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Abstract

Abstract

There are two squirrel species found in Ireland. The native red squirrel, Sciurus
vulgaris, and the invasive North American grey squirrel, Sciurus carolinensis. In
Ireland, the UK and Italy the grey squirrel threatens the survival of the red squirrel
as the effects of competition and disease from the grey squirrel almost inevitably
lead to total replacement of the red squirrel population. In 2007, the results of a
national squirrel survey suggested that the normally invasive grey squirrel
population in the midlands of Ireland had gone into decline. Whilst occasionally
grey squirrel introductions have failed elsewhere, such a decline in range has not
been recorded anywhere else for this species subsequent to having established
itself as an invasive population. In the 2007 report, the decline in grey squirrel
range was anecdotally attributed to an increase in European pine marten, Martes
martes, range and numbers. The pine marten population in Ireland reached a nadir
in the early 20" century as a result of habitat loss and persecution, but the core

population in the west and midlands of Ireland have recovered in recent decades.

The 2007 survey recommended the theory that the pine marten population may be
involved in the decline of the invasive grey squirrel’s range be investigated. This
project serves to carry out that study by investigating the role, if any, of the

European pine marten in red and grey squirrel population dynamics in Ireland.

The distribution and status of all three species were examined in both the midlands
of Ireland and a control region in the east, where all three species are also present
but the grey squirrel range had not been reported as having gone into decline.
Detailed distribution surveys of the study and control regions were carried out by
means of sightings and field surveys which confirmed that the grey squirrel is now
rare in approximately 9,000km? of its former invasive range. The distribution
survey also established that the red squirrel has successfully recolonised much of
this area and a live-trapping program confirmed the red squirrel population in the

midlands is now in competitive release.



Abstract

The grey squirrel continues to thrive in other parts of the country however,
including the control region in the east of the country. Results from a pine marten
diet and density study suggest that the abundance of the native predator
population may be a critical factor in the grey squirrel’s success or failure as an
invasive species. Non-invasive methods of studying this elusive carnivore were also
investigated, and the genotyping of remotely plucked hair samples in the study and
control regions revealed the pine marten to be considerably more abundant in the
midlands than the east of Ireland. Real-time PCR techniques were utilised to
determine the frequency of occurrence of squirrels and other small mammals in
pine marten diet and the results were compared to a sub sample of scats which
were subject to traditional macro analysis. Both techniques were found to yield
similar results suggesting molecular techniques are a useful tool in studying pine
marten diet. The first evidence of European pine marten predating upon the North
American grey squirrel is reported, however a negative correlation between pine
marten and grey squirrel presence at woodland level resulted in a small sample size
of scats in areas that the grey squirrel was available as a prey item. This negative
correlation in distribution also suggested that the non-lethal effects of an abundant
predator population may be influencing the grey squirrel’s ability to succeed as an
invasive species in Ireland more so than direct predation itself. The possibility that
pine marten scent marking may be influencing grey squirrel behaviour was also
explored through a literature review and an experiment with grey squirrel

sensitivity to predator odour.

Red squirrel distribution at landscape level was positively correlated with that of its
natural predator, and the area which the red squirrel has recolonised falls entirely
within the midlands pine marten population’s range. The dietary study confirmed
that the red squirrel is a low frequency prey item in the abundant pine marten
population’s diet. The true relationship between the pine marten and the grey
squirrel has yet to be established however, and recommendations for future

studies are provided.

vi
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Chapter One General Introduction

1 General Introduction

Squirrels are rodents belonging to the family Sciuridae, of which there are
approximately 289 species worldwide, in 51 genera (Thornington and Hoffmann
2005) including tree squirrels, gliding squirrels, chipmunks, marmots, ground
squirrels and prairie dogs. There are 28 species of tree squirrels in the genus
Sciurus, most of which are found in Central and North America. There are three
species naturally occurring in Eurasia; the Persian squirrel, Sciurus anomalus, which
is restricted to the middle-east, the Japanese squirrel, Sciurus lis, which is restricted
to three islands of Japan and the Eurasian red squirrel, Sciurus vulgaris, which is
widespread throughout the Palearctic. The red squirrel’s range reaches from

Ireland in the west to the island of Hokkaido, Japan (Lurz et al. 2005) in the east.

1.1 Sciurus vulgaris

The natural habitat for the red squirrel throughout much of the Palearctic is boreal
coniferous forest, consisting mainly of larch (Larix spp.), pine (Pinus spp.) and
spruce (Picea spp.). In central and southern Europe the red squirrel is also found in
mixed and broadleaved woodlands. Tree seeds and fruits are the most important
food items, followed by tree shoots, buds, flowers, berries, fungi, bark and lichens.
The majority of the red squirrel’s active time is spent foraging, most of which takes
place in the canopy (Kenward and Tonkin 1986), however in autumn, if tree seeds
are abundant, a considerable amount of time is spent caching food (under the
surface of soil or in leaf litter) for later consumption. Red squirrels typically exist at
densities of 0.3 to 1.5 squirrels.ha® with lowest densities found in habitat
dominated by sitka spruce, Picea sitchensis, and highest in mixed deciduous and
mixed coniferous habitat (Gurnell 1983; Lurz et al. 1995; Wauters and Lens 1995;
Lurz et al. 1998). Densities do not typically exceed 1.5 squirrels.ha™ irrespective of

habitat (Gurnell 1987).
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The red squirrel is a natural coloniser of Ireland, having arrived before the end of
the last Ice Age. However, while the current population is considered to be native,
it was widely believed that by the 17" and 18" centuries, the red squirrel was
extremely rare, if not extinct, in Ireland (O’Teangana et al. 2000) as a result of
hunting and loss of habitat through deforestation. In the 19" century a number of
reintroductions from Britain took place (Barrington 1880) and a recent study using
molecular techniques to determine the origin of the Irish population suggests that
whilst there may be some individuals in the south east and south west of the
country that are remnant native Irish haplotypes, the current population are largely
descendent from more recent British populations than the original natural

colonisers (Finnegan et al. 2008).

1.2 Sciurus carolinensis

The North American grey squirrel, Sciurus carolinensis, known in its native range as
the Eastern gray squirrel, is found from Texas to Canada and east to the Atlantic
coast. It has been introduced to Britain, Ireland, Italy, Australia, South Africa and
parts of western North America (Thornington and Hoffmann 2005). Most
introductions took place in the late nineteenth and early twentieth centuries.
Australian introductions were not successful, and the grey squirrel became extinct
in Australia by the 1980’s (Seebeck 1984). In the case of the European
introductions, the grey squirrel has flourished at the expense of the red squirrel
populations, replacing its native congener in much of Britain and Wales, and in
those parts of Ireland and Italy where the population has established successfully.
In 2004 they were classified as one of the world’s most invasive alien species (Lowe
et al. 2004) due to damage caused by the bark stripping of trees in their invasive
range, and the detrimental impact on the Eurasian red squirrel populations as a

result of competition and disease.

Grey squirrels are native to the extensive hardwood forests of eastern North
America and reach their highest densities in habitats composed of large-seeded

tree species that produce winter-storable foods such as oak (Quercus), hickory
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(Carya) and walnut (Juglans) and the majority of the grey squirrel’s active time is
spent foraging on the ground (Kenward and Tonkin 1986). Grey squirrels typically
live at densities of 2 to 16 squirrels.ha™ (Gurnell 1987) in broadleaved habitat but
have been found to live at lower densities in coniferous habitat. However, even in
lower density, coniferous habitat populations, the grey squirrel reaches higher
densities than those of the red squirrel (Kenward et al. 1998; Wauters et al. 2000;
Gurnell et al. 2004).

1.3 The replacement of red squirrels by grey squirrels

The process of competitive replacement and its causal factors have been the
subject of much research to date (e.g. Kenward and Holm 1993; Kenward et al.
1998; Wauters et al. 2000; Wauters et al. 2002a; Gurnell et al. 2004). The natural
habitat for the red squirrel throughout its range is predominantly coniferous and
mixed broadleaf woodlands. The grey squirrel is a native of the mixed hardwood
forests of North America, however within the same habitat, the two species show
very similar preferences — not sufficiently different to avoid the competitive
exclusion of one by the other (McKinnon, 1978). Whilst the red squirrel has
evolved without any significant interspecific competition, the grey squirrel has
evolved within the context of strong interspecific competition from the American
red squirrel (Tamiasciurus sp), and the fox squirrel (Sciurus niger), and has therefore
benefited selectively from such pressures. Beneficial traits include higher
recruitment rates, higher density populations, larger body mass with greater fat
reserves and a more varied diet (MacKinnon 1978). An average time for local
replacement, once the grey squirrel arrives in a previously “red-only” area, has
been calculated to be 15 years (Pepper and Patterson 1998), however the local
extinction of a red squirrel population can occur up to twenty times faster when

disease is a contributing factor (Rushton et al. 2006).

Squirrel pox virus (SQPV), which is carried by grey squirrels, usually
asymptomatically, but lethal to red squirrels, has played a major contributing role in

the replacement of the red squirrel in Britain (Rushton et al. 2006). It is not known
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what impact it has had on the Irish red squirrel population historically, as it was not
detected on the island until 2011 (Mclnnes et al. 2012). SQPV has not been

detected in the Italian population to date.

The survival of the red squirrel is also threatened in areas of Europe beyond the
current grey squirrel range. Bertolino et al. (2008) predict that due to the
availability of suitable habitat corridors, if the existing grey squirrel population in
Italy is not contained successfully, it will continue to spread to France and
Switzerland within a matter of decades and eventually potentially to much of

Eurasia.

1.4 Grey squirrel control

To date, there has been no successful method developed in the long-term control
(nor indeed the eradication) of grey squirrel populations. In order for control to be
successful at a local level, short-term tactics must be employed intensively and on
an ongoing basis (Gurnell and Pepper 1993). Methods include trapping, shooting
(including drey-poking) and the use of poison baits such as Warfarin, although there
are restrictions in the use of these methods if red squirrels are present. The
motivation for controlling a grey squirrel population may be classified as either (a)
the conservation of a red squirrel population or (b) reduction of financial losses

incurred by the forestry industry.

In Ireland, grey squirrel control for the purpose of red squirrel conservation is not
carried out, however there is some small scale control carried out by foresters, and
the National and Regional Association of Game Councils (NARGC) who, for example,
culled approximately 1,600 grey squirrels per annum in the Republic of Ireland in
2011 and 2012 as part of predator control programs. Lawton and Rochford (2007)
found that grey squirrel control for the purpose of reducing damage to trees may
be effective if carried out intensively during spring however a recovery in numbers
was found to take place within ten weeks of intensive culling programs. “Bark-

stripping” by grey squirrels involves the removal of not only the outer bark but also
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the vascular tissue of the tree, which causes a disruption in the flow of nutrients,
leading to reduced growth or even death of the upper part of the tree. Damaged
trees are also left exposed to disease or fungal attack (Kenward 1983). The cost of
damage to forestry from bark-stripping is currently estimated at €0.85 million per

annum in Ireland (Kelly et al. 2013) and a further €8 million per annum in the UK.

Rushton et al. (2002) estimated that the cost of trapping grey squirrels in sufficient
numbers to ensure the persistence of the red squirrel population in the long term in
Thetford Forest, England would be in excess of £300,000 (€345,000) per annum.
Indeed intensive efforts to control grey squirrel range and numbers have taken
place in the UK, in particular with the motivation of red squirrel conservation.
However, with the exception of a few, small, intensively managed red squirrel
populations the red squirrel is now almost entirely absent from England and Wales,

although it is still relatively widespread in Scotland (Rushton et al. 2006).

1.5 Martes martes

The European pine marten, Martes martes, is a member of the family Mustelidae
within the order Carnivora. The mustelid family includes the marten (Martes spp),
otter, wolverine, badger, mink and weasel. Included within the genus Martes are
the fisher, Martes pennanti, American marten, Martes americana, Japanese
marten, Martes melampus, sable, Martes zibellina, and the stone marten, Martes
foina. The European pine marten has a circumboreal distribution and is widespread
throughout much of north and western Europe but rare or absent in much of its
historic southern European range (Yalden 1999). It is the only member of the genus
Martes in Ireland and is considered to be native, however it is possible that the pine
marten was introduced by man, for its fur, several thousand years ago. The first
fossil records appear in the Bronze Age (McCormick 1999) 4500 to 2800 years B.P.
Molecular studies indicate the Irish pine marten population is more closely related
to its lberian counterparts than the current population in Britain (Davison et al.
2001; Jordan et al. 2012; Ruiz-Gonzalez et al. 2013a), however it is not clear

whether this is a result of artificial or natural colonisation processes.
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The pine marten is omnivorous and feeds upon a wide variety of food including
small mammals, birds, reptiles and amphibians, invertebrates, fruit, nuts and
carrion in various proportions throughout the seasons, however diet is usually
dominated by just two or three food categories, depending on seasonal and
regional food availability (Birks 2002). The pine marten is closely associated with
forests and has traditionally been considered a forest specialist. Semi-retractile
claws make it an agile tree climber, and indeed trees are used as refuge from
terrestrial predators such as foxes, occasional hunting (e.g. birds, eggs and
occasionally squirrels) and also as den sites, although most of their foraging takes
place on the ground. Zalewski and Jedrzejewski (2006) estimated that 2 km? is the
minimum area of forested habitat necessary to support an adult pine marten in
mainland Europe’s temperate forest zone. However, despite their close association
with trees, pine marten are not strictly forest-dependent and have adapted to a
variety of landscapes throughout their range, not least in Ireland and Britain where

deforestation in the 19" century led to <5 % forest cover.

Pine martens are solitary mustelids, and social organisation is structured around
intrasexually exclusive territories. Scent is an important means of communication
and scent-marking, via abdominal scent glands and faecal deposits, serves in both
territorial and reproductive communication. The pine marten is a slow breeding
species, and females typically do not produce young until their third year. Mating
takes place during July and August, after which implantation is delayed for

approximately 6 months, with 1 to 3 kits born in March of the following year.

In a review of available literature on European pine marten densities, Zalewski and
Jedrzejewski (2006) found that between 41° and 68°N densities declined
exponentially with decreasing winter temperature and increasing seasonality, and
suggested that both winter severity and availability of rodents are limiting factors
on populations. The most recent population estimate for the island of Ireland is
3060 individuals (O’Mahony et al. 2012), although there is still relatively little
known about pine marten population densities in Ireland which is the western-most

part of their European range.
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1.6 History of the pine marten in Ireland

Indeed, there was little known about the status or distribution of the pine marten in
Ireland prior to a study in the 1980’s (O’Sullivan 1983), as incidental sightings
records, returns from taxidermists and trapping records comprise the majority of
historical records for the species (O’Mahony et al. 2006). The pine marten has been
hunted heavily for its fur throughout its range, and in Ireland predator control
programs and habitat loss through deforestation, combined with hunting for fur,
led to a major reduction in the range of the pine marten by the twentieth century
(O’Sullivan 1983). O’Sullivan conducted the first comprehensive national survey for
pine marten; scat transects were carried out within 428 hectads, covering much of
the country. This survey found the pine marten population to be largely restricted
to counties west of the river Shannon with one other population in the Slieve
Bloom mountain range in counties Laois and Offaly. These core populations were
found to have increased in recent decades, as a result of increased habitat
availability through reforestation and importantly, protection by law under the
Wildlife Act (1976). O’Mahony et al. (2006) resurveyed a random selection of
hectads from the earlier study and found that although pine marten distribution
had increased, it was still mainly concentrated around core populations in the west
and midlands, along with some smaller populations in the south west and south

east of the country.

1.7 Squirrel distribution in Ireland

The grey squirrel was introduced to Ireland from its non-native range in Britain in
1911 to one known location in the midlands (Castleforbes Estate, Co. Longford).
Since then, the population has spread through much of the north, east and south of
the country, at a mean rate of 1.94 km per year (O’Teangana et al. 2000). The most
recent survey found grey squirrels present in 26 (of 32) counties (Carey et al. 2007),

with the west and southwest representing the only parts of the country in which
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the grey squirrel had not yet established itself. The survey also found that red
squirrels were rare in areas that grey squirrels were longest established, and extinct
in Meath and Westmeath. O’Teangana et al. (2000) noted for the first time
however, that the red and grey squirrel populations in the northern counties of
Cavan and Monaghan appeared “unsettled” and that the grey squirrel had been
reported, anecdotally, to have declined locally since the 1980’s, allowing for a red
squirrel population resurgence. At this time, grey squirrels were present along the
east banks of the River Shannon and considered to be ubiquitous in the midlands.
Indeed the eastern side of the Shannon has historically represented the western
most extent of the grey squirrel’s range in Ireland (O'Teangana et al. 2000) and the
river itself has traditionally been considered a barrier to its dispersal into the west
of the country. In 2007, Carey et al. found a similar phenomenon to be occurring,
namely grey squirrels declining and red squirrels reappearing after an absence of
several decades, in the midland counties of Laois and Offaly. This apparent
retraction of the grey squirrel’s range coincided with the regionally resurgent pine
marten population, and anecdotal evidence suggested the distribution patterns of
the three species may be linked (Carey et al. 2007). If the grey squirrel population
has in fact experienced a decline in Ireland, it is atypical for the species anywhere in
its invasive range. This could prove highly significant both in terms of red squirrel
conservation in Ireland, the UK and Europe and also in the reduction in damage to

commercial forestry.

1.8 Marten predation on squirrels

There is no evidence in the literature of the European or American marten species
being a limiting force on tree squirrel populations (Gurnell 1987; Smith 2007). The
European pine marten is a known predator of the Eurasian red squirrel. Indeed the
range of the pine marten overlaps almost entirely with that of the western portion
of the red squirrel’s range and many studies on pine marten diet have been carried
out in areas where the red squirrel is present as a prey item. The percentage

frequency of occurrence in the diet is usually very low (Clevenger 1993; Balharry
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1993; De Marinis and Masetti 1995; Gurnell and Lurz 1997; Caryl et al. 2012b;
O’Meara et al. 2013). As their ranges largely overlap, the American marten also
preys upon two sympatric tree squirrel species; the pine squirrel, Tamiasciurus
hudsonicus, and the Douglas squirrel, Tamiasciurus douglasii. In contrast, little is
known about marten predation on the North American grey squirrel. The natural
range of the grey squirrel in North America only overlaps with that of the American
marten (Martes americana) and fisher (Martes penanti) in a very small part of its
north eastern and north western natural range limits. As a result of this limited
range overlap, few studies have been carried out in areas of grey squirrel sympatry
with either marten species. Where studies have been carried out in North America,
the grey squirrel has appeared as a higher frequency prey item (16 and 17 % FO) in
the diet of the American marten and the fisher. Furthermore, the introduced range
of the grey squirrel has only coincided with the range of the European pine marten
in very recent years in Ireland (and in Scotland), as the pine marten population has
begun to recover. In both countries it has been suggested anecdotally that the
range of the grey squirrel has retracted (Paterson and Skipper 2008; Carey et al.
2007) but to date there has been no research carried out to quantify the apparent
range retraction of the grey squirrel. Nor has there been any evidence of the
European pine marten preying on the North American grey squirrel anywhere in its

invasive range.
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1.9 Project Aims

The overall aim of this study is to determine the role, if any, of the European pine
marten in red and grey squirrel population dynamics in Ireland. Populations of all
three species in the midlands (Counties Laois and Offaly) and the east (County
Wicklow) of Ireland will be examined in order to investigate the suggested changes

in red and grey squirrel ranges first reported in Carey et al. (2007).

