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Sum m ary

About a dozen grey squirrels were in troduced  to Castleforbes, Co. 

Longford in 1911 and  have since expanded the ir range, a lm ost exclusively 

to counties e as t of the  Shannon , a t a  m ean ra te  of 1 .94km /year.

The m olecular ecology of the  grey squirrel in Ireland w as studied by 

analysing 5 m icrosatellites in 7 populations th roughou t its range. Overall 

m ean observed heterozygosities and  m ean expected heterozygosities were 

0.63 and  0.61 respectively. No evidence of inbreeding w as detected  in any 

population. Differences in allele frequencies over all seven populations 

were significant (P<0.001). Overall differentiation betw een the  seven study 

sites w as m oderate ( F st  = 0.10). F st  values were low betw een th e  adjacent 

sites of Clongowes Wood, M ountarm strong and  the  K Club (pairwiso F st  

0.02-0.03). Isolation by d istance was significant over all 7 populations 

(Mantel test, r  =0.79, P<0.001). There w as a sh a rp  d iscon tinu ity  in allele 

frequencies acro ss the  River Boyne betw een Castle Leslie and  B eau Parc, 

which m ay indicate th a t the  River Boyne is a barrie r to d ispersal in grey 

squirrels. The Irish  grey squirrel population  is not panm ixic, bu t is 

significantly d ifferentiated into subpopu la tions a t both  a  local and a 

national scale. S ignificant evidence for recen t population  bottlenecks was 

found in Castle Leslie and  M ount Ju ile t. Evidence for sex biased  breeding 

d ispersal w as significant. No evidence for sex biased  na ta l d ispersal was 

detected.

Grey squ irre ls in 3 s tudy  sites su rround ing  Clongowes Wood were trapped 

and tagged in spring  from 2003-2005. Three 14 day culls were conducted 

in Clongowes Wood in April, Ju n e  and Ju ly  2003. Population recovery was 

m onitored in Clongowes Wood in February  and  Ju n e  of 2004-2005 by 

trapping. Only 1 tagged im m igrant grey squirrel w as detected on the study  

site from 2003-2005 . Beech m ast w as generally m oderate-good in 2003 

and poor in 2004. 5 m icrosatellites were analysed  for all individuals as 

before. A paren tage  analysis to detect direct d ispersal w as unsuccessfu l.



On an  unroo ted  UPGMA tree of Nei's genetic d istance  for all populations 

in all years, the  Clongowes Wood populations of 2003-2005  partitioned 

together 86 percen t of the  time, following 1000 boo tstrap  replicates of the 

allele frequencies da ta . Population recovery over a  two year period was 

predicted by an  individual based  model, incorporating  high fecundity and 

low m ortality, an d  could be achieved w ith or w ithout im m igration. Overall, 

the  d a ta  suggest th a t the  Clongowes Wood popu lations of 2004 and  2005 

are derived largely from survivors of the  cull in 2003 and  not from 

im m igrants from su rro u n d in g  study  sites.

A d istribu tion  survey of grey squirrels w as conducted  by contacting 

in terested  parties  - conservation rangers, foresters, gun  club m em bers 

etc.- m ainly by phone, and  a questionnaire  com pleted to determ ine range 

expansion in the  Republic of Ireland since 1995. 233 responses were 

obtained. Only first h an d  or second h and  inform ation w as used. Physical 

evidence of grey squ irre ls p resence (trapped, shot, roadkill or in hairtubes) 

w as sought. Since 1995, grey squ irrels have expanded into Wicklow, 

Wexford, sou th  T ipperary, no rth  W aterford, east Donegal with 

unconfirm ed repo rts  in no rth  Cork, east Limerick and  no rth  Roscommon.

Grey squirrel se rum  w as tested  for squirrel poxvirus (SQPV) for 205 

individuals from 5 populations th roughou t its range. SQPV w as absen t 

from one popu lation  in the  sou th . Seroprevalence ranged from 27-60%  in 

the  o ther 4 populations. The rate  of decline in red squirrel d istribution  

w as calculated, by different m ethods, from 1950-1995 a t 62km 2/year and 

from 1911-1995 a t S lk m ^/y ear. These ra te s  of declines are com parable 

w ith C um bria (76km 2/year) and  Norfolk (92 km ^/year) w here SQPV is also 

p resen t. In Scotland and  Italy, where SQPV is absen t, ra te s  of decline 

were 4.4 km ^/year and  3.6 km ^/year.
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1. In troduction

1.1 Non-native species

Non-native species are those th a t have been moved outside their norm al 

geographic range via h u m an  activities. Those non-native species th a t 

have a  clear ecological or economic im pact are also described as invasive 

species, a lthough  the  term s are often u sed  in terchangeably  (Cassey et 

ah, 2005).

Ecologists describe biological invasions as a  series of stages: (1) 

tran sp o rt -  the  u p tak e  of a  species from its native range and tran sp o rt to 

the new environm ent; (2) in troduction  -  the  release or escape from 

captivity; (3) estab lish m en t - the  tran sition  from released or escaped 

individuals to a  se lf-sustain ing  wild population; (4) spread - the 

expansion of geographical range beyond the  poin t of estab lishm ent; (5) 

im pact - these  m ay be ecological a n d /o r  econom ic im pacts which vary 

from low to high (Williamson, 1996; Lockwood, 1999; B lackburn  and 

D uncan, 2001b, Kolar and  Lodge, 2001; Forsyth et a l ,  2004; Lockwood 

et a l ,  2005; Je sc h k e  and  Strayer, 2005).

The in troduction  of non-native species can  be divided into three broad 

categories (1) deliberate  in troductions for aesthe tic  reasons, to control 

pests , for com m erce, food, hu n tin g  or sport (2) acciden tal in troductions, 

often tran sp o rted  w ith cargo and  goods and  (3) in troductions which had  

a  lim ited pu rpose  b u t escaped from inadequate  biological or physical 

con ta inm en t (Levin, 1989). Many in troduced  species fit into several 

categories. Some in troductions of the  house  sparrow  {Passer domesticus) 

m ay have been  deliberate, notably  to control the  canker worm in the 

United S ta tes, b u t m any  were for purely aesthe tic  reaso n s (Roots, 1976). 

The acciden tal in troduction  of the brown treesnake  {Boiga irregularis), 

from New G uinea to G uam  which h as  led to the  extinction of the 

m ajority of th e  is lands endem ic b irds and  m am m als species (Fritts and 

Rodda, 1998). The escape of North Am erican m ink {Mustela vison) from

1



confinem ent on m ink  farm s h as resu lted  in popu lations estab lish ing  in 

Sweden, Norway, D enm ark, Iceland, Ireland, Finland and  G reat B ritain 

(Long, 2003). They are now found in m ost coun ties in the U.K. and  are 

th rea ten ing  the  long-term  survival of the  w ater vole (Arvicola terrestris) 

(Bonesi an d  Palazon, 2007).

W illiamsom (1996) noted  th a t m ost non-native  species th a t have an  

opportun ity  to move to the  next stage of invasion do not do so. He 

suggested th a t an  average of only 10% of non-native  species successfully  

move from one invasion stage to the next and  called th is  p a tte rn  the  

Tens Rule. D ata h a s  been gathered w hich roughly fits the  Tens Rule, for 

p lan ts  (Lonsdale, 1999; W illiamson and  Fitter, 1996) and  invertebrates 

(Boag and  Yeates, 2001). However, Je sch k e  and  S trayer (2005) exam ined 

d a ta  for all fish, bird and  m am m al in troduc tions betw een North 

Am erican an d  E urope categorised by taxon. M ean estab lishm en t success 

and  m ean sp read  su ccess  both exceed 50% indicating  th a t non-native 

verteb ra tes are  m ore likely to establish  and  sp read  th a n  predicted by the  

Tens Rule.

Cohen an d  C arlton  (1998) found th a t non-native species have been 

arriving an d  estab lish ing  a t an  accelerating rate , particu larly  in the  las t 

35 years, in a  s tu d y  of aquatic  organism s (plants, p ro tis ts , invertebrates, 

vertebrates) in troduced  to San Franciso Bay e s tu a ry  betw een 1850- 

1995. Lockwood et ah, (2005) a ttribu te  th is  acceleration  to free trade  and  

globalisation. M oulton et a l ,  (2001) also found an  accelerating ra te  of 

in troduction  of non-native  b irds in troduced  to the  six Hawaiian islands, 

particu larly  from 1900-1975, b u t w ith a  d ram atic  drop in recen t 

decades. M any of the  recen t in troductions in the  Cohen and  C arlton 

(1998) s tu d y  were acciden tal in troductions of sm aller o rganism s while, 

in Hawaii, m ost of the  bird in troductions were deliberate. This suggests 

th a t a  decrease  in the  num ber of deliberate in troductions of larger 

vertebrate  species h a s  occurred in recen t decades due to increased  

aw areness of th e  problem s of invasive species.
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One of the  cen tral questions in invasion biology involves why some 

in troductions succeed and  o thers fail. Several geographic p a tte rn s  in the 

nu m b ers  of non-native  species have been docum ented  in an  a ttem p t to 

answ er th is  question . For exam ple, islands were though t to be more 

invasible th a n  m ain lands, a s they tend  to be m ore isolated environm ents 

with a lower diversity of native species and  it h a s  been docum ented  th a t 

there  are  com paratively m ore non-native species found on islands th an  

m ain lands (Elton, 1958). Similarly, the  New World (Americas) w as 

though t to be m ore invasible th a n  the Old (Europe) (Elton, 1958). For 

Hawaii, New Zealand, A ustralia  and  North Am erica there  is a  strong 

negative rela tionsh ip  betw een percen t of fau n a  th a t is com prised of 

estab lished  exotics an d  the  num ber of native species (Brown, 1989). In 

con trast to th is  finding, B lackburn  and  D uncan  (2001b) found no 

relationship  betw een the  num ber of estab lished  non-native b irds globally 

and is lan d /m a in lan d  s ta tu s  w hen the n u m b er of a ttem pted  

in troductions w as controlled for. In troductions tended to be 

concen tra ted  in relatively few, predom inantly  tem perate  and  island, 

locations. Sim ilarly, Je sch k e  and  S trayer (2005) found no difference in 

invasion success betw een North America and  Europe (New World and 

Old) and  noted  th a t the  charac teristics of the  species and locations 

chosen for in troduc tions were not represen tative  of species and locations 

in general. This fact lim its the ability to draw  general conclusions from 

historical records, and  generates problem s of confounding and  n o n 

independence in sta tistica l analyses of in troduction  success (Lockwood 

et a l ,  2007).

There is an  increasing  em phasis on the  im portance of in troduction  effort 

(propagule pressure) i.e. the  n u m b er of individuals released (propagule 

size) and  the  n u m b er of release events (propagule num ber) on 

estab lishm en t success (Kolar and  Lodge, 2001; Lockwood et al ,  2005). 

The probability  of successfu l estab lishm en t of exotic b irds in New 

Zealand w as strongly influenced by the  num ber of individuals released 

during  the  m ain  period of in troductions. 83% of species th a t had  more 

th an  100 indiv iduals released w ithin a  10-year period becam e
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established, com pared with 21% of species tha t had less than 100 birds 

released (Green, 1997). Similar findings have been noted for birds in 

A ustralia (Duncan et al,  2001), and globally (Blackburn &, Duncan 

2001a; Cassey et al,  2004a), for ungulates introduced into New Zealand 

(Forsyth 8s D uncan, 2001) and for m am m als in Australia (Forsyth et al, 
2004). Relatively few individuals were required to establish wild 

populations of ungulates in Victoria, Australia. All bu t one release of 

seven or more individuals succeeded, w hereas releases of four or fewer 

individuals always failed. A similar threshold (six individuals) was found 

for New Zealand ungulate introductions implying th a t escape or release 

of ju s t a few of these anim als has a high risk of establishing a population 

(Forsyth et al,  2004). Threshold sizes for successful establishm ent differ 

among taxa. Birds, for example, have a higher threshold than  ungulates, 

requiring the release or escape of considerably more individuals to 

achieve a com parable establishm ent rate (Green, 1997; Forsyth 8s 

D uncan 2001; Forsyth et al,  2004).

In Australia, several of the factors identified as explaining variation in 

the establishm ent of m am m al species also explained variation in the 

establishm ent of bird species introduced to the same region (Duncan et 
al,  2001; Forsyth et al,  2004). For both m am m als and birds in 

Australia, species were more likely to become established if they had a 

greater extent of climatically m atched habitat in Australia, a larger 

overseas range size and if they had been introduced successfully 

elsewhere. Migration also significantly explained establishm ent 

outcom es for m am m als in Australia when phylogenetic relatedness was 

controlled for. Species th a t were non-m igratory in their native range 

were more likely to become established than  were migratory species 

(Forsyth et al,  2004). Migratory s ta tu s failed to significantly explain 

establishm ent outcom es for exotic birds introduced into Australia 

(Duncan et al,  2001) and exotic ungulates introduced into New Zealand 

(Forsyth and D uncan 2001), however it was significant for exotic birds 

introduced into New Zealand (Veltman et al, 1996); and worldwide 

(Cassey, et al,  2004a).
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Several fu rth er corre lates of estab lishm ent success have been identified, 

a lthough  these  alone canno t identify the m echan ism s underlying the 

estab lish m en t p rocess (Martin and  Fitzgerald, 2005). D isturbance was 

positively correlated  w ith the  likelihood of non-native fish estab lishm ent 

in California, particu larly  u rb an  developm ent, aqueducts , w ater 

diversions and  agricu ltu re. However, 8 of the  45 non-native fish species 

in the  s ta te  were negatively associated  w ith d is tu rb an ce  (M archetti et a l ,  

2004). This su p p o rts  the argum en t of Higgins and  R ichardson (1998) 

th a t the  effects of d is tu rb an ce  on non-native species are context specific. 

C assey et a l ,  (2004b) found th a t for parro ts  a  seden tary  lifestyle and 

broad diet were correlated w ith estab lishm en t success. O ther 

corre lations w ith estab lishm en t success include being associated with 

Homo sapiens, for exam ple, the Black ra t {Rattus rattus) and  the Norway 

ra t {Rattus noruegicus), having a broad diet and  being vagile, for 

exam ple, the  coyote (Canis latrans) and  being able to to lerate a  wide 

range of physical conditions. The m osquito  fish (Gambusia affinis) can 

survive in w ater from 6-35°C, w ith extrem e low oxygen concentrations 

and  high salin ities and  because of its u se  as a  biological control agent 

m ay be the  m ost widely d istribu ted  species of freshw ater fish (Ehrlich, 

1989).

C assey et a l ,  (2004a) found th a t the  nu m b er of individuals released 

(propagule size) w as highly correlated w ith alm ost all the other 

explanatory  variab les for estab lishm en t success considered for n on 

native b irds worldwide. This included a  positive rela tionsh ip  betw een 

n u m b er of indiv iduals released and  (i) large body m ass, (ii) high annual 

fecundity  (iii) large geographic range and  (iv) being released  on islands. 

This suggests th a t s tu d ies  th a t have show n a correlation betw een these 

variables and  estab lish m en t success m ay sim ply be reflecting the hidden 

effect of propagule size and  not the  proposed effect of the  variable itself 

C assey et a l ,  (2004a). H um an b ias in choice of release organism  and 

location seem s to drive these  correlations. For exam ple, governm ent 

agencies in New Z ealand and  A ustralia  have in troduced  several large
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bodied gam e b irds in  high num bers. Species w ith high a n n u a l fecundity 

and  large geographic range m ay be cap tu red  more easily and  in greater 

n u m b ers  for in troduction  a ttem pts. Acclim atization societies formed on 

island  s ta te s  seem  to have been particu larly  deliberate in their efforts 

and  th u s  m ay have released  com paratively m ore individuals th an  their 

m ain land  co u n te rp a rts  (Lockwood et ah, 2007).

Biotic in te rac tions su ch  as com petition, p redation  and  m utualism  m ay 

res is t or facilitate estab lishm en t and spread . Predation by the native red 

rock crab (Cancer productus] has prevented the E uropean  green crab 

(Carcinus maemas) from establish ing  along the  pacific coast of Oregon, 

USA (Hunt and  Y am ada, 2003). In con trast, the non-native bluegill 

sunfish  increases the  survival of the tadpoles of the non-native bullfrog 

(Rana catesbeiana), by reducing the  population  size of the  bullfrog's 

p redato rs, dragonfly nym phs, again in Oregon, USA (Adams et a l ,  2003). 

There is no clear p a tte rn  showing a negative rela tionship  between 

species rich n ess  and  non-native species estab lishm en t, although it is 

suggested th a t th is  p a tte rn  m ay operate a t sm all spatial scales. Hooper 

et a l ,  (2005) conclude th a t susceptibility  to invasion by non-native 

species is strongly influenced by species com position and , u n d er sim ilar 

environm ental conditions, generally decreases with increasing  species 

richness. However, several o ther factors, su ch  as propagule p ressu re , 

d istu rbance  regim e, and  resource availability also strongly influence 

invasion su ccess  an d  often override effects of species richness in 

com parisons acro ss  different sites or ecosystem s.

Once estab lished , a  population  m u st grow and  d isperse  in order to 

spread. Caswell et al., (2003) used  sensitivity  analysis to exam ine the 

relative im portance of population growth and  d ispersal in the spread  of 

three bird species, pied flycatcher, Ficedula hypoleuca, starling  S tu m u s  

vulgaris and  sparrow haw k Accipiter nisus. A lthough d ispersal w as more 

im portant for th e  pied flycatcher and the  starling , population growth was 

critical for all th ree . W ith dispersal, the  m ost im portan t factor is long 

d istance d ispersal (Shigesada and  Kawasaki, 1997). Caswell et al.,
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(2003) also found th a t the  10% of individuals who m oved the  furthest 

h ad  the largest single effect on the  spread  of the  th ree  bird species, 

regard less of th e  relative im portance of population  growth or dispersal.

Factors th a t explain the  variation in the  estab lish m en t of non-native 

species m ay also explain their spread. For bo th  m am m al and  bird 

species in troduced  to A ustralia , estab lished  species th a t have spread 

tend  to have a  g reater ex tent of closely clim atically m atched  h ab ita t in 

A ustralia , to have a larger overseas range size, and  to be species of small 

body m ass w ith fast developm ent tim es th a t p roduce m ore broods per 

season  (for birds) or m ore offspring per year (for m am m als) (Duncan et 

at,  2001; Forsyth  et al,  2004).

M any m athem atica l m odels have been developed to describe the 

geographical sp read  of non-native species and  predict fu tu re  spread  (for 

exam ple, grey squ irre ls in Europe; Bertolino et ah, 2008). In developing 

m odels, the  life h istory  or ecological conditions th a t a re  m ost im portan t 

in allowing rap id  range expansion m ay be identified and  the likely 

im pact of control efforts assessed . R ushton  et al,  (2002) modelled the 

im pacts and  cost of two types of grey squirrel control, removal by 

trapp ing  and  im m unocontracep tion , on the  viability of red squirrel 

populations. Removal of by trapp ing  was predicted to lead to red squirrel 

population  persistence  w hereas im m unocontracep tion  w as unlikely to be 

effective. Models th a t co n trast the  effect of rem oving either the 

expanding  edge of large populations, or new satellite populations arising  

from d ispersal, generally find th a t control of satellites is a  better w ay to 

m anage the  sp read  of non-native species (Shigesada and  Kawasaki, 

1997; Taylor an d  H astings, 2004; Bertolino et al,  2008).

With the  sp read  of a  non-native species come potential la rg e - s c a le  

ecological an d  econom ic im pacts. Invasive species are  responsible for 

m ost extinction w here the direct cause  of species extinction is 

identifiable. The single biggest vertebrate  extinction event in recen t 

h isto ry  is the  p robable loss of a t least 200 of the  300 endemic c ic h lid
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species of fish in Lake Victoria as a  resu lt of the deliberate in troduction 

for food of the  Nile perch , [Lates niloticus) in the  m id 1950's (Lowe- 

M cConnell, 1993). Invasive m am m als are  responsible for all b u t one of 

the  n ine know n extinctions of endem ic vertebrate species or sub-species 

from the  is lan d s of northw est Mexico, and virtually all of the avian 

extinctions on Pacific islands have been due to invasive m am m als 

(including Homo sapiens). Globally, a lm ost 20% of vertebrates though t to 

be in danger of extinction are th rea tened  in som e way by invasive 

species (McNeely, 2001).

Ecological im pacts  extend beyond species extinction. In New Zealand 

s tream s, the  p resence of non-native brown trou t h a s  resu lted  in altered 

n u tr ie n ts  budge ts  an d  a  six-fold increase in prim ary production (Huryn, 

1998). H ybridisation betw een non-native m allard duck  and  native 

congeneric ducks, for example New Z ealand’s grey duck  (Anas 

supercilosa supercilosa) and  the Hawaiian duck (Anas wyvillana), m ay 

th rea ten  the  persistence  of these endem ic ducks as d istinct species 

(Allendorf et a l ,  2001). Invasive species m ay also spread  disease and 

parasites . The A ustralian  b rush -ta il possum  h as acted  as a  reservoir for 

the  m ain ten an ce  and  transm ission  of bovine tubercu losis  to dom estic 

cattle  in New Zealand and  also dam ages native forest trees and  p lan ts 

(Arthur et a l ,  2004).

Pim entel et a l ,  (2000) estim ate th a t the  a n n u a l cost of non-native 

species to th e  USA econom y is $136 billion per year; of th is non-native 

m am m als acco u n t for $13 billion, non-native b irds $2 billion and  n o n 

native fish $1 billion. However, economically, some people also benefit 

from non-native  species. The b ru sh  tailed possum  above was in troduced 

to New Z ealand to estab lish  a fur trade, and  w ith fewer com petitors, 

p reda to rs an d  parasites , h as reached densities 10 tim es th a t in 

A ustralia . This h a s  proved to be a  benefit to the fur industry , albeit a t a 

m uch  g rea ter cost to the  New Zealand econom y (McNeely, 2001).
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1.2 The grey sq u irre l as an  invasive sp ec ies

Squirrel species have been in troduced worldwide several tim es and have 

often proven to be invasive (Long, 2003). In E urope, a p a rt from the grey 

squirrel, th ree  o ther non-native species are a lready  estab lished  with 

m any populations; P a llas’s squirrel {Callosciurus erythraeus), F inlayson’s 

squirrel (Callosciurus finlaysonii) and  the  S iberian  ch ip m u n k  (Eutamias 

sibiricus), all from Asia. In Italy, for exam ple, there  are  a  total of eight 

popu lations of the  above th ree  non-native  species, while in France there 

are ten  popu la tions of E. sibiricus together w ith a  population  of C. 

erythraeus. These an d  o ther populations come from deliberate  release of 

an im als or from escapes from pet shops or private ow ners (Bertolino, 

2008). In A rgentina, the  Asiatic red-bellied beau tifu l squirrel, 

Callosciurus erythraeus, is the  first know n in troduction  of a  squirrel into 

South  Am erica (Guichon and  D oncaster, 2008).

Elton (1958) expected com petitive in te rac tions to act a s  a  strong defence 

against invasion by non-native species. However, in Ireland, B ritain and 

Italy, the  grey squirrel h a s  successfully  estab lished  and  spread  despite 

the  presence of a  congeneric native species, th e  red squirrel, Sciurus 

vulgaris, occupying a  sim ilar ecological n iche. Both grey and red 

squ irre ls in h ab it a  sim ilar range of broadleaved, m ixed and  conifer 

w oodland, w ith grey squ irre ls avoiding spruce  dom inated  m onoculture. 

Both are granivore-herbivores, tree seeds are th e  prim ary  food for both 

species, and  bo th  sca tte rhoard  trees seeds in a u tu m n  and  recover them  

in late w in te r/sp in g  w hen food is scarcer (Moller, 1983). Both have 

sim ilar hom e ran g e /co re  a rea  sizes and  are d iu rn a l w ith sim ilar activity 

p a tte rn s  (Gurnell, 1987; 1990). Fem ales of bo th  species breed once or 

twice per season  and  on average have abou t 3 young per litter (Gurnell, 

1990). Adult survival (-70%  (Gurnell, 1983; 1987)) an d  juvenile survival 

(-15-25%  (Gurnell, 1983; 1987)) are sim ilar in bo th  species and are 

positively correlated  w ith food availability (Gurnell, 1983; G urnell, 1996). 

There are  two m ain  differences betw een the  species besides coat colour. 

Adult greys are  som ew hat heavier th a n  ad u lt red s (adult grey: 4 5 0 -7 lOg
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(Koprowski, 1994); adu lt red 250-400g (Gurnell, 1990). Also, typical 

population densities are considerably higher in grey squirrels (6 per 

hectare in broadleaved woodland (Gurnell, 1987; 1996)) than  red 

squirrels (<1 per hectare in broadleaved/conifer woodland (Gurnell, 

1987), with red squirrels m aintaining greater inter-individual distances 

than  grey squirrels (Wauters and Dhondt, 1992). The grey squirrel has 

slowly replaced the red squirrel in Scotland and Italy, in the absence of 

squirrel pox virus (SQPV), through some form of feeding competition, 

indicating th a t the two species share a similar niche and competitive 

exclusion (Gurnell et ah, 2004a) is occurring. Therefore, in this example, 

the presence of a congeneric native species in a very similar ecological 

niche to tha t required by the invasive species, did not provide the biotic 

resistance necessary to prevent establishm ent and spread.

Grey squirrels became established in Ireland following a single 

introduction of ju s t  12 individuals to one location, Castleforbes, Co. 

Longford (Watt, 1923). As noted above, introduction success is positively 

related to introduction effort. In Britain, grey squirrels were released on 

31 occasions and in 24 cases the population increased in size; in 11 of 

these cases, less than  ten individuals were released (Laidler, 1980). In 

Italy, three out of four introductions with 4-6 anim als were successful 

(Bertolino and Genovesi, 2003). Therefore, as with other examples of 

invasive m am m als, the release of a relatively small num ber of 

individuals can have high probability of successfully establishing a 

population.

Grey spread population growth and spread in Ireland has been similarly 

successful. W att (1923) noted tha t in Castleforbes estate in 1919, 8 

years after their introduction, ‘over three hundred were killed in the 

course of the year’. The rate of early dispersal given by Watt (10 miles in 

12 years or 1.33 km /year) is consistent with later data  given by 

OTeangana et a l,  (2000) who calculated a mean dispersal rate for grey 

squirrels ;n Ireland from 1911-1997 of 1.94 km /year and a two 

dimensional diffusion coefficient of 1.15 km^/yr. In England, the pattern
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of grey squirrel spread in England has been described as random  

dispersal, with occasional major advances. The recorded mean rate of 

spread was 7.7 km /yr, while the two-dimensional diffusion coefficient 

was 17.9 km ^/yr (Williamson and Brown, 1986). As grey squirnjlsi were 

successfully introduced to many locations in Britain their mean rate of 

spread is greater than  in Ireland. Comparable data  a re  not available for 

Italy, bu t estim ations from range size and num ber of years present gives 

a range increase of 17.2 km ^/yr (Bertolino and Genovesi, 2003).

The characteristics th a t predicted successful b ird  and raammal 

establishm ent and spread in Australia (Duncan et a t ,  2001; Forsyth et 
al, 2004) are found in the successful establishm ent and  spread of the 

grey squirrel in Ireland. Grey squirrels occupy a large native range 

(eastern and m idwestern United States and to the sou therly  poitions of 

the eastern  provinces of Canada) (Gurnell, 1987). Closely cliniatically 

m atched hab ita t i.e broadleaved and mixed woodland in a temperate 

climate is found in Ireland (NPWS/EHS 2008). G rey squirrels have 

small body m ass (less than  710g), with fast developm ent times (s>exual 

m aturity a t about 12 months), can produce m any offspring per year 

(may breed twice in one season producing on average 3 young per litter) 

and are non-m igratory (Gurnell, 1990; Koprowski, 1994). In addition, 

grey squirrels have a broad diet within woodlands (Moller, 1983; Qurnell, 

1983), which Cassey et ah, (2004b) found to pred ict establ.shm ent 

success in parro ts worldwide.

Similar to other invasive species, grey squirrels have significant 

ecological and economic im pacts. The grey squirrel is replacing th e  red 

squirrel in Ireland (O'Teangana et al,  2000), B ritain  (Gurnell and 

Pepper, 1993) and Italy (Bertolino and Genovesi, 2003. This 

replacem ent appears to occur in two ways. Firstly, through a slow 

process of competitive exclusion (Gurnell et al, 2004a), arising from 

some type of feeding competition. Secondly, grey squirrels :a rry  a 

pathogen, squirrel poxvirus, which they are im m une to bu t vh ich  is 

lethal to red squirrels (Sainsbury et al, 2000) and whichi leads '.o a much
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more rap id  rep lacem en t of reds by greys (Rushton et al,  2006). They 

cause econom ic dam age to forestry by stripping the  b a rk  of broadleaved 

trees and  chew ing the  underlying vascu lar tissue . Although generally 

fewer th a n  5% of dam aged trees die, m any m ore have degraded tim ber 

value th rough  ro t and  broken tops (Pepper and  C urrie, 1998). Typical of 

o ther invasive species, predation  h as  little im pact on population 

dynam ics (Gurnell, 1990). Control is p ractised  by w arfarin poisoning, 

trapp ing  and  shooting  to reduce dam age to trees locally b u t little long

term  im pact on population  sizes (Pepper and  C urrie, 1998).

1.3 Report outline

Once estab lished , th e  vagility of a  non-native species is critical to the 

rate  and  extend of its  spread , and  consequently  to its im pact. Vagility 

can be defined a s  'the inheren t power of m ovem ent possessed  by 

individuals' (Allaby, 1994). Movement takes different form s (Dingle, 

1996), for exam ple d ispersal, m igration, exploration etc., and  h as both 

d istance and  frequency com ponents (Carr and  Fahrig, 2001). This report 

will focus on the  vagility of the grey squirrel, w ith an  em phasis on 

d ispersal m ovem ents and  gene flow, th rough  stu d ies  of population 

genetic s tru c tu re  (chapter 2), control (chapter 3) and  range expansion 

(chapter 4). Finally, it deals with the effects of th is  vagility and  the 

presence of a  le thal pathogen, squirrel pox virus, on the  rate  of decline in 

red squirrel d is tribu tion  in Ireland (Chapter 5).

There h a s  been  virtually  no d a ta  published  describ ing  the m olecular 

ecology, popu lation  genetic s tru c tu re , genetic diversity etc. of non-native 

popu lations of grey squirrels. Most stud ies have concen tra ted  on the 

genetic diversity of declining red squirrel popu lations and  how th is  m ight 

affect th e ir long-term  persistence (W auters et a l ,  1994; B arra tt et al ,  

1999). An analysis of the  m olecular ecology of the  Irish grey squirrel 

population (chapter 2) will enable questions concerning  non-native 

population  estab lish m en t, population s tru c tu re , gene flow and  sex- 

biased d ispersa l to be explored.
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Control of invasive species is difficult and  rarely  successful. A bounty  

schem e to control grey squirrels in B ritain in the  1950’s, m ade no 

significant im pact on grey squirrel popu lations and  w as considered 

ineffective (Sheail, 1999). In individual w oodlands grey squirrel 

population recovery occurred  in 6-10 w eeks following control by trapping  

(Lawton, 1999). The ra ises a  key question  for the  control of invasive 

species. Does control fail because the  control effort is insufficient or 

because d ispersal of individuals from ad jacen t populations into the 

control a rea  (the vacuum  effect) negates the  effect of the control? 

M olecular genetic d a ta  will be u sed  to resolve th is  question  by identifying 

individuals found in the  study  a rea  following control as being either 

residen ts of the  study  a rea  or im m igrants from su rround ing  populations.

Reilly (1997) m apped the  grey squirrel invasion of the  Republic of Ireland 

by m eans of a questionnaire  based  d istribu tion  survey. This d istribu tion  

m ap requ ires u p d a tin g  to determ ine the ex ten t of recen t grey squirrel 

range expansion. This is for two reasons. F irst, to determ ine if grey 

squirrels have encroached  on im portan t red squirrel populations, 

particu larly  w est of the  River S hannon , and  second to a lert foresters to 

those a reas  w here grey squ irrels pose a  new th rea t to broadleaved 

forestry (chapter 4).

Neither grey no r red squ irre ls in the  Republic of Ireland have been tested  

for squirrel pox v irus (SPV), nor h a s  SPV d isease been reported clinically 

for either species. Yet the  tran sm ission  of SPV from grey squirrels to red 

squ irrels is now believed to be the  prim ary  cause  of the  rapid decline in 

red squirrel d istribu tion  in England and  W ales, com pared to the  more 

g radual decline in red squirrel d istribu tion  in Scotland and  Italy, where 

SPV is a b sen t (R ushton et al, 2006). SPV is p resen t in grey squirrels in 

N orthern Ireland. The presence or absence of SPV in the  Republic of 

Ireland, the  ra te  of spread  of grey squ irrels and  the associated  the  rate  of 

decline in red squirrel d istribu tion  m u st be determ ined to dem onstra te  

the urgency of the  th re a t to red squ irrels in Ireland (chapter 5).
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2. M olecular E cology o f  th e Irish Grey Squirrel {Sciurus 

carolinensis) Population

2.1 .1  Molecular genetic analysis o f non-native species

M olecular genetic analysis of non-native species can  provide valuable 

inform ation ab o u t the  source and  genetic diversity of non-native 

populations, the  size and  frequency of in troductions (Kolbe et a l ,  2004), 

the  p a tte rn  of sp read  (Stone and  S u n n u ck s, 1993), even the 

identification of the  non-native species itself (Collins et a l ,  2002). This 

inform ation, w hich is im portan t to prevent fu rth er in troductions (Kolbe 

et al., 2004) and  develop effective m ethods of control (Robertson and 

Gemmell, 2004), is often difficult to observe directly in the  field. It is also 

som etim es essen tia l to d istingu ish  betw een native species and  native- 

invasive hybrids (Spruell et a l ,  2001).

The size and  frequency of in troductions, and  the  source and  genetic 

variability of a  non-native species, m ay influence invasion success. 

Genetic analysis of m itochondrial DNA of brow n anole (Anolis sagreij in 

Florida reveals h igher levels of genetic variation th a n  found in native 

populations. It suggests th a t the  brown anole w as in troduced  to Florida 

on a t least eight independen t occasions from across the  lizard 's native 

range in the  C aribbean Islands (Kolbe et a l ,  2004). Recently in troduced 

brown anole popu lations worldwide originate, not from the  C aribbean 

Islands, b u t from Florida and  some have m ain tained  these  high levels of 

genetic variation. In con trast, o ther non-native populations have 

estab lished  and  spread  despite  having m uch  lower genetic diversity th an  

popu lations in th e ir native range and  despite som e degree of inbreeding, 

for exam ple, the  com m on m yna {Acriotheres tristis) in troduced into New 

Zealand, A ustralia , Fiji, Hawaii and  South  Africa from so u th eas t Asia 

(Baker and  Moeed, 1987).

A broad  survey of the  lite ra tu re  on the genetic diversity of non-native
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popu lations suggest th a t in m any cases non-native populations loose 

very little genetic diversity (Wares et a l, 2005). Where source 

popu lations show  a  high level of genetic struc tu re , and in troductions are 

m ade of indiv iduals from across th is source population, then  the 

resu lting  popu lation  adm ixture will have greater genetic diversity th an  

the  native source populations (Lockwood et a l , 2005). Merila et a l ,  

(1996) found h igher genetic diversity in in troduced populations of 

greenfinch (Carduelis chloris) on New Zealand th an  in native 

populations. B aker (1992) reported th a t chaffinches from 8 populations 

in New Z ealand have an  average heterozygosity significantly greater th an  

10 native E uropean  populations. Only if a  population bottleneck is very 

severe will significant loss of average heterozygosity occur, a lthough rare  

alleles will be lost. For example, a  population bottleneck of 10 

individuals, w ith an  in trinsic  rate  of growth n ear 1, is predicted to 

experience very little reduction in average heterozygosity (Nei et a l ,  

1975).

The p a tte rn  of genetic differentiation found across an  invasive species 

range can  provide inform ation on its spread. Stone and  S un n u ck s (1993) 

have described  the  invasion of northern  and w estern  Europe by the 

gallwasp A ndricus quercusalicis. Populations fu rth e r from the native 

range show  reduced  allelic diversity and heterozygosity. This suggests 

th a t th is  species h a s  experienced a series of bo ttlenecks over the  last 

300-400  years a s  it sp read  th roughout Europe following a stepping- 

stone process.

Genetic analysis m ay be necessary to identify the  non-native species 

w ith a  genus. Collins et a l ,  (2002) sam pled four locations in Florida and  

Georgia an d  found th a t these non-native populations of Asian swam p 

eels (genus Monopterus) were genetically d istinct, rep resen ting  two and 

possibly  th ree  different species, from three d istinc t source populations. 

G enetics m ay also allow the detection of a  non-native m orph th a t is 

conspecific w ith a  native species. G enner et a l,  (2004) detected a  non-
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native m orph from so u th eas t Asia of the  gastropod Melanoides 

tuberulata  in Lake Malawi, Africa, which is sym patric w ith indigenous 

form s of the  sam e species. This non-native m orph w as not p resen t in 

h istorical collections and  ap p ea rs  to be sp read ing  rapidly and  replacing 

the  indigenous form.

The loss of native cu tth ro a t tro u t by hybrid isation  w ith in troduced 

rainbow  tro u t h a s  been recognised for over 75 years as a m ajor th rea t in 

w estern  USA (Allendorf and  Leary, 1998). Likewise hybrid isation  of bull 

tro u t and  in troduced  brook tro u t is a  m ajor th rea t to the  persistence of 

bull tro u t (Spruell et a l ,  2001). Genetic analysis of hybrids and  

hybrid isation  is based  upon  diagnostic loci th a t  are fixed or nearly  fixed 

for different alleles in two hybridising popu lations (Cornuet et a l ,  1999). 

Genetic analysis h a s  been u sed  to identify pu re  bull tro u t found in a 

single stream  in C rater Lake National Park Oregon. These were removed, 

held in h a tcheries  and , following chem ical trea tm en t of the ir stream  to 

kill all brook tro u t and  hybrids, re tu rn ed  to th is steam  and  have 

increased  in a b u n d an ce  and  d istribu tion  (Spruell et al., 2001).

M olecular genetic techn iques m ay be applied to questions relating to the 

general ecology of native and  invasive species. Q uestions relating to 

population  genetic s tru c tu re , d isp e rsa l/g en e  flow, reproductive 

stra teg ies, re la ted n ess and  kin selection etc. m ay best be answ ered 

u sin g  genetic techn iques (G rapputo et al., 2005; Lizarralde et a l ,  2008; 

Reitzel et a l ,  2008). For exam ple, Fleischer et a l ,  (2008) studied  the 

increase  in com m on raven [Corvus corax) populations in Mojave Desert 

regions of so u th e rn  California and  Nevada. P a tte rn s of m ovem ent 

inferred from genetic d a ta  suggested th a t im m igration in to  the West 

Mojave D esert w as from so u thern  California an d  the  C entral Valley while 

im m igration into the  E ast Mojave D esert w as from n o rth ern  Nevada.

U nderstand ing  the  m olecular ecology of in troduced  species m ay not be 

necessary  for th e ir m anagem ent and  control. A policy of 'Shoot first, a sk
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questions later' is in agreem ent with basic population  biology. The best 

way to reduce  the  probability  th a t a  non-native species becom es invasive 

is to elim inate it before it becom es a b u n d a n t and  w idespread (Simberloff, 

2001). However, once established , genetics can  be used  to identify 

isolated reproductive u n its  th a t are appropria te  u n its  for eradication on 

the  basis  of p a tte rn s  of genetic divergence (Calmet et al, 2001; 

R obertson an d  Gem mell, 2004). E radication of invasive species, where 

possible, is a  valuable tactic in resto ra tion  (Myers et al, 2000). 

Successful e rad ica tion  requ ires a  low risk  of recolonisation a s  found in 

isolated island  popu lations or populations lim ited to isolated 'hab ita t 

islands'. However, o ther islands or regions th a t have no barriers 

betw een popu la tions are  more problem atic. The eradication of a portion 

of a  population , or a  sink  population from w ithin an  unidentified source- 

sink  dynam ic, re su lts  in rap id  recolonisation and  a  w aste of resources 

(Myers et al,  2000). Robertson and  Gemmell (2004) exam ined two 

populations of brow n ra ts  separated  by a  glacier on South  Georgia and  

showed there  w as lim ited or negligible gene flow between the 

populations. The erad ication  of ra ts  from the entire  island  is a  daun ting  

ta sk  because  of its size. However d iscrete  populations could be 

considered a s  erad ication  u n its  and  eradication  proceed sequentially 

w ith low risk  of n a tu ra l recolonisation (Robertson and  Gemmell, 2004).

2 .1 .2  H ypotheses

12 grey squ irre ls were in troduced  into Ireland in one in troduction event 

from W oburn Abbey, UK (Watt, 1923). The popu lation  a t W oburn Abbey, 

UK w as derived from 10 individuals in troduced  from the USA in 1890 

(Shorten, 1954). It w as hypothesised th a t the  genetic diversity of the  

Irish grey squirrel population  would be less th a n  th a t of grey squirrels in 

the U.K and  less also th a n  native squirrel popu lations worldwide. It was 

also hypothesised  th a t  inbreeding would be evident in the Irish grey 

squirrel population  given the  sm all n u m b er of initial founders. The 

im portance of genetic diversity and  inbreed ing  to the successful
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estab lish m en t and  sp read  of invasive species will be d iscussed  in 

relation  to the  findings.

Grey squ irre ls are  highly dependen t on w oodland h ab ita t and 

popu lations m ay be partially  isolated by physical b arrie rs  (rivers or 

u rb a n  areas) or deforested a reas w ith few corridors for d ispersal. While 

the  grey squirrel is a  vagile anim al, d a ta  in the  lite ra tu re  on dispersal 

d istance  and  frequency is som ew hat contradictory . For exam ple, Taylor 

et a l ,  (1971) suggest th a t d ispersal is u sua lly  lim ited to abou t 1.5km or 

less, w ith occasional longer d istances (5km) moved, while Lawton and 

Rochford (2007) suggest th a t m ovem ents over longer d istances (>2km) 

can  co u n te rac t the  effects of control w ithin 6-10 weeks. It was 

hypothesised  th a t population  genetic s tru c tu re  would be significant a t a 

na tional scale (at d istances greater th an  70km) b u t a t a  local scale (at 

d is tan ces less th a n  3.5km ) popu lations would be effectively panmixic.

Isolation by d istance  (IBD), a  correlation betw een genetic differentiation 

and  geographical d istance  (Wright 1969), h a s  been invoked to suggest 

th a t geographical d istance  alone could explain genetic s tru c tu re . Slatkin 

(1993) theoretically  show ed th a t, in a  species expanding its range to a 

new  h ab ita t, IBD should  be low a t first and  a tta in ed  a t short 

geographical d istances, th en  increase  progressively over larger 

geographical d is tan ces w hen sufficient tim e h a s  elapsed  for p a tte rn s  to 

be estab lished  and  stabilized. However, IBD m ay also depend on the 

scale of analysis and  m ay not accoun t for the  effect of physical barriers, 

for exam ple rivers. So, depending on the tim escale covered by the  genetic 

m arker, the  im pact of recen t and  h istorical events, the  scale of analysis 

an d  the  p resence of potential barrie rs , different outcom es can  be 

expected (Trizio et ah, 2005).

Following in troduction , the  Irish grey squirrel population  expanded 

rapid ly  (Watt, 1923) and  d ispersing  individuals estab lished  populations 

th ro u g h o u t the  n o rth , east and  sou th  in the  su b seq u en t 100 years
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(Stelfox, 1927; Moffat, 1938; H enderson, 1947; Shorten, 1953, Jack so n , 

1961; N ational Parks and  Wildlife Service, 1973, Crichton, 1974; Ni 

L am hna, 1979; Reilly, 1997; O 'Teangana et at,  2000; O’Neill and  

M ontgomery, 2003). Only the  River S hannon  and  the S hannon callows 

have acted  a s  a  b a rrie r to the spread  of the  grey squirrel w estw ards 

(O 'Teangana et al,  2000). Given th is  generally successfu l spread, it w as 

hypothesised  th a t  the  p a tte rn  of genetic diversity would be m ainly 

determ ined by equilibrium  between gene flow and  genetic drift and  th a t 

IBD would be expected to be strong and  significant over local and  

national geographical scales. However, if recen t founder 

e ffec ts/bo ttlenecks and  d isrup tion  to gene flow have had  an  additional 

im pact on the  p resen t genetic s tru c tu re  of squirrel populations, a  

complex d istribu tion  of genetic variability is expected and  IBD will not 

fully explain the  population  stru c tu re  (Trizio et al,  2005).

Clobert et al, (2001) broadly  define n a ta l d ispersal as the  m ovem ent of 

an  individual betw een the  nata l a rea  or social group and  the a rea  or 

social group w here breeding first takes place and  breeding d ispersal as  

the  m ovem ent of an  individual between two successive breeding areas or 

social groups. This definition is useful as it requ ires a  sta tem ent of w hat 

type of d ispersal we w ish to m easure and  w hat sam pling strategy and  

sta tistica l tools we need to m easure it. O ther au th o rs  describe these  

types of d ispersal m ore generally as sho rt d istance  dispersal and  long 

d istance  d ispersal, for exam ple. Gull (1977, in G urnell, 1987).

