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Effects of spatial variation in food availability on spacing
behaviour and demography of Eurasian red squirrels
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squirrels. - Ecography 24: 525 538.

In heterogeneous habitats with limiled resources, spacing behaviour will affect
individual variation in breeding success and density of populations, and is thus of
general interest to ecologists. We investigated how red squirrels Sciurus vulgaris adapl
their social organisation to tine-grained heterogeneity in habitat quality, studying
spacing behaviour, habitat use and population dynamics in a forest in north Italy,
characterised by a mosaic of high-quality (chestnut-pine) and poor-quality patches.
We compared the data witfi those from more homogeneous broadleaf and mixed
woodlands with similar overall tree seed abundance (""stable" habitats). Squirrels
lived at lower densities (pre-breeding density 0,39-0.58 lia~') than in "stabie"
habitats, although breeding rate was not reduced. Female breeding success was
related to being primiparous as yearlings, and increased with body mass and
proportion high-quality habitat in the home range. Persistency rate of females was as
in stable habitats, ft was higher than male persistency, but immigration and recruit-
ment rates were male biased, resulting in even sex-ratio. All residents occupied
high-quality patches, and no subadults established a permanent home range in
poor-quality habitat. Home range and core-area size was typically larger in males
than in females and a male's core-area overlapped those of other males and of
females. Female core-areas were overlapped by males but not. or very little, by other
females (intrasexual territoriality). Home ranges, or core-areas, were not smaller than
in "stable" habitats, nor did we fmd a higher degree of core-area overlap. We
conclude iliat in patchy habitats dominant, resident red squirrels exclude dispersing
animals from preferred, high-quality habitat, producing a spacing pattern referred to
as ideal despotic distribution, and that poor patches were only used temporarily by
transient individuals, resulting in a reduction of density in comparison to populations
in "stable" habitats.
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In resource limited systems with a high degree of spatial 1973. Zammuto and Millar 1985. Clutton-Brock ef al.
variation in habitat quality, the habitat use and social 1987, Boyce and Boyce 1988. Wauters and Dhondt

organisation of resident animals is mainly affected by 1995. Wauters and Lens 1995. Wauters et al. 1995).
the distribution and defensibility of critical resources Therefore, understanding relationships between spatial

(Andrewartha and Birch 1954. Lomnicki 1980. Wauters variation of food supplies and spacing behaviour and
and Lens 1995). Spacing behaviour and habitat use. reproductive output is of general interest to ecologists.
especially of adult breeding females, will not only influ- Holarctic tree squirrels are ideal model organisms to
ence individual variation in reproductive success, but study these relationships: distribution and availability
also overall population growth and density (Bujalska of critical resources, high-energy tree seeds, can be
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measured accurately at the level of the individual home
range since, and the animal's body size, ditirnal habits,
average lifetime and the range of population densities
at which they occur, allows detailed analysis of their
life-history traits and social organisation (Smith 1968,
Havera and Nixon 1978, Farentinos 1979, Don 1983,
Gurnell 1984, Wattters and Dhondt 1992, 1995. 1998,
Larsen and Boutin 1994, Lurz et al, 1997, 2000.
Wauters 2000). Moreover, since tree squirrels have a
promiscuous or polygynous mating system (Smith 1968,,
lioford 1982, Wattters et al, 1990, Koprowski 1992.
1993a, b, 1998), use of space often differs between the
sexes, since males and females have different be-
havioural strategies to inerease reproductive success
and, in some cases, use resources dilTerently (Ko-
prowski 1992, 1993a, b, Wauters and Dhondt 1992,

1995, Wauters et al, 1994a. 1995), This is not the case
for Ameriean pine squirrels Tamiasciurus hudsonieus
and Douglas squirrels Tanuasciunts douglasii where
both sexes defend small, individual year-round territo-
ries containing one or more middens (larderhoards of
pine or spruce cones) in high-quality pine or spruce
forests (Smith 1968. Kemp and Keith 1970, Larsen and
Boutin 1994). Only when a female is in oestrus, neigh-
bouring males leave their territory to chase the female
and interact aggressively to obtain eopulations (Smith
1968, Koford 1982, Koprowski 1998), In contrast, the
species belonging to the genus Sciurus have a social
systetn that consists of overlapping individual home
ranges, with extensive overlap between males and fe-
males, and varying degrees of intrasexual defense of
smaller eore-areas among adult, breeding females, so-
called intrasexual territoriality (Farentinos 1972. Dono-
hoe and Beal 1972, Havera and Nixon 1978. Don 1983,
Wauters and Dhondt 1992, Wauters et al. 1994a, 1995,
Wauters and Gurnell 1999, Lurz et al. 2000). Eastern
grey squirrels. Sciiirus earolinensis are an exception,
forming female kin-groups, with daughters settling on
or near the mother's home range, in high-quality decid-
uous woodlands (Koprowski 1996).

In populations of Holarctic tree squirrels, demo-
graphie processes largely depend on seasonal and an-
nual variation in tree seed crops (Gurneil 1983, 1987.
1996. Wauters and Dhondt 1990, 1998. Wauters and
Lens 1995, Lurz and Garson 1998). Therefore the spa-
tial distribution of food resources in the habitat, the
degree of habitat heterogeneity, and the temporal varia-
tion and predictability of food will strongly affect the
costs and benefits associated with spacing behaviour
and dispersal. This has been well documented for
Eurasian red squirrels Sciurus vulgaris L. by comparing
social organisation, habitat use and dispersal behaviour
of populations oeeurring in high-quality conifer and
mixed, deciduous woodlands in Belgium (so-ea!led "sta-
ble populations", Lurz et al. 1997) and in poorer
quality conifer plantations in northern England, char-
acterised by a high degree of temporal and spatial

variation in habitat quahty (Wauters and Dhondt 1992,
1993, 1995, 1998. Wauters etal. 1994b. 1995. Lurz et al.
1997. 2000, Lurz and Garson 1998),

When temporal variation in food availability is lim-
ited, but spatial variation is pronounced, we expect a
strong selection on red squirrels to establish residency
in high-quality patehes within the habitat, and, espe-
cially breeding females, to have a high degree of site-
fidelity (see Wauters et al, 1995). Both these traits will
influence spacing behaviour of adults and thus social
organisation. Such conditions of spatial heterogeneity
of tree seed availability, with little annual variation in
the size of seed erops, occur in the southern part of the
red squirrel's distribution range (Wauters and Gurnell
1999, Cagnin et ai, 2000), In large parts of Lombardy
and Piedmont, northern Italy, the edge of the upper Po
plain and the lower elevations of the Pre-Alps (between
250 and ea 1000 m a.s.l) are largely eovered with quite
extensive mixed forests dominated by sweet chestnut
Castanea sativu often mixed with Scots pine Plnus
sylvestris. With decreasing elevation the proportion of
black locust Rohinki pseudoacacia an imported species
of North American origin, inereases. Blaek locust is an
invasive species and often forms large blocks of pure or
mixed stands in valley bottoms or flat ground, Sinee
black locust seeds or flowers or rarely utilised by red
squirrels, most woodlands in this area form habitats
with a marked spatial gradient in resouree availability,
but, because of relatively little annual variation in seed
crops of chestnut and Scots pine, with little temporal
variation in food supplies.