1. To determine the current distribution and status of the red squirrel, the grey
squirrel and the pine marten in the midlands region of Ireland (namely
counties Laois and Offaly), where reports of a decline in the range of the

grey squirrel and a red squirrel resurgence have been reported.

2. To determine whether correlations exist between the distribution of the
three species
(a) at woodland level

(b) at landscape level
3. To quantify red and grey squirrel population demographics in the midlands
of Ireland whilst establishing the extent (if any) to which interspecific

competition between red and grey squirrels is occurring.

4. To quantify pine marten abundance in the midlands of Ireland, and also in

the east where they are considered to be less common.

5. To quantify the frequency of occurrence of both squirrel species in the diet

of the pine marten.

6. To investigate whether “predator avoidance” is taking place in the grey

squirrel population.
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2. Squirrel and Pine Marten Distribution Surveys

2.1 Introduction

Previous Irish squirrel distribution surveys i.e. O’Teangana et al. (2000) (Figure 2.1)
and Carey et al. (2007) were based largely upon sightings surveys where specialist
groups such as foresters and ecologists were targeted for their knowledge on local
squirrel distribution. They also included elements of “citizen science” where
members of the public reported their animal sightings. Citizen science surveys are
increasingly being used to monitor the spread and distribution of species (Cooper et
al. 2007; Devictor et al. 2010). Indeed Dickinson et al. (2010) stated that many
ecological processes occur at geographic scales that are beyond the reach of
traditional research methods. They suggested that citizen science may be the only
practical way to obtain distribution information at the scale required to detect

species range shifts, population trends and impacts of environmental processes.

There are five established field methods for the indirect monitoring of squirrel
populations, as described by Gurnell et al. (2001a). Drey counts, feeding-sign
surveys and whole maize bait (where it is possible to determine whether squirrels
or other rodents have fed on the maize) assume that just one species of squirrel is
present in the study area whereas with visual transects and hairtube surveys it is
possible to differentiate between squirrel species detected. Visual transects are
restrictive both in the type of habitat and time of year they can be carried out.
Therefore in the current study hairtube surveys, combined with a sightings survey
which targeted professionals and drew upon citizen science, were chosen as the
optimum methods for indirectly determining which species of squirrel were present

across a wide area and a range of survey sites.

11
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Figure 2.1 Red squirrel distribution (left) and grey squirrel distribution (right) in Ireland in

1997 (taken from O’Teangana et al. 2000) o = site of grey squirrel introduction in 1911
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Figure 2.2. Distribution of pine marten in 10km grid squares in the Republic of Ireland
during 1978-1980 (O’Sullivan 1983) (a) and from a re-survey in 2005-2006 (O’Mahony et
al. 2006) (b). Total sample size of 10km national grid squares available for comparison n =

183. Taken from O’Mahony et al. (2012).

12



Chapter Two Introduction

In the nineteenth and twentieth centuries, the European pine marten (Martes
martes) population in Ireland experienced widespread decline as a result of habitat
loss (large-scale deforestation) and heavy persecution (O’Sullivan 1983).
Population censuses in the 1980s (O’Sullivan 1983) and again in 2005 (O’Mahony et
al. 2006) revealed that pine marten distribution in Ireland was still mainly
concentrated around core populations in the west and midlands, along with several
smaller populations in the south west and south east of the country. However, the
pine marten population in the west and midlands of Ireland had undergone a range
expansion in recent decades, as a result of increased habitat availability and
connectivity through afforestation, and importantly protection by law (Figure 2.2)
(O’Mahony et al. 2006). The most recent population estimate for the island of

Ireland was 3060 individuals (O’Mahony et al. 2012).

Indirect monitoring methods for pine marten include scat transects (O’Sullivan
1983; Birks et al. 2005; O’'Mahony et al. 2006) snow tracking (Zalewski 1999),
camera trapping (Rosellini et al. 2008; Manzo et al. 2012) and hair trapping (Lynch
et al. 2006; Mullins et al. 2010). Snow track counts are not feasible in Ireland due
to unsuitable climactic conditions and camera trapping is prohibitive in terms of the
expense of materials. Scat transects, although used in previous Irish distribution
surveys, also have several inherent limitations, the most notable of which being
poor reliability when population density is low or where distribution is uneven

(Birks et al. 2005).

The use of hairtraps in evaluating both presence and abundance of pine marten
(Lynch et al. 2006) and for collecting hair samples for genetic analysis (Mullins et al.
2010) has been used successfully in Ireland and thus was selected as the optimum
method, alongside the sightings survey as above, for detecting pine marten

presence across the variety of survey sites.
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2.2 Aims

The first aim of this study was to determine the current distribution of the red
squirrel, grey squirrel and pine marten in the midland counties of Laois and Offaly,
and to investigate the extent of the range retraction of the normally invasive grey
squirrel, which had been reported in Carey et al. (2007). A second aim was to

establish whether correlations in distribution exist between the three species.

2.3 Methods

2.3.1 Sightings surveys

Animal sightings were collected between January 2010 and December 2012. Three
study areas were targeted consecutively as Laois and Offaly (referred to hereafter
as the midlands study area), and Wicklow (referred to hereafter as the eastern
study area) in 2010 and the buffer zone study area (which consisted of a 30km
radius zone surrounding the midlands study area, incorporating Westmeath,
Kildare, Carlow, North Tipperary and partially incorporating Longford, Meath and
Kilkenny) in 2011 (Figure 2.3). The survey was advertised primarily by means of
colour posters placed in population centres throughout the study areas, and also
local media such as newspapers and radio stations. Foresters, ecologists and
wildlife rangers were targeted for their knowledge on local species' distributions.
The National and Regional Association of Game Councils (NARGC) supplied their
member clubs with sightings survey forms and there was also national newspaper

and television coverage of the survey.

A dedicated website was created which provided detailed descriptions and
photographs of the target species, and an online survey form in which respondents
were asked to provide details of the species seen, date and location of sighting,

habitat and surrounding land use information, as well as contact information, which

14
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was necessary for follow-up queries on selected sightings. Strict validation criteria
were adhered to, where only those sightings that were either accompanied by
photographic evidence, described as stationary (roadkill) animals or came from a
professional (e.g. forester, ecologist) were classified as valid. Those sightings that
could not be validated, but had sufficient information to be deemed as reliable
were also included in the survey. Those that did not have sufficient contact
information, location information or were unclear about the species seen were not
included. All sightings were assigned a grid reference, and any sighting reported
within a 1 km radius of another was considered a duplicate and therefore not
included in the analysis. As such each sighting used was based on a unique point

location.

2.3.2 Hairtube surveys

18 sites were selected for hairtube survey (consisting of eight in the midlands, five
in the eastern and five in the buffer zone study areas) (Figure 2.3). Between 14 and
30 squirrel hairtubes and 7 and 15 pine marten hairtubes were installed at each site

for a period of 14 days.

Squirrel hairtubes consisted of rectangular PVC piping (300 mm x 65 mm x 65 mm),
secured horizontally just above chest height to the tree, baited with whole maize
on the top surface as a visual lure and a mix of peanuts and hazelnuts inside the
hairtube. At each end of the hairtube a removable wooden block with three 10 x
15 mm glue patches was attached by a metal clip, so that a dorsal hair sample from
any mammal entering was collected. Hairtubes were installed at a density of one
per hectare in a continuous grid where possible, but often in two to three smaller

grids within the wood (Figure 2.4).

Pine marten hairtubes consisted of a 250 mm length, 118 mm diameter standard
sewer piping with a 30 mm width section cut longitudinally to allow firm
attachment to the tree trunk. Hairtubes were attached vertically at around chest

height, baited with chicken pieces and open at the bottom end only, so that the

15
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Figure 2.3 Locations of the 18 squirrel and pine marten hairtube surveys that took place between February 2010 and May 2012 in the midlands, east and

buffer zone study areas.
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animal had to climb up into the hairtube in order to retrieve the bait. Two 10 x 14
mm glue patches were positioned inside the hairtube on 20 x 25 mm pieces of
corrugated plastic, which was attached to the tube with pressure sensitive scotch
tape. Pine marten hairtubes were installed at a density of one per two hectares

within the same grid system as the squirrel hairtubes (Figure 2.4).
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Figure 2.4 Position of squirrel (n = 28) and pine marten (n = 14) hairtubes at site 3. Squirrel
hairtubes were placed at a density of one per hectare and pine marten hairtubes at one per

two hectares in three adjacent grids.
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2.3.3 Laboratory Analysis

Hair samples were removed from the glue patches by being soaked in vegetable oil,
and then rinsed in distilled water and histological cleaning agent (Histo-Clear,
National Diagnostics, Hessle Hull, UK) and dried. A sub sample of hairs from each
sample were analysed using cuticular analysis, by examining gelatine moulds of the
hair cuticle at 100x magnification according to Teerink (1991). Hair samples were
then classified as either squirrel, pine marten or other mammal. To distinguish
between the two squirrel species, cross sectional analysis as per Teerink (1991) was
carried out. The widest part of the red squirrel guard hair has a concavo-convex
shape which is clearly distinguishable from the much more rounded grey squirrel
hair cross section, which allowed for confident differentiation between hairs from

the two species.

2.3.4 Data Analysis

Arcview 9.3 was used to map the point for each unique sighting location (min 1 km
radius) and a 10 km radius kernel density was then used to display patterns of

distribution and abundance of sighting locations for each species.

The number of unique sighting locations per species were counted for each hectad
within the midlands (n = 44 hectads), east (n = 27 hectads) and buffer zone (n = 85
hectads) study areas. As data was normal, paired sample t-tests were then used to
test for significant differences in the number of locations from which each species

was reported per cell, for each study area.

The overall frequencies of sightings for each species were calculated for each study
area as the (number of sightings per species)/(number of sighting locations) and
thus differences in sightings frequencies between study areas were determined

using a Chi square test for homogeneity.
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Non-parametric tests were carried out on hairtube data. The number of hair
samples collected for each species at each site was expressed as a portion of the
available hairtubes, and then compared between species over the 18 sites using the
Wilcoxon test for matched pairs. Spearman Rank correlation was used to
investigate correlations in species detection or non-detection throughout the study
areas. It was assumed that the target species would not enter a hairtube once the
bait had been removed by another animal, therefore rendering the previously
visited hairtube unavailable for the purpose of the survey. This was estimated to
have occurred on average half way through the study period, and so the number of
available hairtubes was calculated as (no. installed) — (no. used by bird or other

mammal species/2).

To estimate the extent of changes in red and grey squirrel distribution (in km?)

published information on historical distribution (O’Teangana et al. 2000) was used.

2.4 Results

2.4.1 Sightings surveys

A total of 1136 animal sightings were collected from 835 unique sighting locations
between January 2010 and December 2012. Red squirrel sightings (n = 424)
comprised 37% of overall sightings, grey squirrel (n = 264) 23 % and pine marten (n
= 448) 40% of overall sightings at various frequencies throughout the three study

areas (Figure 2.5).

When the number of sightings per hectad were compared, both pine marten (x =
4.34,1=9.477, df = 43, p < 0.001) and red squirrel (x =4.14,t=8.522,df =43, p <
0.001) were reported from a significantly higher number of locations than the grey
squirrel (x = 0.66) in the midlands study area. In the eastern study area, there was
no significant difference between the mean number of red and grey squirrel

sightings however the pine marten (x = 2.27) was reported from significantly fewer
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locations than either the red squirrel (x =3.88,t =0.2926, df = 25, p < 0.01) or the
grey squirrel (x =4.08, t =2.31, df = 25, p < 0.05) in this region. In the buffer zone,
there were significantly more pine marten (x = 2.13) than both red squirrel (x =
1.37, t = -4.198, df = 84, p <.001) and grey squirrel (x =1.4,t=-2.722, df =84, p <
0.01).
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20%

10%
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Figure 2.5. The percentage of grey squirrel, red squirrel and pine marten sightings in the
midlands (n = 370 animal sightings in 279 locations, area = 44 hectads), east (n = 279 animal
sightings in 199 locations, area = 26 hectads) and the buffer zone (n = 487 animal sightings

in 357 locations, area = 85 hectads).

Paired sample correlation tests for each study area found a positive correlation to
exist between the number of pine marten and red squirrel sightings per hectad
(midlands P = 0.678, east P = 0.718, buffer zone P = 0.572, p < 0.001) throughout

the three study areas (Figure 2.6). No further correlations between species (i.e. red
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squirrel and grey squirrel or pine marten and grey squirrel) in terms of sightings per

hectad were found.
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Figure 2.6 Scatter graphs showing correlations between the number of red squirrel and
pine marten sighting locations per hectad in (a) the midlands (b) the east and (c) the buffer

zone study areas

Species specific differences in sightings frequencies between the three study areas
were identified, with significantly more locations having red squirrels reported in
the midlands and in the east than in the buffer zone ()(2 =17.39, df = 2, P < 0.01).
Grey squirrel sightings were significantly fewer in the midlands than in the east or
the buffer zone ()(2 = 69.61, df = 2, P < 0.01) and pine marten sightings were
significantly fewer in the east than in the midlands or the buffer zone (x* = 13.58, df

=2,P<0.01).

Distribution and sightings density patterns for each species based on 10 km radius

kernel density are displayed in Figure 2.7.
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2.4.2 Hairtube surveys

17 of the 18 hairtube surveys were successful in detecting either one or a
combination of the target species. In the midlands, only red squirrel and pine
marten were detected, whereas in the eastern and buffer zone study areas all three

species were detected in various proportions (Figure 2.8).

The pine marten was found to have a significantly higher detection rate than either
the red or grey squirrel in the study as a whole (Wilcoxon’s test for matched pairs, p
< 0.05). A strong negative correlation was found to exist between detection of grey
squirrel and pine marten within sites (rs = -0.750, n = 18, P < 0.001), where only one
site (Ballygannon, Wicklow) tested positive for both species (n = 3/7 pine marten, n
= 1/14 grey squirrel). A negative correlation was also found to exist between the

detection of red and grey squirrels within sites (rs=-0.472, n = 18, P < 0.05).
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[c) Pine marten

Figure 2.7 (a) Red squirrel (b) grey squirrel and (c) pine marten distribution and densities
throughout the study areas as determined by sightings reported between 2010 and 2012

using sighting locations and 10km radius kernel density.
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Figure 2.8 Proportion of available hairtubes containing red squirrel, grey squirrel or pine marten hair samples from the 18 sites throughout the midlands

(Laois and Offaly), east (Wicklow) and buffer zone study areas.
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2.4.3 Changes in distribution

The grey squirrel is now rare in the midland counties of Laois and Offaly and some
parts of the buffer zone including North Tipperary and Westmeath (Figure 2.7),
which accounts for approximately 9,000 km? of its former range (see Figure 2.1).
The western-most point at which the grey squirrel population is abundant in the
study area is east Kildare, and the species is very common in east Wicklow. The red
squirrel has naturally recolonised approximately 72% of the midlands and buffer
zone study areas or around 6,500 km? of its historic range, and is common and
widespread throughout Laois, Offaly and north-west Tipperary. The red squirrel
persists and appears to be common in the Wicklow mountains. The pine marten is
common and widespread throughout Laois and Offaly, north-west Tipperary,
Westmeath and north-west Kildare. There is also a population in the Wicklow
mountains. Red squirrel and pine marten populations overlap extensively however

grey squirrel and pine marten overlap appears to be limited.

2.5. Discussion

2.5.1. Distribution in the midlands

The grey squirrel is now rare in much of the midlands region of Ireland. Grey
squirrel sightings accounted for less than 8% of animal sightings in counties Laois
and Offaly, which is remarkably low considering that they are a much less elusive
species than either the red squirrel or the pine marten, and are also more
commonly associated with human settlements. A total of 28 grey squirrel sightings
were received over the three year study in Laois and Offaly which were all followed
up and found to be infrequent or one-off sightings and thus not representative of

normal populations.
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Whilst hairtube surveys can be used to confirm presence of species at woodland
level, and if surveyed more intensively perhaps absence (e.g. Mortelliti and Boitani
2008), the technique used in the current study was not suitable to infer absolute

absence, rather relative detectability.

The findings of the hairtube surveys further support those of the sightings survey, in
that the grey squirrel was not found to be present in detectable levels at any of the
midlands sites. Information gathered (when available) from woodland owners,
foresters and gamekeepers indicated that seven out of the eight midlands sites had
previously been colonised by grey squirrels (between the 1960’s and the 1990’s)
and that occasional, localised control programs had taken place in some sites.
However, culling programs at the scale that would be necessary to suppress the
midlands population have never been carried out. In fact, the most recent grey
squirrel control program in any of the midlands hairtube survey sites was carried
out more than 10 years ago. Thus it is unlikely that culling has been an influencing
factor in shaping contemporary grey squirrel distribution in the midlands study

area.

In contrast to the grey squirrel, the red squirrel and pine marten were common and
widespread throughout counties Laois and Offaly and each accounted for 46% of
sightings respectively in the region. When survey respondents who had lived in the
midlands study area for more than two decades were questioned, it appeared that
the red squirrel had begun to recolonise Laois and Offaly from the late 1990’s
onwards. Whilst information on the timing of this phenomenon may be anecdotal,
the sightings and hairtube survey results provide unequivocal evidence that the
native red squirrel is now common and widespread in the region, which was once
dominated by the introduced grey squirrel. This process has occurred naturally
without any significant human intervention or management of either squirrel

species.
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2.5.2 Distribution in the east

Species distributions in the east were significantly different than to those in the
midlands. In the east both the red and grey squirrel were reported in similar
frequencies and the pine marten less frequently than either squirrel species.
Hairtube survey results also revealed differences in distribution and various
combinations of the three species were detected across the eastern sites as
opposed to only red squirrel and pine marten in the midlands sites. One site in the
east detected both grey squirrel and pine marten and this represented the only
hairtube survey site in the entire study which detected both species together. Thus
the pine marten and grey squirrel were found to have a strong negative correlation
in detection at woodland level across the study areas. A negative, albeit weaker,
correlation was also found to exist between the red and grey squirrel in terms of
detection at woodland level, as would be expected due to the effects of
competition. Extensive research has been carried out on the relationship between
these two species, and it is now well established that the red squirrel population
usually declines in both numbers and range as a result of competitive replacement
by the grey squirrel (Kenward and Holm 1993; Wauters et al. 2002a; Gurnell et al.

2004), however in this case only two sites (12 and 17) had grey but no red squirrels.

