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Abstract This paper addresses the issue of whether
landscape structure affects A. terrestris population
kinetics on a neighbourhood spatial scale, and if so, at
what spatial scale is that effect at its maximum. We
investigated how the growth of A. terrestris popula-
tions is influenced by the landscape context of parcels
used for hay production in the French Jura Mountains.
Five landscape metrics (relative area of grassland,
mean patch area of grassland, patch density of
grassland, woodland patch density in grassland,
grassland—woodland edge density) were computed
over an increasing radius around each parcel (max.
3 km). Redundancy analysis showed that the extent,
rate and early onset of A. ferrestris population growth
were favoured in open grassland areas. Landscape
effects on A. terrestris populations as determined by
the five metrics are scale-dependent: mean patch area
of grassland, patch density of grassland and woodland
patch density in grassland had an impact on a
grassland parcel within a neighbourhood radius of
about 800 m, while relative area of grassland and
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grassland—woodland edge density had an impact
within a neighbourhood radius of about 400 m. Those
findings corroborate earlier hypotheses about a mul-
tifactorial regulation of A. terrestris populations and a
spatial hierarchy of regulating factors. They have
potential implications in terms of landscape manage-
ment and small mammal pest control.
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Introduction

Post-war agricultural policies in temperate Europe
led to more intensive farming practices with the less
productive and less accessible fields being abandoned
while hedgerows were uprooted creating more open
landscapes. These changes have caused ecological
problems such as environmental pollution and have
modified animal and plant population dynamics
(Alard and Poudevigne 1997; Roschewitz et al.
2005). The homogenization of landscape has
improved conditions for both insect and small-
mammal pests by increasing the proportion of source
(optimal) habitats for certain species (Robinson and
Sutherland 2002). For instance, grassland rodents
have benefited from the increase in meadows and
pastures in the mid-altitude mountains of Europe.

@ Springer



570

Landscape Ecol (2008) 23:569-579

Rodents can cause major economic loss through
crop damage (Teivainen 1979; Singleton et al. 2001)
and may transmit diseases to humans (Gratz 1997).
Changes in agricultural practices in mountain areas of
France (Jura, Massif Central, Alps) since the 1970s
have led farmers to specialize in milk production and
to convert arable land into permanent grassland. This
change in land use has created homogeneous grass-
land ecosystems with higher connectivity among
grassland areas, fewer hedgerows and more open
landscapes. This has led to outbreaks of grassland
rodents, such as the fossorial water vole (Arvicola
Shaw) whose populations
undergo travelling waves on a 6-year cycle with four
successive phases: low density, population growth,
high density and population decline (Giraudoux et al.
1997). High population densities of this species cause
severe crop damage and substantial economic losses
(Meylan 1981). They have also been linked to a
higher prevalence of human alveolar echinococcosis,
a lethal parasitical disease transmitted via a fox—small
mammal cycle (Viel et al. 1999). Rodenticides have
been used to control A. terrestris populations but they
may result in secondary poisoning of non-target wild
animals (Brakes and Smith 2005; Berny et al. 1997).

Previous studies have identified a connection
between the risk of A. terrestris population outbreaks
and the landscape features at different spatial scales.
On the regional scale (area of about 2500 km?) larger
variations in population densities occur where per-
manent grassland (optimal habitat for A. terrestris)
makes up a large proportion of the agricultural
landscape (>85%). This pattern has been termed a
‘landscape composition effect’ (Giraudoux et al.
1997; Fichet-Calvet et al. 2000). On the sectorial
scale (area of about 25 km?), Duhamel et al. (2000)
report that A. terrestris outbreaks generally occur in
the more homogeneous areas of grassland (>51% of
the landscape) rather than in areas with many
hedgerow networks and woodland patches. This
pattern has been termed a ‘landscape structure effect’.
However, to our knowledge, no quantitative studies
have determined either the effect of landscape on A.
terrestris populations on a neighbourhood scale (area
of about 0.01 km?) or the scale at which the
landscape effect is maximum.

