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Background 

Grey squirrels were introduced to a single location in the Irish midlands in 1911. Since that time they 

spread to cover the eastern half of the island of Ireland. The establishment of grey squirrel populations 

has resulted in the displacement of native red squirrel populations due to competition, and economic 

losses to the forestry industry due to bark stripping damage to trees. As grey squirrels have now 

established in much of Northern Ireland, it will be necessary to control populations to ensure future 

red squirrel conservation and to limit damage to forestry. Identifying favourable landscape and 

potential dispersal routes will allow for the most feasible and effective strategy for controlling grey 

squirrel populations. Grey squirrel control has been successful in other parts of the UK, demonstrated 

in the recent successful eradication on Anglesey Island in Wales (Schuchert et al., 2014).  

Study area  

The study area consisted of the six counties of Northern Ireland and the five bordering counties of the 

Republic of Ireland (counties Donegal, Cavan, Leitrim, Monaghan, and Louth) for the first phase of the 

project. The projects second phase involves the selection of suitable eradication and/or control zones 

from within the study area. The selection of the zone(s) arose from the results of analysis undertaken 

in the first phase, as detailed in the Methods section.  

Aims 

The aim of the project was to select a zone (or zones) for grey squirrel control, successful eradication 

and maintenance thereof. To achieve this a number of objectives were set out: 

i) To create a landscape suitability map for the study area, so as to highlight areas of low 

and high favourability for grey squirrels, 

ii) To select a suitable eradication zone(s) (and possibly control zones) based on the 

predicted grey squirrel suitability map, 

iii) To identify key management sites within the selected eradication/control zone(s) that are 

important in terms of landscape connectivity, and  

iv) To create a connectivity network within the eradication/control zone(s) to identify the 

most likely routes of reinvasion.  
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Preamble 

Creating a habitat suitable map for the study area will highlight favourable and less favourable sites 

for grey squirrels, which will be important in attempts to manage populations. It will enable the 

identification of key areas in which grey squirrels can be effectively eradicated and areas that can be 

subsequently maintained as grey squirrel free. The habitat suitability map will be derived from a 

species distribution model (SDM), which will predict the best sites in the study area for grey squirrels, 

based on current species distribution and habitat/environmental variables. The SDM may also 

highlight possible barriers in the landscape, which may be impeding grey squirrel movements. This 

information will be important in identifying areas potentially defendable from grey squirrel 

infiltration.   

The SDM output can be used to generate a cost (resistance) surface for grey squirrel movements and 

dispersal through the landscape. Favourable sites will be less costly for grey squirrel movements 

compared to less favourable areas which be more difficult i.e. more costly. This cost surface can be 

used to develop a least cost connectivity network, which will highlight grey squirrel dispersal pathways 

and corridors. This information will be vital in setting up a strategic plan for grey squirrel control 

and/or eradication efforts; providing information on sites for future monitoring and control of grey 

squirrels where necessary. This connectivity network will also highlight regions that can be effectively 

safeguarded against grey squirrel incursions, which will inform future red squirrel conservation efforts.  

A finer resolution assessment of landscape connectivity within the selected eradication/control zones 

will identify least cost pathways between individual woodland patches. It can also help identify 

possible weak points in landscape barriers, where monitoring efforts should be directed. Habitat 

connectivity within these zones will also be examined by quantifying the importance of individual 

woodlands in terms of potential grey squirrel population size and their position within the landscape. 

Monitoring and control of grey squirrels in the sites identified will permit a more strategic plan for 

eradicating and management of grey squirrel populations within the selected zones 
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Methods 

The study was undertaken in two phases. The first phase involved the creation of a grey squirrel 

suitability map for the study area. This initial phase directed decisions on the selection of eradication 

and control zones. The second phase of the project involved finer resolution landscape and habitat 

connectivity within the selected eradication and control zones. 

Phase 1 – Grey squirrel landscape favourability  

A species distribution model (SDM) was used to create a landscape suitability map for grey squirrels 

in the study area. A SDM predicts the probability of presence for a species within a given area, based 

on a relationship between the species occurrence and the environmental characteristics of the sites 

where the species has been recorded (Franklin, 2009). The program selected to produce the SDM was 

MaxEnt (version 3.3.3k), which requires presence-only data and therefore excludes potentially 

unreliable absence data (Phillips et al., 2004, Phillips et al., 2006, Elith et al., 2011). Grey squirrel 

occurrence records for the study area were acquired from the most recent all-Ireland squirrel survey 

(Lawton et al., 2015) and Northern Ireland’s Centre for Environmental Data and Recording (CEDaR). 

Environmental characteristics used in the model included habitat/landscape types and altitude. 

Habitat and landscape types were derived from the Landcover Map 2007 (LCM2007) for Northern 

Ireland (Morton et al., 2011), and from the Landcover and Habitat Map for the Republic of Ireland 

(Fealy et al., 2009). Forest cover data was acquired for Northern Ireland from the Forest Service of the 

Department of Agriculture and Rural Development, and for the Republic of Ireland the Forest07 

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

Data on altitude was downloaded from WorldClim (http://worldclim.org) (Hijmans et al., 2005). 

