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Summary

The American grey squirrel {Sciurus carolinensis)  has caused many problems 
to Irish broadleaved forestry since its introduction in 1911. A survey of 
damage caused by the grey squirrel's habit of stripping bark from broadleaved 
trees was conducted, and the grey squirrel population response to attempts to 
population control was investigated. The project was conducted from 
February 1996 to October, 1999.

A questionnaire survey was carried out within a chosen study area, based 
around Co. Meath, and representative woodlands selected for a study of 
damage levels found within the woods. Trees were examined within each 
woodland and the tree species, size (measured as Diameter at Breast Height 
(DBH)) and the presence and size of any damage attributed to the grey squirrel 
recorded. Stepwise and direct multivariate statistics were used to investigate 
the damaged trees, together with standard parametric techniques. All tree 
species and sizes were found to be vulnerable to squirrel damage to some 
degree. Sycamore {Acer p s e u d o p la ta n u s )  and beech {Fagus sy lva t ica )  trees 
were damaged much more frequently and severely than other tree species. 
Tree species were grouped according to their damage vulnerability. Certain 
tree sizes, notably the smaller trees, were also attacked to a greater extent than 
other, more mature trees. Most woodland owners were aware of the problems 
caused by the grey squirrel, but many underestimated the extent of the damage, 
and few conducted organised, targetted means of grey squirrel control.

Grey squirrel populations were monitored in two woodlands and a selection of 
population estimation methods used to assess their densities. The estimations 
were combined for each month as a Combined Population Estimate (CPE). As 
many grey squirrels as possible were removed from one of the woodlands on 
five occasions, and the recovery rates of the populations monitored. The rate 
of recovery following these culls was found to be connected to the potential 
source of recolonising squirrels rather than to the degree of isolation of the 
woodland being recolonised. The population densities recovered within ten 
weeks in the case of four of the five culls.

The home ranges of surviving animals were estimated before and after two of 
the culls. The size of the home ranges varied according to the season, habitat, 
and sex of the individual. The home ranges of surviving animals, estimated 
before and after two of the culls, were found to increase while the population 
density was still reduced. The size of the core areas, areas of most intensive
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use within the individual's home range, also increased depending upon the 
size of the population density. Core areas, which unlike the home ranges were 
m ostly exclusive, moved from one position to another w ithin the original 
hom e range as the social hierarchy of the squirrel population  became 
restructured.

The culls were also found to influence other grey squirrel population  
dynamics. Breeding rates, age ratios and sex ratios all took time to return  to 
the levels present before the cull. In many cases these factors took longer to 
recover than the population densities. The dead animals removed in the cull 
were investigated to compare intrusive techniques, used to estim ate age, 
breeding status and fitness of individuals w ith non-intrusive m ethods that 
could be used on animals captured during live trapping experiments. Animal 
weight was found to be a reliable method of estimating whether an individual 
was over or under one year of age. The start of the breeding season was 
measured by the external appearance of the male squirrels' testicles, and the 
success and duration of the breeding season m easured by the presence of 
lactating nipples on the females. A body weight index, comparing animal 
weight w ith length of shin-bone, was found to correlate to the am ount of fat 
deposited on the individual's kidneys for females, but not for males. The body 
weight index was more closely correlated to the breeding status of the males 
than the kidney fat index was, indicating it was a more reliable m easure of 
male fitness.

Grey squirrel populations underwent large fluctuations throughout the study, 
increasing the population density greatly as new resources became available 
w ithin  the w oodlands. The m echanisms behind the fluctuations allow 
squirrels to recolonise areas subjected to control techniques very quickly and 
help to explain the rapid spread of the grey squirrel through Ireland.
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1 Introduction

1.1 Taxonom y of the grey squirrel

There are 1700 species w orldw ide belonging to the O rder Rodentia, m aking it 
the la rg est of all the m am m al g roups (G urnell, 1990). R odents are 
characterised  by their continuously grow ing gnaw ing  incisors, w hich  are 
reduced to a single pair on their upper and lower jaws. The order is split into 
three suborders: subo. M yom orpha, the m ouse-like rodents (1100 species); 
subo. H ystricom orpha, the porcupine-like rodents (180 species); and  subo. 
Sciurom orpha (365 species) (Gurnell, 1987). The sciurom orphs can be further 
d iv ided  into seven families, the largest of which is the family Sciuridae, which 
contains 250 species in 50 genera. The Sciuridae contains tw o subfam ilies, the 
Petauristinae, or nocturnal flying squirrels, and the Sciurinae, w hich includes 
the tree squ irre ls , g round  dw elling  squ irrels, ch ipm unks and  m arm ots 
(Gurnell, 1990). The genus Sciurus has a typical dentition of 1 0 2 3 /1  0 1 3.

The Sciuridae are found w orldw ide, apart from in A ustralia and  Antarctica. 
Sciurus  has been present in Europe since before the Miocene (26 m illion years 
ago) (Black, 1972) in the form of W hite's squirrel {Sciurus whitei), w hich died 
ou t before the ice ages of the Pleistocene (Laidler, 1980). A descendant of 
W hite's squirrel, the red squirrel {Sciurus vulgaris L innaeus 1758), survived 
and  has rem ained in the Palaearctic region ever since. The range of the red 
squ irrel stretches from  Ireland and  Spain across Eurasia to the island  of 
H okkaido in Japan. Two other squirrel species are endem ic to the Palaearctic: 
the P ersian  squ irrel {Sciurus anomalus) inhabits the north  of the A rabian 
peninsula, from  Turkey to Iran, and the Japanese squirrel {Sciurus lis) is found 
on the island of H onshu in Japan (Gurnell, 1987; Reilly, 1998).

The A m erican  grey squirrel {Sciurus carolinensis G m elin 1788) w as first 
in troduced  to Europe from the east coast of N orth  America in the late 19th 
century. A series of introductions from 1876 to 1915 in England and W ales 
allow ed the grey squirrel to become established and  spread  to th roughou t 
m uch of Britain. One solitary in troduction  in 1911 w as sufficient for the 
invasion of Ireland, and an introduction to northern  Italy in 1948 allow ed the 
grey squirrel to begin its spread on m ainland Europe. The spread  of the grey 
squirrel in Ireland and Britain has led to an apparently  connected reduction in 
red squirrel num bers and to dam age to w oodlands through the grey squirrel's 
habit of stripping bark from trees (e.g. Reynolds, 1985; Gurnell & Pepper, 1993), 
resulting in  the grey squirrel being considered a pest and being subjected to
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num erous popu lation  control attem pts (e.g. Shorten, 1962). There are five 
races (Laidler, 1980) or subspecies (Gurnell, 1987) of grey squirrel in  its native 
N orth  A m erica, m ostly separated  geographically, w ith  Sciurus carolinensis 
leucotis in the north  of its range (south east Canada) and Sciurus carolinensis 
carolinensis in the south  (Florida). The grey squirrel found in Britain is most 
likely a m ixture of these two subspecies (Laidler, 1980). The Irish grey squirrel 
was m ost probably brought over from Britain rather than  across the Atlantic 
from  Am erica (W arner, 1976).

1.2 General biology of the grey squirrel

Squirrels have characteristically large masseter, or cheek, m uscles w hich have 
developed so the squirrels can exacinate the kernels of tree seeds, their prim ary 
food source. The pelage of the grey squirrel is generally grey overall w ith a 
w hite underside. This can vary from season to season, w ith  sum m er adults 
d isp lay ing  a brow n region on the m id dorsal region, rum p and  feet, and a 
yellow ish  tinge to the underside. This can frequently  lead to their being 
m istaken for red  squirrels by some observers. The bushy tail is grey, w ith  the 
com bination of black, yellow and white coloured bands that are found on the 
guard  hairs often being distinct. Juveniles are identified by black tips to their 
guard  hairs. These are m ost notable on the top of the head and  the tail, and 
they give the juveniles a slightly darker appearance (Barrier & Barkalow, 1967).

Grey squirrels are heavier than red squirrels w ith grey males w eighing 440-650 
g (mean=532 g, n=185) and grey females 400-720 g (mean=568 g, n=186) 
(Gurnell, 1990) com pared to 254-348 g (mean=298.8 g, n=101) for red  males and 
226-364 g (mean=308.9 g, n=73) for red females (Reilly, 1998). The grey squirrel 
is also larger overall, w ith average shin-bone lengths of 78 m m , com pared to 
70.5 m m  for reds. This length difference is not as m arked as the difference in 
w eights, illustrating the heavier build of the grey squirrel com pared to that of 
the slighter red. G rey squirrel w eights fluctuate th ro u g h o u t the season, 
reaching a peak  in early w inter following the peak in tree-seed production. 
The w eight change exhibited by the grey squirrel (up to 23%) is m ore m arked 
than that displayed by adult red squirrels (Kenward & Tonkin, 1986). A w eight 
increase can also be seen in surviving members of a population  that has had  
tw o-th irds of the population  rem oved during  a control program m e; further 
indicating that w eight fluctuates according to w oodland conditions and  food 
availability (Kenward, 1982a).
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The grey squirrel is a diurnal animal, and its activity patterns outside of the 
drey vary seasonally. D uring the sum m er the squirrels will be m ost active 
du ring  tw o periods: 2-4 hours after daw n; and, 2-4 hours before dusk. As 
w in ter progresses, they will display just one peak  in activity, d u rin g  the 
m iddle of the day (Thompson, 1977). Grey squirrels spend m ore of their time 
foraging  on the g round  than the red squ irrel (86% of their active tim e, 
com pared to 33% for the red). The main food source of the grey squirrel in its 
native A m erica during  the w inter, the au tum n seed crop, is found  on  the 
ground, w hereas the cones that the reds rely upon  are often still available in 
the trees. Red squirrels also need to spend m ore time outside the drey foraging 
(4.5 h .d a y i)  than the grey squirrel (3 h.day^) (Kenward & Tonkin, 1986).

The grey squirrel is predom inantly  a granivorous herbivore, relying on tree 
seeds w henever they are available and caching, or storing, nu ts at tim es of 
su rp lu s  (G urnell, 1987). O ther foodstuffs are u tilised  at o ther tim es to 
supplem ent the diet, and this varies according to the season. In the au tum n 
and w inter m onths, tree seeds will make up the bulk of the food eaten along 
w ith fungi and, occasionally, grain crops on neighbouring farm land. In spring 
and  sum m er b uds, shoots, flow ers, fru it, inverteb ra tes , b ird s ' eggs and  
nestlings, inner bark, and even gravel, probably used as a m ineral supplem ent 
by breeding females, have all been recorded as form ing part of the squirrel's 
diet (Shorten, 1962; Korshgen, 1981; Moller, 1983; Gurnell, 1983).

The grey squirrel's ability to exploit the availability of certain foods gives it a 
com petitive edge over the red squirrel in m ature broadleaved w oodlands. In 
an oak {Quercus sp.) and hazel {Corylus avellana) w oodland the grey squirrel 
density  can be related  to the acorn abundance ra ther than  the hazel-nu t 
abundance, w hich influences the red squirrel. The greys are able to d igest 
acorns m ore efficiently than the reds, as they are better able to neutralise the 
polyphenols that are found w ithin the seeds (Kenw ard & Holm , 1993). Greys 
can feed on the acorn-seed crop before the acorns are fully ripened , reducing 
the food available to the reds. The success of the tree seed crop in a particular 
au tum n dictates the grey squirrel population  density  in the follow ing year, 
w hich in tu rn  dictates the home range of each anim al w ith in  the popu la tion  
(Kenward, 1985). A reduced seed crop leads to low er survival am ongst the 
sum m er-born young over the winter, lower fecundity in the follow ing spring, 
m ore em igration and  poorer survival in the population  as a w hole (Nixon et 
al., 1975). This leads to a m uch low er p o p u la tio n  the fo llow ing  year. 
Population density  is inversely related to hom e-range size of the indiv iduals 
in the population (Don, 1983). Kenward (1983) found that it is the population
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density that dictates the home range rather than hom e range size determ ining 
the population density.

W ith the grey squ irrel popu lation  being so d ep en d en t on  the p rev ious 
au tum n 's seed crop, large fluctuations in a w ood land 's  squirrel popu la tion  
density  from year to year are common (Kenward, 1985). A low trap  success 
du ring  a trapp ing  program m e could indicate that the squirrel population  is 
low at that time, or it could sim ply indicate that the trappab ility  (ease of 
trapping) of the squirrels is poor. If density estim ators, based on the num ber of 
m arked anim als captured in a trapp ing  session, indicate a high popu la tion  
density despite a low trap success, the trappability of the squirrel population  is 
poor at that time. The trappability of squirrels in au tum n indicates the success 
of that year's seed crop, w ith poor trappability indicating the squirrel's natural 
food source levels to be high. This inform ation can be used to p red ic t the 
prospects of the population over the following year (Gurnell, 1983).

As well as fluctuating w ithin a w oodland the squirrel density  differs greatly 
from w ood to w ood, once more depending on the tree seed available w ithin  
an area. The population  density is subject to a seasonal fluctuation , w ith 
higher num bers in the autum n. In general, the density  will be greater than 
tw o squirrels per hectare (squirrels ha'^) (Gurnell, 1990), but levels as high as 
7.4 squirrels ha'^ in oak woodland in south England (Gurnell, 1983) and 14.07 
squirrels ha'^ in m ature woodlots in Virginia, USA (Mosby, 1969), have been 
recorded. In younger woods containing beech {Fagus sylvatica) and  sycam ore 
{Acer pseudoplatanus), densities were seen to be m uch lower, at 1.75 squirrels 
h a 'i (Kenward & Parish, 1986). Severe conditions, such as a spring frost, can 
also reduce the population  density greatly in the follow ing year; N ixon & 
M cClain (1969) observed a population decrease from 3.16 squirrels ha ‘̂  in 1966 
to 0.54 squirrels ha'^ in 1967. The effect of the frost on  the following autum n's 
seed crop was most probably the major cause of the population collapse.

Grey squirrel litters show a sex-ratio of approxim ately 1:1 (Nixon et a l ,  1975; 
Korschgen, 1981; Gurnell, 1987). These ratios differ from  time to tim e am ongst 
the squirrels captured, but this usually is a result of seasonal squirrel activity 
rather than an actual difference in the num bers of each sex. Female squirrels 
can have one or two litters a year. Following a successful au tum n  tree-seed 
crop, the breeding season will begin early, in Decem ber or January. Those 
fem ales that m anage to breed so early in the year are able to w ean  that 
particular litter and have a second in the sum m er. In the event of the seed
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crop not being as profitable, the breeding season will begin as late as M arch or 
April, leaving no time for a second litter in that particular year (Gurnell, 1983).

O utside of the breeding season, the males' testicles regress from the scrotum  to 
the abdom en. In the absence of sufficient food, the testicu lar g row th  is 
delayed. O estrus in the females is induced by the presence of males as well as 
sufficient space for a breeding home range. The delay incurred by w aiting 
until the m ale is in breeding condition means that som etim es only one litter 
is born  (Webley & Johnson, 1983). Once in an oestrus condition, the female 
will call and  attract the males, w ith up to 12 individuals responding and  the 
m ore dom inan t males m ating w ith  her (Taylor, 1966). The im pregna ted  
female gestates for 44 days, and following the birth of the litter, she lactates for 
68 days (Webley & Johnson, 1983). The young are com pletely helpless until 
they are four weeks old, w hen their eyes open, they begin to grow hair over 
the w hole body, and  their teeth begin to erupt. The juveniles first s ta rt to 
venture from the nest in their 13th to 14th week (Uhlig, 1955).

The m ajor period of dispersal occurs in autum n, m ost noticeably in A ugust 
and September, w hen the spring born sub-adults, at the age of 4.5 - 6.5 m onths, 
m igrate to establish themselves in a woodland. Some adult squirrels also m ay 
m ove at this time. The following spring, usually in A pril and May, there is a 
second period of dispersal, w ith the sub-adults born the previous sum m er (8.5 
- 9.5 m onths old) and a few adults em igrating from the w oodland. Thom pson 
(1978) estim ated anim als entering a w oodland as being 14.3% successful in 
becom ing established in the au tum n and 7.8% successful in  spring. Of those 
th a t d id  succeed in  becom ing established, only tw o im m igran ts, (1.4%), 
survived to become part of the breeding population.

Squirrels can live to 8-9 years of age (Gurnell, 1983), bu t there tends to be a 
population  turnover every 6 years (Barkalow et ah, 1970). A sim ilar turnover 
was described by Mosby (1969), w ho examined tw o woodlots, one of w hich was 
prone to hunting  p ressure and one of which was used as a control. The 
turnover was m easured as 7.2 years with a mean life expectancy of 1.6 years for 
the hunted  population and 6.2 years w ith a m ean life expectancy of 1.86 years 
for the non-hunted population. M ortality rates are h ighest in  the first year, 
w ith  annual survival in subsequent years being 50-70%. This increases, or 
decreases depending  on the food resources available in the year (Gurnell, 
1983). The num ber of young recruited to the ad u lt popu la tion  is the m ain 
param eter of the population size (Thompson, 1978).
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Predation is not a major contributor to mortality in grey squirrels, particularly 
in Ireland. Moreover, the grey squirrel is not prone to the parapox virus, 
which can cause major damage to a red squirrel population (Reilly, pers. 
comm.). H unting in America acts similarly to casual control program m es 
here, and has only a slight effect from which the squirrel population can easily 
recover. The greatest effect that mankind has on a squirrel population stems 
from interference with or destruction of the habitat on which the population 
relies. The main mortality factors working on a grey squirrel population are 
starvation and periods of severe weather (Gurnell, 1990).

1.3 The grey squirrel in Ireland

The grey squirrel was introduced into Ireland on just one recorded occasion. 
As few as eight individuals were released near Castleforbes, Co. Longford in 
1911 by the Earl of Granard, owner of a large estate containing a m ature 
hardw ood w oodland (O'Rourke, 1970, W arner, 1976). A possible second 
introduction to Co. Wicklow (Moffat, 1938) proved unsuccessful, as the current 
distribution appears to have stemmed from the Longford introduction alone. 
Once the squirrels had populated the immediate area, they began to spread 
north, east and south. The River Shannon, whose source is in Co. Sligo in the 
northwest of Ireland, and empties into the Atlantic between Co. Clare and Co. 
Limerick in the southwest, acted as a barrier to any spread to the west, and 
appears to continue to do so. Until recently, little study was done on the 
distribution of the grey squirrel in Ireland, and, as such, tracing the spread is 
not very straightforw ard. The first distribution study of grey squirrels 
undertaken was by the National Parks and Wildlife Service (NPWS) in 1968, 
and the squirrels' previous spread m ust be m apped through indiv idual 
references in the literature. The grey squirrel was noted to have spread from 
its introduction site in 1923 (Boyd, 1923). Boyd also voiced fears that it was 
potentially a pest. By 1927, the grey squirrel could be found in Co. Westmeath, 
25 km from the initial introduction (Stelfox, 1927). Moffat (1938) reported the 
grey squirrel in Co. Westmeath, Co. Leitrim and two counties, Roscommon 
and Wicklow, where the squirrel failed to become established. The squirrel 
continued north, into Northern Ireland, being first recorded in Co. Fermanagh 
by Henderson (1947). Jackson (1961) further mapped the spread into Northern 
Ireland, noting the squirrel was found in Co. Armagh and Co. M onaghan in 
the 1950s.
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Figure 1.1 Ireland, showing (a) the approxim ate extent of grey squirrel 
distribution in 1996 from point of introduction (•) (after Reilly, 1998) and (b) 
main political and physical features mentioned in text
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Two distribution surveys by the NPWS in 1968 and 1973 showed the spread 
was quickening, with squirrels found as far south as Co. Laois and east to Co. 
Meath by 1968 and reaching Co. Louth and Co. Kildare by 1973. These reports 
were hindered by their reliance on information from the commercial sector of 
the forestry industry, thus limiting the scope of the surveys. The majority of 
these w oodlands would have been coniferous, and the foresters questioned 
may not have been fully versed in distinguishing the two squirrel species, 
leading to a possible underestimation of the squirrel distribution at this time 
(Reilly, 1998). A third survey by Crichton in 1973, included the data supplied 
by the NPWS and some further data suggesting that the squirrel was further 
north, including in counties Armagh and Down, reaching as far as the north 
of Co. Dublin to the east, and possibly just breaching Co. Tipperary to the 
south. Ni Lamhna, in 1979, showed another increase in range, w ith the 
squirrels entering Co. Tyrone, reaching the east coast of the country and 
entering Co. Carlow and Kilkenny to the south. The less hospitable habitat in 
Co. Wicklow, where the Wicklow mountains and predominance of coniferous 
w oodlands had prevented the squirrels from becoming established, and Co. 
Tipperary had slowed the progress of the species. As well as the increase in 
range, it is obvious that the distribution becomes more continuous, with 
squirrels m oving into gaps between previously isolated populations at the 
patchy edge of the distribution. The change of distribution of the grey and red 
squirrels in Ireland is reviewed by Reilly, 1998.

The m ost recent survey of the distribution of the grey squirrel in Ireland 
combines two studies: one covering the Republic of Ireland (Reilly, 1998), and 
one for Northern Ireland (Tangney & Montgomery, 1995). This distribution is 
sum m arised in Figure 1.1. The grey squirrel is currently found along most of 
the east coast between Belfast Lough and north Wicklow. It has pushed 
further south to Co. Waterford and most of Tipperary. The west of the country 
remains free of the grey squirrel, although it may move in eventually; as it has 
now reached Co. Leitrim, above the source of the Shannon. The grey squirrel 
is found in most of Northern Ireland, except for a large portion of Co. Antrim, 
which is effectively protected by more barriers: the River Bann, Lough Neagh 
and the built up urban area stretching from Belfast to Lurgan, Co. Armagh.

The red squirrel is still common in Ireland, but its distribution has receded 
recently, presum ably as a result of the grey squirrel incursion. A similar 
decline in red squirrel numbers, accompanying the increasing distribution of 
the greys has been noted in Britain (e.g. Lloyd, 1983). The red squirrel has now 
disappeared from areas in Cos. Meath, Westmeath, Offaly and Longford, the
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centre of the grey squirrel's distribution and the area in which it has been 
established the longest. The red squirrel has always been prone to population 
fluctuations, even before the grey squirrel was introduced. It is likely that the 
red squirrel became extinct around 1700, as it disappears from Irish records 
between then and several reintroductions in the 19th Century (Barrington, 
1880). They appear to display two cycles; a 7 year short term cycle and a 55 year 
long term cycle, that consisting of a slow 35-45 year build up, followed by a 10 
year slump. It is possible that rather than force the red squirrels out, the grey 
squirrel takes advantage of these troughs to take over woodlands, leaving the 
red squirrel without a habitat to recolonise (Warner, 1976; Lloyd, 1983). The 
spread of the grey squirrel through Britain was modelled by Okubo et al. (1989) 
and appeared to be the same as it would have been without the competition 
from the reds, only slower.

1.4 The grey squirrel as an invading species

Besides being restricted by the constraints of the niche to which they have 
adapted, many animal species are also restricted by geographical barriers; 
features that restrict movement of the species from one suitable area to 
another. These geographical barriers can restrict animals in the short-term, 
but probably not indefinitely, as illustrated by various river systems that block 
the grey squirrel from spreading to certain areas of Ireland. Seas, oceans, 
mountain ranges, deserts, polar caps, etc. constitute more long-term barriers. It 
was within these constraints that most animals evolved, and the order that 
developed remained until the spread of humankind began (Roots, 1976). This 
allowed animals to move beyond these natural barriers, and invade new 
territories. Some of the introductions were accidental, such as the spread of 
the brown and black rat as a result of the shipping industry, and others were 
deliberate introductions, carried out for agricultural, sport or simply aesthetic 
reasons. Once an animal has invaded a new area, it must become established, 
and the success of this period depends on a number of factors (Williamson, 
1989). The presence of a suitable habitat and little or no competition from a 
more aggressive native species or predators are important features (Roots, 
1976). A climate of a suitable nature for the invading species to survive and an 
abundant supply of acceptable foods also contribute to the establishment of an 
invading species, as will certain features of the species itself, such as a large 
enough initial stock, an ability to reproduce quickly and a degree of adaptability 
(Lever, 1985). De Vos & Petrides (1967) considered the more generalised the 
characteristics of a terrestrial species, particularly regarding its food sources, the 
better its chances of becoming established. 10% of invaders become
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established, and a further 10% of those established animals will be recognised 
as pests (Williamson, 1989). Roots (1976) felt the num ber of invading species 
that become pests once established was much higher (as much as 90%), with 
revenue derived from exotic animals more than offset by their damage to 
w ildlife and habitat. The num ber of invading species that succeed in 
becoming established is higher in island communities (for example, of 74 
mammal species introduced to Hawaii, 68 have become established) (Usher, 
1989). Island species tend to be more vulnerable than continental species that 
evolved under tough competition from more species (Lever, 1985).

Elton (1927) described the typical events of an invasion that reaches pest 
proportions: at first the species is unnoticed, or possibly rem ains prized, 
depending upon the reasons why it was brought into the area; a period of 
dispersal or spread occurs (following the successful establishment), which may 
appear to be of plague dimensions; finally the plague dies down, rarely due to 
the intervention of man, but more probably due to a balance or equilibrium 
being formed with the new surroundings. The middle phase, spread, dictates 
how far the invasion will go, and at what speed. A fairly good model of 
spread, using the intrinsic rate of natural increase of a population (r) and the 
diffusion coefficient (D), was discussed at length by Williamson (1989 & 1996). 
This model assumes, however, a constant rate of increase in all directions, 
which is seldom the case. Coastal animals will only spread in either direction 
along the coast and not inland, and grey squirrels in Ireland only spread north, 
east and south; their route west blocked by the River Shannon, a natural 
barrier. The calculated rate of spread often turns out to be less than the 
observed rate and geographical variation in rates of spread has not been 
accounted for (Williamson, 1996). The spread of grey squirrels in east England 
was recorded at a modal rate of 5 km.year*^, compared to 0.4 km.year-i in South 
Africa (Williamson, 1989). Hengeveld (1989) also referred to rates of spread 
being faster than expected, and considered that this could be caused by the 
invading species moving into optimal habitats first and m arginal habitats 
being filled in by those animals following behind the 'edge front'. The face of 
the spread is most commonly described as the wave front, the boundary 
between occupied areas, with established populations, and unoccupied areas. 
Ahead of this wave front, there is the edge front, however, places where 
individual animals of the invading population have been seen, but a viable 
population has not yet been established. This is often illustrated on maps of 
spread by solid squares to show areas where breeding has been confirmed, or 
carrying capacity reached (i.e. the wave front), and dots illustrating isolated 
occurrences (the edge) (Elton, 1958). Little work has been carried out on edge
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or p ioneer anim als as their relatively low num bers m ake them  difficult to 
identify and study.

M any anim als that invade a foreign land become pests as the norm al control 
factors that reduce their biotic potential below its m axim um  levels are absent 
in the new area. This leaves the anim als free to breed at greater rates than 
norm al (Roots, 1976). The lack of limiting factors m eans the anim als can cause 
great dam age to crops or unbalance the food chain of an ecosystem , w ith 
population pressures forcing the populations to desecrate certain food sources. 
The effect on native anim als, poorly equ ipped  to com pete w ith  the alien 
species, can lead to the new com ers gaining a pest status. H ow ever some 
anim als that become established are of great benefit as a food source for an 
endangered  anim al, or are of value in restoring elem ents to an im poverished 
ecosystem  (Jarvis, 1983), and  others are the subject of som e debate  (the 
m osquito  fish Gambusia affinis was successfully in troduced  to the Panam a 
isthm us and facilitated the building of the Panam a canal by reducing  the 
num bers of m osquitoes in the area, but it is also credited w ith  causing 12 
species of freshw ater fish to become rare or endangered  (as listed  in the 
In te rn a tio n a l U nion  for the C onservation  of N a tu re 's  Red Book) as a 
consequence of its introduction into certain areas (Roots, 1976)).

Since arriving in Ireland, the grey squirrel has acted as an archetypal invader, 
becoming established over a period of about 20 years, before m oving th rough 
an accelerating spread  to its current distribution. This spread  appears to be 
slow ing once m ore, but will probably continue until the grey squirrel covers 
m uch of Ireland, w hen it should enter an equilibrium  stage, probably at a 
reduced carrying capacity to that show n by the current populations, as free 
w oodland into which they can migrate disappears. The spread will probably be 
at the expense of m uch of the red squirrel's distribution. The grey squirrel has 
m anaged this invasion through the suitable, if not ideal, habitat available, the 
lack of real com petition w ithin the broadleaved w oodlands and  the alm ost 
complete absence of predators. In effect there was virtually a vacant niche for 
the grey squirrel to move into once it was introduced (Roots, 1976). The high 
fecundity of the grey squirrel and its fairly adaptable or generalised feeding 
habits m ade the transition  from in troduced  anim al to estab lished  anim al 
relatively easy.
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1.5 Bark stripping damage by the grey squirrel

Many woodland mammals have been noted as causing damage to some aspect 
of their habitat. These cases are usually treated as noteworthy if the damage is 
considered economically important. Deer, sheep, rabbits, hares, voles and both 
species of squirrels have all been accused of injuring tree crops, by browsing, 
marking or stripping bark from trees, usually at an early stage of the trees' 
growth (e.g. Springthorpe & Myhill, 1985). Some of the most severe damage is 
carried out by grey squirrels on broadleaved trees (Plate 1.1). The grey squirrel 
strips the bark from the tree and, unlike the lagomorphs, who tend to eat the 
outer bark, discards the external layer and feeds on the softer vascular tissue 
underneath . The vascular tissue consists of the phloem , the vascular 
cambium and the xylem. The xylem carries water and minerals from the roots 
to other parts of the tree. The phloem carries the carbohydrate products of 
photosynthesis down from the leaves to storage organs in the roots in the late 
spring and summer, and back up to the developing buds in the following early 
spring.

It is in the early spring that the worst damage occurs, as the sap is rising from 
the roots to the developing buds. Frequently the vascular cambium and the 
xylem are removed as well as the phloem tissue. This disruption to the flow 
of nutrients may disrupt the growth of the tree or, in extreme cases, cause the 
upper part of the tree to die, and the removal of the bark can leave the tree 
exposed to disease and insect or fungal attack (Kenward, 1983) and the timber 
vulnerable to discolouration (Connell, 1993). It is the risk of limb breakage, 
death or infection that causes economic problems, rather than the negligible 
loss in tree growth (Gill, 1992a). Connell (1993) found that wound size can be 
used to estimate the loss in timber value, as wound size is related to the degree 
of discolouration. The average loss in timber from six dam aged trees was 
estimated as 8.8%. The species of fungus that attacks the tree will also make a 
difference to the economic loss (Gill, 1992a). In the most severe cases, the tree 
is girdled, (i.e. an entire ring of bark is removed from the tree's circumference). 
This disrupts the nutrient flow completely, and the upper part of the tree 
frequently dies as a result. This upper part is then vulnerable to wind-snap 
(Rowe, 1963, Taylor, 1977, Kenward, 1983). Girdling also prevents the products 
of photosynthesis from reaching the tree roots (Gill, 1992a).

C ertain species of tree such as sycamore and beech are targetted  more 
frequently by the grey squirrel than others, along with trees exhibiting certain
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Plate 1.1 Severe grey squirrel bark stripping damage to a sycamore tree
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age or size classes. Features of these preferred individual trees may help 
understand the underlying cause of the damage.

Causes of bark stripping damage Likelihood
Means of reducing tooth wear Very low
Uncontrolled gnawing reflex Very low
Genetic variation amongst squirrels Very low
Water shortage Very low
Source of nest material Low
Agonistic behaviour High
Trace nutrient deficiency High
Food shortage Very high
Liking for sap Very high
Table 1.1 Theories of the causes of bark stripping by grey squirrels on 
broadleaved trees (adapted from Kenward, 1983)

Nine theories have been considered to explain the bark stripping behaviour of 
grey squirrels in Europe (Table 1.1). Five of these suggested reasons have been 
discounted in more recent studies. An early suggestion that the squirrels may 
use the sap as a water source can quickly be discounted by the proximity of 
some damaged sites to water sources (Seymour, 1961, Kenward, 1983). The use 
of the soft bark as a drey lining was rejected (Kenward, 1983) due to the simple 
fact that neither the vascular tissue nor the hard bark is found w ithin the 
squirrel dreys. The dreys are more commonly lined w ith softer bark taken 
from the ends of outer branches (Shorten, 1954). A suggestion that the damage 
could be the result of a genetic mutation in the grey squirrels is highly unlikely 
to be true considering its widespread distribution and irrational occurrence 
(Kenward, 1982a). Davidson & Adams (1973) suggested that the gnawing may 
be an uncontrolled reflex displayed by displaced young squirrels forced to 
disperse at a similar time as the damage takes place, and this is quite similar to 
another argum ent that the grey squirrels use the bark to p reven t the 
overgrowth of their continually growing incisors, but neither of these theories 
accounts for the squirrels' selection of the inner bark over the harder exterior 
(Kenward, 1982a, 1983).

The remaining theories are more credible. It has been suggested that the lack 
of a nutrient, present in sufficient quantities in North America but missing in 
the areas the grey squirrel has been introduced to, can only be found through 
the habit of bark stripping (Seymour, 1961). Kenward (1982a) thought that this 
was unlikely due to the extreme variations in the severity of damage from
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w oodland  to w oodland and from year to year, especially w hen the dam age 
occurs in the season during which the squirrel diet is at its m ost varied, if not 
its m ost abundant, level. This theory is difficult to prove one w ay or another, 
and  as such a lack of nutrients as a possible factor influencing bark stripping 
cannot be discounted or accepted.

It is possible that the damage could be the result of an agonistic (or combative) 
response by the anim als to intraspecific com petition. The dam age occurs 
du ring  the spring m igration period, w hen young anim als are trying to become 
established w ithin w oodlands (M arstrand, 1974, Dutton, 1993). There is some 
evidence that dam age increases w hen a w oodland is under population  stress 
d u e  to a rise in squ irrel density , the density  of juven iles in p articu la r 
(K enw ard & Parish, 1986), bu t w hether this corresponds to a food shortage or 
to the need for the squirrels to place themselves on the social ladder is unclear. 
Agonistic behaviour w ould again be a more likely trigger for the dam age, or it 
m ay be a m eans by which the young squirrels discover the sappy inner bark 
(K enw ard, 1983). Taylor (1966) also suggested that such behaviour m ay be a 
m eans of m arking a territorial boundary, but this is not possible considering 
the overlapping ranges evident am ongst squirrels (pers. obs.).

As described previously (Section 1.2), the m ain source of squirrel food is the 
tree seeds that are at their m ost num erous during  au tum n  and early w inter. 
By the following spring and summ er, this food source has been depleted, and 
the squirrels m ust supplem ent their diet w ith other foods, such as fruit, buds, 
invertebrates, eggs, etc. In fact in June and July, the m ost com m on dam age 
periods, the buds and shoots will m ostly have gone, and the m ast tree seed 
crops have yet to ripen (Kenward, 1983). It is possible that the squirrels cause 
the dam age by using the inner bark, gained through bark stripping, as another 
food source (Rowe, 1963; Pentam edes, 1983; D utton, 1993; Bryce et ah, 1997). 
The problem s are exacerbated by the increase in squirrel popu la tion  density, 
w hich  further depletes the w oodland 's food resources. This is obvious in 
trapp ing  returns at that time of year, w ith the population 's trappability  being 
high, an indicator of the food availability w ith in  the w ood (Seymour, 1961, 
Gurnell, 1996). A possible consequence of the food shortages arises as squirrels 
in h igh density  areas, such as m ature broadleaved w oodlands, m ove o u t of 
these areas into surrounding pole-stage tree stands and strip  the bark  therein 
(Gurnell, 1989). It is unlikely, however, that a simple food shortage is the final 
answ er to the bark stripping. The nourishm ent to be gained th rough the sap is 
very poor, and supplem ental feeding does not cause bark stripp ing  to cease 
(D avidson & Adams, 1973, Kenward, 1983). The quantities of bark rem oved in
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a single instance can also be much larger than  the estim ated volum e of the 
average grey squirrel's stom ach (47 cm^) (Davidson & Railson, 1978).

The final hypothesis  follows a sim ilar vein  and  suggests th a t the bark- 
s trip p in g  hab it is the result of an acquired liking for sap (Seymour, 1961; 
K enw ard, 1982a; Dutton, 1993). More recent studies have backed the possibility 
of the sap being a favourable food substance w ith evidence that the habit can 
be re la ted  to the quantity  of sap to be gained from  the tree in question  
(K enw ard & Parish, 1986; Kenward et al, 1988a; Dutton, 1993). The trees m ost 
frequen tly  dam aged  have a phloem  layer greater than  0.3 m m  in w id th  
(K enw ard et al., 1988b). The trees with the greatest quantity  of sap flowing 
th rough  them  are those that grow the m ost quickly. These will include trees 
tha t are in  clearfelled w oodland. Pentam edes (1983) found that few er trees 
w ere dam aged if the dam aged trees are left in place, as the squirrels re tu rn  to 
the sam e trees w hen bark stripping. Phloem w id th  increases w hen grow th 
p rom oters  such as fertilisers or crop th inning  are used , and, w hen  such 
prom oters are used, m ore dam age is evident (Kenward, 1989; M arshall et ah, 
1993; Sullivan et ah, 1994). It appears likely that a liking for sap is the habitual 
reason, following the triggering of the bark stripping by agonistic behaviour or 
by a food or trace nutrien t shortage (Kenward, 1982a). It has been suggested 
that exam ining m ethods of making the sap less palatable to the squirrels, such 
as genetically m odifying beech, would prevent the squirrels from learning the 
habit, possibly reducing  dam age levels (K enw ard et a l ,  1988a, 1988b). This 
hypothesis has yet to be tested, probably due to the prohibitive costs of such a 
project.

In the grey squirrel's native N orth America the w oodlands tend to have a 
m ore diverse character, leading to more foodstuffs being available th roughout 
the year. The fewer predators of grey squirrels in Ireland and  Britain m ay 
afford the squirrels m ore time in w hich to indulge in  such habits as bark  
stripp ing  than  in  their native land (D avidson & A dam s, 1973, D avidson & 
Railson, 1978). The red and sugar maples {Acer rubrum  and  Acer saccarinum 
respec tive ly ) com m on in N o rth  A m erica have th icker barks th an  the 
sycam ore and beech of Britain and Ireland (K enward et a l ,  1988b). Phloem  
w id ths, and  therefore sap content, of self seeded trees tend to be low er than 
those of p lanted trees. This could further explain why the habit is less frequent 
in  the n a tu ra lly  reg en era tin g  w oodlands com m on in  A m erica, w hich  
generally  has few er p lantation w oodlands (K enw ard et a l ,  1988b; K enw ard, 
1989; Dutton, 1993).
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1.6 Control of the grey squirrel damage

There are two approaches to handling the problems generated by the grey 
squirrel in Britain and Ireland: controlling the squirrels or controlling the 
damage. Attempts can be made to reduce the num ber of squirrels w ithin a 
w oodland by either targetting and killing m em bers of the w oodland 
population or by reducing the attractiveness of the woodland as a squirrel 
habitat, reducing the damage but not the level of squirrels.

Three m ethods have traditionally been considered when killing squirrels. 
One of the most common methods is to shoot the squirrels, often employing 
drey poking to increase the number of squirrels removed (Shorten, 1962). A 
series of connected metal rods are used to poke the drey, and a team of 
shooters and dogs destroys the squirrels as they escape from the drey. The 
dreys are then destroyed so new ones can be easily spotted within the wood 
(Rowe, 1963). Shooting is most successful in the winter (November to March) 
when the visibility within the woodland is at its clearest (Rowe, 1980). During 
periods of inclement weather the squirrels are more likely to remain in their 
dreys and so drey poking becomes particularly pertinent (Seymour, 1961). 
Shooting is cheaper than trapping (approximately one fifth the cost) (Warner, 
1976), though its effectiveness as a means of significantly reducing the 
population density of a woodland is questionable (Dutton, 1993). Shooting is 
also more time consuming than other methods (Rowe, 1963). It certainly 
w ould not clear the squirrels from a woodland, as some squirrels would 
always remain undetected.

Squirrels can be trapped using either snap traps, which kill the animal 
instantly, or live cage traps, with the squirrel being humanely disposed of later 
by the trapper (Springthorpe & Myhill, 1985). Trapping is a costly m ethod of 
rem oving the anim als, w ith intensive labour costs adding to the initial 
expense of buying the traps (Marstrand, 1974; Dutton, 1993). It is, however, 
generally considered to be a more effective manner of controlling the squirrels 
than  shooting or drey poking (Warner, 1976; G urnell & Pepper, 1988), 
although Rowe (1963) felt that shooting was the more effective method. The 
traps are most successful if they are prebaited, and the most efficient bait is 
acorns, although maize is a cheaper alternative (Rowe, 1980). Trappability, or 
the success of a trapping session relative to the num ber of squirrels present, 
varies from month to month, depending on the natural food source available 
within the habitat. During the autumn, especially in years when tree seeds are 
at their most abundant, trap returns can be very low as the squirrels rely on the
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natural source, rather than risk the supplem entary food stuffs laid out for 
them. On such occasions trapping cannot be recommended as an effective 
control method (Shorten, 1962; Taylor, 1977).