In this paper we will focus on the following
questions: (1) can wood and grassland patches affect
the population dynamics of Arvicola terrestris? (2) if

terrestris  scherman
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so, what is the spatial scale at which this effect is
maximum?

This study was carried out in Franche-Comté
(France) where agricultural management is based on
cattle breeding for milk and meat, with large
permanent grassland and forest being the dominant
landscape features of the area. We concentrated on
the growth phase of an A. ferrestris population cycle.
Our findings are discussed in relation to grassland
management practices and their implications for
preventing rodent outbreaks.

Methods
Study sites

Parcels were selected in 21 communes (French
municipality) of the Doubs and the Jura departments
(French administrative divisions), 47.11°N, 6.24°E.
The term ‘parcel’ refers to an area of several hectares
belonging to a single holding and farmed as a single
land-use unit. Farmland in the area is almost exclu-
sively permanent grassland. The Federation
Regionale de Defense contre les Organismes Nuis-
ibles (FREDON, a farmers’ organization for crop
protection) surveys the entire area of each commune
annually and monitors the travelling wave dynamics
of A. terrestris populations for the purpose of outbreak
control. Each commune is given an annual score: 0, no
colony observed; 1, some isolated colonies; 2, colonies
present in many pastures and meadows; 3, numerous
colonies and serious damage to grassland. This mon-
itoring provided the temporal framework for the
multiannual variations in A. terrestris populations. It
meant the population cycle phase could be identified
annually for each parcel of each commune. An
increasing density phase was studied from 2001 to
2004 in communes which were selected with low-
density vole populations (score 0-1) recorded for two
years after a high-density phase (score 3), i.e.
communes at the onset of a cycle in 2001. Twenty-
five parcels (size: 0.5-15 ha) representative of the
agricultural management of Franche-Comté where A.
terrestris was presumably absent or present at very low
densities in spring 2001 were selected in typical
landscapes (Delattre et al. 1996). The parcels were
also selected as distant as possible from each other
(range of the minimum distance between two parcels:



Landscape Ecol (2008) 23:569-579

571

0.8-3.2 km; median: 2.8 km) to limit the risks of
spatial autocorrelation (see also the data analysis
section below).The geographical coordinates of each
parcel were recorded using a GPS (Garmin® PN
12 MAP, PhaseTrac™ receiver, USA).

Survey of A. terrestris populations

A. terrestris abundance in each parcel was estimated by
an index method described by Giraudoux et al. (1995).
Such index methods, calibrated against density esti-
mates based on trapping, are usually employed for
large-scale studies and/or long-term monitoring (Hans-
son 1979; Delattre et al. 1999; Fichet-Calvet et al.
1999; Giraudoux et al. 1997; Quéré et al. 2000). The
relative abundance of A. terrestris was determined
along a diagonal line across each parcel. The diagonal
was subdivided into 10 m intervals and the strip of land
5 m wide and centred on the transect line was observed
(Fig. 1). The presence or absence of A. terrestris was
recorded for each interval. The surface indices used
were earth mounds and occurrence of A.frerrestris

i1,i2, i3...: Interval numbers
i:? : Evidence of A. terrestris
== : Parcel diagonal

= = : Observation area

Fig. 1 Method of estimating A. ferrestris relative abundance
at the parcel scale (adapted from Giraudoux et al. 1995)

holes. The relative abundance of A. terrestris was
calculated as the ratio of the number of positive
intervals to the total number of intervals (Duhamel et al.
2000; Quéré et al. 2000; Raoul et al. 2001). A. terrestris
abundance was estimated for each parcel and for each
year from 2001 to 2004 in early spring, when vegetation
was at its shortest. Values from 2001 to the year of
maximum abundance inclusive were considered in the
first stage of the analysis in order to study the growth
phase of the A. ferrestris cycle. Three variables,
Maximum Abundance, Parcel Rise Time, and
Commune Offset, were investigated. Maximum Abun-
dance was the maximum density value attained for each
parcel; Parcel Rise Time was the time (months) taken to
reach the maximum density value from 2001 in each
parcel; Commune Offset was the time-lag between the
onset of the population increase in each parcel and the
onset in the corresponding commune as a whole. The
onset of the population growth phase in each commune
corresponded to the increase of the initial FREDON
spring score.

