath, 

Mixed woodlands 

All year 918 4.80 12.01 Twining et al. 

2019 

Republic of 

Ireland 

Broadleaf forest All year 387 0.45 n/a Lynch & 

McCann, 2007  

Republic of 

Ireland 

Unspecified 

fragmented forest 

Spring and 

Summer 

110 5.0 15.60 Sheehy et al. 

2013 

Republic of 

Ireland 

Unspecified 

fragmented forest 

Summer 252 3.15 n/a O’Meara et al. 

2014 
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Table 4.2. Table showing review of seasonal red and grey squirrel frequency of occurrence 

in the diet of European pine marten published literature throughout the range of the pine 

marten. Frequency of occurrence has been split into specific seasons where data available.  

Scotland Coniferous plantation All year 2475 0.00 n/a Caryl et al. 

2012b 

Scotland Coniferous plantation Spring & 

Summer 

158 0.63 n/a Grabham et al. 

2019 

Scotland Heath, coniferous 

plantation and native 

woodland 

All year 1304 0.00 n/a Balharry, 1993 

Finland Boreal forest Winter 2198 4.43 n/a Pulliainen & 

Ollinmaki, 1996 

Poland Old growth deciduous All year 1203 2.55 n/a Zalewski, 2007 

Poland Old growth deciduous All year 1735 3.72 n/a Jedrzejewski et 

al. 1993 

Sweden Boreal forest Summer 144 38.06 n/a Storch et al. 

1990 

Sweden Boreal forest Winter  144 19.03 n/a Storch et al. 

1990 

Sweden Boreal forest Winter and 

Summer 

760 1.50 n/a Helldin, 2000 

Belarus Mixed coniferous and 

deciduous 

All year 1222 0.00 n/a Sidorovich, 

Krasko & 

Dyman, 2005 

Russia Unspecified Winter and 

Summer 

171 1.70 n/a Yazan, 1970 
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Season Country 
Red squirrel 

occurrence (%) 

Grey squirrel 

occurrence (%)  
Authors 

Autumn Scotland 0 n/a Caryl et al. 2012b 

Autumn Belarus 0 n/a 

Sidorovich, Krasko & 

Dyman, 2005 

Autumn 
Northern 

Ireland 1.47 0 

Twining et al. 2019 

Autumn & 

Winter 
Poland 5.03 n/a Zalewski, 2007 

Autumn & 

Winter 
Poland 7.13 n/a 

Jedrzejewski et al. 

1993 

Spring Scotland 0 n/a Caryl et al. 2012b 

Spring Poland 5.60 n/a Zalewski, 2007 

Spring Belarus 0 n/a 
Sidorovich, Krasko & 

Dyman, 2005 

Spring 
Northern 

Ireland 6.79 14.32 
Twining et al. 2019 

Spring & 

Summer 
Scotland 0.63 n/a Grabham et al. 2019 

Spring & 

Summer 

Republic of 

Ireland 

5.00 15.6 Sheehy et al. 2013 

Spring & 

Summer 
Poland 0.77 n/a 

Jedrzejewski et al. 

1993 
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Summer 
Republic of 

Ireland 

3.15 n/a O’Meara et al. 2014 

Summer Scotland 0.00 n/a Caryl et al. 2012b 

Summer Poland 0.55 n/a Zalewski, 2007 

Summer Sweden 0.60 n/a Helldin, 2000 

Summer Belarus 0.00 n/a 

Sidorovich, Krasko & 

Dyman, 2005 

Summer 
Northern 

Ireland 13.83 22.86 

Twining et al. 2019 

Winter Finland 4.43 n/a 
Pulliainen & 

Ollinmaki, 1996 

Winter Scotland 0.00 n/a Caryl et al. 2012b 

Winter Belarus 0.00 n/a 
Sidorovich, Krasko & 

Dyman, 2005 

Winter 
Northern 

Ireland 0.00 0 
Twining et al. 2019 

Winter  Sweden 2.40 n/a Helldin, 2000 

Winter and 

Summer 
Sweden 19.03 n/a Storch et al. 1990 

 

Year-round, seasonal data are scarce (Table 4.2).   Only two published studies present data 

divided into four seasons, and neither study reports squirrel present in the diet (Sidorovich, 

Krasko & Dyman, 2005; Caryl et al. 2012b). There is only one study with grey squirrels 
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present in the studies reviewed, highlighting the scarcity of data on the occurrence of grey 

squirrels in pine marten diet when the species co-occur (Sheehy et al. 2013).  

We re-examined data from Northern Ireland available from Twining et al. (2019). The 

investigation reported a total of 918 pine marten scats collected over 12 months, of which 

763 were collected from the 15 red only sites, 48 from the two grey only sites, and 107 from 

the two red and grey squirrel sites.  These were red squirrel resident sites, but grey squirrels 

turned up in the scats, representing likely transient individuals. When we only considered 

pine marten scats from sites with either red or grey squirrels present (as confirmed by 

camera traps, and presence of hair in the scats), grey squirrels had a mean frequency of 

occurrence of 12.01% (95% CI, 6.12% – 17.9%, n = 155), compared to 4.20% (95% CI, 2.96% - 

5.99%, n = 870) for red squirrels. Proportionally, grey squirrels occurred more often in pine 

marten scats than red squirrels (Figure 4.1, Fisher Exact Test, p <0.001).  

        The frequency of occurrence of both squirrel species in pine marten scats varied 

seasonally in the Northern Ireland samples (Figure 4.2, grey squirrels: Pearson’s Chi-

squared, X2 = 13.663, p = 0.003; red squirrels: Pearson’s Chi-squared, X2 = 13.915, p = 0.009). 

Grey squirrels only occurred in pine marten scats during spring and summer, with no 

evidence of occurrence in autumn or winter. Red squirrels occurred in scats collected in 

spring and summer and also autumn. Like the grey squirrel, red squirrels did not occur in 

scats during winter. Frequency of occurrence of grey squirrel in scats did not differ 

statistically between spring and summer (Fisher Exact Test, p = 1). Similarly, there was no 

statistical difference in the frequency of occurrence of red squirrels between spring and 

summer (Fisher Exact test, p = 0.458), or autumn (Fisher Exact Test, p = 0.663). When the 

frequency of occurrence of the two squirrel species was compared, the proportion of red 
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squirrels occurring in scats was lower than greys in both spring and summer but this was not 

statistically different in summer, (Fisher Exact Test, p = 0.034), or spring (Fisher Exact Test, p 

= 0.165).   

 

 

Figure 4.1. Mean (95% clm) occurrence of grey and red squirrel in scats of the European pine marten 

(Martes martes) at all sites for red or grey squirrels (Sciurus spp.). Data from Twining et al. (2019). 
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Figure 4.2. Mean (95% clm) frequency of occurrence of squirrel species (Sciurus spp.) in pine marten 

(Martes martes) scats in different seasons. Data from Twining et al. 2019. 

 

 

4.5 Discussion 

The present report sheds light on the direct interactions between an invasive species, the 

grey squirrel, a European native, the red squirrel and a European native predator, the pine 

marten. In response to the scarcity of records in the literature, we provide new evidence to 

support pine marten predation on both native and invasive sciurid species.  There was a 

higher proportional occurrence of grey squirrel than red squirrel remains in scats. Thus, we 

hypothesise and provide evidence in support of a plausible mechanism for the established 

phenomenon for the observed decline of grey squirrels (Flaherty & Lawton, 2019), whereby 

a recovering predator population has reversed the direction of the interaction between two 

congeneric squirrel species (Sheehy & Lawton, 2014; Sheehy et al. 2018).  
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    A review of the literature demonstrates that pine martens are opportunistic omnivores 

(Twining et al. 2019) with carnivorous tendencies with neither squirrel species being a 

typically commonly occurring prey item. Their diet and resources used is dependent on prey 

availability and vulnerability (Twining et al. 2019). Although there are numerous historical 

examples of concerns raised for pine marten recovery and predation of red squirrels 

(Pulliainen, 1984; Balharry, 1993; Paterson & Skipper, 2008), typically investigations into 

pine marten diet have shown red squirrels to be a numerically unimportant food item with 

occurrence in the diet to be generally low (Helldin, 2000; Lynch & McCann, 2007; Zalewski, 

2007; O’Meara et al. 2014; Sheehy et al. 2014), or absent (Balharry, 1993, Caryl et al. 

2012b). However, occasional reports of elevated occurrence of red squirrels in the scats of 

pine martens have been associated with cyclical crashes in microtine population and noted 

increases in red squirrel populations (Pullianen & Olinmaki, 1996; Storch et al. 1990). These 

records, along with the elevated predation of red squirrels in two commercial plantation 

sites in Ireland observed in the data from Twining et al. (2019), suggest that red squirrels 

serve as an important resource either when highly abundant, or when other key resources 

are scarce.  These observations align with observations that pine martens are highly 

opportunistic, and will target resources that are locally abundant and or vulnerable (Twining  

et al.  2019). 

Despite being a topical and critical question (Sheehy & Lawton, 2014; Sheehy et al. 2018; 

Flaherty & Lawton, 2019), there have been limited investigations into the diet of pine 

martens where they co-occur with grey squirrels. However, when they do co-occur, grey 

squirrels are a relatively common food item (Sheehy et al. 2013). The lack of studies with 

grey squirrels present in the environment is likely due to the fact pine marten and grey 

squirrel ranges do not naturally overlap, and instances in which these species co-occur are 
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highly ephemeral (Twining et al. In prep.).  Due to Italy being the only country in mainland 

Europe where both squirrel species and pine martens occur, Italian dietary studies are of 

particular interest (Balestrieri et al. 2011a; Lombardini et al. 2015).  However, neither were 

of use in this review and examination of squirrel occurrence in the diet of the pine marten 

as neither squirrel species is present in Sardinia (Lombardini et al. 2015) and, although the 

red squirrel was present in at the sites near Garzaia di Valenza, it was not recorded in the 

diet (Balestrieri et al. 2011a). Grey squirrels did not occur at either Italian study site. There is 

a gap in the literature pertaining to locations where grey squirrels and pine martens co-

occur.  

We provide much needed data on the occurrence of grey squirrels in the diet within the 

range of the European pine marten, and confirm that pine marten prey upon grey squirrels 

where they co-occur (Sheehy et al. 2013).  We also show that pine martens predate grey 

squirrels exclusively in spring and summer. This aligns with the bi-annual breeding patterns 

of grey squirrels (Webley & Johnson, 1983) and suggests that pine martens may be 

predating juvenile squirrels whilst still restricted to dreys when they are numerous and 

vulnerable. Whether pine marten predation focuses on juveniles, adults or both, predation 

in spring and summer could impair recruitment and consequently affect population size. 

Population changes in many mammal species are sensitive to changes in survival (Haydon et 

al. 1999), and juvenile survivorship has been found to be integral in modelling changes in 

grey squirrel distribution (Rushton & Garson, 1995).   Although the age of squirrels predated 

by pine martens requires direct quantification to make definitive conclusions, a bias towards 

consumption of juvenile squirrels parallels observations that pine marten significantly 

increase predation on birds by focussing on altricial juvenile and fledgling birds in spring and 

summer (Lynch & McCann, 2007; Twining et al. 2018).  The low mean occurrence of 
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squirrels in the diet, and typically wide and varied diet of pine martens may suggest squirrel 

predation events are highly opportunistic. It is possible that predation of grey squirrels in 

dreys during spring and summer is a by-product of the observed switch to more arboreal 

foraging targeting bird nests observed during these months (Twining et al. 2019). When 

raiding bird nests, martens may come across grey squirrel dreys by chance, with predation 

by the pine marten being facilitated by a lack of anti-predator behavioural response to pine 

martens observed in grey squirrels to this arboreal predator (Twining et al. submitted). 

      The overall frequency of occurrence of grey squirrel remains in pine marten scats in the 

present study was similar to Sheehy et al. (2014).  The latter had reservations due to low 

sample size but sample size here (n = 155) is less of a concern.  Sample size of pine marten 

scats in red squirrel areas of occurrence was much higher (n = 877).  This disparity reflects 

the particular biogeographical circumstances in Ireland where grey squirrels and pine 

marten, increasingly, do not co-occur (Sheehy & Lawton, 2014; Flaherty & Lawton, 2019).   

Despite having similar reproductive cycles to grey squirrels and sharing similar seasonal 

peaks of presence in the diet of pine martens in spring and summer, red squirrels have a 

lower overall frequency of occurrence in pine marten scats than grey squirrels. Interspecific 

disparities in frequency of occurrence in the diet of similar prey species, however, may 

reflect differences in prey density, body size and behaviour (Toscano et al. 2010; Lucas & 

Rosenheim, 2011; Tucker & Rogers, 2014). This prevents a definitive conclusion explaining 

the more frequent occurrence of greys in scats than red squirrels.  Differences in species 

ecology, with red squirrels living at much lower densities than greys (0.3 – 1.5/ha vs. 2 – 

16/ha; Gurnell, 1987), making them less available as a food item in the environment, has 

been suggested as a potential basis for higher predation rates amongst grey squirrels 

(Sheehy & Lawton, 2014).  The evidence that exposure to pine martens reverses the 
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outcome of red-grey squirrel competition at landscape scales throughout Ireland and 

Scotland, where densities of species vary greatly, suggests that density of squirrel 

populations does not greatly affect the underlying mechanism of this process.   

In conclusion, although red squirrel predation by the European pine marten is typically low, 

there are specific situations when higher predation levels occur. Additionally, where grey 

squirrels and pine martens co-occur, occurrence of grey squirrels in the diet of the pine 

marten is significantly higher than that of red squirrels. Thus, we hypothesise that, due to 

the absence of a fear response (Twining et al. submitted), the invasive grey squirrel is 

predated by pine marten proportionally more than the red squirrel leading to a gradual 

decline in grey squirrel abundance and distribution. Although not conclusive, we provide a 

plausible mechanism for the established reversal of native red squirrel by invasive grey 

squirrels in the presence of pine martens in Ireland and Britain (Sheehy and Lawton 2014; 

Sheehy et al. 2018; Flaherty & Lawton, 2019).  
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5. Native and invasive squirrels show different behavioural 

responses to scent of a shared native predator  

5.1 Summary 

Invasive species pose a serious threat to native species. In Europe, invasive grey squirrels 

(Sciurus carolinensis) have replaced native red squirrels (Sciurus vulgaris) in locations across 

Britain, Ireland and Italy. The European pine marten (Martes martes) can reverse the 

replacement of red squirrels by grey squirrels, but the underlying mechanism of how pine 

martens suppress grey squirrels is little understood. Research suggests the reversal process 

is driven by direct predation, but why the native red squirrel may be less susceptible than 

the invasive grey squirrel to predation by a commonly shared native predator, is unknown. 

A behavioural difference may exist with the native sciurid being more effective at avoiding 

predation by the pine marten with which they have a shared evolutionary history. In 

mammals, olfactory cues are used by prey species to avoid predators. To test whether anti-

predator responses differ between the native red squirrel and the invasive grey squirrel , we 

exposed both species to scent cues of a shared native predator and quantified the 

responses of the two squirrel species. Red squirrels responded to pine marten scent by 

avoiding the feeder, increasing their vigilance, and decreasing their feeding activity. In 

contrast, grey squirrels did not show any anti predator behaviours in response to the scent 

of pine marten. Thus, differences in behavioural responses to a shared native predator may 

assist in explaining differing outcomes of species interactions between native and invasive 

prey species depending on the presence, abundance and exposure to native predators. 
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Key words: invasive species, native predator, squirrels, pine marten, scent cues, predation, 

anti-predator behaviour, camera trap 

5.2 Introduction 

Invasive species are one of the greatest threats to biodiversity (ISAC, 2006). Invasive species 

have detrimental effects on native species arising from direct competition (Human & 

Gordon, 1996), predation (Dickman, 1986), and/or introduction of disease (Alderman et al. 

1990). The most severe impacts often occur following the introduction of novel invasive 

predators where naive native prey lack appropriate anti-predator responses to novel 

predators (Dickman, 1986; Salo et al. 2007; Saunders et al. 2010; Kovacs et al. 2012). 

However, the reverse of this situation, where invasive prey species have established 

themselves in the absence of predators is less well documented. Such invasive species may 

lack appropriate anti-predator responses to subsequently recovering, native predator 

populations.  This effect highlights the potential of recovering predator populations to 

provide biological control of predator naïve, invasive species (Li et al. 2011; Wanger et al. 

2010). 

Prey species evolve predator avoidance mechanisms to reduce the risk of predation 

(Salo et al. 2007). One method prey species use is to detect and respond to olfactory cues 

left by predators in their faeces or urine, which are typically used to mark territories and 

communicate with conspecifics (Eisenberg & Kleiman, 1972; Gorman & Trowbridge, 1989). 

These olfactory cues can reveal information about the presence of predators, allowing prey 

to exhibit anti-predator behaviours which minimise detection and/or direct contact, and 

thus reduce chances of predation (Monclus et al. 2009; Banks et al. 2014). The typical 
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behavioural response of prey species to known predator odours is to alter space-use, 

movement, feeding, and vigilance behaviour (Kats & Dill, 1998; Apfelbach et al. 2005). 

Research into how potential prey may respond to predation risk has a long history of using 

odour experiments.  A widely practiced method is the use of olfactory cues, in the form of 

urine or faeces, to simulate the presence of a predator [Dickman & Doncaster, 1984; Banks 

et al. 2003; Russel & Banks, 2007; Anson & Dickman, 2012).  Olfactory cues left by predators 

have distinct properties that make them especially pertinent during the search and 

detection phase of predator-prey interactions. Scent marks represent a spatially fixed 

olfactory signal, which can be especially useful to prey species as they provide information 

on locations of predictable predator activity (Banks et al. 2014).  Further, in contrast to other 

cues (i.e. visual or auditory) which are instantaneous, olfactory cues from scent marks can 

remain in the environment for a substantially longer duration, days (Roberts, 1998; Kuijper 

et al. 2014) or even weeks (Ferkin et al. 1995). Thus, being able to detect such cues and 

implement anti-predator behaviours can increase survival and fitness of prey. However, any 

direct increase in individual fitness due to anti-predator behaviours may be offset by 

significant foraging and reproductive costs (Persons et al. 2002). Thus, prey species response 

is not always predictable and varies based on environmental and temporal variables, as well 

as their history of encounters with the particular predator species (Sih, 1992; Gonzalo et al. 

2009; Bleicher et al. 2018).  

Anti-predator behaviours typically evolve through a common evolutionary history 

between predator and prey, whereby sustained predation creates a sufficient selection 

pressure to drive the adaptation of such traits (Vincent & Brown, 2005). Therefore, a logical 

assumption is that invasive species occupying novel habitats, or native prey where an 

invasive predator with which they do not share such a common evolutionary history has 



114 
 

appeared, may lack anti-predator behaviours (Blumstein et al. 2002; Ramp et al. 2005; McEvoy 

et al. 2008; Li et al. 2011; Wanger et al. 2010). However, the absence of anti-predator 

behaviours is not always as simple as the inability to recognise olfactory cues and failure to 

alter behaviour (Bleicher et al. 2018). The response of naïve prey species to novel predator 

odours can be nuanced, unpredictable and inconsistent, with some species not altering 

behaviour, while others have maladaptive responses such as being attracted to the 

predator’s olfactory signals (Dickman, 1992; Russel & Banks, 2005; Miller et al. 2008; Barrio et al. 

2010; ; Mella et al. 2010; Mella et al.2014; Bleicher et al. 2018).  

The eastern grey squirrel (Sciurus carolinensis), a North American native, has 

replaced the red squirrel (Sciurus vulgaris) across much of its former range in Great Britain 

and Ireland (Lloyd, 1968; Wauters & Gurnell, 1999; Rushton et al. 2006). However, in certain 

parts of Ireland and Scotland, the presence of the European pine marten (Martes martes) 

can reverse the replacement of native red squirrels by invasive grey squirrels [Sheehy & 

Lawton, 2014; Sheehy et al. 2018]. The underlying mechanism of this process is not well 

understood. Recent research suggests that it is likely driven by direct predation, although 

there is a paucity of data on the diet of pine martens where they co-occur with grey 

squirrels.  This gap in our knowledge is likely to be due to the ephemeral nature of co-

existence in the squirrel species (Flaherty & Lawton, 2019). Examples do exist however and 

demonstrate the grey squirrel to be a more frequently occurring prey item than the red 

squirrel when either of the species co-occur with the pine marten (Chapter 4; Sheehy et al. 

