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This study aims to quantify the relative effects of density-dependent
(feedback structure) and density-independent climatic factors (rainfall) in
regulating the short-term population dynamics of wood mice Apodemus
sylvaticus Linnaeus, 1758 in three Mediterranean forest plots. Rainfall and
density explained additively 62% of variation in population growth rates (38
and 24%, respectively), with no differences among study plots. Population
growth rate was positive during autumn-winter and negative during spring-
summer during a 2.5-year period. Population rate of change was negatively
affected by wood mouse density during the normal breeding season of Mediter-
ranean mice (autumn-winter) but not outside it. Growth rate was positively
affected by the cumulative amount of rainfall three months before the normal
breeding season, but not during it. Female breeding activity and recruitment
did not differ among plots, and was not affected by density or rainfall.
However, recruitment was positively affected by density and, marginally, by
rainfall. Our results suggest that intraspecific competition (density-
dependence) and food availability (rainfall) are equally important factors
driving wood mouse population dynamics in Mediterranean forests. Mech-
anisms underlying density-dependence during the breeding season seemed to
be based on food-mediated survival rather than on behaviourally-mediated
reproduction. Taken together, these results indicate a high sensitivity of
marginal Mediterranean wood mouse populations to the expected climate
changes in the Mediterranean region.
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Introduction annual fluctuations in numbers (Lima and Jaksic
1999, Stenseth 1999, Merrit et al. 2001, Meserve
et al. 2001). Understanding the mechanisms

From tropics to poles, small mammal popula- which cause such fluctuations has been a long-

tions experience seasonal, interannual and multi- standing issue in population ecology (Stenseth
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1999, Merrit et al. 2001). Population persistence
is ultimately based on feedback mechanisms
which actually or potentially regulate abundance,
but fluctuation in numbers is also affected by
density-independent factors which limits the max-
imum rate of population growth. The relative roles
of density-dependent and density-independent
factors in regulating population dynamics vary
in response to environmental changes (Guo et
al. 2005). Multiannual cycles of abundance in
northern small mammals are due to delayed
density-dependence, caused by a wide range
of extrinsic and intrinsic factors (reviewed in
Stenseth 1999, Ims et al. 2008), and these cycles
collapse into non-cyclic dynamics both in space
and in time when the role of direct density-
dependence increases as environmental con-
ditions become milder (Ims et al. 2008). On the
other hand, density-independent factors such as
climate have usually been considered as the
main driving force for small mammal outbreaks
in semiarid regions, where climatic factors are
highly unpredictable and rodent irruptions are
usually associated with periods of high pre-
cipitation and increased primary productivity
(Lima and Jaksic 1999, Lima et al. 1999, Brown
and Ernest 2002). Switching patterns of the
relative importances of density-dependent and
density-independent processes in regulating
population fluctuations are also found within
species’ ranges. There is evidence that density-
independent factors have a higher influence on
demographic parameters and produce greater
fluctuations in peripheral populations than in
central ones (Williams et al. 2003). An over-
whelming impact of environmental factors on
populations towards range borders would ultim-
ately determine the spatial location of such
borders (Brown et al. 1996), as well as range
shifts in response to global change (Aradjo and
New 2007). Quantitative analyses on the re-
lative roles of density-independent and density-
dependent processes are thus crucial for both
understanding range limits and predicting range
shifts, especially when focussed on marginal
populations (Williams 2003, Nicola et al. 2009).
Intrinsic or self-regulatory demographic
mechanisms include competition for food and/or
territories, dispersal, reproductive suppression

and delayed maturation (Stenseth et al. 1996,
Wolff 1997). Intrinsic regulation is more likely
in polygynous species of small mammals in
which females are territorial in order to reduce
the threat of infanticide of altricial nonmobile
young (Wolff 1997). This is the case for the wood
mouse Apodemus sylvaticus Linnaeus, 1758, a
habitat generalist rodent with a wide distribu-
tion throughout the western Palearctic whose
southern range limit reaches the Mediterranean
islands and peninsulas as well as the Magreb
(Montgomery 1999). Spatial density-dependent
inhibition of breeding in female wood mice regu-
lates populations during the increasing phase of
the annual cycle in Great Britain (Montgomery
et al. 1997), and density-dependence in space
and time regulates wood mouse populations
both in forest (Montgomery 1989a, b, Fernandez
et al. 1996; see however, Selas 1997) and farm-
land (Montgomery and Dowie 1993).