Characterization of landscape context

The search for landscape effect on population
dynamics of A. ferrestris involves the characteriza-
tion of the landscape structures by means of
landscape metrics. The first step in computation of
these metrics is to define a land cover map, which can
be derived from several data sources. We opted for
remotely sensed data at 15 m spatial resolution which
allows land cover to be mapped over a very large area
(see below). One of the supposed limits of this choice
is that narrow hedgerow networks (<15 m) may not
be detected in their details. Actually, trees and large
bushes alter the reflectance of a 15 m pixel at a larger
range than their simple projection on the ground. This
means that although some details that could have
been provided by costly and time-consuming analysis
of aerial photography may have escaped notice, most
wooded features of about 10 m resolution can be
captured using automated classification of the
satellite data used (see below). Automated analysis
over large areas with low-cost data is a definite
advantage for further development targeted at land-
scape management and small mammal control, thus
this option was used for the present study.

Land cover categories were defined from a set
of multiband images and panchromatic bands (Landsat
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7 ETM) acquired in September 1999. These data were
geometrically corrected by using a polynomial model
of spatial interpolation (Jensen 1996) to get a pixel
matrix conforming to a Lambert conic projection. A
multiband image (RMS error = 14.8 m) was merged
with a panchromatic band (RMS error = 9.7 m) using
color space transformation (Lillesand and Kiefer 2000)
to obtain a multispectral image at 15 m-spatial reso-
lution. Then, a maximum likelihood classifier was
applied to obtain an image with four land cover classes:
grassland, woodland, bare ground and water. The
overall classification accuracy given by the global
Kappa coefficient was of 0.95. The image was then
used to compute landscape metrics for areas of varying
size surrounding each parcel. Numerous metrics are
commonly used in landscape ecology (McGarigal and
Marks 1995; Gustafson 1998) but it is widely recog-
nized that they provide redundant information and
sometimes lead to ambiguous interpretations in terms
of ecological processes (Tischendorf 2001; Li and Wu
2004). Starting from the ecological processes to be
modelled through the landscape structure, we focused
on metrics applied to the ‘grassland’ (the optimal
habitat of A. terrestris) and ‘woodland’ (the habitat of
the main predators of A. terrestris) categories. A
neighbourhood analysis was performed using five
landscape metrics computed for a series of circle
buffers centred on each parcel. Measurements of
landscape structures are sensitive to spatial scale
(Withers and Meentemeyer 1999) defined by the grain
and the extent of landscape data (Turner et al. 1989).
The grain is defined here by the spatial resolution of the
classified image that prevents us from considering fine
elements of landscape but that is suitable for dealing
with major landscape elements like wooded and
grassland patches. One can hardly know a priori the
neighbourhood size corresponding to the distance over
which predators or resources impact vole populations.
Consequently, landscape metrics were computed step-
wise (75 m steps) by progressively increasing the circle
buffer from a first circle of 225 m radius (including
each parcel whatever its size), in order to quantify at
each step the relationships between landscape metrics
and vole population kinetics parameters. This method,
recommended by Li and Wu (2004), was used in earlier
works (Chust et al. 2000; Wu et al. 2000; Wu 2004).
However, increasing the circle buffer may lead to
overlap between computation areas, and so artificially
increase spatial autocorrelation. To limit this problem
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while maintaining relevant ranges, the proportion of
overlapping areas was estimated for each neighbour-
hood size. The maximum neighbourhood radius of
3 km was defined by limiting these overlapping areas
to 30% of the total buffer. Model residuals were then
checked for spatial autocorrelation (see below). The
five landscape metrics were:

— Relative area of grassland (percentage of area
occupied by grassland), indicating the relative
resource abundance for A. ferrestris;

