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Summary

1. The presence of direct and delayed (1 year) density dependence in fluctuating grey-
sided vole populations (Clethrionomys rufocanus) in Hokkaido, Japan, were tested
using 90 time series spanning 31 years (1962-92).

2. The autocorrelation test of Bulmer, the randomization test of Pollard, Lakhani &
Rothery, and the bootstrap test of Dennis & Taper using two different models (Ricker
and Gompertz) detected direct density dependence in most of the time series (90-0—

100%) at the 5% level (one-tailed test).

3. Plotting population growth rates as functions of abundance suggested that the
Gompertz model is more appropriate than the Ricker model for the studied popu-
lations. The tests for direct density dependence using the Gompertz model also rejected
the null hypothesis of density-independent growth more frequently than the tests

using the Ricker model.

4. We extended the randomization and the bootstrap methods to investigate delayed
density dependence by using partial correlation and partial regression, respectively.
The extended tests detected delayed density dependence in 8—15 time series (8:9%—

16-7%) at the 5% level (two-tailed test).

5. The high incidence of direct density dependence and the low, but significant,
incidence of delayed density dependence in these vole populations are discussed.
Delayed maturation at high densities by social interference and a rich generalist fauna
are thought to represent plausible mechanisms generating direct density dependence.
As a candidate mechanism for delayed density dependence, specialist predator and
climate conditions (affecting the exposure to predators) are discussed.

Key-words: Clethrionomys rufocanus, direct and delayed density dependence, Gom-
pertz model, population dynamics, Ricker model.
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Introduction

Even though extrinsic biotic and abiotic factors have
had their proponents in the study of population fluc-
tuations in microtine rodents at earlier stages (Kalela
1957; Pitelka 1958; Pearson 1964, 1966; Fuller 1969;
Batzli 1985a,b; see Stenseth & Ims 1993a for review),
there was for several decades a major emphasis on
phenotypic and genotypic differences between indi-
viduals in different phases of the population cycle
(Christian 1950, 1980; Chitty 1960, 1967, Krebs &
Myers 1974; Stenseth 1977, 1981, 1986; Krebs 1978;
Charnov & Finerty 1980; Hestbeck 1982). As a result
of this emphasis, much interest was devoted to phase

dependency rather than density dependency in popu-
lations of small mammals. This is in sharp contrast to
other animal groups, for instance insects, for which
the question of population regulation through density
dependence has been studied extensively (It6 1980;
Hanski 1990; Woiwod & Hanski 1992; Turchin 1995;
see also Cappuccino & Price 1995).

Within microtine rodent ecology there has recently
been a revival of the study of extrinsic factors, such
as predator-prey interactions in determining the
population dynamics (e.g. Hansson & Henttonen
1985, 1988; Hansson 1987, Hanski, Hansson, &
Henttonen 1991; Hanski et al. 1993; Hanski & Kor-
piméki 1995). This has lead to an increased interest in
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density dependence — both direct and delayed — in
small rodent populations (e.g. Turchin 1993;
Hornfeldt 1994; Saucy 1994; Bjernstad, Falck & Sten-
seth 1995).

Searching for density dependence has often been
criticized. Krebs (1991), for instance, concluded that
the ‘density-dependence paradigm is bankrupt
because it is descriptive and a posteriori [...] and
because no mechanisms are specified’. However, den-
sity dependence is expected in species with strong
social effects on demographic rates as found in many
microtine rodents, such as Clethrionomys spp. For
instance, territoriality is frequently observed in micro-
tines (Bondrup-Nielsen & Karlsson 1985; Madison
1985; Cockburn 1988; Ostfeld 1990), as is delayed
maturation during high densities (Kalela 1957; Bujal-
ska 1970; Abe 1976; Saitoh 1981; Bondrup-Nielsen
1986; Gilbert et al. 1986; Nakata 1989). In addition,
generalist predators with switching or migratory
response to prey abundance, may induce direct density
dependence (Hassell & May 1986; Bjornstad et al.
1995). Specialist predators with numerical response is,
on the other hand, expected to produce delayed den-
sity dependence (Hanski et al. 1991, 1993; Hornfeldt
1994; Hanski & Korpimaki 1995).