2013). However, an explanation as to why two sciurid species that have similar ecologies 

would occur at different frequencies in the diet of a generalist opportunistic predator is yet 

to be elucidated. One potential explanation is that the two sciurid species respond 

differently to the presence of this commonly shared predator (Sheehy et al. 2018). Both red 
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and grey squirrels are preyed upon by the pine marten where they co-occur with the 

predator (Balharry, 1993; Clevenger, 1993; Lynch & McCann, 2007; Caryl et al. 2012b; 

Sheehy  et al. 2013; O’Meara et al. 2014), but as a consequence of its co-evolution with the 

pine marten the native red squirrel may have evolved anti-predator behaviours, whilst the 

invasive grey squirrels may lack such anti-predator behaviours, thus making them more 

vulnerable to predation.  

To test whether free-living, wild red squirrels and grey squirrels differ in their anti-

predator behaviour towards the pine marten, we exposed both squirrel species to olfactory 

cues from this commonly shared predator. By applying pine marten scent to squirrel feeding 

stations, we simulated the presence of pine marten and quantified behavioural differences 

between native and invasive squirrel species. We predicted that the invasive grey squirrel 

lacks anti-predator behavioural responses and would either not respond to pine marten 

scent (e.g. no change in number of visits or behaviours displayed) or demonstrate 

maladaptive responses (e.g. increasing visitation and feeding behaviour, decreasing 

vigilance displayed).  In contrast we predict that the native red squirrel alters its behaviour 

in response to the pine marten displaying anti-predator behaviours such as avoidance (e.g. 

reducing number of visits to the feeder where scent was applied, as well as decreasing 

feeding behaviour and increasing vigilance).  

5.3 Methods 

Data were collected from January to September 2015 at 20 sites in Northern Ireland 

(Table A.5.1): allopatric populations of red (n = 10) and grey squirrels (n = 10) were sampled 

(Figure 5.1). Habitats included coniferous plantations, deciduous forests, mixed coniferous 

and deciduous forests and suburban gardens (Table A.5.1). Red squirrels were largely 
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sampled in coniferous plantations and mixed forests, and grey squirrels in mixed forests and 

suburban gardens due to species specific habitat preferences and heterogeneous 

occurrence of either species within Northern Ireland. To compare behavioural responses 

between grey and red squirrels a wooden squirrel feeder and a Bushnell HD Trophy Camera 

Trap were deployed at a single pre-selected, random location in each of the 20 sites. The 

squirrel feeders were custom made from softwood with a hinged, perspex front behind 

which the bait sat (specifications and design: https://www.rsne.org.uk/sites/default/files/2018-

05/Feeder%20Box%20Template.pdf) . The bait was fully concealed by the feeder and the lid 

had to be lifted by the squirrel in order to access the bait, keeping bait dry and 

uncontaminated. Cameras were set at head height between 1 - 5m from the feeder and 

were programmed to record 1-minute videos when triggered by movement, with a one 

second reset time. Feeders were filled with a 50:50 mix of peanuts and sunflower seeds and 

bait was replenished weekly.  The experiment was conducted over two weeks at each site, 

with pine marten scent applied to each feeder once after the first week. Pine marten scent 

was derived using a fresh pine marten scat which had been stored at -20°C from the day of 

collection, and then defrosted prior to application. Fresh pine marten scats were identified 

using established methodology (Twining et al. 2019).  A pine marten scat was mixed in 500ml 

of water and this solution applied to the wooden parts of the feeder using a spray bottle 

ensuring food was not contaminated.  

To compare behavioural changes in response to pine marten scent, we analysed the 

behaviour of animals starting one week prior to application of scent, and one week 

immediately following the application of scent.  Videos were viewed using the freeware VLC 

media player (https://www.videolan.org/vlc/). The following response variables with 

respect to squirrel behaviour were recorded:  number of visits (per day) and duration of 

https://www.rsne.org.uk/sites/default/files/2018-05/Feeder%20Box%20Template.pdf
https://www.rsne.org.uk/sites/default/files/2018-05/Feeder%20Box%20Template.pdf
https://www.videolan.org/vlc/
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each visit to the feeder (sec). For each visit, we calculated the proportion of time spent 

performing different behaviours. The two most important behaviours to this study were 

feeding (%) and the proportion of time being vigilant (%) (Jayne et al. 2015). Feeding and 

vigilance are well established behavioural indices for providing non-invasive quantification 

of fear response (Brown & Kotler, 2004; Martinez et al. 2017). Feeding was typically 

performed in a hunched posture, with front limbs being used to hold food up to a 

downwards facing head, or alternatively the squirrel would take a quadrupedal posture 

eating straight from the ground / feeder, and head downward facing.  Mastication of food 

was very pronounced in either stance. Vigilance was recognised when individuals were in a 

bipedal posture with their head raised and rotating frequently, visually scanning their 

surroundings (Brown & Kotler, 2004; Martinez et al. 2017; Partan et al. 2010). Tail flagging is 

also a recognised part of vigilance in response to a potential threat (Jayne et al. 2015; Partan 

et al. 2010). 
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Figure 5.1a) A map showing location of Northern Ireland within Ireland; b) map showing thirteen 

study sites in the Lagan valley and north Ards Peninsula in Co. Antrim and Co. Down; c) map showing 

five study sites in south Ards Peninsula and the Mournes in Co. Down and two in the Ring of Gullion, 

Co. Armagh. Circles represent grey squirrel sites (n = 10), triangles represent red squirrel sites (n = 

10).  

 

A total of 10,897 visits were recorded over 280 recording days totalling 8197 minutes of 

recordings (grey squirrels: 6076 visits totalling 3816 minutes; red squirrels: 4741 visits 

totalling 4363 minutes) at twenty sites. Two-day periods pre and post treatment were used 

for the statistical analysis as the application of pine marten scent was observed to have a 

48-hour efficacy on behavioural responses in the squirrel species (Figure 5.2). Analysis of 

behaviour, therefore, was based on data collected over 80 days from twenty sites totalling 
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4178 minutes of recordings (greys squirrels: 2150 visits totalling 1218 minutes; red squirrels: 

2142 visits totalling 2960 minutes). Red squirrels did not return to four of the sites after 

application of pine marten scent.  These sites were not able to be used in the proportions of 

time spent feeding and vigilant aspect of the analysis. Additionally, image quality was not 

sufficient at two of the sites to distinguish behaviours consistently and these sites were also 

discarded from this part of analysis.  

Number of visits, duration of visits, and proportions of time spent feeding and vigilant were 

modelled against two-day periods prior to and after treatment with pine marten scent, 

using generalised mixed effects models (GLMMs) with Poisson errors and site as a random 

effect.  All response variables were modelled as a function of treatment, species, and the 

interaction between the two. Analyses were performed using R Version 3.2.1 with nlme 

package (R Core Team, 2013; Pinheiro et al. 2018). 

5.4  Results  

Number of visits per day declined after scent application in red squirrels but not in grey 

squirrels (Figure 5.3A; GLMM: treatment: F1,61 = 12.112, P <0.001; species: F1,61 = 34.816, p = 

0.773; interaction between species and treatment: F1,61 = 25.157, P <0.001). Similarly, 

duration of visits decreased in red squirrels but not grey squirrels after scent application 

(Figure 5.3B, GLMM: treatment: F1,3379 = 28.372, P <0.001; species: F1,18  = 1.637, p = 0.217; 

interaction between species and treatment: F1,3379  = 64.302, P <0.001).  Moreover, red 

squirrels were more vigilant after scent application, while conversely grey squirrels were 

less vigilant (Figure 5.3C, GLMM: treatment: F1,15 = 5.166 , p = 0.044; species: F1,15 = 2.73; p = 

0.118; interaction between species and treatment: F1,15 = 23.76 P <0.001). Finally, red but 

not grey squirrels spent significantly less time feeding after scent application (Figure 5.3D, 
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GLMM: treatment: F1,15  = 10.679, p = 0.005; species: F1,15  = 8.9711, p = 0.009; interaction 

between species and treatment: F1,15 = 11.704, p = 0.005). See Table 1 for breakdown of 

statistical results for other non-significant behaviours.  

 

Figure 5.2. Mean (95% clm) number of daily visits to feeders by red squirrels (black bars) and grey 

squirrels (grey bars) three days prior, and three post application of pine marten scent. The dark 

vertical line illustrates when the pine marten scent was applied.   
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Figure 5.3. Response of grey and red squirrels to pine marten scent at feeders two days pre (grey 

bars) and two days post treatment (black bars) with pine marten scent. A) Mean (95% clm) number 

of visits per day. B) Mean duration (95% clm) of visits of red and grey squirrels. C) Mean (95% clm) 

proportion of time spent vigilant in red and grey squirrels. D) Mean (95 clm) proportion of time 

spent feeding in red and grey squirrels. 
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Table 5.1. The effect of the presence of pine marten scent on the behavioural responses of 

grey and red squirrels. Results are obtained from generalised mixed effect models.  

Species Behaviour df F2 P 

Red Squirrel Feeding 4 8.417 0.044 

 Vigilance 4 14.729 0.019 

 Movement 4 0.394 0.564 

 Investigatory 4 0.643 0.467 

 Social 4 1.923 0.237 

 Aggression 4 0.263 0.635 

Grey Squirrel Feeding 7 2.193  0.182 

 Vigilance 7 6.786 0.035 

 Movement 7 0.260 0.625 

 Investigatory 7 0.0002 0.988 

 Social 7 1.00 0.351 

 Aggression 7 0.056 0.819 
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5.5 Discussion 

The patterns of response to olfactory cues of a shared native predator differed between 

native red squirrels and invasive grey squirrels.  After the application of pine marten scent, 

red squirrels reduced both visitation rates and the duration of visits to feeders, whereas 

grey squirrels did not significantly change their visitation rate.  At some sites, red squirrels 

did not return to the feeder for a 48hr period. This provides further evidence of avoidance 

to olfactory cues of a native predator in the native red squirrel, but not in the invasive grey 

squirrels.  

A common anti-predator response in prey species is to increase vigilance when 

predators or signs of predators are present (Renee & Langkilde, 2011). We found that red 

squirrels were more vigilant and decreased feeding after the application of pine marten 

scent while grey squirrels conversely decreased vigilance, while not significantly altering 

feeding behaviour. This difference between the two species suggest that red squirrels 

detect the olfactory cues of the pine marten and perceive them as a risk. This increase in 

vigilance corresponds with a decrease in feeding. Thus, whilst red squirrels decrease the risk 

of being predated, they are less effective in exploiting a food source than the grey squirrels. 

Grey squirrels, on the other hand, do not seem to recognise the scent of the pine marten as 

a risk and actually decreased vigilance after application of pine marten scent. This is in line 

with other studies which have reported that naive prey species rather than avoiding 

predator scents can be drawn to them [Parsons et al. 2005; Mella et al. 2014].  

The difference in response to pine marten scent between the two squirrel species, 

suggests that behavioural differences may allow the native species to avoid native predators 

more successfully. This is in line with findings in recolonising predators and naive prey: 
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brown bears (Ursus arctos) recolonising Scandinavia exhibited disproportionally high 

predation rates on naive elk (Berger et al. 2001). This study on elk, although on species that 

have previously co-occurred, suggests a lack of anti-predator behaviours can result in higher 

levels of predation until anti-predator behaviours are readopted. Thus, evolutionarily naive 

grey squirrels may be more vulnerable to predation by pine martens than red squirrels due 

to a lack of anti-predator behaviours in response to pine marten olfactory cues. Red 

squirrels typically occur in the diet of pine martens at low frequencies, whereas grey 

squirrels occur at significantly higher frequencies (Balharry, 1993; Clevenger, 1993; Lynch & 

McCann, 2007; Caryl et al. 2012b; Sheehy et al. 2013; O’Meara et al. 2014). Thus, a driver of 

the reversal of red squirrel replacement by grey squirrels (Sheehy & Lawton, 2014; Sheehy 

et al. 2018), could be direct predation (Sheehy et al. 2013; Twining et al. Submitted), which 

is in part explained by the differences in the response to scent cues of a shared native 

predator in the invasive grey squirrels compared to the native red squirrels. 

The lack of anti-predator behavioural response in the invasive grey squirrel to the 

native predator, the pine marten, may only be temporary. While prey species typically 

develop anti-predator responses through coevolution with predators, prey facing strong 

selection pressures can develop anti-predator behaviours within a single generation e.g. 

moose (Alces alces) developing hyper-vigilance in response to wolves (Canis lupus) (Ripple & 

Beschta, 2003), or within a few generations e.g. ring-tailed possums (Pseudocheirus 

peregrinus) responding to olfactory cues of alien red foxes (Vulpes vulpes) (Anson & 

Dickman, 2012). However, the development of effective anti-predator responses is not 

guaranteed, and many naïve species have become extinct due to introduction of novel 

predators prior to the development of effective anti-predator responses (Saunders et al. 
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2010; Anson & Dickman, 2012. Thus, the longer-term lack of behavioural response observed 

in grey squirrels to pine marten remains equivocal. 

Olfactory cues remain detectable for a prolonged period of time in contrast to other 

sensory modalities, e.g.  visual / acoustic cues. The behavioural response of red squirrels to 

pine marten scent degenerated over 48 - 72 hours.  These results provide further evidence 

of the ability of prey species to discriminate the age of an olfactory signal of predators and 

use this information in determining trade-offs between high value foraging and predation 

risk, with behaviours returning to pre-scent application levels after 48 hours (Bleicher et al. 

2018). The deterioration effect may be stronger in our experimental exposure than in a 

natural setting, as the scats were dissolved in water, which may have altered the chemical 

compounds.  However, the present results are in line with previous work on prey species 

response to chemo-olfactory cues of larger predators (Kuijper et al. 2014; Wikenros et 

al.2015).  

Scent of only one predator species was used in this experiment. The pine marten is 

the sole arboreal predator in Ireland and thus the most likely to be encountered by red 

squirrels.  However, it cannot be confirmed unequivocally that the red squirrels were 

specifically responding to the scent of the pine marten, a native predator, and not just 

responding to carnivore or mustelid scent. Due to the fact that the invasive prey species 

failed to demonstrate anti-predator behaviours in response to the olfactory signal of the 

native predator, in contrast to the native prey species, familiarity specifically with pine 

marten scent was likely important in determining response of the latter (Bleicher et al. 

2018). To confirm these results future research should be conducted with multiple scent 

cues including: a native predator, a non-native predator and a con-specific. This would 
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provide further information on the prey species sensitivity to differing scents and allow 

further and more accurate dissection of specificity of behavioural responses to differing 

olfactory signals.  

In conclusion, we demonstrate different patterns of response to olfactory cues of a 

shared predator in an invasive and a native squirrel species. The marked changes in 

behavioural response of the native red squirrel after the presentation of olfactory cues to a 

native predator validates our experimental approach. The lack of anti-predator behaviours 

observed in the invasive grey squirrel provide a potential explanation for higher predation 

rates of grey squirrels than red in the diet of the pine marten (Sheehy et al. 2014; Twining et 

al. Submitted). Our results suggest that the observed ability of recovering native predator 

populations to provide biological resistance to invasive species, is in part due to their failure 

to recognise the olfactory signals of these predators.  
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6. Declining grey squirrel populations may persist in refugia as pine 

marten recovery reverses squirrel species replacement 

 

6.1 Summary 
 

Invasive species pose one the most serious global threats to biodiversity. Investigations into 

the interactions of native and non-native species focus on the impacts of single species, 

despite being embedded in a network of direct and indirect interactions between multiple 

species and their environments. Recent research suggests that native red and invasive grey 

squirrels in Britain and Ireland, are linked by resource and disease mediated competition, 

and by a shared enemy, the European pine marten. We developed 1 km2 resolution, single-

species and multi-species, occupancy models using quantitative camera trap data collected 

by citizen scientists at 332 sites in a regional survey comprising 14,130 km2 of Northern 

Ireland. We demonstrate that the presence of the pine marten reverses red squirrel 

replacement by grey squirrels on a regional basis, with grey squirrel occupancy strongly 

negatively affected by exposure to pine marten. In contrast, the red squirrel has a positive 

response to the presence of pine marten. Modelling habitat suitability of pine marten and 

both squirrel species suggests that despite the potentially strong effect of recovering 

population of pine martens in controlling grey squirrel distribution, the latter is likely to 

persist in urban refugia that are either inaccessible or avoided by the pine marten. 

Sustainable recovery of both the red squirrel and the pine marten populations across the 

wider landscapes of Ireland, Scotland and Northern England seems probable, whilst in 

Southern England and Wales, although possible, chances are more remote. Increasing native 

woodland cover on a landscape scale may assist in realising this scenario. Despite the 
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recovery of the pine marten, isolated populations of grey squirrels are likely to persist in 

urban refugia which pine marten either cannot reach or avoid. Human-lead control of grey 

squirrel populations in urban refugia requires urgent funding and implementation to avoid 

the development of novel genotypes in grey squirrel source populations that enable the 

species to better avoid predation by the pine marten. 

Key words: pine marten, red and grey squirrel, invasive species, species replacement, 

predator recovery, occupancy models, habitat suitability 

6.2. Introduction 

Introductions and expansions of alien invasive species are globally common and 

considered to be major sources of anthropogenic environmental change (Vitousek et al. 

1997; ISAC, 2006).  The far-reaching, negative consequences of invasive species on native 

species through predation, competition, habitat alteration and disease transmission are well 

documented (Simberloff, 2000; 2005; Pimental et al. 2005; Peeler et al. 2011). Such 

interactions are typically embedded in a network of direct and indirect interactions between 

multiple species, especially where a two-species interaction is moderated by the presence 

of a third species (Strauss, 1991; Holt & Lawton, 1994). If the third species is a shared 

predator, classical ecological theory predicts an unstable interaction, leading to one of the 

prey species being eliminated from the interaction (Williamson, 1957; Holt, 1984). However, 

this depends on the nature of the trophic interaction, the mechanism by which the shared 

predator affects and responds to the competing prey species, and the ability of the prey to 

occupy refuges that are temporarily or permanently unoccupied by the predator (Bonsall & 

Hassell, 1997; Sheehy et al. 2018).  Confounding effects of indirect interactions between 

animal species and habitat factors, however, make predicting the consequences of species 
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invasion interactions challenging, especially where a landscape is modified greatly by human 

activity (Colautti et al. 2004).  This is exemplified by the unforeseen, adverse consequences 

of predator introductions for biological control of an invasive prey species (Dickman, 1986), 

which can result in disastrous, unintended impacts on native species ill-equipped to deal 

with the presence of a novel predator (Salo et al. 2007; Kovacs et al. 2012).  

European populations of predators are recovering in response to conservation efforts 

(Chapron et al. 2014). The landscapes occupied by expanding predator populations are 

modified, fragmented and degraded from their original state, and shared by both native 

prey species, with which predators share a co-evolutionary history, and with novel, potential 

prey species which have appeared in the absence of predators. Although the effects of 

invasive predators on native prey have been well documented (Dickman, 1986; Salo et al. 

2007; Saunders et al. 2010; Kovacs et al. 2012), the converse situation is less well 

documented. The outcome between the interactions of a recovering population of a native 

predator, an invasive prey species and a native prey species is more likely to result in 

extirpation of the invasive than the native prey species due to the naivety of the former and 

the co-adaptation of the latter.  This is consistent with the idea that native predators may 

provide biological resistance to invaders (Li et al. 2011; Wanger et al. 2010; Sheehy et al. 