2.5.3. Distribution in the buffer zone

The buffer zone study area appears to be divided between regions where pine
marten are frequently reported (north and south west of the buffer zone) and
regions where grey squirrels are frequently reported (east and south east) (Figure
2.7). The decline in grey squirrel range and recolonisation by the red squirrel
population falls entirely within the core range of the pine marten population in the
midlands and buffer zone study areas. Since the grey squirrel’s introduction to
Ireland, the river Shannon has been considered a barrier to its dispersal into the

west of Ireland. Indeed, the eastern side of the Shannon has historically
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represented the western most extent of the grey squirrel’s range in Ireland
(O’Teangana et al. 2000) (Figure 2.1). The current study has found the western
boundary of an abundant grey squirrel population is now in the region of Kildare
and Carlow, which represents a shift of more than 100 km east as the crow flies,
and around 9,000 km? in terms of land coverage within the overall study area. This
shift eastwards also suggests the Shannon, although undoubtedly important as a
physical barrier, may not have been the sole barrier to the spread of the grey

squirrel into the west of Ireland.

2.6 Conclusion

At landscape level it appears that where the pine marten is abundant, the grey
squirrel is no longer present in an invasive manner. During the course of the study
it was rarely seen by members of the public, woodland owners, foresters and
gamekeepers alike, and was not detectable by hairtube surveys. At woodland level,
the strong negative correlation between detection of the pine marten and the grey
squirrel means their interactions (if any) will be difficult to investigate. In contrast,
the red squirrel and the pine marten have positively correlated distributions and
the red squirrel has now recolonised a large part of its former range in the
midlands. The species is commonly seen throughout Laois and Offaly as is the pine
marten and both species were detected in all suitable habitat by hairtube surveys.
Distribution patterns are less clear in the east, where pine martens are less
frequently seen and where they were also less frequently detected by hairtube
surveys. The pine marten population in the east does not appear to have re-
established in the same manner as the population in the midlands and this is likely
to have resulted from a smaller population persisting in the east historically, in
comparison to the core population in the west. It is possible that the current
population in the east is a mixture of a small remnant eastern population and
animals which have more recently dispersed eastwards from the expanding

midlands population.

29



Chapter Three Results

3. Squirrel Population Studies

3.1 Introduction

The North American grey squirrel (Sciurus carolinensis) is classified as an invasive
alien species in Ireland, the UK and Italy for two reasons: They cause serious
damage to native hardwood trees by bark-stripping, and negatively impact native
red squirrel (Sciurus vulgaris) populations as a result of competition and disease
(Lowe et al. 2004). The rate at which the red squirrel is replaced by the grey
depends largely upon the type of habitat available, with large seeded trees, in
particular oak woodlands, being most favourable for grey squirrels (Kenward and
Holm 1993) and small seeded trees such as sitka spruce being the least favourable
(Wauters et al. 2000). An average time for local replacement, once the grey
squirrel arrives in a previously “red-only” area, has been calculated to be 15 years
(Pepper and Patterson 1998), however the local extinction of a red squirrel
population can occur up to twenty times faster when disease is a contributing

factor (Rushton et al. 2006).

The process of replacement and its causal factors have been the subject of much
research to date (e.g. Kenward and Holm 1993; Kenward et al. 1998; Wauters et al.
2000; Wauters et al. 2002a; Gurnell et al. 2004). A factor considered to be of major
importance in deciduous woodland in the presence of oak (Quercus sp) is the ability
of the grey squirrel to exploit acorns as a food resource more efficiently than the
red squirrel (Kenward & Holm, 1993). Grey squirrel abundance is correlated
positively with acorn abundance, and their ability to increase productivity with
acorn crops results in higher densities, and thus more rapid replacement of
sympatric red squirrel populations (Kenward et al. 1998). Grey squirrels also exploit
the seed caches of red squirrels where their populations overlap, and this is
considered a causal factor in reduced red squirrel body mass in spring, leading to

reduced fecundity at the individual level and reduced reproductive success in the
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population (Wauters et al. 2002b). Recruitment and juvenile survival has been
found to be dependent on grey squirrel density, and the proportion of females that
breed twice per year is also lower when grey squirrels are present (Gurnell et al.
2004). Whilst broadleaved and in particular oak dominated woodlands in the
species invasive range facilitate a more rapid replacement of the native red squirrel,
the grey squirrel has been found to outcompete the red squirrel in coniferous
woods also (Wauters et al. 2000), where a reduction in juvenile fitness inevitably
leads to a reduction in recruitment, which over time causes the population to

decline.

The impact of disease on the Irish red squirrel population is unknown and as such
replacement of red squirrels in Ireland is thought to have occurred largely as a
result of competition for resources, as squirrel pox virus was not detected on the
island until 2011 (Mclnnes et al. 2012). The grey squirrel has been present in
Ireland for approximately 100 years and has consistently spread, from their point of
introduction in the midlands, throughout much of the north, east and south of the
country, replacing the red squirrel in the process (O'Teangana et al. 2000), although
in that study anecdotal reports of a decline in grey squirrel numbers in parts of
Cavan and Monaghan were noted. In 2007, the Irish Squirrel Survey (Carey et al.),
comprised of squirrel sighting reports from all 32 counties, found that in certain
midland regions (Laois, Offaly and parts of Cavan and Monaghan), the grey squirrel
was being seen much less frequently than in previous decades and the red squirrel

was reported as having reappeared, often after an absence of several decades.

3.2 Aims

The overall aim of this study was to determine red and grey squirrel population

dynamics in the midlands of Ireland with the following objectives:

Firstly, to determine whether the grey squirrel population is behaving in an invasive
manner as expected of the species (i.e. a highly fecund, high density population

which outcompetes red squirrels for resources) or whether the decline in range
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observed in Chapter 2 is reflected in the demographics of the grey squirrel
population at woodland level, compared to those in a control site. A second
objective is to investigate claims that the red squirrel has reappeared in a woodland
where it was once considered locally extinct (between 1960’s and late 1990’s), and
to investigate whether the red squirrel population is suffering from the effects of
competition with the grey squirrel as would be expected when the two species co-

occur, or whether they are showing signs of competitive release.

3.3 Methods

3.3.1 Site selection and study areas

Charleville Forest was selected as a representative site for the Laois/Offaly area
where red squirrels had been observed in recent years after an absence of several
decades. Tomnafinnoge was selected as a control site, and is situated in the east
of Ireland, where the grey squirrel is now more common than the red (Carey et al.,
2007). Both woodlands are grey squirrel favourable habitats in that large seeded

trees, in particular oak (Quercus spp) are the dominant species present.

Both sites are classified as semi-natural woodlands according to the Heritage
Council classification (Fossitt 2000). Charleville Forest is approximately 110 ha in
size, dominated by mature pedunculate oak (Quercus robur), beech (Fagus
sylvatica) and ash (Fraxinus excelsior) with a hazel (Corylus avellana) understorey.
Tomnafinnoge is approximately 70 ha in size and dominated by mature sessile oak
(Quercus petraea) with some beech, Douglas fir (Pseudotsuga spp) and ash, with a
hazel understorey and well developed bilberry (Vaccinum myrtillus) shrub layer in

much of the wood.

In Charleville Forest, 30 traps were installed at a density of 1 ha™ in three adjacent
trapping grids (Figure 3.1). In Tomnafinnoge, 40 traps were installed at a density of

2 ha™ in two adjacent trapping grids (Figure 3.2).
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3.3.2 Trapping and handling squirrels

The traps consisted of modified mink traps, with a wooden base and nest box
attached. Traps were positioned above ground level on trees or tree stumps and
baited with a 4:1 mixture of whole maize and peanuts which was placed on top of
the nest box and on the base and entrance to the trap. Hazelnuts were then placed
beyond the treadle. Each trapping session was 8 days long (with the exception of
two 7 day sessions). Traps were pre baited for 4 days and set for 4 days at sunrise

(but no earlier than 6am) and then checked after a minimum period of 4 hours.

Once captured, squirrels were transferred to a hessian sack and then into a
handling cone, where their weight, sex, reproductive status and shin bone length
were recorded. At first capture each animal was tagged by means of a Passive

Integrated Transponder or microchip with a unique identification code.

In total 16 trapping sessions were carried out in Charleville on a monthly basis from
September 2010 to October 2011 (with the exception of December 2010) and then
on a bi-monthly basis from January 2012 to May 2012. A total of 7 trapping
sessions were carried out in Tomnafinnoge, on a monthly basis from October 2011

to May 2012, with the exception of December 2011.
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Figure 3.2 Squirrel traps in Tomnafinnoge (2 traps ha™)
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3.3.3 Demography

To determine squirrel density Minimum Number Present was first calculated for
each month, by counting the number of squirrels trapped that month, along with
any squirrels that had been previously captured and were then recaptured at a later
date (i.e. all squirrels that were known to be alive for each month), and then

applying to the trapping area for each species.

In order to determine the effective trapping area, the edge effect was accounted
for with information on home range for each species in deciduous woodlands.
Although home ranges of individuals are known to vary depending on season, sex
and habitat type (Wauters and Dhondt 1992), an average home range radius for
grey squirrels in deciduous woods of 100m was used (Kenward et al. 1998) and for
red squirrels an average home range radius of 100.9m was calculated from a mean
home range value of 3.2 ha for red squirrels in deciduous habitat in Ireland (Waters

2012).

When edge effect was taken into consideration, in Charleville, the effective
trapping area was 54 ha until March 2011 when the grids were modified slightly
resulting in a 48 ha effective trapping area for the remainder of the study. In
Tomnafinnoge the effective trapping area was 31 ha which remained the same for

the duration of the study.

The density range for the red squirrel population in Charleville was compared to

density ranges from previous studies on Irish red squirrel populations.

3.3.4 Body size and fitness

Body size is expected to have an influence on body mass. In order to remove any
such effect, thus to solely examine individual fitness, each individual adult was
assigned a fitness index value (Wauters and Dhondt 1995; Wauters et al. 2000).

These fitness values were derived by calculating a linear regression of body mass on
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shin bone length for the red squirrel population in Charleville (n = 41) and the grey
squirrel population in Tomnafinnoge (n = 57), which was then used to derive
residuals of body mass for each squirrel within each population. Individual residual
values represent how much higher or lower an individual’s body mass is, relative to
their body size, when compared to the values obtained for their population through
the regression equation. These residual values were then used as fitness values.
The Charleville grey squirrel fitness values (n = 4) were derived from the

Tomnafinnoge regression equation.

Residuals were tested for normality and two way ANOVAs were used to investigate
variation in fitness against sex and trapping month within the Charleville red
squirrel and the Tomnafinnoge grey squirrel population. A Mann Whitney U test
was used to investigate whether a significant difference in fitness existed between
the grey squirrel population in Charleville (n = 4 adults) and Tomnafinnoge (n = 58
adults). Data from females were then removed and male grey squirrel fitness was

compared separately.

For comparative purposes, and to investigate for effects (or lack of) of competition
on the fitness of the red squirrel population in Charleville, the linear regression
equation was applied to mean shin bone and body mass measurements obtained
from previous studies on Irish red squirrel populations to obtain mean fitness
values for these populations. Data was only available for Irish red squirrel

populations where grey squirrels have never been present.

Statistical analysis was carried out using IBM SPSS Statistics 20.

3.3.5 Reproduction

In order to determine breeding activity, only information from adult squirrels was
included. In Charleville Forest, red squirrels weighing under 240g were classified as
subadults (the weight under which no animals showed signs of reproductive
activity), and were classified as adults thereafter. Weight was less consistent in the

grey squirrel populations, and so those in Charleville with a body size (shin bone
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measurement) of less than 75.4mm that showed no signs of reproductive activity
(males only, testes not developed) were classified as subadults, as any squirrels
measuring greater than 75.4 mm displayed signs of sexual development. In
Tomnafinnoge, grey squirrels with a shin bone length of less than 74.4mm at first
capture (the length under which no animals showed signs of sexual development),
were classified as sub adult until such a time that they showed signs of reproductive

activity.

Adult females were classified as being of positive or negative breeding status by the
presence of one or a combination of the following: swollen vulva, swollen nipples,
balding around nipples. Negative reproductive status was determined by the
absence of swollen nipples or swelling of the vulva. Breeding activity was measured
by the percentage of adult females in positive reproductive status for each month
and breeding rate was measured for each season by the percentage of adult
females lactating. A fecundity value for each adult female was determined by
calculating the portion of breeding seasons which she was present for, that she was
found to show signs of lactation (after Wauters et al. 2001; Gurnell et al. 2004).
The population fecundity value was then determined for the grey squirrel
population in Tomnafinnoge and the red squirrel population in Charleville as the
mean fecundity value for all adult females. The number of weaned juveniles per
year was estimated as 1.5 times the number of lactating females (Wauters et al.
1993). Recruitment for the population in Charleville, was measured as the number
of subadults and new adults recorded between May 2011 and May 2012. The sex
ratio in both woods was determined from the sex of each squirrel included in MNP

calculations.

3.3.6 Habitat quality

In January 2011 and January 2012 in Charleville Forest, and in January 2012 in
Tomnafinnoge, 1m? quadrats were used to count the number of seeds that had
fallen from the oak, beech and hazel trees. One quadrat was carried out per 4

hectares of the trapping area in each site in the month of January as 95% of the
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previous autumn’s acorns should have fallen from the trees by this time (Kenward
et al. 1998; Shaw 1968). Seed crop densities were estimated by (mean no. of seeds
counted per quadrat) x (percentage of total canopy cover occupied by that tree
species). Habitat was then classified as good or poor according to the availability of
acorns and beech nuts per metre squared (Wauters and Lens 1995), with > 30

beechnuts per m? and/or >10 acorns per m? classified as good squirrel habitat.

3.4 Results

3.4.1 Squirrel density

Red squirrel density in Charleville Forest was consistently higher than grey squirrel
density for the duration of the study (Figure 3.3). Minimum density of 0.06 ha™ was
recorded on the first trapping month i.e. September 2010 and a maximum density
of 0.33 ha™ was recorded in May 2011, with the mean density for the entire study
calculated to be 0.23 ha™®. The minimum number of red squirrels known to be
present ranged from 3 individuals in the first trapping month to 16 individuals in
May 2011, with a mean value of 11.3 red squirrels over the course of the study.
Red squirrels were trapped in all 16 trapping months. Grey squirrels were trapped

in 12 of the 16 trapping months.

Grey squirrel density in Charleville Forest ranged between 0 ha™' and 0.1 ha™ with a
mean value of 0.035 ha™ calculated for the duration of the study. The highest
number of grey squirrels found was in the summer of 2011 when 5 squirrels (2

adults and 3 subadults) were
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Figure 3.3 Red and grey squirrels densities in Charleville between September 2010 and May
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known to be present. A total of 4 adult grey squirrels, 3 male and 1 female, were
trapped in the course of the study, with the remaining 4 squirrels, all of which were
male, being trapped at subadult stage only, in the summer and autumn of 2011 and

not again.

Grey squirrel density in Tomnafinnoge ranged from 0.35 ha™ to 1.45 ha with a
mean value of 1 ha™, and numbers recorded ranged from 11 to 45 per month, with
a mean value of 33 squirrels (Figure 3.4). No red squirrels were trapped in

Tomnafinnoge.

3.4.2 Sex ratio

There was a total of 19 female and 26 male red squirrels trapped in Charleville, and
the proportion of males present (using MNP) ranged from 0.5 to 1.0 with a mean of
0.68 (+0.06, 95% Cl). Only 1 female, and 7 male grey squirrels were trapped in
Charleville and the proportion of males present ranged from 0.5 male to 1.0 with a
mean of 0.82 (£0.13, 95% CI) over the study period.

In Tomnafinnoge, a total of 29 female and 42 male grey squirrels were trapped, and
the proportion of males present ranged from 0.45 to 0.64, with a mean of 0.55

(+0.06, 95% Cl).

3.4.3 Breeding and recruitment

In Charleville Forest, male red squirrels showed signs of breeding activity in 13 of
the 16 trapping months with peaks in February and April/May of 2011 and in
January and May of 2012. Between March and October 2011, 9 female red
squirrels were trapped whilst lactating, with 3 of these showing evidence of
lactation in both spring and summer months suggesting that they had bred twice in
that year. The estimated number of weaned juveniles was therefore 18. From that,
recruitment was estimated at 0.67, as there were 5 subadults and 7 new adults
captured between May 2011 and May 2012. There was just one female grey

squirrel caught over the course of the study in Charleville Forest. She was trapped
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monthly between May and October 2011, and showed signs of lactation in 4 of the
6 months suggesting that she potentially weaned two litters in 2011. There were 4
subadults caught in the summer of 2011, but not again, and 1 new adult caught in

May 2012.

In Tomnafinnoge, male grey squirrels showed signs of breeding activity in each of
the 7 trapping months, peaking in January and in particular May, when all 26 adult
males trapped showed signs of breeding activity. Female grey squirrels in
Tomnafinnoge also showed signs of breeding activity in each trapping month, with
peaks in February/March and again peaking in May when 14 of the 15 adult females
trapped were lactating. The trapping period of 7 months was not long enough to
identify new adults in the population. Data gathered on the reproductive success
of the populations from both woods are described in Table 3.1. As the study period

in Tomnafinnoge was less than one year, not all parameters could be measured.

3.4.4 Body size

Mean adult red squirrel shin bone length ranged from 60.98mm to 71.7mm (n = 41,
X = 68.19 + 0.7, 95% Cl) in Charleville forest, and there were no significant
differences between male and female squirrels (F = 0.486, p = 0.49). Adult grey
squirrel shin bone length in Charleville Forest ranged from 75.4mm to 80.3mm (n =
4, x =77.85 + 3.46, 95% Cl). Mean adult shin bone length in Tomnafinnoge ranged
from 74.6mm to 79.7mm (n = 58, x = 77.04, + 0.3, 95% Cl) and likewise no

significant differences between the sexes were found (F = 0.56, p = 0.46).

3.4.5 Fitness

The linear regression equations for Charleville (Figure 3.5) and Tomnafinnoge
(Figure 3.6) and mean fitness values for adult male and female squirrels are
described in Table 3.2. Overall adult red squirrel fitness values in Charleville ranged

from —40to + 31.9 (x =- 0.03 £ 5.41, 95% Cl, n = 41). A two way ANOVA found no
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significant variation in fitness between the sexes or trapping months in the
Charleville red squirrel population (F = 0.905, p = 0.556). In Tomnafinnoge, fitness
ranged from — 72.11 to 71.18 (x= 0.019 * 9.54, 95% Cl, n = 57). Overall adult
female grey squirrels were in significantly better condition than males (F = 31.837,
df =1, p < 0.001) and fitness in January was significantly higher regardless of sex (F
=2.203, p < 0.05, df = 6).

The Charleville adult grey squirrels were found to be in significantly poorer
condition than those in Tomnafinnoge (p < 0.006), and when tested separately, the

males even more so (p < 0.002).
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Table 3.1 Sex ratios, reproductive activity and recruitment for the red and grey squirrel
population at Charleville and the grey squirrel population at Tomnafinnoge. Breeding rate
was calculated as the percentage of adult females that were lactating for each season.
Population fecundity was calculated as the mean fecundity value for all females after
individual fecundity was calculated as the portion of breeding seasons that each female

was present for in which signs of lactation were observed.