The extent to which these mechanisms lead to
observable density dependence in the dynamics of real
rodent populations, is most easily investigated using
time series data (Turchin 1993; Hornfeldt 1994; Saucy
1994; Bjornstad et al. 1995). This motivates an evalu-
ation of the frequency of direct and delayed density
dependence in time series of rodent populations. Fluc-
tuating populations of small rodents are well suited
for such an enterprise, not least because of their rather
violent and sometimes fairly regular fluctuations,
through which densities may span several orders of
magnitude (e.g. Krebs 1993; Stenseth & Ims 1993a).

In this paper we analyse the density dependence
(both direct and delayed) in fluctuating populations
of the grey-sided voles (Clethrionomys rufocanus [Sun-
devall 1846]) in Hokkaido, Japan. Our data derives
from monitoring 90 populations sampled at different
locations across northern Hokkaido (an area of
8034 km?) over 31 years (1962-92). Both periodic and
aperiodic density fluctuations are known to occur
among these populations (Bjernstad et al. 1996; Sten-
seth, Bjernstad & Saitoh 1996).

Material and methods

STUDY AREA

Hokkaido is the northernmost island (41°24'-
45°31'N, 139°50-145°49’E) of Japan and covers
78073 km? The data analysed in this paper comes
from the northern part of the island. The forests in
this part cover an area corresponding to about 10%
of the island’s total area. Within the northern region
the climate on the West coast (the Haboro and Rumoi

area towards the Sea of Japan; Fig. 1 and Table 1) is
somewhat warmer than that of the inland and the East
coast (Asahikawa and Esashi). The winters are snowy
throughout.

In Hokkaido the grey-sided vole is a pest species on
plantations of larch (Larix kaempferi [Lambert]) and
todo-fir (Abies sachalinensis Fr. Schmidt). It is also
abundant in natural forests (Ota 1984). Most of the
natural forests in this area is classified as the ‘pan
mixed forest’ with needle and broad-leaved trees,
which is regarded as a transition between the tem-
perate and the subarctic zones (Tatewaki 1958). The
dominant tree genera are Abies, Acer, Betula, Picea
and Quercus (Tatewaki 1958). A similar zone is also
found in Scandinavia (Tatewaki 1958). However, the
flora of Hokkaido is richer than in Scandinavia. The
predator community is also rich in Hokkaido, but
has few nomadic predators (Henttonen, Hansson &
Saitoh 1992); Mustela nivalis L., M. itatsi Temminck,
Vulpes vulpes (L.), and Elaphe spp. (snakes) dominate
the predator community. Even though the main pred-
ators (M. nivalis and V. vulpes) are the same as those
in northern Fennoscandia, more generalist predators
are found in Hokkaido (Henttonen ez al. 1992). A rich
alternative prey community (hares, grouse and frogs)
also characterizes Hokkaido (Henttonen et al. 1992).
With respect to flora and fauna, Hokkaido bears some
resemblance to the southern transition zone in Fen-
noscandia (Hansson & Henttonen 1988). Notice, how-
ever, that no Microtus is found in Hokkaido (for
details on rodent community, see next section).