D epending on a  species life history stra tegy  the  costs and  benefits of 

d ispersal are  expected to affect the sexes differently. This m ay lead to a 

sex b iased  d ispersa l p a tte rn . M ale-biased d ispersal is m ore com m on in 

m am m als an d  fem ale biased d ispersal m ore comm on in birds 

(Greenwood, 1980) b u t m any exceptions to th is  general ru le exist 

(Lawson H andley an d  Perrin, 2007). Following breeding, female grey 

squ irrels tend  to occupy sm all core a reas  well separated  from other 

fem ales (Gurnell, 1987). Fam iliarity w ith the  na ta l area would be
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beneficial in selecting a  high quality  hom e ran g e /co re  a reas an d  would 

favour ph ilopatry  in fem ales. The benefits of kin cooperation, described 

by Koprowski (1996), m ay provide fu rther com petitive advantages to 

residen ts  an d  thereby  prom ote philopatry. Inbreeding avoidance is also 

speculated  to be a p rim ary  cause  of sex-biased d ispersal in b irds and 

m am m als (Greenwood, 1980). D ispersal lowers the  risk  of m ating  with 

relatives an d  hence inbreeding depression. Kin recognition could avoid 

the  potential for close inbreeding and  indirectly select for d ispersal in the 

sex (males) th a t less crucially depends on m ain tain ing  high quality  core 

a reas and  social bonds (Lehm ann and  Perrin, 2003). O bservational d a ta  

indicate th a t  both  n a ta l and  breeding d ispersal a re  m ale biased in grey 

squirrels. It w as hypothesised  th a t genetic d a ta  would indicate  likewise.

2 .1 .3  O bjectives

D eterm ine the  level of genetic diversity w ithin and  betw een seven Irish 

popu lations of grey squirrels.

Test for inbreed ing  in Irish grey squirrel populations.

Describe the  population  genetic s tru c tu re  of the  Irish grey squirrel 

population

Test for isolation by d istance  in the  Irish grey squirrel population

Test for population  bo ttlenecks in Irish grey squirrel populations.

D eterm ine if n a ta l d ispersal a n d /o r  breeding d ispersal is sex biased in 

grey squ irre ls
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2 .2  M ethods

2.2 .1  Study areas

Grey squirrel tis su e  sam ples were obtained  from 7 locations in Ireland 

described below listed from no rth  to so u th  (Fig. 2.0). A vegetation survey 

w as conducted  in four woodlands: Clongowes Wood, M ountarm strong, 

the  K Club an d  Loughbollard. Line tran sec ts  were m arked in each 

woodland along stra ig h t line p a th s  or tracks. All tree species of seed 

bearing age visible from the tran sec ts  were identified. This d a ta  was 

used  to estim ate  the  n u m b er and  percentage of each tree species of seed 

bearing  age p resen t in the  woodland and  is p resen ted  in Section 3.3.3 

(Table 3.5a,b).

Portglenone (PG)

Portglenone is a 45 hectare  (ha) woodland ou tside  Portglenone, Co. 

Antrim  (C 98 02). It is divided by the River B ann  and  consists m ainly of 

beech (Fagus syluatica), sycam ore (Acer pseudop la tanus), a sh  (Fraxinus 

excelsior), an d  s ta n d s  of Sitka spruce [Picea sitchensis). Ecological 

evidence th a t  Portglenone h a s  been con tinuously  wooded with m ainly 

native broadleaved trees com es from the species com position of the 

ground flora, su ch  a s  wood anem one (Anemone nemorosa), an  indicator 

of an ancien t w oodland site (The W oodland T rust, 2006).

Castle Leslie (CL)

Castle Leslie e sta te  is located in the  village of G laslough, Co. M onaghan 

(H 72 41) and  co n ta in s a  200 hectare  woodland com posed m ainly of 

m atu re  oak (Quercus sp.) and  beech (Fagus syluatica), in te rspersed  with 

a sh  (Fraxinus excelsior) and  sycam ore (Acer pseudop la tanus). A 5 hectare 

stand  of Norway Spruce (Picea abies) w as p resen t w ithin the  study  site. 

There is little or no ground cover u n d e r the  m atu re  oak, beech or Norway
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Spruce. E lsew here there  w as a  ground layer of nettle  [Urtica dioica), ferns 

(Dryopteris sp.), b ram ble {Rubus fruticosus) an d  grass.

Beau Parc (BP)

Beau Parc e sta te  is m idw ay betw een Navan an d  Slane in Co. M eath. The 

woodland on the  esta te  (N 94 72) form s p a rt of a  larger block of about 

500 hec tares of deciduous woodland, approxim ately  200 years old, 

ru nn ing  along the  so u th  b an k  of the  River Boyne. The woodland is 

m ainly m atu re  beech (Fagus syluatica) and  oak  (Quercus sp.) with some 

sycam ore {Acer pseudoplatanus) and  ho rse  c h es tn u t {Aesculus 

hippocastanum ). There w as a dense layer of bram ble (Rubus fruticosus) 

and  fern (Dryopteris sp.) th roughou t m uch  of the  woodland. M uch of the 

woodland w as p resen t on a  steep bank  sw eeping down to the  River 

Boyne and  w as difficult to access. T raps were placed on a p a th  runn ing  

th rough  the  w oodland on the  top of th is  bank .

Clongowes Wood (CW)

Clongowes Wood is a  12 hectare  woodland (N 87 29), approxim ately 150 

years in age, su rro u n d in g  Clongowes Wood College in C lane, Co. Kildare. 

It is a  mixed w oodland com posed m ainly of beech (Fagus sylvatica) b u t 

also con tain ing  oak (Quercus sp.), yew (Taxus baccata), horse ch estn u t 

(Aesculus hippocastanum ), a sh  (Fraxinus excelsior), hazel (Corylus 

avellana) and  sycam ore (Acer pseudopla tanus). Two 1km rows of limes 

(Tilia X  europaea) line the  avenue to the  college. In roughly half the  

woodland, w here the canopy w as open, there  w as a  dense layer of ferns 

(Dryopteris sp.), b ram ble (Rubus fruticosus) an d  grass.

M ountarm strong  (MA)

M ountarm strong  is a  6 hectare  woodland of m atu re  beech (Fagus 

syluatica), located 1.5km  northw est of Clongowes Wood a t their neares t
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points (N 86 31). There w as some Sitka spruce (Picea sitchensis) in the  

centre  of the  w oodland and an  isolated stand  of 0.5 hectare  of S itka 

spruce a t the  w estern  edge of the woodland. There were few b reaks in 

the  canopy an d  no ground cover. T hroughout the  w oodland the  ground 

w as covered w ith a  layer of old beech m ast.

K Club (KC)

The K Club is approxim ately  2.5 km  east of Clongowes Wood a t their 

n eares t po in ts  (N 91 29) and  4 .5km  east of M ountarm strong. The 

woodland in the  K Club extends around  the perim eter of the golf courses 

and  along the  driveways. This was very mixed woodland consisting of 

both native species; beech (Fagus sylvatica), oak [Quercus sp.), a sh  

(Fraxinus excelsior) an d  hazel {Corylus avellana); m any o rnam enta l 

species su ch  a s  willows {Salix sp.) Ja p an e se  larch  [Larix kaempferi) etc. 

and  a reas  of rhododendron  [Rhododendron ponticum). The study  area, 

located to the  w est of the  estate, w as chosen a s  it consisted  m ainly of 

n a tu ra l w oodland of beech, oak, ash  and  hazel.

Clongowes Wood, M ountarm strong and  the K Club are located in north  

Co. Kildare, sep ara ted  by farm land given over to p astu re . Fields betw een 

the  stu d y  sites tend  to be relatively sm all and  are bounded  by hedgerows 

consisting  m ainly  of haw thorn  (Crataegus spp.) w ith som e ash  (Fraxinus 

excelsior) and  sycam ore (Acer pseudop la tanus). There were no 

co n tinuous tree lines along the  hedge rows or betw een the study  sites. 

One secondary  road  separated  Clongowes Wood from each of 

M ountarm strong  an d  the  K Club and both secondary  roads separa ted  

M ountarm strong  an d  th e  K Club.

M ount Ju lie t  (MJ)

M ount Ju lie t e sta te  is on the edge of Thom astow n, Co. Kilkenny (S 55 

43). It is a  700 hectare  esta te  with approxim ately 100 hectares of m atu re
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ash  (Fraxinus excelsior), oak (Quercus sp.), beech (Fagus sylvatica) and  

sycam ore (Acer pseudoplatanus). There w as a  dense ground layer in 

m ost of the  woodland consisting of nettle (Urtica dioica), ferns (Dryopteris 

sp.), bram ble (Rubus fruticosus) and  grass.
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2.0 Sites where grey squirrel tissue sam ples were obtained for the 

m olecular genetic analysis. Number of sam ples obtained in brackets.

25



2.2.2 Trapping and Sam pling T echniques

In Portglenone, during the spring of 2006, grey squirrels were shot by 

the local wildlife ranger, placed in sample bags and stored at -24° C in a 

freezer. They were collected from this freezer by the author and 

transferred within two hours to a freezer in Trinity College Dublin to 

prevent thawing and degradation of DNA.

In all other locations, grey squirrels were trapped in ‘Albi-Trap humane 

live trap animal cage traps - Mink/Squirrel Trap type 0 0 7 ’ (Albion 

Manufacturing, The Granary, Silfield Road, Wymondham, Norfolk, NR 18 

9AU, Phone:-01953 605983, Fax:-01953 606764, Email:-

sales@ albionmanufacturing.com, www.albionmanufacturing.com). These 

are live catch traps made from 2mm X 2mm galvanised weld m esh with 

a spring operated door activated by a foot lever. The traps are 60cm X 

20cm  X 20cm. A baseboard of 9mm pljrwood m easuring 80cm  X 20cm  

was added to the bottom of each trap and a nest box, also made from 

9mm pl5Twood, m easuring 20cm X 20cm  X 20cm, with a hinge door at 

the back, was placed on the baseboard at the end of each trap. A hole 

m easuring 10cm X 10cm was cut in the m esh at the end of the trap and 

a circular hole of 10cm diameter was cut in the front of the nest box to 

allow the squirrel access to the nest box. After cutting the mesh, the 

sharpened edges were filed to prevent injury to the squirrels. The mesh  

cage was wrapped in black, ‘bin-liner’, plastic in the field to prevent the 

squirrels from being startled by the presence of people in their vicinity. 

The ‘bin liner’ was secured by placing branches and stones on top of the 

trap.

Traps were placed in a woodland following a trapping grid or line at 

intervals of between 25-50 meters depending on the area and shape of 

the woodland, the number of traps available and the ease of access into 

the woodland from woodland paths.
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Traps were p rebaited  every 1-2 days for 5 days using  a  m ixture of 

p ean u ts  and  yellow, whole maize (Power Seeds and Hardware, 

Portglorian, Kilcock, Co. Kildare. Phone: 01 6287541). This involved 

spreading  ba it in approxim ately a 20m  arc a round  each trap  and  placing 

bait w ithin the  trap , w ith the  trap  door locked in the  open position. On 

su b seq u en t p rebaiting  days bait w as spread  in an  ever decreasing arc 

and again w ithin the  trap . Following prebaiting , trap s  were then  set a t 

dawn (or a s  close to daw n as possible) and  bait w as placed on the bait 

tray  a t the  back  of the  trap  and  a  few grains on top of the nest box and 

a t the en trance  to the  trap .

Traps were checked once or twice daily. If a  squirrel was p resen t in a 

trap  it w as app roached  quietly from behind  so a s  not to startle  the 

squirrel. A h ess ian  sack  w as placed over the  nestbox  and  the hinged 

door opened to allow the  squirrel into the sack. The top of the  sack  was 

secured to a  cylindrical m esh  squirrel handling  ‘cone’ u sing  expandable 

bicycle cable tie. The squ irrels was then  allowed to en ter the  cone, the 

base of the  cone w as blocked by hand , the sack  removed and  the 

squirrel secured  in the  cone by inserting  two pens into the m esh  a t base 

of the case  and  clipping the  pens onto the  m esh. There were no squirrel 

trap  d ea th s  du ring  the  course  of the study.

In May 2004 in B eau Parc and in May 2005 in Castle Leslie, grey 

squirrels were trapped  and  eu thanized  using  2 .0m ls of Dolethal (sodium 

pentobarbitone) in jected u n d e r the s te rn u m  tow ards the heart.

In 2003 in Clongowes Wood the first 54 grey squ irrels trapped  were 

eu thanized . T hereafter, due to d istu rbance  of trap s  by anim al rights 

activists, the  rem ain ing  49 grey squirrels trapped  during  the ‘cu lls’ were 

tagged w ith one tag  in each ear (National Tag an d  B and Com pany, tag 

num ber 1005) an d  released  in a  30 hectare  broadleaved woodland, 10km 

away. In Clongowes Wood in 2004 and  2005 grey squ irrels were trapped, 

tagged and  released  in Clongowes Wood.
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In 2003-2005  in M ountarm strong  and  the K Club, and  in Ju n e  2004 in 

M ount Ju lie t grey squ irre ls were trapped , tagged and  th en  released.

In all cases a  piece of tissue  w as taken  from the  tip of one ear using  a 

square  ear punch . This piece of tissue  w as th en  cu t into sm aller pieces 

with the  ear p u n ch  an d  stored in a  sam ple con ta iner contain ing  1.5ms of 

100% ethanol. These con ta iners were stored a t 4-8°C.

Prior to tak ing  each sam ple, the  ear p u n ch  w as cleaned w ith a  p re

injection sw ab contain ing  70% isopropyl alcohol. The swab was then 

held lightly in the  p u n ch  and  lit to flame the  p u nch , th u s  destroying any 

trace  DNA and  preventing cross contam ination .

W here squ irre ls were dead prior to tak ing  the  ear tissu e  sam ple a piece 

of ear tissu e  m easu ring  approxim ately 10mm x 3m m  w as taken . Where 

grey squ irre ls were alive and  to be released, a  sm aller piece of ear tissue 

m easu ring  ab o u t 5m m  x 2m m  w as taken.

Each grey squ irrel w as weighed to the  n eares t lOg u sin g  a  Pesola lOOOg 

spring  balance, sex and  breeding s ta tu s  were determ ined and  each 

squirrel w as given a un iq u e  identification num ber.

2 .2 .3  Micro sa te llite  analysis

The bench top  w as wiped w ith Industria l M ethylated Spirited and  covered 

with benchcote. A jew eller's forceps w as flam ed in alcohol and  allowed to 

cool. A sm all piece of ear tissue  (about 3-5m m  x 1-2 mm) was removed 

from the  sam ple con ta iner u sing  the forceps and  placed in a sterilised 

screw  cap E ppendorf tube  contain ing  1.5m ls of 100% ethanol. These 

sam ples were stored a t 4-8°C un til tran sfe r to E urofins Medigenomix 

G m bh, FraunhoferstralSe 22, D-82152 M artinsried, G erm any (Phone: 

++49 (0)89-899892-0, Fax: -90, info@ medigenomix.de) in a  cool box by 

overnight courier (DHL), w here they were again stored a t 4-8°C.
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Slivers of frozen m uscle tissue  were taken  to act as positive controls for 

the pieces of ear tis su e  preserved in alcohol. First, the scalpel blade was 

wiped clean  w ith an  alcohol swab and flamed in alcohol. Then, the  hair 

from the  lower leg m uscle of a frozen squirrel w as scraped  away. The 

scalpel w as u sed  to rem ove the top layers of skin and  m uscle tissue. 

W hen ‘re d ’ m uscle  tissue  w as clearly exposed a  sliver (10mm x 10mm x 

1mm) w as taken , placed in a  sterile Eppendorf tube and  restored the 

freezer. Before sh ipm ent, these sam ples were placed in a small steel 

therm os flask  w ith ice cubes and stored in the  freezer overnight. The 

therm os flask w as rem oved from the freezer a t approxim ately 5pm on the 

day of sh ipm ent, sh ipped in a  cold box as above and refrozen on arrival 

in G erm any a t approxim ately  1pm the following day.

M edigenomix perform ed the  extraction of the DNA, am plification of the 

target m icrosatellite  sequences using  Polymerase Chain Reaction (PCR) 

and  identification of the  size of the m icrosatellite allele u sing  an Applied 

B iosystem s DNA sequencer.

DNA w as ex tracted  u sin g  NucleoSpin® Food DNA I\irification Kit 

(MACHEREY-NAGEL GmbH 8s Co. KG, N eum ann N eander Str. 6-8, D- 

52355 D iiren, G erm any. Tel. +49-(0)2421-969-0, Fax. +49-(0)2421-969- 

199, e-m ail: sales@ m n-net.com ) which guaran tees good recovery ra tes 

even for sm all genom ic DNA fragm ents (< 1 kb) from sam ples which m ay 

have very low DNA co n ten ts  a n d /o r  well as poor quality, degraded DNA.

M icrosatellite loci were amplified in 15|ul reactions following Hale et al, 

(2001a) [l]ul tem plate  DNA, 1 x Taq buffer, 2.5mM  MgCb, 0.2mM each 

dNTP, 0.33|liM each  prim er, 0.6 U Taq as follows: 95°C for 12min, 10 

cycles of 94°C for 15sec, annealing tem pera tu re  (Ta) for 15 sec, 72 °C for 

15sec, followed by 30 cycles of 89°C for 15sec, annealing  tem pera tu re  

(Ta) for 15 sec, 72 °C for 15 sec, then  72°C for lOm ins.

Polym erase chain  reaction  p roducts were separated  on an  ABl Prism
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3100 Genetic Analyzer (Applied B iosystem s, Lingley House, 120 

Birchwood B oulevard, W arrington WA3 7QH, UK. Tel 44 1925 825650. 

Em ail uk .orders@ eur.appliedbiosystem s.com ) an d  visualised using  

G enescan size s ta n d a rd s  and  G enetyper software. The ABI Prism  3100 

Genetic Analyzer is a  m ulti-color fluorescence-based  DNA analysis 

system  with 16 capillaries operating in parallel w hich enab les efficient 

sam ple p rocessing  and  offers high-quality  da ta .

Hale et ah, (2001a) isolated 21 m icrosatellites for red  squ irre ls and  found 

these  m icrosatellites amplified and  were polym orphic for grey squirrels 

also. The 10 m ost polym orphic of these  m icrosate llites described below 

were chosen  for an  in itial screening.

2 .2 .4  Data analysis

D ata were collected in successive years (2003-2005) from Clongowes 

Wood, M ountarm strong  and  the  K Club. In the  analysis of the m olecular 

ecology of the  Irish grey squirrel population , only d a ta  from 2003 was 

used , for each  of the  above populations, together with d a ta  from 

Portglenone, C astle Leslie, Beau Parc an d  M ount Ju lie t. This gave 

population  genetic d a ta  from seven grey squ irrel popu lations th roughou t 

the  grey sq u irre l’s range in Ireland.

2 .2 .4 .1  Molecular markers

10 ear tissu e  sam ples were chosen from each  of the  Clongowes Wood, 

M ount Ju lie t, C astle Leslie and  Beau Parc popu la tions (i.e. 40 sam ples 

in total) and  the  following 10 m icrosatellites from Hale et a l,  (2001a) 

were analysed  for each tissue  sam ple: Scv 3, Scv 4, Scv 5, Scv 9, Scv 10, 

Scv 14, Scv 15, Scv 18, Scv 19, Scv 31.

Then, the  following 312 sam ples were analysed  u sin g  only the  6 m ost 

polym orphic m icrosatellites obtained, (Scv 4, Scv 6, Scv 15, Scv 18, Scv 

19, Scv 31) based  on the  above resu lts.
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As Scv 31 w as no t in H ardy W einberg equilibrium  the rem aining 133 

sam ples were analysed  a t 5 m icrosatellites (Scv 4, Scv 6, Scv 15, Scv 18, 

Scv 19).

W hen testing  the  d a ta  for HWE and  linkage disequilibrium  only, d a ta  

from all popu la tions an d  all years w as used . This additional d a ta  will be 

explored fu rth e r in C hap ter 3.

Exact te s ts  for deviations from Hardy W einberg equilibrium  (HWE) were 

perform ed u sin g  the  GENEPOP package 3.3 (Raymond and Rousset, 

1995). The program  perform s a probability tes t u sin g  a Markov chain 

Monte Carlo sim ula tion  (Guo and Thom pson, 1992) (dem em orisation 

1000, b a tch es 100, ite ra tions per batch  1000). The probability of the 

observed sam ple is u sed  to define the rejection zone, and  the P-value of 

the te s t co rresponds to the  sum  of the probabilities of all tab les (with the 

sam e allelic counts) w ith the  sam e or lower probability  (Raymond and 

Rousset, 1995). Significance levels were calcu lated  per locus and per 

population. Sequential Bonferroni corrections (Rice, 1989) were applied.

A random isa tion  te s t in FSTAT w as u sed  to tes t for linkage 

d isequilibrium  (LD) acro ss all pairs of loci in all s tu d y  sites. This option 

allows testing  the  significance of association  betw een genotypes a t pairs 

of loci in each  population . The sta tistic  u sed  to te s t the tab les when 

testing  for Linkage D isequilibrium  is the log-likelihood ratio G -statistic. 

G enotypes a t the  2 loci are associated a t random  a  num ber of tim es 

(2400 for th is  d a ta  set) and  the  sta tis tic  is recalculated  on the 

random ised  d a ta  sets. The P-value is estim ated  as the  proportion of 

s ta tis tics from random ised  d a ta  se ts th a t are  larger or equal to the 

observed. Sequential Bonferroni corrections were applied (Goudet, 2001).

2 .2 .4 .2  G e n e tic  d iv e rs ity

Several ind ices of genetic diversity were m easu red  nam ely the  num ber of
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alleles sam pled, the  num ber of private alleles, allelic richness, observed 

heterozygosity (Ho), gene diversity (Nei, 1978) and  Fis. The num ber of 

private alleles and  the  observed heterozygosity were m easu red  with 

GENALEX (Peakall and  Sm ouse, 2006), the  rem ain ing  indices were 

m easu red  w ith FSTAT version 2.9.3 (Goudet, 2001).

2 .2 .4 .3  G enetic differentiation and genetic distance

A random isa tion  tes t w as used  to tes t for population  differentiation 

betw een each  pair of study  sites and  overall in FSTAT (Goudet, 2001) 

assu m in g  HW equilibrium  w ithin populations. For the te s ts  of 

differentiation, FSTAT u se s  as an  overall te s t sta tistic , the  sum  of 

individual loci G -values. Pairwise significance is reported  a t the 5% 

nom inal level after s tan d a rd  Bonferroni corrections (Goudet, 2001).

Overall pairw ise W rights F st  (Weir and  C ockerham , 1984) were estim ated 

using  FSTAT (Goudet, 2001). Pairwise Nei’s s tan d ard  genetic distance, 

Ds (Nei, 1978) were estim ated  using  GENALEX (Peakall and  Sm ouse, 

2006).

A graphical rep resen ta tion  of the  d istance  m atrix  w as construc ted  using  

the  UPGMA algorithm  of PHYLIP version 3.5c. The UPGMA option 

co n stru c ts  a  tree by successive (agglomerative) c lustering  using  an 

average-linkage m ethod  of c lustering  (Felsenstein, 2004). The d a ta  inpu t 

to PHYLIP are the  allele frequencies of each population. The following 

program s in PHYLIP were u sed  to generate  the  tree. GENDIST generated 

a pairw ise table of Nei’s genetic d istance  Ds. NEIGHBOUR constructed  

the  tree u sin g  the  UPGMA algorithm . DRAWTREE plotted the  tree as a 

postsc rip t (.ps) file. The scale on the tree w as set a t 75cm  per un it 

b ran ch  length. To provide suppo rt for the nodes in the tree 1000 

boo tstrap  rep licates of the  original gene frequency d a ta  se t were 

generated. The sequence of program s u sed  w as SEQBOOT, GENDIST 

(set to analyse 1000 d a ta  sets), NEIGHBOUR (set to analyse 1000 d a ta
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sets), CONSENSE (to generate the consensus tree using the Majority- 

Rule Extended rule) and DRAWTREE (Felsenstein 2004).

A hierarchical Analysis of Molecular Variance (AMOVA) (Excoffier et al, 

1992) was performed using ARLEQUIN (version 2.000) (Schneider et al ,  

2000). This analysis calculated the partitioning of the molecular variance 

among groups, among populations within groups and among individuals 

(within populations), using allele frequency data (F st). Study sites were 

grouped into two regions for the purpose of the hierarchial analysis 

(Group 1 (hereafter called North): Portglenone and Castle Leslie, Group 2 

(hereafter called South): Beau Parc, Clongowes Wood, K Club,

Mountarmstrong and Mount Juliet). This grouping was based on the 

results obtained from the above UPGMA tree of the genetic distance 

between population.

2 .2 .4 .4  Isolation by Distance

Isolation by Distance (IBD) was investigated using IBD Web Server v 

3.03 (Jensen et al,  2005). Data were first used from five populations - 

Portglenone, Castle Leslie, Beau Parc, Clongowes Wood and Mount 

Juliet. Pairwise F st , F st / 1 -  F st (Rousetts distance) and Nei’s genetic 

distance were each plotted against pairwise minimum geographic 

distance (km). The above data were also plotted as semi-natural 

logarithm (In) and In-ln plots. Significance in each of the isolation by 

distance relationships was tested statistically using a Mantel test.

IBD was further investigated by plotting In minimum geographic 

distance v pairwise F st for all 7  populations and for the 5  most southern  

populations Beau Parc, Clongowes Wood, the K Club, Mountarmstrong 

and Mount Juliet (excluding Portglenone and Castle Leslie) and testing 

for significance with a Mantel test.

This Mantel test a ssesses  M^hether the pairwise (or In pairwise) genetic

33



distance  m atrix  is correlated with the  pairw ise (or In pairwise) 

geographic d istance  m atrix. A null d is tribu tion  is generated by 

random izing rows and  colum ns of one m atrix  while holding the  o ther 

constan t. B ecause entire rows (populations) are trea ted  as a single un it, 

the M antel te s t is m ore appropria te  th a n  a lternatives th a t a ssu m e th a t 

each population  pair is independen t (Bohonak, 2002).

Regression techn iques m u st be used  to estim ate  the  slope and  in tercep t 

of the  IBD rela tionsh ip , since the M antel te s t provides only an 

a ssessm en t of w hether the  association is significant. Reduced Major Axis 

(RMA) regression  w as u sed  as recom m ended in B ohonak (2002).

A linear regression  analysis of In m inim um  geographic d istance (km) V 

pairw ise F st  w as perform ed for all pairw ise com parisons betw een 

Clongowes Wood and  the o ther six populations.

2 .2 .4 .5  2MOD

The dem ographic h isto ry  of grey squ irrels in Ireland w as investigated 

using  2MOD (Ciofi et al,  1999; B eaum ont, 2001). This program  can  be 

used  to estim ate  the  relative likelihoods of a  m odel of im m igration-drift 

equilibrium  versus drift since a certain  time. The m odel of im m igration- 

drift is a ssu m ed  to be either an  infinite island  or con tinen t-island  model 

of gene flow, w hich both  give rise to the sam e likelihood function. The 

calculation of likelihoods for the  pure  drift case  is im plem ented by the 

program  d l ik l . l .  2MOD estim ates the  relative likelihoods of the  two 

m odels u sing  an  MCMC procedure as described in Ciofi et al,  (1999).

The key a ssu m p tio n s  are: u n d er a gene-flow m odel, m u ta tion  is m uch 

ra re r th a n  im m igration so th a t the  d escen d an ts  of each  im m igrant are 

identical-by-descent, and  also th a t the  gene-frequency d istribu tion  from 

which im m igran ts are  draw n does not change su b stan tia lly  since the 

tim e of the oldest im m igrant th a t leaves d e scen d en ts  in the  sam ple; 

u n d e r a fo u n d er/d rift m odel the  tim e betw een founding and  tak ing  the
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sam ples is sufficiently short tha t m utations will not have strongly 

affected the gene frequencies (i.e. there will be no allelic variants tha t 

have arisen from m utations since the population was founded - another 

way of putting it is th a t the descendents of each founder that are present 

in the sample are identical-by-descent).

The models were used  to detect if the genealogical history of alleles in 

the given populations could be explained by one of the two alternative 

demographic scenarios: the gene flow model (an equilibrium between 

gene flow and drift) or the (pure) drift model. Likelihoods of the gene flow 

and pure drift models were com puted in three independent runs 

choosing 100,000 iterations. As suggested by the author, the first 10% of 

output calculations were discarded to avoid dependence on starting 

values.

2 .2 .4 .6  B o ttlen eck  d etectio n

All populations were tested for a recent reduction of their effective 

population size using the Wilcoxon sign rank  test implemented in 

BOTTLENECK (Piry et a l,  1999). In a population at m utation-drift 

equilibrium (i.e., the effective size of which has rem ained constant in the 

recent past), there is approximately an equal probability that a locus 

shows a gene diversity excess or a gene diversity deficit. To determine 

w hether a population exhibits a significant num ber of loci with gene 

diversity excess, three tests  are implemented in BOTTLENECK, namely a 

sign test, a standardized differences test, and a Wilcoxon sign-rank test 

(Piry et a l,  1999). The first test suffers from low statistical power. The 

second test in not very useful since it requires a t least 20 polymorphic 

loci. The Wilcoxon test provides relatively high power and it can be used 

with as few as four polymorphic loci and any num ber of individuals (15- 

40 individuals and 10-15 polymorphic loci is recommended to achieve 

high power). A qualitative descriptor of the allele frequency distribution 

("mode-shift" indicator), which discrim inates bottlenecked populations 

from stable populations, is also given. However th is qualitative method
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is no t a  p roper sta tistica l tes t in th a t the type I error ra te  varies with

sam ple size. It canno t be used  (with confidence) w ith sam ples of fewer

th a n  30 indiv iduals and  less th a n  10-20 polym orphic loci (Piry et a l, 

1999). For these  reaso n s the  Wilcoxon sign ra n k  tes t w as chosen  to test 

each  of the  seven grey squirrel populations.

2 .2 .4 .7  Sex b iased  d ispersal

2 .2 .4 .7 .1  Sex b iased  breed ing  d ispersal

For the  p u rp o ses of th is  study, breeding d ispersal is a ssum ed  to be 

in ter-popu la tion  d ispersal occurring betw een different woodlands. 

G oudet et a l,  (2002) in troduced  a num ber of sta tistica l te s ts  for sex bias 

in d ispersal betw een different populations, im plem ented in FSTAT. These 

are m ean corrected A ssignm ent Index (m AIc), variance of corrected 

A ssignm ent Index (i^AIc), Fisand  Fst.

M ean corrected A ssignm ent index (mAIc)

An assignm en t te s t is a  sta tistical te s t of the hypothesis th a t the 

m ultilocus genotype of an  individual in question  arose from a particu lar 

population  (Manel et a l ,  2005). This sta tis tic  w as first in troduced  in 

Favre et a l, (1997). For each individual in each population , the program  

calcu lates the  probability  th a t its genotype should  appear in the  

population. B ecause populations can  con tain  very different levels of 

gene diversity, the  m ulti-locus probabilities of individuals in different 

popu lations are  no t directly com parable. To remove th is  problem , the 

average probability  of the  sam ple is su b trac ted  from the individual 

m ulti-locus probability, after log-transform ation to avoid round ing  errors 

w ith very sm all num bers . This gives the  Ale, the corrected assignm ent 

index of the  individual in the  population. The d is tribu tion  of Ale will 

therefore be cen tered  a round  0. A positive value ind icates a  genotype 

m ore likely th a n  average to occur in its sam ple (likely a residen t 

individual), while a  negative value ind icates a  genotype less likely th an
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average (potentially a disperser) (Goudet et a l, 2002).

B ecause im m igran ts tend  to have lower Ale values th a n  residents, u n d er 

sex biased  d ispersal, the  average index for the  sex th a t d isperses m ost is 

expected to be lovv êr th a n  th a t  for the m ore philopatric  sex. A t-sta tis tic  

is u sed  for the  test, w here np and  nd are the  n u m b er of individuals in the  

m ore philopatric  and  the  m ore dispersing group respectively (Goudet et 

a l, 2002).

Variance o f Ale (vAIc)

As m em bers of the  d ispersing  sex will include both  residen ts (with 

com m on genotypes) and  im m igrants (with rare  genotypes), r;AIc for the 

sex d ispersing  m ost should  be largest (Goudet et a l,  2002).

Fis

Fis is a  s ta tis tic  describ ing  how well the  genotype frequencies w ithin 

popu lations fit w ith Hardy W einberg expectation (Hartl 8& Clark, 1997). 

If only m ales d isperse, the  m ales sam pled from a  single patch  will be a 

m ixture of two populations, residen ts and  im m igrants; due to the 

W ahlund effect, the  sam ple should  show a  heterozygote deficit and  a 

positive F is. In general, m em bers of the  d ispersing  sex should  therefore 

display a  h igher Fis th a n  the  more philopatric sex. Weir 85 C ockerham ’s 

(1984) estim ato r of Fis is u sed  for the tes t (Goudet et a l, 2002).

F s t

F st  is a  sta tis tic  expressing  the  proportion of the  to tal genetic variance 

th a t resides am ong popu lations (Hartl 8s C lark, 1997). Allelic frequencies 

for individuals of the  sex d ispersing  m ost shou ld  be more hom ogeneous 

th an  those  for individuals of the m ore philopatric  sex. We therefore 

expect F s t  for the  m ore philopatric sex to be h igher th a n  th a t of the more
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d ispersing  sex. Weir 8& C ockerham ’s (1984), estim ator of F s t  is chosen 

because  it is u n b iased  and  is the  m ost com m only u sed  (Goudet et ah, 

2002 ).

To tes t w hether these  sta tis tics differ significantly betw een the  two 

sexes, a  random isa tion  approach  is u sed . U nder the  null hypothesis 

th a t m ales an d  fem ales d isperse equally, the  four sta tis tics  do not 

depend on the  variable ‘sex’. Letting Xd an d  Xp be the  sta tistic  of in terest 

for the d ispersing  and  the philopatric sex respectively, the  program  

proceeds as follows for one sided tests . It first calcu lates the  sta tistic  for 

each sex over all popu lations and  e ither tak es  the  difference for Fis and 

Fst, the  t-s ta tis tic  for mAlc; or the  ratio  for vhlc. It random ly assigns a 

sex to each of the  m ulti-locus genotypes (keeping the  genotypes in their 

original sam ple, and  the  sex ratio in each  sam ple constant). It 

recalcu la tes the  appropria te  difference or ratio  for the  random ised  da ta  

set. The probability  th a t d ispersal is u n b iased  by sex is then  estim ated 

as the  proportion of tim es where the relevant sta tis tic  is larger or equal 

to the  observed one (Goudet et a l ,  2002).

The relative power of these  indices to de tect a  sex b ias in d ispersal 

depends on the  m agnitude of the  bias, d ispersa l ra tes , sam pling schem e 

and m arkers  exam ined. They also a ssu m e  indiv iduals are sam pled post 

d ispersal, therefore juveniles m u st be excluded from the populations 

tested  (Goudet et a l ,  2002).

These te s ts  have been im plem ented for a  variety  of species, for exam ple, 

the g reater w hite toothed  shrew  [Crocidura russula) (Favre et a l ,  1997), 

red-billed quelea [Quelea quelea) (Dallimer et a l ,  2002), the  bullfrog 

(Rana catesbeiana) (Austin et a l ,  2003), the  com m on frog {Rana 

temporaria) (Palo et a l ,  2004), brook c h a rr  (Salvelinus fontinalis) (Fraser 

et a l ,  2004) and  W hite’s sk ink  {Egemia whitii) (Chappie and  Keogh, 

2005).
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Palo et at, (2004) note th a t if the  geographic d istance between pairs of 

popu lations stud ied  exceeds the d ispersal ability of the species in 

question, am ong population  sta tis tics such  as F st will bear little 

inform ation on d ispersa l ra tes. Therefore m A lc , l'AIc and Fis were 

calculated  for all seven populations (Portglenone, Castle Leslie, B eau 

Parc, M ount Ju lie t, Clongowes Wood, The K Club and M ountarm strong). 

F st w as also calcu lated  for Clongowes Wood, The K Club and  

M ountarm strong. E ach of these  populations is located within grey 

squirrel d ispersa l range of the  o thers (<5km apart).

2 .2 .4 .7 .2  S ex  b iased  natal dispersal

For the  p u rp o ses of th is  study , na ta l or sho rt d istance dispersal in grey 

squirrels is considered  to be in tra-popu la tion  dispersal, w ithin the sam e 

woodland. A ssum ing (i) n a ta l d ispersal occurs over a  regular and  fairly 

narrow  range of d ispersal d istances (roughly 0-400m , Taylor et ah, 1971) 

and (ii) d ispersing  individuals, once settled , rem ain in th a t a rea  for life 

(Taylor et al,  1971, G urnell, 1987) and (iii) individuals are sam pled 

(trapped) in th a t a rea , th en  the  sam pled population should display some 

genetic s tru c tu re . In general, pairw ise com parison of individuals 

sam pled w ithin the  regu lar range of d ispersal d istances should  reveal 

greater au tocorrela tion  th a n  pairw ise com parison of individuals sam pled 

at d istances g rea ter th a n  the  regular d ispersal distances.

If d ispersal is sex b iased  th en  individuals of the philopatric sex should 

display g rea ter pairw ise autocorrelation  w ithin the range of d ispersal 

d istances th a n  the  d ispersing  sex. The analysis w as conducted for m ales 

and  fem ales separately , to test for a  sex b ias in na ta l d ispersal w ithin 

each sex, and  for the  com plete population.

The spatia l au tocorrela tion  m ethod of Sm ouse and  Peakall (1999) 

employs a m ultivariate  approach  to sim ultaneously  a ssess  the  spatial 

signal generated  by m ultiple genetic loci. Unlike classical spatial 

au tocorrelation  analysis, u sua lly  executed one allele a t a  time, the
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procedure is in trinsically  m ultivariate, avoiding the  need for allele-by- 

allele, locus-by-locus analysis. By com bining alleles and  loci, the  spatial 

signal is s tren g th en ed  by reducing stochastic  (allele-to-allele and  locus- 

to-locus) noise. Both pairw ise geographic and  pairw ise squared  genetic 

d istance  m atrices are  required  as inpu ts . The au tocorrelation  coefficient 

generated (r) is a  p roper correlation coefficient, bounded  by [-1, +1]. The 

au tocorrelation  coefficient (r) provides a  m easu re  of the  genetic sim ilarity 

betw een pa irs  of individuals whose geographic separa tion  falls w ithin the 

specified d istance  class. The resu lts  are  often sum m arized  by a  

correlogram . S tatistica l significance is tes ted  by obtaining random  

p erm uta tion  an d  boo tstrap  estim ated  of r, called rp and  rbs respectively.

A spatia l au toco rrela tion  analysis u sing  GENALEX (Peakall and  Sm ouse, 

2006) w as conducted  to study  the  genetic s tru c tu re  of individuals along 

a linear tra n se c t of 26 trap  points, each trap  approxim ately 50 m eters 

apart, in a  strip  of riverine woodland 1.45km  in length and 

approxim ately 100m  in w idth in Beau Parc (Figure 2.1). An additional 5 

trap  po in ts were located a t the m idpoint of the  linear tran sec t and  a t 

right angles to it. Trap poin ts were m apped on an  x-y scale, with 

coordinates of 10-300, in u n its  of 10, on the  x-axis and  from 10-50, in 

u n its  of 10 on the  y-axis. Each u n it of 10 w as approxim ately  equal to 50 

m eters. T raps were no t placed in the  w oodland directly behind  Beau 

Parc house  leading to a gap of 4 trap  po in ts from 110-140 inclusive on 

the X axis.

To im plem ent th is  procedure, first, a  pairw ise, individual-by-iridividual 

(N X  N) genetic d istance  m atrix  w as calcu lated . For a  single-locus 

analysis, w ith z-th, j - th , k-th  and  Z-th different alleles, a  set of squared  

d istances is defined a s  d2(ii, ii} = 0, d2(ij, ij) = 0, d2(ii, ij) = 1, d2[ij, ik) = 1, 

d2{ij, kl) = 2, d2[ii, jk) = 3, and  d2{ii, jj) = 4 (Sm ouse and  Peakall, 1999). A 

corresponding pairw ise linear geographic d istance  m atrix  w as then  

calculated. A single population  spatial au tocorrelation  analysis was 

conducted  u sin g  the  genetic and  m atching  geographic d istance  m atrices
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as input. The num ber of perm utation and the num ber of bootstraps were 

both set a t 999. An analysis was conducted for each of 10 different 

distance size classes from 10-100 ie. Distance size class 10, No. of 

Distance C lasses 30, Distance Size Class 20, No. of Distance Classes 

15,....D istance Size Class 100, No. of Distance Classes 3) for males and 

females separately and for the entire population. This analysis was 

repeated excluding the individuals trapped in the 5 trap points at right 

angles to the m ain linear transect.
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Figure 2.1 Map of B eau  Parc study site. T raps were placed in a line in 

w oodland on the  sou th  side of the  River Boyne. Source: O rdnance survey 

m ap of C ounty  M eath. Sheet 14. Revised 1958. Published 1968. Scale 

1:10,560
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2.3 Results

2 .3 .1  M icrosatellite  markers

The initial screen  of 40 individuals for 10 m icrosatellites yielded 6 

polym orphic m icrosatellites (Scvl5, S cv l9 , Scv4, S cv l8 , Scv6, Scv31), 3 

m icrosatellites w ith 2 alleles (Scv 3, S cv l4 , Scv9) and  1 m icrosatellite 

(ScvlO) w hich failed to amplify reliably. Following a fu rther screen of 312 

indiv iduals for the  6 polym orphic m icrosatellites above, locus Scv 31 had  

the  h ighest n u m b er of alleles per locus a t 7, b u t w as not in HWE. 

Therefore, fu rth e r analysis of the rem aining  133 individuals used  only 5 

m icrosatellite  loci S cv l5 , Scv l9 , Scv4, ScvlS , Scv6 and  Scv31 w as 

excluded from all fu rth er d a ta  analysis.

Two loci failed to am plify in two tissue  sam ples and  th ree  loci failed to 

amplify in one tissu e  sam ple, possibly due to poor quality DNA obtained 

from the tissue . One tissu e  sam ple gave th ree  alleles a t each of two loci, 

p resum ab ly  due  to contam ination . D ata from these  sam ples were not 

used .

2 .3 .2  G enetic  d iversity

The five m icrosatellites u sed  in th is s tudy  were m oderately polymorphic. 

Total n u m b er of alleles in 465 individuals for 5 loci w as 26. N um bers of 

alleles per locus ranged from 4-6 and  only 1 population had  a  private 

allele (Beau Parc: Scv 18, Allele 242). The num ber of alleles obtained per 

locus is dependen t on sam ple size. Allelic richness is a  m easure  of the 

nu m b er of alleles per locus independent of sam ple size, allowing a 

com parison  betw een different sam ple sizes. Allelic richness per locus 

ranged from 3 .9-5 .7  (Table 2.1)

The n u m b er of alleles per population ranged from 19 (Mount Juliet) -  23 

(Beau Parc) an d  allelic richness per population  ranged from 16.6 (Mount 

Juliet) -  19.9 (Beau Parc) (Table 2.1).
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Mean observed heterozygosities (Ho) and  m ean  gene diversities (expected 

heterozygosities, He) across all loci were 0 .63 and  0.61 respectively. 

Gene diversity (expected heterozygosity) fell w ithin a  narrow  range from 

0 .46-0 .76  acro ss all loci/popu la tions (Table 2.1). However expected 

heterozygosities were calculated  only from the  m ost polym orphic loci 

know n in the  lite ra tu re  (Hale et al, 2001a) an d  following a  fu rth er screen 

described above, an d  do no t rep resen t a  m ean  expected heterozygosity 

for grey squ irre ls  in any  way. A random  screen  of m icrosatellite loci in 

grey squ irre ls would yield a com bination of m onom orphic and 

polym orphic loci an d  a  m uch  lower expected heterozygosity.

Following the  exclusion of locus Scv 31, no locus in any  population 

showed a  significant deviation from HWE (Adjusted P value for 5% 

nom inal level is 0 .0004; All P>0.03).

No linkage d isequilibrium  w as evident acro ss the  120 locus p a ir \s tu d y  

site com parisons (P value for genotypic d isequilibrium  based  on 2400 

perm utations; A djusted P value for 5% nom inal level is 0 .0004. All P 

>0.005).

For all loci the  frequency of null alleles w as below the critical value 0.02, 

as  m easu red  and  defined in CERVUS.

There w as no evidence of inbreeding in any of the  populations. A positive 

Fis is an  indication  of heterozygote deficit and  inbreeding. Fis was 

m arginally negative in 6 ou t of 7 popu lations and  w as no t significant in 

any population  (random isation  tes t in FSTAT, 1000 perm u ta tions, P>0.5 

in all cases).
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Table 2.1 Measures of genetic diversity among the seven populations at 

five microsatellite loci. *A11 values for Fis per population were 

nonsignificant.

Population PG CL BP MJ CG KG MA Overall

No of individuals 41 65 67 31 94 17 34 349
sampled

Number of S cv l5 3 3 4 3 3 3 3 4
alleles sam pled Scvl9 4 5 4 5 5 4 5 5

Scv4 4 4 5 3 5 4 5 6
S cvl8 5 5 5 5 4 4 4 6
Scv6 4 4 5 3 4 4 3 5

No.of private alleles 0 0 1 0 0 0 0 1
per population

Allelic R ichness Scvl5 3.0 3.0 3.8 2.6 3.0 3.0 3.0 3.9
S cvl9 3.9 3.7 3.3 4.6 4.5 3.6 4.1 4.9
Scv4 3.7 4.0 4.5 2.6 4.0 3.9 4.5 5.7 '
S cv l8 3.8 4.5 4.0 4.4 3.9 4.0 3.9 4.6
Scv6 4.0 3.9 4.3 2.4 3.2 3.4 3.0 4.4

Observed S cvl5 0.44 0.71 0.73 0.52 0.46 0.59 0.68 0.59
heterozygosity Scvl9 0.59 0.58 0.66 0.81 0.77 0.47 0.53 0.63

Scv4 0.66 0.75 0.61 0.56 0.57 0.41 0.65 0.60
S cvl8 0.63 0.72 0.61 0.81 0.64 0.65 0.56 0.66
Scv6 0.90 0.72 0.48 0.44 0.65 0.82 0.68 0.67 '

Mean across loci 0.64 0.70 0.62 0.63 0.62 0.59 0.62 0.63

Gene diversity S cv l5 0.49 0.61 0.69 0.54 0.46 0.57 0.63 0.57
Scvl9 0.57 0.57 0.59 0.76 0.72 0.60 0.65 0.64
Scv4 0.67 0.73 0.58 0.50 0.55 0.45 0.59 0.58
ScvlB 0.65 0.74 0.65 0.74 0.60 0.55 0.57 0.64
Scv6 0.75 0.70 0.52 0.42 0.64 0.55 0.67 0.61

Mean across loci 0.62 0.67 0.61 0.59 0.60 0.54 0.62 0.61

Fis S cv l5 0.10 -0.16 -0.06 0.04 0.00 -0.03 -0.08 -0.03
S cv l9 -0.03 -0.02 -0.11 -0.06 -0.06 0.22 0.18 0.02
Scv4 0.01 -0.03 -0.05 -0.13 -0.04 0.09 -0.09 -0.03
ScvlB 0.03 0.02 0.07 -0.10 -0.06 -0.17 0.02 -0.03
Scv6 -0.21 -0.03 0.06 -0.05 -0.01 -0.50 -0.02 -0.11

Fis per population -0.03* -0.04* -0.02* -0.06* -0.04* -0.08* 0.00*
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2.3.2 G enetic  D ifferentiation  and G enetic D istance

Differences in allele frequencies over all seven popu lations were 

significant (P<0.001). All pairw ise differences in allele frequencies 

betw een the  seven popu lations were also significant (P<0.002). Overall 

pairw ise W rights F s t , pairw ise Nei’s genetic d istance  Ds and  pairwise 

d istances in km  betw een the  study  sites are show n in Table 2.2.

