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Abstract 

Ireland has two species of squirrel, the native red squirrel (Sciurus vulgaris) and the non-

native and invasive grey squirrel (Sciurus carolinensis). Since the initial introduction of the 

grey squirrel to a single site in the Irish midlands in 1911, it has spread to cover the eastern 

half of Ireland. Furthermore, red squirrels had disappeared from the areas in which the grey 

squirrels were longest established. This phenomenon has also occurred in Britain and Italy, 

and is the result of competition between the two species. In Britain the replacement of red 

squirrel populations has also been mediated by the squirrelpox virus (SQPV), a disease 

asymptotic in grey squirrels but lethal to reds. In Ireland, the continued displacement and 

disappearance of red squirrels has been attributed to the effects of competition only, but 

SQPV has recently been discovered in red squirrels in the east and north of Ireland.  

The continuing expansion of grey squirrel populations and displacement of red squirrels was 

documented through a series of distribution surveys throughout the decades. Despite some 

infrequent records, grey squirrels have failed to spread to the west of Ireland, and the river 

Shannon has traditionally delineated the western boundary of the species’ distribution. 

However, in the 2007 survey (Carey et al., 2007) a number of grey squirrel sightings were 

received to the west of the river. It was believed that the barrier to grey squirrel spread may 

have been breached, compromising the potential of the west of Ireland to act as a refuge for 

red squirrels in Ireland. However, a notable shift in grey squirrel distribution was observed 

in the 2007 squirrel survey, with the apparent disappearance of grey squirrels from part of 

their former range in the Irish midlands. Anecdotal evidence suggested that this occurred 

concurrent to the return of a native woodland predator. Following protective legislation in 

1976, pine marten (Martes martes) populations have been increasing and expanding in the 

Irish midlands, from their stronghold in the west of Ireland. Recent research has now shown 

a negative correlation between high density pine marten populations and grey squirrels.  

This main aim of the project was to establish the current status of grey squirrels in the area 

around the river Shannon, and to develop a strategy to prevent grey squirrels colonising the 

west of Ireland. This was to be achieved by pinpointing key woodlands along the river 

Shannon, that may be support large grey squirrel populations, and by identifying landscape 

corridors that could facilitate grey squirrel dispersal into the west of Ireland. Protecting the 

west of Ireland against grey squirrel incursion would allow for the development of a 

management strategy for the long term conservation of red squirrels in the west of Ireland, 

to ensure conservation of the species in Ireland in the long term. 

The current distribution of both red and grey squirrels, and pine marten was established in 

the area surrounding and to the west of the river Shannon, using a public sightings survey. 
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Hair tube studies and live trapping was used to validate the results of public sightings. The 

number and extent of red squirrel and pine marten sightings have increased since 2007, and 

both species were widespread in the study area. Red squirrels were recorded in 10 of the 14 

sites investigated during a hair tube survey; grey squirrel were not recorded using this 

technique. A 12-month live trapping study highlighted a thriving red squirrel population in 

the study area, which was attributed to the absence of grey squirrels and increased habitat 

quality of a mixed forest arising from the benefits of Continuous Cover Forestry as a 

management technique. The occurrence of grey squirrels was infrequent from the majority 

of the study area, apart from the south/southeast where they were continuing to spread. 

Grey squirrel sightings were also reported from west of the river Shannon, but no established 

populations were detected. Grey squirrels had retracted from a much larger expanse of the 

Irish midlands than was previously believed. This was confirmed using live trapping 

programmes in the area where the greys were longest established. Pine marten occurrence 

was found to be significantly different in discriminant analysis of two regions where the fate 

of grey squirrel differed i.e. pine marten was a significant predictor for the midlands region, 

from where grey squirrels have retracted. Squirrel sensitivity to marten odour was examined 

using a giving-up density experiment. Although experimental re-design is required, a reduced 

feeding rate in grey squirrels in response to marten odour observed in the study could 

explain the mechanism behind the negative correlation with pine marten. 

A species distribution model (SDM) highlighted areas of high habitat suitability for grey 

squirrels in the study area. Woodlands vulnerable to invasion have been selected based on 

the SDM results. The least cost pathway (LCP) modelling identified “pinch points” i.e. 

bottlenecks in dispersal corridors. Monitoring and control (if necessary) of grey squirrels in 

both vulnerable woodlands and at pinch points will be the key to excluding grey squirrels 

from the west of Ireland.  A species distribution model was also used to highlight areas of 

suitable habitat for red squirrels in the west of Ireland. Habitat quality and landscape 

connectivity analysis were used to objectively select the most strategic sites in which to 

invest conservation efforts. This will ensure the maintenance of viable red squirrel 

population and thus long term conservation of the species. Recommendations were made 

regarding forest management to favour red squirrel populations. The use of Continuous 

Cover Forestry (CCF), as a forestry management technique, was demonstrated as being 

extremely advantageous to red squirrel populations. The current study showed that red 

squirrels were thriving, with good fitness and breeding rates, despite a poor seed crop; which 

was attributed to the good mix of trees and absence of grey squirrels. 



 Acknowledgments 

 

vii 
 

Acknowledgements 

Firstly I would like to say a huge thanks to my supervisor Colin Lawton. I am so grateful that 

you gave me the opportunity to work on such an interesting project. The encouragement, 

guidance and reassurance that you have provided along the way have meant so much to me, 

particularly when things didn’t start off too smoothly.   

I cannot express my gratitude to my wonderful parents Anne and John Francis, and my 

amazing and ever growing family. The support that you have given me throughout the years 

has been amazing. I couldn’t wish for better parents or a more wonderful family. I know I can 

be difficult (as you so often tell me Mom), but you are both always there for me, and for that 

I will be eternally grateful.  

I would like to thank all the public respondents to the distribution surveys as well as the 

National Biodiversity Data Centre (NBDC), National Association of Regional Game Councils 

(NARGC), Teagasc Forest Advisors, Coillte Forest Managers and personnel, Fermanagh Red 

Squirrel Group, and National Parks & Wildlife Service (NPWS) Conservation Rangers and 

District Conservation Officers, Emily Goldstein (UCC) for their contributions to the sightings 

survey. I would particularly like to thank the NPWS Conservation Rangers and Coillte staff 

who provided lots of background information on the status of squirrel and pine marten 

populations from right across the study area.  Thanks also to David Scallan from the NARGC 

for providing information on grey squirrel and predator controls.  

Thanks to Alan Murphy for the setting up and maintenance of the survey website 

(www.woodland-mammals.com) and Andrew Kelly (http://www.akellyphoto.com/) for the 

use of photographs in this document and survey literature.   

I would like to thank Coillte, NPWS & forest owners for granting access to woodlands for hair 

tube surveys. In particular I thank the following people for facilitating our live trapping and 

hair tube studies through granting access to land and licensing the work therein, and for their 

assistance: Ferdia Marnell (NPWS); Pat Brady (Coillte); Luke Heffernan (Coillte); Martin 

Smyth (Mullaghmeen County Enterprise); Alan Charles (Mullaghmeen County Enterprise); 

Izabela Witkowska (Coillte); Matt Kelleher (Mulkear Forestry); Ian Hurley (Mulkear Forestry); 

Stefan Jones (NPWS); Liam Lenihan (NPWS); Orestes (Ernesto) Hidalgo Huertas. I would also 

like to thank Dr Michael Carey who was always very generous with passing on information 

throughout the project. 

I would like to thank the Department of Agriculture, Food and the Marine of the Irish 

Government who funded the first three years of PhD under the National Development Plan 

2007-2013.To the various agencies that provided me with habitat data: CORINE Landcover 

Data was provided by the Environmental Protection Agency (EPA) Ireland. Forest07 Data was 

provided by the Forest Service of the Department of Agriculture, Food and the Marine. 

Images and information based on LCM2007 (Northern Ireland) Data © NERC (CEH) 2011, © 



 Acknowledgments 

 

viii 
 

Crown Copyright 2011, License Number 100,427, © third party licensors. The water bodies 

data contained in this document was provided by Ordnance Survey Ireland, data reproduced 

under OSi Licence number NUIG220212. Unauthorised reproduction infringes Ordnance 

Survey Ireland and Government of Ireland copyright, © Ordnance Survey Ireland, 2015. The 

author acknowledges the support of the HEA under PRTLI4 for licensing OSI Digital 

Imagery/An Post Geodirectory data through the Ryan Institute. 

To the staff and students of Zoology who helped me along the way. A special thanks to the 

three amigos; Albert Lawless, John Galvin and last but by no means least Eoin MacLoughlin. 

The three of you have always been so good at bringing cheer to a distressed PhD student. 

Thanks to the Eoin for making the equipment and helping out on fieldwork. Even though Síle 

(GPS) nearly got us lost in the woods in Roscommon (of all places to get lost!), you didn’t give 

up on me! Thanks to Jennifer Long for assistance with the seed crop analysis and drawing all 

those polygons. Thanks to Cat, Kelly and Emily (my conference buddy) for providing words 

of encouragement and advice along the way.  

Thanks to my wonderful office colleagues and fellow Animal Ecology & Conservation Unit 

crew in Room 101. Anne, Darek, Erica and Laura, it has been such a pleasure sharing an office, 

chats, coffees, and the odd cake with you all. I still feel bad about the weevil outbreak (still 

finding the odd one knocking around), but you didn’t blame me, which is nice! Thanks also 

to Edel, who was great company in the office when I started on this mammoth task, and now 

a great friend. A special thanks to my very special friends Erica, Louise and Valentina. I am so 

glad that this PhD brought us together. I look forward to the Wild Barbies and Ken reunion!  

Erica you have been such a wonderful friend in a world and time to which we don’t belong, 

oh to the days of the gentleman (and lady) naturalist, one day… 

Thanks to all my lovely friends from near and far, for being so understanding of me missing 

out on get-togethers and my general disappearance from normal life…I hope the squirrels 

appreciate my efforts! I will be back on track soon, promise… 

Finally, a humongous thanks to my long suffering partner in crime Andy. You have been there 

for me through the tears, laughter, rain, sunshine, blisters, tantrums…the list is endless…I 

wouldn’t have survived this without you. 

I have met so many great people during this project, and I’m sure I have left people out, so 

please forgive me if I did not mention you here! I am so grateful to everyone that helped me 

out and supported me particularly during the occasional “existential crisis”! It’s been an 

emotional rollercoaster, but such is life! 

  



 List of figures 

 

ix 
 

List of figures 

Figure 1.1 Grey Squirrel (Sciurus carolinensis) and (b) Red Squirrel (Sciurus vulgaris). .......... 1 

Figure 1.2 (a) The spread of grey squirrels through Ireland, as shown by successive 
distribution surveys, and (b) the distribution of grey squirrels in 2007 .................................. 6 

Figure 1.3 Changes in the red squirrel distribution based on all-Ireland surveys undertake 
since the 1960s ........................................................................................................................ 8 

Figure 1.4 Map of Ireland showing the study area, the river Shannon and lakes, and the site 
of introduction of the grey squirrel ....................................................................................... 13 

Figure 2.1 Map of the study area showing the grey squirrel introduction site ..................... 20 

Figure 2.2 Map of the study area showing the locations for the hair tube studies and the 
locations for the live trapping studies ................................................................................... 24 

Figure 2.3 (a) Squirrel traps at (a) Newcastle Woods and (b) Mullaghmeen placed in 
woodland at a density of 1 per hectare. ................................................................................ 26 

Figure 2.4 Map showing the division of the eastern section of the study area into the 
midlands region and the southern region ............................................................................. 28 

Figure 2.5 Location of (a) grey squirrel and (b) pine marten sightings (1km resolution) ...... 30 

Figure 2.6 Location of red squirrel sightings (1km resolution) .............................................. 31 

Figure 2.7 Red squirrel, grey squirrel and pine marten sightings expressed as a percentage of 
total sightings in the study area for the current study and the 2007 survey ........................ 32 

Figure 2.8 Percentage of red squirrel, grey squirrel and pine marten sightings for the current 
study and the 2007 survey for the two regions ..................................................................... 34 

Figure 3.1 The distribution of red and grey squirrels in Britain and Ireland since 1945 ....... 45 

Figure 3.2 Worldwide projections of the climatic niche for the grey squirrel ...................... 47 

Figure 3.3 Corine Land Cover raster displaying the terrestrial landscape of the island of 
Ireland. ................................................................................................................................... 49 

Figure 3.4 An estimation of the minimum area of grey squirrel occurrence in Ireland based 
on records received during the 2012 all Ireland survey. ....................................................... 51 

Figure 3.5 Temperature and precipitation for the wettest and coldest quarters in Ireland 
(1km resolution) ..................................................................................................................... 52 

Figure 3.6 Altitude for Ireland (1km resolution) .................................................................... 53 

Figure 3.7 Sites to the west of Ireland potentially vulnerable to invasion by grey squirrels 
and/or of conservation interest for the red squirrel ............................................................. 57 

Figure 3.8 Waterbodies incorporated into the resistance surface ........................................ 59 

file:///C:/Users/06131719/Dropbox/thesis.docx%23_Toc431064886
file:///C:/Users/06131719/Dropbox/thesis.docx%23_Toc431064886


 List of figures 

 

x 
 

Figure 3.9 The study area showing the three regions (midland, southern and west of Ireland) 
with grey squirrel occurrence records from 2012. ................................................................ 60 

Figure 3.10 Pine marten sightings from the 2012 all Ireland survey ..................................... 61 

Figure 3.11 (a) Broadleaf and mixed woodland patches for two regions to the east and five 
counties to the west of the river Shannon, (b) Broadleaf and mixed woodland patches with a 
400 metre buffer .................................................................................................................... 64 

Figure 3.12 Jackknife analyses of the importance of environmental variables in the MaxEnt 
model of grey squirrel distribution ........................................................................................ 68 

Figure 3.13 Projections of potential distribution for grey squirrels in Ireland, with the 
probability of presence indicative of habitat suitability ........................................................ 69 

Figure 3.14 Resistance surface created from the inversion of probability of presence output 
from the SDM. ........................................................................................................................ 70 

Figure 3.15 Model showing least cost corridors for grey squirrel dispersal.......................... 71 

Figure 3.16 Model showing areas of high connectivity following the application of a 7.5km 
kernel density set on the network of least cost pathways .................................................... 72 

Figure 3.17 The distribution of discriminant scores for the two areas under investigation 
groups, the midlands region and the southern region .......................................................... 75 

Figure 3.18 Maps illustrating significant predictor variables revealed by the discriminant 
function analysis. ................................................................................................................... 77 

Figure 3.19 Maps illustrating the percentage cover of landscape/habitat types (a) moors, 
heathlands, and peat bogs, (b) coniferous forests, and (c) mixed forests, which were found 
to be significantly different between two regions compared in the discriminant function 
analysis ................................................................................................................................... 78 

Figure 3.20 Areas of high habitat suitability (60 - 100% probability of presence), with key west 
of Ireland invasion sites ......................................................................................................... 81 

Figure 3.21 Model showing least cost corridors for grey squirrel dispersal in the west of 
Ireland with recommended sites for the future monitoring and control of grey squirrel 
populations. ........................................................................................................................... 84 

Figure 3.22 Estimated pine marten core-populations range, and pine marten sightings 
received during the most recent squirrel survey ................................................................... 89 

Figure 4.1 30 squirrel traps in Curragh Chase Forest Park, placed in the woodland at a density 
of 1 per hectare .................................................................................................................... 110 

Figure 4.2 Windthrow damage in Curragh Chase Forest Park ............................................. 111 

Figure 4.3 Map of Curragh Chase Forest Park showing the compartments and dominant 
species. ................................................................................................................................. 114 

Figure 4.4 Percentage cover for the different species within the trapping grid ................. 115 



 List of figures 

 

xi 
 

Figure 4.5 Percentage trapping success for red squirrels for each of the trapping sessions at 
Curragh Chase Forest Park, September 2013 to August 2014 ............................................. 117 

Figure 4.6 Red squirrel population density at Curragh Chase Forest Park between November 
2013 and August 2014. ........................................................................................................ 118 

Figure 4.7 The number of adults and sub-adults captured during each of the trapping sessions 
at Curragh Chase Forest Park from September 2013 to August 2014 ................................. 119 

Figure 4.8 Regression of shin length on weight for adult red squirrel in Curragh Chase Forest 
Park ...................................................................................................................................... 121 

Figure 4.9 Regression of shin length on weight for adult female and male red squirrels in 
Curragh Chase Forest Park. .................................................................................................. 121 

Figure 4.10 Regression of shin length on weight for squirrels in autumn/winter and 
spring/summer in Curragh Chase Forest Park. .................................................................... 122 

Figure 4.11 Regression of shin length on weight for adult female and male  red squirrels in 
autumn/winter in Curragh Chase Forest Park. .................................................................... 123 

Figure 4.12 Regression of shin length on weight for adult female and male red squirrels in 
spring/summer in Curragh Chase Forest Park. .................................................................... 123 

Figure 4.13 Least cost corridors for counties Limerick and Tipperary overlain with woodland 
and suburban/urban habitats .............................................................................................. 128 

Figure 4.14 Grey squirrel invaded zone projected frontier of the invasive grey squirrel for 
2014 based on a rate of spread of 1.94 km/year................................................................. 129 

Figure 5.1 Location of the four study sites for the giving-up densities experiment............ 144 

Figure 5.2 Experimental design for the giving-up densities experiment ............................. 145 

Figure 5.3 Examples of foraged trays, and illustration of difficulty in the use of footprints in 
sand to identify specific foragers ......................................................................................... 146 

Figure 5.4 Variations in mean giving-up densities (GUDs) .................................................. 148 

Figure 5.5 The weight of seeds remaining (GUDs) in grams plotted against the 4 days of the 
giving up densities experiment ............................................................................................ 149 

Figure 5.6 Pine marten scats observed at Derrycrag Wood Nature Reserve during the giving-
up densities experiment ...................................................................................................... 151 

Figure 6.1 Percent cover of both public and private forests in Ireland from 1656 to 2012 and 
the projected (ROI) forest cover of 17% up to 2030 ............................................................ 160 

Figure 6.2 Woodland cover for the west of Ireland............................................................. 163 

Figure 6.3 Red squirrel occurrence records from the 2012 all Ireland squirrel survey ....... 164 

Figure 6.4 Cumulative percentage frequency of red squirrel dispersal distances .............. 166 



 List of figures 

 

xii 
 

Figure 6.5 Output maps from models undertaken in preliminary analyses for selection of set 
of variables for inclusion in the red squirrel species distribution model ............................ 170 

Figure 6.6 Projections of potential distribution for red squirrels in Ireland, with the 
probability of presence indicative of habitat suitability ...................................................... 171 

Figure 6.7 Jackknife analyses of the importance of environmental variables in the MaxEnt 
model of red squirrel distribution ........................................................................................ 172 

Figure 6.8 Sites of high habitat suitability (60 – 100% probability of presence) extracted from 
the SDM for red squirrel occurrence for the region west of the river Shannon ................. 173 

Figure 6.9 (a) The importance of management units (components) in terms of their 
contribution to landscape connectivity, and (b) the importance of management units in 
terms of their contribution to connectivity and potential red squirrel population ............ 174 

Figure 6.10 Priority management units identified in landscape connectivity analysis 
incorporating connectivity scores and the potential red squirrel population that could be 
supported by each unit. ....................................................................................................... 176



 List of tables 

 

xiii 
 

List of tables 

Table 2.1 Number of occupied 1km squares for red squirrels, grey squirrels and pine marten 
for two regions within the study area ................................................................................... 32 

Table 2.2 Results of the Chi squared with Yate’s correction tests for the comparison of the 
number of occupied 1km squares between the two regions within the study area ............. 33 

Table 2.3 Proportion of available tubes used by red squirrels and grey squirrels during the 
hair tube surveys .................................................................................................................... 35 

Table 3.1 Evaluation of several combinations of environmental variables for selection of 
input variables for the final model. ....................................................................................... 55 

Table 3.2 Sites in the west of Ireland that are potentially vulnerable to invasion by grey 
squirrels and of conservation interest for the red squirrel ................................................... 58 

Table 3.3 Conversion of probability of presence scores to resistance values for creation of 
the resistance surface ............................................................................................................ 58 

Table 3.4 Results for disrciminant function analysis highlighting signficant variables between 
two regions in the study area. ............................................................................................... 74 

Table 3.5 Metrics calculated for broadleaf and mixed woodlands for different regions within 
the study area, following analysis in Conefor software.. ....................................................... 80 

Table 3.6 Woodlands vulnerable to invasion with an estimation of the number of grey 
squirrels potentially supported based on woodland habitat types ....................................... 82 

Table 3.7 Thirteen regional centres incorporating 47 sites recommended for future 
monitoring and control of grey squirrel populations within the network of least cost 
pathways ................................................................................................................................ 85 

Table 4.1 Sex ratio and reproductive output for the red squirrel population at Curragh Chase 
Forest Park ........................................................................................................................... 118 

Table 4.2 (a) The mean body weight for adult and sub-adult red squirrels, and (b) the mean 
shin bone length for adult and sub-adult red squirrels captured in Curragh Chase ........... 120 

Table 4.3 Body condition/fitness values derived from the residual score from the linear 
regression of body weight on shin bone length for adult female and male squirrels captured 
at Curragh Chase.. ................................................................................................................ 120 

Table 4.4 Body condition/fitness values for other red squirrel population studies in Ireland 
when compared with Curragh Chase ................................................................................... 124 

Table 4.5 Mean dry weight of broadleaf seeds and mean length/number of scales for tree 
cones .................................................................................................................................... 125 

Table 5.1 Effect of marten odour and microhabitat on giving-up densities for grey squirrels
 ............................................................................................................................................. 149 



 List of tables 

 

xiv 
 

Table 6.1 Results from preliminary analysis for selection of variables for inclusion in final SDM 
model ................................................................................................................................... 165 

Table 6.2 Median squirrel densities for three woodland categories (broadleaf, coniferous and 
mixed), based on red squirrel populations studies carried out in Ireland from 1994 up to and 
including the current study. ................................................................................................. 168 

Table 6.3 Details of priority management units including location information, connectivity 
scores (dIIC), woodland area, potential red squirrel population and presence of red squirrels 
within management unit. .................................................................................................... 177



Chapter One Squirrels 

 

1 
 

 

Chapter 1 General Introduction 

1.1 Squirrels 

Squirrels belong to the suborder Sciuromorpha in the Order Rodentia, the squirrel like 

rodents. They are members of the Family Sciuridae, which are one of the most diverse of all 

living mammals, with circa 289 species in 51 genera (Gurnell and Hare, 2008). Squirrels are 

characterised by a simple jaw structure (Gurnell and Hare, 2008) with relatively unspecialised 

jaw muscles and teeth, when compared with other rodent species. Members of the Sciuridae 

range from the flying squirrels and tree squirrels to ground squirrels. Squirrels are native to 

all continents with the exception of Australia and Antarctica (Gurnell and Hare, 2008). 

Sciurus species are diurnal tree dwelling squirrels.  The genus is the largest of all tree squirrels 

with approximately 28 species, with the majority being native to North and Central America, 

and three species found in the Palaearctic i.e. Europe and temperate Asia (Gurnell and Hare, 

2008). Ireland has two species of squirrel, the non-native and invasive grey squirrel (Sciurus 

carolinensis) (Figure 1.1a), and the native red squirrel (Sciurus vulgaris) (Figure 1.1b). 2011 

marked the 100th anniversary of the introduction of grey squirrels to Ireland (Watt, 1923).  

 

Figure 1.1 Grey Squirrel (Sciurus carolinensis) (b) Red Squirrel (Sciurus vulgaris). Photos by 
Andrew Kelly (http://www.akellyphoto.com/) 

  
(a) (b) 
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1.1.1 Grey Squirrel 

The North American Grey Squirrel (Sciurus carolinensis), is also known as the Eastern Gray 

Squirrel in its native range of North East America (Gurnell et al., 2008a). This range covers an 

area from south eastern Canada through the eastern United States to Texas and the Gulf 

states (Long, 2003). Grey squirrels are most common in established, mature and continuous 

woodlands, of at least 40 hectares in area (Koprowski, 1994).  They have been introduced 

and subsequently become established in other parts of North America, South Africa, Europe 

and Australia (now extinct). In their introduced range they inhabit forestry and woodland 

ecosystems, which include broadleaf woods as well as conifer and mixed forests (Genovesi 

and Bertolino, 2009). 

Grey squirrels are medium sized tree squirrels and as their name suggests their coat is 

generally grey. Their face, feet and flanks can be reddish brown in colour and the underside 

of their body is usually white or grey (Gurnell et al., 2008a). They range in size from 380 to 

530mm head and body length, with the tail adding a further 150 to 250mm (Gurnell, 1987). 

Adult body weight is generally between 440 and 720g (Gurnell et al., 2008a). 

They feed mostly on tree seeds with a preference for acorns, beechnuts and chestnuts; other 

plant material such as flowers, buds, fruits, fungi as well as some insects and occasionally 

bird eggs are consumed (Gurnell et al., 2008a; Koprowski, 1994). They will also strip bark 

from trees to access the inner cambium layer for consumption (Koprowski, 1994). Bark 

stripping has been found to be positively correlated with juvenile densities (Kenward and 

Parish, 1986). 

Breeding usually occurs twice during the year with peaks in spring and summer. The 

gestation period lasts 44 days with an average litter size of three, and an average birth weight 

of 14 to 18g. The females reach sexual maturity at 10 months and the breeding season 

generally starts between December and February (Gurnell et al., 2008a). 

The density of grey squirrels in forests is influenced by a number of factors including seed 

availability, forest fragment size and proximity to broadleaf trees; there are on average two 

individuals per hectare, but this can be much greater in more favourable woodlands e.g. 

eight per hectare in oak woodlands in south east England (Gurnell et al., 2008a).  

In their native range, as many as 19 predators are listed by Koprowski (1994) including 

various snakes and birds of prey as well as domestic animals such as dogs and cats. They are 

also an important game animal in North America (Long, 2003). Other causes of mortality 
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include road casualties, destruction of habitats, inadequate food supply, disease and harsh 

weather conditions (Gurnell et al., 2008a). 

1.1.2 Red Squirrel 

The Eurasian Red Squirrel (Sciurus vulgaris) is considered one of Ireland’s native rodent 

species, however a lack of red squirrel records suggests that it may have become extinct 

during the 18th century and reintroduced subsequently (Barrington, 1880). There were a 

number of translocations of squirrels from Britain to Ireland between 1820 and 1856 

(Barrington, 1880). Genetic studies indicate that the current population is a mixture of native 

lineages and translocated squirrels (Finnegan et al., 2008). 

Red squirrels are considered to be one of the most widely distributed squirrel species, being 

found across the Palearctic in boreal coniferous forests, where they extend from Ireland and 

Spain in the west, to Korea and Kamchatka in the east (Gurnell et al., 2008b). They can be 

found in deciduous and coniferous woodlands, mixed forests, parks, and gardens (Lurz et al., 

2005). 

Red squirrels can exhibit a range of fur colour including deep brown, red brown, bright 

chestnut to grey brown with some reds appearing quite grey (uniformly) particularly in 

winter time. They grow ear tufts which are very prominent in winter and gradually thin or 

are absent in the summer (Gurnell et al., 2008b). Tail colour is also variable from red, or 

bleached, with a white tip, to being darker than the body (Finnegan et al., 2009). They are 

smaller than the grey squirrel and range in size from 180 to 240mm head and body length 

with the tail adding a further 140 to 190mm (Gurnell, 1987). Adult body weight is generally 

between 220 and 435g (Gurnell et al., 2008b). Red squirrels are opportunist feeders mainly 

consuming seeds, and they may also strip bark from trees to get at sap (Gurnell et al., 2008b). 

They occasionally prey on young birds or eggs (Shar et al., 2008) but there is no evidence to 

suggest that they are significant predators of eggs or nestlings (Gurnell et al., 2008b). When 

seeds are scarce or no longer available, food items such as fungi, buds and shoots may also 

be consumed. 

As with the grey squirrels, there are two peaks in breeding during the year, in spring and 

summer, and a gestation period of between 36 and 42 days. The average litter size is three 

but they can give birth to between one and six young. On average, red squirrels have birth 

weights of between 10 and 15g. Males and females reach sexual maturity at approximately 

10 months (Gurnell et al., 2008b).
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Densities of red squirrel are dependent on the tree species present, with highest densities 

occurring in mixed pine-dominated conifer forests. Studies in Scots pine plantations in 

Scotland calculated an average of 0.33 individuals per hectare reaching a maximum of 1.16 

per hectare in mature pine dominated woodlands (MacDonald et al., 1999). Population 

density of red squirrels can be extremely variable from one year to the next and between 

different locations within the same year (Hayden and Harrington, 2000). The key factors 

influencing squirrel density is the abundance of food and weather (Gurnell, 1987). Variation 

in food abundance and winter temperature explained variation in squirrel density, and 

annual survival was positively correlated with food abundance in one study (Wauters and 

Dhondt, 1990). This study also showed an increase in emigration at high squirrel density and 

decrease in migration when densities were low. 

The main threats to red squirrel populations are habitat loss and habitat fragmentation due 

to their dependence on woodland ecosystems.  Globally red squirrels are not deemed to 

experience any specific threat from habitat loss (Shar et al., 2008), but impacts can be 

experienced at a local or regional level. In Ireland, Britain and Italy, competition with the 

introduced grey squirrel is the biggest threat to red squirrel populations.  

1.2 Squirrel distribution in Ireland 

It is not clear whether red squirrels featured in the Irish fauna before the last glacial 

maximum (LGM) and if so survived in glacial refugia (Finnegan et al., 2008). If survival in these 

refugia did not occur, it has also been difficult to ascertain whether natural recolonisation 

took place following the LGM (Finnegan et al., 2008). The earliest possible record of squirrels 

in Ireland was in writings by a 7th century Irish writer Augustin where a single reference is 

made to “sesquivolos” which is believed to mean squirrel but this has never been confirmed 

(Barrington, 1880). Furthermore it is has been difficult to determine whether squirrels 

survived in Ireland in the 1600s (Montgomery et al., 2014), with the substantial decline in 

forest cover (Chapter 6; Figure 6.1).  The red squirrel became very rare in Ireland, if not 

extinct, in the 17th or 18th century, before translocations of red squirrels from Britain were 

undertaken (Barrington, 1880). However recent genetic research has shown that red 

squirrels in Ireland are significantly distinct from British populations; and the possibility of 

remnant red squirrel populations surviving in extant woodlands, before the translocations in 

the 1800s, cannot be ruled out (Finnegan et al., 2008).  The cause of their demise has been 

attributed to habitat destruction through deforestation and being hunted for their fur 

(Fairley, 1984; Scharff, 1922). Recent surveys have indicated the red squirrel to be 

widespread in Ireland (Carey et al., 2007; O'Teangana et al., 2000). 
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The grey squirrel was introduced to Ireland in 1911 at one site only at Castleforbes, Co. 

Longford (Watt, 1923) (Figure 1.4). Irish woodlands offered suitable habitats and food 

resources to permit the establishment of the new squirrel species, with the red squirrel being 

the only other squirrel species present. Additionally there are few native predators of 

squirrels compared to the grey squirrel’s native range (Koprowski, 1994). 

Following their introduction to Ireland, grey squirrels increased at such a rate that they were 

labelled a pest in just over a decade (Watt, 1923). By 1927, grey squirrels had reached county 

Westmeath (Stelfox, 1927) and by 1938 were known to have spread to Leitrim and 

Roscommon, contiguous counties to county Longford (Moffat, 1938). Although no extensive 

surveys of squirrels were undertaken in Ireland until 1968, the grey squirrel’s expanding 

range northwards was tracked. Henderson (1947) documented the advance of grey squirrels 

in counties Cavan and Fermanagh. By 1953 the grey squirrel had reached Armagh and 

although there was a record from county Monaghan in 1960, it was believed that the species 

had arrived in the county earlier than this (Jackson, 1961). Shorten (1954) found that the 

species was well established and increasing in Ballymahon, Co. Longford, however Lever 

(2009) alludes to an unsuccessful introduction at Ballymahon in 1928. Whether this 

introduction in 1928 was successful or not, it is not inconceivable that greys would have 

reached this area from Castleforbes by the 1950s, as the species was found to be plentiful all 

along the wooded shoreline of Lough Ree on the river Shannon, and present on the northern 

side of Loch Sheelin in county Cavan, over 30km from Castleforbes (Jackson, 1961; Shorten, 

1953). Shorten (1954) noted the expansion of grey squirrels into counties Down and Tyrone, 

and stated that there had been reports of grey squirrels from Wicklow, although it is unclear 

whether these were current reports. Moffat (1938) detailed how the National Museum of 

Ireland received a grey squirrel specimen from county Wicklow, suggesting a second 

introduction point, but Shorten (1953) received correspondence from the National Museum 

stating that there was no evidence that the species had established in Wicklow, almost 20 

years after the initial finding.  

Figure 1.2a illustrates the spread of grey squirrels in Ireland since the first extensive squirrel 

distribution surveys were undertaken by the National Parks & Wildlife Service (NPWS) in 

Ireland in 1968, followed by a second survey in 1974. These were undertaken in response to 

damage to commercial forestry and were restricted to forestry personnel and wildlife 

rangers. Following these distribution surveys Warner (1976) detailed the spread of the grey 

squirrel up to and including 1975. By 1973 there were populations in Offaly, Leitrim, 
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Monaghan, and Meath, whereas all of Laois was occupied along with parts of Kilkenny, 

Carlow and Tipperary by 1975 (Warner, 1976). It was assumed by Warner (1976) that grey 

squirrels had spread to the north east, south, possibly north but not to the west of its original 

site of introduction. There was however one unconfirmed record, west of Lough Allen at 

Ballyfarnon forest, but no other records from west of the Shannon were received.  

  

a b 

Figure 1.2 (a) The spread of grey squirrels through Ireland, as shown by successive 
distribution surveys between 1968 and 1997 (reproduced from Carey and Hamilton (2008), 
adapted from O'Teangana et al. (2000)), and (b) the distribution of grey squirrels in 2007 
(reproduced from Carey et al. (2007)) 

Ní Lamhna (1979) defined the extent of the grey squirrels range up to the end of the 1970s, 

with reports from Baltinglass, Co. Wicklow, the Boyne Valley, in 1969 and the Phoenix Park 

in Dublin in 1976 showing the east coast had been reached. It had also spread further north 

in county Tyrone and south to Knockdown in county Kilkenny. In 1983 there was a report of 

a grey squirrel on the western bank of the river Shannon in Athlone, Co. Roscommon (Fairley, 

1984). 

Through the 1980s and 1990s, the grey squirrel continued to spread to the east coast (apart 

from county Wicklow where mountains appeared to have impeded expansion) and 

southwards to Tipperary, Kilkenny and Carlow (O'Teangana et al., 2000). The spread of the 

species into the west of Ireland and northwards, according to the authors, was limited by the 



Chapter One Squirrel Distribution in Ireland 

 

7 
 

River Shannon and Lower Lough Erne. In the report by Carey et al. (2007), it was found that 

grey squirrels had expanded dramatically, particularly in northern counties, with a notable 

spread southwards into Limerick, south Tipperary and Waterford, and a continued spread 

eastwards with grey squirrels found in Wicklow and Wexford.  Although the species still 

hadn’t spread to the west of Ireland, there were confirmed records of grey squirrels to the 

west of the River Shannon in counties Leitrim and Roscommon (Carey et al., 2007). 

McGoldrick and Rochford (2009) had unconfirmed reports of grey squirrels to the west of 

the River Shannon at Lough Key Forest Park on the border of counties Roscommon and Sligo 

as well as at other locations west of the Shannon on  the shores of Lough Key, Lough Allen 

and Lough Arrow. 

As detailed, the grey squirrel has spread throughout much of the eastern half of Ireland 

(Figure 1.2). The River Shannon has continued to delineate the western boundary of the grey 

squirrel’s range, which has been substantiated by several distribution surveys since the 

1960s and most recently in the 2007 Irish Squirrel Survey report (Carey et al., 2007). Although 

the report highlighted that red squirrels were widespread, since the introduction of the grey 

squirrel, red squirrel populations have been continually displaced. Reds were found 

predominantly to the west of the River Shannon, with a patchy distribution in the east, 

having disappeared from the areas in which greys were longest established (Figure 1.3). In 

addition to this, red squirrels have become increasingly confined to large blocks of coniferous 

forestry, with much of their current range in Ireland directly aligned with the presence of 

commercial conifer plantations (Carey et al., 2007).
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Figure 1.3 Changes in the red squirrel distribution based on all-Ireland surveys undertake 
since the 1960s adapted from Carey et al. (2007) 

However, contrary to trends in previous surveys, O'Teangana et al. (2000) stated that 

sympatric populations of red and grey squirrels in the northern counties of Cavan and 

Monaghan appeared to be “extremely unsettled”. Anecdotal reports were received of 

declines in the grey squirrels locally, which was resulting in increases in red squirrels. Further 

to this in 2007, Carey et al. reported on a similar trend in counties Laois and Offaly, again 

based on anecdotal accounts (Figure 1.2b). The return of red squirrels to these counties in 

the Irish midlands, after many years of absence, coincided with the return of the pine marten 

(Martes martes). The observed distribution patterns suggested a link between the three 

species (Carey et al., 2007). Recent research has confirmed a strong negative association 

between the grey squirrel and recovering pine marten populations (Sheehy and Lawton, 

2014). 