Wood mice are also common small mammals
in Mediterranean habitats of southern Europe
(Montgomery 1999), being especially abundant in
evergreen woodlands and scrublands of northern
Spain (Torre et al. 2002, Torre and Diaz 2004).
The few studies available on Mediterranean
wood mice populations (reviewed in Torre et al.
2002) indicate a role for climatic patterns and
food availability on abundance and reproductive
output. Breeding is concentrated in autumn and
winter rather than in spring and summer, appar-
ently due to the effects of the Mediterranean
summer drought on food availability (Torre et al.
2002), and winter food abundance determines re-
productive output and female survival in frag-
mented forests (Diaz et al. 1999, Diaz and Alonso
2003). However, studies available mostly cover
single year cycles in different study sites, so that
no inferences could be made on whether within-
cycle patterns and processes also apply to among-
years population dynamics.

The unpredictability of Mediterranean wea-
ther, with high within- and among-years varia-
tion in rainfall (Blondel and Aronson 1999), of-
fers opportunities to estimate the relative roles
of density-independent and density-dependent
factors for the regulation of population dynam-
ics of Mediterranean wood mice. Here we quan-
tify the relative roles of density-dependent and
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density-independent (rainfall) factors in deter-
mining population growth rates, reproductive
activity and recruitment of wood mice popula-
tions during a 2.5-year period. We expected that
both rainfall, as determinant of food availabil-
ity, and density-dependent mechanisms would
play a role in regulating Mediterranean wood
mouse populations, although no a priori expec-
tations on the relative roles of both factors could
be made as they are interconnected (density-de-
pendent competition would obviously depend on
food availability; see also Merrit et al. 2001, Wil-
liams et al. 2003). Large climatic effects would
imply a high sensitivity of wood mice popula-
tions to expected short-term changes in rainfall
patterns, which will be especially dramatic in
the Mediterranean region (IPCC 2007), whereas
large density-dependent effects under contrast-
ing climatic conditions would imply a greater
ability to cope with expected climate change sce-
narios.

Study area

The study was carried out in the Montseny Natural
Park and Reserve of the Biosphere (Barcelona, Catalonia,
NE Spain; 41°50-41°33'N, 2°39’-2°06'W, 1250 km?). The
main mountain massif of the study area (Montseny Moun-
tains) is partially isolated from the surrounding mountains
and the Mediterranean Sea by cultivated lowlands, and
reaches a moderate elevation (1714 m a.s.l. at the Turé de
I’'Home peak). Topography and climate vary markedly with
elevation, although thermal oscillations are attenuated by
the influence of the Mediterranean Sea. Rainfall peaks in
spring and autumn, with minimum values in winter and in
summer. The summer drought which characterizes Medi-
terranean climates is moderate and lasts for less than two
months. Average annual rainfall varies from 800 mm in the
lowest Mediterranean localities to 1200 mm at the moun-
tain tops (www.gencat.org). Vegetation is dominated by ev-
ergreen oaks (Quercus ilex and Q. suber) at the lowest
elevations and by deciduous oaks Q. petraea and beech
Fagus sylvatica at mid to high elevations, with some fir
Abies alba woods in high, shady slopes and patches of
high-mountain shrublands Juniperus nana on the moun-
tain-tops. Riparian vegetation is usually dominated by com-
mon alder Alnus glutinosa. Lowland and mid-elevation
forests have a rich understory of shrubs and herbs (Torre
and Arrizabalaga 2008). During the last decades (from 1930
onwards; Terradas and Miralles 1986), a natural process of
reforestation has reduced grassland and arable lands to small
patches; in contrast, lowlands surrounding the Montseny
massif are extensively cultivated.