Overall d ifferentiation betw een the  seven study  sites w as m oderate (F st  =  

0.10; 95% confidence lim its 0.07-0.13).

As expected F st  values are low betw een the  th ree  ad jacen t study  sites in 

Co. Kildare: Clongowes Wood, M ountarm strong  and  the  K Club (pairwise 

F st  0.02-0.03). Pairwise F st  betw een Clongowes W ood/M ountarm strong 

and  o ther s tu d y  sites are  sim ilar, while equivalent values betw een the K 

Club and  o ther sites are  m ore variable. The sam ple size for the  K Club 

w as low a t 17, ideally a  m inim um  of 30 sam ples per population are 

needed to ob tain  a  reliable estim ate  of F st  (Beebee and  Rowe, 2004).

If 5 study  sites are  considered (by om itting the  ad jacen t study  sites of 

the  K Club an d  M ountarm strong), overall differentiation w as a  little 

higher (Fst = 0.12; 95% confidence lim its 0 .08-0.15) and  again 

sta tistically  significant (P=0.001). Each of these  5 study  sites was 

separa ted  from the  n e a res t neighbouring site by d is tan ces of 4 3 -9 1km.

The m ost strik ing  fea tu re  of the  d a ta  is the  low pairw ise F st  between 

Portglenone an d  Castle Leslie (pairwise F st  0.03, d istance  67km  - little 

genetic d ifferentiation, H artl and  Clarke, 1997) and  the  high pairw ise F st  

betw een C astle Leslie and  Beau Parc (pairwise F st  0.15, d istance  73 km 

- great genetic d ifferentiation, Hartl and  Clarke, 1997).

Sim ilar low pairw ise F s t  is found elsewhere only a t sho rt d istances of 

1 .5-4.5km  betw een the  th ree  popu lations of Clongowes Wood, 

M ountarm strong  and  the  K Club (pairwise F st  0.02-0.03). Sim ilar high
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pairwise F s t , is found only a t greater d istances, for example, a t d istances 

of 134km  betw een B eau Parc and  M ount Ju lie t (pairwise F st  of 0.14), 

263km  betw een Portglenone and  M ount Ju lie t (pairwise F st 0.15) and  

132km  betw een Portglenone and  Castle Leslie (pairwise F s t 0.17).

The d a ta  suggest th a t  the  populations of Portglenone and  Castle Leslie 

are genetically sim ilar b u t strongly differentiated from all o ther 

populations. This p a tte rn  is fu rther evident in the  unrooted UPGMA tree 

of Nei’s genetic d istance  obtained using  PHYLIP v 3.5 (Figure 2.2). The 

two m ost no rtherly  populations, Portglenone and  Castle Leslie, group 

closely together and  are  clearly separa ted  from the more southerly  

populations. B eau Parc, the Clongowes W ood/M ountarm strong/K  Club 

c luste r an d  M ount Ju lie t. The num b ers  on the  b ranches indicate (in 

percentage) the  n u m b er of tim es the partition  of the species into the two 

sets w hich are sep ara ted  by th a t b ran ch  occurred am ong the trees, out 

of 1000 boo tstrapped  trees. This n o r th /s o u th  partition  occurs in 100% 

of boo tstrap  sam ples. The rem aining three southerly  

p o p u la tio n s/g ro u p in g s are also clearly separa ted  from each other with 

high boo tstrap  su p p o rt for the branches.

The re su lts  of the  h ierarch ial AMOVA indicate th a t the  highest 

percentage of varia tion  is found w ithin populations (85.98%, P<0.001), 

variance am ong popu la tions w ithin groups is low b u t significant (7.90%, 

P<0.001), a s is variance betw een groups (6.12%, P=0.048) (Table 2.3).

Overall the  te s ts  for genetic differentiation am ong populations show th a t 

the Irish  grey squ irrel population is not panm ixic, b u t is significantly 

d ifferentiated in to  subpopu la tions a t both a  local (Clongowes Wood, 

M ountarm strong  an d  the  K Club in Co. Kildare) and  a  national scale. 

The ex ten t of th is  population  su b s tru c tu re , as  m easured  by pairwise F st , 

however varies depending  on the scale of the com parison (i.e. the 

m inim um  geographic d istance  betw een populations) and  on w hat region 

the popu lations are  located in (North or South).
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Pairwise Population Matrix of Fst

PG CL BP CG MA KC MJ
PG 0 67 132 174 173 174 263
CL 0.03 0 73 113 112 113 198
BP 0.17 0.15 0 43 42 43 134
CG 0.11 0.12 0.08 0 1.5 2.5 91
MA 0.10 0.11 0.08 0.02 0 4.5 92
KC 0.15 0.16 0.05 0.02 0.03 0 94
MJ 0.14 0.14 0.15 0.11 0.09 0.14 0

Pairwise Population Matrix of Nei's Genetic D istance Ds

PG CL BP CG MA KC MJ
PG 0 67 132 174 173 174 263
CL 0.07 0 73 113 112 113 198
BP 0.41 0.39 0 43 42 43 134
CG 0.23 0.28 0.16 0 1.5 2.5 91
MA 0.23 0.29 0.16 0.05 0 4.5 92
KC 0.34 0.4 0.07 0.06 0.08 0 94
MJ 0.3 0.35 0.32 0.2 0.18 0.27 0

Table 2 . 2  Pairw ise W rights F s t  (upper table, lower diagonal) and  pairwise 

Nei’s genetic d istance  Ds (lower table, lower diagonal) for all populations. 

Pairwise m in im um  geographic d istance in km  (both tab les, upper 

diagonal) for all populations.

PG: Portglenone, CL: Castle Leslie, BP: B eau Parc, MT: M ount Ju lie t, 

CG: Clongowes Wood, KC: The K Club, MA: M ountarm strong
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Figure 2.2 U nrooted UPGMA tree of Nei (1978) genetic d istance obtained 

using  PHYLIP v 3.5. The num bers on the  b ranches indicate the num ber 

of tim es (in percentage) the  partition of the  species into the two sets 

which are sep ara ted  by th a t b ranch  occurred am ong the  trees, out of 

1000 boo tstrapped  trees.
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Table 2.3 AMOVA resu lts  for grey squirrel d a ta  u sing  Arlequin 

(Schneider et al ,  2000). Populations were assigned into two groups 

(Group 1; Portglenone and  Castle Leslie; G roup 2: Clongowes Wood, 

M ountarm strong , K Club and  M ount Ju lie t a s  identified by the UPGMA 

tree (Figure 2.2).

Source of 
variation d.f.

Sum of 
squares

Variance
components

Percentage of 
variation

P-
values

Among groups 1 55.70 0.14 7.90 0.048

Among 
populations 

within groups 5 57.55 0.10 6.12 <0.001

Within
populations 693 1058.87 1.53 85.99 <0.001
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2 .3.4 Iso la tion  by D istance

No isolation by d istance  rela tionship  w as observed am ong the five 

popu lations tes ted  (Portglenone, Castle Leslie, B eau Parc, Clongowes 

Wood and  M ount Ju liet). C orrelation betw een geographical d istance and  

pairw ise F st  values w as no t significant (Mantel tes t, r=0.45, P=0.11) 

(Figure 2.3). Correlation betw een In geographic d istance  and  genetic 

d istance, geographic d istance  and In genetic d istance, In geographic 

d istance and  In genetic d istance, for all th ree  genetic d istance 

m easu rem en ts , pairw ise FST, F s t / l - F s t  (R ousetts distance) and  Neis 

genetic d istance  w as no t significant (Mantel tes t, all r<0.53, all P>0.08).

W hen all seven population  were tested  for isolation by distance, by 

correlating In geographic d istance w ith pairw ise F st  a significant 

rela tionsh ip  w as observed (Mantel tes t, r =0.79, P<0.001) (Figure 2.4). 

Similiarly, w hen the  two m ost n o rth ern  popu lations, Portglenone and 

Castle Leslie, were excluded a strong isolation by d istance  relationship  

w as observed in the  five rem ain ing  so u th e rn  popu lations (Mantel test, 

r=0.94, P<0.001). This effect can be a ttr ib u ted  to the effect of 

incorporating  the  c lu s te r of th ree  popu lations in Co. Kildare, Clongowes 

Wood, the  K Club and  M ountarm strong  a s  independen t sam ples in the 

larger scale analysis. The c luste r of th ree  popu lations in Co. Kildare, 

Clongowes Wood, the  K Club and  M ountarm strong , are separa ted  by 

1.5-4.5km  and  have pairw ise F st  values ranging  from 0 .02-0.03 and 

sim ilar pairw ise F st  values w ith each of the  o ther populations (Table 

2.2). C onsequently , w hen included in an  analysis the isolation by 

d istance re la tionsh ip  is significant.

A linear regression  analysis of In (m inim um  geographic d istance  in km) 

V pairw ise F st  for all pairw ise com parisons betw een Clongowes Wood 

and the o ther six popu lations w as highly significant (d.f =5, R2=0.95, 

P=0.001) (Fig. 2.5)
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Plot of Pairwise Fst v Ln (geographic distance)
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Figure 2.3 N atural logarithm  of geographical distance (in km) is plotted 

against pairwise F st  for five population pairs - Portglenone, Castle Leslie, 

Beau Parc, Clongowes Wood and  M ount Ju lie t, to test for isolation by 

distance. No significant correlation between geographic distance and  

genetic distance w as observed (Mantel test, r = 0.45, P = 0.11).
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Plot of Pairwise Fst vs Ln (geographic distance)
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Figure 2.4 Natural logarithm of geographical distance (in km) is plotted 

against pairwise F st  for seven population pairs - Portglenone, Castle 

Leslie, Beau Parc, Clongowes Wood, M ountarm strong, the K Club and  

M ount Ju lie t to te s t for isolation by distance. A significant correlation 

between geographic distance and genetic distance was observed (Mantel 

test, r < 0.79, P = 0.001).
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Regression plot of Pairwise Fst vs Ln (geographic distance)
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Figure 2.5 Linear regression analysis of In (geographic distance) V 

pairwise F s t  for all pairwise com parisons between Clongowes Wood and 

the all o ther (6) populations (d.f =5, R2=0.96, P=0.001).

54



2 .3 .5  2MOD

A 2M 0D analysis on the entire d a ta  set consisting of all 7 populations 

indicated  the gene flow model has  a  m uch higher likehood than  the pure 

drift model (P gene flow model 0.935; P drift 0.065; bayes factor 14.4. A 

second 2MOD analysis on a da ta  set consisting of 5 populations 

(excluding the K Club, and  M ountarm strong) again indicated the gene 

flow model also had  a  higher likehood th an  the pure drift model (P gene 

flow model 0.827; P drift 0.173; bayes factor 4.8). A Bayes factor >3.2 is 

conventionally referred to a s  a  su b stan tia l support for a  model likehood, 

>10 is strong support and  >100 is decisive support (Kass and  Raftery, 

1995).

2 .3 .6  Population B ottlenecks

All grey squirrel populations in Ireland were established  by a  sm all 

num ber of individuals dispersing from other nearby populations. 

Therefore, all have experienced a  founder effect or population bottleneck 

in the past.

Statistically  significant evidence for recent bottlenecks w as found in two 

populations, Castle Leslie and  M ount Ju lie t (Table 2.4). However, the 

d a ta  are no t consisten t with respect to the age of the populations in 

which bottlenecks were detected. A bottleneck w as found in the  longest 

estab lished  population tested, Castle Leslie (Jackson, 1961) (Established 

45 years, Wilcoxon Test, one tailed for heterozygosity excess, P=0.03). 

The populations of Beau Parc, Clongowes Wood, M ountarm strong and  

the  K Club, although  estab lished  after Castle Leslie, did not show 

significant evidence of a  recen t bottleneck.

Likewise, the  m ost recently established population, Portglenone 

(O Teangana, 1999), did not have significant evidence of a  recent 

bottleneck (Established 7 years, Wilcoxon Test, one tailed for
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heterozygosity excess, P=0.08). However, as only 5 loci were used for the 

tests, the power of the Wilcoxon Test is low, which might account for the 

low P-value bu t absence of statistical significance.

Mount Ju liet, which is established for a  similar length of time to 

Portglenone, showed evidence of a recent bottleneck (Established 15 

years, Wilcoxon Test, one tailed for heterozygosity excess, P=0.05).
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Table 2 .4  E s tim a ted  y e a r  p o p u la tio n s  w ere fo u n d ed , age of p o p u la tio n s  

w hen  te s te d  a n d  re s u lts  of th e  b o ttlen eck  d e tec tio n  te s ts  for seven  

p o p u la tio n s .

Estim ated year Age of population in P value of
Site population was years w hen tested for Wilcoxon Test

founded bottleneck

Portglenone 1994 ^ 12 0.08
Castle Leslie 1960 ^ 45 0.03

Beau Parc 1973 ^ 31 0.60
Clongowes Wood 1975 ^ 28 0.10

K Club 1975 ^ 28 0.93
M ountarm strong 1975^ 28 0.40

M ount Ju ile t 1989 ^ 15 0.05

1. O 'T ean g an a  (1999)

2. J a c k so n  (1961)

3. C rich ton  (1974)

4. P erso n a l co m m u n ica tio n

5. O ’Reilly (1997)
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2 .3 .7 Sex biased dispersal

2 .3 .7 .1  Sex biased breeding dispersal

To tes t for sex b iased  breeding d ispersal in a  to tal of 131 ad u lt m ales 

and  136 ad u lt fem ales, sam pled from seven popu lations (Portglenone, 

C astle Leslie, B eau Parc, M ount Ju lie t, Clongowes Wood, The K Club 

and  M ountarm strong), Fis, mAlc and vAlc were calcu lated  for each sex 

separately  (Table 2.5). Fis, a m easure  of heterozygosity deficiency, was 

significant h igher in m ales th a n  fem ales (P = 0.001). This ind icates th a t 

there  are m ore im m igran ts in the m ale popu lations, w hich due  to the 

W ahlund effect, a re  show ing a greater heterozygote deficit and  a  larger 

F is . D ispersal leads to lower assignm ent indices and  higher variance of 

assignm en t indices in the dispersing sex. M ean corrected assignm ent 

index (mAlc) is significantly lower in m ales th a n  fem ales (P = 0.011). 

V ariance of mAlc (t’Alc) w as greater for m ales th a n  fem ales, b u t not 

significantly so (P = 0.053).

F st  w as calcu lated  for 51 adu lt m ales and  52 ad u lt fem ales, sam pled 

from three  popu lations, located within 5 km  of each o ther, Clongowes 

Wood, the  K Club and  M ountarm strong (Table 2.6). Lower 

in terpopu la tion  differentiation, a s  m easu red  by F st  is predicted for the 

d ispersing  sex. F st  betw een m ales w as lower th a n  betw een fem ales b u t 

no t significantly so (P = 0.197).

All four tes t s ta tis tic s  indicate th a t breeding d ispersal is m ale biased. Fis 

and  mAlc are sta tistica lly  significant.
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Table 2.5 Fis, mAIc and  vAlc calculated for seven populations (excluding 

juveniles) - Portglenone, Castle Leslie, B eau Parc, M ount Ju ile t, 

Clongowes Wood, The K Club and  M ountarm strong.

N Fis m A l c i ; A l c

Males 131 0.014 -0.267 3.904
Fem ales 136 -0.103 0.256 2.791

P 0.001 0.011 0.053

Table 2.6 F st  calcu lated  for th ree populations (excluding juveniles) - 

Clongowes Wood, The K Club and  M ountarm strong.

N Fst

Males 51 0.019
Fem ales 52 0.041

P 0.197
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2 .3 .7.2 Sex  b iased  natal dispersal

The single popu lation  spatia l au tocorrelation  analysis did not detect any 

genetic s tru c tu re  in the  Beau Parc population  a t any  d istance  class for 

m ales, fem ales or the  entire  population. No value of r in any analysis, for 

any  d istance  class, exceeded the 95% boo tstrap  confidence interval 

(obtained by perm utation) abou t the  nu ll hypo thesis of no spatial 

s tru c tu re  for the  d a ta  (all r  < rbs, perm utation  test).

To illu stra te  th is , re su lts  are  show n for d istance  c lass 40 (200 m etres), 

for m ales, fem ales an d  the  entire population. For d istance  c lass 40 (200 

meters) there  were 7 d istance  c lasses along the  length of the  tran sec t 

(1.45 m eters) (Tables 2 .7-2 .9 , Figures 2.6-2.8). The final d istance  c lass is 

not show n as it con ta ined  few d a ta  and gave a  very skewed value for r.

If p resen t, genetic s tru c tu re  will be detected  in the  first, or first and  

second d istance  c lasses, i.e. w ithin the  n a ta l d ispersal d istance  and is 

m anifest by r > rbs. Thereafter, in su b seq u en t d istance  c lasses it is 

expected th a t  r < rbs.
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Table 2.7 Results of the Spatial Autocorrelation Analysis for distance 

class 40 (200 meters) for male grey squirrels in Beau Parc, r, U and L 

values are adjusted by subtracting the Mean perm uted r. Upper (U) and 

lower (L) confidence limits bound the 95% confidence interval about the 

null hypothesis of no spatial structure for the combined data  set as 

determined by perm utation.

Spatial Autocorrelation Analysis for male grey squirrels in Beau Parc

No. S am p les  28
D is tan ce  C la sse s  40
No. D ist. C la sse s  7
No. P e rm u ta tio n s  999
No. B o o ts tra p s  1000

D is tan ce 0-40 41-80 81-120 121-160 161-200 201-240 241-280

n 119 68 54 44 38 37 18
r 0.019 0.009 -0.043 -0.027 0.027 -0.025 0.018
U 0.047 0.059 0.065 0.076 0.079 0.077 0.117
L -0.038 -0.063 -0.073 -0.080 -0.082 -0.082 -0.138
Prob r  > rp 0.171 0.378 0.885 0.749 0.271 0.724 0.398
M ean r„ -0.037 -0.038 -0.036 -0.036 -0.039 -0.037 -0.037
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Correlogram for male grey squirrels in Beau Parc
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Figure 2.6. Correlogram of autocorrelation coefficient (r) v d istance class 

40 (200 meters) over 7 distance intervals for m ale grey squirrels in Beau 

Parc. Upper and  lower error bars  bound the 95% confidence interval 

abou t r a s  determ ined by bootstrap resam pling. Upper (U) and  lower (L) 

confidence limits bound the 95% confidence interval abou t the null 

hypothesis of no spatial s truc tu re  for the com bined d a ta  set as 

determ ined by perm utation.
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Table 2.8 R esults of the Spatial Autocorrelation Analysis for distance 

class 40 (200 meters) for female grey squirrels in Beau Parc, r, U and  L 

values are ad justed  by subtracting  the m ean perm uted  r (rp). Upper (U) 

and  lower (L) confidence lim its bound the 95% confidence interval abou t 

the null hypothesis of no spatial s truc tu re  for the com bined d a ta  set as 

determ ined by perm utation.

Spatial Autocorrelation Analysis for female grey squirrels in Beau Parc

No. S a m p les  37
D ista n ce  C la ss  40
No. D ist. C la sse s  7
No. P erm u tation s 999
No. B ootstrap s 1000

D istan ce 0-40 41-80 81-120 121-160 161-200 201-240 241-280

n 194 130 104 91 77 50 16
r -0.005 0.006 -0.003 0.003 0.001 0.006 -0.056
U 0.032 0.040 0.045 0.057 0.055 0.072 0.139
L -0.028 -0.041 -0.046 -0.051 -0.060 -0.070 -0.137
Prob r > Fp 0.612 0.386 0.543 0.457 0.501 0.428 0.798
M ean rp -0.028 -0.028 -0.027 -0.029 -0.027 -0.029 -0.025
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Correlogram for female grey squirrels in Beau Parc
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Figure 2.7 Correlogram of autocorrelation coefficient (r) v distance class 

40 (200 meters) for female grey squirrels in Beau Parc. Upper and lower 

error bars  bound the 95% confidence interval abou t r as determ ined by 

bootstrap  resam pling. Upper (U) and  lower (L) confidence limits bound 

the 95% confidence interval about the null hypothesis of mo spatial 

s tru c tu re  for the com bined da ta  set as  determ ined by perm utation.
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Table 2.9 R esults of the Spatial Autocorrelation Analysis for d istance 

class 40 (200 meters) for all grey squirrels in Beau Parc, r, U and  L 

values are ad justed  by subtracting the m ean perm uted r (rp). Upper (U) 

and  lower (L) confidence limits bound the 95% confidence interval about 

the null hypothesis of no spatial structure for the combined d a ta  set as 

determ ined by perm utation.

Spatial Autocorrelation Analysis for all grey squirrels in Beau Parc

No. S a m p les  65
D ista n ce  C la sse s  40
No. D ist. C la sse s  7
No. P erm u tation s 999
No. B o o tstra p s 1000

D ista n ce 40 80 120 160 200 240 280

n 627 406 304 262 231 173 69
r -0.007 0.004 -0.018 0.019 0.020 0.009 -0.044
U 0.016 0.023 0.026 0.030 0.032 0.038 0.063
L -0.015 -0.024 -0.028 -0.030 -0.035 -0.039 -0.060
Prob r > rp 0.799 0.363 0.899 0.121 0.116 0.318 0.921
M ean Tp -0.016 -0.016 -0.015 -0.017 -0.016 -0.014 -0.017
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Correlogram for all grey squirrels in Beau Parc
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Figure 2.8 Correlogram of autocorrelation coefficient (r) v d istance class 

40 (200 meters) for all grey squirrels in Beau Parc. Upper and  lower 

error bars bound the 95% confidence interval abou t r as  determ ined by 

bootstrap resam pling. Upper (U) and  lower (L) confidence lim its bound 

the 95% confidence interval abou t the null hypothesis of no spatial 

s tru c tu re  for the com bined d a ta  set as  determ ined by perm utation.
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2.4 Discussion

Populations are products of opposing evolutionary forces. Gene flow 

prom otes hom ogeneity am ong populations, genetic drift prom otes 

divergence, and  selection m ay act in either direction. The relative effects 

of these forces shape the genetic population s tru c tu re  (pattern of genetic 

variation am ong and  w ithin populations) of a  species. Population 

s tru c tu re  is positively associated with genetic diversity and  resilience to 

d istu rbance such  th a t large, highly s tru c tu red  populations have high 

genetic diversity and  probability of persistence. In contrast, small, 

panm ictic populations are vulnerable to inbreeding, dem ographic 

stochasticity, genetic drift and  th u s, reduced evolutionary potential, and  

increased probability of extinction (Ram stad et ah, 2004).

2.4.1 Genetic diversity

The Irish grey squirrel populations displayed m oderate genetic diversity 

a t the m icrosatellite loci studied. There is little genetic d a ta  available 

from grey squirrel populations in o ther countries, therefore th is d a ta  will 

also be com pared to d a ta  from red squirrel, Sciurid and  o ther 

populations.

The 5 m icrosatellites used  in th is study were developed for red squirrels, 

and  tested  on a  sm all num ber of grey squirrel sam ples (n=2-7) from the 

north  of England and  found to amplify well (Hale et a l ,  2001a). The 

m ean num ber of alleles per locus (MNA) for these 5 micro satellites was 

sim ilar in the English sam ples (MNA 5.0, range 4-6) and  in the Irish 

sam ples (MNA 5.2, range 4-6). However, MNA is dependent on sam ple 

size. Sam ple size w as between 2 and  7 for the English sam ples and  349 

for the Irish sam ples. Moreover, the English sam ples were all collected 

from the n o rth  of England while the Irish sam ples were collected 

nationwide. It is likely th a t with nationwide sam pling and  a com parable 

sam ple size, the MNA in the UK grey squirrel population would be
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greater.

An indication of the genetic diversity of the  B ritish  grey squirrel 

population  com es from m ultilocus DNA fingerprinting (minisatellite) d a ta  

from two grey squirrel popu lations in the UK, a t Alice Holt Forest on the  

borders of H am pshire and  Surrey in so u th e rn  England and  Thetford 

Forest in E ast Anglia. B and-sharing  coefficients betw een individuals 

from Alice Holt ranged from 0.08 to 0.52 and  betw een individuals from 

Thetford Forest from 0.11 to 0.51. The m ean background  band -sharing  

coefficient w as 0.22 (n = 91, sd = 0.093) for the  Alice Holt population  and 

0.26 (n = 91, sd = 0.089) for the  Thetford Forest population. The resu lts  

showed th a t there  w as a significant regional difference in the  levels of 

genetic variation betw een the two study  sites, b u t overall the  m ean 

background  b an d -sh arin g  levels found in the  two populations were 

sim ilar to d a ta  from o ther stud ies of ou tbred  genetically diverse sm all 

m am m al popu lations, for exam ple, 0 .15 in the  California m ouse 

[Peromyscus califom icus), 0 .28 in the  B anner-tailed  Kangaroo ra t 

[Dipodomys spectabilis) and  0.10 in the  Com m on or E u rasian  shrew  

{Sorex araneus) (David-Gray et a l,  1999).

The grey squirrel popu lations now found in B ritain  w as no t estab lished  

from a sm all single in troduction , a s w as the  case  in Ireland, b u t from 

repeated  in troduc tions over several years of individuals from different 

source popu lations. S horten  (1954) lists nine in troductions from the 

U.S.A. and  two from C anada  betw een 1876 and  1910, and  21 

translocations w ithin B ritain (including eight from W oburn in 

Bedfordshire, the  source population of the  grey squ irre ls in troduced  into 

Ireland) betw een 1892 and  1929. This com bination of independent 

in troductions and  translocations h as  m ediated again st any  founder 

effects and  acco u n ts  for the  high levels of genetic diversity found in grey 

squirrels in B ritain  (David-Gray et a l,  1999). In Ireland a  sm all num ber 

of grey squ irre ls (twelve) were in troduced  to one location (Castleforbes) 

with no fu rth e r know n translocations. Genetic drift theory  p red icts two
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consequences for popu lations founded by a  sm all num ber of individuals. 

Genetic variability  will be less and allele frequencies will be different 

w hen com pared to the  founder population  (H alliburton, 2004). The 

genetic diversity of the  grey squirrel population  in Ireland is therefore 

likely to be less th a n  th a t in Britain, and  still less th a n  th a t in the 

easte rn  U nited S ta tes, the  native range of the  grey squirrel.

The m ean  n u m b er of alleles per locus for Irish grey squirrel populations 

(MNA 5.2, range 4-6) is sim ilar to th a t found in red squirrel populations 

in o ther coun tries.

For the  5 m icrosatellite  loci used  both for grey squ irre ls in th is  s tudy  

and  for red  squ irre ls  in the  north  of E ngland (Hale et ah, 2001a), MNA is 

h igher in grey squ irre ls  (MNA 5.2, range 4-6) th a n  in red squ irre ls (MNA 

4.4, range 2-6), b u t again  the sam ple size w as higher in Ireland (n=349) 

th a n  in E ngland (n ranges from 14-33). For 163 red squ irrels sam pled 

from 11 popu la tions in Belgium and  G erm any and  genotyped a t 5 

different m icrosatellite  loci, MNA w as higher th a n  in th is  s tudy  (MNA 

6.6, range 4-8) (Todd, 2000). In the Italian Alps, Trizio et a l, (2005) 

genotyped 289 red squ irre ls from 7 popu lations a t 10 m icrosatellite loci 

and  ob tained  a  MNA slightly lower th an  in th is  study  (MNA 4.6, no range 

ob tainab le  from th e  pub lished  data). On the  island  of Anglesea, the 

is lands rem n a n t red  squirrel population of 46 individuals had  a very low 

MNA of 1.7 (range 0-3) across 6 m icosatellite loci (Ogden et a l,  2005). 

However, the  a u th o rs  did not exclude m onom orphic loci prior to 

conducting  the  analy sis  and  3 of the  6 loci stud ied  were m onom orphic.

In rela ted  Sciurid  species G unn et a l ,  (2005) isolated and  tested  48 

m icrosatellite  loci and  found 18 to be polym orphic in a  wild population 

of North A m erican red squirrels, Tam iasciurus hudsonicus. MNA was 

high a t 9 .0 , range 6-13. These loci were investigated in 6 grey squirrels, 

Sciurus carolinensis, 12 loci amplified and  6 were polym orphic. In 12 

E uropean  red squ irre ls , Sciurus uulgaris, 13 loci amplified and  12 were
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polym orphic. Of the  20 m icrosatellite loci isolated and  tested  by S h ibata  

et ah, (2003) for the  Ja p an e se  squirrel, Sciurus Us, 11 loci were found to 

be polym orphic. MNA w as 4.9, range 2-7. These m icrosatellites were not 

tested  on o ther Sciurus or Tamiasciurus species.

Mean observed heterozygosities (Ho) and  m ean gene diversities (expected 

heterozygosities, H e) for Irish grey squirrel popu lations were sim ilar to 

those ob tained  for red squirrel populations in B elg ium /G erm any, Italy 

and  B ritain an d  also for o ther Sciurus or Tamiasciurus species. In th is 

study  m ean Ho an d  m ean H e across loci were 0.63 and  0.61 respectively, 

in B elg ium /G erm any they  were 0.54 and  0.57 respectively (Todd, 2000) 

and  in Italy 0 .56 and  0.55 respectively (Trizio et ah, 2005). In Britain 

m ean Ho and  m ean H e were 0.36 and  0.58 respectively (Hale et a l, 

2001a). The low m ean  Ho relative to m ean H e in B ritain  w as due to the 

W ahlund effect an d  sam pling across populations. For the North 

Am erican red squirrel, Tamiasciurus hudsonicus, m ean  Ho and  m ean 

were H e were a  little higher, 0.71 and  0.74 respectively (Gunn et a l, 

2005) and  for the  Ja p a n e se  squirrel, Sciurus Us, 0.45 and  0.62 

respectively (Shibata  et a l, 2003). In five pou lations of bank  voles in 

D enm ark (n=161) gene diversity w as higher (H e = 0.75-0.83) (Redeker et 

ah, 2006) b u t it w as sim ilar in 8 pou lations of feral pigs in sou th  

W estern A ustra lia  (H e = 0.68) (Ham pton et a l, 2004).

To p u t th ese  figures in a  b roader context, from a  total of 524 

m icrosatellite loci considered in nearly  40 ,000  individuals of 78 species, 

freshw ater fish displayed levels of population  genetic variation (m ean H e 

= 0-46, an d  MNA =7-5) roughly sim ilar to those  of non-piscine an im als 

(mean H e = 0-58 and  MNA = 7-1). In con trast, local population  sam ples 

of m arine fish displayed on average significantly h igher heterozygosities 

(mean H e = 0-79) and  nearly  th ree  tim es the  n u m b er of alleles per locus 

(MNA = 20-6). A nadrom ous fish were in term ediate  to m arine and  

freshw ater fish (h=0-68 and  a = l 1-3) (Dewoody and  Avise, 2000).
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Loss of genetic diversity is a process th a t occurs between generations, 

even in cases of a single colonising event,. As long as the founding 

population consisted of more than  a few individuals, and providing the 

population rapidly increased in size, relatively little genetic diversity is 

lost (Austerlitz et a l,  1997). As with grey squirrels, the introduction of 

the m arsh  frog, Rana ridibunda, into England from Hungary involved 

only 12 individuals; yet due to rapid population growth, the established 

non-native population exhibited a level of genetic diversity similar to that 

of the source population (Zeisset and Beebee, 2003). Based on a review 

of the relevant literature. Wares et a l, (2005) concluded th a t introduced 

populations often retain  as m uch as 80% of the genetic variation of the 

source population, or even more.

2 .4 .2  Inb reed ing

No evidence of inbreeding was detected in any population. This is 

somewhat surprising given that the population is derived from ju s t 12 

individuals from a single source population and tha t some mating 

between related individuals was probable in the small, early population 

(see Gurnell et al., 2001).

However, for inbreeding to accum ulate in a population over generations, 

tha t population m ust remain completely isolated. Inbreeding can be 

substantially  reduced by the introduction of individuals from other 

populations. This occurs even when the immigrants themselves are 

inbred, as long as they come from genetically distinct populations 

(Frankham  et al., 2002). Theoretically, one or more m igrants per 

generation can alleviate the deleterious effects of inbreeding on 

reproductive fitness and extinction risk (Frankham et al., 2002). Once 

introduced to Castleforbes, the grey squirrel population increased in size 

and range rapidly (Watt, 1923). As its range expanded populations 

became more isolated and differentiated from each other due to the 

founder effect and  genetic drift (see section 1.5). Immigration of
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indiv iduals w ith atypical genotypes betw een popu lations would then  

tend  reduce inbreed ing  and  prevent the  bu ild -up  of hom ozygous 

genotypes w ithin a  population. W hen d ispersal is sex biased, as 

observed in grey squ irre ls (Koprowski, 1996), th is  also functions as a  

m eans of inbreed ing  avoidance in popu lations (Lawson Handley et al, 
2007). Finally, if population  size recovers rapidly  following a  severe 

bottleneck, a s w as the case for the  Irish grey squirrel population  (Watt, 

1923) indiv iduals w hich are highly inbred will suffer higher levels of 

inbreed ing  depression , have reduced  fitness and  tend  to be removed 

from popu la tions by n a tu ra l selection (Frankham  et ah, 2002).

2 .4 .3  G enetic  d ifferentiation  and population  structure

Population differentiation w as significant a t both  a  na tional and  local 

scale. At a  na tional level the  Irish grey squirrel population  is no t a 

panm ixic population  b u t is differentiated into subpopu la tions, with 

m oderate  to g rea t genetic differentiation betw een som e subpopula tions 

(Table 2.2) (for exam ple, betw een B eau Parc and  M ount Juliet). The 

seven popu lations can  be divided into four m ain groups, a  no rthern  

group, consisting  of Portglenone and Castle Leslie, a  Co. Kildare group 

consisting  of Clongowes Wood, the  K Club and  M ountarm strong and  

B eau Parc and  M ount Ju lie t a s separa te  g roups (Figure 2.2)

Overall differentiation betw een the  seven grey squirrel populations w as 

m oderate  ( F st  = 0.10; 95% confidence lim its 0 .07-0.13). Trizio et al, 
(2005) genotyped 289 red squirrels a t 10 loci in 6 populations in 

co n tinuous conifer w oodland in the Italian  Alps, over a  sim ilar scale to 

th is s tu d y  (this s tu d y  1.5km -263km ; in the  Italian  Alps 1 .lkm -276km ). 

Overall differentiation for red squirrel popu lations in con tinuous forest 

w as significant b u t lower ( F st  = 0.04; 95% confidence lim its 0.03-0.06) 

th an  for grey squ irre ls  in fragm ented woodland in Ireland (F st  = 0.10; 

95% confidence lim its 0 .07-0.13). All pairw ise com parisons of F st  were 

significant for red  squ irrel populations in the  Italian  Alps, ranging from
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0.02-0 .06  b u t again  lower th an  those ob tained  for grey squirrel 

popu lations in Ireland, ranging from 0 .02-0 .17 . In bo th  the  Italian Alps 

and  Ireland, popu lation  differentiation w as significant a t bo th  the  

reg io n a l/n a tio n a l an d  local scale. B arra tt et ah, (1999) found an  

‘ex trao rd inary ’ level of genetic differentiation am ong fragm ented 

popu lations of red  squ irre ls in the  UK using  m itochondrial DNA control 

region sequence. They concluded th a t, w ithin the  UK, the genetic 

p a tte rn s  observed were m ost likely explained by the  effects of genetic 

drift w hich h a s  occurred  since the  isolation of popu lations in the  p ast 

few h u n d red  years, hence no underlying phylogenetic p a tte rn  could be 

detected. A m icrosatellite  (Hale et al, 2001a) an d  m itochondrial DNA 

(Hale et al, 2004) analysis of red squirrel m u seu m  pelt specim ens in the 

UK also show ed th a t B ritish red squirrel popu lations are strongly 

differentiated w ith h igh F st  values (0.04-0.57; (Hale et al, 2004)). The 

m itochondrial variation  appeared  random  w ith no reflection of 

geographic d is tribu tion  in the  phylogenetic analysis.

A h ierarch ial analy sis  of m olecular variance show ed the m ajority of 

m olecular variance to be partitioned  w ithin popu lations (85.99%, 

P<0.001), variance am ong populations w ithin groups is low bu t 

significant (7.90%, P<0.001), a s is variance betw een groups (6.12%, 

P=0.048) (Table 2.3). Trizio et al, (2005) ob tained  sim ilar re su lts  for red 

squ irrels in the  Alpine Alps b u t a  higher percen tage of variation (99.5%, 

P<0.001) w as found for the  w ithin population  com ponent and  lower 

percentage for the  w ithin group (0.3%, P<0.001) and  betw een group 

(0.2%, P= 0.069) com ponents.

For grey squ irre ls  in Ireland and  red squ irre ls in the  UK h ab ita t 

fragm entation , w ith lower levels of gene flow betw een h a b ita t fragm ents, 

would a p p ea r to be responsib le  for the  greater genetic differentiation 

seen in com parison  w ith red squirrels in con tinuous, conifer forest in the 

Alpine Alps.
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The significant population  differentiation betw een the  th ree  grey squirrel 

popu lations a t a  local level (Clongowes Wood, the  K Club and 

M ountarm strong) is m ore unexpected, as  it im plies restric ted  gene flow 

betw een these  populations, despite the fact th a t each  population is 

w ithin the  d ispersal range of the  o ther. Significant population 

differentiation w as also recorded for two red  squ irre ls popu lations 1.1km 

ap art in the  Alpine Alps (F st  = 0.018) (Trizio et ah, 2005).

Therefore, a ssu m in g  th a t d ispersal of grey squ irre ls is sufficiently low 

and  over sufficiently sho rt d istances to allow population  differentiation 

exist over bo th  na tional and  local scales, a  question  th a t  a rises is w hat 

n um ber of indiv iduals d ispersing  (and th en  successfully  breeding) 

betw een ad jacen t w oodlands would give F st  values of 0 .02-0.03, as 

found betw een Clongowes W ood/M oun tarm strong /T he K Club.

W right (1969) u sin g  an  ‘infinite island  m odel’ of population  s tru c tu re  

determ ined th a t m igration ra te s  of one m igran t per generation are 

theoretically  sufficient to prevent fixation of alleles an d  th a t 5 m igrants 

per generation are enough to prevent su b s ta n tia l differentiation and  

keep all individual subpopula tion  allele frequencies n e a r the  m ean  allele 

frequencies over all subpopu la tions. This effect is independen t of 

population size. In a  large population genetic drift is w eak so it takes 

less gene flow (expressed as the proportion of im m igran ts in each 

generation) to co u n te rac t it and  vice versa.

The OMPG rule re su lts  from a  sim ple m odel of population  s tru c tu re  

based upon  a h o st of un realistic  a ssu m p tio n s including: an  island  model 

of m igration, selective neu tra lity  and  no m u ta tion , ideal populations, 

dem ographic equality  and  gene frequency equilibrium  (Mills and  

Allendoff, 1996).

Despite these  un rea lis tic  assum p tions , the  one m igran t per generation 

rule h a s  been tested  and  found to reduce inbreeding  depression in
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experim ents involving fruit flies [Drosophlia melanogaster) (Spielman and  

F rankham  1992) houseflies (Musca domestica) (Bryant et a t ,  1999) and 

m u sta rd  (Brassica campestris) (Newman 8s Tallmon 2001) and  in a  

population  genetic m odel which predicts the frequency of deleterious 

m u ta tions and  th e  viability of the individuals in a  set of popu lations with 

varying n u m b ers  of m ig ran ts  (Couvet, 2002).

An estim ate  of th e  average num ber of d ispersers (Nm) per subpopulation  

per generation  can  be obtained from W right's Fst (Wright 1959). 

However, the  re la tionsh ip  betw een Nm and  Fst is based  on the idealized 

island  m odel of population  struc tu re  so its applicability to n a tu ra l 

popu lations is su sp ec t (Whitlock and  McCauley, 1999). Moreover, the 

island  m odel does no t yields the local, population-specific estim ates 

required  to s tu d y  the  underlying m echanism s of d ispersal (Ims and 

Yoccoz, 1997).

Mills and  Allendoff (1996) noted th a t one of the m ost realistic  te s ts  of the 

effects of m igration on genetic variability and differentiation in 

subpopu la tions involved sim ulations by Lindenm ayer and  Lacy (1995) 

with L eadbeaters po ssu m  (Gymnobelideus leadbeateri). L indenm ayer 

and Lacy (1995) u se d  the  com puter program  VORTEX to model the 

viability of m etapopu la tions with subpopu la tions occupying a  sm all 

num ber of h a b ita t p a tch es  of varying size. They u sed  values for life- 

h istory  p a ram ete rs  draw n from extensive field stud ies, allowed local 

subpopu la tions to becom e extinct, and  included the effects of inbreeding 

depression . L eadbeater’s possum s have a  sim ilar life h istory  to grey 

squirrels. They are  an  an  arboreal m arsup ial, live in old-growth m ontane 

a sh  forest in Victoria, so u th  east A ustralia, weigh ab o u t 150g, have a 

hom e range of 1 .5ha, breed a t age 2 years, have a m axim um  4 young in 

two litters per year, a  m axim um  longevity of 8 years an d  a  generation 

length of 3.71 years  (Lindenmayer and  Lacy, 1995). A nnual m igration 

rate  w as varied in th e  model. In their largest m etapopulation , which 

consisted  of 5 subpopu la tions of 40 individuals each , an  an n u al
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m igration ra te  of 0.01 (1.5 m igran ts per generation (3.71 years)) 

produced an  overall F st  of 0.07 betw een subpopu la tions and an  annual 

m igration ra te  of 0 .05 (7.4 m igran ts per generation  (3.71 years)) 

p roduced an  overall F s t  of 0.02.

In real popu la tions, Lacy (1987) suggested th a t a ro u n d  5 m igran ts per 

generation  were required  to prevent population  differentiation. Mills and  

Allendoff (1996) suggest a  m inim um  of 1 and  a  m axim um  of 10 m igrants 

per generation  in  order to m ain tain  genetic variability w ithin real 

subp o p u la tio n s w ithou t causing  uniform ity of allele frequencies across 

popu lations. Therefore, given a  generation length of 2.07 years in grey 

squ irrels (Millar and  Zam m uto, 1983), and  based  on the  above 

estim ates, an  exchange of m axim um  2.5-5 m igran ts annually  between 

grey squ irrel popu la tions i.e. m igran ts who successfully  breed would be 

possible w ithou t still allowing for population  differentiation.

As the above estim ate  only refers to individuals successfully  dispersing 

and breeding, the  next question  is how m any individuals d isperse bu t 

fail to breed, an d  so fail to con tribu te  to gene flow betw een the 

populations. In ideal populations, im m igran ts have the  sam e 

dem ographic a ttr ib u te s , in term s of survival and  reproduction  

probabilities, a s  res iden t individuals. However, it is generally considered 

th a t im m igran ts have lower survival. T hom pson (1978a) stud ied  a  grey 

squirrel popu lation  on a  2 8 .7 h a  site in M ount P leasan t Cemetery, 

Toronto. He found th a t  only 14.3% of im m igrants in a u tu m n  and  7.85% 

of im m igran ts in spring  who were trapped  on h is  study  site becam e 

estab lished  in the  population . Once estab lished  the  ra te  of loss of 

im m igran ts w as sim ilar to the  ra te  of loss of residen ts. This would 

suggest h igh m ortality  in im m igran ts a ttem pting  to en te r a  new 

population. However, a s  T hom pson’s study  site w as p a rt of con tinuous 

woodland som e ind iv iduals who failed to becom e estab lished  on the 

study  site m ay also have moved off it and  becam e estab lished  elsewhere. 

In co n tra s t, W au ters et a l ,  (1994) stud ied  survival and  lifetime
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reproductive su ccess  in d ispersing  and  res iden t red squirrels. Body 

m ass, longevity, lifetime reproductive success and  dom inance ran k  of 34 

residen t offspring (settling w ithin 400m  of the  na ta l range) and  70 

im m igrants (not born on the  study  site an d  estab lished  a  hom e range 

m ore th a n  400m  away from a  potential b irth  place i.e.> 400m  from those 

edges of the  stu d y  sites th a t bordered the  re s t of the forest) were 

com pared an d  found to be sim ilar for residen ts and  im m igrants. Survival 

in the  period prior to settling  on a hom e range w as also found to be 

sim ilar.

A nother charac te ris tic  of the  p a tte rn  of m igration is the  interval betw een 

m igrants. In its  sim plest form the island  m odel a ssu m es th a t probability 

of m igration per generation  is constan t. Will 1 m igran t per generation 

have the  sam e effect as  10 m igran ts every 10 generations? Grey squirrel 

d ispersal is likely to be high in a u tu m n s  w hen population  density  is high 

and food availability is low, and  vice versa  (Gurnell, 1987). L a c y  (1987) 

concludes th a t sporad ic  im m igration should  be ju s t  a s effective as 

steady supp lem en ta tion  provided th a t the sam e long-term  average ra te  is 

m aintained . On the  o ther han d  Levin (1988) concludes th a t a  variable 

m igration ra te  hom ogenizes less th an  a uniform  rate  with the sam e 

m ean. Mills and  Allendoff (1996) note th a t th a t is no em pirical d a ta  to 

offer an  insigh t in to  th is  question.