CENSUS METHODS AND DATA ARRANGEMENT

The Forestry Agency of the Japanese Government
has since 1954 carried out censuses of vole populations
for management purposes at c¢. 1000 sampling
locations in forests all over Hokkaido. The forests
managed by the Forestry Agency cover 28300 km?
(21500km? natural forests, and 6800 km? planted
forests, 1990 figures). These forests were in 1990 man-
aged by 81 District Offices. Every District Office is
further divided into several Ranger Offices. The cen-
suses were carried out by the individual Ranger Offices
which therefore represent our basic unit of analysis.
Trapping was carried out three times a year in spring
(May/June), summer (July/August) and autumn (Sep-
tember/October) on 0-5ha (50 x 100 m) grids, where
50 snap traps were set at 10-m intervals for five or
three nights (below). Since abundance reaches their
maximum in autumn in Hokkaido (Saitoh 1987),
autumn censuses were used in our analyses to max-
imize the power of the tests. Ninety Ranger Offices
provided complete autumn-series for 31 years (1962—
92; Fig. 1). The total number of C. rufocanus caught
in the 90 Ranger Offices over the 31 years was 45 890;
this constitutes 52-3% of the small rodents captured.
Three other microtine and murine rodent species were
frequently recorded in the material: C. rutilus (Pallas),
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Fig. 1. The study region in the northern part of Hokkaido, Japan. Shaded areas represent the forests managed by the Forestry
Agency of the Japanese Government. Numbers indicate the 90 analysed populations. The 13 time series exhibiting significantly
negative delayed density dependence according to the bootstrap test based on the Gompertz model using detrended data, are
indicated by solid black area. The one time series with significant positive delayed density dependence (No. 125) is given in
parentheses. Towns and cities referred to in Table 1 are indicated by double circles.
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Table 1. Meteorological data for six major towns and cities in northern Hokkaido, Japan (see Fig. 1; SDMO 1991, 1992).
Temperatures are given as monthly averages degrees centigrade during 1962-92 in each category. The lowest and highest
temperatures in a year are usually recorded in February and August, respectively. The total precipitation (mm), the maximum
snow depth (cm), and the number of days with snow cover over 10cm in a year are also given as averages during 1962-92

Temperature (°C)

Precipitation Snow
City (or town) February August Average (mm) Depth (cm) Days (>10cm)
Wakkanai 57 19-1 6-4 1180 96-5 115-8
Esashi 7-1 18-6 56 1301 1158 1377
Haboro 53 20-4 72 1319 108-3 120-4
Rumoi 49 206 7-4 1238 107-5 117-5
Asahikawa* 7-6 20-8 6-4 1093 93-5 128:0
Sapporo 3.9 21-7 83 1120 99-7 109-0

* Asahikawa is located in a basin whereas the neighbouring populations are located in mountainous areas. Hence, these
measures may be of limited relevance with respect to the neighbouring area.

Apodemus speciosus (Temminck), and A. argenteus
(Temminck). Their percentage in the total number
caught in the 90 Ranger Offices was 1-1%, 18-1%, and
28-5%, respectively. In addition, C. rex Imaizumi, 4.
peninsulae (Thomas), and shrews (Sorex spp.) were
occasionally caught. Personnel of the Forestry Agency
identified the specimens. Clethrionomys is easily dis-
tinguished from other rodents. Distinguishing C.
rufocanus from other Clethrionomys species may be
more difficult. The number of other Clethrionomys
species is, however, very low in Hokkaido (Ota 1984),
reducing the impact of any misclassification.

Each Ranger Office censused 2-6 separate grids.
Census grids were usually located in selected habitats
(a planted forest with a neighbouring natural forests)
which together constitute a unit. Census grids were
sometimes relocated within the area of a given Ranger
Office. In this study only samples from the natural
forests were analysed, since pesticides were occasion-
ally applied to the plantations.

From 1962 to 1976 traps were set for five nights.
From 1977 to 1992 a three day trapping scheme was
employed. Census data for the first 15 years were
transformed to three-night equivalents, using an
empirical regression relation of the three-night (V)
on the five-night (x) captures (N = 0-681x + 0-18;
r* = 0-935); when the five-night count was zero the
three-night equivalent was also set to zero. This
relation was determined from a subset of the five-
night data where details on the daily captures were
recorded. Although this introduces some unavoidable
uncertainty in our analyses, the correspondence (as
measured by the r?) is high.

Average census-values for the three-night captures
over all grids (sometimes more than one grid was
trapped; above) in natural forests within a Ranger
Office were used as the abundance index. In order to
avoid numerical problems associated with zeros, a
fixed number of unity was, following standard practice
(Stenseth & Ims 1993b), added to all abundance indices.