The final m ethod for removing grey squirrels involves using poisoned bait. 
The use of the anti-coagulant Warfarin (the soluble Na salt of 3-(2 acetyl-1- 
phenylethyl-4-hydroxycoum arin) was legalised in Britain by the Squirrels 
(Warfarin) Order of 1973 (Marstrand, 1974, Pepper, 1990). Its use was only legal 
in certain areas where the red squirrel had already disappeared. This area was 
expanded in 1996 and now covers most of England as well as some southern 
areas of Scotland (Salwan, 1996). The legal dose comprises 0.02% W arfarin on 
whole wheat bait (Springthorpe & Myhill, 1985, Gurnell, 1987, Pepper, 1990). 
Since it was brought in as a squirrel control method in the 70's, W arfarin has 
become the m ost frequently used method of regulating the num bers of 
squirrels (Gurnell & Pepper, 1988), and the number of squirrels reported killed 
in Britain has increased significantly (Ratcliffe & Pepper, 1987). It is also the 
only m ethod that has been proven to reduce the levels of damage w ithin a 
w oodland (Kenward et al., 1988a; Dutton, 1993). The use of W arfarin is not, 
how ever, free of controversy. Its use is banned in areas containing red 
squirrels, for fear of targetting the wrong species, and also in buffer zones 
around the current red squirrel distribution, to allow for an increase in red 
squirrel distribution (Marstrand, 1974). This danger has been diverted recently 
w ith the introduction of grey squirrel-only hoppers, designed to exclude red 
squirrels and other non-target species with the use of weight-triggered trap 
door mechanisms (Salwan, 1996). There have been some reports, however of 
voles and mice showing signs of Warfarin poisoning (Ferris-Kaan, 1993), but 
these num bers appear small, with individuals rather than populations being 
affected (Philips & Rowe, 1976). The well-spaced out distribution of grey 
squirrel poison bait hoppers can prevent all of the individuals of a small 
m am m al population from being exposed to the W arfarin (Marstrand, 1974). 
Birds, which frequently take bait intended for grey squirrels, have show n a 
high level of tolerance to W arfarin (Philipson & W ood, 1976; Rowe, 1983). 
Further problems regarding secondary poisoning have been raised, concerning 
predators or scavenging animals becoming poisoned by eating animals affected 
by W arfarin (Bryant, 1994). This effect has never been conclusively shown 
(Rowe, 1983), but the introduction of any poison in such large amounts to an 
ecosystem must be treated with caution (Gurnell & Pepper, 1988). Ferris-Kaan 
(1993) reported 18,000 kg of poison bait placed out in Forestry Commission 
areas in Britain in 1992. W arfarin causes further problems as it works by a 
cumulative effect, and the bait must be visited several times by an animal for
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it to be effective (Marstrand, 1974). This leads to trouble estimating the 
number of squirrels removed by the bait. The extended use of bait can actually 
increase the population density and encourage dispersal (Gurnell, 1989). 
Warfarin resistance could be expected to develop if the poison were to be used 
over a long period (Marstrand, 1974). It is known that Vitamin K can offer 
resistance to the poison, and if this were to be selected for by squirrels in their 
diet, a shift in their diet in an unknown direction could result (Marstrand, 
1974; Warner, 1976). To conclude, despite Warfarin being the most effective 
method available for coping with grey squirrel numbers, its use should be 
treated with some caution and alternative methods developed (Gurnell & 
Pepper, 1988).

Other methods have been suggested and discounted, such as the introduction 
of a biological control, either as a disease agent, or a predator (Rowe, 1980); the 
gassing of dreys (Shorten, 1962); or the spreading of tar or another repellent on 
the butts of at-risk trees (which simply shifts the damage to the crown of the 
tree) (Rowe, 1963; Gurnell, 1989). Ongoing studies on the development of a 
contraceptive, have reached the test stage recently (Collins, pers. comm.). 
Oestrogens and progestins could be used to prevent ovulation, but this 
requires frequent and regular dosing and as such is impractical. The use of 
prostaglandins would be a better method as they terminate pregnancy; a more 
definite method (Johnson & Tait, 1983).

The alternative method to removing the squirrels from the woodland would 
be to actively manage the woods to make them less desirable to the squirrels or 
to make the bark stripping a less desirable habit. The most obvious method is 
to avoid planting damage-susceptible species, and to avoid the overuse of 
growth promotion as detailed previously (Section 1.5) (Ratcliffe & Pepper, 
1987). Squirrel populations can be reduced in a less direct manner than killing 
the individuals by pruning mast bearing trees to reduce the crown volume or 
by removing the mast trees altogether. Den trees can also be removed along 
with potential sources of supplementary food. Small seeded deciduous trees 
should be planted rather than large seeded varieties as they support a smaller 
population of squirrels (Gurnell, 1987; Gurnell & Pepper, 1988).

Potentially high squirrel density areas are not necessarily the same as those 
that will be most vulnerable to damage. A high squirrel density area contains 
factors, such as a number of large seeded mast bearing trees, that makes it an 
optimum grey squirrel habitat while damage vulnerable areas contain a high 
number of at-risk trees. To reduce damage, vulnerable stands should be
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iso lated  from  squirrel-friendly  areas (G urnell, 1987; K enw ard et al. 1992). 
T rapping or poisoning grey squirrels in dam age vulnerable areas can lead to a 
popu la tion  increase in those areas, and hence, an increase in dam age as the 
bait acts as a supplem entary food. The grey squirrels are quickly replaced from 
outside the w oodland, and it is from these high squirrel density areas that the 
anim als enter the dam age vulnerable areas, w here control should be targetted 
(Gurnell & Pepper, 1988). Due to their arboreal nature it is im possible to fence 
areas off from squirrels (Shorten, 1962), so reducing the overall attractiveness 
of the w o o d lan d  is a better strategy to adopt. C onstan t m onito ring  of 
w oodlands should  be conducted to anticipate years in w hich squirrel num bers 
are expected to be high, and as such control program m es should be lim ited to 
just a couple of m onths every few years (Gurnell & Pepper, 1988).

An im portan t factor w hen considering control program m es is the economics 
of the control program m e. The cost of the control m ust be offset w ith  the cost 
of dam age, and  control only considered w hen a level of dam age above a 
th resh o ld  at w hich control is not econom ically viable has been  reached 
(W arner, 1976; G urnell, 1987). Lawson (1994) pointed out that grey squirrel 
dam age w as costing Britain 10-12% of the potential tim ber crop per year, 
estim ated to be £1 million. This was believed to be less than was being spent 
on control program m es, especially w hen research and  propaganda costs were 
considered. A m ore scientific study from G urnell & Pepper (1988) included 
costs of control com pared w ith potential dam age costs (Table 1.2). The costs 
w ere barely offset by the benefits of control in lower quality beech w oodland, 
w hereas m uch greater benefits were obvious in the higher quality w oodland. 
It w as felt that fu rther research w as required  on the econom ic levels so a 
p ro p er assessm ent of the potential loss could be m ade each year and the 
appropriate  action taken.

Area of vulnerable broadleaved w oodland 24000 ha
Area controlled 47000 ha
Cost of protection (Warfarin) £2.93 ha-^
A ctual cost of protection over 30 years £88 ha-i
e.g. Beech yield class 4 (@ 100 y standing value) £3000 ha-i

Loss due to dam age w ithout control £90 ha-i
e.g. Beech yield class 8 (@ 100 y standing value) £10640 ha-^
Loss due to dam age w ithout control £320 ha-i

Table 1.2 The costs of dam age p reven tion  in Britain in  1986 (G urnell & 
Pepper, 1988)
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Trying to decide when control is necessary is a major consideration when 
planning a control strategy. The main recom mended period is from April- 
July, or just before and during the main damage periods (Gurnell, 1987; Ferris- 
Kaan, 1993). Almost twice as many grey squirrels are removed during these 
three months than during the remainder of the year in Forestry Commission 
areas in Britain (Ferris-Kaan, 1993). Recovery rates are thought to be very 
quick, w ith squirrels returning into controlled areas within four weeks of the 
area being cleared from May to July, one of the main dispersal periods of the 
year (Rowe, 1980). Problems arise outside State-run forests due to ignorance or 
apathy among some private woodland workers. Control in these areas is a low 
priority  and tends to be a recreational pastime more than a structured 
programme (Rowe, 1984). An attempt in the 1950s in Britain to co-ordinate a 
full-scale offensive on the grey squirrel achieved no noticeable effect on the 
spread of the grey squirrel or the damage it was causing (Taylor, 1977). A 
bounty on squirrel tails was introduced in the 1950s and free cartridge schemes 
were attem pted as political figures responded to pressure from farming and 
forestry workers (Marstrand, 1974; Sheail, 1999). The numbers of grey squirrels 
in 1958, when the bounty scheme was abandoned were very similar to those 
found in 1953, when it was introduced (Shorten, 1962). Philipson & Wood 
(1976) further argued that control had achieved no results in the 45 years it had 
been in place. With the advent of more targetted programmes and indirect 
methods, this may change in the near future.

1.7 Aims of this study

Much inform ation is required to understand and attend to the problem s 
presented by the grey squirrel invasion of Ireland. Little is known of how 
badly Irish woods have been affected by grey squirrel damage and, indeed, a 
general dearth of information on the basic ecology of grey squirrels in Ireland 
generates problems in setting up a programme to deal with the predicament of 
controlling an alien pest species.

The aims of this study were:

1. To survey the damage levels within Irish broadleaved woodlands caused by 
the bark-stripping habit of the grey squirrel and determine the tree types most 
at risk.

2. To assess the effectiveness of control programmes in reducing grey squirrel 
populations, examine the effects of woodland isolation on recolonisation, and
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to investigate the response of migrating squirrels recolonising the woodland 
and individuals surviving the culls.

3. To study the ecology of grey squirrel populations in mature broadleaved 
woodlands, typical of the Irish countryside, and examine the response of the 
population to habitat fluctuations and population pressures.

A range of techniques were used to investigate these aims: Questionnaires 
and damage surveys examined the impact of the grey squirrel populations on 
their habitat; a 30 month trapping schedule in two woodlands offered data on 
the biometrics of the grey squirrel populations w ithin the w oodlands and 
allowed density fluctuations to be measured; experimental culls, in which all 
of the squirrels within a woodland were removed, allowed an investigation of 
the rates of recolonisation of a woodland and the effects of various features of 
the w oodlands being cleared; precull and postcull home ranges of cull 
survivors, investigated using radiotracking, detected any behavioural changes 
in squirrels following the removal of population regulating factors. The 
information gained on postcull recolonisation rates and individual behaviour 
was used as a model to speculate on the behaviour of squirrels at the edge 
front of the grey squirrel spread.

The inform ation gathered can be used to develop a program m e to, if not 
eradicate, then to control the grey squirrel in Ireland and minimise the effects 
of its invasion on the native red squirrel and Irish broadleaved woodlands.
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2 Grey Squirrel Bark Stripping Damage

2.1 In troduction

A num ber of grey squirrel bark stripping  studies have been carried ou t in 
Britain since the problem  was recognised. The com m on assertion  of each 
study  is that not all trees are in danger of being attacked to the sam e extent. 
C ertain  tree species, age classes and w oodland  sites are m ore at risk than 
others. Sycamore and  beech are consistently singled ou t as the m ost severely 
attacked trees (Shorten, 1957a, 1962; Seymour, 1961; Rowe, 1980, 1984; Dutton, 
1993), although other trees are also affected such as oak (D avidson & Railson, 
1978; K enw ard, 1982a), and some conifers (Corsican pine {Pinus nigra) and 
Scots pine {Pinus sylvestris)) (Tee & Rowe, 1985). Rowe (1963) felt that the 
dam age to sycam ore was so severe that it could no longer be used  as an 
economic crop, and Aldhous (1981) similarly noted that the potential final crop 
in a beech stand was diminished. Aldhous suggested that leaving self-seeding 
sycam ores in the beech woods w ould attract the grey squirrels aw ay from  the 
beech, thus saving the economic crop. Similar use of diversionary food has 
been suggested to protect lodgepole pine {Pinus contorta) from dam age by red 
squirrels {Tamiasciurus hudsonicus) in America (Sullivan & K lenner, 1994). 
The use of sacrificial stands is considered, how ever, to be a risky practice 
(K enw ard et a i ,  1988b) due to the likelihood of bark stripping  being a learned 
behaviour (D avidson & Railson, 1978; Kenw ard & Parish, 1986), m eaning once 
the squirrel has stripped the bark from the sacrificial crop they may m ove on to 
the economic one. Various parts of the tree can be dam aged also: Shorten 
(1962) found dam age greatest around the bu tt of the tree in beech and  in the 
crown of the tree in sycamore.

C ertain ages or sizes of trees are targetted m ore frequently than  others. The 
squirrels select the m ost actively grow ing trees, w ith  the highest sap volum e 
and sugar content. The ease of rem oval of the bark and outer bark thickness 
also affect the vulnerability of a tree (Gill, 1992b). This ensures that very young 
trees, and older, tougher, more slow-growing trees are dam aged less frequently. 
Again, the age varies according to the species of tree dam aged (Shorten, 1957a), 
but it tends to be trees between 10 and 50 years old (Rowe, 1963; M ercer, 1984; 
S pring thorpe & M yhill, 1985; D utton, 1993), or so called pole-stage trees 
(Shorten, 1957a, Rowe, 1963, 1980). This is another reason w hy grey squirrel 
dam age is considered more threatening by tim ber grow ers than other w ildlife 
dam age, as the squirrels attack older trees than other m am m als, w hen they are 
w orth m ore m oney (Springthorpe & Myhill, 1985; Ratcliffe & Pepper, 1987). As
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a natural response to the damage, the trees can form a callus over the wound, 
and the speed and ability of the trees to do this slows with age, making damage 
to older trees potentially more threatening (Mercer, 1984). It is possible, 
however, that the callused wounds, which have increased sap flow, will be 
targetted more frequently than previously damaged areas (Ni Neachtain, 1995).

The damage does not occur uniformly throughout the year, occurring from 
March to September (Springthorpe & Myhill, 1985) and is at its economically 
damaging peak in June and July (Rowe, 1963; Shorten, 1957a; Davidson & 
Railson, 1978; Kenward, 1982a). The levels also fluctuate from one year to the 
next (Aldhous, 1981). The damage is less severe in the grey squirrel's native 
North America, where it occurs no more frequently than damage perpetrated 
by other woodland animals (Marstrand, 1974; Kenward et a l ,  1988a, 1988b).

Very few studies have been carried out in Ireland in relation to the damage 
levels to woodlands. Collins (1973) reported on a questionnaire distributed by 
the forestry service to foresters and landowners of woodlands exceeding 200 
acres (80.94 ha) and found the only species of tree suffering from economically 
significant levels of damage was Scots pine. Beech was the most frequently 
damaged hardwood, with sycamore lying very low in the list, behind oak and 
poplar. A preliminary study by Ni Neachtain (1995) found a sample of damage 
in Ireland to be similar to that shown by trees in Britain, with the sycamore 
and beech stands suffering the worst damage. Due to a lack of research on the 
effects of the grey squirrel in Ireland, there is a tendency to rely on the 
information gained in Britain when considering damage levels in Ireland and 
developing a control programme to counter the problem. It is possible, 
however, that the scenario in Ireland is different due to a marked climatic 
difference between the two countries (Shane Reilly, pers. comm.).

In the present study a woodland and damage survey was undertaken with a 
number of objectives in mind:

1) To assess the broadleaved woodland types and composition in a selected 
area, typical of Ireland, to provide a framework against which the 
encroachment of the grey squirrel through Ireland can be assessed.

2) To assess damage levels in typical Irish broadleaved woodlands, analyse the 
most vulnerable tree crops and compare the information gained with British 
damage studies reported in the literature.
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3) To use the woodland survey as a basis for selecting suitable and typical 
woodlands for investigating the other objectives of this study.

A study area needed to be identified and once this had been done, two main 
study techniques were to be used in the course of the investigation: a series of 
questionnaires distributed to woodland owners within the area and damage 
surveys in a selection of woodlands for which responses were received.

2.2 Questionnaire

2.2.1 Introduction
Questionnaires have frequently been used in wildlife studies as a means of 
gathering information from a large study area, and num erous study sites, 
w ithout needing to visit each site individually. The status of the two squirrel 
species in Britain and Ireland has been intensively studied using this medium 
(e.g. Shorten, 1962; Collins, 1973; UWT & Forestry Service, 1993; Reilly, 1998). 
The Forestry Service in Britain in particular had conducted 31 surveys using 
questionnaires, between the first recognition of the grey squirrel problem and 
1992. Most frequently the surveys have been used to examine changes in the 
distributions of the two species (e.g. Shorten, 1957b, 1962), and have often 
targetted areas still containing red squirrels. Following early attempts to trace 
the movement of the grey squirrel through various counties, using individual 
sightings (e.g. Stelfox, 1927; Moffatt, 1938; Henderson, 1947), the more wide- 
ranging nature of the questionnaires has proved more profitable. O ther 
questionnaires, such as the Forestry Commission Survey of 1992, asked for 
more details (Ferris Kaan, 1993), such as control m easures used, including 
details on the quantity of Warfarin being used in Britain, and the damage 
levels found in various woodlands. In this way, a list of most frequently 
damaged trees was developed without any detailed survey work conducted.

A series of questionnaires, distributed by Collins in 1969, and reported on in 
1973, including 233 Irish woodlands, was used to develop a distribution m ap of 
the two squirrel species at the time. Details on the damage found within 
woodlands, including the extent and type of damage, and time when trees 
were most vulnerable, were included as well as information on the control 
measures carried out. At this time, the grey squirrel spread was still fairly 
contained, and as such the grey squirrels were only found in 13 of the 233 
surveyed woodlands. This led to an overemphasis on the relatively small 
damage caused by red squirrels to coniferous trees, with Scots pine being noted 
as the only species damaged to economically significant levels. These results
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w ere still being quoted as the current position in an article to the Irish Tree 
G row ers' Association Newsletter in 1993 (W arner, 1993). A study was required 
in Ire land  to investigate the dam age being caused  by grey squ irrels to 
broadleaved w oodlands in particular, considering the reports of devastation to 
sycam ore and beech crops in Britain.

A m ore  genera l questionnaire  su rvey  in the m id-80s (H an n an , 1986), 
exam ined dam age to forests in Ireland by deer {Cervus spp.), squ irrels and  
rabb its  (Oryctolagus cuniculus).  Once m ore, details w ere sough t on the 
presence or absence of each species as well as their d ispersion th roughou t the 
w oodland area. Further questions were asked about the dam age caused, bu t 
the species referred  to w ere softw oods w ith  all b ro ad leav ed  trees being 
in c lu d ed  in  one 'h a rd w o o d ' category, reflec ting  the p red o m in a n ce  of 
coniferous species in Irish forestry. Further inform ation on w oodland  type 
and control m easures was also requested. Much of the dam age by grey and red 
squ irrels  w as classed as one group, leaving little in fo rm ation  about grey 
squirrel dam age to specific tree species.

Reilly (1998) included  a section on dam age in a questio n n a ire  th a t was 
circulated to the rangers of several forests in Ireland bu t d id  no t report on the 
results of this section. It was apparent that little solid inform ation had  been 
gained  regard ing  grey squirrel dam age th ro u g h  questionnaire  surveys in 
Ire lan d , due  to a tendency to include all w o o d lan d s  in  the  coun try . 
W oodlands from  outside the grey squirrel range w ere being included  in the 
stud ies lead ing  to an  underestim ation  of the extent of the g rey  squ irrel 
dam age. A questionnaire was required in a specific study area to the centre of 
their range in o rder to investigate the dam age being caused  by the grey 
squ irrels in  the w ooded areas w ith in  w hich they had  becom e established. 
O ther in fo rm ation  on control m easures being used  as w ell as specific 
inform ation  on the w oodlands and their squirrel populations could  also be 
investigated. It w as also necessary to include smaller w oodlands than  those 
used  in the national surveys in order to increase the num ber of w oodlands 
included in the survey and allow for the fact that dam age potentially  occurs in 
all squirrel-inhabited w oodlands, irrespective of their size.

2.2.2 Study area
An area of 2500 km^ based around N avan in  Co. M eath w as selected as the 
m ain study area (see Figure 2.1). It stretched from just north  of Virginia in Co. 
C avan  (N 60 90), east to D unleer in Co. Louth  (O 10 90), so u th  to 
B lanchardstow n in Co. Dublin (O 10 40), and west to south  of K innegad in Co.
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Westmeath (N 60 40). This area was later extended eastwards to the sea, once it 
became clear that the grey squirrel was established to the east coast of Ireland. 
The grey squirrel was first recorded in Co. Meath in the NPWS survey of 1968, 
and probably entered the western extreme of the study area some years prior to 
that. The grey squirrel is a more recent arrival to Co. Dublin, at the south 
eastern  extreme of the study area, although the populations are fully 
established in that area.

The area was known to contain a number of m ature woodlands within the 
large estates therein. There were also known plantations of younger trees 
allowing an assessment of all tree ages. The woodlands were known to differ 
according to species composition and the degree of mixing of woodland plots, 
containing both monoculture stands and recreational garden woodlands, with 
many different and often exotic tree species. The study by M  Neachtain (1995) 
which acted as a precursor to the present study, and whose results have been 
included in some of the current analyses, used two woodlands w ithin the 
study site: nursery plantations at Tara mines (N 84 68), near Navan, Co. Meath; 
and Balrath Woods (N 71 73) near Kells, Co. Meath. This study indicated that 
there was some level of damage within the study area, and this damage varied 
according to certain tree characteristics, making the area very suitable for this 
more in depth investigation. In a logistical sense, all areas w ithin the study 
area were easily accessible from Dublin, allowing for visits to various 
woodlands whenever the occasion arose.

The State forest service only keeps details of woodlands larger than 200 ha in 
Ireland, and only a few of this size were to be found in the study area. Smaller 
w oodlands were also included in the survey work, as they were capable of 
sustaining viable grey squirrel populations. Coillte Teoranta, the semi-state 
commercial forestry body, owned a few woods that could be included, 
although these were predominantly monoculture coniferous woods. Smaller 
privately owned woodlands were identified using half inch ordnance survey 
maps, six inch maps (that at times proved to be outdated), together with some 
lim ited aerial photographs and through interviews w ith woodland experts 
from the locality. A working list was drawn up that contained 68 broadleaved 
woodlands, thought to be of 10 hectares or larger. Questionnaires, covering a 
num ber of relevant topics, were sent in two waves to the ow ners of the 
woodlands.

27



Figure 2.1 Map of the main (2,500 km^) study area centred around Navan, Co. 
Meath, showing the location of the study sites at Ardm uichan (A) and Beau 
Parc (B) (see Chapter 3)



WILDLIFE ECOLOGY GROUP - TRINITY COLLEGE DUBLIN

SURVEY OF SQUIRREL  
DISTRIBUTION AND DAMAGE

1997/1998

R espondants Name 
A ddress

Telephone No

A . W OODLAND
W oodland nam e f” 
Area (approx) ha

Principal tree species (p lea se tick boxes) 
O ak 
Ash 

Beech 
Sycam ore 

Horse C h e stn u t 
Cherry 

Alder 
Poplar 
Birch 
Hazel

Age of the principle s ta n d s  In the woodland 
Species________________  S tand size (ha)

Larch 
C edar 

S itka Spruce 
Norway Spnice 

Scots Pine 
Lodgepole Pine 
Corsican Pine 

Others (please specify)

Age

C. DAM AGE
Are Squirrels causing  any 
dam age in your woodland? Yes I  I  N o Q

If Yes', which species is the main offender? ____
Red I I Grey | |

Approximately w h at percentage 
of trees have been dam aged?

<10% 10-25% 25-50% 50-75% >75%□ □ □ □ □ 
h i w hat montli does the  dam age generally occur?

J a n
Ju lBF e b j  I M a r l  1 A p r ! i M ay l  Ijunl I

Aug| I S ep l ] O ct|~  I Nov I | Dec| |

W hich tree species a re  m ost susceptible to damage, 
an d  a t w hich age?

Species Age

For office use  onbj

GRID REF 
WOODLAND NO
FOLLOW UP SURVEYS

WOODLAND
DAMAGE
SQUIRIREL DENSITY

DISTANCE TO 
NEAREST WOODLAND 1

B. S Q U IR R E L S
Are Red S quirre ls presen t? Yes □  No □

IfT es ', are th e ir  n u m bers - _____  _____
Increasing n  Decreasing □  S table □

Are Grey S<iulrrels present? Yes I I No Q

If'Yes', are  the ir  num bers - _____  _____
Increasing □  Decre.;islng □  Stable □

In w hat year (approx) did __________
Grey S quirrels first appear In the  are;»? [ - - ^

D. CO N TRO L
Do you use  any  m easures to control S q u irre ls?_____

Yes I I No I I

W hat m ethod of control do you employ?
T rapping  I  I  Shooting

Poison I I Drey Poking/Shooting

Approximate!)’ how m any Squirrels 
are  killed each  vear?

B

Please add  any fu rther q u estions/com m en ts 
on the back of tills fonn

Please re tu rn  completed q u estionna ires to: 
C O U N LAWTON  
WILDLIFE ECOLOGY GROUP 
UNIVERSITY OF DU BU N  
T R IN ITY  COLLEGE 
D U BU N 2 

phone: 01 -608 1883, Fax: 01 -677 8094

Figure 2.2 Sample of questionnaire form used in the squirrel distribution and 
damage survey
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2.2.3 Questionnaire layout
The questionnaires (Figure 2.2) covered four main areas of concern: details on 
the w oodland itself, the presence or absence of each squirrel species, the 
perceived damage levels to be found within the woodlands, and the control 
measures, if any, taken to counter the problem.

The size of the woodland was the first detail sought, along w ith the major 
species of tree to be found. Space was allowed for further information on the 
ages and sizes of the major stands within the woods. The section on the 
squirrel populations required data on the presence of both species of squirrel 
and whether the populations appeared to be changing in size. A question was 
also included on the year in which the grey squirrel first arrived in the woods, 
although the answers to this part were expected to be vague or approximate. 
The damage section was designed to examine the perceived damage levels 
w ith in  the woods and was compared w ith the results found for those 
woodlands in which the damage survey was carried out (see Section 2.3). The 
woodland owners were asked whether they had found damage in their woods 
and which species of squirrel appeared to be causing the damage. The number 
of trees affected, the time in which the damage occurred and the trees most 
badly dam aged were the other details requested in this section. The final 
section, asking about any control attempted in the woods, asked for details on 
the m ethods of control and the numbers of squirrels that the w oodland 
owners succeed in extracting from the woodland population in each year.

2.2.4 Results
In total, 36 responses were received from the woodland-owners approached, a 
response rate of 52.9%. Some of these owners were unable to complete the 
questionnaires themselves, but they offered their land for use in the survey 
nonetheless. In total, questionnaires were completed by, or on behalf of, 32 
owners of woodlands, including two volunteered from outside the study area; 
Ballykilcavan Woods, Stradbally, Co. Laois (S 77 96), and Lisnavagh Woods, 
Rathvilly, Co. Carlow (S 89 79). Both of these woodlands were included in the 
analysis of the questionnaires received, as they both satisfied the requirements 
used to choose the original study area. Many of the completed questionnaires 
contained unanswered questions, most frequently to that which asked about 
the year of arrival of the grey squirrel to the woodland in question. The 
num ber of respondents to each particular query was considered w hen 
calculating each point of analysis. Some of the w oodland-ow ners' answers 
also proved to be prone to subjective reasoning, such as the assessment of what 
constituted a principal tree species, with some listing almost all trees to be
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found w ithin the woods, and others just nam ing one predom inant tree 
species.

2.2.4.1 W oodlands included in questionnaire
A variety of woodland sizes were included in the survey (Table 2.1). Six of the 
32 estimated woodland sizes were below the target size of 10 ha, mostly due to 
changes im posed in the years since the maps used to identify possible 
woodlands were drawn. The responses from these woods were still used in 
the questionnaire analyses where appropriate. M ost of the rem aining 
woodlands (15 sites) fell within the 10-29 ha bracket. Larger woodlands were 
also represented, with five of the sites containing over 110 ha of forestry.

Total wooded area (ha) No of woodlands
< 10 6
10-29 15
30-49 3
50-69 2
70-89 1

90-109 0
110-129 3
130-149 1
150-169 0
170-189 1

Table 2.1 Size of woodlands for which questionnaires were received

The respondents were then asked to indicate the principal tree species to be 
found in their woodland, or the species that dominated their woodland. Using 
the data from the 32 questionnaires the most common tree species throughout 
the study areas are clearly seen (Figure 2.3), listed as percentage of woodland 
ow ners naming each tree species as a principal species. Beech, oak, ash 
{Fraxinus excelsior) and sycamore were all found in significant num bers in 
over 80% of the woodlands surveyed, and could be considered as the dominant 
trees in a typical broadleaved woodland of this area. All but two of the sites 
were dom inated by two or more of these species. Horsechestnut {Aesculus 
hippocastanum) was also quite common, being found in substantial numbers 
in nearly 60% of the woodlands. It was also found in m ost of the other 
woodlands but not as a principal species.
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Figure 2.3 Frequencies of occurrence of each tree species as a 'principal' tree 
species in woodland questionnaires
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D espite being predom inantly broadleaved, 23 of the w oodlands listed one or 
m ore coniferous species as a principal species (such as N orw ay spruce (Picea 

abies), sitka spruce {Picea sitchensis), Scots pine and larch {Larix sp.))- Many of 
the other species featured were later found to be present in the sites but not in 
su ffic ien t num bers to be classified as a 'p rinc ipa l' tree species. W hat 
constitu ted  a principal species was not specified, and  so w as a subjective 
opinion of the survey respondent for each site.

2.2.4.2 Squirrel distribution in woodlands
Section B of the questionnaire concerned the presence or absence of the two 
species of squirrel. As the study area covers m uch of the area from  w hich red 
squirrels have disappeared in Ireland, few positive responses to red  squirrel 
questions w ere expected. Of the 30 questionnaire responses from  w ith in  the 
study  area only three claimed to still have red squirrels in their area, and two 
of these stated that their num bers appeared to have decreased in recent years. 
O thers could give the year in which they last saw red squirrels in the area, 
includ ing  three sightings w hich were in the last ten years. All 30 of the 
respondents said they had grey squirrels in their w oodland, including Salesian 
College (N 92 53) w ho have only one hectare of w oodland rem aining  in their 
grounds. M any other sources during the study indicated that they had  grey 
squirrels inhabiting their back gardens (probably a series of connected gardens), 
show ing how  little w oodland is needed to susta in  a grey squirrel. The 
m inim um  size to sustain a viable and dynamic population  is debatable, bu t it 
is likely that all w oodlands w ithin the area contained grey squirrels for at least 
some part of the year, be they part of a transient or settled population.

W oodlands % of % greys % greys % greys % status
contain ing w oodlands increasing stable decreasing u n k n o w n
Greys only 90 51.9 29.6 3.7 14.8
Reds only 0 N /A N /A N /A N /A
Both species 10 100 0 0 0
Table 2.2 Status of both species w ithin w oodlands included in questionnaire 
survey

Following the unanim ous positive response to the presence of grey squirrels, 
the w oodland ow ners were asked to comment on the perceived status of the 
grey squirrel w ithin their w oodland. Over half of the replies (51.9%) felt that 
the num bers w ere still increasing (Table 2.2), a lthough  it is likely these 
w oodlands reached their grey squirrel capacity shortly after the grey squirrels 
arrived.
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Figure 2.4 Approximate arrival time of grey squirrels into certain study area 
woodlands as given in woodland questionnaires
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It was claimed that grey squirrel numbers in woodland surrounding Townley 
Hall (O 03 76) near Drogheda, Co. Louth, had decreased in recent years, possibly 
caused by the collapse of a beech stand severely damaged by the squirrels 
(Frank Mitchell, pers. comm.).

The next question asked which year grey squirrels were first seen in the 
particular woodland. Responses were given by 18 of the woodland owners in 
the study area. These responses have been plotted in Figure 2.4 in an attempt 
to show the relative spread of the grey squirrel through the study area. 
Unfortunately some of these responses were at best vague, offering ranges of 
up to 20 years in which the squirrels may have appeared. Others, such as the 
dates given for Dalgan woodlands (N 90 63), Navan, were much more precise, 
with dates given for the arrival of the first grey squirrels (1970-1972), and the 
date when they were established in some numbers in the woodland (1976). It 
is apparent, however, that they arrived on the eastern coast by 1980, and, 
assuming these dates to be correct, this suggests an approximate spread across 
the study area of 4-5 km .yi. The squirrels were then reported in King's 
Hospital School (0 20 41) in the north of Dublin in 1985, a further spread south 
of 3-4 km .yi. This compares with rates of spread of 5 km .yi in England and 0.4 
k m .y i in South Africa (Williamson, 1989).

2.2.4.3 Damage reported in woodlands
Twenty nine woodland owners responded to questions regarding damage 
within their woodlands. Of these, only four felt their woodland was clear of 
any significant damage, and two of these were two of the smallest woodlands 
(<5 ha). This may not have been significant, however, as many of the smallest 
sites had suffered damage as severe as the larger sites. It is more pertinent that 
three of these woodlands where no damage was reported were three of the 
w oodlands that did not have a significant am ount of sycamore w ithin the 
woods. None of the damage reports were considered to be the fault of any 
source other than the grey squirrel. Two of the woodlands reporting little or 
no dam age, Brittas woodland (N 81 86), near Nobber, Co. M eath, and 
Drewstown House woodland (N 69 69), proved to have fairly serious damage 
with 28-48% and 29-49% of trees damaged respectively, when surveyed later in 
the study. Indeed, comparing damage levels reported in the questionnaires 
with those actually found in the damage survey, it is apparent that many of the 
w oodland owners were underestim ating the extent of dam age in their 
w oodlands, and hence the severity of the problem. The dam age levels 
reported, together with those actually found in the damage survey, are listed 
for those woodlands that were included in both the questionnaire and damage
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surveys in Table 2.3. This confirms the under-estimation of the extent of the 
problem in Ireland and also casts some doubt upon those previous studies that 
had relied solely upon questionnaires to examine damage severity.

W oodland name Damage levels reported 
in questionnaire

Damage levels found in 
damage survey

Ardmulchan (N 90 69) 10-25% 14% (±10%)
Ballygarth (O 14 70) 10-25% 28.33% (±12.91%)
Ballykilcavan (S 77 96) <10% 16% (±10%)
Brittas (N 81 86) <10% 38% (±10%)
Drewstown (N 69 69) <10% 39% (±10%)
Hayes (N 92 69) 25-50% 32% (±11.55%)
Kilyon (N 68 49) <10% 20% (±10%)
M ountainstown (N 81 78) 10-25% 16% (±10%)
Rahinstown (N 81 46) <10% 13% (±10%)
Table 2.3 Damage levels reported in questionnaires, together with those found 
in damage survey

As commonly reported in Britain (e.g. Shorten, 1957a, 1962; Pentamedes, 1983), 
the months when damage occured most frequently were generally considered 
to be in late spring/early  summer. This was usually classified as being from 
May to July. Figure 2.5 shows the months in which w oodland owners felt 
damage was being perpetrated in their woodlands by the squirrels in this study. 
Damage was reported in a variety of months throughout the year, but March, 
April and May constituted 77.1% of the monthly damage reports. The damage 
period in Ireland appears to be earlier than that reported in Britain.

Similarly, the respondents were asked which tree species they noticed suffering 
the most from bark stripping by squirrels. Beech and sycamore were the 
species reported on 77.4% of the occasions when trees were named as being 
susceptible to damage (Figure 2.6). Ash was reported damaged by three of the 
woodland owners, and four other species (poplar, red oak, willow and hazel) 
were reported on one occasion each.
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Figure 2.5 Months in which grey squirrel bark-stripping damage was reported 
to have occurred by woodland owners
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Figure 2.6 Tree species reported damaged in questionnaires
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Figure 2.7 Ages of trees reported as damaged in questionnaires
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W hen asked about the ages of trees most frequently damaged, the answers 
varied somewhat, but were normally distributed, with a mean of 21.5 years and 
a standard  deviation of 10.9 years (Figure 2.7). The m edian age at which 
damage occurred was 20 years. Some tree species were attacked at a younger 
age than others, presumably depending on when the flow of sap through the 
trees, coupled with the thickness of the bark, was at an optimum to give the 
greatest reward for stripping bark. Typical values for sycamore and beech were 
10 to 25 years, whereas ash was rarely reported as damaged after 15 years of age.

2.2.4.4 Control section
Of the 30 respondents who completed the control section of the questionnaire, 
18 carry out some form of control in their woodlands (60%). The 12 sites that 
are not controlled in any manner include eight woodlands where the owner 
was aware of some squirrel damage. The four m ain m ethods of control 
(trapping, shooting, drey poking, poisoning), as described above, were all 
em ployed to some degree within the study area, w ith trapping and shooting 
being the most common methods used (Table 2.4). Some of the woodlands, 
generally those that were fairly intensively managed, used a combination of 
the m ethods in an attempt to remove as many of the squirrels as possible. 
Different num bers of squirrels were removed, depending on the site in 
question. This number generally depended on the size of the woodland, with 
most of the sites (12 out of 17, or 70.6%) reporting removal rates of between 0.5 
and 1.5 squirrels per hectare, and on the method used, w ith trapping being 
employed in sites where over 100 squirrels are removed annually. Two of the 
w oodlands, those surrounding G orm anstow n College (O 16 66) and 
Ardmulchan estate, underwent much higher levels of control, with 5 squirrels 
ha"'' and 4.17 squirrels ha 'i, respectively, removed each year. Those sites that 
used poison as part of their control strategy could not be expected to give a 
wholly accurate number of squirrels killed, as estimations of the num ber of 
squirrels removed is difficult.
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W oodland Grid
Ref.

T S DP P Number 
killed y"̂

Num ber 
killed ha"  ̂y'^

Gormanstown 016  66 • 50 5
A rdm ulchan N90 69 • • 50 4.167
Lisnavagh S89 79 • 175 1.458
Beaulieu 013  77 • 20 1.429
Ballinlough N 64 65 • 60 1.225
King's Hospital 0  20 41 • 27 0.964
Ardsallagh N89 63 % • 20 0.833
M ilverton 0  23 59 • •  •  • 12 0.800
Beau Parc N94 72 • 100 0.667
Ballygarth 014  70 • 10 0.667
Barmeath 0  09 88 • • 30 0.600
Carrolstown N80 63 • 6 0.600
M ountainstown N81 78 • • 42 0.560
Dalgan N90 63 • 60 0.522
Rahinstown N81 46 • • 20 0.444
Balrath House N 68 61 • 10 0.385
Dunsany N91 52 • 38 0.317
Abbeyville 0  20 43 • sf

* Squirrels translocated to nearby woodland (number unspecified); none killed 
Table 2.4 Details of woodlands in questionnaire that carry out some form of 
control (T=Trapping; S=Shooting; DP=Drey Poking; P=Poison)

In one particular woodland, surrounding M ountainstow n House in 
Wilkinstown, Co. Meath, the gamekeeper had kept exact records from 1989 to 
1997 of the number of squirrels removed from the site each year (Mitham, 
pers. comm). Twelve Fen IV Snap Traps were permanently set, and a standard 
amount of time spent each year shooting squirrels. This meant a constant 
effort was being used each year to remove the squirrels, and any differences in 
the number of squirrels killed corresponded to a variation in the actual 
squirrel density for that particular year. Figure 2.8 shows that the number of 
squirrels within a woodland can fluctuate greatly from one year to the next. 
From 1995 to 1996, for example, the number of squirrels removed increased 
nearly four fold, possibly corresponding to a higher autumnal seed crop the 
previous year (Nixon et a l ,  1975), which is itself influenced by temperature 
(the summer of 1995 was particularly warm). This fluctuation must be 
considered when determining what level of control would be necessary in a 
particular year.

40



1989  1990  1991 1992 1993 1994 1995  1996 1997

Year

Figure 2.8 Num ber of squirrels killed each year in M ountainstow n House 
woodlands, using identical methods of removal each year
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2.2.5 Discussion
Most of the woodlands surveyed were dom inated by beech, ash, oak and 
sycamore. These included both the mature estate woodlands, used for amenity 
purposes, and the silvicultural stands, grow n for timber. O ther species, 
varying from willow, hazel and alder to various coniferous species, were 
found as either an understorey in these woodlands, or as small stands, planted 
amongst the more traditional species. The predominance of beech, ash, oak 
and sycamore in the planting of woodlands makes their damage levels very 
significant, and extra concern must be directed at the results of the damage 
survey on these species.

Strong evidence has been gathered about the spread of the grey squirrel, and 
the subsequent demise of the red squirrel (e.g. Reilly, 1998). All but two of the 
w oodlands included in the questionnaire survey no longer contain red 
squirrels, and the spread of the grey has continued across the study area over a 
period of approximately 25 years. There is no evidence that the reds can 
survive in mature broadleaved woodlands where greys are present, and it 
appears that the reds will suffer local extinctions in all broadleaved woodlands 
of Ireland to which the greys spread. The reds will most likely have to survive 
in detached localised populations within coniferous woodlands where they 
can compete with the grey squirrels in a less amensal form.

Grey squirrel num bers fluctuated from season to season, w ith population 
numbers reducing when resources were low, and m ultiplying greatly when 
the habitat carrying capacity had increased. The rate of spread of the grey 
squirrel most likely relates to the available habitat through which they can 
travel. In the study area from which the majority of questionnaires were 
taken, the habitat was ideal for grey squirrel migration, with the woodlands 
linked by mature hedgerows, and thin lines of trees. As the squirrel disperses 
further, moving its current distribution frontier further south, its spread can 
be expected to slow, as the landscape becomes more barren, and the species 
encounter natural barriers, such as the series of high altitude landscapes 
stretching from the Wicklow Mountains to the Ballyhoura Hills in north Co. 
Cork. It is unlikely, however, that the spread of the grey squirrel will be halted 
for long, and the grey squirrel can be expected to push onwards, to cover most 
wooded inland areas in Ireland.

Damage levels reported in the questionnaires appeared to be underestimates, 
typical of the attitude towards the grey squirrel problem  in Ireland, and 
possibly Britain. The fact that there is a problem is accepted, and the need for a
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response acknowledged, but the severity of the problem  is not. The 
appearance, source, targets, and timing of damage were all reported upon, with 
varying degrees of definition, but control methods aimed at reducing the grey 
squirrel populations appeared uncoordinated and almost recreational. These 
long-draw n out m ethods of squirrel rem oval have little effect on the 
population size, and merely push the numbers slightly below the carrying 
capacity of the habitat, leaving space for young or immigrating animals to 
become established in the woodland. An occasional removal by shooting 
serves only to take on the role of predator, which is present in the grey 
squirrel's native America but absent in Ireland. It is possible that the period of 
damage occurs earlier in Ireland than in Britain, as most of the woodland 
ow ners felt the damage began as early as March. Unless they were all 
m isinformed through the same source and were therefore influenced in their 
response, this difference could be due to one of the factors influencing damage 
being different in this country.

2.3 Damage surveys

2.3.1 Introduction
The inform ation gained through the questionnaires was used to identify 
suitable woodlands in which a damage survey could be conducted. The survey 
allowed a more quantifiable approach to damage levels and the removal of 
b iases tha t are unavoidable in the subjective responses received in 
questionnaires. Similar studies have been conducted before, again more 
frequently in Britain, and the results from these studies have been used in the 
past to deduce the current status of broadleaved w oodlands in Ireland. 
A lthough many of the studies on grey squirrel damage have relied solely upon 
inform ation from questionnaires to assess the damage levels (e.g. Shorten, 
1957a) or even anecdotal evidence from just a few sources (Davidson & 
Railson, 1978), the most widely accepted m ethod, the nearest neighbour 
method, surveys a sample number of trees (usually 100) from the woodland in 
question, described by Melville et al. (1983) (Tee & Rowe, 1985; Sullivan et a l ,  
1993; Bryce et a l ,  1997). Details on the methodology are given in Section 
2.3.2.1. Other methods include attempting to assess all trees within a wood 
stand (Pentamedes, 1983) or ranking damage for an entire site on a subjective 
scale of 0 to 5 (Kenward & Parish, 1986; Kenward et al., 1988b). The nearest 
neighbour method was adopted as the most suitable method for this study, as 
it allowed the assessment of a num ber of w oodlands w ithin the study 
duration.
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2.3.2 Materials and methods
Two woodlands, Tara Mines Nursery and Balrath Estate Woods, were 
examined for damage in a preliminary study in 1994 by Ni Neachtain (Ni 
Neachtain, 1995). The results of that study have been incorporated into the 
current study together with damage surveys from 18 other woodlands, mostly 
selected from the woodlands about which questionnaires were received. 
Woodlands were chosen to cover a broad cross-section of the study area's total 
woodland, taking into account different levels of woodland management and 
tree species composition.

