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Abstract When alien species introduced into a new
environment have a strong niche overlap with ecolog-
ically similar native species, interspecific competition
can cause a decrease in abundance and distribution of
native species. Pallas’s squirrel (Callosciurus ery-
thraeus) was introduced in Northern Italy where it
currently co-occurs with native Eurasian red squirrels
(Sciurus vulgaris). The alien species is known for its
invasiveness but so far negative effects of Pallas’s
squirrels on native tree squirrels have not been
demonstrated. Here, we compare demographic param-
eters of red squirrel populations between sites without
(red-only sites) and with (red-Pallas’s sites) C.
erythraeus and present results of trapping and removal
of Pallas’s squirrel and its effects on red squirrel
population dynamics. The native species was patchily
distributed and absent in many trapping sites occupied
by the Pallas’s squirrel. Red squirrels occurred at
much lower densities and showed reduced adult
survival in areas of co-occurrence than in red-only
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sites, but there were no differences in reproductive
rate. Removing invasive squirrels throughout the
study period resulted in re-colonisation by the native
species only in some trapping sites, and several
alternatives to explain the lack of a marked increase
in population size are discussed. This study is the first
to provide evidence that presence of Pallas’s squirrel
reduces viability of local red squirrel populations.
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Introduction

It is generally accepted that stable, long-term coexis-
tence between two species that compete for the same
resources is possible only when some degree of niche
differentiation occurs (Emmons 1980; Riege 1991). If
there is no (sufficient) niche differentiation and
resources are limited, interspecific competition can
be severe and affect individual’s fitness (e.g. reduced
survival and/or reproductive success), which will be
reflected at the population level (distribution, popula-
tion density, persistence; Holway 1999; Byers 2000;
Shuttleworth et al. 2015). When there is no sufficient
time for co-evolution to shape niche differentiation,
competition can ultimately lead to extinction of one of
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the two species (Ricciardi et al. 1998; Mooney and
Cleland 2001).

This problem of competitive exclusion can occur
when an alien species is introduced in a new environ-
ment where its niche overlaps strongly with that of an
ecologically similar native species (Broennimann
et al. 2007). As opposed to naturally co-evolved
competitor systems, in the case of human-mediated
introductions the two species (alien and native) come
into contact abruptly, each one being in some way
“trapped” by its evolutionary background. In many
cases the outcome, lacking the time for niche differ-
entiation to evolve, is the establishment of mecha-
nisms of competitive exclusion with one species
replacing the other (Hardin 1960; Strong and Pem-
berton 2000; Mooney and Cleland 2001; Bertolino
2008; Paini et al. 2008).

Among mammals, tree squirrels are well-known
examples of invasive alien species (IAS) (Jeschke and
Strayer 2005; Genovesi et al. 2012). They have been
introduced worldwide mainly through the interna-
tional pet trade (Aprile and Chicco 1999; Long 2003),
often followed by subsequent (illegal) translocations,
and their capability to establish viable populations
from only a few founders, the high vagility and diverse
food habits have made them a successful invasive
taxon (Palmer et al. 2007; Bertolino 2009; Martinoli
et al. 2010). Alien—native squirrel species interac-
tions are good model systems to explore patterns and
mechanisms involved in interspecific (resource) com-
petition and disease-mediated competition (Gurnell
et al. 2015; Shuttleworth et al. 2015). The replacement
of the native Eurasian red squirrel (Sciurus vulgaris
Linnaeus 1758) by the alien Eastern grey squirrel
(Sciurus carolinensis Gmelin 1788) in the British Isles
and Italy is a well-known example of invasion leading
to local extinction of the native species. The presence
of the invasive grey squirrel negatively affected the
food exploitation and, in some forests, habitat use of
red squirrels resulting in smaller body size and
reduced female reproductive success and juvenile
recruitment, ultimately causing population size to
decrease until local extinction (Gurnell et al.
2004, 2015). Another case is the competition between
the American red squirrel (Tamiasciurus hudsonicus
Erxleben 1777) and the Abert’s squirrel (Sciurus
aberti Woodhouse 1853), which are naturally sym-
patric over much of their ranges in the United States
(Thorington et al. 2012). However in the Pinalefio
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Mountains (Arizona, USA) the Abert’s squirrel was
recently introduced in an area where the endemic Mt.
Graham red squirrel (7. h. grahamensis) has been
isolated for approximately 10,000 years from other
tree squirrel species (Lomolino et al. 1989; Edelman
and Koprowski 2005). Preliminary studies suggested
that the non-native species may affect space use of the
red squirrel because of extensive home range overlap
and use of common food resources, which may force
the native species to forage more widely and consume
sub-optimal food items (Ferner 1974; Edelman and
Koprowski 2005, 2006).