— Mean patch area of grassland (a patch was defined
as the set of adjacent pixels allocated to the same
landscape class), representing the spatial conti-
nuity of habitat;

— Patch density of grassland (number of patches per
ha), an alternative characterization of the spatial
pattern of habitat by measuring its fragmentation;

— Woodland patch density in grassland (number of
patches per ha), corresponding to the fragmenta-
tion of woodland relative to grassland areas,
thought to represent the spatial ‘scattering’ of
predator habitats in environments favoured by
A. terrestris,

— Grassland—woodland edge density, computed in
metres per hectare and yielding a theoretical level
of interaction between the two categories; this
was taken as a measure of the exposure of
A. terrestris to its predators.

Data analysis

Linear regressions between A. terrestris population
kinetics variables and landscape metrics were com-
puted. Residuals were examined for spatial
autocorrelation. An empirical variogram was com-
puted and compared to the envelope obtained from 99
random permutations of the residuals on their point
location. No indication of spatial autocorrelation was
found within a range of 40 km.

Spearman correlations between A. ferrestris vari-
ables and landscape metrics were determined for each
buffer and plotted against radius. Variables showing a
correlation for which the probability of Ho (ry = 0)
was less than 0.05 were selected for further analysis
(Sokal and Rohlf 1995). For each metric, the choice
of radius for further analysis was based on the largest
statistically ~significant correlation between the
A. terrestris variables and the corresponding metrics.
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Redundancy analysis (RDA) is a direct extension
of multiple regression to the modelling of multivar-
iate response data (Legendre and Legendre 1998). It
allows an assessment of how an array of response
variables (in this case Maximum Abundance, Parcel
Rise Time and Commune Offset) correlates with an
array of explanatory variables (in this case landscape
metrics). RDA was used to investigate the relation-
ship between A. ferrestris population kinetics
variables (array of response variables) and landscape
metrics (array of independent explanatory variables)
at the onset of the A. terrestris cycle. The null
hypothesis of independence between the two arrays
was tested with a permutation test.

Statistical analyses were conducted with R 2.3.1
(R Development Core Team 2004), geoR (Ribeiro
and Diggle 2001) and ADE4 (Thioulouse et al.
2004).

Results
Kinetic patterns of A. ferrestris populations

Changes in the abundance of A. terrestris were
monitored in 25 parcels for 36 months from spring
2001 to spring 2004 (Fig. 2).

Correlations between population kinetics
of A. terrestris and landscape metrics

Commune Offset and Parcel Rise Time were nega-
tively correlated with the relative area of grassland,
and this effect was maximum for radii of 525 m and
375 m, respectively. Maximum Abundance did not
appear to be related to a radius and to the relative area
of grassland (Fig. 3a). The neighbourhood radius of
375 m was chosen for further analysis.

Maximum Abundance was positively correlated
with the mean patch area of grassland, and this effect
was maximum for a radius of 825 m. Parcel Rise
Time was negatively correlated with the mean patch
area of grassland, for a radius of 350 m only.
Commune Offset was negatively correlated with the
mean patch area of grassland for almost all the
neighbourhood radii (Fig. 3b). The neighbourhood
radius of 825 m was chosen for further analysis.

Maximum Abundance was negatively correlated
with the patch density of grassland, and this effect
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Fig. 2 Changes in A. ferrestris abundance over time (2001—
2004) recorded on the 25 study parcels. For each parcel, the
analysis of A. terrestris population kinetics takes into account
the data from low abundance (2001) to maximum abundance
(e). The arrow («) represents the time-lag between the onset
of the A. ferrestris growth phase at the parcel scale compared
with the commune scale. The onset of population growth in
each commune was based on FREDON spring scores not
shown here. For clarity, the time taken to reach maximum
abundance is not shown

was maximum for a radius of 825 m. Commune
Offset and Parcel Rise Time were not correlated with
this metric (Fig. 3c).

Maximum Abundance was negatively correlated
with the woodland patch density in grassland, and
this effect was maximum for a radius of 750 m.
Commune Offset and Parcel Rise Time did not
appear to be related to a radius and to the woodland
patch density in grassland (Fig. 3d).