In this paper we describe space and habitat use by
red squirrels in a mixed forest dominated by black
locust, sweet chestnut and Scots pine, with a high
degree of spatial heterogeneity. In particular, we inves-
tigated: I) squirrel densities, persistence of adult squir-
rels and female breeding sueeess. 2) the spacing pattern
of both sexes, 3) possible factors that might explain the
observed pattern of spacing behaviour, such as food
availability and quality, the intensity of intrasexual
competition, and an individual squirrel's condition
(body mass), and 4) avoidance or selection of particular
habitat types in different seasons.

Material and methods

Study area

Red squirrels were monitored from July 1996 to Octo-
ber 1999 within a 31 ha area of mature, mixed wood-
land at Parco Pineta, an extensive mixed forest of 3000
ha on the northern edge of the upper Po plain in
Lombardy, north Italy (S°57'E, 45''45'N), The study
area in which red squirrels were radio-tracked consisted
of a heterogeneous forest with a small-grained struc-
ture, dominated by deciduous trees, mainly black locust
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Robinia pseudoacacia (25%), sweet chestnut Castanea
saliva (20%), oaks Quercus rohur, Q. petraea (9%), and
hornbeam Carpinus betulus (5%), with Scots pine Pinus
sylveslris (19"/>). and plantations of white pine Pinus
strohiis and Norway spruce Picea ahics covering ca 17'>̂ i
of the study area. The understorey was diverse, with
hazel Coryllus avellana mixed with young trees of black
locust, sweet chestnut and birdcherry Primus aviiim and
with some blackberry Sambucus nigra and hawthorn
Crataegus monogyna.

Trapping and handling squirrels

Trapping was carried out for at least five days bi-
monthly, from July 1996 to October 1999. on a 22 ha
trapping grid with 26 trap stations (1.3 traps ha '),
using ground-placed Tomahawk "squirrel" traps baited
with sunfiower seeds and hazelnuts. Each trapped
squirrel was individually marked using numbered metal
ear-tags, and weighed to the nearest 5 g using a Pesola
spring-balance, and the length of the right hind foot
(without the nail) was measured (0.5 mm) with a thin
ruler (Wauters and Dhondt 1989. Wauters and Gurnell
1999). Sex and age were recorded (Wauters and Dhondt
1989, 1993, Wauters and Gurnell 1999). Subadult males
had abdominal testes and a small, unstained scrotum,
subadult females have a very small vulva and the
nipples were still invisible. Adult males have scrotal
testes when sexually active, or abdominal testes but
sometimes a dark-stained scrotum when sexually inac-
tive. Nulliparous adult females have external genitalia
and nipples similar to subadults, primiparous or multi-
parous females have a slightly larger vulva and visible
nipples (Wauters and Lens 1995). Female squirrels are
in oestrus for ca 24 h per breeding-cycle, but post-
oestrus (from oestrus to parturition, 38-42 d) can
easily be recognized because the vulva remains slightly
swollen and has a longitudinal scar. Young red squir-
rels are weaned between 10 and 12 weeks old (Gurnell
1987). Hence, we scored a female's reproductive status
as: 1) anoestrus (vulva small, no longitudinal opening)
or oestrus (or post-oestrus: vulva partly or strongly
swollen with longitudinal opening), early in the breed-
ing season; 2) lactating (nipples large, milk excretion
could be stimulated) or not lactating (nipples small)
later on (Wauters and Dhondt 1995, Wauters and Lens
1995, Wauters et al. 1995). The majority of lactating
females were fitted with radio-collars to locate breeding
nests, and to determine whether litters were lost. Breed-
ing success was also monitored by regular recaptures of
previously lactating females to cheek their reproductive
condition: a female was considered to have lost its litter
when, prior to the earliest possible date of weaning, it
shifted its nest site and no young were found in the
nest, and/or when the nipples were no longer swollen
(Wauters and Lens 1995).

Population parameters

We use the minimum number of animals known to be
alive (MNA), from trapping, radiotracking or observa-
tions, at each trapping period as our estimate of popu-
lation size. Since on one side of the trapping grid the
woodland continued, squirrel density was estimated
using an edge-correction, by assuming that the area
trapped extended 100 m (average range radius of female
red squirrel) beyond the edge of the grid. This area of
31 ha corresponded with the size of the total area used
by radiotagged resident squirrels. All subadult and
adult squirrels captured for the first time after March
1997 were considered immigrants. Recruits were new
animals not captured previously (adults, subadults and
juveniles), thus including locally born juveniles as well
as immigrants born elsewhere, that stayed resident on
the study area for at least six months. A recruitment
index was calculated as the number o'( recruits per
resident adult present in spring of each year (after
Wauters et al. 1994b). Local annual survival rate (from
t to t -I- 1) was estimated as (number of animals present
in July of year t and still alive in June t-h I/no, animals
present July of year t).

Radio tracking and space use analysis

Red squirrels were radio tagged over 3-month periods
within each season. Seasonal variation in squirrel home
ranges and patterns of habitat use was investigated for
the following periods: spring, March May. summer-
autumn, July-October, and winter, December-Febru-
ary. All adults resident on the study area were radio
tagged in 1997 and 1998 allowing good estimates of
space use patterns and habitat use. Locations were
determined by following the radio signal until the squir-
rel was seen or pinpointed by signal strength and
direction (Wauters and Dhondt 1992). At each fix, a
squirrel's location was plotted (to the nearest 10 m in
relation to a mapped grid with scale 1:2500), and the
activity (I ^ active, 2 = in a nest), and position (on the
ground or in a tree, and where appropriate the tree
species) were recorded. For home range analyses, be-
tween 30 and 40 radio-locations (fixes) were collected
for each squirrel, which proved sufficient to adequately
describe a squirrel's home range (Wauters and Dhondt
1992). Mononuclear 70% core-area estimates were used
to describe an animal's activity centre (Wauters and
Dhondt 1992, Wauters and Gurnell 1999) and to calcu-
late the food resources available for each individual
squirrel.

All data on home range size, home range use, and
overlap of home ranges were analysed using the
RANGES V program (Kenward and Hodder 1995).
For each squirrel, in each period, the following parame-
ters were calculated: 1) total home range area (100% of
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the point-fixes) using the convex polygon method
(MCP = minimum convex polygon), 2) mononuelear
core-area estimates based on 70yo core-areas (all squir-
rels, e.\.eept a single male, had mononuelear core-areas
as determined by a single infiection point in the slope of
the utilisation distribution, and the 7O'>;( core-area best
described an animal's activity centre), and 3) core-area
overlap, expressed as pereentage of overlap of a squir-
rel's eore-area with the core-area of all other squirrels
(Wauters and Dhondt 1992).

within the 7O'Xi core-area of the squirrel's range. Seeds
and fruits produced in the summet"-autumn of year t
were considered available for the squirrels during fhe
following "squirrel year" (see Wauters and Lens 1995),
i.e. from July of year t to June of year t -i- 1.

Since red squirrels mainly fed on seeds of Scots pine
and sweet chestntit (Wauters et al. unpubl.), we also
used the sum of the proportions of Scots pines, mixed
Norway spruce-Scots pine stands, and sweet chestnut of
all vegetation quadrats within the 70% core-area as an
index of habitat quality ol" the squirrel's home range.