Charleville Charleville Tomnafinnoge

Sept 10 — May Oct 2011 - May

Sept 10 — May 12 12 12
Species Red Grey Grey
N 45 8 71
Sex ratio (% M) 0.68 0.82 0.55
Subadults
trapped 2011 5 4 na
2012 0 0 10
New adults
trapped 2012 7 1 na
Litters (all year) 2011 12 2 na
(first half of
year) 2012 4 0 19
0.59 0.87
Fecundity (£0.21, 95% Cl) na (£ 0.13,95% Cl)
Breeding rate (F) Spring 2011 62.5% na na
Summer 2011 87.5% na na
Spring 2012 50% na 91 %
No. of litters per 0 25% na na
female in 2011 1 50% na na
2 25% na na
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Figure 3.5 Linear regression on body mass (g) and shin length (mm) of adult red

squirrels in Charleville y = 4.601x — 22.261, F = 13.633, R* = 0.259, p < 0.001
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Figure 3.6 Linear regression on body mass (g) and shin length (mm) of adult grey

squirrels in Tomnafinnoge, y = 21.065x — 1042.4, R’ =0.394, F = 35.833, p <0.001)
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Table 3.2 Fitness values (£ 95 % confidence intervals) calculated as residuals from
regression equations on body mass Vs shin bone length for adult male and female red

squirrels in Charleville and Tomnafinnoge

Site & species Linear regression Mean fitness F Mean fitness M
Charleville - red y =4.601x—22.261 1.44 (£3.018, n=19) -1.31 (+7.42, n=22)
Tomnafinnoge - grey y =21.065x — 1042.4 15.68 (+14.06, n=24) -11.37 (+11.82, n=33)
Charleville - grey as per Tomnafinnoge -22.42 (n=1) -87 (+90.38,n=3)

3.4.6 Habitat quality

In 2010 there was an abundance of acorns available as a food resource in
Charleville Forest. 2011 had a more moderate tree seed crop but the availability of
acorns and beech nuts per m? meant it was still classified as a good year in terms of
red squirrel requirements. In Charleville in 2010, the average number of acorns per
m? under oak canopy (n=6 quadrats) was 140 per m? compared to 36 per m? for
2011 (84 per m? and 22 per m? for the wood respectively). Beech mast was
estimated to be 435 per m? in 2010 (overall value of 130.5 beech nuts per m? for
the wood) compared to 309 per m? in 2011 under beech canopy (n=3 quadrats,
overall value of 92.7 per m? for the wood) and hazelnuts were estimated to be
available at a density of 23 per m? in 2010 and 22.5 per m? in 2011 in the parts of

the wood containing hazel (n = 2 quadrats).

The seed counts in Tomnafinnoge, for oak and beech in 2011 produced an
estimation of 9.6 acorns per m? under oak canopy (overall value of 7.2 acorns per
m? in the wood) and 90.5 beech nuts per m? under beech canopy (overall value of

10 beech nuts per m? in the wood).
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Therefore both 2010 and 2011 were classified as good quality habitat for red

squirrels in Charleville and 2011 was poor in comparison in Tomnafinnoge (Figure

3.7).
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Figure 3.7 Annual seed count data for large seeded trees in Charleville and Tomnafinnoge

3.5 Discussion

In both their natural range in the eastern United States, and their introduced range
in Ireland, Britain, Italy and Canada, normal grey squirrel density is several squirrels
per hectare in large seeded broadleaved woods (Thompson 1978; Gurnell 1996;
Kenward et al. 1998; Don 1983; Gurnell et al. 2001b; Lawton and Rochford 2007).
The grey squirrel density of 0.035 ha™* recorded in Charleville is therefore atypical
for the species, particularly considering they have been established in the woodland
since the 1960’s. In contrast, the red squirrel population is living at normal density,
despite an absence from Charleville of more than 30 years. The red squirrel
population in Charleville is therefore in competitive release from the grey squirrel,

in a woodland that it had once been considered locally extinct.
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3.5.1 Competitive release

Although the effects of competition are notoriously difficult to measure, several
long term studies on sympatric red and grey squirrel populations, compared to “red
squirrel only” sites, have identified the population parameters by which the effects
of interspecific competition can be measured. As such, decreased juvenile
recruitment (Wauters et al. 2000), and reduced fitness leading to reduced fecundity
(Gurnell et al. 2004) in the red squirrel population have been found to be key
factors in the usual replacement of red squirrels by greys, in particular in oak
dominated habitat (Kenward et al. 1998) such as Charleville. During this study
however, red squirrel population demographics did not indicate that there was any
significant competitive pressure from the sympatric, low density, grey squirrel
population. For example, the population fecundity value of 0.59 is more
comparable to the value of 0.62 (found in a “red-only” population in north Italy)
than 0.48 (found in a “red-grey” population in the same study) (Gurnell et al. 2004).
Similarly, the breeding rates of 62.5% and 87.5% for spring and summer 2011
respectively in Charleville were more typical of the “red-only” site in the north Italy
study as opposed to the “red-grey” sites, where summer breeding in particular was

significantly lower in the “red-grey” sites.

3.5.2 Density and fitness

Red squirrel density and red squirrel fitness in Charleville were also comparable to
those of several other Irish squirrel populations where grey squirrels had never
been present (Table 3.3). Both density and fitness compared favourably with these
“red-only” populations. Red squirrels would typically be expected to have lower
densities than grey squirrels when their populations do overlap, but this is clearly
not the case for the population in Charleville, where mean red squirrel density of
0.23 ha™ was more than six times greater than mean grey squirrel density during

the course of the study.
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In contrast, the grey squirrel density of 1 ha™* recorded in Tomnafinnoge is typical of
expected densities for this type of habitat in Ireland (Lawton and Rochford 2007),
and is < 28 times greater than that of grey squirrel density in Charleville. While
there was only one female grey captured throughout the entire study period in
Charleville, there were 29 females captured in Tomnafinnoge, despite the shorter
study period, with an estimated 19 litters born, and a population fecundity value of

0.87.

Table 3.3 Fitness values and density ranges for Charleville* and various other red squirrel
populations in Ireland where grey squirrels were not present (fitness values derived from
reported mean body weight and shin bone length using the regression equation from adult

red squirrels in Charleville: y = 4.601x — 22.261)

Habitat type Mean fitness value Density range Study
coniferous +5.53 0.21-0.39 (Reilly 1997)
coniferous +4.07 0.02-011 (Reilly 1997)
broadleaf -0.03 0.20-0.33 Charleville*
mixed broadleaf -5.02 0.24-0.44 (Waters 2012)
coniferous -19.68 0.21-0.34 (Waters 2012)
mixed 24.91 0.35-1.02 (Poole 2007)

Despite an abundance of available tree seeds in Charleville, when the fitness values
for the grey squirrel population were compared to those in Tomnafinnoge,
significant differences were found. Whilst body size values were very similar
between the two populations, there was a considerable difference in body mass,
thus the adult grey squirrels in Charleville, in particular males, were found to be in
significantly poorer condition than those in Tomnafinnoge as a result (p < 0.002),

despite the difference in sample size. Adult females in Tomnafinnoge were also
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found to be in significantly better condition than their male counterparts, however
this is likely to have been influenced by a greater body mass in gestating females, as
91% of adult females showed signs of breeding activity at the time they were

captured.

Notably, the four subadult grey squirrels that were captured in the summer of 2011
in Charleville were never detected again, suggesting they had either dispersed from
the woodland, or died. This is unusual considering that the population is well below
the normal carrying capacity, and as such recruitment of subadults into the

population should be high.

The overall health and status of the grey squirrel population in Charleville was
extremely poor, in stark contrast to the population in Tomnafinnoge who are
thriving. Woodland size and tree species composition are very similar between the
two woods, and tree seed counts determined that the habitat quality during the
course of the study in Charleville was actually superior to that of Tomnafinnoge, in
terms of squirrel requirements, suggesting habitat quality is not a contributing
factor. Although it is unclear what is the cause of the poor health of the grey
squirrel population in Charleville, what is evident from this study is that the red
squirrel population is co-existing with this albeit low number of greys, without any

evidence of competitive pressure from their invasive counterparts.

3.5.3 Squirrel and pine marten distribution

The concept of a localised grey squirrel population decline in Ireland was first
suggested by O'Teangana et al. in 2000, as a result of anecdotal reports from the
1990’s of grey squirrels declining, and red squirrels reappearing, in parts of Cavan
and Monaghan. More recently, Carey at al. (2007) reported a similar phenomenon,
not only in parts of Cavan and Monaghan, but also in Laois and Offaly. This study is
the first to investigate the population dynamics of sympatric red and grey squirrels
in a region where grey squirrels are believed to have gone into decline, and the

findings confirm anecdotal reports that in certain parts of Ireland, the grey squirrel
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is living at much lower densities than expected for the species, and the red squirrel

population has re-established itself as a result.

A national pine marten distribution survey in the 1980’s (O’Sullivan 1983), reported
a major reduction in the species range had taken place in the 20" century, and that
the pine marten in Ireland was largely confined to the west of the river Shannon,
between Limerick and Sligo. A subsequent survey in 2005 found that the
population had significantly increased as a result of reduced persecution and
increased habitat availability (O’Mahony et al. 2006). Along with an increase in pine
marten abundance in the stronghold of the west, and several smaller populations in
the south west and the south east, the Slieve Bloom mountains (situated in
counties Laois and Offaly) were identified as host to a recently expanded pine

marten population.

In the 2007 survey on squirrel distribution, Carey et al. reported that the apparent
reduction in grey squirrel numbers in Laois and Offaly coincided with an increase in
pine marten sightings, suggesting there may be a link between the two species’
distribution. Red squirrels and pine marten have co-existed in Ireland and many
other parts of Europe for many millennia, and the red squirrel has appeared only as
a very low frequency prey item in Irish pine marten dietary studies (Warner and
O'Sullivan 1982; Lynch and McCann 2007), and indeed in other European studies,
except in Russia and Sweden, where alternative small mammal prey are less
abundant (De Marinis and Masetti 1995). What is yet to be established is the
relationship between the European pine marten and the alien (North American)
grey squirrel, as their natural ranges do not overlap. On a broad scale at least,
there is still very little overlap between the pine marten and the grey squirrel
populations in Ireland (Carey et al. 2007; O’'Mahony et al. 2012; see also Chapter 2).
The grey squirrel has never established itself in what is considered the pine
marten’s stronghold, the west of Ireland, despite having breached the Shannon on
several occasions (O’Teangana et al. 2000; Carey et al. 2007), and they are now
present only at very low densities in the midlands of Ireland where the pine marten
population has recently re-established. It is possible that predation and/or the

presence of a high density predator population could deter the alien squirrel

51



Chapter Three Conclusion

species from establishing in, or remaining in an area. However, it is not possible to
determine in retrospect by what means the grey squirrel population in Charleville

declined so significantly.

3.6 Conclusion

The grey squirrel population in Charleville is now present only in extremely low
numbers and the red squirrel population is in competitive release. Grey squirrel
recruitment is low and fitness is poor in comparison to the population in the east of
the country. Sightings and hairtube surveys (Chapter 2) confirm this grey squirrel
decline has occurred throughout Laois and Offaly and parts of the surrounding
region over recent decades. Habitat quality does not appear to be a contributing
factor. The possibility that the recently recovered European pine marten
population may be influencing Irish squirrel population dynamics needs to be
investigated further, as the relationship between the alien squirrel species and the

native squirrel predator has yet to be established.
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4. A non-invasive approach to determining pine marten abundance
and predation

4.1 Introduction

In the nineteenth and twentieth centuries, the European pine marten (Martes
martes) population in Ireland experienced widespread decline as a result of habitat
loss (large-scale deforestation) and heavy persecution (O’Sullivan 1983).
Population censuses in the 1980s (O’Sullivan 1983) and again in 2005 (O’Mahony et
al. 2006) revealed that pine marten distribution in Ireland is still mainly
concentrated around core populations in the west and midlands, along with several
smaller populations in the south west and south east of the country. However, the
pine marten population in the west and midlands of Ireland has undergone a range
expansion in recent decades, as a result of increased habitat availability and
connectivity through afforestation, and importantly protection by law (O’Mahony
et al. 2006). The most recent population estimate for the island of Ireland is 3060
individuals (O’Mahony et al. 2012), although there is still relatively little known
about Irish pine marten population densities in the western-most part of their
European range. The European pine marten has traditionally been considered a
forest specialist. Zalewski and Jedrzejewski (2006) estimated that 2 km? is the
minimum area of forested habitat necessary to support an adult pine marten in the
temperate forest zone. Despite an extremely fragmented forest landscape (with <
11% forested area, Ireland represents the lowest forested land cover in their
range), previous population studies in Ireland (Lynch et al. 2006; Mullins et al. 2010)
have found pine marten density can be higher in Ireland than is typical throughout
their British and European ranges (Birks 2002; Zalewski and Jedrzejewski 2006;
Mergey et al. 2011; Caryl et al. 2012a). The Irish studies were conducted on the
smaller population pockets in the south west (Killarney, Co. Kerry) and the south

east (Portlaw, Co. Waterford). A population density estimate for the core
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population, and also the part of their range where they are believed to be much

less common (i.e. the east of the country), has yet to be determined.

In Ireland and Scotland, it has been anecdotally suggested that the recovering pine
marten population may be inhibiting the spread of the invasive North American
grey squirrel (Sciurus carolinensis), and indeed that the grey squirrel population has
retracted in the presence of pine martens in both countries (Carey et al. 2007;
Paterson and Skipper 2008). Published information on red (Sciurus vulgaris) and
grey squirrel distribution in Ireland in 2007 (Carey et al.) and more recent studies on
squirrel distribution (Chapter 2) have found the grey squirrel to be rare in the
midlands of Ireland, but their range potentially overlaps with that of the pine
marten in the east. It has been suggested that the European pine marten preys
preferentially on the larger, less arboreal of the two squirrel species, however,
there has been no evidence to date of the European pine marten predating upon
the North American grey squirrel anywhere in its invasive range, which only
overlaps to a small extent with that of the pine marten (see maps in Carey et al.

2007 and O’Mahony et al. 2012).

Non-invasive genetic studies to identify species distribution and population size
have become important tools to aid the study of wild, and particularly elusive,
carnivore populations such as martens (Mowat and Paetkau 2002; Williams et al.
2009). Hair sampling is commonly used to non-invasively survey for the presence of
mammal species. Lynch et al (2006) found hair traps (fur-snagging devices) both
quick and reliable in detecting pine marten presence in broadleaved woodlands.
Subsequently, Mullins et al. (2010) optimised a panel of microsatellite loci to
identify unique genotypes within the Irish pine marten population, thus enabling
distribution and abundance to be established reliably through non-invasive field
studies such as hair trapping. The use of molecular techniques in the analysis of
carnivore diet has also become popular in recent years (Deagle et al. 2005; Dunshea
2009; Shehzad et al. 2012), as prey DNA found in scats can be identified to taxon
and species level and is not dependent on hard parts surviving digestion. Molecular
techniques have recently been optimised to specifically detect the presence of

mammalian prey in the diet of the Irish pine marten (O’Meara et al. 2013).
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4.2 Aims

Using these recently developed non-invasive techniques, this study firstly aims to
guantify pine marten abundance in the fragmented forest habitat in their core
range in the midlands of Ireland and in the east of the country where they are
considered to be less common (O’'Mahony et al. 2006; O’Mahony et al. 2012).
Secondly, the study aims to quantify the frequency of occurrence of small mammals
in the diet with emphasis on red and grey squirrels. In the process, we aim to
guantify scat density in the midlands and eastern regions and to compare the

findings of both molecular and macro dietary analysis techniques.
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4.3 Methods

4.3.1 Field methods

The primary study area consisted of counties Laois and Offaly, in the midlands of
Ireland, and the secondary study area was county Wicklow, in the east of the
country, where the pine marten population is considered to be less abundant

(O’Mahony et al. 2012; Chapter 2).

4.3.1.1 Abundance study

Five sites were selected, a broadleaved and a predominantly coniferous woodland
from each study area (with two broadleaved woods examined sequentially in Co.
Wicklow). Site 1, Charleville Forest, Co. Offaly, is a mature broadleaved wood
(c.113 ha) in which oak (Quercus robur) is the dominant tree species. Site 2, Clonad
(c.143 ha), Co. Offaly, is a mixed, mainly coniferous woodland situated 1.5 km from
Charleville, where Norway (Picea abies) and sitka spruce (Picea sitchensis) are the
dominant tree species. Site 3, Cloragh (c.160 ha) is located in Ashford, Co. Wicklow.
The dominant tree species present are sitka spruce and Douglas fir (Pseudotsuga
spp). Site 4, Knocksink nature reserve (c. 60 ha), is located in Enniskerry, Co.
Wicklow. It consists of mature oak (Quercus petraea) and mixed woodland. Site 5,
Tomnafinnoge (c.80 ha) in south Wicklow, is a broadleaved woodland consisting
mainly of mature oak (Quercus petraea) (Figure 4.1). Sites 2 and 4 are considered
discrete woodlands as there is no forested habitat within 1 km of these sites. Site 1
is separated from adjacent forest habitat by a new primary road. Site 3 is separated
from adjacent forestry by the Vartry river. Site 5 is not separated from adjacent
forestry by either natural or man-made boundaries, and as such represents the only
site which is indiscrete in this study (Figure 4.1). Spring based hair traps as
described by Messenger and Birks (2000) were installed in sites 1 (n=5),2 (n=7), 3
(n=28), and 4 (n = 4) in March 2011 for a period of 14 months, with the exception

of site 4, where the hair traps were moved to site 5 in October 2011. Each trap was
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baited once per month with chicken and the tree trunk was smeared with
marmalade. Traps were positioned 450m apart at a density of one trap per 20 ha
throughout the sites as previous home range sizes for the pine marten in Ireland
have been reported as > 0.2 km? (Birks 2002). Animals that were genetically
identified in three or more months (including at least one month between
November 2011 and April 2012) were assumed to be resident adults. Abundance
values were then obtained by applying the number of residents adults identified at

each site to the corresponding forested sampling area.
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Figure 4.1 Location of the study area in Ireland (inset) and the locations of the hair trap sites within the fragmented forested landscape. Non forested land
cover is white, forested habitat is grey and hair trap sites are represented in black. Scat survey sites are indicated by open diamonds. The position of each

hair trap within the study sites are also shown
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4.3.1.2 Dietary study

Scats were collected between March 2010 and August 2012 from 23 sites
throughout the midlands and the east of Ireland (Figure 4.1) and stored at -20°C. In
order to ensure reliability and validity of both scat density and dietary analysis, all
scats collected as part of this study were subjected to DNA analysis in order to

confirm they were of pine marten origin.