1.3 Invasive Species 

Invasive species are now one of the biggest threats to the conservation of biodiversity 

(Wittenberg and Cock, 2001). Invasive species are those that are introduced and spread 

within an ecosystem or geographic region, from which they had previously been absent. 

Introductions of these species is usually attributed to humans and when these species 

become established they may out-compete native species or alter the physical structure or 

natural ecological processes within the ecosystem, to which they have been introduced, thus 

earning their status as an invasive species.  

   
1960s 1970s 1980s 

  
1990s 2007 
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A number of factors are key to determining the success or failure of an introduced species 

becoming naturalised or invasive (Lever, 2009). These elements include available habitat, 

existence of a suitable ecological niche and adequate food resources. Generalists with a non-

specific food requirement are more likely to be successful. Irish woodlands offered suitable 

habitats and food resources to permit the establishment of a new squirrel species, with only 

one native squirrel species present. Non-indigenous species negatively affect native 

biodiversity through their interaction with native species by means of various ecological 

processes, which include competition and as vectors of disease (Bertolino, 2008). The 

introduction of grey squirrels to Ireland has resulted in the decrease in red squirrel numbers 

and also displacement of red squirrel populations as illustrated in Figure 1.3. Grey squirrels 

also engage in bark stripping which can hinder commercial broadleaf forestry production 

(Lawton, 2003), and result in economic loss for forest owners. 

1.3.1 Competition 

The spread of grey squirrels has had a negative impact on red squirrel conservation by way 

of competition for resources, impacts on population dynamics (Gurnell et al., 2004) and the 

spread of squirrelpox virus (Rushton et al., 2006), a disease lethal to red squirrels. Several 

studies have demonstrated that the grey squirrel threatens the native red squirrel wherever 

it has been introduced (Bertolino, 2008; Bertolino and Genovesi, 2003; Gurnell et al., 2004; 

Usher et al., 1992; Wauters et al., 2000). Distribution surveys undertaken in the UK showed 

evidence that reds were displaced from areas within 15 to 20 years of being colonised by 

grey squirrels (Usher et al., 1992).  

A number of hypotheses have been suggested for the decline and disappearance of red 

squirrels caused by the grey squirrel. Bertolino (2008) outlines the replacement process 

succinctly, stating the absence of evidence for interference competition, but highlighting 

their ability to feed more efficiently on available food sources than the native red squirrels 

and to pilfer seeds which have been scatter-hoarded by red squirrels. This results in limited 

food resources for red squirrels, which in turn may suffer reduced body growth, as well as 

lower juvenile recruitment and reduced reproductive output, causing a decline in the 

population densities and local extinctions (Bertolino, 2008).  Grey squirrels have higher 

breeding rates at sites where both red and grey squirrel species are present, with red 

squirrels demonstrating reduced juvenile recruitment in populations (Wauters et al., 2000). 
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In addition to competition, grey squirrels are a reservoir host for squirrelpox virus (SQPV), 

capable of transmitting the disease to red squirrels. Once infected red squirrels usually die 

within two weeks (Rushton et al., 2006). SQPV is present in the both squirrel populations in 

Ireland, but the virus was only recently confirmed in red squirrels, in five locations in counties 

Antrim, Down, Wicklow and Dublin (McInnes et al., 2013).  The replacement of red squirrel 

with grey squirrel populations can occur between 17 and 25 times faster than when the virus 

is not a factor (Rushton et al., 2006). As there have only been a handful of documented cases 

of SQPV in red squirrels in Ireland, the main contributing factor to the contraction of red 

squirrel range has been interspecific competition. 

1.3.2 Silviculture 

As well as being a threat to native squirrel species, grey squirrels can also cause damage to 

forestry through bark stripping, a habit that is not usually evident in their native range 

(Bruemmer et al., 2000; Lawton, 2003; Lawton et al., 2010). Bark is stripped from the stems 

of trees, mostly in young plantations, reducing timber value and causing tree deaths. This 

occurs generally in spring time, with the most significant damage in deciduous woodlands 

between April and September. Bark is also stripped from the crowns of the trees, as well as 

the base and stems (Lawton et al., 2010). Certain tree species are more vulnerable than 

others with sycamore and beech showing particularly high levels of damage (Lawton, 2003). 

A reduction of crop value by 25% or £10 million (GBP) was estimated in the UK (Anon, 2003). 

A more recent review by Kelly et al. (2013) estimated that damage by grey squirrels could 

potentially incur costs of over €4.5 million per annum to the forestry industry in the Republic 

of Ireland and Northern Ireland. Grey squirrels also cause damage to fruit orchards and nut 

growers in Italy (Genovesi and Bertolino, 2009). 

1.4 Management and legislation 

There is now prohibition on the introduction and dispersal of invasive species in Ireland, 

including the grey squirrel (Turner, 2008). Although the red squirrel is considered of Least 

Concern internationally by the IUCN (Shar et al., 2008), it is listed as Near Threatened in 

Ireland’s most recent Mammal Red List (Marnell et al., 2009). The red squirrel is a protected 

species under the Irish Wildlife Act 1976 (Amendments 2000 and 2010), which states that it 

is illegal to intentionally injure, hunt or kill the animal. In addition Ireland is a signatory to the 

Bern Convention for the Conservation of European Wildlife and Natural Habitats and red 

squirrels are listed under Annex III of this international agreement.  The creation of the All- 

Ireland Species Action Plan, an agreement between the Republic and Northern Ireland, 

further reinforces Ireland’s commitment to protect and conserve Ireland’s only native
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 squirrel species (NPWS and EHS, 2008). Following this Action Plan, several community 

squirrel groups have been set up in Northern Ireland, co-ordinated through a central 

Northern Ireland Red Squirrel Forum.  The forum meets regularly to inform and advise 

representatives of each group.  Similar action has not occurred in the Republic of Ireland. 

 The CRISIS (Combined Research and Inventory of Squirrels in Irish Silviculture) project (Carey 

and Hamilton, 2008) recommended a trap loan scheme for control of grey squirrels in the 

Republic of Ireland.  This scheme was availed of by 52 woodland owners, who were given 

advice on the use of the traps to protect their broadleaf woods.  The NARGC (National 

Association of Regional Game Councils) ran a bounty scheme on grey squirrels that came to 

a close in 2012. Translocation of red squirrel populations have also been undertaken in 

Ballina, Co. Mayo (Waters and Lawton, 2011) and Derryclare, Co. Galway (Poole and Lawton, 

2009). 

1.5 Project aims 

The 2007 Irish Squirrel Survey (Carey et al., 2007), highlighted the area of Ireland west of the 

river Shannon, as an important refuge for red squirrels.  At that time grey squirrels were still 

not established to the west of the Shannon, although occasional sightings indicated the river 

could be breached by the invasive species, even if they had not yet established in that region.  

The main aim of the project was to investigate the grey squirrel’s status in the west of Ireland 

and Shannon region (study area, Figure 1.4), and determine areas likely to play a key role in 

its spread to the west of Ireland, if this were to occur. 

Additional aims were as follows: 

1. To establish the current distribution of grey squirrels in the areas surrounding the 

river Shannon and to the west of Ireland, examining any changes in range since the 

2007 survey. 

2. To identify suitable habitat and potential dispersal routes that could aid the spread 

of grey squirrels beyond their current range, highlighting areas that could play a key 

role in their spread into the west of Ireland. 

3. To quantify squirrel population demographics in the grey squirrel expansion zone 

within the study area. 

4. To examine foraging behaviour in red and grey squirrels to investigate whether 

predator avoidance was affecting feeding rates. 

5. To devise a management strategy for red squirrels in the west of Ireland, an 

important refuge, to ensure conservation of the species in Ireland in the long term. 
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The majority of the funding for this research (i.e. 3 years) was provided by the Department 

of Agriculture, Food and the Marine of the Irish Government within the Competitive Forest 

Research for Development (COFORD) under the National Development Plan 2007-2013. A 

number of project tasks needed to be undertaken in line with the funder’s requirements. 

These tasks, within which certain objectives were set out, included: 

(i) Surveying squirrel distribution and suitable squirrel habitat in the Shannon region. 

a. Mapping distribution of grey and red squirrels in Shannon region. 

b. Comparing current distributions with previous squirrel distribution surveys. 

c. Mapping suitable squirrel habitats on the western side of the river Shannon. 

d. Identifying key sites or bottlenecks that are the most likely routes of 

invasion, to be used in future monitoring and /or targeted control sites. 

 

(ii) Modelling the potential spread of grey squirrels into the west of Ireland. 

a. Modelling the spread of grey squirrels in to the west of Ireland. 

b. Identifying key areas of concern and potential regions for targeted control 

using model outputs. 

(iii) Studying grey squirrel population ecology in the Shannon region. 

a. Investigating grey squirrel ecology in relation to the west of Ireland/Shannon 

barrier. 

b. Determining the profile of grey squirrel populations to the west of the river 

Shannon in comparison to established populations. 

c. Deriving dispersal rates, juvenile recruitment rates, juvenile and adult 

survival rates, fecundity and density of grey squirrels within typical woods in 

the region for use in a Spatially Explicit Population Model (seek task (ii) 

above)  

These tasks and the related objectives were incorporated into the research undertaken in 

the following chapters. 
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Figure 1.4 Map of Ireland showing the study area, the river Shannon and lakes, and the site 
of introduction of the grey squirrel 
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Chapter 2 Status of squirrels in the Shannon region  

2.1 Introduction 

Non-native invasive species persist at being one of the most important drivers in biodiversity 

loss globally (CBD, 2010). Invasive species are usually those that are introduced to an 

ecosystem or geographic region from which they had previously been absent. Introductions 

of these species are usually attributed to humans and when they become established they 

may out-compete native species, or alter the physical structure or natural ecological 

processes of the ecosystem. Lever (2009) outlined a number of factors that are key to 

determining the likelihood of an introduced species becoming naturalised or invasive. These 

include the presence of suitable habitat, existence of a suitable ecological niche and 

adequate food resources.  There is an increased rate of establishment of non-native invasive 

mammal species in Europe. Prior to 1800 the rate was 0.03 species per year and now it is 

calculated to be one species every five years (Moutou and Pastoret, 2010).  

The introduction of grey squirrels to Ireland, Britain and Italy has resulted in a decrease in 

red squirrel numbers and the displacement of populations. This process of displacement of 

red squirrel populations has been attributed to competition (Bertolino et al., 2014; Gurnell 

et al., 2004; Kenward et al., 1998; Kenward and Holm, 1993; Wauters et al., 2002; Wauters 

et al., 2000) and the squirrelpox virus (SQPV), a disease carried by grey squirrels 

asymptomatically but lethal to red squirrels (Bruemmer et al., 2010; Rushton et al., 2006; 

Sainsbury et al., 2000; Tompkins et al., 2002). Invasive species can also cause enormous 

losses to industries such as agriculture, forestry and fisheries (Wittenberg and Cock, 2001). 

Grey squirrels engage in bark stripping which can hinder commercial broadleaf forestry 

production (Lawton, 2003) and result in economic loss for forest owners (Kelly et al., 2013).  

Following their introduction to Ireland, grey squirrels increased at such a rate that they were 

labelled a pest in just over a decade (Watt, 1923). The first wide scale squirrel distribution 

surveys took place in 1968 and 1974 and were undertaken by the National Parks and Wildlife 

Service in response to damage to commercial forestry (Reilly, 1997). By the end of the 1970s 

grey squirrels had spread to the north, south, and east but not westwards (Warner, 1976). 

Through the 1980s and 1990s, the grey squirrel continued to spread to the east coast and 

southwards (O'Teangana et al., 2000). In the report by Carey et al. (2007) it was found that 

grey squirrels had expanded dramatically, particularly in northern counties, with a notable 

spread further southwards and a continued spread eastwards and to the southeast, but they 

had yet to spread westwards. 
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During most of these surveys there were infrequent reports of grey squirrels to the west of 

the site of introduction (Figure 2.1) (Fairley, 1984; Ní Lamhna, 1979; Warner, 1976).  Most 

recently Carey et al. (2007) and McGoldrick and Rochford (2009) reported grey squirrels to 

the west of the river Shannon in counties Roscommon and Sligo. Another notable shift in the 

grey squirrel distribution identified by Carey et al. (2007) was the apparent disappearance of 

grey squirrels from part of their former range, in particular in counties Cavan, Monaghan, 

Laois, and Offaly. Following on from this, a study conducted by Sheehy and Lawton (2014) in 

part of the Irish midlands found that grey squirrels were in very low numbers or absent from 

areas with high densities of pine marten (Martes martes). 

2.2 Aims  

Despite occasional sightings, the west of Ireland has not been colonised by grey squirrels, 

with the river Shannon delineating the western boundary of established grey squirrel 

populations. However, these recent records of grey squirrels may suggest the initiation of 

the colonisation and establishment of grey squirrel populations in the west of Ireland.  

In light of these reports of grey squirrels to the west of their previous known range in Ireland, 

the aim of this study was to establish the current distribution of grey squirrels in the areas 

surrounding the river Shannon and to the west of Ireland. This was then compared with 

historic distributions described in previous studies. This will allow the examination of any 

changes in distribution compared to previous surveys. A direct comparison was made 

between the results of the current survey and the 2007 survey (Carey et al., 2007). The study 

area was comprised of counties bordering and to the west of the river Shannon; Cavan, Clare, 

Galway, Leitrim, Limerick, Longford, Mayo, Offaly, Roscommon, Sligo, Tipperary and 

Westmeath, and county Fermanagh (see Figure 2.1).  
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Figure 2.1 Map of the study area showing the grey squirrel introduction site 
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2.3 Methods 

Two indirect and one direct squirrel monitoring techniques were utilised to establish the 

current distribution of squirrels in the study area. Visual sightings combined with hair tube 

surveys as described by Gurnell et al. (2009) were used and are outlined below. A live 

trapping study was also undertaken, which was being carried out to establish grey squirrel 

population demographics within the study area. 

2.3.1 Sightings survey 

Citizen science methodology was utilised for the visual sightings survey, with information 

requested from stakeholders and the general public via various media. These methods 

included radio interviews, newspaper and newsletter articles, and oral presentations at a 

local and national level. Stakeholders included staff at Coillte (commercial semi-state body 

which owns 445,000 hectares of woodland), National Parks & Wildlife Service (NPWS), and 

Teagasc (Irish Agriculture and Food Development Authority) forest advisors. Oral 

presentations on the survey were made to the National Association of Regional Games 

Council (NARGC) members in counties Galway and Roscommon. All 2007 squirrel survey 

respondents (Carey et al., 2007) within the study area were contacted and encouraged to 

submit sightings to the survey. 

Between January 2012 and August 2013 101 woodlands in the Shannon region were 

investigated for signs of feeding by squirrels. Woodlands of at least 20 hectares in size were 

chosen for this element of the study if they fell within 10km of the river Shannon. Positive 

signs of squirrel presence were further explored via citizen science, and survey forms were 

distributed to residents adjacent these woodlands. In addition when woods were 

inaccessible, residents adjacent to the sites were interviewed and/or survey forms were left 

for future correspondence. Furthermore, colour posters were displayed in public places close 

to the woods i.e. in shops, post offices and libraries. Respondents were encouraged to submit 

sightings via email, post, phone and an online survey. Sightings records were collected from 

November 2011 until April 2014.  

A strict validation process was adhered to on receipt of squirrel sightings particularly from 

members of the public. If no contact details were provided with the sightings, the records 

were not accepted. When sightings of grey squirrels were received from areas in which they 

hadn’t been recorded in earlier surveys i.e. outside their previous known distribution; 

records were followed up with a phone call or email to the respondent to determine the 

validity of the report.  In addition, specific enquiries were made to NPWS Conservation 
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Rangers and/or Coillte employees within the area of where the sighting was made, in order 

to ascertain whether grey squirrels had been sighted in the woodland or wider area. 

Furthermore squirrel records were requested and received from the National Biological Data 

Centre (NBDC), in the Republic of Ireland, and the Centre of Environmental Data and 

Recording (CEDaR), in Northern Ireland. ArcMap 10.2 (ESRI) was used to map the squirrel 

and pine marten sightings and records, at a resolution of 1km. 

2.3.2 Hair tube studies 

Hair tube studies were undertaken at 14 sites (Figure 2.2) in woodland bordering or close to 

the river Shannon, between June 2012 and August 2013. Woods were selected based on 

available habitat and accessibility, as well as sightings of greys squirrels during the present 

study and from the previous survey by Carey et al. (2007).   

The hair-tube studies were undertaken as detailed in Gurnell et al. (2009). The hair-tubes 

were comprised of PVC pipes 300mm in length and 65mm x 65mm square ended. Removable 

wooden blocks (75mm x 40mm x 15mm) covered in polythene duct tape were attached to 

the inner roof of the tubes using metal clips. Tubes were tied to trees using twine at least 1.5 

metres above the ground and were baited with whole hazelnuts and a 4:1 mix of whole maize 

and shelled peanuts. Tubes were placed at a density of one per hectare for a minimum of 14 

days. After this period the tubes were retrieved and any hair samples collected were 

analysed. 

Hairs were removed from the sticky patches by soaking in tepid water. Impressions of cuticle 

scales from a sample of hairs was created by placing five to six hairs on gelatine-coated 

microscope slides using the techniques outlined by Teerink (1991). The gelatin impressions 

of scale patterns from the hairs were examined under a light microscope (magnification 

x400). Once squirrel hairs were identified it was necessary to examine the cross-section of 

the hairs to determine if hairs were from Sciurus vulgaris (concavo-convex) or Sciurus 

carolinensis (oval/circular) (Teerink, 1991).  

2.3.3 Live trapping site selection 

The locations of grey squirrel sightings were examined from the current study (up to 

September 2012) and the 2007 survey (Carey et al.), in order to select a suitable site for the 

grey squirrel live trapping study. County Westmeath was selected as a suitable area for 

investigation as it was one of the first counties to be colonised by grey squirrels and several 

reports were received from the county in the years since the 2007 survey (Sheehy and 
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Lawton 2014). Sites within 5km of county Westmeath were also considered to allow for 

forested sites which traverse and are adjacent to the county boundary. Potential trapping 

sites were evaluated based on a number of criteria including habitat availability, woodland 

area, most recent sightings of grey squirrels, likelihood of grey squirrel presence and distance 

from the river Shannon. Interviews were conducted with local residents, Conservation 

Rangers, and forest managers, particularly in areas where grey squirrels had been reported 

in 2007. On considering habitat availability, aerial photographs were examined initially, 

followed by site visits in order to conduct habitat surveys, any recent felling (information not 

available from the aerial photographs) and looking for squirrel feeding signs. Two sites were 

selected for the live trapping study based on the highest likelihood of grey squirrels being 

present.  
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Figure 2.2 Map of the study area showing the locations for the hair tube studies (1 – 14) and 
the locations for the live trapping studies (A – Newcastle Woods, B – Mullaghmeen Forest 
Park & C – Curragh Chase Forest Park) 

2.3.4 Live trapping study 

Two sites were initially selected for live trapping programmes. Newcastle Woods in 

Ballymahon, county Longford (53°33'34.4"N 7°42'38.9"W) (Figure 2.2 A) is a 325 hectare 

commercial and amenity forest with a mix of semi-mature broadleaved and coniferous tree 

species (Coillte, 2011b). Mullaghmeen Forest Park in county Westmeath (53°45'40.3"N 

7°16'55.8"W) (Figure 2.2 B) at 360 hectares in area is the largest planted broadleaf forest in 

Europe that is managed as continuous cover forestry and for the most part is comprised of 

semi-mature broadleaf trees (Coillte, 2011a). Four trapping sessions were undertaken at 
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Newcastle Woods between October 2012 and February 2013, and three trapping sessions 

were carried out at Mullaghmeen between December 2012 and February 2013. Each session 

of the live trapping programme comprised of six days; two days pre-baiting, where bait was 

placed in and around the unset traps, and four days where the traps were set to catch 

animals. Traps were set at dawn and left open for a minimum of five hours before being 

checked for squirrels. A trapping grid consisting of 30 traps at a density of one per hectare 

was set up at each site (Figure 2.3).The trapping grids were established in areas in the 

woodlands that were representative of the overall forest composition of the sites. In 

Newcastle Woods (Figure 2.3 a) traps were placed in coniferous, mature broadleaf and mixed 

stands. At Mullaghmeen Forest Park (Figure 2.3 b) traps were placed in an area of the 

woodland which was not regularly frequented by recreational users to minimise human 

disturbance and interference. The Forest Park was similar throughout consisting of a beech 

plantation, apart from a small area dedicated to native trees (arboretum) and a small area 

of coniferous trees (Coillte, 2011a). 

In August 2013 trapping was initiated at a third site, Curragh Chase Forest Park in county 

Limerick (52°35'47.3"N 8°52'10.3"W) (Figure 2.2 C). Details of this study are outlined in 

Chapter 4. 
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Figure 2.3 (a) Squirrel traps at (a) Newcastle Woods and (b) Mullaghmeen placed in 
woodland at a density of 1 per hectare. 30 traps in total placed in each woodland 
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2.3.5 Data Analysis for the sightings survey 

A 1km squirrel presence-absence grid was created for the study area using the sightings and 

records data. Part of the study area to the east of the river Shannon was divided into two 

regions (see Figure 2.4). The midlands region comprised of counties Longford, Westmeath, 

South Leitrim and Cavan and the southern region was made up of two counties, Limerick and 

Tipperary. County Offaly was used as a buffer between the two regions. A Chi-squared Test 

was used to examine any differences in the number of occupied 1km squares in the midlands 

region, where grey squirrels have been longest established, and the southern region of the 

study area, where grey squirrels are confirmed to be spreading (Goldstein et al., 2014). In 

addition the percentage of animal sightings (1km resolution) for the midlands and southern 

region were compared.  

Comparisons were also made between the current study and the results of the 2007 survey. 

The number and percentage of sightings received for the entire study area were compared 

as were the numbers of occupied 1km squares for the two regions (shown in Figure 2.4). A 

Chi-squared test was used to determine if there was any significant difference in the number 

of squirrel sightings received during the 2007 survey for these two regions. 
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Figure 2.4 Map showing the division of the eastern section of the study area into the 
midlands region and the southern region
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2.4 Results 

2.4.1 Sightings survey 

A total of 1,776 animal sightings were collated from 1,112 unique locations (1km resolution) 

between December 2011 and April 2014 (Figures 2.5 and 2.6). Red squirrel sightings (n = 

1,139) comprised 64.14% sightings, grey squirrel (n = 156) 8.78% and pine marten (n = 481) 

27.08% of overall sightings (Figure 2.7). In total there were 10 grey squirrel records from the 

western side of the river Shannon from counties Clare (5), Roscommon (4) and Sligo (1).   
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Figure 2.5 Location of (a) grey squirrel and (b) pine marten sightings (1km resolution) in 
study area 
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Figure 2.6 Location of red squirrel sightings (1km resolution) in the study area 

In 2007, there were a total of 732 animals sightings from 478 unique locations (1km 

resolution) with red squirrels (n=478) making up 65.30% of the records, grey squirrel (n=134) 

18.31% and pine marten (n=120) 16.39% of the overall sightings (Figure 2.7). In 2007 there 

were five grey squirrel sightings to the west of the Shannon all of which originated in county 

Roscommon (Carey et al., 2007). Figure 2.7 shows the difference in the percentages of 

squirrel and pine marten sightings between the two studies.  
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Figure 2.7 Red squirrel, grey squirrel and pine marten sightings expressed as a percentage of 
total sightings in the study area for the current study and the 2007 survey (Carey et al., 2007) 

Table 2.1 shows the number of occupied 1km squares when the study area is divided into 

the two separate regions as shown in Figure 2.4. These occupancy rates were compared 

using Chi-squared tests in order to see if there was a significant difference between the two 

regions. 

Table 2.1 Number of occupied 1km squares for red squirrels, grey squirrels and pine marten 
for two regions within the study area 

Occupied 1km squares in 

midlands region 

Occupied 1km squares in 

southern region 

 Current study  

Red squirrel 135 Red squirrel 142 

Grey squirrel 24 Grey squirrel 73 

Pine marten 126 Pine marten  43 

 2007 survey  

Red squirrel 27 Red squirrel 75 

Grey squirrel 52 Grey squirrel 38 

Pine marten 19 Pine marten  13 
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Table 2.2 shows the results of the Chi Squared tests.  For red squirrels in the current study 

there is no significant difference between the midlands and southern regions.  However 

there is a significant difference between the number of occupied 1km squares in terms of 

grey squirrels and pine marten. Grey squirrels occupied more 1km squares in the southern 

region (0.99%) compared to the midlands region (0.04%). Pine marten were recorded in 

significantly more 1km squares in the midlands region (2.09%) compared to the southern 

region (0.58%). In 2007 there was no significant difference in number of pine marten 

occupied 1km squares between the two regions. However there were significantly more red 

squirrel (1.02%) occupied 1km squares in the southern region compared to the midlands 

region (0.45%) and significantly fewer grey squirrel (0.52%) occupied 1km squares in the 

southern region compared to the midlands region (0.86%) in the 2007 survey.  

Table 2.2 Results of the Chi squared with Yate’s correction tests for the comparison of the 
number of occupied 1km squares between the two regions within the study area 

Midlands versus southern region 

Current 
study 

χ2 (d.f. =1) Significance level (p) Region with higher 
occupancy rate 

Red squirrel 1.629 Not significant No difference 

Grey squirrel 15.405 0.01* Southern region 

Pine marten 60.524 0.01* Midlands region  

2007 Survey χ2 (d.f. =1) Significance level (p) Region with higher 
occupancy rate 

Red squirrel 14.26641 0.01* Southern region 

Grey squirrel 5.673577 0.01* Midlands region 

Pine marten 2.670943 Not significant No difference 

Comparing the percentage of sightings (1km resolution) for each region for the two study 

periods (Figure 2.8) reveals a dramatic decrease in the number of grey squirrel sightings for 

the midlands region. In 2007 grey squirrels made up 53.1 % of the overall sightings for the 

region but they only accounted for 8.4 % of the sightings for the current study.  Conversely 

the number of pine marten sightings has increased since 2007 where they accounted for 

19.4% of the sightings but made up 44.2% of the overall sightings in the midlands region for 

the current study. The percentage of red squirrel sightings has almost doubled in the 

midlands region, increasing from 27.6% in 2007 to 47.4% in the current study. In the southern 

region there is no notable difference in the percentage of sightings between the two study 

periods although there has been an increase in the percentage of pine marten sightings but 

a slight decline in the percentage of red and grey squirrel sightings. 
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Figure 2.8 Percentage of red squirrel, grey squirrel and pine marten sightings for the current 
study and the 2007 survey for the two regions 

2.4.2 Hair Tube Studies 

Of the 14 woodlands chosen for the hair tube studies, red squirrels were detected in nine of 

the woodlands (Table 2.3). At Lough Rynn, although no squirrels used the tubes, a red 

squirrel was observed in the woodland on the day the equipment was being collected. Grey 

squirrels were not detected at any of the woodland sites and none were observed during 

deployment or collection of tubes for the surveys.
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Table 2.3 Proportion of available tubes used by red squirrels and grey squirrels during the 
hair tube surveys (* indicates that red squirrel was observed during study) 

Woodland 
Number 

Woodland 
Name 

Grid 
Coordinates 

County 

East or 
West of 

River 
Shannon 

Proportion Used 
By 

Red Grey 

1. Kilronan Castle 
53°56'14.2"N 
8°00'54.6"W 

Roscommon West 0.14 0 

2. Mountcampbell 
53°56'14.2"N 
8°00'54.6"W 

Leitrim East 0.67 0 

3. Charlestown 
53°55'55.4"N 
8°01'15.4"W 

Roscommon West 0.47 0 

4. Lough Rynn 
53°52'55.3"N 
7°50'16.1"W 

Leitrim East 0* 0 

5. St. John’s Wood 
53°33'28.9"N 
8°00'23.4"W 

Roscommon West 0 0 

6. 
Newcastle 

Woods 
53°33'36.1"N 
7°42'49.0"W 

Longford East 0 0 

7. Doon Demesne 
53°20'09.0"N 
7°51'06.0"W 

Offaly East 0 0 

8. Woodfield 
53°07'11.2"N 
7°54'13.6"W 

Offaly East 0.23 0 

9. Raheen Wood 
53°56'14.2"N 
8°00'54.6"W 

Clare West 0.20 0 

10. Cratloe 
53°56'14.2"N 
8°00'54.6"W 

Clare West 0.17 0 

11. Coolbaun 
52°59'39.5"N 
8°15'30.8"W 

Tipperary East 0.07 0 

12. Woodpark 
53°56'14.2"N 
8°00'54.6"W 

Clare West 0 0 

13. Adare 
53°56'14.2"N 
8°00'54.6"W 

Limerick East 0.04 0 

14. 
Curragh Chase 

Forest Park 
53°56'14.2"N 
8°00'54.6"W 

Limerick East 0.10 0 

 

2.4.3 Trapping 

No grey squirrels were captured during the live trapping programme at any of the three 

study sites. Two red squirrels were trapped in Newcastle Woods and 50 individual red 

squirrels were captured at Curragh Chase Forest Park.
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2.5 Discussion 

This study revealed three distinct patterns in grey squirrel distribution in the study area 

(counties to the west of, and surrounding, the river Shannon (Figure 2.5a) : 

(i) the area to the west of the river Shannon, where the grey squirrel has never 

established, although occasional incursions occur, 

(ii) the area in the midlands where the grey squirrels are rarely reported, despite 

being established there for a long period, and 

(iii) the southern region of the study area where the grey squirrels are frequently 

sighted. 

West of the river Shannon 

From the initial point and time of introduction of grey squirrels in Ireland, there was no 

evidence that grey squirrels have established west of the river Shannon. However, during 

this time there have been infrequent records of grey squirrels to the west of the Shannon as 

outlined above. This was the case for the current study and in the most recent distribution 

surveys (Carey et al., 2007; McGoldrick and Rochford, 2009). Although these records are 

based on sightings and anecdotal reports alone and have not been verified by photographic 

or other physical evidence, there is an observable trend when the literature is examined. 

Middleton (1930) stated that the grey squirrels could suddenly occur a distance of several 

miles from established populations. O'Teangana et al. (2000) alluded to this phenomenon 

highlighting occurrence incidents from west of the river Shannon since the 1930s. Both 

Middleton (1930) and O'Teangana et al. (2000) suggest the possibility of other introductions 

with O'Teangana et al. (2000) proposing intentional or accidental human transport as a 

potential avenue of species movement giving rise to these isolated reports. 

During the Carey et al. (2007) squirrel survey, one respondent reported being directly 

involved in controlling grey squirrels at Strokestown Park gardens, county Roscommon 

(53°46'37.4"N 8°05'47.7"W, west of the river Shannon) in 1967, where a total of 25 greys 

were shot (Michael Carey, personal communication). Similarly in the present study a resident 

of Elphin (53°51'02.1"N 8°06'09.4"W, also in county Roscommon), within 10km of 

Strokestown, reported greys arriving on his property 50 years ago (1960s) and he claimed to 

have shot these animals on sight (Jim Callary, woodland owner, personal communication). 

These areas are approximately 20 and 30km from the initial point of introduction 

respectively, to the west of the river Shannon, so it is feasible that grey squirrels had made 

their way to these wooded areas from the Castleforbes Estate within 50 years of the 

introduction. Furthermore there were anecdotal reports of grey squirrels at Lough Key Forest 
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Park in the 1970s and 1980s, but the current forest manager who is based in the Forest Park 

has not seen any grey squirrels in the last decade working there (Eugene Griffin, Coillte Forest 

Manager, personal communication). During assessment of the squirrel population in 

advance of a red squirrel translocation project in 2007, no grey squirrels were trapped at 

Lough Key Forest Park and the site was deemed suitable to act as a source population for the 

translocation project (Finnegan, 2007). Removals of red squirrels were undertaken in three 

phases for the translocation project (Waters, 2012) followed by hair tube studies for 

assessing the post-translocation status of the donor population (Goldstein, 2009). There was 

no evidence of grey squirrels at the site during any of this work. There was a single record of 

grey squirrels reported during the present study by a survey respondent, but there was no 

evidence of grey squirrels using hair tube studies in a study conducted more recently by Long 

(2014). 

In addition when records from county Clare are examined, there appear to be occasional 

grey squirrel incursions to the west of the river Shannon, and to a lesser extent in the 

northern parts of the study area. These grey squirrel records were all single, one-off records 

from areas with habitat that appears to be suitable for grey squirrels. When more in-depth 

investigations were made in these localities using hair tube studies and interviews with 

members of the public, foresters and Conservation Rangers, no further evidence was found 

to support the records being indicative of grey squirrels establishing or having been 

established in these areas. In Portumna Forest Park in county Galway, Ní Lamhna (1979) 

reported two independent records of grey squirrels.  Since that time there is no evidence of 

grey squirrels in this woodland. In fact there is a healthy red squirrel population and as with 

Lough Key Forest Park, animals were used as a source population for a translocation project 

(Poole, 2007). There were also sightings and evidence of red squirrels from a hair tube study 

undertaken by Long (2014). Should grey squirrels have arrived and established in Portumna 

Forest Park in the 1970s and 1980s, it would be reasonable to expect squirrels to have spread 

into the woodlands on the western side on Lough Derg on the river Shannon, due to the vast 

expanses of woodlands that can be found in the area (see Chapter 6, Figure 6.2), yet this has 

not occurred. 

On examination of the spread of grey squirrels into county Cumbria in the UK between the 

years 1944 and 1993, Lowe et al. (2007) stated that there was no trend in the rate or direction 

of spread of grey squirrels into the region. This was in light of the fact that a grey squirrel 

was trapped in the east of Cumbria in the 1940s and then the expansion westwards was not 
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observed until the 1980s and 1990s. In the intervening period there were only occasional 

sightings and kills recorded with most of these reports coming from the south of Cumbria. 

During this time there were also scattered sightings in the northern parts of Cumbria thought 

to be animals spreading from the north. The invasion process of this particular region 

outlined by Lowe et al. (2007) could be similar to what has been observed in the west of 

Ireland/Shannon region with infrequent and occasional sightings to the west of the river 

Shannon. However it differs in that there is no possibility of animals coming from a second 

direction i.e. the west, as core grey squirrel populations have always only been to the east of 

the river Shannon. Cumbria was also the focus of a more recent study by Stevenson et al. 

(2013a) modelling the ecological networks and dispersal of grey squirrels. Using a 

combination of least-cost analysis (Stevenson et al., 2013b) and molecular work (Stevenson 

et al., 2012) showed that the colonisation of Cumbria was a result of individuals dispersing 

from multiple directions both from the south and the north of the county. Lowe et al. (2007) 

predicted the movement of animals from the north as a possibility and interestingly 

highlighted the escape and purposeful release of animals in northern parts of Cumbria which 

may have accounted for the occasional sightings and kills of grey squirrels. The illegal and 

intentional introduction of grey squirrels to the west of the river Shannon cannot be ruled 

out as a possible reason for the infrequent records submitted during the sightings survey.  

The midlands region 

In the midlands of Ireland, where the grey squirrel has been longest established, records 

were received of grey squirrels, but similar to the west of the river Shannon these reports 

are infrequent, single sightings of animals. Further investigations of these sightings resulted 

in no evidence that there were established populations of grey squirrels in the area. 

Additionally, the hair tube studies at a number of sites in the area and live trapping 

programmes in counties Longford and Westmeath were further verification that the grey 

squirrels can no longer be found at detectable densities in this part of the study area. At 

Newcastle Woods in Ballymahon (site A in Figure 2.3), 20km from the initial point of 

introduction to Ireland at Castleforbes, red squirrels were trapped on two occasions during 

the four month period in which live trapping was undertaken. Sheehy and Lawton (2014) 

found a similar pattern of low grey squirrel occurrence based on sightings in an area that 

partly overlaps with the midlands region described in the present study.  In addition between 

2010 and 2012, Sheehy and Lawton (2014) undertook a study in a woodland previously 

occupied by grey squirrels in county Offaly, and in 16 trapping sessions over a 20 month 

period, a total of eight individual grey squirrels were captured. It was noted that historically 
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grey squirrels had been well established with hundreds of grey squirrels removed as part of 

a control strategy undertaken between the 1970s and 1990s. With relation to the  present 

study, a grey squirrel control program had been ongoing in Mullaghmeen Forest Park (site B 

in Figure 2.3) in the 1990s but due to a drop off in the numbers of grey squirrels in the past 

20 years this control program was suspended (Pat Brady, Coillte Forest Manager, personal 

communication). Unfortunately information on numbers of grey squirrels removed during 

the control program could not be acquired. The failure to detect grey squirrels using the hair 

tubes or trapping, but yet grey squirrels were observed at some sites, suggest that the 

populations are at very low densities and/or the sightings represent transient individuals. 