In conclusion , it is difficult to tran s la te  m easu re s  of population 

differentiation, for exam ple F s t , into n u m b ers  of m ig ran ts per generation, 

and  these  m easu re s  m ay be best considered a s  an  indicator of the 

h istorical genetic connectivity betw een popu lations (Lowe et al, 2004). 

Given th a t the  w oodlands of Clongowes Wood, M ountarm strong  and  the 

K Club are  w ithin  a  range of 1 .5-4.5km  of each  other, th a t a t these  

d istances d ispersa l is in frequent, particu larly  w hen d ispersing  th rough  a 

m atrix  betw een two w oodlands (Flyger, 1960; Mosby, 1969; Fitzgibbon, 

1993; Taylor et al,  1971; Hale et al,  2001b, for red  squirrels; th is study, 

section 3.3.1), it is logical th a t differentiation betw een populations could
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be evident and  significant a t bo th  a na tional and  local scale.

2 .4 .4  Isolation by Distance

According to S latk in  (1993), during  the  evolution of a  gene flow-drift 

equilibrium  system , IBD should  be evident first over sm all geographical 

d istances, th en  over larger ones. However, physical ba rrie rs  to gene flow 

m ay prevent a  p a tte rn  of IBD from em erging (G am ier et ah, 2004).

D ata w as available to te s t for IBD m ainly  over larger geographic 

d istances (up to 263km , Table 2.2). IBD w as evident w hen all 7 

popu lations were u sed  in the M antel tes t, b u t no t w hen only 5 

popu lations were u sed  (excluding the K Club and  M ountarm strong). The 

difference in the  two analyses can be a ttr ib u ted  to the  effect of 

incorporating  the  c lu s te r of th ree  popu lations in Co. Kildare, Clongowes 

Wood, the  K C lub and  M ountarm strong a s  independen t sam ples in the 

larger scale analysis. The c luste r of th ree  popu lations in Co. Kildare, 

Clongowes Wood, the  K Club and  M ountarm strong , are separa ted  by 

1.5-4.5km  and  have pairw ise F st  values ranging  from 0.02-0 .03  and 

sim ilar pairw ise F st  values with each of th e  o ther popu lations (Table 

2.2). C onsequently , w hen included in an  analysis the  isolation by 

d istance rela tionsh ip  is significant.

Two factors m ay be responsib le for the  absence  of IBD and  gene flow- 

drift equilibrium  in the  5 population analysis. First, there  is a  sharp  

d iscontinu ity  in allele frequencies betw een C astle Leslie and  B eau Parc. 

Beau Parc is located on the  sou th  b an k  of th e  River Boyne. Rivers have 

been show n to be a  significant barrier to d ispersa l in grey squirrels. Grey 

squirrels were in troduced  to Castleforbes on the  east b an k  of the  River 

S hannon  in 1911 and  have failed to becom e estab lished  on the w estern 

side to date  (but see section 4.3). O 'T eangana (1999) no tes th a t “the 

Lower B ann  river with only seven bridges crossing  it, h a s  proved a 

considerable ba rrie r to grey squirrel en try  into A ntrim ”, Grey squirrel
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distribution was continuous on the west bank of the Lower Bann when 

O 'Teangana (1999) conducted his survey. On the east bank there were 

only two “recent reports [of grey squirrels]..at Toome and Portglenone 

suggesting a b reakthrough,” both locations being adjacent to bridges. In 

the south  of Ireland, grey squirrels distribution is continuous along the 

north bank  of the River Suir, with only one breakthrough in Gurteen, 

south of the bridge in Kilsheelin (section 4.3). In order for significant 

population differentiation to occur between populations either side of a 

river, it is not necessary for dispersal to be entirely prevented. If it is 

significantly reduced, (perhaps to between 1 and 10 m igrants per 

generation (Mills and Allendorf, 1996)) then population differentiation 

can occur. Major rivers have also been noted as a barrier to gene flow in 

Eastern C hipm unks (Tamias striatus) in C anada (Chambers and Garant, 

2010).

Noting pairwise com.parisons between Clongowes Wood, immediately 

south of Beau Parc, and other populations, there is further evidence of 

IBD emerging. The pairwise com parisons are Clongowes Wood- 

M ountarm strong, F st  = 0.02, distance apart 1.5km, Clongowes Wood-K 

Club, F s t  = 0.03, distance apart 4.5km, Clongowes Wood-Beau Parc, F st  

= 0.08, d istance apart 43km, Clongowes Wood-Mount Ju lie t F st  = 0.11, 

distance apart 91km , Clongowes Wood-Castle Leslie F st  = 0.12, distance 

apart 113km. A linear regression plot of In pairwise distances v pairwise 

F st  shows a significant relationship (R2=0.96, P=0.001) (Figure 2.5).

The study sites in th is analysis are aligned roughly on a north-south 

axis. The River Boyne, with its tributaries the River Blackwater, 

Tremblestown River, Stoneyford River, River Deel and Knightsbrook 

River, is the only river system to flow west to east through the study 

sites (see Figure 4.1). Populations further south of Beau Parc, for 

example Clongowes Wood, are less differentiated from Castle Leslie and 

Portglenone th an  Beau Parc itself. This suggests tha t while gene flow 

directly across the River Boyne at Beau Parc may be reduced, greater
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gene flow m ay be tak ing  place around  the  w estern  edge of the River 

Boyne system , and  across those w estern p a rts  of the  River Boyne system  

with m ore ru ra l bridges to allow greater grey squirrel dispersal. The 

d istance, from B eau Parc, Clongowes Wood or M ount Ju lie t to Castle 

Leslie or Portglenone, via the  w estern  end of the  River Boyne system , 

m ight b e tte r reflect the  d istance over w hich gene flow is occurring and 

IBD shou ld  be m easu red . To investigate th is  it would be necessary  to 

analyse grey squ irrel popu lations n ear the  w estern  end of the River 

Boyne system , an d  on the  no rth  b an k  of the  River Boyne opposite Beau 

Parc, and  see how they  fit into the IBD analysis.

Second, all grey squirrel populations in Ireland have been newly 

estab lished  in the  fairly recen t p ast (Table 2.4), each p resum ably  by a 

sm all n u m b er of founders. Insufficient tim e m ay have elapsed for gene 

flow-drift equilibrium  to be estab lished  in these  populations. For 

exam ple, the  popu lation  a t Portglenone w as founded in abou t 1994 or 

slightly prior to th is  (O 'Teangana, 1999). This population  had  been 

estab lished  for ab o u t 12 years prior to sam pling  and  genetic analysis. 

The genetic d is tan ce  betw een Portglenone an d  Castle Leslie was sm all 

(F st  = 0.03) even though  the  populations were separa ted  by 67km . The 

genetic d istance  betw een longer estab lished  popu lations a  sim ilar 

d istance a p a rt is larger (Beau Parc-Clongowes Wood, F st  = 0.08, 43km  

apart; Clongowes W ood-M ount Ju lie t, F st  = 0.11, 91km  apart). The 

bottleneck detection  te s t for Portglenone (Wilcoxon Test, P=0.08) w as not 

significant, b u t does suggest th a t the  effects of a bottleneck  or founder 

effect a re  still p re sen t in the  population. The bo ttleneck  detection test for 

Castle Leslie w as significant (Wilcoxon Test, P=0.03), approxim ately 45 

years after becom ing estab lished . S tochastic  founder effects are likely to 

be responsib le  for the  sim ilarity betw een Portglenone and  Castle Leslie 

and insufficient tim e m ay have elapsed for significant divergence to 

occur due  to genetic drift.
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2 .4 .5  2MOD

The 2MOD analysis su p p o rts  the  existence of an  equilibrium  betw een 

gene flow an d  drift w hen com pared to an  equilibrium  of (pure) drift (P 

gene flow m odel 0 .935; P drift 0 .065; Bayes factor 14.4 gene flow model. 

Support for th e  gene flow model is not a s strong  as found for red squirrel 

popu lations in co n tin u o u s forest in the  Alpine Alps (Trizio et al, 2005), 

where P g e n e  flow m odel = 0.99, P  drift = 0 .02, Bayes factor = 499 gene 

flow m odel, b u t is none the less substan tia l. It suggests th a t an  overall 

equilibrium  betw een gene flow and  drift exists in the  Irish grey squirrel 

population  w ith fu rth e r investigation around  the  River Boyne m erited.

2 .4 .6  B o ttlen eck  d etec tio n

Grey squ irre ls  popu lations in Ireland have potentially  undergone a 

m.yriad of bo ttlenecks or founder effects in the  p a s t 100 or so years. The 

first w as w hen a  n u m b er of individuals were in troduced  from North 

Am erica to W oburn Abbey in the UK, the  second when 12 of th is  

population  were u sed  to found a new population  a t Castleforbes and, 

thereafter, every new  population  w as founded by a  sm all num ber of 

individuals d ispersing  from o ther nearby  populations.

Therefore, it is su rp ris in g  th a t all popu la tions did not show a 

heterozygosity excess. The te s ts  for heterozygosity excess can detect 

bo ttlenecks for only a  given 'window of tim e' after a  bottleneck h as  been 

in itiated  (C ornuet a n d  Luikart, 1996). Power analysis and  theoretical 

m odels in suggest th a t  a  bottleneck of Ne is likely to be detectable for 

-2 5 -2 50  g enera tions (0.25-2.5 tim es 2Ne generations) after the  initiation 

of a  popu lation  reduction  (Cornuet and  Luikart, 1996). Piry et al, (1999) 

la ter narrow ed th is  suggestion to 1-2 tim es 2Ne generations. Thus, only 

‘recen t’ h isto rical population  declines are  detectab le (Cornuet and  

Luikart, 1996). As the  longest estab lished  popu lation  in th is  study, 

Castle Leslie (45 years), show ed evidence of a  bo ttleneck  it is reasonable
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to suggest th a t the ‘window of tim e’ h a s  no t passed  during  which 

bottlenecks could be detected in o ther populations. To achieve 

reasonably  high sta tistica l power (>0.8), Piry et al, (1999) recom m end 

genot5̂ in g  a t least 10 polym orphic loci and  sam pling a t least 30 

individuals per population . It is possible th a t there  w as insufficient 

power in the  5 loci u sed  in th is  study  to detect bo ttlenecks in all o ther 

populations.

However o ther s tud ies  have also failed to detect population  bottlenecks 

in roden ts w here they  were known to exist. B usch  et al,  (2007) tested  

th ree  m ethods of detecting population  bo ttlenecks, heterozygosity 

excess, m ode shift and  M -ratio tes ts , u sin g  two banner-ta iled  kangaroo 

rat, Diplodomys spectabilis, populations th a t were know n to have 

experienced recen t dem ographic reductions. Neither population  showed 

a  genetic bo ttleneck  signature . No evidence of heterozygosity excess or 

m ode shift w as uncovered in m ain land popu lations of snow shoe h a re s  or 

voles, despite the  regu lar reductions in these  periodically cycling species 

(Burton et al,  2002; B erth ier et al,  2006; Redeker et al,  2006) or in red 

squirrels in recently  fragm ented forest (Trizio et a l,  2005). This is 

probably because  im m igration, even a t a  very low rate , and  possibly an  

elevated ra te  of m uta tion , can quickly e rase  a  bottleneck signature  

(Busch et a l,  2007).

2 .4 .7  Sex biased dispersal

2 .4 .7 .1  Breeding Dispersal

All the  indices estim ated  in th is s tudy  suggest th a t in the  grey squirrel 

breeding (inter-population) d ispersal ra tes are  h igher am ong m ales th an  

females. Significant differences betw een the  sexes were observed in the 

m ean assignm en t index and  in the Fis, w hereas differences in the 

assignm ent index variance and  FsTwere not significant.
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These te s ts  have been  im plem ented for a variety of species. In the greater 

white toothed  shrew  {Crocidura russula) (Favre et a l ,  1997) direct field 

observations an d  genetic d a ta  found d ispersal to be highly female biased 

w hich is u n u su a l  am ong m am m als. In the  red-billed quelea [Quelea 

quelea) (Dallimer et a l,  2002) d ispersal w as m ale b iased , in the bullfrog 

[Rana catesbeiana] (Austin et a l, 2003) and  the  com m on frog {Rana 

temporaria) (Palo et a l ,  2004) female biased, in brook ch arr (Salvelinus 

fontinalis) (Fraser et a l,  2004) m ale biased and  in W hite’s sk ink  (Egem ia  

whitii) (Chappie and  Keogh, 2005) no clear and  c o n sis tan t evidence w as 

found.

W here possible genetic d a ta  on sex-biased d ispersal shou ld  be com pared 

to d irect field da ta . Taylor et a l, (1971) noted th a t  the m axim um  

recorded d is tan ces moved by m ale and  female squ irre ls  were different. 

Males travelled longer d istances m ore frequently  th a n  females. For 

exam ple, slightly over 10% of fem ales caugh t m ore th an  once were 

recorded a t po in ts m ore th an  360m  apart, w hereas the  corresponding 

portion for ad u lt m ales w as 40%. Mosby (1969) reported  in term itten t live 

trapp ing  w as carried  o u t in m any of the  woodlots on Virginia Polytechnic 

In stitu te  Farm  (VPIF) betw een 1947-1966. O ut of a  to tal of 812 grey 

squirrels, there  were 45 records (5.5%) of betw een woods m ovem ents 

involving 30 m ales an d  15 females. The average d istance  travelled 

betw een woods by the  m ales was 880m ; the  fem ales averaged 608m . 

A nother s tu d y  on VPIF focused on two woodlots separa ted  by 200m  a t 

the ir n ea res t po in ts (Mosby, 1969). There were 25 betw een woods 

m ovem ents. The sex-age of the  individuals involved were 15 m ales, 10 

females; 10 a d u lts  (>16 m onths), 10 su b a d u lts  (6-16 m onths) 5 juveniles 

(<6 m onths). O ther s tud ies  indicate m ore juvenile m ales th a n  juvenile 

fem ales m ake long d istance  d ispersal m ovem ents (Gull 1977 in Gurnell, 

1987; Don 1981, in G urnell, 1987). Therefore, both  genetic d a ta  and 

direct field d a ta  are  in agreem ent predicting m ale b iased  breeding (long 

distance) d ispersa l in grey squirrels.
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2 .4 .7.2 Sex biased natal dispersal

The single popu lation  spatial au tocorrelation  analysis did not detect any 

genetic s tru c tu re  (i.e. any  evidence of sex b iased  n a ta l dispersal) in the 

B eau Parc population  a t any  d istance  c lass for m ales, fem ales or the 

entire  population . Neither Thom pson (1978a) (grey squirrels) nor 

W auters et al, (1994) (red squirrels) detected  any  sex b ias in d ispersal in 

the ir stud ies . However, sex biased  n a ta l ph ilopatry  h a s  been directly 

observed in grey squ irre ls by Koprowski (1996) and  G urnell et al, 
(20 01 ).

Koprowski (1996) found th a t n a ta l ph ilopatry  w as fem ale-biased in grey 

squ irre ls stud ied  for 4 years in a 4 .2 h a  p ark lan d  on the University of 

K ansas cam pus. He considered squirrels to be philopatric if con tinuous 

residence w as m ain ta ined  w ithin any  portion of the  na ta l a rea  un til an 

age of >1.25 years, the  age a t which ad u lt body size and  reproduction 

m ay be achieved. In actuality , philopatric  indiv iduals u sed  the  sam e 

dens an d  hom e range before and  after m atu ra tion . Of 43 fem ales 

cap tu red  a s  juven iles, 16 (37%) rem ained in the ir n a ta l a rea  un til a t 

least 1.25 years of age while only two of 34 (6%) m ales rem ained in their 

n a ta l a rea . These philopatric  m ales rem ained  in the  n a ta l a rea  following 

the ir m others ' d ea th  im m ediately after w eaning.

G urnell et al, (2001) stud ied  spacing behaviour, k insh ip  and  population 

dynam ics of grey squ irre ls in a  newly colonized broadleaved woodland in 

Italy. Juven ile  fem ale grey squ irrels were philopatric , while m u st juvenile 

m ales settled  off th e  m others hom e range, resu lting  in the  form ation of 

female k in  groups.

A ssum ing evidence of sex biased n a ta l d ispersa l w as p resen t in Beau 

Parc there  are  a  n u m b er of reasons why it m ay have not been detected.

The sex b ias in n a ta l ph ilopatry  m ight no t have been very strong, for
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example, in Koprowski (1996) it was 37% female philopatry v 6% male 

philopatry. Consequently, even in Koprowski’s study, considerably more 

females dispersed away from the natal area than  remained. This would 

weaken any genetic structu re  in the population and make a sex bias in 

natal philopatry difficult to detect.

The num ber of squirrels trapped from individual kin groups may have 

been too small. Given a weak bias for natal philopatry, un less most, or 

all, m em bers of those kin groups which did exist were trapped, genetic 

structure  in the population would be difficult to detect.

Radiotracking d a ta  in Gurnell et al, (2001) showed the kin group were 

located within an area of about 200m X 100m. No radiotracking data  

was obtained on core areas of individuals in Beau Parc. The location of 

capture of individuals may not have reflected their core areas with 

sufficient accuracy and precision to allow a kin group be distinguished 

from unrelated  neighbouring individuals.

Too few m arkers with too little polymorphism may have been used to 

adequately distinguish kin from non-kin.

2 .5  C on clu sion s

The Irish grey squirrel populations displayed m oderate genetic diversity 

at the microsatellite loci studied, generally similar to other sciurid 

populations.

There is no evidence of inbreeding in Irish grey squirrel populations.

Population differentiation is significant at both a local and national scale 

suggesting restricted gene flow between populations.

There is some evidence of an equilibrium between gene flow and genetic
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drift, as  seen in the  p a tte rn  of isolation by d istance, b u t the  River Boyne 

m ay p resen t a  significant barrier to gene flow.

There is genetic evidence of m ale b ias in breeding d ispersal.
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3. Population size recovery in grey squirrels following 

control

3.1 Introduction

The in troduced  Am erican grey squirrel, Sciurus carolinensis, is 

responsib le  for the  decline in population size and  range of the  red 

squirrel, Sciurus vulgaris, in Ireland (O T eangana et a l,  2000) and  the 

U.K (Gurnell an d  Pepper, 1993). The grey squirrel also dam ages m any 

species of broadleaved tree by barkstripp ing  (Lawton, 1999). Control of 

grey squirrel popu lations is therefore desirable. Previous work h as 

show n th a t grey squirrel population size recovers following culling within 

4 w eeks (Rowe, 1980) or 5-10 weeks (Lawton, 1999). A better 

u n d e rs tan d in g  of the  factors driving population  size recovery i.e the 

effectiveness of culling a t reducing population  size, and  subsequen t 

recru itm en t an d  im m igration to the population , would aid the design of 

more efficient control program m es.

3.1 .1  Control o f invasive vertebrate pests

Control of an  invasive pest species is likely to be needed in perpetu ity  

un less  their pest s ta tu s  changes or they are com pletely eradicated 

(Nugent et a l ,  2007). A wide a rray  of m ethods is u sed  to control invasive 

terrestria l ve rteb ra tes and  these  vary som ew hat by taxonom ic group 

(Witmer et ah, 2007). Complete eradication  of invasive terrestria l 

vertebrates, is m ore difficult b u t is increasingly  successfu l on islands 

with chem ical poisons and  h u n tin g  (Myers et a l ,  2000).

M anagem ent of invasive roden ts m ost often utilizes rodenticides, and  

prim arily an ticoagu lan ts . These m ethods are supplem ented , especially in 

and a ro u n d  build ings, w ith trapping, exclusion and  san ita tion , and 

h ab ita t m odification (Witmer et a l ,  2007). Most island  eradications have
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utilized anticoagulant rodenticides - hand broadcast, in bait stations, or 

aerially broadcast (Howald et a l,  2007). Examples of successful 

eradications from islands in New Zealand have included the house 

mouse (Mus musculus), the black ra t [Rattus rattus) and the Norway ra t 

(Rattus norvegicus). Norway ra ts  were removed from Langara Island 

(3100 ha) on the northw est tip of Queen Charlotte Islands, British 

Columbia, in a m atter of m onths through an intensive poisoning 

program (Myers et al., 2000).

Carnivores are mainly trapped and shot. Hunting with dogs and toxic 

bait (monofluoracetate in fish baits) has been used  to control feral cats 

(Felis catus) on islands (Nogales et a l,  2004). Introduced foxes have been 

eradicated from several Aleutian Islands with the use of shooting, traps, 

and toxic baits (Ebbert, 2000).

U ngulates are controlled by shooting, trapping, pursu it with dogs, 

exclusion, food removal, and Ju d a s  anim als (Witmer et a l,  2007). Goats 

(Capra hircus) have been eradicated from Isla Santiago (58,000ha) in the 

Galapagos Islands, with 66,329 killed in 37 hours flying time and 59 

forays. Man dog team s and Ju d a s  goats were used when num bers were 

at their lowest (Sherley, 2007).

Methods used to m anage invasive bird populations are similar to those 

used for m am mals: traps, shooting, exclusion, and limited use of 

toxicants (Witmer et a l,  2007). Millett et a l,  (2004) used shooting and 

toxicants to eradicate invasive common m ynahs (Acridotheres tristis) 

from several small islands in the Seychelles. An attem pt is underway to 

eradicate the ruddy duck (Oxyura jamaicensis] from the U.K., although 

full eradication will require the control of other European populations 

and the m anagem ent of existing captive stocks (Henderson and 

Robertson, 2007).
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Trapping, h an d -cap tu re , pit fall trap s  and  tox ican ts are m ost comm only 

used  w ith am ph ib ians and  reptiles. M ost m ethod developm ent has 

occurred for brow n treesn ak es {Boiga irregularis) in G uam  (80mg 

acetam inophen  in dead neonatal mice, delivered in polyvinyl chloride 

tubes or aerially via biodegradable p a ra ch u te s  (Savarie et a l ,  2007) and 

for coqui frogs [Eleutherodactylus coqui) in Hawaii (16% citric acid or 3% 

hydrated  lime) (Sin and  Radford, 2007).

E radication of vertebrate  pests  from m ain land  sites h a s  been attem pted  

w ithin a reas  bounded  by m ultiple species exclusion fencing. Exclusion 

fencing can  exclude roden ts (including mice), lagom orphs, m ustelids, 

hedgehogs, b ru sh ta il possum s, cats, dogs, feral pigs, goats, deer, and 

dom estic livestock. Supporting  com ponents and  technology, such  as 

pest-free pedestrian  and  vehicle gates, w aterw ay gates and  rem ote 

surveillance system s to m itigate reinvasion risk s have enabled some 

projects to succeed. Over 20 exclusion barrie r system s have now been 

constructed  in a re a s  up  to 3 ,400 h a  in size and  have allowed the 

re in troduction  of th rea ten ed  wildlife species to m ain land  sites (Day and 

MacGibbon, 2007).

Grey squ irre ls are  controlled by shooting (alone or com bined w ith drey- 

poking), trapp ing  and  poisoning (Shorten, 1962; M arstrand , 1974; 

Taylor, 1977; Rowe, 1980; Rowe, 1983; Pepper and  C urrie, 1998). As far 

back as records show squirrels have been h u n ted  for their fur and  as 

food (Gurnell, 1987). Today, they are sho t for sport and  culled to prevent 

bark  stripp ing  dam age to broadleaved trees (Pepper and  Currie, 1998) or 

a s p a rt of red  squirrel conservation program m es, for exam ple on the 

island of Anglesey (Ogden et a l,  2005). Im m unocontraceptive vaccines 

are also being investigated as a  m eans of inhib iting  the  fecundity  of a  

variety of m am m alian  species (Miller, 2002).

Shooting is inexpensive, b u t inefficient a s  a  m eans of controlling grey 

squirrel population  size (Rowe, 1980). It is now u sua lly  carried out for
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recreational pu rp o ses, w ith a  secondary aim  of controlling grey squirrel 

num bers. Mosby (1969) found th a t th a t shooting did no t adversely affect 

recru itm en t, h a s  no significant influence on the  average annual 

m ortality  ra te  an d  probably  only removed a segm ent of the population 

th a t would norm ally  be lost to ‘n a tu ra l lo sses’.

Trapping, an d  su b seq u e n t culling, is considered an  effective m ethod of 

rem oving grey squ irre ls  (Shorten, 1962; Rowe, 1980; Rowe, 1983; Pepper 

and C urrie, 1998). It is the  m ethod of choice w hen controlling grey 

squ irrels in w oodlands w here both red and  grey squ irrels are present, 

a lthough  tra p s  a re  expensive and trapp ing  is very labour intensive 

(M arstrand, 1974; Taylor, 1977)

T raps m u st be set to coincide with the activity periods of grey squirrels 

and  du ring  m o n th s  w hen the probability of cap tu re  is highest. Grey 

squ irrels do no t h iberna te  and are d iu rnal (Reynolds, 1985). During 

w inter activity begins a t daw n and peaks in the  late m orning. In sum m er 

activity begins a t daw n, peaking 2-4 h ou rs later, and  begins again Ln the 

afternoon, peak ing  2-4 h o u rs  before su n se t. Spring and  au tum n are 

in term ediate  betw een sum m er and  w inter (Tonkin, 1983; Reynolds, 

1985). Therefore, tra p s  should  be set a t daw n and  m u st be checked a t 

least once, or ideally twice, daily. As grey squ irre ls spend m uch  of their 

foraging tim e on the  ground  (86% com pared to 33% for red squirrels in 

com parable h a b ita ts  (Kenward and Tonkin, 1986), trap s  m ay be placed 

on the  ground.

G urnell (1996) no ted  th a t the m ean probability  of cap tu re  of grey 

squirrels in an  oak  wood in sou thern  England over a  12 year period, was 

0.51 in Ja n u a ry , 0 .66  in April and  0.84 in J u n e /J u ly . In April the 

probability  of c ap tu re  varied from 0.19 in 1986 to 0.91 in 1987. Capture 

probabilities in w in ter and  to a lesser extend in spring  were inversely 

related to food availability. Following a large a u tu m n  seed crop in 1987, 

G urnell (1996) no ted  th a t it was difficult to ca tch  squ irre ls a t any time

90



during  1998. Therefore, u n less  a cull is conducted  during  J u n e /J u ly  or 

in a  year following a  very poor au tu m n  tree seed crop, it is likely to m iss 

a  proportion  of the  grey squirrel population.

Even w hen trapp ing  du ring  the  sum m er there  can be considerable 

difficulty in cap tu rin g  grey squirrels. Prior to a  sum m er cull of grey 

squ irre ls in Thetford Forest, G urnell and  Steele (2002) radio-collared 6 

individuals in 2000  and  7 in 2001 to reveal the  approxim ate positions of 

the  an im als before, du ring  and  after control. None of the  radiocollared 

an im als were trapped  during  th e  7 days control trapp ing  in 2000 and  

only 1 in 2001. Most of the  an im als stayed w ithin a  sm all area, with 

ranges ad jacen t to or overlapping control com partm en ts th roughou t the 

study, b u t avoided cap tu re .

In B ritain, poisoning using  W arfarin 0.02%  on whole w heat bait, placed 

in specially co nstruc ted  hoppers a t density  of 1 per 1-5 hectares, 

betw een 15 M arch and  15 A ugust, is the  m ethod of choice to control 

grey squirrel population  size for the  purpose of preventing bark  stripping 

dam age. W arfarin m ay only be u sed  w here red squ irre ls and  pine 

m arten s  are  a b sen t (Pepper an d  Currie, 1998).

3 .1 .2  Grey squirrel population  recovery follow ing control

In stud ies to date , grey squirrel population recovery following control 

generally occurs w ithin a m atte r of m onths. Taylor (1977) reported th a t a  

10 acre w oodland, isolated by 800 yards from any  o ther woodland, w as 

repopulated  in 3 m on ths. In a  second exam ple, 40 acres of oak within a  

large a rea  of forest were system atically  cleared of grey squirrels by 

shooting an d  trapp ing  w ith 36 ad u lt grey squ irre ls bring killed. Two 

m on ths la ter 17 grey squ irre ls were trapped . 1 m onth  later a  fu rther 15 

were killed an d  eight m o n th s la ter 39 m ore grey squ irrels were killed 

(Taylor, 1977). Rowe (1980) no tes th a t grey squ irre ls can m igrate into an  

a rea  cleared of squ irre ls in less th a n  4 weeks du ring  the  M ay-July
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period, but provides no further details on the size of the woodland or 

method of control.

Lawton and Rochford (2007) investigated the recovery of grey squirrel 

populations after intensive control programmes. They conducted 5 culls 

in broadleaved woodland in Co. Meath. In three out of four springtime 

culls, the populations recovered to pre-cull levels within ten weeks. In 

the four springtime culls, greater num bers of squirrels were removed 

than had previously been recorded as present in the woodland 

immediately before the culls. Following the springtime culls the squirrels 

captured in the post-cull sam ples were generally unm arked adults.

The au thors concluded that: a cull of five days was sufficient to remove 

most, if not all, of the squirrels within the woodlands concerned; this 

was evident from the very low num bers of previously marked animals in 

the postcull sam ples; post cull populations tended to consist of 

unm arked adult anim als which had entered from outside the woodland.

3 .1 .3  H yp oth eses behind the rem oval experim ent

Previous work h as shown tha t grey squirrel populations recover rapidly 

following culling within 4 weeks (Rowe, 1980) or 6-10 weeks (Lawton, 

1999). Following on from this work the following three hypotheses were 

examined, and are discussed below.

1. Culling removes mainly dom inant squirrels but fails to remove a 

cohort of subordinate squirrels, which are then responsible for the 

population recovery described above.

2. Culling removes mainly larger, heavier squirrels bu t fails to remove a 

cohort of smaller, lighter squirrels, which are then responsible for the 

population recovery described above.
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3. Grey squ irre ls from neighbouring w oodlands d isperse  to the  study  site 

post cull and  con tribu te  significantly to the  re-estab lishm en t of the 

population

The concept of dom inance h as  con tribu ted  greatly  to the  u n d ers tan d in g  

of social s tru c tu re  in an im als (Drews, 1993). D om inance is defined as an 

a ttr ib u te  of the  p a tte rn  of repeated, agonistic in te rac tions betw een two 

individuals, charac terised  by a  consisten t outcom e in favour of the sam e 

dyad m em ber (the dom inan t individual) an d  a  defau lt yielding response 

of its opponen t (the subord ina te  individual) ra th e r  th a n  escalation 

(Schjelderupp-E bbe, 1922 in Drews, 1993). D om inance ran k  refers to 

the  position of an  individual in a  h ierarchy  and  is a  relative m easure , not 

an  abso lu te  property  of individuals, an d  m ay change as group 

com position changes (Drews, 1993). Problem s in h eren t in determ ining 

dom inance rank ing  of individuals include choosing m easurem ents, 

response  variab les and  sta tistica l techn iques. Individual dom inance 

m easu rem en ts  m ay only a sse ss  situation- or resource-specific responses 

(Lanctot an d  Best, 2000) and  there  h a s  been relatively little work on the 

factors de term in ing  dom inance ran k  and  its  im portance in free-ranging 

grey squ irrels.

Sex, age, body size, group size, type of society an d  interval of study  are 

im portan t d e te rm in an ts  of dom inance rank . In T ow nsend 's ch ipm unks 

large fem ales are  m ore frequently  dom inan t over sm all fem ales and 

always dom in an t over sm all m ales. Larger m ales were dom inant over 

sm aller fem ales. Large body size w as a  good ind icator of female 

dom inance du ring  the  non-breeding  season  (Edelm an an d  Koprowski, 

2006). In the  highveld m ole-rat, Cryptom ys hottentotos pretoriae, 

dom inance ra n k  could no t be predicted on the  basis  of body m ass, sex 

or assu m ed  reproductive s ta tu s  (M alherbe an d  B ennett, 2007). In 

banded  m ongoose, M ungos mungo, dom inance h ierarch ies were linear 

b u t were no t correlated  w ith age (De Luca and  G insberg, 2001). Social

93



groups of European badgers have dominance hierarchies, with an effect 

of sex bu t not age, on dominance rank (Hewitt et al., 2009).

In grey squirrels a social structure exists based on a dominance 

hierarchy formed through agonistic encounters (Gurnell, 1987). For 

example, dom inant grey squirrels fight for and defend proximity to the 

oestrus female during m ating bouts and account for more copulations 

than  subordinates (0.83 v 0.23 copulations/m ale/m ating bout) 

(Koprowski, 1993). Pack et al., (1967) described linear hierarchies 

between male and female grey squirrels at artificial feeders in two 

woodlots. Males were dom inant over females. Social rank  also increased 

with age in both woodlot populations. Dominant grey squirrels appeared 

to restrict subordinate individuals from gaining access to food resources 

Pack et al., (1967) do not provide any data  on squirrel weight but they 

noted th a t greater size, experience and horm onal development might 

explain the increase in rank with age. In grey squirrels generally, males 

dominate females, adults dominate juveniles and dom inant squirrels are 

normally heavier than  subordinates (Pack et a l ,  1967; Allen and Aspey, 

1986). The integrity of the hierarchy appears to be m aintained by visual 

an d /o r olfactory cues (Taylor, 1968; Thompson, 1978a,b).

The first hypothesis assum es that dom inant grey squirrels learn to use 

baited traps as a food source during the prebaiting phase of trapping 

(and during capture-m ark-recapture studies, if applicable) and exclude 

subordinate squirrels, mainly young adults and juveniles, from the traps 

during the early stages of a cull. To test th is hypothesis the sex and 

weights of squirrels trapped and their order of capture was analysed.

The second hypothesis is based on the finding th a t larger grey squirrels 

have a higher daily energy expenditure (DEE) than  smaller grey squirrels 

(Bryce et a l,  2001), and so m ust consume more food. Therefore, larger 

grey squirrels may enter baited traps more readily than  smaller grey 

squirrels. This hypothesis was tested using the analysis of the weights of
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squirrels trapped and their order of capture above. Several studies have 

also reported difficulties in trapping red squirrels, which have a smaller 

body m ass than  grey squirrels, where grey squirrels are present 

(Kenward and Hodder, 1998, Bryce and MacDonald, 2000). The 

difference in trappability between red and grey squirrels may be partly 

due to the higher DEE of grey squirrels compared to red squirrels. When 

comparing DEE there is no evidence of a  species effect other than  that 

which could be attributed  to the difference in body m ass between the 

species (Bryce et a l ,  2001).

The third hypothesis is th a t grey squirrels from neighbouring woodlands 

disperse to the study site post cull and contribute significantly to the re

establishm ent of the population. The alternative hypothesis is tha t the 

population re-establishes from survivors of the cull and gradually 

increases in size as their offspring are born. This hypothesis will be 

tested in three ways.

Firstly, if it can be determ ined th a t an individual found on the study site 

post cull is the offspring of adults resident on th a t study site then the 

m ost logical explanation is tha t it was missed by the cull and is a local 

recruit. Likewise an individual trapped on the study site but born to 

parents resident on a different site m ust have dispersed to the study 

site. In th is way it should be possible to assess the role of local 

recruitm ent and long distance dispersal (immigration) on the re

establishm ent of the population.

The genetic distance between the populations from 2003-2005 will also 

be examined to determ ine if an influx of im m igrants from neighbouring 

populations following the cull reduced the genetic distance between the 

study site population and the neighbouring populations.
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Finally, a  population  model will constructed  to determ ine w hat set of 

population  param ete rs  could explain the observed recovery in the study 

site population.

3 .1 .4  Objectives

D eterm ine if d o m in an t/la rg e r squirrels are m ore likely to be trapped in 

the early stages of a  cull in com parison w ith subo rd ina te /sm alle r 

squirrels.

U nderstand  the  processes involved in the reestab lishm en t of a grey 

squirrel population  following a cull by determ ining the origin of 

individuals found on the study site post cull

C onduct a  paren tage  analysis on juveniles found on the study site 

postcull to identify their paren ts and determ ine the ir woodland of origin

Com pare the  genetic d istance between the study  site and  neighbouring 

populations from 2003-2005

C onstruc t a  population  model to determ ine w hat set of population 

param eters could explain the observed rate  and  extent of recovery in 

population size

Com pare genetic and  observational estim ates of d ispersa l/gene  flow
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3 .2 . M ethods

3 .2 .1  Study s ite s

The study  a rea  con tained  four broadleaved woodland study  sites: 

Clongowes Wood, M ountarm strong  and  the  K Club, as  described in 

Section 2.2 .1 , and  Loughbollard, located in Co. Kildare (Figure 3.1a-d).

Loughbollard is a  sm all 1 hectare  woodland, located 500m  so u th eas t of 

Clongowes Wood, com posed alm ost entirely  of m atu re  beech, w ith ju s t  a 

few m atu re  sycam ore and  oak. The canopy is open and  the  understo ry  

is com posed m ainly  of grass.

3 .2 .2  Trapping

In order to deal w ith a  clearly defined population , and  to en su re  the  cull 

is a s com plete a s  possible an  ‘is lan d ’ study  site of m anageable size 

(between 10-15 ha), and  having a num ber of su rro u n d in g  w oodlands 

w ithin 3km , w as chosen . The grey squirrel popu lations of the  w oodlands 

were th en  stud ied  for 3 years to quantify  the  ex ten t of d ispersal from 

each woodland into the  study  site post cull.

It w as decided no t to estim ate  the  size of the  stu d y  population  in the 

study  site prior to conducting  the  cull, for exam ple by using  a cap tu re- 

m ark -recap tu re  m ethod. The study  aim ed to exam ine the  effects of a  cull 

on a population  of grey squirrels no t previously exposed to trap s , bait 

etc., a s  would be the  case if a  cull w as conducted  in practice by a 

forester or wildlife m anager.

It is im portan t to deal w ith a  clearly defined population  w hen conducting  

culls and  study ing  long d istance  d ispersal. If a  cull is carried  ou t in one 

p a rt of a  w oodland th en  it could be expected th a t  the  surviving squ irrels 

in the  rem ainder of the  woodland would rearrange  or shift their hom e
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ranges over time to take advantage of the space and resources newly 

available following the cull (the vaccum effect). This is not long distance 

dispersal and such movements are not the focus of th is study.

Prior to the first cull and in early spring of each subsequent year, grey 

squirrels were trapped and tagged in the woodland sites surrounding the 

m ain study site. Following the spring dispersal (April/May) the main 

study site was m onitored in June  or Ju ly  and following the autum n 

dispersal (September-mid-December) the study site was monitored in 

February of the following year. As the population of the study site was 

greatly reduced following the cull it was expected th a t the survival of any 

im m igrants would be greatly increased. Genetic parentage analysis was 

used with the aim of determining the parentage of untagged juveniles 

found on the study site following the cull.

It is believed th a t once adult squirrels have become established residents 

in a population, they rem ain in the same general area of the forest for 

life, un less a  shortage of food forces them  to leave (Gurnell, 1987). 

Studies indicate th a t juveniles and young adults are responsible for 

alm ost all dispersal (Thompson, 1978b; Gurnell, 1987).

Trapping, weighing, ear tagging, culling and sam pling ear tissue of all 

grey squirrels trapped was conducted as described in Section 2.2.2. All 

grey squirrels in Clongowes Wood had tissue sam ples taken from the 

right ear only. All squirrel sam ples from Loughbollard, M ountarm strong 

and the K Club had tissue samples taken from the left ear only. In this 

way when one, or occasionally both, tags were lost from a grey squirrel, 

the woodland of origin of the individual could still be identified. Trap 

density was high in all sites, approximately 2.5-3.3 tra p s /h a .

Juvenile m ales are less than  10-12 m onths old, with undescended testes 

and small scrotal sacks. Juvenile females are less than  12 m onths old
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and have a very small vulva and still invisible nipples (Wauters and 

Dhondt, 1992; W auters and Lens, 1995).

The reproductive condition of adult males was based on the size and 

position of the testes. Breeding males had large scrotal testes; non

breeding anim als had small testes. Females were recorded as non

breeding or breeding. Breeding was defined as pregnant (swollen 

abdomen), lactating (large swollen nipples, milk secretion sometimes 

noted) or recently finished lactating (nipples still prom inent but 

becoming smaller). Grey squirrels were handled in a wire m esh handling 

cone and it was not always easy to decide if a female was pregnant. 

Females were only classified as pregnant if it was clear from their body 

m ass and size of abdomen. Consequently, the num ber of females 

pregnant is likely to be underestim ated (Gurnell, 1996).

During spring trapping, pregnancies which occurred early in the 

breeding season (December-January) were likely to be detected, bu t 

pregnancies which occurred later were not. During sum m er trapping, 

females who were pregnant early in the breeding season (December- 

January) would have stopped lactating about 4-6 weeks previously and 

would be recorded as non-breeding, providing they were not pregnant 

again. Females who were pregnant later in the breeding season, and 

whose pregnancy escaped detection, would have stopped lactating more 

recently and would be recorded as breeding (recently finished lactating). 

Therefore, spring estim ates of breeding females are underestim ates and 

sum m er estim ates are overestimates. However, the overall estim ate of 

the num ber of breeding females would be accurate. In sum m er second 

pregnancies among the early breeding females were detected on the 

basis of body m ass and enlarged nipples.

From February-M arch 2003 grey squirrels were trapped for 12 days in 

M ountarm strong, 8 days in the K Club and 5 days in Loughbollard. All 

grey squirrels trapped were weighed, tagged and released. Small samples

99



of ear tissue  were taken  from all squirrels trapped , placed in 100% 

ethanol and  stored a t 4C°. Trapping w as conducted  un til all grey 

squirrels were cap tu red  and  tagged. T hroughout the study, th is  was 

considered to have been achieved when there  were no new cap tu res 

(Gurnell, 1995) or ju s t  1 new cap ture  for th ree  consecutive days.

Figure 3.2 details the  m onths and years in w hich trapp ing  occurred in 

all s tudy  sites from 2003-2005.

In April 2003, grey squirrels were trapped and  culled in Clongowes Wood 

for 14 consecutive days (Cull 1). It was ap p aren t th a t th is  first cull failed 

to remove the  entire  population as sm all nu m b ers  of squirrels were 

caugh t during  the  la tte r days of the cull. Culls conducted  by woodland 

m anagers tend  to be carried out over relatively sho rt periods and  then 

repeated a t in tervals, described by Gurnell and  Steele (2002) as a pulsed 

removal m ethod. It was decided to follow th is  p a tte rn  of culling and 

exam ine its  im pact on the population. A second 14 day cull was 

therefore p lanned  for May 2003 bu t dam age to the trap s  forced its 

postponem ent.

In J u n e  2003, grey squirrels were trapped  in Clongowes Wood for 14 

consecutive days (hereafter called ‘Cull 2 ) .  Grey squ irrels were not culled 

bu t were released  u n h arm ed  a t various po in ts of a broadleaved wood, 

approxim ately 10km  from Clongowes Wood a t its n ea res t point. In Ju ly  

2003, trapp ing  and  removal resum ed for 9 consecutive days in th is  

fashion (hereafter called ‘Cull 3 ’). It was no t un til the cull a t the end of 

Ju ly  2003, w hen trapp ing  success fell to zero for 3 days, th a t it was felt 

th a t no, or very few, fu rther grey squ irrels would be trapped in 

Clongowes Wood th a t  year.
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C ulls 1-3 were carried  out to determ ine the  grey squirrel population size 

and  the  su ccess  of culling as a m eans of controlling population size. 

C ulls 2-3 were also carried  ou t to determ ine the  ex ten t of im m igration to 

the  w oodland du ring  the  spring d ispersal of 2003 and  the origin of 

colonising an im als.

In February  2004, trapp ing  w as conducted  in Clongowes Wood for 13 

days un til all grey squ irrels in the  population were tagged. This w as to 

determ ine the  population  size, the  extent of im m igration to the  woodland 

during  the  a u tu m n  d ispersal of 2003 and  the  origin of the colonising 

anim als. These and  all sub seq u en t grey squ irre ls trapped  in Clongowes 

Wood were re leased  u n h arm ed  to allow the population  re-establish .

In M arch 2004, trapp ing  w as conducted  in the  K Club for 9 days and  in 

Loughbollard for 5 days un til all grey squ irrels were tagged. This w as to 

determ ine th e  size of each population, w hich will act as a  control in 

a ssess in g  the  recolonisation of Clongowes Wood, and  to tag /sam p le  any 

un m ark ed  an im als. Perm ission w as not ob tained  to resum e trapping  in 

M ountarm strong  in 2004.

In Ju ly  2004, trapp ing  w as conducted in Clongowes Wood for 12 days 

un til all grey squ irre ls  were tagged. This w as to determ ine the  population 

size, the  ex ten t of im m igration to the  woodland during  the spring 

d ispersal of 2004 an d  the  origin of the  colonising anim als.

In February  2005 trapp ing  w as conducted  in Clongowes Wood for 12 

days un til all grey squ irrels in the  population were tagged. This w as to 

determ ine th e  population  size, the  extent of im m igration to the  woodland 

during  the  a u tu m n  d ispersal of 2004 and  the  origin of the  colonising 

anim als.

In M arch 2005  trapp ing  w as conducted  in the  K Club for 9 days, in 

Loughbollard for 5 days and  in M ountarm strong for 8 days un til all grey
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squirrels were tagged to determ ine the size of the populations, which will 

act as a  control in a ssess ing  the recolonisation of Clongowes Wood, and 

to tag /sam p le  any unm arked  anim als which m ight subsequently  

disperse to Clongowes Wood.