2.3.2.1 Survey method
As it is not possible to assess every tree within a woodland, a representative 
sample must be taken. Trees were examined using a system based on the 
nearest neighbour method, as described by Melville et al. (1983). This was 
usually 100 trees within each woodland but occasionally varied, depending on 
the size of the woodland in question and the level of access to the woodland 
offered by the woodland owner, either in time permitted or areas available for 
research, or by the undergrowth, which often made areas impenetrable. 100 
trees gives an accuracy of ±10 % according to the following formula:

N=(100/x)2
where N=total number of trees to be assessed,

x=accuracy desired (±) at 95 percent confidence level.

The trees were assessed as twenty clusters of five trees. Each cluster was based 
around centres, which were picked at random within the woodland. The tree 
nearest to the centre point was assessed, followed by the tree closest to the first 
tree. The tree closest to the second tree was then assessed, and so on until the 
desired number of trees (five) had been examined.

The following features were noted for each tree inspected:
Tree species
Diameter at breast height (DBH) - Approximately 1.4 m 
Tree height
Presence/ absence of damage 
Number of wounds present 
Wound size 
Location of damage 
Ivy level on the tree 
Evidence of girdling
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Identification of tree species was conducted witli reference to Coom bes (1992) 
and Mackie (1972). It is not possible to calculate the exact age of a tree w ithout 
having exact details of when it was planted, or dam aging the tree by rem oving 
a core and exam ining the annual growth rings. As such, the best estim ator 
available for the age of a tree is given by taking the Diam eter at breast height 
(DBH) of the tree and taking this as a m easurem ent of the size of the tree. Tree 
size is not solely influenced by age, however; it m ay also be influenced by an 
in d iv id u al tree's grow th  rate, which is itself affected by the quality of the 
env ironm ent in w hich the tree is located. Therefore no attem pts w ere m ade 
to convert DBH into tree age. It is likely that any preference show n by squirrels 
w ould  be to the size of the tree and not its age, as it is the sap flow and bark 
thickness that are alleged to influence the dam age (see section 2.1). The DBH 
of each tree was found by m easuring the circumference of a tree and dividing 
th is by K (3.14159). O ccasionally this was no t possib le, (e.g. due to 
inaccessibility), and the tree DBH could only be estim ated. In some w oodlands, 
(A rdm ulchan, Ballykilcavan, Beau Parc, Brittas and  Lisnavagh), all of the tree 
sizes were estim ated. As this left some doubts regarding the accuracy of some 
of the  tree DBH, the data w ere placed into size classes into w hich even 
estim ated tree sizes could easily be placed (class 1, 0-9.9 cm; class 2, 10-19.9 cm; 
class 3, 20-39.9 cm; class 4,40-59.9 cm; class 5, 60-79.9 cm; class 6, 80-99.9 cm; class 
7, >100 cm).

A tree's height can be m easured quite accurately using a hypsom eter, b u t often 
the top of the tree was not fully visible when the surveyor was at the required 
distance to m easure the height correctly. The height of the tree was therefore 
only approxim ated (after Kenw ard et a l ,  1988b). Similarly, tree dam age was 
often at a height w here accurate measurem ents could not be m ade, so the size 
of such w ounds was estimated. The am ount of ivy attached to each tree was 
arbitrarily quantified using the following scale:

0 - N o ivy cover
1 - Little ivy, obscuring very little of the main trunk
2 - Some ivy, obscuring part of the main trunk
3 - M uch ivy, obscuring most, or all of the main trunk

2.3.2.2 M ultivariate analysis
Taking each tree w ithin a w oodland to be an individual case, it w as possible to 
exam ine the features for each tree and analyse them  using  a d iscrim inan t 
analysis to pick out the features that make the trees m ore likely to be dam aged. 
The analysis was conducted using both direct and stepw ise m ethods on the
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SPSS® com puter package (Norusis, 1993). The dependent variable, the m atter 
under investigation, was considered to be w hether each tree was dam aged or 
not (scored as 1 for dam aged and 0 for undam aged). The rem aining details 
noted were used as predictor variables or features of a tree that m ay be used to 
predict the likelihood of a tree being dam aged or not. Thirty variables in total 
w ere m easured , 27 of which were discrete and 3 of w hich w ere continuous. 
The fea tu res  included  in the analysis were: tree species (alder {A In us  
g lu t inosa) ,  A r b u t u s  sp., ash, beech, birch {Betula sp.), cherry {Prunus  sp .) , 
conifer sp., elm  {Ulmus  sp.), h aw thorn  {Crataegus monogyna) ,  hazel, 
ho rsechestnu t, holly (Ilex aquifolium), laurel {Laurus nobilis), lime (Tilia sp .), 
oak, pop lar {Populus sp.), sw eetchestnut {Castanea sativa), sycam ore, w illow  
{Salix sp.) and  yew (Taxus baccata)); size class (classes 1-7, using  DBH as 
described in section 2.3.2.1); degree of isolation of w oodland (m easured as no. 
of kilom etres to nearest woodland); size of w oodland and no. of tree species 
w ith in  w oodland  (taken as num ber of species w ith in  sample). The features 
used  shou ld  be norm al, bu t the tests are fairly  ro b u st (N orusis, 1993), 
particularly in this case, with such a large number of cases being used (the 2002 
trees for w hich all necessary information had been collected). This allows the 
use of so m any discrete factors. The two m ethods, d irect and  stepw ise, 
p rov ided  different inform ation for the analysis of a tree's propensity  tow ards 
dam age.

The direct m ethod considers all variables that pass a m inim um -tolerance test, 
and  determ ines w hether they are useful or irrelevant param eters. It gives a 
score for each factor and the total score for a case (the discrim inant score) can be 
used to predict w hether the case w ould be dam aged or not. Scores can then be 
calculated for each of the trees used in the analysis and  the p red ic tions 
com pared w ith  the actual dam age group each tree belongs to. This gives a 
level of how  accurate the predictors are and of the usefulness of the study  
(Norusis, 1993). There are two sets of coefficients available in the analysis: the 
s tan d a rd ized  canonical function coefficients and  the pooled  w ith in -g roup  
correlations betw een  discrim inating variables and canonical d iscrim in an t 
functions. The pooled correlation can be used in  analyses w here there is a 
large correlation betw een some of the factors, as it allows for such com bined 
effects. This w ould likely have been the case if, for exam ple, tree height had 
been included in the analysis, as it w ould have correlated strongly w ith  size 
class, bu t this value, which could only be estim ated th roughout the study  was 
considered too inaccurate for inclusion. As such, the standard ised  canonical 
coefficients w ere used. The direct m ethod analysis was used  in  the study  to
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investigate the use of the predictors in predicting the dependent variable for a 
particular case (i.e. whether a tree will be damaged or not) (Marnell, 1998).

The stepwise method is designed to pick out the individual variables that are 
good predictors of damage. Each variable is entered individually, and the one 
that results in the lowest Wilk's Lambda is selected for entry into the analysis. 
This is the first step. The variables are examined again, w ithout the variable 
selected at the first step, and the one that results in the next lowest Wilk’s 
Lambda is selected. This continues until no further variable can be entered, 
none having reached the minimum F value given to enter the analysis 
(N orusis, 1993). This analysis selects the param eters that influence the 
dependent variable scores for the cases the most (i.e. picks the tree features 
most or least likely to cause the tree to be damaged) (Marnell, 1998).

2.3.3 Results 
2.3.3.1 Tree species
Figure 2.9 shows the relative frequency of each tree species in the survey and 
represents the relative frequency of each species within the study woodlands, 
assum ing that there were no biases in the tree selection procedure. Sycamore, 
beech and ash were all found more frequently than the other species. Oak was 
found at a surprisingly low frequency, despite 81.25% of woodland owners 
listing  it as one of the principal species of their w oodland  in the 
questionnaires. Many woods appeared to be dominated by large mature oaks, 
w ith an understorey of young sycamore, beech and ash, and as such would 
rarely have more than one oak in a cluster of five trees. This also meant only 
a few very large trees, in size classes 6 and 7, were included in each sample. 
The frequency of tree species within the woodlands must be considered when 
estimating damage significance.

Examining the percentage of trees that were damaged for each species, it is 
apparent that certain trees were attacked more frequently than others (Figure 
2.10). As found in most of the studies referred to earlier, sycamore and beech 
were damaged more frequently than most other species. Unexpectedly high 
levels of damage were also seen in some other species, most notably willow 
and hazel. It is difficult to say if this was a true depiction of their damage 
susceptibility, as both of these species were found in relatively low numbers (37 
and 30 trees, respectively). More pertinently. Appendix 8.1 shows that the trees 
of these species were all examined in a low number of woodlands, and so may 
not have given a true image of the frequency with which these species were 
damaged in all woodlands.
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It can be noted, for example, that in Mountainstown, where all the damaged 
hazel were found, there was no sycamore, and the squirrels may therefore 
have been using hazel as a substitute bark source. To guard against any such 
m isrepresentation. Figure 2.11 shows the tree-species damage levels without 
the tree species represented by less than 40 trees in the sample. Sycamore and 
beech stand out quite obviously as the tree species that were most susceptible to 
damage, with alder as the only other tree species attacked at a level above the 
average of 26.47%. The importance of sycamore and beech to damage levels 
becomes even more apparent when the contributions of the tree species to the 
overall damage are taken into consideration (i.e. the occurrence of the tree 
species w ithin the woodlands is taken into account) (Figure 2.12). The 
significance of the damage levels to these two species of trees is very 
important. A heavily damaged tree species that only features in woodlands 
infrequently is of much less concern than a species that is consistently used as a 
major woodland species.

W ound sizes were recorded for almost all trees found to be damaged. They 
were found to be extremely skewed, and in order to investigate their 
significance it was necessary to transform the data on a log scale to normalise 
them. Table 2.5 gives details of the size of wounds found on each tree species. 
Other rarely damaged species were removed on this occasion, as their very low 
dam age levels were not sufficient to include in the analysis. A one-way 
ANOVA showed that one or more of these means were significantly different 
(F=8.8488, p<0.0001). Scheffe Post Hoc tests showed these differences were most 
significant between sycamore and alder (p<0.0001) or ash (p<0.0001), and 
between beech and alder (p<0.005). It appears that not only were sycamore and 
beech dam aged more frequently than other species, but the w ounds they 
suffered were much larger also. This suggests that the rew ards of stripping 
bark from a sycamore or a beech were sufficient to encourage the squirrel to 
continue damaging the tree.
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Tree
Species

No.
Damaged

M inimum

Wound Size (cm^) 

Maximum Median Mean
Sycamore 201 2 13050 1100 2002.57
Oak 19 2 12500 500 1671.74
Beech 133 2 20200 550 1667.33
Ash 61 3 20000 150 1130.33
Willow 19 2 10000 250 1032.74
Birch 18 20 4850 300 839.22
Elm 14 10 2500 575 650.36
Hazel 9 50 1440 450 631.11
Alder 18 3 350 75 118.89
Table 2.5 Summary statistics for wound sizes of most frequently damaged tree 
species

Occasionally damage was so severe that the tree was girdled (i.e. a complete 
ring of bark removed around the stem), preventing the flow of nutrients 
above the wound and leading to the death of the tree, at least above the point 
of damage. Girdled trees were not recorded as such in the two woodlands 
examined in the preliminary study by Ni Neachtain (1995). In total, 95 trees 
were found to be girdled (26.91% of damaged trees in 18 woodlands), and the 
majority of these were sycamore (69 trees, 72.63% of girdled trees, 43.40% of all 
damaged sycamore trees in 18 woodlands). Figure 2.13 shows the proportion of 
damaged trees that were girdled. Again sycamore proved to be the most 
severely damaged tree.
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133.1  Size classes
Due to the inaccuracy of measuring tree heights throughout the survey, DBH 
was used as a measure of differences between tree sizes. In order to examine 
the differences in damage for different sizes of trees, it was necessary to place 
the trees in appropriate size classes (Table 2.6). Originally, all size classes were 
at 20 cm intervals, but the first was split in two, as it contained such a large 
proportion of the trees and also much of the damage found in the survey.

Size Class DBH (cm) No. Examined No. Damaged % Damaged
1 0-9.9 659 193 29.29
2 10-19.9 592 224 37.84
3 20-39.9 411 93 22.63
4 40-59.9 149 12 8.05
5 60-79.9 110 7 6.36
6 80-99.9 42 2 4.76
7 >100 48 5 10.42

Table 2.6 Size classes used when analysing damage to different tree sizes

Figure 2.14 illustrates how much damage occurred in each size class. Far more 
damage was evident in the smaller trees within the sample (particularly those 
under 20 cm DBH). Although the squirrels were relatively recent inhabitants 
of the woodlands in the survey, it may be possible that some of the damage in 
larger trees, particularly those in size class 3 (20-40 cm DBH), occurred some 
time ago, that is when the trees were at a smaller, more vulnerable size. 
Future studies on the damage caused by the squirrels may find more of the 
larger trees showing damage that occurred when the trees were younger.

W hen the damage is similarly broken down for sycamore, beech and ash 
(Figure 2.15), it is obvious that the damage occurred at different stages of tree 
growth for different trees. Sycamore were attacked at a very young age, with 
damage levels in size class 1 being even higher than those found in size class 2. 
It can also be noted that levels of damage to sycamore trees were higher in all 
size classes than those found when all the trees were taken together. This 
suggests that the squirrels learned which trees offered the best rew ards, and, 
just as they selected certain tree species before others, certain sizes of each 
species were targeted also. The possibility that damage is a learned habit, and 
therefore likely to get worse as more populations and individuals become 
aware of its benefits, suggests that damage may become worse over a period 
after first appearing within a woodland.
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2.3.3.3 W ound position
W ounds were classed in the study as being in one of three positions, loosely 
classed as the butt of the tree, the trunk of the tree, and the canopy of the tree. 
As this needed to be classified in a more quantitative sense to reduce possible 
biases, the butt was taken to be 0-0.5m from ground level, the trunk as 0.5- 
2.0m, and the canopy as greater than 2.0m. Given the great difference in tree 
heights in the study, these height classes obviously covered a varying 
proportion of the main stem of the trees involved. The damage levels in each 
category differed (Figure 2.16), but this difference may have corresponded to 
the different lengths of tree stem in the three groups (for example, 8.45% of 
trees being damaged in the lowest 50 cm of the trunk, closely corresponds to 
the 29.67% which were damaged in the next 150cm (8.45 x 3=25.35)). There was 
little difference between the various tree species either. Sycamore had more 
instances of being damaged in more than one place (shown as Various), as 
sycamore trees appeared more likely to have suffered a number of wounds, or 
have been extensively damaged.

2.3.3.4 Site differences
Appendix 8.1 details the damage found at each of the twenty sites in the study. 
Only one site was found to be free of damage; Dalgan woodlands. This site had 
very little beech, one of the most frequently damaged tree species. It did, 
however, have a lot of sycamore, none of which was found to be damaged, 
which could be considered unusual. Most of the trees w ithin this woodland 
appeared to be either very young (under 2 years) or quite mature (60+ years), 
and the lack of damage may simply have been caused by a lack of suitably sized 
trees for the squirrels to attack. Damage levels varied slightly from woodland 
to woodland, with many of the differences being founded in the age or species 
of trees present (e.g. the woodland showing the heaviest level of damage; the 
woodlands at Tara Mines, consisted mostly of young silvicultural stands with 
many trees in vulnerable size classes).

The major differences between woodlands appeared in the species of tree most 
commonly damaged. In Ballygarth Castle woods for example, ash was attacked 
at a fairly high rate (53.85% damaged), whereas sycamore was relatively 
unharm ed (8.7% damaged). In these circumstances, the num ber of trees 
examined (13 ash, 23 sycamore), was too low from which to draw significant 
conclusions, and was possibly biased by the size classes of the specific trees 
examined. A more intensive survey is required to examine these differences 
further.
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2 .33.5 Other factors
Other factors appeared to possibly influence damage levels to tree species. Ivy, 
for vs^hich each tree w âs classed on an arbitrary scale from 0 (no ivy cover) to 3 
(almost complete ivy cover) appeared to influence the level of damage to a tree 
(Table 2.7). The trees with little ivy cover were more likely to be attacked than 
heavily covered trees (although it should be noted that trees were naturally 
affected by other ivy related problems). Damage may have been present, but 
hidden on some of the heavily covered trees.

Ivy Cover Level Number of Trees Number Damaged % Trees Damaged
0 1138 296 26.01
1 147 27 18.24
2 159 26 16.35
3 135 14 10.37

Table 2.7 Damage found for trees showing different levels of ivy cover

2.3.3.6 Multivariate analysis results 
(i) Direct method
Of the 2002 trees used as cases, 533 were found to be damaged (26.62%), and 
1469 undamaged. A minimum tolerance level of 0.001 was not passed by three 
of the variables (Cherry, Conifer and Size Class 7) as the num ber of cases 
proving damaged in these groups was too small to be fully analysed. The 
standardized canonical discriminant function coefficients were as follows;

Alder +0.147 Oak +0.197
A rbutus +0.112 Poplar -0.039
A sh +0.224 Size Class 1 +0.534
Beech +0.766 Size Class 2 +0.749
Birch +0.033 Size Class 3 +0.300
Wood diversity -0.075 Size Class 4 -0.099
Elm +0.097 Size Class 5 -0.066
H aw thorn -0.038 Size Class 6 -0.038
Hazel +0.153 Sweetchestnut -0.041
Holly +0.010 Sycamore +0.891
H orsechestnut +0.136 W illow +0.305
Degree of Isolation +0.057 W oodland Size -0.169
Laurel +0.060 Yew +0.023
Lime +0.048
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Each discontinuous variable influenced the likelihood of the tree being 
dam aged according to the size of the standardized canonical discrim inant 
function coefficient of that variable. The size of the three continuous variables 
(wood diversity, degree of isolation, woodland size) for each w oodland 
influenced the likelihood of the trees within that woodland being damaged 
according to the standardized canonical discriminant function coefficient of 
that variable.

This m ethod indicated that the smaller three size classes, sycamore, beech and 
willow contributed most to determining whether a tree was damaged or not. 
This information was used to get a score for each of the trees in the two groups; 
damaged and undamaged, and these scores are displayed as histograms (Figure 
2.17), and the degree of overlap indicates the accuracy of the scoring system. 
The canonical discrim inant functions evaluated at group m eans (group 
centroids) were calculated as:

U ndam aged -0.258 Damaged +0.710

These values were used to decide the cutoff point at which a tree is predicted as 
dam aged or undam aged (the midway point between the two means, 0.226). 
Trees w ith scores below 0.226 were predicted as undamaged, while those with 
greater scores were predicted as damaged. Comparing the actual damage group 
in which each tree belongs with the predicted damage group (Table 2.8) 
allowed a figure for the accuracy of this system to be obtained. A woodland 
considered at risk can be assessed using this data and each tree given a score. 
This score can be used to determine whether a tree will be damaged or not, 
knowing the accuracy of the system at getting the predictions correct, and a 
predicted percentage of trees within the woodlands that will be damaged, 
developed.

Actual Group No. of Cases Predicted as 
Undamaged (%)

Predicted as Damaged 
(%)

Undam aged 1479 1048 421
(71.3%) (28.7%)

Damaged 533 158 375
(29.6%) (70.4%)

Table 2.8 Classification results indicating accuracy of direct m ethod at 
predicting likelihood of damage of a tree

The percent of all 'grouped' cases that were correctly classified was 71.1%.
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(ii) Stepwise method
A low Wilk's Lambda indicated that no variables were influencing the 
likelihood of the trees being damaged. The variables were selected and 
removed in steps in order to minimise Wilk's Lambda, until the removal of 
no further steps resulted in a lower score. The minimum tolerance level was 
again 0.001. The minimum F to enter, or be included in the analysis, was 3.84, 
and a maximum F of 2.71 in future steps led to a factor being removed from 
the analysis again. In total eight variables were selected in eight steps (Table 
2.9).

Step Entered Removed W ilks'
Lambda

Significance

1 Sycamore 0.964 <0.0001
2 Beech 0.931 <0.0001
3 Size Class 2 0.901 <0.0001
4 Size Class 1 0.879 <0.0001
5 Size Class 3 0.868 <0.0001
6 W illow 0.860 <0.0001
7 W oodland Size 0.857 <0.0001
8 Conifer 0.855 <0.0001

Table 2.9 Summary table of stepwise analysis

Standardized canonical discriminant function coefficients were calculated for 
these eight variables, and these were ranked as:

Size Class 2 +0.883 Size Class 3 +0.407
Sycamore +0.680 W illow  +0.245
Size Class 1 +0.647 Conifer -0.144
Beech +0.547 Wood Size -0.146

Again a negative score indicated a tendency not to be dam aged, while a 
positive score showed a tendency to be damaged. The three smallest size 
classes were found to have a positive influence on the chances of a tree being 
dam aged, w ith size class 2 having the biggest influence, and size class 3 the 
least influence. Three tree species (sycamore, beech and willow) were also 
picked out as likely to cause a tree to be damaged. Only two factors were found 
to have a significant effect on a tree not being damaged; if the tree was a conifer 
and the size of the wood the tree was planted in (with larger woods less likely 
to display damage).
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2.3.4 Discussion
Using the data collected, together with elements of the multivariate analysis, 
an order of susceptibility of tree species to grey squirrel damage can be 
compiled. This list, in order of susceptibility is given in Table 2.10. This does 
not take into account the influence of tree size or other factors such as the size 
of the woodland in which the tree was planted.

Tree species Damage risk level
Most susceptible Sycamore

Beech
1

W illow
Alder
Elm

Hazel

2

Ash
Birch
Oak

3

Horsechestnut
Lime

4

Least susceptible Coniferous species
Table 2.10 Order of susceptibility to damage of tree species found within 
broadleaved forests in Ireland

The order, in places, is fairly academic. There is little difference, for example, 
betw een ash damage levels and oak damage levels. In the current study, ash 
was found more likely to be damaged, but oak suffered larger wounds. The 
species have therefore also been grouped in arbitrary risk level groups.

Sycamore and beech are both in the greatest risk group (Group 1) being attacked 
frequently, and very severely. They were also picked out as the second and 
fourth  m ost im portant factors, respectively, that w ould influence a tree's 
likelihood of being damaged according to the stepwise m ultivariate analysis. 
The extremely great extent of the damage to sycamore trees in particular, with 
43.4% of those damaged being girdled (17.73% of all sycamore trees), sets them 
apart as the m ost severely damaged species in the study area. They are 
common trees to Irish broadleaved woodlands, and as such contribute greatly 
to the overall damage levels. This heavy use by the woodland owners of these 
species, as w ith ash and oak, make them even more im portan t w hen 
considering damage. The extent and frequency of damage makes it difficult to
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recommend any silviculture incorporating sycamore or beech while the grey 
squirrel problem exists in Ireland.

The second group contains a number of species (willow, alder, elm, and hazel), 
that are potentially at great risk from grey squirrel bark stripping. Willow, in 
particular, was picked out as the sixth most im portant factor by the stepwise 
analysis. All of these species were found in relatively low num bers in the 
survey woodlands and were generally only used as a secondary tree species in a 
broadleaved stand. They were found, however, at varying levels of damage, 
and after one tree was damaged in a wood, there was nothing about the tree 
that dissuaded the squirrel from attacking another tree of the same species. 
These tree species should be treated with caution, if being considered for 
planting, especially as substitutes for sycamore or beech. There is some 
evidence they can be attacked more readily in the absence of the preferred 
sycamore and beech. These species require more study, over a variety of 
w oodland types as conducted in this study, before a m ore definitive 
recommendation towards their silviculture can be devised.

Group 3 contains trees which may be attacked on occasion but usually not to a 
degree that would cause widespread economic shortfall to a woodland crop. 
Ash, oak and birch have all been placed in this grouping. None was picked out 
as significant to damage either positively or negatively by the stepwise method 
of analysis, and all scored as fairly low standardized canonical discrim inant 
function coefficients using the direct method. Ash and oak were common 
species in the study, and their relatively low damage ratings would suggest 
they are generally not favoured by the grey squirrel. Forestry incorporating 
trees from this group should be quite safe, particularly  w hen used in 
conjunction with a suitable squirrel control technique.

The low est dam age level (Group 4) contains two broadleaved species, 
horsechestnut and lime, as well as the grouped conifers, w hich were 
represented in 60% of the surveyed woodlands. None of the species in this 
group appeared to be targetted by grey squirrels to any extent. The coniferous 
species in particular were picked out by the stepwise analysis as a group that 
grey squirrels actively avoided damaging. It should be noted, however, that 
there were fewer trees in the at-risk age/size levels, as picked out by the 
stepwise analysis, for these species, particularly in the case of horsechestnut. 
The trees may have been saved from attack by being at a sufficient size to resist 
attack when grey squirrels arrived to the woodland in question.
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Comparing the list developed of damage susceptibility with that of other 
studies, many similarities can be seen, indicating a similar pattern of damage 
in Ireland as that in Britain (Table 2.11). Steps from one species to the next are 
not constant in these other studies either, with beech and sycamore attacked 
much more frequently than the next most vulnerable species. The other 
species in each list are attacked to varying degrees, again confirming that 
damage may vary for less frequently attacked species from one site to another.

Current Study Shorten (1957a) Rowe (1984) T. G. O. Report*
Sycamore Sycamore Beech Sycamore

Beech Beech Sycamore Beech
Willow Oak Oak Szveet  C h e s t n u t
Alder Birch P o p la r Ash
Elm Ash Ash H o r n b e a m

Hazel Swee t  C h e s tn u t Birch Oak
Ash Japanese Larch Birch

Birch Scots Pine
Oak Poplar

Horsechestnut
Lime

Conifer
* reported in Rowe & Gill (1985)
Table 2.11 A comparison of the list of tree species susceptibility from the 
present study with three previous lists compiled in similar studies

Size levels are obviously an important factor with regard to grey squirrel 
damage. This was best shown by the stepwise multivariate analysis, with size 
classes 1, 2 and 3 being the third, first and fifth most important factors, 
respectively, with regard to damage. Mountford (1997) found intermediate 
sized trees (DBH 10-25 cm) to be damaged most frequently in beech woodlands, 
and damage to be lightest among trees greater than 100 years old. There is little 
a woodland owner can do about damage levels occuring at certain ages, other 
than concentrate control measures during the period that the species are most 
at risk, taking into account the differences seen in vulnerability between the 
various tree species.

Few major differences could be discerned between the sites included in the 
study, although it is possible that some differences exist. Most differences 
could be explained by the make-up of the trees within the woodland, with 
some woods containing more vulnerable tree species and sizes than others. It
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is probable however that grey squirrels learn the habit of barkstripping to some 
extent, and as such, if a woodland experiences some damage, it is likely that it 
will experience further damage if no control action is taken. There is evidence 
that m uch of the behaviour associated with damage is from learning by 
indiv idual squirrels (Kenward et a l ,  1988b), a factor which may explain 
differences between one woodland and another. There was some evidence, 
from the stepwise multivariate analysis, that the size of a w oodland has a 
bearing on the amount of damage that occurs in a woodland. Trees within 
larger w oodlands were found less likely to be dam aged, possibly as a 
consequence of the food available to the resident squirrels. Food shortages 
may be less likely in these woodlands and it becomes less necessary for the 
squirrels to resort to damaging the trees.

It is possible that the presence of ivy may have prevented the squirrels from 
attacking the bark, or at least increased the effort required by the squirrels to 
obtain the bark. On the other hand, the trees with the heavier ivy cover 
tended to be older trees, and so were less vulnerable to attack anyway. The 
presence of ivy may also have made it more difficult to identify squirrel 
damage. This does corroborate evidence, however, that the ease w ith which 
bark can be stripped influences the extent of the damage, with older trees and 
those that generally have thicker bark being less open to attack.

It was noted in the preliminary study (M  Neachtain, 1995) tha t damage 
frequently occurred to the callus growing over a wound at a higher rate than 
damage to previously uninjured areas of trees. This is caused by the increased 
sap flow to the area, caused by an effort by the tree to increase callus growth. 
Squirrels may be able to learn that a previously damaged tree will subsequently 
have a patch of tissue growing at a faster rate, and it will therefore provide a 
source of extra sap.

Any size or type of tree can experience damage; no individual tree is definitely 
safe. W oodland owners need to consider tree crops as a whole and examine 
the potential damage levels for the woodland as a unit. The predicted damage 
for a sample of trees can be assessed considering the accuracy levels given by 
the direct multivariate analysis. It is apparent however that the direct method 
overestimated the damage that would occur overall (predicting 796 damaged 
trees, as opposed to the 533 actually damaged). This results in over-estimations 
for the damage in 12 of the woodlands, taking into account the accuracy of 
71.1% prom ised by the analysis. This poor accuracy is a result of the high 
overlap, with, for example, a number of sycamore trees not being damaged and
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other normally safe trees being attacked. It is perhaps best to use the results of 
the stepwise method as a broad rule and accept the groups given as the most at 
risk groups as the tree types to be wary of when considering planting regimes.
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3 Grey Squirrel Population Response to Management Techniques

3.1 Introduction

3.1.1 M anagem ent of squirrel populations
Once the grey squirrel became established and began to spread through Ireland, 
about tw enty  years after its introduction (see C hapter 1), eradication became 
v irtually  im possible. The prolific breeding, expansive feeding hab its and 
robust nature of the individuals ensured that the total rem oval of the species 
from  a w oodland was never permanent. A greater em phasis had to be placed 
on keeping populations reduced to an acceptable level w here the problem s 
caused by the grey squirrels were less significant (M ooney & D rake, 1989). 
M any of the w oodlands included in the w ood land  survey  w ere already 
subjected  to some form of grey squirrel control (hereafter described  as 
'm anagem ent' to avoid possible confusion betw een controlled, or m anaged, 
w oodlands and scientific control w oodlands, in w hich no form  of rem oval 
takes place) by their ow ners/m anagers, and yet dam age levels rem ained high 
or unchecked. The success of attem pts to m anage grey squirrel populations 
rests on  the effectiveness of the m anagem ent technique em ployed, and  the 
efficiency of the population in recovering from  the rem oval program m e. As 
described earlier, there are several methods available to actively m anage a grey 
squirrel population. Some, such as the use of fences (Ratcliffe & Pepper, 1987) 
and chemicals to protect individual trees or the in troduction of predators or a 
disease agent, are impractical and fraught w ith problem s (Shorten, 1962), and 
m ore novel techniques, such as the introduction of a contraceptive agent, are 
still at trial stages. The three active procedures available, that are accessible 
and easily im plem ented by all w oodland ow ners are shooting, trapp ing  and 
poisoning. Each has advantages and disadvantages to its use as a m eans of 
actively rem oving squirrels from a w oodland. Shooting is relatively cheap, 
b u t its efficiency is poor; w ith  little evidence available show ing  squ irrel 
populations being suppressed by a shooting program m e (Dutton, 1993). Its use 
is frequently  recreational and the grey squirrel population  rarely reduced far 
below the normal carrying capacity of the w oodland, dictated by the seed crop 
available to the squirrels in the preceding autum n. The num bers rem oved are 
frequently  those that w ould have been lost to the population  th rough  other 
m orta lity  factors (Mosby, 1969). In A m erica, w here squ irre l h u n tin g  is 
com m on, the popu la tion  densities rem ain  high, th o u g h  the  p o p u la tio n  
turnover m ay be higher than in Ireland or Britain (Nixon et ah, 1975). Similar 
effects w ould be expected using a shooting program m e in Britain or Ireland. 
The use of the anticoagulant W arfarin has not been free of controversy since
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its introduction to Britain as a management agent in 1973 (e.g. Bryant, 1994). 
Its efficiency in reducing a squirrel population, and possible damage, has been 
docum ented (Kenward et ah, 1988a), but its effect on other woodland 
mammals and the ecosystem in general is not fully understood. The 
ambiguity of the numbers of squirrels removed, and the loss of the corpses, 
makes the use of the poison in removal experiments less than ideal 
(Springthorpe & Myhill, 1985). The final method, removal by trapping, is an 
effective method as grey squirrels are a very easy animal to trap (Seymour, 
1961), although the costs, particularly in terms of labour involved, constitute a 
luxury many woodland owners or managers, especially those of smaller 
woods, cannot afford (Warner, 1976).

The timing of a population management programme is also important, with 
the impact on the damage levels only being significant before and during 
normal damage periods (March to July) (Seymour, 1961, Taylor, 1977, Rowe, 
1980). If exceptionally early breeding is manifest damage periods may being 
earlier (January and February) (Pentamedes, 1983). A general constant attempt 
to remove squirrels has no effect, as the bounty schemes in Britain of the 1950s 
proved (Shorten, 1962), and furthermore a constant removal serves only to fill 
a similar role to that of predation and hunting in their native North America, 
which has little effect on the population density overall (Mosby, 1969, Nixon et  
a i ,  1975). An intensive removal programme is more effective, taking as many 
squirrels from the woodland as possible, thus severely reducing its impact on 
the ecosystem, until the population recovers. This recovery rate can be as 
short as four weeks (Rowe, 1980) and the pace of the reinvasion will be dictated 
by the degree of isolation of the woodland, and the management levels carried 
out in the neighbouring wood areas (Taylor, 1977). There has previously been 
little attempt to quantify either the rate of recovery, or the extent of the 
influence of woodland isolation on recovery levels. The fluctuations evident 
in grey squirrel populations from year to year (Warner, 1976, Rowe, 1980, 
Ratcliffe & Pepper, 1987, Gurnell, 1989, present study) will also influence the 
effectiveness of the management programme, and the speed of recovery, due 
to variations in the sources of recolonising squirrels.
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3.1.2 Objectives
A trapping schedule, using capture-mark-recapture techniques, together with 
grey squirrel removal programmes (culls) were conducted in two woodlands, 
to investigate a number of objectives:

1) To examine population densities over a period of time in woodlands typical 
of those examined in the damage survey.

2) To compare six methods of population density estimation.

3) To investigate the efficiency of an intensive trapping removal program m e 
in clearing grey squirrels from woodlands under varying conditions (season, 
year and location).

4) To study and quantify the rates of recovery of the squirrel population with 
reference to the isolation of the woodland, the season and year in which the 
cull took place, and the status of the most likely source of the reinvading 
squirrels.

5) To use the data gained as a model for the rates of original colonisation of a 
woodland by squirrels in the wave front of an invasion (with cull survivors, 
(i.e. squirrels that rem ained undetected during  the cull), representing  
individuals belonging to the edge front).

3.2 Study sites

Two study sites were chosen from those investigated during the damage 
surveys (Chapter 2) which were typical to the survey. Both sites were known 
to contain grey squirrels, had previously been subjected to some sort of squirrel 
management and some bark stripping damage had been identified. The two 
sites were chosen as they each displayed different degrees of isolation. Full 
cooperation was required from the woodland owners and their staff, including 
the suspension of any active grey squirrel management programmes.

Ardm ulchan estate (grid ref. N 90 69) is located on the southern bank of the 
River Boyne, 3 km northeast of Navan, in Co. Meath. The woodland (Figure 
3.1) consists of 12 ha based within the 40 ha estate. The woodland consists of 
m ature mixed hardwoods (mainly oak, beech, sycamore and ash), w ith an 
understorey of newly planted saplings (10,000 new trees were planted in 1998).
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Figure 3.1 Ardmulchan House, near Navan, Co. Meath {based on Ordnance 
survey 1:10,560 Meath Sheet 25, 1955 edition)



A small patch of coniferous wood, to the west of the main w oodland was 
included in the study site, to maximise the num ber of resident squirrels being 
included in the study. A heavy understorey of laurel was cleared from the 
wood in the last ten years, leaving vegetation coverage low at the herb and 
shrub levels (approx. 0.5-2m). Damage levels were at a moderate level (10-25% 
trees dam aged), although it was considered to be at risk of escalating 
alarmingly once the newly planted saplings reach a more vulnerable age. This 
woodland was considered a potentially high density area, although it could be 
expected to also become a damage vulnerable area in the next ten years, despite 
these two titles commonly being used to contrast woods. The estate was 
relatively isolated from other woodlands, the nearest being Hayes House 
woodland 2km to the east. Connections to other woodlands existed simply as 
corridors of mature hedgerow, and in one instance a line of trees along the 
southern  bank of the River Boyne. Before this study began, squirrel 
management was regularly exercised, mainly through shooting and trapping, 
with about 50 squirrels being removed each year (4.17 squirrels ha'^). This was 
one of the most intense squirrel management program m es executed in the 
study sites, yet a conspicuous and thriving grey squirrel population existed 
within the woodland. Squirrel management was suspended for the duration 
of the study, with the exception of the specific culls that m ade up the removal 
experiments.

Five kilometres northeast of Ardmulchan estate, again on the south bank of 
the River Boyne, lies Beau Parc estate (N 94 72) which contains more than 150 
hectares of woodland stretching for 4 km along the river. The study site 
(Figure 3.2) chosen was again 12 hectares, at one end of the estate, along the 
entrance drive. Again mature mixed hardwoods (oak, beech, sycamore, horse 
chestnut) dom inated the area, with some coniferous species also. Less 
woodland management was obvious than in Ardmulchan, w ith a heavy layer 
of laurel at the shrub level for much of the wood. Nettles and bram bles 
covered a large area of the woodland also. Drainage was poor, resulting in a 
wet ground substrate. The wood was connected to the rest of the Beau Parc 
woodlands by a line of trees, albeit through a bottle neck. Again squirrel 
management was conducted throughout Beau Parc woods before the study, 
with an average of 100 squirrels being removed annually over the whole area, 
mostly by trapping. No removal of squirrels was conducted in the study area 
during the programme, other than the culls composing the experim ents. 
Squirrel m anagem ent was, however, m aintained in the rem ainder of the 
woodland, w ith known numbers of squirrels being rem oved from the large 
woodland in the two years of the study (300 squirrels in 1997 and 80 in 1998).
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Figure 3.2 Beau Parc Demesne, near Slane, Co. M eath {based on Ordnance 
Survey 1:10,560 Meath Sheets 19 and 26, 1912 edition)
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The proximity of the two woodlands allowed easy access between the sites 
while conducting the study, but there was no cross over between the two 
squirrel populations, with no marked animals from either site being caught in 
the other area.

Details of the two woodlands, gained through the questionnaire and damage 
surveys are summarised in Table 3.1.

W oodland name Ardm ulchan Beau Parc
Grid ref. N 90 69 N 94 72
Area of site (Ha) 12 Ha 12 Ha (in 150 Ha wood)
Degree of isolation (km 2 0
to nearest wood)
Major tree species Oak, Beech, Sycamore, Oak, Beech, Sycamore,

Ash, Horsechestnut, Ash, Horsechestnut,
Lime, Holly Lime, Scots Pine

Age of woods (years) 100+ 200+
Ground Cover (0-0.3m) 60% 70%
Herb Cover (0.3-lm) 15% 80%
Shrub cover (lm-3m) 20% 70%
Tree Cover (>3m) 40% 80%
Damage level reported 10-25% 10-25%
Damage level found 14% (±10%) 36.42% (±8.45%)
Most vulnerable species Sycamore Sycamore, Beech
Squirrel removal Trapping/Shooting Trapping
Nos. killed ha'^ 4.17 0.67
Table 3.1 Details of study areas used for trapping program m e as gained in 
questionnaire and damage surveys

3.3 Materials and methods

3.3.1 Traps
Grey squirrels are relatively easy animals to trap (Seymour, 1961). They are 
bold and inquisitive, and readily take bait and enter traps (Warner, 1976). They 
were trapped throughout the present study using single catch standard mink 
traps, supplied by Halfway Hatcheries, Tarmonbarry, Co. Longford. These traps 
are 60 cm x 16 cm x 16 cm, and are constructed from 14 gauge wire mesh. The 
traps, which work by a simple treadle trip system (Baumgartner, 1940) were 
modified to suit the nature of this project, by attaching wooden nest boxes and 
base boards to the traps (after Reilly, 1998), and the treadle sensitivity adjusted
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to capture grey squirrels. The nest boxes and base boards were manufactured 
from 1.6cm waterproof roofing ply-wood and treated with Ronseal Fencelife, 
an odourless, tasteless, non-toxic wood preservative. The base board measured 
100 cm X 20 cm, and the nestboxes 25 cm x 20 cm x 20 cm, w ith a 6.3 cm 
diameter hole for access. The nest boxes were provided to allow shelter for the 
animals, in an effort to increase trappability. The traps, once fixed in position, 
were left in the same place within the woods throughout the study, and only 
occasionally moved in attempts to increase the number of squirrels caught in a 
session. A typical trap, fixed in position is shown in Plate 3.1.

A limited num ber of traps were available throughout the study (originally 30, 
later rising to 40, traps between the two sites). Over most months the trap 
density was 1.67 traps ha'^ (i.e. 20 traps per site), although this did sometimes 
vary, due to malfunctions or vandalism, or new traps becoming available. 
Overall trap density in each site was between 1.08 and 1.75 traps ha'^ on any 
particular day. Trap spacing does not influence the effectiveness of a trapping 
study, particularly if the trap session is adjusted accordingly (Tew, 1994). 
Various densities have been used in previous studies, from 0.38-0.91 traps ha‘i 
(Reilly, 1998) to 4.938 traps ha'^ (Burger, 1969). Traps were placed fairly evenly 
throughout the sites, with some adjustments made to maximise the number 
of squirrels captured, concentrating some traps in areas where all traps were 
being filled each day. Traps were mostly placed at the butts, or in the lower 
branches of large mature trees or on top of rocks or fallen tree trunks.

A mixed bait was created, using peanuts, sunflower seed, and a maize based 
wildbird seed, all of which were obtained from PBS Sales Ltd., Tallaght, Dublin 
24. Traps were prebaited for 1-4 days prior to each trapping session, by placing 
bait in and around each trap, with the door to the trap fixed open, allowing 
unrestricted movement to the squirrels, in and out of the trap. Prebaiting 
increases the num ber of individuals captured w ithin a trapp ing  study, 
allowing the animals to gain confidence in the alien structures. This is 
standard trapping procedure, and is recommended for most studies of this 
nature (e.g. Gurnell & Flowerdew, 1991).

