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SUMMARY

A total of 31 years of abundance data from 90 populations of the grey-sided vole {Clethrionamys rufocanus)
in northern Hokkaido {Japan) were analysed with respect to population dynamic characteristics. Both
non-periodic and multi-annually periodic fluctuations occur among the studied populations. The length
of the period varies from 2 to 5 years. The dynamics appear approximately linear on a logarithmic scale,
and a log-linear stochastic difference model with one time-lag s found to recreate the periodograms of the
time series. The determimstic {log-linear] component of these models determines the periodicity while
stochasticity sustains the cycles. The dynamics of the Hokkaidian vole populadions are found to vary
clinally from the western coast eastwards and towards the interior of the study area. This gradient
corresponds superficially to the latitudinal gradient seen in microtine populations in Fennoscandia.
However, under close scrutiny, these gradients differ greatly: the Hokkaidian gradient is caused by a cline
in delayed density dependence. Statistical delayed density dependence is more negative towards the east

and the interior.

L INTRODUCTION

Microtine rodents are well known for their multi-
annual pericdic density fluctuations {for examples, see
Elton 1924, 1942; Krehs & Myers 1974; Stenseth &
Ims 19934, 4}, commonly referred. ta as the “microtine
density cycle® (see, for example, Stenseth 1985¢). A
central set of issues in the study of these density cycles
relates to the geographic variation in dynamic features
of any given species. The multi-annual density cycles
accur only in parts of the species’ range, and the period
and amplitude vary within the region in which the
cycles occur (Henttonen et ol 1985; Warkowska-
Dratnal & Stenseth 1985; Hansson & Henttonen
1988; for review, see Stenseth & Ims 19934). The
northern red-backed vole (Clethrionomys rutilus), for
instance, exhibits regular multi-annual cycles in
Northern Europe, whereas, at the same latitude in
North America, it does not (Henttonen ef al. 1985;
Gilbert & Krehs 1991). Within Europe, maost micro-
tines are cyclic north of 60° N and non-cyclic in the
southern parts (Hansson 1971 ; Hansson & Henttonen
1985, 1948 ; Henttonen ¢f af. 1985 ; Stenseth ef al. 1985},
North of 60° N, there is furthermore a latitudinal
gradient in the periodicity and amplitude of the cycles
{see, for example, Hanski ¢ af. 1991 ; Bjgrnstad o al.
1995}, The gradient has been shown to he predom-

* Pedicated to the late Kashio Ota for his scientific leadership in
rodent research and for profoundly contributing ta the initiation
of the manitoring programme in Hokkaido upon which data this
paper rests,
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inately caused by an underlying gradient in the
strength of direct density dependence {(Bjernstad ¢t af.
1995).

Recently, Bjarnstad ef al. {1996) documented the
existence of geagraphic variation in the periodicity of
fluctuations of the grey-sided vole (Clethrionomys ryfo-
canus (Sundevall 1846)) in Hekkaido, Japan. Here we
report cn time series modelling of these data. We
demonstrate that there is primarily a clinal gradient in
delayed density dependence as going from the western
coast to the eastern and interior part of Hokkaido, Our
analysis suggests that the observed diversity of dy-
namics may adequately be accounted for by a log-
linear model with a time delay.

2. MATERIALS AND METHODS
{a) Study area and data

The dara discussed in this paper were collected in forested
regions af northern Hokkaide (figure 1; 41° 24'~45° 31" N,
139° 50'~145° 49’ E). Biogeographically, Hokkaido resem-
bles the neighbouring Asian mainland more than the other
Japanese islands (Tatewaki 1958; Konda 1993) (figure 1a).
Hokkaide belongs broadly to the coniferous taiga forest
extending large parts of the Palaearctic, while the southern
islands of Japan belong to temperate and subtropical biomes
{see, for example, Walters 1984). The average temperature
in August {the warmest maonth) in north-eastern Hokkaido
(figure 23 is 20.8 °C (averaged over the survey years from
1962 o 1992); the average temperature in February (the
coldest month) is —7.6 °C (SDMO 1991, 1992; see also
Saitoh ¢t al. 1996). Snow is abundant during 3—4.5 manths

@ 1996 The Royal Saciety



1118 N. C. Stenseth and others

(a)

E 3 Boreal coniferous
= Caal-temperate deciduaus
[ ] Temperate deciduaus

5 DI[| Warm-temperate deciduous
st [0 warm-temperate laurel

Population eyeles in Clethrionomys rufocanus

(b)

A Teshio
M I Kitami
B: Ishikari [: Nemure
A
. . I .
C. Shiribeshi B I H: Kushiro
H
o) G
E F G: Tokachi
: Thuri
D: Oshima D
' f ﬁ ﬁN F: Hidaka
0l
'4() '59