Estimating home range food availability

Sinee woodland struetnre was heterogeneous at a fine-
grained level, we calculated the availability of tree seeds
for each squirrel's home range separately and we used
this as a measure of home range quality. To do this we
first determined woodland composition by establishing
one 20 x 20 m (400 m^) vegetation quadrat in each I ha
across the study area (n—19). In eaeh vegetation
quadrat, we estimated canopy, understorey and ground
cover in one of five categories ( < 20%. 21-40%, 4 1 -
60%, 61-80%, >80%). The number of trees of each
tree species were counted, and the diameter at breast-
height (DBH in cm) of each tree was measured. The
number of understorey species and the proportion of
hazel in the understorey were also recorded. We then
estimated seed food availability of those tree species
whose seeds are regularly eaten by squirrels (i.e. seeds
from sweet chestnut, oak, hornbeam, and hazel, and
fallen and consumed cones from Scots pine and white
pine). Fruit fall from trees was monitored from July
1996 to June 1999. We used 1 m-̂  seed quadrats placed
under eaeh tree speeies in each vegetation quadrat
(Wauters and Dhondt 1995, Wauters and Lens 1995).
This enabled us to estimate total seed production for
the years 1996, 1997 and 1998. To eombine data of
different seed species, the numbers of seeds m ~ - were
cottverted to energy values (kJ m~-). To estimate seed
energy values. 100 seeds from each tree species were
collected and the pericarp of each seed removed. The
fresh weight of the remaining endocarp. the part eon-
sutned by seed predators such as squirrels, was deter-
mined for eaeh seed species to the nearest mg. The
samples were then dried to dry weight {to nearest mg)
and crushed and pressed into pellets of known weight.
The pellets were burnt in a Semi-micro bomb calorime-
ter (Parr, type 1425). previously calibrated using ben-
zoic acid, to obtain their caloric values (kJ g~ ' ) . We
used the information of the relative canopy cover of
each tree species in each vegetation quadrat and the
seed energy production of eaeh tree species to estimate
seed food energy availability in each vegetation
quadrat. We then expressed the home range food
availability for each squirrel (HRQ) as the mean food
abundance (kJ 400 m -) of all vegetation quadrats

Data analyses

The time spent on each tree species or on the ground
was expressed as a pereentage of the total hours of
active behaviour observed in each season for each
individual squirrel. These data were used to calculate
the squirrel's habitat niche. Niche breadths (B|) for two
nielie components (B^ = substrate: ground or tree. B, —
tree species) were calculated using Levin's formula B, =
[l/ZPj(n)], where Pj is the proportion of observations
in the jth resource state of the niche component and n
equals the total number of resource states (Hurlbert
1978). Changes in habitat utilisation between seasons
and habitat preference of red squirrels were assessed
using compositional analysis (Aebiseher et al. 1993),
Compositional analysis takes the log-ratio differences
of used (here radio locations) and available habitat
proportions to determine habitat-use preferences (Lurz
and Garson 1998. Lurz et al. 2000). In the initial step a
Wilks' lambda statistic is calculated: a statistically sig-
nificant x^-value (p <0.05. with DF = nutnber of habi-
tat types — 1) indicates a non-random use of the
available habitat types (Aebiseher et al. 1993). The
second step produces a matrix of pairs of compared
habitat types in whieh negative valties imply avoidance
of the numerator habitat type by eomparison with the
denominator habitat type, whilst positive values imply
selection. The statistical significance of these compari-
sons are assessed by computing t-values (Aebiseher et
al. 1993). We used the proportions of trees within the
whole study area to determine the following six cate-
gories of potentially available habitat types: Scots pine
(SP, 19%). white pine and Norway spruce (CON. 17%0,
chestnut (20'%,). oak {9"A>). hornbeam {5%). others,
mainly black locust (30%).

Proportions (p) were transformed using acrsine yjp
when used in multivariate parametric tests.

We used logistic regression (Hosmer and Lemeshow
1989) to examine the relationship between habitat
structure around the trap-site and the probability of
trapping a resident squirrel. The dependent binary vari-
able (Y|) was scored 0 for traps where no squirrels were
caught or a single capture occurred, it was scored 1
when more than two captures, of at least one resident
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squirrel, occurred. The form of the logistic regression
model was:

= l) = expG(Xi)/l

where P(Y| = 1) refers to the probabihty of the binary
variable being equal to i,0. and where Gix,) includes
the Y-intercept and regression coefficients associated
with a series of variables: "A) canopy eover. "A\ hazel
understorey, seed productivity (kJ), proportion pine-
spruce-chestnut, proportion black locust. Multivariate
models were calculated by stepwise logistic regression
with p-value < 0,05 set as the screening criteria for the
selection of candidate variables (Hosmer and
Lemeshow 1989).

Results

Food availability

Woodland structure varied greatly between the differ-
ent vegetation quadrats and the number of seeds of
several tree species varied widely among seed quadrats
(see CV in Table 1), indicating that food availability
was very heterogeneous throughout the woodland. To-
tal seed production, in terms of energy-con tent of avail-
able high-quality food resotjrces, was lowest in 1996,
intermediate in 1997 and highest in 1998 (Table I).
Differences in food abundance per samphng plot be-
tween 1996 and 1997 (paired t-test t = 3.249. n - 19,
p ^ 0.0045), and between 1996 and 1998 (paired t-test
t = 2,774, n = 1 9 . p ^ 0.013) were statistically signifi-
cant, while that between 1997 and 1998 was not (paired
t-test t -1 .794 , n = I 9 , p -0 .09 ) . Seed production
(Table 1) was significantly higher in 1998 than in other
years for chestnuts (One-way ANOVA and Tukey-test
for comparison of means, with year as factor: F ^ 9,98,
DF = 2, 30, p = 0.0005), and a similar tendency existed
for Scots pine cones (F = 2,91, DF = 2, 21, p -0 ,077) .
Acorns were more abundant in 1997 than iti the other
years {F = 4,42, DF - 2, 36, p = 0,019). while there was
no significant difference between years in the produc-

Table 1, Annual variation in tree seed production (numher of
seeds m -, mean and coefficient of variance, CV "/o. expressed
as "A\ of the mean) of different tree species and over the whole
study area (in 10'' J ha~').

Tree species (n)
1996

Mean (CV %)
1997 1998

Scots pine (8)
Oak {131
Hornbeam (5)
Chestnut (]])
Hazelnut (10)
Total food

abundance
(MJ ha ')

13,8 (38)
10.6 (67)

461.2 (84)
44.1 (32)

9.0 (84)
6804 (106)

19,0 (86)
122.2 (140)
426.3 (89)
64.2 (41)

3.4 (75)
10943 (104)

29,9 (54)
33,1 (121)

417,0 (130)
111,2 (50)

6,9 (83)
15750 (13!)

gen-97 lug-97 gen-98 lug-98 gen-99 lug-99

Dale

Fig, I, Changes in red squirrel density over the entire study
period,

tion of hornbeam seeds and hazelnuts (Table I, horn-
beat]iF = 0,0I,DF = 2. 12. p - 0.99, hazelnut F = 2.51,
D F - 2 , 27, p-O.IO).