Trapping was carried out for 2-4 days each m onth in each site as shown in 
Table 3.2. On most occasions the two sites were trapped concurrently, but 
w hen there was a high capture rate during the winter m onths, they were 
trapped on separate days. Traps were left set for 3-8 hours, depending on the 
capture rates already shown in the trap session, and the place the trap came in 
the order of checking.
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Plate 3.1 Grey squirrel trap, set in open position, with nest box attached
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A rdm ulchan Beau Parc
Trapping Nov 96-Aug 97 

Oct 97-Oct 98 
Dec 98-Jan 99 
Mar 99-Jun 99

Dec 96-Aug 97 
Oct 97-Oct 98

Table 3.2 Timing and duration of the phases of the trapping study 

3.3.2 H andling grey squirrels
Each trap  was exam ined for any captured animals. If the trap was em pty, the 
door w as fixed open, acting as a prebaited  trap  until the next day  of the 
trapp ing  session. If the trap contained an anim al o ther than a grey squirrel 
(brow n rats {Rattus norvegicus), pheasants {Phasianus sp.), stoats {Mustela 
erminea), and a variety of small passerines were all captured on occasions); if it 
had  closed accidentally (which could have been the result of the w ind , an 
anim al jostling the trap  from outside (possibly w hile a ttem pting  to rem ove 
bait w ith o u t en tering  the trap), or by sm all m am m als tha t could squeeze 
b e tw een  the m esh of the trap  once the trap  w as sprung); or if it had  
m alfunctioned (the trap could not be sprung by a squirrel w hich had  entered 
it), it w as noted, and any unwanted occupants released. If a squirrel was inside 
the trap  (Plate 3.2), the squirrel was encouraged into the cage section of the trap 
(i.e. ou t of the nest box) and the nest box blocked off using a series of metal 
rods, 2.5cm apart, attached to a w ooden block, which was slotted into the m esh 
of the trap, creating a barrier between two sections of the trap. A hessian sack 
w as held  tightly around the door end of the trap, and the door of the trap  
opened. Squirrels were encouraged into the sack, and from there m aneuvered 
into a wire handling cone, again constructed out of 14 gauge w ire mesh, w ith a 
d iam eter of 6.5cm and length 20 cm. Once inside the cone the squirrel was 
exam ined, m easured and marked (Plate 3.3).

Each squirrel w as checked for m arks indicating previous capture, and  w as 
exam ined for sex and breeding status. Each squirrel was also w eighed to the 
nearest lOg using a 1kg Pesola precision spring balance and its right shin-bone 
leng th  w as m easured to the nearest 0.1mm using a calipers. The results of 
these biom etrics are discussed in Chapter 5.
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Plate 3.2 Trapped grey squirrel in cage section of trap

Plate 3.3 Collared grey squirrel in wire handling cone
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The squirrels were marked using brass collars that were both colour coded and 
individually numbered. The collars were m ade from strips of 0.6 mm thick 
brass shim, cut to 150 mm x 8 mm, which created collars of a diam eter of 40 
mm (Tangney, pers. comm.). The collars were numbered and coloured, using 
coloured insulating tape, and covered using heat shrinkable clear plastic 
sleeving of 6.4 mm bore (Reilly, pers. comm.). A 3.5 mm hole was bored in 
either end of the brass strip, and the strip curved into the collar shape, with a 
lip left on either end such that both holes could be pressed together. A 6AB 
nu t was soldered to cover one of the holes, ensuring that only the 
corresponding bolt needed to be manipulated in the field. With practice, the 
collar could be slipped around the squirrels neck and attached from behind, 
before being moved round, leaving the nu t and bolt connection at the 
squirrel's throat, where it was least likely to catch on the handling cone as the 
squirrel was leaving, and displayed the colours of the collar optimally.

Following early fears that the collars were sometimes removed by the squirrel 
or its conspecifics, numbered Minitag ear tags, supplied by Dalton Supplies 
Ltd., Enniscorthy, Co. Wexford, were also attached to each squirrel being 
m arked from August 1997. The tags were punched on using the Minitag 
applicator, and each portion of the tag rotated to free any shreds of tissue that 
may be trapped, thus removing m uch of the danger of necrosis of the 
surrounding tissue. Neither method of marking was 100% effective, but when 
combined, most squirrels were successfully identified on future occasions. The 
ear tags occasionally fell out or were torn away, but they did leave the hole as 
evidence of the mark, meaning that although the individual, or the m onth of 
capture could not be identified, the fact that the animal was not a newcomer to 
the woodlands was known. Eartags affect individual trappability less than toe 
clipping (Shorten & Courtier, 1955). As discussed in Chapter 5, squirrels under 
500 grams were classed as non-adults, and were marked by the ear tags only. 
Fixed size collars are not suitable for young animals, as they are either too large 
and fall off, or they restrict the animal as it grows and gains weight. On rare 
occasions very large animals, with weights greater than 700 g were also 
captured, and these adults could not have the collars safely attached to them. 
If either of these were the case, the squirrel was marked by the ear tags only. 
Otherwise, the collar proved to be a fairly good general fit for squirrels 
w eighing between 500 and 700 g, and adjustable collar lengths proved 
unnecessary.

Once all information had been gleaned from the captured animal, it was 
released, and the trap returned to its former position. If a previously captured
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squirrel was caught again later in the same trapping session, and its identity 
was discerned from within the trap, the squirrel was released w ithout an 
examination, as little extra information would be gained so soon after the first 
capture. From time to time, a squirrel could not be enticed from the nest box, 
and had to be released. Every attempt was made during these rare incidents to 
identify the individual, before the trap was left, with the door set open. This 
appeared a learned habit, with certain individuals habitually refusing to leave 
the nest box, regardless of the knocking or shaking of the box. Nest boxes in 
traps used by these individuals were blocked off using 10 cm x 20 cm thin 
metal sheets. In future, traps based on a similar design should include a 
detachable face to the nest box for easier access to the captured squirrels.

3.3.3 Squirrel removal experiments
Five grey squirrel removal exercises (or culls), were carried out; three in 
Ardmulchan and two in Beau Parc (Table 3.3).

Cull Number W oodland Timing of cull"^
1 Ardm ulchan Spring (March), 1997
2 Beau Parc Spring (May), 1997
3 Beau Parc Spring (March), 1998
4 Ardm ulchan Autum n (September), 1998
5 Ardm ulchan Spring (March), 1999

*Culls took place approximately two weeks after the trapping session in month 
show n
Table 3.3 Time and site in which each cull was implemented

The culls took place between trapping sessions and the subsequent trapping 
session resumed two weeks after the start of the cull. This m eant that the 
woodland populations were monitored on weeks two, six, ten etc. following 
the cull. It was decided that trapping was the most suitable removal method 
available. The culls needed to be as intensive and as complete as possible, a 
factor that could not be guaranteed, or properly assessed through shooting. As 
the exact number killed was also required, poisoning was also discounted. The 
major troubles commonly met with trapping are expense and available man- 
hours. As the traps were already in place this was not a problem in this case. 
Trapping also allowed population densities to be assessed, and captured 
anim als rem oved to the laboratory for fitness and aging assessments (see 
Chapter 5). The trapping periods were approached as any other, with 2-4 days 
prebaiting preceding the session. Extra traps were brought into the woods
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where possible, (giving trap densities between 1.5 and 2 traps ha'^) to maximise 
the number of squirrels being removed in each session.

Squirrels that were captured were removed and examined as usual. Once a 
squirrel has been captured using live trapping, the means of dispatching the 
anim al is at the discretion of the trapper. Shooting the prone animal or 
m oving it to a sack, and administering a blow to the head, have both been 
recommended (e.g. Rowe, 1980). In this study the squirrels were killed using a 
lethal injection, that allowed the body to be m aintained in as intact a fashion 
as possible for the further laboratory research m entioned earlier. The grey 
squirrel was given a 2.5 ml injection of the barbituate Euthatal (sodium 
pentobarbitone) into its abdominal cavity. This drug, used by veterinary 
surgeons for the euthanasia of animals, worked swiftly with relatively little 
distress to the subject. The dead animal was placed in a polythene bag and 
transported to the laboratory where it was frozen for future work. Trapping 
continued for five days, which was determined from the decrease in daily 
capture success rates as the early culls progressed (see section 3.4.2).

During the fourth and fifth culls a radiotracking experiment, designed to 
investigate the effects of the cull on the home ranges of any individuals that 
survived the removal exercise, was running concurrently (see Chapter 4). The 
home ranges of these animals had been determined before the cull, and it was 
necessary for the individuals to survive the cull, so subsequent home ranges 
could be investigated. There were six radiocollared individuals on each 
occasion and when they were captured, they were released unharm ed, once 
their details had been recorded. Although some of these individuals were 
captured on all but one of the cull days, they did not appear to prevent any 
non-radiocollared squirrels from being captured in the cull, as the final day 
captures were as low as for the other three culls. The best method available to 
assess the success, or completeness, of a cull is by the num ber of previously 
m arked animals found in the post-cull samples. This was examined on each 
occasion as a test of the cull's initial success, with the speed of the return of the 
squirrel population used as a gauge of the overall cull success.

3.3.4 Population estimate analyses
Grey squirrel populations can be estimated using a variety of methods. These 
can roughly be divided into two types: non-intrusive methods that are mostly 
based on observational data; or intrusive methods that require some form of 
mark or tag being applied to the animal.
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Non-intrusive methods include time area counts, drey counts, and trapping 
success rate methods. Time area counts, where an observer notes the number 
of squirrels seen over a fixed period of time over a known area, either by 
walking along line transects or viewing a fixed patch, and converts this to 
develop a figure for the site as a whole, have been used to good effect in 
estimating squirrel populations (Brophy, 1998) since first being described by 
Goodrum (1940) (quoted by Flyger, 1959). Flyger felt that they underestimated 
populations, and could vary considerably. Brophy used the technique 
successfully in a comparative study, but the intense study required for each 
density assessed (at least 144 fifteen minute observations by Brophy), makes 
the m ethod very time consuming, with summer counts being greatly affected 
by vegetation cover, and as such incomparable to winter counts.

Drey counts have been more widely used (e.g. Irving & Beer, 1963), and also 
com pared w ith capture-recapture methods (Don, 1985) to give conversion 
factors, m oving from dreys ha-^ to squirrels ha'^. There is a definite 
relationship between squirrel densities and dreys (Wauters & Dhondt, 1988), 
but it is best used as a rough guide only. Again, sighting during sum m er is 
severely compromised, as squirrels often place their nests w ithin hollows of 
trees, or amongst heavy clusters of ivy, offering the dreys extra camouflage 
(pers. obs.). Neither of these methods were deemed reliable enough to include 
in this study.

3.3.4.1 Minimum number of squirrels present
Of the intrusive methods, the simplest method is the m inim um  num ber of 
squirrels present (MNP). There are two ways of calculating the MNP of a 
w oodland population each month. The total num ber of individual squirrels 
caught in each month can be used (which is quite easily calculated, w ith each 
squirrel counted just once, no matter how often it is recaptured during the 
session). Reilly (1998) included other animals when calculating the MNP of 
red squirrels in coniferous forests, by counting those squirrels that were caught 
previous to the trapping session, and then caught in a later session, even if 
they were not found in the current session. It was assumed that these squirrels 
were present in the woods, but just not trapped. The present study relied upon 
those squirrels that were captured each month, as evidence was uncovered 
during  the radiotracking study (Chapter 4) that some anim als left the 
woodlands, presumably to enter marginal habitats and then re-entered when 
space became available in later months. Squirrels can survive in small wood 
copse, shrub and hedgerow habitats for protracted periods (Rowe, 1980), and 
have in fact used this ability to colonise urban parks w ith poor vegetation
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cover. Some of the animals may have been in the woods throughout the 
study, but since the MNP is a baseline giving the absolute m inim um  of 
squirrels in each month, then any possibility of over-estimation has to be 
avoided. Therefore MNP was calculated solely from the num ber of 
individuals captured in each month. Other studies continued capturing the 
squirrels in the study woodland until no further new animals were caught, 
leaving only previously marked animals in the population, and taking the 
num ber of squirrels present to be the number of marks used (Burger, 1969, 
Thom pson, 1978, W auters & Dhondt, 1988). These studies were one-off 
captures, or annual, as opposed to monthly estimates. The sessions lasted as 
long as 16 days (Burger, 1969), and assumed no migration or deaths during the 
period of estimating. It was not possible to pu t in this sort of effort each 
m onth of a session without interfering with and influencing the population.

3.3.4.2 Capture-mark-recapture techniques
There are many assumptions made for each method of estimating population 
densities, using capture-mark-recapture techniques. The extent to which these 
assumptions are adhered to dictates the accuracy of the method employed. It is 
usually impossible to ensure every assumption is definitely m aintained with 
the variable nature of fieldwork-based experim ents, and unpredictable  
behaviour of individual animals, but every attem pt m ust be m ade to keep to 
them as stringently as possible. General assumptions that apply to all capture- 
recapture estimates are: all marks are permanent and correct; being captured 
has no effect on subsequent chance of capture (i.e. does not induce trap- 
shyness); being caught and marked has no effect on an individual's chances of 
dying or em igrating, and that emigration is perm anent; all ind iv iduals, 
m arked or otherwise have an equal chance of being captured, regardless of sex, 
age, or condition; all individuals have an equal chance of dying or emigrating. 
A further assum ption that occurs in some, but not all of the methods, is that 
there are no births or deaths, or any migration whatsoever, over the course of 
the estimation. These population estimate methods are referred to as closed 
(they assume no recruitm ent or loss, either internal or external, in the 
calculation). As there is always a possibility of such changes to the population, 
these estimates are calculated over a short time period. Others, that allow for 
such changes, usually by introducing a rate of survival of each mark made, are 
referred to as open population estimators, and can be used over a longer time 
span (adapted from Begon, 1979).

Two estim ates were available that assumed no recruitm ent or losses; the 
Petersen/Lincoln index, and the maximum likelihood m ethod (a geometric
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method of estimating populations). These methods could not be assessed by 
examining the populations from month to month, because the time periods 
involved ensured that there would almost certainly be some losses and / or 
gains to the population in this period. Within the 2-4 days of each session 
however, losses and gains were low enough to be discounted, and so these 
methods could be used.

(i) Petersen/Lincoln index
The Petersen/Lincoln index was first developed and used by Petersen in 1896, 
and later made popular by Lincoln in 1930 (Begon, 1979). Estimates were made 
in this instance by examining the proportion of the final day's capture that 
were new to that session with those also caught earlier in the session. This 
was taken as being representative of the number of marked squirrels that were 
in the total population (i.e. the proportion of marked animals in the sample 
was the same as that of all marked animals in the entire population). It was 
estimated as follows;

Equation 3.1 
N i = X i * V i / m i

where xi was the number of individuals captured previously in the 
trapping session (i.e. marked animals in population),
Vi was the number of animals trapped on the final day of the 
trapping session,
mi was the number of individuals trapped on the final day that 
were captured earlier in the session.

The Petersen/Lincoln index is quite prone to large errors in estimation caused 
by chance, especially when working with relatively small numbers, as in this 
case, where each month was treated separately. It did not, however, suffer 
from the loss of marks that may have occurred from month to month as each 
estimate was confined to a single trapping session.

A variation on the Petersen/Lincoln index, known as the Schnabel estimate, 
has been used in a number of studies (Flyger, 1959, Nixon et a l ,  1967, Mosby, 
1969, Bouffard & Hein, 1978). It accumulates and averages a number of 
sequential estimates from trapping, using the same basic theory as the 
Petersen/Lincoln index. It is thought to be more accurate as the sample size is 
much larger, which is constantly a problem for mammal population studies. 
The extra days, however, mean the assumption regarding the closed nature of 
the population becomes compromised. The extra days were not available in
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the present study, and so days from subsequent months would have been 
needed. It was better to take the Petersen/Lincoln Index in its original form, 
knowing its limitations.

(ii) Maximum likelihood method
The maximum likelihood assessments are based on calculus techniques on a 
likelihood function, where the likelihood function is a function of the 
parameters Ni, population size, and p, capture probability, given the data from 
the trapping session (Montgomery, 1987). Put simply it compares the number 
of captures over the session with the num ber of individuals captured (i.e. 
MNP). The equations can become quite complicated, depending on the 
num ber of days included in the session. In this case there were usually three 
days worth of data, and so the equation was:

Equation 3.2
(l-M 4/N )=(l-ni/N )*(l-n2/N )*(l-n3/N )
w here N was the population size,

ni to H3 were the number of squirrels caught on days 1 to 3,
M4 was the number of individuals caught during the trapping 
session.

For the few sessions that incorporated four days trapping, the first two days 
data were combined to one, providing that none of the animals were caught 
on both days (if this was the case, the last two days were combined, or another 
suitable pairing that did not involve any cross-over). This compromised the 
m ethod slightly, but was only the case for the first three months in each site 
(up to February, 1997). Another problem arose due to low population sizes 
which may have made variances very large (Montgomery, 1987).

(iii) Fisher-Ford model
The final two methods were used to compare the data from m onth to month 
in each woodland, as they allow the assessment of squirrel densities in open 
populations. A problem arose in this study with both these estimators that did 
not exist for the within month estimates. Once the populations were culled 
and the recolonisations were taking place, it was effectively a new population 
that was being examined, as marked animals were rem oved together w ith 
those that had no marks at the time. This made closed estimators better for 
the post-cull populations, as they were contained within each session. The 
lack of marks at the beginning of a series of trapping sessions can make open 
population estimators fairly erratic at the beginning of a study (Reilly, 1998);
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just at the time w hen the population estim ation was of the utm ost concern in 
this case. Both of the methods required several m arking occasions and several 
recaptures (Begon, 1979).

The Fisher-Ford m odel effectively uses the sam e basis for analysing  the 
p o p u la tio n  density as the Petersen/L incoln  Index; it assum es the ratio of 
m arks to the total individuals in the population is the same as that found in 
the sam ple. To allow for the losses that occur naturally  in a population  it 
considers the num ber of marks at risk in the population  each m onth, rather 
than  all m arks adm inistered in the course of the study. To do this a survival 
ra te  (i.e. the num ber of m arks that survived from  one m onth to the next) 
m u st be considered, and the m arks at risk calculated. Survival rate is 
calculated from the mean age of the m arks found in the trapping  sessions (i.e. 
the average length of time since the mark was applied) (Begon, 1979).

The Fisher-Ford model was calculated using

Equation 3.3 
N i=((ni+l)/(m i+l))*M i
w here ni was the num ber of individuals caught in  m onth  (i),

mi was the num ber of m arked individuals captured in m onth (i). 
Mi was the number of marks at risk in m onth (i).

M i w as found using an estim ate of survival, and  the num ber of m arks 
released in the previous m onth was calculated as:

Equation 3.4 
Mi+l=0(Mi+ri)
w here 0 was the proportion of the m onth (i) population  surviving until

m onth (i+1),
ri was the number of (marked) individuals released in m onth (i).

The Fisher-Ford m odel is recom m ended for use in cases w here population  
density and survival rate are low, as its estimates are derived by grouping data 
together to give a single survival-rate (Begon, 1979). A lthough squirrels occur 
in g reater abundance than m any other m am m als, their num bers are low 
w hen  com pared with, say, butterflies, which are used in the exam ple given by 
Begon (1979). Problems occur w ith the Fisher-Ford m odel how ever in that it 
assum es a constant rate of survival, which obviously w ould  not be the case.

85



Squirrels are more at risk of death during late winter, or are more prone to 
disperse in autum n and late spring.

(iv) Jolly's stochastic or Jolly-Seber method
Jolly's stochastic method estimates population sizes based on the most recent 
capture of recaptured animals. A survival rate for each month is calculated 
based on the fate of the marks made that month, and those that were made 
before that month, but not caught on that month. It is stronger than the 
Fisher-Ford model in the fluidity of the survival rate, but large variations are 
caused by the paucity of data upon which many of these rates are based, a 
problem the Fisher-Ford model avoids (Begon, 1979).

The equation to calculate Ni was the same as in equation 3.4 above for the 
Fisher-Ford model, with Mi being calculated as

Equation 3.5 
Mi=mi+(zi*ri/yi)
where yi was the number of individuals marked (and released) in

month (i) and caught again subsequently, 
zi was the number of individuals marked before month (i), not 
caught on month (i), but caught again subsequently.

3.3.4.3 Trapping success rate
Trapping success rate gives the number of squirrels captured per trap available 
to the squirrel population as a percentage. To calculate this capture rate, the 
following equation was used:

Equation 3.6 
Ci=ni/ti*100
w here G  was the trapping success rate,

ni was the number of squirrels captured in a particular session, 
ti was the number of traps available to the squirrel population.

Due to other animals entering traps, and various trap malfunctions, some 
adjustments needed to be made to the original trap figure for each day. It was 
assumed that when a trap had another animal in it, or had been closed during 
the trapping period, that the trap had been available, on average, for half the 
tim e it was supposed to be. When a trap had failed to snap, due to a 
mechanical fault, the trap was assumed not to have been available to the 
population at all. Although various traps were left open for varying times in a
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single day, the times that traps were available did not differ greatly from 
session to session, or woodland to woodland, and so each trapping period a 
trap was set could be considered as one unit (one trap-day). For example, if 
twenty traps had been set and nine contained squirrels, with two of the other 
traps containing rats and one stuck open due to a malfunction, the trapping 
success rate S, would be as follows:

Ci=9/(20-(2’̂ 0.5)-l)n00
=9/18’̂ 100
=50%

Trapping success rate calculated in this manner took no account of the number 
of recaptures in the wood, and as such could not measure the absolute number 
of squirrels in the population. It could be used, however, to calculate the 
trappability of the squirrels in each session. Squirrel trap response varies 
significantly with local conditions, sex, age, capture status, habitat, and season 
(Perry et a l ,  1977). Grey squirrels are notoriously difficult to capture in the 
autum n when there is a heavy tree seed crop within the woodland, with 
squirrels preferring the natural food source to the supplementary food source 
the bait represents (Seymour, 1961; Shorten, 1962; Taylor, 1977; Gurnell, 1983, 
1989, 1996). Trapping success rate was not sufficient on its own to measure the 
ease of trapping of the squirrels in the population as it was influenced by the 
number of squirrels present in the woodlands at the time. Trappability was 
measured as an index by removing the influence of the number of squirrels 
present from the trapping success rate calculation;

Equation 3.7 
Si=Ci/Ni
where Si was the trappability of the population (no. of squirrels captured

per no. of squirrels present, per 100 traps available),
Ci was the trapping success rate (percentage of traps occupied by 
squirrels),
Niwas the number of squirrels estimated using a relevant 
capture-mark-recapture technique.

Gurnell (1996) calculated the capture probability, or trappability of the 
population, using a ratio of number of squirrels captured to number of 
squirrels known to be alive. The above equation also allows for the number of 
traps available to the population during each trapping session, as this was not 
constant throughout the study, due to changes in the trapping schedule and

87



other anim als captured. The trappability of a squirrel population in the 
autum n can actually be the best measure of the seed crop, which itself dictates 
the squirrel population in the following year. Therefore a poor capture rate in 
autum n at a time of high squirrel numbers, can show that the next year's 
squirrel population will be very high, and as such management measures can 
be planned as appropriate. It is a useful tool in squirrel population studies of 
future densities and current trends (Gurnell, 1989).

3.4 Results

3.4.1 Population estimates
A total of 777 squirrel captures were made in Ardmulchan (1975 trap-days, of 
which 259 traps were otherwise occupied, trap success rate=42.10%). A total of 
377 squirrel captures were made in Beau Parc (1447 trap-days, of which 493 
were otherwise occupied, trap success rate=30.94%) (Appendix 8.2).

Figure 3.3 shows the estimates of grey squirrel num bers for Ardm ulchan 
th roughou t the study, using MNP, Petersen/L incoln  index, m axim um  
likelihood m ethod, Fisher-Ford analysis and Jolly's stochastic m ethod. 
Although some trends, such as the decrease in squirrel num bers during the 
w inter m onths and a summer increase, associated w ith the emergence of 
spring-born young, were apparent, the graph was difficult to interpret. The 
different methods had to be examined separately, or a best estimator chosen to 
represent the population over the study period. In general the four mark 
recapture methods were fairly close in any given month, w ith estimates just 
above that of the MNP. Some months displayed values that were very 
different, however, (e.g. August, 1997, showed scores as different as 7.27 
sq u irre ls  ha*^ for the Fisher-Ford model, and 2.77 squirrels ha'^ for 
Petersen/L incoln  Index (MNP=2 squirrels ha'^), w ith no Jolly's stochastic 
value being obtained). These contrasting results were especially prevalent in 
the months following the culls, when the results were of particular interest to 
this study. These differing scores were likely the result of the low numbers of 
animals available in the woodland following each cull.

Another problem, obvious in Figure 3.3, were the no-scores given occasionally 
by each estimate method. These develop when insufficient information was 
available for the method to give an estimate of the number of squirrels in the 
woodland in any given month.
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In March 1998, for example, only eight squirrels were captured over the three 
days trapping. None of the four captured on the third day had been captured 
in the previous two days, giving an im possible calculation for the 
Petersen/L incoln index estimate (with a denom inator of zero), and so no 
result was available from that method. The lack of recaptures w ithin the 
m onth  p reven ted  the maximum likelihood m ethod from prov id ing  a 
satisfactory result either. The two methods that relied upon recaptures from 
m onth  to m onth however, the Fisher-Ford m odel and Jolly's stochastic 
m ethod, were capable of providing estimations, giving values of 0.82 squirrels 
h a ‘i and 1.41 squirrels ha'^'respectively. A true estimation of the num ber in 
the woods at the time, was probably between these two values, given the MNP 
(0.67 squirrels ha'^) for that month, and the demise of many of the squirrels 
over the previous winter. These two methods proved unreliable, however, 
following each cull when there was a lack of recaptures from previous months 
(all m arked animals having been removed, w ith other squirrels captured, 
during the cull). The first month of each series of estimates (a new series 
starting after each cull), invariably was given a value of zero, even when the 
MNP reached double figures over the 12 ha (e.g. April, 1997). The second 
m onth's score was frequently very large (Reilly, 1998), and as such it was only 
in the third month, ten weeks after the cull, that more reliable estimates were 
obtained. This was too late to analyse the recolonisation rates as the squirrels 
appeared to have recolonised in most cases by this stage.

MNP appeared to be a fairly reliable measure of changes in the woodland 
populations, although by its nature, the estimates were always going to be too 
small. It was obvious from the culls that it took at least five days of trapping to 
come into contact with all of the squirrels in a wood at any one time, and as 
such, some animals remained undetected if this method was used on its own. 
Two to four days of trapping were carried out in each session to achieve a 
large enough sample of the population for the various studies, bu t were not 
sufficient to count all of the squirrels within the woods. MNP was also 
heavily influenced by the capture rate, which, as discussed above, varied with 
the trappability of the squirrels in a particular season. It was used, however, as 
a baseline study to verify the mark recapture methods used.

As none of the mark-recapture estimates were found to be completely reliable, 
giving a value in every month of the study, no one estimator could be chosen 
to represent the squirrel densities throughout the study in both woodlands. 
To avoid the subjective choosing of an appropriate estimate for each m onth of 
the study, a reliable method of combining the various estimates was required.
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which gave a single estimate of squirrel density when it was required. This 
was calculated by taking the mean value of the estimates available for each 
month. These results will be referred to as the Combined Population Estimate 
(CPE). Although the four methods were all calculated using a variety of 
m ethods and assum ptions, the values were all estim ates of the same 
population density, and by combining them in this way, the strongest possible 
estim ate was achieved. Figures 3.4 a&b show the CPEs and MNPs for 
Ardmulchan and Beau Parc respectively, and Figure 3.4 c shows the CPEs for 
both sites together (see also Appendix 8.2). The CPEs were closely comparable 
to the MNPs for most of the studies, implying the m ethod was a satisfactory 
m ethod of estimating grey squirrel populations. The CPE in a given m onth 
tended to be between 0.33 and 0.5 squirrels ha*  ̂ larger than that of the MNP. 
The CPE was much larger than MNP during the summer of 1997 in both sites, 
and in the summer and autumn of 1998 in Ardmulchan. This corresponded 
w ith the emergence of the spring litters, and a general increase in activity in 
the woodland. The MNP remained at a peak level that was dictated by the 
num ber of traps, but the number of recaptures decreased. The CPEs appeared 
accurate enough to use when examining population trends in the two sites.

It was immediately apparent that, in general, Ardmulchan contained a higher 
density of squirrels than Beau Parc. The average CPE for A rdm ulchan 
throughout the study was 2.16 squirrels ha'^. In Beau Parc, the average figure 
was 1.44 squirrels ha'^ in any given month. These figures included the 
recovery periods following each cull, when the population had been artificially 
reduced through management techniques. When the recovery periods were 
removed from these figures, a truer reflection of the grey squirrel populations 
were found. These values were higher, with means of 2.29 squirrels ha'^ being 
found in Ardm ulchan, and 1.62 squirrels ha’  ̂ in Beau Parc. Beau Parc 
appeared to be a poorer grey squirrel habitat than Ardmulchan. Beau Parc trap 
sessions resulted in many more captures of rats than at Ardmulchan, (356 in 
1447 trap-days at Beau Parc, compared to 26 in 1987 trap-days at Ardmulchan).

Squirrel numbers changed considerably both from season to season and from 
year to year. Once again avoiding months influenced by the culls, the lowest 
number of squirrels in Ardmulchan in 1997 was 1.04 squirrels ha*  ̂ in February, 
w ith a high of 5.06 squirrels ha'^ in August. Similar highs and lows were also 
apparent in 1998; February again being the month with the lowest num ber of 
squirrels (1.07 squirrels ha'^) and early December showing the highest (3.21 
squirrels ha'^). A similar fall in squirrel numbers appeared over the winter of 
1998/1999.
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squirrels present (MNP) (given as squirrels.ha'^) in Ardmulchan woodland
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A pattern was evident of squirrel numbers increasing to peak in autum n, with 
the emergence of the spring young from w ithin the woodland, before the 
main dispersal period in late autumn, followed by a crash in population size 
over the winter, as the seed crop becomes depleted, and harsher weather sets 
in. Seed availability is the most important factor in determining population 
condition over a year, but it also interacts w ith the severity of the winter 
weather (Gurnell, 1996). Gurnell (1983) considered densities to be at their 
highest through the summer. In Beau Parc it is harder to discern patterns in 
the population densities as the cull in 1997, the only year in that area for which 
a complete set of data exists, took place in May, as the population was 
increasing. Although the population recovered, it did not increase to the 
levels that would have been expected had the cull not been carried out. The 
population only recovered briefly from the 1998 cull, before collapsing again in 
the autumn. It could be assumed, however, that without the intervention of 
the management techniques in 1997, the population would have increased to a 
peak in the autumn, and then decreased once more as winter began.

Differences were also evident between the spring populations in 1997 and 
those of 1998. In Ardmulchan the population reached a density of 3.36 
squirrels ha'^ by May of 1997, despite the cull 6 weeks earlier. In May of 1998 
the population reached a spring peak of just 2.42 squirrels ha'^, in a year when 
no cull took place. Population densities in 1999 appeared to be stronger again, 
w ith the populations recovering fairly well despite a March cull, although not 
in the magnitude apparent in 1997. The difference between the years in Beau 
Parc was even more apparent, with 3.43 squirrels ha*  ̂ being present in May of 
1997, and the 1998 population never fully recovering from the March 1998 cull. 
The ease of trapping of the squirrels in 1997 underlined these differences, with 
a high trappability in autumn of 1997 indicating a poor seed crop within the 
w oodland, which influenced the following spring populations (Figure 3.5). 
Lower trappability in the autumn of 1998 (from July to September) indicated a 
poor trappability of grey squirrel populations, caused by a good seed crop, 
producing larger populations in the following spring. A high trappability in 
autum n of 1997 in Beau Parc also predicted the population shortages in the 
subsequent spring. The squirrels were easier to trap in almost every m onth in 
Beau Parc from November 1997 to October, 1998, again indicating the squirrels 
were in a poorer habitat and required supplemental food in that area.
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3.4.2 Population recovery rates
Five days trapping proved sufficient to remove the majority of the squirrels 
from the woodlands on the occasion of each cull. Figure 3.6 shows how the 
cap ture  success rate reduced each time as the culls progressed  (the 
radiocollared squirrels allowed to survive culls four and five, were caught 
throughout these culls, and released, and as such they were counted w ith the 
'o ther anim als' w hen considering trap availability for the purpose of 
calculating trap success rate). The trapping success rate indicates that numbers 
of squirrels captured declined on each occasion, to a level where further 
removal proved unnecessary. The effectiveness of each of these culls was only 
evident w hen the num ber of previously m arked survivors in the postcull 
sample were calculated.

(i) Cull 1: Ardmulchan, March, 1997
This cull was conducted at a time of year when the population was at a natural 
low, as the weaker individuals had died during the w inter, and the spring 
dispersal was just beginning. Estimates of the woodland population in March, 
2 weeks before the cull, stood at 23.24 squirrels (CPE) (1.94 squirrels ha'^ 
precull). During the cull 40 squirrels (3.33 squirrels ha ‘̂ )were rem oved, and 
one escaped, a larger number of squirrels than indicated by the CPE . This may 
indicate that the CPE was an under-estimate, and more squirrels than expected 
had survived the winter. It is also possible that a large num ber of squirrels 
had entered the woodland in the three weeks between the last trapping session 
and the last day of the cull as the spring dispersal began. Figure 3.7 shows the 
recolonisation rate of the grey squirrels following the rem oval experiment. 
Two weeks after the cull, the population had risen to 1.51 squirrels ha'^, and 
after a further four weeks it had peaked at a level of 3.36 squirrels ha'^. 
Following this stage the population remained fairly constant, until a further 
surge in num bers in August, possibly corresponding to the emergence of 
spring young, and the pressures leading to autum n dispersal. It appears that 
the popu lation  had fully recovered w ith in  six weeks. The rate  of 
recolonisation over the six weeks was 0.56 squirrels ha'^ week'^. In the first 
two weeks of the recolonisation, the rate was quicker (0.71 squirrel ha'^ week"^) 
than in the subsequent four weeks (0.46 squirrels ha'^ week'^). The population 
may have reached carrying capacity before the six weeks were up, bu t were not 
examined until the subsequent trapping session (i.e. they may have continued 
to recolonise the area at the initial rate, and com pleted the population  
recovery between the second and sixth week).
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No m arked animals from before the cull were caught in the post-cull sample, 
except for the one individual that escaped during the cull, indicating the cull 
was extremely effective and inclusive. As only the collars were being used at 
this stage to mark the animals, it is possible that some previously caught 
squirrels which had lost their marks were unidentified, but this num ber 
would be very low, given the absence of any marks whatsoever. None of the 
animals in the subsequent two months were juvenile, (based on appearance 
and weight), indicating that all new animals must have joined the population 
from outside the woodland, a common source of recovering populations 
(Gurnell, 1989). Despite the apparent isolation of the Ardm ulchan woodland, 
the recolonisation was very fast, indicating that squirrels can obviously use 
m ature hedgerow s to move betw een w oodlands, w ith  little apparen t 
hindrance.

(ii) Cull 2: Beau Parc, May 1997
During 1997, 300 grey squirrels were removed from Beau Parc (2.17 squirrels 
ha'^ y^) mostly by trapping, in all areas apart from the portion being used for 
this study (compared to 100 usually taken (0.67 squirrels ha*  ̂ y^). This in itself 
proves that the high squirrel densities shown within the site corresponded to 
high densities throughout the whole woodland in that year, and probably 
other woodlands in the study area. The cull in the study site was carried out at 
a time when population numbers had levelled off in Ardmulchan, suggesting 
the spring population surge had levelled off, leading to stable numbers for a 
couple of months, before the autumn surge began. The CPE precull estimated 
the population at 3.43 squirrels ha-^ (41.14 squirrels), which may have been a 
slight over-estimate, as only 28 squirrels were removed, w ith 2 survivors, one 
of whom  escaped during the cull, also detected post-cull. The rem ainder of 
Beau Parc woodland (other than the study site) may have possibly acted as a 
sink during the precull estimates giving an erroneously high CPE. The 
population did not recover to the density indicated by the precull squirrel 
estim ates, but w ithin six weeks it was at a sim ilar density to that of 
Ardm ulchan which had dropped over the corresponding six weeks. By July 
the density in Beau Parc had risen to 2.26 squirrels ha'^. The rate of 
recolonisation appeared quite constant on this occasion, w ith a recovery rate of 
0.35 squirrels ha'^ week‘^ This was slightly slower than that seen in 
Ardm ulchan, despite the more continuous nature of the woodland corridors 
leading to neighbouring areas.

The fact that so many squirrels (300 animals) were also taken from the 
rem ainder of the woodland, the most likely source of replacement squirrels
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given the lack of juveniles in the post-cull sample, may have had a bearing on 
the rate of return to original population size. These animals were no longer 
available to move into the study site. New dispersing squirrels, entering from 
outside Beau Parc as a whole, would have had the entire 150 hectare wood to 
recolonise including the study area, and as such, more squirrels would have 
been required to replenish the area's population. Survivors of the continuous 
cull in the remaining 138 ha of Beau Parc would also have found more space 
in their own area, and pressures to disperse into new areas (the study site) may 
not have been as great. Despite these restrictions the area was still recolonised 
very quickly. The original population estimate may have been overestimated 
due to high levels of movement between the study area and the remainder of 
the w oodland, particularly in traps close to the bottle-neck connection, 
resulting in fewer marked animals being noted, thus leading to an overall 
overestimation of the total population. The recolonisation in Beau Parc was 
not helped to the same extent as the Ardm ulchan recovery by the spring 
dispersal.

(iii) Cull 3: Beau Parc, March, 1998
Another cull was conducted in the Beau Parc study area in March 1998. 
Squirrels were also removed from the remainder of the woodland through the 
first half of the year. On this occasion, however, despite the same effort being 
p u t into the continuous cull in the rem aining wood as in 1997, only 80 
squirrels were taken (0.58 squirrels ha'^ y^). As a similar effort was being 
im plem ented in the continuous cull, the difference in the condition of the 
populations in 1997 and 1998 is again apparent, with less than a third of the 
previous year's killed animals being removed. This reduction in squirrels was 
most likely caused by the fluctuations in squirrel returns (discussed in Chapter 
2), than  any perm anent reduction in squirrel num bers caused by the 
continuous cull. Precull estimates (CPE) in the study site (Figure 3.8) suggested 
the population density was 1.79 squirrels ha'^), which proved to be an excellent 
estim ate with 19 animals removed during the cull (i.e. 1.58 squirrels ha'^). 
This appeared a very effective cull, as two weeks later no squirrels were found, 
and only two individuals, four weeks later, six weeks on from the cull.
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After ten weeks, the population appeared to be recovering, with a density of 
1.31 squirrels ha'^ being found in June of 1998. This was a recolonisation rate 
of just 0.13 squirrels ha'^ week'^, although the recolonisation rate was higher 
in the last four weeks than in the early stages of recolonisation. This may 
have been the result of the new squirrels which entered in the early weeks 
being undetected in the trapping sessions due to the population operating well 
below the carrying capacity of the woodlands, and the factors which influence 
the trappability of the population being fairly weak. At this rate the 19 animals 
w ould have been replaced in 12.02 weeks. Following this already slow 
recovery, however, the population appeared to collapse once more, with very 
few squirrels remaining in the wood. Population estimates in Ardmulchan 
remained constant throughout the recovery period and rat captures were at 
usual levels in Beau Parc, suggesting any reduction in grey squirrel density was 
as a result of the cull. The population was lower than in the previous year, 
and may have been more vulnerable to an actual collapse than usual. Once 
more it is likely that the constant squirrel m anagem ent in the adjacent 
woodland area curbed the obvious source of immigrating squirrels, and those 
squirrels entering from outside Beau Parc as a whole were filling a much 
larger area (150 ha) than just the study site (12 ha).

(iv) Cull 4: Ardmulchan, September, 1998
This cull was conducted in a slightly different m anner to the others. Six 
individuals were captured before the cull, and had radiocollars attached. Their 
home ranges were established before and after the cull to examine their 
reaction as cull survivors to the removal of the other squirrels (see Chapter 4). 
As such this cull was not as complete as the others, with at least these six 
squirrels being allowed to remain. Figure 3.9 shows the population changes 
following this cull, and cull 5, with data from the previous year acting as a 
control to the experiments, rather than data from Beau Parc, which was not 
available for that time. The populations were examined at slightly different 
intervals following the fourth cull, with trapping conducted three weeks, eight 
weeks and fourteen weeks after the cull. Estimates from before cull 4, in 
September 1998, indicated a population containing 34.2 squirrels (2.85 squirrels 
ha'^). Only twelve animals were removed during the cull, and allowing for 
the six radiocollared animals left behind, it appeared likely that some animals 
were undetected by the five days of trapping. This cull was affected by the poor 
trappability at the time. Some previously collared animals were found in the 
postcull samples, but not as many animals were missed as the precull CPE 
suggested.
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W hen the population was estimated through trapping just three weeks later 
there were 22 grey squirrels in the woods, (a density of 1.83 squirrels ha'^) and 
this figure had risen to 3.07 squirrels ha‘̂  by the beginning of December. Of the 
22 squirrels captured after three weeks, 12 were new to the w oodland; a 
recolonisation rate of 0.36 squirrels ha'^ week'^ The recolonisation rate was 
then 0.25 squirrels ha'^ week'^ over the next 5 weeks (0.29 squirrels ha*  ̂ week'^ 
over the whole recolonisation period), the population reached pre-cull 
estimate levels in three to eight weeks. The time taken to replace the animals 
rem oved in the cull was even quicker, with at least 12 animals entering the 
woods in the first three weeks. The make-up of this new population was 
different to that found in the earlier three culls, which were all conducted in 
spring. The animals known to be within the site after three weeks were:

5 animals with radiocollars
10 juveniles (new squirrels weighing under 500 g)
5 previously marked animals missed by the cull 
2 new adult squirrels (presumably immigrants to the woodland)

A large percentage of the captured anim als were very young. These 
individuals were probably still being cared for by their m others (a high 
proportion of the females removed in the cull were lactating), and would have 
been previously undetected as exploring by these juveniles would have been 
very close to their drey. Once the animals were removed during the cull, the 
young squirrels were forced to fend for them selves, and as such were 
im m ediately incorporated into the woodland population. These squirrels, 
under ordinary circumstances would be forced to m arginal habitats for the 
winter where survival is extremely low, but had the opportunity to rem ain in 
the woods on this occasion. Besides the five surviving radiocollared squirrels 
(one of the six disappeared from the woodland before the cull, and no signal 
was received from the individual again), five other surviving animals were 
subsequently caught. These five had not been found during the cull, and 
illustrate the difficulties in conducting an effective trapping  program m e 
during the autum n months. These squirrels were either undetected in the 
w oodland or had left the woodland, and returned w ith the recolonising 
squirrels.