Since 2007, the presence of a tree squirrel native to
South-East Asia, the Pallas’s squirrel (Callosciurus
erythraeus Pallas 1779), has been documented in
Northern Italy, but history of the introduction and
numbers of squirrels released are still unknown
(Mazzamuto et al. 2016a). So far, Pallas’s squirrel
has been introduced in seven countries around the
world (Argentina, France, Belgium, Italy, the Nether-
lands, Japan and China- Hong Kong), and of the 29
known introduction events 21 (including Italy) are
documented as successful with a viable population
established in the wild (Bertolino and Lurz 2013). The
species is known to be invasive and to damage
commercial and forest trees, electric wires and parts of
buildings (Hori et al. 2006; Guichén and Doncaster
2008; Stuyck et al. 2009). Moreover, in Japan the
native squirrel species, Sciurus lis, is locally declining
probably because of competition for food and nesting
sites (Ministry of the Environment, Japan, 2002;
Miyamoto et al. 2004).

In its current range in Italy, Pallas’s squirrel co-
occurs with the native Eurasian red squirrel that could
suffer from interspecific competition for space and
(food) resources, due to ecological niche overlap. In
2011 a removal program of the invasive squirrel
started (European Life Project LIFE09 NAT/IT/00095
EC-SQUARE; http://www.rossoscoiattolo.eu/en).

In this paper we present the results of the control
campaign and the effects of Pallas’s squirrel presence
on red squirrel population dynamics. In particular we
examined red squirrel population density, fecundity
and local survival in the experimental area where
Pallas’s and red squirrel share the same space and food
resources, and in a control area without the invasive
squirrel. Based on earlier work on interspecific
competition between native red and alien grey squir-
rels (Wauters et al. 2000; Gurnell et al. 2004, 2015),
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we tested the hypothesis that the alien Pallas’s squirrel
negatively affects the demography of the native red
squirrel. Hence, we predict that: (i) local distribution
and/or density of red squirrels will be lower in the
mixed-species than in the red-only area; (ii) local
survival and/or reproductive success of the native
species will be lower in the mixed-species than in the
red-only area. Finally, we predict that removal of
Pallas’s squirrels throughout the study period should
result in an increase in the demographic parameters of
the red squirrel population over time in the experi-
mental area.

Materials and methods
Study areas

Squirrels were studied in two areas, one red-Pallas
area with both red and Pallas’s squirrels present, and
one red-only area where only red squirrels occurred.
The first study area (326 ha) is part of 9000 ha of
continuous mixed deciduous forests with patches of
grassland and small villages (North of Varese
province, Lombardy region, Italy 45°58'09.2"N,
08°43'57.6"E). The red-only study area (68 ha) is part
of an extensive mixed forest of 3500 ha on the
northern edge of the upper Po plain in Lombardy
(Parco Pineta regional park, 45°46'43.7"N,
8°54/35.1”E). Shortest distance between the two study
areas is 23 km and both fall within the Upper Po plain
and lower hills of the Insubria region (Tosi and Zilio
2002) (Fig. 1). For comparison, tree species compo-
sition in our two study areas is given in Table 1. Forest
composition was analysed creating a minimum con-
vex polygon (MCP) from all the locations of the traps
to which a further 50 meters buffer zone was added.
Within that area, a regular 150 x 150 m grid of points
was created using a geographic information system
(QGIS Development Team 2015). At each point of the
regular grid that fell in the MCP area a 20 x 20 m
sampling plot was set up in which we recorded species
name of tree/shrub, number of trees/shrubs for every
species, percentage cover of tree and shrub layer (see
also Cagnin et al. 2000). Although there are slight
differences in tree-species composition, both red-only
and red-Pallas areas have a diverse forest structure
with a variety of seed-bearing species used by both
squirrel species for feeding (e.g. Wauters et al.

2001a, b). All study areas have between 30 and 40%
of hazel Corylus avellana in the understorey.

Study design

We used an unbalanced study design, with data from
different studies on red squirrel ecology (control area)
carried out both before and during the period of our
monitoring of red and Pallas’s squirrels in several
trapping grids in the only area in Italy where they co-
occur (experimental area, see also Table 2). We are
aware that this implies that the different red-only sites
are not true replicates, but we will show that both
previously recorded data (years 1996-1998, see
Wauters et al. 2001b; Gurnell et al. 2004) and those
recorded by us in 2011-2012 in mixed forests of Parco
Pineta produce comparable results for population
parameters and can be used as replicates of red-only
area.

