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spatial ecology of the root vole Microtus oeconomus

OTTAR N. BJORNSTAD, HARRY P. ANDREASSEN and ROLF A. IMS*
Department of Biology, Division of Zoology, University of Oslo, PO Box 1050, Blindern, N-0316 Oslo, Norway

Summary

1. The effect of habitat patchiness and connectivity on dispersal distances and spatial
aggregation of individuals is investigated in 12 enclosed populations of the root vole,
Microtus oeconomus, employing a factorial experimental design with three different
patch configurations and two distinct geographical root vole strains. The three patch
configurations, all with an identical total area, were: two large patches, six small
patches and six small patches connected by corridors.

2. The populations were followed for three generations (13 weeks) using live-trapping.
Matrilineal relationships, time and place of birth, and weekly home ranges were
established for the 1155 individuals in the study.

3. Smaller patch sizes enhanced dispersal, but most for one of the strains. The strain
difference is, tentatively, explained by inbreeding avoidance which is known to differ
between the strains.

4. The effect of habitat configuration on the dispersion pattern was similar for the
two strains. Increased patchiness increased the aggregation of individuals. The two
sexes diverged in their response, however, females being more aggregated than males.
5. The spatial pattern of matrilinearity was used as an indication of the resulting effect
of habitat configuration on the demic structure in space. Patchiness enhanced and
connectivity decreased the substructuring.
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Introduction

Habitat patchiness is believed to affect most aspects
of the biology of a population. Allee effects (Dennis
1989; Burgman, Ferson & Akgakaya 1993), popu-
lation size and effective population size (Chesson
1981; Boecklen 1986; Lande & Barrowclough 1987;
Fahrig & Paloheimo 1988; Pearman & Wilbur 1990;
Foster & Gaines 1991, La Polla & Barrett 1993;
Diffendorfer, Gaines & Holt 1995), intraspecific com-
petition (Rennau 1991; Bjernstad & Hansen 1993),
immigration/emigration rates (Stamps, Buechner &
Krishnan 1987), stability of the dynamics (De Jong
1979; Hassell 1980; Hassell, Comins & May 1991;
Kareiva 1990), and, ultimately, extinction rates (Lev-
ins 1970; Soulé 1986, 1987; Burgman, Akcakaya &
Loew 1988; Burkey 1989; Gilpin & Hanski 1991;
Burgman et al. 1993) have all been postulated to be
functions of habitat patchiness. Much current scien-
tific focus on these issues is centred around the process
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of habitat fragmentation by which human-induced
disturbances result in smaller, more isolated and
‘hard-edged’ patches surrounded by a hostile matrix.
One fundamental process underlying the demographic
and genetic implications of habitat fragmentation is
altered spatial pattern of the individuals (dispersion
pattern) comprising the population. The change in
dispersion is brought about through alterations of the
dispersal distance distribution. Two distinct aspects of
the fragmentation—dispersal—dispersion relation may
lead to reduced population viability.

1. Habitat fragmentation may generate aggregated
dispersion patterns if dispersal is restricted. The aggre-
gation may lead to enhanced competition in patches
of high density and to inefficient resource utilization
in patches of low density. As a result, the overall
productivity of the population is diminished.

2. The lowered rates and distances of dispersal may
result in a more structured pattern of genes in space.
This may, in turn, lead to reduced effective population
sizes and elevated levels of inbreeding and genetic
drift.
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There is a high degree of species-specificity in
responses to habitat fragmentation and patchiness
(Verboom & van Apeldoorn 1990; Wiens 1990;
Opdam 1991; Tscharntke 1992; Ims, Rolstad & Wegge
1993; Wiens et al. 1993). The effect for any given
species depends on the scale of the fragmentation rela-
tive to the ‘scale of the individual organism’ (Wiens
1989). Differential responses to small-scale frag-
mentation (fragment sizes close to the size of indi-
vidual home ranges) may be caused by differences in
behavioural mechanisms determining the space use
and movement patterns of the individuals (see Ims
1995 for a review). Two different responses with
respect to dispersal are conceivable (Ims et al. 1993).
A ‘fission response’ is when increased fragmentation
leads to increased dispersal frequencies and distances.
Conversely, a ‘fusion response’ to fragmentation is
when dispersal is reduced with increasing frag-
mentation.

The effects of habitat fragmentation on dispersal
and aggregation patterns are addressed in the present
study using an experimental approach combined with
statistical modelling. Twelve experimental popu-
lations of two geographical strains of the root vole,
Microtus oeconomus Pallas, which are known to differ
in their social organization (Ims ez al. 1993; Ims 1994;
Aars, Andreassen & Ims 1995), were subjected to vary-
ing degrees of habitat fragmentation and patch con-
nectivity at a scale suspected to affect space use and
dispersal (Ims ez al. 1993). The effect of degree of
fragmentation was studied by keeping the total hab-
itable area constant while subdividing it either into
two large or six small patches (cf. Quinn & Hastings
1987; Burgman et al. 1988; Forney & Gilpin 1988;
Gilpin 1988; Burkey 1989). The effect of connectivity
was investigated by connecting habitat patches by cor-
ridors (Simberloftf & Cox 1987; Harrison 1992; Hobbs
1992; Inglis & Underwood 1992). Three interrelated
topics pertaining to the spatial ecology of root vole
populations in fragmented habitats were investigated
in this setting. The first relates to dispersal distances:
what are the effects of patch size and patch con-
nectivity on dispersal, and are such effects sex or strain
specific? The other two topics pertain to the mani-
festations of dispersal and other spacing behaviours
on the spatial structuring of the populations: dis-
persion pattern—what are the effects of patch size and
patch connectivity on aggregation of individuals? spa-
tial patterns of relatedness—are there consistent treat-
ment effects on aggregation of relatives in space at the
scale of this experiment? The last question is par-
ticularly relevant for Microtus populations, as matri-
lineal structuring has been invoked as a key factor in
population regulation (Lambin, Krebs & Scott 1992;
Lambin 1994).

Apart from a few attempts to predict social organ-
ization in patchy habitats (Ostfeld 1992; Ims et al.
1993) the scientific study of the interactions between
individual movement/settlement decisions and spatial

structures is still in its infancy (Ims 1995; Lima &
Zollner 1996; Ims & Yoccoz 1997). Hence, we prefer
at this stage to pose these rather open questions. In
this sense, our experiment may be viewed as explora-
tory, providing information from which more specific
experiments addressing mechanistic relations may be
designed.

Material and methods

EXPERIMENTAL PLOTS AND STUDY PERIOD

The experiment was carried out in 1990 and 1991 at
Evenstad Research Station as part of the Evenstad
Project (Ims er al. 1993; Aars et al. 1995). Each year
six 0-5-ha vole-proof enclosures of meadow habitat
(hereafter termed experimental plots) harboured six
root vole populations. The ‘vole fences’ consisted of
I-m wide steel sheets sunk 0-4m into the ground.
All experimental plots were sown with a mixture of
Phleum pratense L., Festuca pratensis Huds., Agrostis
capillaris L., and Trifolium pratense L. seeds, to make
the vegetation homogeneous across patches and plots.
The plots were thoroughly fertilized every spring to
even out possible differences in nutrient levels and to
prolong the growth season for the vegetation and the
reproductive season for voles (Aars et al. 1995).