Occurrence records and environmental variables were prepared in ArcMap 10.2 (ESRI) at a 100m 

resolution.  The default settings of the MaxEnt algorithm were retained except for the maximum 

iterations (increased from 500 to 5000, which allows for the model to have adequate time for 

convergence, counteracting 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=255) for training and 30% (n=108) for 

testing. A bias file was also utilised and background samples for the model evaluation were only 

selected from the region within the study area where grey squirrels currently occur. Preliminary 

analyses was undertaken before running the final model. The final model was an average of 10 

replicates and the results are presented as a probability of presence surface with each 100m cell given 

a score from 1 (high probability) to 0 (low/no probability). The probability of presence is an index of 

grey squirrel landscape favourability. A number of regions across the study area were considered as 

potential eradication and control zones. The regions considered are those in which red squirrel 
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conservation groups are currently established. These regions included the Glens of Antrim, West 

Tyrone, Northwest (Derry), Tollymore, Fermanagh, Ards Peninsula and the Ring of Gullion. Potential 

eradication and control zones were selected following examination of the SDM outputs, current grey 

squirrel occurrence records, availability of natural landscape barriers and the proportion of favourable 

landscape.  

To identify dispersal corridors into the potential eradication zones(s), connectivity analysis was 

undertaken using a species connectivity and corridor identification tool called Universal Corridor 

Network Simulator (UNICOR) Version 2.0 (Landguth et al., 2012). UNICOR calculates least cost paths 

(LCPs) between multiple points (nodes) in the landscape (resistance surface). In this study the point 

locations represented grey squirrel occurrence records (as used in MaxEnt). Each cell in the resistance 

surface corresponds to the cost of movement across each location (cell). This surface was derived from 

the SDM by applying the reciprocal function (cubed) to the probability of presence scores, with the 

exception of a probability of presence of below 0.1 where a resistance score of 100,000 was applied. 

Phase 2 – Landscape and habitat connectivity analysis in proposed eradication and control zones  

The potential eradication/control zones were examined and refined in consultation with the Northern 

Ireland Environment Agency (NIEA) and red squirrel conservation groups within the designated zones. 

The boundaries of the proposed control zones incorporated urban areas and sites where red squirrels 

are currently vulnerable to grey squirrel incursions. Grey squirrel control is currently being undertaken 

within these zones and managers are able to prevent grey squirrel establishing despite continued 

incursions. The identification of strategic locations for more effective management will complement 

the work already being undertaken by red squirrel conservation groups. The proposed eradication 

zone included urban areas, sites where grey squirrels have established and are directly threatening 

remnant red squirrel populations, and sites potentially defendable against future grey squirrel 

incursion. 

Landscape connectivity was conducted within the proposed eradication/control zones. A cost surface 

was created by applying resistance scores to the LCM2007 dataset (Table 1). Class M and A roads (OSNI 

road network), field boundaries (DARD), and waterbodies (OSNI) were also incorporated into the cost 

surface, and the assigned resistance scores are outlined in Table 1. The cost surface was prepared in 

ArcMap 10.2 (ESRI) at a 25m resolution. Forest patches within 25 metres were merged and the area 

calculated for each forest type. The potential grey squirrel population for forest patches was 

calculated using the densities for different forest types derived from studies of established grey 

squirrel populations undertaken in Ireland (Goldstein et al., 2015). The following grey squirrel 

densities were used; broadleaf 2.24 ha-1, conifer 0.95 ha-1, and mixed 1.7 ha-1. 
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The UNICOR tool was used to find the LCPs between the centroids of forest patches that could support 

≥1 grey squirrel, highlighting connectivity between suitable habitat patches within the relevant zones, 

at a finer resolution than the previous analysis. In addition to the least cost pathways, the line kernel 

density tool in ArcMap 10.2 (ESRI) was used to highlight bottlenecks in least cost pathways between 

woodland patches i.e. locations of high connectivity. A search radius of 400m was used in the kernel 

density processing. 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 (Zollner, 2000, Mech & Zollner, 2002, 

Goheen et al., 2003). A second tool called Conefor (version 2.6) was used to categorise the importance 

of forest patches in terms of their importance in both numbers of grey squirrels and their contribution 

to landscape connectivity (Saura & Torné, 2009). Conefor requires two inputs for analysis, a node file 

and a connection file. Both of these Conefor input files were prepared using the MatrixGreen tool in 

ArcMap 10.2 (ESRI) (Bodin & Zetterberg, 2010). The node file consisted of forest patches supporting 

potentially ≥1 grey squirrel ha-1; the potential grey squirrel population for each forest patch was used 

as the attribute in connectivity analysis. The distance file contained LCPs between each of the forest 

patches up to a maximum dispersal distance of 2,000m. By increasing the dispersal distance used in 

this analysis, it allowed for the grouping of woodland patches into a single management unit, within a 

reachable distance for grey squirrels. 2000m was selected following observed daily movements of grey 

squirrels in a ranging behaviour study (Bryce et al., 2005). Conefor calculates a number of connectivity 

metrics, and for this analysis the patch dIIC value was used; the dIIC is a measure of each patches 

contribution to overall habitat connectivity.  
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Table 1 Habitat types, landscape structures and grey squirrel habitat classes, and their ascribed 
resistance scores, utilised in the creation of the eradication/control zones cost surfaces. 
 