Squirrel demography

Red squirrel numbers fluctuated seasonally, with little
annual variation. Numbers typically increased in
April-May and September-October, as a result of
seasonal reproduction and immigration (Fig. I), They
decreased from June to September, and again during
late-autumn and winter due to emigration and mortal-
ity, mainly of juvenile animals. Pre-breeding winter
density of resident adults changed little between years
(from 0,39 to 0.58 squirrels h a " ' . Fig. 1), and so did
maximum spring densities, when both adults and juve-
niles oeeurred (from 0.71 to 0.90 h a " ' , a 27% differ-
ence between lowest April-density of 1997. and highest
of 1999, Fig. 1). Spring density tended to increase with
tree seed productivity of the preceding year. Over the
three years, the number of resident adult males in the
pre-breeding population (January-March) varied be-
tween six and eight, and the number of adult females
between seven and ten (0.23-0.32 h a " ' . Fig. I), In
summer there was even less annual variation: from
seven to eight resident adults of either sex (Fig. 1, Table
2).

Multivariate logistic regression was applied to data
on trapping success from April 1997 to April 1999.
When considered singly, both proportion of pine-
spruce-chestnut (high-quality habitat: x̂  = 19.95. DF =
1, p ^ 0.0001) and proportion of black locust (negative
effect: x̂  = 9,73, D F ^ l , p = 0.002) were significant
factors in predicting trapping success. The other vari-
ables were not significant (all p>O.I) . The stepwise
proeedure selected only the proportion of high-qnality

ECOGIL\PHY 24:5 (3001) 529
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Table 2. Mean iinniial home range size (MCP) and l^fA' core-area size estimates (mean + SD) and percentage of core-area
overlap (mean + SD) for adult and subadult red squirrels at Parco Pineta. Sample size: males (1997, n = 7, 1998, n = 8), females
(1997, n = 7, 1998, n = 8). Significance of differences in home range size and core-area size between ye;irs and sexes was
calculated using a Two-way ANOVA (all DF = I, 26).

Home range estimate

1997
MCP
Core-area

1998
MCP
Core-area

Two-way ANOVA
Year-effect
Se\-effect
Year X sex interaction

Male.s (ha)

7.57 + 3.42
3.32+ 1.75

7.26 + 3.41
2.73 ±f.20

Females (ha)

2.70 + 0.80
1.06 + 0.38

4.31 +2.13
1.46 ±0.75

Home range
F = 0.49 p =
F = f8.2 p =
F = l.IO p =

M with

16+ 16

21 ±33

size
0.49
0.0002
0.30

Mean "

MM

(0-2)

(0-2)

'fi overlap (range number

M with FF F with

38 + 36 (f-3) 93-1-16

32±3O(l-3) 48±42

Core-area size
F = 0.05 p = 0.82
F = IS.3 p-0.0002
F = L 4 6 p = 0.24

of overlappers)

MM F with FF

(1-3) 4 + 4 (0-1)

(1-3) 8±IO(O-1)

habitat for inelusion in a muitivariate predictive model,
that explained 66% of the observed deviance (G ^
— 1.4-1-13.5 [proportion high-quality habitat]). Adding
proportion black locust (ehange in yj-= 1.26, DF = 1,
p = 0.26) did not significantly improve the fit of the
model. Three subadult squirrels, two males and a fe-
male, were only caught in black locust patches. Two of
them were only trapped once (dispersers). while a
subadult male was radiotagged and behaved as a floater
(sensu Wauters and Dhondt 1992) for ca 40 d, after
which its radiosignal was lost and the squirrel was
never recaptured.

We tested local annual survival rates (persistency),
from July of year t to June of year t + 1, for a year and
a sex effect and a year x sex interaction using a 2-way
G-test. G-values were adjusted for small sample sizes
using William's eorreetion (Sokal and Rohlf 1995).
There was no significant interaction, and no year effect
(Fig. 2a, year X sex G-1 .858 , DF - 2, p > 0 . 3 , year
G = 1.791, DF = 2, p > 0.3), but there was a significant
sex effect (Fig. 2a, sex G-3 .868 , D F = 1, p = 0.046),
with females having a higher local annual survival than
males.

Between July 1997 and June 1998, six male and three
female immigrants were caught, and another seven
males and one female immigrant from July 1998 to
June 1999. Overall, 76'Mi of immigrants were males and
24% females, which differed significantly from a 1:1
sex-ratio (x^ - 4.77, DF - 1, p = 0.029).

The effects of year and season on breeding rate,
proportion of adult females that successfully weaned
offspring, were also compared using a 2-way G-test
with William's correction. There was no significant
year x season interaction, and no significant effect of
either year or season (Fig. 2b. year x season G = 1.322,
D F - 2 , year G = 0.340, DF = 2, season G = 0.842,
DF ^ 1. all p>0.3) . Recruitment rates of males were
high in both years (0.63 in 1997-98. 0.57 in 1998-99),
those of females were high in 1997-98 (0.63), but low

the following year (0.13). This corresponded with
higher local survival of resident females hi 1998-99
than in 1997-98.

Fig. 2. (a) Annual local survival rates {"A] according to sex
and year. For 1996-97 the annual survival rate was calculated
from the proportion of squirrels present in December 1996
that were still alive in June 1997. Numbers above bars indicate
the number of red squirrels present at the start of each period,
(b) Breeding rate {% successfully lactating females) according
to season and year. Numbers above bars indicate the number
of adult females present on tfie study area in each period.
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At the individual level, breeding success was ex-
pressed as the proportion of reproductive events a
female successfully weaned offspring (number of breed-
ing seasons with weaned offspring divided by total
number of breeding seasons alive on the study site as
yearhng or adult). Breeding success of 12 female red
squirrels was positively correlated with habitat quality
of the home range (r = 0.839, p - 0.0006), and with
body mass (r = 0.777, p = 0.0029). Females that bred as
yearhngs (primiparous females) had a significantly
higher breeding success than yearlings that did not
breed (mean + SD: primiparous yearlings, n ̂  7,
0.87+0.19, nulliparous yearlings, n = 5, 0.47 ± 0.28,
t - 2 . 9 3 3 , D F = 1 0 , p-0 .015) , but also the habitat
quality of their home range was better (primiparous
yearlings 0.75+0.19. nulliparous yearlings 0.52 + 0.12,
t = 2.340, n - l O , p = 0.041). In a multiple ANCOVA
model (Proc GLM, Anon. 1989), both habitat quality
and body mass significantly affected a female's breeding
success (partial p < 0.05), while the reproductive perfor-
mance as yearling (primiparous vs nulliparous) did not
explain any additional variation in breeding success
(partial p - 0.35).

We therefore calculated a stepwise forward hnear
regression model with breeding success as dependent
variable, and habitat quality and body mass as indepen-
dent variables. Both variables were significant at the 5%
level, and together explained 79'Mi of individual varia-
tion in breeding success (partial effects: habitat quality
F - 11.59, DF = 1, 9, p = 0.008, partial R= = 0.64; body
mass F - 6 . 5 3 , D F - I, 9, p - 0 . 0 3 1 , partial R--0 .15) .
Thus, female red squirrels produced more often off-
spring when they had a high proportion of Scots pine
and sweet chestnut in their home range (habitat quality)
and when they had a higher body mass.