In the red-only area red squirrels were trapped in 2
trapping sites of 31 and 37 ha and monitored from July
1996 to December 1998 and from December 2011 to
June 2012 (Fig. 1). As ‘capture session’ we defined a
period of consecutive days of trapping while the trap
checks during each session are ‘occasions’. During
1996-1998, trapping was carried out for at least 5 days
every season (4 trapping sessions/year: January, April,
July, October), while during 2011-2012, three 5-day
trapping sessions were held over a period of 8 months
(December, March, June). In the red-Pallas area
squirrels were trapped in 19 different trapping sites
and for the entire area, trapping was carried out from
May 2011 to February 2015 (Fig. 1; Table 2). Each
capture session was generally 5 day long with 8 trap
checks, but some changes occurred during the study
depending on the weather condition or management
needs; consequently the 19 trapping sites were active
for different number of sessions and in different years
(Table 2). In both control and experimental area, at
least one capture session took place during the
breeding period (February—October, Wauters and
Lens 1995; Wauters et al. 2001b).

Trapping and handling squirrels
Single-capture traps (model 202, Tomahawk Live
Trap Co., Tomahawk, WI, USA) and, in the experi-

mental area, both single-capture and multi-capture
traps (Long Meadow Publishing, Shaftesbury,
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Fig. 1 Red-Pallas area (2011-2015, experimental area) and red-only area (1996—1998 and 2011-2012, control area). Trapping sites for

each area are indicated in black squares

Table 1 Vegetation cover
for experimental (red-
Pallas) and control areas
(red-only)

Tree species

Cover %

Red-Pallas area Red-only area

2011-2015 1996-1998 2011-2012
Carpinus betulus 1 5 3
Castanea sativa 43 20 62
Fraxinus excelsior 9 . -
Juglans regia 1 - -
Picea abies 1 17 -
Pinus strobus 1 -
Pinus sylvestris - 19 8
Prunus sp. 9 2 2
Quercus sp. 9 11
Robinia pseudoacacia 26 25 12
Other 7 3 2

Wiltshire, UK; see Mayle et al. 2007) were generally
arranged in grids and spaced 70-100 m from each
other. In the experimental area, depending on
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management actions for the eradication of the alien
species, some traps were also arranged along transects
or irregular grids (Table 2). Traps were fixed on tree
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Table 2 Number of traps, trapping sessions and squirrels captured/removed for each trapping site in the red-Pallas area
(tot = number of different squirrels/trap site; cpue = catch per unit effort)

Trap site n traps Year Sessions Occasions Callosciurus erythraeus Sciurus vulgaris
Removed tot cpue Residents All tot cpue
20 2011 6 49 16 16 0.33 0 0 0 0
2 20 2011 2 11 17 1.55 0 0 0
2012 3 27 5 22 0.19 0 0 0 0
3 3 2012 2 16 3 0.19 0 0 0
2013 6 35 8 0.23 0 0 0
2014 6 58 13 0.22 0 1 0.02
2015 2 20 8 30 0.40 0 0 1 0
4 33 2012 9 81 71 0.88 2 6 0.07
2013 12 76 111 1.46 7 13 0.17
2014 7 65 36 0.55 4 6 0.09
2015 4 38 7 225 0.18 0 19 0
5 44 2011 11 79 39 0.49 6 10 0.13
2012 4 33 9 0.27 2 5 0.15
2013 11 66 32 0.48 5 6 0.09
2014 12 85 27 123 0.32 5 9 22 0.11
20 2011 5 39 6 6 0.15 0 0 0 0
7 28 2012 5 39 58 1.49 2 2 0.05
2013 5 22 16 74 0.73 0 0 2 0
8 13 2012 1 6 7 1.17 0 0 0
2013 10 66 20 0.30 1 2 0.03
2014 6 47 17 0.36 0 2 0.04
2015 2 14 4 46 0.29 0 1 5 0.07
9 25 2013 3 21 18 0.86 2 2 0.10
2014 8 57 29 0.51 4 7 0.12
2015 2 20 3 50 0.15 0 0 8 0
10 16 2013 5 17 11 0.65 0 0 0
2014 8 65 22 33 0.34 2 5 5 0.08
11 8 2013 2 16 3 0.19 0 0 0
2014 2 16 5 8 0.31 0 0 0 0
12 15 2013 2 16 2 2 0.13 0 0 0 0
13 16 2014 9 63 10 10 0.16 2 5 5 0.08
14 9 2015 3 30 7 7 0.23 0 0 0 0
15 3 2015 1 2 2 0.25 0 0 0 0
16 14 2014 1 2 2 0.25 0 0 0 0
17 5 2015 3 30 8 8 0.27 0 0 0 0
18 6 2015 2 10 5 5 0.50 0 0 0 0
19 14 2015 5 42 15 15 0.36 0 0 0 0
Number of traps, duration of trapping period (year) and number of occasions differ among sites (see “Methods™)
trunks at breast height using baling wire. In the red- trapping session: hazelnuts and apple slices were
only area, traps were also set on the ground (Wauters placed inside the blocked traps, and each trap was
et al. 2001b). Prebaiting started one week before each checked and rebaited every two days. When activated,
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traps were checked two times per day to reduce the
time squirrels were confined in traps. Each trapped
squirrel was weighed to the nearest 5 g with a Pesola
spring balance, identified to species, sex and repro-
ductive status (Wauters et al. 2007), and the length of
the right hind foot (nails excluded) was measured
(0.5 mm precision) with a thin ruler (Wauters et al.
2007). Red squirrels were individually marked with
numbered metal ear tags (type 1003 S National Band
and Tag Co, Newport, Kentucky, USA) and immedi-
ately released, while all males and non reproductive
females (in order to comply with welfare of newborn
animals) of the invasive species were euthanized by
CO, inhalation, following European Commission and
American Veterinary Medical Association guidelines
(Close et al. 1996, 1997; Leary et al. 2013). For each
trapped squirrel, trap ID, date, the capture session
number and the occasion number were recorded.