The cull in this instance made little difference to the population density 
within the woodland, although it may have changed the hierarchy within the 
wood, removing the larger adults, and replacing them with juveniles, poorer 
equipped for the onset of winter. Mortality in squirrels is highest during their
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first year, but this is partly be due to there being no available habitat for the 
young to move into. These juvenile squirrels, which so readily replaced the 
adults removed in the cull, were thought to be in a better position to survive 
winter than usual. The numbers of non-adults caught during the fifth cull in 
the following spring (1999) made up 45% of the total squirrels removed, 
compared to 20% non-adults for the first cull, carried out in the spring of 1997. 
This implied that there was a better survival amongst the young animals in 
the absence of the more dominant animals removed in the cull.

(v) Cull 5; Ardmulchan, March, 1999
The grey squirrel population in Ardmulchan fell over the winter of 1998-1999, 
as in previous years, dropping from a density of 3.07 squirrels ha"  ̂ in December 
to 1.67 squirrels ha'^ (approximately 20 squirrels) just before the cull. This was 
an underestimate once more, as 20 squirrels were removed in the cull, and 7 
other individuals were known to exist in the wood during the cull; one 
individual that was not captured in the cull, but caught in the pre- and post- 
cull samples, and six radiocollared animals who were allowed to survive the 
cull. The population took longer to re-establish itself on this occasion in 
Ardmulchan, with 0.81 squirrels ha'^ estimated after two weeks (an increase of 
0.11 squirrels ha'^ week'^), 1.17 squirrels ha'^ after six weeks (a further increase 
of 0.09 squirrels ha'^ week’ )̂, and a fully recovered population (2.01 squirrels 
ha'^) after ten weeks (0.21 squirrels ha'i week'^ increase over the final four 
weeks). The overall recolonisation rate was 0.17 squirrels ha'^ week'^. The 
population reached the levels estimated in the precull sessions between six 
and ten weeks later.

W hen the estim ates were compared w ith those of the previous year in 
Ardm ulchan, it was interesting to note that the population rose in a very 
similar m anner in 1998, and the squirrels that recolonised this area in 1999 
may have been able to enter even if there w asn 't a cull, and as such, the 
population postcull may still have been below carrying capacity of the 
woodland. In early winter, 1998/99, there were approximately 0.93 squirrels 
ha'^ more in the woodland than there had been in the previous year. Both 
populations showed a reduction in density as the winters progressed, but the 
difference between them remained fairly constant. The cull was carried out in 
March 1999, at a time when the previous year’s density had levelled off and an 
increase in density was about to take place. The surge corresponded to the 
spring dispersal, and was evident at that time of year throughout the study. 
The increase in population density observed after the 1999 spring cull was very 
similar to that which occurred in the uncontrolled population the previous
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spring, and may have occurred even if no squirrels had been removed. This 
m eans the population, although the same as precull levels, may have been 
smaller than the potential population, had the cull not taken place.

In total, 20 individuals were captured over the three trapping  sessions 
following the final cull, and the recaptures of these animals were used to 
calculate the various population estimates that were combined to give the CPE 
for each month. These 20 squirrels were:

6 animals with radiocollars 
0 juveniles (new squirrels weighing under 500 g)
8 previously marked animals missed by the cull 
6 new adult squirrels (presumably immigrants to the woodland)

The high instance of previously marked animals was at first troubling, until 
they were examined in closer detail. Of these eight animals, only one was 
found in the immediate pre-cull sample (i.e. February, 1999). None of the 
others were recorded any later than the December, 1998 sam ple (although 
some had lost their marks, and were identified as previously marked animals; 
the timing of the mark is unclear, however). It is unlikely that these squirrels 
that were undetected in that four month period had remained residents of the 
population in the interim. The more probable course of events was a very late 
au tum n dispersal, following the heavy population density  recorded in 
December, 1998 (3.07 squirrels ha-i). A num ber of the squirrels that had 
entered the population immediately after cull 4 were forced to leave once 
more, and these animals forced into marginal habitats. The follow-up cull in 
spring created space in the woodland once more, and these animals were able 
to re-enter the woodland with the spring dispersal. Further proof of this 
hypothesis was obtained through one of the radiocollared animals. The signal 
was lost from the woodland within a couple of weeks of the radiocollar being 
fitted in January, a sign that either the collar had failed, or the squirrel had left 
the woodland. Intermittent attempts to recover the signal proved fruitless, 
until the squirrel reappeared in the post-cull sample, w ith the collar fully 
functional. One of the assumptions of the population estimate methods used 
was that any squirrels that emigrated from the woodland, did not return (i. e. 
they were no different from those that have died as far as the study population 
was concerned). If the squirrels were emigrating and returning they w ould 
have affected the results given by the Fisher-Ford model and Jolly's stochastic 
m ethod, which relied on this information, as it was assum ed that more
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m arked anim als were in the woods than there actually w ere in each m onth. 
In this case one of the assumptions was being contravened.

3.5 Discussion

3.5.1 Population estimate methods
The four capture-recapture methods used in this investigation proved  fairly 
consisten t and  closely linked in the tw o stud ies th ro u g h o u t the m onth ly  
sessions. No m ethod could be used to investigate the population on its ow n as 
each w as unable to provide an estim ate of the pop u la tio n  in som e of the 
m onths. Instead, by grouping the population estim ators together in a sim ple 
m anner (called the Com bined Population Estim ate), a constant, robust and 
flexible m eans of estim ating the population  becam e available. Of the four 
m ethods used in producing the CPE, the two w ithin-m onth, closed m ethods 
(P e te rsen /L inco ln  Index, and the m axim um  likelihood m ethod) ad o p ted  
appeared  to overestim ate the populations, w hereas the two m onth-to-m onth 
o pen  p o p u la tio n  m ethods (the F isher-Ford m odel and  Jolly 's stochastic  
m ethod) tended to underestim ate in comparison. N ixon et ah, 1975, found the 
m ax im u m  lik e lih o o d  m eth o d  to u n d e re s tim a te  in  c o m p a riso n  to 
Petersen/L incoln Index, which was not a factor in this case. The m ethods were 
all com pared using paired t-tests, after having transform ed them  th rough  a Vx 

tra n sfo rm a tio n  (Table 3.4). The m axim um  lik e lih o o d  m eth o d  w as 
significantly different from both Jolly's stochastic m ethod and the CPE. Any 
differences betw een any of the other estim ators were not significant. Bouffard 
& H ein (1978) found Jolly's stochastic m ethod to be too erratic, and although it 
was the least reliable m ethod to produce a result, (only 36 ou t of 44 attem pts 
produced results), it was not significantly different to the other m ethods.

Estim ate m ethod CPE P/L ML FF JS
No. of estim ates given 44 35 38 42 36

CPE - >0.05 <0.05 >0.05 >0.05
P/L NS - >0.05 >0.05 >0.05
ML s f NS - >0.05 <0.05
FF NS N S N S - >0.05

JS NS NS N S -

Table 3.4 Results of paired t tests (with p values and significance levels) of 
estim ates achieved using five different population  estim ates (CPE^Com bined 
popu la tion  estimate; P /L = Petersen /L inco ln  index; M L=M axim um  likelihood 
m ethod; FF=Fisher-Ford model; JS=Jolly's stochastic m ethod). * indicates that 
a significant difference was found between the two estimators.
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A combination of the methods definitely proved the most continuous and 
reliable technique, and all of the methods proved useful. The maximum 
likelihood method was perhaps the only m ethod about which reservations 
rem ained, as its reliability was too questionable. All of the m ethods are 
affected by the low population numbers being used, with even the Fisher-Ford 
model, which is considered one of the best low-number population estimators, 
showing a high degree of variance. CPE reduced the errors inherent w ith just 
using one estimate system.

One of the assumptions made when calculating mark-recapture estimates is 
that all marks are permanent. It was known that early on in the study some of 
the m arks were being lost. The allowance for survival ensured that the 
Fisher-Ford model and Jolly's stochastic method could be used on a m onth to 
m onth system, permitting a series of connected population estimates to be 
found. The survival rate was calculated from the survival of marks, and not 
squirrels. This gave an accurate population estimate, but m eant the survival 
rate could not be used to discuss losses to the squirrel population unless the 
marking method being used was known to be 100% perfect. This was shown 
by com paring population survival scores from the Fisher-Ford m odel 
estimates taken before August, 1997, using just the brass collars as marks 
(mean mark survival (0)=O.527), with those done completely after August 
1997, when both marking methods were applied to the squirrels (0=0.675). The 
actual survival rate of the squirrels themselves (i.e. squirrels that have not 
died or emigrated) would be expected to be higher than this again. The other 
two methods did not rely on any survival rate from m onth to month, and are 
calculated separately for each month com paring recaptures w ith in  the 
m onth's trapping schedule. The marks only needed to survive for the two to 
four days of the study, and it was assumed that this held throughout each 
trapping  session. A better method of m arking the anim als could have 
improved the accuracy of the population estimates, possibly using toe clipping 
(e.g. Gurnell, 1996) or some form of branding. These m ethods were not 
attem pted for fear of inducing trap shyness in the squirrels, or decreasing the 
survival rates of the marked animals, hence compromising other assumptions 
of the capture-mark recapture techniques.

3.5.2 Population densities
In this study population densities were shown to vary throughout the season 
and between populations. Table 3.5 compares the densities estim ated in this 
study with those found in others.
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Wood type Country Density (ha‘̂ ) A uthority
Oak/hickory USA 15.9 Montgomery et al. (1975) 

(quoted in Gurnell (1983))
Oak/hickory USA 3.7 Brown & Yeager (1945) 

(quoted in Gurnell (1983))
Oak/hickory USA 11.1-14.1 Mosby (1969)

(shaded)
clear-cut forest USA 5.19-7.75 

(pre clear-cut) 
3.57-7.22 

(post clear-cut)

Nixon et al. (1980)

Mixed deciduous USA 0.54-3.16 Nixon & McClain (1969)
Mixed deciduous Canada 4.4 Thompson (1978)
Mixed deciduous England 0.67-1.53 Kenward & Tonkin (1986)

Oak/hazel England 3.4 (summer) 
1.9 (winter)

Don (pers. comm, to Gurnell 
(1983))

O ak/hazel/ England 1.3 (summer) Don (pers. comm, to Gurnell
young hardwood 0.8 (winter) (1983))

O ak/hazel England 7.4 Gurnell (1990)
Oak England 3-18 range, 

8.8 ave. 
(summer)

Gurnell (1996)

30 broadleaved England 1.44-1.96 Kenward & Parish (1986)
woodlands

Mixed deciduous Ireland 1.6-2.3 (mean) 
5 (max)

This study

Table 3.5 Grey squirrel densities from other studies (after Gurnell 1983)

Many previous studies have also found large fluctuations between population 
estimates from different seasons (e.g. Thompson, 1978), and following clear- 
cuts (Nixon et a l ,  1980) or sharp spring frosts (Nixon & McClain, 1969). In the 
present study changes were seen which ranged from gradual changes, such as 
the increase to late summer or reduction over w inter, and more extreme 
differences between months, which occurred during the dispersing seasons 
and probably aggravated by emergence of the sub-adults following the breeding 
season (see Chapter 5). As a guideline Don (1985) considered a high squirrel 
density in Britain to be >4 squirrels ha'^ and a low squirrel density to be <2 
squirrels ha'^. The average no. of squirrels over the entire study in Beau Parc, 
even when allowing for the weakened populations imm ediately after each 
cull, was 1.62 squirrels ha* .̂ This was considered a low population, although
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in 1997, a year when squirrel densities in general appeared high, the 
population was higher than 2 squirrels ha'^ on a number of occasions. It was 
obvious that generally more squirrels were to be found in Ardmulchan. The 
woodland around the Ardmulchan estate was in some way more suitable for 
grey squirrel populations. There were fewer captures of other animals in 
Ardmulchan than in Beau Parc, in particular brown rats. This indicated that 
there were probably more rats in Beau Parc than in Ardmulchan, suggesting 
the Beau Parc habitat was not as suitable for grey squirrels as they were unable 
to outcom pete the rats. The rats living in the w oodland occupied an 
overlapping niche with the squirrels, as they consumed similar foodstuffs. 
The degree of overlap would not be as large as that found, say, between the red 
and grey squirrels, but it may still have been large enough to have a 
detrim ental effect on the grey squirrel population, that was forced to spend 
energy competing with the rats for the food. It is also possible the site used in 
Beau Parc, was very much an edge wood, and the population may retreat into 
the m ain block of the wood when resources are low. A rdm ulchan also 
show ed a variety of densities over the study period, w ith a m ean of 2.3 
squirrels ha'^; an average number of squirrels for a deciduous woodland. 
Using the guidelines offered by Don, it can be seen that the population in 
Ardm ulchan fluctuated from low squirrel densities, usually over w inter, to 
high squirrel densities at other times of the year.

Higher squirrel densities in general appear in the American studies show n in 
Table 3.5. The lower densities found in Britain and Ireland indicate poorer 
squirrel habitats than in America, and possibly offer support to theories that 
squirrel damage is caused by a lack of sustenance for the squirrels, especially at 
certain times of year. Fluctuations may also be higher in Europe than in 
America, being as high as almost fivefold within a year (present study).

3.5.3 Cull efficiencies
The efficiency of each cull can be measured as the completeness of the cull, and 
the length of time for which the squirrel population was subdued. The most 
accurate method of monitoring the completeness of a cull is by examining the 
num ber of precull marked animals found in the postcull sam ple, (i.e. 
examining the effectiveness of the cull in retrospect). The completeness of the 
m anagement exercise could also be judged in the fourth and fifth culls, where 
certain radiocollared animals were allowed to survive the removals, by the 
num ber of those radiocollared animals captured during the session. Once all 
of the radiocollared animals were caught, all the present squirrels were 
assum ed caught, assuming there was an equal chance of capturing every
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squirrel. Both culls found five of the radiocollared animals, representing 100% 
of the radiocollared animals that were present on each occasion. In normal 
m anagem ent circumstances, however, such guides are not available to the 
instigator. It was found that a cull of five days, using the intensive trapping 
scheme carried out, was sufficient to remove most, if not all, of the squirrels 
w ithin the woods. Any survivors were not significant when compared to the 
num bers of squirrels recolonising the area. Any greater effort to remove 
squirrels in these instances would have been w asted. O ther m ethods of 
removing squirrels were not attempted in this study, but it is unlikely that a 
shooting exercise would have been as efficient. Poisoning may possibly work 
as well, probably over a longer period of time, but with 95 other animals being 
captured during the 15 days of the five removal experiments, the need for grey 
squirrel specific hoppers is underlined.

The grey squirrel population recovered robustly on all but one occasion, with 
recovery rates as high as 0.71 squirrels ha'^ week'^ over about a month (Table 
3.6).

Cull
No.

W oodland Squirrels
Removed

Recovery
Period
(weeks)

Recolonisation 
Rate (squirrels ha*  ̂ week'^)

1 A rdm ulchan 40 2-6 0.56
2 Beau Parc 28 6 0.35
3 Beau Parc 19 (-10) 0.13
4 A rdm ulchan 12 3-8 0.29
5 A rdm ulchan 20 10 0.17

Table 3.6 Removal experiment details

The num ber of squirrels removed during the cull had no bearing on the 
recovery rate of the woodland, but was simply a feature of the carrying capacity 
of the woodland at the time of the removal. The recovery period and the 
recolonisation rate were inversely related.

The speed of recovery was not related to the isolation of the woodland under 
study, with Ardmulchan being cut off from other woods in comparison to the 
Beau Parc site. This was contrary to previous findings that felt that isolation 
did slow, but not prevent, reinvasion (Taylor, 1977). The m ature hedgerows 
surrounding Ardm ulchan offered sufficient cover and resources through 
which the squirrels moved unimpeded. The two culls in Beau Parc (culls 2 
and 3), were both hampered by management measures carried out on arguably
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the most likely source of recolonising squirrels; the remaining 132 ha of Beau 
Parc. The fairly intensive control in the remainder of Beau Parc undoubtedly 
reduced  the num ber of squirrels throughout Beau Parc, and as such 
emigration of survivors in the larger portion may have been reduced, as much 
of the dispersal pressures may have been removed. Other animals moving 
into Beau Parc had the entire woods to choose from, and resident survivors of 
the study area may also have moved into the larger portion as it was 
controlled. The third cull, in the spring of 1998 in Beau Parc, never fully 
recovered, or any recovery seen was short-lived, and this was most likely the 
result of the lower populations in that year adding to the pressures exerted by 
the management schemes in the two areas of Beau Parc. It has also been found 
that low popu la tion  densities may leave species vulnerable due to 
under crow ding, known as the Allee effect (Williamson, 1989). The woodland 
residents are left unable to find suitable resources or mates. The lack of mates 
is more a long-term problem however than the immediate struggle seen in 
this study.

In Ardmulchan, following culls 1 and 4, the recoveries were swift as a large 
group of squirrels, awaiting an opportunity to enter the woodland, took over 
from the removed individuals. In the first instance these animals were from 
outside the woodland, or possibly animals that had been forced out of the 
woods in the previous autumn (1996), which was unm onitored in this study. 
The autum n 1998 recolonisation was by animals that ordinarily one would 
expect to have been forced out of the woods during the autum n dispersal; 
emerging spring young, old enough to join the adult population, but only 
when the space is there to do so. Removal of most of the squirrels from a 
woodland leaves improved resources for the survivors as well as possibly 
encouraging immigration (Kenward, 1982a). The cull simply m ade room for 
these animals to move in. Ironically, it is possible that these animals would 
have recolonised the woodland following the fifth cull, as they may have 
rem ained in marginal areas to Ardmulchan looking for the opportunity to 
move back in. Instead they became established in the wood, and were 
subsequently removed in the fifth cull, the recolonisation of which was much 
slower than the previous Ardmulchan examples. Once more the potential 
source of recolonising animals had been tam pered w ith and this had a 
detrimental effect on the recolonisation rate.

W hen considering a management program m e, the source of recolonising 
squirrels m ust be targeted along with the woodland being protected. This 
involves removing squirrels from a buffer zone around the target woodlands
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and a constant monitoring of the woodland population for an extended period 
before and after the cull. Again this calls into question economic factors 
regarding the usefulness of a squirrel removal program m e in protecting a 
woodland from damage, with larger areas costing more to manage.

The culls demonstrate the speed with which the squirrel populations can 
m ove into available w oodlands, and this has repercussions for the 
colonisation rates at the frontiers of squirrel spread in Ireland. As described 
earlier, the spread occurs in two stages; through the edge front of individuals 
first entering an area, and through the wave front which brings the population 
up to its carrying capacity. The survivors of the culls in the present study 
represent the squirrels that arrive at a woodland first; the edge front. The 
newcomers, or recolonising squirrels represent the wave front, filling in the 
holes left behind the edge front. In these frontier populations the colonising 
squirrels will be coming from just one general direction, and therefore the 
initial entry could be expected to be slower than in the cull examples given 
here, where the new population arrives from a number of directions. Many of 
the new squirrels found in a frontier woodland may come from w ithin the 
w ood, (i.e. juveniles are more readily incorporated into the w oodland 
population), as these animals are not under as m uch p ressure  from 
immigrating adult squirrels entering from other woodlands.
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4 Postcull Home Range Modifications

4.1 Introduction

The home range of an animal is that area within which it carries out its 
normal daily activities such as foraging, sleeping and breeding. The size of the 
home range varies for grey squirrels according to population density, food 
supply and habitat type (Gurnell, 1990), although it is likely that it is the 
population size that dictates the home range size (Kenward, 1985), and food 
supply and habitat affect home ranges indirectly through influencing the 
populaton density. An inverse relationship exists between home range size 
and population density (Don, 1983). With population density being the 
primary influence on home range size, and food supply only affecting home 
ranges in a secondary manner, then a squirrel management programme 
would be expected to influence the home range size, at least until the 
population recovers to precull levels.

The home range size is a balance between expansion (the acquisition of 
resources) and compression (minimal risk and energy conservation) (Don, 
1983; Wauters et ah, 1992). Two main strategies exist for an animal with an 
established home range within a habitat: energy can be expended between 
resource acquisition and protecting future resources from conspecifics, (i.e. 
keeping an individual, exclusive territory, a method known as territoriality), 
or sharing home ranges with other members of the population and using all 
energy in resource acquisition, a so-called scramble for food (Kenward, 1985). 
The tactic adopted varies throughout the animal kingdom, and even within 
the Sciuridae. T am iasc iurus  spp. are mostly territorial, but the members of the 
genus S c iu r u s ,  to which the grey squirrel belongs, have overlapping home 
ranges (MacKinnon, 1978; Laidler, 1980). A social hierarchy does, however, 
exist with certain grey squirrels being dominant over others (Mosby, 1969). In 
general males tend to be dominant over females (Pack et a l ,  1967) and adults 
dominant over juveniles and sub-adults (Taylor, 1966). Wauters & Dhondt 
(1989a) found weight to increase with dominance for red squirrels. The grey 
squirrel hierarchy is a single linear succession, with recorded interactions at 
feeding stations showing a 'chain of right' through encounters between 
individuals (Pack et al., 1967).

The different social statuses of the different individuals are displayed in the 
home ranges (Pack et al., 1967). Male ranges tend to be larger than those of 
females (Taylor, 1966; Doebel & McGinnes, 1974), and adult ranges larger than
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those of non-adults (Taylor, 1966; Wauters & Dhondt, 1992). Female home 
ranges are similar to those of males under six months of age (Don, 1983). The 
home range of an individual displays a certain fluidity as conditions change 
within a woodland. Home ranges vary from season to season, being at their 
highest in the summer (Gurnell, 1990) or spring (Laidler, 1980) for both males 
and females, with the biggest changes being seen in the home ranges of males 
from winter to spring (Don, 1983). The ranges are more closely linked to 
sexual activity than to food supply, with the breeding season in spring or 
summer causing the ranges to expand (Kenward, 1985).

These increases in home range size can be observed immediately before the 
two main dispersal periods (Gurnell, 1989). Agonistic encounters may force 
subordinate animals to disperse, and breeding chases drive individuals out of 
their home range, resulting in more erratic radiotracking fixes in these 
periods. The agonistic encounters can be conspicuous and noisy, or may be 
more subtle, with subordinates avoiding more dom inant animals; a 
phenomenon harder to observe (Taylor, 1966).

Two hypotheses exist to explain why squirrels disperse. In considering red 
squirrel dispersal, Wauters & Dhondt (1993) suggest that animals may choose 
to emigrate to avoid inbreeding, maximise mating opportunities and 
minimise competition. If these benefits are the over-riding cause, then the 
emigrants are moving in an attempt to maximise their own fitness (the 
emigrant fitness hypothesis). On the other hand the dominant animals may 
be forcing subordinates to migrate for their own benefit (the resident fitness 
hypothesis). Some evidence was found to support the resident fitness 
hypothesis by Wauters & Dhondt (1993).

Following the breeding season, lactating females may have much reduced 
home ranges, based around the nest tree and its immediate surroundings 
(Taylor, 1966). The home ranges of juveniles between 2 and 6 months of age 
expand greatly as the young animals become more independent (Don, 1983). 
The overlap between the home ranges of juveniles and their mothers decrease 
from 100% to 50% of the juvenile's home range during this period (Gurnell, 
1990), as a result of the increased independence of the juveniles, and a return 
to normal home range levels for the mothers following the end of lactation.

Within its home range an animal does not necessarily utilise all its domain to 
the same extent (Don & Rennolls, 1983). The individual spends a 
disproportional amount of time in some areas containing specific focal points.
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usually around a nest tree (squirrels, despite being diurnal, will spend much of 
the day within their dreys (Kenward, 1982b)) or feeding point (patches are 
more heavily foraged than others when they yield high rates of energy intake 
(Lewis, 1980)). There can be more than one of these nuclei, or core areas, 
within a range, and typically 60-70% of an animal's time may be spent in as 
little as 30% of the available area (Kenward, 1985, Gurnell, 1990). Although the 
grey squirrels are not territorial, with overlapping home ranges evident 
between individuals, the core areas tend to be exclusive to each squirrel. This 
is sometimes not the case, however, with Kenward (1985) finding four same- 
sex pairs and one trio showing overlapping core areas. One of the pairs were 
known to be mother and daughter and the others were thought to be from the 
same litters.

The effects of a cull on the population densities was described in Chapter 3. 
The early culls were found to be extremely effective at removing most of the 
squirrels from the woodlands, but it is likely that some survivors remain 
following attempts to remove all the squirrels from a wood. The loss of the 
majority of the population could have a variety of effects on the survivors, as 
shown by their individual home ranges. The immediate lowering of the 
population releases many resources previously unavailable to one individual. 
This could be displayed by a retraction of home range size, as the individual 
needs to travel less to find the nutrients required for everyday life. 
Alternatively, as home range size is dictated by the population density (in an 
inverse manner), the restrictions are removed, and the home ranges may 
increase. The individuals who remain may also be elevated in status, as more 
dominant animals are removed. The larger home range occupied by more 
dominant animals may again dictate that the animals' home ranges will 
increase. Resident animals are more likely to be dominant than immigrating 
ones (Thompson, 1978), and so the new squirrels which are replacing those 
removed will probably not be as dominant as the removed animals.

Core areas may also change following the cull. As these are more likely to be 
exclusive than the home range as a whole, squirrels may utilise a new core 
area as the spaces become available through the removal of more dominant 
animals. Alternatively those animals that were high up in the social rankings, 
would remain in their areas, but require less time defending it from more 
subordinate squirrels, and as a result, spend less time in the core areas.

A further factor that may influence the animals at specific times is the loss of 
potential mates through the cull, possibly encouraging the animals to leave
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the woodland in search of breeding opportunities. This may not be the case 
unless the cull takes place during or just before the breeding season. It would 
also be more likely to affect males than females.

Home ranges were estimated for squirrels both pre- and postcull:

1) To investigate the size of home ranges and core areas of individuals within 
a squirrel population in Ireland.

2) To examine the effects of the reduction of population density on the home 
ranges and core areas of survivors of the culls.

3) To speculate on the behaviour of animals w ithin the edge front of the 
spread of grey squirrels in Ireland, before the habitats reach their carrying 
capacity with the arrival of the wave front.

4.2 Materials and methods

A number of different approaches have been used to estimate home ranges of 
mammals. Affordable methods of radiotracking only became available in 
recent years, and prior to this more rudim entary m ethods were employed. 
M ethods employing sight detection were fraught w ith problems, from non
uniformity of habitats to difficulties in finding appropriate marking devices 
that could allow identification of a squirrel from a distance, but not interfere 
w ith the animal's lifestyle in any manner (Taylor, 1966). Using trapping was 
another popular method, but was found not to be as accurate as early attempts 
at radio-telemetry (Doebel & McGinnes, 1974). The rigidity of the trap location, 
and the possibility of the traps influencing the squirrel's movements caused 
problems.

Radiotracking data can be collected in a variety of forms. The data can be 
collected as continuous data, with fixes gained every ten or fifteen m inutes 
and these results used to analyse movement of an animal around its home 
range. This causes a problem in estimating the overall home range because of 
a high level of auto-correlation between adjacent fixes. If there was no auto
correlation betw een fixes, the chance of a squirrel being found anyw here 
within its home range would not be influenced by the position of the previous 
fix. With fixes being taken so close together, subsequent fixes are likely to be 
quite close together. Auto-correlation causes the hom e range to be 
underestimated, and also creates biases towards certain areas when core areas
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are being considered. Discontinuous data, collected with a minimum time 
period between each fix, give independent positions where the animal can be 
found at any one time. This gives a more accurate home range, incorporating 
less data, but giving no knowledge of the movements throughout that range. 
Some auto-correlation can sometimes still be seen by this method, but it is 
much reduced (Harris et ah, 1990). Harris et al. found that 120 minutes 
between fixes, when estimating fox home ranges, was an adequate time period 
to reduce auto-correlation to acceptable levels. This may vary from species to 
species, but was chosen as the absolute minimum period between consecutive 
fixes in the current study.

Each fix can be found using one of two methods. Triangulation requires 
bearings to be taken from three points, and the angles between the bearings 
used to calculate the actual position of the squirrel. Alternatively the animal 
can be followed to source, continuing to track the signal until the strongest 
signal identifies the exact position of the radio transmitter. 'Following to 
source' is a much more accurate method of tracking squirrels (Kenward, 
1982c), though it is more time consuming, and may possibly disturb the 
animals from the position they were originally in when the fix attempt began. 
Triangulation is a good method for animals that are in fairly even terrain, but 
with forest mammals the signal can be deflected and bounced off the trees in 
the woods, severely compromising the accuracy of each fix. A measurement of 
error is necessary when calculating fixes from triangulation, found by 
estimating the location of known-position collars (Saltz, 1993). This is not 
necessary when following to source, as the tracking continues until the 
squirrel's true location is found.

4.2.1 Design of radiotracking investigations
Squirrels were radiotracked in four sessions; before and after the September 
1998 and March 1999 culls in Ardmulchan woodland (see Chapter 3). As the 
aim of the investigation was to examine the effects of the culls on the home 
ranges of a number of individuals, the culls were carried out immediately after 
the information had been gathered in the precull sessions. The woods were 
then left for a couple of weeks following the last day of the cull to allow the 
survivors time to settle and any changes in home range due to the removal 
investigation be completed. A balance was needed when considering the 
number of animals to track in each investigation. Some replication was 
necessary, allowing for differences between individuals, caused by sex, age and 
social status. At the same time, if too many animals were being tracked too 
many animals would have to survive the culls, and the effects of the culls
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would not be as noticeable on the home ranges of the survivors. The number 
of squirrels removed in earlier culls was taken into account when designing 
these investigations, together with estimates of population density taken from 
the minimum number of squirrels present. Six radiocollars were used for the 
first investigation, in the autumn, and seven in the second in the spring. The 
collars were applied to the animals six weeks prior to the culls; in the August 
trapping session before the cull in late September, and in January prior to the 
cull in March. Details of these animals are given in Table 4.1.

Radiocollar freq. Sq. No. Sex Duration of presence in trapping
(MHz) schedule

Autum n, 1998
173.227 154A F October, 1997 - May, 1999
173.237 194A M June, 1998 - April, 1999
173.245 169 A F November, 1997 - October, 1998 *
173.276 176 A F May, 1998 - January, 1999
173.288 155A M October, 1997 - November, 1998
173.293 171A F April, 1998 - October, 1998*

Spring, 1999
173.206 154A F October, 1997 - May, 1999
173.219 193A F June, 1998 - May, 1999
173.227 164 A M November, 1997 - May, 1999
173.237 194A M June, 1998 - April, 1999
173.257 239A M January, 1999 - May, 1999 * *

173.269 241A M January, 1999 - May, 1999
173.276 176A F May, 1998 - January, 1999 *

Signal lost before completion of investigation 
* *  Animal left woodland for protracted periods
Table 4.1 Radiotracked squirrels during both telemetry investigations

"Biotrack" radio transmitters (supplied by Biotrack Ltd., W areham, Dorset), 
were attached to the chosen squirrels using metal collars similar to those used 
for individually colour marking the animals. Each collar was tuned to a 
unique frequency in the range 173.2 MHz - 173.35 MHz, and w eighed 
approximately 15 g. Their home ranges were calculated from fixes collected 
over approximately one month. Each fix was obtained using a discontinuous, 
track-to-follow regime, with a minimum of two hours (three where possible) 
between subsequent fixes. The data were collected using a 'Mariner-57 Biotag' 
Receiver and a hand-held 'Yagi' antenna, and subsequently plotted on a map 
of the area (Figure 4.1), noted as a co-ordinate to the nearest 5 x 5 m square.
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Figure 4.1 Baseline map of Ardmulchan, used in radiotracking study. 
Broadleaved woodland areas are hatched and coniferous w oodland areas cross 
hatched (see also Figure 3.1).
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W hen su itab le  d a ta  w ere available, tra p  reco rd in g s  of rad io co lla red  
ind iv iduals w ere included in the relevant tracking session, to increase the 
available data.

Data w ere analysed using 'W ildtrak' v.1.15 (Todd, 1993). This package allows 
data to be analysed using either m inim um  convex polygons (MCP) or grid cell 
techniques. MCPs show only the periphery of the hom e range, and, at 100%, 
include long range sallies, outside of the norm al hom e range of the anim al, 
w h ich  can heavily  skew the predicted  hom e range (Don, 1983). MCPs 
inaccuracies are highlighted by the increase in hom e range increasing w ith 
increasing data points, as more excursions become incorporated  into the data 
(W hite & G arrett, 1990). The m ethod concentrates on 'x' and  'y' (distance) 
d im ensions, w hile d isregarding  'z', the tim e dim ension. In this particu lar 
s tu d y  the data w ere collected over a relatively sho rt period  of tim e, and  
attem pts w ere m ade to eliminate auto-correlation, so the time dim ension was 
no t particularly  im portant. Simple core areas can be developed based on the 
percentage of the total range against the percentage of fix inclusion (W ray et 
a l ,  1992a).

G rid  cell techniques require a m uch larger num ber of fixes (over 150 fixes 
considered necessary by Kenward (1992)), as do other polygon techniques such 
as concave polygons. Grid cell techniques allow a picture of the activity levels 
in each area of the home range to build up, based on the density  of fixes 
recorded  in each cell. This conforms to studies requ iring  such details, bu t 
causes problem s w hen a limited period of time is available in w hich to collect 
the data. Using a discontinuous series of data, w ith, say, three fixes collected 
for each anim al each day, the data w ould take over three m onths to collect 
bo th  before and after the culls. In this time alterations due to changing season 
occur in the individual's home range, especially during  the gradual changes in 
the postcull squirrel population. The home range data should be collected in a 
tim e period in w hich the range of the animal at the end  of the investigation is 
not significantly different from that at the beginning.

O ther analytical techniques available, (norm al ellipsoids, contour m ethods 
(K enw ard , 1992) and  D irichlet tessela tions (W ray et a l ,  1992b)), also 
concentrate on the centre of activity, but fail to define the outer boundaries in 
a satisfactory m anner. MCPs were chosen as the m ost suitable technique for 
the present study.
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During the first of the four radio-telemetry sessions approximately thirty fixes 
were collected per individual. The number of fixes was plotted against the 
increase in home range area for each animal, in order to assess the point at 
which enough data had been collected. An asymptote developed at the point 
w here no new inform ation was gained by extra data (Figure 4.2). This 
information was then used to assess the number of data points necessary for 
the subsequent home range assessments. As each asym ptote curve reached 
100% well before thirty fixes, the number of fixes collected in the rem aining 
three telemetry sessions was restricted to 20-25.

The am ount of time spent in core areas varied for each animal, depending on 
the resources it offered and the needs of the animal. When the peeled MCPs 
were examined (using a graph showing percentage of home range area against 
the percentage of fixes (Figure 4.3)) an inflection point showed the point at 
which extra information gave a large increase in area. This percentage of fixes 
corresponded to the core area. It varied from individual to individual, and 
had to be calculated separately for each home range being assessed, but it was 
generally between 60-80% of fixes (in Figure 4.3 it is 65%).
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Figure 4.2 Example of radiotracking data analysed by 'Wildtrak' v. 1.15 (Todd, 
1993). Plot indicates number of fixes necessary to plot home range area
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Figure 4.3 Example of radiotracking data analysed by 'Wildtrak' v. 1.15 (Todd, 
1993). Plot shows percentage of home range area against the percentage of 
fixes. The inflection point indicates the percentage of fixes corresponding to 
the core area
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Table 4.2 gives details of the home range and core area sizes, as well as core 
area utilisation for each animal in the pre- and postcull sessions of the 
relevant investigation.

Squirrel Sex Precull Postcull
home range core area core area home range core area core area

(ha) usage (%) size (ha) (ha) usage (%) size (ha)
AUTUM N
154A F 0.042* 95* 0.020* 0.060 80 0.032
194A M 0.814 75 0.048 0.708 85 0.084
169 A F 0.139 50 0.022 - - -

176 A F 0.836 70 0.051 1.175 45 0.054
155A M 2.594 65 0.232 2.042 25 0.264
171A F 0.572 75 0.042 0.044 80 0.014
SPRING

154A F 0.150 75 0.021 0.639 45 0.065
194A M 0.334 60 0.061 3.236* 70* 0.395*
164 A M 0.302 60 0.074 0.752* 50* 0.210*
193 A F 0.676 75 0.085 0.774 60 0.032
239A M - - - - - -

241A M 0.350 80 0.058 0.545 65 0.145
176 A F - - - - - -

* After adjustment for extreme outlier (see text)
Table 4.2 Precull and Postcull home ranges of survivors of cull 4 (autum n, 
1998), and cull 5 (spring, 1999)

At the beginning of the autumn postcull tracking period, it became apparent 
that individual 169A had disappeared from the woodland. No signal was 
detected, which implied either collar failure, or that the animal had left the 
area. If the animal had died, or the collar fallen off, a signal would still be 
received from the operating, albeit static, transmitter. The animal was not 
captured in the two months following the cull, and so it is likely that the 
squirrel, and radiocollar, had left the area. Individual 176A had been present 
in the woodland throughout the autumn investigation, but it too disappeared, 
in this case after just ten fixes had been collected in the precull session of 
spring. Faint, vague signals were received in the day before it vanished, and 
its absence from any further trapping session indicate that it had been on its 
way out of the area. Neither of these squirrels were detected again. A third 
animal, squirrel 239A left the woodland almost immediately the spring precull 
tracking had begun. It returned fleetingly, w ith collar still in tact and
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transmitting its signal, following the cull along with other immigrants; but its 
subsequent movements were erratic and included a num ber of extended 
excursions from the area. The data collected were considered too sparse to 
develop a meaningful picture of the squirrel's home range, but its behaviour 
following the cull was used to speculate on the activities of new-comers to the 
woodland.

The sample sizes in this investigation made statistical analysis difficult. The 
low num bers of radiocollared animals, necessary to facilitate a meaningful 
cull, made normality unlikely due to insufficient data and a high vulnerability 
to outliers. It was likely the data would be positively skewed, with low home 
ranges usual, but much larger home ranges found on occasion, especially for 
those animals tending towards imminent dispersal. The home ranges were 
d iv ided  into sub-sets according to four param eters of in terest to the 
investigation; precull and postcull home ranges, anim al sex, seasonal 
differences, and speculation regarding social status of the individuals. As only 
21 home range analyses were completed there were as few as one or two 
representatives of each sub-set. The data had to, therefore, be examined in a 
qualitative manner, using the examples present to speculate on the behaviour 
of the mem bers of each sub-set, and the behaviour of the surviving 
population as a whole (section 4.4).

4.3 Home range analyses

4.3.1 Autum n ranges
(i) Individual 154A (Female)
Individual 154A (collar frequency 173.227 MHz) had been caught consistently 
in A rdm ulchan throughout the trapping schedule, from October 1997, to 
August, 1998, when the radiocollar was first applied. In the nine months prior 
to the August session, the squirrel was caught on six occasions, and all these 
captures were based around two trap points, just 70 metres apart. In the early 
m onths of its habitation of the woodland, however, it had been caught in a 
wider range of traps, before it became settled around these two traps. The 
home range analysis proved the animal used a very restricted area in both the 
pre- and postcull periods, with asymptotes giving core areas in use 95% and 
85% of the time respectively. The home ranges originally appeared quite 
different precull and postcull , but actually proved quite similar (0.042 ha and 
0.06 ha) when one precull outlier, approximately 400m from the next nearest 
fix, was removed (Figure 4.4). When this individual was captured during the 
cull, it was found to have very large lactating nipples and it was highly likely

127



that she was feeding a late summer litter over this period (lactation lasts for up 
to 70 days). The presence of the litter and restricted home range prevented the 
squirrel from taking advantage of any space available when the other 12 
animals were removed. Alternatively being a long standing member of the 
population, and in a position to breed, the individual was probably relatively 
high in the woodland social order and did not need to take advantage of the 
loss of conspecifics. This squirrel was also used in the spring range analysis, as 
described in section 4.3.2 (i).

(ii) Individual 194A (Male)
Individual 194A (collar frequency 173.237 MHz) was a relative newcomer to 
the woodlands when it was first radiocollared, having only been captured for 
the first time the previous June (two months earlier). The four captures before 
the radiocollar was applied each occurred in a different trap with the two most 
remote traps being 430 metres apart. The size of the home range used by this 
individual remained relatively constant after the cull, although the core area 
(which was used for a similar amount of time pre and postcull) shifted 
considerably from one area of the original precull home range to another 
(Figure 4.5). This could have been the result of a move following the tree 
seeds in season six weeks later, or it could have been through taking advantage 
of a gap left by a removed squirrel. The trees in both areas were similar (beech, 
oak and ash), and so it seemed unlikely that the areas offered significantly 
different food supplies from one month to the other. It was more likely that 
the shift in core area was allowed by the loss of a more dom inant animal. As 
discussed in Chapter 3, the animals that were removed in September, 1998 
were replaced almost immediately, mostly by juveniles from w ithin  the 
woodland, which would imply that a more dominant individual was replaced 
by a more subordinate individual (as younger animals tend to be lower in the 
hierarchy). This meant that individual 194A was able to take advantage of the 
loss of a more dominant animal and move up in status within the population. 
The short time-span of the individual's tenure within the area, coupled with 
the erratic movements seen in its early trap occupancies, indicated the animal 
had been unable prior to the cull to establish itself in an ideal location. The 
animal was captured in the woodland for the rem ainder of the study, and 
subsequent captures were over a much reduced area. This individual was also 
used in the spring investigation (see Section 4.3.2 (ii)).
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Figure 4.4 A utum n precull (blue) and postcull (red) home ranges for female grey 
squirrel 154A, with core areas hatched.
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Figure 4.5 A utum n precull (blue) and postcull (red) home ranges for male grey 
squirrel 194A, with core areas hatched.
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Figure 4.6 Autumn precull (blue) and post cull (red) home ranges for female grey 
squirrel 176A, with core areas hatched.
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(iii) Individual 176A (Female)
This squirrel was caught on 7 occasions from May 1998 before the radiocollar 
(frequency 172.276 MHz) was attached. These captures were all based around 
three adjacent traps enclosing an area of just 0.38 ha. The home range shifted 
very little from precull to postcull (Figure 4.6), w ith only the most extreme 
fixes lying in different areas. The ranges remained fairly constant in size (0.836 
ha and 1.175 ha, respectively) and were centred around the same area. There 
was very little difference evident between the core areas of the precull and 
postcull home ranges either. On closer inspection it was obvious that the time 
spent in the core areas differed (70% precull compared to 45% postcull). This 
indicated the squirrel was able to utilise the remainder of the home range to a 
greater degree, possibly due to less effort being required to defend its core area. 
Alternatively this may simply have been a result of the onset of winter, and 
more effort being required to find the food necessary each day. (176A 
disappeared shortly after the spring investigation had started.)