Non-stationarity in the form of trends in the mean
or non-constant variance is nontrivial in most types

of time series analysis (e.g. Priestley 1981). A trend in
the mean is often associated with a trend in the vari-
ance. Because of this, detrending the mean by sub-
tracting a regression line of abundance on time, will
not alleviate all problems. Furthermore, in the pres-
ence of non-constant variance (heteroscedacity), the
estimation of any trend in time series will be difficult
due to the heteroscedacity in combination with the
temporal autocorrelation (Sen & Srivastava 1990). In
the present data sets the majority of time series did
not entertain any significant trends. However, nine
time series did. Pollard, Lakhani & Rothery (1987)
and Wolda & Dennis (1993) ascertain that their tests
for direct density dependence are very robust to trends
in the mean (see also Fox & Ridsdill-Smith 1995).
All tests for direct density dependence are therefore
conducted on non-detrended data. Our experience is
that tests for delayed density dependence is far less
robust to trends in the series. Apparently (more on
this below), trends often turn up as spurious positive
delayed density dependence. Hence, for delayed den-
sity dependence, we used linearly detrended data
whenever necessary.

For comparison with previous investigations of
rodent time series, we calculated the s-values [the
standard deviation of the log,(N + 1)] as a crude
index of variability in abundance for each population
(Stenseth & Framstad 1980; Henttonen, McGuire &
Hansson 1985).

THE GREY-SIDED VOLE

The grey-sided vole is the most common rodent in
Hokkaido with populations exhibiting a wide spec-
trum of population dynamics ranging from stable to
cyclic (Bjernstad et al. 1996). Even though the
between-year variation is extensive, the seasonal pat-
tern is rather predictable. Populations usually increase
from spring to autumn and detrease through the winter
(Saitoh 1987). The basic biology of this species in
Hokkaido is summarized by Ota (1984: Chapter 3):
The breeding season lasts from spring (April) to autumn



18
Density
dependence in voles

© 1997 British

Ecological Society,
Journal of Animal
Ecology, 66, 14-24

(October) with a summer pause in August. Winter
breeding is sometimes observed. Overwintered popu-
lations consist mainly of voles born in the previous
autumn. Autumn-born voles usually do not breed in
the year they are born, while many of spring-born
individuals do. Breeding females usually produce two
or three litters during the main breeding season. Litter
size usually range from four to six.

In most of its range of distribution, the grey-sided
vole is a specialist on the dwarf shrub Vaccinium myr-
tillus L. (Hansson 1985). However, even though Vac-
cinium is common in Hokkaido, the grey-sided vole
appears to have a wider diet. The grey-sided vole is
more folivorous than the other Clethrionomys species
(Hansson 1985). This feeding habit is particularly
prevalent in Hokkaido — possibly due to the absence
of Microtus. Leaves and shoots of bamboo grass
dominate the food during winter, while various forbs
and grasses are eaten during summer. Acorns are also,
to some extent, eaten in the autumn while bark are
taken during winter (Ota 1984).

Reproducing females of the grey-sided vole are ter-
ritorial (Saitoh 1985) but flexible (Ims 1987). Matu-
ration of young females is suppressed in populations
with high densities (Saitoh 1981; Nakata 1989). How-
ever, territory sizes of breeding females are negatively
related to female density (Saitoh 1991). Females
whose home ranges overlap greatly with other
females, appear to fail to become pregnant (Kawata
1987).

TESTING FOR DENSITY DEPENDENCE

Denoting the abundance index at time ¢ by N, and
writing the log-transformed abundance as X,
[=In(N,+ 1)], density-independent population
growth (the null-hypothesis) is represented by
d, =X, — X,=e, where e, is a realization of a
sequence of independent, identically distributed ran-
dom variables. In contrast to this null-model, direct
density-dependent population growth is represented
by d, = F(X)) + e,, and F(X,) is some monotonically
decreasing function. Two different models is com-
monly used to describe density dependence; the Gom-
pertz population model (Gompertz 1825) where a log-
linear function of abundance (i.e. d,=a-bX,) is
assumed, or the Ricker population model (Ricker
1954) where a linear function of abundance (i.e.
d, = a-bN,) is assumed.