Population parameters and data analyses

Population size estimates of the alien species were based
on removal sampling. Maximum likelihood estimation
from catch-effort data was used to estimate the maxi-
mum number of Pallas’s squirrels in the study area
(Gould and Pollock 1997) with the R package fish-
methods v. 1.8-0 (Nelson 2015). This model improves
standard linear regression methods to estimate the
number of individuals present at the start of a series of
trapping sessions (Y-variable), based on the number of
animals trapped and removed (X-variable) in subse-
quent sessions, assuming a closed population during the
entire trapping period (Leslie and Davis 1939).

Next, we compared the occurrence of the native and
the invasive squirrel in the trapping grids with the
Fisher’s exact test and used the Wilcoxon matched-
pairs signed-ranks test to compare the catch per unit
effort per grid per year (number of squirrels trapped/
number of occasions) between the two species.

Red squirrel population size (N) was estimated
using Capture-Mark-Recapture (CMR) models, pre-
cisely loglinear models for open population (Bail-
largeon and Rivest 2007; Rivest and Baillargeon
2014). Population size was first estimated for every
capture session and, at a later stage, averaged per year
and trapping grid. To allow comparisons with previous
papers on squirrel demography, we also used the
minimum number of animals known to be alive
(MNA, Krebs 1999), from trapping and radio-
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tracking, in each trapping session as a second estima-
tor of population size. Correlation between the two
estimators was calculated.

Next, to express squirrel numbers as density ha™', we
calculated the total trapping area including a buffer
around each grid of 160 m for the Pallas’s squirrel,
238 m for the red squirrel in the red-Pallas area and
126 m for red squirrels in the red-only (considering the
mean home range size of each species in the two areas,
Wauters et al. 2001b; M.V. Mazzamuto unpublished).
Since the different size of buffer area could induce a bias
in red squirrel density estimates, we also applied the
126 m buffer of the red-only area to the red-Pallas area
and recalculated red squirrel density to have also a more
conservative estimate. All the areas with the buffer were
reshaped eliminating habitats not suitable for squirrels
(e.g. large meadows, major village centers, commercial
and industrial areas, etc.) using QGIS (QGIS v. 2.8.2
Development Team, 2013). By using this method,
differences in size between study areas are taken into
account and do not affect our estimates of density.

Local survival was explored using Kaplan-Meier
survival curve (Kaplan and Meier 1958). Differences
in survival between the sexes and between experi-
mental and control areas were tested with Proportional
Hazard Regression (Cox 1972). To allow comparisons
with previous papers on squirrel demography, we
estimated local survival also with the survival index
(number of animals present in year t and still alive in
yeart + 1/number of animals present in year t) used in
earlier studies on squirrel demography (Wauters et al.
2001b; Gurnell et al. 2004; Wauters et al. 2004). The
local survival rate was calculated at 6 and 12 months.