Home range analysis

Seasonal variation in home range size and range use,
core-area size, was statistically not significant (Two-way
ANOVA: season effect F=1 .53 , p = 0.23 for home
range size, F=1 .19 . p = 0.32 for core-area size, all
DF = 2, 34). In all seasons, males had larger 100%
MCP ranges (Two-way ANOVA sex effect F -20 .89 ,
DF = 1, 34, p < 0.001, sex-season interaction F = 2.25,
DF = 2, 34, p - 0 . 1 2 ) and larger 70% core-areas than
females (sex effect F - 2 3 . 8 3 . D F = 1 , 34, p < 0.001,
sex-season interaction F ̂  0.94, DF = 2, 34, p = 0.40).
Home ranges (MCP) and core-areas of males were ca
2-2.5 times larger than those of females (Fig. 3). Both
sexes used dreys, built in Scots pine, Norway spruce or
oak, and dens, mainly found in natural cavities of
chestnut trees, for resting and sleeping, or, in case of
lactating females, as nursery nests. The number of nests
did not differ with sex, but changed with season and
both males and females used more nests in winter than

Fig. 3. Seasonal home range size estimates (mean-|- 1 SD) for
red squirrels. Males (n = 5, 7 and 6 in different seasons):
MCP = open bars. 70% core-area = hatched bars, females
(n = 7, 8 and 7 in different seasons): MCP = shaded bars, 70%
core-area = light-shaded bars.

in the other seasons (Fig. 4). Adult females used less
dreys in spring, when most of them were lactating and
were confined to a single nursing nest tor several weeks.

In order to have estimates of annual home range size
(MCP), core-area size and core-area overlap of all red
squirrels resident on the study site in 1997 and in 1998,
we combined radiotracking data of animals monitored
in spring and those monitored in summer-autumn.
Since we showed earlier there was no significant sea-
sonal variation in range size, this procedure did not
cause any bias in our results. There were no differences
in mean home range size and mean core-area size of
male or female red squirrels between years (Table 2).
This was confirmed comparing the range size at the
individual level for those squirrels that were radio-
tracked both in 1997 and in 1998 (n = 7, 2 males, 5
females, paired t-test: MCP t = 1.62, p ̂  0.16, core-area
size t = 0.54, p = 0.61). In both years, males used larger

6

5

I 4
j

h
2

1

n

O Males

• Femalas

I
M

1—•

I
Spring Summer-aulumn

Seeson

Fig. 4. Seasonal variation in the number of nests used (mean)
by radiotagged red squirrels. Males = open bars, females =
shaded bars. Two-way ANOVA: season effect F = 3.97, DF =
2, 24, p = 0.032, sex effect F = 0.06, D F = 1 , 24. p = 0.88,
season-sex interaction F = 1.31, DF = 2, 24, p = 0.29.
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Females
Males

• poor habitat
D study area

100 0 100 200 Meters

Fig. 5. Core-areas of resident male (dotted lines) and female
(full lines) red squirrels in 1998. Shaded area is the poor-qual-
ity habitat dominated by black locusl.

home ranges and larger core-areas than females (Table
2). Individual variation in total home range size and
core-area size were strongly and positively correlated,
indicating that squirrels wilh larger home ranges also
used larger core-areas than those having smaller home
ranges (r = 0.936, n = 30. p < 0.0001). The core-areas
were concentrated in woodland patches dominated by
Scots pine or chestnut, while areas with predominantly
black locust were avoided (Fig. 5). Patterns of core-area
overlap were similar in both years (Table 2). For males
there was no significant difference in the amount of
intra- and intersexual core-area overlap, hence a male's
core-area was overlapped to a similar degree by other
males than by females (Table 2. Wilcoxon matched-
pairs signed-ranks test: 1997, p = 0.12. 1998. p = 0.26).
The core-areas of adult females, in contrast, were more
strongly overlapped by males than by other females
(Table 2. 'Wilcoxon test: 1997. p = 0.018, 1998. p =
0.012). About half of the resident females did not
overlap with any other female, while the others had
their core-area slightly overlapped by only one squirrel
of the same sex (Table 2, Fig. 5). indicating the exis-
tence of female intrasexual lerritoriality (Wauters and
Dhotidt 1992).

Individual variation in home range size of male and
fetnale red squirrels was further analysed using radio-
location data of 13 individual males and 10 individual

females tracked between April 1997 and October 199S.
The relationship belween home range size (dependent
variable) and home range qualify, habitat quality, body
mass, "A) overlap with males. "A overlap with females.
and the proportion of conifers (Scots pine, white pine
and Norway spruce) was investigated using a multiple
linear regression model, applying a stepwise backward
procedure to select significant parameters (Proc REG.
Anon. 1989). Individual variation in home range size
(100% MCP) of rnales was significantly predicted by the
proportion of conifers in the hotne range, and range
size was found to increase the higher the proportion of
conifers (selected regression model F = 7.57, D F = 1 ,
11. p -0 .019 , R- = 0.4I. home range s ize-4.2 ( ±
1.3)-F5.7 (±2 .1) proportion conifers). None of the
other variables significantly improved the fit of the
model (partial r < 0.3, p > 0.2 in all cases). For females,
individual variation in body mass explained 64% of
variation in home range size, with heavier females using
smaller home ranges than those of lower body mass
(selected regression model F = 14.31, D F = 1 , 8, p =
0.0054. R= = 0.64, home range size-25.2 ( + 5 .7 ) -
0.07 ( + 0.02) body mass). None of the other variables
tested significantly improved the fit of the model (par-
tial r < 0.2, p > 0.3 in all casesj.

Habitat use and niche-width

Male and female red squirrels spent similar proportions
of their active time on the ground in the difTerent
seasons and for both sexes the proportion of time spent
on the groutid varied with season (Fig. 6a: Two-way
ANOVA: season effect F = 5.08, DF = 2. 26. p = 0.014,
sex effect F = 2.58, D F = 1 , 26, p=0.12. season-sex
interaction F = 0.24. DF = 2. 26. p -0 .79) . Both sexes
were found relatively more often on the ground in
winter than in the other seasons. Consequently, niche-
width for substrate difiered significantly between sea-
sons. There was also a significant differences for the
niche-width dimension tree species between seasons
(Fig. 6b: Two-way ANOVA. season effect F = 4.72.
DF = 2, 26. p-0 .018) . Niche-width was smallest in
winter, and increased in spring and summer-autumn
(Fig. 6b). There was no sex-difference in niche-width
for tree species (Two-way ANOVA: sex effect F = 1.13.
D F = I . 26, p - 0.30. season-sex interaction F = 0.43.
DF = 2. 26, p = 0.66).