The plots were experimentally manipulated to yield
replicates of three different habitat configurations in
both years (Fig. 1). The manipulation was carried out
by keeping parts in a lawn-like fashion (height of grass
< 5cm) by mowing throughout the experimental
periods. This lawn-like matrix was not included in
the home ranges of the root vole (Ims et al. 1993). The
remaining parts were left to grow freely, forming the
habitable area and the habitat fragments (Ims et al.
1993). The sum of habitable area was 1350 m? in all
plots. The experimental area was enclosed by a
chicken-wire fence (1-5m high, sunk 0-2m into the
ground, and with an electric wire along the top) to
exclude mammalian predators. Avian predators had
free access.

The experiments commenced in early July both
years (1 and 4 July, respectively) with the release of
animals. Live trapping took place on a regular basis
every week until mid-October. To avoid inclusion of
artificial behaviour of animals shortly after the release,
the first week has been omitted from the analysis.
Hence, the study period considered here consists of
13 weeks, which corresponds to three generations of
root voles.

The two main experimental factors were habitat
configuration (three levels) and geographical origin
of the populations (two levels). The levels of habitat
configuration were (Fig. 1): two large patches (called
‘Large’ in the text below); six small patches of which
three and three were connected by 0-5-m wide cor-
ridors (‘Corridor’); and six small isolated patches
(‘Small’). The levels of geographical origin (termed
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Fig. 1. The three types of experimental enclosures: ‘Corridor’, ‘Small” and ‘Large’. Open circles represent Ugglan traps and
circles with crosses represents Ugglan traps and pitfall traps. Note the six Ugglan traps along the fences of each enclosure
(edge traps). The arrows indicate the release points of the introduced mothers with litters (matrilines) in the two years (1990
and 1991). Dark-shaded areas are habitable meadow vegetation. The light matrix represents the non-habitable transit areas.
Vole-proof fences surround each enclosure. The whole experimental area is surrounded by a predator fence.

‘strain’ hereafter) were ‘Northern’ (from Pasvik
Valley, Finnmark County, Northern Norway,
69°15'N, 29°25’E, Alt. 100 m) and ‘Southern’ (from
Valdres, Oppland County, Southern Norway,
60°45'N, 9°30’E, Alt. 800 m). The six treatment com-
binations were replicated twice in time (years: 1990
and 1991). To correct for interannual variation, year
was included as an additional (fixed) effect in the
analyses. Each plot received a different treatment
combination in the 2 years. The experimental and stat-
istical unit was the population (except for the analysis
of dispersal distances; see below).

STUDY ANIMALS AND CAPTURE REGIME

Each population was established by releasing three or
four family groups (matrilines) in each plot (1990:
three matrilines; 1991: four matrilines). Each matriline
consisted, at the time of release, of one female with
her newly weaned litter (age: 16days) raised in the
laboratory. All family groups in a population
belonged to the same strain (Northern and Southern),
but were selected to maximize within-population gen-

etic variability (as judged by laboratory pedigrees)
subject to this constraint. The release points were
selected to maximize initial spatial distance between
matrilines (Fig. 1).

The two strains have been shown to have distinct
characteristics with respect to social behaviour
(Santos, Andreassen & Ims 1995; Ims 1997), body size
(Ims 1997), sex allocation (Ims 1994; Aars et al. 1995)
and genetic diversity (Stacy et al. 1994). However,
both strains exhibit 4-year population cycles and simi-
lar habitat requirements in the wild (Wikan 1972;
Brekke & Selboe 1983). They are also similar in sea-
sonal timing of reproduction on the experimental
plots (Aars et al. 1995). In particular, reproduction,
sexual maturation and natal dispersal extend into late
October in these fertilized meadow plots (Johannesen
& Ims 1996), that is, to the end of the experimental
period.

Ugglan and pitfall traps activated 2 days per week
were dispersed at 5m intervals throughout the hab-
itable areas of the experimental plots (Fig. 1) to ensure
high capture rates and that young animals were caught
shortly after weaning (16 days) (Aars et al. 1995). In
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addition, six Ugglan traps were placed at 50-m inter-
vals in the mowed area along the fences (edge traps).
These traps were kept activated every night through-
out the study period so that frustrated emigrants were
repeatedly captured in the edge traps (Aars et al. 1995;
Johannesen & Ims 1996), and could be removed to
prevent ‘fence effects’ (Krebs, Keller & Tamarin 1969;
Ostfeld 1994). None of the populations reached
abnormally high densities (Fig.2). Upon capture of
an animal, location (on a 10 x 20 reference grid),
reproductive status and weight were recorded. Aver-
age biweekly trappability of adult females, as esti-
mated from Cormack—Jolly-Seber models, was
0-97 + 0-03 (mean + 2* SE) in 1990 and 0-92 + 0-03
in 1991 (Johannesen, Andreassen & Steen 1997;
Johannesen & Andreassen, unpublished data). The
figures for adult males are similar. Average biweekly
trappability estimates for juveniles were 0-91 + 0-04
(1990) and 0-80 + 0-07 (1991). Any unmarked animals
were marked by toe-clipping. Mother—offspring
relationships were established by means of fluorescent
pigment marking of lactating mothers in combination
with growth curves of young and mothers (to establish
birth dates). In addition 120 young were marked in
nests found by radio tracking mothers. The mother of
three of 1155 individuals could not be determined.
These are excluded from the analyses. For a full
description of the methods to determine matrilinear
relations in the populations see Aars, Andreassen &
Ims (1994) and Aars et al. (1995). The total numbers
of animals and litters recorded for the 12 populations
are given in Table 1.

Natal dispersal is the most common form of dis-
persal in microtines (Boonstra et al. 1987; Stenseth &
Lidicker 1992) and is seemingly linked to puberty (Ims
1989). Isaksen (1993) found root vole emigrants from
the age of 22days. Animals older than 30days are
assumed to have completed juvenile dispersal events

120r 1990

Southern
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and are called adult in the present study. This classi-
fication refers to dispersal only. On average, females
of the plots reach sexual maturity at the age of 33 days
and males at the age of 38 days (Isaksen 1993).

HOME-RANGE CENTRE AND LOCATION OF
BIRTH SITES

A ‘home-range centre’ was assigned to all animals
alive during the 13 weeks considered. Home-range
centres were selected as the main home ranges descrip-
tor (Andreassen et al. 1993) because a univariate mea-
sure of an individual’s ‘home site’ was required for
the subsequent analyses. The centre was estimated
from the capture data using the harmonic mean
method (Dixon & Chapman 1980), because this is
more robust to scarce trapping data than the geo-
metric centre. The centre was generally found to be
close to the centre of activity from radio tracking. The
nest, when uncovered by radiotelemetry, was always
found in the vicinity (mean = 3-6m, range = 0-0—
7-7m, n = 9) of the home-range centre as estimated
from captures. Animals alive were captured 0-8 times
a week. A total of 10722 captures were recorded for
this study. Biweekly home-range centre estimates were
calculated based on more than three captures span-
ning the shortest possible interval. In this way, the
data set consisted of 2800 home-range centres for the
1155 animals. For the intervals in which an animal
was never captured, but known to be alive, a location
was interpolated from the estimates in the previous
and the subsequent interval. A total of 191 interpo-
lations were required for the trappable part of the
population. Home-range analyses were carried out
using Ranges [Va (Kenward 1990).