Figure 1. The study sites are located on Haokkaida, the northernmast island of Japan, close to the Asian mainland ().
The grey-sided vale (Clethrionomys rufacanus) is found north of the grey bar between Hakkaido and Honshu {which
caincide with the so-called ‘Blakiston’s Line’ (ef. Blakiston & Pryer 1880; see also Kurada 193%; Smith 1983 ; Dabsan
1994)), and north of the corresponding bar on the Asian mainland (Kondo 1982; Kaneko 1990}, The principal
vegetation types of this region is indicared (after Kondo 1990). As can he seen, the horeal forest dominates in
Hokkaido. (4] A clase-up of Hokkaido with an indication of the occurrence af guthreak densities of the grey-sided vole
{given in binary form) in the various regions of Hokkaido (adopted fram: Ota 1984). The rectangle indicates the

crude demarcation of the study area.

each winter, with more snow in the eastern part than in the
western part (SDMO 1991, 1992},

The forests in which the data were collected are managed
by the Forestry Agency of the Japanese Government and
cover altogether an area of 2830885 ha (as of 1990) of which
76 % is indigenous forests and 2424 is planted forest. (Forest
plantations were started in Hokkaido in 1896 but were not
very common befare mid 1950s {Ueda ¢f al. 1966).) The
forests are managerially divided into District Offices (76 as of
1992). Each District Office is further divided into Ranger
Offices (altogether 436 Ranger Offices within the 78 District
Offices in 1992).

The grey-sided vole (Clethrionomys rufocanus) is typically
found in forested habitats {Stenseth 19854: Corber & Hill
1991). This is also the case in Hokkaido where the species is
found in both the indigenous and the planted forests. The
species alsa extends its habitat to open fields, which may be
because of the absence of AMigrotus in Hokkaide {Ota 1984,
Konda 1993: Dabson 1994]. As is the case elsewhere
{Hansson 1987), voles may reach pest like abundances,
particularly on larch {Larix leptolepts]) and todo-fir (Abies
sachalingnsis) (Ota 1984). Rodent damage in forest plantations
has periadically been ohserved from the beginning of the
century {Ueda «f al. 1966). According to the recards (Ueda
et ol 1986 Ora 1984), severe damage occurred in 1937, 1945,
1946, 1951, 1956, 1959, 1964, 1967, 1969 (figure 18). It has
heen suggested that outhreak years are preceded by mast
years of bamboograss {(Sasa spp.) (Ora 1984). During the
authreak years, mare than one million trees in plantations
are commanly damaged (and killed) by wvoles (Forestry
Divisian of Hokkaidian Gavernment, unpublished data).

After preliminary rodent censuses in 1951, annual censuses
were made permanent in [954, after which the Forestey
Agency did censuses of vale populations for management
purposes at ahout 1000 grids within the 436 Ranger Offices
a]l aver Hokkaido (Fujimaki 1977). Here we analyse a subset
of these monitoring dara corresponding to 151 Ranger
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Offices in the northernmaost part of Hokkaido (approximately
10%; of Hokkaido). From these 15] series, we focus on 90
series having complete fall censuses for the 31 years (Agure 2).
The average distance between these 90 locations is 85.8 km
{s.d. (= standard deviation) = 4%.7; min. = 3.3 km and
max. = 272 km). The average distance to the nearest
neighbouring population is 86 km (s.d. =3.6; min. =
3.3 km and max. = [5.7 km) (figure 2). The trapping grids
are lacated fram the sea level to an aliitude of 1 720 m. The
maountainous regions are found towards the eastern and
interior of the study area.

The censuses were done by the individual Ranger Offices.
Trappings was dope three times a year on (3 ha
{50 % 100 m?) grids: Spring {May—June), Summer (July-
August) and Autumn (Seprember—Qetaber). On each grid
50 snap traps were suitably placed at approximately 10 m
intervals. Personnel of the Ranger Offices identified the
animals caught {see Saitoh et af. [996). As abundances reach
their maximum level in the fall in Hakkaido (Saitah 1987),
fall censuses were used in our analyses (see Henttanen & af.
1984).

The total number of grey-sided voles caught per 150 trap
night is used as an index of abundance. From 1962 to 1976
each grid was trapped for five nights (giving a total of 250
trap nights); from 1277 to 1992 each grid was run for three
nights. Data from the first 15 years were standardised to
three-night equivalents by the empirically derived relation y
= 0.68x+0.18 {for = ), otherwise 0 (r* = (.94), where y s
the three-night equivalent and x is the number of animals
caught over a five-night period {see Saitoh e afl. 1998).
A rotal of 45890 specimens of C. rufocanus were caught at the
90 stations from 1962 ro 1992, This species constiture 52.3 %,
of the total number of all radents caught. A total of three
other microtine and murine species were recorded in the
material: Clethrionamys rutilus (Pallas 1779) {1.1%), Apodemus
spectosus {Temminek 1844) {18.19)) and A. argenteus (Tem-
minck 1844) (28.59).