Habitat Type 
(LCM2007 Class) 

Grey squirrel 
habitat class 

UNICOR resistance 
scores (with field 
boundaries present*) 

Conefor resistance 
ranksᵝ (with field 
boundaries present) 

Broadleaved & 
Coniferous woodland 

Suitable 1 (1) 1 (1) 

Suburban Limited 
suitability 

5 (5) 2 (2) 

Urban, Arable and 
horticulture, 
Grasslands (except 
Heather grassland) 

Unsuitable 125 (25) 4 (3) 

Fen, marsh and 
swamp, Heather & 
Heather grassland, 
Montane habitats & 
Bog, Inland rock 

Avoided 1,000 (900) 6 (5) 

Saltwater & 
Freshwater, Supra-
littoral rock & 
sediment, Littoral rock 
& sediment, Saltmarsh 

Barrier 100,000 (99,900) 100,000 (99,900) 

Other landscape 
structures 

Grey squirrel 
habitat class 

UNICOR resistance 
scores (with field 
boundaries present*) 

Conefor resistance 
ranks (with field 
boundaries present) 

Roads Avoided 1000 (900) 6 (5) 

Open water (i.e. large 
rivers and lakes) 

Barriers 100,000 100,000 

 Bridge (over 
open water) 

1,000 6 

* Field boundaries important for dispersal – resistance scores ≥125 subtract 100 from score 
ᵝ Ranks used in creating the Conefor resistance surface reflected the range of resistance scores used in 
creation of the  UNICOR resistance surface up to barrier ‘barrier’ habitat class 
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Grey Squirrel Landscape Favourability - Species Distribution Model (SDM) 

Preliminary analysis of the SDM model showed that model performed well in terms of accuracy and 

predictive powers. The two metrics examined were the area under the curve (AUC) and true skill 

statistic (TSS). The AUC is a measure of model performance (i.e. correctly identified presences and 

absences) with scores ranging from 0 to 1. Scores below 0.5 are indicative of a low performance model 

(see Phillips et al. (2004) for more details). The AUC for the SDM in the preliminary analysis was 0.811 

(± 0.023 standard deviation) indicating the high predictive powers of the model. TSS is a measure of 

overall accuracy of presence-absence predictions and takes into account 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 TSS for preliminary analysis was 0.387 suggesting that the model was sufficiently accurate.  

The AUC score for the final model, an average of 10 replicates, was 0.814 (±0.022 standard deviation), 

which indicates that grey squirrel presence was correctly predicted in 81.4% of cases. Grey squirrel 

occurrences were positively associated with forested and suburban landscapes as expected. 

Occurrences were negatively associated with increases in altitude and landscapes dominated by 

peatlands, wetlands, grasslands and waterbodies. 
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Selection of Eradication and Control Zones 

Two potential zones for grey squirrel control and eradication were selected based on the SDM output 

(Figure 2). The utilisation of natural barriers in the landscape such as the coastline and high elevation 

sites were the main criteria for the selection of these zones. Regions within the study area with a high 

proportion of area favourable to grey squirrels e.g. Ards peninsula were not selected as suitable 

eradication/control zones given the difficulty of defending sites against future incursions. In addition, 

zones were not designated in regions with a lack of landscape barriers such as the coast and mountains 

e.g. Fermanagh. Figures 3a and 3b illustrate the negative association between increasing altitude and 

grey squirrel landscape favourability. Favourable grey squirrel landscape was mostly confined to 

coastal areas, and with regards to the Glens of Antrim in isolated pockets within the higher elevation 

areas (Figure 3a). The Glens of Antrim zone was comprised of an area of 1413.77 km2 and the 

Mournes-Cooley zone was 1492.07 km2.  Target regions within these potential eradication zones were 

selected as the focus for future phases of the project, based on existing grey squirrel populations, 

potential for red squirrel conservation and logistics.  These are illustrated in Figures 3a and 3b. 

The Glens of Antrim regions contains two control zones (Figure 3a); a zone to the west encompassing 

an area from Ballymena to the west to Cleggan Forest in the east (referred to as ‘Ballymena’ from 

hereinafter) comprised of 203.78 km2, and a coastal zone to the east extending from Glenarm in the 

north and southwards to Ballygally and Larne (referred to as ‘Larne’ from hereinafter) comprised of 

183.01 km2. The Mournes-Cooley eradication zone (referred to as ‘Mournes’ from hereinafter) is 

comprised on 456.98 km2 and extends from Newry in the west, encompassing the Mourne Mountains 

and eastwards towards Newcastle. 
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Figure 2 Location of potential eradication zones in relation to the study area (a) Glens of Antrim and 

(b) Mournes-Cooley 
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Landscape Connectivity Analysis 

The results of the UNICOR connectivity analysis (coarse resolution – 100m) are shown in Figure 4, in 

which the main dispersal corridors between current grey squirrel occurrences are illustrated. These 

dispersal corridors highlight the most likely routes of grey squirrel movements within the control and 

eradication zones. They also show the most likely routes of grey squirrel incursion into the 

control/eradication zones.  

 
(a) 

 
(b) 

 
Figure 4 Landscape resistance surfaces with least cost corridors (100m resolution) created in UNICOR 
using a Gaussian kernel density buffer from the path density of pairwise connections into (a) the Glens 
of Antrim control zones and (b) the Mournes-Cooley eradication zone  
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Control and Eradication Zone Connectivity Analysis 

The results of the finer resolution (25 m) UNICOR connectivity analysis within each of the zones are 

presented in Figures 5, 6, and 7. In this analysis the least cost pathways have been calculated between 

the centroids of each woodland patches (Figures 5a, 6a, and 7a). The line kernel density tool in ArcMap 

10.2 (ESRI) has been used to highlight bottlenecks in least cost pathways between woodland patches. 