In order to determine whether a potential prey species was being preyed upon, it
was necessary to establish first of all that it was available as a prey item. Of the 23
scat collection sites, 17 were classified as being either red squirrel or grey squirrel
positive sites in accordance with the findings of concurrent squirrel distribution
studies (Table 4.1) (see also Chapter 2). A sample of scats from the west of Ireland
that were collected during the course of a red squirrel population study (Waters
and Lawton 2011) were also included. Woodlands where both grey squirrels and
pine marten were confirmed as being present together were identified as key sites
and revisited where possible to increase the sample size of scats collected from
these zones. In August 2012, a scent detection dog, specially trained to detect pine
marten scat, carried out searches in three woodlands (including abundance study
site 5, Tomnafinnoge and two further sites in the east). With the exception of the
searches made by the scent detection dog, and a few scats that were collected
opportunistically, the distance covered during the course of scat collection was
used to estimate scat density, where scat density = (no. of scats collected)
/(distance walked). All scats were collected by the author and transects were
walked once per month in the abundance study sites, and in the rest of the sites
either once or twice in total. A Fisher Exact test was used to test for an overall
difference in accuracy in scat identification in the field between the midlands and
eastern sites, and to test for a significant difference in the frequency of occurrence

of red and grey squirrels in the diet.
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Table 4.1 Scat surveys in sites where squirrel distribution studies had taken place (see

Chapter 2; Waters and Lawton 2011) resulted in a total of 361 scats for analysis of squirrel

in the diet *site re-visited with scent detection dog. RS = red squirrel, GS = grey squirrel,

M = midlands, W = west, E = east, Y = squirrel species detected during field survey, N =

squirrel species not detected during field survey

Site

Charleville
Clonad
Abbeleix Demesne
Birr Castle
Ballykilcavan
Cappard

Emo Park
Ballyteige
Garryhinch
Derryclare
Croneybyrne
Clara
Tomnafinnoge*
Dollardstown*
Ballygannon
Mullaghreelan*
Oakpark
Jenkinstown

Total

M

<

£ =

Location RS

Y

GS

N

N

RS site scats

162

109

329

GS site scats

20

32

RS prey  GS prey

4
3
1

5
8 5

2.4% FO 15.6% FO
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4.3.2 Laboratory methods

4.3.2.1 Abundance study
Molecular analysis

Genomic DNA was isolated from (n = 158) hair samples using The ZR Genomic DNA
Il Kit™ (ZYMO Research, CA, USA) using the protocol for hair extraction (ZYMO
RESEARCH Cat no. D3040). The DNA was eluted with 100 pl of deionised water.
Real-time PCR was used for species (targeting mitochondrial DNA) and sex
determination (targeting ZFX and ZFY sequences on the X and Y chromosome) of
the hair samples as described by Mullins et al (2010). The Ct value for the ZFX gene
was used to screen the samples for genotyping suitability. Samples with a Ct value

less than 36 were deemed to contain adequate quantities of nuclear DNA for

genotyping.

Genotyping

Samples that were deemed suitable for genotyping were screened in duplicate at
seven loci (Ma2-mini, Mell, Gg7-mini, Mvi1341, Mvi1354, Mvis075, Ggu234). As
the samples used for genotyping came from a non-invasive source (remotely
plucked hairs), each sample was independently genotyped twice. Scores were only
recorded if they were observed twice and exactly matched. Samples that were not
replicated after the first two PCR’s were repeated. Details of primers and multiplex
setup are provided in Table 4.2. Fragment Analysis was conducted on an ABI PRISM
310® Genetic Analyser (Applied Biosystems) according to the manufacturer’s
instructions with the standard run module. Alleles were scored with GS500 LIZ™
size standard using GeneMapper software v3.7 (Applied Biosystems). Two authors

independently called alleles.
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Locus Primer sequence 5” — 3’ Size Reference
range
Ma2-mini  F: YAK-CCATGTACTTTTCCTATCTTTTAGGA 131-141  O’Reilly (This study)
R: ATCTTGCATCAACTAAAAAT Davis and Strobeck (1998)
Mell F: FAM-CTGGGGAAAATGGCTAAACC 106-116  Bijlsma et al. (2000)
R: GCTCTTATAAATCTGAAAATTAGGAATTC Mullins et al. (2010)
Gg7-mini  F: FAM-GTTTTCAATTTTAGCCGTTCTG 132-140 Davis and Strobeck (1998)
R: GCTCTTCACTCTGTGTGGCATCTAC O’Reilly (This study)
Mvil341* F: PET-GTGGGAGACTGAGATAGGTCA 164-178  Vincent et al. (2003)
R: GTTTCTTGGCAACTTGAATGGACTAAGA
Mvil354* F: FAM-CCAACTGGAGCAAGTAAAT 200-212  Vincent et al. (2003)
R: GTTTCTTCATCTTTGGGAAAGTATGTTT
Mvis075* F: FAM-GAAATTTGGGGAATGCACTC 145-155  Fleming et al. (1999)
R: GTTTCTTGGCAGGATAGGATGTGAGCT
Ggu234 F: PET-TTACTTAGAGGATGATAACTTG 84-90 Duffy et al. (1998)
R: GAACTCATAGGACTGATAGC

Table 4.2 Microsatellite primers used in pine marten genotyping. Reverse primers marked

with an * were modified with a 5" sequence of GTTTCTT to promote non-templated

nucleotide addition (Brownstein et al. 1996).

The Ma2-F and Gg7-R primers were

redesigned to produce a smaller product. The primers were used in two multiplex mixes.

Mix A contained Gg7-mini and Mvil354 and Mix B contained all the other primers. Each

primer pair was at a final concentration of 0.5 puM. Microsatellite amplifications were

performed in a total volume of 10 ul with 4 ul DNA extract, 1pl primer mix and 5 pl GoTag®

Hot Start Green Master Mix (Promega). The PCR conditions were 95°C for 5 min followed

by 30 cycles of 95°C for 30 s, 60°C for 90 s and 72°C for 30 s, followed by 72°C for 30 min
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Data Analysis

The two genotyping replicates were compared to assess the data for genotyping
errors including the presence of allelic drop out and false alleles using GIMLET
version 1.3.4 (Valiére 2002). PCR success rates were also calculated using GIMLET
version 1.3.4 (Valiere 2002). The occurrence of repeated genotypes was identified
using GENALEX version 6.4.1 (Peakall and Smouse 2006) and the number of
replicates or individual recaptures was recorded. A final dataset was created with
duplicated data removed and MICROCHECKER version 2.2.3 (Van Oosterhout et al.
2004) was used to further identify possible genotyping errors, including the
presence of null alleles, large allele dropout, and scoring errors as a result of stutter

peak (using default settings).

Gametic phase linkage disequilibria by Fisher’s method (1000 dememorizations and
5000 iterations) and deviations from Hardy-Weinberg equilibrium were assessed
(default settings, exact tests) using GENEPOP version 4.0.10 (Rousset 2009).
Observed (Hp) and expected (Hg) heterozygosities and the number of alleles (a),
were calculated using GENALEX version 6.4.1 (Peakall and Smouse 2006), and allelic
richness (Rs) was estimated using FSTAT 2.94 (Goudet 1995).

4.3.2.2 Dietary study
Molecular analysis

Approximately 0.2g of scat was used for DNA extraction as described in O’Reilly et
al (2008), and using the ZR Genomic DNA Il Kit™(ZYMO Research, CA, USA). Pine
marten DNA was verified as described above. All samples with a Ct value lower
than 32 were classified as pine marten and those with a greater Ct value were
classified as non pine marten and excluded from further analysis. To test for prey

DNA in the confirmed pine marten scats, species-specific Tagman assays designed
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to detect red and grey squirrel DNA were used. All PCR reactions and probes were
as described by O’Meara et al. (2012). A sub-sample of 160 scats (80 from sites 1
and 2 respectively) were also tested for small mammal prey DNA; woodmouse
(Apodemus sylvaticus), bank vole (Myodes glareolus), pygmy shrew (Sorex minutus),
and greater white toothed shrew (Crocidura russula) (O’Meara et al. 2013).
Samples with Ct values of 36 or higher were discounted and positive results were
replicated for verification. Percentage frequency of occurrence (%FO) in the diet
for each prey species was calculated as the number of scats in which the species’

DNA was amplified/total no. of scats tested*100.

Macro analysis

A sub-sample of 110 scats were subjected to traditional hard part analysis to
identify mammalian prey using keys to identify mammal bones (Yalden and Morris
1990) and hairs (Teerink 1991). The subsample of 110 scats comprised 40 scats
from both the Charleville and Clonad subsamples respectively (which had been
tested for squirrel and other small mammalian prey DNA) and a further 30 scats
from the grey squirrel positive sites (which had been tested for squirrel DNA only).
The results from molecular and macro analysis were compared and then combined
to determine an overall frequency of occurrence in the diet for each prey species.
A chi square test was used to investigate significant differences in the frequency of
occurrence of each species according to molecular, macro and combined results.
Regression analysis was used to investigate whether a relationship exists between
the frequency of occurrence of prey items using molecular and macro techniques.
%FO for mammalian prey species was calculated as in molecular analysis and
percentage relative biomass of prey ingested (%BPl) was calculated as: weight of
dried remains for each species/total weight of dried remains. Previous studies
investigating the contribution the main food groups make in terms of biomass to
the diet have used pre-established correction factors in such estimations (Lynch
and McCann 2007; Caryl et al. 2012b); these correction factors were derived from

feeding trials in which the weight of the food item eaten was divided by the dry
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weight of undigested matter later identified in scats (Lockie 1961; Balharry 1993;
Jedrzejewska and Jedrzejewski 1998; Lanszki et al. 2007). Individual correction
factors for the mammalian prey species investigated in the current study were not
available as they are usually simply grouped together in feeding trials as 'small

mammals'.

4.4 Results

4.4.1 Abundance study

A total of 157 hair samples were collected out of 273 baited hair traps. Sites 1 and
2 in the midlands yielded the highest success rates with 91% and 78% respectively.
In site 3, 37% of potential trapping events yielded hair samples. In site 4, one hair
sample was obtained out of a possible 24, and this was the only hair sample in the
study to test as negative for pine marten DNA. Site 5 yielded nine hair samples, a
success rate of 37.5%. A further hair sample was collected from a roadkill animal in

July 2011, c. 3 km from site 2, bringing the total number of hair samples to 158.

Of the 158 hair samples, 157 were successfully genetically identified as pine marten
and 139 were successfully sex-typed. 109 samples had a ZFX Ct value < 36 and of
these, 104 were successfully genotyped (at six or more loci) (i.e. 95% of samples
that passed the screening process, or 66% of all hair samples collected). This

success rate varied between individual sites (Figure 4.2).
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Figure 4.2 The number of successful hair trapping events and the portion of hair samples

successfully genotyped from each site

A total of 25 individual genotypes were obtained from the 104 samples; one from
the roadkill animal near site 2, and 24 from the abundance study sites (site 1, n=6
pine marten detected with five hair traps; site 2, n = 10 pine marten detected with
four to seven hair traps; site 3, n = 6 pine marten detected with eight hair traps; site
5, n = 2 pine marten detected with four hair traps). Pine marten abundance ranged
from 0 to 3.54 per km? including adult residents only (Table 4.3). The number of
hair samples genotyped from each individual ranged from 1 to 14 with a mean
value of 4.29 (+ 1.6, 95% Cl) and the number of months each animal was captured
ranged from 1 to 7, with a mean value of 3.29 (+ 0.96, 95 % Cl) (Table 4.4). One
individual (a male) was detected in both site 1 and site 2 (Jan 2012 and May 2011
respectively). These sites are located 1.5 km apart (Figure 4.1) and together they

comprise less than 3 km? of forested habitat. In total, eight adult residents were
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Mean No. adult No. adult

Site name Site area Total PM identified ) residents per

Captures residents 2
km

Midlands 1- Charleville 1.13 km? 6 4.67 (0.98) 5 4.42
2. Clonad 1.43 km? 10 2.8 (0.79) 3 2.10
East 3- Cloragh 1.58 km? 6 2.83 (0.75) 2 1.27
4. Knocksink 0.6 km? 0 0.00 0 0.00
5. Tomnafinnoge 0.8 km? 2 2.5(1.5) 1 1.25
Total Al 5.54 km? 24 3.29 (0.46) 11 1.99
Midlands 2.56 km? 16 3.56 (0.63) 8 3.13
East 2.98 km? 8 2.75 (0.62) 3 1.01

Table 4.3 The total number of pine marten identified by unique genotypes at each site, in total (All), in sites 1 and 2 combined (Midlands) and in sites 3, 4
and 5 combined (East). Mean Captures = mean number of times each animal was captured per site (Std Er). No. adult residents = number of animals that

were detected in 2 3 months including at least one month during Nov 2011 and April 2012
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Animal Site Sex GT Months
CVF01 1. Charleville Female 1 1
CVF02 3 3
CVF03 10 7
CVF04 6 4
CvMo01 Male 9 7
CVMO02 14 6
CDMO05* 1 1
CDFO1 2. Clonad Female 4 4
CDF02 1 1
CDFO3 3 3
CDFO4 1 1
CbMO1 Male 1 1
CDMO02 3 2
CDMO3 1 1
CDMO04 12 8
CDMO05* 1 1
CDMO06 7 6
WWFO01 3. Cloragh Female 2 2
WWF02 3 3
WWwWMO01 Male 7 5
WWMO02 1 1
WWMO03 6 5
WWMO04 1 1
TFFO1 5. Tomnafinnoge Female 4 4
TFFO2 Male 1 1
Roadkill 1

Total 104

Table 4.4 The site each pine marten was recorded at and the sex assigned through DNA
analysis. GT = the number of hair samples successfully genotyped for each animal. Months

= the number of months each animal was identified. *Animal was captured at two sites
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detected in the two sites and a further eight that are assumed to be either sub-
adult or non-resident individuals were also detected. With the exception of the one
animal there was no further crossover of individuals detected between these two
woodlands, despite their close proximity to one another and the lack of

surrounding forested habitat.

4.4.1.1 Assessing genotyping errors

No ambiguous genotypes were detected in the replicated genotypes. The
proportion of positive PCRs ranged from 90 — 100% across loci and from 86 to 100%
across samples. Analysis of genotyping error revealed the presence of allelic
dropout rates of 0.08 at locus Ma2-mini, 0.10 at locus Ggu234 and 0.46 at locus
Mvis354, with no false alleles detected. The overall allelic dropout error rate across
all loci was 0.09, 0.32 across all samples, and 0.08 across all PCRs. There was no
systemic evidence of scoring errors and the data was not shown to be affected by

the systemic presence of null alleles or large allelic dropout.

4.4.1.2 Genetic variability

The number of alleles was low ranging from 2 at Ggu234 and Mvis075 to 4 at Gg7-
mini (Table 4.5). Low levels of allelic richness per locus and per sample were also
observed from 2 at Ggu234 and Mvis075 to 3.69 at Gg7-mini. Expected levels of
heterozygosity ranged from 0.106 at Mvis1354 to 0.570 at Ma2-mini, and observed
levels of heterozygosity ranged from 0.111 at Mvis1354 to 0.708 at Gg7-mini and
Ma2-mini (Table 4.5). There were no significant deviations from Hardy—Weinberg

expectations at any loci
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Table 4.5 Descriptive statistics for microsatellite analysis of pine martens in four study sites in Ireland: N = the number of individuals that
successfully amplified at each locus, a = number of alleles per locus, R = allele size range, A = allele size, H; = expected heterozygosity, Ho =

observed heterozygosity. There were no significant deviations from Hardy-Weinberg equilibrium

Ggu234 Mell Gg7-mini Ma2-mini Mvis075 Myvis1341 Mvisl354 Mean

N 24 24 24 24 24 24 18 23.14
a 2 3 4 3 2 3 3 2.86
Rs 2.0 2.99 3.69 3.0 2.0 2.75 3.0

as 87-93 108-116 132-142  131-137 151-153 170-180 200-208

He 0.353 0.379 0.548 0.570 0.305 0.442 0.106 0.386
Ho 0.458 0.417 0.708 0.708 0.292 0.542 0.111 0.462
Hw  0.145 0.861 0.775 0.889 0.834 0.632 0.996
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4.4.2 Dietary study

A total of 517 scats were collected between March 2010 and August 2011. Four
hundred of these were collected in the midlands (n = 9 sites) and 117 were
collected in the eastern sites (n = 14 sites) (Figure 4.1). Overall, 86% of scats
collected in the midlands tested positive for pine marten DNA compared to 39% in
the east. As such, accuracy in the field was found to be significantly lower in the
eastern region (p < 0.001, Fisher exact). The majority of scats were included in scat
density calculations as distance walked was known (333 out of 344 and 38 out of 46
in midlands and eastern sites respectively). Thus scat density was estimated to be
1.745 scats per km in the midlands and 0.221 scats per km in the east. Although
scat density was found to be higher in areas of higher pine marten occupancy, no
statistically significant relationship was found between scat density and pine
marten abundance. The scent detection dog succeeded in collecting seven pine
marten scats from two of three woods visited over a two day period. When scats
were categorised into red squirrel and grey squirrel sites (as per Chapter 2) a total
of 329 were classified as coming from red squirrel positive sites, and 32 from grey
squirrel positive sites (Table 4.1). Squirrels appeared in the diet as prey items at
low frequencies during nine months of the year, spring and early summer being

most common (Table 4.6).
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Table 4.6 Squirrels as detected as prey items in molecular and macro analysis of pine
marten scats, including the date and site at which the scat was collected. RS = red squirrel,

GS = grey squirrel, Y = positive, N = negative (blank = not tested)

Species Date Site Molecular Macro
RS 2010-03-22 Abbeyleix Y
RS 2010-11-16 Clonad Y N
RS 2011-03-31 Charleville Y
RS 2011-04-01 Charleville Y
RS 2011-05-11 Charleville Y
RS 2011-06-07 Clonad Y Y
RS 2011-06-07 Clonad N Y
RS 2011-09-30 Charleville Y
GS 2011-10-01 Tomnafinnoge Y
GS 2012-02-03 Tomnafinnoge N Y
GS 2012-03-13 Tomnafinnoge Y Y
GS 2012-04-18 Tomnafinnoge N Y
GS 2012-05-18 Tomnafinnoge Y N

4.4.2.1 Molecular and macro analysis

Regression analysis found a linear relationship to exist between the %FO of
mammalian prey items as detected by molecular and macro analyses (y = -1.694+
1.969x, R*> = 0.895, p < 0.05) (Figure 4.3). The woodmouse featured more
frequently in the diet than any other mammal species in both the molecular ()(2 =
41.17) and the macro (x° = 67.58) analyses (df = 4, p < 0.01) (Figure 4.4). Grey
squirrels featured more frequently than red squirrels as prey items in both
analyses, significantly so in the molecular analysis, despite the considerable

difference in sample size (p < 0.05, Fisher exact).
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When results from the reduced sample (n = 110) that was the subject of both
molecular and macro analyses were combined, the %FO increased for all species,
however there was very little effect on the low frequency prey items (red squirrel,
bank vole and pygmy shrew). The %FO for woodmouse and grey squirrel increased
more considerably when results from both methods were combined, but not
significantly so (Figure 4.5). %BPI also found the woodmouse to be the most
important prey species in the diet of the pine marten, followed by the grey squirrel
where it was available, although ¢.30% of mammalian remains could not be

identified to species level (Figure 4.6).
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Figure 4.3 A linear relationship was found to exist between the frequency of occurrence of

mammalian prey items as determined using molecular and macro analyses (y = -1.694 +