Material and methods

Sampling design

We established three trapping stations in the Mediter-
ranean lowlands (540-600 m a.s.l.; plots 1-3 in Torre and
Arrizabalaga 2008). Each station consisted in a 7 x 7 per-
manent grid of Sherman traps (23 x 7.5 x 9 cm; Sherman
Co., USA) spaced 15 m, a sampling design used in several
studies on small mammal dynamics (Fernandez et al. 1996,
Lima and Jaksic 1999, Lima et al. 1999, 2001). Plots were
located in large (> 10 000 ha) patches of @. suber, Q. ilex and
A. glutinosa woodlands (one grid per woodland type). Q.
suber (41°44°09”N, 2°26°35”E) and Q. ilex (41°44’19”N,
2°26’31”E) grids were separated by 500 m, whereas the A.
glutinosa grid (41°46’34"N, 2°23’41”E) was about 6000 m
away from the Quercus grids. Grids were sampled in five
occasions on 1995, in winter (March), spring (May), summer
(July and September), and autumn (November); on four oc-
casions in 1996, in winter (January), spring (May), summer
(July), and autumn (November); and on two occasions in
1997, in spring (March) and summer (July) (eleven trapping
sessions, collectively lasting 33 days). Traps were opened
for three consecutive nights (1650 traps/night per grid)
around the time of a new moon to avoid effects of moonlight
on rodent activity (Diaz 1992). Traps were baited with a
piece of apple and a mixture of tuna, flour and oil, and were
set under the cover of shrubs or dense herbs to conceal
them and to provide thermal insulation. The small mam-
mals caught were identified to species, weighed to the nearest
1 g with a spring balance, sexed, inspected for reproductive
status (vagina perforated or not, pregnant or lactating for fe-
males, and testes descended or not for males), marked by
toe-clipping (Montgomery 1989b), and released at the point
of capture (Gurnell and Flowerdew 1990).

Data analysis

Rainfall is normally used as a surrogate of primary pro-
ductivity, so that its seasonal and interannual variation was
used to estimate density-independent changes in food avail-
ability for mouse populations (Rosenzweig 1995, Mittelbach
et al. 2001, Brown and Ernest 2002). Monthly rainfall data
for the three study years were taken from two weather sta-
tions located nearby the study grids (3 km from the A.
glutinosa grid and 4 km from the Quercus grids on average)
and at elevations of 750 and 350 m. We used mean values
from the two weather stations to characterize rainfall pat-
terns for the three sampling grids since monthly rainfall val-
ues recorded were strongly correlated during the study
period (r, = 0.95, p < 0.00001, n = 30 months, from February
1995 to July 1997) and there was no clear spatial association
between stations and grids. Cumulative amount of rain that
fell three months before each sampling date were used as a
surrogate of the food conditions experienced by mice (see
Dickman et al. 1999, Lima and Jaksic 1999 for a similar ap-
proach). This time lag was established on the basis of the
length of the breeding period of the wood mouse, from gesta-
tion until weaning of young, that lasts about 7 weeks (Clarke
1985), plus 5 weeks of response of vegetation and arthropods
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to rainfall. Seasonal and interannual differences in rainfall
were analysed by means of two-way Analysis of Variance
(ANOVASs) using year and season as fixed factors. Differ-
ences between levels of factors were tested by means of
post-hoc Student-Neuman-Keuls tests (Zar 1996).

Variation in wood mouse numbers between sampling
grids and trapping periods was examined by means of
two-way ANOVAs with sampling period and grid as fixed
factors, whereas variation in population age and sex struc-
ture between sampling plots and sampling periods was ana-
lysed by means of the fit of log-linear models to the
contingency tables generated by the factors grid x sampling
period x age or sex (Zar 1996). Lack of significant pure or
interactive grid effects would allow using grids as replicates
in spite of evident differences in vegetation composition and
structure; in fact, mouse numbers were strongly correlated
among grids during the study period (Q. suber — Q. ilex: r =
0.93, p = 0.00002; Q. suber — A. glutinosa: ry = 0.89, p =
0.0002; Q. ilex — A. glutinosa: ry= 0.82, p = 0.001; n = 11 for
all tests).