In Ju n e -Ju ly  2005 trapp ing  was conducted in Clongowes Wood for 7 

days, there  w as a  b reak  for 7 days, trap s were prebaited again for 5 days 

and  then  trapp ing  w as conducted again for 7 days to determ ine the final 

population size in the study  site.
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2003 2004 2005

Feb M ar Apr May J u n  J u l  Feb M ar Apr May J u n  J u l  Feb M ar Apr May J u n  J u l

M o u n tarm stro n g  
The K C lub 
Loughbollard 
Clongowes Wood

B eau Parc 
M ount J u ile t 
C astle  Leslie

F igure 3.2 . G n a tt d iag ram  detailing  the  m onth(s) in w hich trap p in g  occu rred  in each  s tu d y  site from 2003-2005

107



3.2.3 Food availability

A vegetation survey was conducted in four woodlands: Clongowes Wood, 

M ountarm strong, the K Club and Loughbollard. Line tran sec ts  were 

m arked in each woodland along straight line p a th s  or tracks. All tree 

species of seed bearing age visible from the tran sec ts  were identified. 

This d a ta  w as used  to estim ate the num ber and  percentage of each tree 

species of seed bearing age present in the woodland (Table 3.5a,b).

Beech is the dom inant food source for grey squirrels in the ad jacent 

study  sites of Clongowes Wood, M ountarm strong, the K Club and  

Loughbollard. Therefore food availability for grey squirrels was 

determ ined prim arily by the size of the beech m ast. 10 beech trees were 

selected for study  in Clongowes Wood, 10 in M ountarm strong, 8 in the K 

Club and  4 in Loughbollard. Trees were not selected a t random  b u t 

because they shed onto a suitable substra te , for example a  road or path  

or open ground which could be cleared of fallen leaves and  old pericarps. 

B eechnut seed fall occurs between week 30 and  week 42 (Gurnell, 1993). 

The area  u n d er each tree was swept clean in mid Ju ly  2003 and  2004. 

In mid October of 2003 and  2004 the ground u n d ern ea th  each tree w as 

searched  for a  s tandard  period of 7 m inutes. Nuts were collected 

w hether large or small, full or empty, whole or dam aged (Hilton and  

Packham , 1997).

Nuts were sorted into full nu ts  containing seed, even if dam aged by 

insects or m ould, and  n u ts  th a t were em pty or contained shrivelled seed 

(Hilton and  Packham , 1997).

M asting w as described in term s of five categories defined by the m ean 

num ber of full n u ts  per tree, collected in a  7 m inute sam ple, for each 

site following Hilton and  Packham (1997).
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1 very bad <11

2 poor

3 m oderate

<11-50

<51-100

4 good

5 very good

<101-150

<150

3 .2 .4  Micro satellite  analysis

All individuals trap p ed  were genotyped a t 5 m icrosatellites Scvl5 , Scv l9 , 

Scv4, S cv l8 , Scv6 a s  described in Section 2.2.3

Grey squirrel popu lation  densities were calcu lated  a s  the M inimum 

Num ber know n to be Alive (MNA) per hectare . This is the  total num ber of 

individual squ irre ls caugh t in one woodland du ring  one con tinuous 

trapp ing  period an d  a ssu m es there  were no losses due to em igration or 

death  (Gurnell, 1996). In Clongowes Wood, grey squ irre ls trapped  on the 

study  site in spring  2004, not trapped  in sum m er 2004, b u t trapped 

again in spring  2005 were assum ed  to have been p resen t on the study  

site in sum m er 2004 b u t no t trapped.

The Petersen /L inco ln  index w as used  to determ ine the  final population 

size (N) in Clongowes Wood in sum m er 2005. It w as calculated  as

N = (M + 1)(C + 1) -1

M = nu m b er of grey squ irre ls m arked  and  released in the  first session 

C = total n u m b er of grey squ irre ls cap tu red  in the  second session 

R = num ber of m arked  individuals trapped  in the  second session.

The s tan d ard  error (SE) w as calculated  as;

3.2 .5  Trapping data analysis

(R+ 1)
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(SE)2 = M2 (C + 1) fC - R)

(R + 1)2 (R + 2)

A 95% Confidence Interval w as calculated as;

N ± 1.96 (SE)

Trapping success (TS) w as calculated as the  to tal num ber of squirrels 

cap tu red  per trap -d ay  for each session and  expressed  as a  percentage.

TS = (nT/(t*d))*100

TS = T rapping success

nr = Total n u m b er of grey squirrels trapped  during  the trapp ing  session 

t = N um ber of tra p s  set each day

d = N um ber of days trap s  were set for in the  trapp ing  session

Percentage survival of ad u lts , juveniles and  overall w as calculated  for 

those popu lations w here, a s  far as possible, all individuals were trapped 

before and  after the  tim e interval specified.

F ishers Exact Test w as u sed  to determ ine if the  sex ratios in each cohort 

of squ irre ls culled conform ed to 1:1. A Kruskal-W allis analysis of 

variance w as conducted  to determ ine if the  body w eights of squirrels 

trapped  du ring  each  cull were the  sam e. F ishers Exact Test w as u sed  to 

tes t for an  association  betw een body weight and  sex in each cohort of 

squ irrels culled (Zar, 1999).

3 .2 .6  Parentage analysis

The paren tage  of 19 individuals trapped  in Clongowes Wood in spring 

2004 w as investigated u sin g  Cervus 2.0 (M arshall et ah, 1998). This was 

to determ ine the  n a ta l woodland of the founder individuals of the
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population  in Clongowes Wood following the  culls in 2003. 102 out of 

112 a d u lts  trapped  in Clongowes Wood, the  K Club, M ountarm strong 

and  Loughbollard in 2003 were investigated a s  cand idate  paren ts. 

T issue sam ples were m isplaced for the  rem aining  individuals. C andidate 

p a ren ts  an d  po ten tial offspring were genotyped a t 5 m icrosatellite loci 

Scv l5 , S cv l9 , Scv4, S cv l8 , Scv6 as described in Section 2.2.3. The 

num ber of sim ulation  cycles im plem ented in C ervus 2.0 w as 10,000, the 

proportion of cand idate  p a ren ts  w as sam pled w as 1.00, the  proportion of 

loci typed w as 1.00 an d  the  proportion of loci m istyped w as 0.10.

3.2 .7  G enetic distance between populations

Previous resea rch  h a s  suggested th a t grey squirrel population  recovery 

postcull occu rs in 6-10 weeks as a  resu lt of im m igration (Lawton, 1999). 

In Clongowes Wood, Cull 2 and  Cull 3 were conducted  8 and  12 weeks 

respectively after Cull 1. If im m igration is prim arily  responsible  for 

population  recovery it would be expected th a t  the  genetic d istance 

betw een the  Clongowes Wood Cull 1 population  and  the  Clongowes 

Wood Cull 2 or Cull 3 population would be sim ilar to the genetic 

d istance  betw een the  Clongowes Wood Cull 1 population  and  the 

im m igrant source popu lations i.e. M ountarm strong  or the K Club. As 

the Cull 3 population  w as sm all (n=12) the  popu lations from Cull 2 and 

Cull 3 were com bined. This m axim ised the  poten tial for im m igrants to be 

p resen t in th is  sam ple.

The genetic d istance  betw een the popu lations sam pled in Clongowes 

Wood Cull 1 (n=54) and  in Clongowes Wood Cull 2 (n=38) and  Cull 3 

(n=12) com bined (total com bined population n=50) w as calculated using  

GENALEX (Peakall an d  Sm ouse, 2006). A graphical rep resen ta tion  of the 

d istance m atrix  u sin g  pairw ise Nei’s s tan d a rd  genetic d istance, Ds (Nei, 

1978) w as th en  co nstruc ted  using  the  UPGMA algorithm  of PHYLIP 

version 3 .5c (Felsenstein, 2004) as described in section 2.2.4. To provide
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support for the  nodes in each tree 1000 bootstrap  replicates of the 

original gene frequency d a ta  set were generated (Felsenstein 2004).

For scale and  com parison purposes only, populations from other p a rts  of 

Ireland were also included in the analysis. As only 6 individuals were 

p resen t in the  Loughbollard population, th is  population was not 

considered a s  the  population size was too sm all to have a consistent 

allele frequency ‘s ig n a tu re ’ or have a significant effect on the  recovery of 

the  Clongowes Wood population postcull.

Pairwise Nei’s genetic distance, Ds, (Nei, 1978) was then  calculated 

betw een the  Clongowes Wood, K Club and M ountarm strong populations 

from 2003-2005 using  GENALEX (Peakall and  Sm ouse, 2006). This was 

to determ ine if the populations presen t in Clongowes Wood in 2004 and 

2005 were m ore closely related to the original Clongowes Wood 

population of 2003 or to neighbouring populations. All individuals 

sam pled in Cull 1, Cull 2 and Cull 3 in Clongowes Wood in 2003 were 

now considered to belong to one Clongowes Wood population. A 

graphical rep resen ta tion  of the distance m atrix  using  pairwise Nei’s 

s tan d ard  genetic d istance, Ds (Nei, 1978) w as constructed  using  the 

UPGMA algorithm  of PHYLIP version 3.5c (Felsenstein, 2004). To provide 

support for the  nodes in each tree 1000 bootstrap  replicates of the 

original gene frequency d a ta  set were generated (Felsenstein 2004). As 

before, populations from other p a rts  of Ireland were included for scale 

and  com parison pu rposes only and the Loughbollard population was 

excluded.

3 .2 .8  M odelling grey squirrel population growth in Clongowes Wood

It was hypothesised  th a t the population growth noted from 2004-2006 

could be explained by high fecundity/low  m ortality w ithout the need for 

im m igration.
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Microsoft Excel w as u sed  to co n stru c t a  sim ple, individual based, 

determ inistic  m odel of grey squirrel population  growth in Clongowes 

Wood (Figure 3.3) from 2004-2006 using  d a ta  from the  lite ra tu re  on grey 

squirrel fecundity  and  m ortality  (Gurnell, 1987; G urnell, 1990; 

Koprowski, 1994; see R ushton  et a l ,  2002) and  d a ta  obtained  from 

2003-2005  in Clongowes Wood (Table 3.1a).

Three se ts  of popu lation  param eters  were m odelled; high fecundity/low  

m ortality  (High Fecundity), m oderate fecund ity /m odera te  m ortality 

(M oderate Fecundity), low fecund ity /h igh  m ortality  (Low Fecundity), 

each w ith high or no im m igration.

The s ta rtin g  po in t for all th ree  m odels w as the  ac tu a l population trapped  

in Clongowes Wood in the  spring of 2003. Juven iles trapped  on the 

study  site in spring  2003 were assum ed  to be sum m er born juveniles 

from the  previous year.

There were two periods of breeding and  litter production , spring and  

sum m er. Spring born  juveniles and  sum m er born  juveniles entered the 

breeding popu lation  the  following spring and  sum m er respectively. A 

proportion of the  ad u lt female population bred  twice, in spring and 

sum m er. The rem ainder bred either once, in sum m er, or no t a t all. The 

sex ratio  of all indiv iduals which were born, died or im m igrated to the 

study  site in any  one tim e period w as a ssum ed  to be 1:1. M ortality was 

a ssum ed  to occur in a u tu m n /w in te r  only. The m odel therefore shows a 

population  peak  in late sum m er and  a  population  trough  in w inter, as 

seen in n a tu ra l popu la tions (Gurnell, 1996).

The proportion  of a d u lt m ales and  ad u lt fem ales breeding in the  spring 

and  sum m er of 2004 and  2005 w as taken  from ac tu a l d a ta  recorded in 

Clongowes W^ood. Thereafter, the  param eters  th a t varied were the m ean 

litter a t b irth , the  proportion of ad u lts  dying and  the proportion of 

juveniles dying.
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The ‘High F ecund ity ’ model began with high fecundity /low  m ortality in 

2004, w hen the  grey squirrel population size in Clongowes Wood was 

very low, and  gradually  changed to m ore average values as the 

population  size increased  in 2005 and  2006. M ean litter a t birth  

decreased  from 3.5 in 2004 to 3.0 in 2005 and  2006. The proportion of 

juveniles dying increased  from 0.4 in 2004 to 0.7 in 2005 and  to 0.8 in 

2006. The proportion  of ad u lts  dying increased  from 0.2 in 2004 to 0.3 

in 2005 and  to 0 .4  in 2006.

In the  ‘M oderate Fecundity’ model m ean litter a t b irth  w as 2.5 from 

2004-6. The proportion  of juveniles dying increased  from 0.65 in 2004 to 

0 .75 in 2005 an d  to 0.8 in 2006. The proportion of ad u lts  dying 

increased  from 0.3 in 2004 and 2005 and  to 0 .5  in 2006.

In the ‘Low F ecund ity ’ model m ean litter a t b irth  w as 2.0, the  proportion 

of juven iles dying w as 0.8 and the proportion of ad u lts  dying was 0.5 

from 2004-2006.

These p a ram ete rs  are  sum m arised  in Table 3.1a.

Im m igration occurred  in the au tu m n , im m igran ts being spring born 

young of th a t year. Two levels of im m igration were m odelled for each of 

the th ree  scenarios above; the num ber of im m igran ts w as set a t either 

zero (Low Im m igration) or 10 (High Im m igration). In section 2.4.3, 

im m igration w as estim ated  very generally a t 2 .5-5 individuals annually. 

C onsequently  to allow for inaccuracies in th is  estim ate. High 

Im m igration w as set a t 10. These individuals d isperse, successfully 

breed and  are  no t sub ject to m ortality un til the  following year.
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Population size in early spring

Number of females breeding in spring X m ean litter a t birth

i
Population size in late spring/early  sum m er

Number of females breeding in sum m er X m ean litter at birth

i
Population size in late sum m er/early  au tum n

Mortality in juveniles and adults + immigration

i
Population size in au tum n/w in ter

Figure 3.3 Flow diagram  depicting the different stages in the population 

model over 1 year.
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Table 3.1 Table of population param eters u sed  in each  population model. 

Im m igration w as set a t zero individuals (Low Im m igration) or 10 individuals 

(High Im m igration) and  occurred once a  year in  the  au tu m n . Figures m arked 

w ith a n  * ind ica tes  d a ta  obtained from 2003-05 in  Clongowes Wood. O ther d a ta  

obtained  from G urnell (1987), Gurnell (1990), Koprowski (1994) and  see 

R ush ton  et ah, (2002).

Y ear/Season Param eter High Moderate Low
Fecundity Fecundity Fecundity

2004
Spring Prop, of adu lt males breeding 0.85* 0.85* 0.85*

Prop, of adult females breeding 0.55* 0.55* 0.55*
Mean litter a t birth 3.50 2.50 2.00

Summer Prop, of adu lt males breeding 1.00* 1.00* 1.00*
Prop, of adult females breeding 1.00* 1.00* 1.00*
Prop, of adult females not breeding 0.00 0.00 0.00
Mean litter a t birth 3.50 2.50 2.00

Autumn Prop, of juveniles dying 0.40 0.65 0.80
Prop, of juveniles surviving 0.60 0.35 0.20
Prop, of adu lts dying 0.20 0.30 0.50
Prop, of adults surviving 0.80 0.70 0.50

2005
Spring Prop, of adu lt males breeding 0.77* 0.77* 0.77*

Prop, of adult females breeding 0.50* 0.50* 0.50*
Mean litter a t birth 3.00 2.50 2.00

Summer Prop, of adu lt males breeding 0.90* 0.90* 0.90*
Prop, of adult females breeding 0.75* 0.75* 0.75*
Prop, of adult females not breeding 0.25 0.25 0.25
Mean litter a t birth 3.00 2.50 2.00

Autumn Prop, of juveniles dying 0.70 0.75 0.80
Prop, of juveniles surviving 0.30 0.25 0.20
Prop, of adu lts  dying 0.30 0.30 0.50
Prop, of adu lts  surviving 0.70 0.70 0.50

2006
Spring Prop, of adult males breeding 0.75 0.75 0.75

Prop, of adu lt females breeding 0.40 0.30 0.20
Mean litter at birth 3.00 2.50 2.00

Summer Prop of adult males breeding 0.90 0.90 0.90
Prop, of adu lt females breeding 0.90 0.90 0.90
Prop, of adu lt females not breeding 0.10 0.10 0.10
Mean litter a t birth 3.00 2.50 2.00

Autumn Prop, of juveniles dying 0.80 0.80 0.80
Prop, of juveniles surviving 0.20 0.20 0.20
Prop, of adu lts  dying 0.40 0.50 0.50
Prop, of adu lts  surviving 0.60 0.50 0.50
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3.3 R esults

3 .3 .1  Trapping data and population density estim ates

A total of 17 grey squirrels in the K Club, 34 grey squirrels in 

M ountarm strong and 6 grey squirrels in Loughbollard, the three 

woodlands surrounding Clongowes Wood, were tagged and released 

during February-M arch 2003. 15 of these squirrels were juveniles. 104 

grey squirrels were later trapped in Clongowes Wood and removed from 

the population in three stages, 54 in April 2004, 38 in Ju n e  2004 and 12 

in Ju ly  2004 (Table 3.2).

During the first and second cull the num ber of grey squirrels trapped 

each day declined over the course of the cull w ithout every reaching zero 

for three consecutive days. During the third cull no further squirrels 

were trapped after day 6.

Grey squirrel population density in the three woodlands surrounding 

Clongowes Wood ranged from of 2 .8-6.0 squirrels per hectare (Table 

3.3).

As the cull in Clongowes Wood took place over a  four m onth period it is 

difficult to calculate the population density for a single point in time. A 

total of 104 squirrels were trapped in Clongowes Wood in 2003. This 

would give an estim ated population density estim ate of 8 .7 /squ irrels ha 

for Clongowes Wood at the sta rt of the first cull in April 2003 (assuming 

all squirrels trapped in 2003 were present on the study site in April 

2003).

In 2004, the population density in Clongowes Wood increased only 

slowly from 1.7 grey squirrels per hectare in February (20 individuals) to

2.3 squirrels per hectare in Ju n e  (27 individuals). 3 adult males were not 

trapped in Clongowes Wood in Ju n e  2004 bu t were later trapped there in
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February  2005. It w as assum ed  th a t these  individuals were present in 

Clongowes Wood in Ju n e  2004 bu t not trapped.

In M arch 2003, the  population density  in the  K Club was 2.8 

sq u irre ls /h a  and  in Loughbollard it w as 6.0 sq u irre ls /h a . In March 2004 

both h ad  decreased  slightly to 2.0 sq u ir re ls /h a  (12 individuals) in the 

KClub and  4.0 sq u irre ls /h a  (4 individuals) in Loughbollard. 

U nfortunately  as perm ission  was not g ran ted  to survey M ountarm strong 

in 2004 the  popu lation  density  in 2004 is unknow n. Therefore, only 

surviving m em bers of the  2003 population were tagged.

By February  2005 the  population density  in Clongowes Wood had 

increased  significantly - from 2.3 grey squ irre ls per hectare  in Ju n e  2004 

(27 individuals) to 4.6 grey squirrels per hectare  (55 individuals).

In M arch 2005 the  population densities in the  w oodlands su rrounding  

Clongowes Wood were sim ilar to previous spring  population densities -  

M ountarm strong  had  5.2 grey squirrels per hectare  (31 individuals), the  

K Club 2.5 grey squ irre ls per hectare (15 individuals) and  Loughbollard 

4.0 grey squ irre ls per hectare  (4 individuals) (Table 3.3).

In Ju n e -Ju ly  2005, a  cap tu re-m ark -recap tu re  stu d y  indicated th a t the  

grey squirrel population  of Clongowes Wood, u sin g  the  Petersen/L incoln  

index, w as 8.1 squ irre ls per hectare (SE 1.3; 95% Cl = 5.6-10.6 squirrels 

per hectare). 41 individual grey squirrels were trapped  in the first 

trapping  session  - 20 grey squirrels tagged from spring  2005 and 21 

untagged grey squ irrels. Of these 41 grey squ irrels, 19 were trapped in 

the su b seq u en t trapp ing  session and  26 un tagged  grey squirrels were 

trapped. The precull population density  in 2003 w as 8.6 squirrels per 

hectare. The popu lation  recovery, therefore, took 2 years to complete 

(Figure 3.4).
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Table 3 .2  Grey squirrel life h istory  d ata  for ea ch  stu d y  site

Site n Male Female

Breeding

Adult

Non

Breeding

Adult

Juvenile Total Breeding

Adult

Non Juvenile 

Breeding 

Adult

Total

2003

K Club 17 6 1 2 9 3 1 4 8
M ountarm strong 34 9 4 3 16 7 6 4 18*
Loughbollard 6 0 3 0 3 1 0 2 3

Clongowes Cull 1 54 14 3 11 28 10 8 8 26
Clongowes Cull 2 38 2 4 13 19 6 2 11 19
Clongowes Cull 3 12 3 1 1 5 2 4 1 7

2004

K Club 12 5 0 1 6 4 2 0 6
Loughbollard 4 2 0 0 2 2 0 0 2

Clongowes Spring 20 6 1 1 8 5 4 3 12
Clongowes Sum m er 27** 8 0 2 10 12 0 2 14

2005

K Club 15 5 1 2 8 3 2 2 7
M ountarm strong 31 5 9 3 14 6 9 4 19
Loughbollard 4 2 0 0 2 2 0 0 2

Clongowes Spring 55 17 5 9 31 9 9 6 24
Clongowes Sum m er 97**‘ 23 4 10 37 20 7 9 30

* 1 adult female escaped before it’s breeding status could be determined

**3 adult m ales not trapped in summer 2004, but later trapped in spring 2005, 

were assum ed to be present in summer 2004 but not trapped

***population size determined by capture-mark-recapture study
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Table 3.3. Grey squirrel population density  and  trapp ing  success for 

each study  site

Site n Population
density

Trapping
success

2003

K Club 17 2.8 30
M ountarm strong 34 5.7 42
Loughbollard 6 6.0 35

Clongowes Cull 1 54 - - 13
Clongowes Cull 2 38 — 9
Clongowes Cull 3 12 8.7 3

2004

K Club 12 2.0 32
Loughbollard 4 4.0 40
Beau Parc 67 - - 32
Mount Ju ile t 32 — 11

Clongowes Spring 20 1.7 16
Clongowes Sum m er 27 2.3 23

2005

K Club 15 2.5 24
M ountarm strong 31 5.2 54
Loughbollard 4 4.0 35
Castle Leslie 64 -- 27

Clongowes Spring 55 4.8 34
Clongowes Sum m er 97** 8.1 41
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Plot of grey squirrel population density in each study site v time
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Figure 3.4 A plot of grey squirrel population density  (num ber of grey 

squ irrels/hectare) in each study site v time (months). Population 

densities were calculated in spring of each year for the K Club, 

M ountarm strong and  Loughbollard and, following the cull, in spring and 

sum m er in Clongowes Wood.
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Fecundity w as high in Clongowes Wood in 2004 following the cull in 

2003. 4 /9  (44%) of adu lt females were p regnant in February 2004 and  

1 /9  (11%) w as lactating. 4 adu lt females and  3 juveniles were not 

breeding. In J u n e  2005, these 7 females were lactating or had  recently 

finished lactating. Of the 5 females pregnant in spring, 3 were definitely 

p regnan t again an d  2 appeared to be pregnant again. Therefore, in 2004 

all fem ales 12 /12  (100%) bred a t least once and  5 /1 2  (42%) bred twice 

(Table 3.2).

In February 2005, in Clongowes Wood, 7 /1 8  (39%) adu lt females were 

p regnan t and  2 /1 8  (11%) were lactating. 9 ad u lt females and  6 juveniles 

were no t breeding. In Ju n e  2005, 16 /27  (60%) adu lt fem ales were 

lactating  or had  recently finished lactating and  4 /2 7  (15%) were 

p regnan t for a  second time. 7 adu lt females were not breeding including 

5 th a t had  been pregnant in February and  2 th a t did not breed th a t 

year. Therefore, in 2005 2 1 /2 7  (78%) bred once, 4 /2 7  (15 %) bred twice 

and  (2/27) 7% did not breed a t all (Table 3.2).

In M arch 2004, 6 /8  (75%) adu lt females in The K C lub/Loughbollard 

were breeding and  in 2005 11/22  (50%) of adu lt fem ales in The K 

C lub/L oughbollard /M ountarm strong were breeding (Table 3.2).

In general a  very high percentage of m ales were breeding in all study 

sites and  in all years throughout the breeding period. Overall 117 /154  

(76%) ad u lt m ales were breeding during the three years of the study 

(Table 3.2).

Trapping success w as low in Clongowes Wood in 2003. For example 

during  cull 1 in spring 2003, trapping success w as 13% in Clongowes 

Wood and  42% in the neighbouring woodland of M ountarm strong. In 

sum m er 2005, w hen the population density  of Clongowes Wood had 

increased  to 2003 levels, and the probability of cap tu re  of grey squirrels 

is a t its highest, trapping success was high a t 41%. However, in spring
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2005, trapping success was higher still in M ountarm strong at 54%. 

Trapping success for the K Club was relatively low ranging from 24-32%. 

Trapping success for Beau Parc, Mount Ju ile t and Castle Leslie are 

shown for comparative purposes. Trapping success in Mount Ju ilet in 

sum m er 2004 was also very low at 11% (Table 3.3).

Data on grey squirrel survival was gathered for different time periods 

and under different circum stances in each study site. Survival was 

100% in Clongowes Wood for both adults and juveniles from spring 2004 

to sum m er 2004, when the population was small, and overall survival 

rem ained high at 59% from sum m er 2004 to spring 2005. In 

M ountarm strong, overall survival was also high, from spring 2003-2005, 

at 23%. This suggests an annual overall survival of about 46%. Overall 

annual survival in the K Club varied form 33-41% (Table 3.4).

Only 1 tagged individuals from the surrounding study sites, 

M ountarm strong, the K Club and Loughbollard was detected in the m ain 

study site, Clongowes Wood during the three years of the study. This 

was a juvenile female from Loughbollard, trapped in Clongowes Wood in 

February 2004, following the au tum n dispersal of 2003.
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Table 3.4. Grey squ irrel survival in the  K Club, M ountarm strong and 

Clongowes Wood

Site Time period Percentage survival

Adult Juvenile Total

K Club Spring 2003-Spring 2004 45 33 41
K Club Spring 2004-Spring 2005 36 0 33

M ountarm strong Spring 2003-Spring 2005 28 22 23

Clongowes Wood Spring 2004-Sum m er 2004 100 100 100
Clongowes Wood Sum m er 2004-Spring 2005 50 61 59
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3.3.2 Trapping o f dom inant and subordinate squirrels

Social ra n k  is re la ted  to sex, age and  weight. Males tend  to dom inate 

fem ales (although old fem ales m ay dom inate young males) Adults 

dom inate juven iles and  dom inan t squ irrels are  norm ally heavier th an  

subord ina tes. (Pack, 1967; G urnell, 1987).

It w as hypo thesised  th a t dom inan t squ irrels m ay exclude subord inates 

squ irrels from tra p s  du ring  a  sho rt cull of 5 days. These subord inate  

individuals m ay th en  be trapped  during  the  la tte r stages of a  longer cull, 

14 days in th is  study , or du ring  sub seq u en t culls.

An analysis of the  order in w hich squirrels were trapped  relative to their 

social s ta tu s  an d  hom e ranges i.e. did dom inan t squ irre ls access the bait 

in trap s  before su b o rd in a te  squ irrels would be needed to answ er th is 

question  conclusively. Ideally, the social ran k  and  hom e range of each 

squirrel would be know n. Then, it could be stud ied  if subord inate  

squ irrels avoided those  tra p s  which were w ithin the ir hom e range, and 

the hom e range of a  dom inan t squirrel, un til after the  dom inant squirrel 

w as trapped . These com plete d a ta  are no t available and  would be very 

difficult to gather. There will be a  con tinuum  of dom inance rela tionsh ips 

betw een a squ irrel and  its  ne ighbours in different p a rts  of its  home 

range so th a t  an  individual will have a  different social ran k  with its 

ne ighbours in a  different p a rt of its  hom e range. H ierarchical 

re la tionsh ips only becom e clear w hen squ irre ls congregate together, for 

exam ple a t feeding aggregations or a t the  tim e of m ating  (Gurnell, 1987). 

Despite the  absence  of th is  com plete d a ta se t, different aspec ts  of the 

d a ta  gathered  could be analysed  to determ ine if the  above hypothesis 

w as true.

Males dom inate fem ales, a lthough  adu lt fem ales m ay dom inate juvenile 

m ales. Therefore, the  sex ratio  of each cohort of squ irrels w as first 

investigated. The sex ratio  in each of the cohorts of squ irrels culled did
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not differ from 1:1 (C hi-squared GOF Test (Zar, 1999) - Cull 1: n  = 54, df 

= 1, 0.75<P<0.90; Cull 2: n  = 38, df = 1, 0.75<P<0.90; Cull 3: n = 12, df 

= 1, 0 .10<P<0.25). Therefore fem ales, w hich are generally considered to 

have a  lower social ran k  th an  m ales, had  equal access to tra p s  during 

the culls.

D om inant squ irre ls are usua lly  2 years and  older (Gurnell, 1987). 

Juvenile  squ irre ls tend  to weigh abou t 500g or less (Lawton, 1999). Over 

a u tu m n  and  early  w inter, grey squirrels can  increase  their body weight 

by to 20%. Therefore, with a  good supply  of food, dom inan t grey 

squirrels would weigh abou t 600g and  above. For the  pu rposes of th is 

s tudy  th is  weight (600g) w as taken  to be the  cutoff betw een 'dom inant' 

and  'subord ina te ' grey squirrels.

Squirrel body weight d a ta  w as exam ined to determ ine if heavier squirrels 

were trapped  before lighter squirrels. The squirrel body weight d a ta  was 

not norm al an d  could no t be transform ed. The m edian  body weights of 

squ irrels cap tu red  during  each cull were; cull 1- 580g, cull 2- 510g and 

cull 3 - 550g. A Kruskal-W allis analysis of variance showed th a t there 

was a  significant difference in the body w eights of squ irrels trapped 

during  the  th ree  culls (df = 2, P= 0.001).

Squirrels were subdivided into two social ranks: 'dom inant' (600g or 

greater) and  'subord inate ' (less th an  600g). Figure 3.5 show s an 

individual value plot of body weight for culls 1,2, and  3. For cull 1 

(n=54), 23 grey squ irre ls have a body weight equal to or g reater th an  

600g, for cull 2 (n=38), only 3 grey squirrels have a  body weight equal to 

or g reater th a n  600g and  for cull 3 (n=12) no grey squirrels had  a  body 

weight g reater th a n  600g.

For culls 1 an d  2, there  w as a  significant association  betw een the 

proportion of 'dom inant' individuals trapped  and  the  cull (Fisher Exact 

test, P = 0.0004).
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Individual value plot of grey squirrel weight for each cull
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Figure 3.5. An individual value plot of body weight for culls 1,2, and  3. 

Squirrels were subdivided into two social ranks: 'dom inant' (600g or 

greater) and  'subordinate ' (less th an  600g). For cull 1 (n=54), 23 grey 

squirrels have a  body weight equal to or greater th an  600g, for cull 2 

(n=38), only 3 grey squirrels have a  body weight greater th an  600g and 

for cull 3 (n=12) no grey squirrels had  a  body weight greater th an  600g.
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It w as hypothesized th a t, for cull 1, heavier male squirrels (body weight 

g reater th an  or equal to m edian body weight) m ight be over-represented 

in the cohort culled. A Fisher Exact Test, to te s t for an  association 

betw een sex and  weight, was performed on th is cohort and  on the cohort 

obtained following cull 2. No association w as found for either cohort 

(Cull 1; i ^ l ;  Cull 2: P=0.746). This again indicates th a t while sex is a 

factor in social rank , it is not a factor in probability of early cap ture of 

grey squirrels, either alone or in association with weight.

A plot of social ran k  v day of cap tu re  for all squirrels cap tu red  during 

the  three culls (Figure 3.6) is shown. Squirrels were ranked  linearly by 

weight with the lightest ranked as  1. Day of cap ture is the cum ulative 

num ber of days on which culling took place i.e. day 1 of cull 2 is day of 

cap tu re  num ber 15. There is a  relatively w eak correlation between social 

ran k  and  day of cap tu re  (Spearm ans rank  correlation, n=104, rs  statistic  

-0 .3 2 , P =  0.004).

Cull 1 w as in April 2003, cull 2 in J u n e  2003 and  cull 3 in Ju ly  2003. 

Grey squirrel body weights may decline during  the sum m er if food is 

scarce. However, as  th is  population was greatly reduced in size during 

the first cull in April 2003 th is is likely to offset any  significant loss in 

body weights over the sum m er.

'D om inant' squirrels were trapped th roughou t the  14 days of Cull 1 in 

different p a rts  of the woodland. If the above hypothesis were true, then  

some 'subordinate ' squirrels would have access to tra p s  earlier th an  

others, and  before some 'dom inant' squirrel were trapped. This could 

resu lt in a  p a tte rn  of a  gradual cap ture  of 'dom inant' squirrels followed, 

with a  lag tim e of a  few days, by a  gradual cap ture of 'subordinate ' 

squirrels. As the hom e ranges of the squirrels are unknow n it is difficult 

to know if such  a  p a tte rn  exists. This could accoun t for the weak 

correlation described above.
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However, the above analysis can  also be carried ou t in one 2ha 

com partm ent C om partm ent A in Clongowes Wood. (See Figure 3.1b. 

C om partm ent A is the com partm ent a t the s ta rt of the avenue leading to 

the college and  is m arked Burial G round on the map). This com partm ent 

is isolated from the m ain woodland by a  tree lined avenue of about 

300m . It could be assum ed  th a t the squirrels residen t in th is p a rt of the 

wood would be som ew hat isolated from the rem ainder of the woodland 

and  th a t the hom e ranges of these squirrels would encom pass all the 

available tra p s  in the com partm ent. 25 squirrels, ou t of a  total of 54, 

were trapped  in C om partm ent A during cull 1. Trapping success was 

26%.

A plot of social rank  v day of cap ture for all squirrels captured  in 

C om partm ent A during  the three culls (Figure 3.7) is shown. Squirrels 

were ranked linearly by weight with the lightest ranked  as  1. Day of 

cap tu re  is the cum ulative num ber of days on w hich culling took place 

i.e. day 1 of cull 2 is day of cap ture num ber 15. There was a  similar, 

w eak correlation between social rank  and  day of cap tu re  (Spearm ans 

ran k  correlation, n=34, rs  statistic  -0 .30 , P =  0.001).

Therefore, w ithin the above com partm ent squirrels of lower social rank  

(weight) did no t avoid the trap s  until after squirrels of higher social rank  

(weight) were trapped. 'D om inant' squirrels were m ore likely to be 

trapped  in th is  com partm ent during cull 1 ra th e r th an  cull 2 (Fisher 

Exact Test, P = 0.03) b u t not to the exclusion of 'subordinate ' squirrels.
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Plot of social rank v day of capture for 3 the culls combined
Cull 3Cull 1 Cull 2

1 0 0 -

•  •

8 0 -

6 0 -

2 0 -

2 8 3 5 4 27 14 21
Day of capture

F'igure 3 .6  A plot of social ra n k  v day of c ap tu re  for all sq u irre ls  c ap tu red  

in  C longowes Wood du rin g  the  th ree  cu lls  is show n. S qu irre ls  were 

ra n k e d  linearly  by w eight w ith the  ligh test ran k ed  a s  1. There is a 

relatively w eak co rre la tion  betw een social ra n k  a n d  day  of c ap tu re  

(S p earm an s ra n k  correla tion , n=104, r s  s ta tis tic  -0 .3 2 , P =  0.004).
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Plot  of  socia l  r an k  v day  of c a p tu r e  in Comp. A for  3 culls combined
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Figure 3 .7 . A plot of social ra n k  v day  of c ap tu re  for all squ irre ls  

c ap tu red  in Clongow es Wood, C o m partm en t A d u rin g  th e  th ree  cu lls is 

show n. S qu irre ls  w ere ran k ed  linearly  by w eight w ith the  ligh test ran k ed  

a s  1. There w as a  sim ilar, w eak correla tion  betw een social ra n k  an d  day  

of c ap tu re  (S p earm an s ra n k  correlation , n=34, rs  s ta tis tic  -0 .3 0 , P  = 

0 . 001 ).
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It w as hypothesised th a t, post cull, in the absence of 'dom inant' adu lts, 

juveniles and  young ad u lts  could assum e higher quality home ranges, 

have greater access to trap s  and  would later form a greater proportion of 

the trapped  population.

The differences in age class (adult v juvenile) between squirrels trapped 

during  cull 1 and  cull 2 were investigated. It is assum ed th a t these 

differences would reflect differences in dom inance and  social rank.

From cull 1 to cull 2, the percentage of juveniles trapped increased from 

31% (17/54) to 63% (24/38). The association between the proportion of 

juveniles trapped  and  the  cull (i.e. cull 1 or cull 2) was significant (Fisher 

Exact Test P= 0.03). However, during cull 3, the percentage of juveniles 

trapped  w as only 17% (2/12) and  the rem ainder of the population 

trapped  w as adult. Therefore, no consistent increase in the proportion of 

juveniles trapped  over the course of the culling program m e was 

observed.

Overall, these d a ta  dem onstrate th a t male squirrels were not more 

readily trapped  th an  female squirrels in the early stages of th is culling 

program m e. Heavier squirrels, particularly  600g or greater in weight, 

were m ore readily trapped in the early stages b u t not to the exclusion of 

lighter squirrels. As dom inance rank  in grey squirrels is determ ined 

prim arily by sex and  age and to a lesser extend weight, dom inance rank  

w as not a  factor in the order of capture of grey squirrels during th is cull.

The second hypothesis to test is th a t larger grey squirrels en ter baited 

tra p s  more readily th an  smaller grey squirrels. Larger grey squirrels have 

a  h igher daily energy expenditure (see Bryce et a l, 2001) and  m ust 

consum e more food, regardless of their sex or dom inance rank . The 

above d a ta  on body weight, although analysed in term s of dom inance 

an d  social rank , provide some support for th is  hypothesis. Heavier 

squirrels, particu larly  600g or greater in weight, were more readily
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trapped in the early stages of the culling program me bu t not to the 

exclusion of lighter squirrels.

3 .3 .3  Food availability

Beech was the dom inant food source for grey squirrels in all woodlands 

(Table 3.5a,b).

Lime trees m ake up 39% of trees of seed bearing age in Clongowes Wood, 

standing two ab reast on both sides of the avenue leading to Clongowes 

Wood College and in one patch adjacent to the avenue, covering a total 

area of approxim ately lh a . Lime seeds are small, about 0.5cm in 

diameter. 1000 seeds weigh 70-100g (Tree Factsheet, Forest Ecology and 

M anagement Group, Wageningen University). The smaller size and 

weight of lime seeds would require longer foraging and handling time to 

achieve a similar rate of energy intake, relative to beech nuts. The use of 

lime seeds by grey squirrels, their energy, nu trien t and tann in  content 

and their contribution to food availability in Clongowes Wood is 

unknown.

2003 was a moderate-good year for beech m ast in Clongowes Wood, 

M ountarm strong, a very good year in Loughbollard and a moderate year 

in the K Club. 2004 was a poor year for beech m ast in all study sites 

(Table 3.6).
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Table 3.5a Number of each tree species of seed bearing age identified from line transects in each woodland.

T ransect 
d istance (m)

Beech Oak Lime Yew Horse
C hestnu t

Sycamore Hazel Palm Ash Scots
Pine

Sitka
Spruce

Total

Clongowes Wood 1689 176 12 135 10 8 1 3 2 2 0 0 349
The K Club 1056 33 8 0 0 1 9 1 0 6 5 0 63
M ountarm strong 1161 198 0 0 0 0 0 1 0 0 0 40 239
Loughbollard 90 10 1 0 0 4 0 0 0 0 0 0 15

Table 3.5b Percentage of each tree species of seed bearing age identified from line transects in each woodland.

T ransect 
d istance (m)

Beech Oak Lime Yew Horse
C hestnu t

Sycamore Hazel Palm Ash Scots
Pine

Sitka
Spruce

Total

Clongowes Wood 1689 50 3 39 3 2 0 1 1 1 0 0 100
The K Club 1056 52 13 0 0 2 14 2 0 10 8 0 100
M ountarm strong 1161 83 0 0 0 0 0 0 0 0 0 17 100
Loughbollard 90 67 7 0 0 27 0 0 0 0 0 0 100



Table 3.6 Mean and standard  deviations for num bers of total n u ts  and 

full n u ts  per tree collected in 7 m inute sam ples in each site in mid 

October in 2003 and 2004.

2003  2003  2004 2004
Total N uts Full N uts Total N uts Full N uts

n M ean Std Dev M ean Std Dev M ean Std Dev Mean Std D

Clongowes Wood 10 149 59 101 40 75 48 47 38
M o u n tarm strong 10 132 42 95 37 60 46 40 37
The K Club 8 100 31 70 28 58 52 40 39
Loughbollard 4 175 32 159 36 34 16 11 6
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3 .3 .4 M icrosatellite  analysis

All 5 m icrosatellites loci, S cv l5 , Scv l9 , Scv4, S cv l8 , Scv6, were in 

Hardy-W einberg equilibrium  and  all pa irs  of loci were in linkage 

d isequilibrium  as  described in Section 2.2.3

3 .3 .5  Parentage analysis

The th ird  hypo thesis to tes t w as th a t grey squ irre ls from the w oodlands 

su rround ing  Clongowes Wood m igrate there  post cull and  contribute 

significantly to the  re-estab lishm en t of the  population.

The paren tage  analysis w as unab le  to assign  any of the  19 individuals 

trapped  in Clongowes Wood in spring 2004 to one of the  102 potential 

p a ren ts  from Clongowes Wood, M ountarm strong, the  K Club or 

Loughbollard w ith a  level of confidence of 80% or above (Table 3.7).

In the  genotype file 9 individuals ou t of 121 had  exactly m atching 

genotypes. This illu s tra te s  th a t num ber of loci analysed  and  the level of 

polym orphism  encoun tered  was insufficient for the  pu rposes of a 

paren tage  analysis.
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Table 3.7 Results of the parentage analysis of 19 individuals trapped in 

Clongowes Wood in spring 2004. 102 adults trapped in Clongowes Wood, 

the K Club, M ountarm strong and Loughbollard in 2003 were 

investigated as candidate parents. Candidate paren ts and potential 

offspring were genotyped at 5 microsatellite loci Scvl5, Scvl9, Scv4, 

Scvl8, Scv6 as described in Section 2.2.3. The num ber of simulation 

cycles im plem ented in Cervus 2.0 was 10,000, the proportion of 

candidate paren ts was sam pled was 1.00, the proportion of loci typed 

was 1.00 and the proportion of loci mistyped was 0.10.

Level Confidence (%) Delta
Criterion

Number of 
offspring 
assigned

Percentage of 
offspring 
assigned

Strict 95.00 2.28 0(0) 0(0)
Relaxed 80.00 1.99 0(0) 0(1)
Unresolved 19 (19) 100 (99)

(expected valves predicted by the sim ulation are shown in brackets)
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3 .3.6 G enetic distance between populations

In the  absence  of d a ta  from the paren tage analysis, the  genetic d istance 

betw een popu la tions w as analysed to determ ine the  influence of 

neighbouring  popu lations on the gene frequencies of the  Clongowes 

Wood population  post cull.

The popu lations of Clongowes Wood, the  K Club, M ountarm strong were 

all significantly differentiated from each o ther a t the  s ta r t of the  study  in 

2003 (Adjusted P Value = 0.02, all p < 0.02). In 2004 and  2005 none of 

the popu lations pa irs  were significantly differentiated from each other 

(2004; all p > 0 .05, 2005; all p>0.02). As the genetic d istance between 

these  th ree  popu lations is sm all (pairwise F st  = 0.02-0.03) it is possible 

th a t these  popu lations are a t a  boundary  w here population 

differentiation m ay or m ay not be statistically  significant in a  given year 

depending on random  genetic drift, im m igration and  sam ple size 

analysed. In 2003 the  sam ple size w as high (Clongowes Wood n=94, The 

K Club n=17, M ountarm strong  n=31), in 2004 the  sam ple size was low 

(Clongowes Wood n=24. The K Club n=12, no sam ple for

M ountarm strong) and  in 2005 the  sam ple size w as in term ediate 

(Clongowes Wood n=53. The K Club n=17, M ountarm strong  n=29).

Pairwise Nei’s genetic d istance, Ds, betw een the  Clongowes Wood Cull 1 

population  an d  the  com bined Clongowes Wood Cull 2 and  Cull 3 

population  w as 0.003. The genetic d istance  betw een the  Clongowes 

Wood Cull 1 population  and the K Club an d  M ountarm strong 

popu lations of th a t year (2003) w as 0.061 and  0 .049 respectively. 

Following 1000 b o o tstrap s of the original gene frequency d a ta  set and  

the  application of the  UPGMA algorithm  of PHYLIP version 3.5c

(Felsenstein, 2004), the  Clongowes Wood Cull 1 population  (CGla) and  

the  com bined Clongowes Wood Cull 2 and  Cull 3 population  (CGlb)

partitioned  together 100 percent of the  tim e (Figure 3.8). This strongly

suggests th a t the  Clongowes Wood Cull 1 population  (CGla) and the
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com bined Clongowes Wood Cull 2 and  Cull 3 popu lations are derived 

from a  single population  and  no t different populations.

Pairwise Nei’s genetic d istance, Ds, for Clongowes Wood, K Club and 

M ountarm strong  popu lations from 2003-2005 , calculated using  

GENALEX (Peakall an d  Sm ouse, 2006), are show n in Table 3.8.

The popu lations from Clongowes Wood in 2003, 2004 and  2005 are 

m ore closely rela ted  to each o ther th a n  to any  o ther population in any 

year. (Table 3.8) The largest pairw ise Nei’s genetic d istance  between the 

th ree  Clongowes Wood populations from 2003-2005  is 0 .018 while the 

sm allest pairw ise Nei’s genetic d istance, Ds, betw een any  of these three 

popu lations and  any  o ther population  is 0.034.

Following 1000 boo tstrap  replicates and  the application of the  UPGMA 

algorithm  of PHYLIP version 3.5c (Felsenstein, 2004), the Clongowes 

Wood popu la tions of 2003, 2004 and  2005 partitioned  together 86 

percen t of the  tim e (Figure 3.9). This suggests th a t the  Clongowes Wood 

popu lations of 2004 and  2005 are derived largely from survivors of the 

cull in 2003 an d  no t from im m igrants from the  K Club, M ountarm strong 

or elsewhere.