Dispersal distances were estimated for all marked
individuals that survived to at least 30days of age
during the experimental period. The analysis of dis-
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Fig. 2. Population trajectories of the 12 root vole populations by strain, year and fragmentation pattern from the time of
release of the founding animals (matrilines) until the time of termination of the experiments (week 42). Population sizes are
based on numbers of animals known to be alive. [], Large fragment plots; O, Small fragment plots; 4, Corridor plots.
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Table 1. The total number of individuals and litters included in the analyses. The numbers in brackets gives the number of
litters. ‘Configuration’ represents the levels of habitat configuration: L = Large; C = Corridor; S = Small

Configuration Totals
Strain Year L C Subtotals Strain Grand
Northern 1990 62 (10) 101(18) 63(12) 226(40) 647(112) 1155(222)
1991 135 (26) 154(25) 132(21) 21(72)
Southern 1990 114 (18) 71(11) 83(15) 268(44) 508(110)
1991 85 (16) 71(14) 84(16) 240(46)

persal distances thus embraced 821 animals from 202
litters. The dispersal distance was measured as the
distance between the estimated birth site and the aver-
age home-range centre from trappable age.

ANALYSIS OF DISPERSAL DISTANCES

Dispersal is known to be correlated within litters in
small mammals (Hilborn 1975; Beacham 1979; Mas-
sot et al. 1994). To avoid violation of the assumption
of independence of observations underlying statistical
testing (Massot et al. 1994) the litter was used as the
statistical unit. To assess differences between the sexes
the average of any females in the litter and the average
of any males were calculated separately. In this way,
259 means were calculated from the 821 individuals
and 202 litters. These were investigated using a linear
model with: habitat configuration (three levels); strain
(two levels); year (two levels); sex (two levels); and
date of birth (continuous). The latter variable is a
covariate in time that may be seen as a fudge factor of
the unmanipulated and uncontrolled seasonal aspects.
Included in this will be effects of increased density
through the experimental period. Trying to separate
these effects is not statistically permissible because all
these uncontrollable latent variables are likely to be
highly multicolinear (Kleinbaum, Kupper & Muller
1978). Pairwise interactions were eliminated by step-
wise selection (p.; = 0.10). The dependent variable
(mean dispersal distance) was log-transformed to sta-
bilize the variance. The analysis was carried out using
SAS version 6-08 (SAS Institute 1990).

ANALYSIS OF DISPERSION PATTERNS

To investigate the overall dispersion pattern of the
root vole populations, all captures (n = 10722) were
partitioned in biweekly intervals. Two different coun-
ting schemes for quantifying dispersion patterns were
employed, one summing up all captures during each
biweekly interval regardless of identity of the trapped
vole, the other summing the number of different ani-
mals captured. The first emphasizes the space use of
the individuals and, hence, measures aggregation in

the population. The second emphasizes the identity of
the individuals and is more in line with the con-
ventional way of measuring aggregation of individuals
(Myers 1978). The sexes were treated separately in
both counting schemes.

The metric distance between traps was calculated
to give a matrix of distances, and the captures were
arranged to give an array consisting of the counts at
each trap station for the biweekly interval (Fig. 3).
The spatial patterns in the data were investigated using
the Moran’s index (Gloaguin & Gautier 1981; Carp-
enter & Chaney 1983) as calculated by ‘R’ for the
Macintosh (Legendre & Vaudor 1991). The degree of
correlation within the neighbourhood of 20m was
used as the index of dispersion—positive values of the
coeflicient signify an aggregated pattern and negative
values signify a regular pattern. The advantage of this
index as the measure of dispersion is that it will allow
comparison between the different habitat geometries.
Such would not be the case using a quadrate-based
method with the fragment as a quadrate.

Biweekly estimates of the aggregation coefficients
were produced for each experimental plot and
arranged into a time series. The series were inves-
tigated with respect to the experimental factors strain
and habitat configuration. They were also investigated
with respect to difference between the two years and
differences between the sexes. The analysis was carried
out with a repeated measure ANOVA (PROC GLM;
SAS Institute 1990). Time was modelled as the within-
subject effect (as a polynomial as suggested by Littell,
Freund & Spector 1991) and treatment, strain, year
and sex were modelled as between-subject effects. As
for the analysis of dispersal distances, the time variate
is a fudge factor of a variety of correlated non-
controllable factors, such as season, photoperiod and
density. Mauchly’s test criterion for the validity of
univariate F-test for within-subject effects (changes in
time) was employed (LaTour & Miniard, 1983). This
revealed strong departure from the assumptions (y>-
approximation = 41-74, d.f = 20, P = 0-003). Hence,
a multivariate test statistic was used to evaluate any
changes in time. Pillai’s trace was chosen, as this is
the multivariate test with greatest robustness to the
assumption of normality (Olson 1974).
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Fig. 3. A graphical representation of the analysis of the dispersion patterns. The number of captures in each trap () is counted
and sorted to produce an array of numbers. The distances between all traps (5_) are calculated and arranged in a distance
matrix. The autocorrelation analysis consists of measuring spatial dependence between points at different distances apart.
Spatial dependence between traps at a distance of zero to 20 m is used as the index of dispersion.

ANALYSIS OF SPATIAL PATTERNS OF
RELATEDNESS

The low genetic variability of these two strains of root
voles, documented from natural populations (Stacy et
al. 1994) prohibited the use of biochemical markers
for establishing paternity in the experimental popu-
lations so ‘relatedness’ is taken to mean matrilineal
proximity. This quantity was measured by the distance
between the animals in the matrilineal pedigree.
Mother-offspring and full sibs (first-order relatives)
were given a value of 1/2, ‘half sibs’ (the same mother
but different litter) were assigned a distance of 1—
(1/2)*. Generally the genetic distance between two
animals was assigned the value of 1—(1/2)", were n is
the number of branches separating the two in the
family tree. Animals of different matrilines were
consequently considered of distance 1 from each
other. Mantel correlograms, the multidimensional
analogue of the standard correlograms (Legendre &
Fortin 1989; Legendre 1993), were applied to inves-
tigate the extent to which patterns of relatedness
(matrilineal relationships) were clustered in space. For
this analysis, all matrilineal distances were assigned to
three discrete classes (first-order relatives, more dis-
tant relatives and different matrilines). Aggregation

of relatives will show up in the correlogram as positive,
significant correlation for the first classes. The analysis
was carried out on all adult animals at the week of
peak density (sexes separate).

The mantel correlation coefficient (Manly 1991;
Legendre 1993) was used to measure the correlation
between the matrilineal and spatial proximity of indi-
viduals (Fig. 4) as calculated by ‘R’ for the Macintosh
(Legendre & Vaudor 1991). The correlation
coeflicients were computed for biweekly intervals for
the two sexes separately. The time series of mantel
correlation coefficients were investigated with respect
to strain, habitat configuration, year and sex using a
repeated measure ANOVA (in the same way as for the
analysis of dispersion pattern). Due to the low number
of adult animals in some of the experimental plots,
the analysis could only be carried out on correlation
coeflicients estimated from adults and juveniles pooled
together. Data for weeks 33-34 was excluded due to
missing values. The univariate test for significance
of the within-subject effect (time) was employed, as
Mauchly’s test criterion for its validity did not pro-
hibit such an approach (y*-approximation = 21-22,
d.f. =14, P =0-09). The Greenhouse—-Geisser cor-
rection for heterogeneous variance was employed
(LaTour & Miniard 1983).