2018).  Modelling whether recovery of a native predator results in complete or partial 

extirpation of an invasive species depends on the specific interactions of each species and 

the extent to which the species co-occur (Bonsall & Hassal, 1997). If an invasive prey species 

has access to refugia which are permanently inaccessible to or avoided by a recovering 

predator, the former may survive and potentially disperse outwards again facilitating the 

spread of novel genotypes which are more difficult for the predator to deal with.  
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Despite the role of three-species interactions with respect to a global increase in the 

occurrence of invasive species, demonstrating the influence of a shared predator interaction 

involving native and invasive species and predicting outcomes is quantitatively challenging.  

The spatial scale on which to base models, for example, may be critical.  Further, the high 

standard of evidence required to shape policy with respect to control of invasive species 

hinges on the need to account for imperfect detectability rather than using indices of 

abundance (Hayward & Marlow, 2014).  This necessitates well designed surveys that record 

detections and non-detections over the region of interest (e.g. presence – absence data), 

using a standardised sampling programme to remove spatial bias (Thompson, White & 

Gowan, 1998). The presence – absence (PA) approach provides high quality occupancy data 

(Kery, Gardner & Monnerat, 2010) as it enables calculations that account for imperfect 

detection of species (MacKenzie et al. 2002). Occupancy models constructed using PA data 

enable researchers to investigate multispecies interactions but also to predict habitat 

suitability of such species when projected across landscape into unsampled areas. Although 

this approach allows robust conclusions to be made, its inherent expense (both 

economically and time demands) constrains researchers to small areas often 

unrepresentative of a species geographic range.  However, recent investigations have 

enlisted ‘citizen-scientists’ to collect data at spatial and temporal scales that would not be 

feasible by any other method (Dickinson, Zuckerberg & Bonter, 2010).  This raises issues 

regarding analyses of the data due to variable effort and incomplete detections.  

Conclusions based on citizen scientists’ data that do not account for these factors may result 

in biased and erroneous inferences (Isaac et al. 2014).  

The most common errors arising from citizen science projects originate from false 

negatives i.e. failing to report a species that occurs in a specific grid cell  (Altwegg & Nichols, 
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2019). This is due to the low probability of detecting species, even common ones, during a 

single visit to a site (Kery & Schmidt, 2008).  This is exacerbated in low density or elusive 

species (Tyre et al. 2003). False positives resulting from misidentification of species is also a 

recognised issue within citizen scientist projects (MacKenzie et al. 2018).  The variability of 

sampling effort in citizen science projects also fluctuates considerably across space (Altwegg 

& Nichols, 2019), as easily accessible sites generally receive more effort than more remote 

sites, as do those species and locations that are deemed interesting versus non-interesting 

(Tulloch & Szabo, 2012). Recent advances in remote sensing based on affordable, more 

sophisticated camera traps, however, have improved data-collection protocols using citizen 

scientists (Dickinson et al. 2010; Wearn & Kapfer, 2017). The use of camera traps removes 

concerns regarding variable effort and inconsistent detections, permitting more robust 

statistical inference based on high quality occupancy data without the associated high costs 

of PA surveys. 

There is growing evidence that the recovery of a native predator, the European pine 

marten, Martes martes, influences the occupancy of native red squirrel, Sciuris vulgaris, and 

invasive grey squirrels, S. carolinensis, in the British Isles. The interactions of these sciurids is 

well documented and is driven by exploitative competition and disease mediated 

competition (Tompkins et al. 2002; Gurnell et al. 2004; 2006; McInnes et al. 2012). The 

three species interaction involving invasive and native squirrels and the predator, was 

reported initially in Ireland (Carey et al. 2007; Lawton et al. 2015). Since the legal protection 

of the European pine marten in Ireland in 1976 under the Irish Wildlife Act, and 1981 in 

Northern Ireland under the Wildlife and Countryside Act, the pine marten has started 

recovering. This has resulted in the species returning to many counties from which it had 

previously been extirpated (O’Sullivan, 1983; O’Mahony et al. 2017). Sheehy & Lawton 
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(2014), following anecdotal reports and Carey et al. (2007) and Lawton et al. (2015) based 

on incidental sightings, found a negative spatial correlation between pine marten presence 

and grey squirrel occurrence.  A more recent study, again based on incidental reports and 

sightings directed at the regional demise of the grey squirrel in Ireland, highlighted the 

potential role of the pine marten as the most important factor (Flaherty & Lawton, 2019).  A 

quantitative investigation using hair tube sampling with camera trapping in three locations 

in Scotland, confirmed the negative spatial correlation of pine marten and grey squirrel and 

showed this relationship to be a density dependant (Sheehy et al. 2018). Pine marten 

connectivity (occupancy adjusted for detection probabilities and nearby occurrence) above 

a minimum threshold was positively correlated with red squirrel occurrence, and strongly 

negatively correlated with grey squirrel occurrence (Sheehy et al. 2018).  Thus, it was 

hypothesised that the pine marten suppresses grey squirrel populations when present, 

although the mechanism of the relationship remained unexplored until recently (Twining et 

al. 2020).  The future of such an interaction has yet to be modelled in an applied context 

and, thus, it is not clear whether pine martens will provide enduring, wide scale control of 

the invasive grey squirrel.   For example, it is not certain that grey squirrel numbers and 

distribution will be reduced to extinction where pine martens occur or across the entire area 

of both Britain and Ireland.  

The aim of this study is to investigate habitat suitability and interactions among the 

native predator, the pine marten, native prey species, the red squirrel, and invasive prey 

species, the grey squirrel, within a region, Northern Ireland, United Kingdom.  This regional 

approach using citizen scientists allows for collection of consistent, high quality data on a 

scale (14,130 km2) which encompasses habitat and landscape effects within a single 

jurisdiction responsible for conservation within the European Union.  Thus, we elucidate the 
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potential of a recovering predator to control an invasive prey species on a landscape scale.  

We first construct landscape scale probability of occupancy models for the study species 

from single species occupancy models (MacKenzie et al. 2018).  Multi-species models (Rota 

et al. 2016) are then used to predict species co-occurrence across the region.  Finally, 

generalised linear models are used to investigate the effect of pine marten occupancy on 

the occupancy of the two squirrel species.  Collectively, these models predict the future 

distributions of three species and can be used to inform policy with respect to the ability of 

the recovering predator population to control the invasive grey squirrel at the level of a 

jurisdiction.  Results suggest that red squirrel and pine marten populations will have 

coinciding distributions in forests in the wider landscape whilst grey squirrels will persist in 

isolated woods and parklands around more urban areas and not become regionally extinct. 

6.3. Methods 

A survey documenting the presence of pine marten and grey and red squirrel, was 

conducted in 2015 at 332 sites throughout Northern Ireland by citizen scientists using 

camera traps (Figure 6.1). In each site, a single Bushnell HD Trophy Camera Trap was 

deployed at a randomly selected point.  Cameras were installed at head height on a tree 

overlooking a wooden squirrel feeder baited with peanuts and sunflower seeds. Cameras 

were set to take three images per trigger with a 60 second reset time.  Traps were deployed 

for a minimum of 7 days at each location after which cameras were retrieved and SD cards 

containing photographs were returned to JT for species identification, data collation and 

analysis.  Detection records were created for each species over 7 days of recording. 
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Figure 6.1. A) Map showing Northern Ireland within context of the British Isles. B) Map 

showing location of the 322 sampling sites within Northern Ireland.  

 

Habitat covariates 

Eight biophysical variables were identified as potentially important predictors of the 

three study species distributions and occurrence in Northern Ireland. The variables were 

generated for each 1km2 cell. Values were derived from GIS shape files supplied for the Land 

Cover Map, 2007 (LCM, 2007). Prior to model building, the strength of correlation 

coefficients between pairs of variables was assessed; if variables were highly correlated (r > 

0.6), a randomly selected variable in each pair was removed (Zuur et al. 2009). No evidence 

of multicollinearity amongst the identified variables was observed. Table 6.1 presents the 

variables used.  
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Table 6.1. Habitat covariates used in occupancy models. 

Covariate  Description 

Built Proportion of built up areas and gardens both urban and 

suburban.  

Broadleaf Proportion of broadleaved and mixed woodlands. 

Coniferous  Proportion of coniferous woodland. 

People Number of people per km2 

Dwarf Proportion of dwarf shrub heath (heather and heather grassland) 

River All freshwater present: standing water, rivers, canals 

Latitude Decimal degrees latitude of location 

Longitude Decimal degrees longitude of location 

 

Single species occupancy models 

We estimated pine marten, red squirrel and grey squirrel occupancy (ψ) using a 

likelihood-based, single season, occupancy model (MacKenzie et al. 2002). For each camera 

site, species detections were coded binomially (1 = detection of target species, 0 = no 

detection of target species).  Records were transformed into detection histories for each site 

(Xi), which were used with a product, multinomial, likelihood model to estimate occupancy 

parameters as follows (Mackenzie et al. 2018): 

Equation 6.1: 

 𝐿(𝑝𝑖  | 𝑛𝑖  ,𝑦𝑖) = (
𝑛

𝑦𝑖

) 𝑝1
𝑦1 𝑝2

𝑦2𝑝3
𝑦3. . . 𝑝7

𝑦7 
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Where Pi is the probability of encounter history i, n is the number of sites sampled, y is the 

frequency of each type of encounter history.  

 

We ran analyses using PRESENCE 12.26 for three single species, single season models 

(MacKenzie et al. 2002). For each model we considered seven sampling occasions for each 

day of continuous sampling. The data were analysed using a 2-step approach (Sarmento et 

al. 2011).  Firstly, we calculated the outcome of our covariates on detection probabilities 

while keeping occupancy constant (i.e. ψ (.), p(covariate)). Next, we used the best fitting 

model for detection probabilities and combined it with a set of a priori models integrating 

covariates to explain observed patterns of occupancy based on knowledge from the 

literature (Figure 6.2; Caryl et al.  2012a; Balestrieri et al. 2018; Zub et al. 2018). The ranking 

of candidate models was conducted using Akaike Information Criterion (AIC) corrected for 

sample size by calculating their Akaike weights (∆AIC; Burnham et al. 2011). Those models 

with ∆AIC values < 2 when compared with the most parsimonious model were classified as 

robust. Akaike weights were used to determine the relative importance of independent 

variables in each model. Likelihood ratio tests were used to compare models representing 

the hypothesis tested by comparing the difference in deviance between pairs of models to 

the critical value of the Chi square distribution. The selected models allowed the calculation 

of the average estimates of occupancy and detection probabilities. Calculation of detection 

probabilities ensures that heterogeneity in detection probabilities caused by environmental 

or temporal factors (i.e. availability of alternative resources, time of sampling) are not 

falsely interpreted as changes in occurrence (Royle & Nichols, 2003; Mackenzie, 2005).  

Anticipating heterogeneity in detection probability, and minimizing its effects through 
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careful study design, and via the use of relevant covariate data are essential for good 

performance of occupancy models (Makenzie et al. 2018). We used habitat covariate data 

present for all of Northern Ireland to extrapolate to predicted probability of occupancy 

values for all 14,402 km2 (land area minus major water bodies) of Northern Ireland for all 

three species. 

 

Figure 6.2. Diagrammatic illustration of a priori occupancy model examining the predicted 

effects of the interactions between the three species, the European pine marten, the red 

squirrel and grey squirrel, and three important habitat covariates. Solid lines represent a 

positive effect, while dashed lines represent a negative effect.  Based on observed patterns 

of occupancy based on Sheehy & Lawton, 2014; Sheehy et al. 2018; Flaherty & Lawton, 

2019). 

Multi species occupancy models 
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We estimated species co-occurrence probabilities of the pine marten, the red squirrel 

and the grey squirrel, as a function of habitat covariates using single species, occupancy 

model theory (MacKenzie et al. 2002) generalised to three species, by assuming the latent 

occupancy state is a multivariate Bernoulli random variable (Rota et al. 2016). For each 

camera site, species detections were coded multinomially (00 = no detection of target 

species, 01 = detection of species one, 02 = detection of species two, 03 = detection of 

species one and two, 04 = detection of species three, 05 = detection of species one and 

three, 06 = detection of species two and three). These were used as the 

dependent/response variable in a multinomial logit model to estimate occupancy 

parameters as above. Odds ratios (OR) were used to calculate specific occurrence and co-

occurrence of species as follows (Mackenzie et al. 2018):  

Equation 6.2: 

𝑂𝑅 =  
𝑜𝑑𝑑𝑠𝐵|𝐴

𝑜𝑑𝑑𝑠𝐵|0

 

=  
ψ𝐴𝐵 /(ψ𝐴 − ψ𝐴𝐵 )

(ψ𝐵 − ψ𝐴𝐵 )/(1 − ψ𝐴 − ψ𝐵 + ψ𝐴𝐵 )
 

=
ψ𝐴𝐵 (1 − ψ𝐴 − ψ𝐵 + ψ𝐴𝐵 )

(ψ𝐴 − ψ𝐴𝐵 )(ψ𝐵 − ψ𝐴𝐵 )
 

=  
ψ𝐴𝐵 (1 − ψ𝐴0 − ψ0𝐵 − ψ𝐴𝐵 )

ψ𝐴0 ψ0𝐵
 

where OR is the odds ratio for species B being present given species A is absent (MacKenzie 

et al. 2018), uppercase letters indicate presence of species, i.e. ψ𝐴𝐵  is the probability of 

occupancy of both species a and b both being present.  0 indicates absence of the species 

i.e. ψ0𝐵  is sites occupied by only species B, ψ𝐴0  is sites occupied by only species A. This 
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equation will retain the same form regardless of whether odds are defined in terms of 

species B being present (as above), or alternatively in terms of species A. If two species 

occur independently then OR = 1. If OR values are <1, this shows that the species occur less 

often than expected under a hypothesis of independence, therefore demonstrating 

competitive exclusion or avoidance, and if OR values are >1 this demonstrate a higher 

probability of co-occurrence than under a hypothesis of independance (Mackenzie et al. 

2018).  

6.4  Results 

Sampling effort overall was 2296 trap days (24hr periods) across 332 sites with 757 

independent detections comprising pine martens (n = 217), red squirrels (n = 208) and grey 

squirrels (n = 332). Only one detection for each species was allowed per 24-hour period of 

sampling to ensure independence. Grey squirrels were detected at the most sites (78) but 

were not found to co-occur with pine martens and only co-occurred with red squirrels at a 

single site. Pine martens were detected at 63 sites, co-occurring with red squirrels at 20 

sites. Red squirrels occurred at 55 sites. 

6.4.1 Single species occupancy models 

Detection probabilities (i.e. the probability of detecting a species given it is present 

in the sampling area) were significantly different between species (Figure 6.3A; ANOVA: F2 = 

30.42, P <0.001); grey squirrels had the highest mean detection probability, followed by 

pine martens and, then, red squirrels which had the lowest detection probability. For both 

grey and red squirrels, the covariates coniferous, broadleaf and number of people were 

considered the most important in determining detection probability. For grey squirrels, 

broadleaf and number of people decreased detection probability (Broadleaf: -1.351 ± 0.608; 
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People: -0.003 ± 0.002), while coniferous woodland increased detection probability 

(Coniferous: 2.429 ± 0.672). For the red squirrels both coniferous and broadleaf habitats 

decreased detection probability (Broadleaf: -1.224 ± 0.518; Coniferous: -0.672 ± 0.347), 

while detection probability increased slightly with number of people (People: 0.003 ± 

0.002). For the European pine marten, both coniferous and broadleaf were important for 

determining detection probability, with both habitats decreasing detection probability 

(Broadleaf: -1.093 ± 0.447; Coniferous: -0.713 ± 0.325).  

Figure 6.3A) Mean (± SE) detection probabilities (p) for the grey squirrel, pine marten and 

red squirrel. 3B). Mean (95% CI) probability of occupancy (ψ) values for the grey squirrel, 

pine marten and red squirrel. 

 

Probability of occupancy (i.e. the probability the sampling area was occupied by study 

species) was significantly different between species (Figure. 6.3B; ANOVA: F2 = 7456, P 
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<0.001); grey squirrels had the highest probability of occupancy, followed by red squirrels, 

followed by pine martens. Occupancy was mainly explained by a small number of covariates 

(Table 2; Figure. 6.4). Pine marten occurrence was positively correlated with broadleaf and 

coniferous woodlands, and negatively correlated with buildings (Figure 6.4). Pine marten 

occurrence was negatively correlated with both longitude and latitude meaning martens are 

more likely to occur in the south-west of Northern Ireland i.e. West-Fermanagh, South-

Armagh. Red squirrel occurrence was also negatively correlated with buildings and positively 

correlated with coniferous woodland (Figure 6.4). Red squirrel occurrence was not 

correlated with longitude or latitude. Finally, grey squirrel occurrence was positively 

correlated with amount of buildings, and broadleaf forest but negatively affected by 

coniferous woodland (Figure, 6.4). Grey squirrel occurrence was positively correlated with 

latitude meaning they are more likely to occur in the North.  

Figure 6.5 illustrates heat maps showing predictive outputs from the models for the 

whole region. Each map presents the distribution of estimated probability of occupancy for 

each species across all of Northern Ireland. Hitherto, M1 will refer to the best models 

according to its AIC value including habitat covariates only (Figure 6.5A, 6.5B, 6.5C), while 

M2 will refer to the best occupancy model with all possible covariates as according to its AIC 

value (Figure 6.5D, 6.5E, 6.5F; M2 models may contain latitude and longitude as covariates, 

M1 models do not). M2 models are of interest as they take into account current distribution 

of the species, but for future predictions of species distribution M1 models which only 

account for the habitat covariates available may be more useful. Both M1 and M2 predicts 

grey squirrels to have the highest probability of occupancy (ψ = 0.84 – 0.99) in areas of 

human habitation including both urban and suburban areas throughout Northern Ireland,  
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with areas adjacent to cities and towns also having a high, albeit slightly lower probability of 

occupancy (ψ = 0.44 – 0.62). Grey squirrels have the lowest probability of occupancy in large 

coniferous plantation blocks which make up the majority of forest cover in Northern Ireland 

(ψ = <0.01). M2 model differs for the grey squirrel from the M1 model as it takes into 

account latitude, demonstrating that grey squirrels have a higher probability of occurrence 

in the north of the region (ψ = 0.34 – 0.44), than the centre (ψ = 0.19 – 0.27), or south (ψ = 

0.1 – 0.19). The importance of latitude for grey squirrels is likely to stem from the fact pine 

martens have recovered from populations in the Irish midlands and are at the highest 

densities in the south-west of Northern Ireland i.e.  the counties of Fermanagh, South 

Armagh, and South Down. The pine marten shows the reverse of this pattern in both M1 

and M2 models, with the highest probability of occupancy restricted to coniferous 

plantation fragments and broadleaf woodlands (ψ = 0.44 – 0.62). Pine martens have the 

lowest probability of occupancy in human inhabited locations i.e. cities and towns, and 

adjacent areas (ψ = <0.01). The M2 model differs from the M1 model for pine marten as 

they take into account both latitude and longitude, showing the pine marten has the highest 

probability of occupancy in the south-west of the region (ψ = 0.19 – 0.61), with the lowest 

probability of occupancy in the north of the region (ψ  = <0.01 – 0.1), and reduced 

probability of occupancy in the centre of the region (ψ = 0.1 – 0.19). The red squirrel 

displays a very similar pattern in probability of occupancy to the pine marten, with the 

highest probability of occupancy in the same coniferous forest blocks as the pine marten (ψ 

= 0.44 – 0.62), with the lowest probability of occupancy (ψ = < 0.01) in cities and large 

towns. Adjacent areas to human inhabitation have a slightly higher, but still low (ψ = 0.09 – 

0.19) probability of occupancy for red squirrels. M1 and M2 model results for the red 
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squirrel are the same, as latitude and longitude were not important in determining 

probability of occupancy (Table 6.2).  

Figure 6.4. Estimated probability of site occupancy for the grey squirrel, pine marten and 

red squirrel as a function of coniferous woodland (%), buildings (%) and broadleaf woodland 

(%). 
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Figure 6.5. Predicted probability of occurrence of the 5a) grey squirrel, 5b) the pine marten 

and 5c) the red squirrel based on M1 single species models (no latitude or longitude), 5d) 

grey squirrel, 5e) the pine marten and 5f) the red squirrel based on M2 (may contain 
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latitude or longitude) single species models extrapolated to 14,401 1km2 grids of Northern 

Ireland, based on best rated occupancy models from the 332 sampling sites.  