1.969x, R*= 0.895, p < 0.05)
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Figure 4.4 Overall results for molecular and macro analysis of mammalian prey species in
pine marten diet (n = number of pine marten scats tested where that item was available to
the pine marten). Those subject to macro analysis are a random sub-sample of the
molecular samples except the sample from the grey squirrel positive sites. The
woodmouse features significantly more frequently than any other prey species (molecular
and macro analysis) and macro analysis detected significantly more woodmouse in the diet
than molecular analysis (p < 0.01, Fisher exact). Grey squirrels were more frequently

detected than red squirrels as prey items (molecular analysis: p < 0.05, Fisher exact)
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Figure 4.5 Comparison of results from both molecular and macro analysis of pine marten
scats, where all samples were subjected to both techniques (n = sample size). Frequency of
occurrence was higher for all species detected when results were combined, and

significantly so for the woodmouse (x2 = 6.04, df = 1, p < 0.05)
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Figure 4.6 The percentage relative biomass (%BPI) of mammalian prey items ingested as
determined by macro analysis of pine marten scats. WM = woodmouse, R = rat, BV = bank

vole, PS = pygmy shrew, RS = red squirrel, GS = grey squirrel

4.5 Discussion

4.5.1 Pine marten abundance

This study has provided an index of abundance for the pine marten population in
both their core range and a considerably less populated part of their range in the
east of Ireland. Abundance values are not directly comparable to European studies
where density values were obtained from radio-tracking or snow tracking e.g.
Zalewski and Jedrzejewski (2006) and Mergey et al.(2011), but are comparable to
Irish studies that have used a combination of hair trapping and live-trapping to
determine population density estimates. The abundance values obtained in this
study suggest that the population in the midlands of Ireland (mean value of 3.13

adult residents per km?) is currently living at a higher density than previously
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reported for the species in Europe (0.01 to 1.75 per km?) or Ireland (0.5 to 2 per
km?) and thus quite possibly represents the highest density in their natural range.
It is unclear why the European pine marten reaches these relatively high numbers
in Ireland, particularly when their favoured habitat is so sparse and fragmented. In
a review of available literature on European pine marten densities, Zalewski and
Jedrzejewski (2006) found that between 41° and 68°N densities declined
exponentially with decreasing winter temperature and increasing seasonality, and
suggested that both winter severity and availability of rodents are limiting factors
on populations. Thus it is possible that Ireland’s relative lack of seasonality and
mild winters (the moderating influence of the Atlantic gulf stream results in mean
minimum winter temperatures of 2 to 6°C) (MetEireann website) contribute to the
observed high pine marten abundance. Other contributory factors may include lack
of competition and lack of predators, with the red fox (Vulpes vulpes) representing

the pine marten’s only real competitor or predator in Ireland.

Zalewski and Jedrzejewski (2006) estimated that 2 km? is the minimum area of
forested habitat necessary to support an adult pine marten in the temperate forest
zone. However, this does not appear to apply to the core Irish pine marten
population and both midlands sites, Charleville (1.13 km?) and Clonad (1.43 km?),
sustain relatively high pine marten numbers in comparison to other extensively
forested parts of Europe (Zalewski and Jedrzejewski 2006). The European pine
marten has traditionally been considered a forest specialist, however recent studies
have found the species to be less restricted to large forests than previously believed
and highlighted the importance of the surrounding landscape not only in providing
habitat corridors but also in providing essential food resources and den sites
throughout fragmented landscapes (Clevenger 1994; Pereboom et al. 2008; Mergey
et al. 2011; Caryl et al. 2012a). In the current study, hair traps were only placed
within the forested habitat and thus no data was obtained on the use of the
surrounding landscape, or in the case of site 5, the adjacent forestry. Abundance
values per km? are thus only applicable to forested area as use of surrounding
landscape is not accounted for with this sampling technique. The fact that only one

animal was detected both in sites 1 and 2 despite their close proximity to one
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another, supports the theory that these small woodlands can be considered as
relatively discrete in terms of pine marten occupancy, however it is likely that

surrounding non-forested landscape is also used to some extent.

4.5.2 Non-invasive techniques

When compared to other methods of determining pine marten density, such as scat
transects (O’Mahony et al. 2006), snow-tracking (e.g. Zalewski 1999) (not feasible
in Ireland), camera-trapping (e.g. Manzo et al. 2012) and live trapping, there are
certain benefits and limitations to genetic tagging through hair samples. Genetic
tagging does not provide specific biological information such as weight,
reproductive activity and condition, nor does it provide detailed spatial information
on home range size or territoriality which is achieved through radio-tracking. It is
however the only non-invasive method that confidently differentiates between
individual animals. The data collection process was non intrusive to the animal and
time-efficient in terms of data collection. The hair traps themselves are inexpensive
to construct and maintain. However it is clear from our data that hair trap density
should be increased to optimise information gathered on the population. In the
midlands sites there were more individuals detected per site over the study period
than there were hair traps available per month; in site 1, six pine marten were
detected using five hair traps and in site 2, ten pine marten were detected with as
few as four hair traps (over the course of the sampling period, hair traps were
persistently stolen from this site). It is possible that this resulted in an
underestimation of the abundance value at this site as the number of hair traps
available was not sufficient to give each individual present the opportunity to use a
hair trap each month, in particular during the winter months when residency was

being determined.

The proportion of hair samples collected that were successfully genotyped (66%)
could also be improved in future studies. A relationship has been found to exist
between the number of hairs in a sample, and the probability it will be successfully

genotyped (Mowat and Paetkau 2002). In the majority of hair trapping events in
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the current study more than 10 hairs were captured, thus providing a relatively high
amount of DNA. However, the samples were left in situ for a period of up to one
month, which may have caused the DNA to degrade due to relatively high ambient
temperatures and humidity. Lynch et al. (2006) suggested a survey period of six
days is sufficient to detect pine marten presence (in lowland broadleaf woods), so
the hair samples could alternatively be collected approximately one week after hair
traps are set. Screening the quantity of nuclear DNA in the samples using the sex
typing assay prior to genotyping helped to increase the genotyping success (95%) as
the samples that were deemed to have insufficient high quality DNA did not
proceed to the genotyping stage. This also helped reduce the overall cost and this
technique combined with shorter sampling periods could substantially help improve

the overall success rate in future studies.

The overall number of alleles and levels of heterozygosity in this study were very
low. Mullins et al. (2010) also recorded low levels of genetic diversity in the Irish
pine marten population, and this could be due to the low number of individuals
that the current pine marten population have re-established themselves from.
Furthermore, there has only been one mitochondrial DNA haplotype found in the
contemporary Irish population (Jordan et al. 2012). The long-term effects of such
low levels of genetic diversity in an expanding population are not known. However,
the low diversity found in this study may also be partially due to the microsatellites
used, as they were originally developed for use with other mustelids. This was also
discussed as a reason for lower levels of genetic variability in the Iberian pine

marten population by Ruiz-Gonzalez et al. (2013b).

An alternative form of quality screening to the method used in the current study
involves preliminary analysis with a sub-group of microsatellites, as was undertaken
by Ruiz-Gonzalez et al. (2013). Samples that amplified well (>50 % positive PCRs)
with the sub-group were then taken to the next stage of analysis. The approach
taken in the current study may be more useful as data not used for genotyping at
least provides further information on species and sex. The pre selection of DNA

samples for genotyping removes samples that are unlikely to replicate or may cause
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a higher occurrence of genotyping error (Zhan et al. 2010) and thus may be more

efficient.

Low genotyping error rates were reported in this study, and were at the lower end
of the level of error when compared to other non invasive genetic studies using
DNA extracted from hair (Broquet et al. 2007). Genotyping errors are easier to
control and account for in small studies with fewer samples (Zhan et al. 2010).
Mullins et al. (2010), also working with a relatively small dataset, similarly reported
low genotyping errors. The high number of recaptures reported in the current
study further supports the low occurrence of genotyping errors, and helps to
validate the genotyping results. If an erroneous individual had been detected
within the dataset, this individual would not affect the overall abundance
estimates, as only animals identified within a site on at least three separate months

were included in the abundance estimates.

Future studies could investigate the potential of using faecal DNA for genotyping in
similar studies (see Ruiz-Gonzalez et al. 2013). Genotyping errors are more likely to
arise with faecal derived DNA however, and approximately only 50% of samples can
be successfully genotyped. There is also a higher risk of contamination and more
replicates are needed in order to be sure that the genotyping results are correct
(Ruiz-Gonzdlez et al. 2013b and references within). The genotyping screening
approach taken in this study could be applied to a faecal DNA genotyping study in
the future, as it could be used to select the faecal DNA samples with the highest
guantity of nuclear DNA, and that are more likely to amplify. A possible benefit of
using a combination of faecal and hair DNA to sample the population, may be the
opportunity to identify a higher portion of the true population. It is possible that
some animals may avoid using hair traps and that other animals may not mark their
territory as widely or actively as others. Thus it is possible that more accurate
density estimates might be gained through combination studies, and the feasibility

of using both techniques together should be investigated in the future.
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4.5.3 Scat density

There are inherent problems with surveying for pine marten scats in areas of low
population density (Birks et al. 2005); most notably misidentification of scats in the
field, even by experienced surveyors. This problem is addressed in modern surveys
by the use of genetic tests to confirm pine marten origin (O'Reilly et al. 2008;
Balestrieri et al. 2011; Caryl et al. 2012b). The current study found that in the east
of Ireland, where pine marten abundance is lower, of those scats that were
collected, significantly fewer were confirmed as pine marten than those collected in
the midlands, where abundance is higher. A factor that is likely to have contributed
to this result is the likelihood that the surveyor was less discriminate about which
scats were collected in the lower scat density sites. When scats are scarce in the
field, any opportunity to collect a potential scat is likely to be taken, even if the scat
has been weathered and has lost the often distinctive pine marten odour, or the
ability to extract amplifiable DNA. In areas where scats are more abundant, key
features such as smell and shape are taken into account, and the surveyor is likely

to be more critical regarding the quality of the scat collected for the survey.

Furthermore, in areas of low pine marten population density, territorial scent
marking behaviour may be greatly reduced (Macdonald et al. 1998). Lockie (1964)
was the first to suggest that a relationship exists between the number of scats and
pine marten abundance, however in a review of nine previous scat surveys in the
UK and Spain, Birks et al. (2005) found that the field relationship between scat
abundance on transects and marten numbers was yet to be established. Indeed,
whilst the current study found scat density to be higher in areas of higher pine

marten abundance, regression analysis failed to define this possible relationship.

Scent detection dogs are increasingly being used in the study of elusive carnivores
(Smith et al. 2003; Long et al. 2007; Reed et al. 2011), and have been found to have
a superior detection rate to that of humans. In the current study, the scent
detection dog was used over a two day period, and succeeded in collecting a total

of eleven scats, seven of which were confirmed as pine marten through molecular
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analysis. Those that tested negative for pine marten DNA also tested negative for
fox DNA (the species that pine marten scat is most likely to be misidentified as in
Ireland), which suggests that the quality of the DNA in those samples was too
degraded for genetic species identification. As such, it is not possible to determine
whether the scats detected by the dog that tested negative for pine marten DNA
were true or false negatives. Only one pine marten scat was detected during the
two day survey without the aid of the dog, suggesting that the use of scent
detection dogs in areas of low pine marten and low scat density can greatly

improve sampling efficiency.

4.5.4 Dietary analysis

The absence of grey squirrel in the diet of the pine marten in the midlands most
likely reflects their lack of availability as a prey item (Carey et al. 2007; Chapter 2).
Molecular and macro analysis produced an overall frequency of occurrence for grey
squirrel of 9.4% and 10% respectively in sites where grey squirrels are known to be
present, that increased to 15.6% when results from molecular and macro analysis
were combined. The relative biomass of grey squirrels gave a similar estimate (13%
BPI). These figures are based upon a relatively small sample size however, and
must be interpreted with caution as small sample sizes can cause a prey item to be
either under or over represented in dietary analysis (Trites and Joy 2005).
However, they do confirm that the North American grey squirrel forms part of the
European pine marten diet when the two species’ ranges overlap. Throughout the
course of the current study, the grey squirrel was only confirmed as an available
prey item in areas of low scat density, which made scat collection for dietary
analysis in these areas very challenging. A larger sample size of scats, perhaps
collected with the aid of a scent detection dog, will allow for a more robust dietary
analysis in areas of low density, and will thus be useful in determining differences in
pine marten feeding ecology between areas of high and low density, as well as
predation on the alien grey squirrel. At low numbers it is unlikely that a pine

marten population could significantly impact grey squirrel numbers by predation,
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and it remains to be established what impact, if any, an increase in pine marten
numbers will have on the grey squirrel population in the east. In contrast, the
sample size of scats collected where red squirrels were confirmed as present was
adequate to detect with confidence the frequency at which the red squirrel occurs
in the diet. Red squirrels and pine marten have co-existed in Ireland and many
other parts of Europe over many millennia, and the red squirrel has also appeared
only as a very low frequency prey item in previous Irish pine marten dietary studies
(Warner and O'Sullivan 1982; Lynch and McCann 2007; O’Meara et al. 2013). Red
squirrels have been recorded at higher frequencies in Russia and Sweden, however,
where other small mammal prey are less abundant (De Marinis and Masetti 1995).
Red squirrels live at lower densities than grey squirrels (Gurnell 1987) and would
therefore be numerically less available as prey items. They are also lighter than the
grey squirrel, capable of reaching the outermost branches of trees, and spend the
vast majority of their foraging time in the canopy, whereas grey squirrels spend

around 85% of their foraging time on the ground (Kenward and Tonkin 1986).

In this study, both molecular and macro analyses detected prey species in similar
proportions, therefore molecular techniques can be accepted as a reliable method
to detect mammals as prey items in pine marten diet. This is a useful tool in
determining the small mammal composition of carnivore diet and also the spread
(and possible decline) of both invasive and native mammal species in Ireland.
However the macro analysis was significantly more sensitive in the detection of the
woodmouse, which was the most frequently consumed mammal in the diet. As
such it is recommended that any study aiming to determine more exact frequencies
of a species in the diet (as distinct from determining prey species presence or
absence) be validated with traditional hard part (macro) analysis. In this study, a
standard DNA extraction for both the species and dietary analysis was used (a cost
effective strategy). However, to improve the molecular dietary detection of prey
DNA, future molecular studies might increase the detection rate by sampling a
larger amount of scat, extracting multiple samples from the same scat, or
homogenising the scat prior to DNA extraction (see King et al. 2008). As expected,

the greater white toothed shrew was not detected as a prey item in the subsample
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examined, as scats were collected outside the described range of the species in
Ireland (Montgomery et al. 2012). Similarly, the bank vole was found at a very low
frequency and only in site 2, which is located at the edge of their current range
(Montgomery et al. 2012). The woodmouse was found to occur in 31.8% of scats
tested , which is similar to frequencies found in Northern Spain and Tuscany (De
Marinis and Masetti 1995). Previous studies in Ireland have found the woodmouse
to occur at around 13% frequency (Lynch and McCann 2007) and 14.7% (O’Meara
et al. 2013) in pine marten scats. In Scotland pine marten have been found to show
a seasonal preference, regardless of abundance, for field voles (Caryl et al. 2012b),

a species which is not available to the Irish pine marten.

Biomass or %BPI values could be better estimated for both macro and molecular
analyses if feeding trials were conducted with captive pine marten to determine the
appropriate correction factors for (a) the detection rates of the various mammalian
prey species DNA after known amounts have been consumed and (b) the
relationship between weight of dried remains and fresh weight ingested for red and

grey squirrels as distinct from each other and from the 'small mammal' grouping.

4.6 Conclusion

As expected, this study confirms that the grey squirrel does not feature in the pine
marten diet in the midlands of Ireland, which is most likely explained by their rarity
as a prey species in the region. In Ireland and Scotland it has been speculated that
the pine marten population has inhibited the grey squirrel population from
spreading, and has even caused the grey squirrel population to crash in areas where
they were once established (Carey et al. 2007; Caryl 2008; Paterson and Skipper
2008). No grey squirrel control measures had been carried out in any of the Irish
midlands sites surveyed since the 1990’s, therefore human management of the
alien squirrel population is not an explanatory factor in their rarity Habitat is not a

factor either, as red squirrel populations are found in the woodland, as until
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relatively recently were high numbers of grey squirrels. Whether predation was a
factor in the retraction of the grey squirrel range historically is not possible to
determine in retrospect, but evidence of predation on the alien squirrel species in
the east confirms that the pine marten will indeed prey upon the grey squirrel,
where it is available. This study introduces the possibility that there could be some
form of density dependent avoidance behaviour taking place on the part of the
normally invasive grey squirrel, where areas of high predator abundance might be
discouraging the grey squirrel from remaining in, or establishing in a woodland in
the first place. The possibility that pine marten density may be influencing squirrel

distribution warrants further investigation.

Future studies on the pine marten population in Ireland should also address the
lack of information on home range size and territoriality. In particular, differences
in home range sizes and territoriality between the core population in the midlands,
and the less abundant population in the east, will reveal density related differences
in spatial ecology. What effect an increase in pine marten numbers in the east of
Ireland will have on grey squirrel distribution and abundance merits further
investigation as a matter of priority, as such information will be vital in order to
establish the relationship between the native squirrel predator and the invasive

squirrel species.
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5. Grey squirrel sensitivity to predator odour

5.1 Introduction

The European pine marten is a known predator of the Eurasian red squirrel. Indeed
the range of the pine marten overlaps almost entirely with that of the western
portion of the red squirrel’s range (Figure 5.1). In Ireland, several studies on pine
marten diet have been carried out in areas where the red squirrel is present as a
prey item. The percentage frequency of occurrence (%FO) in the diet has ranged
from 0.1 to 2.4% (Warner and O'Sullivan 1982; Lynch and McCann 2007; O’Meara et
al. 2013, see also Chapter 4). In Scotland %FO of red squirrel in pine marten diet
has been found to range from 0 to 0.8% (Balharry 1993; Gurnell and Lurz 1997;
Caryl et al. 2012b). In Spain and Switzerland the red squirrel has been found to
occur in 0.5% to 2.8% of scats (Clevenger 1993; Marchesi et al. 1989) however they
have been found to occur at a higher frequency in Sweden (0 — 51%) and Russia (1.7
— 48.8%) (Yurgenson 1947) where other small mammal prey species are less

abundant (De Marinis and Masetti 1995).