133

O.N. Bjornstad,
H.P. Andreassen &
R.A. Ims

© 1998 British
Ecological Society
Journal of Animal
Ecology, 67, 127-140

Matrilineal
pedigree

Idl In2 I3 nd Ind
10 8, 8, . BB
Ind3 8, 0 8,

8}] 6}2
Indl 5,

N -SM . 0]

Matrix of distances -
home range centres

Indl 2 Ind3 Ind IndN
1’% 0 8!»2 813 Bh Sl—n-
e la 008,

8}I 2
s,

v B - 0

Matrix of distances -
matrilines

Fig.4. A graphical representation of the analysis of spatial pattern of relatedness using bivariate Mantel analysis. Two
measures of proximity between individuals were correlated using mantel correlation: matrilineal distances (d,.) and distances
between home-range centres (d,). Correlations were carried out for every biweekly interval in the full analysis.

Results

DISPERSAL DISTANCES

The patterns of dispersal were found to be both strain
and habitat specific (Fig. 5). Date of birth of the litter
was, furthermore, found to be an important covariate.
Dispersal distances showed a general decrease
through the season, and more so in 1991 than 1990
(possibly as an effect of increasing density being most
pronounced in 1991; Fig.2). The interaction terms
persisting in the model after variable selection
were those between date-of-birth and year (date-
of-birth*year:  Fj,5 =369, P =0:056, partial
* ~ 1:5%), strain and year (strain*year:
Fy,50 =323, P=0074, partial >~ 1-:3%), and
strain and habitat configuration (strain*habitat con-
figuration Fj,s5 = 27, P = 0-070, partial * =~ 2:1%).
All the main effects in the model except sex (sex:
Fi,5 =068, P =051, partial > ~ 0-5%) were of
some importance (habitat configuration:
Fy550 = 10-75, P < 0-0001, partial r* ~ 8-5%; strain:

Fia50 = 6:45, P=0-012, partial 1’ ~2-:5%, year:
Fi,5 = 34, P =0-066; date-of-birth: F,5 = 89-93,
P < 0-0001, partial r* ~ 22%). In general, the longest
dispersal distances were attained in the plots with
small fragments (irrespective of corridors or not)
(Fig. 5). The Southern strain attained generally longer
dispersal distances than the Northern strain, in par-
ticular in plots with small fragments. In total 40% of
the variation in dispersal distances was explained by
the model, of which habitat configuration and strain
together accounted for 13%.

DISPERSION PATTERN

The two counting schemes for quantifying the dis-
persion pattern, one counting number of captures per
trap, the other counting number of individuals per
trap gave virtually identical values of the Moran
index. The data for the first counting scheme were
used for further analyses.

The repeated-measures analysis of variance of the
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Fig. 5. Dispersal distances of the voles classified by strain and habitat configuration. The least-square mean estimates of (litter-
averaged) dispersal distances with 95% error bars obtained from the model described in the text. The medians and means are
given at the bottom with number of individuals and, in brackets, the number of litters.

biweekly estimated dispersion indices revealed that
habitat configuration significantly altered the mean
level of aggregation (habitat configuration:
F,,6=12-18, P < 0:001, partial r* ~ 42%; Table?2,
Fig. 6). The two sexes responded differently to the
habitat configurations, indicated by the interaction
term (sex: F, ;¢ = 0-49, P = 0-49, partial > =~ 0-8%;
habitat configuration*sex: F, s =639, P = 0-009,
partial r* ~ 22%). The pattern of aggregation of
females with respect to habitat configuration was
Large < Corridor < Small, whereas that of males was
Large < Small < Corridor (Table2). Habitat con-
figuration and sex together explained 65% of the
population level (between-subject) variation in aggre-
gation. None of the other main factors had significant
effects on the dispersion pattern (strain: F, ;4 = 2-26,
P =015, partial r*~4%; year: F,,;c=239,
P = 0-14, partial r* ~ 4%). Pairwise interaction terms

Table 2. Pairwise contrasts between the levels of the sig-
nificant effects and interaction in the repeated measure
ANOVA of dispersion pattern. Capital letters represents habi-
tat configuration: L = Large, C = Corridor, S = Small, and
F = females, M = males. Degrees of freedom are 1, 16 for
all F-tests

Contrasted

levels Difference in Moran 1 F-value  P-value
F:L-C 0:03-0:06 = —0-03 3-50 0-078
F:L-S 0-03-0-15 =-0-12 7-04 0-016
F:C-S 0:06-0-15 = —0-09 0-61 0-444
M:L-C 0:04-0-13 = -0-09 371 0-070
M :L-S 0-04-0-09 = —0-05 0-00 0-966
M:C-S 0-13-0:09 = 0-04 3-54 0-076
L:F-M 0:03-0-04 = —0-01 0-53 0-476
C:F-M 0-06-0-13 = —-0-07 0-55 0-470
S:F-M 0-15-0:09 = 0-06 0-25 0-624
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Fig. 6. Box plots depicting the distribution of the indices of
aggregation of individuals (Moran I), classified by strain and
habitat configuration. Vertical bars represent the medians,
the large rectangular boxes represent 25% and 75% quar-
tiles, the horizontal bars represent the 5th and the 95th per-
centiles. The scale for the box plots is given by the horizontal
axis at the bottom of the panel. Each box plot is based on
the seven biweekly estimates for each sex for each of the two
years (n = 28).

(other than strain*sex) were all insignificant at the
10% level.

The degree of aggregation increased significantly
through time for females, but not for males (females:
Pillai’s trace = 0-99, F, = 3531, P = 0-02; males:
Pillai’s trace = 0-81, Fy, = 142, P = 0-46). All inter-
actions between time and the other factors were insig-
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nificant (P > 0-3). The data are, hence, consistent with
the hypothesis that the dispersion pattern has a quali-
tatively similar development through time in all
treatments.

SPATIAL PATTERN OF RELATEDNESS

The mantel correlograms based on adult animals for
the week with highest density for each plot show that
matrilineal relatedness was structured in space
(Fig. 7). The first-order relatives are significantly spa-
tially clustered and females more than males.

The repeated-measures analysis of variance shows
that the matrilineal correlation in space was stronger
when estimates were based on all animals (both adults
and juveniles) of the populations, as a proportion of
these are pre-dispersal animals. However, the trends
are qualitatively the same for both data sets (Fig. 8).

All the main effects—possibly excluding sex—were
significant (habitat configuration: F,,, = 19-17,
P < 0:001, partial r* ~ 33%,; strain: F,j, =21-97,
P <0001, partial >~ 19%; year: F,,, = 1991,
P <0-001, partial r*~17%; sex: F) 4= 356,
P = 0-080, partial r* ~3%). The only significant
interaction between the main effect was between habi-
tat configuration and year (habitat con-
figuration*year: F,,, =873, P =0004, partial
r* &~ 15%; all other: P > 0-15). The overall model
explains 88% of the (between-subject) variation in
the matrilineal structuring of the populations. Habitat
configuration and strain have dominant effects on the
pattern. The difference between year is, however, also
strong.