 

Table 6.2. Comparison of models exploring land cover metrics on occupancy of the 

European pine marten, the grey squirrel and the red squirrel. Only models with ∆AIC <2 are 

shown. 

Model  -2logL No. 

parameters 

AIC ∆AIC AICwt 

Pine marten      

ψ (Coniferous, Broadleaf, Built, Lat, Long), 

p(Broadleaf, Coniferous) 

985.56 8 1001.56 0.00 0.4600 

ψ (Coniferous, Broadleaf, Built, Lat, Long, 

Dwarf), p(Broadleaf, Coniferous) 

985.10 9 1003.10 1.54 0.2130 

Red squirrel      

ψ (Built, Coniferous), p(Broadleaf, People, 

Coniferous) 

927.10 6 939.10 0.00 0.2056 

ψ (Built, Coniferous, Broadleaf), p(Broadleaf, 

People, Coniferous) 

925.41 7 939.41 0.31 0.1760 

ψ (Built), p(Broadleaf, People, Coniferous) 929.98 5 939.98 0.88 0.1324 

ψ (Built, Coniferous, River), p(Broadleaf, 

People, Coniferous) 

926.86 7 940.86 1.76 0.0853 

ψ (Built, Coniferous, Lat), p(Broadleaf, People, 

Coniferous) 

926.90 7 940.90 1.80 0.0836 

ψ (Built, Coniferous, Long), p(Broadleaf, 

People, Coniferous) 

926.97 7 940.97 1.87     0.0807 
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ψ (Coniferous), p(Broadleaf, People, 

Coniferous) 

931.07 5 941.07 1.97     0.0768 

Grey squirrel      

ψ (Built, Coniferous, Broadleaf, Lat), 

p(Broadleaf, Coniferous,) 

1174.92 8 1190.92 0.00 0.4966 

ψ (Built, Coniferous, Lat), p(Broadleaf, 

Coniferous, People) 

1178.06 7 1192.06 1.14 0.2808 

ψ (Built, Lat, Coniferous, River), p(Broadleaf, 

Coniferous, People) 

1176.58 8 1192.58 1.66 0.2165 

 

4.2. Multi species occupancy models 

The probability of grey squirrel occupancy is dramatically reduced in the presence of 

the pine marten (ψGSPM; β = -16.79 ± 976.39), with the two species not co-occurring at a 

single site resulting in a very high standard error for the beta value. In contrast, the 

probability of the red squirrels occurring increased when pine martens were present (ψRSPM; 

β = 0.575 ± 0.418). Finally, red and grey squirrels are less likely to occur when the other 

species is present (ψGSRS; β = -2.95 ± 1.40). 

4.3. Marten squirrel interactions 

Significant portions of variance in grey squirrel probability of occupancy was 

explained by pine marten occupancy, with the probability of grey squirrel occupancy 

decreasing with an increased probability of occupancy of the pine marten (Figure 6.6.; GLM, 

F14400 = -86.29, P < 0.001).  Significant portions of variance in red squirrel probability of 

occupancy were also explained by pine marten probability of occupancy.  However, this 

relationship was reversed with probability of red squirrel occupancy increasing with 
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increasing probability of occupancy of the pine marten (Figure 6.6; GLM, F14400 = 161.4, P 

<0.001). 

 

Figure 6.6. Model predictions of the relationship between pine marten probability of 

occupancy and the probability of occupancy of a) grey squirrel, and b) red squirrel in 

Northern Ireland.  
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6.5. Discussion 
I provide robust evidence on a regional landscape scale that a recovering native 

predator is able to provide biological control of an invasive prey species, increasing the 

resilience of an ecosystem to invaders by reversing the typical outcome of pairwise 

interaction between the invasive and native prey species. The impact of the recovering 

predator was relatively symmetrical, having a negative effect on the invasive species, and a 

positive effect on the native species. Despite the evidence that the recovery of a native 

predator has resulted in a large-scale decline of the invader, the results also indicate that 

recovery of the native predator alone will not be sufficient to cause complete extirpation of 

the invasive species. The predicted outcome of pine marten recovery, will instead, result in 

fugitive coexistence due to the presence of refugia suitable to the invader, and not 

accessible, or avoided by the native predator, in the form of parklands in and around towns 

and cities.  

Our evidence is observational rather than experimental; however, it is derived from a 

planned and structured survey design, incorporating key species and habitat covariates, 

using a method that allows for variable detectability of target species. Integral to the survey 

design was the high sampling resolution of the project which enabled collection of 

quantitative data on species occurrence at 332 different sites across different habitats, 

topographies and geographical locations on a regional scale which was made possible with 

the use of citizen scientists. We accounted for concerns surrounding use of citizen scientists 

through the use of camera traps with a standardised protocol and all analysis of images 

conducted by a single experienced researcher negating concerns about data quality due to 

varied recorder bias and effort (Dickinson et al. 2010).  
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6.5.1 Habitat suitability  

The results confirm the pine marten to be a woodland specialist in Ireland concurring 

with previous work in Italy (Balestrieri et al. 2018), the Iberian Peninsula (Virgos, 2001) and 

Scotland (Caryl et al. 2012a), with presence of both coniferous plantation and broadleaf and 

mixed forests shown to influence species occupancy positively. Our results expand upon 

those of previous habitat suitability studies (Balestrieri et al. 2018; Zub et al. 2018) 

demonstrating that broadleaf and mixed habitats are more suitable than coniferous 

woodlands, with broadleaf having a far stronger positive effect on marten occurrence. 

These results demonstrate that although commercial coniferous plantations provide 

suitable habitat for the European pine marten, they are less suitable in comparison to 

deciduous woodlands. This is likely due to the fact that greater than 75% of these coniferous 

plantations are immature (less than 30 years old, Department of Agriculture, Food & the 

Marine, 2018), and are composed of monotypic stands of exotic tree species, which lack in 

the structural complexity and biodiversity associated with natural native woodlands (Caryl 

et al. 2012a). These results may be particular to regions which are currently undergoing 

afforestation schemes driven by Government forestry bodies and timber production as in 

Ireland and Britain (Mitchell, 2000). In these regions over three quarters total forest cover 

are formed from such monotypic plantations of exotic, low-biodiversity supporting species 

e.g. Sitka spruce (Picea sitchensis) subject to 30 year cycles of rotational logging 

(Department of Agriculture, Food & the Marine, 2018; Forestry Commission, 2019).  Present 

results may have less relevance where young forests of non-native species are not 

predominant e.g. in Scandinavia where natural old-growth boreal forest is common.  
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  Our results also demonstrate the strong avoidance pine marten have for human 

settlements in Ireland, as the “urban” covariate had the strongest effect of any of the 

habitat covariates. The European pine marten was not found to occur in any urban areas in 

our study. Although avoidance of urban areas by the pine marten has been previously 

acknowledged (Virgos et al. 2012; Vergara et al. 2015), our analyses demonstrate that the 

species lack of tolerance for human disturbance is key in shaping their pattern of 

distribution in Ireland.  

In a fragmented and heavily modified landscape such as is present in Ireland, it may 

be expected that open habitats like heather and scrub-land would significantly affect the 

species occurrence due to the supposed suitability of this habitat for the pine marten, 

highlighted in previous studies in Minorca, (Clevenger, 1994), Italy (Lombardini et al. 2015; 

Balestrieri et al. 2018) and Scotland (Caryl et al. 2012a). However, this was not the case in 

the present study region. This does not preclude the pine marten from making use of such 

habitats in degraded woodlands such as coniferous plantations but does suggest that open 

habitats are only suitable and/or used when adjacent to woodland.  

For sciurid species, the present results confirm previous research into their habitat 

suitability. Grey squirrels were positively correlated with urban areas, and broadleaf and 

mixed habitats, and negatively correlated with coniferous plantations. The converse was 

true of red squirrels. This supports earlier research that showed grey squirrels prefer 

broadleaf habitat and will outcompete red squirrels in deciduous and mixed woodlands 

(Wauters et al. 2000; Gurnell et al. 2004; Lawton et al. 2015). Although this resulted in red 

squirrels being largely confined to large coniferous plantations where grey squirrels are less 

capable of outcompeting the native sciurid (Lawton et al. 2015), grey squirrels have 
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historically replaced red squirrels throughout many smaller coniferous forests as well. 

Examples of coniferous plantations where declines in grey squirrels and the return of red 

squirrels, following recolonisation by the pine marten are found across Northern Ireland 

(e.g. West Fermanagh, South Armagh, South Down). This is likely due to conifer plantations 

being the predominant forest type across Northern Ireland (Forestry Commission, 2019), 

rather than it being more suitable to red squirrels than broadleaf forests.  Both coniferous 

plantations and broadleaf forests are suitable for red squirrels where pine martens are 

present and reverse the typical competitive outcome between reds and greys (Sheehy et al. 

2018). It is interesting to note that grey squirrels have more tolerance of human activity and 

that this is more important than the presence of broadleaved trees in determining their 

occupancy. This may be a collateral effect of predation by pine martens, which occur in 

broadleaf habitats, but strongly avoid areas of human inhabitation. 

 The detection probabilities of each of the species provide additional support of the 

habitat suitability for all three study species. As forest cover (both coniferous and 

deciduous) increased, detection probability of both pine marten and red squirrel decreased. 

This suggests when feeders are in larger forests, the greater availability of exploitable 

resources in both types of forest, lowers the advantages of visiting the feeder and likelihood 

of detection. This supports findings elsewhere that show, in the absence of grey squirrels, 

both broadleaf and coniferous woodland are suitable habitat for red squirrels (Cagnin et al. 

2000; Magris & Gurnell, 2002).  The confounding, negative effects of grey squirrel presence 

serve to explain why broadleaved woodland is not selected for as an occupancy covariate in 

the most parsimonious model for red squirrel occurrence.  
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The contrasting effects of broadleaf and coniferous woodlands on grey squirrel 

detection probability also provides additional support for the ecological preferences of the 

species (Rushton et al. 1997; Lawton et al. 2015). Coniferous woodland increased detection 

of grey squirrels, whilst broadleaf woodlands decreased probability of detection. This 

demonstrates that in broadleaf woodland, grey squirrels are comparatively less likely to visit 

the feeders. Again, this is likely linked to the exploitability of resources present in the 

environment to the grey squirrel. Grey squirrels are well adapted to broadleaf woodland 

and its large seed resources (Moller, 1983), and less well suited to exploiting the small cone 

seeds of coniferous woodlands (Lawton et al. 2015). 

6.5.2 Predicted outcome of impact of native predator on invasive species  

The present analyses provide insights into previously unaddressed questions on the 

potential outcome of the native predator recovery on the invasive-native prey interaction 

on a landscape scale. In consensus with previous investigations into the effect of the 

European pine martens on grey and red squirrels, we confirm the pine marten appears to 

suppress invasive grey squirrel populations (Carey et al. 2007; Sheehy & Lawton, 2013; 

Lawton et al. 2015; Sheehy et al. 2018). Grey squirrels are now absent from many areas in 

which they were previously common (Carey et al.2007; Lawton et al. 2015), where the pine 

marten has recovered within the last decade e.g. West Fermanagh, South Armagh, South 

Down, and having high probability of occupancy only in areas where pine martens are 

absent e.g. urban areas of Belfast and the Lagan Valley. Additionally, multi- species 

occupancy models predict near zero co-occurrence of pine marten and grey squirrel. 

However, due to lack of species co-occurrence in the survey, the interaction term cannot be 

established resulting in high standard errors, conclusions based on multi-species models 
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must be used cautiously. The error overlapping zero could result in a conclusion 

independence (C. Rota, pers comm.). However, the lack of co-occurrence of these species in 

this survey is likely a by-product of the biogeographic situation in Ireland where pine 

martens and grey squirrels only co-occur ephemerally when pine martens recover in an 

area, making detection of co-occurrence events a rarity (Flaherty & Lawton, 2019). Despite 

the recovery of the pine marten resulting in apparent wide-scale declines of the invasive 

grey squirrel, the invader will be likely to continue to persist in urban areas of the landscape 

not utilised by pine martens due the species avoidance of to human settlement. 

6.5.3 Policy implications 

These results have direct policy implications for Ireland, the UK and mainland 

Europe. The models demonstrate the ability of the pine marten to positively influence the 

conservation of the red squirrel which has been in decline since the grey squirrel’s 

introduction to Ireland and Britain. However, the ability of the pine marten to extirpate the 

grey squirrel from Ireland and Britain is limited by two things; refugia in the form of urban 

areas and the lack of forest cover on the islands. Our study shows woodland to be the 

preferred habitat of pine marten, however, these countries have some of the lowest forest 

cover in Europe (10.5% in Ireland; Department of Agriculture, Food & the Marine, 2018, 13% 

in U.K., with Northern Ireland having the lowest cover of 8%, Forestry Commission, 2019). 

This means the species sphere of influence is limited by lack of suitable habitat. This, 

combined with the fact the pine marten usually does not occupy urban areas anywhere 

within its European range, will lead to the species likely not being the sole solution to 

complete grey squirrel control. Despite this, the models suggest the potential for a future in 
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which, if suitable habitat is provided, red squirrel and pine marten populations may recover 

and co-exist in the wilder landscapes of Ireland and Britain. 

The models predict a likely future scenario where even assuming continued recovery 

of pine marten populations, isolated grey squirrel populations will remain in urban areas. 

These populations will act as sources to recolonise and reinforce populations in the wider 

landscape, with the potential for novel genotypes to develop that may provide grey 

squirrels advantages in avoiding marten predation. The potential of such adaptations to 

alter the pine marten’s current ability to provide control of the species cannot be ignored. 

Current research suggest pine marten’s suppression of grey squirrels may be linked to the 

invasive squirrel species lack of anti-predator behaviours in response to the pine marten 

(Twining et al. 2020). Naive prey species have been observed to develop anti-predator 

behaviours to novel predators within a few generations (Anson & Dickman, 2012), however, 

in other circumstances novel predators have caused extinction of naive prey species prior to 

adoption of such behaviours (Saunders et al. 2010). Thus, the ability of grey squirrels to 

adapt to the presence of the pine marten is unknown. If grey squirrels learn to avoid 

predation by the pine marten, the invasive species may return to the previous extent of its 

distribution, recolonising and replacing red squirrels throughout broadleaf habitats in the 

wider countryside. In order to avoid such a situation, grey squirrel control must be 

conducted and focused in human populated areas to assist in achieving extirpation of the 

invasive. Despite the possibility of scenarios detailed above, there is a chance that negative 

public perception will prohibit attempts to control grey squirrels in human populated areas, 

as has halted such efforts in Italy (Genovesi & Bertolini, 2001).   
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Legislative action must be taken in order to ensure a future for two of Ireland’s 

native fauna. This would necessitate an increase in forest cover comprising native trees and 

connectivity in the Irish and British landscapes which would facilitate the expansion of both 

pine marten and red squirrel populations.  Afforestation schemes such as the £50 million 

Woodland Carbon Guarantee in the U.K. are not only beneficial in terms of carbon 

sequestration but also integral to the conservation of our native biodiversity. Both broadleaf 

and coniferous woodlands should be managed with the suitability of the habitat for pine 

marten in mind. Increasing the presence of arboreal denning locations which are typically 

limiting in coniferous woodlands, by artificial den box schemes (Croose et al. 2016; Twining 

et al. 2018), applying long term retention protocols to provide continuity of forested 

habitat, as well as implementing continuous forest cover principles i.e. avoiding clear felling 

(Denman, 2015). Individually and collectively these policies will increase suitability of 

woodlands, and thus the potential of the pine marten to occupy areas and limit numbers of 

invasive grey squirrels. 

Britain has suffered even more from grey squirrel invasion than Ireland (Lloyd, 1968), 

but grey squirrels have been largely kept out of central and northern Scotland by the 

presence of the European pine marten (Sheehy et al. 2018). Managing woodland and forest 

provision in southern Scotland and northern England may assist in reducing grey squirrel 

numbers and allow for further recovery of pine marten and red squirrel populations.  In 

southern Britain, the human population is much higher, and the pine marten is generally 

absent (apart from small localised populations i.e. New Forest, J. Palmer, pers comms).  

Reintroductions of the pine marten in Wales and Northern England (Vincent Wildlife Trust, 

2020) may prove successful but additional investment, and human-led action will be 
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required with respect to populated urban areas of southern Britain to work towards a future 

scenario where it is possible for the red squirrel to recover in any meaningful way.   
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7. Population demographics and denning behaviour of a recovering 

small carnivore in human modified landscapes 
 

 

7.1 Summary 
Landscapes occupied by recovering predator populations in Europe are highly modified and 

fragmented by human activity. It is not known how adaptable predators will need to be to 

sustain populations in highly altered landscapes. We investigate denning ecology and 

population demographics in the European pine marten, a forest specialist, in Ireland, where 

forest cover is the least in Europe. We used radio transmitters deployed on twenty, free-

ranging pine martens in semi-natural, lowland, broadleaf forest, and, in contrast, an area 

dominated by agricultural land, heath and commercial conifer plantation. We confirm that 

the pine marten is an old-growth, woodland specialist, with a preference for above ground 

denning sites in veteran oak trees. However, it is also able to adapt to highly human 

modified landscapes such as open upland sites with limited forest in the form of conifer 

plantations. In response to lack of above ground sites in structurally simple, single species 

plantations, pine martens den in subterranean and man-made structures, making use of 

non-forested habitats, scrub and heathland. Population densities in the more modified site 

were lower with male-biased sex ratios and lower recruitment levels than in the more 

natural, lowland site containing old-growth deciduous woodland. Key habitat and structural 

requirements of the pine marten provided here, will facilitate habitat management essential 

to the continued recovery of this species across the modified landscapes of Europe.  

 

7.2 Introduction  
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Predator populations in Europe are starting to recover in response to protective legislation 

and improved public opinion (Ripple et al. 2014; Chapron et al. 2014).  These species require 

large areas of habitat and live at low densities (Gittleman et al. 2001). They can come into 

conflict with people as they reclaim landscapes that are heavily modified by humans 

(Reading and Clarke, 1996; Sharpe et al. 2001; Clark et al. 2002; Hayward and Sommers, 

2009; Clark and Rutherford, 2014). Predator species may adapt to anthropogenic landscapes 

(Chapron et al. 2014), and persist in close proximity to urban areas (Basille et al. 2009; 

Carter et al. 2012; Lopez-Bao et al. 2013; Zub et al. 2018), but how they do this and fulfil key 

biological requirements, remains largely unaddressed.  

The Carnivora have a diverse range of life-histories and habitat requirements. 

Predatory mammals spend large amounts of time foraging (Carbone et al. 1999).  They also 

rest a great deal facilitating sleep, thermoregulation, predator avoidance and energy 

conservation (Zielinksi et al. 1983, Estes et al. 1986, Palomares & Delibes, 1993; 1994).  

Suitable dens, therefore, are key requirements of many carnivores, ranging in size from 

small mustelids to large canids and bears (Weber 1989, Buskirk et al. 1989, Bateman & 

Fleming 2012, Aubry et al. 2013, Ugarkovic et al. 2014; Larroque et al. 2015, Llanezna et al. 

2016).  It is assumed that denning sites influence habitat selection and improve individual 

fitness directly, thus affecting demographic parameters such as abundance, survival, age 

and sex ratios of a population (Garshelis, 2000; Morrison, 2012; Davies et al. 2016).   Dens 

are daily refuges used by an individual for sleeping and eating, but, in smaller carnivores, 

hiding from larger predators and shelter from inclement weather may be very important 

(Storch et al. 1990; Brainerd et al. 1995).  Although there is a wealth of published work on 

den selection in fishers (Pekania pennanti) and American martens (Martes americanus), 

Baudvin et al. 1985; Ruggiero et al. 1998;  Aubry et al. 2013;  Larroque et al. 2015; Joyce et 
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al. 2017; Green et al. 2019), there is comparatively little information on the European pine 

marten. Dens used within the Martes complex and its close relatives, include living trees, 

dead trees (snags), rocky crevices, underground burrows, and anthropogenic wood debris 

and other man-made structures (Santos-Reis et al. 2004; Birks et al. 2005; Slauson & 

Zielinski, 2009; Raley et al. 2012; Joyce et al. 2017).   