On examination of the shift in distribution of grey squirrels in the Irish midlands in the 2012 

all Ireland squirrel survey (Lawton et al., 2015), to which the current study contributed 

sightings data to, a retraction of grey squirrels eastwards is clearly evident. The western 

boundary of normal/abundant populations is now in Monaghan, Meath, Kildare and Carlow, 

an average distance of 60km east of the river Shannon. This was also observed in the Sheehy 

and Lawton (2014) study which overlaps with part of the study area. If the current 

distribution of the grey squirrel based on the 2012 survey is compared with that of 2007 

(Carey et al.), there has been an estimated loss of over 6,500 km2 in the midlands of Ireland, 

an area where the grey squirrels have been longest established (counties Cavan, Fermanagh, 

Leitrim (south), Longford, Offaly, Tipperary (north) and Westmeath). Conversely there has 

been a gain in the south and south west of the study area in south Tipperary and Limerick of 

just over 1,200 km2 making a net loss in range distribution in the study area of approximately 

5,300 km2. This loss and gain in grey squirrel range is reflected in the percentage of sightings 

between the two squirrel surveys for the two regions in this present study. When the 

percentage of sightings (1 km resolution) are compared for the midlands region in the study 

area under examination, a dramatic decrease in the number of grey squirrel sightings is 

revealed between 2007 and 2012 (Figure 2.8).  

The southern region 

In the southern part of the study area there has been an increase in the number of grey 

squirrel occupied 1km squares. However this is also true for red squirrels and pine marten 

which is an artefact of the success of the sightings survey. When the percentage of grey 

squirrel occupied 1km squares are compared for the two regions (i.e. midlands versus 

southern) within the study area, there are significantly more grey squirrel occupied 1 km 

squares in the southern region. This is a recent change in fate for the grey squirrels, as there 
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were significantly more grey squirrels sighted in the midlands region in 2007 compared to 

the southern region. Research undertaken by Goldstein et al. (2014) found that grey squirrels 

are advancing in the south of Ireland in parts of Limerick and particularly in Tipperary. 

Although grey squirrels were not detected in hair tube study sites in the expansion zone (site 

numbers 11, 13 & 14 in Figure 2.2) in the present study, Goldstein et al. (2014) did detect 

grey squirrels using hair tubes to the south east of the southern region. Following a number 

of reports of greys squirrels from members of the public at Adare and Curragh Chase in 

county Limerick, trapping was initiated at Curragh Chase Forest Park (site C in Figure 2.2). 

This area to the south of the Shannon estuary is close to the advancing grey squirrel frontier 

and is less than 20 km from Limerick city, which offers an access point for grey squirrels in to 

the west of Ireland.  A 12 month live trapping programme was carried out at Curragh Chase 

Forest Park with a total of 50 individual red squirrels captured over a 12 month period 

(Chapter 4). No grey squirrels were trapped during this time. This is an unexpected result 

given the location of the woodland in the grey squirrel expansion zone in the south of Ireland, 

the suitable habitat available at the site, and results of work undertaken by Goldstein et al. 

(2014). 

The various population demographics derived from the study of red squirrels at Curragh 

Chase Forest Park (Chapter 4), shows that individuals in the population are in good condition 

and at comparable population densities to red squirrel populations in other parts of Ireland 

where the grey squirrel has not established e.g. Portumna Forest Park (Chapter 5; Figure 5.1 

(Poole, 2007)). Available habitat and the absence of the grey squirrels can account for this.  
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2.6 Conclusions 

This investigation shows that grey squirrels have not established to the west of their previous 

known range in Ireland, although occasional incursions are reported. The river Shannon does 

present a physical barrier to the movement of grey squirrels westwards, but these recurring 

incidents of the species to the west of the river suggest that the barrier can be overcome and 

is not impenetrable. The study has documented the demise of grey squirrels in an area from 

where they have been longest established in the Irish midlands. This retraction has been 

verified using a combination of citizen science, indirect monitoring techniques in the form of 

hair tube studies and a direct method using live trapping. It is clear from the combination of 

these methods that grey squirrels are either absent or at undetectable densities in the 

majority of the study area which is similar to findings by Sheehy and Lawton (2014). However 

this study has found that the demise of the grey squirrel is much more extensive than 

previously thought. The current retraction in grey squirrels further enhances the opportunity 

to keep the west of Ireland free of grey squirrels. Key sites through which any future invasion 

is likely to occur have been identified (Chapter 3). The establishment of a monitoring 

programme in these sites is an essential first step towards implementation of an effective 

management strategy.
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Chapter 3 Model of spread of grey squirrel in Ireland 

3.1 Introduction 

When considering the potential of an introduced species to spread in an area, it is useful to 

examine its success as an introduced species elsewhere. Wittenberg and Cock (2001) stated 

that the one factor consistently highly correlated with invasiveness was whether the species 

was invasive in other areas. This, coupled with suitable habitat and climatic conditions in the 

area under investigation, helps predict species invasiveness in that area.  Therefore analysing 

the introduction of grey squirrels to Britain could be helpful in predicting the future spread 

of grey squirrels in Ireland.  In just over 50 years the species was introduced at over 30 sites 

in England, Scotland and Wales (ISSG, 2005). By the year 2000, 124 years after the first 

introductions, grey squirrels had displaced red squirrels throughout most of England and 

Wales and by 2010 had spread further northwards (Figure 3.1). Similarly, grey squirrels have 

established and spread throughout the eastern half of Ireland and it is expected that 

expansion will continue beyond their current range.  

 

Figure 3.1 The distribution of red and grey squirrels in Britain and Ireland since 1945, the 
colours indicate squirrel distribution; red shows the distribution of red squirrels, grey shows 
the distribution of grey squirrels, orange is the areas where both species occur, and green 
where neither squirrel is present (Anon, 2012) 
 

Even though the single point of introduction of grey squirrels in Ireland was to a wooded 

estate in the centre of the country, on the eastern shores of the river Shannon (Chapter 1; 

Figure 1.4), successive distribution surveys have shown a failure of the grey squirrel to 

establish in the west of Ireland i.e. west of the river Shannon (e.g. Carey et al., 2007).  

Following this introduction, the grey squirrel spread to cover the eastern half of the country, 

with the western boundary of its distribution delineated by the river Shannon. This suggests 
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that there is a barrier in the landscape preventing the grey squirrel moving westwards. This 

existence of a barrier restricting the spread of the grey squirrel is not a phenomenon 

restricted to Ireland.  Recent work in Cumbria in the north of England has shown there to be 

two distinct populations of grey squirrels in the county. Using DNA sequence variation 

multiple routes of invasion were identified, originating from the north and south, suggesting 

the Cumbrian mountain range traversing the centre of the area has acted as a barrier to 

dispersal (Stevenson et al., 2012). It is possible that the river Shannon could be posing a 

difficult obstacle for dispersing grey squirrels to overcome. Additionally the habitat to the 

west of the river Shannon may be unsuitable due to the presence of expanses of peatland. 

Another factor could be the presence of a woodland predator, the pine marten (Martes 

martes). Sheehy and Lawton (2014) showed there is a strong negative correlation between 

pine marten and grey squirrels. The west of Ireland has traditionally been the stronghold of 

the pine marten (O'Sullivan, 1983) and continues to be part of the area of their core 

population range in Ireland (O'Mahony et al., 2012). Outside the reach of the river Shannon, 

other areas to the northwest and the southwest of Ireland have not been colonised to date. 

This could be an artefact of the distance of these areas from the initial point of introduction. 

O'Teangana et al. (2000a) estimated the rate of spread of grey squirrels in Ireland at 1.94 km 

per year. Based on the 2012 distribution survey (Lawton et al., 2015) and this rate of spread, 

grey squirrels could potentially reach the more remote areas on Ireland’s western seaboard 

(e.g. west Donegal and counties Clare, Leitrim Kerry, Sligo) within 50 years should this rate 

of spread continue.  

Predicting likely areas into which non-native species will expand is an important step in 

evaluating a management protocol, particularly when dealing with cases of established 

invasive species. Species distribution models are being used extensively in many aspects of 

ecology and are proving to be a very useful tool in both conservation (Farren et al., 2010; 

Palma et al., 1999) and invasion biology (Gormley et al., 2011). A species distribution model 

describes observed correlations between species occurrences and the environmental 

variables at the sites at which the species have been recorded (Franklin, 2009). Recently this 

method has been used for grey squirrels in a study looking to develop a screening procedure 

for evaluating the risk of the spread of introduced species (Di Febbraro et al., 2013). Using 

climatic variables and occurrence records from the grey squirrel’s native geographic range 

and invasive range, the potential global distribution of grey squirrels has been projected 

(Figure 3.2). 
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Figure 3.2 Worldwide projections of the climatic niche for the grey squirrel calculated by 
using its native and invasive range (Di Febbraro et al., 2013). The projection uses a probability 
of presence metric, with the darker colours showing higher probability of presence 

As well as looking at the potential distribution of an invasive species, for management 

purposes it is useful to identify likely routes of movement in the landscape that could 

facilitate the invasion process.  The use of cost surface analysis is a commonly used method 

to identify pathways in the landscape that are more favourable (less costly) for the species 

to move through, and there are several examples which have been used in relation to grey 

squirrels (Gonzales and Gergel, 2007; Stevenson et al., 2013b; Waters, 2012). This tool is very 

useful at highlighting vulnerable areas in fragmented landscapes which is particularly 

relevant to woodland cover in Ireland.  

It may reasonable to expect that all suitable habitats within Ireland will eventually be 

colonised by grey squirrels, as the projection in Figure 3.2 shows high probability of presence 

based on the species’ climatic niche. As this has yet to occur, it is an opportunity to explore 

the potential distribution of the grey squirrels in Ireland based on available habitat. 

Furthermore in light of the failure of grey squirrels to spread into areas adjacent to the site 

of initial introduction, we can identify habitats or landscape characteristics unfavourable for 

the spread and establishment of grey squirrel populations. This information could be key to 

the development of a strategy for controlling the spread of grey squirrels. The management 

of grey squirrel populations is costly; Kelly et al. (2013) estimated that annual costs of over 

€20 million would be required for a control strategy for Ireland. Knowing the areas under 

most threat from the grey squirrel allows control, and the costs thereof, to be targeted where 

they are most effective.  Similarly red squirrel conservation programmes can be informed by 

the likelihood of grey squirrel arrival in an area. 
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3.2 Aims  

Following sightings of grey squirrel to the west of the previous known range of the species 

in the 2007 distribution survey (Carey et al.), as well as further reports during a study by 

McGoldrick and Rochford (2009), the aim of this study was: 

i) to identify the potential distribution of grey squirrels in Ireland outside the 

current known range; 

ii) to examine the potential dispersal routes and landscape corridors that could aid 

the spread of grey squirrels beyond their current range, and highlight areas that 

could play a key role in their spread into the west of Ireland;  

iii) to identify habitat types and landscape characteristics that could be facilitating 

or impeding the spread of grey squirrels in Ireland 
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3.3 Methods 

3.3.1 Model of spread 

3.3.1.1 Study area 

The study area was comprised of the island of Ireland (not including off shore islands) 

incorporating two jurisdictions, the Republic of Ireland and Northern Ireland, covering an 

area of 83,980km2. Ireland is comprised of a variety of different land cover types but is 

dominated by habitats derived from agricultural activities e.g. pastures (Figure 3.4).  The 

National Forest Inventory (NFI) estimated the area of forested land for the Republic of Ireland 

to be 731,650 ha (Forest Service, 2014). The forested area of Northern Ireland is 61,775 ha 

(Anon, 2014). Therefore woodland cover for Ireland is currently at less than 10%.  As a result 

woodland cover is highly fragmented, possibly influencing the dispersal and spread of 

woodland specialists such as grey squirrels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3 Corine Land Cover (CLC2006_100m, version 17 (12/2013)) raster displaying the 
terrestrial landscape of the island of Ireland. Legend explanation: in bold are the 
habitat/landscape types considered for use in the MaxEnt model, the types with matching 
numbers were combined for use in the model (in parentheses: 1, 2, 3, 4) 
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As part of the funders requirements (outlined in Chapter 1 - Aims), a Spatially Explicit 

Population Model (SEPM) was originally to be undertaken, to model the spread of grey 

squirrels into the west of Ireland. This SEPM required population parameters, which were to 

be derived from a grey squirrel population study (Chapter 4). Ultimately it was not possible 

to develop a SEPM as grey squirrel populations were either absent (Chapter 2) or present in 

very low numbers. A total of 8 grey squirrels were captured over a 20 month squirrel 

population study undertaken in county Offaly (Chapter 1, Figure 1.4) (Sheehy, 

2013).Therefore an alternative modelling approach, combining a Species Distribution Model 

and Least Cost Pathway modelling, was used to examine the potential spread of grey 

squirrels to the west of Ireland. 

3.3.1.2 Species distribution model (SDM) 

For the species distribution model there were two main inputs required: 

i) species occurrence records, and 

ii) environmental variables. 

Grey squirrel occurrence records from the 2012 all Ireland survey were used for the model 

(Lawton et al., 2015). A total of 767 presence records were available for use (Figure 3.4). 

As the SDM was to incorporate the island of Ireland, the only complete habitat dataset for 

the entire landmass was the Corine Land Cover (CLC) raster dataset [CLC2006_100m, version 

17 (12/2013)] freely available from the European Environment Agency (EEA, 2007). This map 

details European environmental landscape based on interpretation of satellite images. Any 

features smaller than 25 hectares or 100 metres (e.g. hedgerows) are not included in the CLC 

inventory. The habitat data was mapped using ArcMap 10.2 (ESRI) and the terrestrial 

landscape and habitat types for Ireland are shown in Figure 3.4.  

The 11 habitat/landscape variables considered for use in the model are set out in Figure 3.4. 

Five other variables also included were;  ‘mean temperature wettest quarter’, ‘mean 

temperature coldest quarter’, ‘precipitation wettest quarter’ and ‘precipitation coldest 

quarter’ (Figure 3.5) and altitude (Figure 3.6). The habitat/landscape environmental 

parameters were converted to 1km resolution raster files and the percentage cover of the 

variable was calculated for every 1km square. Average values were calculated at a 1km 

resolution for altitude and the climatic variables also. 
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Figure 3.4 An estimation of the minimum area of grey squirrel occurrence in Ireland based 
on records received during the 2012 all Ireland survey. The Aggregate Points tool in ArcGIS 
10.2 was used to create the 20km aggregate polygon, where two or more points within a 
20km radius are grouped within a polygon. Gaps in distribution (polygon) were created 
where they overlapped with water bodies. 

The program selected for the SDM was MaxEnt (version 3.3.3k) (Phillips et al., 2006; Phillips 

et al., 2004).  MaxEnt uses presence-only data, which means that potentially unreliable 

absence data are not required (Elith et al., 2011; Phillips et al., 2006). Species records were 

prepared for input into the model using ArcMap 10.2, at a resolution of 1km. Of the 767 

presence records available, a total of 608 records were used by the model, after records 

outside the area covered by the bias file (described below) and duplicates were removed.  

All the default settings of the MaxEnt algorithm were retained apart from the maximum 

iterations which were increased from 500 to 5000. This allows the model to have adequate 

time for convergence, which counteracts the over-prediction or under-prediction of 

relationships. In order to evaluate the model, a random test percentage of 30% was also 

applied, the occurrence records were therefore randomly divided into two subsamples with 

70% (n=426) for training and 30% (n=182) for testing.  
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(a) Mean temperature wettest quarter  
(temperature range 1.3 – 12.5 oC;          
high – red/dark orange, low – light 
orange/yellow) 

(b) Mean temperature coldest quarter 
(temperature range 0.6 – 7.2 oC;             
high – red/dark orange, low – light orange/ 
yellow) 
 

  
(c) Precipitation wettest quarter 
(precipitation range 225 – 600 mm;        
high - pink/dark blue, low - light blue) 

(d) Precipitation coldest quarter 
(precipitation range 198 - 574 mm;         
high – pink/dark blue, low - light blue) 

Figure 3.5 Temperature (a, b) and precipitation (c, d) for the wettest and coldest quarters 
in Ireland (1km resolution), climatic variables considered for use in the species distribution 
model (SDM) 
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Figure 3.6 Altitude for Ireland (1km resolution), ranging from -4 to 909 metres, a variable 
considered for use in the species distribution model (SDM) 

A bias file was applied to the model to take into account an estimate of the current grey 

squirrel distribution (Figure 3.4).  Grey squirrel distribution was estimated by using the 

Aggregate Points Tool in ArcMap 10.2. A polygon was created from clusters of grey squirrel 

sightings falling within 20km of one another.  Areas of waterbodies were removed from the 

polygons created. Background points used for training and testing the model were selected 

from within the area covered by the bias file, and the results of the model were projected to 

include all of Ireland. 

Preliminary analyses of various models were undertaken before running the final analysis. 

Combinations of several variables were used and each model was assessed. When climatic 

variables were included in the preliminary analysis they created a very strong skew in the 

resulting probability of presence maps i.e. the west of Ireland was shown to have the lowest 

habitat suitability, but the areas of least suitability were a reflection of the areas experiencing 

highest precipitation and mildest temperatures. The west of Ireland is wetter and 

experiences more precipitation than the east and Irish midlands (see west, northwest and 
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southwest in Figures 3.5c and 3.5d). There is also a variation in temperature regimes, with 

milder temperatures experienced during the coldest and wettest quarters of the year in parts 

of the west, midlands and north (Figure 3.5a and 3.5b). In the absence of empirical evidence 

of any negative correlation between grey squirrel occurrence and these climatic conditions, 

it is difficult to conclude that such environmental conditions are prohibiting grey squirrel 

populations. This combined with the fact that grey squirrels have failed to reach areas to the 

west of Ireland, due in part to the remoteness from the point of introduction (see Chapter 1; 

Figure 1.4), it was decided not to include precipitation and temperature in the analysis. Even 

though their inclusion resulted in higher predictive and accuracy powers, the distortion 

caused by including these variables could be detecting significant effects as a matter of 

coincidence. Furthermore, Di Febbraro et al. (2013) had already shown that these 

temperatures and precipitation were not limiting grey squirrels in other parts of their current 

range. 

Two metrics were examined in order to assess the accuracy and the predictive power of each 

model. The first of these was the area under the receiver operating characteristic (ROC) 

curve, known as the AUC.  The AUC is a measure of model performance with scores ranging 

from 0 to 1. A high AUC value indicates a high predictive power, meaning that high predicted 

suitability values tend to be areas of known presence and low prediction values are areas 

where the species is not known to occur (random point). An AUC score of 0.5 means that the 

model is as good as random with scores below 0.5 indicating the model is worse than random 

(Phillips et al., 2006). AUC takes into account correctly identified presences and absences 

from the overall occurrence records, therefore values of 0.5 and lower indicate that the 

model is not accurate at predicting species distribution i.e. random (Phillips et al., 2004). The 

second metric is the true skill statistic (TSS). The TSS is a measure of the overall accuracy of 

presence-absence predictions and takes into account the sensitivity (correctly classified 

presences) and specificity (correctly classified absences), which incorporate false positive 

and false negative predictions by the model, which isn’t accounted for in the AUC score. TSS 

scores range from -1 to +1, where a  score of +1 indicates a model that is in perfect agreement 

(i.e. 100% accurate) and values of zero or less show an accuracy that is no better than random 

(Allouche et al., 2006). The AUC and TSS values attained for the various models are shown in 

Table 3.1.   

The seventh model, using a selection of habitat/landscape variables, was deemed most 

suitable to run the test, as it recorded the highest TSS of all models.  The final model was an 
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average of 10 replicates where the data was split at random into two subsamples, 70% for 

training and 30% for testing the model as described above. A total of 10229 points were used 

to determine the distribution model (background points and occurrence records). 

Table 3.1 Evaluation of several combinations of environmental variables for selection of 
input variables for the final model. AUC [area under the receiver operating characteristic 
(ROC) curve] is a measure of model performance (predictive power) and TSS (true skill 
statistic) is a measure of the overall accuracy. TSS is calculated using sensitivity (correctly 
classified presences) and specificity (correctly classified absences) 

Model Mean AUC 
Standard 
deviation 

Sensitivity Specificity TSS 

1. All variables 0.701 ±0.021 0.812 0.394 0.206 

2. All variables except 
precipitation 

0.723 ±0.020 0.871 0.339 0.210 

3. Habitat/Landscape 
and altitude 

0.753 ±0.020 0.909 0.325 0.234 

4. Habitat/Landscape 
only 

0.725 ±0.020 0.903 0.275 0.179 

5. Habitat/Landscape 
except pasture, with 

altitude 
0.684 ±0.021 0.844 0.345 0.189 

6. Habitat/Landscape 
only except pastures 

0.683 ±0.021 0.941 0.109 0.050 

7. Habitat/Landscape 
only except pastures and 

sports and leisure 
facilities 

0.718 ±0.020 0.850 0.405 0.255 

 

3.3.2 Landscape corridors and connectivity 

For analysis of landscape corridors and connectivity, a species connectivity and corridor 

identification tool called Universal Corridor Network Simulator (UNICOR) Version 2.0 was 

used. Similar to MaxEnt, UNICOR requires two types of input files: 

i) point locations (nodes), and  

ii) a resistance surface 

UNICOR uses Dijkstra’s algorithm to find the single source shortest path between multiple 

points (nodes) in the landscape (Landguth et al., 2012). The point locations can represent a 

population, an individual’s location, or site of interest, and are the start and end nodes of 

connecting pairs of individual points. In the resistance surface each cell value corresponds to 

the cost of movement across each location (cell).  
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A total of 707 points were used in the UNICOR model. These points represented all grey 

squirrel sightings received during the 2012 all Ireland squirrel survey (Lawton et al., 2015) 

and sightings received during the Shannon/West of Ireland distribution survey (2011-2014) 

(Chapter 2) at a 1km resolution. As the west of Ireland is of particular interest in this study, 

as it is yet to be colonised by grey squirrels, included in the 707 points were 25 locations in 

the west of Ireland. These 25 locations represent  areas with large mixed woodlands, areas 

highlighted by the MaxEnt output as having high probability of grey squirrel presence in the 

future and areas where grey squirrels had been recorded historically (including the 2007 all 

Ireland survey). Also included in the list were the two woodlands used for the recent red 

squirrel translocations/introductions, Derryclare Wood Nature Reserve in county Galway 

and Belleek Woods in county Mayo. These 25 west of Ireland sites are shown in Figure 3.7 

and location details are listed in Table 3.2. 

The resistance surface used in the UNICOR model was based on a combination of the inverse 

of the SDM output map from MaxEnt (Figure 3.13) and water bodies (OSI Ireland Core Water 

Data) including lakes, ponds etc. (Figure 3.8). The SDM map has a resolution of 1km and each 

cell has a probability of presence score (range 0 to 100%).  The higher the value for the 

probability of presence in a cell in the SDM map, the lower the resistance value for cell in the 

resistance surface as shown in Table 3.3. Resistance values were arbitrary, but were 

comparable to those derived from a study which compared expert-opinion and SDMs when 

defining landscape resistance values (Stevenson et al., 2013a; Stevenson-Holt et al., 2014). 

In the study resistance values were used to develop a least cost habitat network and this was 

then compared to actual species distribution (Stevenson-Holt et al., 2014). Large 

waterbodies such as lakes were given the highest resistance value as these formations could 

represent impenetrable barriers in the landscape.  Cells with very low probability of presence 

(0-10%) were also given a high resistance value as these may be representing a physical 

barrier or difficult obstacle for the grey squirrel to overcome in the landscape, but may not 

be completely impenetrable. The resistance surface is  shown in Figure 3.14. 

The default settings of the UNICOR algorithm were retained for the model. UNICOR takes 

into account that all individuals will not follow an optimal path in the landscape by smoothing 

the models output paths using a probability density function. This allows the creation of 

gradients around optimal paths with common connections, and thus highlights potential 

networks of movement in the resistance surface, representing least cost corridors in the 

landscape (Landguth et al., 2012).  
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Figure 3.7 Sites to the west of Ireland potentially vulnerable to invasion by grey squirrels 
and/or of conservation interest for the red squirrel, with the river Shannon and lakes along 
the river shown in blue 
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Table 3.2 Sites in the west of Ireland that are potentially vulnerable to invasion by grey 
squirrels and of conservation interest for the red squirrel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 3.3 Conversion of probability of presence scores to resistance values for creation of 
the resistance surface 

Probability of presence (from MaxEnt) Resistance values 

80 - 100% 1 
60 - 80% 10 
40 - 60% 100 
10 - 40% 200 
0 - 10% 1,000 
Water bodies 100,000 

 

  

Location  County 

Ards Forest Park, Creeslough Donegal 

Duntally Wood Nature Reserve, Creeslough Donegal 

Ballyarr Wood Nature Reserve, Letterkenny Donegal 

Rathmullan Wood Nature Reserve, Rathmullan Donegal 

Derkmore Wood Nature Reserve, Glenties Donegal 

Ardnamona Wood Nature Reserve, Lough Eske Donegal 

Hazelwood Demesne, Sligo Sligo 

Union Wood Sligo 

Knockranny Woods, Keadue Roscommon 

Strokestown Park, Strokestown Roscommon 

Belleek Woods, Ballina Mayo 

Moorehall, Lough Carra Mayo 

Cushlough Demesne, Ballinrobe Mayo 

Cong/Clonbur woodlands Mayo/Galway 

Derryclare Wood Nature Reserve, Inagh Galway 

Kilcornan Woods, Clarinbridge Galway 

Coole Park, Gort Galway 

Derrycrag Wood Nature Reserve, Woodford Galway 

Portumna, Forest Park, Portumna Galway 

Woodpark Forest Park, Mountshannon Clare 

Dromore Woods Nature Reserve, Ruan Clare 

Killarney National Park Kerry 

Uragh Wood Nature Reserve, Kenmare Kerry 

Glengarriff Nature Reserve Cork 

Cork City Cork 
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Figure 3.8 Waterbodies incorporated into the resistance surface 

3.3.3 Significant habitat types and landscape characteristics 

In order to determine whether habitat and landscape types could be playing a role in 

prohibiting or facilitating the continued demise or success of the grey squirrel in Ireland, a 

comparison was made between two regions directly to the east of the river Shannon where 

grey squirrels are found based on the 2012 survey results (Figure 3.4).  In the ‘midlands 

region’, grey squirrels have been established for a long time but sightings are now infrequent. 

The midlands region was comprised of south Leitrim, Cavan, Longford and Westmeath. In 

the ‘southern region’ (counties Tipperary and Limerick), sightings were more abundant and 

grey squirrels were found in areas where they had not previously been recorded. Two other 

counties to the east of the Shannon were omitted from the analysis.  County Offaly was 

omitted to create a buffer between the two regions.  County Fermanagh was excluded as 

grey squirrels have declined in the south west of the county, but the same cannot be said for 

the area to the north east (north of Lower and Upper Lough Erne). 



Chapter Three Methods 

 

60 
 

 In order to identify any significant habitat type and landscape characteristics that may 

explain these grey squirrel occurrence records from the 2012 survey, a discriminant function 

analysis was carried out using SPSS (IBM SPSS Statistics 21). A 10km grid was placed over the 

two regions (Figure 3.9). For each 10km grid square in each of the regions, the percentage of 

each 10km square covered by a particular landscape attribute was noted. A total of 12 

variables were used in the analysis, which included 11 habitat/landscape types. All but one 

of these habitat types were considered for use in the SDM (Figure 3.3). Pastures were 

excluded from analysis due to high intercorrelations with several other variables. There were 

two additional variables used in this analysis; waterbodies (an eleventh landscape attribute) 

and the presence of pine marten. As pine marten are more elusive, and in order to get a 

more representative sample of distribution in the study area, the occurrence records 

collected during the Shannon/West of Ireland survey (Chapter 2) and during the All-Ireland 

squirrel survey (Figure 3.10) were used. Pine marten presence was the only discrete variable 

used in this analysis and pine marten were noted as being either present (1) or absent (0) 

from each of the 10km grid squares. 

 

Figure 3.9 The study area 
showing the three regions 
(midland, southern and west of 
Ireland) with grey squirrel 
occurrence records from 2012. 
The midlands and the southern 
regions have been used for 
discriminant function analysis 
(DFA). Grey squirrels have been 
established longer in the 
midlands region, but records of 
the species are more common in 
the southern region 
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Figure 3.10 Pine marten sightings from the 2012 all Ireland survey (Lawton et al., 2015) 

3.3.4 Woodland connectivity  

Connectivity between the most suitable habitat types within each region was analysed, as 

well as the counties bordering the river Shannon to the west. Broadleaf and mixed 

woodlands (patches) can support the highest densities of grey squirrels (Lurz et al., 2001; 

Tattoni et al., 2006) and were therefore selected for the connectivity analysis. The most 

detailed inventory of forestry in Ireland (Republic of Ireland only) is Forest07 (provided by 

The Forest Service), which details 679,485 hectares of forest in Ireland. The mixed and 

broadleaf patches for the regions were mapped using ArcMap 10.2.  

The midlands and southern regions within the study area were the same extent as used in 

the discriminant function analysis. As well as looking at those two regions to the east of the 

river Shannon, the counties bordering the western banks of the river were also assessed for 

connectivity (Figure 3.11).  
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In order to calculate connectivity between patches a software package called Conefor 

(version 2.6) was used (Saura and Torné, 2009). Conefor calculates metrics derived from 

graph theory. Graph theory deals with the pairwise relationship between objects. Urban and 

Keitt (2001) make a case for using graph theory for analysing landscape connectivity and the 

use of this theory is becoming increasingly popular. Graph theory and in this case Conefor 

only requires knowledge of arrangement of habitat patches (and quality of patches if 

desirable) and the dispersal distance of the species in question. From these inputs several 

indices of landscape connectivity can be calculated using this software, but the integral index 

of connectivity (IIC) and probability of connectivity (PC) perform better when compared to 

other indices (Baranyi et al., 2011; Saura et al., 2011), and therefore will be used in this 

analysis. 

As outlined above, Conefor requires two input files to complete connectivity analysis: 

i) a node file, and 

ii) a connection file 

Habitat nodes correspond to the areas (woodland patches) that were to be used in the 

connectivity analysis assessment. An attribute can be assigned to each node. In this study, 

area was calculated for the woodland patches and used as the attribute for each node.  

Both binary and probabilistic connection models were used to create the connection file. A 

binary connection file has links that are not weighted (i.e. a connection between patches 

either exists or not). For this study a link was assigned between two nodes (habitat patches) 

when the internode distance was less than or equal to 400m. This distance was selected 

following a number of studies investigating grey squirrel mobility and perceptual range, 

where grey squirrels were found to have a perceptual range of between 300 and 400 metres, 

with an upper limit of 400 metres (Goheen et al., 2003; Mech and Zollner, 2002; Zollner, 

2000).  For the probability connection model, connections were characterised by the 

probability of direct dispersal between two habitat patches. In order to calculate the 

probability connection, a threshold dispersal distance as well as a probability value must be 

specified.  As for the binary model, 400 metres was selected for the distance threshold, and 

given that this distance is deemed the maximum dispersal distance the probability value was 

set to 0.05. The Euclidean distances between patches were used (i.e. the straight line edge-

to-edge distance). 
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The Conefor ArcGIS extension was used to generate these files. All the broadleaf and mixed 

forestry patches for the study area were mapped in ArcMap 10.2 (Figure 3.11a). The area for 

each habitat patch was calculated and analysis was restricted to patches within 400 metres 

of each other. Additionally a 400m buffer was created around each habitat patch for 

illustrative purposes (Figure 3.11b). This map displays the components i.e. the linked habitat 

patches, given the maximum dispersal ability of grey squirrels. 

Once the input files had been prepared in the ArcGIS extension, they were loaded into 

Conefor. As connection analysis was restricted to patches within 400 metres of one another, 

the connection file was described as “partial” and the connection type as “distances”. A 

number of connectivity indices can be selected for calculation in Conefor. For this 

connectivity analysis the following indices were calculated: number of links (NL), number of 

components (NC), the integral index of connectivity (IIC), and the probability of connectivity 

(PC). All indices are binary apart from PC which, as the name suggests, is a probabilistic index. 
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Figure 3.11 (a) Broadleaf and mixed woodland patches for two regions to the east and five 
counties to the west of the river Shannon with the river Shannon and lakes along the river 
shown in blue (b) Broadleaf and mixed woodland patches with a 400 metre buffer 
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Pascual-Hortal and Saura (2006) provide descriptions of the various indices and how they are 

calculated. The following are outlines of how the indices are computed and what they 

convey: 

Number of links 
A link is a connection between habitat patches (nodes) in the landscape. A larger total 

number of links (connections) represents a landscape that is more connected. 

Number of components 
A component is a connected region within the landscape.  A component is made up of a set 

of linked nodes. In this analysis habitat patches were linked if they fell within a distance of 

less than or equal to 400 metres. In a more connected landscape there will be fewer 

components. 

Integral index of connectivity (IIC) 
Values for the IIC range from 0 to 1, with increases in the IIC corresponding to improved 

connectivity. The IIC is derived from the following equation: 

𝐼𝐼𝐶 =
∑ ∑

𝑎𝑖 ∙ 𝑎𝑗

1 + 𝑛𝑙�̈�

𝑛
𝑗=𝑙

𝑛
𝑖=𝑙

𝐴𝐿
2  

where: 

n = total number of nodes in the landscape 

ai and aj = attributes of nodes i and j  

nlij = number of links in the shortest path (topological distance) between patches i and j 

AL = maximum landscape attribute (total landscape area)* 

For nodes that are not linked (belonging to different components), the numerators in 

the equation for IIC equals zero (nlij= ∞) 

When i=j, then nlij=0 (no links are needed to reach a certain node from itself) which takes 

into account intra-connectivity (the idea that a habitat patch itself contributes to 

connectivity in the landscape)  

*In this analysis, the node attribute is area (the area of the habitat patch), so AL is the total 

landscape area i.e. area of analysed region comprising of both habitat and non-habitat. 
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Probability of connectivity (PC) 
Values for the PC range from 0 to 1, with increases in the PC corresponding to improved 

connectivity. The PC is derived from the following equation: 

𝑃𝐶 =
∑ ∑ 𝑎𝑖 . 𝑎𝑗 . 𝑝∗

𝑖𝑗
𝑛
𝑗=1

𝑛
𝑖=1

𝐴𝐿
2  

where: 

n = total number of nodes in the landscape 

ai and aj = attributes of nodes i and j  

p*ij = maximum probability of all paths between patches i and j* 

AL = maximum landscape attribute (total landscape area) 

* When the connection type is “distances” as is the case for this analysis pij, the maximum 

probability path is equivalent to the shortest path 

 

3.3.5 Statistical analysis 

In addition to Conefor, further analysis was undertaken in order to see if there was any 

significant difference in habitat patch size of broadleaf and mixed woodland patches 

between regions. Initially the midlands region was compared to the southern region. As the 

data was not normally distributed, even after transformation, the non-parametric Mann 

Whitney U Test was carried out to ascertain whether there was any significant differences in 

patch size. Following on from this a Kruskall-Wallis test was used to compare woodland patch 

sizes between the five counties bordering the western banks of the river Shannon. Both tests 

were carried out in SPSS (IBM SPSS Statistics 21). Total woodland area, percentage of 

woodland and number of nodes (patches) were also calculated. 
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3.4 Results 

3.4.1 Species Distribution Model (SDM) 

Grey squirrel occurences were strongly positively associated with landscapes dominated by 

discontinuous urban fabric/green urban areas, whereas there was a negative association 

with landscape dominated by moors, heathlands and peat bogs and land principally occupied 

by agriculture with significant areas of natural vegetation/natural grassland (Figures 3.12; 

See Appendix for response curves). The AUC score of 0.693 (±0.02) indicates that grey 

squirrel presence was correctly predicted in 69.3% of cases. 

The results of the SDM, projection of probability of presence map, are shown in Figure 3.13. 