(iv) Individual 155A (Male)
This squirrel was first captured in October 1997, and then regularly in a series 
of traps to the west of the woodland, before the collar (frequency 173.288 MHz) 
was attached in August, 1998. This area of the w oodland consisted of a 
relatively thin strip of trees (approximately 20 metres wide) which led to a 2 
hectare coniferous stand. Individual 155A had much larger pre and postcull 
home ranges than the other radiocollared animals (2.594 ha and 2.042 ha, 
respectively) (Figure 4.7). The home ranges mostly fell within the coniferous 
stand and this poorer grey squirrel habitat required a larger home range for the 
animal to find the necessary resources. The core areas appeared larger than 
those of the other squirrels also (between five and ten times greater), further 
indicating a poorer grey squirrel habitat. The edges of this coniferous stand 
were lined w ith a row of broadleaved trees, and the squirrel was m ost 
frequently found in these areas (in particular the northern-most row made up 
the majority of the precull core area). It was frequently found along the 
riverbank trees outside the woodland, rather than am ongst the coniferous 
trees. The core area was larger postcull, and used less frequently once more, in 
a similar fashion to individual 176A (section 4.3.1 (iii)). It seems unlikely that 
this indiv idual w ould have been particularly  dom inant in the precull 
population as it was inhabiting such a poor habitat w ithin the woodland. It 
appeared unable to take advantage of any removals that occurred in the 
woodland during the cull, and, in fact, disappeared from the woodland over 
the winter with the radiocollar still attached, and working.
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Figure 4.7 A utum n precull (blue) and postcull (red) home ranges for male grey 
squirrel 155A, with core areas hatched.
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Figure 4.8 A utum n precull (blue) and postcull (red) home ranges for female grey 
squirrel 171 A, with core areas hatched.
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Figure 4.9 A utum n precull home range for female grey squirrel 169A (blue) and 
autum n postcull home range for female grey squirrel 171A (red), with core areas 
hatched.
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(v) Individual 171A (Female)
Despite being captured on seven occasions in the five trapping sessions 
between April 1998 and when the radiocollar (frequency 173.293 MHz) was 
attached, individual 171A was only ever caught in one of two traps which 
were just 60 metres apart prior to the investigation. These two traps were in 
the eastern section of the woodland, close to the river. The precull home 
range was based in the same area, with a core area around a cluster of mature 
beech trees. The signal was lost for the animal halfway through the postcull 
sample, before a complete set of fixes had been taken, leaving an incomplete 
picture of the postcull home range. It was clear however that the core area had 
shifted again (Figure 4.8). Once more it was to an area within the original 
home range, and was probably as a result of the removal of one or more of the 
culled squirrels. Interestingly the core area moved towards the area originally 
inhabited by individual 169A, which disappeared from the woodland between 
the pre- and postcull periods (Figure 4.9). It is possible that individual 169A 
was dominant over individual 171A (both animals were female), and 171A 
utilised a new core area closer to where the previous occupant had been. It 
was unusual, however, that both of these animals left the woodland from the 
same area in the woodland.
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4,3.2 Spring ranges
(i) Individual 154A (Female)
This squirrel showed very little change during the autumn study, as it was 
protecting the litter it was feeding. It was included in the spring study, (collar 
frequency 173.206 MHz). The precull spring home range was very similar to 
the pre- and postcull ranges of the autumn investigation, showing the animal 
had changed its behaviour and range little over the winter. The core area was 
also of a similar size and position to the autumn core areas, based around the 
same cluster of trees in which the animal had suckled its young. After the cull 
the home range increased greatly in size, in all directions (Figure 4.10). The 
core area trebled in size, although it was almost completely found within the 
original home range. On this occasion, the radiotracking had taken place 
when squirrel numbers were still greatly reduced, unlike the autum n 
investigation, when the squirrel numbers recovered almost immediately. 
This implies that the squirrels were reacting to a reduced squirrel density as 
well as a possible change in social status. As home range size is inversely 
related to population density, the home ranges were expected to increase in 
size. The increase in core area size was a logical extension of the easing of 
population pressures. The core area utilisation in this instance (45%) was also 
greatly reduced from the precull levels, and indeed the two autumn core area 
utilisations (>75%). This indicated a more uniform home range useage, which 
also suggested the squirrel was facing reduced interspecific competition. This 
squirrel remained in the woodland beyond the end of the radiotracking 
investigation, and the trapping schedule. It was captured within the woods on 
24 occasions over 20 months, and 21 of these captures had been within the 
final expanded home range, suggesting the squirrel had visited the ultimate 
spring postcull area during its early existence in the wood, but was only able to 
incorporate a larger area as its home range once the population had been 
reduced.

(ii) Individual 194A (Male)
This was another individual that was included in both the autumn and spring 
investigations, and remained in the woods allowing all four home ranges to 
be assessed. The radiocollar (frequency 173.237 MHz) was reattached in 
January, 1999, having been removed following the completion of the autumn 
investigation. During the previous investigation the squirrel had shifted core 
area postcull, to another area within its autum n precull home range. 
Unexpectedly the spring precull analysis showed the squirrel had reverted to 
the autumn precull home range and core area (Figure 4.11). The new home 
range did not even include the portion of the woodland that the autumn
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postcull home range had been in. The spring precull home range also 
included a pheasant enclosure which covered the bottom half of the new 
home range, and the supplemental food therein, available at a time when the 
natural resources were reduced may have been a factor in this move. This 
area, however, was not part of the core area. The postcull home range was 
very large (6.916 ha), due to an excursion to the conifer stand at the western 
extreme of Ardmulchan woodland. There were a couple of other occasions in 
which no signal could be found for the squirrel within the woodland, 
implying the animal had temporarily left the area. These excursions away 
from home ranges were more common in general during the spring 
investigation, due to the increased migration at the time, particularly by the 
males. Even when this exploratory move was removed from the home range 
as an outlier, the new home range was much larger than the precull 
equivalent, being approximately 3.236 ha with a core area of 0.395 ha which 
was occupied for 70% of fixes. This much larger core area incorporated the 
precull core area, the pheasant enclosure, and even a grain storage shed. The 
pheasant enclosure may have been the exclusive core area of a squirrel 
removed in the cull, allowing individual 194A to increase its time spent there. 
This animal moved its core area in both autumn and spring postcull sessions, 
and was probably quite low in the woodland social order. It may have taken 
advantage of the loss of a more dominant animal in the autumn cull, and 
moved its core area, but eventually was forced back to its original core area by 
the new residents as the population recovered. When the second cull took 
place in the spring, it was able once more to take advantage and change the 
core area it was able to exploit at an optimal level.

(iii) Individual 164A (Male)
Individual 164A had first been detected by the trapping programme in 
November 1997, and was still present in the woods at the end of the study in 
May 1999. It was caught regularly from November 1997 until July 1998 after 
which it disappeared until January of 1999. It probably moved out of the 
woodland during this period, and returned with the recovering population 
following the autumn cull. When it was recaptured in January, 1999, a collar 
of frequency 173.227 MHz was attached for inclusion in the spring telemetry 
investigation. The precull home range was very similar in size to those 
observed for the other males in spring, being 0.302 ha, with a 60% core area of 
just 0.074 ha (Figure 4.12). The postcull home range was much larger again, 
even after an outlier, an excursion to the west of the woodlands, was removed. 
The core area was expanded, rather than completely moved, on this occasion 
to include a cluster of trees to the west of the precull core area. When this
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squirrel's home range was compared w ith that of 194A (4.3.2 (ii)) more 
evidence of core area changes following the culls became apparent. Figure 4.13 
compares the precull home ranges of both these squirrels. There were striking 
similarities between the two ranges, with similar home range sizes (0.302 and 
0.334 ha), core range sizes (0.074 and 0.061 ha) and core range utilisation (60% 
each) in the same area. It is certainly unusual for grey squirrels to share core 
areas, but not unknown, particularly at this time, which preceded the breeding 
season (Kenward, 1985). It is also possible that the two males were related in 
some manner. After the cull, with a reduced population and breakdown of 
any established social order, both squirrels increased their home ranges and 
undertook at least one long distance exploratory excursion. They also both 
shifted their core areas, with 194A expanding southw ards into the pheasant 
enclosure (section 4.3.2 (ii)), and 164A extending eastwards into a different, and 
again larger, core area (Figure 4.14). When the population pressures were 
rem oved the two squirrels shifted their core areas away from one another. 
The overlap of their core areas in the postcull session is a m uch reduced 
percentage of each squirrel's total core area. Toleration betw een the two 
anim als continued after the cull and any aggression w ould have been 
circumvented by avoidance behaviour. The shared core areas suggest the 
animals were quite subordinate in the precull population, and were unable to 
establish individual core areas until certain population  pressures were 
removed during the cull. After the cull both animals undoubtedly moved up 
in the social order of the population.
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Figure 4.10 Spring precull (blue) and postcull (red) home ranges for female grey 
squirrel 154A, w ith  core areas hatched.
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Figure 4.11 Spring precull (blue) and postcull (red) home ranges for male grey 
squirrel 194A, with core areas hatched.
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Figure 4.12 Spring precull (blue) and postcull (red) home ranges for male grey 
squirrel 164A, with core areas hatched.
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Figure 4.13 Spring precull home range for male grey squirrel 194A (blue) and 
spring precull home range for male grey squirrel 164A (red) with core areas 
hatched.
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Figure 4.14 Spring postcull home range for male grey squirrel 194A (blue) and 
spring postcull home range for male grey squirrel 164A (red) w ith core areas 
hatched.
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(iv) Individual 193A (Female)
This individual was first captured as a young squirrel in June of 1998. It 
managed to elude the autumn cull, despite not being one of the radiocollared 
animals. The radiocollar with frequency 173.219 MHz was attached in January 
of 1999. Pre- and postcull home ranges appeared very similar (Figure 4.15), 
with this female being the only squirrel that did not increase its home range by 
a significant am ount following the cull in the spring investigation. It should 
also be noted that both ranges covered an area of grass between two stands of 
woodland, of about 0.25 ha. None of the fixes obtained were taken from the 
open lawn, indicating the actual utilised home range on each occasion was 
smaller than that given in Table 4.2, and therefore closer in size to the spring 
precull home ranges of the other radiocollared squirrels. A severe shift in core 
area was again evident within a few weeks of the cull taking place, and once 
more a large portion of the postcull core area fell w ithin the precull home 
range. Both core areas were exclusive from those of the other squirrel tracked 
in the same area, individual 241A.

(v) Individual 241A (Male)
Individual 241A represents a slight enigma in the investigation as it was 
captured in January of 1999 with no marks, but evidence that it had lost an ear 
tag and possibly a collar also. It may have been one of the young squirrels that 
had been incorporated into the population following the autum n cull, or 
alternatively been an adult that either survived the fourth cull, or entered the 
woodland after the cull. It was not possible to judge when the lost mark had 
been applied, except that no growth had occurred on the ear w ound, (which 
would have closed given time), meaning the ear tag had been lost in recent 
months. Nonetheless the squirrel appeared fairly well established within the 
wood in the precull trapping session, with a regular home range, and 
established core area where it spent 80% of its time (Figure 4.16). Again part of 
this precull home range crossed the lawn, and was not utilised by the squirrel. 
The postcull home range was larger, and the core area had shifted to a new 
area, partly enclosed in the original home range once more. The postcull core 
area also incorporated a part of the lawn, and was effectively two separate core 
areas covering a much smaller area.
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Figure 4.15 Spring precull (blue) and postcull (red) hom e ranges for female grey 
squirrel 193A, with core areas hatched.
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Figure 4.16 Spring precull (blue) and postcull (red) home ranges for male grey 
squirrel 241 A, with core areas hatched.
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4.4 Discussion

The hom e ranges found for the nine squirrels used in the sam ple w ere all 
relatively small w hen com pared to previous studies (Table 4.3). The figures 
quoted  by G urnell (1990) w ere based on inform ation gained from  sim ilar 
habitat to the current study (Laidler (1980) failed to describe the habitat for the 
study  quoted), and  yet these large differences are evident. Due to the small 
sam ple size, little significance can be read into these m uch reduced  hom e 
ranges in the present study, except to appreciate the large variations in  hom e 
range grey squirrels can display according to the conditions available to the 
population. No inform ation is given for these other reference studies on the 
population estim ates, which is the major factor in dictating grey squirrel sizes. 
Doebel & M cGinnes (1974) repo rted  on a m in im um  hom e range in  an 
Am erican w oodland, the grey squirrels natural habitat, of 0.49 ha, closer to the 
levels found in the current study.

Reported in 
Gurnell, 1990

Reported in 
Laidler, 1980

C urrent study 
(ha (n))

A u tu m n  (male) 5.7 2.2 1.540 (4)
Spring (male) 8.8 3.95 0.920 (6)

Year ave. (male) - >2 1.168(10)
A utum n  (female) 6.3 1.45 0.410 (7)

Spring (female) 4.7 1.85 0.560 (4)
Year ave. (female) - -1.5 0.464 (11)

Table 4.3 Areas (in hectares) of squirrel home ranges in the current study, and 
two other comparable studies

The sam ple size used, d ictated  by the na tu re  of the s tu d y , m eant th a t 
com parisons w ithin the current study were difficult, as the sam ple size w as too 
low to be considered statistically significant. Nevertheless, it w as apparent that 
the hom e ranges of the males were larger than  those of the fem ales, even  
w hen  the data  for the anim al th a t inhab ited  the coniferous s tan d  w as 
rem oved. That anim al's hom e range w as m uch larger th an  the o thers, 
p roving  the effect that habitat type has on the hom e range area, w ith  m ore 
space req u ired  to provide an anim al's daily  requ irem ents. It is w ith in  
coniferous areas that red squirrels m anage to survive in the presence of the 
grey squirrels, and in m any instances outcom pete them  (e.g. K enw ard et al. 
1998). Hom e ranges were larger in spring than autum n, as the breeding season 
approached, and dispersal factors began to take effect.
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The home ranges of the animals were not utilised uniformly, with core areas 
being found in all the studies carried out, where a disproportionate am ount of 
the animal's activity occurred. There were also areas of some home ranges 
where no activity was recorded at all. This was most obvious when an area of 
grass split two wooded areas used by an individual. The grass was most likely 
only used by the squirrels as a pathway between the two areas. The fragmented 
nature of many woodlands lead to an increase in the inhabitants home ranges 
as they are forced to incorporate unsuitable habitat dividing the desired areas. 
The degree of heterogeneity of the habitat m ust be considered w hen 
com paring home ranges of individuals, particularly betw een studies in 
different woodlands, as the utilised range may be m uch smaller than the 
recorded one.

Any changes that were seen in this study were most likely a result of the culls. 
The pre- and postculls home range investigations were conducted over a 
relatively short period, with approximately one month between the end of one 
radiotracking session, and the start of the other. Little natural change would 
be expected in this time, although slight alterations may have occurred as a 
result of changes in food availability, or other seasonal changes. Major shifts 
in home range size and core area position or usage, that occurred relatively 
quickly, were probably due to differences in the population constitution 
following the cull rather than gradual changes caused by the seasons.

In the autum n investigation, little change was seen between the size of the 
precull and postcull home ranges. The population had almost recovered in 
numbers within three weeks of the squirrels being removed. Home range size 
is dictated by the population density (Don, 1983, Kenward, 1985), and as the 
density was not altered for an appreciable length of time, little alterations were 
expected. Some differences were expected however, which were caused by the 
influence of the radiotracked animal's place in the population social hierarchy, 
w ith more dom inant animals traditionally showing larger home ranges. As 
most of the repopulating animals in the autum n were sub-adults or juveniles 
the expectation was that the animals that survived the cull, in this case the 
radiocollared subjects, were the candidates to replace any more dom inant 
animals removed. No data on the original social status of the animals were 
known prior to the removal, but it could be assumed that all but the most 
dom inant animals were in the position to increase in status to some extent. 
There was little evidence from the home range sizes in the autum n to support 
this hypothesis, but changes in the core areas, mostly exclusive zones within

149



the home range in which the squirrel spent a disproportional amount of time, 
did point to some level of social status change.

The spring population took longer than the autum n population to recover 
following the respective culls, with the grey squirrels only reaching precull 
population density ten weeks after the removal took place. The spring 
postcull radiotracking therefore took place while numbers were still reduced, 
as opposed to the fully recovered densities present during the autum n postcull 
session. This implied that the home ranges in the postcull spring session 
would increase if the inverse proportional relationship between home range 
size and population density was to hold firm. All five animals for which pre- 
and postcull home ranges were recorded in spring show ed some sort of 
increase in overall home range size, even when adjustm ents were m ade for 
large excursions by two of the males. Grey squirrel home ranges increase 
naturally in the spring, w ithout the influence of a change in population 
density, but it is unlikely that changing season was responsible for all the 
changes reported here.

Grey squirrels are not a territorial species, that is they share their home ranges 
w ith conspecifics (e.g. Mosby, 1969). The core areas however are usually 
unique to each animal (Kenward, 1985), and it is probable that dom inant 
animals will use the best areas as their core areas, and prevent subordinate 
animals from fully utilising the area, either by direct influence such as chasing, 
or more subtle avoidance behaviour by the less dom inant animal (Taylor, 
1966). If the more dom inant animal were removed, the surviving animal 
could use the core area more fully, assuming it was of a higher quality than its 
previous one. All but the most dominant animals of a w oodland are in a 
position to take advantage of the loss of animals dominant over them, and so 
core area changes could be expected to be fairly common. In the autum n three 
of the five animals for which the investigation was completed moved their 
core area completely, from one area of their original home range to another. 
The animals that moved their core areas were the two males, 155A and 194A, 
and one of the females 171A. Two other females, 154A and 169A, did not 
move. As males tend to be more dominant than females this appears contrary 
to expectations, but the individuals must be considered separately. One of the 
males inhabited a coniferous stand in the study site, an area that could be 
labelled a marginal zone for a grey squirrel in the habitat. The fact the squirrel 
had to use this area implies that it could not establish itself w ithin the 
broadleaved areas of the woods, and as such was a relatively subordinate 
member of the population. The other male was probably also fairly low in the
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social hierarchy, being forced back to its original core area during the winter, 
and moving once more in the spring, when the opportunity presented itself. 
One of the females that did not move its core area was very obviously tending 
to a new litter, and would not have been inclined to move, having already 
established a home range with core area sufficient to provide for its offspring 
and itself. The other female had the largest home range of any other female 
squirrel both pre- and postcull and was probably already in a dom inant 
position of the social hierarchy.

D uring the spring investigation all five animals changed their core areas 
following the cull, with the population still reduced. Two of the animals 
(193A and 241A) moved their core areas completely, and, as for the autum n 
core area changes, this was thought to be a result of social order changes. As a 
point of interest both these neighbouring squirrels moved to new core areas in 
the same w oodland section, possibly containing more readily available 
necessary resources. The new core areas for each animal were at least partly 
found within their precull home range. The other three individuals increased 
their core area size (as did 193A and 241 A) in conjunction with increasing the 
size of their home range, but the new core areas also incorporated the old core 
areas. In other words they simply extended their original core areas. A 
dom inant animal could do this as it became easier to protect the core area from 
subordinate animals and it can afford to utilise a larger area. Subordinate 
anim als may have found themselves in the position of using a core area 
previously used by a more dominant animal, and retaining its old core area as 
well.

It was evident that all surviving animals were able to adapt their home ranges 
to take advantage of the new order instilled in the woodland. In the autum n 
the population density quickly recovered but the replacement squirrels were 
likely to have a more lowly social status. The cull survivors, however, who 
were already established members of the woodland and in a better position to 
dom inate the non-adult newcomers, could shift their core areas in a m anner 
that was not possible prior to the cull. In the spring, when the population took 
longer to recover the resident survivors were seen to either shift their core 
areas as before or extend them, using both their previous core area, and a 
neighbouring area. They were also able to extend their hom e ranges, 
facilitated by the lower population densities in the woodland at the time. All 
pre- and post cull home ranges overlapped to some extent, and postcull core 
areas were at least partly situated within the precull home range.
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In 1998, squirrel breeding in Ardmulchan appeared to start relatively late (see 
Chapter 5), and this had a knock-on effect on various events in the population 
activities throughout the year. The autum n dispersal was also expected to 
begin slightly later, possibly as late as October and November. The emergence 
of that year's young, in time to replenish the woodland's numbers in October 
following the cull offered further evidence of the late breeding season. These 
juveniles and sub-adults remain in the wood, if space is available for them, 
w ith squirrel young preferring to remain in their natal woodland if possible 
(philopatry) (Koprowski, 1992). Three of the squirrels originally radiocollared 
in the autum n left the woodland before the winter. Another established 
squirrel, included in the spring investigation, also left the woodland shortly 
after the investigation began. These animals all left despite being established 
animals w ith a fixed home range, and were not expected to have been under 
any pressure to disperse following the cull. There are two possible causes to 
this unexpected behaviour. Firstly the squirrels may not have been able to 
adapt to their new social order role. They were artificially elevated in status 
following the cull, but then found themselves constantly challenged by new 
residents, and the resulting pressure forced the animal out. Alternatively it 
may provide evidence to back the emigrant fitness hypothesis. The resident 
fitness hypothesis assumes that animals migrate because pressure from more 
dom inant animals forces subordinates out. It was apparent though that the 
cull had elevated the social status of the survivors as the removed squirrels 
were replaced by younger, smaller animals. There may, therefore, be another 
influence dictating which animals disperse, and when. The em igrant fitness 
hypothesis, on the other hand, suggests it is not necessarily subordinate 
animals, but those moving to improve their fitness that emigrate, to avoid 
inbreeding and increase mating opportunities for the following spring. The 
emigration may have been influenced by the loss of a large proportion of the 
w oodland's adult population or by the large increase in non-adult, closely- 
related animals within the woodland. If this is the case, there are worrying 
implications for both control strategies, and the spread of the grey squirrel 
population in Ireland. Any attempt to control squirrels may increase dispersal 
out of a woodland as well as into the wood, increasing the spread of the 
squirrels and promoting outbreeding.

The spread of the squirrels at the front of their distribution may also be affected 
by a dispersal pattern influenced by em igrant fitness. This implies that 
squirrels in the edge front that reach a previously unihabited w oodland are 
not necessarily going to remain there and dispersal out of the woodland is not 
postponed until carrying capacity has been reached. They may disperse at any
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stage, if the dispersal could increase the fitness of the squirrel itself or the 
squirrel population. This means the edge front is always moving ahead of the 
wave front, and not stalling at each woodland until the wave front had caught 
up and carrying capacity had been reached. The spread would, in that case, 
move more quickly. This form of dispersal increases population spread and 
ensures that it is not only the weak animals that are m oving out of a 
woodland. Pioneer squirrels in the edge front need to be robust to become 
established in a w oodland new to that species, and cope w ith possible 
interspecific competition.

Squirrel 194A, w hich was included in both the au tum n and spring 
investigations, moved its core area following the autum n cull, but had 
returned to its original core area in the spring precull session. This squirrel 
was able to take advantage of some change in the population, but lost the 
advantage as the population recovered, and was forced back to its original core 
area. This suggests that although the population recovery may have been 
exceptionally quick, a subsequent reordering of the social order of the wood 
may take considerably more time. Encounters between the squirrels dictate 
each squirrel's position in the linear hierarchy, and may take a while to 
become established. In the time this takes, agonistic encounters between the 
squirrels would be higher than those observed in a woodland w ith a well- 
established social hierarchy, where avoidance of dom inant animals by more 
subordinate animals is more common. Agonistic encounters are a possible 
precursor to damage, as the behaviour may be caused by frustration on behalf 
of subordinate animals (eg Kenward, 1982a). An increase in agonistic 
behaviour may, therefore, cause an increase in damage, and the culls have the 
opposite effect to that which was desired.
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5 Population Biometrics and Conditions 

5.1 Introduction

Fluctuations w ith in  squirrel populations are a consequence of variations in 
the resources w ithin the w oodland upon which the population  relies, and the 
ability of the population  to utilise those resources. The availability of the 
resources determ ines the fitness of the anim als, w hich  in  tu rn  influences 
indiv idual survival, fecundity (Caughley & Sinclair, 1994), and the dispersal in 
and  ou t of the w oodland in question. These factors in  tu rn  influence the 
po p u la tio n  density  and, together w ith the genetic v aria tion  to be found 
am ongst the breeding animals, affect the condition of the population  in  the 
local area, and  ultim ately the species survival. The popu la tion  condition 
affects its ability to compete interspecifically for the resources present in  the 
habitat, thus dictating the resources available to the population. This cycle of 
popu la tion  condition (Figure 5.1) displays a h igh degree of flu id ity  that is 
heavily influenced by external factors, which m ay act on the initial resources 
available (such as interspecific competitors eroding the niche of the anim als or 
the loss of habitat), or upon individuals of the population (such as population 
m anagem ent m easures or disease) or both (such as adverse w eather). A 
num ber of steps w ithin the cycle can be m easured or exam ined to investigate 
the well-being of the population at a particular time (e.g. Riney, 1955; Gurnell, 
1996), or com pare differences betw een populations in d ifferent areas (e.g. 
W auters & Dhondt, 1989b; Reilly, 1998).

Grey squirrel weights vary considerably betw een individuals (Gurnell, 1990), 
ranging from 440 to 650 g for males (mean=532 g, n=185) and  from 400 to 720 g 
for females (mean=568 g, n=186). Many factors, besides individual variability, 
con tribu te  to these differences. Rusch et al. (1982) found  th a t ad u lt body 
w eigh ts in A lberta red  squirrels {Tamiasciurus hudsonicus)  vary  w ith  sex, 
season, habitat and latitude. The w eights decreased over late sp ring  and 
sum m er, from June to September in the female population and from  M arch to 
Septem ber in the m ale population. W eights increased  in  bo th  sexes in 
connection w ith  breeding; during sexual activity for the m ales, and  du rin g  
gestation and lactation for the females. Degn (1973) also found gravid females 
w ere m ore likely to be heavier. These find ings exp la in  the tem pora l 
d ifferences in  a squ irre l's  w eight, w ith  sexual activ ity  and  su b seq u en t 
pregnancies and births being confined to particular periods. Food availability 
over certain  periods is also likely to influence w eight, w ith  the increased 
supply , and resulting increased intake, of the prim ary food sources in au tum n
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allowing for an increase in fat stores in the body of the squirrel (Caughley & 
Sinclair, 1994). Short & Duke (1971) found body w eight increased w ith  food 
consum ption , peaking  betw een N ovem ber and M ay, and  d ro p p in g  again 
during  the sum m er. Again females differed from  m ales, being lighter for 
m uch of the year, bu t heavier from May to Septem ber during  the sum m er 
breeding season.

Grey squirrels are more able to adap t their w eight according to p revalen t 
conditions than red squirrels, adding as m uch as 23% to their sum m er w eight 
during  the au tum n  months. These large fluctuations lead to a reduction  in 
vulnerability  of grey squirrels to tem porary food shortages, giving them  a 
possible com petitive edge over the reds (K enw ard & Tonkin, 1986). Body 
w eight depends on the nutritional state of an anim al, as well as on  the 
contents of its stom ach (Degn, 1973). Captive grey squirrels, deprived of food, 
a n d /o r  exposed to cold tem peratures show ed reductions in body  w eight 
(M erson et ah, 1978). Body w eight is also affected by social in teractions 
am ongst grey squirrels. Kenward (1982a) found that body weights of survivors 
in a population which had its density reduced by two thirds in a cull, increased 
as pressure on the food resources were eased. Red squirrels w ith a higher body 
w eight are m ore likely to be dom inant in a population, and  have increased 
survival and chances of reproducing (W auters & D hondt, 1989b). W eight also 
varies w ith age, and can be used to age very young animals (Uhlig, 1955), bu t it 
is unreliable as an age determ ination tool for older anim als, due to a large 
overlap betw een their weights (Dubock, 1979).

The w eight of an animal, although im portant in predicting the well-being of a 
population , and com paring individuals w ithin  tha t population , or those of 
two populations, is not completely related to the fitness of that individual. A 
naturally  large anim al may be less fit than a lighter anim al w ith  greater fat 
stores. The natural variability in body size inherent betw een individuals m ust 
be taken into account w hen considering their respective conditions. This 
requires a body w eight index (BWI) that accounts for body size influence be 
used to increase the reliability of the fitness assessment. Caughley & Sinclair 
(1994) described the use of total body length for rabbits, or w ing length  for 
m allards, to rem ove the influence of body size. These m easurem ents w ere 
used to obtain a predicted body weight for any given body size, and a condition 
index used that was a ratio of observed w eight to predicted weight. A norm al 
distribution around a m ean condition index of 1.0 is expected. A lternatively 
condition indices based on fat deposits in various parts of the body can be used. 
Two com m on m ethods have been developed: the first uses fat deposits around

156



the kidney compared with the size of the kidney itself, and the second 
estimates the am ount of fat within the bone m arrow (Riney, 1955). The 
kidney fat index (KFI) decreases at the same rate as the subcutaneous fat, as the 
animals subsist on a restricted food source, and the individual becomes less fit. 
The m arrow fat, on the other hand, remains until most of the subcutaneous 
fat has disappeared. When KFI has reached as low as 20%, marrow fat may 
rem ain as high as 70% of normal levels (Lajeunesse & Petersen, 1993). 
Marrow fat is used to distinguish between animals that have had most of their 
fat depleted already, but is most useful when comparing animals that may 
have been exposed to scavengers before they were collected (Caughley & 
Sinclair, 1994). As it is a poor tool for measuring animal condition in the 
upper parts of the scale, it is really only useful in the late winter w hen the 
population as a whole is weaker (Riney, 1955). Kidney fat is more useful for 
comparing fat levels of the more healthy animals in the population (Harper & 
Kirkpatrick, 1996). Whichever condition index is used, there rem ains a 
distinct correlation with body weight. Heavier squirrels tend to be larger, but 
also possess thicker subcutaneous fat layers, which enables them to cope with 
stressful environm ental conditions better than those lighter anim als w ith 
depleted fat stores (Wauters & Dhondt, 1989b).

Like weight, a condition index profile of a population would be expected to be 
heavily influenced by the age of its individuals. A num ber of m ethods have 
been used to age squirrels and other mammals with a varying degree of success 
and precision. The only technique that will successfully separate the animals 
into years of age as adults, as well as separate adults from non-adults, is 
examining incremental lines laid down each year in the dentine of molar 
teeth or the periosteal bone of the lower jaw (Harris, 1977, 1978; Fogl, 1978). 
The extent of tooth eruption, wear and replacem ent has also been used 
successfully to estimate age classes for squirrels (Harris, 1978; Hench et a l ,  
1984). Eye lens weight can be used to separate ages of adults, as the eye lens 
continues to grow throughout life, but it is only fully accurate in separating 
young animals from adults (Beale, 1962; Fisher & Perry, 1970; Degn, 1973; 
Harris, 1978; Dubock, 1979). Eye lens weight is biased by the size of the animals, 
and very different results will be achieved for different sub-species (Chambers 
& Chambers, 1979). As such, each population must be considered separately, 
and care taken when comparing with results from the literature. O ther 
m ethods rely on sexual characteristics which develop as the animals reach 
sexual maturity as young adults. The size of the baculum, a bone in the penis, 
increases as animals reach maturity (Degn, 1973; Harris, 1978), suspensory 
tuberosities appear on the ischiatic arches of the innominate bones (Colburn,
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1986), the distal epiphyseal cartilage plates of the radius and ulna are replaced 
by bone (Carson, 1961; Fisher & Perry, 1970; Degn, 1973; Harris, 1978; Cham bers 
& Cham bers, 1979; Dubock, 1979), and the pelage takes on  the characteristics of 
the adults (Barrier & Barkalow, 1967). Most of these m ethods are particularly 
invasive techniques that can only be carried ou t on dead  specim ens. Fogl 
(1978) believed teeth  could be rem oved from  live anim als, and  the yearly 
grow th lines analysed later, and some attem pts have been m ade to X-ray live 
captive anim als to examine epiphyses closure (Carson, 1961). In general the 
only suitable m ethods available for determ ining the age of anim als in the field 
are by exam ining the characteristics of the pelage, and  by m easuring  body 
weight and  external sexual features (Gurnell, 1987).

The anim als are classed in the literature, generally, as juveniles, sub-adults 
and adults, but other age classes, such as nestling and yearling, have been used 
from  tim e to time, and different ages used to represent the d ifferent classes. 
M ost of the studies considered adults to be those th a t had  reached sexual 
m atu rity , and  so w ere 10-12 m onths o ld  and above. Juveniles becom e 
subadults from the age of five months (Barrier & Barkalow, 1967; H ench et a l ,  
1984), and  young animals below 70 days are nestlings (Uhlig, 1955; H ench et al. 
1984). O ther studies differ, for exam ple Fisher & Perry  (1970) classed all 
anim als younger than  one year as juveniles. In this s tudy  squ irrels are 
considered as adults greater than one year, non-adults (juveniles and su b 
adu lts) and  nestlings (squirrels that had  no t yet en tered  the trap p ab le  
population).

The ra tio  of young to old has a big influence on the w ell-being of the 
population, as a h igh num ber of young anim als can m ean fewer females are 
capable of breeding. It also has a m ajor bearing on the surv ival of the 
population  as a whole, w ith only 15-25% of young surviving to their second 
year com pared to 50-70% annual survival for older anim als (G urnell, 1987). 
M ovem ent of anim als also varies according to age, w hich has an  im portan t 
bearing on the extent of dispersal each year. This has been strongly correlated 
w ith  the onset of agonistic sexual behaviour (Taylor, 1966). In a s tu d y  in 
A m erica, N ixon et al. (1976) estim ated 16.8% of a squirrel popu la tion  w ere 
juveniles, 31.8% sub-adults, and 51.4% adults or yearlings.

Squirrel litters are born at a ratio of 1:1 (males to females), and  ordinarily this 
is the case throughout the various age classes (Nixon et al., 1975; Gurnell, 1987; 
1990). A bias tow ards males may appear at certain tim es of the year, w ith  
males being trapped more frequently during  breeding and  m igratory seasons.
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as they range further, and as a result come into contact w ith  m ore traps. This 
bias is even m ore com m only observed am ong younger squirrels (Gurnell, 
1987). Fem ales can have up to two litters a year, depend ing  on  w hen  the 
breeding season starts (Taylor, 1968; Degn , 1973; W ebley & Johnson, 1983). 
This can be as early as December (Rusch et ah, 1982) or January (Sheals, 1922), 
or it m ay not begin until spring, depending upon  the food stocks available 
(Gurnell, 1996). If the breeding season is slow in starting it is likely that only 
one litter will be born per female, but an early breeding season will allow a 
second litter to be born during the summer. The females come into oestrus in 
the presence of sexually active males and the correct physical environm ent, 
and the testes of the males become large and scrotal in December if sufficient 
food stocks have been present. If food stocks are low the testes rem ain in a 
regressed state throughout winter, leading to a lack of spring breeding (Webley 
& Johnson, 1983). Males offer a more precise determ ination than  fem ales of 
the onset of the breeding season, using the weight or size of the testicles (Degn, 
1973). Lactating females and the presence of placental scars in female corpses, 
can be used  to verify the breeding periods (H arper & K irkpatrick, 1996). 
Gestation lasts for 44 days, w ith an average of three kittens born per litter. The 
females lactate for 70 days (Gurnell, 1990).

Each m onth  the trapp ing  session gave a cross-section of the popu la tion  of 
squirrels w ith in  the w oodland sites. The data gained from  this sam ple was 
com pared from  m onth to m onth and betw een sites to exam ine the condition 
of the popu la tion  at that particular time. Data collected from  the squirrels 
taken  in the five culls represented  a m ore com plete cross-section of the 
w oodland population at one time, as nearly all of the anim als in the respective 
w ood w ere accounted for. The inform ation that was taken from  the anim als 
w as m ore detailed  than  that available from  the anim als cap tu red  d u rin g  
trapping . Age determ ination techniques based on increm ental lines in the 
m olar cem entum  and degree of epiphyses closure, fitness indices using kidney 
w eight and kidney fat, and testicle or uterus w eight were all considered, to gain 
data  unavailable from the trapping-based sam ples. These data  w ere then  
correlated w ith  data gathered from both  live and dead squirrels, to identify 
m ethods of exam ining im portan t popu lation  condition p aram eters  from  a 
sam ple of trap p ed  squirrels. Factors influencing popu la tio n  investigations 
w ere thus investigated and hypotheses on factors that fu rther or h inder the 
advance of the grey squirrels in Ireland developed.
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Data were collected from trapped squirrels in the field, along with that gained 
from the corpses taken during the five culls, and used to consider the 
following objectives:

1) To use the more exact and detailed methods of examining individual fitness 
and breeding status available for use on squirrel corpses, to correlate w ith and 
develop less intrusive methods available for work on live animals.

2) To examine differences in fitness, breeding and biometric m easurem ents 
between the two sites, sexes, age groups, seasons and years of the study and to 
examine the effects these differences have on the future of grey squirrel 
management programmes in Ireland.

5.2 Materials and methods

5.2.1 Dissections of culled squirrels
Squirrel corpses, obtained during the removal experim ents discussed in 
Chapters 3 and 4, were used to investigate breeding status and fitness levels of 
the squirrel populations on the five separate occasions of the cull. In a 
separate study conducted in 1998 by a colleague in the Wildlife Ecology Group, 
Department of Zoology, Trinity College, the corpses recovered from culls 1 and 
2 w ere exam ined to investigate the accuracy of non-destructive  age 
determ ination for the grey squirrel (Bresnihan, 1998). The results from that 
study were incorporated, where appropriate, in the current study, to include 
the bearing of age related factors on the elements studied here, and to develop 
an accurate method of separating adults from non-adults in the overall study.

Culled animals were placed into a marked freezer bag, and brought back to the 
laboratory where they were frozen for later dissection. A total of 119 squirrels 
were recovered for examination (40 from cull 1 in Ardmulchan, March, 1997, 
28 from cull 2 in Beau Parc, May 1997, 19 from cull 3 in Beau Parc, March 1998, 
12 from cull 4 in Ardmulchan in September, 1998 and 20 from cull 5 in 
A rdm ulchan in March 1999). Each animal had its shin-bone length and 
cranial w idth measured, its weight taken and external breeding characteristics 
noted. Stomach weight and volume were also determined for each squirrel.

5.2.1.1 Age determination
Three m ethods were chosen for use in the age determ ination study as 
discussed in the introduction (Section 5.1): animal age was determ ined using 
the incremental lines laid down in the dentine of the molar teeth, the degree
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of epiphyses closure in the radius and ulna of one of the fore limbs, and a 
sample of tail hair taken for pelage analysis. Eye lens weight was not a suitable 
method in this case as frozen eye lenses do not produce satisfactory results 
(Degn, 1973). The lower jaw, right fore limb, and a sample of the tail pelage 
were rem oved and stored in marked bags for the separate study. The 
preparation, examination and analysis methods used in these three techniques 
are described in full by Bresnihan (1998).

5.2.1.2 Fitness levels
As none of the animals examined in the dissections had been exposed to 
scavengers it was unnecessary to attem pt to examine bone m arrow  as a 
condition index. The culls all took place in spring or in the autum n and not 
in the late winter when the bone marrow index is most effective (Riney, 1955). 
This m ethod had only been described for large mammals (Lajeunesse & 
Petersen, 1993; Caughley & Sinclair, 1994; Harper & Kirkpatrick, 1996), and 
would not be possible for small mammals such as the grey squirrel. Kidney fat 
index (KFI) was chosen as the best method to examine body condition in the 
grey squirrels removed in the five culls. Two m ethods of fat rem oval are 
described by Caughley & Sinclair (1994). All the fat that is attached to the 
kidney can be removed, carefully teasing it away from other blocks of fat in the 
abdominal cavity. This method can be open to criticism as it is quite subjective 
regarding which areas of fat constitute kidney fat and which would be regarded 
as other blocks of fat. The second technique removes this possible bias by 
cutting the fat at the anterior and posterior ends of the kidney, so only fat 
immediately around the kidney is included in the analysis. This m ethod is 
less open to error, but loses much of the variation between squirrel subjects, 
leaving trends more difficult to observe. As only one dissector was conducting 
the entire group of experiments the first method was chosen as much of the 
variation caused by difference in subjectivity of different researchers was 
removed. The kidney, with associated block of fat, was rem oved from the 
dissected squirrel. The fat was teased away from the kidney, and both weighed 
to the nearest 0.01 gram.

KFI was calculated as

Eqn. 5.1 KFI = [fat weight (+ connective tissue attached)/kidney weightJ^^lOO
(Riney, 1955; Caughley & Sinclair, 1994)
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A corresponding measurement, that could be used on both living and dead 
animals, required an index based on external measurements that could easily 
be obtained. The method used compared the observed body weight with a 
predicted body weight, based on a body weight to body size regression. A 
similar index, using rabbit body length was used by Caughley & Sinclair (1994).

This measurement relied heavily upon animal weight and was influenced by 
the age of the squirrel being measured. As such only adult squirrels were used 
in the calculation and analysis of the equation. Shin bone lengths were cubed 
to give a measurement of volume (in cm^), and a scatterplot of weight against 
cubed shin-bone length plotted (Figure 5.2). A best-fit line was plotted through 
this scatterplot, and the equation of this line used to obtain predicted body 
weights, for each given shin-bone length, was calculated:

Eqn. 5.2 Predicted body weight = 0.808*(shin-bone length)3+220.885

The ratio of observed body weight to predicted body weight was calculated for 
each squirrel in the cull. This gave a normally distributed index around a 
mean of 1.0, with higher values in the mean representing those animals with 
a larger weight than predicted and those with a lower value, a lighter weight. 
Correlations were examined between the two indices to investigate the 
authenticity of calculating a body condition index in this manner.

5.2.1.3 Breeding status
It is often difficult to determine which squirrels are capable of breeding in a 
population as only an external examination can be carried out in a live 
trapping programme. The validity of the external exam ination had to be 
investigated , before the trapping data could be used to say anything 
meaningful. The breeding condition of the dead animals was verified using 
internal exam inations, and a full explanation of the im plications of the 
external breeding appearance developed.

(i) Males
Squirrels testes change size during the year, becoming large and descending 
into the scrotum during the breeding season, but retracting into the abdomen 
at other times. Male squirrels removed during the culls were all examined 
externally and classified as testes abdominal or testes scrotal.