Pine martens are considered to require old-growth woodland (Brainerd, 1990; 

Buskirk, 1992; Zalewski and Jedrzejewski, 2006).  The recovery of pine marten in Ireland and 

Britain, however, appears to be occurring despite the general scarcity of old-growth forest 

on these islands (Perrin & Daly, 2010).  There is some evidence that it is the structural 

elements of ancient forest that make it a suitable habitat for the pine marten, not the 

presence of forest per se (Brainerd et al. 1994; Caryl et al. 2012a). Structural characteristics 

of ancient woodlands (e.g. multi-layered canopies, large diameter trees, standing and fallen 

deadwood, and ground cover) provide elevated denning sites protecting martens from apex 

predators (Storch et al. 1990), and providing key thermoregulatory benefits (Zalewski, 

1997). Above ground dens are rare in human-modified landscapes such as managed 

plantations, and this has been used to suggest that lack of above ground denning sites is a 

main factor limiting the distribution and density of pine marten (Brainerd et al. 1995). There 

is some evidence suggesting that pine martens may den in man-made structures (Birks et al. 

2005) but it remains unknown how the pine marten fulfils habitat and denning 

requirements where ancient woodland is scarce, or available forest cover is dominated by 

immature commercial plantations as in Britain and Ireland.  

The constraints of above ground den site availability are likely to be observable in 

immature, structurally simple forests, such as closed conifer plantations which are very 

uniform with respect to tree species, age and canopy structure, as well as lacking  ground 
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cover. Such forestry practice is typical of Britain and Ireland constituting over three quarters 

of the total forest cover (Forestry Commission, 2017), subject to rotational cycles of clear 

felling.  It is unknown how pine martens survive in such landscapes which largely lack above 

ground dens as trees are too young to have developed cavities and the dominant trees species 

i.e. Sitka spruce (Picea sitchensis), do not develop such cavities (Croose et al. 2016). The aim 

of this paper is to compare the population structure and denning behaviour of pine marten 

populations in the two main land use types available to the species in Ireland and Britain: 

semi-natural lowland, broadleaf woodland and managed upland pasture-heath-coniferous 

plantation systems.  This will provide new data on the denning ecology of a recovering 

population of a native predator in a landscape heavily modified by people, and the potential 

effects of habitat alteration on individual behaviour, population density and demographics.   

 

 

7.3 Methods 
 

The research was conducted in Northern Ireland, UK, (Figure 1A) at Crom Estate, County 

Fermanagh (Figure 1B, Crom), and Slieve Gullion (Figure 1C, RoG), County Armagh. The 254 

ha native broadleaved woods of Crom beside Upper Lough Erne, constitute the most 

extensive block of semi-natural woodlands in Northern Ireland and one of the largest in 

Ireland (Reeves-Smyth, 1989).  It is comprised mainly of Oak (Quercus robur) and Ash 

(Fraxinus excelsior) with extensive areas of Alder (Alnus glutinosa) and Willow (Salix caprea) 

carr along the lake shoreline. The woodlands of Crom are also some of the oldest growth 

woodlands in Ireland with continuous forest cover from at least 1610 AD and no evidence of 

human settlement prior to this (Reeves-Smyth, 1989). Crom is the closest to natural, ancient 

“wildwood” in Ireland today.  It supports a pine marten population in a semi -natural 
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landscape. In contrast, Slieve Gullion, is a granite dominated mountain (573m) situated in the 

largely agricultural landscape of South Armagh. Forest cover in the area is low (10%) but just 

above the regional average (8%; Forestry Commission, 2017). The woodlands present are 

predominantly commercial conifer plantations formed from a mixture of immature stands of 

non-native trees, planted in the last 17 - 44 years, and some older stands planted more than 

44 years ago which are subject to rotational clear felling. The immature stands are 

predominantly Sitka spruce (Picea sitchensis) and Japanese larch (Larix kaempferi), and the 

more mature stands are native Scots pine (Pinus sylvestris) and non-native Lodgepole pine 

(Pinus contorta). The plantations on the slopes of Slieve Gullion are on land that prior to 

commencing of forestry operations in the 1950s would have been unforested heathland 

(PRONI, 2020). Dry heath, predominantly consisting of Heather (Caluna vulgaris), Gorse (Ulex 

europaeus) and Bilberry (Vaccinium myrtillus) currently makes up 11% of the area. The 

remaining three quarters of the area is a mix of agricultural grassland (improved and rough 

pasture), tree lines forming field boundaries and scrubland.  The Slieve Gullion study area is 

representative of the human modified rural landscapes in Ireland.  
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Pine marten capture procedures 

Live trapping was conducted at both sites (Home Office Project Licence 2844) between 

November 2018 and March 2019 (winter season), and August and November 2019 (summer 

/ autumn season). Ten Tomahawk 205 live cage traps were deployed at five points, 400m 

apart, on two transects in both sites (Figure 1B, 1C). Traps were half covered with tarpaulin 

to provide shelter from bad weather.  Hay and locally collected mosses and substrates were 

used to cover the trap in its entirety as camouflage and to provide insulation. Traps were 

baited with ‘sticky mix’ (J, Macpherson, pers. comm.), a mixture of peanuts, raisins and 

strawberry jam. The traps were also provided with a whole hen’s egg, and a handful of grapes 

to provide sustenance and hydration. Traps were checked daily just after dawn. Trapped 

animals were anaesthetised with an intramuscular injection of ketamine (25mg per kg) and 

midazolam (0.2mg per kg body mass) and scanned for presence of a microchip using a 

MiniTracker I (Avid Identification Systems Inc., California, USA). On initial capture, a microchip 

(Friendchip Mini, Avid Identification Systems Inc.) was inserted upwards into the 

subcutaneous tissue between the shoulder blades. Animals were sexed using anogenital 

distance and presence of sexual characteristics (nipples, testes, baculum), and aged primarily 

using tooth colouration and wear (Marshall, 1951; Birks, 2017). Eight morphometric 

measurements were taken including head length (cm), body length (cm), tail length (cm), tail 

width (cm), zygomatic arch width (cm), canine length (cm), medial diameter of upper canine 

(cm) and mass (kg). If an individual had been trapped previously and was over 1kg in mass, a 

1/3N MX transmitter (7g, Merlin Systems Ltd) was deployed on a custom collar. Total collar 

weight was approximately 30g, and, hence, < 3% bodyweight in all circumstances (Coughlin 

& Heezik, 2015).  
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VHF tracking and den identification 

Diurnal tracking of animals (06:00 – 18:00) commenced 24-hour after initial release using a 

R600 handheld receiver (Communication Specialist Ltd, London, UK) and a folding VHF 5 

Element Yagi Antennae (Merlin Systems Ltd, Wrexham, UK). Denning sites were located by 

means of direct tracking of animals, initially by vehicle, and then on foot, using the handheld 

receiver and antennae to find exact locations of tagged animals. Denning sites were 

confirmed using the receiver by disconnecting the antennae and attaining a strong signal, or 

where access was impossible (e.g. high in a tree), with the antennae on the lowest gain, 

confirming location from a minimum of four positions.  On finding a den, the location was 

recorded on a hand-held GPS (Garmin GPSMAP 64, Garmin Ltd, Schaffhausen, Switzerland) 

and substrate type (tree, cave, building), level (above, below or ground level) and habitat 

characteristics were recorded. If the den was in a tree, species, diameter at breast height 

(DBH) and tree height were recorded. Additional notes were made on presence of epicormic 

growth, and percentage of Ivy (Hedera helix) cover.  

Habitat mapping 

Delimiting a study area and the availability of habitats available to martens within a larger 

landscape is subjective (Garshelis, 2000). Here, the habitat available to the pine marten was 

defined as the 95% minimum convex polygon containing all the denning locations of the 

martens. Dens outside this area were excluded from analysis. Approximately 244 ha at Crom 

and 499 ha at RoG were classified into twelve habitat types based upon species composition, 

ground, shrub and canopy cover (Fossitt, 2000), using inventory maps (Forestry Commission, 

Northern Ireland; National Trust, UK), digital land classifications (LCM, 2000) and a ground-

truth survey. Six non-forested habitats were: agriculture, buildings, fen, parkland, heath and 
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scrub. Six forested habitats were: old-growth oak woodland, wet woodland, immature ash 

woodland, closed exotic plantation, mature native plantation and tree lines composed of 

deciduous species (Table 1). 
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Table 7.1. Twelve defined habitat types with general descriptions of species composition and 

presence, ground cover, and presence of understory and canopy cover.  

Habitat Study area Description Ground cover Understory Canopy (%) 

Old-growth 

oak 

woodland 

Crom 

Estate 

Oak woodland with a 

minimum age of 400 

years. Dominated by 

Oak (Quercus robur), 

Ash (Fraxinus excelsior) 

and Hazel (Corylus 

avellane).  

Low level including: 

including Ivy (Hedera 

helix), Wood Anemone 

(Anemone nemorosa), 

Bluebell 

(Hyacinthoides 

nonscriptus), Lords 

and Ladies, (Arum 

maculatum) and Ferns 

(Dryopteris filix-mas, 

Polystichum setiferum, 

Aspelnium 

scolopendrium) 

Present >50 

Wet 

woodland 

Crom 

Estate 

Associated with the 

lough and lake shores, 

periodically flooding. 

Dominated by willows 

(Salix spp.), Alder 

(Alnus glutinosa) and 

Ash (Fraxinius 

excelsior).  

Medium level 

including Bramble 

(Rubus fruticosus), 

remote sedge (Carex 

remota), Common 

Marsh-bedstraw 

(Galium palustre) and 

Creeping bent 

(Agrostis stolonifera).  

Present >60% 

Immature 

Ash 

Woodland 

Crom 

Estate 

Broadleaf woodland 

less than 100 years old. 

Dominated by Ash 

(Fraxinius excelsior), 

Hazel (Corylus 

avellane), Birch (Betula 

pendula), Hornbeam 

(Carpinus betulus). 

Absent Present >70% 

Fen Crom 

Estate  

Waterlogged peat fed 

by groundwater or 

flowing surface water. 

Vegetation dominated 

by common reeds 

(Phragmites australis), 

Present, see 

description for details. 

Absent 0% 
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rushes (Juncus sp.) and 

sedges (Carex sp.). 

Agricultural Crom 

Estate and 

Coniferous-

Heath 

Landscape 

Includes tilled fields, 

moor grass and rush 

fields but 

predominantly formed 

of grazed pasture.  

Absent Absent 0% 

Parkland Crom 

Estate 

Ground cover is largely 

formed of managed 

grassland, similar to 

agricultural land-use 

but with the presence 

of >200 year old Oak 

(Quercus robur), Lime 

(Tilia x europeaus) and 

Yew (Taxus baccata) 

trees throughout.  

Absent Absent <5% 

Buildings Crom 

Estate and 

Coniferous-

Heath 

Landscape 

Any building or road Absent Absent 0 

Closed 

Coniferous 

Plantation 

Coniferous-

Heath 

Landscape 

Immature coniferous 

plantation stands 

planted 17 – 45 years 

ago. Dominated by 

exotic species including 

Sitka spruce (Picea 

sitchensis) and Larch 

(Larix sp.) 

Absent Absent >80% 

Mature 

Coniferous 

Plantation 

Coniferous-

Heath 

Landscape 

Mature coniferous 

plantation planted 

more than 45 years 

ago. Dominated largely 

by native Scots pine 

(Pinus sylvestrus), but 

stands of lodgepole 

pine (Pinus contorta) 

also prevalent. 

Present at medium to 

high levels. Dominated 

by Bracken (Pteridium 

aquilinum). Brambles 

(Sorbus rubus), and 

Bilberry (Vaccinium 

myrtillis) also present. 

Absent 20 – 70% 
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Scrub Coniferous-

Heath 

Landscape 

Composed of several 

habitats that share 

similar structural 

complexities. Largely 

gorse (Ulex europaeus), 

bracken (Pteridium 

aquilinum) and 

bramble (Sorbus 

fruticosus) dominated. 

Low presence of 

heather (Calluna 

vulgaris) and bilberry 

(Vaccinium myrtillus). 

Also includes clear cut 

debris, wind thrown 

debris and recently 

planted stands (< 10 

years old).  

Present at high level, 

see description for 

details.  

Absent 0 

Dry Heath Coniferous-

Heath 

Landscape 

Dominated by mature 

heather species 

(Calluna vulgaris, Erica 

cinerea and Erica 

tetralix) and bilberry 

(Calluna vulgaris). Low 

levels of western gorse 

(Ulex galii). 

Present at medium 

level, see description 

for details. 

Absent 0 

Tree line Coniferous-

Heath 

Landscape 

Field boundaries 

composed of 

deciduous trees. 

Dominated by 

hawthorn (Crataegus 

monogyna), blackthorn 

(Prunus spinosa) and 

Ash (Fraxinius 

excelsior). 

Present Present >70 
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Statistical analysis 

Denning structures 

Fisher’s Exact tests (FET) were used to compare proportions of denning structures between 

the two study areas.  A significance threshold of 0.02 was used to avoid false positives 

(Colquhoun, 2017). Analysis of Variance (ANOVA) was used to examine differences in tree 

height and diameter at breast height of denning trees between Crom and RoG. The 

interaction between tree species and habitat type was used to take into account species 

specific differences in morphology. 

Denning area and number of dens 

We used minimum convex polygons (MCP 100%) to draw an envelope that encompassed all 

denning sites for each individual to calculate a denning area (ha). Denning area and number 

of unique dens were modelled against the landscape they inhabited using generalised mixed 

effects models (GLMMs) with Poisson errors and individual as a random effect.  Both response 

variables were modelled as a function of landscape, sex and age, and the interactions 

between these fixed effects. Analyses were performed using R Version 3.2.1 with nlme 

package (R Core Team, 2013; Pinheiro et al. 2018). 

Habitat selection 

Pine marten habitat selection was determined using the proportions of habitats with dens 

relative to their availability. Unique denning locations only were used to ensure data 

independence i.e. occasions when individuals made repeat use of a denning site, or a site was 

used by multiple individuals, were discarded. Locations were treated as a point rather than 

an ellipse as there was no uncertainty using radio-telemetry to determine exact locations 
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(Nams, 1989). If the point intersected multiple habitats, the habitat of greatest proportional 

cover was considered as the only habitat used at that location. Variability in individual 

selection strategies was calculated using resource-selection indexes where RSI = % habitat 

use — % habitat available (Thomas and Taylor, 1990).  Analysis of Variance (ANOVA) was used 

to test for differences in RSI between habitat types within sites, and Bonferroni-adjusted 95% 

confidence limits were used to examine habitat preferences and differences (Cherry, 1998). 

Density estimates 

Pine marten density was calculated from live trapping at both study sites using spatially 

explicit capture-recapture (SECR) models (Efford & Boulanger, 2019). SECR is developed 

from conventional capture-recapture estimation of abundance using spatial information on 

an individuals’ capture location and home range activity centre inferred from spatial data to 

generate population density estimates. The use of spatial location information overcomes 

issues associated with non-spatial estimation techniques, such as edge effects and 

incomplete detection (Efford 2004; Efford et al. 2004; Borchers and Efford, 2008; Borchers 

and Fewster 2016) and, as such, SECR techniques are used increasingly in studies estimating 

population density (e.g. Kéry et al. 2010; Royle et al. 2011; Kubasiewicz et al. 2017).   A 

standardised, four times root square pooled variance (RSPV) of movement was used as a 

buffer to trapping locations in each density estimation (Efford, 2017).  

Population demographics 

This investigation had two contrasting study areas without replication.  Hence, formal 

statistical analysis of the population demographics was not possible. Reporting of adult sex 

ratios (ASR) used the proportion of males in the adult population as general measure of ASR 

(Ancona et al. 2017). Similarly, for demographic structure, the proportion of yearlings 
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(juveniles which have survived the first five months of life and are close to adult size) in the 

total population was used as an indicator of population recruitment.  

7.4 Results 
 

Twenty animals, twelve in Crom, eight at Slieve Gullion, were radio-tracked at 189 unique 

dens and 277 denning events.  Repeat use of dens varied (1 – 11 visits, average = 1.47) with 

most dens being used once by a single marten.  Thirteen of the identified dens were used by 

multiple martens (2 or 3). Of the 277 denning events, 74.35% were above ground in, or 

associated with, trees. The most common tree species used were Oak (50.24%), Ash (21.67%, 

7.88% were standing deadwood, 13.79% were living), and Lime (12.31%).  Dens below ground 

(17.94% of total dens) were associated with rocks, typically crevices within rock formations, 

cave systems and burrows under boulders. The remaining 7.69% of dens were associated with 

man-made structures including stone walls, woody debris piles and roof-spaces of unoccupied 

buildings (Table 7.2).  
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Table 7.2.  Den locations by height and structure, and habitat across both study areas. Cavities 

were only recorded as such when the cavity was visible and could be confirmed. Tree-related 

structures refer to all possible structures within trees including: tree crowns, snags, ivy 

crowns, fungal brooms and squirrel dreys (nest-like constructions made from leaves and 

twigs).  N is number of uses, followed by the overall frequency of use (%).  

Site Category Sub-category Number 

(N) 

Frequency 

(%) 

Crom Estate Above ground 

(<2m) 

Cavities 8  4.23 

 Tree-related structure 176  93.12 

Underground 

(>0m) 

Cave system 0  0 

 Rocky crevice  0 0 

  Burrows 2  1.05 

 Man - made (0 – 

2m) 

Buildings 1 0.52 

 Stone walls 0 0 

 Deadwood piles 2  1.05 

ROG – Upland 

Plantation-

pasture-heath 

Above ground 

(<2m) 

Cavities 0 0 

 Tree-related structure 19 21.59 
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 Underground 

(>0m) 

Cave system 22 25.0 

  Rocky crevice 12 13.63 

  Burrows 16 18.18 

 Man - made (0 – 

2m) 

Buildings 3 3.49 

  Stone walls 11 12.5 

  Deadwood piles 5 5.68 

 

 

Denning structures 

Dens used by pine martens at Crom were almost exclusively above ground in living trees or 

standing deadwood (99%). Although animals at Slieve Gullion did also make use of trees 

(21%), underground dens in rocky crevices, cave systems and burrows were the 

predominant den type used (57%). Tree use was significantly higher in Crom than Slieve 

Gullion (Fisher’s Exact Test, p < 0.001) whilst the use of underground sites was significantly 

higher in the latter than the former (Fisher’s Exact Test, p < 0.001).   Man-made dens 

including stone walls, woody debris piles and roof-spaces of unoccupied buildings made up 

the remaining den type used (22%) by martens at Slieve Gullion (Figure 3). These were 

almost absent in Crom so use was significantly higher at Slieve Gullion (Figure 3, Fisher’s 

Exact Test, p < 0.001).   
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Species of tree used also varied between the sites (Table S3).  In Crom, Oak was used more 

than all other tree species (Fisher’s Exact Test, p <0.001), followed by Ash and Lime whose 

usage was not significantly different (Fisher’s Exact Test, p = 0.125), but both were used 

proportionally more than the next most commonly used tree, Silver birch (Table S3; Fisher’s 

Exact Test, p <0.001; <0.001). However, at Slieve Gullion, when martens used trees as dens, 

which was relatively uncommon, they generally left the conifer plantations and found 

denning sites in underground structures in the surrounding marginal habitats or tree lines and 

field boundaries of the bordering agricultural land. Ash and Hawthorn trees were the most 

commonly used.  See Table S3 for breakdown of tree species usage.  