The predicted probabilities of occurrence are a measure of habitat suitability. The probability 

scores from the MaxEnt output were converted into percentages and five categories were 

created. The areas with a probability of presence of between 0 and 20% were deemed least 

suitable or uninhabitable (blue colour in the projection). It is evident from the projections 

that grey squirrel suitable habitat is widespread in Ireland. The majority of the least suitable 

land lies to the west of Ireland, which includes areas to the west of the river Shannon, county 

Kerry to the southwest and county Donegal in the northwest. There are also isolated patches 

throughout the rest of the country. When the current grey squirrel distribution (Figure 3.4) 

is compared to the SDM output (Figure 3.13), it is clear that there are considerable areas of 

suitable habitat beyond the current grey squirrel range.
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(a) 

 

(b) 

Figure 3.12 (a) Jackknife analyses of the importance of environmental variables in the 
MaxEnt model of grey squirrel distribution. In parentheses is an estimate of the percentage 
contribution of each variable to the model, with variables listed in descending order of 
importance. Grey bars show the performance of the model (test gain) without the variable 
and the black bar shows the test gain with that variable in isolation, (b) shows the same 
jackknife analyses using AUC on test data. Grey bars show the performance of the model 
(AUC) without the variable and the black bar shows the AUC with that variable in isolation.  
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Figure 3.13 Projections of potential distribution for grey squirrels in Ireland, with the 
probability of presence indicative of habitat suitability 
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3.4.2 Landscape corridors and connectivity 

The results of the analysis to identify potential corridors for dispersal and areas of 

connectivity are shown in Figures 3.15 and 3.16. Figure 3.15 shows the least cost corridors 

determined by the UNICOR software. A number of potential key dispersal corridors can be 

identified from this output.   

 

Figure 3.14 Resistance surface created from the inversion of probability of presence output 
from the SDM. The lower the resistance value the more suitable the habitat and less costly 
it is for the grey squirrels to move through. Resistance values of 100,000 represent water 
bodies (OSI Ireland Core Water Data) including lakes, ponds etc. which are considered 
barriers in the landscape. 
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Figure 3.15 Model showing least cost corridors for grey squirrel dispersal, created using a 
Gaussian kernel density buffer from the path density of pairwise connections in UNICOR. The 
stronger connections (least costly) are shown by the brighter and broader lines 

Figure 3.16 shows areas of high connectivity derived from the entire network of least cost 

pathways created in UNICOR. Areas vulnerable to invasion can be identified when regions 

with high connectivity are compared to the network of least cost pathways e.g. the highly 

connected area in the southern region has least cost corridors leading into connected areas 

in county Clare to the west of the river Shannon. The connectivity analysis also shows the 

convergence of least cost pathways along the river Shannon and to the west of Ireland 

highlighting potentially favourable habitats and dispersal bottlenecks.  
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Figure 3.16 Model showing areas of high connectivity following the application of a 7.5km 
kernel density set on the network of least cost pathways determined in UNICOR.  Reds and 
oranges indicate areas of highest connectivity, followed by yellows and green 
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3.4.3 Significant habitat types and landscape characteristics 

The results of the discriminant analysis are shown in Table 3.4. This analysis was conducted 

to predict whether habitat variables originated from the midlands or the southern region of 

the study area. The mean percentage cover for habitat/landscape types of 10km2 for each 

region are detailed in Table 3.4. Seven of the 12 predictor variables had significant mean 

differences. The F value for each predictor variable indicates a statistical significance in the 

discrimination between the two regions and is a measure of the extent to which a variable 

makes a unique contribution to the prediction of region membership. The discriminant 

function revealed a significant association between group variability (48.44%, p <0.01). On 

examination of the structure matrix, which identifies the most important predictor variables, 

four predictors with significant mean differences were deemed to be significant predictors 

(Table 3.4). Three variables with significant differences between regions (coniferous forests, 

mixed forests and peatland habitats) were not found to be significant predictors but they did 

score relatively highly in the structure matrix. The cross validated classification of occurrence 

records showed that 81.1% were correctly classified.  
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Table 3.4 Mean (± standard deviation) percentage cover for habitat/landscape types (pine 
marten presence only) per 10km2 for each for each regions and the results for tests of 
equality of group means (F) with significant differences (at p < 0.05) indicated by the asterisks 
(*). Significant predictor variables were derived from the structure matrix function (values of 
greater than 0.3 are deemed significant and indicated here by the asterisks). Shown in bold 
are the structure matrix values for three variables with significant differences between 
regions, but not found to be significant predictors, they do however score relatively high in 
the structure matrix. 

Variable 

Midlands 

Region 

(𝐱 ̅± st. 

dev.) 

Southern 

Region 

(𝐱 ̅± st. 

dev.) 

F 
Significance (p) 

(ν1 = 1, ν2 = 141) 

Structure 

matrix 

function 

Pine marten 
0.706 ± 

0.459 

0.267 ± 

0.445 
33.702 0.000* 0.504* 

Non-irrigated arable 

land/complex 

cultivation patterns 

1.849 

±0.256  

6.976 ± 

7.707 
27.350 0.000* -0.454* 

Waterbodies 
3.137 ± 

4.917 

0.260 ± 

1.506 
23.294 0.000* 0.419* 

Land principally 

occupied by agriculture/ 

natural grassland 

8.834 ± 

12.299 

3.425 ± 

3.908 
13.063 0.000* 0.314* 

Coniferous forests 
2.080 ± 

1.977 

4.227 ± 

5.763 
8.525 0.004* -0.254 

Moors and 

heathlands/peat bogs 

9.797 ± 

14.577 

5.442 ± 

8.024 
5.019 0.027* 0.195 

Mixed forests 
0.435 ± 

0.763 

0.200 ± 

0.582 
4.340 0.039* 0.181 

Transitional woodland 

scrub 

4.616 ± 

3.281 

5.464 ± 

5.617 
1.181 0.279 -0.094 

Sport and leisure 

facilities 

0.088 ± 

0.245 

0.137 ± 

0.292 
1.176 0.280 -0.094 

Broad-leaved forests 
0.238 ± 

0.566 

0.186 ± 

0.318 
0.480 0.490 0.060 

Continuous urban fabric 
0.008 ± 

0.689 

0.005 ± 

0.349 
0.118 0.732 0.030 

Discontinuous urban 

fabric/green urban 

areas 

0.915 ± 

1.442 

0.850 ± 

1.138 
0.089 0.766 0.026 
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In discriminant analysis variable scores are weighted into a single new composite variable to 

produce a discriminant score. Figure 3.17 shows minimal overlap between discriminant 

scores for each region illustrating the effectiveness of function. 

 

 

Figure 3.17 The distribution of discriminant scores for the two areas under investigation, the 
midlands region and the southern region 

Maps illustrating the landscape cover for the significant predictor variables revealed in the 

discriminant analysis are shown in Figure 3.18. When the midlands region is compared to the 

southern region it is clear that there are visible differences in the landscape cover. There is 

more widespread agricultural land with natural vegetation and natural grasslands in the 

midlands region compared to the southern region.  Additionally there is less arable land 

under cultivation, more extensive areas of water, and more records of pine marten per 10km 

square in the midlands compared to the southern region. Although moors, heathlands and 

peat bogs did not make a significant contribution to the discriminant function, there is a 

significant mean difference in the cover for the two regions. There is more widespread cover 

of this habitat type in the midlands region compared to the southern region, with the 

midlands having almost twice the amount of this habitat type compared to the southern 

region and this is illustrated in Figure 3.19a. Likewise, for conifer forest and mixed forest 

cover variables, they were not found to have significant contributions to the discriminant 
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function. However there is a significant difference between the mean percentage cover for 

these two variables when the two regions are compared and they have relatively high scores 

in the structure matrix. The conifer forest cover for the southern region is over twice that of 

the midlands region. For both regions conifer forests are widespread but in the midlands 

region conifer forest patches are smaller and more isolated and this is illustrated in Figure 

3.19b. Conversely mixed forest cover for the southern region is half of that of the midlands 

region, however this landscape cover type is not widespread (Figure 3.19c). 
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(a)   (b)  

  
 (c)   (d)  

Figure 3.18 Maps illustrating significant predictor variables revealed by the discriminant 
function analysis. Landscape/habitat types (a) and (b) are at a 1km resolution where (a) 
agricultural land with significant areas of natural vegetation and (b) natural grassland and 
arable lands and land under cultivation show percentage cover with the river Shannon and 
lakes along the river shown in blue, the presence of waterbodies is shown in (c), and the pine 
marten cover (d) is the number of pine marten sightings per 10km square. 
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  (a)     (b)  

 

 

  (c)  

Figure 3.19 Maps illustrating the percentage cover of landscape/habitat types at a 1km 
resolution (a) moors, heathlands, and peat bogs, (b) coniferous forests, and (c) mixed 
forests with the river Shannon and lakes along the river shown in blue 
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3.4.4 Comparison of woodland attributes for different regions and counties 

3.4.4.1 Midlands versus southern region 

Median woodland (broadleaf/mixed) size is significantly different between the two regions 

(Table 3.5) with a larger median woodland size in the southern region (Mann Whitney, Z = -

3.715, n1= 5512, n2 = 5577, p < 0.001, two tailed). However, there is a higher percentage of 

total woodland cover in the midlands region (3.384% compared to 3.069%). 

Analysis of the connectivity for the two regions shows that the southern region performs 

best in all of the tests, when compared with the midlands regions (Table 3.5). There are a 

greater number of links, better connectivity indices (IIC and PC) and less components in the 

southern region compared to the midlands region, meaning that the broadleaf and mixed 

woodlands are more connected in the southern region. 

3.4.4.2 Counties west of the river Shannon 

On examination of woodland cover for the five counties west of the river Shannon, county 

Clare has the highest overall woodland cover (4.996%) (Figure 3.11a). In other counties such 

as Galway and Roscommon, the woodland patches are more isolated and this is particularly 

apparent on examining the woodland cover when the 400 metre buffer is applied to the 

patches (Figure 3.11b).  County Clare has the highest percentage cover of woodlands 

compared to the other four counties (Table 3.5). Median woodland size is shown to be 

significantly different when counties are compared (Kruskal Wallis, 2 = 42.229, d.f. 4, 

p<0.001) with Sligo having the highest median woodland patch size and county Clare having 

the lowest. However the results of the connectivity analysis show that county Clare performs 

best in all but one (number of components) of the tests looking at connectivity. Most 

importantly Clare has the highest score in the two most important indices of connectivity, IIC 

and PC (Table 3.5). 
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3.4.5 West of Ireland 

Areas with high habitat suitability, located near or on the river Shannon, with considerable 

woodland cover were pinpointed as potential key invasion sites (Figure 3.20). The area of 

different woodland types was estimated from these sites and the results are presented in 

Table 3.6.  

 

Figure 3.20 Areas of high habitat suitability (60 - 100% probability of presence), with key west 
of Ireland invasion sites numbered 1 - 10. Site names are shown in Table 3.6 
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Table 3.6 Woodlands vulnerable to invasion with an estimation of the number of grey 
squirrels potentially supported based on woodland habitat types 

Woodland Name Total area 
(ha) 

Broadleaf  
area (ha) 

Conifer 
area (ha) 

Mixed 
area (ha) 

Potential number 
of grey squirrels* 

1. Lough Key 
Forest Park 

593 - - 593 1008 

2. Derrycarne 
Demesne 

133 - - 133 226 

3. Castleforbes 
Estate 

394 - - 394 670 

4. Commons 
North/Rathcline 

80.5 - 7.5 73 131 

5. Charleville 
Demesne 

366 82 58 226 623 

6. Woodfield 207 - 207 - 197 

7. Portumna 
Forest Park 

371 59 204 108 510 

8. Whitegate/ 
Mountshannon 

1484 - 158 1326 2404 

9. Raheen 
Woods 

305 - 75 230 462 

10. Cratloe 
Wood 

546 24 518 4 553 

* Based on the following grey squirrel densities; broadleaf 2.24 ha-1, conifer 0.95 ha-1, and mixed 1.7 ha-1 (Goldstein et al. 2015) 

Should the propensity for grey squirrels to disperse from the current population frontier, 

these ten sites (Figure 3.20; Table 3.6) are likely to act as important locations for the 

establishment of satellite populations which may act as an invasion hub, promoting 

subsequent range expansion in the west of Ireland (With, 2002). These locations are also 

important from a recreation perspective, and with a heavy footfall, these sites would be 

important woodlands for monitoring squirrel populations. Signs could be erected at 

entrances and carparks with information on squirrels in Ireland and the threat from grey 

squirrels, and also inviting the public to submit any sightings of grey squirrels. In Ireland the 

National Biodiversity Data Centre manage an invasive species database 

(http://www.biodiversityireland.ie/projects/invasive-species/) and sightings would be 

directed to this centre. Some areas along the river Shannon, where there is high habitat 

suitability, haven’t been selected as key invasion sites due to the absence of woodland 

habitats which would support potential viable grey squirrel populations. These include the 

area between sites 1 and 2 (Carrick-on-Shannon), the southern part of the lake on which site 



Chapter Three Results 

 

83 
 

4 is positioned (Athlone) and the area to the east of site 10 (Limerick City). The reason that 

these areas have been highlighted as having suitable habitat is due to the presence of areas 

of discontinuous urban fabric. 

Additionally the least cost corridor model was used to identify the most important least cost 

pathways (LCP) in the potential spread of grey squirrels to the west of Ireland. Sites along 

these pathways have been selected as recommended centres or pinch points (sites where 

pathways converge) for future monitoring and control (Figure 3.21 and Table 3.7). In 2008 

the All Ireland Species Action Plan for squirrels was published (NPWS and EHS, 2008) and one 

of the recommendations was to establish local red squirrel groups. Two of the suggested 

functions of these red squirrel groups is to survey and monitor red squirrels and to instigate 

grey squirrel control programmes where required (NPWS and EHS, 2008). In establishing 

these red squirrel groups, should this recommendation materialise, monitoring squirrel 

population at these points and controlling grey squirrels at these locations should curtail grey 

squirrel movements and population expansion in the areas to the west of the river Shannon, 

as well as to the southwest of the country. A spatially explicit population model has shown 

that in the absence of a coordinated control effort, there is the potential for grey squirrels 

to increase their range in the southwest (Goldstein et al., 2016). Some of the pinch points 

highlighted in this process were chosen based on their importance as centres for crossing 

the river Shannon. One of these centres is Limerick City. On closer inspection of the LCP, the 

suburban areas to the northern parts of the city could be utilised by dispersing grey squirrels. 

These areas include Annacotty, Castletroy, Newcastle and Carbally to the east of the river 

Shannon. The LCP passes through Ballynanty to the west of the river Shannon. These 

suburban areas are highly permeable to grey squirrels as highlighted in the SDM and in the 

work investigating habitat associations of grey squirrels in Ireland (O’Teangana et al., 2000b). 

It will be imperative that there is regular monitoring of these sites in Limerick city, particularly 

given that the city is adjacent heavily forested areas on the western banks of the River 

Shannon, in county Clare. 
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Figure 3.21 Model showing least cost corridors for grey squirrel dispersal in the west of 
Ireland, stronger connections (least costly) are shown by the brighter and broader lines. Sites 
numbered 1 to 47 show recommended sites within 13 regions (labelled A to M) for the future 
monitoring and control of grey squirrel populations. Details regarding control centres, site 
names and site ID numbers, and counties are shown in Table 3.7 
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Table 3.7 Thirteen regional centres (coded A to M) incorporating 47 sites (identified in Figure 
3.21), located in 11 counties, recommended for future monitoring and control of grey 
squirrel populations within the network of least cost pathways 

Control 
Centre 
Code 

(Region) 

Name Site ID 
number 

(corresponds 
to Figure 3.21) 

Area Counties 

A Lough Derg 5, 6, 10, 15, 
33, 36 

Scarriff/Tuamgraney; 
Whitegate/ 
Mountshannon; 
Portumna; Woodford; 
Ballina/Killaloe; Nenagh 

Clare, 
Galway, 
Tipperary 

B Limerick City 19 Limerick City Limerick 

C East Galway 11, 12, 13, 14 Mountbellew, Loughrea, 
Ballinasloe, 
Woodlawn/New Inn 

Galway 

D South 
Offaly/ 
North 

Tipperary 

22, 24, 37 Brosna, Birr, Roscrea Offaly, 
Tipperary 

E South 
Tipperary 

34, 35 , 38, 39, 
40, 41, 42  

Tipperary, Thurles,  
Clonmel, Carrick-on-Suir, 
Cahir, Cashel, Cappagh 
White 

Tipperary 

F Athlone 43, 47 Athlone, Moate Westmeath 

G Offaly 23, 25 Tullamore, Portartlington Offaly 

H North 
Roscommon/ 

Leitrim 

16, 17, 18, 26, 
27, 28, 29, 30 

Carrick-on-Shannon, 
Leitrim Village, Dromod, 
Boyle, Castlerea, 
Frenchpark, Tulsk, 
Strokestown 

Leitrim, 
Roscommon 

I Longford 20, 21 Longford, Lanesborough Longford 

J Sligo 31, 32 Collooney, Ballintogher Sligo  

K Fermanagh 4, 7, 8, 9  Blacklion/ Belcoo, 
Florence Court Forest, 
Enniskillen, Belleek 

Cavan, 
Fermanagh 

L Cavan 1, 3 Cavan Town, Killeshandra Cavan 

M Cavan/ 
Westmeath 

2 Virginia, Mullingar, 
Castlepollard, 
Mullaghmeen 

Cavan, 
Westmeath 
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3.5 Discussion 

The results of this chapter clearly show the existence of suitable grey squirrel habitat beyond 

their current range in Ireland. Although Carey et al. (2007) pointed out that there is a lack of 

suitable habitat to the west of Ireland possibly impeding dispersal and movement of grey 

squirrels to the west of Ireland, this is not the case for the entire area (Figure 3.13). The 

current research has also highlighted the presence of potential movement corridors from 

the current grey squirrel distribution into areas yet to be invaded (Figure 3.15). This 

information is vital for the management of grey squirrel populations in Ireland as the key to 

establishing effective management strategies is to determine the location of suitable habitat, 

and the potential distribution of the invasive species. Several studies have investigated the 

spread and expansion of invasive grey squirrel populations using spatially explicit 

populations models (SEPMs) and least cost pathways and networks. Rushton et al. (1997) 

developed a customised SEPM for examining the spread of grey squirrels for a specific part 

of the UK which was later modified and used by Lurz et al. (2001) for investigating the spread 

of grey squirrels in Italy.  Waters (2012) assessed the vulnerability to invasion by grey 

squirrels of a site used for a red squirrel translocation project in Ireland. More recently, least 

cost modelling has been utilised to assess movement of grey squirrels in Cumbria, England 

(Stevenson et al., 2013b). These studies are imperative in advising the relevant authorities 

on how best to prevent the future spread of the grey squirrel and thus ensure the protection 

of the native red squirrel. Management of the spread of the grey squirrel also offers 

protection to forest owners against potential negative economic impacts through bark 

stripping damage.  

A species distribution model (SDM) (using MaxEnt) proved useful in predicting the global 

potential distribution of grey squirrels, incorporating occurrence data from its native and 

introduced ranges with climate variables (Di Febbraro et al., 2013). This was a robust study 

as it incorporated variability in climate experienced by the grey squirrel in both its native and 

introduced ranges. However predictions using characteristics of a species in its native range 

are generally not an accurate predictor of how it might behave in an introduced range 

(Wittenberg and Cock, 2001). This is particularly true if comparing the habitats available and 

landscape characteristics of a species’ introduced range. The current study has used habitat 

and landscape variables as predictors of suitable habitat.  Squirrel habitat is highly 

fragmented in Ireland (Figure 3.3), so the results of the current study are more accurate in 

displaying the potential distribution of grey squirrels in Ireland. Nonetheless the Di Febbraro 

et al. (2013) study has illustrated that Ireland has a high probability of presence, with most 
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areas having a suitability of between 60 and 100% for grey squirrels, based on their climatic 

niche.  Although the study did not take habitat characteristics into account, an interesting 

finding was that the western parts of Ireland offered a lower probability of presence 

compared to the eastern half.  In the current study the majority of the most unsuitable 

habitat (lowest probability of presence) lies to the west of Ireland which is associated with 

extensive peatland coverage (Figure 3.3). The areas of highest suitability are centred around 

suburban areas and this is demonstrated in the percentage contribution of this variable to 

the model (Figure 3.12) with the positive correlation observed in the response curves (see 

Appendix). This concurs with findings from research carried out in Northern Ireland 

(O'Teangana et al., 2000b). The woodland cover for the study area is highly fragmented, and 

this too is reflected in the SDM by observing the locations of areas with high habitat 

suitability outside the suburban areas that overlaps with woodland. By only including the 

sightings from the 2012 as occurrence records in the SDM, it has been possible to validate 

the habitat suitability map using occurrence records from the longer term Shannon/West of 

Ireland distribution survey (Chapter 2). Although only a few records of grey squirrels were 

reported from west of the river Shannon, the sites from which they were received, were in 

areas with the highest probability of presence (e.g. Figure 3.20, sites numbered 8, 9 and 10).  

Whilst the predictive and accuracy powers of the MaxEnt model are adequate, the true skill 

statistic (TSS), an estimate of the model accuracy, could perform better. The inclusion of a 

pine marten density variable could perhaps improve the accuracy of the model. The inclusion 

of climatic variables is another element that could improve the models accuracy as shown 

by preliminary invesigations in the SDM. The failure of grey squirrels to spread in parts of 

Scotland (Bertolino, 2008) and anecdotal reports of their failure to gain a foothold in some 

wetter woodlands in Northern Italy, may imply a negative effect of wetter environments on 

populations. This may explain the failure of grey squirrels to expand into the wetter west of 

Ireland, but this remains speculative without empirial evidence.  In addition to this, finer 

resolution environmental data would be able to provide a more accurate depiction of 

habitats, particularly given Ireland’s highly fragmented landscape. The inclusion of important 

landscape structures such as hedgerows and treelines would be beneficial, as such features 

can be used for daily movements and dispersal (Stevenson et al., 2013b). Unfortunately the 

only hedgerow GIS dataset currently available for Ireland is in draft format and is restricted 

to the Republic of Ireland. Nonetheless, the SDM has been used to create an objective 

potential grey squirrel distribution for the island of Ireland. In turn, this has been used to 

create a cost surface for grey squirrels to examine connectivity in the landscape. Identifying 
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least cost pathways between areas of high habitat suitability, as well as the current sites 

where grey squirrels occur, has allowed us to identify the least cost network that grey 

squirrels are most likely to use as dispersal corridors.  

From a management perspective, this offers valuable information for setting up a strategic 

management plan to prevent the further spread of grey squirrels in Ireland.  In order to have 

a more effective plan, identifying areas particularly vulnerable to invasion is imperative. 

These areas have been highlighted through the use of the least cost network and the results 

of the connectivity analysis. Furthermore, exploring the possible reasons that grey squirrels 

have not established in these areas previously, can further enhance a more stratified 

approach to future management plans. 

The 2012 Irish Squirrel Survey (Lawton et al., 2015) shows that grey squirrels are absent from 

quite extensive areas in several midlands counties of Ireland, where they had previously 

been established.  In order to understand the cause of this trend, we can explore other areas 

where the grey squirrel has not been successful.  Introductions of grey squirrels took place 

in South Africa in 1900 and at three locations in Australia during the twentieth century (Long, 

2003). It is believed that grey squirrels did not establish in South Africa due to being limited 

by local predators (ISSG, 2005). Peacock (2009) gives an interesting account of the 

introduction and eradication of grey squirrels in South Australia. The failure of grey squirrels 

to establish there is attributed to a number of key factors; lack of suitable habitat, predation, 

competition, and control efforts. Findings from the current study suggest a number of 

possible causes for the failure of grey squirrels to establish west of the river Shannon, and 

for the demise of grey squirrels in part of their former range in the Irish midlands.   

3.5.1 Pine marten  

Sheehy and Lawton (2014) showed that grey squirrels are in very low numbers or absent 

from areas where there are high numbers of pine marten.  The all-Ireland pine marten 

distribution survey undertaken by O'Mahony et al. (2012) showed the core population of 

pine marten to be concentrated in the west and the midlands of Ireland along with 

fragmented populations to the east, south east and south west (Figure 3.22).  A range 

expansion is believed to have occurred, with the occupancy rate of 10km grid squares 

increased from under 30% in the 1978-1980 to over 60% in 2005-2006. There was a major 

reduction in the distribution and abundance of pine marten populations in the 1800s and 

1900s due to a number of factors including habitat loss and persecution (Fairley, 2001; 

O'Sullivan, 1983). In the survey undertaken by O'Sullivan (1983), pine marten were found to 
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be restricted to areas of woodland and scrub to the west of the river Shannon between 

counties Sligo and Limerick. This area can therefore be acknowledged as being the traditional 

stronghold and source population for pine marten expansion in Ireland. With an increase in 

forestry, legal protection and deliberate introductions (O'Mahony et al., 2012), pine marten 

have expanded their range eastwards into the midlands. The grey squirrels have never 

established and are yet to colonise this traditional pine marten stronghold west of the river 

Shannon. They have also undergone a significant decline and are at undetectable densities 

in the expanded pine marten core range in the Irish midlands.  

 

Figure 3.22 Estimated pine marten core-populations range (based on 90% occupancy of 
10km grid squares), positive pine marten detections (via scats) in 10km squares [adapted 
from O'Mahony et al. (2012)], and pine marten sightings received during the most recent 
squirrel survey (Lawton et al., 2015). The study area, and the midlands and southern regions 
are also shown in relation to information on pine marten distribution  

The midlands region of the study area, where grey squirrels have retracted from, has more 

pine marten sightings per 10km square than the southern region (Chapter 3, Figure 3.18d).  
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A significant decline in the number of grey squirrel records in the midlands region has been   

demonstrated in the current study and this is confirmed in the research by Sheehy and 

Lawton (2014). This study shows the disappearance of grey squirrels to be more widespread 

than previously thought. Interestingly part of the core-population range for pine marten 

shown in Figure 3.22 does overlap with part of the southern region. The positive pine marten 

detections from the O'Mahony et al. (2012) study, as well as the pine marten sightings 

received during the Lawton et al. (2015) all-Ireland squirrel survey are also shown. The 

southern region itself can be further divided into two sections; more grey squirrels were 

recorded in south Tipperary and Limerick than in the northern half (Figure 2.5a). The absence 

of grey squirrels from Curragh Chase Forest Park and in the neighbouring hair tube sites may 

be related to their proximity to the pine marten core range reported by O'Mahony et al. 

(2012).  The discriminant function analysis revealed that the presence of pine marten is the 

most influential variable (with a score of over 0.5), distinguishing two regions investigated 

where grey squirrel distribution differs. In the midlands region, grey squirrels have 

undergone declines and pine marten sightings are more numerous than in the southern 

region where grey squirrels are continuing to act as an invasive species (Figure 3.18d).  

3.5.2 Habitat fragmentation  

Grey squirrels have been shown to be less sensitive to fragmentation compared to other tree 

squirrels (Koprowski, 2005). Empirical studies have shown an average dispersal distance of 

300m (Zollner, 2000) (maximum threshold 400m; (Goheen et al., 2003)), and they can even 

make long distance movements of up to 2km between patches of broadleaved woodland 

(Bryce et al., 2005). Stevenson et al., (2013a; 2013b) highlighted the importance of landscape 

features in movement between patches; when movements were analysed a preference was 

shown for certain landscape features i.e. field edges (hedgerows, fence rows and walls) and 

habitat edges. Although a small sample size was employed in that study, the importance of 

such features for movement is evident.  In Ireland there is a lack of data on field boundary 

types and/or densities (Sullivan et al., 2013). Recently however Teagasc (Agriculture and 

Food Development Authority) have mapped mature hedgerows, individual trees and non-

forest woodland/scrub (HWS) for the Republic of Ireland with an estimated 80% accuracy 

(Green, 2011). At the moment this database is only in draft format (Stuart Green, Teagasc, 

personal communication) and there are no similar data available for other field edge types 

i.e. fence rows and walls. Based on this current database there is a slightly lower percentage 

cover of HWS in the midlands (8.5%) compared to the southern region (8.7%) (Green, 2011). 
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It will be important to test whether there is any significant difference in HWS between the 

two regions once this database is complete.  

The SDM showed a negative association between probability of grey squirrel occurrence and 

peatlands, and the discriminant function analysis identified a significant difference in the 

average peatland cover for two regions investigated with differing trends in grey squirrel 

occurrences. The midlands region has almost twice the peatland cover compared to the 

southern region. Peatlands are the dominant landscape type in parts of the Irish midlands 

and to the west of the river Shannon (Figure 3.19). Due to the water-logged organic soil layer, 

peatlands are not naturally conducive to tree growth. Waterbodies are more widespread in 

the midlands region, and this habitat type was found to contribute significantly to the 

discriminant function undertaken in the current study. These waterbodies are an obstacle to 

squirrel movements through the landscape. Successful migration and dispersal could prove 

difficult for a woodland specialist, with the lack of connectivity between the most suitable 

habitat patches (broadleaf and mixed woodlands), in an unsuitable treeless landscape.  In 

addition the significant difference in the conifer woodland cover highlighted in the DFA could 

be an important factor in the success or demise of grey squirrels. There is a higher percentage 

and more connected conifer woodland cover in the southern region (Figure 3.19b), which 

could provide important dispersal routes for grey squirrel movements. Although conifer 

woodland cover is widespread in the midlands region, patches are small and isolated. 

Recently Signorile et al. (2014) explored the genetic diversity of grey squirrels in Italy, 

Northern Ireland and England, and found the lower genetic diversity relating to smaller 

founder populations was affecting dispersal abilities. A relationship between founder size 

and expansion rate was revealed, and in areas where there was greater genetic diversity a 

higher rate of spread was experienced. Of the three areas investigated in this study, grey 

squirrels had the highest genetic diversity in Britain, Ireland second, and Italy had the lowest 

diversity. Having lower adaptive potential, due to poor genetic diversity, the grey squirrels in 

Ireland and Italy were considered by the authors to be more vulnerable to continual control 

measures than those in Britain. There is no nationwide concerted effort for the control of 

grey squirrels in the Republic of Ireland. However in 2011 and 2012 the National Association 

of Regional Games Council (NARGC) ran a Grey Squirrel Bounty Scheme, where €3 bounty 

was offered for grey squirrel tail returns. It is not possible to say whether this had any effect 

on grey squirrels populations, but negligible effects are proposed. There were a very limited 

number of tails returned for the counties in the study area, 190 in 2011 and 136 in 2012 



Chapter Three Discussion 

 

92 
 

(David Scallan, NARGC secretary, personal communication). While an effect at woodland 

level may have resulted in declines in grey squirrel numbers locally, this culling effort would 

not have had a long term (Lawton and Rochford, 2007). A regionally impact on grey squirrel 

distribution of the extent observed is also unlikely.  As expected there were no returns of 

grey squirrels for counties west of the river Shannon. For the counties to the east of the river 

Shannon (in the study area), there were grey squirrel captures in the midlands region for 

counties Cavan and Westmeath, and in county Tipperary in the southern region of the study 

area. Information on the exact locations of where these animals were captured was not 

available. In addition in attempting to ascertain whether control efforts did have any impact 

on grey squirrel numbers, exact capture sites and trapping efforts would have been required. 

The isolation experienced by grey squirrels through the lack of or loss of suitable dispersal 

corridors between suitable habitats, will result in a further loss of genetic diversity. 

Consequently greys squirrels in Ireland will be more vulnerable to changes in the landscape 

or environment. Any environmental changes that may have a negative effect on grey 

squirrels e.g. arrival of predators or loss of important landscape features facilitating dispersal 

(i.e. hedgerows), may lead to further population declines with further loss of genetic diversity 

and thus dispersal ability. At a local level populations will be compromised leading to 

extinction. The loss of hedgerows due to agricultural intensification and various 

developments combined with the arrival and success of pine marten populations in areas 

where grey squirrels have now disappeared (Sheehy and Lawton, 2014) could explain the 

recent decline in their success as an invasive species. 

3.5.3 Physical barrier 

The failure of grey squirrels to spread into the west of Ireland has been ascribed to the 

presence of the river Shannon creating a physical barrier, preventing movements and 

dispersal of grey squirrels in to the west (Carey et al., 2007). Other areas to the northwest 

and the southwest have also remained free of grey squirrels, which is most likely due to their 

remoteness from the initial point of introduction and the rate of invasion (O'Teangana et al., 

2000a).  

It is possible that the river Shannon itself is acting as a barrier to grey squirrel dispersal but 

with sightings, albeit infrequent, to the west of the river, it is more likely to be a difficult 

obstacle to negotiate rather than a complete barrier.  Although two distinct populations of 

grey squirrels were identified in Cumbria either side of a mountain range (Stevenson et al 

2013b), Stevenson-Holt and Sinclair (2014) identified a shared unique haplotype between 
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them, suggesting some movement of individuals between the two populations. Individuals 

had to cross the mountain range, go around it, or for there to have been some human 

mediated transportation (Stevenson-Holt and Sinclair, 2014). With regards to the river 

Shannon, crossing structures in the form of bridges could be used, and it may be possible for 

grey squirrels to make their way over the north of the source of the river through counties 

Cavan, Fermanagh and north Leitrim. Transport by humans is another potential source of 

introduction.  The difference in the west of Ireland is that if individuals are successful in 

overcoming the physical barrier, they will not encounter an established grey squirrel 

population. If there are not enough individuals dispersing it is less likely that a viable 

population will establish. For a woodland specialist, the landscape of fragmented woods 

surrounded by peatland (Figure 3.19a), with potentially fewer landscape features that 

facilitate movement between habitats, could explain the failure of grey squirrels to establish 

west of the river Shannon. Dispersal of grey squirrels could be driven by increased 

intraspecific competition at high population densities, but following extensive investigation, 

no source grey squirrel population is known to exist directly to the east of the river Shannon 

(Chapter 2).  

Given the demise of grey squirrels in part of their former range (Chapter 2; Sheehy and 

Lawton (2014)), it is imperative that likely routes of any future expansions and areas 

vulnerable to invasions are identified particularly to the area to the west of the river 

Shannon. This has been achieved through areas of high habitat suitability (Figure 3.20, Table 

3.6) and the production of a network of least cost corridors and identification of ‘pinch 

points’ (convergence of least cost corridors) which are potentially key to the future dispersal 

and expansion of grey squirrel populations (Figure 3.15). This information can guide 

management strategies for controlling the future spread of grey squirrels. One area 

particularly vulnerable to invasion highlighted in this investigation is county Clare, to the 

west of the river Shannon. The county is to the west of an area with an expanding grey 

squirrel population (Goldstein et al., 2014) and adjacent to a sizeable urban and suburban 

area (Limerick city), which could sustain grey squirrel populations, or more likely facilitate 

dispersal and movement westwards. Their success in suburban centres is shown by the wide 

distribution across the city of Dublin realised during the current distribution survey. A 

number of least cost pathways have been identified to the east of Limerick City and one LCP 

passes through the suburbs in the northern parts of the city. This therefore offers an 

important gateway into the forested western shores of Lough Derg on the river Shannon.
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3.6 Conclusions 

The potential distribution of grey squirrels in Ireland, based on a species distribution model, 

has revealed extensive areas of suitable habitat beyond the current species distribution. A 

positive association between grey squirrel occurrence and suburban habitats, and negative 

association with peatlands has also been confirmed. Areas to the west of Ireland, and part 

of the midlands where grey squirrels have undergone decline, overlap with peatland. In 

addition, the discriminant function analysis shows pine marten presence is a significant 

element in areas where grey squirrels have gone into decline when compared to areas where 

grey squirrels are behaving as an invasive species. It is proposed that the failure of grey 

squirrels to expand into the areas to the west of the river Shannon is attributed to a number 

of critical factors; including pine marten presence, habitat fragmentation and a physical 

barrier in the form of the river itself. Nonetheless a strategy to prevent the future spread of 

grey squirrels needs to be implemented. The identification of least cost corridors and areas 

of high connectivity will guide a more effective approach to management. Identifying specific 

areas vulnerable to invasion or key dispersal routes will allow a more targeted approach 

towards monitoring and management of grey squirrels. This should allow for early 

intervention in any required control strategies which should be less costly and more effective 

in the control of spreading grey squirrels.  
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3.8 Appendix 

 

 

Continuous urban fabric  

 

Marginal response 
curves of the predicted 
probability of grey 
squirrel occurrences. The 
curves show the change 
in logistic prediction as 
each environmental 
variable is varied, 
keeping all other 
environmental variables 
at their average value. 
The mean response of 
the 10 replicate MaxEnt 
runs (black) and the 
mean +/- one standard 
deviation (grey) is shown 
for each variable 

 (continued on following 
two pages) 

 
 

Non-irrigated arable land/complex cultivation patterns 

 
Discontinuous urban fabric/green urban areas  
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 Land principally occupied by agriculture with significant areas of 
natural vegetation/natural grassland 

 

 

 

Broad-leaved forests  

 

(continued from previous 
page and continued on 
following page) 
 
 Mixed forests 
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Coniferous forests  

 

 

Moors and heathlands/peat bogs  

 

(continued from previous 
page) 
 
 Transitional woodland scrub 
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Continuous urban fabric  

 

Response curves of the 
predicted probability of 
grey squirrel 
occurrences. The mean 
response of the 10 
replicate MaxEnt runs 
(black) and the mean +/- 
one standard deviation 
(grey) is shown for each 
variable. Unlike marginal 
response curves these 
curves represent the 
response when the 
model was created using 
only the corresponding 
variable. 
 