Because of low capture-recapture rate in the
experimental area, the proportion of adult females
that were at least one time in the year in post-oestrus
(hence pregnant) or lactating was used as a measure of
reproductive rate. Differences of reproductive rate
between study areas was tested using Chi squared test
and logistic regression. All results are reported as
average value and 95% CI in brackets.

Results
Red-Pallas area

A total of 684 Pallas’s squirrels (370 males, 314
females; sex ratio (M/F) 1.18) were removed from our
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study area in 45 months (117 sessions). During the
same period, only 69 different Eurasian red squirrels
(34 males, 35 females; sex ratio 0.97) were captured in
the same sites (Table 2). Twenty-five (36%) of these
were captured only once, and only 32 (46%) individ-
uals were considered residents (more than 4 months or
4 trapping sessions in the trap site). Pallas’s squirrel
was trapped in all 19 trapping sites, but red squirrel in
only 9 sites (Fisher Exact test p = 0.0004) and the first
red squirrel capture was recorded after the removal of
on average 25 (95% CI 12-28) Pallas’s squirrels in 36
(95% CI 18-54) occasions (Online Resource 1). The
catch per unit effort in all trapping grids was
significantly higher for the invasive squirrel than for
the native one (n = 36 sites, Wilcoxon matched-pairs
signed-ranks test p < 0.001). This was also the case
when using only the 15 sites where red squirrel catch
per unit effort was >0 (Wilcoxon matched-pairs
signed-ranks test p < 0.001) (Table 2).

The estimated mean density of Pallas’s squirrel was
7.84 animals ha™' while average red squirrel density
throughout the study period was 0.05 (95% CI 0.03-0.07)
individual ha™' using the CMR method [MNA:
0.04 ha—' (95% CI10.02-0.06); Table 3]. Using the same
buffer area as for the red-only area (see methods), the
more conservative density estimates remained very low
(0.09 and 0.06 red squirrel ha~' using CMR or MNA
respectively). The two methods used to estimate mean
density in the area gave highly similar results (Pearson’s
correlation coefficient r = 0.99, df =9, p < 0.001,
Online Resource 2). Differences between grids
(F45=1017, p=048) and years (F,5= 0.62,
p = 0.67) were not significant and density was always
lower than 0.2 ha™' (Online Resource 2).

Proportion of female red squirrels breeding ranged
from 82 to 100% for the years 2012 (n = 3), 2013
(n =9) and 2014 (n = 11). Kaplan-Meier survival
rate for red squirrels (Fig. 2) was 0.26 at 6 months
(95% CI 0.18-0.39) and 0.10 (95% CI 0.05-0.22) at
12 months. The local survival index reported compa-
rable rates of 0.36 (95% CI 0.13-0.59) and 0.20 (95%
CI0-0.50) at 6 and 12 months, respectively (Table 3).
Local survival did not differ between sexes (Likeli-
hood ratio test = 0.76, p = 0.38).

Red-only area

A total of 43 red squirrels (24 males, 19 females; sex
ratio: 1.26) were trapped in 1996-1998 (10 capture

sessions) while 16 red squirrels (7 males, 9 females;
sex ratio: 0.78) were trapped in 8 months (3 capture
sessions) in Parco Pineta in 2011-2012. The esti-
mated density with CMR was of 0.39 ha~' and
MNA reported a similar density of 0.35 squirrels
ha™! (Table 3). Mean rate of female red squirrels
breeding in the years 1996 (n = 3), 1997 (n = 7)
and 1998 (n = 11) was 70% (95% CI 34-100) while
all adult females in the area reproduced in 2012
(n = 8) (Table 3). No differences in reproductive
rate between red-only and red-Pallas area was
detected (3> = 0.35, df = 1, p = 0.56). Analysing
reproductive rate of individual females as a binary
variable using logistic regression and exploring the
effects of study area (3° = 0.02; df = 1; p = 0.89)
and year (x> = 8.4; df = 6; p = 0.21) gave similar
results. Because of the small number of capture
sessions in 2011-2012 we could not calculate the
Kaplan-Meier survival curve but the survival index
at 6 months was 0.78. Regarding data from the late
90-ties, the Kaplan-Meier estimate of local survival
in the control area was significantly higher than in
the red-Pallas area (Table 3; Likelihood ratio
test = 43.06, p < 0.001). Red squirrel densities in
the 90-ties were slightly higher than in the
2011-2012 period; in both periods densities were 8
to more than 10 times higher in the red-only than in
the red-Pallas area (Table 3).