The K Club popu la tions partitioned together 94 percen t of the tim e and 

also show ed low pairw ise Nei’s genetic d istance  (0.015-0.022). However, 

the M ountarm strong  popu lations only partitioned  together 36 percen t of 

the tim e an d  displayed the  largest pairw ise Nei’s genetic d istance of any 

pair of popu la tions from one woodland (0.038). This m ay be due to 

genetic drift or to the  im m igration of grey squ irre ls from D onadea Forest 

Park, a  broadleaved woodland of abou t 225 h ec ta res  w ith a  large grey 

squirrel popu lation  w hich is abou t 1.5km  from M ountarm strong  a t their 

n eares t point, an d  the  effect these  grey squ irre ls have on allele 

frequencies in M ountarm strong.
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T ab le  3 .8  P a irw ise  N ei’s g en e tic  d is ta n c e  D s (Nei, 1978) for C longow es 

W ood, K C lu b  a n d  M o u n ta rm s tro n g  p o p u la t io n s  from  2 0 0 3 -2 0 0 5  

c a lc u la te d  u s in g  GENALEX (P eakall a n d  S m o u se , 2006).

Pop CG 2003 CG 2004 CG2005 KC2003 KC2004 KC2005 MA2003

CG2003 0 .000
CG2004 0.012 0 .000
CG2005 0 .016 0 .018 0.000
KC2003 0.061 0.059 0.061 0 .000
KC2004 0 .059 0 .073 0 .078 0 .015 0 .000
KC2005 0 .087 0 .092 0 .095 0 .020 0 .022 0 .000
MA2003 0 .049 0 .037 0.070 0 .075 0 .088 0 .090 0 .000
MA2005 0 .047 0 .034 0.042 0.056 0 .076 0.060 0 .038
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Figure 3.8 U nrooted UPGMA tree of Nei (1978) genetic d istance  obtained  using  PHYLIP 

V 3.5 for Clongowes Wood Cull 1 (CGla) Clongowes Wood Cull 2 an d  Cull 3 populations 

com bined (CGlb) M oun tarm strong  (MA) K Club (KC) B eau Parc (BP) M ount Ju ile t (MJ) 

Castle Leslie (CL) an d  Portgleneone (PG). The n u m b ers  on the  b ran ch es  indicate the 

nu m b er of tim es (in percentage) the partition  of the species into the  two se ts which are 

separa ted  by th a t b ran c h  occurred ou t of 1000 boo tstrapped  trees.
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Figure 3.9 U nrooted UPGMA tree of Nei (1978) genetic d istance  obtained  using  PHYLIP 

V 3.5 for Clongowes Wood 2003 (CGI) 2004 (CG2) Spring 2005 (CG3), M ountarm strong 

2003 (MAI) 2005 (MAS), K Club 2003 (KCl) 2004 (KC2) 2005 (KC3), Beau Parc (BP) 

M ount Ju ile t  (MJ) Castle Leslie (CL) and  Portgleneone (PG). The n um bers  on the 

b ranches ind icate  the  nu m b er of tim es (in percentage) the  partition  of the  species into 

the two se ts  which are  separa ted  by th a t  b ranch  occurred o u t of 1000 bootstrapped  

trees.
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3 .3 .7  M odelling grey squirrel population growth in Clongowes Wood

The population growth in Clongowes Wood was modelled to determine 

w hat param aters could explain the observed population growth 

observed. The resu lts  from the individual based population models for 

Clongowes Wood from 2004-2006 are shown in Figures 3.10 - 3.12.

The models indicate th a t high fecundity and low mortality are required 

for the rate of population size recovery observed and th a t th is may be 

achieved with or w ithout immigration from neighbouring woodlands.

The predictions of the population model and the trapping study should 

coincide m ost accurately in late w inter/early  spring. At th is time, all 

juveniles from the previous breeding season have been born and entered 

the trappable population, the au tum n dispersal period is finished and 

winter m ortality h as  im pacted on the population.

The ‘High Fecundity/N o Im migration’ model predicts a grey squirrel 

population in early spring 2005 of 52 individuals, in early sum m er of 67 

individuals and  in late sum m er 2005 of 130 individuals. This compares 

favourably with the trapping estim ates in early spring 2005 of 55 

individuals and  in m id-sum m er of 97 individuals. Not all juveniles 

predicted to be born in sum m ertim e by the population model will have 

be born in m idsum m er at the time of trapping. Litters from sum m er 

breeding can be born in the au tum n (Gurnell, 1987). Of those juveniles 

born, some will not have entered the trappable population a t the time of 

the trapping, which occurs a t about 3 m onths of age. This model 

indicates th a t the rate of population recovery observed in the Clongowes 

Wood grey squirrel population could be explained by high fecundity and 

low mortality alone, arising from greatly reduced intraspecific 

competition following the three culls (Figure 3.10).
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The ‘High Fecund ity /H igh  Im m igration’ model p red icts a  grey squirrel 

population  in early spring 2005 of 62 individuals and  in late sum m er 

2005 of 149 individuals. The predicted spring  2005 population of 64 

individuals is com parable with the estim ate  from the trapp ing  d a ta  of 55 

individuals. The late sum m er 2005 predicted figure of 149 individuals is 

som ew hat h igher th a n  the  m idsum m er cap tu re-m ark -recap tu re  estim ate 

of 97 individuals from the trapp ing  da ta , a lthough  th is  m ay again be 

explained a s  above (Figure 3.10).

With no o ther model. M oderate Fecundity /H igh  Im m igration, M oderate 

Fecundity/Low  Im m igration, Low Fecundity /H igh  Im m igration, Low 

Fecundity/Low  Im m igration were the  predicted population  sizes a t the 

beginning of spring  or a t the end of sum m er as high a s  the observed 

population  sizes (Figure 3.11-3.12).

For exam ple, in the  ‘Low Fecundity /N o Im m igration’ scenario the 

sum m er popu la tions predicted (37 in 2005, 31 in 2006) do not approach 

the  ac tu a l popu lations in Clongowes Wood (104 in 2003, 97 in sum m er 

2005) suggesting  th a t the  population param ete rs  are  too conservative 

and  do no t equate  the population p aram eters  existing in Clongowes at 

the  tim e of the  cu lls and  thereafter.

C onsequently , the  m odels indicate th a t high fecundity  and  low m ortality 

are a  p rerequisite  for the  rate  of population size recovery observed and  

th a t th is  m ay be achieved with or w ithout the  ass is tan ce  of im m igration.
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Figure 3.10 Plot of population size (num ber of individuals) versus time 

(season-year) for projected population growth in Clongowes Wood 2004- 

2006 assum ing  high fecundity. The starting  population in Spring 2004 

w as 20 individuals. The d a ta  shows the projected population a t the end 

of each season. High 1mm. = High Immigration (10 individuals each 

autum n). No 1mm. = No Immigration. CMR pop = Capture-M ark- 

Recapture population estim ate. Spr = Spring. Sum  = Sum m er. Aut = 

A utum n. Win = Winter. 04 = 2004. 05 = 2005. 06 = 2006.

The population size predicted by the model for late sum m er is expected 

to be significantly higher th a t the trapping estim ate obtained in m id

sum m er for 2 reasons. Of those juveniles born by m id-sum m er, some 

will not have entered the trappable population, which occurs a t about 3 

m onths of age. Also, litters from sum m er breeding can  be born well into 

the au tu m n  (Gurnell, 1987), however the model assum es all such  litters 

are born by late sum m er.
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Figure 3.11 Plot of population size (num ber of individuals) versus time 

(season-year) for projected population growth in Clongowes Wood 2004- 

2006 assum ing  m oderate fecundity. The starting  population in Spring 

2004 w as 20 individuals. The data shows the projected population a t the 

end  of each  season. High Imm. = High Imm igration (10 individuals each 

au tum n). No Imm. = No Immigration. CMR pop = Capture-M ark- 

R ecapture population estim ate. Spr = Spring. Sum  = Sum m er. Aut = 

A utum n. Win = W inter. 04 = 2004. 05 = 2005. 06 = 2006.

The population size predicted by the model for late sum m er is expected 

to be significantly higher th a t the trapping estim ate obtained in mid

sum m er for 2 reasons. Of those juveniles born by m id-sum m er, some 

will not have entered the trappable population, which occurs a t about 3 

m onths of age. Also, litters from sum m er breeding can be born well into 

the  a u tu m n  (Gurnell, 1987), however the model assu m es all such  litters 

are born by late sum m er.
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Figure 3.12. Plot of population size (num ber of individuals) versus time 

(season-year) for projected population growth in Clongowes Wood 2004- 

2006 assum ing  low fecundity. The starting  population in Spring 2004 

w as 20 individuals. The da ta  shows the projected population a t the end 

of each season. High 1mm. = High Imm igration (10 individuals each 

autum n). No 1mm. = No Immigration. CMR pop = Capture-M ark- 

R ecapture population estim ate. Spr = Spring. Sum  = Sum m er. Aut = 

A utum n. Win = W inter. 04 = 2004. 05 = 2005. 06 = 2006.

The population size predicted by the model for late sum m er is expected 

to be significantly higher th a t the trapping  estim ate obtained in m id

sum m er for 2 reasons. Of those juveniles born by m id-sum m er, some 

will not have entered the trappable population, which occurs a t abou t 3 

m onths of age. Also, litters from sum m er breeding can be born well into 

the au tu m n  (Gurnell, 1987), however the model assum es all such  litters 

are born by late sum m er.
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3.4 Discussion

3.4.1 Population data

Population size estim ates were based on the m inim um  num ber of grey 

squirrels alive (MNA) in a  woodland or on the Petersen-Lincoln method. 

The Petersen-Lincoln relies on the following assum ptions (Begon, 1979) 

d iscussed  below.

The population is closed.

A closed population is one th a t does no t change in size during the study 

period; th a t is the effects of b irths, deaths, and  m ovem ents are negligible 

an d  do not affect the ratio of m arked to unm arked  anim als Thus 

populations are typically closed over only a  sho rt period of time. As this 

cap tu re-m ark-recap tu re  study took place over a  4 week period the 

opportunity  for large changes in population size w as reduced. The m ost 

likely violation of th is  assum ption  would be the em ergence of spring 

born young into the trappable population, b u t the absolute num ber 

would be small. As the study was conducted outside the m ain m ortality 

period of winter, and  outside the m ain d ispersal periods of spring and  

au tu m n , deaths and  m ovem ents would be low.

For the first sample, all individuals have an  equal probability of being 

captured .

In m ark-recap ture estim ation, the population size (N) actually  refers to 

the  trappable population. If there are anim als w hich cannot be trapped, 

th en  m athem atically, they are not part of the population, although 

biologically they are. Some individuals m ay sim ply be difficult to capture 

or 'trap-shy ' leading to an  underestim ation  of the population size. Also, 

trapping  grey squirrels in early sum m er will m iss sp ring / sum m er born 

young th a t have not emerged from the n es t into the trappable
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population. This will lead to an underestim ation of the population size, 

the extent of which is difficult to quantify. As juvenile mortality is 

typically 50-75% annually  and trapping is difficult in au tum n and 

winter, m any of these undetected individuals will die before detection in 

subsequent seasons and before entering the breeding population. 

However, if au tu m n /w in te r food availability is high, mortality and 

dispersal of these juveniles will be low and the trappable population in 

the spring and sum m er of the subsequent year will appear to have 

increased m arkedly over the previous sum m er estim ate due to the 

survival of these individuals.

Trapping a n d /o r  m arking does not alter catchability

This is an extremely im portant assum ption. If trapping an d /o r marking 

an anim al alter i t’s behaviour or survival, such th a t it is more or less 

catchable in the next sampling period, then th is can over- or 

underestim ate the population. If a  m arked individual becomes more 

difficult to catch the population size will be overestim ated and if a 

m arked individual becomes easier to catch the population size will be 

underestim ated. Following initial trapping, some grey squirrels appear to 

become 'trap-happy', and are caught repeatedly in the same or adjacent 

traps, while others appear to become 'trap-shy' become are only 

occasionally trapped again. The overall effect on the estim ation of 

population size is difficult to quantify.

Marks are not lost, or m issed between sampling periods.

If a  m ark falls off or disappears, or the m ark is m issed, then the size of 

the m arked population has effectively been reduced, and the population 

size will be overestim ated. As the study was conducted over a short 

period of time (4 weeks) and both grey squirrel ears were tagged with 

durable, easy to see m etal tags it is thought th a t th is assum ption was 

met.
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Population densities  in all s tudy  sites indicate reasonably  large 

popu lations of grey squ irrels were p resen t in the  study  area. The 

population  density  in Clongowes Wood ranged from 8.1-8.7 grey 

squ irrels per hectare  in sum m er, in M ountarm strong  it w as 5.2-5.7 grey 

squ irrels per h ec ta re  in spring and  in the  K Club 2 .0-2 .8  grey squirrels 

per hectare  in spring. G urnell (1996) recorded a  m ean  m id-w inter 

density  of 4 .5  sq u irre ls /h a , a  m ean m id-sum m er density  of 8.1 

sq u ir re ls /h a  an d  an  overall m ean of 6.3 sq u ir re ls /h a  over a  10 year 

period in an  oak  wood in sou thern  England.

It proved m uch  m ore difficult to remove the  entire  grey squirrel 

population  of Clongowes Wood th a n  an ticipated . Culling usua lly  takes 

place over a  period of 5 days (Lawton, 1999; G urnell and  Steele, 2002) 

b u t w as extended in th is  study  to 14 days to improve control efficiency. 

In addition trap  density  w as approxim ately 1 trap  /0 .4  hectares 

increased  from the  norm  of 1 t r a p / 1-2 hec tares approx. A total of 3 

separa te  culls, each  lasting  14 days, were required  before it w as felt th a t 

the population  of grey squ irrels in Clongowes Wood had  been reduced to 

zero or n e a r zero. This difficulty in trapp ing  all the  grey squirrels in the  

population  w as particu larly  evident in April 2003, m ost likely due to 

good food availability in Clongowes Wood. No inform ation was available 

on the  a u tu m n  tree seed crop of 2002 prior to the  com m encem ent of the  

study.

Following the  cull in Clongowes Wood in 2003 all individuals trapped  on 

the stu d y  site in spring  2003 survived to sum m er 2004. However, 3 

adu lt m ales were no t trapped  on the stu d y  site in sum m er 2004, b u t 

were su b seq u en tly  trapped  on the  study  site in spring  2005. It m u st be 

assum ed  th a t these  individuals were p resen t on the  study  site in 

sum m er 2004 b u t were not trapped. The beech m ast crop was estim ated  

to be m oderate-good in Clongowes in 2003, w hich would m ake trapp ing  

grey squ irre ls  m ore difficult in 2004. This again illu stra te s  the difficulty 

of a ttem pting  to cap tu re  and  cull an  entire population  of grey squirrels,
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even in the sum m ertim e when natu ra l food availability is at its lowest 

and grey squirrels are m ost readily trapped.

Fecundity was high in Clongowes Wood in 2004, 42% of adult females 

bred twice and 100% bred once. Dispersal w as low. Only 1 tagged 

individual from the surrounding study sites of M ountarm strong, the K 

Club and Loughbollard was detected in the m ain study site, Clongowes 

Wood, following the au tum n 2003 dispersal. This was a juvenile female 

from Loughbollard, trapped in Clongowes Wood in February 2004.

2003 was a moderate-good year for beech m ast in Clongowes Wood and 

M ountarm strong, a  very good year in Loughbollard and a moderate year 

in the K Club. When food supplies are good, survival, fecundity and local 

recruitm ent is higher and dispersal is lower (Gurnell, 1983; 1987). The 

availability of tree seed to each individual in Clongowes Wood in would 

also be greater than  norm al due to the reduced population size.

2004 was a poor year for beech m ast in all study sites. In 2005, 

fecundity was lower in Clongowes Wood, 15% of adult females bred 

twice, 78% once and 7% not a t all. However, despite 2004 being a poor 

year for tree seeds, no dispersal into Clongowes Wood was detected for 

either the au tu m n  2004 or spring 2005 dispersal periods.

Population da ta  are not available for sum m er for M ountarm strong, the K 

Club and Loughbollard. The data  available for spring is in general 

agreem ent with the influence of food availability on fecundity described 

above: in March 2004, 6 /8  (75%) adult females in The K

Club/Loughbollard were breeding and in 2005 11/22 (50%) of adult 

females in The K C lub/Loughbollard/M ountarm strong were breeding.

Nixon and McClain (1975) found tha t 36% of females produced two 

litters in a year following a m ast crop, 30% did so in a good seed year 

while none did when the seed crop the previous au tum n  failed. Gurnell
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(1983) notes th a t only abou t a th ird  of the  adu lt female squirrels in a 

population produce two litters during  a  season, a lthough the figure may 

be higher following a  good seed crop. The d a ta  on adu lt fem ales breeding 

in Clongowes Wood is sim ilar to the above.

There is relatively little d a ta  quantifying the extent of d ispersal between 

two w oodlands. Taylor et al, (1971) m onitored both short d istance and 

long d istance m ovem ents of grey squirrels in con tinuous woodland by 

trapping  from J u n e  1954-July 1960. Traps were laid in the  'Centre' and 

w ithin all woodland w ithin 2 miles of the 'Centre'. At the end of the study 

squirrels were cleared from the entire a rea  by shooting and  trapping. 

922 squirrels were m arked and released, squirrels were handled 3453 

tim es and  1655 squirrels were killed a t the end of the study, of which 

236 were young of the year and 310 had  been previously m arked. Taylor 

et al, (1971) found th a t in all 104 squirrels occurred in the Centre and 

in outside trap  groups. Over 1500 recap tu re  records were m ade in trap s 

outside the  Centre b u t only 23 journeys in excess of 1.6km and 1 over 

3.2 km  were recorded. No m arked squirrels were recorded am ongst 60 

squirrels in woodland 6.4 km from the Centre.

Fitzgibbon (1993) studied grey squirrel presence in 68 deciduous 

w oodlands, ranging in size from 0 .2 -12 .5ha  and  separa ted  by an average 

of 300m  in E ast Anglia, UK. The probability of w oodlands containing 

grey squirrels declined rapidly with ‘d istance to the  n eares t wood greater 

th an  5 h a ’ from 0.5 a t a  d istance of roughly 50m  to 0.05 a t a  d istance of 

1.5km. (Only w oodlands not containing hazel or beech were used in the 

analysis). Grey squirrels were also more likely to occur in woods 

su rrounded  by a  greater density  of hedgerows. Mosby (1969) reported 

in te rm itten t live trapp ing  was carried out in m any of the  woodlots on 

Virginia Polytechnic In stitu te  Farm  (VPIF) betw een 1947-1966. Out of a 

total of 812 grey squirrels, there were 45 records (5.5%) of between 

woods m ovem ents involving 30 m ales and  15 females. The average 

d istance travelled betw een woods by the m ales w as 880m ; the females
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averaged 608m. Another study on VPIF focused on two 10 acre woodlots 

separated by 200m  at their nearest points (Mosby, 1969). There were 25 

between woods movements over 6 years. Flyger (1960) studied the 

movements of grey squirrels in two 10 acre woodlots of oak, hickory, 

beech and w alnut located in the grounds of a Baltimore hospital 

separated by 1 /3  of a  mile (533m) over a three year period. None of the 

177 m arked squirrels moved between the two woodlots during the 

course of the study. Hale et al,  (2001b), studying the genetic structure 

of red squirrel populations found th a t significant genetic subdivision 

existed between populations in woodlots a t linking distances of 1.5km, 

2km 2.5km  and 3km and concluded th a t the m axim um  dispersal 

distance of red squirrels over unfavourable ground was probably less 

than  or equal to 1.5km.

Dispersal between woodland is probably both relatively uncom m on and 

also difficult to detect. A limitation of the study is th a t there were too few 

juveniles and young adults tagged in the study sites surrounding 

Clongowes Wood to get good estim ates of dispersal a t a  population level. 

In 2003 13 juveniles and 44 adults were tagged in total. Only 1 juvenile 

dispersed to Clongowes Wood. In 2004, 1 juvenile and 31 adults were 

tagged (assum ing 50% overall survival in M ountarm strong from 2003- 

2004) and in 2005 11 juveniles and 39 adu lts were tagged. No further 

tagged individuals were detected in Clongowes Wood. Given tha t the 

num ber of grey squirrels dispersing varies from year to year, th a t not all 

juveniles disperse, th a t dispersing individuals can move in any direction 

from their woodland of origin and tha t the perceptual range of the grey 

squirrel has been estim ated at 300 m etres (Zollner, 2000) it is not 

surprising th a t so few im m igrants were detected in Clongowes Wood. A 

more comprehensive study of grey squirrel dispersal would require a 

m uch longer time period and m uch larger num bers of tagged 

individuals.
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3 .4 .2  Trapping o f  dom inant and subordinate squirrels

The d a ta  obtained in th is  study suggest th a t dom inance rank  was not a 

factor in the order of cap tu re  of grey squirrels during  th is cull. The data  

on body weight provide some support for the  hypothesis th a t larger grey 

squirrels will en te r trap s  more readily as they have a  higher daily energy 

expenditure (see Bryce et al,  2001) and  m u st consum e more food, 

regardless of their sex or dom inance rank . Heavier squirrels, particularly  

600g or greater in weight, were more readily trapped  in the early stages 

of the  culling program m e bu t not to the exclusion of lighter squirrels. 

Similarily, Pack et al,  (1967) noted th a t subord inate  grey squirrels were 

not denied access to feeder hoppers.

Trapping success w as low during each cull; 13% for cull 1, 9% for cull 2 

and 3% for cull 3. Therefore, a  m ean of 2.0 t r a p s /h a  for cull 1 and 2.3 

tr a p s /h a  for cull 2 were unoccupied a t all tim es. Male hom e ranges and 

core a reas overlap w ith other m ales and  females. Female grey squirrels 

m ain tain  sm all core a reas with little or no overlap with o ther females, 

particu larly  w hen lactating. Female hom e ranges show greater overlap. 

Given the large nu m b ers  trap s unoccupied trap s  a t all tim es, over the 

entire woodland, and  the virtual absence of any  territoriality in grey 

squirrels, it is difficult to see how dom inant squirrels could effectively 

exclude subord ina te  squirrels from unoccupied traps. Therefore it is 

though t th a t o ther factors, such  as a larger abso lu te  energy requirem ent 

per day, arising  particu larly  during the  breeding season as dom inant 

individuals a ttem p t to maximize their reproductive success, m u st be 

responsible for the higher proportion of dom inant individuals trapped 

during  cull 1.

The increase  in the  num bers of juveniles trapped  betw een Cull 1 in April 

(17/54) to Cull 2 in J u n e  (24/38) m ay also be partly  explained by the 

em ergence of spring born young from the nest. 5 of the  juveniles 

trapped in Ju n e  were less th an  400g in weight and  ano ther 4 were
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between 400-450g in weight. The former were certainly early spring born 

young and m ost likely the latter also. Gestation in grey squirrels is about 

44-46 days and entry of juveniles into the trappable population occurs 

at about 3 m onths of age. As breeding begins from mid-December to 

February, depending on food availability, there was therefore less 

opportunity to catch spring born young in April, during Cull 1, than  in 

June , during cull 2.

3 .4 .3  Food availability

Beech is the dom inant woodland tree species in the study area. Annual 

production of m ast by the beech is highly variable. In a sixteen-year 

record of regional and tem poral variation in the fruiting of beech in 10 

sites throughout England from 1980-1995 the best sites (Killerton, 

Woodbury and Patcham) had num erous well spaced trees with domes of 

branches exposed to sunlight (Hilton and Packham , 1997). This is 

generally similar to the type woodland found in Clongowes Wood, 

M ountarm strong, the K Club and Loughbollard.

Good or very good m asting was generally always followed by very bad. 

This justifies the general opinion th a t good m asting does not occur in 

consecutive years. There were exceptions to th is however. For three 

years from 1982-84 Himley Hall was rated moderate. Ripon had two 

good years in 1989/90. The closest sites came to m asting successfully in 

consecutive years was 1989/90, when m oderate was followed by good for 

five sites. However, the next year, 1991, was the second worst recorded 

during the whole survey (Hilton and Packham, 1997).

There was no inform ation available on the beech m ast crop or other tree 

seed crops for Clongowes Wood in 2002. 2003 was a moderate-good year 

for beech m ast in Clongowes Wood and M ountarm strong, a very good 

year in Loughbollard and a moderate year in the K Club. 2004 was a 

poor year for beech m ast in all study sites.
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This data  gives only a guide to food availability in the study sites as it 

does not quantify food availability in term s of seed energy (joules) per 

un it area (see Gurnell, 1993; Gurnell et a l, 1991)) which would be 

preferable.

Hilton and Packham , (1997) did not count n u ts  which had been eaten by 

predators in their count of total n u ts  or full nu ts . Gysel (1971) and 

Gurnell (1993) both reconstructed whole n u ts  from parts of n u ts  utilised 

by anim als, categorised them  as eaten and included them  in their count 

of total nu ts. As the grey squirrel population size in Clongowes wood was 

greatly reduced in the au tum n of 2003 fewer n u ts  would have been 

predated th is year th an  norm al and this would elevate the count of total 

and full n u ts  in Clongowes Wood relative to the other study sites.

The avenue leading to Clongowes Wood college in bounded by two lines 

of m ature Tilia X  Europeae, the common lime. Unlike beech, oak, hazel 

and chestnu t tree seeds, common lime seeds are small, about 0.5cm in 

diameter. 1000 seeds weigh 70-100g (Tree Factsheet, Forest Ecology and 

M anagement Group, Wageningen University). The use of lime seeds by 

grey squirrels and their contribution to food availability in the woodland 

is unknow n.

3 .4 .4  Parentage analysis

The parentage analysis in CERVUS was unable to identify any 

parent/offspring com bination for three m ain reasons. Firstly, too few 

microsatellite loci were analysed and those analysed were found to have 

low variability, m ost likely due to the small founder population of 12 

grey squirrels from which the Irish grey squirrel population originated. 

Secondly, the presence of family members, other than  the paren ts of the 

offspring, in the pool of candidate paren ts can present a serious 

challenge to parentage assignm ent (Jones and Ardren, 2003) and th is is
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likely to be the case for all grey squirrel populations. Finally, neither 

parent was identified in the field. Where it is possible to identify a parent 

through field observations it reduces the complexity of the parentage 

analysis. In retrospect th is should have been attem pted by radiotagging 

breeding females, tracking them  to their nest and identifying the 

juveniles therein. Even then it is unlikely th a t the parentage analysis 

would have been successful with ju s t 5 microsatellite loci given the 

above difficulties.

3.4 .5  M odelling grey squirrel population growth in Clongowes Wood

There are a num ber of factors to consider when comparing the results 

i.e. population size da ta  calculated by a capture-m ark-recapture method 

and by population modelling. Firstly, not all juveniles predicted to be 

born in a given season by the population model will be born at the time 

of the capture-m ark-recapture study. Gestation is approximately 44-46 

days in grey squirrels, so, for example, litters from sum m er breeding can 

be born in the au tum n (Gurnell, 1987) and will not be available for 

capture in the sum m er, as predicted by the model. Of those juveniles 

born, some will not have entered the trappable population at the time of 

the capture-m ark-recapture study. Juvenile grey squirrels leave the nest 

at about 2 m onths of age and slowly increase their range. As they 

become independent, from about 3 m onths of age upw ards their home 

ranges expand rapidly (Gurnell, 1987) and it is from about th is time they 

will enter the trappable population. Of those grey squirrels which can be 

trapped, the probability of capture is then inversely related to food 

availability (Gurnell, 1996). Therefore, a capture-m ark-recapture 

method may tend to underestim ate the size of the true population. The 

population model in tu rn  relies on several simplifications which affects 

the accuracy of the population size estim ate a t any point in time. 

Mortality is assum ed to occur only in au tu m n /w in te r ra ther than  all 

year round. Immigration is assum ed to occur only in au tum n but also 

occurs, to a lesser extent in spring. Also, some young adults may also
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disperse in au tum n, not ju s t spring born young. The predictions of the 

population model and the capture-m ark-recapture study should coincide 

m ost accurately in late w inter/early  spring. At th is time, all juveniles 

from the previous breeding season have been born and entered the 

trappable population, the au tum n dispersal period is finished and winter 

mortality has im pacted on the population. However, high food 

availability can reduce the probability of capture a t th is time. In 

conclusion, the usefulness of the population model is to determine what 

broad set or sets of population param eters can explain the rate of 

population size increase obtained from the trapping studies ra ther than  

attem pting to predict the exact population size for a given point in time.

3 .4 .6  Population recovery

There are four pieces of evidence which indicate th a t the population 

recovery in Clongowes Wood following control was driven by local 

recruitm ent and not dispersal. The populations of Clongowes Wood, the 

K Club, M ountarm strong were significantly differentiated from each 

other a t the sta rt of the study in 2003, when the largest sample sizes 

were obtained for each population, indicating th a t gene flow between the 

study sites was som ewhat restricted (see Section 2.4.3). Only 1 tagged 

im m igrant grey squirrel was detected on the study site from 2003-2005. 

The Clongowes Wood populations of 2003, 2004 and 2005 partitioned 

together 86 percent of the time following 1000 bootstrap replicates of the 

allele frequencies da ta  and the application of the UPGMA algorithm of 

PHYLIP version 3.5c (Felsenstein, 2004). This suggests tha t the 

Clongowes Wood populations of 2004 and 2005 are derived largely from 

survivors of the cull in 2003 and not from im m igrants from the K Club, 

M ountarm strong or elsewhere. Finally, population recovery over a two 

year period was predicted by a model incorporating high fecundity and 

low mortality, and could be achieved with or w ithout immigration.
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This finding is in contrast with the findings of Lawton and Rochford 

(2007) in study sites in Ardmulchan and Beau Parc who concluded that: 

a cull of five days was sufficient to remove most, if not all, of the grey 

squirrels within the woodlands concerned; th is was evident from the very 

low num bers of previously m arked anim als in the postcull samples; post 

cull populations tended to consist of unm arked adult anim als which had 

entered from outside the woodland.

However, Lawton and Rochford (2007) also note th a t higher num bers of 

grey squirrels were removed during the four springtim e culls than  had 

previously been recorded in the woods. This suggests th a t during the 

culls a com bination of greater effort (5 days trapping in comparison with 

2-4 days trapping), the removal of individuals which may have been ‘trap 

happy’ and the disruption of the social s tructu re  was yielding a greater 

overall re tu rn , (in term s of num bers of grey squirrels trapped) than  

before. It is possible tha t a greater trapping effort, in the form of a longer 

trapping schedule and a higher trap  density, may also have yielded 

further re tu rns. As outlined in section 3.4.1 above, data  from Gurnell 

(1996), Gurnell and Steele (2002), Cull 5 of Lawton and Rochford (2007), 

where 8 m arked individuals were not trapped during the cull, and this 

study suggest th a t it is very difficult to trap  all the grey squirrels in a 

population during a single trapping session.

Lawton and Rochford (2007) did not gather any data  to directly 

dem onstrate th a t population recovery was occurring as a result of 

immigration, as th is was not the focus of their study. Some of their 

findings suggest th a t other factors may be involved. First, post cull 

populations tended to consist of unm arked adult anim als, bu t juvenile 

anim als are responsible for most dispersal (Thompson, 1978a; Gurnell, 

1987). Secondly, the highest rate of population recovery was in the more 

isolated woodland. This occurred after Cull 1 in Ardm ulchan (0.31 

squirrels per hectare per week), which is relatively isolated from other 

woodlands, the nearest being Hayes House woodland, 2km to the east
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across the River Boyne. In contrast after Cull 2 and Cull 3 in the Beau 

Parc study site, which is continuous with 150 hectares of broadleaved 

woodland, the rates of population recovery were lower at 0.15 and 0.08 

squirrels per hectare per week respectively (although the ongoing control 

in th is 150 hectares in Beau Parc during the course of the study could 

have affected the population recovery). In the case of Ardmulchan, the 

rapid recoveries reported (i.e. 6-10 weeks for Cull 1 and Cull 5) would 

require th a t relatively large num bers of grey squirrels (24 individuals for 

Cull 1) were moving over a considerable distance (>2km) in a short time 

period to effect the population recovery. Dispersal of this natu re  has not 

been reported previously in the literature (see Flyger, 1960; Mosby, 

1969; Taylor et al, 1971; Fitzgibbon 1993) apart from very occasional, 

large scale dispersal in au tum n (Flyger, 1969).

Donadea Forest is a  225 hectare mixed broadleaved-conifer wood, 3km 

from Clongowes Wood, a t their nearest points. It was not included in the 

study area and it could be suggested tha t perhaps m any grey squirrels 

moved from D onadea Forest to Clongowes Wood. However, the num ber 

of grey squirrels successfully dispersing to an adjacent woodland 

declines with distance to th a t woodland (Taylor et al, 1971; Fitzgibbon, 

1993; Hale et al, 2001 for red squirrels). 3km is a t the upper limit of 

reported grey squirrel dispersal movement, with only occasional grey 

squirrels reported moving this distance (Flyger, 1960; Mosby, 1969; 

Taylor et al, 1971; Fitzgibbon, 1993).

Also, M ountarm strong lies midway between Donadea Forest and 

Clongowes Wood, 1.5km from each (Figure 3.1). Therefore, the num ber 

of grey squirrels dispersing from Donadea Forest to M ountarm strong will 

be greater than  the num ber dispersing from Donadea Forest to 

Clongowes Wood (Taylor et al, 1971; Fitzgibbon, 1993). If we assum e the 

num ber of grey squirrels dispersing from Donadea Forest to Clongowes 

Wood could play a  significant role in population size recovery (say 

between 10-20 per year), then an even greater num ber m ust disperse the

160



shorter distance from Donadea Forest to M ountarm strong (say between 

15-30 each year). This would have the effect of completely homogenising 

allele frequencies between Donadea, M ountarm stong and Clongowes 

Wood. The fact th a t allele frequencies were significantly different 

between M ountarm strong and Clongowes Wood in 2003 indicates th a t 

such immigration on a large scale from Donadea Forest to Clongowes 

Wood was not occurring.

3 .4 .7  Comparison o f m ethods o f estim ating dispersal

Direct observation m ethods and and parentage assignm ent based on 

microsatellite da ta  have been used to increase our understanding  of 

dispersal in species such as water vole (Arvicola terrestris) (Telfer et ah, 

2003) and banner-tailed kangaroo ra ts (Dipodomys spectabilis) (Waser et 

al, 2006). A com parison of the estim ates of dispersal obtained by these 

m ethods for grey squirrels was not possible due to the inability of the 

parentage analysis to identify parent-offspring combination.

The use of F st  to infer the overall scale of dispersal across local 

populations was discussed in Section 2.4.3. An exchange of about 2.5-5 

m igrants annually  between grey squirrel populations would be possible 

without causing uniformity of allele frequencies across populations. 

However th is is not a  local, time specific estim ate of dispersal which can 

be compared to the capture-m ark-recapture d a ta  of 2003-2005. Rather 

it is a  more general estim ate of the historical genetic connectivity 

between the populations (Lowe et a l, 1994) and should be treated with 

some caution.
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3 .4 .8  C onclusions

A large effort is required to cull m ost, or all, the grey squirrels in a 

population by trapping.

In the woodland studied , population size recovery following a cull was 

driven prim ilary by local recru itm ent and  not by imm igration.

Heavier squirrels tend  to access trap s  earlier th an  m any lighter 

squirrels, b u t not to the  exclusion of lighter squirrels.

A paren tage analysis in grey squirrels would require a  large num ber of 

highly polym orphic m icrosatellite loci to be successful.
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4. A survey o f range expansion by th e grey squirrel in the  

Republic o f Ireland since 1996

4.1 Introduction

At one extreme, the range of a species may be defined by the worldwide 

extend of its occurrence while, a t the other, the precise location and habitat 

of a species may be identified (Forman, 1964). The scale of the analysis 

chosen may influence if individuals of a particu lar species are found in some 

places and absen t from others (Krebs, 2001).

Within a group, for example in North American birds (De Graaf et ah, 1985), 

most species have small geographic ranges and a few have medium or large 

ranges. Geographic range sizes tend to decrease from polar to equatorial 

latitudes for m any species of mam mals, birds, reptiles and fish (Rapoport’s 

Rule) (Pagel et ah, 1991; Gaston et ah, 1998) bu t several exceptions also exist 

(Gaston et a l ,  1998). The boundaries of geographic ranges can be abrup t or 

gradual. In m any cases a species geographic distribution is a contour map 

with a gradual falloff in density as one approaches the edges of the range, as 

with the w estern grey kangaroo (Macropus fuliginosus) in A ustralia (Caughley 

et a l,  1988). There is also a correlation between distribution and abundance 

such th a t w idespread species are typically more abundan t (Hanski’s rule) 

(Hanski, 1982; Gaston e t a l ,  1997).

Distribution pa tte rns are im portant as they allow ecologists produce testable 

hypotheses to investigate underlying ecological m echanism s. For example, 

Snyder and W eathers (1975) suggested th a t species have a broad tolerance 

to climatic variability at high latitudes and therefore can occupy larger 

ranges. Brown (1995) suggested th a t species with high dispersal capacity 

may have repopulated northern areas first, following the retreat of glaciers, 

and may therefore have large geographic ranges. Regarding distribution and 

abundance, the ecological specialisation model argues th a t species tha t can
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exploit a wide range of resources will become both widespread and abundant 

(Brown, 1984). Hanski et a t,  (1993) proposed the metapopulation model 

suggesting th a t species with a greater capacity to disperse will occupy more 

suitable patches of habitat and be more widespread and more abundant. 

There is data  to provide some support for all of these hypotheses, for 

example, Snyder and Weathers (1975), but m any of the critical predictions 

have still to be tested (Gaston et ah, 1997).

Distribution patterns may also provide insights into historical events and 

dispersal ability. The isolation of Ireland from Britain, and Britain from 

Europe, led to a  skewed and limited range of native mammals on both 

islands. Species with greater dispersal ability were more likely reach these 

islands before the loss of the land bridges (Yalden, 1982).

Many species are limited in their local distribution by the presence of other 

species -  as predator, competitor, disease or food species - and distribution 

surveys can reflect this. The distribution of the burrowing ra t kangaroo 

[Bettongia lesueur) declined from half the Australian m ainland to ju s t three 

islands off W estern Australia paralleling an increase in distribution of an 

introduced predator - the red fox (Short and Smith, 1994). Similar data have 

been obtained from studies of rock wallabies and red foxes in Australia 

(Kinnear et a t ,  1998) and red and grey squirrels in Ireland, Britain and Italy 

(O'Teangana et al, 2000). Following the isolation of a  peninsula in Shark Bay, 

Western Australia with an electric fence and the poisoning of the red fox, an 

introduction of the burrowing rat kangaroo was successful and their range 

expanded in this area (Sinclair et a l ,  1998). On a smaller scale, habitat 

preference can result in an individual occupying a more restricted 

distribution than  theoretical possible. In North America and Asia large desert 

rodents, for example the kangaroo rat (Dipodomys merriamij, prefer open 

desert habitat while smaller species, for example pocket mice Chaetodipus 

spp., prefer bush  microhabitats, due to different predation risk and 

avoidance m echanism s (Kotler and Brown, 1988).
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As ecology h as developed as a discipline, surveys of the distribution patterns 

of species have become more rigorous and comprehensive. For example, 

there were nine major distribution surveys of red and grey squirrels 

undertaken in the UK between 1930-1983 (Lloyd, 1983). The earlier surveys 

by Middleton relied mainly on voluntary observers and in 1935 he gathered 

1385 records. The later four surveys, planned by Shorten and conducted 

from 1953-1971, utilised the large num ber of field staff employed by the 

Ministry of Agriculture, Fisheries and Food and the Forestry Commission 

and the public to obtain a larger num ber of reports. The parish was used as 

the basic u n it for recording purposes, with, if possible the name of the 

location where the squirrel was seen. Independent confirmation was sought 

where sightings of either species isolated from their main distribution 

occurred or to confirm the apparent absence of one species from an area 

where they had occurred previously. In 1946, Shorten obtained reports from 

9781 parishes and 120 Forestry Commission forests, while in 1962 Lloyd 

obtained a total of 12,141 reports (Lloyd, 1983). Large scale surveys involving 

voluntary recorders now frequently require th a t physical evidence of an 

anim al’s presence is sent to the researcher. In the Mammal Society Pick up a 

Polecat survey in the U.K., records are only accepted if accompanied with 

photographic evidence or the body of a polecat (The Mammal Society, 2003).

4 .1 .2  Surveying squirrels

There are a range of m ethods for surveying for the presence of grey or red 

squirrels and to monitor population trends through time. These include live 

trapping and five main indirect m ethods (i.e. not involving trapping or 

handling): visual counts along line transects, the use of hair tubes, counts of 

dreys, cone line feeding transects in conifer forests and feeding signs on 

whole maize bait a t feeding stations. A review of the accuracy and precision 

with which these indirect m ethods can detect population change and the 

effort required is presented in Gurnell et a l,  (2004b). Observations of squirrel 

tracks or feeding rem ains in fresh snowfall (Andren 86 Lemnell, 1992) and the 

num ber of specim ens delivered to a taxiderm ist and the num ber of road kill
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have also been used (Brandi et at, 1991). Only live trapping, visual 

observations or counts, the use of hairtubes and recording dead specimens 

can distinguish between grey and red squirrels.

The focus in this survey was on grey squirrels and, consequently, 

broadleaved woodland. Grey squirrel population density in broadleaved 

woodland is high (for example, 3-18 per hectare, (Gurnell, 1996), 6-8 per 

hectare, this study) relative to red squirrels (roughly 0.5-1.5 per hectare in 

both broadleaved and coniferous habitat) (Gurnell, 1990) In areas of range 

overlap between red and grey squirrels, as is the case in this survey, red 

squirrels are likely to be absent from broadleaved woodland with well- 

established populations of grey squirrels, bu t may be present in conifer 

woodland. In mixed conifer woodland the population density of red squirrels 

is low, for example 0.17-1.41 red squirrels/hectare (Lurz et al, 1995). 

Visibility in conifer woodlands tends to be limited. Red squirrels are much 

more arboreal than  grey squirrels irrespective of the time of the year or 

habitat, for example, in Lawns Wood, Cumbria red squirrels spent 67% of 

foraging time throughout the year in trees (Gurnell, 1990). For these reasons, 

red squirrels are difficult to detect in conifer plantations. In three well- 

thinned spruce woodlands in Co. Wicklow, McGoldrick (2002) found that the 

probability of detecting a red squirrel was low and declined rapidly with 

distance from the observer.

As expected, previous surveys of mammals indicate th a t grey squirrels are 

readily detectable by voluntary recorders. For example, the Breeding Bird 

Survey (BBS) in the UK now includes mammal recording by BBS volunteers. 

Grey squirrel was the second most frequent mammal noted after the rabbit. 

Through local knowledge, grey squirrels were known to be present in 950 of 

the 1km squares surveyed. They were actually seen in 848 (89%) of these 

squares during ju s t two site visits between April and June  (Newson an d  

Noble, 2006). In the 2004, Living with Mammals survey, grey squirrels were 

seen at 75 % of the 790 sites surveyed (Mammal Trust UK, 2004).
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4 .1 .3  Rationale behind the survey

For m any species of mammal, a key objective is to understand  changes in 

range ra ther than  changes in actual num bers. This is particularly true for 

introduced species th a t are continuing to spread (Harris and Yalden, 2004). 

In the case of the grey squirrel, there is usually  little need to obtained 

quantified population data  as the m ain monitoring goal is to record range 

expansion. Inevitably, this is then asssociated with a subsequent contraction 

of the red squirrel’s range (O'Teangana et al,  2000) and damage to 

broadleaved trees (Lawton, 1999). Quantified population data  would only be 

required, for example, when grey squirrels are present in or close to a red 

squirrel conservation area and a forest m anagem ent plan or grey squirrels 

control program me is being planned or when conducting research into grey 

squirrel ecology.

For these reasons, assum ing both species of squirrel were present in an area, 

the probability of detecting grey squirrels is m uch greater than  the 

probability of detecting red squirrels. The distribution survey, therefore, 

focussed on grey squirrels and on those areas where range expansion was 

likely. Observations made about red squirrels p resence/absence were noted.

4 .1 .4  Objective

To determine the range expansion of the grey squirrel in the Republic of 

Ireland since 1996.
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4.2 Methods

4.2.1 Distribution survey

In conducting th is survey it was decided to assess as far as possible the 

quality of the information supplied by the respondents. To this end, a 

questionnaire (Appendix 1) was designed which categorised the information 

supplied into firsthand information, secondhand information and anecdotal 

information. The questionnaire was not distributed to respondents. Rathar it 

was completed by the researcher during, and following, telephone 

conversations with the respondents. This allowed the researcher to question 

the respondent more fully regarding w hat the information supplied i.e. who 

saw the squirrel(s), was the squirrel(s) alive, trapped, shot, roadkill or were 

grey squirrel hairs obtained in hairtubes, was there one or more squirrels 

seen, was the squirrel(s) seen on one or more occasion, when and where was 

the sighting, when was the respondents first sighting of grey squirrels in that 

area, was there any control of grey squirrels in place, what was the 

respondents interest and knowledge in the area and how reliable did the 

respondent feel the information being supplied was?

Wherever possible information was gathered on grey squirrels that had been 

trapped, shot or seen as roadkill as it was felt th a t th is information was more 

reliable than  sighting data  and would serve to authenticate sighting data in 

an area.

Sightings which were west of the Shannon and were not accompanied by 

physical evidence of grey squirrel presence or which extended the previously 

known range of the grey squirrel and were at least one 10km2 square 

removed from the next nearest sighting and were not accompanied by 

physical evidence of grey squirrel presence were regarded as unconfirmed 

sightings.

168



Prior to the  telephone conversations with responden ts, where a  postal or 

email ad d ress  w as available, responden ts were sen t e ither a letter or email 

explaining w hat the  survey w as abou t and  w hat inform ation was needed. 