These bottlenecks are illustrated in Figures 5b, 5b, and 5b.  
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Ballymena Control Zone 

 
(a) 

 
(b) 

 

Figure 5 Model showing results of the landscape connectivity undertaken in UNICOR for Ballymena 

control zone. (a) Illustrates the landscape resistance surface with least cost pathways for grey squirrel 

movements between woodland patch centroids,  (b) Highlights areas of high connectivity following 

the application of a 400m kernel density set on the network of least cost pathways created by UNICOR  
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Larne Control Zone 

  

 
Figure 6 Model showing results of the 
landscape connectivity undertaken in 
UNICOR for Larne control zone. (a) 
Illustrates the landscape resistance 
surface with least cost pathways for grey 
squirrel movements between woodland 
patch centroids,  (b) Highlights areas of 
high connectivity following the 
application of a 400m kernel density set 
on the network of least cost pathways 
created by UNICOR 
  

 (a) 

 
(b)  
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Mournes Eradication Zone 

 
(a) 

 
(b) 

 

Figure 7 Model showing results of the landscape connectivity undertaken in UNICOR for the Mournes 

eradication zone. (a) Illustrates the landscape resistance surface with least cost pathways for grey 

squirrel movements between woodland patch centroids,  (b) Highlights areas of high connectivity 

following the application of a 400m kernel density set on the network of least cost pathways created 

by UNICOR  
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Priority woodlands for grey squirrel management 

The results of the landscape connectivity of the forested habitats within each of the zones are 

presented in Table 2. The connectivity metrics calculated using Conefor include the number of habitat 

patches (nodes), number of links (connections between habitat patches), number of connected 

patches (components), and an overall index of habitat connectivity (Integral Index of Connectivity - 

IIC). Landscapes with less habitat fragmentation (i.e. more connected) have fewer nodes, more links, 

fewer components and higher IIC values (scores range from 0 to 1, a score of 1 is a landscape with 

100% habitat connectivity). 

Table 2 Landscape connectivity metrics calculated using Conefor (‘nodes’ - habitat patches, ‘ links’ - 

connections between nodes, ‘components’ - connected nodes, ‘IIC’ – index of landscape connectivity) 

 Control Zones Eradication Zone 

Connectivity Metrics Ballymena  Larne Mournes 

Nodes 141 92 176 

Links 193 105 154 

Components 27 27 59 

IIC 5.745x10-4 4.664x10-4 1.579x10-4 

The importance of individual woodland patches have been quantified in terms of their importance for 

landscape connectivity and the potential grey squirrel population supported within the patches, for 

both the control zones and eradication zone (Figure 8). In Ballymena there are two priority woodlands 

(Cleggan Forest and adjacent woodland), which are within the same component comprised of mostly 

coniferous woodland (1059 ha). Broadleaf (61 ha) and mixed (32 ha) woodland are also present. Based 

on the available habitat, this component could potentially support a population of 1,197 grey squirrels. 

In Larne there are 7 priority woodlands within 5 components with a potential population of 1,773 grey 

squirrels (Figure 9a). In the Mournes eradication zone there are 8 priority woodlands within 6 

components with a potential population of 2,536 grey squirrels (Figure 9b). The details of each of the 

components in the Larne control zone and Mournes eradication zone are shown in Table 3, and include 

the amount of available habitat and the potential grey squirrel populations. The potential number of 

red squirrels that could be supported in each of the components has also been calculated. The 

following red squirrel densities for the three different woodland types have been used in calculating 

these potential population sizes – coniferous 0.44 ha-1 (Reilly, 1997), mixed 0.87 ha-1 (Flaherty, 2015), 

and broadleaf  ha-1 (Sheehy, 2013) (maximum red squirrel density in quoted density ranges in Irish red 

squirrel population studies). The single component in Ballymena could support a total of 543 red 

squirrels. Potential red squirrel populations for each of the components in the other two zones are 

detailed in Table 3.  
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Figure 8 Quantification of 
woodland patch (node) 
importance in terms of their 
contribution to habitat 
connectivity (dIIC*) for each of 
the control/eradication zones. 
Links represent least cost 
distances (maximum 2000 
metres) between nodes. Linked 
nodes are a single management 
unit (component) 
 

(a) Ballymena control zone 

 
(b) Larne control zone 

 
(c) Mournes eradication zone 
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Figure 9 Priority 
management units 
for each of the 
Larne  control zone 
and the Mournes 
eradication zone 
(see Table 3 for 
component details) 
 

(a) Larne control zone 

 
(b) Mournes eradication zone 
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Table 3 Details of priority management units for the Ballymena and Larne control zones and 

Mournes eradication zone as shown in Figures 8 and 9 

Ballymena Control Zone 
   Estimated potential 

population size 

Management 
Unit 

Site name 
Available 
habitat 

(ha) 

Broadleaf 
(ha) 

Conifer 
(ha) 

Mixed 
(ha) 

Grey 
squirrel 

Red 
squirrel 

 
Cleggan 
Forest 

 61 1059 32 1197 543 

Larne Control Zone 
   Estimated potential 

population size 

Management 
Unit 

Site name 
Available 
habitat 

(ha) 

Broadleaf 
(ha) 

Conifer 
(ha) 

Mixed 
(ha) 

Grey 
squirrel 

Red 
squirrel 

1. Glenarm 317 176 122 19 609 221 

2. Ballygalley 63 41 6 16 150 50 

3. Capanagh 309 15 294 0 310 142 

4. (North of) 
Kilwaughter 

23 22 1 0 159 19 

5. Ballyboley 589 16 537 36 545 277 

Mournes Eradication Zone 
   Estimated potential 

population size 

Management 
Unit 

Site name 
Available 
habitat 

(ha) 

Broadleaf 
(ha) 

Conifer 
(ha) 

Mixed 
(ha) 

Grey 
squirrel 

Red 
squirrel 

1. Fathom 135 13 102 20 161 71 

2. Narrow 
water 

177 53 88 36 264 112 

3. Rostrevor 1093 62 1007 24 1139 515 

4. Mourne 320 106 158 56 487 204 

5. Annalong 168 3 163 2 164 76 

6. Donard 287 19 239 29 321 143 
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Synthesis 

The results of the landscape favourability and habitat connectivity analysis within the control zones 

and the eradication zones will direct future grey squirrel management, however management will 

differ between the zones. In the two control zones, located in the Glens of Antrim region, the aim of 

management will be to impede grey squirrels moving into the glens from Ballymena and from Larne. 