When contrasting the levels of the main effects
(Table 3) the interaction between year and habitat

Table 3. Pairwise contrasts of the mantel correlation

04 coefficients for levels of the main effects in the repeated-
measure ANOVA of matrilineal clumping in space. The
03 + coefficients reflect the degree of clumping of the matrilines in
= 02 space. Capital letters represents habitat configuration:
= [ L = Large, C = Corridor, S = Small. Degrees of freedom
g 01 L are 1, 14 for all the F-tests
=
< . .
5 0 Difference in mean
g?) 01 L Contrasted levels mantel r F-value P-value
<
-02 L Female-Male 0-45-0-44 = 001 3-56 0-080
03 Northern—Southern 0-48-0-41 = 0-07 2197 <0-001
Fi Jati Distz lati dati
irst relatives istant relatives Non-relatives 90 L-C 0-25-0-41 — —0-16 2.18 0-16
Fig.7. Mantel correlograms of matrilineal distances in space 90:L-S 0-25-0-55 =-0-30 41-33 <0-001
for adult individuals. The correlations (R) depicted are aver- 90:C-S 0-41-0-55 =-0-14 1981 <0-001
ages across all enclosures in the week of peak density for 91:L-C 0-47-0-49 =-0-02  0-38 0-54
both years. First-order relatives represents mother-daughters 91:L-S 0-47-0-53 = -0-06  0-98 0-34
and full sibs, distant relative represents animals (other than 91:C-S 0-49-0-53 = —0-04 2-33 0-14
first-order relatives) of the same matriline and non-relatives
represents animals of different matrilines. Females are rep- L:90-91 0-25-0-47 =-0-22 2580 <0-001
resented by shaded bars and males are represented by open C:90-91 0-41-0-49 =-0-08 593 0-028
bars. Only the correlation of female first-order relatives is S:90-91 0-55-0-53 = 0-03 0-13 0-72
significant throughout (asterix).
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Fig. 8. Mean matrilineal aggregation in space as measured with the mantel coefficient (R) for various experimental factors
averaged over experimental season. Solid lines represent estimates and error bars based on all animals of the populations;
dotted lines represent estimates based on the adult part of the population. ‘Configuration’ represents habitat configuration,
L = Large, C = Corridor and S = Small. F = females and M = males. The error bars are not corrected for the other variables
in the fitted models (see text). They are therefore more conservative than the 95% C.I.
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configuration is clear: 1990 exhibited large significant
differences between the habitat configurations,
whereas 1991 did not. Note, however, that the gradi-
ent in matrilineal clumping is the same in both years:
Small > Corridor > Large (Table3, Fig.8). The
Northern strain is more aggregated in space with
respect to matrilines than the Southern strain, and the
year 1991 had a more aggregated pattern than the
year 1990. The differences between years may again
be associated with the high densities of the Northern
strain in the second year (Fig. 2). There was significant
increase in the matrilineal aggregation through time
(Greenhouse—Geisser corrected: Fs50 =998,
P,;<0-001). The only one significant interaction
between time and any of the main effects was between
time and year (G-G corrected: Fs ;o =421
P,; = 0-01; all other: P, > 0-15).

SYNTHESIS OF RESULTS

The main results considering the dispersal and dis-
persion responses of root voles to the experimental
variables (habitat configuration and strain) can be
summarized as follows.

1. Dispersal distance distribution was found to be
altered by habitat patchiness, but more so for the
Southern than the Northern strain. Dispersal dis-
tances increased as a response to fragmentation, but
seemed relatively less affected by connectivity.

2. Habitat fragmentation increased structuring of
populations both with respect to general aggregation
of animals and with respect to spatial clumping of
matrilines. Populations in small patches exhibited
more clumped patterns than those in large patches.
3. Connectivity significantly diminished the spatial
aggregation of females and increased the spatial aggre-
gation of males.

4. Connectivity diminished the matrilineal aggre-
gation of both sexes for both strains.

The relationships between population estimates of
sex-specific dispersal distances and the two aggre-
gation indices, as well as between the sex-specific dis-
persal distances and a measure of genetic het-
erogeneity (matrilineal diversity) of the populations
can be summarized as follows (see Table 4).

(i) Females: longer mean dispersal distances at the
population level were associated with less genetic

structuring in space and less matrilineal diversity in
the population as a whole.

(i) Males: there was an association between dispersal
and population level aggregation, supporting the
notion that males that move frequently are better at
detecting and aggregating around temporal hot-spots
(presumably receptive females: see Ims 1987, 1988).

Discussion

EXPERIMENTAL SETTING: SPATIAL ASPECTS

Population ecological studies in general, and par-
ticularly those focusing explicitly on effects of spatial
structures, should be designed and interpreted with
emphasis on the spatial scaling of the study relative
to that of the study animal (Morris 1987; Wiens 1989;
Gascon & Travis 1992).

In the present study, being a manipulative experi-
ment, we drew on previous knowledge of the exper-
imental animals (Tast 1966, 1968; Ims er al. 1993)
to select appropriate habitat characteristics for the
themes in question. A contrasting patch mosaic (with
a hostile, uninhabitable matrix habitat) was chosen to
maximize the effects of the manipulations within the
rather small spatial extent of the study plots. Pro-
nounced habitat contrasts in patchy (fragmented)
habitats are, furthermore, an increasingly common
setting for root vole populations in parts of its geo-
graphical range (Tast 1968; Van Apeldoorn et al.
1992; Bergers, Van Apeldoorn & Bussink 1994).

In the present study the experimental scaling was
as follows.

1. Fragment size: the total home-range size of females
in continuous and homogeneous meadow habitat is
comparable to the size of the small fragments (225 m?),
while the defended part of the female home ranges is
one-quarter to one-third the size of a small fragment
(Ims et al. 1993). Even the small fragments contained
several resident breeding females (Andreassen, Hertz-
berg & Ims 1997).

2. Inter-fragment distance: the shortest distance to
adjacent fragments was 15 m for all fragments. Given
the locomotory abilities of root voles, this is a short
distance. Root voles in the wild can move up to 1 km
during one night (Steen 1994). Animals in our
enclosed populations were observed crossing the inter-

Table 4. Spearman rank correlation between mean dispersal distances, mean aggregation (measured by the Moran I), mean
matrilineal clumping (measured by the mantel R) and mean matrilineal diversity (measured by a standardized Shannon index
of proportional abundance of the different matrilines; H.P. Andreassen & R.A. Ims, unpublished information). The means
are taken across the experimental season. n = 12 for all correlations

Matrilineal aggregation

Individual aggregation

Matrilineal diversity

Mean dispersal females
Mean dispersal males

p=-0-50, P = 0-10
p=-028, P =038,

p=012,P =072
p =059, P =005

p =062, P =003
p=-031,P=033




137

O.N. Bjornstad,
H.P. Andreassen &
R.A. Ims

© 1998 British
Ecological Society
Journal of Animal
Ecology, 67, 127-140

fragment area (Andreassen et al. 1997). However,
adult females and young (predispersal) individuals did
not generally include more than one unconnected
fragment when maintaining stable home ranges (Ims
et al. 1993; Aars et al. 1994, 1995). Moreover, we have
earlier shown that 4-m gaps in linear habitats impede
movements significantly (Andreassen, Ims & Steinset
1996a).

3. Connectivity: Andreassen, Halle & Ims (1996b)
show that narrow lanes of grass are perceived by the
root voles as corridors—they move through them
more readily than across barren ground, but less read-
ily than through wider habitats. Also, recent experi-
ments on M. pennsylvanicus have shown that habitat
corridors at a similar scale to the present, increase
movement rates between patches (La Polla & Barrett
1993).