Density dependence was examined by regressing popu-
lation growth rate against the logarithm of an index of pop-
ulation density (Montgomery 1989a, b). Because of the lack
of independence between both variables, we checked the re-
siduals of regressions to detect patterns of autocorrelation
by means of the Durbin-Watson statistic (Lima and Jaksic
1999). As trapping was carried out at irregular intervals,
instantaneous rate of population change per week was esti-
mated following Turchin and Ostfeld (1997) and Lima and
Jaksic (1999) using the equation

r, = In(N, , ¢ /N)/T

where N, is the population density at time t, and T is the in-
terval between successive trapping sessions (in weeks). Re-
gression hence paired density at time t with the growth rate
between t and t+T (Montgomery 1989a, b). Density was es-
timated as the number of different individuals trapped dur-
ing each trapping session in each trapping grid, as these
counts can be considered as suitable indices of population
density as far as capture probability remained reasonably
constant among grids and sampling sessions (Slade and
Blair 2000). We also analysed recruitment rates, measured
as the proportion of juveniles (body mass < 15 g; Ferndndez
et al. 1996), and population breeding activity, measured as
the proportion of breeding females (with perforated vagina,
pregnant or lactating), to ascertain whether changes in pop-
ulation growth rate were associated to changes in reproduc-
tive output.

The relative roles of the index of population density and
rainfall on population growth rate, breeding activity and re-
cruitment were examined by means of ANCOVAs (Morris
1996, Lima and Jaksic 1999). Trapping data were divided
into two seasons to facilitate temporal and spatial compari-
sons of population parameters (Halama and Dueser 1994).
Spring/summer extends from April to September, and au-
tumn/winter from October to March. A separate test was
performed for each dependent variable, considering sam-
pling grid and season as categorical fixed factors and den-
sity indices and rainfall as covariates. Density indices were
log-transformed before analysis, whereas proportions of ju-
veniles and of breeding females were arc-sine transformed.

Results

Rainfall

Mean monthly rainfall varied among study
years (ANOVA: Fy o9 = 4.94, p = 0.01), being
higher in 1996 (120.6 + 16.9 mm) than in 1995
(64.7 + 11.0 mm) and in 1997 (61.1 + 18.4 mm).
Significant differences were detected between
1996 and the other two years, whereas no differ-
ences were observed between mean monthly val-
ues in 1995 and 1997. As a whole, rainfall
during every month of 1996 was two times
higher than rainfall during the same months in
1995 and 1997. Seasonal differences in rainfall
were also evident (F3 4, = 4.52, p = 0.006), au-
tumn being the season with the highest rainfall
and winter with the lowest (Fig. 1), although sig-
nificant differences were only evident between
these two seasons and between autumn and
summer (Student-Neuman-Keuls test: autumn-
winter p = 0.001; autumn-summer p = 0.02). Sig-
nificant season x year interactions (Fg gy = 3.15,
p = 0.009) indicated among-years differences in
seasonal patterns of rainfall (Fig. 1). More rain
fell in winter 1995-1996 and autumn 1996 than
in the same seasons of the other study years.

Spatial and temporal variation in abundance
and population structure of wood mice

Along the study period we trapped 777 small
mammals of five species. Most individuals cap-
tured were wood mice (490; 63.1%), followed by
bank voles Myodes glareolus (177; 22.8%). Over-
all, almost half of the wood mice were captured in
the Q. suber grid (47.5%), followed by the Q. ilex
grid (28.5%) and the A. glutinosa grid (23.9%,
habitat: G® = 36.97, df = 2, p < 0.0001; Fig. 2).
Nevertheless, mean numbers of wood mice did
not vary between grids along the study period
(Fy, 30=0.98, p = 0.51), a fact that was due to the
strong temporal changes of mice abundance
among sampling periods (Fyy 99 = 13.26, p <
0.0001; Fig. 2). Mean abundance varied between
1.33 individuals/grid during late summer 1995
and 33.33 individuals/grid in autumn 1996.