The Glens of Antrim are the last areas in Northern Ireland in which grey squirrels are beginning to 

establish. The Glens of Antrim Red Squirrel Conservation Group are currently attempting to manage 

incursions, however the grey squirrel population is slowly building up in the region and threatening 

the important resident red squirrel populations. The results of the analysis in this study will focus the 

current grey squirrel control efforts in the woodlands along the dispersal corridors (Figures 4, 5, 6, and 

7) and woodlands important in maintenance of landscape connectivity (Figures 8 and 9). The aim of 

management in the Mournes region will be to eradicate grey squirrels. In this region red squirrel 

populations are currently under threat of extinction due to established grey squirrel populations.  

Similar to the control zones, management will involve targeting grey squirrel control at likely dispersal 

routes and priority woodlands identified in the landscape connectivity analysis.  

The coarser resolution connectivity analysis highlights the main dispersal corridors used by grey 

squirrels. Therefore grey squirrel control efforts in both the Larne and the Mournes zones will mainly 

focus control of grey squirrel movements along the coastal dispersal corridors (Figure 4). In the 

Ballymena control zone only a single dispersal corridor is shown leading from the town of Ballymena 

to the largest forested site in the zone (Cleggan), however this only reflects the least cost pathway 

between two grey squirrel occurrence records within this particular control zone (Figure 4). As it is 

possible that grey squirrels occur in other sites within all three zones (and have been under recorded), 

a more discerning approach to the finer resolution connectivity analysis is to establish pathways 

between sites with available grey squirrel habitat. This analysis was also carried out in UNICOR, where 

wooded sites that could potentially support 1 or more grey squirrels were included. The results 

highlight the network of wooded sites available to grey squirrels (Figures 5a). Many of the least cost 

pathways between the sites extend beyond the grey squirrel maximum dispersal distance (2000m) 

used in the habitat connectivity analysis. However, when the 400m radius was applied to the 

pathways, representing a possible daily movement for grey squirrels, the high connectivity within the 

region is highlighted (Figure 5b). A similar situation arises in the Larne control zone when the finer 

resolution UNICOR analysis was undertaken (Figure 6), although there is poorer landscape 

connectivity in this zone. This difference in connectivity is also reflected in the results of the Conefor 

analysis (Table 2). The IIC value, an index of habitat connectivity, is higher for Ballymena compared to 
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Larne. Nonetheless, Figures 5 and 6 demonstrate the challenges in managing grey squirrel movements 

in both control zones.   

Habitat is more fragmented in the Mournes eradication zone which is illustrated in Figure 7 and the 

IIC value, which is much lower than the index for both Ballymena and Larne (Table 2). In the coarser 

resolution connectivity analysis the main dispersal corridor identified was along the coast (Figure 4), 

with the high elevation areas (Mourne Mountains) limiting movement from the north (Figure 3b). 

However, finer resolution analysis identifies two pathways crossing the Mourne Mountains which 

could be important dispersal routes for grey squirrels. The area to the west of the Mournes eradication 

zone presents a similar landscape to that of the Ballymena control zone with regards to the network 

of wooded sites (Figure 7). However, many of the least cost pathways extend beyond the 2000m 

maximum dispersal distance used in the current study. When the areas of high connectivity were 

calculated using the kernel density tool, there appears to be lower site connectivity compared to 

Ballymena.  

Quantifying woodland importance to habitat connectivity (Figure 8) can direct the location of the most 

effective grey squirrel control strategy for the future conservation of vulnerable red squirrel 

populations. In highlighting these priority woodlands it will advise managers on the sites where control 

should be instigated. The key requirement in the control strategy is that connected woodlands within 

the landscape (components) need to be treated as a single management unit. This should lessen the 

probability of future incursions in to woodlands from which grey squirrels have been removed, a 

difficulty that oftentimes arises in grey squirrel control efforts (Lawton & Rochford, 2007). Given the 

high landscape connectivity within the control zones it will be imperative that control of wooded sites 

is implemented on a component wide basis.  

Ballymena Control Zone 

In Ballymena, grey squirrels should be removed from the high priority woodlands at Cleggan Forest 

and the adjacent sites initially. This component (ID 26, Figure 10) has the potential of supporting 543 

red squirrels, so is a very important site. As mentioned earlier, this component has the potential of 

supporting a population of over 1,000 grey squirrels; therefore it is imperative that grey squirrels are 

prevented from establishing at any of the wooded sites making up this component. To achieve this, 

monitoring and control of grey squirrels will also be necessary in the components surrounding 

Component 26 that contain the most available habitat and/or that could potentially support large grey 

squirrel populations (Components 7 and 27, Figure 10). Additionally, other components highlighted in 

Figure 10 could act as important sites as grey squirrel source populations (Components 1 and 20, 

Figure 10) and stepping stones for future grey squirrel movements and dispersal (Component 24, 
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Figure 10). All of these sites will require monitoring and grey squirrel control to curtail grey squirrel 

incursions into Cleggan Forest and surrounding woodlands, which make up Component 26 (Figure 10).  