4. Extent (size of enclosures): enclosures gave com-
plete control of spatial scale of the study populations,
in contrast to open populations, which always will be
part of a larger system (Holt 1994), such as a source-
sink system (Pulliam 1988). However, enclosures
impose artefactual constraints on the study popu-
lations; for instance, no dispersal distances longer
than =~ 100m were possible. Animals attempting
long-distance movement were removed as emigrants
and lost from sight. Hence, the dispersal distance dis-
tributions is truncated by the spatial extent of the
study. The removal of frequently edge-trapped indi-
viduals prohibited artificially high aggregations of
individuals and/or ‘fence effects’ due to abnormally
high densities (Krebs er al. 1969; Ostfeld 1994). No
effects of frustrated dispersal were observed; for exam-
ple, sex ratio (Aars et al. 1995), which may reflect sex-
biased dispersal (generally found in Microtus; Boon-
stra et al. 1987), was within the limits of what is
observed in natural populations (Tast 1966; Lambin,
Krebs & Scott 1992).

In summary, the scaling of this experiment, allow-
ing frequent but configuration-specific exchanges
between patches inhabited by small groups of breed-
ing individuals, resembles a patchy population rather
than a metapopulation (Taylor 1991; Burgman et al.
1993).

PATTERNS OF DISPERSAL AND DISPERSION

The two geographical strains of the root voles had
divergent dispersal responses to the habitat con-
figurations. The Southern strain exhibited a ‘fission
response’: when habitat was fragmented, they
increased dispersal distances (Fig.5, below). The
increase is evident regardless of connectivity of the
patches. In contrast, the Northern strain had more
modest dispersal distances, especially in the small frag-
mented populations, and this strain was generally
more aggregated than the Southern strain. Mean dis-
persal distances of females (at the population level)
was negatively correlated with matrilineal diversity in

the populations (Table4). If the matrilineal com-
ponent to genetic change in the populations is larger
than the paternal, as has been indicated in population
genetic studies of M. pennsylvanicus (Sheridan & Tam-
arin 1988), our results may imply that a lower level of
genetic variation is preserved in the populations with
higher rates of dispersal. This phenomenon has been
anticipated by Boecklen (1986). Note, however, that
this conjecture remains speculative until more specific
population genetic studies have been conducted.

Habitat patchiness was found to change the pro-
cesses of dispersal of individuals and thereby increase
aggregation of relatives and of individuals in general.
The findings corroborate earlier theoretical and
empirical findings and conjectures (Stamps et al. 1987;
Ostfeld 1992; Ims et al. 1993).

INBREEDING, MATRILINEAL CLUMPING AND
DISPERSAL

The two strains have shown differences in response to
inbreeding in laboratory conditions. The Southern
strain exhibits inbreeding avoidance and signs of
inbreeding depression, whereas no such phenomenon
is apparent for the Northern strain (Santos et al.
1995). The present analysis from the field corroborates
this pattern: the Northern strain, which is most resist-
ant to inbreeding, naturally exhibited a stronger
matrilineal clumping in space. Also detailed studies
on home-range use of sexually mature females based
on radiotelemetry show that there is more space shar-
ing between related females in the Northern strain
(Andreassen et al. 1997). The differences between the
geographical races were reflections of their dispersal
patterns. The Southern strain seemed more compelled
to move than the Northern strain if patches were
small, regardless of connectivity. Bollinger, Harper &
Barrett (1993) recently demonstrated that inbreeding
avoidance influences dispersal in meadow voles (M.
pennsylvanicus).

Ims et al. (1993) proposed two classes of responses
to increased patchiness. Increased aggregation as
home ranges were squeezed and dispersal inhibited
was termed a ‘fusion response’ (see also Ostfeld 1992
for similar scenarios). Less aggregation as individuals
incorporate several patches in their home range or
increase their dispersal effort was termed a ‘fission
response’. The Northern strain is found to exhibit a
fusion response and the Southern a fission response.
These responses may well be adaptive in their natural
environments. They are conceivably a result of selec-
tion under varying costs of dispersal and inbreeding.
Future studies may elucidate which of these two spa-
tial life history strategies renders a population less
sensitive to increased fragmentation.

Acknowledgements

Thanks to Torstein Storaas and District College of
Hoedemark, Division Evenstad for allowing the use



138

Habitat effect on
spatial ecology of
root voles

© 1998 British
Ecological Society
Journal of Animal
Ecology, 67, 127-140

of the college grounds. Financial support was received
from the Norwegian Research Council and the
Nansen Foundation. Pierre Legendre and Nigel G.
Yoccoz have provided valuable help with the stat-
istical aspects. Thomas F. Hansen, Xavier Lambin,
Inger Nordal, Harald Steen, Audun Stien and Nils
Chr. Stenseth have read and commented on various
drafts of the manuscript.

References

Aars, J., Andreassen, H.P. & Ims, R.A. (1994) Fluorescent
pigment vs. capture data for establishing offspring nursing
mother relation in small mammals. Mammalia, 58, 649—
655.

Aars, J., Andreassen, H.P. & Ims, R.A. (1995) Root voles
(Microtus oeconomus): Litter sex ratio variation in frag-
mented habitat. Journal of Animal Ecology, 64, 459-472.

Andreassen, H.P., Ims, R.A., Stenseth, N.C. & Yoccoz, N.G.
(1993) Investigating space use by means of radiotelemetry
and other methods: a methodological guide. The Biology
of Lemmings (eds N. C. Stenseth & R. A. Ims), pp. 589—
618. Academic Press, London.

Andreassen, H.P., Halle, S. & Ims, R.A. (1996b) Optimal
width of movement corridors: Not too wide and not too
narrow. Journal of Applied Ecology, 33, 63-70.

Andreassen, H.P., Ims, R.A. & Steinset, O.K. (1996a) The
effects of discontinuity of movement corridors on male
root vole movements. Journal of Applied Ecology, 33, 555—
560.

Andreassen, H.P., Hertzberg, K. & Ims, R.A. (1997) Space
use responses to habitat fragmentation and connectivity
in the root vole Microtus oeconomus. Ecology (in press).

Beacham, T. D. (1979) Dispersal tendency and duration of
life of littermates during population fluctuations of the
vole Microtus townsendii. Oecologia, 42, 11-21.

Bergers, P.J.M., Van Apeldoorn, R.C. & Bussink, H.
(1994) Spatial dynamics of fragmented root vole (Microtus
oeconomus) populations: preliminary results. Polish
Ecological Studies, 20, 101-105.

Bjernstad, O.N. & Hansen, T.F. (1993) Individual variation
and population dynamics. Oikos, 69,167-171.

Boecklen, W.J. (1986) Optimal design of nature reserves:
Consequences of genetic drift. Biological Conservation, 38,
323-338.

Bollinger, E.K., Harper, S.J. & Barrett, G.W. (1993) Inbreed-
ing avoidance increases dispersal movements of the mea-
dow vole. Ecology, 74, 1153-1156.

Boonstra, R., Krebs, C.J., Gaines, M.S., Johnson, M.L. &
Craine, I.T.M. (1987) Natal philopatry and breeding sys-
tems in voles (Microtus spp.). Journal of Animal Ecology,
56, 655-673.

Brekke, O. & Selboe, R. (1983) Smépattedyr. Natur og men-
neske i vassfaret (ed. K. Elgmork), pp. 78-86. Univ-
ersitetsforlaget, Oslo (in Norwegian).