Trees used in Crom were significantly taller than those used at Slieve Gullion (ANOVA, 

F2,15 = 2.73, P = 0.001), and also had significantly larger widths at breast height (ANOVA, F2,15 

= 15.99, P <0.001). All trees used as denning sites either had very high ivy cover (72.69% CI 

95% 64.82 – 80.56%, see S4), in the case of lime, substantial epicormic growth, the presence 

of internal cavities or a combination of the three.  
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Figure 7.2. Mean (95% clm) frequency of use (%) of den structures by the European pine 

marten in lowland broadleaf habitats in the Crom Estate and upland coniferous plantation-

heath habitats landscape in the Ring of Gullion.
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Figure 7.3. A) diameter at breast height of tree based dens and B) estimated height of tree 

based dens in lowland broadleaf habitats in the Crom Estate and upland coniferous 

plantation-heath habitats landscape in the Ring of Gullion. The box represents the quartiles 

(Q1 & Q3), the central horizontal line shows the statistical median. The whiskers extend out 

to the furthest points (within 3/2 times of the interquartile range). Outliers beyond this are 

plotted as points.    
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Figure 7.4. Mean (95% clm) ivy cover for each tree species used as dens by the European 

pine marten at Crom Estate and Slieve Gullion. Only tree species used more than twice as 

dens are displayed.     
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Table 7.2. Tree species used as dens, number of uses and frequency of use by the European 

pine marten in two contrasting landscapes of Crom and RoG. 

Site Species Number  

(n) 

Frequency 

(%) 

Crom Estate (n = 184) Oak (Quercus robur) 102 55.43 

 Ash (Fraxininus excelsior) 37 20.11 

 Lime (Tillia x europaea) 25 13.59 

 Silver Birch (Betula pendula) 4 2.17 

 Sycamore (Acer pseudoplantanus)  3 1.63 

 Alder (Alnus glutinosa) 3 1.63 

 Willow (Salix caprea) 3 1.68 

 Maple (Acer saccharum) 2 1.08 

Ring of Gullion (n = 

19) 

Ash (Fraxininus excelsior) 7 36.84 

 Hawthorn (Crataegus monogyna)  4 21.05 

 Brambles (Rubus fruticosus) 3 15.79 

 Sycamore (Acer pseudoplantanus) 2 10.52 

 Lodgepole pine (Pinus contorta) 2 10.52 

 Sitka spruce (Picea sitchensis) 1 5.26 
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Denning area and number of dens 

Pine martens at Slieve Gullion had larger denning home range areas than Crom (Figure 4A). 

Adult individuals had larger denning areas than juveniles when site was accounted for (Figure 

4A; GLMM: site: F1,9 = 4.21, p = 0.002, age: F1,9 = -1.52, p = 0.164, interaction between site and 

age: F1,9 = -2.471, p = 0.03). Adult pine martens had more unique den sites compared to 

juvenile animals but there was no significance difference in number of unique denning sites 

between Crom and Slieve Gullion (Figure 4B; GLMM: site: F1,9 = -1.86, p = 0.096, age: F1,9 = -

2.357, p = 0.042, interaction between site and age: F1,9 = 0.525, p = 0.612).  
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Figure 7.5. Boxplots showing landscape and age differences in A) denning range in hectares 

and B) number of unique denning sites in the European pine marten. 
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Habitat selection  

Pine martens in Crom preferentially selected dens in old-growth Oak woodland above all 

other habitat types (see Figure 5A, P <0.001 – 0.26, Table S5 – S7 for full Bonferroni 95% CI 

results), showing avoidance of all non-forested habitats (Figure 5A). Conversely, in Slieve 

Gullion dens in mature coniferous plantation and property boundary tree lines composed of 

deciduous species were used above their availability, alongside two non-forested habitats, 

predominantly scrub and heath, but also to a lesser extent, buildings (Figure. 5B). There was 

no significant difference between the selection of these habitat types (see Table S8 -S10 for 

Bonferroni 95% CI results). Agricultural land was the only habitat that showed a significant 

difference in RSI to other habitats and was strongly avoided. There were minimal differences 

in habitat selection of dens between adults and juveniles in the lowland broadleaf forests of 

Crom (Figure 5A).  However, at Slieve Gullion, age differences were far more pronounced 

(Figure 5B) with pine marten yearlings preferring more structurally complex habitats such as 

mature plantation and scrub, whilst avoiding the more open heath which was used by adults 

(Figure 5B).  
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Figure 7.6. Boxplots showing resource selection index of European pine marten denning 

sites for A) Habitats present in the Crom Estate and B) Habitats present at Slieve Gullion. 

Values above zero show use of a habitat above availability, values below zero show use 

below availability. Significance is shown by the interquartile range not overlapping zero (<0 

= positive significance, >0 = negative significance). 



184 
 

 

 

Figure 7.7. Boxplots showing resource selection index of adult and yearling European pine 

marten denning sites for A) Habitats present in the Crom Estate and B) Habitats present at 

Slieve Gullion. Values above zero show use of a habitat above availability, values below zero 

show use below availability. Significance is shown by the interquartile range not overlapping 

zero (<0 = positive significance, >0 = negative significance). 

 

Population density and demographics 

A total of 38 individual pine martens were caught over the two sampling periods totalling 

2195 trap nights, 25 in Crom over 1072 trap nights and 13 in Slieve Gullion over 1123 trap 
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nights. During winter trapping in Crom, 12 adults, and 4 yearlings were caught. The adult sex 

ratio was 0.58 and SECR models produced a winter density estimate of 3.64 animals per km2 

(Figure 2, CI 95% 2.26 – 5.86). During summer trapping at Crom the population consisted of 

6 adults and 7 yearlings, with an adult sex ratio of 0.5 and a density estimate of 3.34 animals 

per km2 (Figure 2, CI 95% 1.93 – 5.80). At Slieve Gullion, winter trapping resulted in 8 adults 

and 1 yearling. The adult sex ratio of the population was 0.66 and the winter population 

density was 0.76 animals per km2 (Figure 2, CI 95% 0.374 – 1.02). In summer, 4 adults and 2 

yearlings were trapped at Slieve Gullion. The adult sex ratio was 0.8 and summer population 

density was 0.96 animals per km2 (Figure 2, CI 95% 0.39 – 2.375). 
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Figure 7.8. Pine marten A) summer and winter density, B) adult sex ratios and recruitment 

in populations in the semi-natural environment of Crom (grey), and the human modified 

landscape of Slieve Gullion (black). Density is displayed in animals per km2. Adult sex ratios 

are displayed as probability of being male within the population, and recruitment is 

probability of being juvenile within the population.  
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7.5 Discussion 
 

This investigation highlights the adaptability of pine marten populations which are 

recovering in highly modified landscapes.  Pine marten populations can recover in human-

modified landscapes providing they contain certain structural features. Here, we show that 

pine martens appear to respond to a lack of optimal, above-ground denning sites in human-

modified landscapes by making use of underground and man-made, den sites. The lack of 

structural complexity of grossly modified environments, however, not only impacts this 

recovering predators’ denning behaviour but appears to affect density and population 

structure. Our results confirm the pine marten to be an old-growth forest specialist, using 

predominantly elevated den sites in trees and occurring at higher densities, with higher 

recruitment and more balanced adult sex ratios in comparison to more human-modified 

landscapes. In lowland, broadleaf landscape of Crom, pine marten consistently selected old-

growth oak-ash-hazel woodlands with a clear preference for dens in veteran oaks with 

abundant ivy cover.  

Despite an obvious preference for old-growth woodland, as observed in previous 

studies (Lindström, 1989; Brainerd, 1990; Storch et al. 1990), present results also 

demonstrate that pine martens are not dependent on their preferred habitat for survival 

and can adapt to human-modified environments (Chapron et al. 2014). In the upland 

plantation-heath system of the Ring of Gullion, where above ground denning sites are 

lacking, pine martens demonstrated behavioural plasticity by denning underground in cave 

systems and rocky crevices in the heath and scrub, and in man-made structures, most 

frequently stone walls and wood debris.  They also occasionally used unoccupied buildings 

and ash and hawthorn trees along property boundaries.  Pine martens, however, rarely used 
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dens within conifer plantations.  When such sites were used, pine marten used structures 

constructed by other species e.g. squirrel dreys and bird nests.   

The pine marten is generally viewed as a forest specialist (Brainerd, 1990; Buskirk, 

1992).  Any forest may be considered potentially suitable and, and by corollary, any non-

forested habitat, considered unsuitable (Mortelliti  et al. 2010; Pereboom et al. 2008; 

O’Mahony et al. 2017). There is growing evidence, however, that  marten habitat 

requirements are more nuanced and that the species requires certain structural elements 

typical of old-growth forest in order to: firstly, reduce risk of predation, e.g. ground cover, 

elevated denning sites (Storch et al. 1990); secondly, increase foraging efficiency e.g. multi-

layered canopy comprising three dimensional resource space (Andruskiw et al. 2008; Pawar 

et al. 2012); and, thirdly, provide thermoregulatory benefits e.g. above ground, insulated 

denning structures in trees (Zalewski, 1997).  Structurally simplistic, immature conifer 

plantation (<44 years old) composed of exotic species such as Sitka spruce, were avoided by 

pine martens.  In avoiding such plantations, pine martens demonstrated a preference for 

tree lines composed of broadleaf species and mature native Scots pine plantations. They 

also selected for non-forested habitats, scrub, and to a lesser extent, heath.  Similar 

selection for non-forested habitats by martens, in a landscape heavily altered by 

anthropogenic processes, has also been observed in Scotland (Caryl et al. 2012a). Avoidance 

of closed plantations provides evidence that immature plantations typically lack some or all 

the structural features required by the pine marten.  Thus, all forests should not be 

considered equal when considering potential for population recovery of pine martens. In 

the absence of structurally complex woodland, non-forested habitats are actively utilised. 

Fruit, specifically blackberry (Rubus fruticosus) and bilberry (Vaccinium myrtillus), are largely 

unavailable in the plantation interiors, but are abundant in scrub and heath, and are key 
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food items for the pine marten, particularly in autumn (Twining et al. 2019).  Different use 

of non-forested habitats observed between Ireland and Scotland, may result from 

differences in marten diet.  Scottish martens feed predominantly on field voles (Balharry, 

1993; Caryl, 2012b), and when inhabiting plantations, thus, select for tussock grassland and 

scrub (Caryl et al.2012a). Irish martens mainly focus on fruit, birds and wood mice (Lynch & 

McCann, 2007; Twining et al. 2019) and, thus, make use of heath and scrub under similar 

circumstances. This highlights the importance of heterogeneity and structural features in 

pine marten habitat use. Scrub habitats provide key structural elements for many small 

predators within human-dominated landscapes in Europe (Virgos, 2001; Matos et al. 2009; 

Santos and Santos-Reis, 2010). Heath is not typically associated with the same degree of 

structural features as scrub despite being a provider of key food resources (Twining et al. 

2019). Its variable usage observed here may reflect the topography of the RoG study area as 

a small, granite-dominated mountain.  This offers abundant rocky refugia, subterranean 

structural complexity and cover. This is not necessarily typical of all heaths, and further 

investigation into the habitat use of pine martens in a variety of plantation-heath systems is 

required to evaluate its importance in the recovery of marten populations. The present 

results support the hypothesis that the pine marten requires a structurally complex 

environment rather than certain forest type per se (Brainerd et al. 1995). Observed plasticity 

in den site use provides evidence of how pine martens survived in mountainous refugia 

during severe declines brought about by persecution and habitat destruction (Langley & 

Yalden, 1977).   

Predator avoidance is an important determinant of habitat use by the pine marten 

(Helldin, 1998; Storch et al. 1990). This is supported by the fact in the absence of predators 

and competitors, introduced pine martens in Minorca were observed to be indifferent to 
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forest cover (Clevenger, 1994). Red foxes which are present at both study sites, are the main 

predator of the pine marten directly reducing densities of pine marten (Lindstrom et al. 1995). 

Martens in both study areas showed avoidance of homogenous habitats with little or no 

ground cover such as agricultural land and closed, immature plantations (Slauson et al. 2007). 

Pine martens, like most mammals produce offspring which are small compared to their adult 

body mass (on average only 10%, Blueweiss et al. 1978). Adults exhibit pronounced sexual 

dimorphism with females being substantially smaller than males (Birks, 2017). Yearlings, in 

comparison to adults in the present study, preferred mature plantation and scrub with high 

ground cover and avoided more open habitats, e.g. heath, used by adult males and females.  

Apex predators rarely kill prey individuals at random, with certain sex and age categories at 

higher risk than others (Hayward et al. 2017). Although adult male pine martens have been 

observed to be predated occasionally by red foxes, kits and females are particularly 

vulnerable to fox predation (Brainerd et al. 1995). The requirement for safe refuge where red 

foxes cannot access young pine marten is critical for successful breeding and recruitment 

(Brained et al. 1995; Lindstrom et al. 1995). The preference of yearlings for mature plantations 

and avoidance of open habitats used by adults is likely linked to their greater susceptibility to 

this predation pressure, and requirement for the accessible refuge provided in the more 

structurally complex habitats.  

Pine martens had significantly higher densities in old-growth oak woodland in 

comparison to the more human-modified landscape. Male-biased sex ratio and decreased 

recruitment were observed in the plantation-heath landscape of RoG in comparison to the 

old-growth broadleaf site of Crom. In conjunction with a lack of above-ground denning sites 

in the former, population differences are consistent with the hypothesis that risk of 

predation may drive differences in the population structure between the study areas. This 
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hypothesis, however, based on differences between two sites requires testing through 

further investigation of multiple sites.  The current study also does not control for food 

resource abundance which is likely to have a strong effect on density and fine-scale 

distribution.  However, food availability is unlikely to result in male-biased sex ratios whilst 

selective predation on females, and juveniles by red foxes might. Despite the skewed sex 

ratios, lower levels of recruitment, and lower densities in RoG in comparison to Crom, the 

present density estimates are within known ranges reported for pine marten populations 

across Europe (0.01-1.75 per km2, Zalewski and Jędrzejewski 2006).  Present density 

estimates are also within the range reported for Ireland (0.53 – 4.42 per km2; Mullins et al. 

2009; Sheehy et al. 2014; O’Mahony et al. 2015; 2017).   

Densities of pine marten in Ireland are at the upper end of the spectrum for the 

species, despite the lack of mature woodland and the unsuitability of much of the land area 

potentially leading to skewed sex ratios and low recruitment.  The comparatively elevated 

densities observed in Ireland are likely linked to the complete absence of large predators, 

and reduced guild competition compared to mainland Europe. Pine marten adaptability to 

heavily human-altered landscapes will likely bring the pine marten into further conflict with 

humans. The conflation of low densities, low reproductive rates with high metabolism and 

wide-ranging behaviour typical of a predator makes them particularly vulnerable to 

persecution (Ripple et al. 2014). This suggests that the continued recovery of the pine 

marten is less certain in the face of continuing absence of optimal habitat and potentially 

negative public perception. In the short-term, large-scale deployment of artificial den boxes 

in closed plantation dominated landscapes may mitigate a source of potential human-

conflict (Croose et al. 2016; Twining et al. 2018). This research highlights the importance 

and utility of Ivy in den selection of pine martens, previous papers have reported martens 
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mainly denning in cavities of trees (Brainerd et al. 1995), however we observed high use of 

ivy crowns and snags, especially in younger trees. Ivy likely provides key additional shelter 

and insulation assisting with conserving body temperature when cavities aren’t present, it 

additionally serves as a food resource during winter (Twining et al. 2019) and a climbing aid 

(personal observation). Long term strategies for conserving the recovering pine marten 

population in a fragmented and degraded landscape should focus on increasing suitable 

forest cover. Indeed, habitats such as scrub may be more useful as conservation tools than 

the immature plantations of exotics that make up much forest cover currently in Ireland and 

Britain. Restoring forest connectivity across landscapes and seeking to restore old-growth 

conditions within existing forestry through retention of veteran trees, intermixing of native 

species (e.g. oak) in plantations and reductions of clear felling are key to the continued 

successful recovery of the pine marten in Ireland and recolonisation in Britain. 

The present study has wider implications in demonstrating the potential population 

consequences of habitat induced differences in behavioural ecology in a meso-carnivore 

avoiding exclusion or extinction from habitats subject to high anthropogenic change.  

Suitable denning sites are required for the survival of carnivores; however, behavioural 

adaptations may enable species to use sub-optimal locations to survive in highly modified 

landscapes.  Dietary plasticity alone may not be sufficient to allow generalist predators to 

adapt to changing environments if they are unable to find suitable dens i.e. dens that 

protect them from predation and the cold, enable the rearing of vulnerable young, as well 

as facilitate access to a wide range of prey.  Habitat restoration must therefore consider the 

availability of suitable denning sites in order to facilitate the conservation and recovery of 

predators, and the healthy functioning of ecosystems.  
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8. Discussion, conclusions and wider implications 
 

8.1 Summary 
 

The overarching aim of this work has been to investigate the ecology of a recovering 

predator population. Predator populations are starting to recover in parts of Europe 

(Chapron et al. 2014), in highly modified landscapes. Predators are essential to healthy 

functioning of ecosystems through provision of system services e.g. tri-trophic cascades 

(Ripple et al. 2014). The recovery of predators provides a unique opportunity to examine 

top-down regulating effects and their potential importance to maintaining ecosystem 

structure and stability. However, the ability of recovering predators to persist and recover 

successfully in these degraded landscapes remains uncertain.  This thesis investigates the 

recovery of a native predator, the European pine marten, in Ireland, a highly anthropogenic 

landscape which lacks optimal habitat and also lacks the prey species predominating 

throughout its continental range. There has been an increased research effort following the 

start of the recovery of the pine marten in Ireland and Scotland, to elucidate: 1) the 

expanding distribution and recovery of pine marten populations (O’Sullivan, 1983; 

O’Mahony et al. 2012; 2017); 2) the top-down interaction of pine marten with squirrel prey 

species and its potential to provide biotic resistance against invasive grey squirrels (Sheehy 

et al. 2013; Sheehy & Lawton, 2014; Sheehy et al. 2018; Flaherty & Lawton, 2019); and, 3) 

how the pine marten as a woodland, arboreal specialist, survives in a landscape lacking in 

natural woodland (Birks et al. 2005; Caryl et al. 2012a).  All three of these topics were 

investigated from various angles in the six data chapters.  

The initial research (Chapter 2) concerned the most effective means of monitoring 

pine marten populations by comparing conventional live trapping with camera trapping and 
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DNA approaches in the same study site during the same season. The results suggest that the 

most effective method depends on the aims of the research. If the goal is an accurate 

estimate of density in the most financially and time effective manner i.e. a national estimate 

of abundance, camera trapping applying Random Encounter Models is the best option. 

However, density alone is a crude method of assessing population and individual, health and 

viability, as the ability to persist in a set location may be affected by age and size structure 

(Beasley et al. 2011). Thus, although more expensive in time and money, non-invasive DNA 

sampling provides additional information that is absent from the camera trapping approach.  

DNA estimation provides minimum number of individuals, capture mark recapture 

estimation, sex, population structure and some indication of home range size and 

territoriality (O’Mahony et al. 2015; 2017).  Finally, in certain circumstances, for example 

the deployment of individual, signalling animal-borne tags, conventional live trapping is 

unavoidable. 

  Trophic interactions of pine marten in Ireland were compared with those available 

from throughout the species range (Chapter 3). This investigation of the pine marten diet 

presents an interesting case study as the key prey species of pine marten throughout its 

mainland range are voles which are absent from the northern half of Ireland. The pine 

marten prefers old-growth deciduous forest (Chapter 7), but this makes up just 0.1% of 

regional land-use, with commercial plantations dominating over three quarters of the scant 

forest cover. The pine marten uses this “unpromising” landscape through exploiting a 

minimum of 57 different resource types or groups, feeding at multiple trophic levels and 

targeting seasonally available food. The results suggest the pine marten’s ability to recover 

in a landscape deficient in optimal habitat is linked to its dietary plasticity. It switches its diet 

with habitat and season, targeting what is available and vulnerable. The pine marten in 
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Ireland, fed largely on fruit (i.e. rowan, blackberry, bilberry), songbirds and wood mice. 

Vertebrate prey (birds and small mammals, especially birds) occurred more often in scats in 

native deciduous woodland than at the other habitat sites.  Coniferous plantations may be 

lacking in both vertebrate prey and fruit, with pine martens occurring in plantations 

atypically using non-forested, matrix habitats to exploit fruits and songbirds in heathland 

and scrub as well as underground den sites (Chapter 7). This absence of key resources (both 

food and dens) explains the observed preference for deciduous forest over coniferous 

plantations (Chapter 6). In general, pine marten exploitation of trophic resources depends 

on a few key, staple items, supplementing this with a wide range of ephemerally available 

resources.   