The most complex components for grey squirrel management within the Ballymena zone will be 

Components 1 and 7. The woodlands which make up these management units extend over large areas. 

Initial control of grey squirrels in these components should be undertaken in the woodlands with the 

best quality habitat (i.e. broadleaf and mixed forests) and larger sites that are supporting the highest 

number grey squirrels.  

 

 

Figure 10 Location of the 27 components identified in the Conefor habitat connectivity analysis in the 
Ballymena control zone. Components are comprised of linked nodes i.e. habitat patches that fall 
within a maximum cost distance of 2000m (connected by the Links (LCPS – 2000m)). The light blue 
lines indicate the primary roads network (Class M and A roads). An indication of grey squirrel 
populations for the components are shown, with a breakdown of available habitat type and potential 
grey squirrel populations fully detailed in Table 4. It is important that this map is examined in 
conjunction with Table 4, as potential grey squirrel population estimates are based on woodland 
habitats and relative grey squirrel population densities (Goldstein et al., 2015). For example 
Component 26 represents a significant area within the zone, but has disproportionately less grey 
squirrels given its size; this is due to the predominance of coniferous forestry where grey squirrels are 
at lower densities   
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Table 4 Detailed breakdown of woodland types, available habitat and potential grey squirrel 
populations for the components in the Ballymena control zone 

Component 
ID 

Broadleaf 
(ha) 

Conifer 
(ha) 

Mixed 
(ha) 

Total Habitat 
Available (ha) 

Grey Squirrel 
Population 

1 21.90 16.34 24.00 62.23 105 

2 0.11 - 12.53 12.64 22 

3 3.58 1.06 0.89 5.52 11 

4 6.51 - - 6.51 15 

5 1.80 0.20 3.60 5.60 10 

6 15.74 3.00 16.49 35.23 66 

7 91.31 19.48 21.67 132.46 260 

8 - 1.23 - 1.23 1 

9 1.37 0.26 0.51 2.14 4 

10 0.52 - - 0.52 1 

11 0.91 - - 0.91 2 

12 0.59 0.04 - 0.63 1 

13 - 0.66 1.51 2.17 3 

14 0.46 - - 0.46 1 

15 11.82 0.04 - 11.86 27 

16 - 1.17 - 1.17 1 

17 0.86 - - 0.86 2 

18 8.53 0.16 - 8.70 19 

19 - 1.16 - 1.16 1 

20 12.36 13.99 0.51 26.87 42 

21 8.64 9.72 10.73 29.10 47 

22 - 1.41 - 1.41 1 

23 1.20 0.62 4.87 6.69 12 

24 5.23 2.75 0.35 8.32 15 

25 - - 0.95 0.95 2 

26* 61.30 1058.54 31.63 1151.48 1197 

27 1.50 0.78 31.57 33.85 58 

Total 256.23 1132.62 161.83 1550.68 1925 
* Priority control sites, as identified as important for habitat connectivity  

 

Larne Control Zone 

Restricting grey squirrel movements between the priority sites in the Larne control zone should be 

less complicated.  Three of the five priority components (Components 5, 16, and 24, Figure 11), in the 

west of the control zone, are situated at high elevation (Figure 3a), thus benefiting from the presence 

of a natural barrier in the landscape.  Consequently, these three components will be the most 

important sites for future red squirrel conservation in the Larne control zone. The removal of grey 

squirrels in these woodlands needs to take place with immediate effect as once populations establish, 

these three components (given the available habitat (Table 5)) could potentially support a population 
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of almost 1,500 animals. There are several records of grey squirrels in the forest at Glenarm 

(Component 24, Figure 11), therefore control efforts at this site are required to restrict grey squirrel 

movements southwards. As well as being a possible sink for dispersing grey squirrels, Glenarm could 

act as a source population for Component 16 which could in turn act as a source for Component 5. 

When the finer resolution landscape connectivity analysis is examined (Figure 6), possible weaknesses 

in the high elevation barrier leading to the high priority components in the west of the control zone 

are highlighted (Figure 6a). Component 5 (Figure 11) to the south of the control zone may be 

particularly vulnerable to incursions from the network of wooded sites to the east, particularly 

through Component 6, which could present an important stepping stone for future grey squirrel 

dispersal westwards. The main dispersal corridor into the Larne control zone (Figure 4a) follows the 

wooded coastline, therefore controlling grey squirrel movements in the coastal woodlands will be vital 

in preventing grey squirrel incursion further into the zone. Squirrel population monitoring at Glenarm 

Forest (Component 24, Figure 11) will be a priority as it offers an important gateway for future grey 

squirrel dispersal from the north, or northwards into the areas beyond the boundary of the Larne 

zone. The results of the kernel density analysis (Figure 6b) show two sites to the south of the control 

zone with very high landscape connectivity. These two locations overlap with Component 8 (Figure 