Burgman, M.A., Ak¢akaya, H.R. & Loew, S.S. (1988) The
use of extinction models for species conservation. Bio-
logical Conservation, 43, 9-25.

Burgman, M.A., Ferson, S. & Ak¢akaya, H.R. (1993) Risk
Assessment in Conservation Biology. Chapman & Hall,
London.

Burkey, T.V. (1989) Extinction in nature reserves: The effect
of fragmentation and the importance of migration between
reserve fragments. Oikos, 55, 75-81.

Carpenter, S.R. & Chaney, J.E. (1983) Scale of spatial pat-
tern: Four methods compared. Vegetatio, 53, 153-160.

Chesson, P.L. (1981) Models for spatially distributed popu-

lations: The effect of within-patch variability. Theoretical
Population Biology, 19, 288-325.

De Jong, G. (1979) The influence of the distribution of juv-
eniles over patches of food on the dynamics of a popu-
lation. Netherlands Journal of Zoology, 29, 33-51.

Dennis, B. (1989) Allee effects: Population growth, critical
density, and the chance of extinction. Natural Resource
Modelling, 3, 481-538.

Diffendorfer, J.E., Gaines, M.S. & Holt, R.D. (1995) Habitat
fragmentation and movements of three small mammals
(Sigmodon, Microtus and Peromyscus). Ecology, 76, 827—
839.

Dixon, K.R. & Chapman, J.A. (1980) Harmonic mean mea-
sure of animal activity areas. Ecology, 61, 1040-1044.

Fahrig, L. & Paloheimo, J. (1988) Determinants of local
population size in patchy environments. Theoretical Popu-
lation Biology, 34, 194-213.

Forney, K.A. & Gilpin, M.E. (1988) Spatial structure and
population extinction: A study with Drosophila flies. Con-
servation Biology, 3, 45-51.

Foster, J. &. Gaines, M..S. (1991) The effect of a successional
habitat mosaic on a small mammal community. Ecology,
72, 1358-1373.

Gascon, C. & Travis, J. (1992) Does the spatial scale of
experimentation matter? A test with tadpoles and dragon-
flies. Ecology, 73, 2237-2243.

Gilpin, M.E. (1988) A comment on Quinn and Hastings:
Extinction in subdivided habitats. Conservation Biology,
2, 290-293.

Gilpin, M.E. & Hanski, I. (1991) Metapopulation dynamics:
Empirical and theoretical investigations. Biological Jour-
nal of the Linnean Society, 42, 1-323.

Gloaguin, J.C. & Gautier, N. (1981) Pattern development of
the vegetation during colonization of a burnt heathland in
Brittany (France). Vegetatio, 46, 167-176.

Harrison, R.L. (1992) Toward a theory of inter-refuge cor-
ridor design. Conservation Biology, 6, 293-295.

Hassell, M.P. (1980) Some consequences of habitat het-
erogeneity for population dynamics. Oikos, 35, 150—-160.
Hassell, M.P., Comins, H.N. & May, R.M. (1991) Spatial
structure and chaos in insect population dynamics. Nature,

353, 255-258.

Hilborn, R. (1975) Similarities in dispersal tendency among
siblings in four species of voles (Microtus). Ecology, 56,
1221-1225.

Hobbs, R.J. (1992) The role of corridors in conservation:
Solution or bandwagon? Trends in Ecology & Evolution,
7, 389-392.

Holt, R.D. (1994) Ecology at the mesoscale: The influence
of regional processes on local communities. Community
Diversity: Historical and Geographical Approaches (eds R.
Ricklefs & D. Schluter), pp. 77-88. University of Chicago
Press, Chicago.

Ims, R.A. (1987) Male spacing systems in microtine rodents.
American Naturalist, 130, 475-484.

Ims, R.A. (1988) Spatial clumping of sexually receptive
females induces space sharing among voles. Nature, 335,
541-543.

Ims, R.A. (1989) Kinship and origin effects on dispersal and
space sharing in Clethrionomys rufocanus. Ecology, 70,
607-618.

Ims, R.A. (1994) Litter sex ratio variation in laboratory
colonies of two geographically distinct strains of the root
vole Microtus oeconomus. Ecography, 17, 141-146.

Ims, R.A. (1995) Movement patterns related to spatial struc-
tures. Mosaic Landscapes and Ecological Processes (eds L.
Hansson, L. Fahrig & G. Merriam), pp. 85-109. Chapman
& Hall, London.

Ims, R.A. (1997) Geographic variation in growth rates and
reproductive traits in the root vole Microtus oeconomus.
Ecology, 78, 461-470.



139

O.N. Bjornstad,
H.P. Andreassen &
R.A. Ims

© 1998 British
Ecological Society
Journal of Animal
Ecology, 67, 127-140

Ims, R.A., & Yoccoz, N.G. (1997) Studying transfer pro-
cesses in metapopulations: Emigration, migration and
colonization. Metapopulation Dynamics: Ecology, Genetics
and Evolution (eds 1. Hanski & M. E. Gilpin), pp. 247-
265. Academic Press, London.

Ims, R.A., Rolstad, J. & Wegge, P. (1993) Predicting space
use responses to habitat fragmentation: Can voles Mic-
rotus oeconomus serve as an experimental model system
(EMYS) for cappercaillie grouse Tetrao urogallus in boreal
forest? Biological Conservation, 63, 261-268.

Inglis, G. & Underwood, A.J. (1992) Comments on some
designs proposed for experiments on the biological import-
ance of corridors. Conservation Biology, 6, 581-586.

Isaksen, K. (1993) Habitat fragmentation: Demographic
effects on root voles (Microtus oeconomus). Cand. Scient.
thesis, University of Oslo.

Johannesen, E. & Ims, R.A. (1996) Modelling survival rates:
Habitat fragmentation and destruction in root vole exper-
imental populations. Ecology, 77, 1196-1209.

Johannesen, E, Andreassen, H.P. & Steen, H. (1997) Effects

of radiocollars on the survival of root voles. Journal of

Mammalogy, 78, 638—642.

Kareiva, P. (1990) Population dynamics in spatially complex
environments: Theory and data. Philosophical Trans-
actions of the Royal Society London, Series B, 330, 175—
190.

Kenward, R. (1990) Ranges IV: Software for Analysing Ani-
mal Location Data. ITE, Wareham, UK.

Kleinbaum, D.G., Kupper, L.L. & Muller, K.E. (1978)
Applied Regression Analysis and Other Multivariable
Methods. Duxbury Press, North Scituate, MA.

Krebs, C.J., Keller, B.L. & Tamarin, R.H. (1969) Microtus
population biology: Demographic changes in fluctuating
populations of M. orchogaster and M. pennsylvanicus in
Southern Indiana. Ecology, 50, 587-60.

Lambin, X. (1994) Natal philopatry, competition for
resources and inbreeding avoidance in Townsend’s voles
(Microtus townsendii). Ecology, 75, 224-235.

Lambin, X., Krebs, C.J. & Scott, B. (1992) Spacing system of
the tundra vole (Microtus oeconomus) in Canada’s Western
Arctic. Canadian Journal of Zoology, 70, 2068-2072.