In contrast, little is known about marten predation on the North American grey
squirrel. The natural range of the grey squirrel in North America (where it is known
as the Eastern gray squirrel) only overlaps with that of the American marten
(Martes americana) and fisher (Martes penanti) in a very small part of its north
eastern and north western natural range limits (Figure 5.2). As a result of this
limited range overlap, few dietary studies have been carried out in areas of grey
squirrel sympatry with either marten species. A study in Michigan on marten
gastrointestinal (Gl) tracts (from animals harvested during five successive winter
trapping seasons) found the grey squirrel to occur in 17% of 151 Gl tracts examined
(Hales et al. 2008). A study on fisher diet in Maine (n = 68 scats collected between
December and March) found the grey squirrel occurred at a 16% FO in the diet

(Arthur et al. 1989). The lack of further evidence of the grey squirrel in either
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marten or fisher diet likely results from their lack of availability as a prey item in

much of the American marten species ranges.
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Figure 5.1 The natural ranges of (a) the European pine marten and (b) the Eurasian red
squirrel. The range of the European pine marten overlaps extensively with that of the

Eurasian red squirrel.
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Figure 5.2 The natural ranges of (a) the fisher (b) the American marten and (c) the grey
squirrel in North America and Canada. The natural range of the grey squirrel overlaps only

in a small part of its north eastern and north western limit with those of the marten species
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Whilst both the American and the European pine marten prey upon sympatric
squirrel species e.g. in America the pine squirrel, Tamiasciurus hudsonicus, Douglas
squirrel, Tamiasciurus douglasii, and flying squirrel, Glaucomys sabrinus, and in
Europe the red squirrel (Sciurus vulgaris), there is no evidence in the literature of
martens being a limiting force on tree or flying squirrel populations (Gurnell 1987;
Smith 2007). Indeed the agility, the feeding habits and the densities at which these
squirrels typically exist (pine squirrel: 0.3 — 2.ha™; Douglas squirrel: 0.2 — 0.5.ha™;
flying squirrel: 0.1 — 3.3.ha™; red squirrel: 0.3 — 1.5.ha™*) (Kenward and Tonkin 1986;
Gurnell 1987; Steele 1998, 1999; Smith 2007) are likely to lead to low vulnerability
to predation by martens. These aspects of their ecology are likely to be a result of
their habitat adaptations to mainly coniferous forests in North America, Canada and
Eurasia, and may not necessarily represent predator avoidance techniques.
Nonetheless, as a result of their typical population densities and their habitat
preferences tree squirrels such as the Eurasian red squirrel and the American
Tamiascirus spp.are suitably adapted as elusive, low frequency marten prey species
and have a history of successsful sympatry with the European and American

martens.

In contrast, the grey squirrel typically lives at relatively high densities (2 — 16.ha™)
(Gurnell 1987) and spends the majority of its foraging time on the ground (Kenward
and Tonkin 1986). Therefore they should be theoretically more vulnerable to
predation by martens. However, they exist in and are adapted to the hardwood
forests of eastern North America, where martens are all but absent. This lack of
exposure to marten species may have resulted in grey squirrels being ‘predator
naive’ to martens in terms of evolution. Prey species have been found to show
specific adaptations to predators that allow recognition, avoidance and defence
against predation and for many mammalian species this can involve a sensitivity
towards predator derived odours (Apfelbach et al. 2005). Prey defence
mechanisms can be described as primary (that is they operate on a continuing or
chronic basis e.g. animals that live in herds) or secondary (they come into effect
when a predator is actually present e.g. flight response in ungulates). Along with

visual and sound cues, predator odour can trigger primary and secondary defensive
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response behaviours including inhibition of activity or alterations in activity
patterns (e.g. Fenn and MacDonald 1995), a reduction in non-defensive behaviours
such as foraging, grooming and reproduction (e.g. Koivisto and Pusenius 2003) and
shifts in habitat to locations or habitat types where the risk of predation is reduced
(e.g. Dickman 1992). It is possible that predator naivety could manifest in a lack of

sensitivity in the grey squirrel to marten odour as that of a potential predator’s.

Extensive experiments on mammalian prey species response to predator odour, in
particular rodents, have been carried out both in field and Ilaboratory
environments. The effects tested have included behaviour (e.g. Jedrzejewski et al.
1993), trapping rate (e.g. Dickman 1992), feeding rate (e.g. Koivisto and Pusenius
2003), space use (e.g. Dickman 1992), endocrinology and reproduction (e.g. Zhang
et al. 2003; YI6nen and Ronkainen 1994).

Although grey squirrel response to the threat of predation by martens has not been
studied, their assumingly innate behaviour in response to predation risk in general
has been investigated in several studies to date. In studies investigating grey
squirrel foraging behaviour in relation to predation risk Lima et al. (1985; Lima and
Valone 1986) established that a trade-off exists between foraging efficiency and
predation risk, such that at a given distance from cover a grey squirrel is more likely
to carry larger food items back to cover before consumption. Paradoxically, for any
given food item size, a squirrel was less likely to carry it with increasing distance to
cover. Thus a trade-off was found to exist between foraging efficiency and
predation risk. It was logically assumed that risk of predation increased with
increasing distance from cover (i.e. a tree) and predators present in the study site
were domestic dog, cat and one red-tailed hawk (Buteo jamaicensis) although no

incidences of predation were observed.

The influence of distance to refuge on flight initiation distance in the grey squirrel
has also been investigated. Dill and Houtman (1989) found that flight initiation
distance in response to a predator (in this case a motorized model cat) increased as
distance to refuge increased. Similarly to the former study, distance to refuge was

defined as distance to the nearest tree. Vigilance during food handling has also
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been investigated in the grey squirrel (Makowska and Kramer 2007), where it was
found that grey squirrels will shift their position in order to enhance vigilance whilst
handling large food items but not when handling smaller, low-energy food items.
This suggests that vigilance may be sacrificed if it leads to relatively high foraging

costs.

However, just one study has investigated the potential effects of predator odour on
grey squirrel behaviour. Rosell (2001) tested the foraging behaviour (consumption
of butternuts) in a population of grey squirrels in an urban green space (cemetery)
in New York. The experiment involved placing cotton squares with predator and
control scent (urine) in close proximity to butternuts in a number of experimental
feeding patches. The predator odours utilised for the experiment were those of the
species known to predate on grey squirrel that were present in the study site: red
fox (Vulpes vulpes), raccoon (Procyon lotor) and human. Both red fox and raccoon
odours resulted in a significant decrease in foraging (consumption of butternuts)
when compared to non-predator control treatments. The red fox, Vulpes vulpes, is
known to opportunistically predate upon the grey squirrel in its native and
introduced range (Cook and Hamilton 1944; Hockman and Chapman 1983;
Doncaster et al. 1990), however the frequency of occurrence in the diet is low and
red fox abundance is not considered an influencing factor in grey squirrel

distribution.

The current study also focuses on predator odour in particular. Pine marten scent
marking behaviour (in terms of prominent deposition of scats) has been found to be
higher in areas of higher population abundance (Lockie 1964; Birks et al. 2005;
Chapter 4) although the relationship between scat density and pine marten density
has yet to be established (Birks et al. 2005, see also Chapter 4). Pine marten and
grey squirrel detectability in Irish woodlands have been found to be negatively
correlated (see Chapter 2) and it is thought that pine marten abundance may be
influencing the grey squirrel’s success or failure to establish or remain established
in Irish woodlands. However, no causal mechanisms have been investigated to

date.

91



Chapter Five Methods

A concurrent pine marten population study (see Chapter 4) confirmed through DNA
analysis that 1 female pine marten was present in the study site for the duration of
the study, with a second marten being detected in the final month, and five out of
twenty pine marten scats collected contained either grey squirrel hair or DNA. One
non-pine marten scat was confirmed through DNA analysis to be of fox origin, and
this also contained grey squirrel DNA. Therefore both predator species were known
to be present in the study site at low densities and were known to be preying upon

the squirrel population.

5.2 Aims

The aim of this study is to determine the sensitivity of the North American grey
squirrel to European pine marten odour, in a population of grey squirrels in their
introduced range in the east of Ireland by testing the trapability of grey squirrels in
relation to pine marten odour. Three possible outcomes are predicted: 1. The grey
squirrel exhibits the same reaction to pine marten scent as it does to that of the red
fox odour (null hypothesis). 2. The grey squirrel exhibits less sensitivity to pine
marten odour than it does to fox odour as it does not recognise it as a potential
predator. 3. The grey squirrel exhibits more sensitivity to pine marten odour than

it does to that of the fox.

5.3 Methods

5.3.1 Field Methods

The study took place in the east of Ireland in Tomnafinnoge wood, Tinahely, Co.
Wicklow, which is described in detail in Chapter 3. Grey squirrels were first

reported here in the late 1990’s and have now entirely replaced the red squirrel
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population (see Chapter 3). Both pine marten and fox were confirmed as present at

the site in low densities.

40 traps were installed at a density of 2 ha™ in two adjacent trapping grids, which
were each divided into two contiguous grids containing ten traps each (Figure 5.3).
Trapping was conducted as described in Chapter 3. Each trapping session was 8
days long (with the exception of two 7 day sessions). Traps were pre baited for 4
days and set for 4 days at sunrise (but no earlier than 6am) and then checked after

a minimum period of 4 hours.
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Figure 5.3 Locations of squirrel traps (n = 40) in Tomnafinnoge. Traps were positioned at a
density of 2.ha-1 in two adjacent grids which were further subdivided into contiguous grids

for the purpose of the experimental odour treatments.
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A total of 7 trapping sessions were carried out in Tomnafinnoge, on a monthly basis
from October 2011 to May 2012, with the exception of December 2011. In
February 2012 (the fourth trapping month), various odour treatments were
introduced to the traps. Cotton filters containing the respective odours were
placed in small capsules (with multiple piercings that allowed the odour to escape)
and attached securely approximately midway along the inner base of the cage trap,
in front of the treadle. The four odour treatments were pine marten, red fox,
vegetable oil and no odour (no capsule). In order to reduce potential temporal or
spatial bias in capture rate, each grid was assigned a particular odour per trapping
session, such that over the four sessions each grid contained a different odour
treatment. Fresh odours were placed in traps on each trapping day so that the
potency was consistent throughout the trapping session. No odours were used in

the pre-baiting period.

Red fox odour used was 100% natural fox urine, purchased from Kishels Quality
Animal Scents and Lures Inc. (East Aurora, NY 14052). Pine marten odour was
obtained by expressing the content of anal scent glands that were removed from

roadkill animals. Standard vegetable oil was used as a neutral control.

5.3.2 Statistical Analysis

A capture event was defined as the capture of the target species i.e. a grey squirrel.
On the occasion that traps were missing (stolen) or in disrepair and therefore not
set, the number of available traps for statistical analysis was reduced accordingly.
On the occasion that a trap was mis-triggered or captured a non-target species, this
was estimated to have occurred on average half way through the study period, and
so the number of available traps was calculated daily for each grid as (total number

of traps set) — (no. mis-triggered or used by non-target species/2).

The capture rates from the first trapping month were excluded from statistical

analysis as the first trapping month is expected to have a lower capture rate than
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any proceeding trapping months. A capture rate was calculated per day for each
trapping grid from November to May. Further analysis was then carried out for the
experimental months of February to May. Capture rates per odour treatment

(between February and May) were compared individually and then grouped as

either treated with predator odour (i.e. fox or pine marten odour) or not treated

with predator odour (i.e. vegetable oil or no odour).

Comparisons were carried out using one way ANOVAs to test for significant
variation in capture rate between trapping days, between trapping sessions and
between treatments. Statistical analysis was carried out using IBM SPSS Statistics

20 software.

5.4 Results

A total of 71 grey squirrels were captured over the course of the study, during 372
trapping events. The number of squirrels captured during each trapping session for

each odour treatment is listed in Table 5.1.

One way ANOVAs found no significant variation in capture rate between trapping
days (F = 0.6, p = 0.93), trapping sessions (F = 1.883, p = 0.21), trapping grids (F =
1.258, p = 0.226) or individual odour treatments (F = 1.463, p = 0.110) for the
November to May period. Nor was there any significance when odour treatments
were grouped into predator and non-predator treatments during the February to
May period (F = 1.04, p = 0.6) (Figure 5.4). Capture rate (per grid day) ranged from
0 to 1 with a mean value of 0.39 (+ 0.04, 95% Cl, n = 104). Capture rate for the
predator odour treatment group (Feb — May) ranged from 0.11 to 0.9 (x = 0.4649 +
0.111, 95% Cl, n = 14) and capture rate for the non-predator odour treatment group

(Feb — May) ranged from 0.22 to 0.7 (x = 0.4645 + 0.0848, 95% Cl, n = 14).
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Table 5.1 The number of traps available during each monthly trapping session for each odour treatment and the corresponding number of squirrels

captured
Treatment None Vegetable Pine Marten Fox
Traps Captures Traps Captures Traps Captures Traps Captures

Oct 158 22

Nov 160 58

Jan 139 59

Feb 25 7 27 7 27 8 26.5 10
Mar 20 10 20 6 23 10 22 8
Apr 39 20 38.5 22 38 20 39.5 18
May 325 21 38.5 20 395 22 39 24
Total 116.5 58 124 55 127.5 60 127 60
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As expected, the lowest capture rate was observed in October. However, when
October was excluded, the lowest capture rate per treatment group was observed
on the first trapping day of February, when predator odours were first introduced
(both pine marten and fox odour treated grids had 1 out of 9 traps used each i.e. a
0.11 capture rate). The second lowest was observed on the first trapping day of
March (the pine marten odour treated grid had 2 out of 7.5 traps used and the fox
odour treated grid had 1 out of 7 traps used, i.e. a capture rate of 0.2). The highest
capture rate (0.9) was recorded on day 3 in May, when traps were left open for
approximately twice the usual duration. The outliers are displayed in Figure 5.4.

Figure 5.5 shows the monthly variation in capture rates across treatment groups.
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Figure 5.4 The minimum, maximum, median, mean (X ) and inter-quartile range values for
(a) all capture rates between November and May (b) predator odour treated grids (Feb —
May) and (c) non-predator odour treated grids (Feb — May). One way ANOVAs found no

significant variation between capture rates.
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Figure 5.5 Variation in grey squirrel capture rate over the course of the study. D = trap day, Y = predator treated trapping grids (fox, pine marten),
N = non-predator treated trapping grids (vegetable oil, no odour). Excluding the first trapping session, the lowest capture rate was recorded at

the introduction of predator odour on trap day 1 in February, followed by the second lowest capture rate on trap day 1 in March.
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5.4 Discussion

No statistically significant variation in trapability was observed throughout the
study i.e. the overall trapability of the grey squirrel population was not affected by
the presence of pine marten or fox odour in the squirrel traps. However, there was
a qualitative sensitivity observed on the first day that predator odour was
introduced. This was represented by the fact that the lowest extreme in capture
rates measured (out of 22 days that trapping took place) occurred on the very first
day that predator odours were introduced to the traps. This sensitivity then waned
over the proceeding days as capture rates returned to normal values. The second
lowest capture rate was then observed on the first day of trapping in the second

experimental month, but again, capture rates returned to normal by the next day.

There are a number of possible explanations for this outcome. Firstly, it is possible
that an initial sensitivity to a familiar predator odour that was detected waned due
to a perceived low threat of actual predation. Although both the red fox and the
pine marten were both present in the study site, their densities were considered to
be very low. Indeed there was just one pine marten detected in the site on a
monthly basis between October and April, with a second animal detected in May.
The pine marten was only detected during monthly sampling sessions in one
section of the wood and it is possible that whilst Tomnafinnoge was within the
marten’s territory, she may not have been residing there or indeed using all of the
woodland, and hunting may not have taken place on a regular basis. Furthermore,
very few pine marten scats were collected from Tomnafinnoge (n = 20) over the
course of the study as obvious scent marking with faecal deposits was not taking
place. Territorial scent marking in marten populations may be greatly reduced
when densities are very low (Macdonald et al. 1998). Fox density was assumed to
be very low as likewise very few scats were collected. This may explain the fact that

whilst the grey squirrel was sensitive to the odour of both predators that
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frequented the wood, they did not show a strong aversion to their odour as the

perceived threat of predation was low.

In many prey species, the perceived risk of predation is evaluated by the actual
presence of the predator, or indeed by the actual act of predation (e.g. Fraser and
Huntingford 1986). Previous studies on the house mouse, Mus domesticus, in
Western Australia (Dickman 1992) found that there was little avoidance of either
fox, Vulpes vulpes, or cat, Felix catus, in areas that were devoid of the predators.
However, in the areas which the predator species were present, the mice avoided
the predator odour treated traps and showed increased avoidance behaviour
(habitat shift) when predator faeces density was increased experimentally. This
indicates that the perceived risk of predation increased with signs of increased
predator density (Dickman 1992). Prey species have also been found to
discriminate between different predator species, such that the odour of one
predator can invoke a stronger reaction than that of another. In the same study,
Dickman found that the house mouse avoided cat and fox odour but not that of the
western quoll, Dasyurus geoffroii. This was most likely explained by the fact that
the western quoll tends to defecate in latrines, as opposed to the fox and cat which
defecate frequently on paths along which they travel. Indeed foxes scent mark
paths with urine and faeces in proportion to the frequency with which they travel
them (MacDonald 1980). Therefore it should be selectively advantageous to avoid
areas of heavy scent marking in these species, but less so in those of latrine users
like the quoll. Korpimaki et al. (1996) found that the field vole, Microtus agrestis,
which is an important prey item for both the least weasel, Mustela nivalis, and the
kestrel, Falco tinnunculus, perceived the kestrel as a greater risk than the weasel, as

demonstrated by preferential avoidance of kestrel foraging habitat.

Secondly, despite the grey squirrel’s lack of exposure to the European pine marten
(and to a large degree the American marten), the initial sensitivity observed in the
current study may also have been a reaction to a general predator odour, rather

than a specific reaction to the pine marten and fox treated traps. Many prey
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species have shown responsiveness to scents from both sympatric and allopatric
predator species, which suggests that there may be an innate reaction to a signal
which is common in carnivores (Apfelbach et al. 2005). Nolte et al. (1994)
hypothesised that the amount of meat in coyote diet would influence the
effectiveness of coyote urine in repelling mountain beavers. The results suggested
that diet composition and sulphurous metabolites of meat are important in
repellency to prey species. It is not possible to deduce from the current study
whether the grey squirrel’s initial sensitivity to pine marten odour is an innate
response to a general predator odour or a learned response to an active (albeit in
low density) predator, due to the pine marten’s presence in the study site, however
should the experiment be replicated at a future time when pine marten numbers
have increased, it may be possible to determine whether sensitivity or avoidance
behaviour increases in relation to marten density i.e. with increased risk of

predation.