Maximum Abundance was negatively correlated
with the grassland—woodland edge density, and this
effect was maximum for a radius of 450 m. Com-
mune Offset and Parcel Rise Time were not
correlated with this metric (Fig. 3e).

Redundancy analysis and landscape metrics

The relationship between the ‘landscape metrics’
array and the °‘A. terrestris population Kkinetic
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variables’ array was found to be globally significant
(P <0.01 after 999 permutations) with three
explanatory variables: the relative area of grassland,
the mean patch area of grassland and the grass-
land—woodland edge density. The corresponding
scatter diagram shows that the landscape metric
variables explained 18.3% and 7.9% of the variance
of the canonical model on the first two axes
respectively  (total 26.9%) (Fig. 4). Maximum
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Abundances were clearly greater in parcels with
larger mean patch areas of grassland. Furthermore,
the parcels where abundance of A. terrestris
populations peaked earlier were those with larger
relative areas of grassland. Finally, the parcels for
which the increase of A. terrestris populations
began later in a commune were those with smaller
relative areas of grassland and with larger grass-
land—woodland edge densities.
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Fig. 4 Redundancy analysis (RDA) biplot of axes 1 and 2 of
RDA for the three variables describing A. ferrestris population
growth kinetics (Maximum Abundance, Parcel Rise Time and
Commune Offset), constrained by three landscape variables
(italicized labels). RAG 375: Relative area of grassland for a
neighbourhood radius of 375 m; MPG 825: Mean patch area of
grassland for a neighbourhood radius of 825 m; GWD 450:
Grassland—woodland edge density for a neighbourhood radius
of 450 m. Explained variation: axis 1: 18.3%, axis 2: 7.9%.
The Monte Carlo permutation test was significant for the
overall regression model (P < 0.01). Dots are sample parcels.
Distances of parcels in the biplot are approximations of their
Euclidean distances. Projections of parcels at right angles on
the response variables (Maximum Abundance, Parcel Rise
Time and Commune Offset) approximate the value of the
parcels along Maximum Abundance, Parcel Rise Time and
Commune Offset arrows. The angles between response and
explanatory variables in the biplot reflect their correlations, i.e.
the smaller the angle, the closer the correlation

Discussion
Kinetic patterns of A. terrestris populations

In the study area, the A. ferrestris population cycle
generally lasts six years. It includes four successive
phases: low density, growth, high density and decline
(Giraudoux et al. 1997). Our analysis of A. terrestris
population kinetics took into account the relative
abundances of A. ferrestris (from low density to the
maximum value) for each of the 25 parcels. We are
therefore confident that our study period coincided
with the growth phase of an A. terrestris population
cycle. A. terrestris relative abundances were recorded
each year in early spring from 2001 to 2004. Winter
weather conditions led to a decrease in reproduction

and survival. Short grass cover in early spring
allowed a reliable estimation of A. terrestris abun-
dance indices.

Choice of landscape metrics

We selected indicators for the landscape context of
the sample agricultural parcels making up the habitat
of A. terrestris populations. The studied metrics thus
reflected the landscape composition (relative area of
grassland) and the landscape structure (mean patch
area of grassland, patch density of grassland, wood-
land patch density in grassland, grassland—woodland
edge density); resource availability (relative area of
grassland, mean patch area of grassland, patch
density of grassland) and the risk of predation for
A. terrestris (woodland patch density in grassland,
grassland—woodland edge density).

Influence of landscape context on A. terrestris
populations

Analysis of the relationships between A. ferrestris
population growth and landscape metrics showed that
landscape composition and structure could markedly
affect A. terrestris population kinetics on the scale of
a parcel (size: 0.5-15 ha).