Discussion

In this study we tested the hypothesis that the alien
Pallas’s squirrel negatively affects the demography of
the native red squirrel through interspecific competi-
tion. Confirming our first prediction, red squirrel
densities were significantly higher in areas free of the
invasive Pallas’s squirrel than in areas where both
species coexist. In addition, red squirrels were
distributed in a patches across the red-Pallas area.
The second prediction was confirmed in terms of a
lower local survival of red squirrels when they shared
the forest with the alien species. However, reproduc-
tive success of female red squirrels did not seem to be
affected by presence of the Pallas’s squirrel. Moreover
the removal of the invasive squirrel throughout the
study period had only local effects in some trapping
sites allowing the return of the native species.
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Table 3 Breeding rate (% females pregnant and/or lactating), density (squirrels/ha) and survival rate of red squirrels in experimental

(red-Pallas) and control areas (red-only) (95% CI in brackets)

Areas Breeding Density* Survival
raee CMR MNA Kaplan-Meier Survival index
6 months 12 months 6 months 12 months
Red- 2011-2015 90% 0.05 0.04 0.26 0.10 0.36 0.20
pallas (80-100) (0.03-0.07) (0.02-0.06) (0.18-0.39) (0.05-0.22) (0.13-0.59) (0-0.50)
2011 - 0.09 0.07
2012 100% 0.03 0.02
2013 89% 0.04 0.04
2014 82% 0.06 0.05
2015 - 0.04 0
Red— 2011-2012  100% 0.39 0.35 - - 0.78 -
only 1996-1998  70% 0.72 0.55 0.79 0.53 0.83 0.53
(34-100) (0.44-1.0) (0.41-0.69) (0.67-0.92) (0.39-0.7) (0.76-0.9) (0.45-0.61)
1996 33% 0.44 0.42
1997 86% 0.87 0.59
1998 91% 0.86 0.65

CMR capture mark recapture, MNA minimum number alive. Details for different survival estimators see methods

Fig. 2 Kaplan-Meier o[
survival rate for red squirrels T
in the control area (red-only | ————
1996-1998, black line) and PO I S
experimental area (red- S
Pallas 20112015, grey
line). 95% CI: dashed lines 2 | T
S <9
© o
Q
o
o}
T <
; S|
5
(2]
N
o
o |
o
T
0 5

Presence of native and invasive species
in the experimental area

We found a low occurrence of Eurasian red squirrels in
trapping grids in the area occupied by Pallas’s squirrel.
Although forest structure is heterogeneous, the entire
study area is covered by mixed deciduous forests
dominated by sweet chestnut Castanea sativa mixed
with black locust Robinia pseudoacacia and a good
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understory of hazel Corylus avellana, suitable habitat
for red squirrels (Wauters et al. 2001b). However, both
occurrence in the trapping grids and catch per unit
effort were lower for red than for alien Pallas’s
squirrels, demonstrating a higher presence and wider
distribution of the invasive species than of the native
one. Historically, red squirrels seemed to occur
throughout the study area and were regularly
observed, suggesting they occurred at relatively high
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densities (Prigioni et al. 2001). We discard that low
catch per unit effort of native red squirrels was
affected by lack of traps not occupied by captured
Pallas’s squirrels, since high trap-density in the
trapping sites assured that during each trapping
occasion many traps remained open, thus available
for red squirrels to enter (Mazzamuto et al. 2015).

The Pallas’s squirrel density in Italy was 7.8
animals ha™', higher than reported in fragmented
landscape in Belgium (5.6 ha™', Adriaens et al. 2015).
It was also slightly higher than densities of 4.3-6.8
individuals ha™" reported in Taiwan (tropical mon-
soon forest in the native range) and Japan (evergreen
tropical forest in the introduced range; Tamura et al.
1988, 1989), confirming the adaptability and inva-
siveness of the species (Parker et al. 2013).

In contrast, density of native red squirrels was much
lower than of alien Pallas’s squirrels, with about 150
Pallas’s squirrels for every single red squirrel. Red
squirrel population densities in mixed deciduous
woodland in other countries varied from 0.2 to 1.6
individuals per ha (Gurnell 1987; Lurz et al. 2000;
Wauters et al. 2004; Shuttleworth et al. 2015). Hence,
our estimates below 0.1 squirrel ha~' reported small
population size and low densities of red squirrels in the
experimental area.