Sex-ratio was siZgniﬁcantly biased towards
males (565.2:44.8, G"=4.90,df =1, p =0.02), and
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Fig. 1. Monthly rainfall (+ SE) along the study period in two meteorological stations close to the sampling plots. Winter — Jan-
uary to March, spring — April to June, summer — July to September, autumn — October to December.

this bias did not change between sampling grids model fitted to the contingency table generated
or sampling periods (G2 =15.39,df =20,p =0.75 by the factors grid x sampling period x sex). Most
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Fig. 2. Temporal patterns of wood mouse population abundance and age structure (light grey: adults; dark grey: subadults;
black: juveniles) in the three study plots (Quercus suber, Q. ilex and Alnus glutinosa grids, from left to right) along the study
period (February 1995 to July 1997). Correspondences between months and season are indicated in the bottom line of the
graph (see also Fig. 1). Time axes are out of phase between graphs because mice numbers were related to cumulative rain fell
three months before trapping.
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lowed by subadults (heavier than 15 g but still
not breeding actively; 36.7%) and juveniles (9.3%;
G* = 140.37, df = 2, p < 0.0001). Age structure
varied among sampling periods, and this tempo-
ral variation differed between sampling grids
(G?= 58.89, df = 40, p = 0.02 for the three-way in-
teraction in a log-linear model fitted to the con-
tingency table generated by the factors grid x
sampling period x age; Fig. 2). Low proportions of
subadults and no juveniles were found in 1995.
Recruitment of juveniles started in December
1995 at the Q. ilex grid and in April 1996 at the
other two grids. Peak proportions of subadults
and juveniles occurred in late summer 1996 and
1997 at the Q. suber grid, in late summer 1996
but not 1997 at the A. glutinosa grid, and in early
spring 1997 at the Q. ilex grid (Fig. 2).

Roles of rainfall and density on wood mouse
demography

Population growth rates were strongly influ-
enced by both the index of population density and
rainfall (Table 1). Growth rates decreased with
increasing population density (8 = -0.72, p =
0.0001, r = —-0,340, df = 27) and increased with in-
creasing cumulative rainfall three months prior

to each sampling period (8 = 0.74, p = 0.0001, r =
0.512, df = 27; multiple regression —  values and
p- and correlation — r values- tests). Proportion of
variance explained by each independent variable
was computed as 100 x § (standardized regres-
sion coefficient) x r (Pearson correlation coeffi-
cient), since rainfall and indices of density were
significantly, albeit weakly, correlated (r = 0.369,
p = 0.04; see Huertas and Diaz 2001). Density-de-
pendence explained 24.5% of variance in popula-
tion growth rates, whereas rainfall explained an
additional 37.9%. No interactive effects between
density-dependent and density-independent fac-
tors were found (Table 1). The Durbin-Watson
test showed no evidence of autocorrelation of the
residuals (D = 2.12, serial correlation r = —0.09, p
> 0.05). Population growth rates varied season-
ally, but not among study grids (Table 1). Rates
peaked during autumn-winter, especially in au-
tumn 1995 (r, = 0.102 + 0.021 mean + SE; n = 3
grids), and were minimum in spring 1995 (r, =
—0.044 + 0.020). Effects of density indices on
population growth rates varied seasonally, where-
as effects of rainfall did not change either among
grids or between seasons (Table 1). Density-
dependence was strongly negative during the
normal breeding season of wood mice in Mediter-

Table 1. Results of ANCOVAS testing for the effects of an index of density (log-transformed) and cumulative rain
fell three months before sampling on population growth rate, reproductive activity (arc-sine transformed) and
recruitment (arc-sine transformed), controlling for direct and interactive effects of study grids (Quercus suber, Q.
ilex and Alnus glutinosa) and season (spring-summer vs autumn-winter), which were included as fixed factors.

Boldface highlights significant results.