To visualize the functional relationship between the
population growth rate and the abundance, d, was
plotted against both N, and X, (Fig. 2). As can be seen,
the data suggest log-linearity of the kind assumed in
the Gompertz model (Fig. 2b).

We employed four tests for direct density depen-
dence and three tests for delayed density dependence.
Even though several authors recommend a specific test
(Vickery & Nudds 1991; Holyoak & Crowley 1993;
Turchin 1995), different tests may differ with respect

]
0 20 40 60 80 100

Growth rate

Abundance ( X;)

Fig. 2. Relationship between the population growth rate
(d, = X,,;, — X,) and abundance index: (a) using N, on the
abscissa, and (b) using X, = In(N, + 1) on the abscissa.

to sensitivity to particular patterns in the data
(Holyoak & Lawton 1992; Holyoak 1993; Fox &
Ridsdill-Smith 1995). Therefore we apply several tech-
niques. This also facilitates comparison with other
studies.

For details of the methods used, the original sources
should be consulted. Below we give a synoptic pres-
entation. In addition to the tests in focus we report on
the test results based on the first and second order
autoregressive coefficients in the autoregressive model
(Reddingius 1990). The latter model is the focus of
the study by Stenseth et al. (1996).

Direct density dependence
(i) The autocorrelation method of Bulmer (1975)

The test statistic proposed by Bulmer (1975) is given
by R = V/U, where

n n—1
V= z (XI*X)Z, U= Z X1 — 1)2>
t=1 =1

and n (=31) is the number of years in the time series.
Ciritical values of R are given in Bulmer (1975). This
test statistic is the reciprocal of the Geary’s ratio (or
the scaled semivariance; Cressie 1991) used to test for
spatial dependency in geostatistics, and the Schoener’s
ratio (Schoener 1981) used to test for autocorrelation
in home range analysis. It is thus a measure of wide
applicability in the quantification of non-randomness.
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(ii) The randomization test of Pollard et al. (1987)

Under the null-hypothesis of density-independent
growth, the sequence of the d, values may be random-
ized, as each ordering of the sequence is equally likely.
The Pearson correlation coefficient between d, and X,
is used as the test statistic; Thus, the Gompertz model
is used as the alternative hypothesis. This statistic
was calculated for the original as well as for 10000
randomized sequences. The null-hypothesis was
rejected, whenever less than 5% of the test statistics
for the randomized series were smaller than or equal
to that for the real series (the one-tailed test).

(iii) The bootstrap test of Dennis & Taper (1994 ) based
on the Ricker model

The original bootstrap test of Dennis & Taper (1994)
uses the Ricker model as the alternative hypothesis
(see also Kemp & Dennis 1993; Wolda & Dennis
1993). The test statistic, which is identical to the one
used in linear regression of d, on N, was compared
with the null-distribution based on 10000 time series
derived through a computer-intensive method under
the null-hypothesis. Rejection of the null-hypothesis
was done at a nominal 5% level (as in ii above).

(iv) The bootstrap test of Dennis & Taper (1994) based
on the Gompertz model

We further performed the procedure originally sug-
gested by Dennis & Taper (1994) with the Gompertz
model as the alternative. That is, the linear regression
of d, on X, was investigated.

Delayed density dependence

A crucial aspect in testing for delayed density depen-
dence is that strong direct density dependence will
contaminate the relationship between d, (= X,, ,—X))
and X,_; (or N,_;). To correct for such effects, the effect
of the direct dependence was ‘partialled out’, both in
the test statistic and in the computer-intensive gen-
eration of the null-distribution for the test statistic
(Holyoak 1994). This is in exact analogy to the partial
autocorrelation function (PACF, e.g. Royama 1992).