Red squirrel: red-Pallas versus red-only

Comparison of red squirrel density between experi-
mental and control areas confirmed the critically low
density, and population size, of red squirrels in the red-
Pallas area. Independent of the method used (CMR or
MNA), density in the control area (0.39-0.72 individ-
uals ha™') was about 814 times higher than in the
experimental area (on average 0.05 individuals ha™").
Within the red-only area, densities had changed little
over time, fluctuating between 0.4 and 0.7 squirrels
ha~' with CMR estimates slightly higher than MNA
(Table 3). Trapping design in the red-Pallas area was
variable in duration with different trapping efforts per
trapping site in relation to the management needs and
the main aim of the LIFE project (removal of the
invasive squirrel). This did not have important impli-
cations on our results because, comparing trapping
sites constantly monitored with those used for shorter
periods, the density estimates were comparable (see
Table 2, Online Resource 2). Moreover, although
forest composition differed slightly between the

experimental and control area and data were gathered,
partly, in different years, the observed differences in
red squirrel density between the experimental and
control area were very large and confirmed a negative
effect of interspecific competition by alien Pallas’s
squirrel on red squirrel population dynamics.

Interspecific competition was further confirmed by
the reduced local survival rate of red squirrels in co-
occurrence with Pallas’s squirrels compared to red-
only sites. Both methods used, the Kaplan-Meier curve
and the survival index, reported similar results. In
Parco Pineta in the 90-ties, annual local survival rate
was 68%, with female survival significantly higher
than that of males (Wauters et al. 2001b). In the red-
Pallas area there was no difference in survival rate
between sexes, as reported for stable habitats in
England and Belgium (Wauters and Dhondt 1990;
Kenward et al. 1998). Comparative studies of demo-
graphic parameters in red squirrel populations between
control and experimental sites, showed that the adult
survival of reds was not reduced in co-occurrence with
grey squirrels, but recruitment of juveniles of the native
species decreased with the increasing density of grey
squirrels (Gurnell et al. 2004, 2015). In the red-Pallas
area the low survival rate of red squirrels might be
related to competition for food resources, suggested by
the native species having a poorer body condition than
in areas where Pallas’s squirrel is absent (M.V.
Mazzamuto unpublished). This could be linked to
changes in foraging efficiency of red squirrels when in
syntopy or to an indirect competition for cached food
which is expressed in a higher mortality. Other
potential mechanisms that theoretically could affect
the native species’ body condition and survival are
parasite spillover and spill-back between alien and
native hosts (Tompkins and Poulin 2006; Romeo et al.
2015). However, since Pallas’s squirrels have a poor
macro-parasite fauna and only few animals hosted
gastro-intestinal helminths, this seems very unlikely.
Nevertheless they acquired the flea Ceratophyllus
sciurorum from red squirrels and the tick Ixodes ricinus
with potential impacts on native red squirrels through
processes of spill-back (Mazzamuto et al. 2016b).

In contrast with survival, breeding success of female
red squirrels did not seem to differ between the two
areas. Values reported in this study were high both in
the red-only area (100%) and in the red-Pallas area
(90%). In the control area for the period 1996-1998,
annual breeding rate ranged from 61 to 69% (Wauters
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et al. 2001b). Estimates of red squirrel breeding in
broadleaf forests was 51% in England and ranged from
39 to 67 % in Belgium (Wauters and Dhondt 1990;
Kenward et al. 1998; Wauters et al. 2004). Thus, so far,
our results exclude a negative effect of the invasive
squirrel on the reproductive success of the native red
squirrel. This is in contrast with the competition
mechanism between red and alien grey squirrels in
England and Italy. The presence of grey squirrels
reduced breeding rate of red squirrels with a signifi-
cantly smaller percentage of females weaning a
summer litter, and consequently, very low number of
females raising two litters/year (Wauters et al. 2000;
Gurnell et al. 2004, 2015). However, low capture-
recapture rate in the red-Pallas site did not allow us to
separate spring from summer reproduction as was done
in earlier studies. Consequently, our estimates of
breeding success are not fully comparable with those
of previous studies, but the fact remains that, through-
out the study period, most red squirrel females in our
experimental area produced at least one litter per year.
A study on fecundity of Pallas’s squirrel in our
experimental area using counts of stained uterine scars
showed that 58% of females had a spring litter, some
of these also produced a summer litter (35%) and a few
even a third litter in autumn (10%). Average (£SD)
annual litter size at birth of reproducing females was
5.28 £ 1.87 young ranging from 1 to 9 young
produced over an entire year by a given female
(Santicchia et al. 2015a). Although there are no
directly comparable fecundity data for native red
squirrels, which can have large litters in some
circumstances (Mari et al. 2008), estimates of repro-
ductive rate from percentage females breeding and
litter size at weaning in mixed woodlands (Wauters
and Dhondt 1995; Wauters and Lens 1995; Wauters
et al. 2001b) suggest that the IAS has a higher
fecundity than the native species. Hence, in addition to
a good adaptation to the new environment, the Pallas’
squirrel has a high capacity to recover after reduction
of population size, probably more and faster than the
red squirrel (Sakai et al. 2001; Parker et al. 2013).