Population growth rate

Reproductive activity Recruitment

(% breeding females) (% juveniles)

df F D df F D df F p
Index of density 1 22.02 0.0011 1 090 0.3649 1 21.22  0.0006
Rainfall 1 51.44 0.0001 1 1.49  0.2505 1 3.21 0.0983
Density x rainfall 1 0.50 0.4967 1 0.32  0.5840 1 151 0.2421
Grid 2 0.76 0.4959 2 0.20 0.8231 2 2.67  0.1098
Season 1 64.76  >0.0001 1 9.86 0.0105 1 0.23  0.6423
Plot x season 2 2.46 0.1402 2 0.14  0.8743 2 0.70  0.5170
Grid x density 2 0.34 0.7198 2 0.54  0.5981 2 1.08 0.3694
Season x density 1 22.77 0.0010 1 3.42  0.0941 1 0.05 0.8318
Grid x rainfall 2 1.05 0.3890 2 0.33  0.7279 2 0.54  0.5958
Season x rainfall 1 0.65 0.4405 1 0.13 0.7264 1 1.36  0.2664
Error 9 10 12
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Fig. 3. Relationships between population rate of change and the index of population density (a) and cumulative rain fell three
months before sampling (b) during autumn-winter (closed symbols, thick line) and spring-summer (open symbols, thin line).
Circles: Quercus suber grid; squares; Q. ilex grid; triangles: Alnus glutinosa grid. Growth rates vs index of density:
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ranean areas (autumn to winter) but not signifi-
cant during the non-breeding season (spring to
summer). Cumulative rainfall had no effect on
population growth rates during the normal
breeding season (autumn-winter) and a weak
positive effect during spring-summer (Fig. 3).

The proportion of breeding females changed
between seasons, being larger in autumn-winter
than in spring-summer (72% vs 19%), but there
was no grid effects on breeding activity, interac-
tions between season and grid, or effects of den-
sity indices or rainfall. Recruitment did not
change significantly between seasons or among
grids (Table 1). Recruitment increased with pop-
ulation density and, marginally, with rainfall
(Table 1). Density explained 34.6% of variance
in recruitment (8 = 0.52, p = 0.0017, r = 0.66) and
rainfall an additional 14.7% (5 = 0.27, p = 0.085,
r = 0.546).

Discussion

In spite of being short-term, our study has
been able to demonstrate that both negative
feedback (density-dependence) and density-
independent environmental variability (seasonal
and among-years changes in rainfall) were rele-

vant forces driving the dynamics of wood mouse
populations in forests of the Mediterranean
Basin. Density and rainfall contributed ad-
ditively to explain 62.4% of variance in popu-
lation growth rates. Short-term studies of rodent
populations dynamics in arid and semiarid
habitats usually support the simple model of
bottom-up regulation, in which fluctuations in
precipitation drive population irruptions of some
rodent species (Brown and Ernest 2002, and
references therein). In a similar way, short-term
studies on European wood mice population dy-
namics seem to support feedback regulation as
the main regulatory mechanism (Montgomery
1989a, b, Fernandez et al. 1996). However,
long-term studies usually produce more mixed
results, as they can encompass wider ranges of
abiotic (climatic) and biotic (predation, com-
petition) conditions as well as non-linear and
time-lagged effects (reviewed in Stenseth 1999,
Brown and Ernest 2002, Ims et al. 2008).
Populations of a generalist/opportunist rodent
(granivore-insectivore; Gurnell 1985) showed
short-term responses to rainfall variation, with
significant positive effects on population growth
rate, which translated into increased numbers af-
ter periods of high levels of rainfall. Rainfall is an
usual index of productivity (Rosenzweig 1995,
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Mittelbach et al. 2001), and has been used to in-
terpret seasonal and annual changes in produc-
tivity available to small mammals (Meserve et al.
2001, Lima and Jaksic 1999, Lima et al. 2001,
Brown and Ernest 2002). Rainfall produced a sig-
nificant increase in ephemeral (herb) cover and
seed densities (Gutiérrez et al. 1993, Ernest et al.
2000, Meserve et al. 2001), and high rainfall
years were associated with insect outbreaks
(Fuentes and Campusano 1985), then producing
a significant increase in food availability for
granivore, folivore and insectivore small mam-
mals (Lima et al. 2001, Meserve et al. 2001,
Brown and Ernest 2002). Even yearly acorn pro-
duction by oaks has been shown to be mediated
by the effects of summer drought on seed abor-
tion rates nearby our study area (Espelta et al.
2008). The heterogeneous dynamics observed in
three consecutive years highlighted the rele-
vance of unpredictability on small mammal pop-
ulations. During the first year (1995) dynamics
showed a spring to early autumn decline (the
normal Mediterranean dynamics; Torre et al.
2002), and during the following year (1996) we
observed a spring to autumn increase (the nor-
mal dynamics in northern Europe; Montgomery
1989a, Fernandez et al. 1996). The dynamics dur-
ing the first half of the year 1997 seem to indicate
a similar pattern to the first study year, although
we did not gather data for the second half of 1997.