(continued on following 
two pages) 

 

Non-irrigated arable land/complex cultivation patterns 

 
Discontinuous urban fabric/green urban areas  
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 Land principally occupied by agriculture with significant areas 
of natural vegetation/natural grassland 

 

 

 

Broad-leaved forests  

 

(continued from previous 
page and continued on 
following page) 
 
 Mixed forests 
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Coniferous forests  

 

 

Moors and heathlands/peat bogs  

 

(continued from previous 
page) 
 
 Transitional woodland scrub 
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Chapter 4 Squirrel population study in the Shannon region 

4.1 Introduction  

The grey squirrel has been described as one of the worst invasive species in a report 

highlighting a selection of non-native species, chosen because of the associated negative 

impacts on biodiversity and/or human activities (Lowe et al., 2000). It has negative impacts 

on native red squirrel populations (Shar et al., 2008) and causes significant damage to 

commercial broadleaf forestry through bark stripping (Carey and Hamilton, 2008; Lawton, 

2003). Much research has been undertaken in Britain, Ireland and Italy in relation to the 

introduction of the grey squirrel and the replacement of red squirrels by greys (Bertolino et 

al., 2014; Gurnell and Pepper, 1993; Gurnell et al., 2004; O'Teangana et al., 2000; Wauters 

and Gurnell, 1999; Wauters et al., 2002b; Wauters et al., 2000; Wauters et al., 2002a). The 

replacement process is mostly through competition, but in some cases it has been mediated 

by disease (Boots et al., 2004; Rushton et al., 2006; Sainsbury et al., 2008; Tompkins et al., 

2002). The interspecific competition for scatter-hoarded seeds has resulted in lower body 

weight in female red squirrels, leading to fewer females breeding in summer, and fewer 

producing second litters, and therefore reduced fecundity (Gurnell et al., 2004). Also 

recruitment of both male and female red squirrels was negatively correlated with increased 

male and female grey squirrel densities. There was reduced red squirrel juvenile residency 

in sites with increased grey squirrel densities, which was markedly obvious in deciduous 

woodlands (Gurnell et al., 2004). Grey squirrels have been observed depleting red squirrel 

seed caches, particularly during spring time, causing a reduction in energy intake (Wauters 

et al., 2002a). The presence of grey squirrels in conifer woodlands has also affected 

recruitment patterns in red squirrels (Wauters et al., 2000).  

The time it takes for the replacement of red squirrels by greys varies; taking as little time as 

2-3 years, but has been recorded taking up to 35 years on one occasion (Gurnell et al., 2015). 

However, replacement can occur 17 to 25 times faster where disease is a factor (Rushton et 

al., 2006). Other factors important in the replacement process include the type of habitat 

available. Kenward and Holm (1993) found that red squirrels were less likely to persist in the 

presence of grey squirrels when woodland canopies were comprised of at least 14% oak, and 

acorns as a food resource were used more efficiently by grey squirrels compared to reds. The 

duration of coexistence of red and grey squirrels can vary considerably depending on the 

tree composition. At a mixed conifer site in England reds were still present 16 years after the 

arrival of grey squirrels but at another site in Italy with mixed deciduous composition red 
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squirrels went extinct after only 8 years (Gurnell et al., 2004). A study in Britain found that 

the numbers of grey squirrels were positively correlated with acorn abundance, a trend not 

observed in red squirrels, which puts red squirrels at a competitive disadvantage, allowing 

for more rapid replacement by grey squirrels (Kenward et al., 1998). The native habitats of 

the grey squirrel are the extensive deciduous forests of the north eastern parts of North 

America, so they are particularly well adapted to the deciduous and mixed forests in their 

introduced range. Various studies of grey squirrels in mixed and deciduous woodlands have 

recorded densities ranging from 0.8 to 8 squirrels per hectare (Gurnell, 1983; Gurnell, 1996; 

Lawton and Rochford, 2007; Sheehy and Lawton, 2014). Red squirrels in similar habitats do 

not reach such high densities and rarely exceed one squirrel per hectare (Gurnell, 1983; 

Poole, 2007; Reilly, 1997; Sheehy and Lawton, 2014). Grey squirrels are larger than red 

squirrels (Gurnell et al., 2008), and have been found to increase their body weight by 21.92% 

in autumn, whereas red squirrels only increased their weight by 9.39% (Kenward and Tonkin, 

1986). Moller (1983) suggested that red squirrels were less able to utilise poorer quality food 

due to their smaller body size compared to grey squirrels. Additionally grey squirrels can 

prolong their survival at times when their preferred dietary resources are scarce by 

consuming large quantities of lower quality foods i.e. during poor seed crops or in spring 

time. Fluctuations in red squirrel densities were directly related to seed availability and 

winter temperatures, and higher body weights were linked to increased survival, likelihood 

of coming into oestrus and reproductive success (Wauters and Dhondt, 1990).  Therefore red 

squirrels are more vulnerable to temporal variations in food availability (Gurnell et al., 2004), 

and thus more susceptible to replacement by grey squirrels.  

In Ireland red squirrel displacement by grey squirrels has been attributed to resource 

competition. Disease is not known to have had any impact on red squirrel populations, but 

squirrelpox virus was confirmed in red squirrels in Ireland in 2011 (McInnes et al., 2013; 

Naulty et al., 2013), and seropositive grey squirrels were confirmed from the 1990s (McInnes 

et al., 2013). Since the introduction of the grey squirrel to Ireland the species has rapidly 

spread and established covering the eastern parts of Ireland in less than 100 years, and in 

the process displaced native red squirrel populations (Carey et al., 2007; O'Teangana et al., 

2000). In recent all Ireland squirrel surveys (Carey et al., 2007; O'Teangana et al., 2000) there 

were anecdotal reports of the decline in grey squirrel numbers in the parts of the Irish 

midlands (counties Cavan, Monaghan, Laois and Offaly). These declines have been confirmed 

in counties Laois and Offaly (Sheehy and Lawton, 2014). This phenomenon is now more 

widespread than previously thought which was demonstrated in the most recent all Ireland 
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squirrel survey (Lawton et al., 2015), which the results of Chapter 2 contributed to.  

Conversely sightings received during the citizen science survey (Chapter 2), show that grey 

squirrels are still expanding in the southern Shannon region (in counties Tipperary and 

Limerick). Even though grey squirrels were not detected in the hair tube studies (Chapter 2), 

work undertaken by Goldstein et al. (2014) has confirmed that grey squirrel populations are 

present in the southern parts of county Tipperary, and are spreading (Goldstein et al., 2015). 

4.2 Aims  

The main aim of the popuation study was establish grey squirrel population demographics in 

the study area. As outlined in Chapter 2 on squirrel distribution, grey squirrels have 

disappeared from the areas where they have been longest established, which was confirmed 

through two live trapping studies. In order to acquire data on grey squirrel ecology in the 

study area it was necessary to investigate squirrel populations in the grey squirrel expansion 

zone in the Shannon region: 

i) Firstly, to determine whether grey squirrels had established in this region, and 

if so to determine a number of key population demographics; 

ii) Secondly, to dertermine the status of the red squirrel population, by assessing 

population demographics, and whether there is any evidence of competition; 

iii) Lastly, to examine the potential numbers of squirrels that could be supported 

in the selected study site in the region. 
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4.3 Methods 

4.3.1 Site selection and study area 

As outlined in Chapter 2, two sites were initially chosen for the grey squirrel population 

study. These sites were selected after considering recent grey squirrel sightings and 

suitability of habitat, and trapping commenced at the beginning of Year 2. The live trapping 

program was abandoned at these sites after several months as no grey squirrels were 

detected. Alternative localities within the study area were investigated for suitability for the 

live trapping; using a combination of examination of historical and current grey squirrel 

sightings and hair tube studies. No suitabile location  was found and a decision was then 

made to undertake live trapping in the grey squirrel expansion zone. Live trapping began at 

the beginning of Year 3 and due to finanical  and time contraints it was not possible to initiate 

live trapping at a second site in the study area.Curragh Chase Forest Park was selected as a 

site vulnerable to invasion by grey squirrels as it is located in the expansion zone, and 

therefore a suitable site to attempt to establish grey squirrel population demographics in the 

study area. During the distribution survey both red and grey squirrels were reported from 

the woodland. There were also reports of grey squirrels from adjacent woodlands. As the 

site contained mixed conifer and broadleaf woodlands it was deemed favourable for grey 

squirrels.  

The Forest Park extends over 313 hectareas with areas of mixed woodlands, parkland and 

open water. The woodland consists of both broadleaf species and stands of commercial 

conifers. Beech (Fagus sylvatica) is the most frequent broadleaf species, but pedunculate 

oak (Quercus robur), ash (Fraxinus excelsior), sycamore (Acer pseudoplatanus) and hornbeam 

(Carpinus betulus) are also present; spruce (Picea sp.), Douglas fir (Pseudotsuga menziesii) 

and Scots pine (Pinus sylvestris) are the commonest conifers; and hazel (Corylus avellana) 

scrub and areas of wet woodland (Salix spp.) also occur (NPWS, 2013). The site is designated 

as a Special Area of Conservation (SAC) due to the presence of alluvial forest, yew woodlands 

and lesser horseshoe bats (Rhinolophus hipposideros); habitats and species which are listed 

in the EU Habitats Directive (NPWS, 2013). Given the importance of this site for biodiversity 

and conservation, Coillte, the site owners have prioritised related objectives in the 

management plan for Curragh Chase Forest Park. The site is currently managed as 

continuous cover forestry (Coillte, 2011), an alternative silvicultural method to clearfell 

where the forestry canopy is maintained (Vítková and Ní Dhubháin, 2013).  



Chapter Four Methods 

 

109 
 

4.3.2 Live trapping procedure 

Trapping was initiated at Curragh Chase Forest Park in county Limerick in August 2013. This 

site is in the grey squirrel expansion zone in the south west of Ireland (Chapter 2). The traps 

used were modified mink traps, with a wooden nest box and base board attached. The traps 

were set out in the wood by placing them above the ground either on trees, tree stumps or 

on stone walls. A total of 12 trapping sessions were undertaken between September 2013 

and August 2014. Each session of the live trapping programme comprised of six days; two 

days pre-baiting, where bait was placed in and around the unset traps, and four days where 

the traps were set to catch animals. Traps were baited with a 4:1 mixture of pigeon maize 

and peanuts on top of the nest box and on the base near the entrance to the trap. Hazelnuts 

were then placed behind the treadle which was located at the end of the trap to attract 

individuals onto the treadle. The door of the trap shut once pressure was applied to this 

treadle. Traps were set at dawn and left open for a minimum of five hours before being 

checked for squirrels. In Curragh Chase, 30 traps were installed at a density of 1 per hectare 

in two adjacent trapping grids (Figure 4.1). The grids covered a mosaic of tree stands, 

incorporating mixed conifer and pure broadleaf sections of the wood, so as to represent the 

broader Forest Park.  

The number of traps decreased to 28 in March when a storm caused windthrow and 

considerable damage to the study site in February (Met-Éireann, 2014) (Figure 4.2). One trap 

location affected by the storm was too dangerous to access; the second location was so badly 

damaged that the trap was positioned in a gap with a radius of approximately 50 m to the 

closest standing trees. In April the number of traps decreased further to 27 due to theft, but 

the lost trap was replaced, restoring the number of traps to 28 from May until the end of the 

study.  
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Figure 4.1 30 squirrel traps in Curragh Chase Forest Park, placed in the woodland at a density 
of 1 per hectare
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Figure 4.2 Windthrow damage in Curragh Chase Forest Park directly following a storm on the 
12th of February 2014. Storm force winds were experienced on several days in December, 
January and February and combined with higher than average rainfall, the soil became 
extremely waterlogged culminating in the event which caused this damage in February (Met-
Éireann, 2014) [Image provided by Ian Hurley © Unknown]  

 

4.3.3 Squirrel handling protocol 

Once captured the squirrels were transferred from the trap to a hessian sack and then into 

a handling cone. New captures were marked using a passive integrated transponder (PIT) 

which was injected into the scruff of the neck. Each PIT tag has a unique code, so by tagging 

each squirrel it allowed for individual identification. On re-capture squirrels were scanned 

using a Trovan PIT tag reader. Once a squirrel was captured a number of measurements were 

taken, which included sex, weight (to the nearest 5 g), and shin bone length (to the nearest 

0.1 mm).  

The breeding condition of the animal was also assessed. For males, the location and size of 

the testes were established; males with a visible scrotal sac were deemed to have a positive 

reproductive status. Females were deemed to be in positive reproductive status when one 

or all of the following criteria were met: they had prominent nipples, or were actively 

lactating (large nipples with bare patches indicative of suckling young), or had a swollen 

vulva. The percentage of adult females that were lactating during the breeding seasons was 

used to calculate the female breeding rate. Male breeding rate was calculated as the 

percentage of males showing positive breeding condition. Individual fecundity was 
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calculated as the proportion of the breeding season that each female showed signs of 

lactation when present (Gurnell et al., 2004; Wauters et al., 2001). The population fecundity 

was calculated as the mean fecundity for all females.  

Squirrel body weight was used to identify the individual’s age class, with individuals less than 

240g classified as sub-adults. The weight of an individual is expected to be influenced by the 

body size. A linear regression of weight on shin bone length was conducted and the 

regression equation was used to calculate an expected body weight for each individual adult 

squirrel. This allowed examination of squirrel body condition (fitness) without the influence 

of body size. The body condition/fitness was estimated as the residual score, calculated by 

getting the difference between the observed weight and the expected weight from the linear 

regression of body weight on shin bone length.  

4.3.4 Population size estimation and survival 

The daily trapping success was calculated for each trapping session by dividing the number 

of squirrels captured by the number of traps available on the day. If traps were closed but 

empty they were considered to be only available for half the day. However if a trap failed 

after being set (for example stuck open), it was deemed unavailable. The population size was 

calculated for each trapping session (except for the first two sessions due to low capture 

rates) using four different methods; Minimum Number Present (MNP), Lincoln Index, Fisher-

Ford, and Density (5.0.3). The MNP was calculated by counting the number of squirrels 

present during a trapping session and those that were captured earlier and subsequently 

caught at a later trapping session. This assumes that the squirrels were present during the 

intervening period but were not captured.  The Lincoln Index and Fisher-Ford were calculated 

using procedures outlined by Begon (1979).  The Lincoln Index (also known as Lincoln-

Petersen Index) assumes a closed population (Begon, 1979) with no gains 

(births/immigration) or losses (deaths/emigration) taken into account (Sutherland, 1996). 

Abundance estimates were made for each trapping session; the survival of individuals from 

one session to the next are not taken into account using the Lincoln Index (Begon, 1979). The 

Fisher-Ford depends on multiple trapping sessions, releases and several recaptures. The 

method assumes a constant survival rate from one session to the next and incorporates 

potential gains and losses to the population over duration of the study (Begon, 1979). The 

fourth method used was a spatially explicit capture-recapture (SECR) model using Density 

5.0.3 (Efford, 2004). The SECR method incorporates a capture probability and the spatial 

scale captures (Efford, 2004). The likelihood of an individual being captured is more probable 

closer to the centre of its home range (Borchers and Efford, 2008). A number of red squirrel 
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population studies in Ireland have used MNP for estimating population abundance/density 

(Poole, 2007; Reilly, 1997; Sheehy and Lawton, 2014; Waters and Lawton, 2011). Comparing 

various methods of population estimation in the current study will allow assessment of the 

accuracy of the MNP method, which is easily calculated.  

To determine the population density of red squirrels in the study area, the calculated 

population size was applied to an effective trapping area. The effective trapping area was 

calculated by applying a boundary strip of 100.9 metres to the trapping grid, ensuring that 

any areas of unsuitable habitat were not included. The size of the boundary strip was based 

on an estimated home range radius of 100.9m for red squirrels in a mixed woodland, which 

was derived from a radio tracking study undertaken by Waters (2012). The effective trapping 

area was calculated in Density (5.0.3) by applying a boundary strip of 101 metres to each trap 

in the grid. The Fisher-Ford model also allowed for the calculation of a survival rate (ɸ) from 

one trapping session to the next (Begon, 1979) and from this an annual survival rate was 

calculated. 

4.3.5 Habitat quality 

Coillte provided an inventory list for Curragh Chase Forest Park with details of each section 

of woodland (compartment), with the percentage cover of each tree species. A detailed map 

of forest cover was constructed using this inventory (Figure 4.3). The total forested area 

within the woodland based on the inventory provided by Coillte was 288.9 hectares.  The 

percentage cover for the dominant trees species, per compartment, is shown in Figure 4.3 

as are the most common tree species. Beech and ash are the dominant tree species 

representing 31% and 27%, followed by Norway spruce (12%), Scots pine (7%) and Douglas 

fir (6%).  The trapping grid was overlain on this map and overlapping compartments were 

selected. The percentage cover of tree species within the trapping grid was calculated.  The 

percentage cover for the different species within the trapping grid is shown in Figure 4.4. The 

percentage cover of tree species for the trapping area is comparable to that of the entire 

forest (Figures 4.3 and 4.4).  
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Figure 4.3 Map of Curragh Chase Forest Park showing the compartments and dominant 
species. The chart highlights the most common tree species in the Forest Park 
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Figure 4.4 Percentage cover for the different species within the trapping grid 

Habitat quality was assessed by means of seed/cone counts. In October 2013, 0.25 m2 (50 

cm x 50 cm) quadrats were used to count the number of seeds fallen from trees. One quadrat 

was carried out per 1 hectare of the trapping grid and the mean number of seeds per 1m2 

was calculated. Seed crop densities were then estimated per 1m2 for the trapping area and 

this was extrapolated out for the entire woodland. The seed crop density was estimated by 

(proportion of area covered by the tree species) x (mean number of seeds per 1m2) (Kenward 

et al., 1998). The habitat was classified as good or poor in terms of seed availability; areas 

were classified as good when there were >30 cones per m2, and/or >30 pine cones or 

beechnuts per m2, and/or >10 acorns per m2 (Wauters and Lens, 1995).  

The energy available to red squirrels was also estimated using the seed crop density. In 

October 2013, Long (2014) undertook a study on squirrels and woodland seed availability in 

three woodlands along the river Shannon. In the study the average dry weight of seeds was 

calculated for several species of broadleaf (beech, ash, sycamore, hazel and oak). For cone 

producing tree species (Scots pine, Norway spruce, Sitka spruce, Douglas fir, larch, lodgepole 

pine and hemlock),  the average length and number of scales per cone was calculated by 

Long (2014). Following this the number of seeds per cone was determined, as one scale was 

found to contain a single seed (Long, 2014). The energy content of seeds was acquired from 

the literature (Grodzinski and Sawicka-Kapusta, 1970; Gurnell et al., 2009). The energy values 
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of the seeds from the broadleaf trees were obtained by multiplying the average dry weight 

of the seed by the energy value (kJ) given in the literature.  The average number of scales per 

cone was multiplied by the associated energy value for conifer seeds to give the energy value 

for cones. The energy available for the compartments within which the trapping grid fell, was 

calculated and this was extraploated out for the entire woodland. This information was then 

used to determine the the potential red squirrel population size and density for the trapping 

area and the woodland.  
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4.4 Results  

4.4.1 Capture success rate 

No grey squirrels were captured during the live trapping programme but 50 individual red 

squirrels were captured at Curragh Chase Forest Park. Red squirrels were captured for each 

session of the trapping period.  Trapping success rate is illustrated in Figure 4.5. The average 

trapping success for all trapping sessions was 21.64%. The lowest trapping success rate was 

recorded during the first trapping session (0.85%) and the highest rate was recorded in April 

(39.21%). 

 

Figure 4.5 Percentage trapping success for red squirrels for each of the trapping sessions at 
Curragh Chase Forest Park, September 2013 to August 2014 

4.4.2 Population density and demographics 

The population size was calculated for each month and was derived using four different 

methods; Minimum Number Present (MNP), Lincoln Index, Fisher-Ford and a Density 5.0.3 

(Begon, 1979; Efford, 2004). Population size ranged from 1 to 34 squirrels. The population 

density ranged from 0.16 – 0.71 squirrels per hectare (Figure 4.6). The least conservative 

estimate of density was given by the Fisher-Ford method; with the highest estimated density 

compared to the other methods for eight out of the ten months. The Minimum Number 

Present (MNP) method followed the same peaks and troughs in densities from month to 

month as that of Fisher-Ford, but was consistently lower in estimates of population density. 

The Lincoln Index and Density 5.0.3 also followed the same trends as each other, with both 
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having defined peaks in March and June. Corresponding peaks were not observed in Fisher-

Ford and MNP methods. Density estimates using the Lincoln Index and Density 5.0.3 drop 

below that of the MNP for several months.  

 

Figure 4.6 Red squirrel population density at Curragh Chase Forest Park between November 
2013 and August 2014 based on population sizes derived using four methods, and application 
of an effective trapping area of 100.9m. Red squirrel densities are not shown for September 
and October as they could not be calculated using some of the methods (first three sessions 
for Density 5.0.3). 

A number of other population demographics were calculated and are presented in Table 4.1.  

Table 4.1 Sex ratio and reproductive output for the red squirrel population at Curragh 
Chase Forest Park, September 2013 – August 2014 

Demographic parameters 

Number of individuals (n) 50 

Mean sex ratio (male:female) 1:1.33 

Sub-adults trapped  Male 9 

Female  1 

Litters 14 

Breeding rate Female Male 

Spring (Feb - Apr) 57.1 77.31 

Summer (May - Aug) 69.2 77.43 

Fecundity 0.59 (±0.20, 95% CI) 

Monthly Survival Rate (ɸ) 0.95 

Annual Survival Rate (ɸ) 0.54 
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The number of adults and sub-adults captured per trapping session for the 12 month 

trapping period are shown in Figure 4.7. 

 

Figure 4.7 The number of adults and sub-adults captured during each of the trapping sessions 
at Curragh Chase Forest Park from September 2013 to August 2014 

4.4.3 Body size and fitness 

The mean body weight and mean shin bone length for all adults and all sub-adults are 

displayed in Tables 4.2a and 4.2b.  Mean weights and lengths were calculated for females 

and males also. A linear regression of the body weight on the shin bone length was calculated 

(Figure 4.8) and a very strong relationship was found between shin bone length and the 

weight of an adult squirrel (p < 0.001). Pregnant and lactating females were excluded from 

linear regression analysis. The mean body condition index for all squirrels, for females and 

males are shown in Table 4.3. An independent samples t-test was carried out to see if there 

was a difference between female and male fitness values (residual scores) (Table 4.3). This 

showed a significant difference between female and male fitness (t= -2.793, d.f. = 36, p = 

0.008) where males were found to be in better condition. Separate linear regressions of the 

body weight on the shin bone length for females and males was calculated (Figure 4.9) and 

a very strong relationship was found between shin bone length and the weight for both 

female (p = 0.001) and male (p < 0.001) adult squirrels. 
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Table 4.2 (a) The mean body weight (± 95% confidence intervals) for adult and sub-adult 
red squirrels captured in Curragh Chase, mean weights for females and for males have also 
been calculated, and (b) The mean shin bone (± 95% confidence intervals) length for adult 
and sub-adult red squirrels captured in Curragh Chase, mean lengths for females and for 
males have also been calculated 

(a) 

 Adult (>240g) 

 Total Female Male 

Mean weight 284.32 292.14 276.50 

95% CI 7.91 5.82 10.08 

N 46 23 23 

Range 240-365 240-365 240-325 

 Sub-adult (≤240g) 

 Total Female Male 

Mean weight 224.00 235.00 222.78 

95% CI 7.31 n/a 7.71 

N 10 1 9 

Range 205-235 n/a 205-235 

(b)  

 Adult (>240g) 

 Total Female Male 

Mean length 64.91 65.94 63.88 

95% CI 0.85 0.99 1.33 

N 46 23 23 

Range 58.9-70.5 59.2-70.5 58.9-70.5 

 Sub-adult (≤240g) 

 Total Female Male 

Mean length 62.60 60.70 62.81 

95% CI 1.45 n/a 1.56 

N 10 1 9 

Range 58.9-66.2 n/a 58.9-66.2 

Table 4.3 Body condition/fitness values (± 95% confidence intervals) derived from the 
residual score (g) from the linear regression of body weight on shin bone length for adult 
female and male squirrels captured at Curragh Chase. Pregnant and lactating females have 
been excluded from analysis. 

 Linear regression Mean Fitness (± 95% CI) 
Females 

Mean Fitness (± 95% CI) 
Males 

 y = 6.8453x - 166.68 6.626 (±8.010) - 5.360 (±4.932) 
N 38 17 21 
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Figure 4.8 Regression of shin length on weight for adult red squirrel in Curragh Chase Forest 
Park (n=38, R2 = 0.6553, p<0.001***). Pregnant and lactating females have been excluded 
from analysis 

 

 

 

Figure 4.9 Regression of shin length on weight for adult female (○, unbroken line) (n=17, R2 
= 0.519, p=0.001,) and male (, broken line) (n=21, R2 = 0.8368, p < 0.001***) red squirrels 
in Curragh Chase Forest Park. Pregnant and lactating females have been excluded from 
analysis 
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Variation in body fitness between seasons was also examined. A linear regression of the 

mean body weight on the mean shin bone length was calculated for adults squirrels for 

Autumn/Winter (September to February) and for Spring/Summer (March to August) (Figure 

4.10); and a very strong relationship was found between shin bone length and the weight of 

squirrels for both periods (Autumn/Winter p = 0.001; Spring/Summer p < 0.001). Variation 

in body fitness for female and male adult squirrels between seasons was also examined 

(Figures 4.11; 4.12), a strong relationship was found for shin length and squirrel weight in 

both sexes for both seasons (Autumn/Winter - females p = 0.031, males p = 0.001; 

Spring/Summer – females p = 0.006, males p < 0.001***). Independent samples t-tests found 

no significant difference between squirrel fitness between seasons (t=- 0, d.f. = 45, p = 1), or 

between sexes in each season (Autumn/Winter t = 0.001, d.f. = 18, p = 0.999; Spring/Summer 

t = 0, d.f. = 25, p = 1).  

 

 

Figure 4.10 Regression of shin length on weight for squirrels in autumn/winter ( , unbroken 
line) (n=20, R2 = 0.4518, p=0.001) and spring/summer (x, broken line) (n=27, R2 = 0.5439, p < 
0.001***) in Curragh Chase Forest Park. Pregnant and lactating females have been excluded 
from analysis 
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Figure 4.11 Regression of shin length on weight for adult female (○, unbroken line) (n=11, R2 
= 0.396, p=0.031) and male (, broken line) (n=9, R2 = 0.7843, p = 0.001) red squirrels in 
autumn/winter in Curragh Chase Forest Park. Pregnant and lactating females have been 
excluded from analysis 

 

 

Figure 4.12 Regression of shin length on weight for adult female (○, unbroken line) (n=10, R2 
= 0.6339, p=0.006) and male (, broken line) (n=17, R2 = 0.64, p < 0.001***) red squirrels in 
spring/summer in Curragh Chase Forest Park. Pregnant and lactating females have been 
excluded from analysis 
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Fitness values for red squirrels have been calculated from various population studies 

undertaken in Ireland since 1997 (Table 4.4).  The mean fitness values have been calculated 

by comparing the reported mean body weight to the expected body weight which has been 

derived from the regression equation for all adult red squirrels in Curragh Chase Forest Park 

(Figure 4.8). 

Table 4.4 Body condition/fitness values for other red squirrel population studies in Ireland 
when compared with Curragh Chase. The fitness values were calculated from the reported 
mean body weight and shin bone length from various studies using the regression equation 
from adult red squirrels in Curragh Chase (y = 6.8453x - 166.68). Negative (-) values indicate 
that the reported mean weight was less than that of the calculated expected weight based 
on the regression equation 

Forest Type Mean Fitness Value Population Study 

Coniferous - 6.253 Reilly (1997) 

Coniferous - 5.692 Reilly (1997) 

Mixed - 34.223 Poole (2007) 

Coniferous - 12.464 Waters (2012) 

Mixed +12.081 Waters (2012) 

Broadleaf -8.591 Sheehy and Lawton (2014) 

 

4.4.4 Habitat quality 

The average number of seeds/cones per m2 for the seeds counts have been broken down for 

each tree species and are as follows: beech 31.54/m2 (n=26), Sitka spruce 20/m2 (n=4), oak 

1/m2(n=12), hazel 8/m2 (n=1), Scots pine 0.67/m2(n=12), and Douglas fir 2.22/m2 (n=9). 

Beech seeds were estimated to be at a density of 12 per m2 for the trapping area, and 10 per 

m2 for the entire forest. For the other tree species the available seeds/cones for the trapping 

area and forest as a whole was estimated to be less than 1 per m2.  

Using the energy values per seed/cone detailed in Table 4.5, the estimated energy available 

for the trapping area based on the seed availability was 14,047,030 kJ, and for the entire 

forest the energy value was estimated at 79,793,859 kJ. Based on a required energy 

consumption per day for a red squirrel of between 400 and 700 kJ (Gurnell et al., 2009), the 

trapping area could potentially support a red squirrel population of between 55 and 96 

squirrels (population density 1.37 – 2.40 red squirrels per hectare). For the entire woodland 

a population of between 312 and 547 red squirrel could be supported (density of 1.08 – 1.89 
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per hectare). Based on a required energy consumption for grey squirrels of between 500 and 

800 kJ per day (Gurnell et al., 2009), Curragh Chase Forest Park could support between 273 

and 437 grey squirrels (population density 0.95 – 1.51 squirrels per hectare). 

 

Table 4.5 Mean dry weight of broadleaf seeds and mean length/number of scales for tree 
cones (Long, 2014), with energy of seeds (kJ) per gram (broadleaf seeds) (Grodzinski and 
Sawicka-Kapusta, 1970) and energy per seed (kJ) (conifers) (Gurnell et al., 2009) has allowed 
for an estimate of the energy values for broadleaf seeds and for tree cones 

Tree seed 
Mean dry weight (g)  

per seed 

Mean energy 

value (kJ) per g 

Energy per seed 

(kJ) 

Beech 0.08 29.16 2.29 

Oak 0.14 18.70 2.63 

Hazel 1.22 33.03 40.30 

Cone 
Mean 

length (cm) 

Mean 

number of 

scales 

Mean energy 

value (kJ) per seed 

Energy per cone 

(kJ) 

Douglas fir 6.40 58 0.26 15.08 

Sitka spruce 6.36 105 0.04 4.20 

Scots pine 4.10 51 0.18 9.18 
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4.5 Discussion 

This study has confirmed that despite sightings of grey squirrels in the expansion zone in 

county Limerick populations are yet to establish. Red squirrel population demographics do 

not indicate any compeitive pressures and the population is thriving at Curragh Chase Forest 

Park, one of the few continuous cover forests in the country. However, should the propensity 

of grey squirrel incursions increase, a habitat availabilty assessment shows that a large grey 

squirrel population could be supported.  

4.5.1 Status of grey squirrels 

The rate of spread of the grey squirrel has varied in different parts of it’s introduced range. 

For example in Britain the invasion process has progressed at a rate of 7.66 km per year 

(Okubo et al., 1989); at 0.33 – 0.65 km per year, the more recent invasion in Italy has 

proceeded slower; and O'Teangana et al. (2000) calculated the rate of spread in Ireland to 

be 1.94 km per year. The spread of grey squirrels across Ireland has been uneven with the 

species having established in most of the eastern half of the country in just under 100 years 

(Carey et al., 2007). Grey squirrels have never established at Curragh Chase Forest Park. The 

site is a mixed woodland so therefore favourable habitat for grey squirrels. The river 

Shannon, which has acted as a phyical barrier in other parts of the Shannon region, does not 

obstruct dispersal to this site. Although habitat assessment in terms of food availability 

showed the site to be of poor quality for Autumn 2013, a red squirrel population is currently 

present and existing at comparable densities to other populations in Ireland (Chapter 5; 

Figure 5.1). 

During the citizen science survey there were a number of reports of grey squirrels in Curragh 

Chase Forest Park and even though no greys were captured during the year long live trapping 

program, it is possible that animals are arriving at the site, but are transient and not settling. 

Another possiblity is that these animals are in the vicinity but are in such low numbers that 

they aren’t detectable by live trapping. A sighting of a grey squirrel was also received from 

Adare a distance of 5.5 km to the southeast of the study site. This site was investigated using 

hair tubes to check for presence of grey squirrels but only reds were detected using this 

method (Chapter 2). The study by Goldstein et al. (2014) found the use of hair tubes for the 

detection of grey squirrels was only successful at a considerable distance from the invasion 

front (24 – 31 km) established through the citizen science survey. On recent examination of 

the National Biodiversity Data Centre’s mapping system (NBDC, 2015), a grey squirrel 

sighting was reported from Dromore Wood, 3 km northeast of Curragh Chase. The invasion 

front being observed here is possibily characterised by individual grey squirrels and 
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infrequent long-distance dispersal events. The low dispersal propensity being exhibited is 

most likely down to habitat fragmentation, a trend observed in northern Italy (Bertolino et 

al., 2014), combined with  the low population densities characterised by colonising frontier 

populations (Goldstein et al., 2015).  

Landscape connectivity analysis (see Chapter 3) identifies the existence of a dispersal 

corridor between Curragh Chase and Limerick City via Mungret located to the west of the 

city (Figure 4.13). The only other corridor radiating to the west from Limerick City is to the 

south of Curragh Chase and it travels through Adare. Both of these corridors in west Limerick 

are weak in terms of their connectivity; relative to the dispersal corridors identified in east 

Limerick and Tipperary. In addition the straight line distance of Curragh Chase Forest Park 

from the grey squirrel range recorded in the 2007 squirrel survey (Carey et al.) is 23 km, but 

along the least cost corridor it has been calculated to be 29.1km. Based on the rate of 

expansion proposed by O'Teangana et al. (2000) grey squirrels should only have expanded 

by a distance of 13.6 km by 2014 (Figure 4.14). Therefore it may only be a matter of time 

before grey squirrels reach and establish at this site. The rate of range expansion by grey 

squirrels from the 2007 frontier is undoubtedly slowed significantly by the the fact that the 

least cost corridor runs through Limerick City, an area characterised by a mostly  

discontinuous urban environment (Figure 4.13). If grey squirrels are established here, their 

densities may be low, an estimage by Lurz et al. (2001) for urban areas was 0.013 squirrels 

per hectare. The spread of grey squirrels into county Cork has also appeared to be lower than 

the rate expected (Figure 4.14) and this might be due to the presence of high elevation areas 

in this part of the country (Chapter 3; Figure 3.6). The presence of a mountainous area in 

Britain has been shown to act as a landscape barrier which  delayed or perhaps prevented 

the dispersal of grey squirrels (Stevenson-Holt and Sinclair, 2014; Stevenson et al., 2012).  
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Figure 4.14 Grey squirrel invaded zone identified by a citizen science survey (shaded grey) 
and the 2007 frontier for the invasive grey squirrel (dashed black line) [Adapted from 
Goldstein et al. (2014)]. The second dashed line (grey) indicates the projected frontier of the 
invasive grey squirrel for 2014 based on a rate of spread of 1.94 km/year (O'Teangana et al., 
2000). The two locations marked on the map are Curragh Chase Forest Park (●) and Adare 
(▲) which are situated beyond the projected grey squirrel invasion frontier for 2014 

 

4.5.2 Status of red squirrel population 

Presently there are no indications of competitive pressures affecting the population 

dynamics of the red squirrels at Curragh Chase Forest Park. Although the effects of 

interspecific competition may be difficult to determine in tree squirrels (Wauters and 

Gurnell, 1999), some long term studies on squirrels in Britian and Italy (Gurnell et al., 2004) 

have allowed for the comparison of some red squrirel population parameters in both 

allopatric red squirrels (‘red-only sites’) and those in sympatry with grey squirrels (‘red-grey 

sites’). These measurements include breeding rates and fecundity; and from variations in 

these parameters the effects of interspecific competition can then be inferred. The female 

breeding rates for the red squirrels at Curragh Chase in spring (57.1%) and summer (69.2%) 

were comparable to the red-only sites in the study by Gurnell et al. (2004) (spring - 72% and 

56%; summer - 59% and 50%). Summer breeding rates in the red-grey sites recorded 

considerably lower breeding rates for female red squirrels (19% and 33%) (Gurnell et al., 

2004). A recent study of a red squirrel population in the Irish midlands showed breeding rates 



Chapter Four Discussion 

 

130 
 

of 62.5% in spring and 87.5% in summer (Sheehy and Lawton, 2014). The higher breeding 

rate at this midlands site (Sheehy and Lawton, 2014) compared to Curragh Chase Forest Park 

is likely attributed to the effects of habitat, and more specifically food availability. Habitat 

quality in terms of seed availability at Curragh Chase was deemed poor for Autumn 2013; 

whereas the habitat quality at the site in the Irish midlands was considered good following a 

seed crop assessment (Sheehy, 2013). Seed availability can have major impacts on breeding 

rates and fecundity (Wauters and Lens, 1995), in particular the ability of red squirrels to 

produce a second litter during the summer (Gurnell et al., 2004). As with the breeding rates, 

the fecundity value of 0.59 for the Curragh Chase red squirrels was similar to the red-only 

site value of 0.62 in the study by Gurnell et al. (2004). Where the red squirrel was in sympatry 

with the grey squirrels in Gurnell’s (2004) study, the fecundity value was lower (0.48). Sheehy 

and Lawton (2014) also recorded a fecundity value of 0.59 in the study undertaken in the 

Irish midlands; where red squirrels were determined by Sheehy and Lawton (2014) to be in 

competitive release. 