11), which is comprised of woodlands in and around Glynn and Larne. Monitoring and control of grey 

squirrels in these woodlands will be necessary in preventing grey squirrels movements further along 

the coastal dispersal corridor. Component 14 to the west of Component 8 (Figure 10), highlighted as 

a priority component in habitat connectivity (Figures 8 and 9), could present an important stepping 

stone for grey squirrel movement between the coast and the priority components to the west. 
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Figure 11 Location of the 27 components identified in the Conefor habitat connectivity analysis in the 
Larne control zone. Components are comprised of linked nodes i.e. habitat patches that fall within a 
maximum cost distance of 2000m (connected by the Links (LCPS – 2000m)). The light blue lines 
indicate the primary roads network (Class M and A roads).  An indication of grey squirrel populations 
for the components are shown, with a breakdown of available habitat type and potential grey squirrel 
populations fully detailed in Table 5. 
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Table 5 Detailed breakdown of woodland types, available habitat and potential grey squirrel 
populations for the components in the Larne control zone 

Component 
ID 

Broadleaf 
(ha) 

Conifer 
(ha) 

Mixed 
(ha) 

Total Habitat 
Available (ha) 

Grey Squirrel 
Population 

1 - 8.34 1.34 9.68 10 

2 16.47 2.50 0.36 19.33 40 

3 - - 0.59 0.59 1 

4 10.82 0.76 - 11.59 25 

5* 15.99 537.05 36.08 589.12 607 

6 12.60 4.64 0.85 18.10 34 

7 1.16 0.61 - 1.78 3 

8 92.54 8.66 15.27 116.47 241 

9 - 2.35 - 2.35 2 

10 1.18 0.26 - 1.44 3 

11 - 1.14 - 1.14 1 

12 0.62 - - 0.62 1 

13 0.70 0.86 - 1.55 2 

14* 21.50 1.13 - 22.63 49 

15 - - 3.27 3.27 6 

16* 14.79 293.94 - 308.73 312 

17 3.62 0.07 - 3.68 8 

18 - 3.42 3.51 6.93 9 

19 4.29 0.42 - 4.71 10 

20 - 5.87 7.19 13.06 18 

21 - 1.03 0.18 1.21 1 

22 13.28 1.68 - 14.95 31 

23* 40.90 6.13 16.29 63.31 125 

24* 176.16 121.88 18.68 316.72 542 

25 0.29 0.82 - 1.10 1 

26 0.71 - 0.14 0.85 2 

27 27.49 5.82 1.52 34.84 70 

Total 455.13 1009.37 105.26 1569.76 2157 
* Priority control sites, as identified as important for habitat connectivity  

 

 

Mournes Eradication Zone 

Management of grey squirrels in the Mournes zone for the eradication programme should be 

conducted in two phases. In habitat connectivity analysis, 6 priority components were identified 

(Figure 9, Table 3), all of which lie along the main coastal dispersal corridor within the eradication zone 

(Figure 4b). Given that grey squirrels are established in the eradication zone, the most feasible and 

strategic approach will be to eliminate grey squirrel populations from the most defendable priority 

components to the south of the Mourne Mountains initially (Component 2, 10, and 28, Figure 12). This 

will make best use of the natural landscape barrier presented by the higher elevation areas. The finer 
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resolution landscape connectivity analysis highlights two weak points in the mountains barrier (Figure 

7), with possible dispersal routes crossing the mountains and arriving to the north of Component 10. 

The second pathway travels via Component 25 at Moyad Road and on to Component 2 (Figures 7a 

and 12). Although Component 25 was not identified as a priority in the Conefor habitat connectivity 

analysis, it has the potential of supporting 72 grey squirrels and could be an important access point 

for grey squirrel movements over the Mourne Mountains. Therefore grey squirrels should be removed 

from this site also. Additionally the large component, to the north of Rostrevor village (ID 18, Figure 

12) to the west of Component 10, should also be managed in conjunction with Component 10. It could 

potentially support 101 grey squirrels which could be an important source population for Component 

10. Monitoring and control will also be required at Donard (Component 43, Figure 12) so as prevent 

grey squirrels moving in from Newcastle along the coastal dispersal corridor (Figure 4b). Managing 

grey squirrels in these six components initially will be the first step in eradicating grey squirrels from 

south of the Mourne Mountains and defending the area against future incursions.  

  
Figure 12 Location of the 27 components identified in the Conefor habitat connectivity analysis in the 
Mournes eradication zone. Components are comprised of linked nodes i.e. habitat patches that fall 
within a maximum cost distance of 2000m (connected by the Links (LCPS – 2000m)). The light blue 
lines indicate the primary roads network (Class M and A roads).  An indication of grey squirrel 
populations for the components are shown, with a breakdown of available habitat type and potential 
grey squirrel populations fully detailed in Table 6 
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The second phase of the eradication plan will be from the western part of the Mournes zone, which 

will prove to be very complex. Two of the priority components (ID 17 and 21, Figure 12) are located to 

the west of the zone which is surrounded by a network of wooded sites (Figure 7b). There is a wide 

area of favourable landscape to the north of these components (Figure 3b) that passes through Newry, 

which is traversed by several dispersal corridors. Completely eradicating grey squirrels from 

Components 17 and 21 will be difficult, particularly as grey squirrel control would be necessary within 

the town of Newry. Grey squirrel removal from an urban environment will be complex, involving much 

liaising with home owners for access to gardens, as well as squirrel trapping in highly visible areas to 

members of the public. Difficulties may also arise if home owners/members of the public do not agree 

with grey squirrel culls and/or prohibit access to private properties, thus rendering the town as a 

continual source of grey squirrels for the two large components to the south. In turn the components 

surrounding Newry to the west, north and east will also act as potential source populations for the 

town and the priority components. Grey squirrel control will need to be undertaken in the priority 

components, town, and the surrounding components simultaneously. Control in this part of the 

eradication zone also needs to consider the strong possibility of grey squirrel incursions from outside 

the boundaries of the designated eradication zone. 