Thirdly, in order to achieve a stronger response to the odour of fox and pine marten
in the experiment, stronger odour concentrations may have been required.
Takehashi et al. (2005) found that the quantity of cat odour influenced the degree
to which rodents displayed avoidance behaviours. Indeed Burwash et al. (19983, b)
found that the roof rat, Rattus rattus, was sensitive to both mongoose, Herpestes
auropunctatus, faeces and synthetic predator odours in laboratory trials, but failed
to illicit a significant response in field trials in Hawaiian orchards. One of the
proposed explanations by the authors for the lack of response in the field
experiment was improper methodology to detect the response or effectiveness of
the odour release devices used. Similarly, in the current study, there was no
attempt to determine prior to the field experiment that the quantity of, or method
of deploying, the predator odours was sufficient to induce a response from prey

animals.
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5.5 Conclusion

Although there was no significant variation in capture rate between traps that
contained odour of pine marten, fox or non-predator odours, an initial sensitivity to
the odour of both the pine marten and the fox was detected in the grey squirrel
population at Tomnafinnoge. This may be due to the similarly low densities of both
pine marten and fox in the study site, where as such the risk of predation by both
species is perceived to be low. Alternatively, the squirrels may have been
responding to a general predator odour, in which case recognition of or
discrimination between predator species was not occurring in the first place. It is
also possible that the weak response was an artefact of insufficient quantities of

predator odours being used.

In theory, if pine marten and fox numbers were to increase at Tomnafinnoge, grey
squirrel sensitivity to, or avoidance of, predator odour may increase more so for
one predator than the other in accordance with perceived risk of predation. In
order to test this experimentally in a field study, it would be necessary to locate a
site where pine marten, fox and grey squirrel are all relatively abundant. However,
to date, a strong negative correlation has been found to exist between the
presence of pine marten and grey squirrel at woodland level (see Chapter 2). Thus

finding a suitable study site for such an experiment may not be possible.
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6 General Discussion

6.1 Population crashes in formerly invasive species

The results from the extensive sightings and field surveys (Chapter 2) provide
unequivocal evidence that the typically invasive grey squirrel population has indeed
retracted from the midlands region of Ireland. This is the first documented
evidence of a grey squirrel population retracting, without any human intervention,
subsequent to having established itself as an invasive species. In a review of
population crashes of established introduced species, Simberloff and Gibbons
(2004) define a “population crash” as one in which numbers or densities were
believed to have fallen by at least 90% in less than 30 years. Under this criterion,
the grey squirrel population of the midlands region can also be described as having
undergone a “population crash” based on a density of 0.035 squirrels.ha™
(compared to a control population density in the east of at least 1 squirrel.ha'l).
However, as the current study found the population in the east of the country to be
doing well, and a recent sightings and hairtube survey has confirmed that the grey
squirrel continues to spread into the south and south west of the country

(Goldstein et al. in review), the population crash must also be described as regional.

In their review, Simberloff and Gibbons found that such population crashes are not
a common phenomenon, they have rarely been studied experimentally or
guantitatively, and the causal factors often remain unidentified. Furthermore
whilst quantitative data documenting perceived declines were exceedingly scarce,
even more so was evidence as to how or why such population crashes came about,
as the majority of proposed explanations were simply ad hoc suggestions with no
actual supporting evidence. Simberloff and Gibbons discussed seventeen examples
including invasive vertebrate, invertebrate and plant species’ decline. Causal
factors were suggested including competition with (subsequently) introduced

species, parasitism by subsequently introduced species, exhaustion of resource, and
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one case of adaptation by a native herbivore, however in the majority of cases the

cause remained entirely unknown.

In the case of the grey squirrel’s regional decline, certain theories can be ruled out
with certainty, for example, competition with a subsequently introduced species.
In Ireland the only species with which there is any significant competition for
resources is the native red squirrel. All research to date on the population
dynamics of these two squirrel species confirms that under normal circumstances,
the grey squirrel is a superior competitor and inevitably outcompetes the red

squirrel for resources (MacKinnon 1978; Wauters et al. 2000; Gurnell et al. 2004).

Squirrel numbers in any given year have been found to be closely linked with the
previous year’s tree seed crops (Gurnell 1983), and population densities fluctuate
on a yearly basis in accordance with both tree seed crops and winter temperatures
(Gurnell 1996). Exhaustion of resource or food scarcity can be ruled out for two
reasons. Firstly, there has been no evidence of a tree seed crop failure in Ireland,
nor specifically in the midlands region, that could conceivably lead to such a
prolonged drop in grey squirrel numbers. Indeed, habitat analysis in Charleville
Forest confirmed there was an abundance of tree seeds available in 2010 and 2011.
Secondly, the red squirrel population were confirmed to be in good condition, with
body condition index, breeding and recruitment all within the healthy range. Any
impact of food scarcity, current or historic should in theory have also impacted the
red squirrel, who is typically an inferior competitor, at least as significantly, if not

more so, than its alien congener.

In the example of ‘adaptation by a native herbivore’ in Simberloff and Gibbons
(2004), the regional population crashes of the invasive aquatic weed Myriophyllum
spicatum in North America, were associated with a native weevil, Euhrychiopsis
lecontei. The observed crashes typically occurred 10 — 15 years after the weed
invaded the range of the weevil, as reportedly it takes this amount of time for the
weevil to switch from its native host to the invasive host, and to reach numbers
adequate to initiate population crash in the weed. It may be possible to draw some

analogies between this finding and the current study’s results in that the evidence
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gathered in the course of the current project on both grey squirrel and pine marten
distribution and abundance suggest that the success or failure of the grey squirrel
population in Ireland may be linked to pine marten abundance more so than

distribution alone.

6.2 Failure of the grey squirrel to establish in the west of Ireland

Historically, the grey squirrel has never established itself in the core range of the
Irish pine marten population in the west, despite its close proximity to their point of
introduction. The river Shannon has traditionally been considered a barrier to the
grey squirrel’s dispersal into the West of Ireland as the eastern banks of the
Shannon were historically the western most extent of the grey squirrels range.
Indeed this significant physical barrier could conceivably partially but not entirely
hinder the progression of the invasive species range expansion. The grey squirrel is
capable of swimming (Koprowski 1994), and has crossed other large rivers in Ireland
(Carey et al. 2007). Furthermore, several areas along the banks of the river
Shannon exist at which a squirrel could cross via the tree canopy from one side to
the other. Carey et al. raised these points in 2007, and proposed that the lack of
suitable habitat west of the Shannon was more likely to explain the failure of the
grey squirrel to establish there, despite having crossed the river on several
occasions. Whilst the lack of favourable habitat for dispersal along much of the
western banks of the Shannon is likely to have contributed towards the grey
squirrel’s failure to establish in the west, the habitat theory does not account for
the grey squirrel’s failure to disperse westwards north of the source of the
Shannon, where the habitat map in Carey 2007 shows both moderately and highly

favourable habitat for dispersal exists.

It is plausible now to suggest, as a result of the findings of the current study
(namely a negative correlation between grey squirrel and pine marten presence at
woodland level, and the landscape level patterns in distribution and abundance)
that the failure of the grey squirrel to establish in the west may also be related to

pine marten distribution. O’Sullivan (1983) described the pine marten population
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in Ireland in the mid 20™ Century (the time at which the grey squirrel population
was expanding) as being restricted to the west of the river Shannon, from Limerick
to Sligo. Indeed distribution maps in both O’Sullivan (1983) and O’Mahony et al.
(2012) indicate that the limit of the pine marten’s range in the west both currently
and historically reaches north of the source of the Shannon, and thus could well
have been an inhibitor to the spread of the invasive species through this corridor of

suitable habitat.

6.3 Range retraction of the grey squirrel

As the pine marten population has expanded from the west and the Slieve Bloom
mountains, grey squirrel range has retracted. The information on the timing of the
process is anecdotal to some degree, however there is also some useful information
available from the literature on the subject. It was first noted by O’Teangana et al.
(2000) where reports from the 1980’s with regards to the Cavan/Monaghan region
(north of the study area) suggested the grey squirrel population appeared not to be
doing as well as expected, albeit at a very regional level. However at this point the
grey squirrel was described as ubiquitous in the midlands (see Figure 2.1). The
distribution map provided by Carey et al. shows the initial range retraction of the
grey squirrel and as such it is possible to infer that the range of the grey squirrel
population in the midlands began to noticeably decline between 2000 and 2007.
The results from the current study clearly show the grey squirrel population in the
midlands by 2012 has in fact collapsed. It was not until Carey et al. reported the
decline in the Laois Offaly region in 2007 that the pine marten was implicated as a
possible factor in the grey squirrel’s decline. Interestingly, O’'Mahony et al.’s
National Pine Marten Survey in 2006 (including distribution map), published around
the same time as Carey et al.’s Irish Squirrel Survey, illustrate the expansion of the
pine marten population from the core range west of the Shannon (and a smaller
population in the Slieve Bloom mountains in Laois and Offaly) into the greater
midlands area. This expansion occurred, probably very gradually, between the

1980’s and 2007 however the exact timing has not been documented.

106



Chapter Six General Discussion

Nonetheless, the current study has confirmed that by 2012 there was a high density
native pine marten population in the midlands of Ireland, and only the highly

reduced remnants of a once abundant alien grey squirrel population persist.

At woodland level, the hairtube surveys consistently found that where pine marten
were present in detectable levels, grey squirrels were not, not only in the midlands
sites but also in the buffer zone and in the east. The landscape level distribution
patterns further highlight the negative association between pine marten and grey

squirrel abundance.

6.4 Why has the grey squirrel population declined?

It is not possible to determine in retrospect by what means the grey squirrel
population in the midlands has declined, however the population in Charleville
forest might offer some clues as to what processes may have lead to the current
situation. The eight individual grey squirrels that were detected there between
2010 and 2012 were living at extremely low density despite ample food supply.
Body condition was also poor, such that adult body size (albeit from the small
sample of adults captured, n = 4) appeared to be normal, but body mass was

significantly lower than the eastern population.

At the same time, five adult pine marten were identified as being resident in the
woodland (a density of 4.42 marten per km?). 1t is possible that the high density
predator population in Charleville may be influencing foraging behaviour, body
condition, reproductive activity or density in the grey squirrel population. Since
there have been no previous studies on sympatric European pine marten and North
American grey squirrel populations, it is only possible to theorise. However, there
is a considerable body of literature documenting the effects of predator presence
(or predator related cues) on prey populations (Apfelbach et al. 2005). The effects
on females can be behavioural (e.g. avoidance of copulation, Ronkainen and Yl6nen
1994) or physiological (e.g. suppressed oestrus, Apfelbach et al. 2001). A reduction

in time spent foraging can lead to decreased body mass and potentially failure to
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achieve critical breeding mass (e.g. Ylonen 1994). Effects on the endocrine system
in males have been found to include raised cortisol levels, larger adrenal glands and
smaller thymus glands (e.g. Zhang et al. 2003) which could lead to suppressed
immunity. The effects on subadults have been found to include a reduced body
weight during development. Carlsen et al. (1999) found that subadult field voles,
Microtus agrestis, exposed to higher predation risk exhibited significantly less
weight gain than those with low predation risk as a result of decreased feeding
effort. Several other studies with field voles have demonstrated reduced feeding

effort in higher risk predation situations (e.g. Koivisto and Pusenius 2003).

Whatever the cause of low adult body weight, it is possible that the critical
breeding weight is not being reached, which results in reduced breeding activity,
leading to reduced recruitment of juveniles into the population. There was only
one adult female captured during the Charleville population study however, and it
is therefore not possible to deduce that adult females are not reaching a critical
breeding weight from that one individual. Indeed, that individual was within the
normal weight range and showed signs of successfully breeding twice in 2011,

although none of her offspring were recruited into the population.

It is possible that the observed population crash may have been disease or parasite-
induced. Disease ecology is cryptic and difficult to study in natural communities (De
Castro and Bolker 2005). Simberloff and Gibbons (2004) suggest that unexplained
population declines are often attributed to pathogens in the absence of alternative
explanations. Perhaps the pine marten is a vector for pathogens or parasites that
do not affect the native red squirrel but have deleterious effects on the alien grey,
or perhaps the grey squirrel has been affected by a disease that is independent of
the pine marten population. However, any such (theoretical) effect of pathogens or
parasites is only occurring regionally, does not affect sympatric red squirrels and is

only found in areas that the pine marten population is abundant.

Culling of the grey squirrel population can be ruled out as a causal factor in their
regional decline. To date some, but relatively sporadic and ad hoc, grey squirrel

control has been carried out in Ireland. For example, woodland level control
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programs have been carried out by foresters in order to protect trees from damage
by bark-stripping however, no national grey squirrel control policy exists in the
Republic of Ireland (Lawton 2003). In recent years a government incentive to
control grey squirrel numbers involved the payment of a small bounty for each grey
squirrel tail returned. As a result, in 2011 and 2012 the total number of grey
squirrels returns received for the Republic of Ireland by the NARGC (including those
that were culled as part of the bounty scheme) was 1568 and 1675 respectively.
Whilst a temporary impact at woodland level may be possible through such control
measures, this level of control would certainly not be sufficient to have any impact
on the overall grey squirrel population in Ireland. Furthermore, whilst numbers
culled in the east of Ireland were several hundred over the course of 2011 and
2012, a total of just 5 grey squirrels were recorded as having been culled in the

midlands study area of Laois and Offaly.

There was no evidence of pine marten predation on grey squirrels in any of the
scats collected from Charleville forest or indeed any of the midlands sites. This was
not surprising due to the rarity of the grey squirrel as a prey item at woodland and
landscape level in the midlands region. In a study of the effects of White-tailed sea
eagles, Haliaeetus albicilla, on an alien American mink, Neovison vison, population
Salo et al. (2008) found that the risk of predation from the eagle led to reduced
movement by the mink which could ultimately lead to reduced population growth.
As a result the authors propose that nonlethal predation effects may have stronger
impacts on prey populations than direct predation impacts, and that the
consequences of such interactions become particularly important if invasive species

act as prey.

However, little is known about how alien prey species affect native predators. In a
review on the subject, Carlsson et al. (2009) examine evidence that native
predators may adapt to use alien prey more efficiently and propose that native
predators could be important in regulating the long term population dynamics of

invasive species. There is no evidence to suggest from the current study however,
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that the grey squirrel is affecting the pine marten population in Ireland. The pine
marten population has been expanding steadily from their core range in the west as
a result of increased habitat availability, and most importantly, protection by law.
The expansion of the pine marten population from their core range in the west
cannot be attributed to any adaptation to utilising an alien prey species, as the grey
squirrel has never established itself in the west of Ireland and therefore could not
have played a role. Whilst some predation on grey squirrels may have taken place
in the midlands as the population of pine marten was increasing, the extensive
dietary study between 2010 and 2012 has proven that the grey squirrel does not
currently feature in the diet, and therefore is not a significant prey species for the

high density pine marten population.

In contrast to the high density pine marten population in the midlands, where
detectable levels of predation on grey squirrels were not found, the low density
pine marten population in the east appears to predate upon the alien grey squirrel
more so than on the native red squirrel where it is available. The sample size of
scats from Tomnafinnoge was small, and therefore must be interpreted with
caution. However the %FO in the diet of 15.6% was similar to the %FO of grey
squirrel in larger samples of American marten (17%) and fisher diet (16%), in the
very limited areas that their natural ranges overlap. Despite this apparent higher
rate of predation on the alien squirrel species, it would be unlikely that a low
density pine marten population could impact a high density grey squirrel population
by direct predation alone. Thus in order to establish the nature of the relationship
between the native predator and invasive squirrel species, observing the effects of
an increase in pine marten density on an established grey squirrel population will
be fundamental. There are few examples in the literature of native predators
suppressing exotic species, and it is a difficult process to monitor, in particular if
direct predation is not a significant factor. Carlsson et al. (2009) suggest that the
historic human overexploitation of predator populations, indeed the decimation of
predator populations in many cases, could actually facilitate biological invasions by

leaving ecosystems open to invasion by non-native species. The presence of native
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predator populations can supply biotic resistance by preventing alien species from

becoming established or if already established, from becoming hyper successful.

6.5 Implications for the rest of Ireland, Britain, and Europe.

Although evidence thus far has been anecdotal, it has been suggested that a similar
phenomenon is occurring in Scotland to that which has occurred in Ireland; that is
the failure of the grey squirrel to establish in the region of the core pine marten
population in the north west of Scotland and a subsequent retraction of the grey
squirrel’s range when the pine marten population has expanded (Paterson and
Skipper 2008). Furthermore, the grey squirrel has flourished (at the expense of the
native red squirrel) in the absence of a pine marten population in England and
Wales. Habitat loss and particularly human persecution are believed to be
responsible for what is now described as a “functionally extinct” pine marten
population in England and Wales, and it is possible that the absence of the native
squirrel predator has allowed the alien squirrel species to become hyper-successful

since its introduction in the 19" century.

It is possible that the current range expansion of the pine marten in Scotland
(Croose et al. 2013) could perhaps result in the eventual re-establishment of a pine
marten population in England and Wales. However whether the pine marten
population will reach similar densities to those of the Irish population remains
unknown, as does whether they might cause a subsequent decline in the numbers

or range of the invasive squirrel species.

In Italy, the grey squirrel has also successfully established as an invasive species,
and has caused the local extinction of native red squirrel populations in Piedmont,
north-west Italy. Since their introduction near Turin in 1948, they have spread to
an area greater than 2000 km?, and subsequently the red squirrel population has
undergone local extinction in c. 62% of the area which is now occupied by the
invasive squirrel species (Bertolino et al. 2013). The grey squirrel is now also

spreading into the hilly region of Piedmont, approaching Alpine valleys where
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continuous forest cover may facilitate both an increase in the population range and
the rate at which they spread. This represents a serious threat to the long term
survival of the red squirrel in Europe, as the dispersal of the grey squirrel beyond
the Italian border could lead to the species establishment and continued spread
throughout mainland Europe to the detriment of the red squirrel (Lurz et al. 2001;

Bertolino and Genovesi 2003; Bertolino et al. 2008; Bertolino et al. 2013).

Recent studies have found the pine marten population in the region of Piedmont
may also be increasing. The pine marten in this area is typically associated with
forests situated between 1000 and 2000 metres above sea level (in Balestrieri et al.
2010), however roadkill pine marten have recently been reported in the nearby
lowland agricultural landscape in the western part of the River Po plain. Data on
pine marten distribution and abundance in Italy is limited however they are
believed to have increased in recent decades as a consequence of a combination of
factors including protection by law and habitat restoration (Balestrieri et al. 2010).
Population densities in the region are not known but appear to be low from the
records to date. To date just one population density estimate has been obtained
for pine marten in Italy, where 0.34 pine marten.km? were estimated to be present
in 18km? of forest in central Italy by means of camera trapping (Manzo et al. 2012).
This is considerably lower than the pine marten density in the midlands of Ireland
where density is high and indeed the east of Ireland where density is considered
relatively low. The fact that the grey squirrel population in the east of Ireland
appear to be thriving, despite the presence of a comparatively low density pine
marten population, further suggests that pine marten abundance more so than

presence could be a critical factor.

Similarly to Britain, it is not known what population density the pine marten could
potentially reach in Italy, as the historic decimation of predator populations means
information on contemporary density capacities are unavailable. The potential role
of the Italian and indeed the Swiss and French pine marten population in
preventing the spread of the grey squirrel further into mainland Europe therefore

should be investigated.
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