Habitat use of red squirrels was not random in either
season (Wilk's lambda test, spring, n = 15. x^ = 46.30,
stimmer-autumn, n = 1 7 . / - = 25.00, winter. n ^ l 6 ,
X- = 38.68, all DF = 5. all p < 0.001). Overall, there was
a strong relationship between seasonal food availability
in the different tree species and habitat use. In spring,
squirrels showed a significant preference for oak over
all other tree species except Scots pine, which was
second in use (Table 3). This corresponded with a

532 ECOGRAPHY 34;5 (20011

 16000587, 2001, 5, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/j.1600-0587.2001.tb00487.x by U

ni D
ell Insubria, W

iley O
nline L

ibrary on [30/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



prevalence in the spring diet of pine flowers, buds and
shoots and of oak flowers and catterpillars. Squirrels
were regularly observed in chestnut trees while still
feeding on chestnuts recovered from their caches, and
some animals fed regularly on flower buds and young
shoots of Norway spruce in the plantations. Hornbeam
was avoided with respect to all other species and so was
black locust (main species of the category "others'",
Table 3),

In summer-autumn squirrels showed a strong prefer-
ence for Scots pine, when they fed intensively on imma-
ture (summer) and maturing pine seeds (autumn). They
also foraged in hornbeam more often than expected
and, from September-October onwards, were often
found in chestnuts. Hornbeam seeds were an important
food supply in summer, early autumn, while chestnuts
were heavily fed upon from October onwards when
they started to mature but were still on the trees.
However, differences in preferences between hornbeam,
chestnut, other tree species and oak were not significant
(Table 3), In winter, habitat selectivity was more pro-
nounced, with still Scots pine significantly preferred
over all other tree species (Table 3). Also chestnut and
conifers were selected, while oak. hornbeam and other
tree species were avoided (Table 3: S P » chestnut =
CON > [others = oak > hornbeam]). Scots pine cones
were still a major food supply in winter. Many chest-

30

25

; 20

10

5

n

D Males

• Females

1
n

^ . (a)

L11

Fig, 6, Habitat use by maie and female red squirrels, (a) %
foraging on the ground, (b) niche-width index for tree species
(mean).

nuts were recovered from the forest floor, but eon-
sumed - in a safer place - a nearby chestnut tree,
explaining the frequent use of this tree species. In
plantations, squirrels also fed on the partly open cones
of white spruce. Occassionally squirrels were observed
in oaks, foraging on dead branches tor insects or fungi.

Discussion

In patchy habitats, with a strong spatial gradient in the
availability of critical resources, there will be strong
selection on individual squirrels to establish a home
range in high-quahty patehes, where densities will be
close to carrying capacity (Gurnell 1987, Wauters and
Dhondt 1992, 1998, Lurz et al. 2000). Therefore, tree
squirrels might adapt their social organisation to fine-
grained heterogeneity in the distribution of primary
food resources in three ways: 1) reducing home range
size, and core-area size as a response to loeally high
densities: 2) not reducing range size, but increasing the
amount of core-area overlap in high-density patches: or
3) adopting a settlement pattern across the different
habitat types with individuals occurring in habitats
according to the ideal despotic distribution (Fretwell
and Lucas 1970). in which ease we expect dominant,
breeding individuals occupying the high-quality
patehes, and subordinate, non-breeding squirrels the
lower quality patches. In the first two cases, we expect
overall population density to be similar as in more
homogeneous habitats with a comparable tree seed
productivity. In the third case, densities in the high-
quality patches will be similar as that found in homoge-
neous, high-quality woodlands, but squirrel density
over the entire study area will be significantly lower.
The degree of difference will depend on the number of
squirrels that can settle in the low-quality patches.

Food availability, squirrel density and habitat use

Habitat use differed from random in all seasons, and
niche width was smallest in autumn-winter, when the
availability of high-energy tree seeds is highest, and
increased in spring and summer, when squirrels fed
more intensively on secondary food-items of lower en-
ergy content. This pattern was consistent with that of
eonspecific occurring in both high-quality habitats with
relatively limited spatial and temporal variation in food
availability, further called "stable" habitats, or habitats
with a high degree of temporal and spatial variation in
tree seed abundance, further called "variable" habitats
(Wauters and Dhondt 1987, Lurz and Garson 1998,
Lurz et al, 1997. 2000). Compositional analysis showed
that the poorest quality habitat (black locust dominated
patches) was avoided in all seasons, and this was con-
firmed by the negative effect of proportion of black

GCOGRAPHY 24:5(3001) 533
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Table 3. Mean log-ratio differences ( ± 1 SE) between used and available habitat compositions for three periods at Parco Pineta.
Levels of significance: "0.1 > p > 0,05, *p<0,05, **p<0,OL ***p<O,OOL

Habitat types
(numerator)

(a) Spring (n = 15)
SP
CON
Chestnut
Oak
Hornbeam

(b) Summer-autumn
SP
CON
Chestnut
Oak
Hornbeam

(c) Winter (n = 16)
SP
CON
Chestnut
Oak
Hornbeam

CON

1.35710.755°
-

(n=17)
3,642 ±0.951 **
-

1.242 ±0,544*
-

Chestnut

0.965+0,307
-0.391 ±0.731
-

1,261 +0,663°
-2.381 ±0.964*
-

L1K6 +0,243**
-0,056 ±0.615
-

Habitat types (denominator)

Oak

-0,226 + 0.288
- i .583 +0.668*
- L ! 9 1 ±0.225***
-

2.731 +0.722**
0.912+ 1,176
1.470 ±0.831 °

_

4,419 + 0.842***
3,178+ i,l88**
3.232 ±0.819**

—

Hornbeam

5.913 + 0,776***
4,555+ 1,017***
4,947+0,852***
6,139 ±0.747***

-

L009+ 1.157
- 2 , 6 3 2 + 1.376°
-0 ,250+ 1.257
- L 7 2 2 ± 1.336
-

6.339 + 0,714***
5.097 + 0,818***
5,153 + 0,758***
L92I ±1,013°

-

Others

2,860 + 0.472***
1.505 + 0,565*
1,894 + 0.411 ***
3,087 + 0,339***

-3.051 ±0,851 **

1.972 + 0,533**
-1.670+1.038

0.712 + 0,825
-0.759+1,016

0.963 ±0.995

3,353 + 0,652***
2,]]] +0,950*
2,166 + 0,563**

- 1 . 0 6 6 + L024
-2 ,987+ 1,022°

locust at trap sites on trappitig success. ThtJS residetit,
adult red squirrels settled and intensively used the
high-quality patches, mainly those dominated by sweet
chestnut and Scots pine, and avoided poor-quality habi-
tat patches, that were only used temporarily by dispersing
(transietit) squirrel.

We could compare the tree seed productivity estimates
in our study site with estimates derived from data on seed
crop sizes of oak, beech, and hazelnut in mixed deciduous
forests in Belgium and the U.K., and of spruce and pine
cone crops in mixed conifer woodlands in Belgium and
England, and large man-made conifer plantations in
northern England (Wauters and Lens 1995, Kenward et
al. 1998, Lurz et al. 2000, Wauters et al. 2000). Total tree
seed productivity was lowest in man-made conifer forests
in northern England, the variable habitat (ca 26-36 MJ
ha" '). where also red squirrel densities were low (0 in
poor-quality patches in years with poor cone crops, and
0.29 squirrels ha ^ ' pre-breeding density and 0.34 to 0.46
h a " ' post-breeding density, Lurz et al. 1995, 2000,
Wauters et al. 2000). Similar fluctuations in red squirrel
densities were found in most years in large patchy conifer
forests of Norway spruce and Scots pine in Sweden
(Andren and Lemnell 1992), Scots and/or Corsican pine
Pimis nigra dominated woodlands in southern England
and in Belgium had a much higher productivity (from ca
500 to 5600 MJ ha " '). and pre-breeding squirrel densi-
ties ranging from 0.8 to 1.3 ha '. with even a long-term
average of 3,4 ha " ' in a 6 ha mature, high-quality Scots
pine woodland on a small island (Wauters and Dhondt
1990, Wauters and Lens 1995. Kenward et al. 1998). The
highest, absolute energy-values of tree seed crops were
those estimated for mixed deciduous woodlands and
mixed woodlands dominated by oak, beech and Scots