(v) The extended randomization test of Pollard et al.
(1987)

Density-independent time series were generated by
the procedure described by Pollard et al. (1987). By
analogy to test (ii), the test statistic is the partial cor-
relation coefficient (e.g. Sokal & Rohlf 1981) between
d, and X, given X,. This was done for the observed
and the 10000 randomized sequences.

(vi) & (vii) The extended bootstrap test of Dennis &
Taper (1994) based on the Ricker as well as the Gom-
pertz model

Density-independent time series were generated by
the procedure in Dennis & Taper (1994), modified as
described above (see iii). The test statistic is the partial
regression coefficient (e.g. Sokal & Rohlf 1981).

Results

GENERAL FEATURES

The distribution of the s-values was symmetric around
the mean of 0-40 + 0-05 (& SD; Fig. 3). The observed
range of s-values covers the major part of the values
reported in the literature for other microtine popu-
lations, except for a lack of the extreme values
(Henttonen et al. 1985; Ostfeld 1988).

DIRECT DENSITY DEPENDENCE

Bulmer’s test (R) detected direct density dependence
in all 90 time series at a nominal 5% (Table 2). The
randomization test of Pollard et al. (1987) gave con-
sistent results with these. All but one time series
(98:9%) exhibited strong evidence of density depen-
dence. The bootstrap test of Dennis & Taper (1994)
using the Ricker model detected density dependence
in 81 series (90-:0%), while that using the Gompertz
model detected density dependence in all but three
time series (96-7%). The higher detection rate, using
the Gompertz model, is likely to reflect the closer fit
of that model to the time series (Fig. 2). There was no
clear relationship between the detection rates and the
trend in abundance (Table 2). A typical direct density-
dependent population without delayed density depen-
dence (No. 39) is shown in Fig. 4.
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Fig. 3. Frequency distribution of s-value in the 90 time series.
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Fig. 4. The density fluctuations in a population with strong direct density dependence without any significant delayed density

dependence (No. 39).

DELAYED DENSITY DEPENDENCE

The results of delayed density dependence (1 year lag)
are summarized in Table 2. For non-detrended series
the extended randomization test and the extended
bootstrap test using the Gompertz model detected
delayed density dependence in similar percentage of
time series (144% and 16:7%, respectively). The
extended bootstrap test using the Ricker model
detected delayed density dependence less frequently
(11-1%).

Using the detrended data, the extended ran-
domization test, the extended bootstrap test using the
Gompertz model, and that test using the Ricker model
detected delayed density dependence in 15:6%, 15:6%
and 89% of time series, respectively (Table 2).
Detrending the series eliminated most apparent inci-
dences of positive delayed density dependence. The
results were consistent with those of the autoregressive
analyses carried out by Stenseth et al. (1996).

A typical population (No. 15) with negatively

delayed density dependence is shown in Fig.5. This
population exhibited significant delayed density
dependence according to two of the three tests (the
extended randomization test and the extended boot-
strap test using the Gompertz model) both in non-
detrended and detrended data. This series also showed
strong direct density dependence according to all tests.
It oscillates with a 3—5-year interval with high ampli-
tude (s-value = 0-46). No populations exhibiting
negatively delayed density dependence were found on
the Haboro-Rumoi region; they were all scattered
around the eastern or more interior areas (Fig. 1).

Discussion

The great consistency across the methods is a striking
feature in our analysis. This is particularly so in the
case of direct density dependence. All tests essentially
gave the same results; namely, strong negative density
dependence in the growth rates. We interpret this to

Table 2. Results from the testing for direct density dependence using four methods, and the testing for delayed density
dependence using three methods on 90 time-series covering 31 years. The number of populations which exhibited density
dependence are shown for detrended and non-detrended populations. Figures in parentheses indicates the numbers of positive
delayed density-dependent populations. Results of the autoregressive analysis are further described by Stenseth et al. (1996)

Direct density dependence

Delayed density dependence

Dennis & Taper® Dennis & Taper"
Bulmer® Pollard® Ricker Gompertz AR(1)* Pollard® Ricker Gompertz AR{(2)®