The maximum values of A. terrestris abundance
were reached in grassland areas which were not
greatly fragmented suggesting that the intensity of
A. terrestris population growth is favoured by an
open landscape. Blant et al. (2004) already observed
that A. terrestris population cycles reach higher
densities in lower parts of poorly wooded valleys of
the Swiss Jura High Chain. Moreover, our study
indicates a negative impact of woodland patch
density in grassland and grassland—woodland edge
density on vole population growth. Following Ander-
son and Erlinge (1977), Delattre et al. (1999) in
studies on Microtus arvalis populations, consider that
homogenous landscapes (large open meadows) are
refuge habitats for specialist predators (stoat, weasel),
which are known to destabilize prey populations
increasing both the amplitude of fluctuations and the
duration of the high density phase. Conversely,
heterogeneous landscapes (hedgerow networks) are
dominated by generalist predators (fox, bird of prey)
and act as regulating factors dampening vole popu-
lation kinetics and shortening the phase of peak
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numbers. Moreover, residual A. terrestris populations
are found in forest enclaves at low density. Although
specific studies of predators could not be conducted
in our study, it is remarkable that the landscape
variables correlating with small mammal population
dynamic characteristics were the same as those
mentioned by earlier authors considering the preda-
tion hypothesis.

Our study indicates that A. ferrestris abundance
peaked earlier in areas dominated by grassland. These
findings are consistent with results obtained by Girau-
doux et al. (1997) on a regional scale. On that scale, the
diffusion speed of A. ferrestris populations was shown
to be controlled by the proportion of Permanent
Grassland (PG) in the Agricultural Landscape (AL),
i.e. the higher PG/AL, the more likely vole population
outbreaks are. Furthermore, the rate of A. terrestris
population growth also was slowed by a grassland—
woodland mixed (heterogeneous) landscape.

We found that the growth of A. terrestris popu-
lations occurred earlier in areas dominated by
grassland and that were little fragmented. These
results are consistent with those of Duhamel et al.
(2000) on a sectorial scale (several tens of km?).
Those authors showed that communes of the Doubs
department where A. ferrestris outbreaks begin are
dominated by open landscapes, while communes
where A. terrestris outbreaks spread later typically
have a greater percentage of wooded habitats.

Our study has also shown for the first time that
landscape features do not impact populations on the
same range (e.g. 750 m for woodland patch density in
grassland and Maximum Abundance versus 375 m
for relative area of grassland and Parcel Rise Time).
Although the impact of landscape features may be
scale-invariant (from regional to more local, open and
homogeneous grassland favours vole population
outbreaks) the finest grain for a landscape effect on
vole populations effect is 0.3—1 km radius.

Conclusions

A stream of converging data indicates that, in
complex ecosystems, the population dynamics of
small mammals is regulated by both top-down
(predation, parasitism) and bottom-up (ressources)
forces in a multivariate context (Lidicker 2000;
Lindstrom et al. 2001; Korpiméki et al. 2004). The
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results of both monovariate and multivariate
approaches showed that the overall configuration of
several landscape variables best explains the demo-
graphic response of A. terrestris populations. This
emphasizes the importance of taking into account
multiple scales in a systems approach in studies
implying community processes. This is particularly
important in temperate ecosystems, which are more
complex than the relatively simple arctic and boreal
ones, and where population cycles may be caused by
the combined action of a hierarchy of many regulat-
ing factors acting both spatially and temporally
(Lidicker 1995, 2000; Hansson 2002; Hudson and
Bjgrnstad 2003). Although cross-scale studies have
proved essential in understanding the population
dynamics of most living species, few empirical
studies have actually been conducted at multiple
scales and over the long term addressing landscape
issues and placing them in a spatial and temporal
context. Among a chain of studies carried out across
space—time scales on grassland small mammal pop-
ulation dynamics, the current study addresses the
local effects of landscape in the inclusive context of
temporally and spatially explicit events (the phase of
a small mammal cycle and its geographical extent).
Our results are consistent with those of our previous
studies carried out at regional and sectorial scales
(Delattre et al. 1992; Giraudoux et al. 1997; Fichet-
Calvet et al. 2000; Delattre et al. 1996, 1999; Duh-
amel et al. 2000). Furthermore, this study is the first
one to quantify the effect of landscape on A. ferrestris
population dynamics at such a local scale and the
minimal area (areas of some tens of ha) at which such
effects can be observed (Table 1). This corroborates
the thesis that the population dynamics of Arvicola
terrestris is the result of a spatial hierarchy of
regulating factors expressed through various space—
time scale (regional, sectorial and local) and land-
scape metrics. Our study has shown that locally, the
extent, rate and early onset of the kinetics of A.
terrestris population growth are favoured in open
grassland areas. The moderate amount of variation
(30%) explained by multivariate analysis here indi-
cates that other unexplained factors play a role in the
regulation of A. ferrestris populations, corroborating
Lidicker’s multifactorial hypothesis about small
mammal population regulation (Lidicker 2000).