The top-down effects of pine marten on native and invasive squirrels (Chapters 4, 5 

and 6) has attracted considerable, recent interest due to potential insights into fundamental 

aspects of ecology (Polis et al. 1989; Ritchie and Johnson, 2009; Newsome et al. 2017) as 

well as the impacts of an alien invasive species.  However, the assumption that lethal 

removal by a predator results in predictable changes in prey abundance remains largely 

untested. These impacts have typically been inferred from dietary investigations or 

correlative indices that can produce disparate results depending on approach (Balestrieri et 

al. 2011b) or have not been validated against actual abundance, ignoring known effects of 

detectability (Hayward et al. 2015).  Some controlled experiments into top-down effects of 

predators have been attempted (Moseby et al. 2017) but these have been criticised as 

having unknown applicability to natural, unfenced landscapes (Hayward et al. 2019). The 

recovery of large predators in Europe (Chapron et al. 2014), and of the pine marten in 

Ireland and Britain, provides a unique opportunity to investigate potential top-down effects. 

Pine martens are the only arboreal mammalian predator in Ireland and Britain, and thus are 
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the only mammalian predator from which squirrels may be particularly susceptible to 

predation. A multi-method approach using dietary and behavioural investigations was used 

to investigate this three species interaction in conjunction with a regional scale quantitative 

presence-absence survey of the species.  This provided evidence that seasonal predation by 

a recovering native predator facilitated by an absence of anti-predator behaviours, drives 

the observed reversal of species replacement, resulting in declines of the invasive prey 

species.  

Chapter 4 reviews squirrel predation by the European pine marten, highlighting large 

data gaps, for example with regards to overall squirrel predation and seasonal changes in 

predation by pine marten. In considering all study sites together, squirrels constituted a 

relatively unimportant food item of the pine marten, but when accounting for availability, 

both squirrel species were a more significant, seasonal resource. Grey squirrel are predated 

in spring and summer and at a significantly higher frequency than the red squirrel.  The 

dietary data suggests a switch in prey in spring and summer to an arboreal foraging ecology 

with a diet dominated by juvenile nesting and fledging birds, and, to a lesser extent, 

squirrels. Grey squirrel juveniles are present at this time being cared for above ground in the 

trees or inside dreys.  This is also the pine marten breeding season, when mothers have 

dependant kits (Birks, 2002).  The energetic demands of rearing young increase the 

importance of a more calorific, protein-based diet, such that the observed predation of 

birds and squirrels during spring and summer by pine marten indicates a switch in diet in 

order to meet the demands of reproduction as well as a change in opportunity. A three-

dimensional search space as presented by trees in this scenario has been recognised to 

result in higher encounter rates between predators and resources, resulting in superlinearly 

scaling consumption rates in predators (Pawar et al. 2012).  The pine martens arboreality 
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means it is the only mammalian predator in Ireland and Britain capable of targeting birds in 

their nests and squirrels in their dreys.  It may have a strong ability, therefore, to regulate 

prey populations lacking any refugium from predation (Menge & Sutherland, 1976). A 

predator-prey interaction where pine martens are raiding dreys and taking both adult 

squirrels and young would be expected to have a disproportionate effect on the squirrel’s 

population recruitment and stability (Gervasi et al. 2012).  This raises the question, why the 

occurrence of grey squirrels decreases, and occurrence of red squirrels increase in the 

presence of pine marten?   Both squirrel species raise young and nest in a similar manner 

and at the same time of year, so it may be expected that they are equally susceptible to 

predation. 

Chapter 5 provides evidence of a strong behavioural response of native red squirrels 

and lack of response of invasive grey squirrels to scent cues of their shared predator, the 

pine marten. This suggests a potential mechanism for the reversal of a long running species 

replacement in Britain and Ireland. Native red squirrels decreased visitation rate to the 

feeding point and increased vigilance and decreased feeding in the presence of fresh pine 

marten scent.  The hunting mode of predators influences the strength of non-consumptive 

effects (Creel, 2011). Ambush predators like the pine marten produce localised, point source 

cues, which can be used predictably by prey (Hayward et al. 2019). The present results are 

consistent with this theory. Although, predators have negative indirect effects on prey 

species (Lima, 1998; Winnie and Creel, 2017), it is also apparent prey adapt these costly 

anti-predator behaviours to reduce predation rate and increase individual fitness. Both 

squirrel species are predated by pine marten, but grey squirrels are predated to a greater 

extent, likely because they lack anti-predator behaviours.  
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Chapter 6 presents 1km2 resolution, single-species and multi-species models for the 

occurrence, and co-occurrence of the pine marten, the native red squirrel, and the invasive 

grey squirrel. We demonstrate the ability of a recovering small carnivore to provide top-

down control of an invasive species, thus providing ecosystems with resilience to invasion, 

and enabling the recovery of a native sciurid, the red squirrel. The results of Chapter 6 

demonstrate that the on-going recovery of the pine marten is key to shaping the current 

occurrence of both red and grey squirrels in Ireland, with the habitat suitability of both 

squirrel species being driven by the presence, or absence of their shared predator. The 

trophic effects of the recovering pine marten, providing biological control of the invasive 

grey squirrel, releases the red squirrel from the competitive exclusion imposed on the 

former by the invasive grey squirrel (Tompkins et al. 2002; Gurnell et al. 2004; 2006; 

McInnes et al. 2012). Although pine martens are well suited to both deciduous and 

coniferous woodland, the limited deciduous woodlands of Ireland are markedly more 

suitable. Chapter 3 and 7 provide explanation of what underpins the increased suitability of 

these deciduous woodlands, likely being linked to increased availability of vertebrate prey, 

and above ground denning sites in native deciduous woodlands compared to commercial 

plantations.  Red squirrel recovery is expected throughout both coniferous and deciduous 

woodlands where the pine marten has, and is able to recolonise in the future, as both 

habitats are highly suitable to the native red squirrel in the absence of the grey squirrel.  

Although there is a long history of research demonstrating the ability of marine and 

large terrestrial predators to regulate prey populations (Paine, 1969; Estes & Palmisano, 

1974; Krebs et al. 1995; Paine & Trimble, 2004; Ripple & Beschta, 2004), resulting in 

ecosystem structuring trophic cascades, this work highlights the ability of a small recovering 

carnivore to regulate prey populations and provide the terrestrial woodland ecosystems it 
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inhabits with resilience against an invasive prey species. Across a variety of environments, 

predator extirpations have been observed to result in habitat degradation, species loss and 

ecosystem collapse (Terborgh et al. 1999; Ray et al. 2005). These observations suggest that 

the historical persecution of small carnivores in landscapes lacking extant large predators in 

Ireland may have facilitated the establishment and spread of invasive species such as the 

grey squirrel. In the presence of healthy native predator populations, or following the 

recovery of native predator populations, declines in established invasive species, and 

recovery of native prey populations are expected.  

The presence of pine marten will supress grey squirrel populations at a landscape 

scale with a consequent positive effect on red squirrel occurrence.  Urban areas, however, 

will act as refugia for the grey squirrel as these will be inaccessible or avoided by the pine 

marten.   Thus, models suggest if left unperturbed that both red and grey squirrel will 

maintain populations in Northern Ireland separated by habitat and their ability to co-exist 

with their shared predator.  Prey species can develop anti-predator responses within a few 

generations (Anson & Dickman, 2012).  If pine martens act as an effective control in the 

wider landscape, strong selection pressure may act on the grey squirrel with towns, cities 

and parklands as sources of dispersing individuals and novel genotypes which enable 

recognition of the pine marten producing anti-predator behaviours.  Thus, current trends 

predicted by these models may be reversed. This highlights the continued importance of 

human efforts in grey squirrel control, and also suggests that such control efforts should be 

concentrated in the parklands of towns and cities cutting off sources of dispersing grey 

squirrels to reinforce populations in the wider landscape. 
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Most research on species interactions and top-down effects are based on simplified 

food webs with discrete tropic levels and linear trophic relationships. Chapter 3 

demonstrates the high degree of omnivory in the pine marten, feeding at multiple trophic 

levels, affecting both plant and animal species. Thus, it is difficult to fit the pine marten into 

a single discrete trophic level. In the context of an isolated, two species interaction, 

predators should have negative effects on prey (Pintor & Byers, 2015) but this thesis 

highlights issues with viewing interactions in such a pre-defined format. The complexity of 

multiple connections across trophic levels within food webs may have unexpected results 

(Polis and Strong, 1996). The pine marten causes costly, non-lethal, behaviour in only one of 

two similar prey species despite seasonal, lethal effects in both species.  This asymmetry in 

predator prey relationship reverses the dominance of the invasive grey squirrel over the 

native red squirrel. It is thus important to take account of wider, interspecific interactions 

involving competition, when considering predator-prey interactions.  

The denning ecology and population demographics of pine martens in the human 

modified landscapes available in Ireland and Britain (Chapter 7) confirms the pine marten as 

an old-growth woodland specialist whilst coniferous plantations lack suitable above ground 

denning sites (Birks et al. 2005).  Absence of above ground dens may limit marten 

populations inhabiting such landscapes (Brainerd et al. 1995), and also lead to potential 

human-wildlife conflict. However, it is difficult to disentangle the effects of bottom up 

control (habitat structure and complexity, resource availability) from top down (fox 

predation) effects on the pine marten population density and their structure. Pine martens 

in lowland native woodland den almost exclusively above ground in veteran trees with 

dense ivy throughout the year.  The relatively high-density population inhabiting the 

lowland woodland had a balanced sex structure and high levels of recruitment. While the 
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pine marten population in the commercial plantation-heath site adapt to the lack of 

structurally complexity and above ground denning sites by denning in underground 

structures (i.e. caves, rocky crevices) and man-made structures (I.e. stone walls, woody 

debris piles). The population in this highly modified site lived at significantly lower densities, 

with a male biased sex ratio and lower recruitment levels. Structural complexity and 

presence of above-ground denning sites are not the only factors involved in pine marten 

abundance and spatial ecology and there may be numerous confounding factors e.g. 

abundance of available resources in environment and presence of competitors.  

 

8.2 Wider significance of research 
 

The European pine marten, a recovering native predator in Ireland and Britain, has 

unsuspected impacts on the ecology of the woodlands they inhabit. They interact with a 

panoply of species at different trophic levels, potentially providing regulation of both plant 

and animal species (Lodge, 1986), and have disproportionally large effects on sciurid 

populations, providing control of the invasive grey squirrel. The concept that predators may 

provide biotic resistance to alien invasive species has a long history in the literature but due 

to difficulties in controlling for confounding factors and the rarity of opportunities to 

observe invasive scenarios in real time, there are only a limited number of published 

examples (deRivera et al. 2005; Wanger et al. 2010; Li et al. 2011). These are typically 

viewed as simple, linear, two-way interactions, such as native blue crab (Callinectes sapidus) 

limiting the range and abundance of the invasive green crab (Carcinus maenas) in North 

America (deRivera et al. 2005), or the native red crab (Cancer productus) providing control 

of the same invasive in the southwest of the region (Jensen et al. 2007). The present report 
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concerns a predator-competitor species A - competitor species B interaction, a triad, and is, 

possibly, the first example of a three species interaction that demonstrates the potential of 

a native predator to control an invasive prey species thus benefitting a native prey species in 

terrestrial vertebrate populations. These results highlight the importance of supporting the 

recovery of native predator populations.   

It is recognized that the likelihood of an introduced species to survive and spread 

depends on the interaction of multiple factors in the invaded environment (Lonsdale, 1999). 

When environmental conditions are tolerable to the invader, biotic resistance may operate 

to determine success of an invader (Pimm, 1989). Biotic resistance, the natural resilience of 

an ecosystem to invasion, is likely to derive from native predators or strong native 

competitors (Herbold and Moyle, 1986; Crawley et al. 1999; deRivera et al. 2005). High prey 

consumption by a number of native predators has been shown to provide biotic resistance 

to invasion by excluding and limiting the invasive prey population (deRivera et al. 2005; 

Tetzlaff et al. 2010). Lethal control or other source of depletion of native predator 

populations, therefore, may compromise their abilities to regulate invaders (Carlsson et al. 

2009).  Across much of the globe, carnivore abundance and distribution has been reduced 

to a fraction of their natural state, by human activity (Ripple et al. 2014), and many 

predators are viewed with deep-rooted hostility (Treves & Karanth, 2003).  Thus, historical 

declines in predators may have unwittingly resulted in removal of key trophic cascades and 

be a large contributor to hyper-successful biological invasions witnessed globally (Carlsson 

et al. 2009).  The ongoing recovery of large predators such as brown bears (Ursus arctos), 

wolves (Canis lupus), lynx (Lynx lynx) and wolverines (Gulo gulo) in parts of Europe (Chapron 

et al. 2014), therefore, provides a unique opportunity to observe and test theories on the 
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potential of recovering predators to structure the ecosystems they inhabit through trophic 

cascades and provide biotic resistance against invasive species.  

In addition to benefitting native red squirrel populations, the recovery of the pine 

marten in Britain and Ireland also has potentially large impacts on forest regeneration. Grey 

squirrels suppress forest regeneration through bark stripping which can result in mortality 

of most young trees (Shorten, 1957; Kenward et al. 1992; Bruemmer et al. 2000). This is 

most likely to occur when juvenile squirrel densities are high (Kenward, 1983; Kenward & 

Parish, 1986). Trees that are not killed by bark stripping are susceptible to secondary attacks 

by bacteria, fungi and invertebrates (Dagnall et al. 1998). There is now evidence that the 

recovery of the European pine marten provides control of the invasive grey squirrel through 

seasonal predation of both adult and juvenile squirrels, facilitated by a lack of a fear 

response, resulting in a loss in recruitment and a gradual population decline (Gervasi et al. 

2012). The control of grey squirrels by the pine marten, therefore, likely releases juvenile 

trees from injury by grey squirrels and thus allow woodland regeneration (Kenward et al. 

1992; Bruemmer et al. 2000). The consumption of grey squirrels by pine marten, thus, 

supports native biodiversity in addition to the red squirrel by maintaining and promoting 

regeneration of Irish and British woodlands. This trophic cascade is comparable to 

recognized keystone species such as sea otters (Enhydra lutris) and coyotes (Canis latrans). 

Sea otters predate sea urchins (Strongylocentrotus spp.), thereby maintaining the integrity 

of kelp forests (Estes & Palmisano, 1974; Mills et al. 1993; Konar, 2000) while coyotes (Canis 

latrans) have been observed to cause a trophic cascade by limiting herbivorous small 

mammals, which in turn benefits deer mice (Peromyscus maniculatus), indirectly influencing 

vegetation composition (Ricketts, 2016; Delibes-Mateoes et al. 2019). The present research 

indicates the potential of the pine marten to regulate both plant and animal populations in 
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temperate woodlands, providing control of invasive species, thereby, benefitting native 

biodiversity. Such far-reaching and disproportional impacts qualify the European pine 

marten to be considered a keystone species of Irish and British woodlands (Mills, et al. 

1993; Power et al. 1996; Hale & Koprowski, 2018).  

 

8.3 Future research 
 

8.3.1. Do individuals specialise within a generalist population? 

 

The present research highlights further questions in need of investigation. Chapter 3 

and 4 which investigated the diet of the European pine marten was based on hard-remains 

in scats. Although recognised as a robust and widely used approach (Klare et al. 2011), scat 

analysis has biases owing to the digestibility of certain prey items leading to their under 

representation or absence in scat remains (Balestrieri et al. 2011b). Certain resources which 

are highly digestible or leave minimal to no hard remains e.g. invertebrates like beetles and 

earthworms or honey, may be critical resources to the pine marten but are typically 

regarded as relatively unimportant in scat analyses (Balharry, 1993, Helldin, 2000; Lynch & 

McCann 2007; Chapter 3).  The present results demonstrate the pine marten to be a 

generalist omnivore but due to the methodology used, scats are not identifiable to an 

individual, and no information is provided on niche separation of individuals, sexes or ages, 

and no data pertaining to the composition of the population by specialist and generalist 

individuals (Werner & Sherry, 1987; Araujo & Gonzaga, 2007).  Although associated with 

ontogeny and sexual dimorphism, both of which are present in the pine marten (Birks, 

2017), niche variation has also been observed between individuals of certain species of the 

same given sex and age (Araujo et al. 2011). For the reasons highlighted above, future 
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research should make use of emerging high-throughput sequencing-based DNA 

metabarcoding methods of stomach contents collected from deceased individuals (Yoon et 

al. 2017; Barbato et al. 2019). These methods have been used successfully for other wild 

ranging carnivores such as Eurasian otters in Korea (Kumari et al. 2019), and Iberian lynx in 

Spain (Palomares et al. 2002). Using taxa specific rRNA gene regions, plant, invertebrate and 

vertebrate prey species can be identified to species, providing far greater specificity than 

hard-remain scat analysis or other methods such as stable isotope analysis. This would 

provide data and inferences on a number of general ecological questions regarding niche 

separation, individual specialization and trophic interactions in a temperate, omnivorous 

mesocarnivore. 

8.3.2. To what extent do native prey species show behavioural responses to their predators?  
 

 This question has many applications outside species specifics but for the purpose of 

conformity the discussion below will focus on pine martens.  Similar questions are 

applicable to any recovering predator population to elucidate their potential indirect effects 

in structuring ecosystems. Such indirect behavioural effects of predators are generally 

thought to involve single prey items, usually their most predominant.  For example, the well 

documented effects of wolves on elk which comprise 90% of their diet (Stahler et al. 2006; 

Laporte et al. 2010).  Present research on pine marten and squirrels demonstrate that 

squirrels make up just a small portion of pine marten diet (Chapter 4), yet a strong 

behavioural response is observed in the native red squirrel. Whether all native prey species 

of differing dietary importance show specific behavioural responses is a significant question. 

If native prey species of the pine marten such as wood mice, passerines and pygmy shrews 

have behavioural responses to the European pine marten but not against other predators in 
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the same landscape e.g. badgers, otters and foxes, it would suggest some predators have far 

greater influence on prey species behaviour and, thus, structure the ecosystems they 

inhabit.  

8.3.3. Does evolutionary naivete to predatory archetypes prevent predator recognition and 

anti-predator behaviours? 
 

This thesis provides evidence that the European pine marten can provide biological 

control of invasive grey squirrel through predation, likely facilitated by a lack of effective 

anti-predator behaviours in the invasive prey species. This begs the question is the ability of 

a native predator to provide resistance against the invasive species dependant on the 

novelty of their predation threat?  Eastern grey squirrels have been reported in the diet of 

morphologically and ecologically similar species to the European pine marten, the American 

marten (Martes americana; Hales, Belant & Bird, 2008) and the fisher (Pekania pennanti; 

Arthur et al. 1989).  However, the range overlap of these arboreal predators with the grey 

squirrel is restricted to the extreme limits of the native range of grey squirrels. Therefore, 

throughout the vast majority of the grey squirrels’ evolutionary history they have only had 

to contend with terrestrial and aerial predators, rather than arboreal carnivores, which may 

explain their naivety to the threat posed by an arboreal mustelid in the European pine 

marten. Just as native predators need to be used to handling a specific type of prey to 

switch to consumption of ecologically similar invasive species (Carlsson et al. 2009). 

Successful invasive species may require experience avoiding specific foraging modes (i.e. 

arboreal, terrestrial, aerial) in their native range as a prerequisite to enable the recognition 

of novel but mechanistically similar predation threats. Whether invasive species which have 

shared an evolutionary landscape with a predator maintain their anti-predator behaviours is 

also a critical question, e.g. the bank vole and greater white tooth shrew are recent 
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introductions to Ireland but have a shared history with stoat, fox, badger and pine marten 

(Montgomery et al. 2014). This could easily be examined in invasive bank voles which form a 

key component of pine marten diet in Killarney National Park, Ireland (Lynch & McCann, 

2007). The “multipredator hypothesis” suggests that species can retain behavioural 

responses towards absent predators if subjected to persistent predation pressure from 

similar predator types (Blumstein et al. 2004; Blumstein, 2006). Evidence from moose (Alces 

alces) suggests if costly anti-predator behaviours have been relaxed in the predator’s 

absence, shared evolutionary history may enable conservation of traits related to predator 

recognition in prey species. This conservation of traits pre-arms prey species, enabling them 

to adapt behavioural responses far quicker than entirely naive prey species (Berger et al. 