A total of 50 individual squirrels were captured during the 12 month study. The capture 

success rate was initially low and increased as the study progressed; success rate was highest 

from April to July (months 8 to 11); and then declined in the final month (August) (Figure 

4.3). Wauters and Dhondt (1990) showed significant seasonal trends in red squirrel 

trappability in a study in Belgium; where capture success rate was also highest from April to 

July when natural food availability was low. Other factors which can affect trappability are 

the animal’s response to the trapping procedure. At the beginning of the trapping study, it is 

possible that some of the animals took some time to acclimatise to the traps, which has been 

an issue with other live trapping squirrel studies (Goldstein et al., 2015; Lawton, 1999; Poole, 

2007). Another reason for the low capture rates at the beginning of the trapping study is that 

squirrels hadn’t located the traps at that stage. Food availability and trappability can cause 

difficulties when trying to maintain the assumptions of mark-recapture techniques for 

estimating animal abundances i.e. that each animal has an equal chance of being caught.  

Red squirrel densities for the trapping period were determined using four different methods 

(Figure 4.6). The MNP is good baseline estimate of squirrel abundance particularly compared 

to the Fisher-Ford method. Using MNP, the median red squirrel density for Curragh Chase 

Forest Park was estimated to be 0.39 (range 0.02 – 0.54). This density compared very 

favourably to other population studies undertaken in similar habitats in Ireland [Chapter 6, 

Table 6.1; Finnegan et al. (2007)]. The body condition of red squirrels at Curragh Chase also 
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compared well to other populations in Ireland (Table 4.4). In all but one case the body 

condition of red squirrels was better at Curragh Chase Forest Park. Supplementary feeding 

was being undertaken at the one site where the red squirrel body condition was better 

(Waters, 2012), which may have been the factor contributing to the better condition.  Seed 

crops and winter temperatures can cause population densities to fluctuate (Gurnell, 1996; 

Wauters and Dhondt, 1990; Wauters et al., 2004), and squirrel numbers are closely 

correlated with the previous year’s seed crop (Gurnell, 1983; Wauters and Dhondt, 1990). 

Using the criteria set out by Wauters and Lens (1995) Curragh Chase Forest Park is classified 

as poor quality for reds squirrels for autumn 2013. However the energy availability calculated 

from the seed crop itself and the favourable body condition of the squirrels indicates that 

the site can support a viable red squirrel population. This may be attributed to the variety of 

food resources available to the squirrels both temporally and spatially in this large mixed 

woodland. In the current study male body condition was significantly better than female 

body condition. This may be attributed to the fact that lactating/pregnant females were left 

out of calculations, which would be the healthiest in the populations. The non-breeding 

females were more likely to be in a poorer condition. With a good autumn seed crop there 

is the potential for a higher population density at Curragh Chase. The monthly survival rate 

was high at 0.95 and is associated with the high recapture rate from month to month. An 

annual survival rate of 0.54 has been extrapolated from the monthly rate which is 

comparable to other documented red squirrel survival rates (Gurnell et al., 2008; Wauters et 

al., 1994). 

Curragh Chase Forest Park is unusual in the Republic of Ireland as it part of a very small 

percentage (1.5%) of forestry that operates under continuous cover forestry (CCF) (Vítková 

et al., 2013). This system of woodland management involves the removal of single or small 

groups of trees at different intervals which allows for the development of an understorey 

and a continous and uninterruped maintenance of forest and forest canopy (Ní Dhubháin, 

2003; Ní Dhubháin, 2010). This undoubtedly benefits woodland specialists such as tree 

squirrels, as it gives both temporal and spatial stability to their habitats. Although the 

duration of the current study was limited to a year, the benefits of CCF to squirrels has been 

clearly demonstrated. Although, it is evident that red squirrels are thriving at Curragh Chase 

Forest Park, the effects of management practises such as thinning would be interesting to 

examine. During the current study half of the trapping grid was affected by forest thinning 

and two of the trapping sessions coincided directly with forest management activities 

(December and January). The thinning procedures did not deter squirrels from entering
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 traps, with some captures within 20/30m of where the heavy machinery was operating. 

However the long term effects of such works may be detrimental to the squirrel population 

with the mature conifers making up the majority of trees removed during the thinning 

procedures.  The potential loss to valuable seed crops in the coming years could have 

negative consequences for the red squirrel population. Another event that could have long 

term impacts on the red squirrel population at Curragh Chase was a storm which occurred in 

February 2014. Windthrow affected several hectares of the woodland where significant gaps 

in the tree canopy were created. Figure 4.2 shows one of the larger gaps created 

(approximately 1 hectare in size). Part of the trapping grid was also affected as mentioned in 

the methods section. In other parts of the forest a number of mature conifer trees were 

damaged.  

4.6 Conclusions 

Grey squirrels have yet to establish in Curragh Chase Forest Park. Although connected via a 

least cost corridor to the current distribution, the quality of the connection and the distance 

from the current grey squirrel range has made is difficult for grey squirrels to spread to the 

study site. The infrequent reports of grey squirrels in and near the study site are most likely 

the result of long distance dispersal events undertaken by individual animals. It could be only 

a matter of time before grey squirrels reach the study site. Curragh Chase Forest Park is 

managed as a continuous cover forest (CCF) which is likely to be favourable to the red squirrel 

population there. Although a relatively poor seed crop was recorded, the mix of trees (and 

possibly the age profile of trees), created favourable conditions for a red squirrel population. 

The habitat available to the squirrels, in addition to the absence of the invasive grey squirrel, 

can account for the relatively high densities and body condition of squirrels at Curragh Chase. 

Both densities and body condition compare well to red squirrels from population studies 

undertaken at other sites in Ireland where grey squirrels are absent or in one case very low 

numbers. The benefits of CCF to red squirrel populations requires further research, but this 

short term study has highlighted the potential importance of this silvicultural method to red 

squirrels given the status of their population at Curragh Chase Forest Park. Conversely such 

sites could also benefit grey squirrels. In this study seed crop assessments for autumn 2013 

were estimated to be poor, yet could still support over 400 individuals given the energy 

available. In mast years and times of abundant seed crops, if there is an increased propensity 

for grey squirrels to disperse to the site, Curragh Chase Forest Park will offer an optimal 

habitat for establishment. 
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Chapter 5 Assessing variation in giving-up densities of foraging red squirrels and 

grey squirrels as an indicator of predation risk and habitat preference 

5.1 Introduction 

Food resources are distributed patchily in habitats (MacArthur and Pianka, 1966), and as a 

result consumers will exhibit preferences for specific patches, with patch selection attributed 

to food quality or predator avoidance (Begon et al., 1996). Optimal foraging theory (Emlen, 

1966; MacArthur and Pianka, 1966) is the efficient exploitation of resources, in which the 

optimal diet of a forager is quantified in terms of the net energy gain from the capture of a 

food item compared to the energy used in searching for the item.  The theory was developed 

to examine community ecology, and in particular to assess habitat and patch use, and 

foragers preferences and selection thereof (Begon et al., 1996). The marginal value theorem 

is the optimal time a forager stays in a patch as a function of the rate at which energy is being 

extracted when it leaves the patch (Charnov, 1976). The theorem was an extension of the 

optimal foraging theory, taking into account the decisions made by the forager i.e. the length 

of time a forager stays in a patch as a function of the feeding rate (Charnov, 1976). Both 

concepts relate to a consumer’s behaviour when searching for food, and decisions made by 

foragers in order to maximise energy intake (Begon et al., 1996). Brown (1988) devised the 

concept of giving-up densities (GUDs) as an extension of the marginal value theorem, in 

which the effects of predation risk and alternative activities on patch use can be taken into 

account. Brown (1988) stated that the GUD is “the density of resources within a patch at 

which an individual ceases foraging”. Brown (1988) suggested that the perceived predation 

risk (or fear) could be measured as a function of the quitting rate of the forager. This quitting 

harvest rate (H) was proposed to be the sum of the energetic (C), predation (P), and missed 

opportunity (MOC) costs of foraging (H = C + P + MOC), and the forager should quit the 

resource patch once the harvest rate is less than the costs of foraging (Brown, 1988). Several 

studies have explored GUDs as a means of assessing habitat selection and predation risk 

(Bowers and Breland, 1996; Bowers et al., 1993; Jacob and Brown, 2000; Morgan and Brown, 

1996; Thorson et al., 1998). 

Apfelbach et al. (2005) stated that prey can face temporal variations in predation risk and 

must apportion time between various activities such as feeding, breeding and predator 

avoidance. Prey species change behaviour in response to perceived predation risk by 

reducing the probability of encountering a predator. The costs associated with increased 

vigilance include reduced feeding rates and other missed opportunities, for example 
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breeding rates and the probability of reproducing. Species at risk of predation have evolved 

behavioural adaptations as a means of identifying, avoiding, and defending themselves 

against predators, including sensitivity to olfactory cues such as predator odours (Apfelbach 

et al., 2005). In the presence of a predator, prey species may seek protective cover or safer 

resource patches. These are non-lethal effects of predators on prey species, which can vary 

greatly. Koivisto and Pusenius (2006) cited studies in which field voles (Microtus agrestis) 

were shown to decrease their feeding activity, and select safer feeding patches and food 

resources in response to increased predation risk (presence of weasel, Mustela nivalis). In a 

laboratory experiment, Jędrzejewski et al. (1993) found that bank voles (Myodes glareolus) 

avoided tubes simulating underground tunnels in response to odours of stoat (Mustela 

ermine), weasel and stone marten (Martes foina). In the same study voles were less mobile 

in response to red fox (Vulpes vulpes) and weasel odour. Lima et al. (1985) identified a trade-

off in energy intake in grey squirrels in response to perceived predation risk, whereby at a 

given distance from the cover, grey squirrels are more likely to carry larger food items back 

to a safer location for consumption. Furthermore grey squirrels are more likely to reject 

smaller food items with a higher energy content and instead select larger food items that 

can be carried to the safety of cover, therefore sacrificing foraging efficiency (Lima and 

Valone, 1986). The trade-off is between carrying food items back to a refuge for safe handling 

versus the time/energy costs of moving the food items instead of eating them in situ (Sih, 

1993). Newman and Caraco (1987) examined patch use by grey squirrels in terms of food 

availability and predation risk. Lower feeding rates were observed due to increased 

aggregation rates by grey squirrels in patches with lower food availability, which were 

situated nearer cover. 

Apfelbach et al. (2005) reviewed research on the effects of predatory odours on prey 

behaviour and physiology, which included prey modifying activity patterns, constraints on 

non-defensive behaviours (e.g. feeding, breeding, grooming), and shifts in habitat and space 

use. The European pine marten (Martes martes) is a known predator of the Eurasian red 

squirrel, which has been highlighted in numerous dietary studies undertaken across the 

predator’s range (e.g. Sheehy and Lawton (2015)).  Numerous predators of the grey squirrel 

have been recorded in North America (Koprowski, 1994), however Linzey et al. (2008) 

quoting Teaford (1986) states that populations of grey squirrels are not limited by predators 

in their native range. The two marten species that occur in North America are the American 

(pine) marten (Martes americana) and the fisher (Martes pennanti), but their distributions 

have limited overlap with grey squirrel populations (Linzey et al., 2008; Reid and Helgen, 
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2008b; 2008a). Where overlap occurs, grey squirrels are predated on by American marten, 

and a dietary study revealed the presence of greys in 26 of 151 (17%) gastrointestinal tracts 

analysed (Hales et al., 2007; 2008). However, American martens are described a microtine 

specialist with voles as the dominant prey species (Poole and Graf, 1996). The fisher generally 

consumes prey species that are less frequent in the American marten’s diet, including hares, 

porcupines and grey squirrels (Zielinski and Duncan, 2004). However in one study in Maine 

examining habitat and diet, grey squirrels only appeared as a food item in 11 of 68 fisher 

scats (16%) analysed (Arthur et al., 1989). Trails of fishers (in snow) examined in the study in 

Maine, indicated that fishers did not seek out specific prey species. The little evidence of 

marten predation on greys in their native distribution can be attributed to the paucity of 

dietary studies, which is a result of the limited overlap with marten distribution in North 

America (Sheehy and Lawton, 2015). 

Martens (Martes spp.) are members of the Family Mustelidae in which olfaction is well 

developed (Vaughan et al., 2000). The use of scent cues in animals varies and secretions from 

scent glands can be a means of intraspecific communication e.g. play a role in marking 

territories and reproductive status signalling (Vaughan et al., 2000). These odours are also 

important for prey species as a way of detecting and evading predators as mentioned earlier. 

Apfelbach et al. (2005), citing Stoddart (1980), states that the aversion of prey species to 

predator odours may only occur as a result of a genetic predisposition, as a consequence of 

the coexistence of the predator and prey over evolutionary time. Few studies have examined 

the relationship between non-native species and native predators as much research focuses 

on the impacts of non-native predators on native prey species (Barrio et al., 2010). Dickman 

(1992) examined predation and habitat shifts in the house mouse in response to two 

introduced and one native predator species in Australia. The house mouse (Mus domesticus) 

showed a strong avoidance of traps treated with faecal odours from red fox and cat (Felis 

catus), but only weak avoidance to the native western quoll (Dasyurus geoffroii), which 

supports the idea of evolutionary adaptation to co-evolved predators. However in the same 

study, an experiment looked at survival rates between two different populations of mice. 

Mice from areas without foxes and cats had a lower survival rate (i.e. population not 

habituated to the predators), compared to mice that co-occurred with the two predators, 

which suggests the loss of a “specific avoidance” response “within historical time” (Dickman, 

1992). 
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The mechanism behind the demise of the grey squirrel in part of its former range in Ireland, 

illustrated in the distribution survey (Chapter 2), is not fully understood. Recent research has 

shown a strong negative correlation between pine marten and grey squirrels occurrence 

(Sheehy and Lawton, 2014). Discriminant function analysis (DFA) found pine marten to be 

the most significant variable in differentiating two regions with differing trends in grey 

squirrel distribution (Chapter 3). Grey squirrels have disappeared from the area in which they 

have been longest established and this corresponds to areas in which the pine marten is most 

widespread (Chapter 2; O'Mahony et al. (2012)) and at high densities (Sheehy and Lawton, 

2014). Examining the sensitivity of the grey squirrel to marten odour may assist in 

understanding the current retraction in grey squirrel populations in response to an 

expanding pine marten population.  

5.2 Aims 

The aim of the study was to compare the giving-up densities (GUDs) for red and grey squirrels 

in experimental food patches which have been treated with marten odour and which were 

located within different microhabitats. The null hypothesis is that there are no differences in 

GUDs between red and grey squirrels under various test conditions. A number of other 

effects are possible: (1) red squirrels have higher GUDs at food patches treated with marten 

odour as they recognise the presence of a potential predator, whereas the grey squirrel will 

be naïve (having lost specific avoidance response in historical time), have lower GUDs and 

won’t change behaviour in response to the odour; (2) grey squirrels will be more sensitive 

(retained evolutionary adaptation to predator avoidance) and have higher GUDs in the 

presence of marten odour; (3) squirrels will have higher GUDs in the away food patches 

compared to the near refuge (i.e. tree) patches; (4) red squirrels will have higher GUDs in 

away food patches treated with marten odour compared to grey squirrels; and (5) grey 

squirrels will have higher GUDS in away food patches treated with marten odour. 
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5.3 Methods 

5.3.1 Study sites 

The experiment was carried out in red squirrel only and grey squirrel only areas. Two red 

sites were located in county Galway, Derrycrag Wood Nature Reserve and Portumna Forest 

Park, to the west of the river Shannon (Figure 5.1 A and B).  

Derrycrag Wood Nature Reserve (53°02'36.5"N 8°23'11.9"W) is a state owned, 110.48 

hectare woodland, located 1.5km south east of Woodford, approximately 5km west of Lough 

Derg which is along the river Shannon. Along with another nearby reserve, the woodlands 

are comprised of fragments of a once extensive forest and contain stands of oak (Quercus 

sp.) and ash (Fraxinus excelsior) with an understorey of holly (Ilex aquifolium) and hazel 

(Corylus avellana). The reserve is also designated as a Special Area of Conservation (SAC) and 

the designation also incorporates a stand of mature Scots pine (Pinus sylvestris) (NPWS, 

2013). In addition the reserve forms part of a larger wooded area which is surrounded by 

commercial conifer plantations comprised of mature pine and spruce forest.  

Portumna Forest Park (53°04'50.0"N 8°14'33.7"W) is situated on the northern banks of 

Lough Derg on the river Shannon adjacent the town of Portumna. It is a 450 hectare 

woodland dominated by conifers, mostly Scots pine and Norway spruce (Picea abies). In 

recent years as the non-native spruce has matured, it has been felled and some of these 

areas in the woodland (over 40 hectares) have been replanted with oak-ash-hazel woodland 

under the Native Woodland Scheme. The stands of Scots pine are being retained and 

managed as continuous cover forestry; this is allowing the development of a native 

understorey such as hazel trees. The woodland has some patches of semi-natural woodland 

dominated by ash, beech (Fagus sylvatica) and particularly birch (Betula sp.) by the lake 

shore (Coillte, 2011).  

The grey sites were situated along the east coast of Ireland in county Wicklow, Delany Golf 

Course and Mount Usher Gardens (Figure 5.1 C and D). Delgany Golf Course (53°08'03.5"N 

6°06'12.0"W) is located adjacent to Delgany village and occupies what was once the old 

Ballydonagh Estate (Bellevue Demesne). This estate was 120 hectares in size and was 

originally comprised of wooded areas, open fields and parkland (OSI, 1829-1841). The golf 

course itself is approximately 40 hectares in size and is located in what was once the parkland 

of the old estate, with mature broadleaf trees scattered throughout. The course is 

surrounded by woodland on three sides, including part of the Glen of the Downs Wood 

Nature Reserve. The woodland and scattered trees at the site (including the Nature Reserve) 
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are comprised of predominantly mature sessile oak (Quercus petraea) woodland with and 

understory of holly. In addition to this the site contains some mixed woodland comprised of 

beech, sycamore (Acer pseudoplatanus), Scots pine, horse chestnut (Aesculus 

hippocastanum) and ash. A hazel understory occurs in association with the ash.  

Mount Usher Gardens (53°00'28.2"N 6°06'15.4"W) are located adjacent to Ashford village. 

The gardens are laid out over 9 hectares along the banks of the river Vartry. The wooded 

areas in the gardens and contiguous with the site, encompass an area of approximately 15 

hectares in size, and comprised of mature mixed woodland containing a variety of trees 

including maples (Acer sp.), pines (Pinus sp.), cedars (Cedrus), hazels (Corylus sp.), oaks 

(Quercus sp.), beech (Fagus sp.), chestnuts (Aesculus sp.), spruce (Picea sp.) and birch (Betula 

sp.) (Anon, 2014). 

5.3.2 Experimental design 

Four stations were set out in each study site with a minimum distance of 100 metres between 

each station. Each station consisted of two food patches, one patch was set out near trees 

(i.e. close to the base of the trunk) and one patch away from trees (i.e. not under the canopy), 

with a minimum distance of 5 metres between patches in a station (Figure 5.2). A food 

station was comprised of a pair of rectangular plastic trays (dimensions: length 24 cm x width 

18 cm x depth 5.5 cm) both containing 50 g of shelled peanuts and ten unshelled hazelnuts, 

combined with 2 litres of sand. At each study site, two of the stations were treated with 

“marten” scent and two were left untreated. Hawbaker's Marten Lure (S. Stanley Hawbaker 

& Sons, Fort Loudon, Pennsylvania, USA) was used as the “marten” scent and it was found 

to be an effective pine marten lure for surveying pine marten in a study undertaken in 

Switzerland (Burki et al., 2010). The scent solution was placed in microtubes which contained 

a filter to help maintain the scent throughout the experiment. Two microtubes were 

attached to each tray. For untreated patches, microtubes with filters were also used but no 

scent was added. The food patches were left out in the study site for the duration of the 

experiment but the lids of the microtubes were only opened on the morning of the sampling 

days and closed again in the afternoons.  

The experiment consisted of pre-baiting followed by four days of sampling. Pre-baiting 

involved setting out the food patches at each site for two days ahead of the sampling period. 

Food patches were set out in the mornings but left untreated i.e. no scent was added during 

pre-baiting. Each food patch was replenished with seeds/sand at the start of each day. During 

sampling food patches were replenished (if necessary) at sunrise and checked in the 
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afternoons, leaving a minimum intervening time of 6 hours. Data collection involved 

examining any footprints in the tray’s sand if it had been disturbed, which allowed for 

identification of the foragers. If the food patches had been disturbed the sand was sieved, 

the remaining seeds retrieved, cleaned of debris and weighed/counted. The experiment was 

undertaken in September/October 2014. 
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Figure 5.2 Experimental design involved placing four stations at each study site with a 
minimum distance of 100 metres between each station. Each station consisted of two food 
patches, one patch was set out ‘near’ trees (i.e. close to the base of the trunk) and one patch 
‘away’ from trees (i.e. not under the canopy), with a minimum distance of 5 metres from the 
‘near’ station. A food patch was comprised of a pair of rectangular plastic trays. At each study 
site two of the stations were ‘treated’ with marten odour, and two stations were left 
‘untreated’  

5.3.3 Data analysis 

In order to assess GUDs for the hazelnuts and peanuts in the food patches a mean weight of 

remaining peanuts and hazelnuts was combined. A mean weight for unshelled hazelnuts was 

derived by getting the average weight of hazelnuts (mean weight (g) is 2.649 ± 0.116 

confidence interval, n = 100). For analysis it was also necessary to adjust the weights for 

peanuts due to moisture absorption during the experiment. The maximum weight of peanuts 

from foraged trays was 77.9g. Therefore 50g was added to the weight of peanuts for each 

GUD. This value was selected as a maximum for moisture absorption for all trays, to account 

for potential variations in absorption rates between trays. Although 50g was an arbitrary 

value, it allowed the examination of the relative differences between the GUDs. The 

combined weight of peanuts and hazelnuts left in the food patches (including an extra 50g 

for peanuts as outlined above) following a foraging event was given as the GUD. The GUDs 

were analysed using the Scheirer-Ray-Hare test, a non-parametric alternative to the two-way 

ANOVA (with replication) (Dytham, 2011) using the Real Statictics Supplemental Data 

Analysis Tools Add In (http://www.real-statistics.com/) in Excel 2013. Separate one way tests 

were undertaken using the Scheirer-Ray-Hare test (Dytham, 2011) The effects of marten 

odour and microhabitat, and the interaction between the two on GUDs for grey squirrels 

over the four sampling days were analysed.  
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5.4 Results 

GUDs were assessed for patches in each site for the four days of the experiment. At the red 

only sites (Figure 5.1, A and B) none of the trays were foraged. At the grey only sites (Figure 

5.1, C and D) 30.5% of the trays were foraged but it was not possible to identify whether 

squirrels were the sole forager at the food patches using tracks in the sand. In some cases 

the sand had been displaced to such an extent that identifying the forager was not possible 

(Figure 5.3).  

 

Figure 5.3 Examples of 
foraged trays, and 
illustration of difficulty 
in the use of footprints 
in sand to identify 
specific foragers 

 

 

 

18 cm 
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A number of species were observed near the food patches during the experiment; including 

greys squirrels, corvids (e.g. magpie, Pica pica and hooded crow, Corvus cornix) and domestic 

dogs (Canis lupus familiaris). Grey squirrels were observed near the food patches at both 

sites C and D. No red squirrels or other species were observed near the food patches in sites 

A and B. At site B a red squirrel was observed in the trees between two of the experimental 

stations. No red squirrels were observed at site A. It was not possible to compare the GUDs 

for red and grey squirrels, as the GUDs at the red squirrel sites remained constant for the 

experiment, with the food patches undisturbed for the duration of the experiment. 

Therefore the GUDs were analysed for grey squirrels only, comparing the effects of 

microhabitat (near trees and away from trees) and odour treatment (treated with marten 

odour and untreated) (Figure 5.4). The mean GUD for each tray was calculated for each of 

the four days of the experiment. This analysis gave a total of 128 data points [1 species x 2 

sites x 4 days x 16 trays (4 stations x 2 odour treatments x 2 microhabitats)]. 

A selection of the Scheirer-Ray-Hare test results are presented in Table 5.1 (See Appendix for 

complete set of results). There was no effect of microhabitat observed, with no significant 

difference between GUDs (MS = H = 1.717, p > 0.05) for near trees (109.43g ±30.68, n=64) 

compared to away from trees (104.51g ±35.71, n=64) (Figure 5.4a). There was a higher GUD 

for trays treated with marten odour (114.81g ±21.74, n=64) compared to untreated trays 

(99.13g ±40.40, n=64) (Figure 5.4b) and the effect of odour treatment was found to be 

significant (H= 3.931, p < 0.05). When the interaction between odour (treated and untreated) 

and microhabitat (near and away) was examined, no significant effects were observed for 

treated patches in near and away microhabitats (H = 0.090, p > 0.05) or for untreated patches 

in near and away patches (H = 0.153, p > 0.05). When GUDs are examined, they are lower for 

the untreated patches in both near and away microhabitats (Figure 5.4c). There was no effect 

of sampling day on GUDs (see Appendix)  
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(a) 

 

 

(b) 

 

Figure 5.4 Variations in 
mean giving-up densities 
(GUDs) for grey squirrels in 
food patches (a) near (trees) 
and away (away from trees), 
(b) treated (with marten 
odour) and left untreated, 
and (c) treated and 
untreated patches in near 
and away microhabitats. The 
error bars indicated one 
standard deviation around 
the mean.  

(c) 
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Table 5.1 Effect of marten odour and microhabitat (near trees and away from trees) on 
giving-up densities for grey squirrels (* indicates significance; p <0.05) 

Variables d.f. Mean 

squares 

H Significance (p) 

Odour 1 3591.281 3.931 0.047* 

Microhabitat 1 253.125 0.277 0.590 

Odour*Microhabitat Interaction     

Treated*Microhabitat 1 18.063 0.090 0.764 

Untreated*Microhabitat 1 39.063 0.153 0.696 

Near*Odour 1 361.000 1.596 0.206 

Away*Odour 1 540.563 2.310 0.129 

 

  
(a) Treated (b) Untreated 

  
(c) Near (d) Away 

Figure 5.5 The weight of seeds remaining (GUDs) in grams (± 95% confidence interval) (y 
axis) plotted against the 4 days of the experiment under the various test variables (x axis) 

When the variation in GUDs over the 4 days are examined for the food patches in the grey 

squirrel sites there is a clear decrease in the GUDS of ‘untreated’ patches and patches in the 

‘away’ microhabitats towards the end of the experiment  (Figure 5.5b and 5.5d respectively). 

The same cannot be said for treated patches. In the ‘treated’ patches there is an increase in 

the GUDS from day one to day four (Figure 5.5a). For patches located in the ‘near’ 

microhabitat, the GUDs are maintained from day one to four (Figure 5.5c).
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5.5 Discussion 

This study provides an interesting insight in the use of GUDs in exploring the squirrel and 

pine marten dynamics in Ireland. The results of this study highlight the need to explore this 

concept further and will inform future experiments should they be undertaken. For example 

there may be a number of reasons as to why none of the trays at the red squirrel sites were 

foraged. The experiment was undertaken at a time of year when there is much natural food 

available for squirrels, which may have influenced the willingness of squirrels to forage at 

the artificial resource patches. Another factor to consider is the tendency for red squirrels to 

spend the most of their time in the canopy. Grey squirrels also spend more time on the 

ground, so may be naturally inclined to explore something new. If ripe and maturing seeds 

and cones are available to the red squirrels in the canopy, there is a low probability of them 

coming into contact with the artificial resource patches on the ground. The short term nature 

of the experiment must also be taken into account in relation to the likelihood of trays being 

discovered by the squirrels. A further consideration is the idea of the “ecology of fear”, a 

concept described by Brown et al. (1999) which deals with predator-prey interactions and 

systems, whereby the level of vigilance within the prey populations and the density of 

associated predator populations can affect the catchability of prey species. This idea can be 

applied to the case of red squirrel’s unwillingness to engage in risky activities as a result of 

high predator density. Although no studies have been undertaken in relation to pine marten 

density at either of the red squirrel sites, they are located in the pine marten’s core range 

(Chapter 3; Figure 3.22). Within this range Sheehy et al. (2013) estimated a mean density of 

3.13 pine martens per km2. Furthermore, during a red squirrel population study at one of the 

red squirrel sites (Portumna Forest Park), pine martens were captured in the squirrel traps 

on 10 occasions (Poole, 2007). Pine marten scats were also observed at Derrycrag Wood 

Nature Reserve, the second red squirrel site (Figure 5.6). One of the scats (Figure 5.6b) was 

only observed after the experiment was underway, and was located adjacent a pair of trays 

treated with marten odour. In county Wicklow, the location of the grey squirrel sites, pine 

marten density studies have shown that pine marten are present, but at lower densities (1.01 

km2) (Sheehy et al., 2013) compared to the pine martens core range in Ireland. 

For trays at the grey squirrel sites, identification of the species which foraged the trays was 

not possible (Figure 5.3). Squirrels were seen moving away from the trays at both the grey 

squirrel sites, however it was not possible to know whether the trays had been foraged by 

squirrels alone. The potential for trays to be visited by multiple foragers is in one of a number 

of issues in using GUDs (Brown, 1988). Other species were also seen near the trays during 
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the experiment e.g. corvids. Nonetheless the GUDs were examined for both microhabitat 

and odour effects. However any conclusions that may be drawn from the results should be 

treated with caution. 

  

 
(a) 

Figure 5.6 Pine marten 
scats observed at 
Derrycrag Wood Nature 
Reserve (red squirrel site) 
during the experiment 

 
 

(b)  

For the grey squirrels sites there was no significant effect observed for GUDs in relation to 

differences in microhabitat, although the average GUD was higher in the near cover 

microhabitat compared to the away. This was an unexpected result, as the likelihood of 

evading a detected predator should decrease with a decreasing distance to cover (Newman 

and Caraco, 1987). The study by Newman and Caraco (1987) provides evidence that grey 

Approx. 5 cm 

Approx. 5 cm 
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squirrels modify their use of food patches, and in some cases negatively impact on feeding 

rates to avoid possible exposure to predators i.e. selecting food patches closer to cover with 

increased intraspecific competition for resources. Dill and Houtman (1987) stated that for 

prey that seeks refuge or cover as protection from predators, risk of being preyed upon is a 

function of the distance to or the time is takes to a place of refuge. In a study of habitat 

preferences and predation risk, common voles (Microtus arvalis) selected unmowed 

grassland over riskier mowed patches (Jacob and Brown, 2000). In the same study, time of 

day interacted with microhabitat, and shifts in habitat selection were observed from day to 

night in response to different types of predators i.e. raptors versus ground predators.  In the 

current study, a possible explanation for the lower GUD in the away microhabitat was that 

they were easier to locate, particularly if multiple foragers were attending the trays e.g. 

corvids. On examining the GUDs over the 4 days of the experiment, there was a decrease in 

the GUDs for trays in the away microhabitats at both study sites (Figure 5.5d), which supports 

the idea that foragers located the trays as the experiment progressed. A second possibility is 

that trays in the near cover microhabitats were avoided by grey squirrels. A study by 

Makowska and Kramer (2007) examining vigilance in grey squirrels, found that individuals 

handling larger food items changed position for a better line of vision when their lateral view 

was obstructed. Obstruction of view was not taken into account on placement of trays in 

near microhabitats, which may have impacted upon perceived predation risk and thus the 

GUD.  

In terms of odour effects, treated trays had a significantly higher GUDs than untreated trays. 

On inspecting the variation in GUDs over the 4 days of the experiment, there was a decrease 

as the experiment progressed in the untreated patches at both sites (Figure 5.5b), however 

the same trend was not observed with the treated trays (Figure 5.5a). Both red and grey 

squirrels are predated upon by pine marten in Ireland, but they have a low frequency 

occurrence in marten diet; although greys are more heavily predated on than reds where the 

pine marten coincide with the species (Sheehy et al., 2013). It is feasible that grey squirrels 

have learnt to avoid the pine marten through odour recognition. The closely related marten 

species which occur in North America have been found to predate on grey squirrels even 

though there is limited overlap in their distributions. While the European pine marten is a 

different species, grey squirrels may have a generalised predatory avoidance response to 

marten odour. In a study in Australia, Tortosa et al. (2015) found that the rabbits responded 

to the predatory odours of both sympatric and allopatric marsupials; and quoting Bininda-
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Emonds et al. (2001) states that “closely related species are likely to have more similar 

odours”.  

Brown et al. (1999) introduced the concept of the “ecology of fear” with respect to predator-

prey interactions, whereby the level of vigilance within the prey populations and the density 

of associated predator populations, can affect the catchability of prey species. This idea can 

account for the current pine marten and grey squirrel distribution patterns that are being 

observed in the Irish midlands. Pine marten populations are at very high densities in areas 

where grey squirrels had been longest established. Grey squirrels are now absent from an 

extensive area in the Irish midlands. Where they do persist they are infrequently sighted 

(Chapter 2) or they are found at very low densities (Sheehy and Lawton, 2014). Hik (1995) 

cites research examining predation risk and the snowshoe hare cycle, where hares were 

found to reduce exposure to predation during population decline by selecting safer habitats 

with limited food availability (Hik, 1994). Hik (1995) presented empirical evidence of the 

effects of predator presence on hare populations, and suggested that “the sub-lethal effects 

of predation risk on behaviour and physiology may play a large role in determining the 

decline and recovery of cyclic populations.” By investigating the variation in GUDs, it should 

be possible to infer resource patch preferences in response to predation risk (Brown, 1988). 