A. terrestris is an agricultural pest in temperate
Europe. Chemical rodenticides currently used to
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Table 1 Multi-scale results of earlier and present studies of grassland rodent populations (M. arvalis and A. terrestris) in France

Spatial scale References

Vole species

Main results

Regional (area of Delattre et al. 1992

about 2500 km?)

Giraudoux et al. 1997
Fichet-Calvet et al. 2000

Delattre et al. 1996
Delattre et al. 1999

Sectorial (area of
about 25 km?)

Duhamel et al. 2000

Delattre et al. 2006
Morilhat et al. 2007

Local (area of about
0.01 km?)

Present study

Microtus arvalis

Arvicola terrestris

M. arvalis

A. terrestris

A. terrestris

Population dynamic patterns correlated with land
composition (e.g. ratio of permanent grassland
to farmland and forest to total land)

Population outbreak risk and travelling waves
guided by land composition (e.g. ratio of
permanent grassland to total land)

Landscape structure and heterogeneity (e.g.
density of hedgerow networks, forest
boundary shape, etc.) dampen population
fluctuations and may be a filter for prey/
predator relationships

Outbreak epicentres are in large tracts of
homogeneous grassland while other types of
landscape (e.g. mosaic habitats of woods and
permanent grassland, hedgerow networks,
etc.) slow the spread of outbreaks

Vole population growth:

—Enhanced by larger gallery networks of Talpa
europaea and intensive farming practices;

—Slowed down by ploughing and cattle trampling

—Modified by landscape context (minimum size
of an effective spatial unit: 10-100 ha)

prevent extensive crop damage are also hazards to
non-target animals (Brakes and Smith 2005). Farmers
must adopt a more diversified approach towards pest
control to reduce dependence on chemicals and their
impact on non target species. Possible options include
landscape manipulation at various spatial extents
including the very local scale of the agricultural
parcel and its surroundings. This study shows that
such landscape management should be designed
considering a minimal area of 10-100 ha. This, with
results of previous studies, paves the way to making
multi-scale models to design alternative landscapes
reducing the risk of A. terrestris population out-
breaks. Practically, with regard to A. ferrestris
control, at local scale, our specific recommendations
are (i) to reduce the size of open grassland areas (by
preserving existing hedgerows and replanting where
needed) (ii) to monitor as a priority parcels that may
be considered at risk on the landscape criteria
provided here (e.g open grassland areas, those which
are distant from woodland); (iii) to target prevention
and control operations (moderating fertilization;
increasing vole and mole gallery disturbance by
ploughing and grazing/cattle trampling; trapping and/
or chemical control) in the parcels ‘at risk’ as early as

possible in the cycle phase (specifically, during the
low density phase). However, to be more efficient and
considering ecological forces (predation, dispersal
sink, etc.) that are implied in small mammal regula-
tion, this approach at local scale should also be
completed by supplementary actions directed at the
inclusive contexts (e.g. landscape and practices on
areas that are much larger than a farm holding).
Actually, they must integrate the consequences of
decisions taken by a broad array of land owners and
stakeholders and this implies that a consistent policy
should be designed explicitly considering the multi-
scale and multiple usage of landscape in areas where
controlling small mammal population outbreaks is an
issue.
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