2001).  

 

8.3.4. The potential ephemerality of lack of behavioural response in the grey squirrel to the 

pine marten  

 The observed consumption of grey squirrels by pine marten is likely facilitated by a 

lack of behavioural response in the grey squirrel.  This may change but the adjustment 

period, i.e. the number of generations it takes the selection pressure of pine marten 

predation to result in marten-savvy grey squirrel genotypes, is uncertain. It may require a 

relatively short time i.e. a few generations as has been seen in native ringtail possums 

(Pseudocheirus peregrinus) learning to recognize the scent of the invasive red fox in 

Australia (Anson & Dickman, 2012); native black snakes (Pseudechis porphyriacus) adapting 

behavioural responses to invasive cane toads (Bufo marinus) within 70 years (Philips & 

Shine, 2006); or island foxes (Urocyon littoralis) shifting activity patterns shortly after 

invasion by golden eagles in California (Aquila chrysaetos; Hudgens and Garcelon, 2011) . 
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However, it is also possible that grey squirrels will be entirely extirpated before they are 

able to develop anti-predator behaviours as for numerous native prey species throughout 

the globe following novel predator introductions (Saunders et al. 2010; Doherty et al. 2016). 

Indeed, grey squirrels limited evolutionary experience with an arboreal predator like the 

pine marten may prevent rapid predator recognition and subsequent mounting of anti -

predator behaviours. Despite this, the latter option, complete extirpation, appears less likely 

if human led control efforts in urban populations are not implemented urgently. In such a 

scenario grey squirrels would maintain source populations in the parklands of towns and 

cities. Inaccessible to the pine marten, these populations could constantly reinvade the 

wider landscape. This would provide continuous potential for development of novel 

genotypes that confer some kind of heritable or more phenotypically plastic predator 

recognition and related anti-predator responses (Blumstein & Daniel, 2005).  

One limitation of this study may rest with using only olfactory cues. It has been 

observed that the avoidance behaviour in roach (Rutilus rutilus) differed between olfactory 

and visual cues (Martin et al. 2010). These results were used to highlight the difference in 

perceiving and locating a threat. If anti-predator behaviours differ between perception and 

location of a threat, olfactory cues may be important in establishing a species ability to 

recognise a predator, but inadequate in identifying specific anti-predator behaviours (Anson 

& Dickman, 2012). Additionally, the importance of chemical signals to accessing risk likely 

differs greatly between different systems.  In the case of squirrels and the pine marten, this 

does not seem to be the case, with red squirrels demonstrating developed anti-predator 

behaviours in response to olfactory cues of their predator. This is likely due to the fact 

squirrels occupy a structurally complex habitat, and the pine marten is a primarily nocturnal 

ambush hunter, both of which reduce the reliability of visual cues. This thereby increases 
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the importance in being able to determine risk from ostensibly predictable odour cues such 

as faeces and urine (Muller – Schwarze, 2006). Grey squirrels’ ability to recognise threat 

cues of the pine marten should be monitored, using a multi-cue approach i.e. visual or 

acoustic also tested in addition to scent. Repeated monitoring of grey squirrel response to 

pine marten cues at a variety of locations, with differing levels of experience of pine 

martens will provide insight into species co-adaptation races, and the potential for a species 

to develop anti-predator behaviours against an entirely novel predatory archetype (in this 

instance an arboreal predator). 

 

8.3.5. Can you trust your model?  
 

There is a looming crisis in modern science, a lack of reproducibility (Baker, 2016), 

which is little discussed in ecology. Modern ecological research is often based on models 

and their predictions. Decision makers need confidence in a model to be an accurate 

representation of the system it is supposed to emulate in order to inform policy effectively. 

Multi-species occupancy models used in Chapter 6 take into account imperfect detection 

and species interactions for an entire region at a 1km2 resolution.  However, it is important 

to highlight these outputs, as with many inferences made in scientific research, are based on 

a model. They, therefore, cannot be a complete representation of the biological system they 

emulate, as they are unable to account for all of the possible variation observed in the real 

world. This is a strength, as opposed to a weakness. Mathematical models always use an 

approximation or abstraction, as this simplification can provide insight into which 

components of a system are responsible for observed responses of interest (Rosenblueth & 

Wiener, 1945). The models used in Chapter 6 produce a prediction based on a single, snap-
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shot window of sampling, and a selection of relevant habitat covariates. The outputs 

highlight several components integrally linked with the occurrence of our species; however, 

the value of a model lies in its ability to accurately predict a particular biological system 

(White et al. 2016). Researchers should be encouraged to test and validate their model 

predictions. Ground-truth sampling should be conducted on the model outputs based on 

random 100 x 1km2 squares using the same methodology. Observed occupancy for the 

three species will be calculated at each location and compared with model predictions. 

Model testing and validation would permit: 1) comments on reliability and accuracy of the 

models produced in the original study; 2) refinement and improvement of the model, using 

additional collected data as further inputs; and, 3) production of an example of validation 

and testing of a published models predictions, which should be a gold standard in scientific 

research. Results should be reproducible, and model predictions should be tested to confirm 

accuracy of the models within. 

 

8.4 Impact and conservation implications 
 

This thesis demonstrates the ecological plasticity and adaptability of a recovering population 

of a small predator in a human- modified landscape. The pine marten switches its diet 

spatially and temporally, depending on what is available and abundant, and despite being 

considered an old-growth habitat specialist, it also is able to adapt to a human dominated, 

highly modified sub-optimal landscape. As with large carnivore recovery it appears 

managing the human and political aspects of the pine marten recovery in Ireland is going to 

provide more challenges than ensuring its ecological needs are met fully (Sharpe et al. 2001; 

Hayward and Sommers, 2009; Clark and Rutherford, 2014). 
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Human-wildlife conflict and socio-political issues are typically the greatest obstacles 

to predator recovery (Linnell, 2013). Indeed, public attitudes towards carnivores and the 

effectiveness of their legal protection are strong predictors of carnivore presence and 

recovery (Linnell et al. 2001). Persecution remains the biggest threat to pine marten 

recovery in Ireland and Britain (O’Mahony et al. 2017). The prevalence of human-wildlife 

conflict involving martens denning in occupied houses is growing in Ireland (Marnell, F. pers 

comms).  The discussion from Chapter 7 suggests that this is caused by a lack of structural 

complexity in the recently planted tree plantations widely used in Irish forestry. Immature, 

single conifer species plantations make up a majority of Ireland’s forest cover (Forestry 

Commission, 2019).  These contrast markedly with natural woodland, and, critically, lack key 

structural characteristics that make them suitable for the pine marten. In order to maintain 

a positive public perception towards pine marten recovery, steps should be taken to reduce 

human-conflict and potential persecution of this recovering predator. Key, long-term habitat 

management policies should include: reduction of large scale, monotypic Sitka spruce 

plantations; increasing structural complexity of plantations through use of native trees e.g. 

Oak and Scots pine; with long-term retention of ‘veteran’ trees; and, maintenance of 

continuity in forest cover  avoiding the current practice of clear-felling. Local management 

practices should encourage the development of cover, whether it be ivy growing 

epiphytically on trees or scrub (e.g. bramble and bracken) development on the ground.  In 

already planted, closed canopy plantations (typical of Sikta spruce plantations) or areas of 

human-wildlife conflict concern, elevated, artificial den boxes should be deployed within the 

plantations to provide additional above ground den sites, to mitigate and reduce conflict 

where pine marten enter houses and adjacent buildings (Birks et al. 2005; Twining et al. 

2018). Additional incentives may be provided through agri-environment schemes to 
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landowners to encourage the growth and development of hedges into tree lines, copses and 

small woods. All of these factors would alleviate human-wildlife conflict issues with pine 

martens denning in man-made structures as a response to lack of natural above ground 

denning sites in human-modified landscapes.   

If human-wildlife conflict issues are pre-empted, monitored and limited, the 

recovery of the pine marten will provide numerous benefits to the woodlands supporting 

them. Pine marten recovery will provide control of invasive grey squirrels in the wider 

landscape allowing government funding and human-led control efforts to be focused on 

areas where pine martens do not occur i.e. cities, towns and parklands. Such a targeted 

approach may allow for successful wide-scale control of an invasive species of Union 

concern (Regulation (EU) 1143/2014). The successful recovery of the pine marten in Ireland 

resulting in subsequent extirpation of the invasive grey squirrel would highlight the crucial 

importance of predators, in a currently predator depauperate world. Avenues of research 

following this theme may discover other recently absent predators (e.g. Eurasian lynx) have 

the potential to provide biotic resistance against recent invaders (e.g. Muntjac deer; 

Muntiacus reevesi), once again instilling tri-trophic cascades key to structuring and 

regulating healthy natural ecosystems (Ripple et al. 2014).  

The pine marten is one of the first examples of large-scale, predator recovery in the 

British Isles in modern history (Sainsbury et al. 2019), and its successes and failures will 

likely influence discussions regarding future rewilding of Britain involving larger predators 

e.g. proposed introductions of European lynx to Britain (Lynx lynx, Hetherington et al. 2008; 

Johnson & Greenwood, 2019). The pine marten has recovered much of its historic range 

throughout Ireland (O’Mahony et al. 2017; Chapter 6) and is starting to do the same in 

northern Britain and Wales with the assistance of reintroductions (J. Macpherson, C. 
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Shuttleworth, pers. comm.). Despite some concerns regarding human-wildlife conflict, 

severity of conflict has been minimal to date, whilst the benefits of pine marten recovery 

have been wide-reaching. Action to support pine marten recovery in Ireland and Britain 

should focus on decreasing potential for conflict, this would involve increasing forest cover, 

with emphasis on old-growth, structurally complex, native woodlands. Currently Ireland and 

Britain have some of the lowest forest cover of any countries in Europe, both nations should 

be looking to reverse this and aim for a minimum of 25% forest cover, still far below the 

European average of 37% (European Forestry Commission, 2018). 

 It remains unlikely that the pine marten will recover naturally in the south of Britain, 

however, in contrast to Ireland and Northern Britain. This is due to the substantial 

differences in the proliferation and intensity of urban development in southern Britain 

(Centre for Cities, 2015). The pine martens observed avoidance of humans and urban areas 

means that areas with higher density human populations, and larger urban cover will 

effectively reduce landscape connectivity, undermining dispersal from potential source 

populations of pine marten. Government and private action should be looking to increase 

existing forest connectivity and quality but should also be looking to improve availability and 

quality of non-forested habitats. Land abandonment (Rudel et al. 2005; Hindmarch and 

Pienkowski, 2008; Otero et al. 2015) and predictions that this will increase, provides an 

opportunity to develop scrub based, non-forested land uses which can provide suitable 

habitat supporting biodiversity including pine martens. Restorative rewilding, moving away 

from human-managed and modified landscapes will assist in creating more suitable habitat 

for natural recolonization or reintroductions of the pine marten and other predators 

(Corlett, 2016).  
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In conclusion, although the conservation and recovery of native predators may not 

always be easy, growing evidence demonstrates these species provide critical ecosystem 

services which are lost in their absence, as are iconic parts of our natural world. In an 

uncertain present and future of human-induced climate change and mass extinctions, we 

must work to enhance and live alongside the biodiversity remaining, rather than separate 

ourselves from it.   
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10. Appendices  
 

Table A.3.1. Habitat and latitude and longitude of 20 sites used in pine marten dietary study.  

Site Habitat Lat Long 

https://doi.org/10.1007/s10344-018-1168-z
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Camlough Coniferous 54.164670 -6.3811681 

Slieve Gullion Coniferous 4.134254 , -6.426893 

Longfield Coniferous, Heath 54.138487 -6.448362 

Tievencrom Coniferous, Heath 54.068960 -6.424153 

Corfracloghy Coniferous, Heath 54.06848 -6.407694 

Glendesha Coniferous  54.088575 -6.480920 

Drumbanagher Deciduous  54.274428 -6.387247 

Fews Forest Coniferous 54.24254 -6.601308 

Crom Estate Deciduous  54.172859 -7.426887 

Coolebrooke 

Estate 

Deciduous  54.353234 -7.4039466 

Drumkeeren Coniferous 54.55146 -7.688108 

Riversdale Mixed 54.414361 -7.641902 

Hollymount Deciduous  54.32306 -5.742857 

Favour Royal Coniferous 54.418658 -7.053535 

Galloon Island Deciduous  54.151482 -7.401758 

Tollymore  Mixed 54.218439  -5.951440 

Donard Forest Mixed 54.189654 -5.888516 

Drumany-Kesh Coniferous 54.545414 -7.774276 

Fathom Forest Coniferous 54.11566 -6.30307 

Rostrevor Mixed 54.12693 

 

-6.1514 

 

Table A.5.1. Habitat, squirrel species present, and latitude and longitude of sites for behavioural 

study. 

Site Habitat Species Lat Long 
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Tollymore 01 Mixed  Red  54.22243 -5.9465 

Tollymore 02 Mixed Red  54.22181 -5.93245 

Nugent’s Woods 01 Mixed  Red  54.39861 -5.54563 

Nugent’s Woods 02 Mixed Red  54.38824 -5.54998 

Ring of Gullion 01 Coniferous Plantation Red 54.09322 -6.48071 

Ring of Gullion 02 Coniferous Plantation Red 54.10786 -6.44473 

Ballywalter Garden Suburban Garden Red 54.53848 -5.49855 

Mount Stewart 01 Mixed Red 54.56377 -5.59164 

Mount Stewart 02 Mixed Red 54.56427 -5.6095 

Ballywhite Coniferous Plantation Red 54.40129 -5.56831 

Garranard Suburban Garden Grey 54.60574 -5.86136 

Balmoral Suburban Garden Grey 54.56427 -5.9534 

Bristow Park Mixed Grey 54.55939 -5.96186 

Danesford Suburban Garden Grey 54.57109 -5.94143 

Dunmurry Deciduous Forest Grey 54.54748 -6.01275 

Lacefield Suburban Garden Grey 54.59457 -5.84986 

Newforge Suburban Garden Grey 54.55715 -5.94771 

Stranmillis Deciduous Forest Grey 54.57255 -5.93302 

Torrosch Mixed Grey 54.59239 -5.77495 

UFTM Mixed Grey 54.65099 -5.79754 

 

 

 

Table A.5.2. Full breakdown of behaviours of both squirrel species 2 days pre and post 

treatment of feeder with pine marten scent. 
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Site  Species Treatment 

Feeding 

(%) 

Vigilance 

(%) 

Movement 

(%) 

Investigatory 

(%) 

Aggression 

(%) 

Social 

(%) 

DF 

Grey 

Squirrel Post 94.28021 0.578406 0.514139 3.727506 0.899743 0 

DF 

Grey 

Squirrel Pre 95.16908 3.751066 0.511509 0.426257 0.142086 0 

DM 

Grey 

Squirrel Pre 83.57581 11.76404 0.466015 1.977722 2.216413 0 

DM 

Grey 

Squirrel Post 90.6501 6.790585 0.382963 0.737904 1.438446 0 

NF 

Grey 

Squirrel Pre 86.40916 8.583691 0 4.864092 0.143062 0 

NF 

Grey 

Squirrel Post 90.50847 4.067797 0.338983 4.915254 0.169492 0 

NW01 Red Squirrel Pre 81.13208 0 0 16.19497 2.672956 0 

NW01 Red Squirrel Post 0 0 0 0 0 0 

NW02 Red Squirrel Pre 92.87289 5.948875 0.129579 1.036636 0.012016 0 

NW02 Red Squirrel Post 61.71171 29.61712 0.187688 8.483483 0 0 

TM02 Red Squirrel Pre 90.80363 7.973001 0.021093 0.727695 0.474583 0 

TM02 Red Squirrel Post 0 0 0 0 0 0 

UFTM 

Grey 

Squirrel Pre 95.20484 4.120112 0.046555 1.040611 -0.41212 0 

UFTM 

Grey 

Squirrel Post 93.30192 4.15685 0 1.935375 0.605857 0 

BWG Red Squirrel Pre 91.19207 8.13307 0.005487 0 0.669373 0 

BWG Red Squirrel Post 73.83513 25.98566 0 0 0.179207 0 

GN 

Grey 

Squirrel Pre 97.32728 2.033409 0.028872 0.338214 0.272221 0 

GN 

Grey 

Squirrel Post 98.0874 1.59787 0 0.314732 0 0 
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LF 

Grey 

Squirrel Pre 81.19033 13.96221 0.157033 3.191131 1.439468 0.059822 

LF 

Grey 

Squirrel Post 93.90333 5.469746 0.163178 0.279935 0.33339 0.130355 

MS03 Red Squirrel Pre 97.49878 2.110786 0.024402 0.073206 0.292826 0 

MS03 Red Squirrel Post 0 0 0 0 0 0 

MS04 Red Squirrel Pre 90.0448 2.289696 0.149328 7.665505 

 

0 

MS04 Red Squirrel Post 0 0 0 0 

 

0 

SG02 Red Squirrel Pre 98.47032 0 0 1.347032 0 0 

SG02 Red Squirrel Post 86.88398 10.27977 0 1.899384 

 

0 

SG01 Red Squirrel Pre 98.34402 1.603613 0.039272 0.013091 

 

0 

SG01 Red Squirrel Post 95.36352 3.29347 0.028474 0.313212 0 0.873197 

BM 

Grey 

Squirrel Pre 97.79638 0.93097 0 0 0 0 

BM 

Grey 

Squirrel Post 96.8661 0 0 0 0 0 

TS 

Grey 

Squirrel Pre 99.77578 0 0 0 0 0 

TS 

Grey 

Squirrel Post 100 0 0 0 0 0 

BW Red Squirrel Pre 89.34547 10.98261 0 0 0 0 

BW Red Squirrel Post 83.68449 17.20078 0 0 0 0 

 

 

 

 

 

Table A.7.1. Bonferroni 95% CI from post hoc tests comparing differences in habitat 

selection for denning sites in Crom Estate. Significant values highlighted. 
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Habitat Difference Lower CL Upper CL P Value 

Buildings-Agriculture 15.9077265 -11.69147 43.50692 1 

Fen-Agriculture 16.4017281 -

11.197469 

44.00092 1 

Parkland-Agriculture 13.5096433 -

14.089553 

41.10884 1 

Wet Woodland-Agriculture 24.6014382 -2.997758 52.20063 0.13384 

Immature-Agriculture 10.1412709 -

17.457926 

37.74047 1 

Old Growth-Agriculture 54.0578591 26.458662 81.65706 <0.001 

Fen-Buildings 0.4940016 -

27.105195 

28.0932 1 

Parkland-Buildings -2.3980832 -29.99728 25.20111 1 

Wet Woodland-Buildings 8.6937117 -

18.905485 

36.29291 1 

Immature-Buildings -5.7664556 -

33.365652 

21.83274 1 

Old Growth-Buildings 38.1501326 10.550936 65.74933 <0.001 

Parkland-Fen -2.8920848 -

30.491281 

24.70711 1 
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Wet Woodland-Fen 8.1997101 -

19.399487 

35.79891 1 

Immature-Fen -6.2604572 -

33.859654 

21.33874 1 

Old Growth-Fen 37.656131 10.056934 65.25533 0.001 

Wet Woodland-Parkland 11.0917949 -

16.507402 

38.69099 1 

Immature-Parkland -3.3683724 -

30.967569 

24.23082 1 

Old Growth-Parkland 40.5482158 12.949019 68.14741 <0.001 

Immature-Wet Woodland -

14.4601673 

-

42.059364 

13.13903 1 

Old Growth-Wet Woodland 29.4564209 1.857224 57.05562 0.026 

Old Growth-Immature 43.9165882 16.317392 71.51578 <0.001 

  

 

 