R espondents th en  had  the  option of phoning  the researcher or aw aiting a 

phone call from him. Letters or em ails were sen t to all NPWS D istrict 

C onservation Officers, NPWS C onservation R angers, Regional Game Council 

Officers, Forest Service Inspectors, Teagasc Farm  Forestry  Advisors, and  to 

some Teagasc R esearch C entres and  A gricultural Colleges, Golf C lubs, 

B irdw atch Ireland m em bers, lecturers in th ird  level in stitu tions and  

co n su ltan t fo resters in the  relevant counties. These con tact details were 

obtained from the  NPWS, Ely Place Dublin 2, from the Forestry and  Tim ber 

Yearbook 2006, Irish Tim ber Growers Association, 17 Castle Street, Dalkey, 

Co. Dublin and  from in te rnet the hom epages of the  various bodies. Postal 

add resses w^ere no t available for Coillte foresters who were contacted directly 

by phone. The w ebsite www.ireland.ie proved very useful for obtaining 

nam es, posta l and  email add resses and  telephone nu m b ers  for Historic 

Buildings, H ouses and  C astles which often have som e m atu re  broadleaved 

woodland su rro u n d in g  them  capable of supporting  grey squirrel populations 

and  w hose ow ners were all very in terested  and  helpful in conducting th is 

survey.

Only d a ta  w hich w as firsthand  d a ta  or secondhand  d a ta  w as used . i.e. the  

responden t h ad  to see the  grey squirrel personally  or else receive th is  

inform ation from an  identifiable individual.

A sm all n u m b er of responden ts replied by em ail to s ta te  th a t they had  no 

inform ation, to confirm  d a ta  already gathered , or gave com prehensive 

inform ation by em ail, for exam ple. Dr. Don Cotton supplied a  sp readshee t of 

all h is sightings of red and  grey squirrels. In these  cases these  responden ts 

were not con tacted  directly by telephone.

An em phasis  w as placed a t all tim es on obtain ing  con tac ts  and d a ta  from 

areas in w hich the  grey squirrel w as expanding its range or not recorded in
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the previous survey by Reilly (1997). To this end the focus was on counties 

Wicklow, Wexford, south Kilkenny, south Carlow, Tipperary, north 

Waterford, north Cork, east Limerick and Donegal, Sligo and north Leitritî  

There are many records from areas with few or no grey squirrel sightings 

Also, every effort was made to talk directly with the individuals directly 

responsible for grey squirrel sightings e.g. greenkeepers in Golf Clubs to 

obtain firsthand information at all times.

4.2.2 Rate o f spread o f grey squirrels in Ireland

The one dimensional rate of spread since the previous survey ((Reilly (1997), 

completed in 1996) was measured by calculating the shortest distance from 

the centre of a previously occupied square to a newly occupied one 

(OTeangana et al  2000). These measurement were divided by 11, the 

number of years between the respective surveys, and the modal rate of 

spread in kilometres per year obtained.

The one dimensional rate of spread since 1911 was measured by calculating 

the maximum distance travelled by the grey squirrel in a northerly, north

easterly, south-easterly and southerly direction. In these directions the grey 

squirrel in Ireland has, or did have until 2007, further area to disperse into. 

These measurements were divided by 96, the number of years the grey 

squirrel has been in Ireland and the mean one dimensional rate of spread 

obtained.

Using the equation from Okubo et al,  (1989)

V (km per year) = 2 (AD) 1/2 ,

where V is the speed of dispersal and A is the intrinsic rate of increase of the 

Grey Squirrel (estimated as 0.82 using a modified Leslie matrix from known 

reproductive/death rates), the two-dimensional diffusion coefficient for the 

grey squirrel since 1911 was estimated.
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4.3 Results

4.3 .1  D istribution survey

The telephone survey form at worked very well. There w as a  concern th a t 

resp o n d en ts  m ay be irrita ted  by the  in tru sio n  of a  telephone call and  for th is  

reason  le tters  or em ails were sen t first to inform  the  responden t abou t the  

survey. R esponden ts were all asked  if the researcher had  phoned a t a  bad 

tim e and  if they  would like him  to call back  a t a  la ter stage. Most 

responden ts  were willing and  able to d iscuss the  m atte r there and  then. It 

was felt th a t som e categories of individuals e.g. academ ics m ight prefer to 

com plete a  survey form in their own tim e and  would find a  telephone call 

intrusive. However, it w as clear th a t the  m ajority of individuals targeted  in 

th is survey e.g. NPWS Conservation Rangers, foresters, gun club m em bers 

responded b e tte r to a  personal telephone call and  th a t a  greater num ber of 

response and  m ore inform ation was obtained th is  way.

Many resp o n d en ts  gave con tact details of colleagues or in terested  parties 

they felt would be able to help. Many responden ts from gun clubs undertook  

to enquire from fellow m em bers if they  had  seen or sho t grey squirrels and  

provided con tac t deta ils for these  individuals a t a  la ter stage.

Table 4.1 gives a  breakdow n of responden ts by coun ty  and  by occupation. 

See appendix  2 for full details of responden ts and  d istribu tion  data.

The d a ta  gathered  w as com pared w ith the  d a ta  from the survey by Reilly 

(1997) and  previous grey squirrel d istribu tion  s tud ies  in Ireland (Figures 4.3 

and  4.4). Reilly (1997) did no t have any records of grey squirrels p resen t 

counties W aterford, Cork, Limerick, Clare, Galway, Roscom mon, Sligo or 

Donegal.
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Table 4.1 Breakdown of respondents by county and by occupation/category

County Landowner G un Club

Officer/
Member

NPWS

Ranger

Forester Forest

Service/
Teagasc

Academic Golf Club O ther NGO Total

Carlow 3 1 4

Kilkenny 1 1 4 2 1 9

Cork 1 2 2 5 4 14

Limerick 2 1 2 1 3 9

W aterford 1 1 1 3

Sligo 2 2 3 2 1 10

Leitrim 2 4 1 2 9

Roscommon 1 2 2 5

Cavan 2 2

Donegal 4 2 7 10 1 1 1 2 28

Wicklow 1 3 4 1 2 19 2 1 33

Dublin 4 4

Tipperary 19 9 1 7 6 2 9 7 5 65

Wexford 4 3 1 9 3 5 25

Clare 3 2 5

Galway 4 1 3 8

233
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Key to Symbols 
H  C astleforbes (1911)
9  Firsthand sighting
•  Firsthand trapped/shot/ 

grey hairs in hairtubes
•  Firsthand roadkill
•  Secondhand sighting
•  Secondhand trapped/shot/ 

grey hairs in hairtubes
0  Secondhand roadkill 
O  Absent

Unconfirmed sighting

Figure 4.3. lOkm^ grid map showing all grey squirrel distribution data gathered 

during the survey. Unconfirmed sightings are sightings which are west of the 

Shannon and are not accompanied by physical evidence of grey squirrel presence or 

which extend the previously known range of the grey squirrel, are at least one 

lOkm^ square removed from the next nearest sighting and are not accompanied by 

physical evidence of grey squirrel presence.
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Key to Symbols 
H  Castleforbes (1911)
•  NPWS (1968)
•  NPWS (1973)/Crichton (1974)
#  Ni Lamhna (1979)
•  UW T(1993)/Reilly(1997)/ 

O 'T eangana (1999)
#  O'Neill & Montgomery (2004)
#  This study - P resen t 

This study - Unconfirmed
O This study - Absent

Figure 4.4. lOkm^ grid map detailing the range expansion of the grey squirrel since 

its introduction to Castleforbes in 1911. The map shows the new lOkm^ squares the 

grey squirrel was present in during each successive survey. Unconfirmed sightings 

are sightings which are west of the Shannon and are not accompanied by physical 

evidence of grey squirrel presence ot which extend the previously known range of 

the grey squirrel, are at least one lOkm^ square removed from the next nearest 

sighting and are not accompanied by physical evidence of grey squirrel presence.
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Wicklow

Reilly (1997) noted  th a t  th a t two records for the  grey squirrel, one in Wicklow 

and one in Wexford were particu larly  isolated an d  th a t none of these a reas 

had  recorded a p erm an en t population  of the  grey squirrel. This is no longer 

the case. Grey squ irre ls are  com m on in the  public p a rk s  and  golf c lubs of 

sou th  Dublin an d  n o rth  Wicklow, for exam ple Marley Park, R athfarnham  

Golf Club, Old G onna Golf Glub. They have sp read  to m ost, if not all, lowland 

a reas su rro u n d in g  the  Wicklow m oun ta in s and  are  p resen t in some up land  

areas, for exam ple Kippure E state  and  a t G lendalough, w here grey squirrel 

h a irs  were p resen t in ha ir tubes. They are also sp read ing  along river valleys, 

for exam ple the  G lenm alure valley where they  are p resen t a t Ballinacor 

E state, on the  so u th  side of the Avonbeg River, and  fu rth e r up  the valley as 

far as the  G lenm alure Hotel.

Wexford

Grey squ irrels are  also now w idespread th ro u g h o u t Co. Wexford. In no rth  

Wexford and  Wicklow several people independently  reported  th a t grey 

squirrel were rem arkab ly  a b u n d an t in 2006. In the  JFK  A rboretum  in 

southw est Wexford, grey squirrels have been trap p ed  by Dr. Chris Wilson, 

C onservation Ranger, the  first in Decem ber 2005. There were 5 reports of 

grey squirrels in the  Johnstow n  Castle E state, a  400 h a  esta te  in sou thw est 

Wexford w hich h o u ses offices for the  Forest Service, the  Environm ental 

Frotection Agency, Teagasc etc. Grey squirrels were also reported p resen t on 

the east Wexford coast in C ourttow n Woods an d  in the  Raven Woods, 

Curracloe. The local conservation ranger reported  grey squirrel roadkill in the  

tow nland of Jam estow n , Oilgate. The grey squ irrel w as only recorded as 

being ab sen t from an  a rea  w ithin 5 -10km of the  so u th  Wexford coast.

Kilkenny

Reilly (1997) repo rts  the  grey squirrel a s sp read ing  along the  River Nore b u t 

had  few reports from so u th  Kilkenny. Grey squ irre ls were reported as being 

p resen t in m ost if no t all the w oodlands of the  Rivers Nore, which ru n s  

th rough  Co. Kilkenny, and  of the River Barrow, w hich forms p a rt of the
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Carlow/Kilkenny boundary by the NPWS Conservation ranger. While 

undoubtedly true, this data was recorded as anecdotal data on the survey 

form and not subsequently used. 35 grey squirrels were trapped by the 

author in Mount Juilet, Thomastown, Co. Kilkenny. Consequently, the 

survey focussed on establishing their presence south of this location. On the 

Kilkenny/Waterford border, ju s t north of the River Suir, grey squirrels were 

first recorded in Kildalton College, Pilltown in 1999. They have subsequently 

been studied here using hair tubes by Dr. Peter Turner of Waterford Institute 

of Technology. A num ber of foresters reported considerable damage caused 

by grey squirrels to young broadleaved plantations near Windgap, Mullinavat 

and to Kyleadohir Nature Reserve near Callan. The grey squirrel was 

recorded as being present in all the lOkm^ squares of south Kilkenny.

Carlow

The grey squirrel was recorded as being present in south Carlow, in 

woodland along the banks of the River Barrow, for example Clashganny 

Forest a broadleaved woodland of oak, hazel, beech and holly.

Tipperary

Reilly (1997) notes the grey squirrel as having reached the Glen of Aherlow 

within the previous 5 years but regarded it as then uncommon in south 

Tipperary. It is now abundant throughout m uch of south Tipperary where it 

is hunted keenly as a game species. Two grey squirrels were seen by Dr. 

Douglas Butler, a  zoologist, while shooting in conifer plantations in the 

Knockmealdown mountains. This sighting would appear to be at the edge of 

its southerly range. Strangely, there are no reports of grey squirrels p re sen t 

in parts of west Tipperary, which is bordered by the River Shannon, for 

example Dromineer, either in this survey or in Reilly (1997).

Waterford

Reilly (1997) had no reports of grey squirrels from Co. Waterford. The River 

Suir appears to have acted as a boundary to the expansion of the grey 

squirrel from Co. Tipperary to into Co. Waterford. However, this is no longer
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the case. There are three reports of grey squirrels in Co. Waterford, south of 

the River Suir near the bridge at Kilsheelan. One report is of a juvenile grey 

squirrel killer by a terrier, another of grey squirrels present in the area for at 

least three years. The final report was of “definite” grey squirrels in the same 

area i.e. on the edge of a 1000 hectare mixed conifer -broadleaved 

plantation.

Cork

There was a report of two grey squirrels seen in woodland outside Fermoy 

and of two grey squirrels in an estate outside Mallow, both on the River 

Blackwater. All other reports, for example from Doneraile Forest Park, 

Mallow, Charleville and Mitchelstown Golf Clubs, NPWS Conservation 

Rangers, foresters etc. indicated that there were no grey squirrel in north 

Cork. Reilly (1997) had no reports of grey squirrels from Co. Cork.

Limerick

In th is survey, there was one report of a grey squirrel population in Adare 

Co. Limerick. This was contradicted by m any reports from foresters, gun 

club m em bers, Birdwatch Ireland members and NPWS Conservation rangers 

which stated th a t there were no grey squirrels in Co. Limerick. There was 

also one report of a single grey squirrel seen in Annacotty, near the Tipperary 

border. Reilly (1997) had no reports of grey squirrels from Co. Limerick.

Sligo

Neither th is survey nor Reilly (1997) received any records of grey squirrels 

from Co. Sligo. In particular they were noted as being definitely absent from 

Lissadel House and from the woodland around Lough Gill.

Leitrim

Reilly (1997) obtained reports of grey squirrels from unnam ed estates outside 

M anorhamilton. However, gunclub m em bers from M anorhamilton,
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Dromahair, Rossinver and Glenfarne were all adam ant th a t grey squirrels 

were never present in their areas.

Donegal

The expansion of the grey squirrel in northw est Co. Donegal was perhaps the 

m ost surprising aspect of the survey. A grey squirrel was shot and 

photographed 5km northw est of Letterkenny in early 2006, the furthest point 

north and west in Ireland grey squirrels had reached, and a copy of the 

photograph obtained (Plate 4.1). On Nov 26*, 2006 a freshly killed carcass 

was found by Pat Vaughan, NPWS on the road at Doon Glebe, 5km west of 

Letterkenny. Further south there were sightings of grey squirrels around 

Raphoe, Ballybofey and Pettigo. David McDonagh, NPWS found grey squirrel 

roadkill 2km southw est of Pettigo on Ju ly  14*, 2005. Further southwest 

again, grey squirrels were shot ju s t outside Ballyshannon on the Bundoran 

Rd. Grey squirrels appear to be rapidly colonising the lowland areas south 

and east of the Blue Stack and Derryveagh m ountains. Reilly (1997) had no 

reports of grey squirrels from Co. Donegal.

Cavan

Only two 10km x 10km squares in the northw est tip of Cavan, on the border 

with Leitrim were surveyed. This area is dominated by the Cuilcagh 

m ountains and there is relatively little afforestation. There were secondhand 

reports of grey squirrels around Blacklion and Dowra.

Clare

There were no reports of grey squirrels west of the Shannon in Co. Clare 

Galway

There were no reports of grey squirrels west of the Shannon in Co. Galway. 

Roscom m on

There were two reports of grey squirrels west of the River Shannon in Co. 

Roscommon, contrary to the belief to date th a t grey squirrels have not
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crossed the Shannon. Anthony Prins, a trapper w ith NPWS reported th a t he 

saw grey squirrels in Lough Kee Forest Park in 1979. Paddy M cManus, a 

trapper with the D epartm ent of Agriculture and  a taxiderm ist, reported there 

were grey squirrels in the woods on the shores of Lough Allen, Lough Kee 

and  Lough Arrow 15-20 years ago, in woods outside D rum sham bo, on 

O’Connors Island in Lough Arrow and in beechwood around  Ballyfarnan. He 

also reported th a t a  grey squirrel was shot on the parapet of the  bridge in 

Geevagh and  th a t he found a  grey squirrels tail left by an  anim al in 

hazelwood between K ilm actranny and  Lough Arrow 3-4 years ago. The 

accurary  of these reports has  not been confirmed with actua l physical 

evidence of grey squirrel presence in the area.
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Figure 4.5 A grey squirrel shot and  photographed 5km northw est of 

Letterkenny (Grid reference C1216) in early 2006.
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4 .3 .2  Rate o f  spread o f  grey squirrels in  Ireland

A modal rate of spread of 0 .90km /year was calculated since 1996 based on 

49 records of grey squirrels expanding to previously unoccupied 10km 

squares. However, as only 11 years have passed between the collection of 

data by Reilly (1997) and this survey, and m ost range expansion involves the 

movement of grey squirrels to adjacent 10km squares, the modal rate of 

spread calculated is not very meaningful.

Grey squirrels have spread 130km in a northerly direction, 178km north 

easterly, 171km southerly and 192km south-easterly  since 1911. The m ean 

rate of spread from 1911-2007 is 1.75km /year. The two-dimensional 

diffusion coefficient was calculated as 0.93km 2/year.
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4.4 Discussion

Grey squirrel expansion to the north, sou th  and east has continued 

unabated  since the survey of Reilly (1997). In ju s t  over 10 years grey 

squirrels have become firmly established in Co. Wicklow and Co. Wexford in 

the east and  in sou th  Carlow and south  Kilkenny. In the northw est grey 

squirrels are spreading rapidly into Co. Donegal and  in Northern Ireland only 

the glens in n o rtheast Antrim are free of grey squirrels (O’Neill and 

Montgomery, 2003). Previous hindrances to grey squirrel range expansion in 

the sou th  such  as the River Suir and the large, up land  conifer plantations in 

the Knockmealdown m ountains have been overcome. Only in the west does 

the River Shannon appear to have largely m aintained an  effective barrier to 

grey squirrel movement, although it h as  been outflanked by the grey squirrel 

moving th rough  Cavan and Ferm anagh into sou th  Donegal.

Red squirrels populations were reported from all areas in which grey 

squirrels were absent. For example, in Co. Limerick, a t the edge of the grey 

squirrel range on the Co. Tipperary/Co. Limerick border, red squirrels were 

reported in G lenstal Abbey, Murroe and in the (River) Clare Glens. They were 

also reported in Galtee Castle Wood, the D arragh Hills, Carrigkerry, 

C urrachchase, B allinruane, Creeves and Adare, all in county Limerick. In Co. 

Waterford they are presen t in large conifer p lan tations near both Kilsheelan 

and Portlaw and  in broadleaved estates in Cappoquin and Lismore. There 

were also m any report of red squirrels near Fermoy and Mallow in north 

Cork, and  around  Lough Gill in Co. Sligo, in north  Leitrim and in Donegal, 

where they are said to be rapidly colonising conifer p lantations in the 

Inishowen peninsula.

The situation  with regard to red squirrels in areas colonised by grey squirrels 

in the p ast 15-20 years is less encouraging. In several broadleaved 

w oodlands grey squirrels have replaced red squirrels, for example in Knoxes 

Wood, Thurles, Co. Tipperary, Castlecom er Demense, Co. Kilkenny, 

H untington Castle and G ardens, Clonegal, Co. Carlow, Tulfarris Estate,
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Blessington, Co. Wicklow and also in several golf clubs, for example 

Rathfarnham  Golf Club, Co. Dublin and Beech Park Golf Club, Co. Dublin. 

Red and grey squirrels now coexist in many woodlands recently colonised by 

grey squirrels, for example, in the JFK Arboretum and Raven Wood, Co. 

Wexford. In Ballinacor Estate, a shooting estate in Co. Wicklow it was noted 

that the red squirrel had become scarce after only 6-7 years of co-existance 

with the grey squirrel. A more detailed survey, particularly of large conifer 

plantations, would be needed to accurately gauge the red squirrel’s present 

distribution in Ireland.

Reports were received of significant local declines in some grey squirrel 

populations. It has been suggested, for example by Carey (2006), th a t 

predation by pine m artens may be responsible. A report received from a 

landowner living in a 80 acre parkland estate of ‘old beech’ near Nenagh, Co. 

Tipperary (R8885) noted th a t the pine m arten had ‘done away w ith’ all the 

grey squirrels in the estate. On 50 acre estate of ‘m ature beech’ near Fenagh, 

Co. Leitrim (H I007) the landowner reported th a t grey squirrels had not been 

present for 9 years. He estim ated the year of their arrival as ‘30 years ago’ 

and noted th a t they had been abundan t during his childhood. Reilly (1997) 

also received a report of a population crash which led to localised extinctions 

of grey squirrel populations in Longford and Cavan and from which they 

never fully recovered. Watt (1923) reported th a t a t Castleforbes, the site of 

the original introduction of grey squirrels to Ireland, ‘about four years ago 

over three hundred  [grey squirrels] were killed in the course of the year’. 

While trapping there over a four-week period in 2005, in open, m ature 

parkland in front of the Castleforbes castle, the au tho r caught no grey 

squirrels. Estate workers reported tha t no grey squirrels had been seen on 

the estate in over 10 years and speculated th a t the pine m arten was 

responsible for the decline in grey squirrel num bers. The au thor did catch 

one grey squirrel in a  trap  placed at the edge of broadleaved woodland with 

dense undergrov/th at the rear of the castle, bu t did not investigate this area 

further. These are anecdotal reports from around the country of grey squirrel 

population declines which may, or may not, be linked to an increase in
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population size and range in pine m artens. For example, reports from north 

Leitrim also noted a  m arked increase in the num bers of pine m artens but 

th a t grey squirrels were not, and never had been, presen t in the area.

Predation h as  not been known to have a significant im pact on grey squirrel 

population size (Gurnell, 1990) and research into the diet of pine martens 

where grey squirrels are p resent would be interesting. The reason for the 

m arked local declines in grey squirrel populations described above is 

unknow n. A short-term  decline in grey squirrel num bers could occur if there 

was a poor tree seed crop in several successive years (Gurnell, 1983). 

Disease, insect infestation and advanced stand  age could contribute to a loss 

of tree vigour and a more long-term decline in tree seed production (Wear 

and Greis, 2002) and consequently grey squirrel population size. Disease 

epidemics in grey squirrels, such as coccidiosis, may also cause population 

crashes (Keymer, 1983; Gurnell, 1987). W hether the observed local 

population declines are merely norm al, stochastic changes in population size 

or som ething more interesting rem ains to be seen.

Substantial populations of invasive non-native species occasionally collapse 

dram atically, for example cane toads in A ustralia (Freeland, 1986). 

Simberloff and Gibbons (2004) present detailed inform ation of 17 population 

crashes, 10 of which have no strong evidence suggesting a  cause, although 

disease is often invoked. Several other widely cited collapses of introduced 

species m ay simply be tem porary lows during a  more or less regular boom- 

and-bust cycle. In several instances, apparently  spontaneous crashes were in 

fact probably caused by subsequently introduced com petitors (Simberloff 

and Gibbons, 2004). For example. King (1990) a ttribu tes the decline in the 

New Zealand weasel population in the mid 1900's to predation by the larger 

stoat (Mustela erminea).

The grey squirrel survey indicates th a t the rate  of grey squirrel ra n g e  

expansion continues at a steady pace. O Teangana et al. (2000) c a lc u la te d  

one-dim ensional ra tes of spread of 0-13 .4km /year, with a modal rate of 0.56
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k m /y e a r an d  a  m ean  ra te  of 1 .94km /year since 1911. This survey calculated 

a  m odal ra te  of 0 .90 k m /y e a r since 1996 and , u s in g  a different methodology, 

a  m ean ra te  of sp read  of 1 .75km /year since 1911. W illiamson and  Brown 

(1986) calcu lated  a  one-dim ensional ra te  of sp read  for grey squirrels of 7.66 

k m /y e a r in E ast Anglia and  W auters et al. (1997) calculated  a  rate  of 4.72 

k m /y e a r in the  Po plain in Italy. These differences betw een countries are 

m ost likely due  to landscape differences, particu larly  in the am oun t of 

suitable w oodland for grey squ irrels to colonise and  also in barriers to 

d ispersal.

These ra te s  of sp read  are calculated as though  grey squ irrels always move 

the m inim um  d istance  betw een two points. In reality  they  m u st take a  m ore 

circu itous rou te , depending on b arrie rs  to d ispersal, the  availability of 

su itab le h a b ita t etc. Therefore, ra te s  of sp read  do no t reflect the ac tual 

d ispersal capability  of grey squirrels b u t provide only a  m inim um  estim ate of 

an n u a l grey squ irrel m ovem ent.

Given th a t a  m ean  ra te  of spread of 1 .75km /year is a  m inim um  estim ate of 

grey squirrel d ispersal, th is  conflicts with d a ta  from H ungerford and  Wilder 

(1941), Flyger (1960), Mosby (1969), Taylor et al. (1971), Fitzgibbon (1993), 

and Hale et a l, (2001b) who describe m ost grey squirrel d ispersal th rough  

the m atrix  betw een w oodlands as being less th a n  ab o u t 1.5km. However, the  

m ean rate  of sp read  encom passes m ovem ent th rough  both  con tinuous 

woodland and  the  su rro u n d in g  m atrix. Grey squ irre ls  spread  will be more 

rapid th rough  m ore densely  wooded a reas and  along riverine corridors th an  

th rough  highly fragm ented woodland with large a re a s  of intervening m atrix. 

Also the  above d a ta  on inter-w oodland m ovem ent m ay no t cap tu re  occasional 

long d istance  d ispersal events, which are the  m ost im portan t factor in range 

expansion (Shigesada and  Kawasaki, 1997).

The tw o-dim ensional diffusion coefficient for grey squirrels h as  been 

calculated a s  0 .93km 2/year in Ireland (see Section 4.3.2), 1.15 km ^/year in 

Ireland (O T eangana et a l 2000), 7 km ^/year in Italy (W auters et a l 1997)
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and 17.9 km ^/year in East Anglia (Okubo et al. 1989) using the diffusion 

model in Okubo et al. (1989). Diffusion models have been used to calculate 

the historic rate of spread and predict future spread of introduced species 

for example the m uskra t {Ondatra zibethica) in Europe (Skellam, 1951). The 

models predict th a t the squared distance the species move increases linearly 

with time (Okubo, 1980). Three assum ptions underlie this: a homogenous 

environment, random  movement (dispersal) and contiguous movement 

(dispersal). For greys squirrels, landscapes are not homogenous, as 

m ountains, rivers and the m atrix between woodland will hinder dispersal; 

movement (dispersal) is not random  bu t will favour wooded areas, for 

example, along riverine corridors and movement (dispersal) is not contiguous 

bu t dependent on population density and food supply (Gurnell, 1987). Non

contiguous movement has been shown by O’Teangana et al. (2000) who 

calculated one-dimensional rates of spread of between 0-13.4km /year, with 

a modal ra te  of 0.56km /year, in Ireland. The differences in two-dimensional 

diffusion coefficients between countries is m ost likely due to landscape 

differences, as stated previously, bu t the resu lts should be treated with some 

care, as the assum ptions of the diffusion models are not met for grey 

squirrels.

The grey squirrel is now likely to continue its range expansion into Donegal 

along river valleys such as the River Finn and throughout lowland areas 

around the coastline. As mentioned above, it has outflanked the River 

Shannon and is moving towards Co. Sligo via Donegal where it is about 

25km from Lissadel Forest. From there, the woodland surrounding Lough 

Gill and ultim ately south Sligo, Roscommon and east Galway is within reach. 

In Waterford old broadleaved estates in Lismore and Cappoquin are almost 

within reach as are the woodlands of the River Blackwater which runs 

throughout north  and east Cork. There is ample woodland in Limerick and 

Kerry to perm it range expansion to the west coast and, thereafter, south to 

the broadleaved woodlands of Killarney National Park.
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The only im ponderable concerning grey squirrel expansion in Ireland is how 

will the grey squirrel fare in the blanket bog, m ountains and associated 

conifer p lantations of Mayo and west Galway. Are there sufficient hedgerows, 

tree rows or wooded riverine corridors to perm it range expansion in this 

region? This question may best be answered by modelling the spread of the 

grey squirrel in Ireland using the model developed by Rushton at at,  (1997). 

This model which sim ulates the distribution of the grey squirrel in the 

landscape has two m ain components. The first is a  geographical information 

system which stores hab ita t and anim al population information. This system 

undertakes d a ta  m anipulation and abstraction and provides input for the 

second component. This consists of program s sim ulating the population 

dynamics of grey squirrels and their interactions and dispersal within the 

GlS-held landscape. Much work is underw ay to introduce red squirrels to 

squirrel-free conifer p lantations in this part of Ireland (Lawton, 2005) in the 

hope tha t they will act as a refuge for red squirrels in Ireland. This model 

could be used to help predict what areas are m ost like to remain grey 

squirrel free for the longest time and conservation efforts for the red squirrel 

could then be focussed on suitable conifer p lantations therein.
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5. The prevalence o f squirrel pox virus in the Irish grey 

squirrel population and its  im pact on red squirrel 

distribution.

5.1 Introduction

5 .1 .1  D isease in  w ildlife

The stu d y  of d isease  in wildlife is a  relatively new  scientific discipline 

w hen com pared  to the  study  of disease in h u m an  or dom estic anim als. 

In the  p ast, the  s tu d y  of d isease in wildlife tended  to focus on infections 

th a t affect people (for exam ple, rabies) or livestock (for exam ple, bovine 

tuberculosis). However, during  the p ast 10 years conservation biologists 

have becom e increasingly  concerned ab o u t the  th re a t of infectious 

d iseases to popu la tions of endangered species, a s  it h a s  becom e clear 

th a t pa thogens can  occasionally cause  su d d en  and  unexpected  local 

declines in ab u n d an ce . Exam ples include the  im pact of avian m alaria  

(Plasmodium relictum) on indigenous H aw aiian forest bird populations 

(Freed et a l ,  2005), the  n ear eradication  of the  black-footed ferret 

(Mustela nigripes) by canine d istem per (Williams et a l ,  1988) and  the 

associated  im pact of sylvatic plague (Yersinia pestis) on prairie dogs 

(Cynomys spp.) w hich m ake up  90% of the  b lack  footed ferret diet, and  

the effects of rab ies and  canine d istem per on E thiopian wolves 

(Laurenson et a l ,  1998)

Pathogens m ay be a  d irect cause  of population  extinction. For exam ple, 

canine d istem per v irus reduced the  last know n wild population  of black 

footed ferrets from abou t 130 to 18, leading to a  decision to cap tu re  

these  las t surviving individuals for a  captive breeding program m e 

(Thorne an d  W illiams, 1988). Alternatively, it h a s  been suggested 

pathogens m ay su p p re ss  the  size or resilience of the ir host population, 

increasing  the  probability  of extinction due to o ther factors, a s  in the
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case of grey wolves (Canis lupus) in M innesota and canine parvovirus 

(Mech and Goyal, 1995).

Generalist pathogens as opposed to host specific pathogens present the 

most serious extinction risks to endangered species. Pathogens 

m aintained in relatively common species can cause local extinction in 

populations of threatened species when they spill over into threatened 

hosts. Rabies and canine distemper virus are m aintained in populations 

of domestic dogs in Africa and both viruses have threatened populations 

of Ethiopian wolves (Laurenson et al, 1998) and African wild dogs 

(Alexander and Appel, 1994). Lethal pathogens with short infectious 

periods, which are not m aintained in reservoir hosts, are predicted to 

persist only in large, spatially structured host populations with high 

turnover. Such pathogens cannot persist in the small isolated 

populations typical of many threatened species (Lyles and Dobson, 

1993).

For endangered species m anagem ent the key issue is to identify the risk 

of infection entering the host population and the probability that the 

infection will result in host extinction. Population viability analysis has 

been used to show th a t infections can significantly increase the risk of 

extinction, for example with canine distem per and rabies in the 

Ethiopian wolf (Mace and Sillero-Zubiri, 1997). In contrast, Gurnell et 

al, (2006) studied the squirrel pox virus (SQPV) disease threat to red 

squirrels in the largest, designated red squirrel refuge site in England, 

Kielder Forest (50,000 ha), using modelling techniques. Assuming tha t 

grey squirrels do not settle within Kielder Forest because of the 

unfavourable natu re  of the spruce habitat, Gurnell et a l,  (2006) 

predicted th a t SQPV disease would burn out a t the edges of the forest, 

although m any red squirrels would die.

When disease in a reservoir population th reatens an endangered species, 

it may be possible to devise m anagem ent strategies that minimise

191



infectious contacts between host populations. Red squirrels are being 

introduced into isolated conifer woodlands in the west of Ireland in the 

hope th a t grey squirrels, and hence squirrel pox virus, will be unable to 

reach these woodlands (Lawton, 2006). It has also been proposed to 

prevent grey squirrels from entering the Inisowen Peninsula in Co. 

Donegal by m aintaining the 20km x 20km strip connecting the Inisowen 

Peninsula to the rem ainder of Co. Donegal as a grey squirrel free buffer 

zone (E. Johnston , pers. comm.).

Where it is impossible to prevent contact between threatened hosts and 

reservoir hosts, reducing the population size of the reservoir host might 

reduce the risk of disease transm ission. In the case of grey squirrels, a 

reduction in population size could be achieved by culling or by using an 

im m unocontraceptive. Alternatively, m anagem ent could focus on the 

eradication of the infection by vaccination of the reservoir host. However, 

given the high b irth /d ea th  rates and rapid turnover th a t characterise 

grey squirrel populations, and the fact th a t no im m unocontraceptive or 

vaccine is available; none of these options are feasible in practice.

Vaccination of threatened hosts is the m ost certain and direct method of 

protecting individuals from disease and has been attem pted for a  variety 

of host pathogen system s. Oral rabies vaccines and bait delivery system s 

have been successful in reducing the incidence of rabies in several 

populations including red foxes in Europe (Pastoret and Brochier, 1998). 

However, direct vaccination may be impractical. Administering any 

vaccine to large populations of red squirrels would lead to logistic 

difficulties and require the development of an oral vaccine. In the case of 

red squirrels, no safe, effective vaccine, either injectable or oral, is 

available.
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5 .1 .2  D isease in squirrels

Keymer (1983) subjected 40 red squirrels and 30 grey squirrels to full 

postmortum examination and reported the results, together with other 

reports of disease affecting freeliving squirrels in Britain. Coccidiosis 

(Eimeria sciurorum  infection) was common in red squirrels and both 

species frequently harboured other Eimeria spp. parasites in the 

intestinal tract. Other protozoa that occurred included haemogregarines 

(probably Hepatozoon  sp.) and Toxoplasma. Helminths were relatively 

uncommon, but Enterobius spp. were found in the gut of reds. Both 

species were commonly infested with fleas, mainly Monopsyllus 

sciurorum  in red squirrels and Orchopeas howardi in grey squirrels. Lice, 

especially Neohaematopinus sciuri, and ticks (Ixodes ricinus) also 

occurred in both species. Keymer (1983) concluded that there appeared 

to be a higher incidence of disease in red squirrels than in grey squirrels.

5 .1 .3  Squirrel pox virus (SQPV)

The Poxviridae family is divided into two subfamilies, Chordopoxvirinae, 

the vertebrate poxviruses and Entomopoxvirinae, the insect poxviruses 

(Smith and Kotwa, 2002). Squirrel pox virus (SQPV) represents a 

previously unrecognised genus of the Chordopoxviridae (Thomas et a t, 

2003). The extinction of local populations of red squirrels in the UK has 

been attributed to SQPV (Sainsbury et a l, 2000; Tompkins et ah, 2003). 

The disease is characterised by ulcerated and haemorrhagic scabs 

affecting the skin around the eyes, nose and lips which later spread to 

ventral thorax, inguinal area and feet (Thomas et a l, 2003). 

Experimental infection with a mixture of isolates from various outbreaks 

of scab disease confirmed that SQPV is the agent responsible for the 

disease observed in red squirrels. In contrast, infection of grey squirrels 

failed to induce disease although all developed antibodies to the virus 

(Tompkins et a l, 2002). Further confirmation that this virus could 

induce SQPV disease was also obtained by Thomas et a l,  (2003), who
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infected two captive bred red squirrels with virus isolated directly from 

scab material.

A serological survey of red and grey squirrels from the UK revealed tha t 

61% (136/223) of apparently healthy grey squirrels had antibody to 

SQPV, w hereas only 2.86% (4/140) of red squirrels tested were 

seropositive. 3 out of 4 of the seropositive red squirrels were found dead 

or dying with sym ptom s of pox virus disease and poxvirus particles were 

identified by electron microscopy in these red squirrels. Only one red 

squirrel had antibodies to SQPV w ithout having confirmed SQPV 

associated disease, which suggests th a t the disease was in the 

incubation stage in th is squirrel or it was a  solitary example of a  red 

squirrel which had survived the infection and seroconverted. A high 

seroprevelance of antibodies to SQPV and the low prevelance of the 

disease in grey squirrels suggest th a t grey squirrels may act as reservoir 

for SQPV, which m ay then be transm itted  to red squirrels causing lethal 

disease (Sainsbury et al,  2000). SQPV is not p resent Italy or Scotland. 

However, the virus is likely to move through the expanding grey squirrel 

range in northern  England and infect Scottish grey squirrels where they 

already come into contact in the Solway area (Gurnell et al, 2006).

In 1999, a SQPV seroprevalence survey was carried out in Northern 

Ireland by testing serum  from 163 grey squirrels in 17 forests in 4 

counties. 20% were seropositive (McGhie, 2000). This was followed up by 

a survey of 181 grey squirrels from 16 forests in all 6 counties of 

Northern Ireland. 33% were seropositive and SQPV was found to be 

prevelant in all 6 counties (McKay et al,  2004). Disease associated with 

SQPV in red squirrels been confirmed by electron microscopy from at 

least four regions of the U.K. (Cumbria, Lancashire, Northum berland 

and Thetford Chase), (Sainsbury et al, 2000) bu t has not yet been 

reported in red squirrels in Ireland.
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5 .1 .4  Pathogen m ediated com petition and decline in red squirrel 
distribution

Pathogen mediated competition or apparent competition occurs where 

one species can be a superior competitor simply by harbouring and 

transm itting a pathogen to a more vulnerable species, Squirrel poxvirus 

(SQPV) is an example of pathogen-mediated competition between an 

invasive species, the grey squirrel, and a native species, the Eurasian 

red squirrel. SQPV causes disease with high mortality in red squirrels 

but appears non-pathogenic in grey squirrels. Not all populations of 

introduced grey squirrels carry the virus, notably those in Scotland and 

Italy, and the rate of red squirrel replacement by grey squirrels is 17-25 

times faster in those areas where grey squirrels carry the virus (Rushton 

et a l,  2006).

Rushton et a l,  (2000) developed a stochastic, individual-based model for 

sim ulating the dynam ics of pox virus in sympatric red and grey squirrel 

populations. The disease model was integrated with a spatially explicit 

population dynam ics model tha t simulated red and grey squirrel 

populations in real landscapes. The model was used to investigate the 

dynamics of red and grey squirrels in Norfolk between 1966 and 1980. 

The model predicted tha t pox virus would cause a more rapid local 

replacem ent of red squirrels by grey squirrels.

Tompkins et a l,  (2003) modified the two-host shared microparasite 

model of Bowers and Turner (1997 in Tompkins et al,  (2003)) to make it 

specifically applicable to the squirrel/virus system and tested whether 

the model could replicate the dynamics of the expansion of grey squirrels 

and decline of red squirrels tha t occurred in Norfolk from 1960 to 1982, 

In the spatial model the rate of ecological replacem ent incorporating 

both interspecific competition and poxvirus was very close to tha t seen 

in the actual Norfolk data. Without the virus, the natural rates of
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competition alone could not explain the red squirrel decline and the grey 

squirrel expansion th a t was observed.

Rushton et al,  (2006) subsequently analysed the incidence of SQPV 

disease and changes in distribution of red and grey squirrels in 

Cumbria, from 1993 to 2003 and compared these data  to the predictions 

of the R ushton et al, (2000) model. A com parison of ra tes of decline in 

red squirrel populations in areas where SQPV was present, Cum bria and 

Norfolk, and in areas where SQPV was absent, Scotland and Italy 

showed th a t declines were 17-25 tim es higher in regions where SQPV 

was present. The model predicted spatial overlap of 3-4 years between 

the species before red squirrels were replaced and th a t was observed in 

the field. A grey squirrel population control of > 60% effective kill was 

needed to stop the decline in red squirrel populations in Cumbria.

Gurnell et al, (2006) developed strategies to m anage the SQPV disease 

threat to red squirrels by reference to the largest, designated red squirrel 

refuge site in England, Kielder Forest (50,000 ha). Using modelling 

techniques, they identified four main corridors by which grey squirrels 

will reach Kielder Forest. There would be high, repeated, local mortality 

amongst red squirrels on the periphery of the forest. This predicted 

pattern of disease was contingent on two im portant assum ptions. First 

that the progression from infection with SQPV to death  in red squirrels 

was very rapid, and there is evidence th a t th is is less than  three weeks 

(Tompkins et al, 2002). Second, th a t grey squirrels do not penetrate 

deeply into Kielder Forest and become residents because of the 

unfavourable na tu re  of the spruce habitat. They concluded th a t the 

conservation of red squirrels will depend on minim ising contact between 

red and grey squirrel populations, and advocated monitoring grey 

squirrels in corridors within buffer zones around refuge areas, and 

removing them  when detected.
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5 .1 .5  H ypothesis

It was hypothesised tha t (1) SPV would be present in grey squirrel 

populations throughout Ireland and (2) the rate of decline in red squirrel 

distribution in Ireland would be similar to Norfolk and Cum bria and not 

Italy and Scotland.

5 .1 .6  O bjectives

To determ ine the prevalence of squirrel pox virus in five population in 

Ireland.

To calculate the rate of decline in red squirrel distribution in Ireland and 

compare it to Norfolk and Cumbria, where SPV is present and to Italy 

and Scotland, where SPV is absent.
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5 .2  M ethods

5 .2 .1  T estin g  serum  for squirrel pox virus

205 grey squirrels were collected from 5 populations in Ireland; Shane’s 

Castle, Castle Leslie, Beau Parc, Clongowes Wood and Brittas Castle 

(Figure 5.1).

In S hane’s Castle and Brittas Castle grey squirrels were shot and stored 

in a t freezer a t -2 0  C. In Castle Leslie, Beau Parc and Clongowes Wood 

grey squirrels were euthanised as described in Section 2.2 and stored in 

a freezer a t -2 0  C.

11 red squirrel serum  sam ples were obtained for testing from 4 areas, 

Killarney, Co.Kerry, Adare, Co.Limerick, Curtlestown, Co. Wicklow and 

Killiney, Co. Dublin (Figure 5.1). These sam ples were taken from red 

squirrels found dead in woodlands or as roadkill.

Serum sam ples were then collected as follows. Squirrels were removed 

from the freezer and allowed to thaw  at room tem perature for 12-18 

hours. A squirrel was pinned to a  dissecting tray ventral side up. A 

scalpel was used  to m ake an incision in the squirrel’s skin, starting 

underneath  the jawbone and running down the centre of the thorax, 

along the sternum , to the bottom of the rib cage. A small incision was 

made through the skin at the bottom of the rib cage into the abdomen. A 

scissors was placed in th is opening and the rib cage cu t in half following 

the line of the first incision. The rib cages were prised apart with the 

scissors, the thoracic cavity exposed and m em branes and ligament 

surrounding the heart cut away. The heart was punctured  with a sterile, 

large bore 16G needle attached to a sterile 5ml syringe. 0.5-2ml of blood 

was drawn into the syringe and transferred into a  sterile 25ml centrifuge 

tube. The scalpel blade and scissors were the wiped clean and flamed in 

alcohol to prevent cross contam ination. The blood sam ples were
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centrifuged a t 2500 rpm  for 15 m inutes. 0.1-0.2m l of su p e rn a tan t was 

draw n off and  stored in a screwcap eppendorf tube  a t -2 0  C. These 

serum  sam ples were sen t to M oredun R esearch Institu te , Pentlands 

Science Park, B ush  Loan, Penicuik, M idlothian, EH26 OPZ, U.K. (Tel 

00441314455111 Email: info@ m oredun.ac.uk) for testing  for squirrel 

pox virus.

Sainsbury  et al,  (2000) developed a direct enzym e-linked 

im m unosorbent assay  (ELISA) for squirrel pox virus which was 

perform ed on the  serum  sam ples. Squirrel sera  were tested  for antibody 

to the  red squirrel parapoxvirus using  a  s tan d ard  ELISA in 96 well 

m icroplates. D uplicate wells were coated overnight with a 1 /300  

dilution of an  NP-40 extract of parapoxvirus infected cells and  duplicate 

neighbouring wells were coated with sim ilarly extracted uninfected cells. 

Test sera, d ilu ted 1 /5 0  were added to the four wells and  incubated  for 2 

h ou rs  a t 37 °C. After w ashing, all wells received a  1 /1000  dilution of 

protein G conjugated  to horse rad ish  peroxidase and plates were 

incubated  for a  fu rther 2 h ou rs before fu rther extensive washing. The 

su b s tra te  orthophenylenediom ine was added for approxim ately 4 

m inu tes after w hich the  reaction w as stopped w ith 2.5M H2SO4. The 

optical density  w as read a t 492 nm. Corrected optical densities (ODs) 

were calculated  by sub trac ting  the m ean of the  ODs from the two control 

wells from the m ean of the ODs from the infected wells. Based on the 

resu lts  obtained  from an  initial 45 grey and  9 red squirrel sera w hen 

developing the test, the  cut-off point for a  positive resu lt was an OD of 

0 . 2 .

5 .2 .2  C alculating the rate o f  decline in red squirrel

d istribution  in Ireland

The ra te  of decline in red squirrel d istribu tion  in Ireland was th en  

investigated in two ways using  d a ta  by O ’Reilly (1997), O’ Teangana 

(1999) and  Ni L am hna (1979). Firstly, the red squirrel d istribution d a ta
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in Ni Lam hna (1979) was compared with the red and grey squirrel 

distribution da ta  in O’Reilly (1997)/O Teangana (1999). Where grey 

squirrels were recorded as present and red squirrels absent in a  10km 

square in O’Reilly (1997)/O Teangana (1999), and red squirrels had 

previously been recorded as present in th a t square in Ni Lamhna (1979), 

then it was assum ed th a t the grey squirrels had replaced red squirrels 

from tha t square. The Ni Lamhna (1979) records were collected from 

1950-78. It was assum ed th a t any red squirrel records collected post 

1950 also reflected red squirrel presence in 1950. Therefore the Ni 

Lamhna (1979) distribution data  was considered to reflect red squirrel 

distribution in 1950. The rate of decline in red squirrel distribution was 

therefore calculated from 1950-1995.