Lande, R. & Barrowclough, G.F. (1987) Effective population
size, genetic variation, and their use in population man-
agement. Viable Populations for Conservation (ed. M. E.
Soulé), pp. 87-123. Cambridge University Press, Cam-
bridge.

La Polla, V.N. & Barrett, G.W. (1993) Effects of corridor
width and presence on the population dynamics of the
meadow vole (Microtus pennsylvanicus). Landscape Ecol-
ogy, 8, 25-37.

LaTour, S.A. & Miniard, P.W. (1983) The misuse of repeated
measures analysis in marketing research. Journal of Mar-
keting Research, 20, 45-57.

Legendre, P. (1993) Spatial autocorrelation: Trouble or new
paradigm? Ecology, 74, 1659-1673.

Legendre, P. & Fortin, M.-J. (1989) Spatial pattern and
ecological analysis. Vegetatio, 80, 107-138.

Legendre, P. & Vaudor, A. (1991) The R Package: Mul-
tidimensional Analysis, Spatial Analysis. Département de
sciences biologiques, University of de Montréal.

Levins, R. (1970) Extinctions. Some Mathematical Questions
in Biology (ed. M. Gerstenhaber), pp. 75-108. American
Mathematical Society, Providence, RI.

Lima, S.L., & Zollner, P.A. (1996) Towards a behavioral
ecology of ecological landscapes. Trends in Ecology &
FEvolution, 11, 131-135.

Littell, R.C., Freund, R.J. & Spector, P.C. (1991) SAS Sys-
tem for Linear Models, 3rd edn. SAS Institute Inc., Cary,
NC.

Manly, B.F.J. (1991) Randomization and Monte Carlo
Methods in Biology. Chapman & Hall, London.

Massot, M., Clobert, J., Chambon, A. & Michalakis, Y.
(1994) Vertebrate natal dispersal: The problem of non
independence of siblings. Oikos, 70, 172-176.

Morris, D.W. (1987) Ecological scale and habitat use. Ecol-
0gy, 68, 362-369.

Myers, J.H. (1978) Selecting a measure of dispersion.
Environmental Entomology, 7, 619-621.

Olson, C.L. (1974) Comparative robustness of six tests in
multivariate analysis of variance. Journal of the American
Statistical Association, 69, 894-908.

Opdam, P. (1991) Metapopulation theory and habitat frag-
mentation: A review of holarctic bird studies. Landscape
Ecology, 5, 93-106.

Ostfeld, R.S. (1992) Small mammal herbivores in a patchy
environment: individual strategies and population
responses. Effect of Resource Distribution on Animal Plant
Interactions (eds M. D. Hunter, T. Oghushi & P. W. Price),
pp. 43-74. Academic Press, San Diego, CA.

Ostfeld, R.S. (1994) The fence effect reconsidered. Oikos, 70,
340-348.

Pearman, P.B. & Wilbur, H.M. (1990) Changes in population
dynamics from oviposition in a subdivided habitat. Amer-
ican Naturalist, 135, 708-723.

Pulliam, H.R. (1988) Sources, sinks and population regu-
lation. American Naturalist, 132, 652-661.

Quinn, J.F. & Hastings, A. (1987) Extinction in subdivided
habitats. Conservation Biology, 1, 198-208.

Rennau, H.-J. (1991) The stabilizing potential of spatial het-
erogeneity—Analysis of an experimental predator—prey
system. Species Conservation: a Population-Biological
Approach (eds A. Seitz & V. Loeschcke), pp. 61-72. Birk-
hauser, Basel.

Santos, E.M., Andreassen, H.P. & Ims, R.A. (1995) Differ-
ences in tolerance to inbreeding between two geo-
graphically distinct strains of root voles, Microtus oecon-
omus. Ecography, 18, 238-247.

SAS Institute (1990) SAS/STAT User Guide, Version 6, 4th
edn. SAS Institute Inc., Cary, NC.

Sheridan, M. & Tamarin, R.H. (1988) Space use, longevity,
and reproductive success in meadow voles. Behavioural
Ecology & Sociobiology, 22, 85-90.

Simberloff, D. & Cox, J. (1987) Consequences and costs of
conservation corridors. Conservation Biology, 1, 63-71.
Soulé, M.E. (ed.) (1986) Conservation Biology: the Science of

Scarcity and Diversity. Sinauer, MA.

Soulé, M.E. (ed.) (1987) Viable Populations for Conservation.
Cambridge University Press, Cambridge.

Stacy, J.E., Refseth, U.H., Thoresen, M., Ims, R.A., Sten-
seth, N.C. & Jakobsen, K.S. (1994) Genetic variability
among root voles (Microtus oeconomus) from different
geographic regions: populations can be distinguished by
DNA fingerprinting. Biological Journal of the Linnean
Society, 52, 273-286.

Stamps, J.A., Buechner, M. & Krishnan, V.V. (1987) The
effect of edge permeability and habitat geometry on emi-
gration from patches of habitat. American Naturalist, 129,
533-552.

Steen, H. (1994) Low survival of long distance dispersers in
the root vole (Microtus oeconomus). Annales Zoologica
Fennici, 31, 271-274.

Stenseth, N.C. & Lidicker W.Z. Jr. (eds) (1992) Animal Dis-
persal: Small Mammals as a Model. Chapman & Hall,
London.

Tast, J. (1966) The root vole, Microtus oeconomus (Pallas),
as an inhabitant of seasonally flooded land. Annales
Zoologica Fennici, 3, 127-171.

Tast, J. (1968) The root vole, Microtus oeconomus (Pallas),
in man-made habitats in Finland. Annales Zoologica
Fennici, 5, 230-240.

Taylor, A.D. (1991) Studying metapopulation effects in pred-



140

Habitat effect on
spatial ecology of
root voles

© 1998 British
Ecological Society
Journal of Animal
Ecology, 67, 127-140

ator—prey systems. Biological Journal of the Linnean
Society, 42, 305-323.

Tscharntke, T. (1992) Fragmentation of Phragmites habitat,
minimum viable population size, habitat suitability, and
local extinction of moths, midges, flies, aphids and birds.
Conservation Biology, 6, 530-536.

Van Apeldoorn, R., Hollander, H., Nieuwenhuizen, W. &
van der Vliet, F. (1992) De Noordse woelmuis in het Delta-
gebied. Is er een relatie tussen habitatfragmentatie en con-
currentie op de schaal van het landschap? Lanschap, 9,
189-202.

Verboom, B. & van Apeldoorn, R. (1990) Effects of habitat
fragmentation on the red squirrel, Sciurus vulgaris L. Land-
scape Ecology, 4, 171-176.

Wiens, J. (1989) Spatial scaling in ecology. Functional Ecol-
ogy, 3, 385-397.

Wiens, J. (1990) Habitat fragmentation and wildlife popu-
lations: The Importance of Autecology, Time, and Land-
scape Structure, pp. 381-391. Transactions of the 19th
TUGB Congress, Trondheim (1989).

Wiens, J.A., Stenseth, N.C., Van Horne, B. & Ims, R.A.
(1993) Ecological mechanisms and landscape ecology.
Oikos, 66, 369-380.

Wikan, S. (1972) Dyreliv. Norges Nasjonalparker: Qvre Pas-
vik og Stabursdalen (eds L. Ryvarden, S. Wikan & S.
Efteland), pp. 39-54. Lutherstiftelsens Forlag, Oslo (in
Norwegian).

Received 27 June 1995, revision received 19 May 1997