Table 6 Detailed breakdown of woodland types, available habitat and potential grey squirrel 
populations for the components in the Mournes eradication zone 

Component 
ID 

Broadleaf 
(ha) 

Conifer 
(ha) 

Mixed 
(ha) 

Total Habitat 
Available (ha) 

Grey Squirrel 
Population 

1 0.97 - - 0.97 2 

2* 106.48 157.97 56.25 320.70 484 

3 5.71 6.55 0.24 12.51 19 

4 1.93 - - 1.93 4 

5 10.18 30.45 4.47 45.09 59 

6 6.78 1.27 - 8.05 16 

7 - 1.11 - 1.11 1 

8 1.04 3.51 - 4.54 6 

9 4.67 0.08 - 4.74 11 

10* 62.23 1007.10 23.58 1092.91 1136 

11 3.01 0.69 - 3.70 7 

12 - - 1.06 1.06 2 

13 1.54 - - 1.54 3 

14 0.94 0.29 - 1.23 2 

15 3.16 0.53 - 3.69 8 

16* 2.93 - - 2.93 7 

17 53.29 87.46 36.34 177.09 264 

18 21.16 46.33 5.80 73.29 101 
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Component 
ID 

Broadleaf 
(ha) 

Conifer 
(ha) 

Mixed 
(ha) 

Total Habitat 
Available (ha) 

Grey Squirrel 
Population 

19 1.00 1.27 - 2.27 3 

20 - - 0.66 0.66 1 

21* 13.50 101.91 19.55 134.96 160 

22 5.19 3.18 0.24 8.61 15 

23 3.13 31.12 1.16 35.42 39 

24 0.40 0.41 - 0.81 1 

25 0.25 73.23 1.32 74.79 72 

26 0.44 0.35 - 0.78 1 

27 0.32 0.62 - 0.94 1 

28* 3.37 163.20 1.90 168.46 166 

29 1.00 7.43 - 8.43 9 

30 8.93 1.57 - 10.50 22 

31 - 1.35 - 1.35 1 

32 - 3.19 - 3.19 3 

33 0.62 1.07 - 1.69 2 

34 3.81 0.43 - 4.24 9 

35 4.53 94.44 7.96 106.93 113 

36 - 0.38 1.29 1.67 3 

37 6.28 0.16 0.11 6.55 14 

38 9.66 0.23 0.89 10.78 23 

39 3.41 - - 3.41 8 

40 0.43 - - 0.43 1 

41 2.45 0.73 1.19 4.38 8 

42 - 9.78 0.50 10.28 10 

43* 18.90 239.03 29.39 287.32 319 

44 1.12 - - 1.12 3 

45 4.09 1.80 0.76 6.66 12 

46 14.45 2.17 7.08 23.71 46 

47 10.94 7.09 4.37 22.40 39 

48 - - 0.87 0.87 1 

49 0.64 0.30 - 0.94 2 

50 9.50 - 0.63 10.13 22 

51 - 7.30 - 7.30 7 

52 4.29 2.73 0.22 7.24 13 

53 0.97 - - 0.97 2 

54 1.22 0.41 - 1.63 3 

55 - - 1.44 1.44 2 

56 1.35 - - 1.35 3 

57 0.52 0.24 - 0.76 1 

58 4.02 - - 4.02 9 

59 1.60 - - 1.60 4 

Total 428.36 2100.47 209.26 2738.10 3311 

* Priority control sites, as identified as important for habitat connectivity  
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Conclusions 

In the control and eradication of grey squirrels from the three zones in this study there should be an 

emphasis initially on the removal of grey squirrels from woodlands close to or containing remnant or 

healthy red squirrel populations.  

When grey squirrel monitoring and control is being undertaken the connected habitat patches 

(components) should be treated as a single management unit.  

The likelihood of grey squirrel control in the Ballymena zone is questionable, given the presence of 

the network of highly connected wooded sites to the west, and the high probability of grey squirrel 

incursions from outside the designated control zone boundary. It may be possible to protect the 

priority component containing Cleggan Forest and surrounding woodlands, but this will require 

restricting grey squirrel incursions from the medium priority components in the surrounding area.  

In the Larne control zone, grey squirrels will need to be controlled in the woodlands along the coastal 

dispersal corridor. Regular monitoring and control of grey squirrels in woodlands along the potential 

pathways originating from the woodlands along the coast westwards. This will curtail grey squirrel 

movement into the western parts of the control zone, therefore allowing managers to focus on red 

squirrel conservation in the large components at Glenarm, Capanagh, and Ballyboley. 

Finally, a coastal dispersal corridor has also been highlighted in the Mourne eradication zone. As with 

the Larne control zone, monitoring and control of grey squirrels in woodlands along this dispersal 

route should be undertaken, primarily in the six components outlined above (Components 2, 10, 18, 

25, 28 and 43; Figure 12 and Table 6). This forests include Mourne, Rostrevor, woodland north of 

Rostrevor village, woodland at Moyad Road, Annalong and Donard. Eradication attempts in the west 

of the Mourne eradication zone will be complex, particularly due to the presence of a large urban 

settlement and the likelihood of grey squirrel incursion from outside of the eradication zone. The 

priority management units in this part of the eradication zone include Components 17 (Narrow water), 

21 (Fathom), and 35 (Camlough Mountain); control within the town of Newry will also be required 

simultaneous to any eradication efforts in these components.  
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