9 populations with trends

Not detrended 9 8 8 8 9 2(2) 2(2) 2(2) 1(1)

Detrended - - - - 9 0 0 0 1(1)
81 populations without trend

Not detrended 81 81 73 79 81 11(5) 8(6) 13(3) 15(1)

Detrended - - - - 81 14(3) 8(6) 14(1) 15(1)

2 Autocorrelation test of Bulmer (1975).
®The randomization test of Pollard ez al. (1987).
¢The boot-strapping test of Dennis & Taper (1994).

4 First order autoregressive process (AR(1)) was used for direct density dependence. Delayed density dependence was tested
by the second order autoregressive model (AR(2)). This statistical model is discussed in detail by Stenseth et al. (1996).

¢ The extended randomization test of Pollard et al. (1987).
fThe extended boot-strapping test of Dennis & Taper (1994).
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Fig. 5. The density fluctuations in a population with strong negative delayed density dependence (No. 15). This population
exhibit significant delayed density dependence according to both the extended randomization test and the extended bootstrap

test using the Gompertz model.

say that the abundance of the grey-sided vole in Hok-
kaido are governed by factors leading to strong den-
sity dependence.

Small mammals such as microtine rodents, and in
particular.the genus Clethrionomys, often show strong
spatial and social organization (Bondrup-Nielsen &
Karlsson 1985; Bujalska 1985; Gipps 1985; Ims 1987;
see also Cockburn 1988). Clethrionomys species are
therefore prime candidates for the detection of density
dependence. Female grey-sided voles are often seen
to establish territories as well as to exhibit delayed
maturation at high densities (see Introduction and
The grey-sided vole), both of which may cause direct
density dependency in the population growth rate.
In Hokkaido, territoriality in the grey-sided vole is
commonly observed (Saitoh 1985); maturation rates
are furthermore known to be reduced at high densities
(Abe 1976; Saitoh 1981; Nakata 1989; but see Saitoh
1991). Our study thus links earlier studies on spacing
behaviour and density dependence in life-history par-
ameters (e.g. Abe 1976; Gaines & McClenaghan 1980;
Bujalska 1988; Nakata 1989; Saitoh 1991; Ostfeld,
Canham & Pugh 1993; Ostfeld & Canham 1995) with
regulation at the population level. The presence of
density dependence in life-history parameters as well
as population growth rates have previously been
demonstrated for other mammalian herbivores (e.g.
Fowler 1981; Clutton-Brock & Albon 1985, 1989;
Messier 1994; for a review, see Fowler 1987).

The patterns of delayed density dependence in C.
rufocanus in Hokkaido is less clear-cut than that of
direct density dependence. The test results based on
the Ricker model diverged markedly from those
obtained by the other tests. The Ricker bootstrap test
suggests several instances of positive delayed density
dependence. We suspect that this is an artefact of the
inappropriateness of the Ricker model for these series.
Another notable problem is that trends in abundance

appear to induce instances of spurious positive
delayed density dependence (Table 2).

The two tests employing the Gompertz model as
the alternative detected negative delayed density
dependence more frequently than expected by chance
alone. Although the number of populations exhibiting
negative delayed density dependence was relatively
small compared to similar time series in Fennoscandia
(where all cyclic series exhibit significant negative
delayed density dependence; Bjornstad et al. 1995). In
a separate analysis of the same time series as those
analysed here, Bjornstad et al. (1996) reported that
interior and eastern populations had clear 3—4-year
rhythms, whereas western coastal populations did not
exhibit multiannual cycles. In light of that result, and
of the results from recent Fennoscandian studies
(Hornfeld 1994; Saucy 1994; Bjernstad et al. 1995),
one would anticipate a somewhat higher incidence of
delayed density dependence than found in this study.
The deviation between these expectations and our
results remains unclear. Further progress on this issue
must await the collection and analyses on data of
different types of fluctuation.