Density dependence strongly reduced growth
rates during the normal breeding season (autumn-
winter) but had no effects during the normal
non-breeding season (spring-summer), whereas
rainfall enhanced growth rates and recruitment
during the normal non-breeding season and had
no effects during the normal breeding period. No
interactive effects of sampling grid on demog-
raphy of wood mice populations were evident.
Other potentially relevant factors driving rodent
dynamics like predation (Lima et al. 1999, Brown
and Ernest 2002) were not studied. These factors
could explain the variance in population growth
rates not accounted for by density dependence
and rainfall, but seemed unlikely to have biased
our results indicating the importance of the
factors analysed here.

Breeding activity of females was higher
during the normal breeding season in the

Mediterranean region (autumn-winter; Torre et
al. 2002), although suitable conditions for re-
production seem to have been also present in
spring and summer during the wetter year.
Since density-dependent effects were only de-
tected during the normal breeding season, we
expected that the mechanisms that produced
population regulation could be related to social
organisation and spatial behaviour of breed-
ing individuals, likely the breeding females
(Montgomery et al. 1997). Density-dependence
prevented population growth rate from increasing
during the normal breeding season, whereas no
significant effect was detected during the nor-
mal non-breeding season. These results are in
contrast with other studies performed in northern
Europe, were density-dependence seems equally
important during all the seasons of the year
(Montgomery 1989a). Density-dependence in
space and time has been proposed as the main
regulatory mechanisms in wood mouse popula-
tions in Northern Europe (Montgomery 1989a, b,
Montgomery and Dowie 1993, Fernandez et al.
1996), and we also showed its seasonal influence
for the first time in Mediterranean environ-
ments. Nevertheless, we did not find any evi-
dence of density-dependent inhibition of breeding
in females, as no significant relationships were
found between proportion of breeding females
and the index of population density, so that
mechanisms other than breeding suppression of
females have to be proposed.

Lack of density-dependent inhibition of
breeding in females could also account for the di-
rect relationship between population density in-
dices and juvenile recruitment, as larger numbers
of breeding females should obviously produce
more young mice. Recruitment was also margin-
ally enhanced by rainfall, suggesting that food-
mediated survival rather than behaviourally-
mediated reproduction was key for understand-
ing regulation of Mediterranean wood mice pop-
ulations. In fact, a recent manipulative study of
food availability for winter-breeding wood mice
in Mediterranean forest (Diaz and Alonso 2003)
showed that increased food increased male re-
productive activity but not females’ activity, also
increasing short-term female survival and, proba-
bly, the long-term survival of males and recruits.
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Summarizing, 62% of the variation in growth
rates of Mediterranean wood mouse populations
were additively explained by density-dependent
(24%) and climatic (rainfall; 38%) effects during a
three-year period. Density-dependent effects acted
during the normal breeding season (autumn-win-
ter in the Mediterranean region) whereas climate
effects acted during spring-summer. Mechanisms
underlying density-dependence during the nor-
mal breeding season seemed to be based on
food-mediated survival of both adults and re-
cruits rather than on behaviourally-mediated re-
productive inhibition of females. Taken together,
these results indicate a high sensitivity of mar-
ginal Mediterranean wood mouse populations to
the expected climate changes in the Mediterra-
nean region, namely decreased mean rainfall and
longer drought periods (IPCC 2007). Accurate
predictions of the strength of this sensitivity were
precluded by our relatively short study period.
Further long-term studies including detailed cli-
matic and demographic data should be performed
to fully understand the demography of wood
mouse populations in Mediterranean environ-
ments in order to predict its responses to changing
climate.
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