pine (ca 2500-20 000 MJ ha ', with extremes of over
50000 MJ h a " ' in mast years of acorn or beechnuts
production), corresponding with red squirrel pre-breed-
ing densities ranging between 0,6 and 1.0 squirrels ha " '
in southern England, and 0,7-1,7 in Belgium (Wauters
and Dhondt 1990, 1998. Kenward and Holm 1993.
Wauters and Lens 1995, Kenward et al. 1998). In the
Belgian woodlands, summer densities of adult red squir-
rels varied frotn 0,80 to 1.29 ha~ ' and adult female
densities from 0.43 to 0,60 ha ' (Wauters et al, 1994b).
The size of the tree seed crop in our study area (6800-
15 700 MJ ha " ' ) , mainly determined by the abundance
of chestnuts, acorns and Scots pine cones, fell within the
range observed for mixed woodlands dominated by
broad leaf trees in other countries. However, red squirrel
densities were lower: pre-breeding densities ranged be-
tween 0.39 and 0.58 h a " ' , ca 40% less than those
registered in England and 44-66'Xi less than in stable
habitats in Belgium. Adult summer densities, which
remained stable around 0.5 squirrels h a " ' , were about
one third lower than in continuous Belgian woodlands,
and comparable with values found in small woodlands
in fragmented landseapes (Wauters et al. 1994a, b).
Densities of adult females,, the best index of the number
of red squirrels resident within the woodland, fluctuated
from 0.23 to 0.32 ha" ', hence slightly lower than in
British oak-hazel woods (long-term average of 0.33 adult
females in spring, Kenward et al. 1998), and 5O'Mi lower
than in the Belgian population. They fell within the range
of female summer densities in woodland fragments in
Belgium (0.2-0.32 ha " ', Wauters et al. 1994a, b). Hence,
our data on squirrel densities agree with predictions of
the ideal despotic distribution hypothesis.

534 ECOGRAPHY 24:5 (2001)

 16000587, 2001, 5, D
ow

nloaded from
 https://nsojournals.onlinelibrary.w

iley.com
/doi/10.1111/j.1600-0587.2001.tb00487.x by U

ni D
ell Insubria, W

iley O
nline L

ibrary on [30/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Survival, breeding and recruitment

Estimates of red squirrel survival and breeding in
broadleaf and mixed Scots pine dominated woodlands
vary markedly according to time of the year, food
availability and adult density (Wauters and Dhondt
1990- Wauters et al. 1994b. Wauters and Lens 1995).
For example, the frequency of lactating adult females in
spring or in summer in deciduous woods in Belgium
ranged from 0 to 80%. and from 25 to ?>0% in mixed
coniferous woodlands (Wauters and Dhondt 1990,
Wauters and Lens 1995). In the "variable" habitat in
northern England, breeding rates fluctuated between 38
and 45"/! in spring, and 33-68'̂ /(i in summer (Wauters et
al. 2000). There was only little annual variation in the
availability of primary food resources and in adult
squirrel density over the three years we monitored our
population, and. consequently, there was little annual
variation In the frequency of lactating females, with
more frequent spring (60-86%) than summer breeding
(50-63%), For comparison with literature data from
woodlands with a comparable productivity of primary
food resources, we calculated an annual breeding rate
(frequency of lactating adult females in spring and
summer season). Annual breeding rate in our popula-
tion ranged from 61 to 69%, which was slightly higher
than long-term estimates from oak-hazel woods in
southern England (mean + SE = 51 +6%) and decidu-
ous woods ("stable" habitat) in Belgium (mean 52'M<,
range 39-67%), and similar to those from Scots or
Corsican pine dominated woodlands (England 64 ± 7%,
Belgium, mean 60%), range 54-64%i. Wauters and
Dhondt 1990, Wauters et al. 1994b, Kenward et al.
1998).

Average litter sizes for red squirrels in Belgium
ranged from 1.7 to 2.7 weaned young per breeding
female, and 0.8-1.7 juveniles per adult female (Wauters
et al. 1994b), while in southern England comparable
estimates were found (oak-hazel woods: mean + SB —
1.11+0.14, range 0.5-1,8 juveniles per adult female,
Scots pine woods 1.57 + 0.16, range 0.8-2.3 juveniles
per adult female. Kenward et al. 1998). Litter sizes in
our population in north Italy, of ca 1.5-2 weaned
young per breeding female, and 0.8-1.5 per adult fe-
male, fall into this range. Thus, average annual repro-
ductive output in our population was not lower than
that found in Belgium or southern England. Therefore,
the lower densities could not be explained by a reduc-
tion in the reproductive rate of the red squirrel
population.

Red squirrel survival varies according to age, with
the annual survival being higher in adults than juveniles
or subadults (Gurnell 1987, Wauters and Dhondt 1990,
Wauters et al. 1994b, Kenward et al. 1998). In so-called
stable habitats, there is no difference between the local
survival of adult male and female red squirrels (annual
survival rates in deciduous and conifer woodlands in

Belgium 0.57-0.72, and 0.50-0.76 respectively,
Wauters and Dhondt 1990, Wauters et al. 1994b). or
their persistency rates (on average 0.55 and 0.67 in
oak-hazel and Scots pine woods in southern England,
Kenward et al. 1998). However, in "variable" habitat,
annual local survival rate of females (0.57-0.71) was
significantly higher than that of males (0.22-0.50.
Wauters et al. 2000). In the population studied here,
annual survival rate of adult females (0.56-0.87) was
comparable with that found in high-density populations
in Belgium and southern England, while local survival
of adult males (0.33-0.50) was much lower. However,
more male than female immigrants occurred on our
trapping grid, and, over the whole study period, recruit-
ment of males into the population was higher than
female recruitment. Hence, there was a higher turnover
rate in the male than in the female population, similar
to that documented for red squirrels in "variable"
habitats (Lurz et al. 1997, 2000). As a result, adult
sex-ratios did not differ from equal (1:1 sex-ratio) in
our population. Eor comparison, recruitment rates, of
immigrants and locally born juveniles combined, were
within the range found in "stable" populations in Bel-
gium (0.33-0.66 in our population against 0.41-0.57 in
deciduous woodland in Belgium, from Wauters et al.
1994b).

Einaily, recruitment rates were in balance to replace
losses to the population due to mortality and emigra-
tion. However, they were not sufficiently high to have,
at least temporarily, a marked density increase, with
subadult animals behaving as floaters (except a single
subadult male, monitored for ca 40 d), or settling in
poorer quality habitats, as occurred after good breeding
in populations in "stable" habitats in Belgium (Wauters
and Dhondt 1989. 1992. Wauters and Lens 1995).
Thus, no floaters remained for several monfhs and no
subordinate squirrels established residency in this popu-
lation, neither in the poor-quality, nor in high-quality
habitat patches.