Brown (1988) acknowledged a number of problems with the use GUDs some of which were 

mentioned earlier; other issues include the artificial nature and appropriateness of the 

resource patches in terms of substrate and food provided, as well as the possibility that 

foragers may become satiated.  
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5.6 Conclusions and future work 

Bearing in mind the caveats expressed earlier, GUDs and the results of this pilot study can 

help explain a negative correlation between the two species. In the current study grey 

squirrels may have exhibited predatory odour avoidance. This results in lower feeding rates, 

which has implications for individual fitness and long-term population persistence. A number 

of issues have been identified in the current study, and as a result a number of modifications 

to the design will be required should the same experiment be conducted in the future. Such 

revisions include: time of year, tray placement, a system to exclude non-target foragers, 

methods to verify forager identity, type of seeds used, and predator odour used. Firstly, a 

subsequent GUD experiment should be conducted at a time of year when natural food 

resources are more limited e.g. spring or summer. This should encourage both red and grey 

squirrels to engage with the artificial food patches. The placement of trays also needs to be 

considered. It is important that when trays are placed near the base of trees that the lateral 

view of squirrels will not be obstructed, as it may heighten perceived predation risk. Thirdly, 

a system is required to discourage non-target foragers that could interfere with the 

experiment. A rectangular cage over the experimental food patches, to exclude non-target 

species from interacting with the trays e.g. corvids and other ground foraging birds i.e. 

pigeons (Columba palumbus). In the event that non-target foragers do engage with the trays, 

a camera trap at each resource patch will be required, to confirm forager identity, as using 

footprints in the sand was not effective. The use of peanuts was another issue as they 

absorbed moisture and therefore assessing an accurate GUD was difficult. Using whole seeds 

with hulls intact (e.g. sunflower seeds) will limit moisture absorption and therefore be a more 

appropriate seed for use in the study.   Lastly, the use of pine marten odour as opposed to a 

generic marten odour should be utilised. This will give an insight into whether squirrels 

(particularly grey squirrels) will respond to predation risk from pine marten specifically. 
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5.8 Appendix  

 

Scheirer-Ray-Hare Test Results for giving up densities (GUD) in grey squirrels 

 

1. Effect of odour (treated versus untreated) on GUDs over four days sampling (* indicates 

significance where p < 0.05)  

Variables d.f. Mean 

squares 

H Significance (p) 

Odour 1 3591.281 3.931 0.047* 

Days 3 522.854 1.717 0.633 

Odour*Days 3 1173.094 3.853 0.278 

Error 120 894.441   

 

 

2. Effect of microhabitat (near trees versus away from trees) on GUDs over four sampling 

days (no significant effect found; p>0.05) 

Variables d.f. Mean 

squares 

H Significance (p) 

Microhabitat 1 253.125 0.277 0.599 

Days 3 522.854 1.717 0.633 

Microhabitat*Days 3 720.271 2.365 0.050 

Error 120 933.579   

 

 

3. Effect of microhabitat (near tree versus away from trees) on GUDs for trays treated with 

odour over four sampling days (no significant effect found; p>0.05) 

Variables d.f. Mean 

squares 

H Significance (p) 

Microhabitat 1 18.063 0.090 0.764 

Days 3 132.042 1.976 0.577 

Microhabitat*Days 3 144.771 2.167 0.539 

Error 56 210.348   
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4. Effect of microhabitat (near tree versus away from trees) on GUDs for trays left 

untreated over four sampling days (no significant effect found; p>0.05) 

Variables d.f. Mean 

squares 

H Significance (p) 

Microhabitat 1 39.063 0.153 0.696 

Days 3 260.375 3.057 0.383 

Microhabitat*Days 3 91.104 1.069 0.784 

Error 56 267.973   

 

 

5. Effect of marten odour (treated versus untreated) on GUDs for trays placed away from 

trees over four sampling days (no significant effect found; p>0.05) 

Variables d.f. Mean 

squares 

H Significance (p) 

Odour 1 540.563 2.310 0.129 

Days 1 114.042 1.462 0.691 

Odour*Days 3 147.271 1.888 0.596 

Error 56 239.652   

 

 

6. Effect of marten odour (treated versus untreated) on GUDs for trays placed near trees 

over four sampling days (no significant effect found; p>0.05) 

Variables d.f. Mean 

squares 

H Significance (p) 

Odour 1 361.000 1.596 0.206 

Days 1 221.792 2.942 0.401 

Odour*Days 3 217.542 2.885 0.410 

Error 56 224.482   
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Chapter 6 Conservation strategy for reds squirrels in the west of Ireland 

6.1 Introduction 

Two of the main drivers of biodiversity loss are habitat loss, fragmentation and/or 

degradation, and invasive species (CBD, 2010). The main cause of the decline in the red 

squirrel populations has been the introduction and spread on the non-native grey squirrel 

(Marnell et al., 2009). Furthermore the species is at the western limit of its global distribution 

in Ireland, and exists in a landscape which has the least overall forest cover in the whole of 

its range (FAO, 2010; Schuck et al., 2002). Forest cover in Ireland is highly fragmented and is 

currently at less than 10% percent (Anon, 2014; Forest Service, 2014). Originally the Irish 

landscape was dominated by forests, however continuous declines have been experienced 

through millennia, initially attributed to early agriculture and the development of peatlands 

commencing about 6,000 years ago (Cross, 1998). This was followed by significant decreases 

due to industrialisation, agricultural intensification and population growth from the 1500s 

onwards (Forest Service, 2008).  

 

Figure 6.1 Percent cover of both public and private forests in Ireland from 1656 to 2012 
(Forest Service, 2014); values from 1922 onwards represent the percentage cover for the 
Republic of Ireland (ROI) only. In Northern Ireland (NI) forest cover is at 8% (Anon, 2015). 
Therefore the average cover for the island of Ireland is at just over 9%. The dashed line 
represents projected (ROI) forest cover of 17% up to 2030. In NI the aim is to increase cover 
to 12%. Hence the future percent cover for the whole of Ireland is 14.5%. (Figure drawn from 
data in report from Forest Service (2014)) 
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Forest cover was at its lowest at the beginning of the 1900s with less than 2% cover (Figure 

6.1). Whether red squirrels survived this major loss of habitat remains unclear (Montgomery 

et al., 2014). Barrington (1880) outlined ten introductions of red squirrels from Britain to 

Ireland during the 19th century. Recent genetic analysis suggests that the current Irish red 

squirrel population is a mixture of native stock, which may have survived in remnant forested 

sites to the south and south west, and translocated populations (Finnegan et al., 2008).  

Although the overall increase in forest cover from the beginning of the 20th century has been 

of benefit to red squirrel populations, the types of trees and forestry management practises 

may not be favourable for the conservation of the species. Tree composition in these forests 

is dominated by even aged non-native Sitka spruce monocultures (Forest Service, 2014). 

Nonetheless, since the introduction of the non-native grey squirrel in 1911, it has spread of 

to cover the eastern half of the island of Ireland, establishing in mixed and broadleaf 

woodlands, where they exist at high densities (Lawton and Rochford, 2007). As a result red 

squirrels have been outcompeted and displaced, and for the most part Irish red squirrel 

populations occupy these expanses of the less favourable commercial conifer plantation, 

particularly in the west (Carey et al., 2007; Lawton et al., 2015; O'Teangana et al., 2000). 

Whilst red squirrels can survive in these less favourable habitats (e.g. lack of available food 

resources), they exist at lower densities (Lurz et al., 1995; Wauters and Lens, 1995). In 

addition, the management of these commercial woodlands is generally not conducive to red 

squirrel conservation. The majority of commercial forestry operates as clearfell systems 

whereby once a tree stand reaches maturity all the trees are removed in one go (Ní 

Dhubháin, 2003).  

Although red squirrels are described as common across the majority of their range (Shar et 

al., 2008), in Ireland they are listed as near threatened due to population declines since the 

introduction of the grey squirrel (Marnell et al., 2009). This trend has been mirrored in Britain 

since grey squirrel introductions began in 1876 (Gurnell and Pepper, 1993), and in Italy where 

greys were introduced in 1948 (Bertolino et al., 2014). 

The investigation into the current distribution of squirrels in the Shannon region (Chapter 2) 

and failure of grey squirrels to establish to the west of the river Shannon, presents an 

opportunity for the conservation of red squirrels in Ireland. The current retraction in grey 

squirrel populations from much of the Irish midlands, discussed in Chapter 2, confers a very 

real prospect of maintaining a region within Ireland from which grey squirrels can be
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 excluded, allowing for red squirrel populations to survive. The identification of key 

woodlands along the river Shannon and adjacent to it, as well as likely dispersal routes in the 

form of least cost pathways (Chapter 3) has presented a series of ‘pinch’ points where 

current squirrel status can be continually monitored and grey squirrels controlled, if or when 

the need arises. The displacement of red squirrels in the face of spreading and establishing 

grey squirrel populations, although not currently impacting on squirrels in the study area, is 

continuing in other parts of Ireland (Goldstein et al., 2014; Lawton et al., 2015). 

6.2 Aims  

The main aim of the study is to use habitat modelling to objectively identify conservation 

units for red squirrels.  This study aims to devise a management strategy for the conservation 

of reds squirrels in the west of Ireland by firstly identifying areas with suitable habitat to the 

west of the river Shannon, followed by classifying these areas in terms of their contribution 

to connectivity. Management units that are important in terms of their contribution to 

landscape connectivity and red squirrel carrying capacity will be highlighted. A considered 

approach to the management of sites in the west of Ireland for the conservation and 

protection of red squirrel populations will be possible using the results of this study.
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6.3 Methods 

6.3.1 Study area 

The study area is comprised of the area to the west of the river Shannon and covers an area 

of approximately 20,000 km2. Woodland habitats are fragmented and cover 9.86% of the 

region (Figure 6.2). The majority of this woodland habitat (72.28%) is coniferous, frequently 

comprised of large expanses of commercial plantation. Mixed and broadleaf forests form 

17.75% and 9.97% of the overall woodland present.  

 

Figure 6.2 Woodland cover for the west of Ireland derived from CORINE Landcover (CLC) and 
Forest07 (ROI Forest Service dataset) 

6.3.2 Habitat Suitability 

A species distribution model (SDM) was used to highlight areas of suitable habitat for red 

squirrels in Ireland. The same methodology for the SDM undertaken in Chapter 3 was 

followed. Again 2012 sightings were used to train and test the model combined, with habitat 

and landscape variables which were taken from the CORINE Land Cover (CLC) raster dataset 

[CLC2006_100m, version 17 (12/2013)]. The precipitation and temperature variables, and 

altitude were also considered for inclusion in the model.  
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Figure 6.3 Red squirrel occurrence records from the 2012 all Ireland squirrel survey [after 
Lawton et al. (2015)]. 

Unlike grey squirrels, red squirrels are distributed throughout the island of Ireland, so a bias 

file was not incorporated into the model.  Both species records and habitat data were 

prepared for input into the model using ArcMap 10.2. The data was presented at a resolution 

of 1km, with the environment for the model set to incorporate the entire island of Ireland.  

Of the 1465 presence records available, a total of 1202 records were used by the model, after 

duplicates were removed.  

Preliminary analysis was performed to acquire the selection of environmental variables to 

be used in the final model. Six models were evaluated for their predictive and accuracy 

powers (Table 6.1). Each model was run with 10 replicates and occurrence records were 

randomly subsampled with 70% (n=842) used for training the model and 30% (n=360) for 

testing. The probability of presence output maps were also examined before selection of 
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variables for inclusion in the final model.  The final model was an average of 10 replicates. A 

total of 10728 points were used to determine the species distribution model (background 

points and occurrence records). 

Table 6.1 Results from preliminary analysis for selection of variables for inclusion in final SDM 
model. The AUC (± standard deviation (SD)) is a measure of model performance with scores 
ranging from 0 to 1. A high AUC value indicates a high predictive power, a score of 0.5 means 
that the model is as good as random, values of 0.5 and lower indicate that the model is not 
accurate at predicting species distribution (Phillips et al., 2004). The TSS is a measure of the 
overall accuracy of presence-absence predictions and takes into account the sensitivity 
(correctly classified presences) and specificity (correctly classified absences), which 
incorporate false positive and false negative predictions by the model which isn’t accounted 
for in the AUC score. TSS scores range from -1 to +1, where a  score of +1 indicates a model 
that is in perfect agreement (i.e. 100% accurate)  and values of zero or less show an accuracy 
that is no better than random (Allouche et al., 2006).  

Model  Mean AUC SD TSS 

(a) All variables  0.764 ±0.011 0.420 

(b) All variables except precipitation 0.771 ±0.013 0.333 

(c) All variables except altitude 0.783 ±0.012 0.427 

(d) All variables except temperature 0.785 ±0.012 0.351 

(e) Habitat/Landscape and altitude 0.780 ±0.012 0.329 

(f) Habitat/Landscape only 0.764 ±0.013 0.318 

 

6.3.3 Landscape connectivity analysis 

Conefor (version 2.6) is a software package designed for quantifying the importance of 

habitat areas and links in the landscape which are integral for maintaining or improving 

landscape connectivity (Saura and Torné, 2009). As outlined in Chapter 3, Conefor requires 

two input files to complete connectivity analysis; a node file, and a connection file.  For this 

analysis the nodes correspond to the areas of highest habitat suitability, which were derived 

from the SDM output, where there was a probability of presence of between 60 and 100%.  
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Figure 6.4 Cumulative percentage frequency of red squirrel dispersal distances (n = 60). 
Adapted from Wauters et al. (2010) 

There is little information available for dispersal distances of red squirrel. Wauters et al. 

(1994a; 2010) conducted the only detailed field study on dispersal of red squirrels 

undertaken to date. In that study squirrels demonstrated a wide dispersal ability of between 

51 and 4,118m, and a median dispersal was 678m.   75% of squirrels in the study were found 

to have dispersed from their natal range, the majority of which within a distance of 1km 

(Figure 6.4). Rushton et al. (2000) modelled the distribution of red squirrels on the Isle of 

Wight, an island off the south coast of Britain and field data validated a dispersal distance of 

1km which was used in the model. Rodríguez and Andrén (1999) modelled red squirrel 

occurrence in various fragmented landscapes and deduced that most squirrels were likely to 

have a dispersal distance of less than 1km; and with the absence of suitable corridors 

between patches, dispersal was probably nearer to 600m. The authors reached this 

conclusion based on a matrix of cultivated fields. Peatlands due to their waterlogged 

conditions are not conducive to tree growth and are therefore inhospitable for woodland 

specialists such as squirrels. Another factor to be considered when establishing a 

representative movement distance for a species within the landscape is the perceptual range 

of the species. This is the distance within which an animal can perceive suitable habitat within 

the landscape (Lima and Zollner, 1996). Mech and Zollner (2002) found a positive 

relationship between body mass, horizon height and perceptual range, the maximum 

distance from which animals can perceive landscape elements such as habitat patches 

(Zollner, 2000). In a translocation study of the North American red squirrel (Tamiasciurus 

hudsonicus), a species close in size to the European red squirrel showed a perceptual range 
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of approximately 400m (Goheen et al., 2003). Given the presence of the hostile matrix and 

taken into account the perceptual range a more conservative movement distance of 350m 

has been selected for connectivity analysis. For the analysis a link was assigned between two 

nodes when the internode distance was less than or equal to 350m. This distance was 

selected as to be the maximum dispersal distance for red squirrels in the west of Ireland.  

The procedure for preparing the files for input in Conefor is the same as described in Chapter 

3. Conefor calculates a number of connectivity metrics but the Integral Index of Connectivity 

(IIC) is one of the most robust measures of connectivity and is used in this analysis. Further 

to this Conefor can calculate the importance of individual nodes. The percentage decrease 

in the connectivity metric value (dIIC), caused by the removal of an individual node from the 

landscape, is indicative of the contribution of that node to overall landscape connectivity and 

is given by the following equation: 

𝑑𝐼𝐼𝐶(%) = 100.
𝐼𝐼𝐶 − 𝐼𝐼𝐶𝑎𝑓𝑡𝑒𝑟

𝐼𝐼𝐶
 

In this study nodes were classified into various categories based on the dIIC values which 

reflect their contribution to landscape connectivity. Nodes are classified as: low, medium, 

high and priority. Priority nodes are those are considered to be most important in terms of 

their contribution to landscape connectivity. As outlined in Chapter 3 nodes which are within 

the designated dispersal distance are termed components. These linked nodes were used in 

designating management units for red squirrel conservation.  

In order to create management units, the components were overlain on the woodland cover 

for the entire area and a 350m buffer was applied using ArcMap 10.2. Components that fell 

within 350 metres of one another and/or connected by potential dispersal corridors e.g. 

woodland patches, were linked and these were designated as management units. The 

woodlands were initially rated by connectivity alone, and subsequently by the connectivity 

and potential squirrel populations. Firstly, for rating connectivity of management units the 

dIIC scores were summed for all nodes in the unit. The management units were then ranked 

in terms of their contribution to landscape connectivity (summed dIIC) as being low (0 - 0.1), 

medium (0.1 - 1), high (1 - 5) or priority units (> 5). To quantify management units in terms 

of connectivity and squirrel population, it was first necessary to calculate the total area of 

broadleaf, conifer and mixed woodlands for each management unit. Using median squirrel 

densities for these woodland categories, based on red squirrel populations studies carried 

out in Ireland (Table 6.2), the potential red squirrel population for each of the management 
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units was determined. These management units were then assigned a value by multiplying 

the potential population by the summed dIIC scores (summed dIIC*density), and ranked as 

low (0 - 1), medium (1 - 10), high (10 - 1000) and priority woodlands (> 1000).  

Table 6.2 Median squirrel densities for three woodland categories (broadleaf, coniferous and 
mixed), based on red squirrel populations studies carried out in Ireland from 1994 up to and 
including the current study. The overall median density used in determining the potential 
red squirrel population densities for the management units is given also. 

Woodland types Density range per hectare 
(Study) 

Median density  (ha-1) 

Coniferous 0.19-0.44 (Reilly, 1997) 0.28 

Coniferous 0.02-0.25 (Reilly, 1997) 0.05 

Coniferous 0.17-0.29 (Waters, 2012) 0.21 

Coniferous overall 0.21 

Mixed 0.05-0.87 (Poole, 2007) 0.20 

Mixed  0.24-0.44 (Waters, 2012) 0.34 

Mixed 0.02-0.54 (current study) 0.39 

Mixed overall 0.32 

Broadleaf 0.06-0.74 (Sheehy, 2013) Broadleaf 0.24 
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6.4 Results  

6.4.1 Species Distribution Model (SDM) 

Preliminary analysis showed that all six models had high predictive and accuracy powers 

(Table 6.1). To select the variables for the final model, models were assigned ranks in order 

of performance, scoring between 1 (best) and 6 (worst) for both AUC and TSS (Table 6.1). 

The ranks for AUC and TSS for each model were then summed. The best to worst performing 

models in order of summed ranks were as follows: c, d, a, b, e and f. However when the 

output maps are examined (Figure 6.5), there is an apparent higher probability of presence 

in areas to the northwest in four of the models (Figure 6.5 a - d) which coincides with 

relatively high numbers of occurrence records from this region (Figure 6.3). Therefore 

climatic variables (Chapter 3, Figure 3.5) were excluded from the SDM due to the different 

temperature and precipitation regimes for the west of Ireland, hence avoiding any potential 

bias in the model. As a result the model containing the habitat/landscape and altitude 

variables (Table 6.1; model e) was selected for use in the final model.  

The result of the final SDM, projection of probability of presence map, is shown in Figure 6.6. 

The mean AUC score of 0.780 (±0.012 standard deviation) indicates that red squirrel 

presence was correctly predicted in 78% of cases. The predicted probabilities of occurrence 

are a measure of habitat suitability. The probability scores which range from 0 – 1 in the 

MaxEnt output were converted into percentages and three categories were created. The 

areas with a probability of presence of between 0 and 20% were deemed least suitable or 

uninhabitable (light grey colour in the projection), the dark grey colour represents areas of 

medium probability of presence (20-60%) and the areas of most suitable habitat are in shown 

in black (60 -100%).  Figure 6.6 highlights extensive areas of suitable habitat to the west of 

the river Shannon.  
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Figure 6.6 Projections of potential distribution for red squirrels in Ireland, with the 
probability of presence indicative of habitat suitability 

Red squirrel occurences were strongly positively associated with landscapes dominated by 

woodland (See Appendix for response curves) and these variables contributed most to the 

SDM (Figure 6.7). A negative assocation was observed for moors and heathlands/peat bogs, 

and altitude (See Appendix for response curves) and after woodlands these two variables 

had the highest percentage contribution to the SDM.  
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   (a) 

 

   (b) 

Figure 6.7 Jackknife analyses of the importance of environmental variables in the MaxEnt 
model of red squirrel distribution. In parentheses is an estimate of the relative contribution 
of each variable to the model (expressed as a percentage), with variables listed in descending 
order of importance; (a) white bars show the performance of the model (test gain) without 
the variable and the black bar shows the test gain with that variable in isolation, (b) white 
bars show the performance of the model (AUC) without the variable and the black bar shows 
the AUC with that variable in isolation. 
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6.4.2 Landscape connectivity 

The sites of highest suitability to the west of the river Shannon have been used as an input 

(nodes) for the landscape connectivity analysis (Figure 6.8). Using a movement distance of 

350m the following metrics were calculated; number of nodes: 1786, number of links:- 2772, 

number of components: 358, and IIC: 1.114 x10-4. 

 

Figure 6.8 Sites of high habitat suitability (60 – 100% probability of presence) extracted from 
the SDM for red squirrel occurrence for the region west of the river Shannon, sites are used 
as input nodes for the landscape connectivity analysis in Conefor 
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The importance of units (components/linked nodes) in terms of the quality of habitat and 

their contribution to landscape connectivity is shown in Figure 6.9a. The number of 

components was refined in ArcMap 10.2, whereby components were considered connected 

if they were connected by patches of woodland. The sum of the dIIC scores for these newly 

defined components have been used to categorise them as; low, medium, high and priority. 

Of the 245 components identified in this analysis only 11 were found to be priority in terms 

of their contribution to connectivity (i.e. sum dIIC scores over 5). Woodland cover was 

incorporated into the management units which allowed for an estimation of the potential 

red squirrel population to be supported in each unit. The potential population was combined 

with the dIIC scores and management units have been identified and categorised as low, 

medium, high and priority (Figure 6.9 b). Management units with a score of over 1000 (when 

dIIC*potential red squirrel population) were listed as priority. Figure 6.10 shows the priority 

woodlands/management units derived from Figure 6.9b. By combining the carrying capacity 

of units based on the area of woodland, 12 priority management units have been identified. 

Details of these management units can be found in Table 6.3.  Management units that were 

located within 4 km (empirical data showed maximum dispersal distance of 4,118m (Wauters 

et al., 1994a; 2010)) were merged to form one management unit (see Figure 6.10 and Table 

6.3). Therefore two sets of management units have been merged, making seven priority units 

instead of 12. Red squirrels have been recorded in all but two management units, 4 and 6 

(Table 6.3). 
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Figure 6.10 Priority management units identified in landscape connectivity analysis by 
incorporating connectivity scores of components (sum dIIC of nodes within components) 
combined with the potential red squirrel population that could be supported by each unit. 
The attributes of each unit are set out in Table 6.3 
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6.5 Management proposal 

The results of this study will provide an important framework for the conservation of red 

squirrel conservation in Ireland. As habitat specialists red squirrels are more vulnerable to 

habitat fragmentation than generalist species, as it means there is less overall habitat 

available for the species to occupy. The persistence of red squirrels in habitat patches in a 

fragmented landscape, such as the West of Ireland, is dependent on a number of factors 

including; patch size, the quality of the habitat within the patch, distance to larger 

woodlands, type of matrix between patches (i.e. presence of tree rows and hedgerows), and 

local population dynamics (i.e. squirrel densities) (Celada et al., 1994; van Apeldoorn et al., 

1994; Verboom and van Apeldoorn, 1990; Wauters et al., 1994b). Results from this study can 

focus red squirrel conservation efforts on areas which are the most important in terms of 

habitat and landscape connectivity in the West of Ireland (Figure 6.10). The methodology 

and results of the current study remove any subjectivity when selecting sites to invest 

conservation efforts. The identification and decision on site selection are entirely ecologically 

based.   The use of Conefor as a tool to investigate the importance of individual sites in their 

contribution to landscape connectivity was introduced by Pascual-Hortal and Saura (2008). 

It was first applied to the highly fragmented habitat of the capercaillie in Catalonia, in the 

northeast of Spain, where the most important functionally connected areas within the 

species’ current distribution were identified using probability of presence as a surrogate for 

species abundance (Pascual-Hortal and Saura, 2008). In contrast, the current study on red 

squirrels has used a species distribution model (SDM) to highlight the most important 

habitats i.e. probability of presence, based on quality for squirrels. The current study has also 

used the SDM to quantify the importance of areas outside of the current distribution of the 

red squirrel, thus highlighting potentially suitable areas for translocations. This technique 

could also be applied to other protected and endangered species. The SDM in the current 

study identified coniferous and mixed woodlands as the most important variables in 

predicting red squirrel occurrence, with these variables contributing over 50% to the model 

predictions, which agrees with the known habitat preferences of the species (Lurz et al., 

2005). Selecting a high probability of presence (60-100%) for connectivity analysis has 

allowed for the inclusion of the best sites in terms of habitat availability, and the inclusion of 

the probability of presence as a site attribute in the connectivity analysis has further 

emphasised this.  
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The theory of island biogeography (MacArthur and Wilson, 1967) and metapopulation 

dynamics (Hanski, 1998) are concerned with the spatial arrangement of habitat patches 

within the landscape, where the ecological processes of colonisation and extinction act upon 

subpopulations within individual patches, determining species persistence in the landscape 

overall. In addition occurrence of species within these patches is predicted to be positively 

associated with patch size and negatively associated with patch isolation. Red squirrel 

sightings are widespread in the areas directly to the west of the river Shannon, particularly 

in the north (North Leitrim, Sligo and North Roscommon) and to the south (East Galway and 

East Clare) (Chapter 2; for areas refer to Figure 2.1 and for sightings refer to Figure 2.6). These 

areas coincide with denser and more extensive forest cover compared to other parts of the 

study area, and mostly consist of commercial coniferous forestry plantations (Figure 6.2). 

Wauters et al. (1994b) found that patch size was an important factor in population densities; 

larger patches had higher adult densities than smaller habitat patches, which was attributed 

to significantly higher rates of immigration. These higher immigration rates also had an 

impact on the genetic diversity of populations; smaller populations were more genetically 

similar than the larger populations (Wauters et al., 1994b), which could impact on the long 

term viability of red squirrel populations e.g. loss of genetic diversity. Therefore the large 

expanses of forestry, from where there were high numbers of red squirrel sightings, 

represent very important habitats that support important populations of red squirrels. A 

study in the Netherlands found that large forest areas in fragmented landscapes had a higher 

probability of squirrel occupancy, particularly those with coniferous trees present (Verboom 

and van Apeldoorn, 1990). The quality of the habitat is also an important consideration and 

Verboom and van Apeldoorn (1990) stated that the percentage of conifers can be an indirect 

measure of quality given that they supply year round resources for squirrels including a food 

supply and shelter. 

The type of landscape matrix in which habitat patches occur is extremely important when 

considering connectivity, and isolation can occur at much shorter distances when the matrix 

is hostile (Delin and Andrén, 1999). In the centre of the study area woodland cover is made 

up of smaller forestry patches (Figure 6.2) within a very hostile matrix dominated by 

peatlands (Chapter 3; Figure 3.19a). In the SDM red squirrel occurrence was negatively 

associated with high altitude areas and peatlands (See Appendix for response curves). A 

study in Sweden found that red squirrels avoided clear cut areas in forests as well as bogs 

(peatlands) (Andrén and Delin, 1994). A conservative dispersal distance was used in the 

current study due to the hostile nature of the matrix in the west of Ireland. Field studies and 
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models examining red squirrels in fragmented habitats, akin to the extent of forest cover in 

the west of Ireland have been undertaken and dispersal distances vary considerably (678m - 

Wauters et al. (2010); 1km - Rushton et al. (2000); 600m - Rodríguez and Andrén (1999)). 

However when the percent woodland cover and matrices surrounding habitat patches in 

these studies are compared to the west of Ireland, clear differences are evident. In the study 

by Wauters et al. (2010) three areas in Belgium were investigated with varying degrees of 

habitat fragmentation. Two sites had twice the woodland cover compared to the west of 

Ireland (20% and 18.5%) and the third site had less woodland cover (6.2%) but the matrix 

could be considered quite favourable for red squirrels, comprised of farmland, greenhouses 

and houses with hedgerows, tree rows and gardens with trees (Verbeylen et al., 2003). For 

the Isle of Wight study there was 9.1% woodland cover surrounded by a landscape 

dominated by agriculture (Rushton et al., 2000). In the study by Rodríguez and Andrén (1999) 

the landscape matrices for six different study areas consisted of young trees stands, open 

fields and hedgerows, with forest cover ranging from 8% to 69%. For the current study the 

area under investigation is comprised of 9% woodland cover and 24% peatland cover. 

Therefore habitat fragmentation is more pronounced in this area and this is highlighted in 

the connectivity analysis (Figure 6.9) where no priority woodlands could be identified. This 

also explains the lack of/few red squirrel records from this sparsely forested area in the 

centre of the study area (Figure 6.2).  

The distribution of habitat fragments within the wider landscape is very important; patches 

need to be within a reachable distance of other habitat patches to allow for dispersal 

opportunities to ensure the persistence of red squirrel populations (Andrén and Delin, 1994). 

Additionally the probability of a habitat patch being occupied increases when it is located 

near a sufficiently large patch that has a permanent squirrel population, or when the matrix 

is comprised of woods or hedgerows (Verboom and van Apeldoorn, 1990), allowing for 

dispersal through a more permeable landscape for squirrels. Squirrels will disperse between 

forest patches but movements relied on the presence of connecting hedgerows (Wauters et 

al., 1994a). Hale et al. (2001) demonstrated the importance of habitat connectivity in a study 

in Northern England/Southern Scotland where an increase in forest cover through forestry 

plantations had allowed the movement of squirrels in a fragmented landscape. A network of 

stepping stones had been created by the new forestry and rapid gene flow was observed 

over a large distance in a relatively short period of time, which would have otherwise not 

been possible (Hale et al., 2001). 
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All of this lends credence to the maintenance and management of large areas of forestry and 

the designation of management units in the current study (Figure 6.10 and Table 6.3) to 

support red squirrel populations. The management units designated using the landscape 

connectivity analysis (Figure 6.10) represent a sizeable amount of the forested estate in the 

west of Ireland (29.72%) but only a small area in terms of the total study area (2.93%).  With 

the exception of one management unit (Figure 6.10; Unit 5) all are dominated by conifers 

(Table 6.3), so can be considered good quality sites in terms of red squirrel requirements 

(Lurz et al., 1995). However as these forests are most likely dominated by Sikta spruce and 

managed under clearfell systems certain procedures will need to be put in place if they are 

to be managed for red squirrel conservation i.e. timing and manner of tree removal/felling, 

and replanting regimes (e.g. tree types used and stand age structure management). These 

procedures are vital in managing forests for red squirrels so as to ensure continuity in food 

availability and habitat connectivity. 

The landscape connectivity analysis undertaken in this study is at a coarse resolution (1km x 

1km squares). In order to maintain management units for red squirrels a finer scale approach 

for analysing habitat connectivity is necessary. Another possibility with the Conefor software, 

used in this analysis, is to see whether new planting will increase connectivity or alternatively 

the negative impacts associated with the removal or clearfell of stands. To successfully 

conserve viable populations of red squirrels within the management units a proactive 

approach needs to be taken i.e. the integration of red squirrel requirements into forestry 

management plans. A number of key criteria will need to be taken into account when 

integrating red squirrel conservation into forestry plans including the overall forest cover 

within the management units, the quality of the matrix between woodland patches in the 

units and the types of trees being planted. 

An important consideration when attempting to maintain a landscape for red squirrel 

conservation is the amount of overall forest cover. Empirical evidence shows that above a 

certain threshold the effects of habitat fragmentation will relate to habitat loss only. In highly 

fragmented habitats (with a proportion of habitat below this nominated threshold), patch 

size and patch isolation will further enhance the effects of habitat loss, and population 

decline of a species will be greater than the habitat loss alone (Andrén, 1994). Maintenance 

of the forestry canopy in these units would be preferential for red squirrel conservation. This 

could be achieved through Continuous Cover Forestry (CCF). The benefits of CCF were 

demonstrated at Curragh Chase Forest Park, where individual red squirrels displayed 
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favourable body condition despite a poor autumn seed crop (Chapter 4). Although using this 

method for forestry management is more costly (Ní Dhubháin, 2010) the increased “costs 

may be offset by benefits in terms of ability to meet landscape, recreation and conservation 

objectives” (Mason et al., 1999). Along with the advantages to biodiversity and wildlife, 

Mason et al. (1999) listed several other benefits of CCF that include: less forest disturbance 

with shelter for regenerating seedlings; reduced stocking costs through potential for natural 

regeneration; better quality timber i.e. production of large diameter, high quality logs; and 

increased forest stand resilience against windthrow. However, if the overall forest cover 

cannot be managed using CCF, if tree cover within management units can be maintained 

above a certain percentage cover (i.e. critical threshold) the effects of habitat fragmentation 

may be mitigated against. Andrén (1994) proposed a critical threshold of “suitable habitat 

within the landscape, above which habitat fragmentation is pure habitat loss”. It was 

suggested that the threshold lay between 10 and 30% following a review of research on the 

habitat fragmentation effects on birds and mammals (Andrén, 1994). Therefore the viability 

of squirrel populations may not be significantly affected if the forested areas within the 

management units are maintained above a defined critical threshold. Delin and Andrén 

(1999) found that if the proportion of avoided habitats (e.g. bogs, young plantations and 

clear fell areas (Andrén and Delin, 1994)) did not exceed 40%, that habitat was effectively 

continuous, as all fragments were reachable from one another. Although clearfell of large 

stands of trees is not ideal, where there is no alternative forestry management could aim to 

maintain tree rows between remaining forest fragments to act as ecological corridors. This 

will also divide up large open areas that red squirrel may otherwise avoid. If preferred 

habitats such a mature conifers are kept to a minimum of 30% of overall landscape cover, 

other forested habitats maintained at 30% (Andrén and Delin, 1994) (total area to be 

forested is 60%), and avoided areas at a maximum of 40%, viable red squirrel populations 

will be maintained. The spatial arrangement of the remaining forested habitat and the matrix 

between habitat patches has been shown to significantly influence squirrel distribution 

(Rodríguez and Andrén, 1999), so an important factor to consider in the maintenance of the 

management units for red squirrels. In a study in Italy red squirrel occupancy of two wooded 

regions was shown to vary, but there was no evidence of isolation effects caused by habitat 

fragmentation in the study area with the smaller habitat fragments (Celada et al., 1994). The 

reason given by the authors was that the habitat patches were located close enough to one 

another to allow dispersal and that these movements were facilitated by suitable ecological 

corridors.  Therefore smaller habitat fragments within the management units can be 
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tolerated by reds squirrels; smaller patches of trees, even smaller than the home range size 

requirements for red squirrels, can be occupied when patches are interconnected by rows 

of trees and hedgerows (Celada et al., 1994). Nonetheless an investigation into squirrel 

distribution and dynamics in the Netherlands suggested that red squirrels will persist longer 

in larger habitat patches with the spatial dynamics of populations consistent with a source-

sink model (van Apeldoorn et al., 1994). The Dutch study found that in years of low squirrel 

densities, large areas of conifers (permanently occupied optimal habitats) were used and 

described as source areas. When densities increased, smaller surrounding patches of 

forested habitats, with conifers and without (i.e. sub-optimal habitats), were occupied and 

therefore considered sinks. A long term strategy for maintaining large stands of trees within 

management units is required and Gurnell and Pepper (1993) have suggested setting aside 

an area of over 2000ha of predominantly conifers to ensure success. Of the seven 

management units in this study, only two fall below this 2000ha guideline (Table 6.3; 

management unit 7: Ballygar and unit 8: Cappatagle), but importantly these units are 

dominated by conifers. A study in Sweden found that red squirrel populations will survive if 

habitat patches provide adequate amounts of preferred habitat (in this case forest with at 

least 25% mature Norway spruce) to allow for the existence of viable populations (Andrén 

and Delin, 1994). Red squirrels have also been shown to prefer woods with conifers for 

feeding and nesting (van Apeldoorn et al., 1994) 

The type of conifers is something that should be addressed. Red squirrels favour woods with 

mature Norway spruce (Andrén and Delin, 1994; Bryce et al., 2005) and Scots pine (Bryce et 

al., 2005; Gurnell et al, 2002). Results from other studies have indicated the importance of 

lodgepole pine and Norway spruce for red squirrels in terms of food supply in forests where 

Sitka spruce was present (Lurz et al., 1998; Waters, 2012) e.g. Norway spruce cones were 

preferred over Sitka spruce and when pine cones were abundant spruce cones were not 

selected (Waters, 2012). The most common species planted in commercial forestry in Ireland 

is Sitka spruce which occupies 52.4% of the forested estate. Irish forests are comprised of 

just 4.1% Norway spruce, 1.3% Scots pine and 9.7% other pine species (Forest Service, 2014). 

Planting of preferred tree species will be vital to ensure viable red squirrel populations. 

Gurnell and Pepper (1991) indicated that Sitka spruce is less favourable to red squirrels 

compared to Norway spruce and Scots pine as it produces less cones and produces cones 

less frequently. The authors suggest planting a mix of Norway spruce, Scots pine, Sitka 

spruce, larch and Douglas fir to ensure a continuity of seed availability. 
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Results from the analysis undertaken in this study has also been able to identify sites suitable 

for red squirrels outside their current known range, which is useful for assisting in the 

selection of potential sites for future translocations, which has proved to be an effective tool 

for the conservation of the red squirrels, with seven successful translocations carried out in 

Europe in the past 25 years (Waters, 2012). To date, two sites have been used for red squirrel 

translocation studies in Ireland, Derryclare wood in county Galway and Belleek Forest Park 

in county Mayo, which have also proved to be a success (Poole and Lawton, 2009; Waters, 

2012; Waters and Lawton, 2011). The sites were selected due to their remoteness from the 

threat of the grey squirrels as other translocations in the past have failed due to the presence 

of grey squirrels and/or squirrelpox virus (Waters, 2012). The current study identified two 

future potential sites for translocation based on habitat suitability and the location of the 

sites in the wider landscape. These have been quantified in terms of their contribution to 

maintaining landscape connectivity (Pascual-Hortal and Saura, 2008). Red squirrels have 

been recorded in all but two of the designated management units (Figure 6.10; 4 and 6), and 

all the known occupied units combined have the potential to support almost 12,000 red 

squirrels (Table 6.3). The two unoccupied management units are located along the western 

seaboard in counties Galway and Mayo and are estimated to have the potential to support 

over 1500 red squirrels (Table 6.3). These units are the most remote from current grey 

squirrel populations and they are ideal candidates for future translocation sites. They are 

situated in close proximity to two sites used for red squirrel translocation in the past. 