Pallas’s squirrel management and red squirrel
conservation

In some trapping grids the removal of the invasive

squirrel allowed red squirrels to gradually recolonize the
sites in a relative short period. This confirms the

@ Springer

importance of the removal program and indicates that
red squirrels are not locally extinct but probably
relegated to the borders of the distribution area of
Pallas’s squirrel. Red squirrels may avoid good quality
patches occupied by many Pallas’s squirrels and shift to
poorer-quality habitats or even emigrate and disperse to
new areas. Such areas may be of lower quality in terms
of tree species diversity, food availability and/or degree
of fragmentation (Wauters et al. 1996, 2010; Santicchia
et al. 2015b). The permanence of red squirrels in
marginal areas, in the long run, could have an adverse
effect on population demography, negatively affecting
survival and/or reproduction with a consequent decrease
in density as suggested for the replacement mechanism
of red squirrels by introduced grey squirrels (Gurnell
et al. 2015). On the other side, and in contrast with our
third prediction, the overall removal program did not
result in a marked increase in red squirrel density. After
an initial return of red squirrels in several sites in the
experimental area, the density in those trapping sites
monitored for 3—4 years (e.g. grids 4, 5) remained the
same, as demonstrated by the absence of a significant
year-effect on red squirrel population size. This could be
related to our trapping effort not being sufficiently high
to control and drastically reduce the numbers of the
invasive species, and/or to red squirrels having a slow
recovery rate making our monitoring period too short to
see a response. An alternative, but not mutually
exclusive, hypothesis is some degree of predation even
at low density. Potential squirrel predators occurring in
the area, goshawk (Accipiter gentilis), red fox (Vulpes
vulpes) and stone marten (Martes foina) are generalists,
hence their choice and consumption of prey is affected
by prey density (the predator’s functional response, e.g.
Smout et al. 2010). Thus, increase of the overall number
of squirrels available as prey, because of the high density
of Pallas’s squirrels, could increase predation pressure
on all squirrels (Smout et al. 2010; Paterson et al. 2015).
With the removal of the invasive squirrel, hence with a
reduction of total prey availability, even a slight increase
of predation on red squirrels may reduce survival and
thus the capacity to recover from small population size.
So far, however, there is no evidence that predation can
have a marked effect on population size (Petty et al.
2003; Bosch and Lurz 2012), and most studies on red
squirrel demography show that densities are mainly
affected by bottom-up producer (tree seed abun-
dance)—consumer dynamics (e.g. Wauters et al.
2004, 2008; Boutin et al. 2006).
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The question is: how can we improve the control of
this alien species? Lessons can be learned from studies
and projects carried out in the British Isles. Modelling
the effects of grey squirrel population control methods
onred squirrel population viability in UK, Rushton et al.
(2002) indicated that an integrated control strategy,
incorporating both trapping and immunocontraception,
may be the best option for controlling the alien species.
In Scotland, the Saving Scotland’s Red Squirrel project,
set up arobust and co-ordinated network of grey squirrel
control with three components: Project staff providing
intensive but adaptable control effort; landowners
funded under the Scottish Rural Development Pro-
gramme trapping simultaneously over a wide area; and a
trap-loan scheme providing assistance in areas beyond
the capacity of Project staff control (Tonkin et al. 2011).
These could be some options to consider for the next
years in the management plan for the invasive Pallas’s
squirrel. Worldwide, only one Pallas’s squirrel popula-
tion was eradicated of the 22 established outside its
native range (Bertolino and Lurz 2013; Adriaens et al.
2015). The invasive Pallas’s squirrel is still not eradi-
cated in Italy, despite the four year trapping activity.
Hence, in the next management plan a higher trapping
effort and a better trapping efficiency (Mazzamuto et al.
2015), supported by alternative control methods, such as
planned shooting (Chapuis et al. 2011) should improve
the efficiency of the management of this alien species
and help the conservation of the native red squirrel.
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