Upon dissection, testes were removed and weighed to the nearest O.Olg. Testes 
weight was recorded as the average weight of the two testes, or if for some
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reason only one testis was present, the weight of the one testis. The separated 
tails of the epididymes of each testicle were cut and rubbed in a drop of water 
on a microscope slide and examined at x400 under a microscope. A simple 
index, suggested by Fairley (1970), was used to grade each smear as follows:

1. Less than five sperm in smear.
2. Several sperm in smear.
3. A few sperm in each field of view.
4. Many sperm in each field of view.
5. Field of view usually packed with sperm.

Variations were unavoidable using this technique, as the index was very 
qualitative and it was difficult to quantify the fluid smeared from the cut 
epididymes on each occasion, but it did allow for an indication of the germ cell 
production (Fairley, 1970), which was sufficient for this study.

(ii) Female
The breeding status of live females is much more difficult to determine, and 
the m ost reliable external method used is to look for the appearance of
lactating squirrels, that is squirrels with large and swollen or pigm ented
nipples. This gives an indication of when breeding took place, in retrospect, 
and also the success of the breeding season. The occurrence of large nipples 
gives a good indication of how many litters are present (Webley & Johnson, 
1983). Gestation is for about 44 days after copulation and lactation continues 
for 70 days. Females were classed as showing no signs of lactating or 
possessing large nipples. The uterus of each female was removed weighed to 
the nearest 0.01 g.

5.2.2 Fitness and breeding status of live animals
Data were acquired from squirrels captured in the monthly trapping sessions 
in both Ardmulchan and Beau Parc that occurred between December 1996 and 
May 1999. The trapping and handling of the squirrels in this study are 
described in Chapter 3. Once the squirrels had been moved to the handling 
cone, they were examined and measured. The squirrels were weighed to the 
nearest 10 g using a 1 kg Pesola® precision spring balance. Allowances were 
m ade for the weight of the handling cone itself and collar the squirrel was 
wearing, if any. Of the three measurements for body length taken in the 
dissections (Head-body length, cranial width, shin bone length), only the shin 
bone can be m easured easily and accurately in the field. A m easurement of
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head width would be very stressful for the squirrel, and cause the animal to 
become agitated before the examination is complete. Head-body length is 
vulnerable to variations depending upon the posture the squirrel adopts 
within the handling cone. These factors dictated the nature of the body 
condition index described in section 5.2.1.2. BWI was calculated for each 
animal captured, as described.

External breeding state was recorded in a similar manner to the animals 
removed in the cull. Males were classed as possessing either abdominal testes 
or scrotal testes; scrotal testes were not classed as being large or small. Females 
were classed as possessing large nipples or not.

If an animal was captured twice in a monthly session (i.e. on more than one of 
the days of the session), the available data were recorded on only one occasion, 
usually the first capture in that session. Data could not be recorded for animals 
that could not be removed from the traps, nor those that became overly 
agitated during the marking procedure, or escaped before the measurements 
were taken.

5,3 Results

5.3.1 Dissections of culled squirrels
Body measurements, age profile, body condition and breeding data for male 
and female squirrels removed during the culls are given in Appendices 8.3 
and 8.4 respectively.

5.3.1.1 Sex ratio
Sex ratios can be expressed as either a ratio of males to females (Gurnell, 1990) 
or as the percentage of males in the population (Nixon et a l ,  1975). In this 
instance the latter method was used as the resulting data were normal. Of the 
119 squirrels captured during the five culls, 61 were male and 58 female 
(51.26% males). This ratio did not vary too greatly from cull to cull (see Table 
5.1), particularly when the low sample numbers were taken into account. Any 
difference between the sex ratios of the animals removed in the various culls 
was not significant (x^=1.3815, df=4).
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Cull
num ber

No. of 
squirrels

No. of males No. of females Ratio (%males)

1 40 20 20 50
2 28 13 15 46.43
3 19 12 7 63.16
4 12 6 6 50
5 20 10 10 50

Total 119 61 58 51.26
Table 5.1 Sex ratios of arumals in each cull

5.3.1.2 Age determination
These data were only calculated for the squirrels recovered from culls 1 and 2 
and were collected and analysed by Bresnihan (1998). Exact ages were 
determined by an examination of the incremental lines laid down in the teeth 
cementum (Figure 5.3). Age class 1 corresponded to animals in their first year 
(i.e. from 0-1 years), age class 2 were those animals between the age of 1 and 2, 
and so on. There were relatively few squirrels in their first year removed in 
the spring culls compared to other age squirrels; a consequence of the poorer 
survival of non-adult squirrels over winter. Degree of epiphyses closure and 
pelage type were only useful in differentiating between adults and non-adult 
squirrels.

A one-way ANOVA showed that the weights of animals in the respective age 
classes were very significantly different (p<0.0001, F=32.69, df=3) and Scheffe 
Post Hoc Tests found there to be differences between age class 1 and age classes 
2 (p<0.0001), 3 (p<0.0001), and 4 (p<0.0001) and between age class 2 and age 
classes 3 (p<0.01) and 4 (p<0.05). Figure 5.4 shows the mean weights for each 
age class along with the maximum and minimum weights found. Despite the 
differences between age class 2 and age classes 3 and 4, weights alone were not 
sufficient to differentiate between these groups, with a large overlap in weights 
evident. Age class 1 showed very little overlap with the other groups, 
however; with only one squirrel over one year of age having a weight that fell 
within the range of age class 1 weights. As a result squirrels could be classed as 
adult or non-adult depending upon their weight, with squirrels weighing 500 g 
or less considered non-adult squirrels. This method was 97% accurate when 
applied to the known-age squirrels. This method was used to class all the 
animals in the cull as either being in their first year (non-adult), or being an 
adult, and the ratios of non-adults to adults was significantly different (p<0.001, 
X^=19.15, df=4) between the culls (Table 5.2).
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Cull
num ber

No. of 
squirrels

No. of adults No. of non
adults

Ratio (% non
adults)

1 40 32 8 20
2 28 28 0 0
3 19 18 1 5.26
4 12 10 2 16.67
5 20 11 9 45

Total 119 99 20 16.81
Table 5.2 Age ratios found during the five culls (Non-adults being animals 
captured that weighed less than 500 g)

5.3.1.3 Body condition indices
Kidney fat index did not fit a normal distribution, w ith a disproportionate 
number of squirrels showing a low score and the data being positively skewed. 
This was possibly due to the kidney fat being used up earlier than other fat 
stores such as that in the bone marrow, and indicated that at least some of the 
animals were in a poor condition. KFI was transformed for all parametric tests 
using a log x transformation.

Differences in body condition were evident between the squirrels removed in 
the various culls (Table 5.3), using a one-way ANOVA (p<0.0001, F=23.467, 
df=4).

Cull W oodland Date No. of Mean KFI
N um ber Squirrels

1 A rdm ulchan March, 1997 40 105.46 ± 14.28
2 Beau Parc May, 1997 28 128.50 ± 13.81
3 Beau Parc March, 1998 19 23.52 ± 3.41
4 A rdm ulchan September, 1998 12 19.48 ± 3.83
5 A rdm ulchan March, 1999 20 50.27 ±10.60

Table 5.3 Summary statistics of KFI for each cull

There was no significant difference between the KFI of squirrels removed from 
the two sites (i.e. any difference in the fitness between squirrels removed from 
Ardm ulchan and those removed from Beau Parc was due to chance). Scheffe 
Post Hoc tests (Table 5.4) showed the five culls to be split into two groups, with 
mean KFI of the squirrels removed in culls 1 and 2 differing from those of the 
other three groups. This showed that the squirrels in 1997 had greater kidney 
fat stores than in subsequent years, and hence implied that the squirrels were
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fitter in 1997. C hapter 3 showed the populations to be higher in that year also, 
following an apparently good seed crop the previous autum n. This apparen t 
peak in fitness in 1997 was not displayed in  the body weights over the five 
culls. A one-w ay ANOVA did  find a significant difference betw een  the 
w eights of the squirrels in the five culls (p<0.0001, F=7.2126, df=4), bu t the 
Scheffe Post Hoc tests found the differences to be betw een cull 2 and culls 1 and 
5 (p<0.05 and  p<0.0001 respectively). These differences were alm ost entirely 
caused by the num ber of young squirrels found in each cull. Once the non
adults (those w eighing 500 g or less) were rem oved, a significant difference 
betw een  cull w eights was found using the one-w ay ANOVA (p=0.0349, 
F=2.7068, df=4), although this difference was no t great, w ith  no specific 
d ifferences betw een  w eights in  the various culls being  s ing led  o u t as 
significant by the Scheffe Post Hoc test. An ANOVA of KFI against age class as 
given by the incremental lines in the teeth dentine, d id  prove to be significant 
(p<0.05, F=3.303, df=3), but again this was not a highly significant result. The 
differences betw een fitness of specific age groups w ere no t p icked  ou t by 
Scheffe Post Hoc tests, showing that age had only a slight bearing on the KFI of 
the anim al, despite dictating the w eight of the animal. This verified that all 
squirrels could be included in analysis of the KFI, rather than just the adu lt 
squirrels.

Cull
n u m b er

1 2 3 4 5

1 - 0.341 <0.0001 <0.0001 <0.05
2 N S - <0.0001 <0.0001 <0.001
3 *  S(- 3 f Sf 3 f Jt-

- 0.986 0.182
4 n- *  * 5f 3 f Sf N S - 0.102
5 >*• »(• St- St- N S N S -

Table 5.4 P values and significance levels of difference in k idney fat indices 
betw een each of the five culls (NS- result not significant, * -  result significant, 
* * * -  resu lt highly significant)

KFI w as calculated for all animals rem oved in the cull. The body w eight index 
(BWI) was only calculated for adults, as the heavy influence of w eight in this 
calculation created a bias against the non-adults of the study. Only adults had  
been used w hen calculating the predicted body weight. As both  BWI and KFI 
are independent variables it was necessary to find a correlation rather than  a 
regression (which requires a dependent variable) relationship betw een them . 
There are tw o analytical correlation techniques available. The first, the 
Pearson product-m om ent correlation requires both variables to be norm ally
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distributed, and any relationship between the two variables to be linear. 
Neither of these assumptions were adhered to in this instance, and so the 
second, non-param etric method, the Spearman rank correlation was used 
(Ham pton, 1994). A very significant correlation existed betw een the two 
indices, BWI and KFI (r=0.323, p<0.01, t=3.31, df=94) (Figure 5.5). It implies that 
the body condition index will be an adequate m ethod of exam ining body 
condition in the live animals studied.

A pooled t-test of the log transformed KFI for males and females showed a 
significant difference between them (P<0.05, F=-2.129, df=117) w ith females 
having larger KFI than males (female mean=101.33 ± 12.742; male mean=59.43 
± 6.097). This may be due to larger fat stores kept by females in preparation for 
gestation and lactation, whereas males may not require body fat to increase 
their social status and breeding potential. There was also a significant 
difference between the BWI of males and females using a pooled t-test (df=94; 
p<0.05, t=-2.105). It proved necessary to compare BWI with KFI for each sex, to 
investigate any differences between the usefulness of the two indices for the 
two sexes. Females showed a strong Spearman rank correlation (r=0.389, 
p<0.01, t=2.864, df=46) between KFI and BWI. The correlation between male 
BWI and KFI was very weak (r=0.153, df=46) and this proved not to be 
significant. This may have been due to fitness in males being expressed in a 
different manner to the females, with heavier males not necessarily having 
large fat deposits. BWI was very strongly correlated to body weight, using a 
Pearson product-moment correlation (r=0.887, p<0.0001, t=18.62).
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5.3.1.4 Breeding status
(i) Males
Three m easurem ents w ere taken  of breeding status for each m ale squirrel 
rem oved in the culls; external breeding appearance, testes w eight and  sperm  
index score. E xternal b reed in g  appearance w as, of course, th e  only 
m easurem ent obtainable from the live squirrels, and  its usefulness needed to 
be exam ined before a study could be initiated on those data. A pooled t-test of 
testes w eight for those squirrels w ith  testes apparently  abdom inal (w ith one 
outlier rem oved from the calculation), and those w ith  scrotal testes w as very 
significantly different (p<0.0001, t=-5.817, df=58). This p roved  the external 
exam ination d id  d ifferentiate betw een tw o w eights of testes. There w as a 
strong regression between average testes weight and sperm  index, as estim ated 
under the microscope (r^=49.9%, p<0.0001, df=53) (Figure 5.6), w ith  testes size 
accounting for 49.9% of the variation in sperm  production. No relationship  
could be found betw een any of the three breeding m easurem ents and  male 
KFI, suggesting  that fat stores w ere not necessary for m ale sexual ability. 
Relationships did, how ever, exist betw een male BWI and testes w eigh t (using 
a Pearson product-m om ent correlation; p<0.001, r=0.533, t=4.272, df=46) and 
betw een m ale BWI and the sperm  index (using a Spearm an's rank correlation; 
p<0.0001, r=0.572, t=4.519, df=42). This indicates that BWI is a better test of 
male fitness, at least as far as breeding ability is concerned, than  KFI. It is 
possible how ever that m ost males could be equipped for sexual activity, and it 
is only the m ore dom inant squirrels that actually succeed in copulating w ith  a 
fem ale, follow ing success in a breeding chase. In view of the h igh  overall 
correlation  betw een the tw o fitness indices, and the absence of any other 
m ethod of exam ining fitness for males other than w eight it was decided  that 
BWI was a sufficient m ethod of exam ining fitness in living squirrels.

(ii) Females
Females w ere also graded for external breeding status, although this was based 
upon  the appearance of the nipples, indicating females that w ere in  the latter 
stages of pregnancy, or actually lactating w hen rem oved from  the w oodland. 
Only 6 lactating females w ere rem oved during  the culls, four of w hich  were 
rem oved in the Septem ber cull of 1998 in A rdm ulchan. This does not give a 
large enough sample size to statistically analyse differences betw een lactating 
fem ales and  non-lactating females in a satisfactory m anner. A relationship  
existed  betw een  u terus w eight and  fem ale KFI, w ith  a P earson  p ro d u ct- 
m om ent correlation  p rov ing  significant (r=0.336, p<0.02, t=2.67, df=56), 
su g g estin g  that, un like the m ales, fat stores w ere linked  w ith  fem ale 
reproduction . A relationship  w ould be expected betw een KFI and  external

173



breeding status as fitness would be considered essential for a successful 
lactation period. There was little evidence available to link uterus size with 
the ability to reproduce. Once more it was apparent that there is little way of 
testing when females were actually breeding, and the best evidence was 
available through the external breeding state of the nipples as a measure of the 
success of the breeding period.

5.3.1.5 Examination of stomachs
Stomach weights were calculated for 85 of the animals removed in the cull, 
and volumes calculated for 15 of the stomachs (to the nearest 5 cm^). A very 
strong correlation existed between stomach weight and volum e (r=0.992, 
p<0.0001, t=28.33, df=13), giving the stomachs an average density of 1.006 
g/cm ^. This gave an average stomach volume from the five culls of 46.40 cm^ 
which was very similar to that found by Davidson & Railson (1978), who 
found an average stomach volume of 47 cm^. It should be noted however that 
volumes of greater than 70 cm^ were common, and the greatest stomach 
volume was over 100 cm^. The smaller stomach volumes were caused by less 
food being in the squirrel stomach rather than the stomachs being smaller, and 
there would still have been room for the stomachs to increase in volume, 
assuming the food was available and the squirrel had the opportunity to eat 
the food.
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Figure 5.6 Relationship between testes weight and sperm index (r2=49.9%, 
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It was also interesting to note that the weight of the squirrel's stomach varied 
considerably (from 4.06 g to 105.53 g, mean = 46.44 g ± 2.08 g) depending on the 
am ount of food ingested prior to death. This stomach w eight was not 
significantly correlated to actual body weight (r=0.039, t=0.3577, df=84), showing 
that any squirrel’s weight could vary considerably from one day to the next, 
depending upon the food consumed imm ediately before the w eight was 
measured. This gave a note of caution when considering weight variations in 
squirrels.

5.3.2 Live trapping data 
5.3.2.1 Sex ratio
As there was no significant difference between the monthly sex ratios in the 
two sites (p>0.05, t=0.03, df=95), data for both sites were grouped together when 
exam ining seasonal differences in order to maximise the sam ple num ber 
(Figure 5.7). There was a slight male bias throughout much of the study over 
the two sites (with an average of 52.4% of captures being males). Males 
disperse further than the females and the male bias occurred each year during 
the spring and autum n; the main dispersal periods of the grey squirrel 
(Thompson, 1978). The sex ratio may have been slightly influenced during the 
two and a half years of the study by the culls carried out during the study. The 
proportion of the males in the population increased considerably after three of 
the culls (the September 1998 cull in Ardmulchan and both the 1997 culls in 
each woodland). This male bias was not always seen in the trapping session 
immediately following the cull (two weeks later), but would be apparent as the 
woodlands became repopulated. The dispersing animals were more successful 
than usual at establishing themselves in the woodland. This ratio became 
balanced at the 50% level once the population recovery was complete. Again it 
is apparent that the recovery of the population is not limited to the num ber of 
squirrels within the woods before and after the cull, but also to the sex ratios 
and the social hierarchy that exist therein.
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5 3 .1.1 Age ratios
Animal age was determined according to weight, as discussed in section 5.3.1.2, 
with any squirrels captured weighing 500 g or less being classed as a non-adult. 
Over the entire study, 15.5% of the animals captured were classed as non
adults. Large variations were apparent over the course of the study (Figure 
5.8). A relatively high proportion of non-adults survived over the first winter 
of the study but this level quickly dropped to the low levels apparent in the 
1997 culls. Young squirrels were found in the study, however, in nearly every 
m onth of 1997. This high survival rate is further indication of a large seed 
crop in the previous autum n, w ith juvenile survival kept high despite the 
harsh winter conditions. During the following winter, the few non-adults that 
were present disappeared, and none were detected in the woodlands until the 
second half of 1998. Non-adults were found in high numbers following the 
September 1998 cull in Ardmulchan as discussed in chapter 4, and the survival 
of these animals appeared quite good through the following winter. These 
young anim als w ould have been born betw een three and nine m onths 
previously. The emergence of these young animals was late enough to suggest 
a late breeding season in 1998.

5.3.2.3 Body condition indices
There was no significant difference between body weights of adult squirrels 
trapped in Ardmulchan and those trapped in Beau Parc (p>0.05, df=464) so the 
body weights for each month were pooled from both sites to increase the 
sample numbers. Mean adult squirrel body weight fluctuated during the year 
w ith peaks seen in early winter and late spring (Figure 5.9). This was most 
easily seen in the weights found in 1997, w ith weight decreasing gradually 
through w inter, before reaching a trough in March. This w eight loss 
corresponded to a shortage of food at that time of year, as the stored autum n 
seed crop ran out. It was more difficult to interpret the apparent recovery in 
weights found in late spring. A cull was carried out in both woodlands during 
this season, so the increase showed that the squirrels were replaced by heavier 
squirrels, rather than the same squirrels gaining weight. It is possible that only 
the heavier immigrants were able to recolonise the woodlands. Weights then 
decreased further through the summer as the squirrel population relied upon 
secondary food resources. A dramatic weight increase followed the arrival of 
the annual seed crop in the autumn. The weights in 1998 followed a similar 
pattern except a much larger recovery in squirrel weights was observed in late 
spring. The results from November 1998 to May 1999 were based on data from 
A rdm ulchan only following the suspension of trapping in Beau Parc. The 
September cull removed many of the dominant squirrels that benefitted from
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the autumn seed crop, leaving just non-adults, which were not included in 
this analysis, and lighter immigrating adults. If the original population had 
remained in the wood, the weight increase from August 1998 to September 
1998 could have been expected to November or December 1998 in a similar 
fashion to that seen in 1997.

There was a very significant difference between body weights of male and 
female adult squirrels throughout the study, with females heavier (p<0.0001, 
t=6.662, df=561). Female weights were consistently higher than the males in 
every month, apart from a period between August, 1997 and March, 1998, 
when their weights were essentially the same (Figure 5.10). The females 
maintained a higher weight throughout the spring and summer, which was 
necessary to allow breeding to take place. The males did not conserve their 
body weights in this manner and their mean weights were regularly below 600 
g over the summer months.

Mean BWI followed a very similar pattern to that of the body weights (Figure 
5.11), which is unsurprising considering the close correlation found between 
the two for the squirrels removed in the cull. A similarly significant 
correlation was also found between the body weights and BWI of the animals 
captured during the trapping programme (p<0.0001, r=0.847, t=32.536, df=417). 
The similarities between the two measurements were to be expected as weight 
changes much more drastically throughout the year than shin bone length 
does. Two peaks were evident once more; one in the autumn as the seed crop 
was produced, and a second peak in the late spring, possibly connected with 
the culls carried out at this time or with the breeding season. Females had a 
significantly higher overall mean BWI than males (p<0.0001, t=6.082, df=417), 
and again showed a larger mean BWI in most months (Figure 5.12). The 
female mean BWI was below the overall average ratio of 1 (i.e. observed body 
weight was lower than predicted body weight) in just 19.2% of the months 
tested, compared to a ratio of lower than 1 in 57.7% of the months for the 
male.
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Figure 5.9 Mean body weights of adult squirrels in both sites during the 
trapping programme (error bars shown as standard error of mean)
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Figure 5.10 Mean body weights of male and female squirrels in both sites 
during the trapping programme (error bars shown as positive standard error of 
mean for females and negative standard error of mean for males)
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Figure 5.11 Mean body weight index (obs. weight/pred, weight) for all adult 
squirrels in both sites during the trapping programme
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Figure 5.12 Mean body weight index (obs. weight/pred. weight) for male and 
female adults in both sites during the trapping programme (error bars shown 
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Despite the close correlation between body weight and BWI, the BWI for the 
two sites were found to be significantly different (p<0.01, t=2.70, df=388), 
whereas the body weights were not. The BWI in Ardm ulchan were greater 
than those in Beau Parc in a num ber of months throughout the trapping 
programme. In 1997 the two peaks in BWI, one in late spring, and another in 
late autum n were seen in both sites (Figure 5.13), although the peaks were 
larger and sustained for longer in Ardm ulchan, suggesting the conditions 
were better suited for the squirrel populations than in Beau Parc. There is 
little evidence of the effects of the culls in this case, with the March, 1997 cull 
in Ardmulchan being followed by an increase in mean BWI, whereas the cull 
in May, 1997 in Beau Parc was followed with a decrease in m ean BWI. The 
March, 1998 cull in Beau Parc was followed by an increase in BWI as the 
w oodland was recolonised. The September, 1998 cull in A rdm ulchan was 
followed by little change in mean BWI, and the final cull also preceded an 
increase in mean BWI.

5.3.2.4 Breeding status
Trapped males were classed in each m onth as having abdominal or scrotal 
testes, and the percentage of males having scrotal testes used to estimate the 
extent of sexual activity and duration of the breeding season. It was more 
difficult to estimate when females were in breeding condition, but females 
were examined for evidence of lactation, and these data used to estimate the 
abundance of litters in the woodlands. The data from Ardmulchan and Beau 
Parc were combined to increase the sample size and plotted for each m onth 
(Figure 5.14). The graphs for males and females were obviously connected, 
w ith males entering into breeding condition between one and two months 
before lactating females appeared in the population. This corresponded to the 
44 day gestation period described by Webley & Johnson (1983), w ith litters 
being born approximately 6 weeks after the breeding season begins. The 
breeding season ends 4 months before the end of the lactation period, given 
the length of time of gestation and lactation (70 days). Males with scrotal testes 
w ere still found after this time, but it is likely that the testes took time to 
regress to their abdominal position. The main breeding season in 1997 began 
in March and continued until July. Both woodlands were subjected to a cull, 
in March in Ardmulchan and May in Beau Parc, and the male squirrels that 
replaced the removed males were mostly in a breeding condition when they 
arrived at the woodlands. A few squirrels remained in a breeding condition 
until December of that year, though the majority had returned to the non
breeding state two months previously.
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each month during the trapping programme
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In 1998 a very similar breeding season was apparent, with males w ith scrotal 
testes first being found in March, and the majority of males rem aining in a 
sexually active state until the cull in September in Ardmulchan. The squirrels 
on this occasion were mostly replaced by very young animals, presum ably 
from w ithin the wood, but none of the adults that did enter Ardm ulchan 
following that cull were in a sexually active state.

The number of females that were lactating in each trapping session identified 
the success of the breeding seasons. In 1997 lactating females were captured 
between April and October, although numbers were quite low. The culls in 
either woodland probably influenced the num ber of breeding females, as 
im m igrating females may not have been in the condition to breed. The 
previous autum n's seed crop had a bearing upon the number of females that 
bred within the woodland, but as the females that were in a position to utilise 
the seed crop were removed in the culls, then it was not a consideration in this 
case. Breeding was much more successful in 1998 w ith a m uch higher 
percentage of the females lactating following breeding. Only one cull took 
place in the spring of 1998, in March in Beau Parc, and the majority of the 
lactating females were to be found in Ardm ulchan. The fact that the 
population was not culled in Ardmulchan was a benefit to the breeding on 
that occasion. In total 16 individuals were found lactating in Ardm ulchan in 
1998, and 6 of these were lactating for 3 months or more, implying that they 
had two litters during the year. This suggested that up to 22 litters were 
weaned in the woodland over the course of five months. Survival is very 
poor among nestlings and squirrels in their first year, and few of these 
squirrels w ould norm ally enter the adult population. 50-70% of adults 
survive from year to year, meaning as few as 0.6-1.2 non-adults ha'^ would 
be incorporated into the woodland, assuming a population density of 2-4 
squirrels ha'^ (see chapter 3). The cull in Ardm ulchan in September, 1998, 
probably allowed a greater proportion than usual to enter the trappable 
population.

5.4 Discussion

Data were available in this study from two sources; the corpses collected 
during  the removal experiments, and those animals caught and examined 
during the m onthly trapping sessions. Circumstances obviously differed 
betw een the two forms of investigation and the quality of inform ation 
available differed also. Certain inform ation could not be obtained from 
animals whilst they were still alive, and problems existed in assessing certain
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aspects of the animals' condition such as age, breeding capability and relative 
fitness. The effectiveness of the best possible methods of investigating these 
factors were examined by comparing them with other more invasive 
techniques carried out on the dead animals.

One characteristic that is as easily assessed in the field as in the laboratory is the 
sex of the animals captured. A ratio of 1:1, or 50% males is usual in a 
population, although male biases are common due to increased movement, 
particularly preceding dispersal periods, bringing them into contact with traps 
more frequently than the females. Any bias seen in the culled animals was 
considered due to chance, with three of the culls returning exactly 50% males, 
one cull showing a pro-male bias and one a pro-female bias. During the 
trapping sessions more males than females were captured in the majority of 
months. These ratios were influenced following three of the culls as 
dispersing males were the first animals to arrive into the recently cleared 
woodlands. Male biases were seen during autumn and early winter each year, 
as well as in late spring, corresponding to the two common dispersal periods of 
the grey squirrels (Gurnell, 1990). The increased success of dispersing animals 
in becoming established in the woods following the cull, meant these biases 
were probably influenced by the culls. The females would eventually reduce 
the sex ratio to 50% again, within three or four months of the bias becoming 
apparent.

Difficulties arose in judging squirrel age in the field, and no method was 
found to be better than classing all squirrels weighing 500 g or under as being 
under one year of age (described as non-adults), and those over 500 g as adults. 
This proved to be a highly effective method of determining animal age, when 
compared with invasive techniques carried out on the culled specimens. 
Problems existed with under-weight adults possibly being classed as non
adults, and stomach and contents making up between 0.8 and 17% of body 
weight depending upon the amount of food the squirrel had eaten prior to 
examination. In the study by Bresnihan (1998), the only method that 
accurately determined the age of the animals was counting the incremental 
lines laid down in the teeth cementum. The other methods attem pted 
(examining the state of closure of the epiphyses and examining the colour 
bands of the pelage) were only useful for placing the squirrels into age classes, 
such as adult or non-adult. X-raying squirrels in the field would be logistically 
very difficult, but removing pelage samples from the trapped squirrels has 
potential as a field-based age determination method. Overall numbers of 
young squirrels in the woodland, based upon those animals captured weighing
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500 g or lower, were lower than those reported in other studies (15.5% of total 
capture compared to 48.6% animals described as non-adults using the eye lens 
technique over a ten year period in a North American woodlot by Nixon et al. 
(1975)). High numbers of young animals were captured in the first w inter of 
the study, at the start of 1997, indicating a relatively high level of survival over 
the winter. The two culls in the spring of 1997 apparently affected the 
w oodlands at a time when their populations were thriving, w ith  high 
densities also apparent in the woods. This population would have been 
expected to breed in high num bers in that spring, bu t the replacem ent 
population apparently did not do so, meaning the num ber of young animals 
remained low until after the cull in September 1998 in Ardmulchan w hen the 
young of 1998 began to emerge. W ithout the culls a large num ber of young 
animals would probably have emerged in the late autum n of 1997, and a more 
balanced ratio of young to old found in late 1997 and early 1998.

Two condition studies were examined; A kidney fat index (KFI) based upon 
the fat collected around the kidneys of the culled animals, and a body weight 
index (BWI) based on body weight in relation to shin bone length of both dead 
and live adult squirrels. A correlation existed between the two indices for 
those animals removed in the culls, but closer examination proved that this 
correlation was due to a very strong correlation between the two indices for 
females. No significant correlation existed between the two indices for the 
males. A relationship did exist however, between the BWI of the males and 
their breeding status, which did not exist between KFI and male breeding 
status, indicating that BWI was a more pertinent tool in examining the well
being of the male grey squirrel population. Male fitness did not appear to rely 
upon fat deposits in the same manner as the females, and differences in their 
body w eight may have been due to greater muscle m ass, offering the 
individual male an advantage in social stature, which in turn increased its 
chances of breeding. Body weight variation was much larger than that of shin
bone length between individuals and, as such changes in BWI during  the 
course of the study closely followed that of body weight.

Females had larger weights and BWI throughout much of the study, and 
larger KFI in the animals removed in the cull, than the males. The greatest 
difference in BWI between the two sexes was during the greatest period of 
lactation, in the summer of 1998. In general peaks in BWI and weight existed 
during the autum n, when the seed crop provided the populations w ith their 
prim ary food source, and during the breeding and lactation periods. Female 
w eights have been found to be higher in the sum m er in other studies
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corresponding to periods of pregnancies and births (Rusch et a l ,  1982; Degn, 
1973). This was also found in this study, with peaks in BWI during the spring 
of 1997 and the late spring and summer of 1998, matching the occurrence of 
lactating females in the populations. A peak in weight was even seen in the 
autumn of 1997, despite the trappability of the squirrels at that time (based on 
capture success rate and population density (see Chapter 3)) being very good, 
indicating the seed crop was poor at the time. This indicated that even a poor 
seed crop increased the weight of the population of squirrels, although a larger 
drop in squirrel weights was evident over the following winter, than in other 
winters covered in the study. Andren & Lemnell (1992) found red squirrel 
survival over winter was increased by a rich food supply in the previous 
autum n.

The volume of the stomach evident from the culls had given a mean of 
approximately 47 cm^ similar to the capacity described by Davidson & Railson 
(1978). Davidson & Railson used this volume to disprove the theory that 
damage was caused by a food shortage, as no more than 47 cm^ of sap was 
removed at any one time, and therefore wounds would have a maximum 
size. In the present study, however, the upper limits of the stomach capacity, 
proved to be much larger than this, with values of over 100 cm^ being 
recorded. Wounds of up to 1000 cm^ could be achieved in one feeding session, 
using the cambium width of 1mm quoted by Davidson & Railson. This 
accounts for most of the wounds seen during the damage survey. A squirrel 
could also return to a wound previously made on a tree, or another squirrel 
could attack the same tree. Previous evidence has shown that squirrels will 
return to old wounds and attack the callused area (Ni Neachtain, 1995).

Breeding season is quite difficult to measure in the field, with the external 
appearance of the squirrels the only evidence that is available to the 
researcher. The state of the testes of the males was used to identify the start of 
the breeding season, and the state of the nipples of the females used as a 
measure of the success of the breeding season, and to identify the end of the 
breeding season. Male spermatogenesis has been shown to cease when the 
testes regress in grey squirrels (Tait & Johnson, 1982), and a strong correlation 
was found in this study between the sperm index and testes size amongst the 
culled squirrels. Differences were apparent between the two complete years of 
the study. It is likely, however, that the breeding season in the first year was 
severely affected by the two culls, with the replacement squirrels being less 
capable of producing offspring than the established animals removed in the 
cull. A much more successful breeding season was evident in 1998, although
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this breeding season appeared to begin quite late, w ith  the first sexually active 
males being found in March. In that year a cull took place in Beau Parc, from 
w hich the population  struggled to recover, bu t in  A rdm ulchan, w here the 
majority of the squirrels were captured, no cull took place. This delay in the 
start of the breeding season indicates the seed crop in the au tum n of 1997 was 
not at the optim um  level. Following years of excellent seed crops the breeding 
can begin as early as January or even December (Sheals, 1922; R usch et ah, 
1982). Despite this delay in the onset of the breeding season, som e fem ales 
evidently m anaged to produce two litters in the year. Breeding also appeared  
to be quite slow in starting in A rdm ulchan in 1999, although the population  
w ould have been largely affected by the culls in Septem ber of 1998 and  that of 
M arch 1999 once more.

The culls carried ou t in the two w oodlands (two in Beau Parc and  three in 
A rdm ulchan) influenced the sex and age ratios, and breeding of the squirrel 
populations. Despite the quick recoveries of the popu la tion  densities seen 
following m ost of the removal experim ents, the repercussions of the loss of 
the established individuals of the population rem ained for longer. Sex ratios 
w ere back to norm al w ithin a few weeks of the population  re tu rn in g  to the 
expected density. The effective rem oval of the breeding females in the spring 
of 1997, reduced the num ber of young squirrels w ith in  the w oods, until the 
em ergence of the follow ing year's young. It is possible that this reduced  
agonistic encounters w ithin the w oodlands, a possible cause of dam age, bu t it 
m ay have also m ade it easier for im m igrating squirrels to become established 
once they arrived at the w oodland. The w eight and  fitness of the anim als 
w ith in  the squirrel population  was not obviously influenced by any of the 
culls. Changes w ere evident following the culls, b u t this follow ed expected 
trends for the season, rather than  differences seen due to the loss of the 
established population. A lower increase in anim al fitness in  the spring  of 
1997 than that of 1998 m ay have been due to the effects the culls had  on the 
occurrence of pregnancy in females in that year. A succession of culls w ithin, 
say, four to six m onths of one another, m ay re tard  the b reed ing  w ith in  a 
w oodland as well as reduce the num bers tem porarily, bu t unless the influx of 
an im als from outside the w oodland was checked, the benefit of p reven ting  
squirrels from being born w ithin the w oodland w ould be lost. The fluidity  of 
the population  allows it to recover from  losses very easily, and  it requires a 
change in the resources available w ithin the w oodlands before any change in 
overall population size and strength is achieved. Selective grey squirrel-only 
culls in  red  and  grey p o p u la ted  w o o d lan d s m ay red u ce  in terspec ific
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competitiveness of greys by reducing breeding success or alternatively increase 
competitiveness by encouraging dispersal.
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6 General Discussion

6.1 Conclusions

Not long after the grey squirrel was introduced into Ireland almost a century 
ago, the species was identified as a pest, through its detrimental effect on the 
native red squirrel and the damage it inflicted on the broadleaved woodlands 
it inhabited. Despite this, little research has been carried out on the extent of 
the damage in Ireland, the effectiveness of control measures used on grey 
squirrel populations, or the spread of the species. This study attem pts to 
examine damage levels in Ireland, and identify factors that may be used as a 
means of predicting potential future damage in Irish w oodlands. The 
biom etrics and population  dynam ics of squirrel popu lations in two 
broadleaved woodlands were investigated, and the response of the grey 
squirrel populations to intensive control measures monitored. These results 
can be used to predict the effectiveness of grey squirrel m anagem ent 
programmes and examine the mechanism of spread used by the grey squirrels. 
The main conclusions of the study were as follows:

• The problem of bark stripping by grey squirrels was recognised by all 
woodland owners who responded to the questionnaire survey, but the extent 
of the problem was generally under-estimated. Few woodland owners carried 
out a targetted, planned control program m e designed to reduce squirrel 
numbers during the most severe damage periods. Attempts to control the grey 
squirrels were generally carried out on an irregular recreational basis.

• All but one of the woodlands examined displayed some degree of damage. 
Different tree types were attacked at different levels, w ith certain tree species 
and tree sizes attacked more frequently than others. The two most commonly 
dam aged tree species (sycamore and beech) also happened to be two of the 
m ost common species, making their damage levels even more im portant to 
the study. Eight factors were identified, using a stepwise multivariate analysis, 
as having an influence on the likelihood of a tree being damaged. Tree species 
other than the vulnerable species identified (sycamore, beech and willow) can 
be planted, but the most vulnerable tree sizes (up to 40 cm diameter at breast 
height) cannot be avoided. Specific control program m es can be instituted, 
however, at times when the woods are most vulnerable to damage. Trees 
were more likely to be damaged in smaller woodlands.
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• There was little difference between the damage within sites, suggesting that 
some damage will occur, regardless of the trees available to the squirrels. Any 
differences found between sites may have been the result of what the squirrels 
learned from the rewards gained from the available trees. There was some 
evidence that certain species were more likely to be damaged in the absence of 
the more commonly attacked species.

• Population densities were estimated for each monthly trapping session using 
the Petersen/L incoln index, the maximum likelihood m ethod, the Fisher- 
Ford model and Jolly's stochastic model. Due to the relatively small sample 
sizes available when trapping mammals, insufficient data was gathered in 
some m onths to achieve an estimate using one or more of the methods 
available. Grey squirrel population densities were best estim ated using a 
com bination of the techniques. A m ean value, referred to as the CPE 
(combined population estimate) gave a result for every trapping session of the 
study. The values achieved were not significantly different from those 
obtained for the Petersen/Lincoln index, the Fisher-Ford m odel and Jolly's 
stochastic model. There was a significant difference between the CPE values 
and those obtained  through the m axim um  likelihood m ethod. The 
m axim um  likelihood m ethod was also statistically different from Jolly's 
stochastic method, and the estimates given were generally higher than those 
of the other m ethods. Therefore the maximum likelihood m ethod was 
considered unreliable and should be excluded from future studies.

• Population density fluctuated throughout the year with the seasons, with a 
peak in the early autumn, and a reduction in numbers over the winter, to an 
annual low in early spring. Population density also varied from year to year, 
depending upon the seed crop in the previous autumn. The extent of the seed 
crop available to the population can be estim ated using a grey squirrel 
trappability index (based upon trapping success rate and population density for 
each month) and these results used to predict future population densities.

• Culls were carried out to remove as many of the squirrels as possible from 
the targetted woodland. Intensive trapping lasting for five days was on the 
most part very successful at clearing the woods of squirrels. Grey squirrel 
population densities recovered from these culls within three to ten weeks on 
each occasion. The success of this recolonisation did not depend upon the 
quality of woodland corridors or proximity of the neighbouring woodland (i.e. 
the degree of isolation of the woodland), but did appear to depend upon the 
extent of control measures carried out on the source of recolonising squirrels.
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• Grey squirrels that survived the culls adjusted their home ranges in 
accordance with the new conditions present in the woodland. In the autum n, 
when the population density recovered very quickly, home range sizes 
remained mostly constant, but the mostly exclusive core areas, or areas of most 
intensive use, shifted, presumably in response to the new social status of each 
squirrel. In spring the individuals increased their home ranges to take 
advantage of the reduction in population density, and increased the size of the 
core area utilised also. The core areas were extended or else shifted to a larger 
area. When core areas were moved they were always moved to an area partly 
enclosed within the original home range.

• Male squirrel home ranges were larger than those of females. Spring home 
ranges were larger than those seen in autum n and home ranges differed 
according to habitat, with a much larger home range being used by a squirrel 
inhabiting a conifer stand.

• A slight male bias was seen in sex ratios throughout much of the study, and 
this was particularly strong following some of the culls. The greater dispersal 
habits and movements of the males, meant that they arrived in the woods 
more quickly than the females as the population was recovering. This bias 
was corrected over the following few months as the females entered the 
population. In general sex ratios were close to 1:1 or 50% males.

• A body weight index was developed and compared with a kidney fat index, 
based on the weight of fat associated with the kidney and the weight of the 
kidney itself. A strong correlation was found between the two indices for 
females, bu t any correlation between the two indices for males was not 
significant. The body weight index was related to breeding status in the males 
whereas kidney fat index was not, suggesting body weight index was a better 
indication of body condition for males. Body w eight index fluctuated 
throughout the year, reaching a peak in the late autum n following the benefit 
of the autum n seed crop. Female body weight index was larger than that of the 
males.

• Breeding was measured by the appearance of breeding characteristics in the 
males, and the success of the breeding season was measured by the appearance 
of lactation in females and the subsequent emergence of the young. The 
removal of the breeding populations in the spring of 1997 in both woodlands 
had a long term effect on the populations with lactating females and young 
squirrels not seen in any numbers until the following spring and summer.
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The recolonising squirrels that entered the w oodlands after the culls d id  not 
breed to the degree that was expected of the animals they replaced. M ost of the 
adu lt females were lactating in the sum m er of 1998 and the young produced 
w ere very conspicuous in the postcull population  follow ing the cull in  the 
au tum n of 1998.

6.2 The ecology of the grey squirrel in Ireland

The ability of grey squirrel populations to adap t to the resources available 
contributes to their success as an invading species. H igh rates of reproduction 
and  d ispersal allow the squirrels to take the optim um  advantage of a good 
au tum n  seed crop in the w oodlands they inhabit (Gurnell, 1996). This was 
verified by the fluctuations in population size noted in C hapter 3 as predicted 
by the trappability  of the squirrel population in the previous autum n. This 
ability to flood an area w ith  individuals and m ove to new  areas w hen  the 
carrying capacity is reached, has led to the spread through Ireland and parts of 
England being as quick as 5 km  y^. Population densities are sim ilar to levels 
observed  in Britain (e.g. K enw ard & Parish, 1986), b u t low er th an  those 
com m only found in N orth  America (e.g. N ixon et a i ,  1980). H om e ranges, 
how ever, are m uch sm aller than usually recorded in Britain, reaching levels 
as low as those noted in America (Doebel & McGinnes, 1974). Hom e range size 
is inversely proportional to the population  density (K enw ard, 1985), so the 
hom e ranges w ere expected to be larger, to co rrespond  w ith  the low er 
p o p u la tio n  densities recorded. Population  density  is not the only factor 
involved in determ ining the home range size, how ever, as bo th  popu la tion  
d en sity  and  hom e range size increase in  sp rin g  d esp ite  th e ir inverse  
re lationship . D uring the study  it w as noted that the squ irre ls  w ere not 
d istrib u ted  evenly th roughou t the w oodlands, w ith  certain  patches of the 
w oods producing a m uch higher proportion of successful captures than  others. 
Traps w ere shifted to maximise the num ber of squirrels cap tu red , bu t the 
popu la tion  densities were calculated for the w oodlands as a w hole. Some 
areas alm ost certainly contained higher local population  densities than  that 
recorded for the w oodland as a whole, while other patches were alm ost free of 
squirrels. The squirrels included in the radiotracking experim ent w ere m ostly 
tracked  in these patches of h igh trapp ing  success, and  the hom e ranges 
achieved  m ay have indicated the true local popu la tio n  densities. H om e 
ranges d id  not increase in the au tum n  investigation w hen  the p o p u la tio n  
den sity  quickly re tu rn ed  to precull levels. In the sp rin g  investigation , 
how ever, the home ranges were larger while the population density  rem ained
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at a reduced level. This provides further evidence for the inverse relationship 
between home range size and population density.