Predation by generalists is commonly assumed to
increase in response to rodent density without lag,
while specialist predators are believed to track rodent
densities with a time delay (Hassell & May 1986; Han-
ski et al. 1991; Hanski and Korpiméki 1995). Such
predator—prey interactions are often invoked to
explain geographic variation in patterns of fluc-
tuations in rodents (Hansson & Henttonen 1985;
Henttonen et al. 1985, 1992; Hansson 1987; Hansson
& Henttonen 1988; Hanski e al. 1993). It is hypo-
thesized that specialist predators generate multi-
annual cycles in northern Fennoscandia and that
abundant generalist predators modify the dynamics
into noncyclic and more stable in the south.

The predator—prey community in northern Fen-
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noscandia is dominated by specialist predators with
few alternative prey species, whereas a multitude of
alternative prey for a variety of generalist predators
exists in Hokkaido (Henttonen et al. 1992). Thus,
the present result that most time series showed direct
density dependence may also be the result of the action
of generalist predators. It seems though that self-regu-
lation through spacing behaviour and social inter-
action is the simplest explanation for the high inci-
dence of direct density dependence.

The predator—prey hypothesis of biogeographic
differences in dynamics has been suggested to be
related to local climatic conditions (Hansson 1987).
In a mild climate with short winters voles have no
subnivean refuge from generalist predators. In areas
with long snow-rich winters, in contrast, there will
be a general scarcity of prey for generalist predators
because these rarely probe under deep snow. Thus,
small specialist predators with subnivean hunting habits
are likely to be more dominant in such climatic con-
ditions. The interior and eastern parts of our study
area have winters that are more severe (cold and heavy
snow; Table 1) than the western coastal area. The
interior and eastern parts correspond to that in which
most populations are known to exhibit multiannual
rhythms (Bjernstad et al. 1996), and in which we,
presently, observed some evidence of negative delayed
density dependence. The western Haboro-Rumoi
region, where no negatively delayed density-depen-
dent populations were found, is warmer and has
shorter periods with snow-cover than other areas
(Table 1). Further speculations on this issue must
await more detailed data on the ecological com-
munities and local climatic conditions. The meteoro-
logical data from the interior Asahikawa indicate little
snow (Table 1). This does not reflect the real climatic
conditions for these areas, however, since Asahikawa
is located in a basin whereas the studied populations
are located in mountainous areas.

A key feature emerging from our analyses is the
clear tendency for the Ricker based model to be less
indicative of density dependence. This, we believe,
relates to the growth rates of our populations being
approximately log-linearly, rather than linearly,
related to abundance (Fig. 2). Altogether our analyses
suggest that the Gompertz model represents a more
appropriate model for the population dynamics of the
grey-sided vole in Hokkaido than the Ricker model.
This might be a more generally valid conclusion, not
least because a change of one density unit at low
density is generally likely to have a much larger effect
on the population growth than a change of one density
unit at a higher density level.

As a concluding footnote we need to comment briefly
on the possible influence of density-independent fac-
tors in the determination of observed population fluc-
tuation pattern. It is well know that the Gompertz
model cannot give rise to sustained density cycles in
the absence of environmental noise (Royama 1992;

Bjernstad et al. 1995). However, with environmental
stochasticity, the Gompertz model may easily give
rise to sustained cycles of similar periodicity as those
observed both in Fennoscandia (Bjernstad et al. 1995)
and in Hokkaido (Stenseth et al. 1996). Our analyses
bring us back to a long-lasting controversy in ecology;
namely, the role of determinism and density depen-
dence on the one hand, and stochasticity and density
independence (such as weather) on the other hand (for
reviews, see 1t6 1980; Krebs 1985; Cappuccino & Price
1995; Turchin 1995). In order to bridge the gap
between these view, it is important not only to test for
density dependence, but to quantify the strength and
relative contribution of the density-dependent and the
density-independent factors (such as demographic
and environmental stochasticity) when studying
population variability (Reddingius 1990; Royama
1992; Wolda 1995).
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