To summarize, the demographic processes (breeding
rate, adult survival rate, recruitment rate) in the Italian
red squirrel population, characterised by a high degree
of spatial variability in the abundance of primary food
resources, were comparable with estimates from high-
density populations occurring in relatively homoge-
neous "stable" habitats in Belgium and southern
England. They differed in the degree of sex-biased local
survival of adult red squirrels (female biased), and
subadult recruitment rate (male biased) which showed a
pattern as in "variable" man-made conifer plantations
in northern England (Lurz et al. 1997, 2000, Wauters et
al. 2000). However, the reduction in local survival of
adult males is not sufficient to explain the lower densi-
ties, of both sexes, in our population with respect to the
densities found in Belgium and southern England, sug-
gesting a direct relationship between the spatial distri-
bution of primary food resources and red squirrel space
use.
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Spacing behaviour

The general spacing pattern at Parco Pineta, north
Italy, was similar to that in other red squirrel popula-
tions on the British Isles, in Belgiiun and in Sweden
(Wauters and Dhondt 1992, Andren and Delin 1994,
Wauters et al. 1994a, Lurz et al. 2000). Adult males
used larger horne ranges than females and their core-ar-
eas overlapped with those of females and with those of
neighbouring males. The core-areas of adult females
were small and nearly exclusive with respect to other
females, confirming the existence of intrasexual territo-
riality in this sex (Wauters and Dhondt 1992, Wauters
et al. 1994a, Lurz ct al. 2000). Male red squirrels at
Parco Pineta used home ranges that were ca 1.2-1.8
times larger than in mixed "stable" deciduous wood-
lands in Belgium, and 1.9-2.4 times larger than in
conifer dotninated woods. Home ranges of adult fe-
males were of similar size as in the oak-beech woods in
Belgitim (0.9-1.4 times larger), and slightly larger than
in the "stable" coniferous woodland (1.4-1.5 times:
Wauters and Dhondt 1992. 1998). As in Belgium
woods, and in contrast with red squirrels in "variable"
habitats in northern England, nearly all adult animals
used a single core-area, indicating that in high-quality
habitat single patches contained sufficient food re-
sources to sustain a squirrel year-round (Wauters and
Dhondt 1992, Lurz et al. 2000). Male 70% core-areas
were nearly of similar size as in broadleaf woodland in
Belgittm (1.1-1.2 times larger), but ca 1.5 times larger
than in the coniferous wood. Female core-areas were of
sitiiilar size when density in the broadleaf woodland in
Belgium was low, but ca 1.8 tinnes larger when density
was high (Wauters and Dhondt 1992. 1998). They were
of similar size as those of females living in the "stable""
coniferous habitat in Belgium. Thus, compared with
conspecifics in habitats wilh similar overall tree seed
abundance, red squirrels in our popijlation did not
respond to habitat patchiness by reducing hotne range,
or core-area size. These results, and reduced adult
density, disagree with predictions of the first hypothesis,
allowing us to conclude that red squirrels do not adapt
their social organisation to fine-grained habitat patchi-
ness, in tenns of primary food resources, by reducing
home range and/or core-area size. For comparison.
male atid female home range size in "variable" habitats
in northern England were, respectively 2-2.5 and ca 2
times larger than in the population studied here, which
was related to core-areas being multinuclear in the
large, "variable" conifer plantations (Lurz et al. 2000).
However, core-areas (85% multinuclear core-area, Lurz
et al. 2000) were of similar size as in Italy for both
sexes. In patchy, natural conifer forests in Sweden,
home ranges of females were even 5-6 times larger,
those of males > 10 times larger than in north Italy
(Andren and Delin 1994). Interestingly, total home
range size in males, and core-area size and intrasexual

core-area overlap in females in our population were
similar to those found in one of the fragmented mixed
woodlands in Belgium, with also a comparable density
of resident red squirrels (site K. Wauters et al. 1994a,
b).

Our detailed estimates of home range quality (energy
content of tree seeds within an anirnaFs core-area) were
not correlated with individual variation in home range
or core-area size, or with parameters of female breeding
success. We argue that such detailed estimates are of
little use in small-grained heterogeneous habitats, be-
cause they take into account the energy supplied by
seed species that are only consumed in a brief period of
time (in our case white pine seeds, hazelnuts and horn-
beam seeds), or on which squirrels only feed occasion-
ally (e.g. acorns). In fact, we found that simple indices
of habitat quality in the home range (proportion of
sweet chestnut, Scots pine, and Norway spruce, the
latter was added because it occurred in very small
patches surrounded by Scots pine or interspersed with
the latter), were more reliable indicators: "'habitat qual-
ity" was positively correlated with female breeding
success, and with primiparity, as was the case in other
populations of red squirrels and in North American
pine squirrels (Wauters and Dhondt 1989. 1995, Becker
et al. 1998). Moreover, female body tnass tended to be
positively correlated with habitat quality in the home
range (see also Wauters and Dhondt 1989, 1995), and
females of high body mass tended to use smaller ranges
than those of lower body mass. The two females that
used large home ranges, comparable with those of
males, were in fact yearlings that were apparently still
exploring quite large areas and did not produce
offspring.

Finally, red squirrels of both sexes had their core-
area overlapped by fewer conspecifics of the same sex
than in the "stable" habitats in Belgium, while patterns
of intersexual core-area overlap were similar (Wauters
and Dhondt 1992). Moreover, the degree of intrasexual
territoriality in adult females in our study population
was the highest recorded (lowest % of female-female
overlap: means 24-30% in Belgium, 8-14% for multi-
nuclear core-areas in woodland fragments in Belgium,
12 27'M! for multinuelear eore-arcas in northern Eng-
land. 4 -8% in our population; Wauters and Dhondt
1992. Wauters et al. 1994a. Lurz et al. 2000). Likewise,
the % of male-male core-area overlap was the lowest
recorded. Hence, red squirrels in ihe small-grained
patchy forest in north Ilaly did not adapt their spacing
behaviour to small-scale habitat heterogeneity by in-
creasing the amount of core-area overlap in high-qual-
ity habitat patches. We can, therefore, reject the second
hypothesis stated at the beginning of the discussion.

We conclude that the data on red squirrel home
range distribution, core-area overlap and den.sity pre-
sented here indicate that dominant residents ("terri-
tory" owners) are able to exclude dispersing animals

536 ECOGRAPHY 24 .S (211011
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from preferred, high-quality habitat, producing a spac-
ing pattern referred to as ideal despotic distribution
(Fretwell and Lucas 1970). Theoretically, surplus (set-
tled subadult and yearling squirrels, and fioaters) indi-
viduals might settle or temporarily use the less preferred
habitat patches, at least in years with high food abun-
dance, resulting in an increase of overall population
density (e.g. Andren and Lemnell 1992). In our study
site, however, black locust seeds were not consumed by
red squirrels and thus availability of edible tree seeds in
the poor-quality habitat patches was limited to some
hazelnuts in the understorey and the seeds of a few
hornbeam trees, and. consequently, very low in all
years. This made it impossible for animals to establish
a home range in these patches, resulting in a consider-
able reduction of red squirrel population density, in
comparison to populations in "stable" habitats, In fact,
when only the high-quality habitat was considered, our
summer densities (0.7-0.8 residents ha ~') were similar
to those in British oak-hazel woods and in deciduous
woodland in Belgium during years of medium to good
tree seed crops (Wauters and Lens 1995, Kenward et al.
1998).
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