Females appeared to be in a better condition than the males, having larger 
mean kidney fat indices and body weight indices, particularly during gestation 
and lactation periods. Weights were larger, but shinbone lengths were not, 
indicating the females' greater capacity for storing and carrying fat. Kidney fat 
index and body weight index were highly correlated for females, bu t not for 
males, indicating that female body weight corresponded to fat levels stored 
around the body, whereas males with a relatively large body weight to body 
size ratio, did not necessarily have large fat stores. Fat stores are im portant to 
sustain pregnancies and lactation during food shortages. Such energy 
demands are not experienced by the males. Fat stores were not a precondition 
to males being in a breeding state, with no relationship found between male 
kidney fat stores and testes being in a scrotal position. There was a 
relationship, however, between body weight index and breeding status, and it 
was suggested that males might build up m uscular mass as a means of 
improving individual competitiveness and increasing the chance of breeding. 
A very high percentage of the males were in a sexually active condition during 
the breeding season, but only the most dominant would have the opportunity 
to actually copulate with the sexually receptive female.

A growing population approaches a stable carrying capacity according to the 
logitics equation:

dN/dt=rN((K-N)/K)
where N is the population size

r is the intrinsic rate of natural increase and
K is the habitat carrying capacity (Verhulst, 1838, quoted in Begon 
et a l ,  1990)

The two parameters of the logistic equation are the two factors considered in 
the concept of r and K selection. A population in a constant, predictable 
habitat (a K-selecting habitat) remains very close to the carrying capacity of the 
habitat throughout the year. Population densities remain continuously high, 
and individuals live in crowded conditions, w ith com petition high and 
therefore the major selective force. There are few opportunities for young 
animals to become established and, as such, reproductive effort is concentrated 
tow ards fewer, larger offspring being born at regular intervals. Survivorship
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over-rides rep roduction  as the m ajor energetic investm en t of ind iv iduals 
(Begon et ah, 1990).

A n r-selected population  lives in an unpredictable habitat, w here occasional 
catastrophes can reduce the population far below the norm al carrying capacity 
of the habitat, resulting in a rap id  period of grow th, w ith  little com petition. 
Factors that allow individuals to flood the habitat w ith  young are favoured in 
this circum stance, selecting populations that reproduce quickly and  early, w ith 
m any offspring born  sporadically according to conditions. C om petitive traits 
are no t as im portan t as the ability to reproduce quickly, resu lting  in short 
lifespans, w ith  high productivity bu t low efficiency (Ricklefs & Miller, 1999).

F luctuations seen in the population  density, age ratios, sex ratios, breeding 
capabilities, w eight and  condition indices of squirrels th roughou t this study 
identified  the population 's ability to adjust according to the resources and 
conditions p rev a len t w ith in  the w oodland. The p o p u la tio n  can recover 
quickly from  any disaster, w hether a natu ral d isaster or a control strategy 
carried out by man. This makes the grey squirrel an ideal invader, show ing r- 
selected characteristics, and a likely pest species. This could be a response to 
the conditions the populations are exposed to in Ireland, w ith  large areas of 
unco lon ised  w oodlands, poor interspecific com petitors, and  few  n atu ra l 
p red a to rs  regu la ting  the populations. This suggests fu rther th a t the grey 
squ irrel in Ire land  m ight d isplay m ore r-selected characteristics than  that 
show n  in th e ir native N orth  A m erica, w here the p o p u la tio n s  are long 
established and  regulated by stronger competitors and predators. This d id  not 
p rove to be the case, w ith breeding rates in this study no greater than  those 
seen in A m erica, and  the anim als of a sim ilar size in both  the native and 
in troduced  areas. It is likely how ever that the poorer hab itat available in 
Ireland ensures that even the best years will only correspond to norm al years 
in  A m erica, and  as such the breed ing  is no t m ore effective. The large 
fluc tua tions are still apparen t, how ever, and  the r-selected characteristics 
a lre a d y  ev id en t in A m erica m ay sim ply  becom e m ore im p o rta n t in  
determ ining  local population dynamics.

Controlling squirrels through constant culls, according to the concept of r and 
K selection, selects for r-characteristics of the grey squ irre l p o p u la tion , 
encouraging  fast and  frequent breeding and developing a resistance to the 
effect of d isasters  on a population . H ow ever, it m ay also  reduce the 
interspecific com petitiveness of the grey squirrels, w hich m ay rem ove some of 
the advantage the grey holds over the red. It w ould be unlikely though that
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this would be sufficient to place the red-squirrel on equal terms competitively 
with the greys in broadleaved woodlands.

6.3 Causes of grey squirrel damage

The m ain hypotheses regarding the reasons grey squirrels carry out the bark 
stripping damage in Europe, to a much greater extent than that shown in their 
native America, are: as a means of gathering food due to a food shortage or a 
lack of a nutrient required in their diet; as a display of agonistic or combative 
behaviour; or due to a liking of the sweet sap in the vascular tissue (Kenward, 
1983). Kenward & Parish (1986) found some evidence suggesting that damage 
can be related to the numbers of squirrels, particularly the numbers of young 
animals. Reducing the squirrel density during damage periods, especially 
around damage vulnerable crops, should reduce the damage to some extent. 
A reduced population results in lower levels of food shortage, as there is less 
pressure on the woodland resources from the woodland inhabitants. Even if 
dam age is inevitable due to other pressures, there are still fewer animals 
attacking the trees and so damage is kept to an acceptable level. Unfortunately 
woodland populations following a cull, as shown in this study, are not kept at 
a low level for very long, as new animals are constantly entering the woods. 
W ithout the established hierarchy displayed in most woodlands, the amount 
of agonistic, or combative, encounters could increase, possibly leading to 
further damage. Conversely, the reduced young in the woodland caused by 
the disruption to the breeding population in the early spring culls potentially 
reduces future agonistic encounters, possibly also reducing future damage.

The size of the woodland in which the tree occurred was identified by the 
stepwise multivariate analysis as influencing the likelihood of the tree to be 
damaged. The larger the woodland, the less chance there was of the tree being 
attacked. Smaller woodlands may have been more likely to be affected by food 
shortages. Lower densities of squirrels in Ireland and Britain than those seen 
in N orth America were a result of differences in the resources available to the 
squirrels, between the woodlands within which the grey squirrel evolved and 
those to which it was introduced. These less suitable resources may explain 
the differences in damage found in the two continents. It was shown in this 
study  that squirrel stomachs can contain more food than considered by 
Davidson & Railson (1978), who considered tree bark stripping wounds to be 
too large for food shortage or a liking of sap to be a motive.
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Grey squirrel damage occurred most frequently in the spring, at a time when 
the grey squirrel's preferred food source was at its lowest, and agonistic 
behaviour was at its most severe. Damage vulnerable areas, with large stands 
of young, at-risk tree species, are often different from potentially high squirrel 
density areas, which are typically mature mixed woodlands. Gurnell (1987) 
suggested the damage may be higher in the damage vulnerable areas when the 
two woodland types are in close proximity, with squirrels moving from high 
density areas into the vulnerable areas and causing the damage. If agonistic 
encounters force subordinate animals out of the best squirrel habitats (i.e. 
squirrels are forced to disperse for the good of the more dominant animals that 
rem ain behind; the resident fitness hypothesis (Wauters & Dhondt, 1993)), 
they may be forced to move into the less suitable vulnerable areas. These areas 
are more likely to suffer from food shortages than the high squirrel density 
areas. These food shortages could then cause the squirrels to begin damaging 
the trees. This would explain the association between agonistic encounters 
and damage; the agonistic encounters do not cause the damage, but lead the 
squirrels into the areas where the damage occurs. The dam age is then 
triggered by food shortages, and possibly sustained by the animal's liking of sap 
(Kenward, 1982a, 1983).

6.4 Population recovery

The populations appeared to recover quickly from the culls, w ith squirrels 
recolonising the woodlands within three to ten weeks, regardless of the degree 
of isolation of the woodland. Once the new population was investigated it was 
apparent that other factors, besides population density, however, took longer 
to retu rn  to precull levels. The removal of dom inant animals m eant that 
survivors of the cull, and the earliest colonising individuals were in a position 
to take advantage of their absence. This was displayed by the shift in home 
range core areas utilised by the animals that survived the culls. It was 
apparent however, that some animals did not retain their new core areas for 
long, and eventually returned to their original core area. The original core 
areas may have provided better resources to the animal, or the animal may 
have been forced away from utilising the new core area optimally as a result of 
encounters w ith a more dom inant squirrel. Once the population density 
recovered to precull levels, the squirrels were forced into interactions if they 
were to optim ally use the best areas of their shared home ranges. In an 
established population w ith a settled home order, dom inant-subordinate 
encounters are rarely physical, w ith the most common behaviour being 
avoidance of the dominant animal by the subordinate one (Taylor, 1966). An
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increase in physical encounters m ay have occurred as the social h ierarchy 
became established in the woodland.

Grey squirrels disperse at two times of the year; during  the spring and  during 
the autum n. The greater m ovem ent of the males in these periods causes male 
biases to appear in the w oodland sex ratios at these times. These biases can be 
even m ore obvious if a cull is carried ou t im m ediately before the dispersal 
period , as the m ales tend to enter the w oodland  m ore quickly than  the 
females. Three of the newly recolonised populations show ed large m ale biases 
w hen they were conducted before a dispersal period (the culls in spring 1997 
and au tum n 1998 in Ardm ulchan, and the spring 1998 cull in Beau Parc). The 
sex ratios ultim ately returned to the expected 50%, b u t not at the sam e rate as 
the population density recovered.

The rem oval of the breeding population in the culls in the spring of 1997 had a 
longer effect on the w oodlands. The rep lacem ent fem ales w ere no t in 
breeding condition, and as such few young were born in that year. It was not 
until after the late breeding season in 1998 that young anim als were found in 
the w oodlands in large num bers once more. Thom pson (1978) found the 
num ber of young anim als recru ited  in to  the w o o d lan d  w as the m ain 
param eter which determ ined population size in a particu lar year. It is likely 
that this is dependent on the previous au tum n seed crop. If these young are 
no longer available to the population, the success of the w oodland population 
will depend  upon  those anim als that im m igrate into the w oodlands in  that 
year. A surplus of squirrels im m igrate into a w oodland in a year, w ith  as few 
as 7.8% successfully becom ing established in the spring , and  even few er 
surviving to become part of the breeding population  (Thom pson, 1978). The 
num bers that becom e established are likely to be h igher fo llow ing a cull. 
Usually, the condition of a w oodland squirrel population depends on the seed 
crop the previous autum n. In the years following a good seed crop, squirrel 
fecundity and survival is greater, and dispersal is reduced (Nixon et ah, 1976). 
The squirrels that recolonised the w oodlands follow ing the culls d id  not 
benefit from  the same conditions as those squirrels that w ere rem oved in the 
cull, and as such the overall condition of the w oodland population  was lower.

6.5 Population dispersal and spread

W auters and  D hondt (1993) discussed two possible types of behaviour that led 
to the dispersal of squirrels (in their case red squirrels in  Belgium). The 
resident fitness hypothesis (RFH) suggests that the subordinates are forced out
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of woodlands through interactions with the dom inant animals, usually the 
parents, resident in the woodlands. This implies that dispersal evolved as a 
benefit to the established residents of a woodland. The alternative hypothesis, 
the emigrant fitness hypothesis, suggests that dispersal leads to a gain in fitness 
of the em igrating animals, by optim ising outbreeding, increasing mating 
opportun ities in m ales and m inim ising intraspecific com petition for 
resources. Both hypotheses explain why animals would disperse when the 
woodland is at its carrying capacity, as they both offer an explanation of the 
m otivating factors operating within the population when there is intense 
competition for resources. In this study, however, following the culls, when 
population  density had been reduced, and presum ably com petition for 
resources eased, emigration out of the areas by surviving established residents 
was still noted. This could have been caused by an increase in agonistic 
encounters as new residents attem pted to assert them selves w ithin the 
w oodland, or it may have been caused by a desire to leave the woodland 
following a loss in potential mates. This suggests that dispersal takes place 
whether the population density is at the woodland carrying capacity or not and 
offers some support to the em igrant fitness hypothesis. Young or non
breeding animals that are not part of the established population may disperse 
because of external pressure from more dominant animals, but it seems likely 
that w hen previously resident breeding animals leave the area, it is for the 
individual's benefit, rather than through external pressure. As a consequence, 
animals in the edge front of the spread through Ireland continue to progress 
into new areas, rather than always settling and forcing young animals to move 
on, once the woodland carrying capacity has been reached. This increases the 
speed of the spread, but also the success of the colonisation of new woodlands, 
as it is the more dom inant animals that are leading the spread, rather than 
younger immature animals.

6.6 Recommendations for the control of grey squirrel damage

There are two strategies available to controlling the problem of grey squirrel 
dam age to broadleaf woodland: controlling the num bers of squirrels and 
controlling the extent of the damage itself. The attem pts at experimental 
control of squirrels in this study produced, at best, a tem porary reduction in 
grey squirrel numbers, although other effects on the populations were more 
long term. Gurnell & Pepper (1988) stated there was no reason to control 
squirrels outside of damage periods, because the population  will have 
recovered long before the damage period restarts. Culls carried out outside of 
the recom m ended periods could be im plem ented in the w oodland and
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surrounding areas, however, to reduce breeding in the woodland and target 
the source of recolonising squirrels. It is possible damage may begin earlier in 
Ireland than in Britain (March as opposed to April), and so care m ust be taken 
if following British recommendations on when to begin control. The slower 
recovery rates in Beau Parc impress the need to control the most likely source 
of replacement squirrels also. A regional strategy, involving the control of 
squirrels in all surrounding woodlands, is necessary, otherwise new squirrels 
quickly recolonise the target woodland.

The economic consequences of control were not investigated in this study, and 
need to be appraised; there is little point in conducting a control programme 
that is more expensive than the damage it manages to prevent. Live trapping, 
for later disposal of the squirrels, was a very successful, if time consuming, 
m ethod of removing squirrels from a woodland. This was especially the case 
in spring, when trappability of the squirrels was good. It would be the best 
m ethod to use w hen considering a squirrel control program m e in smaller 
woodlands. Shooting is not effective for removing all animals (Seymour, 
1961; Dutton, 1993); as the population decreases it becomes harder to find 
surviving individuals (by the law of dim inishing returns), and the slow 
removal means it is likely that the population is never brought significantly 
below its carrying capacity. Poisoning (with, for example. Warfarin) is not to 
be recom m ended. The am ount necessary to remove an entire squirrel 
population is very large, and despite the use of grey-squirrel only hoppers, the 
introduction of so much of an anti-coagulating poison into the ecosystem 
could affect non-target species (Philipson & Wood, 1976). Whichever method 
of control is employed for grey squirrels, the control needs to be as intensive 
and instantaneous as possible. Removing the animals in low numbers over a 
long period of time will only provide space for other squirrels to become 
incorporated  into the population. Even a m oderate rem oval rate is 
compensated for by the high reproduction and dispersal rates of the grey 
squirrel.

Apart from situations of high grey squirrel densities in the vicinity of high risk 
crops, the most suitable method of avoiding trees becoming damaged is to 
concentrate on habitat management (i.e. to control the damage itself) (Gurnell 
& Pepper, 1988). The evidence that certain species and ages of trees being more 
at risk is overwhelming in the current study. These species (e.g. sycamore and 
beech) must be carefully scrutinised when planning future silvicultural stands. 
O ther factors which may influence damage levels (as discussed by Gurnell, 
1987) such as the thinning of tree stands and application of fertilisers should be
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considered carefully before being im plem ented. Any circum stance that 
increases sap flow could worsen the damage inflicted on the stand.

Again the economic consequences must be considered. If a damaged sycamore 
crop, produced using fertilisers, still re tu rns m ore revenue than  an 
undamaged oak crop, then its use cannot be totally discounted. It is, however, 
likely that the species placed in damage risk groups 1 and 2 (section 2.3.4), 
cannot be used in future plantings without major risk of damage. If suitable 
tree species are found and used, the need to concentrate control efforts on the 
grey squirrel population will be reduced. Although the food shortages and 
other possible triggers of damage would still occur, the rew ards w ould be 
reduced, and therefore the learning of the habit be reduced. It may not be 
possible to reduce the damage to the residual or acceptable levels experienced 
in America, but the current catastrophic levels could be averted. Attempts to 
control the grey squirrel could then be concentrated on reducing its spread, to 
ensure the conservation of the native red squirrel.
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8 Appendices 

Appendix 8.1

Woodland

n

Total 

dam. % dam. n

Ash

dam. % dam. n

Beech

dam. % dam.

Ardmulchan 100 14 14.00 9 2 22.22 19 1 5.26

Ballinlough 100 21 21.00 9 0 0.00 46 13 28.26

Ballygarth 60 17 28.33 13 7 53.85 19 7 36.84

Ballykilcavan 100 16 16.00 29 3 10.34 39 12 30.77

B alrath 290 105 36.21 71 21 29.58 49 18 36.73

Beau Parc 140 52 37.14 7 1 14.29 8 2 25.00

Brittas 99 38 38.38 15 5 33.33 7 1 14.29

Drewstown 100 39 39.00 25 2 8.00 26 17 65.38

Hayes 75 25 33.33 7 1 14.29 5 4 80.00

Headfort 100 28 28.00 6 2 33.33 32 13 40.63

Killeen 100 5 5.00 6 0 0.00 10 0 0.00

Kilyon 90 21 23.33 19 5 26.32 19 8 42.11

Lisnavagh 90 31 34.44 18 3 16.67 17 10 58.82

Little Wood 100 8 8.00 10 0 0.00 9 3 33.33

Milverton 50 13 26.00 6 0 0.00 12 6 50.00

Mountainstown 100 16 16.00 7 1 14.29 5 0 0.00

Rahinstown 100 15 15.00 7 1 14.29 12 2 16.67

Slane 30 4 13.33 15 3 20.00 3 0 0.00

Dalgan 45 0 0.00 10 0 0.00 1 0 0.00

Tara 150 69 46.00 30 7 23.33 30 23 76.67

Total 2019 537 26.60 319 64 20.06 368 140 38.04
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Appendix 8.1 (Contd.)

Woodland

n

Horsechestnut 

dam. % dam. n

Lime

dam. % dam. n

Oak

dam. % dam.

Ardmulchan 4 0 0.00 5 0 0.00 8 0 0.00

Ballinlough 8 3 37.50 1 0 0.00 6 1 16.67

B allygarth 1 0 0.00 0 0 0 0

Ballykilcavan 0 0 0 0 9 0 0.00

B alrath 0 0 0 0 34 12 35.29

Beau Parc 14 0 0.00 1 0 0.00 3 0 0.00

Brittas 5 1 20.00 11 1 9.09 0 0

Drewstown 1 0 0.00 0 0 4 3 75.00

Hayes 1 1 100.00 0 0 3 0 0.00

Headfort 0 0 0 0 3 0 0.00

Killeen 14 1 7.14 0 0 10 0 0.00

Kilyon 4 0 0.00 4 0 0.00 3 0 0.00

Lisnavagh 7 0 0.00 2 1 50.00 16 0 0.00

Little Wood 0 0 0 0 24 1 4.17

Milverton 0 0 3 0 0.00 0 0

Mountainstown 0 0 1 0 0.00 10 1 10.00

Rahinstown 1 0 0.00 5 0 0.00 7 1 14.29

Slane 3 0 0.00 7 0 0.00 0 0

Dalgan 0 0 3 0 0.00 6 0 0.00

Tara 0 0 0 0 0 0

Total 63 6 9.52 43 2 4.65 146 19 13.01
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Appendix 8.1 (Contd.)

Woodland Sycamore 

n dam. % dam.

Alder

n dam. % dam.

Birch

n dam. % dam.

Ardmulchan 35 8 22.86 0 0 0 0

Ballinlough 22 4 18.18 0 0 0.00 8 0 0.00

B allygarth 23 2 8.70 0 0 0 0

Ballykilcavan 8 1 12.50 0 0 0 0

B alrath 33 24 72.73 32 7 21.88 34 4 11.76

Beau Parc 61 44 72.13 0 0 4 1 25.00

Brittas 35 20 57.14 0 0 0 0

Drewstown 36 17 47.22 0 0 0 0

Hayes 41 12 29.27 0 0 0 0

Headfort 33 9 27.27 1 0 0.00 1 1 100.00

Killeen 37 3 8.11 0 0 0 0

Kilyon 14 7 50.00 0 0 0 0

Lisnavagh 16 15 93.75 0 0 5 2 40.00

Little Wood 7 2 28.57 2 0 0.00 1 0 0.00

Milverton 22 6 27.27 0 0 0 0

Mountainstown 0 0 0 0 38 5 13.16

Rahinstown 43 9 20.93 0 0 2 1 50.00

Slane 1 1 100.00 0 0 0 0

Dalgan 12 0 0.00 0 0 0 0

Tara 30 24 80.00 30 11 36.67 30 4 13.33

Total 509 208 40.86 65 18 27.69 123 18 14.63
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Appendix 8.1 (Contd.)

W oodland W illow  

n dam. % dam.

Elm

n dam. % dam.

H azel

n dam. % dam.

Ardmulchan 0 0 0 0 0 0

B allinlough 0 0 0 0 0 0

B ally g arth 0 0 0 0 0 0

B allyk ilcavan 0 0 0 0 0 0

B a lra th 37 19 51.35 0 0 0 0

Beau Parc 0 0 12 3 25.00 0 0

B rittas 0 0 19 9 47.37 0 0

Drewstown 0 0 0 0 1 0 0.00

Hayes 0 0 0 0 0 0

H eadfort 0 0 0 0 0 0

K illeen 0 0 23 1 4.35 0 0

Kilyon 0 0 0 0 0 0

Lisnavagh 0 0 0 0 0 0

Little Wood 0 0 11 1 9.09 4 0 0.00

M ilverton 0 0 0 0 0 0

Mountainstown 0 0 0 0 25 9 36.00

Rahinstown 0 0 0 0 0 0

Slane 0 0 0 0 0 0

Dalgan 0 0 0 0 0 0

Tara 0 0 0 0 0 0

Total 37 19 51.35 65 14 21.54 30 9 30.00
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Appendix 8.1 (Contd.)

W oodland Conifer 

n dam. % dam.

O ther

n dam. % dam.

Ardmulchan 5 0 0.00 15 3 20.00

Ballinlough 0 0

B allygarth 0 0 4 1 25.00

B allykilcavan 15 0 0.00 0 0

B a lra th 0 0 0 0

Beau Parc 9 0 0.00 21 1 4.76

B rittas 1 0 0.00 6 1 16.67

Drewstown 0 0 7 0 0.00

Hayes 0 0 18 7 38.89

H eadfort 5 0 0.00 19 3 15.79

K illeen 0 0

Kilyon 17 1 5.88 10 0 0.00

Lisnavagh 9 0 0.00 0 0

Little Wood 23 0 0.00 9 1 11.11

M ilverton 3 0 0.00 4 1 25.00

Mountainstown 5 0 0.00 9 0 0.00

Rahinstown 13 1 7.69 10 0 0.00

Slane 0 0 1 0 0.00

Dalgan 10 0 0.00 3 0 0.00

Tara 0 0 0 0

Total 115 2 1.74 136 18 13.24

Appendix 8.1 Trees surveyed in each woodland during the damage survey and 
damage levels found therein
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Appendix 8.2
M onth A rdm ulchan Beau Parc

No.
traps

No.
captures

MNP CPE No.
traps

No.
captures

MNP CPE

N ov/96 80 1 1 - - - - -
Dec/96 60 21 14 - 56 4 4 -
Jan/97 60 30 13 29.9 56 15 1 17.4
Feb/97 60 22 10 12.5 56 15 12 20
M ar/97 60 36 22 23.3 54 24 20 36.6
CULL 1 115 41 1 1 - - - -
A pr/97 60 20 13 18.1 54 14 11 24.4
May/97 60 31 23 40.3 54 16 14 41.2
CULL 2 - - - - 105 31 2 2
Jun/97 54 36 24 35.2 54 9 9 9
Jul/97 45 28 21 33 54 14 10 27.1

Aug/97 61 30 24 60.7 60 25 18 25.3
Sep/97 - - - - - - - -
Oct/97 44 28 16 22.4 60 20 13 21.6

N ov/97 59 37 23 26.9 60 23 11 13.6
Dec/97 38 24 19 24.5 40 24 18 21.8
Ja n /98 57 16 11 18.4 57 31 16 19.2
Feb/98 54 6 6 12.8 60 16 11 18.6
M ar/98 54 8 8 13.4 60 21 14 21.5
CULL 3 - - - - 97 19 0 0
Apr/98 53 22 15 22.1 60 0 0 0
May/98 63 31 22 29 59 2 2 2
Jun/98 57 40 21 27 51 14 10 15.7
Jul/98 59 23 20 38.5 57 5 3 4.4

Aug/98 60 10 11 16.4 55 7 6 8.3
Sep/98 54 17 15 24.2 55 3 2 4.2
CULL 4 112 22 7 7 - - - -
Oct/98 44 23 22 22 36 13 10 10

N o v /98 - - - - - - - -

Dec/98 43 26 20 36.8 - - - -

Jan/99 61 34 23 29.6 - - - -
Feb/99 - - - - - - - -
M ar/99 57 28 16 20 - - - -
CULLS 115 32 7 7 - - - -

A p r/99 60 13 8 9.7 - - - -

M ay/99 63 18 12 14 - - - -

Jun/99 59 21 15 24.1 - - - -

Appendix 8.2 Num ber of captures, minimum num ber of squirrels present
(MNP) and combined population estimates (CPE) during trapping sessions in 
both sites. MNP and CPE for the culls are given as estimates of the numbers of 
squirrels that remained in the woodland after the cull had taken place.
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Appendix 8.3____________________________________________________________________________________________________
Cull Area Wt (g) Shin (mm) Head (mm) Teeth Epiphys. Pelage Breed L Kid (g) LKid + Fat(g) R Kid (g) R Kid + Fat (g) Uterus (g) Stomach (g)

1 ARD 370 71.2 35.2 1 1 1 N 0.839 1.017 0.939 1.156 0.077 13.473
1 ARD 670 81.3 38.3 3 3 0 Y 1.455 2.563 1.55 2.723 0.284 28.458
1 ARD 600 78 37 3 3 0 Y 1.223 2.533 1.297 2.354 0.163 29.195
1 ARD 630 79.8 37.6 2 3 0 N 1.031 4.381 1.068 3.483 0.145 30.896
1 /R D 560 76.6 35.9 2 2 0 N 1.115 1.843 1.112 1.516 0.128 31.587
1 ARD 600 80.1 37 4 3 0 Y 1334 2.605 1.32 2.291 0.202 37.607
1 ARD 440 76 36.3 1 1 1 N 1.031 1.81 1.161 1.799 0.127 37.913
1 ARD 590 76.6 36.3 2 2 0 Y 1.107 2.93 1.185 2.743 0.389 41.082
1 ARD 710 79.5 36.9 4 3 0 Y 1.132 7.069 1.19 5.975 0.289 45.275
1 ARD 620 80.4 37.8 3 3 0 N 1.254 5.5 1.438 4.531 0.114 45.514
1 ARD 590 79 N 1.086 1.591 1.215 1.629 0.145 50.165
1 ARD 580 78.1 36 2 3 0 Y 0.942 2.935 1.039 2.617 0.34 51.735
1 ARD 610 78.6 36 4 3 0 Y 1319 2.087 1.353 1.673 0.221 54.001
1 ARD 550 78.3 36.1 2 3 0 Y 1.138 1.292 1.301 1.448 0.186 58313
1 ARD 580 76.5 36.7 2 3 0 N 1.111 3.448 1.139 2.695 0.418
1 ARD 450 75.3 35 1 1 1 N 0.987 1.214 1.022 1.159 0.109
1 ARD 560 77.5 36.3 2 3 0.06 Y 1.235 1.543 1.28 1.584 0.298
1 ARD 680 78.2 40.2 4 3 0 Y 1374 4.682 1.518 3.721 0.375
1 ARD 610 77 35.8 3 3 0 Y 1.602 3.63 1.426 3.013 0318
1 ARD 610 78.4 37 2 3 0 N 1.063 3.433 1.152 2.799 0.217
2 BP 680 78.8 36 3 3 0 Y 1.721 4.883 1.751 3.741 0.603 30.715
2 BP 550 77.3 35.7 2 2 0.87 N 1344 3.525 1.614 3.582 0.105 39.198
2 BP 620 78.2 36.1 2 2 0.8 N 1.413 4.258 1.468 3.427 0.18 56.351
2 BP 650 81.4 N 1355 4.232 1.358 3.654 0.094 56.867
2 BP 700 79.2 37.4 3 3 0 Y 1.622 3.205 1.664 3.593 0.448
2 BP 560 74.1 34.9 2 2 0.13 N 1.193 4.373 1.294 3.896 0.138
2 3P 550 75.7 34.4 2 2 0.13 N 1.146 2.767 1.231 2.432 0.197
2 BP 690 79.3 36.1 2 2 0.67 N 1.227 5.699 1.003 4.532 0.234
2 BP 590 77.4 35.1 2 2 0.2 N 1.453 3.689 1.34 3.565 0.09
2 BP 540 76.3 34.8 2 2 0.87 N 1.027 2.892 1.243 1.589 0.126



Appendix 8.3 (contd.)_________________________________________________________________________________________________
Cull Area Wt (g) Shin (mm) Head (mm) Teeth Epiphys. Pelage Breed LKid(g) L Kid + Fat (g) R Kid (g) R Kid + Fat (g) Uterus (g) Stomach (g)

2 bP 730 80.5 36.9 3 3 0 Y 1.797 4.102 2.093 4.342 0.745
2 BP 710 78.1 34.6 3 3 0 Y 1.56 4.392 1.514 4.55 1.825
2 BP 740 78 35.8 2 2 0.87 N 1.637 5.932 1.766 5.888 1.365
2 BP 590 78.8 32.2 2 3 0 N 1.438 4.289 1.458 4.122 0.298
3 BP 650 81.4 1.83 2.31 1.9 2.06 0.33 12.09
3 BP 530 75.7 37.5 1.4 1.72 1.42 1.57 0.07 26.46
3 BP 530 37.4 1.57 2.04 1.59 1.98 0.17 33.55
3 BP 620 79.5 36.3 N 1.7 2.18 1.78 2.23 0.14 34.65
3 BP 580 76.5 36.7 1.42 2.08 1.59 1.91 0.17 40.88
3 BP 450 74.6 35.1 1.65 2.16 1.66 1.86 0.07 44.23
3 BP 650 78.9 36.7 1.36 2.14 1.55 2.13 0.08 46.01
4 ARD 580 78.8 37.6 Y 2.22 3.16 2.01 3 0.25 15.43
4 ARD 590 78.4 38 Y 1.75 1.97 1.72 1.97 0.3 19.41
4 ARD 540 77.8 36.7 Y 1.75 2.07 1.74 1.92 0.54 23.49
4 ARD 370 32.9 N 1.09 1.36 1.26 1.41 0.09 29.53
4 ARD 680 80 38.4 Y 2.02 2.34 1.94 2.14 0.42 39.18
4 ARD 690 78.3 Y 1.99 2.16 2.09 2.22 0.31 46.07
5 ARD 610 77.6 48.2 Y 1.9 2.33 2.23 2.6 0.37 38.65
5 ARD 420 75 34.8 N 0.84 0.09 0.91 1.04 0.08 42.06
5 ARD 460 75.7 37.1 N 0.95 1.44 1.1 1.61 0.09 56.97
5 ARD 590 75.8 37.1 1.28 4.15 1.15 2.9 0.24 66.7
5 ARD 480 76.1 46.3 N 1.09 1.3 1.09 1.24 0.04 69.05



Appendix 8.3 (contd.)
Cull Area Wt (g) Shin (mm) Head (mm) Teeth Epiphys. Pelage Breed L K id(g) LKid + Fat(g) R Kid (g) R Kid + Fat (g) Uterus (g) Stomach (g)

5 ARD 520 77.4 36.4 N 1.12 1.28 1.3 1.52 0.05 71.22
5 ARD 540 75.6 37.3 1.02 1.34 1.13 1.42 0.07 73.91
5 ARD 460 74.2 36.6 1 1.31 1.18 1.39 0.08 77.13
5 ARD 640 78 36.7 0.99 1.65 1.15 1.51 0.26 78.82
5 ARD 650 78.2 38 N 1.08 1.64 1.11 1.59 0.31 81

Appendix 8.3 Body measurements, age profile, body condition and breeding data for female squirrels removed during the culls. 
(Wt = Total body v^^eight; Shin = Length of shin-bone; Head = Head width; Teeth = Age according to cementum lines of teeth; 
Epiphys. = Age category according to degree of epiphyseal closure; Pelage = Ratio of pelage hairs which were classed as juvenile; 
Breed = External breeding characteristics present (Y) or absent (N); L Kid = Left kidney weight; L Kid + Fat = Left kidney and 
associated fat total weight; R Kid = Right kidney weight; R Kid + Fat = Right kidney and associated fat total weight)

N>to
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Appendix 8.4
Cull Area Wt (g) Shin (mm) Head (mm) Teeth Epiph Pelage Br LK(g) LK + F(g) RK(g) RK + F(g) LT(g) RT(g) L Sp RSp Stomach (g)

1 ARD 480 75.8 34.7 1 2 1 TA 1.063 1.158 1.049 1.064 0.616 0.591 0 0 4.062
1 ARD 640 79 36.1 3 3 0 TS 1.568 1.957 1.525 2.057 4.955 4.7 4 3 7.157
1 ARD 550 81.2 37.5 2 3 0 TS 1.238 2.092 1.156 1.807 1.484 1.502 0 0 17.679
1 ARD 570 78.1 35.2 2 3 0.33 TS 1.091 1.555 1.237 1.677 2.007 1.826 0 0 36.011
1 ARD 590 79.5 36 2 3 0 TS 1.389 3.03 1.282 2.515 2.721 2.648 0 0 46.999
1 ARD 520 75.8 35.4 1 2 0.87 TS 0.844 1.956 0.973 1.88 0.369 0.386 0 0 48.395
1 ARD 590 77.4 37.5 2 3 0.2 TS 1.319 3.621 1.455 3.768 1.674 1.669 0 0 52.501
1 ARD 580 78.6 36 3 3 0 TS 1.195 1.816 1.35 1.751 1.375 1.536 0 0 52.818
1 ARD 650 78 36.5 2 3 0 TS 1.512 3.921 1.465 3.122 2.191 2.086 55.347
1 ARD 500 76.6 36 1 1 1 TS 1.086 2.439 1.145 3.11 1.066 0.868 0 0 59.239
1 ARD 620 79.6 36.1 3 3 0 TS 1.06 2.408 1.222 2.428 2.666 2.623 0 0 63.292
1 ARD 640 76.9 37 2 3 0 TS 1.697 2.127 1.555 1.757 1.729 1.714 0 0 69.67
1 ARD 500 76.9 35.3 2 3 0 TS 1.12 1.566 1.253 1.587 1.259 1.291 1 0 70.374
1 ARD 540 79 37.3 2 2 1 TA 1.322 2.532 1.257 2.2 1.312 1.338 0 0
1 ARD 590 79.8 38 2 3 0.87 TS 1.671 3.199 1.479 2.389 4.266 4.382 0 0
1 ARD 470 75.1 36 1 1 1 TS 1.199 2.707 1.272 2.01 0.74 0.817 0 0
1 ARD 620 80.7 36.8 3 3 0 TS 1.419 3.494 1.47 2.596 2.189 2.257 0 1
1 ARD 420 74.3 35.5 1 1 1 TA 1.208 1.557 1.405 1.651 0.532 0.512 0 0
1 ARD 570 76.3 37 2 3 0 TS 1.069 3.869 1.032 2.622 1.514 1.579 1 0
1 ARD 590 79.5 37.3 2 3 0 TS 1.078 2.152 1.341 2.299 1.476 1.665 0 0
2 BP 650 78.6 35.8 2 3 0 TA 1.622 3.865 1.693 3.062 4.011 4.199 0 3 32.9
2 BP 540 77.7 32.9 2 2 1 TS 1.495 2.975 1.223 2.138 0.419 0.435 0 0 33.038
2 W 690 78.8 35.6 3 3 0 TS 2.111 4.421 2.466 4.182 3.747 4.151 3 4 59.217
2 BP 640 81 35.1 2 1 1 TS 1.296 2.851 1.254 2.273 0.5 0.519 0 0 64.836
2 BP 640 77.1 35.6 2 3 0 TS 2.714 3.529 2.795 3.288 4.732 4.505 2 3
2 BP 580 78.1 34.1 2 3 0 TS 1.734 2.681 1.806 3.211 3.449 3.138 2 3
2 BP 620 78.1 36.9 2 3 0 TS 1.376 2.866 1.412 2.817 4.123 3.845 2 3
2 BP 630 78.5 35.4 2 3 0 TS 1.606 2.483 1.772 2.446 2.821 2.565 1 1
2 BP 660 78.1 36 3 3 0 TS 2.547 4.592 2.495 4.562 4.444 4.719 1 3
2 BP 650 77.8 34.9 3 3 0 TS 1.701 4.691 1.753 4.067 4.606 4.586
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Appendix 8.4 (contd.)

2 BP 630 78.3 35.2
2 BP 610 79 35.2
2 BP 580 77.6 35.7
3 BP 570 77.3 36.8
3 BP 620 81.3 36.5
3 BP 610 80 36
3 BP 720 82.7 38.6
3 BP 650 80.7 37.7
3 BP 590 77.5 37.4
3 BP 600 38.9
3 BP 550 78.3 37.5
3 BP 600 80.9 37.4
3 BP 620 78.4 37.9
3 BP 550 80 37.9
3 BP 580 79.3 38.6
4 ARD 600 75.9 47.5
4 ARD 500 77.4 38
4 ARD 630 80.1
4 ARD 630 78.1 37.4
4 ARD 610 36.7
4 ARD 590 80.3 36.5
5 ARD 410 78.1 36.7
5 ARD 500 76 37
5 ARD 520 73.6 36.9
5 ARD 490
5 ARD 460 74 36.2

CM 3 0

2 3 0

3 3 0

Br LK(g) LK + F(g) RK(g) RK + F(g) LT(g) RT(g) LSp RSp Stomach (g)
TS 1.589 2.493 1.697 2.611 3.588 3.864 4 4
TS 1.839 2.826 1.975 2.972 4.119 4.361 3 4
TS 2.172 2.9 2.098 2.735 3.208 3.131 4 5
TS 1.76 2.2 1.73 2.05 3.47 3.62 0 1 36.88
TS 1.85 2.26 1.95 2.29 2.86 2.96 2 2 37.89
TS 1.57 1.95 1.59 1.76 1.98 2.01 1 2 37.91
TS 2.17 3.98 1.91 2.96 3.87 3.84 2 1 42.7

2.23 3.08 2.13 2.52 2.9 2.89 44.36
TS 2.74 2.22 1.86 2.31 2.9 2.95 49.4
TS 1.38 1.45 1.37 1.52 2.66 2.54 0 0 50.15
TS 1.64 1.7 1.71 1.79 3.83 4.05 1 1 50.56

1.96 2.42 1.92 2.11 1.93 1.86 65.21
1.59 2.07 1.52 1.78 2.36 2.39 0 0 70.98

TS 1.75 1.91 1.88 2.01 1.65 1.73 0 0 76.03
1.64 1.86 1.5 1.73 2.18 2.27

TS 2.17 2.62 2.28 2.66 3.96 3.54 4 3 13.7
TA 1.88 2.19 1.9 2.2 3.01 3.02 3 2 22.26
TA 2.45 2.79 2.55 2.89 2.59 3.13 3 4 27.71
TS 2.04 3.78 2.04 2.28 2.94 2.79 3 2 32.98
TS 2.14 2.41 2.19 2.36 3.44 3.61 4 4 37.77
TS 2.49 2.86 2.83 1.73 1.71 0 0 42.99
TA 0.96 2.52 0.89 1.89 0.41 0.44 0 0 28.2
TA 1.06 1.41 1.14 1.48 0.35 0.41 0 0 44.89
TA 1.26 2.74 1.44 2.56 0.52 0.54 0 0 51.87
TA 1.19 1.77 1.3 1.68 0.5 0.54 0 0 61.46
TA 1.33 2.07 1.2 1.73 0.14 0.14 0 0 64.34
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Appendix 8.4 (contd.)
Cull Area Wt (g) Shin (mm) Head (mm) Teeth Epiph Pelage Br LK(g) LK + F(g) RK( g) RK + F(g) LT(g) RT(g) LSp RSp Stomach (g)

5 ARD 570 76.8 TA 1.44 3.26 1.2 2.31 0.36 0.32 0 0 65.43
5 ARD 430 TA 0.94 1.17 1.06 1.24 0.14 0.13 0 0 68.57
5 ARD 530 76.5 37.1 TA 1.14 1.51 1.2 1.43 0.29 0.3 0 0 68.72
5 ARD 650 78.2 38.7 TS 1.14 1.47 1.17 1.38 3.36 0.73 4 2 70.21
5 ARD 620 79.2 37.8 TS 1.85 2.25 2.22 2.62 1.21 1.22 0 0 105.53

Appendix 8.4 Body n\easurements, age profile, body condition and breeding data for male squirrels removed during the culls. (Wt 
= Total body weight; Shin = Length of shin-bone; Head = Head width; Teeth = Age according to cementum lines of teeth; Epiph = 
Age category according to degree of epiphyseal closure; Pelage = Ratio of pelage hairs which were classed as juvenile; Br = Testes 
abdominal (TA) or testes scrotal (TS); L K = Left kidney weight; L K + F = Left kidney and associated fat total weight; R K = Right 
kidney weight; R K + F = Right kidney and associated fat total weight; LT = Left testis weight; RT = Right testes weight; L Sp = Index 
of sperm from left testes; R Sp = Index of sperm from right testis)