Management unit 6 at Oughterard is situated 25km to the east of the Galway translocation 

site (Derryclare) and the management unit 4 at Bangor Erris is located 30 km to the west of 

the Mayo translocation (Belleek Forest Park) (Table 6.3). The limited forest connectivity as 

result of the small and isolated patches of woodlands in the centre of the study area (Figure 

6.2) may be beneficial for the long term survival and conservation of red squirrels in Ireland. 

If grey squirrels ever spread west of the river Shannon, their continued movement 

westwards would be inhibited by the lack of habitat connectivity (Chapter 3: Figure 3.21), 

meaning minimal threat to red squirrel populations from invading greys for the proposed 

translocation sites situated in the most western parts of the study area. This identification of 

candidate sites for translocation will also require ground truthing exercises such as habitat 

mapping, seed crop assessments and feasibility of sites based on the forestry management 

plans. 
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Incorporating connectivity into the conservation of red squirrels is vital to ensure viability of 

future populations, allowing possibilities for migration and density dependent driven 

dispersal, and thus enabling gene flow to potentially isolated populations. Therefore the next 

step in generating an effective management plan for red squirrels in the west of Ireland is 

identifying locations to develop ecological corridors between the management units. The 

creation of habitat patches between units to enable stepping stone dispersal will facilitate 

movements as shown in studies in Britain and Belgium (Hale et al., 2001; Wauters et al., 

1994a). 

6.6 Conclusions 

The presence of the river Shannon, a natural barrier to grey squirrel dispersal, offers a real 

opportunity for red squirrel conservation in Ireland. To help ensure that the west of Ireland 

remains red-squirrel only an SDM has been developed and LCP analysis has identified areas 

for future grey squirrel monitoring and control (Chapter 3). Apart from the most westerly 

parts of the study area, red squirrels are widespread. The red squirrel SDM has highlighted 

areas of suitable habitat (probability of presence), which has been incorporated into 

landscape connectivity analysis.  This has allowed the quantification of the importance of 

landscape components (connected habitat patches) in terms of habitat quality (probability 

of presence values) and their importance in terms of contributing to connectivity. Woodlands 

and forested areas have been classified in terms of their contribution to overall red squirrel 

habitat connectivity. The results from this study can support decision making when it comes 

to prioritising sites for red squirrel conservation. This study can advise forest planning in the 

west of Ireland, in the development of an effective forest management strategy for red 

squirrels, which will ensure the maintenance of viable red squirrel populations in the region. 

Currently in the Republic of Ireland there is a lack of an appropriate landscape management 

strategy for the conservation of the red squirrels. Ireland plans to increase forest cover from 

10% to 17% in the next 15 years, which could be an opportunity to invest in and develop an 

effective strategy for conservation of reds squirrels in the management units identified in 

this study. 
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Chapter 7 General Discussion 

7.1 Regional retraction of grey squirrel populations  

The grey squirrel retraction from part of the Irish midlands had been established in a previous 

study by Sheehy and Lawton (2014), with a high negative correlation confirmed between 

grey squirrels and pine marten. However, the results of the current study show that the 

demise of the grey squirrels is now much more widespread than previously detected.  Grey 

squirrels were sighted infrequently, or not at all, over a wide area in the Irish midlands, and 

this coincided with an increase in sightings of pine marten (Chapter 2). The retreat of the 

grey squirrels was further confirmed in the hair tube surveys and live trapping conducted in 

several woodlands in the study area (Chapter 2). Red squirrel presence was confirmed using 

hair tubes in 9 of the 14 sites investigated. Although the absence of a species should not be 

inferred using hair tubes, the technique successfully detected red squirrel presence, so it 

would be reasonable to expect grey squirrels to be detected if present. Both squirrel species 

have been detected using the same methodology in other studies in Ireland (Goldstein et al., 

2014; Sheehy and Lawton, 2014). Furthermore grey squirrel were not captured in any of the 

three live trapping studies (Chapters 2 and 4). The two woodlands in which live trapping was 

originally initiated were located in counties Longford and Westmeath. Newcastle Woods 

(county Longford) is located 20km from the initial point of grey squirrel introduction to 

Ireland at Castleforbes. There were several records of grey squirrels from this woodland and 

surrounding area in the 2007 squirrel survey (Carey et al.), but only one public sighting of a 

grey squirrel was received during current survey. None were detected during the live 

trapping study conducted over a four month period, but red squirrels were trapped on two 

occasions. On the mornings when traps were set, a certain proportion regularly had pine 

marten scats, and a pine marten was known to have nested in the woods (Luke Heffernan, 

Coillte, personal communication). At the second live trapping site, Mullaghmeen Forest Park, 

no squirrels were captured. Forest managers had engaged a person to cull the grey squirrels 

in the 1990s (Pat Brady, Coillte, personal communication). Unfortunately no details were 

available on the numbers of squirrels removed during this period. However, the caretaker at 

the site maintained that the control efforts appeared to have no effect at the time (Martin 

Smyth, Mullaghmeen Country Enterprises, personal communication). A pine marten was 

personally observed adjacent to the woods on one morning during the live trapping study.  

However, the retraction of the grey squirrel may only be described as regional. In other parts 

of Ireland, such as the southwest, southeast and northwest, grey squirrels continue to act as 
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an invasive (Goldstein et al., 2015; 2014; Lawton et al., 2015). Within the study area, 

numerous grey squirrel sightings were received from parts of south county Tipperary, and 

grey squirrels were appearing in parts of county Limerick where they hadn’t been recorded 

in the past. 

The disappearance of grey squirrels from areas in which they had been longest established 

(e.g. counties Westmeath and Longford), was an unexpected result. Simberloff and Gibbons 

(2004) reviewed population crashes of established introduced species, in which they 

highlighted the rarity of such phenomena and the scarcity of “quantitative data documenting 

perceived declines” when they do occur. Causal factors for declines are often only suspected, 

and Simberloff and Gibbons (2004) proposed several causes for the 17 species examined in 

their review, which include competition with other introduced species, resource depletion 

and parasitism. In some cases population collapses are completely unexplained, and in 10 of 

the 17 cases examined in the review by Simberloff and Gibbons (2004) the causes of the 

population crashes remained unidentified.  

To investigate the processes that may have had a role in the disappearance of grey squirrels 

from parts of the former range, landscape composition and structure were examined 

(Chapter 3).  Discriminant function analysis (DFA) identified significant differences between 

areas from where the grey squirrels had disappeared from and areas in which they were 

continuing to persist in and spread to i.e. counties Limerick and Tipperary (Chapter 2).  The 

presence of pine marten was the most significant variable separating the two areas, which 

supported the negative correlation between grey squirrels and pine marten observed in the 

study by Sheehy and Lawton (2014). In the time since the grey squirrel introduction, the 

distribution of pine marten has undergone a significant decline and then expansion in its 

range, with the fate of the species reversed since the introduction of protective legislation in 

1976 (O'Mahony et al., 2012). It now exists at very high densities in the Irish midlands 

compared to other parts of Ireland (Sheehy et al., 2014). Although re-design of the giving-up 

density (GUD) experiment is required, a reduced feeding rate in grey squirrels was observed 

in resource patches treated with marten odour (Chapter 5). Further exploration into the 

marten odour avoidance displayed by grey squirrels in the GUD experiment could provide 

quantifiable evidence behind the retraction of grey squirrels from part of their former range. 

In addition, the existence of pine martens as high densities in parts of Ireland needs to be 

investigated. The distribution of grey squirrel and pine marten do overlap in some parts of 

Ireland, but it is at high pine marten density that the two species do not co-occur (Sheehy 
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and Lawton, 2014). Lack of predation and competition may contribute to the high pine 

marten densities. The red fox (Vulpes vulpes) represents the only real pine marten predator 

or competitor in Ireland. A study from Sweden presented a strong case for the fox limiting 

pine marten numbers, following a noticeable increase in pine marten observations following 

dramatic declines in foxes due to a mange outbreak (Lindström et al., 1995). There are 

ongoing fox controls by gun clubs in the Republic of Ireland, as foxes are not protected and 

considered a pest. Data received from the NARGC that oversee a “National Predator Control 

Competition” highlight the numbers of foxes removed annually by these gun clubs. If fox are 

present in the study area at an average density of 2/km2 (Baker and Harris, 2008), then a high 

proportion of foxes are being removed per year; 2012 - 15.74%; 2013 - 19.94%; 2014 - 

22.08%. This may relieve predation pressure and allow pine marten to occupy available 

niches. Although this is speculative, the interaction between fox and pine marten 

populations require further investigation, which may identify the cause of such high pine 

marten densities.  

Investigations into landscape variables found that there was contrasting habitat composition 

and structure between the two areas in which grey squirrel occurrence differed. In the area 

from which grey squirrels have disappeared, waterbodies and peatlands are more extensive; 

woodland patches (broadleaf/mixed) were significantly smaller, with poorer connectivity 

(Chapter 3). Although the forested area in Ireland has increased in the past 100 years 

(Chapter 6, Figure 6.1), forest cover still remains low (less than 10%) and is highly fragmented 

(Chapter 3, Figure 3.11a). The initial success of the grey squirrels in spreading and 

establishing in the Irish midlands was most likely due to the network of hedgerows. The 

majority of these networks were initially established in the 18th century to demarcate 

boundaries between properties. By 1968, grey squirrels had expanded their range a 

considerable distance from the point of introduction (Chapter 1; Figure 1.2). At this time 

forest cover for Ireland was approximately 4% (Chapter 6; Figure 6.1), less than half of the 

current extent. O'Sullivan and Moore (1979) mapped the composition of field boundaries in 

1974. The grey squirrel range at that time overlapped with areas in the Irish midlands 

characterised by “tall vigorous hedges” dominated by trees (O'Sullivan and Moore, 1979), 

which would have facilitated grey squirrel dispersal. Intensification in farming has increased 

dramatically since Ireland joined the EU in 1963. As well as agricultural intensification; in 

more recent times new roads, developments and poor hedgerow management have resulted 

in the removal and degradation of the hedgerow network across Ireland (Foulkes et al., 

2013). This has led to increased fragmentation and isolation of wooded sites, particularly in 
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areas with smaller woodland patches. Stevenson et al. (2013) have highlighted the use of 

hedgerows and tree lines in daily movements and dispersal in greys squirrels. The inclusion 

of these important landscape structures would have be beneficial in landscape connectivity 

comparisons, but the hedgerow GIS dataset currently available for Ireland is only in draft 

format. Nonetheless, the midlands region, where grey squirrel have gone into decline, scored 

lower the majority of connectivity metrics compared to the southern region, where grey 

squirrels are continuing to spread (Chapter 3; Table 3.5).  

Although the current study does not deal with small island populations, the smaller and 

poorly connected woodland sites in the midlands regions are approximate to isolated islands 

of habitat. Simberloff and Gibbons (2004) discussed introduced species on islands and 

suggested that the restriction of populations (particularly on small islands) makes species 

more vulnerable to extinction. One example referred to in the review was that of a reindeer 

(Rangifer tarandus) population crash that occurred on St. Matthew Island in Alaska, where 

6000 reindeer died of starvation, which was associated with extreme winter weather  (Klein, 

1968). Along with overuse of resources, the inability of the reindeer to migrate in response 

to adverse conditions meant that collapse of the population was inevitable (Simberloff and 

Gibbons, 2004). Although this reindeer example is an extreme case, analogies may be drawn 

with the failure of the grey squirrel in part of its former range in Ireland. Grey squirrel 

populations were existing in a highly fragmented network of habitat patches, which were 

becoming increasingly isolated from one another. Changes in the landscape in terms of 

hedgerow network loss and high densities of pine marten, have created a very hostile matrix 

between areas of suitable habitat. On examining the effects of fragmentation on red 

squirrels, Delin and Andrén (1999) stated that isolation can occur at much shorter distances 

when the matrix is hostile. Simberloff and Gibbons (2004) suggested the “absence of 

metapopulation dynamics” as a potential cause of population crashes of invasive species in 

small sites. They also proposed that “local extinction would had been redressed by 

recolonization from nearby sites” in a larger area where “a persistent metapopulation would 

have been established”. The migration difficulties faced by grey squirrels may have led to 

local population extinctions, with the resulting regional collapse of the grey squirrels in the 

Irish midlands, which had been demonstrated in both the distribution survey, hair tube 

studies and live trapping programmes. 
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Whilst the grey squirrel has exhibited less sensitivity to habitat fragmentation compared to 

other tree squirrels (Koprowski, 2005), recent research has shown more limited dispersal 

abilities in grey squirrels with lower genetic diversity (Signorile et al., 2014). Signorile et al. 

(2015) compared the genetic diversity of grey squirrels in England, Ireland, Italy, and 

Scotland. Both Italy and Ireland showed lower genetic diversity than England and Scotland, 

which confirms the results of earlier analysis undertaken (Signorile et al., 2014).   Signorile et 

al. (2015) also refers to research on grey squirrel population structure undertaken in Ireland; 

McGoldrick (2011) found significant levels of genetic differentiation between adjacent 

woodlands, and evidence of recent genetic bottlenecks at two locations. Genetic 

differentiation observed in grey squirrel populations in Ireland are likely to be a result of the 

isolation of populations in fragmented habitats. Broadening the knowledge of the genetic 

diversity of grey squirrels in Ireland, particularly of the remaining individuals in the Irish 

midlands will be key to verifying the detrimental effects of isolation outlined above. Isolation 

can lead to reduced population fitness through inbreeding depression and loss of genetic 

diversity, which can negatively impact on reproductive output and lead to possible future 

extinction (Frankham et al., 2002). Furthermore, reduced gene flow between populations 

can impact on population fitness for example through outbreeding depression i.e. mating of 

individuals from genetically divergent individuals leading to the production of offspring with 

reduced fitness (Whiteley et al., 2015). In the event that individual grey squirrels do manage 

to disperse to a neighbouring woodland, breeding may not result in the production of viable 

offspring, due to genetic differentiation.  

7.2 Failure of grey squirrels to establish in the west of Ireland 

The failure of grey squirrels to initially colonise the area to the west of the river Shannon 

following the introduction in 1911 can be in part attributed to lack of suitable habitat at the 

time. Forest cover was very sparse at the beginning of the 20th century (Chapter 6; Figure 

6.1). The hedgerow network in the area was also much less favourable for dispersal. Field 

boundaries consisted of stone walls with sparse hedges, some areas had hedges dominated 

by willow; but large areas of the west of the Ireland consisted of unenclosed peat and upland 

areas (O'Sullivan and Moore, 1979), which contrasted significantly to the midlands area 

described earlier. The river Shannon itself is also a considerable obstacle, although there are 

occasional breaches, which have been reported both historically and during the current 

distribution survey. However these incidences have yet to lead to the establishment of a grey 

squirrel population in the west of Ireland (Chapter 2). Landscape barriers preventing the 

dispersal of grey squirrels have been identified in previous studies. In Cumbria, the mountain 
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range separating the north and south of the county has been a barrier preventing dispersal 

and subsequent mixing of populations (Stevenson et al., 2012). The river Boyne, to the east 

of Ireland has also been identified as a barrier to gene flow between grey squirrel populations 

(McGoldrick, 2011). For other species landscape barriers have also played a role limiting 

dispersal between populations resulting in genetic divergence e.g. American mink (Neovison 

vison) (Zalewski et al., 2009), stone marten (Martes foina) (Vergara et al., 2015). Low 

propagule pressure is another aspect to consider in the failure of populations to establish. 

Grey squirrels can swim (Koprowski, 1994) and are known to have crossed other rivers in 

Ireland (Carey et al., 2007).  In sections along the western banks of the river Shannon and its 

lakes, there are extensive areas of mixed and broadleaf woodlands that represent suitable 

sites for colonisation. Routes of access to these locations have been identified through 

landscape connectivity analysis (Chapter 3), but investigations during the distribution survey 

did not uncover any populations of grey squirrels (Chapter 2). With (2002) examined various 

aspects of the spread of invasive species and landscape ecology. For colonisation to succeed 

a high number of propagules arriving at sites are required, “with repeated introductions into 

appropriate habitat”. It is plausible to suggest that although grey squirrels may be 

overcoming the barrier, the propagule pressure is not high enough for successful 

colonisation i.e. not enough individuals are breaching the barrier. 

In addition, considering the results of the investigations in the current study into the 

retraction of grey squirrel populations, it is reasonable to suggest that the combination of a 

poor hedgerow network for dispersal, isolation of habitat patches and high densities of pine 

marten have contributed to the failure of grey squirrels to colonise the west of Ireland. The 

species distribution model has also highlighted some regions with a lack of suitable habitat 

to the west (Chapter 3), which correspond to extensive areas of peatlands. The west of 

Ireland remained a stronghold for the pine marten, even during times of decline (O'Sullivan, 

1983), and now forms the majority of the species’ core range in Ireland (O'Mahony et al., 

2012). Although no pine marten population density studies have been conducted in sites to 

the west of the river Shannon, a pine marten abundance study was undertaken in part of the 

species’ core range in county Offaly. Pine marten were at much higher densities in the core 

range (3.13 per km2) compared an area to the east of Ireland (1.01 per km2), beyond the core 

range (Sheehy et al., 2013).  During the initial spread of the grey squirrel in Ireland from the 

middle of the 20th century, pine marten distribution was restricted to the west of the river 

Shannon. Although there have been sightings of grey squirrels in wooded sites west of the 

river, such occurrences are generally infrequent. The exception was in north county 
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Roscommon, where grey squirrels were found to be arriving in large numbers in the 1960s 

(Jim Callary, woodland owner, personal communication) (Chapter 2). Although the pine 

marten’s range extended from county Clare to counties Sligo and Leitrim near the source of 

the river Shannon, distribution was patchy (O'Sullivan, 1983). On examining O’Sullivan’s 

(1983) distribution map (1978 - 1980), no evidence of pine marten was detected in sites 

sampled in north Roscommon, which may explain the arrival of grey squirrels in the area. 

Near the source of the river Shannon in county Sligo and north Leitrim, there are extensive 

areas of suitable habitat with no river impeding dispersal. The fact that pine marten were 

established in the area in the 1970s (O'Sullivan, 1983), may have inhibited movements of 

grey squirrels through the landscape. The core pine marten range now extends to cover most 

of the area within the current study (except county Limerick and south Tipperary) (Chapter 

2). There was an abundance of pine marten sightings received from counties in the northern 

parts of the river Shannon catchment (Chapter 3, Figure 3.18d), consistent with the 

distribution survey undertaken by O'Mahony et al. (2012); supporting the proposal that grey 

squirrel spread continues to be hindered by the predator.  

7.3 Management of the grey squirrel invasion into the west of Ireland  

Although the current retraction of grey squirrels in the area directly to the east of the river 

Shannon buffers the refuge for red squirrels to the west, this may be temporary. Whilst the 

pine marten has certainly played a role, the exact mechanism behind the grey squirrel’s 

disappearance needs to be confirmed.  In Simberloff and Gibbon’s (2004) review of invasive 

population crashes, they advise against inaction when the underlying mechanisms are 

unclear. Therefore establishing a system to ensure that the west of Ireland remains free of 

grey squirrels in necessary. Grey squirrels are also listed in the Third Schedule of Statutory 

Instrument (SI) No. 477 of the European Communities (Birds and Natural Habitats) 

Regulations of 2011; and if found to be a threat to protected habitats or species, 

management plans can be devised to prevent the dispersal, establishment or spread of the 

species. Certain woodlands in the study area have been designated as Special Areas of 

Conservation i.e. protected habitats listed in the EU Habitats Directive Therefore legislation 

necessitates the development of a management plan to exclude the species due to the 

potential damage to protected sites (e.g. oak woodlands) that may be caused by grey 

squirrels.  Even though red squirrels are not protected under the EU Habitats Directive, to 

which the above regulations relate, they are listed in the Wildlife Act 1976 (Amendments 

2000 and 2010) and therefore should be protected under this national legislation. 

Furthermore, red squirrels are listed as Near Threatened in the Irish Red List for Mammals. 
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Habitat fragmentation and spatial heterogeneity in landscape structure (Chapter 3, Figure 

3.3) have been fundamental in restricting the spread of the grey squirrel to the west of 

Ireland (Chapter 3). However grey squirrels continue to spread in other parts of Ireland e.g. 

Donegal in the northwest (Lawton et al., 2015), and Limerick and Tipperary in the south west 

(Chapter 2). In the current study, the identification of dispersal corridors and sentinel 

woodlands, which could facilitate grey squirrel expansion, is essential in the future 

management of the species. Effective dispersal between areas of suitable habitat in the west 

of Ireland (identified through the SDM, Chapter 3) is going to be very costly for grey squirrel 

populations.  However, corridors into the region exist and these represent the easiest routes 

of dispersal for grey squirrels into the west. Several “pinch” points, on or adjacent to the 

river Shannon, have been identified through LCP modelling. These “pinch” points are 

bottlenecks in the dispersal corridors and represent locations where invasive species can be 

more easily controlled and slowed down. Key wooded sites have also been identified in using 

the grey squirrel SDM that have the potential to support large grey squirrel which will 

facilitate grey squirrels establishing and spread within the study area. Locations highlighted 

in Chapter 3 (Figures 3.20 and 3.21), are strategic locations for future monitoring and control 

(if necessary) of invading grey squirrels.  

Simberloff et al. (2013) detailed the management of invasive species against a timeline since 

introduction to outline optimal management strategies. A key to successfully managing 

invasive species populations is early intervention. An early warning system and rapid 

response to new incursions is a vital element in preventing species from becoming 

established (Genovesi, 2005). Genovesi and Shine (2004) developed a strategy for managing 

invasive alien species in Europe, and the main points were summarised in the review on 

successful eradications in Europe by Genovesi (2005). Public awareness and education, 

encouraging public participation, establishing early warning systems in key areas, and 

adequate funding are all key elements for a successful strategy (Genovesi, 2005). Currently 

in the Republic of Ireland grey squirrel control programmes have been undertaken on an ad 

hoc basis, with no national policy for control the species. In 2011 and 2012 the National 

Association of Regional Game Councils (NARGC) ran a bounty scheme on grey squirrels, 

where on return of grey squirrel tails, gun clubs were awarded €3. Grey squirrels culled over 

the two years amounted to 3,243 (1568 for 2011 and 1675 for 2012) for all of the Republic 

of Ireland (David Scallan NARGC, personal communication). It is difficult to ascertain the 

impacts that such removals have had on the grey squirrel populations. However, given that 

the estimated grey squirrel population in Ireland is 300,000 (Carey and Hamilton, 2008), this 
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culling effort represents an annual removal of less than 1% of the population. Although there 

may be a temporary impact at a local level (e.g. Lawton and Rochford (2007)), the effects of 

such control measures will be negligible at a regional and national scale. Schuchert et al. 

(2014) in reviewing research attributed the lack of success in control to dispersal and re-

colonisation of sites. The time taken for re-colonisation was a function of woodland isolation 

and took between 1 and 3 months. In a retrospective review of culling efforts for removal of 

grey squirrels on the island of Anglesey in Wales, Schuchert et al. (2014) acknowledged that 

a systematic, co-ordinated and regional approach is required for effective management. 

Therefore the systematic monitoring and control (if required) of the pinch points identified 

in Chapter 3 should ensure success in excluding grey squirrels from the west of Ireland. A 

proactive approach to grey squirrel management will be beneficial and more economic than 

trying to remove populations once established (Simberloff et al., 2013). 

Having determined the sites where management should be focused, to ensure long term 

success in excluding grey squirrels from the west of Ireland a number of other requirements 

are now described. Firstly any monitoring strategy needs to be co-ordinated and maintained. 

It will also require co-operation from various stakeholders e.g. woodland owners, forestry 

managers, guns clubs and game councils, and species conservation bodies. Public support 

and awareness is also an important factor in invasive species control efforts, and lack of such 

support will lead to failure of eradication efforts as demonstrated in Genovesi’s (2005) 

review.  In Britain, one of the key features in the successful eradication of coypus (Myocastor 

coypus) was the close links between research and eradication programmes (Baker, 2006). 

Setting out objectives and targets, and implementing best practices in monitoring and survey 

techniques will be imperative for success. In the bounty scheme described earlier valuable 

information was gathered but it was not made available, so accurate assessment of the 

scheme could not be undertaken. Details including numbers of tails, date and method of 

capture, sex and length of animal, as well as location of capture were collected. This data 

could be useful for researchers in assessing effectiveness of control at a local and regional 

level. Such assessments could also help determine the most effective methods for control. 

The type and unit effort of various control measures, together with the number of squirrels 

removed annually by region should be audited, in order to investigate their efficacy and 

impact on grey squirrel populations. The locations of dispatched animals will provide useful 

information for up-to-date distribution surveys. Dispatched animals will also provide samples 

for further research on the invasive grey squirrel in Ireland. Schuchert et al. (2014) 

highlighted the uniqueness in the grey squirrel control efforts in Anglesey, where the spatial 



Chapter Seven General Discussion 

 

203 
 

trapping effort was collected, and this allowed for an overall assessment of the programme’s 

success. Another important aspect of control and eradication of invasive species is adequate 

funding. There was no bounty in place for grey squirrels in the past couple of years in Ireland. 

Although grey squirrels were still culled as part of an overall predator and “vermin” control 

competition in gun clubs, which was overseen by the NARGC, the number of animals 

dispatched was halved. In 2013 a total of 794 grey squirrels were culled and 851 in 2014 

(David Scallan, NARGC, personal communication). It is unclear whether the removal of the 

bounty was a factor in the halving of grey squirrel returns, or if low grey squirrel numbers 

were the cause. Nonetheless, the lack of a monetary rewards will have had a bearing on 

control efforts. 

A proactive approach for management of invasive species is the most effective strategy i.e. 

through prevention and early detection. Once an invasive species is established, the costs 

incurred will be higher as a result of possible damage caused by the species itself, as well as 

the associated costs in any eradication attempts (Simberloff et al., 2013). In recent research 

in Ireland, Goldstein (2014) used a spatially explicit population model to examine the spread 

of grey squirrel in the south west. The study revealed that in the absence of uncoordinated 

control programmes, grey squirrels are anticipated to continue their spread further 

southwards. Given the availability of suitable habitat and dispersal routes in the west of 

Ireland, the potential for grey squirrels to extend their range beyond the river Shannon 

cannot be ignored. In the areas of likely invasion, both conservation and forestry managers, 

will need to take into account future grey squirrel management strategies and the associated 

costs of control.  

7.4 Strategy for future red squirrel conservation in Ireland 

Despite a dramatic decline in red squirrels in other parts of Ireland, the same trend has not 

been observed in the west of Ireland, which is associated with the absence of grey squirrels 

and increase in forest cover in the last 100 years. The retraction of grey squirrels from an 

extensive area in the Irish midlands (Chapter 2), and the return of red squirrels to some of 

these areas is an encouraging development for the future of red squirrel conservation in 

Ireland. It has also removed the immediate threat of grey squirrel expansion further 

westwards. The number of reports of reds to the west of the river Shannon have increased, 

as well as the appearance of squirrels in areas where they were not previously known to have 

occurred (Chapter 2). In the west, red squirrels occupy highly fragmented woodlands 

patches, and the majority of their populations are to be found in commercial conifer 

plantations, which is the most widespread forest cover within the region (Chapter 6, Figure 
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6.2). These forests, for the most part, are managed under clearfell forestry systems, and once 

stands reach maturity they are removed (Ní Dhubháin, 2003). Although the most recent 

distribution survey shows indications that the fate of the red squirrel has improved, grey 

squirrels are still spreading in parts of the northwest, southwest and southeast (Lawton et 

al., 2015). Grey squirrels, in extending their range in each of these directions, will potentially 

undermine red squirrel populations in the regions and leave woodland plantations prone to 

bark stripping damage (Carey, 2015). Therefore, it is imperative that the red squirrel refuge 

to the west of Ireland is maintained and enhanced, to ensure the long term viability of red 

squirrel conservation in Ireland.  

A review of current forest management documentation shows that in the Republic of Ireland 

there is no nationwide strategy for management of forestry in relation to the red squirrel 

conservation. The new Forestry Programme 2014-2020 (Forest Service, 2014) states that 

forestry practises should adhere to Sustainable Forestry Management (SFM), and a number 

of documents are referred to, which relate to forestry standards, recommended practises 

and environmental guidelines (Forest Service, 2000c; Forest Service, 2000a; Forest Service, 

2000b). These documents make mention of red squirrels and/or woodland 

biodiversity/specialists but there are no suggested procedures outlined for how red squirrels 

can be protected or conserved. For example, the Code of Best Practise (Forest Service, 

2000b) only states that native red squirrels should be encouraged. The most recent forestry 

legislation (Forest Act, 2013) integrates biodiversity conservation into forest management, 

by aiming to promote and encourage the development of forests for the purposes of 

biodiversity, and states that the environment, habitats and biodiversity should be protected. 

Nonetheless, there are no guidelines in place to advise forestry managers on how to take red 

squirrels into account in the forest development process. The Forestry Biodiversity 

Guidelines (Forest Service, 2000c) advise the incorporation of biodiversity considerations 

into initial site developments and all forestry activities thereafter, and throughout the 

lifecycle of the forest. A general outline is given on how this is to be undertaken for 

biodiversity, but it lacks detail when it comes to species specific considerations and 

requirements. These latest forestry plans and guidelines are deficient in any constructive 

material on how forest managers can conserve red squirrels. As a whole, there is a more 

reactive approach to red squirrel conservation when it comes to forestry management in 

Ireland. This became apparent in discussions with some members of the public during the 

distribution survey (Chapter 2). Individuals had taken it upon themselves to engage with 

forest managers with regards to retention to tree stands for local red squirrel populations, 
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when clear felling and other forestry operations were planned. This ad hoc approach to 

conservation and management, involving local community group pressure and the goodwill 

of local forest managers, may be suitable in the short term for considering red squirrel 

requirements at specific locations, but this isn’t appropriate as a long term solution.  

Incorporating reds squirrels into a broad-scale forest planning strategy is integral to the 

future conservation of the species in Ireland, given the threats from habitat fragmentation 

and the non-native grey squirrel. Identification of sites for investing conservation efforts 

requires the removal of any subjectivity. The best sites in terms of habitat quality and ability 

to support viable red squirrel populations need to be selected. These sites (i.e. management 

units) have been identified in the analysis undertaken in Chapter 6. A finer resolution 

examination of individual management units in terms of tree species mix and forest 

management approach is now required. Various management recommendations have 

already been established for conserving red squirrels (e.g. Gurnell and Pepper (1993); Lurz 

et al. (1998); Pepper and Patterson (1998)). These recommendations include advice on 

woodland size, tree species composition, age structure, and minimising the potential for grey 

squirrel competition. All of this needs to be taken into account in devising a management 

plan for red squirrel conservation in the west of Ireland. The publication in 2008 of the All-

Ireland Species Action Plan for Red Squirrels (NPWS and EHS, 2008) was welcomed, where a 

number of targets and proposed actions were outlined to ensure the conservation of red 

squirrels on the island of Ireland. This is only one of the few all-Ireland action plans which 

has been devised, but much of the work implemented following its publication has only taken 

place in Northern Ireland. Much of the work on red squirrels undertaken in the Republic of 

Ireland has been research based e.g. efficacy of translocation as a conservation tool (Poole 

and Lawton, 2009; Waters and Lawton, 2011). The results of the current study provide a 

strong framework for the proactive management of red squirrel populations in Ireland e.g. 

results from the landscape connectivity assessment undertaken in Chapter 6. The red 

squirrel population study (Chapter 4) has also highlighted the importance of Continuous 

Cover Forestry (CCF) as a management system. The mixed tree species available to squirrels 

in the woodland meant that a poor seed crop did not affect squirrel body condition, breeding 

rates or population densities, which compared well to other population studies. A continuous 

canopy is advantageous to a woodland specialists such as the red squirrel. A recent study in 

Scotland found that red squirrel foraging was positively associated with a closed canopy and 

higher tree densities (Flaherty et al., 2012). The authors of the Scottish study suggested that 
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the results indicate the limited suitability for red squirrels of open and late stage thinned 

forests, which again demonstrates the benefits of CCF.  

There are some caveats in the development of a well-connected network of high quality 

woodlands for red squirrels. Any regional landscape strategy will need careful planning and 

consideration of the management recommendations referred to earlier, particularly in 

reconciling the paradox that good red squirrel habitat is also potentially good for grey 

squirrels. Research in relation to habitat association and selection indicates differences 

between red and grey squirrels. Two broad approaches to regional forest management 

should be considered. The first of which involves maintaining a geographic contrast in 

between the buffer zone i.e. midlands from where greys have disappeared, and the west of 

Ireland. The establishment of extensive areas of forestry in the Irish midlands should be 

avoided if possible. New forestry plantations in this region should limit the use of tree species 

favourable to grey squirrels e.g. oaks. The use of CCF as a management approach should also 

be avoided in the buffer zone as this will increase habitat quality. The seed crop assessment 

at Curragh Chase Forest Park (Chapter 4) shows that CCF can facilitate high abundances and 

densities of squirrels, even in years with a poor seed crop. The second approach is 

maximising interspecific differences in habitat preference when in developing planting 

regimes. This approach will ensure the long term viability of red squirrel populations, and 

discourage grey squirrels (O'Teangana et al., 2000). Variation in habitat preferences was 

highlighted in the SDM in the current study (Chapters 3 and 6), which conform with results 

of a study conducted in Northern Ireland by O'Teangana et al. (2000). Red squirrels have a 

stronger association with coniferous woodlands, whereas grey squirrels had a stronger 

association with broadleaves. Several studies support this phenomenon. Wauters et al. 

(2002) conducted research investigating resource partitioning in red and grey squirrels in 

high quality mixed broadleaf woodlands in north Italy. The study showed that red squirrels 

were unable to avoid competition for food and space where grey squirrels were only at 

moderate densities in mixed broadleaf woodlands. Bryce et al. (2002) identified differences 

in habitat selection of red and grey squirrels; reds utilised conifers more frequently whereas 

grey selected patches of mixed woodlands. Although grey squirrel may not favour conifers, 

they can persist in coniferous habitats, but only if there is adequate broadleaf woodland 

nearby (Gurnell, 1987; Kenward et al., 1998). For red squirrels mixed coniferous species 

should be prioritised e.g. Norway spruce and Scots pine (Bryce et al., 2005), as well as 

inclusion of hazel to ensure a better quality food supply (Kenward et al., 1998).  In order to 

discourage grey squirrels, large seeded trees that may promote high densities should be 
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avoided e.g. beech, oak and sweet chestnut (Castanea sativa) (Gurnell and Pepper, 1993). 

Although hazel produces large seeds, it is recommended for inclusion in woodlands focusing 

on red squirrel conservation, as it is proven to be an extremely beneficial food source. A 

study comparing red and grey squirrel demographics in response to different habitat types 

highlighted the value of hazel to red squirrels. High densities in red squirrels were positively 

correlated with the size of the hazel nut crop, but this relationship was not observed in grey 

squirrel populations (Kenward et al., 1998). For grey squirrels, oak in particular should be 

avoided, as the autumn acorn crop is highly correlated with population densities; Kenward 

et al. (1998) also found that the presence of oak in favouring grey squirrels, put red squirrels 

at a competitive disadvantage. Careful consideration in tree species selection will also play 

an important role in forestry production costs. From a forestry productivity and costs 

perspective, it is in the forest managers’ interests to take into account damage vulnerable 

tree species in planting regimes, as well as trees that may facilitate grey squirrel expansion. 

The costs incurred as a result of squirrel damage are sizeable, and estimates were quantified 

in the recent publication by Kelly et al. (2013); the estimated cost of bark stripping damage 

to forestry in Ireland is over €0.8 million per annum.  Planting of extensive areas of trees 

favourable for grey squirrels could facilitate their dispersal, widening the range of grey 

squirrel distribution in Ireland, and jeopardising future incomes by increasing the probability 

of damage to vulnerable tree plantations. It is vital that plans for future extensive areas of 

tree planting be carried out with reference to the routes of invasion highlighted in Chapter 

3.  With increases in forest cover planned for Ireland, planting regimes need to be strategic 

and consider both economics and biodiversity as a whole. 
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