Using the O’Reilly (1997)/O Teangana (1999) data, the total num ber of 

10km squares occupied by grey squirrels bu t not by red squirrels was 

calculated. Taking the year of grey squirrel introduction as 1911 and the 

end of fieldwork on the O’Reilly (1 9 9 7 )/0 ’Teangana (1999) survey as 

1995 the rate of decline in red squirrel distribution in km ^/year was 

calculated. This assum es th a t any area occupied by grey squirrels would 

otherwise be occupied by red squirrels bu t for the presence of grey 

squirrels.
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5.3 R esults

5.3.1 Prevalence o f squirrel pox virus in Ireland

SQPV was found to be present in four out of five grey squirrel 

populations tested in Ireland, (Shane’s Castle, Co. Antrim, Castle Leslie, 

Co. Monaghan, Beau Parc, Co. Meath and Clongowes Wood, Co. Kildare), 

with seroprevalence ranging from 27-60%. SQPV was absent only from 

the 23 grey squirrels tested in the most southerly population in Brittas 

Castle, Co. Tipperary. All red squirrels tested were negative for SQPV 

(Figure 5.1; Table 5.1a).

7 juven iles/subadu lts (i.e. less than  10-12 m onths old) were infected 

with SQPV, the rem aining 62 individuals infected were adults (Table 

5.1b). There was a significant association between age class and 

infection with SQPV (Chi squared test, Chi-Sq = 16.746, DF = 1, P-Value 

<0.001). There was no association between squirrel sex and infection 

(see Table 5.1b) (Chi squared test, Chi-Sq = 0.934, DF = 1, P-Value = 

0.334).

The location of each squirrel with SQPV captured in Castle Leslie, Beau 

Parc and Clongowes Wood was plotted to investigate if the locations of 

capture of infected squirrels tended to be clustered together. This would 

suggest th a t infected squirrels shared overlapping or adjacent home 

ranges. The locations of capture of infected squirrels were not clustered 

but were distributed throughout each woodland.
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Figure 5.1 Map of Ireland showing sites where grey squirrel and  red 

squirrel serum  sam ples were collected for testing for Squirrel Pox Virus 

(SQPV). The figures indicate the num ber of squirrels which were positive 

for SQPV and  total num ber tested a t th a t site.
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Table 5.1a. Results of te s ts  for Squirrel Pox Virus (SQPV) on 205 grey 

squirrels from 5 populations in Ireland

Location Grid
reference

Number
tested

Num ber 
positive for 

SQPV

Percentage 
positive for 

SQPV

S hanes Castle J1389 22 7 32
Castle Leslie H7241 60 18 30
Beau Parc N9472 52 31 60
Clongowes Wood N8729 48 13 27
B rittas Castle S1261 23 0 0

Table 5.1b. Results of te s ts  for Squirrel Pox Virus (SQPV) on 182 grey 

squirrels from the 4 populations testing positive (Shanes Castle, Castle 

Leslie, Beau Parc and  B rittas Castle) by sex and  age class.

SPV s ta tu s Male Female
Adult Juvenile Adult Juvenile

Negative 30 19 40 24
Positive 34 2 28 5
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Table 5.2 Results of tests for Squirrel Pox Virus (SQPV) on 11 red 

squirrels in Ireland

Location Grid
reference

Number
tested

Number 
positive for 

SQPV

Percentage 
positive for 

SQPV

Killarney V98 7 0 0
Curtlestown 0160180 2 0 0
Adare R455450 1 0 0
Killiney 0263260 1 0 0
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5 .3 .2  Rate o f  d eclin e  in  red squirrel d istribution  in  Ireland

Comparing the red squirrel distribution da ta  in O’Reilly 

(1997)/O Teangana (1999) with Ni Lam hna (1979), reveals tha t red 

squirrels were absen t from 28 10km squares in 1995 in which they were 

present in 1950. This is a decline in red squirrel distribution of 2,800 

km2 or 62km 2/year.

In O ’Reilly (1 9 9 7 )/0 ’Teangana (1999) the total num ber of 10km squares 

occupied by grey squirrels but not by red squirrels was 68, equaling 

6,800 km2. This represents a decline of 81km 2/year in red squirrel 

distribution since 1911. The reasons behind the difference in these two 

figures for decline in red squirrel distribution in km ^/year will be 

discussed below.
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5.4 Discussion

Similar to the decline in red squirrels, over the past 20 years there have 

been declines in m any wildlife populations attributed  to pathogens. For 

example, populations of 14 species of A ustralian rainforest frogs have 

either declined or become locally extinct. D isappearances have 

progressed from south  to north, commencing ju s t north  of Brisbane in 

1985 (Laurance et a l,  1996; Campbell, 1999) and have been attributed 

to a novel fungal pathogen Batrachochytrium dendrobates (Berger et a l, 

1998; Skerratt et a l,  2007).

Rapid decline in red squirrel populations is the result of apparent 

competition m ediated by SQPV. Apparent competition can be difficult to 

dem onstrate conclusively as it is difficult to distinguish from resource 

competition. It has been dem onstrated in the laboratory, in the absence 

of resource competition, with the ichneum onid parasitic wasp Venturia 

canescens and two of its m oth hosts Plodia interpunctella and Ephestia  

kuehniella (Bonsall and Hassell, 1998). Among introduced species, 

transm ission of the caecal nematode Heterakis gallinarum  from 

introduced pheasan ts  Phasianus colchicus to native wild grey partridges 

Perdix perdix  has also been implicated in the decline of partridge 

populations in the U.K. (Tompkins et a l,  2001). Likewise transm ission of 

rabies from domestic dogs to both Ethiopian wolves and wild dogs is 

threatening populations of these species (Alexander and Appel, 1994; 

Laurenson et a l, 1998). In contrast, experim ental studies found no 

evidence th a t the cestode parasite Cylindrotaenia sp. was implicated in 

the competitive replacem ent of the native gecko Lepidodactylus lugubris 

by the invader gecko Hemidactylus frenatus, as originally suspected, 

leaving resource competition as the m ost likely explanation (Hanley et 

a l, 1998).

Skerratt et a l,  (2007) outlined three pieces of evidence needed to 

establish th a t a  spreading pathogen is causing population decline.
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Firstly, the  pathogen m u st be highly pathogenic, virulent and 

transm issib le . Tom pkins et ah, (2002) and  Thom as et at,  (2003) 

confirm ed th a t a  pathogen, SQPV, caused  a  fatal skin disease by 

infecting red squ irrels with isolates from various ou tb reaks of scab 

disease. The lesions docum ented were the sam e a s  those in squirrels 

recovered dead from the wild. The incubation  period of SQPV is short 5-8 

days (Tompkins et al,  2002) or <15 days (Carroll et al,  2009) as is the 

course of the  disease - an  average of 10 days (Carroll et al,  2009). The 

disease is transm issib le . Red squirrels from Kielder Forest which were 

seronegative for SQPV, b u t translocated  to Thetford Chase, later 

contracted  SQPV and  died (Carroll et al,  2009). The exact mode of 

transm ission  of SQPV is unknow n although  it appears  direct, and  not 

vector borne (Sainsbury et al,  2008; B ruem m er et al,  2010).

Second, the  population  declines and  the pathogen m u st show tem poral- 

spatial p a tte rn s  of spread. Also the pathogen h as  a t least one source 

from which it h a s  em erged (Skerratt et al,  2007). Sainsbury  et al, 
(2008) m apped the  expansion of SQPV disease in the  no rth  of England. 

SQPV disease only occurred in those a reas also inhab ited  by seropositive 

grey squirrels. As the geographic range of the grey squirrel expanded, 

SQPV disease occurred in these new grey squirrel h ab ita ts  and  red 

squirrel popu lations declined. SQPV h as em erged from the introduced 

American grey squirrel and  a role for the  grey squirrel as a  reservoir host 

for SQPV is supported  by the above data .

Finally, the  pathogen m u st be p resen t during  declines and m ass 

m ortality events and  appears to be causing  the m ortality  based on its 

epidemiology and  pathogenesis. There are  reports of w idespread 

epidem ics of skin d isease  in red squirrels in English counties associated 

with a  decline in red squirrel d istribution  since 1930 (Middleton 1930; 

Shorten 1954; Tom pkins et al,  2002) and  SQPV h as  been isolated from 

skin lesions characteristic  of th is disease (Thomas et al,  2003).
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In Ireland seroprevalence rates for SQPV in grey squirrel populations 

ranged from 27% - 60%. In England and Wales seroprevalence rates 

ranged from 42% to 100% (Sainsbury et al, 2000), bu t individuals in the 

southern range of the grey squirrel in Ireland, in Scotland and in parts 

of northern  England were not infected. In th is study, in the four Irish 

populations in which SQPV was present the overall seroprevalence (38%) 

was similar to th a t detected in Northern Ireland (33%, McKay, 2000) bu t 

lower than  th a t in the UK (61%, Sainsbury et al,  2000)).

Further testing will be required to determine if SQPV is, as yet, largely 

absent from the southerly range of the grey squirrel in Ireland or if the 

Brittas Castle population is an isolated SQPV-free area or population. As 

the Irish grey squirrel population began with a  single introduction of 12 

individuals in Castleforbes, Co. Longford and spread to the north, east 

and south, it m ay be possible th a t a lineage which colonized areas of the 

south is, by chance, SQPV-free. Such a pattern  of occurrence of SQPV in 

Ireland may arise from the historical pattern  of introduction of SQPV. It 

is possible th a t only a few of the original introduced grey squirrels 

carried the disease into the country. This could readily occur because 

the virus does not have a high prevalence in grey squirrels in its native 

homeland nor is it present in grey squirrels throughout its natural range 

(Gurnell et al, 2006). However, even if SQPV is absen t from areas in the 

grey squirrels southern  range, this is unlikely to rem ain so indefinitely, 

given the prevalence of SQPV in the rem ainder of the country.

A comprehensive survey of SPV prevalence in red squirrels in interface 

areas was not possible in this study. The 11 red squirrels tested for SPV 

were originally collected for a population genetic study by Dr. Laura 

Finnegan. Only 3 were from interface areas, 2 from Curtlestown Co. 

Wicklow and 1 from Killiney, Co.Dublin. All red squirrels tested were 

negative for SQPV antibodies.
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There have been no reports of red squirrels showing clinical signs of 

SQPV disease in Ireland. Whether this is because there have been no 

outbreaks of SQPV disease among red squirrels in Ireland or whether it 

is due to a lack of aw areness of the symptoms of the disease among 

wildlife workers in unknown. Detection of the disease depends on 

corpses or sick anim als being found and many red squirrels may die 

undetected (Rushton et al, 2006). Prior to Reilly (1997) there were no 

research publications on red squirrels in Ireland other than  distribution 

surveys. Consequently interest in red squirrels and awareness of pox 

virus is relatively new among wildlife workers in Ireland.

Rushton et al, (2006) calculated rates of decline in red squirrel 

distribution in different regions of England, Scotland and Italy. In 

Cumbria and Norfolk, where SQPV was present, observed rates of red 

squirrel loss were 76km 2/year and 92 km^/year. In Scotland and Italy, 

where SQPV was absent, observed rates of red squirrel loss were 4.4 

km ^/year and 3.6 km ^/year. Therefore in Cum bria and Norfolk where 

SQPV was present, the decline in distribution of red squirrels was some 

17-25 times faster than  in Scotland and Italy where SQPV was absent. 

In Ireland the rate of decline of red squirrels from 1950-1995 was 62 

km2/year, and from 1911-1995 81 km^/year. Therefore, the decline in 

Ireland, where SQPV is prevalent is comparable with Cumbria and 

Norfolk. In conclusion, the similarity between the rates of decline in red 

squirrel distribution in Ireland, calculated by either of the above 

m ethods, and the rates of decline in Cumbria and Norfolk provides an 

additional piece of evidence for the critical role of SQPV in the 

replacem ent of red squirrels by grey squirrels.

There is obvious potential for bias in the Irish data. For example, the 

distribution data  in the studies by Ni Lamhna (1979), O’Reilly (1997) and 

O Teangana (1999) and were not derived from systematic surveys of red 

and grey squirrel populations in Ireland. All studies relied on records of 

sightings from m em bers of the public. The survey design and effort
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involved differed between the studies and the raw data  for both species 

may have exhibited bias. In particular for Ni Lam hna (1979) the 

assum ption th a t where red squirrels were recorded post 1950 they were 

also present in 1950 will not always be true. An increase in the planting, 

and subsequent m aturing, of conifer p lantations throughout the 1900’s 

would have created new habita ts for the red squirrel which would not 

have been present in 1950. Where th is assum ption is not true it has the 

effect of underestim ating the rate of decline. Also, the red squirrel 

distribution da ta  was collected over the period 1950-1978. It is possible 

that some red squirrel populations may have been present but 

unrecorded in 1950 (or thereafter) and later been replaced by grey 

squirrels, th u s  rem aining unrecorded forever. This would also lead to an 

underestim atation in the rate of the red squirrel decline between 1950- 

95. The assum ption  th a t where grey squirrels are present, red squirrels 

would be present but for the grey squirrels is reasonable as red squirrels 

can exist in all squirrel habitat types, broadleaved, mixed or conifer 

woodlands, parks, golf courses etc., in the absence of the grey squirrels.

Despite th is potential for bias, there is a strong similarity in the rate of 

decline in red squirrel distribution in Cumbria, Norfolk and Ireland and 

this does not bode well for the future of the red squirrel in Ireland.
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6. Discussion

This study  exam ines the  vagility of an  in troduced  species, the  grey 

squirrel, w ith an  em phasis on d ispersal m ovem ents and  gene flow, 

through  s tu d ies  of population genetic s tru c tu re  (chapter 2), control 

(chapter 3), an d  range expansion (chapter 4). Finally, it deals w ith the 

im pact of th is  vagility and  the  p resence of a  lethal pathogen, squirrel pox 

virus, on the  ra te  of decline in red squ irrel d istribu tion  in Ireland 

(Chapter 5).

6.1 G enetic diversity

The Irish grey squ irrel populations displayed m oderate  genetic diversity 

generally com parable to sciurid  and o ther m am m al populations 

worldwide (Hale et al ,  2001a; Todd, 2000; Trizio et al ,  2005; S h iba ta  et 

al,  2003; G unn  et al ,  2005; Dewoody and  Avise, 2000; H am pton et al,  

2004; Redeker et a l ,  2005).

However, it difficult to determ ine underlin ing  genetic diversity in a 

population, or to com pare genetic diversity d a ta  betw een stud ies, using  

m icrosatellite d a ta  as m icrosatellite loci are  no t chosen  random ly. 

R esearchers ten d  only to work with the  m ost polym orphic loci available 

and  rarely repo rt d a ta  for m onom orphic loci or for loci with little 

polym orphism . Observed and  expected heterozygosities reported  in the 

litera ture  will generally be considerably  g rea ter th a n  those  th a t  would be 

obtained from a  random  sam ple of m icrosatellites. For exam ple, Ogden 

et al,  (2005), reported  a  m ean H e 0.24 for the  red squirrel population  on 

Anglesea, lower th a n  th a t reported  in any  of the  s tu d ies  above. However, 

th is  figure w as obtained  from an  analysis of 3 m onom orphic and  3 

polym orphic loci in the  red squirrel population . In con trast, Peakall et 

al,  (2006) u sed  11 m icrosatellite loci w hich were hypervariable, w ith the 

num ber of alleles varying from 11-25 per locus, w hen studying the
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Australian bush  rat. Interpretation of microsatellite genetic diversity 

data  and comparison between studies therefore, requires caution.

Also, there was insufficient genetic diversity in the microsatellies used to 

answer questions concerning fme scale genetic structure, relatedness 

and breeding success (see Huck et al, 2008). Hale et al, (2001a) isolated 

31 microsatellites from grey squirrel tissue sam ples obtained in the 

north of England. The 10 most polymorphic of these were analysed at 

the beginning of this study and 6 were found to have 3 or more alleles. 

Of these 6, one was found not to be in Hardy Weinberg equilibrium. The 

5 rem aining microsatellites used had insufficient polymorphism to detect 

bottlenecks (Piry et ah, 1999), to detect sex biased natal dispersal 

(Peakall and Smouse, 2006) and to identify parent/offspring 

combinations using software such as CERVUS (Marshall et al., 1998). 

Additional molecular m arkers an d /o r a greater num ber of microsatellites 

with greater polymorphism, as for Peakall et al,  (2006), would be 

required to answ er these questions.

6 .2  Interpopulation  or breeding dispersal

Although the grey squirrel is a vagile animal, it is a habitat specialist 

requiring woodland habitat, and data  from this study suggest that inter

population dispersal between neighbouring woodlands is somewhat 

restricted. Genetic differentiation between populations was significant, 

even at a local level. Direct m easures of dispersal during the removal 

experiment found only one movement of a  grey squirrel between 

woodlands. Genetic data  indicated tha t survivors of the cull in 2003, and 

not im migrants, were responsible for the population recovery observed. 

Restricted dispersal has also been found in other introduced (Taylor et 
al,  1971; Fitzgibbon, 1993) and native grey squirrel populations (Flyger, 

1960; Mosby, 1969).

Direct m easures of dispersal in other small m am m al species may also be
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low. Hale et a l ,  (2001b) found that the maximum dispersal distance of 

red squirrels over unfavourable ground was probably less than or equal 

to 1.5km. 49 adult fox squirrels were radiotagged in 12 woodland sites in 

Indiana. No movements between woodlands were observed over 17 

months (Sheperd and Swihart, 1995). Common voles were studied in six 

natural populations at distances of 0 .4 -2 .5  km in three different seasons 

(fall, spring, summer) corresponding to different life-history stages. Field 

observations provided no direct evidence for m ovem ents of individuals 

between populations (Schweizer et a l ,  2007). Telfer et a l ,  (2003) noted 

that between 1997 and 1998, 29 of 823 water voles trapped were caught 

in more than one population. The median natal dispersal distance for 

individuals that reached breeding status was 180m for both females and 

males. As with grey squirrels (Taylor et a l ,  1971; Fitzgibbon, 1993), the 

negative exponential function fitted the distributions of breeding 

dispersal distances well (Telfer et a l ,  2003).

There are limitations associated with direct capture-mark-recapture 

m easures of dispersal. If there is considerable heterogeneity in capture 

probability, the resulting dispersal estim ates will only be representative 

of a portion of the population. Practical restrictions on the size of the 

study site also limit the detection of long distance dispersal (Latch and 

Rhodes, 2006; Ogutu et a l ,  2006). Genetic m easures of dispersal, 

involving direct parentage assignm ent or indirect methods, reveal 

somewhat higher rates of dispersal than capture-mark-recapture 

estimates, but similar distribution of dispersal distances. While field 

observations of common voles provided no direct evidence for 

movements of individuals between populations, assignm ent analyses 

identified a proportion of individuals as being immigrants to the 

population where they were captured (Schweizer et a l ,  2007). Low rates 

of dispersal have also been documented using capture-mark-recapture 

in juvenile kangaroo rats (Dipodomys spectabilis) but parentage analysis 

has shown that dispersal may occur prior to first capture (Waser et a l ,  

2006). In racoons (Procyon lotor) parentage analysis indicated that
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dispersal d istance  d istribu tion  is highly positively skewed with 85% of 

raccoons, both  m ale and  female moving less th an  3km . The tail of this 

d istribu tion  indicated a  sm all proportion (<4%) moved more th a n  20km 

(Cullingham et a l ,  2008).

Restricted d ispersal is expected where the intervening m atrix, is hostile, 

for exam ple a  b u sy  u rb a n  environm ent (Tam ura and  Hayashi, 2007) bu t 

can also occur w here the m atrix  appears benign, in th is  case pastu re  

with sm all fields and  a  high density  of hedgerows. Sim ilar low dispersal 

rates and  fine scale genetic s tru c tu re  have been docum ented  for other 

small m am m al species, for example the  red squirrel, Sciunus vulgaris, 

(Trizio et a l, 2005), the  comm on vole, Microtus arvalis (Schweizer et a l, 

2007), the  b an k  vole Clethrionomys glareolus (Aars et a l ,  1998), the 

white-footed m ouse, Peromyscus leucous (M ossman and  W aser, 2001), 

the hairy  footed gerbil, Gerbillurus paeda, (Meyer et a l ,  2008), the  bush  

ra t R attus fu sc ip es  (Peakall et a l,  2006) and  the sand  dune tuco-tuco, 

Ctenom ys australis (Mora et a l,  2010). The b an n er tailed kangaroo ra t 

has been stud ied  as a  model system  for m am m alian  d ispersal for more 

than  25 years. Extensive field d a ta  suggest th a t d ispersal between 

populations is low and  more th an  80% of d ispersing  individuals rem ain 

within 100m of their birthplace (Busch et a l ,  2005). Likewise, no 

evidence of d ispersal betw een population fragm ents w as detected for the 

bush  ra t  R attus fu sc ipes, despite in ter-fragm ent d istances th a t were 

substan tia lly  sho rte r th an  d istances moved in con tinuous hab ita t 

(Bentley, 2008).

If d ispersal betw een w oodlands is restric ted , it would be expected th a t 

'isolation by d istance ' would be present. There w as evidence of isolation 

by d istance em erging b u t it appears th a t a  physical barrier to d ispersal, 

the River Boyne, w as d isrup ting  th is pa ttern . Major rivers have also been 

noted a s  a  b a rrie r to gene flow in E astern  C hipm unks (Tamias striatus) 

in C anada (C ham bers and  G arant, 2010). For grey squirrels in Ireland, 

lower levels of gene flow between h ab ita t fragm ents, would appear to be
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responsible for the greater genetic differentiation seen in comparison 

with red squirrels in continuous, conifer forest in the Alpine Alps (see 

Trizio et al., 2005).

The relatively slow expansion of the grey squirrel in Ireland over the last 

100 years also adds support to the finding of restricted dispersal 

between woodlands. The m ean one-dim ensional rate of spread since 

1911 is 1 .75km /year (this study) or 1 .94km /year (O Teangana et a l,  

2000). Movement will be more rapid through continuous woodland than  

the surrounding matrix. Also self-sustaining populations of grey 

squirrels are not yet established west of the Shannon.

6.3 Population recovery

Removal m ethods have been used to study dispersal and recolonisation 

in small m am m als for several decades. Such studies usually  assum e 

that trapping removes all resident anim als from the study area and 

recolonisation, (which is usually  rapid) occurs by immigration from 

adjacent populations (Stickel, 1946; van Vleck, 1968; Dobson, 1981; 

Gaines et al., 1979; Joule and Cameron, 1975; Middleton and Merriam 

1981). The recolonisation of woodland by grey squirrels following control 

is assum ed to occur through immigration (Taylor, 1977; Rowe, 1980; 

Lawton and Rochford, 2007). However, S tenseth  and Lidicher (1992) 

caution th a t these assum ptions may not be true as efforts to remove all 

anim als from a site may not be successful. This was found to be the case 

in this study. The Clongowes Wood populations of 2003-2005 

partitioned together 86 percent of the time following 1000 bootstrap 

replicates of the allele frequencies data  and the application of the 

UPGMA algorithm  of PHYLIP (Felsenstein, 2004). This suggests tha t the 

Clongowes Wood populations of 2004 and 2005 are derived largely from 

survivors of the cull in 2003 and not from im m igrants from the K Club, 

M ountarm strong or elsewhere.
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The methodology used in a removal experiment may influence the 

conclusions reached. For example, removal effort can vary grea:ly 

between studies and species. Lindenmayer et a l,  (2005) studying bush 

rats, Rattus fuscipes, placed traps approximately 10m apart (100/ha). 

Trapping continued until no new anim als were captured for at least 4 

successive nights and for a minimum of 5 nights in each patch, but 

frequently the num ber of nights exceeded 10 and in one case 20. When 

trapping grey squirrels, Lawton and Gurnell (2007) set 1.08-1.75 

tra p s /h a  in 12 h a  sites for 5 days. This study set 2.5-3.3 tra p s /h a  in a 

12 ha  site for a total of 37 days. For small rodents, a very considerable 

effort is required to remove all the individuals from a site. If this effort is 

insufficient, resident individuals are likely to rem ain on the study site.

Removal experim ents study different forms of movement. In some 

studies individuals were removed from small plots embedded in 

continuous hab ita t (for example Stickel, 1946; Gaines et al,  1979; van 

Vleck, 1968) and  recolonisation is possible through a combination of 

exploratory movements, natal dispersal a n d /o r breeding dispersal. In 

this study and others, populations and sites are discrete (Middleton and 

Merriam, 1981) and longer distance movements are required for 

recolonisation. Therefore, different removal experim ents may have 

different outcomes. Dispersal is more likely to contribute to the 

recolonisation of sites embedded in continuous habitat than  more 

isolated sites.

Individuals in hab ita t surrounding the depopulated study site may be 

trapped and m arked, to identify im migrants, (Stickel, 1946; van Vleck, 

1968) or unm arked (Lawton and Rochford, 2007). It is difficult to m ark 

all neighbouring individuals and to remove all resident individuals, so 

genetic techniques may be necessary to aid identification of colonising 

individuals (Lindenmayer et al, 2005). Depending on the methodology 

used and data  gathered, different conclusions may be reached. For 

example, Middleton and Merriam (1981) removed all white footed mice.
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Peromyscus leucopus, from a small 2 ha  wood and monitored 

recolonisation from three neighbouring tagged populations. 

Recolonisation was rapid, bu t no mice came from other woods. It was 

assum ed the im m igrants were untagged mice from farm buildings 300m 

away. Had genetic data  been available it would have indicated if 

im m igrants or residual individuals were responsible for the 

recolonisation observed.

A clear lim itation of the removal experiment in th is study is th a t the 

sample size was 1. Clearly, there are landscapes and study areas where 

dispersal m ight play an im portant role in population recovery following 

control. For example, if the woodland in which the control was carried 

out was adjacent to, or part of, a large broadleaved wood with a large 

grey squirrel population, with good connectivity to the study area, then 

the proportion of im m igrants in the post control population would 

certainly be greater (see Gurnell and Steele, 2002). Similarly, differences 

in food availability between years will affect the level of dispersal, 

survival and fecundity in these years (Gurnell, 1987). When food 

supplies are good, dispersal is low, survival is high, fecundity is high 

and few young or adults disappear from the population; when food 

supplies are poor dispersal is high, survival is low, fecundity is low and 

many young and some adults disappear (Gurnell, 1983), There are also 

very occasional reports of very large num bers of grey squirrels dispersing 

in the au tum n. Flyger (1969) is a  well-documented example. These large- 

scale movements probably occur as a result of very large populations 

(resulting from good seed crops the previous year), with very poor 

au tum n seed supplies; so the squirrels move in search of food (Gurnell, 

1987). Therefore, the ratio of local recruits to im m igrants in a grey 

squirrel population after control will depend on the efficacy of control, 

the distance to the nearest woodlands, the grey squirrel population size 

in these woodlands, connectivity between woodlands, whether or not 

grey squirrel control is practised in these woodlands and the effects of 

natural food availability on dispersal, survival and fecundity.
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Lindenmayer et a l, (2005) suggest a num ber of demographic criteria for 

assessing if residual anim als or im migrants are primarily responsible for 

population recovery following control. If residual anim als are responsible 

then (i) there will be no relationship between rate of recovery and 

distance from source populations, (ii) recovery of populations by residual 

individuals will be quicker relative to the recovery by immigration (iii) the 

proportion of juveniles and males in recovering populations will be 

unchanged (this assum es control is unbiased and dispersal is juvenile 

and male biased). In a study of grey squirrel recovery following control 

by Lawton and Rochford (2007), the more isolated population 

(Ardmulchan) recovered more quickly; recovery was extremely rapid (in 3 

out of 4 springtime culls the population recovered within ten weeks); 

post cull populations tended to consist of unm arked adults; post cull 

populations had a greater percentage of males bu t population sizes were 

low and th is may not have been statistically significant. Based on the 

above criteria th is would suggest that residual anim als were responsible 

for the population recovery observed.

In a removal experiment similar to this study, Peakall and Lindenmayer 

(2006) investigated the mechanism of population recovery in the 

Australian bush  rat, Rattus fuscipes, over 24 m onths using genetic 

monitoring, following the removal of anim als by intense trapping. The 

outcomes of genetic analysis at 11 microsatellite loci and mtDNA 

indicated th a t population recovery was achieved predominately by 

residual animals; recovery populations were genetically more similar to 

their respective pre-treatm ent population than  nearest neighbours; 

assignm ent tes ts  detected few im migrants and there was no influx of 

new im migrant alleles and haplotypes. This finding was consistent with 

emerging evidence for restricted gene flow in bush  rats. Naulty and 

Hayden (2008) removed 99 grey squirrels from a 5 h a  site in the Phoenix 

Park over 12 m onths and found that there was little subsequent 

movement of grey squirrels into this site. In a  related study of agile 

antechinus Antechinus agilis and bush ra t Rattus fuscipes  population
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recovery following wildfire, residual ind iv iduals an d  no t im m igran ts were 

found to be the  s ta rtin g  point (Banks et al,  2011). These d a ta  agree w ith 

the findings of th is  s tu d y  th a t residual an im als, an d  no t im m igrants, are  

prim arily responsib le  for population recovery following control.

6.4  Sex B iased D ispersal

The costs an d  benefits of d ispersal a re  expected to affect the  sexes 

differently, depending  on a  species life h isto ry  strategy. This m ay lead to 

a sex biased  d ispersa l pa ttern . M ale-biased d ispersal is m ore com m on in 

m am m als an d  female biased d ispersal m ore com m on in b irds 

(Greenwood, 1980) b u t m any exceptions to th is  general ru le exist 

(Lawson H andley et al,  2007). The single population  spatial 

au tocorrelation  analysis did not detect any  genetic s tru c tu re  (i.e. any  

evidence of sex b iased  n a ta l dispersal) in the  B eau Parc population a t 

any d istance  c lass for m ales, fem ales or the  entire population. In 

con trast, all the  indices estim ated  in th is  s tu d y  suggest th a t in grey 

squirrels breed ing  (inter-population) d ispersal ra te s  are h igher am ong 

m ales th an  fem ales. Significant differences betw een the  sexes were 

observed in the  m ean  assignm ent index and  in the  F is, w hereas 

differences in the  assignm ent index variance and  F st were not 

significant. This finding is in agreem ent w ith field d a ta  (Taylor et al, 
1971; Mosby, 1969; Gull 1977 in G urnell, 1987; Don 1981, in Gurnell, 

1987) which suggest a  m ale b ias in breeding d ispersal. Field d a ta  also 

exist w hich ind icates there  is a  m ale b ias in n a ta l d ispersal in 

introduced (Gurnell et al, 2001) an d  native (Koprowski, 1996) 

populations. The possible reasons for failing to detect th is  in the  genetic 

stud ies have been d iscussed .

Several evolutionary m odels exist to explain fem ale philopatry. These are 

local resource com petition, local m ate  com petition, cooperative 

behaviour am ongst kin and  inbreeding avoidance.
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Local resource competition

Fam iliarity w ith the  na ta l area  is crucial for the  sex responsible for 

territory  acquisition  and  defence (Greenwood, 1980). Home range a reas 

of adu lt m ale grey squirrels are large (2-15 hectares, Don 1983), vary in 

size depending on population density  and  food supply  (Don 1983) and 

overlap considerably  with other m ales and  fem ales (Gurnell, 1987). 

Home ranges of fem ales tend to be sm aller and  overlap with other 

fem ales to a  lesser extent (Gurnell, 1987; 1990). However, following 

breeding female grey squirrels tend to occupy sm all core areas well 

separa ted  from o ther fem ales (Gurnell, 1987), described as in tra-sexual 

territoriality  by W auters et a l, (1994) (as observed for red squirrels). 

Havera and  Nixon (1978, in Gurnell, 1987) found th a t breeding female 

fox squ irrels in Illinois had  den sites w hich tended to be uniformly 

d istribu ted  w ith a t least 50m  between them . Gull (1977, in Gurnell 

1987) found a sim ilar spacing p a tte rn  in female grey squirrels and  noted 

th a t intensively used  a reas of forest were not shared  between m em bers 

of different family groups. Kenward (1985) gives a m ean hom e range size 

of 1.6ha for lacta ting  female grey squirrels, 3.5 h a  for fem ales which 

failed to w ean litters and  4.7 ha  for fem ales which did not breed. W hen 

b reed ing /lacta ting , fam iliarity with the n a ta l a rea  would be beneficial in 

selecting an  appropria te  hom e range and  core a reas  in which to obtain 

sufficient food resources, avoid p redators and  wean juveniles and would 

favour philopatry  in females.

Local m ate competition

A proxim ate cause  of m ale biased d ispersal m ay be forceful eviction a s  a  

resu lt of aggression from adu lt m ales, in response to the increasing 

m atu rity  of m ale adolescents. Such in tra-sex  eviction would point to a 

com petition for m ates as an  u ltim ate cause (Lawson Handley and Perrin, 

2007). In grey squirrels, fem ales come into h ea t on one day only and  

male grey squ irre ls follow the female (the m ating  chase) waiting for an
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opportunity to m ate with her. The dom inant male in the chase takes up  

a position closest to the female and chases away subordinate m ales who 

attem pt to approach the female (Gurnell, 1987). Thus, eviction of male 

adolescents prior to the breeding season would also serve to reduce m ate 

competition and would also promote male biased dispersal.

Cooperative behaviour amongst kin

The benefits of kin cooperation may provide further competitive 

advantages to residents and thereby prom ote philopatry. This effect 

would only be evident in species with good kin-recognition abilities 

(Lawson Handley and Perrin, 2007), as has been shown for m any species 

of rodents, for example, Belding’s ground squirrels (Spermophilus 

beldingi) (see Mateo, 2003 for a review).

Koprowski (1996) noted th a t adult male and female squirrels interacted 

less than  expected, suggesting that the social system s of the sexes were 

separate. Amicable behaviors were directed only toward closely related 

females (r = 0.5) within kin groups; aggression was directed primarily at 

unrelated females. Cooperation should help to defend resources by 

preventing unrelated  competitors from joining the group. Communal 

nesting occurred in all seasons, bu t was m ost frequent in winter. 

Unrelated adult m ales commonly nested together. In females, com m unal 

nesting was alm ost exclusive between related females. Of 52 nesting 

groups th a t included more than  one adult female, related females (r > 

0.25) nested exclusively in 82.7% of cases (Koprowski, 1996). Kinship 

also appeared to influence recruitm ent pa tte rns of female gray squirrels. 

Of the 18 adult female gray squirrels th a t were recruited into the 

population (i.e., became resident for >1.0 year), only two females were 

not related to resident females (r < 0.25) (Koprowski, 1996).

Female grey squirrels therefore, dem onstrate a pattern  th a t appears 

common in the social ground squirrels, for example Belding’s ground
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squirrel; close relatives receive more am icable behavior th an  d istan t 

relatives, w hich are trea ted  in a  m anner sim ilar to unrela ted  females. 

Sharing  space an d  n ests  w ith descendant kin appears to be a  strategy to 

m aximize direct fitness and  also prom otes female philopatry.

Inbreeding avoidance

Inbreeding avoidance is also speculated to be a  prim ary cause  of sex- 

biased d ispersal in b irds and  m am m als (Greenwood, 1980). D ispersal 

lowers the  risk  of m ating  with relatives and  hence inbreeding depression. 

In polygynous species, such  as grey squirrels, fem ales pay a  higher cost 

by inbreeding since they have higher reproductive investm ent th an  

m ales, and  hence are expected to disperse more th an  m ales (Waser et 

a l, 1986). This prediction is reversed if m ate choice is allowed. For 

inbreeding load exceeding a certain  threshold  value (set by relatedness), 

fem ales should  prefer im m igrant m ales, and  hence boost m ale dispersal 

(Lehm ann and  Perrin, 2003). Thus, kin recognition, as dem onstra ted  in 

grey squ irre ls (Koprowski, 1996), could increase the potential for 

cooperation (sharing sp a c e /n e s ts  with kin) in the sex in which resource 

acquisition (a high quality  core a rea  for breeding) is crucial, prom oting 

philopatry. It could also avoid the potential for close inbreeding and 

indirectly select for d ispersal in the sex th a t less crucially depends on 

social bonds (Lehm ann and  Perrin, 2003).

6.5 D isease

The ra te s  of decline of the red squirrel in C um bria (76km2/year) and  

Norfolk (92 km ^/year) where squirrel pox virus (SPV) is p resen t are 

m uch greater com pared to Scotland (4.4 km ^/year) and  (Italy 3.6 

km ^/year) w here SPV is ab sen t (Rushton et al., 2006). D ata from th is 

study  confirm  th is  p a tte rn  for Ireland, where SQPV is p resen t, and  the 

rate  of decline is high (1950-1995: 62 km ^/year, 1911-1995: 81 

km ^/year).
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The vagility of an invading species carrying a disease or pathogen will be 

critical in determ ining the rate of spread of the pathogen. Bruem m er et 
al,  (2010) found th a t SQPV prevalence was male biased, increased with 

weight and varied seasonally. As male squirrels and adult squirrels have 

larger hom e-ranges they have an increased probability of encountering 

the virus. Seroprevalence rose from au tum n to spring coinciding with 

increased m ovem ents of squirrels during the au tum n  dispersal period. 

Seroprevalence did not coincide with the time of year when one would 

expect increased parasite burdens pointing to a direct disease 

transm ission route, which may involve environm ental contam ination 

(Bruemmer et al,  2010). The seropositive grey squirrel population in 

northern England has begun to expand into Scotland and cases of SQPV 

have been detected there (Sainsbury et al,  2008) with disease occurring 

in red squirrels approximately 3 years after the coexistence of red and 

grey squirrels (Rushton et al,  2006). In Ireland, grey squirrels continue 

to spread into the west and south. The steady range expansion of 

seropositive grey squirrels m akes the future of the red squirrel in Ireland 

and Britain very uncertain.

6.6 The grey squirrels as an introduced sp ecies in Ireland

The Irish grey squirrel population has lost relatively little genetic 

diversity relative to other sciurid populations worldwide. Loss of genetic 

diversity is a process th a t occurs between generations, even in cases of a 

single colonising event. Where the founding population consists of more 

than  a few individuals, and providing the population rapidly increases in 

size, relatively little genetic diversity is lost (Austerlitz et al,  1997). As 

with grey squirrels in Ireland, the introduction of the m arsh  frog, Rana 
ridibunda, into England from Hungary involved only 12 individuals; yet 

due to rapid population growth, the established non-native population 

exhibited a level of genetic diversity sim ilar to th a t of the source 

population (Zeisset and Beebee, 2003). Based on a review of the relevant 

literature, W ares et al,  (2005) concluded th a t introduced populations
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often retain as m uch as 80% of the genetic variation of the source 

population, or even more.

Restricted dispersal and sex biased dispersal are features of the Irish 

grey squirrel population and other introduced (Taylor et al, 1971; 

Fitzgibbon, 1993; Gurnell et al,  2001) and native grey squirrel 

populations (Flyger, 1960; Mosby, 1969; Koprowski, 1996).

Range expansion by grey squirrels in Ireland has been relatively slow 

(1.75 km /year: th is study) in comparison with Italy (4.72 km /year: 

W auters et al,  1997) and the United Kingdom (7.66 km /year: 

Williamson and Brown (1986). In comparison, the m uskrat inhabited the 

European continent within 50 years of its initial introduction 

(Hengeveld, 1989) with observed rates of spread between 1-25 km /year 

and 51-230 km ^/year (Andow et al,  1990). Range expansion varies in 

other introduced species; in the cabbage butterfly it was 15-170km /year 

(Andow et al,  1990), in the cereal leaf beetle 27-90km /year (Andow et 
al,  1990) and in the gypsy moth 3-20km /year (Liebhold et al, 1992). 

Similar to the Irish grey squirrel, range expansion northward in the sea 

otter was slow; 1.4km /year and 13.5 km ^/year (Lubina and Levin, 

1988). Range expansion in introduced species will vary hugely 

depending on species, life history factors, habitat preferences, habitat 

available, interactions with other species, climate etc. For example, grey 

squirrels were introduced to South Africa in about 1900 but have not 

expanded their range. They are confined to the Cape Peninsula and 

areas of the W estern Cape, associated with oak trees and pine 

plantations, as they are unable to utilise the fynbos vegetation of the 

region.

6 .7  F u tu re  resea rch

Much theory relating to biological invasions has been developed from 

studies of p lants and sessile/sedentary  anim als (Pysek et al,  2008). It is
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not yet clear how well these ideas apply to more mobile anim als, and 

what role behaviour plays in the invasion process of these anim als. Thus 

more invasion studies of mobile anim als are needed to discover the 

generality of m uch of the curren t invasion theory.

It is difficult to draw broad conclusions on the m anagem ent of an 

invasive species from a single piece of research. Two of the m ost notable 

examples of successful eradication involving m am m al species are the 

eradication of the North American m uskrat and the coypu from Great 

Britain (Gosling and Baker, 1989), and the recent eradication of pigs 

from S an ta  Cruz Island, California (Morrison et a l ,  2007). Each of these 

efforts was m eticulously organized and involved comprehensively 

implemented trapping and monitoring plans. M anagement and control of 

non-native species will benefit from further research conducted on-site, 

within the actual ecosystem of interest and which is carefully planned, 

executed and docum ented.

As conventional control by shooting a n d /o r trapping is only likely to be 

useful in relatively small, isolated island hab ita ts, research into 

alternative m ethods of control may be required. Mammalian predators 

have often been introduced to try to control other pest m am m al species 

such as rabbits and ra ts  bu t this approach th a t often has resulted in 

undesirable im pacts on native wildlife (Loope et a l,  1988). Currently 

underway are studies to evaluate the effectiveness of introducing 

particular pathogens and parasites to control species such as the brown 

tree snake {Boiga irregularis) and cane toads (Hoddle, 2004). The 

development of an im m unocontraceptives in oral form continues to be 

investigated for b rushtail possum s [Trichosurus vulpecula) in New 

Zealand using  either bacterial ghosts (Duckworth et a l,  2007) and 

transgenic p lan ts (Polkinghorne et a l,  2005). These studies may yet 

point the way for new areas of research into grey squirrel control.
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A clear im perative in squirrel research  is to prevent the extinction of the 

red squirrel. As squirrel pox virus h as been identified as the  m ost likely 

cause of the  rapid  decline in red squirrel ab undance  and  d istribu tion  in 

Ireland, England and  Wales fu ture  research  m u st focus on 

u n d ers tan d in g  the  epidemiology of th is  v irus and  on the possibility of 

developing a  vaccine. F u rther basic research  is needed to gain a  better 

u n d ers tan d in g  of SQPV. In Castle Leslie, Beau Parc and Clongowes 

Wood the locations of cap tu re  of squirrels infected with SQPV were not 

clustered  suggesting th a t in these study  sites infected squirrels did not 

tend to share  overlapping or ad jacent hom e ranges. On a m uch larger 

scale, in so u th  and  central Cum bria, the num ber of te trad s in which red 

and grey squ irre ls with SQPV were found w as m uch  less th a t the 

num ber of records suggesting th a t the  occurrence of SQPV in both 

species a t a  landscape scale was clum ped (Rushton et ah, 2006). The 

route of transm ission , the persistence of the virus in the environm ent, 

the encoun ter ra te  between healthy  and  infected squirrels, the 

probability of an  infection occurring following such  an  encoun ter and 

o ther factors w hich m ight explain the p a tte rn  of SQPV occurrence are all 

unknow n and  m u st be investigated. Routes of transm ission  to be 

investigated include by air, saliva, via scent m arks or by ectoparasites 

(fleas, lice, ticks and  m ites), which m ay tran sfe r from squirrel to squirrel 

in the  drey. The relatively low prevelance of SQPV am ong 

ju v en ile s /su b ad u lts , in com parison with the  ad u lt population, would 

suggest th a t vertical transm ission  is not a  m ajor factor in the  spread of 

SQPV. The ap p aren t survival of some red squirrels following SQPV 

infection ra ises the  possibility th a t a  vaccine could raise a sufficient 

im m une response prevent infection and  control SQPV in some 

populations.

6 .8  C onclusion

Intriguing ecological insigh ts m ay be gained w hen an  invasive species 

in te rac ts with a  novel environm ent. For exam ple, the  im pact of apparen t

226



com petition on red squirrels, m ediated th rough  a  novel pathogen 

in troduced  by grey squirrels, w as realised only recently. The focus on 

invasive species, an d  their economic and  ecological im pacts, h a s  led to 

the  idea th a t  biological invasions are an  ecologically d istinc t 

phenom enon an d  th a t  invasion biology is a  un ique  subdiscipline in 

ecology.

However the  p rocesses stud ied  in invasion biology of colonization, 

estab lishm en t, com petition, turnover, persistence  and  spread  are 

com m on to all b ran ch es  of ecology, in p a rticu la r population  ecology, 

com m unity  ecology and  biogeography. Vermeij (2005) argues th a t the  

differences betw een the  biotic in terchanges of the  p a s t and  the  h u m an  

assisted  invasions of today are exaggerated. Davis (2009) suggests th a t 

the  study  of invasions should  be practiced m ore as p a rt of m ainstream  

ecology as, from an  ecological perspective, there  is little abou t biological 

invasions th a t m ake them  so un ique  th a t a  specialized subdiscipline is 

required to s tu d y  them .

G eneralisations are m ore readily found betw een species of sim ilar taxa, 

be they native or invasive, th an  species of different taxa, w hich share  

only the charac te ristic  of being invasive. The possibility  of finding large- 

scale generalisa tions, un ique  to the field of invasion biology, which 

encom passes su ch  a m yriad of species and  ecosystem s, seem s unlikely. 

In studying invasive species, an  increased  em phasis should  be placed on 

how findings enhance  u n d ers tan d in g  in ecology generally, ra th e r th a n  

focusing solely on the  field of invasion biology.
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