Papulation eycles tn Clethrionomys rufocanus  N. C. Stenseth and others 1119

(a)
Okuchikubetsu Heian
Ebishima [ Asahiyama
@ Sappora
40km.
(b) (c)
90

T T
‘62 92

Figure 2. {#) The north-eastern part of Hokkaido fram where the analysed material derives. Of the 151 Ranger Offices
within this region (demarcated by thin lines), the 90 complete for fall samples are indicated by black dots. For four
sites, the ahserved time trajectary of the abundances (in the fall) are shown: two for the western mare stable region
and two for the eastern and cyclic region. The yearly abundances {fall) within the coastal region within which
negligible multi-annual fAluctuations are found are given in (8); and the yearly abundaneces (fall) within the intexior
region in which significant multi-annual periodie Auctuations are found are given in (¢} these regions are indicated
by a braken line in (2)). The five arrow heads emphasise the great spatial synchrony in the cycle in the eastern region.
In {a) log transformed and detrended daca are plotred.
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Table 1. 4 preliminary Monte Carlo study to investigate the
power of the non-parametric test for nonlinearity developed by
Hiellvik & Tiestherm (1995)

(The percentage rejection of the null hypethesis is in each
case based on simulation of 1000 tirme series of length 30. The
number of replicates {1000} is toa low to estimate type | and
type 2 errors fully. They do, however, give an indication of
the level. ‘Henon” represent chaotic time series generated
from the Henon map (X, =1 - 14X +0.3X,_,) (see, for
example, Cheng & Tang 1992), 'Lagistic’ represent time
series generated fram the lagistic map (X, = 3.7X, (1 — X))
(May 1676, 1986), and ‘Turchin-Hanski® are time series
generated from the model for vole dynarmics of Turchin &
Hanski {unpublished data). The columns 09, 339 and
509 indicate the percentage of measurement error the time
series have been contaminated with befare the test. *Linear’
represents surragate data (Theiler of af. 1992) of the different
nonlinear models; That 1s, they are linear analogues with
identical autocovariance structure to the nonlinear time
series. In this way, they reflect the type 2 error rates for the
tests. The ather entries indicate the power of the test against
various types of nonlineariey.)

measurement ergor

maodel 09 339, 50Y%  linear®
Henan 99.9 76.5 30.5 113
Logistic 99.0 546 17.2 5.4

Turchin-Hanski 72.2 333 27.8 119

* Order 2 is used for all tests, except for those on surrogate
data (Linear) where order 5 is used.

The general ecology of the grey-sided vole in Hokkaida is
summarized by Ota (1984}, Bjernstad e o/ (1996) and
Saitch ef al. {1996},

(b) Analyses of the data

The ahundance index (plus one) in the fall of a year ¢is
denoted by N, The constant of unity was added to permit
log-transformation. Grude variability of each population was
quantified using the s-index {= s.d. {log,, N}; cf. Stenseth &
Framstad [980; Henttonen e af. 1983).

To apply Gaussian statistical models, data must be
transtormed ta stabilize the variance (see, for example, Sen &
Srivastava 1990). Commonly the most appropriate trans-
formation of biological counts is either the square-root
transformation (when the variance is proportional to the
mean) or the logarithm {(when the standard deviation is
propartional to the mean) (see, far example, Sen &
Srivastava 1990). By investigating the class of Box-Cox
transformations {PROC BOXCOXAR ; SAS Institute, Inc.
1990) the log-transformation was found to be the better one
(the 939 confidence interval of the Box-Cox parameter
included zera for all series; Atkin et al. 1989). Here we denate
the lag-transtormed abundance index by X,. To remove long-
term temporal trends, all time series were detrended {after
log-transformation) using a locally weighted smoother
{LOWESS; see for example, Trexler & Travis [993;
Starstical Sciences Inc. 1993). A 6-year-wide window was
chasen hecause this is just larger than the maximum period
reported for the Auctuations of these rodents (Bjornstad ¢f al.
1996).

Ta apply population madels to the data, the functianal
form of the density dependence must be evaluated. This
implies both an identification of the order of the process, and
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the extent of nonlinearity {on the log-scale). The issue of non-
linearity in the dynamics of nacural populations have became
central in ecology {see, for example, May 1986). There are,
however, few methads available for quantifying nonlinearicy
{see, for example, Falck e el 19934, 4). An important
problem is the specification of the alternative o linearity:
there is only ane type of linearity, but an endless array of types
of non linearity. Testing far linearity against some particular
torm of nonlinearity may, thus, always be criticised as heing
caused by mis-specification of the alternative. To circumvent
this problem, we apply the non-parametric method of
Hjellvik & Tjsstheim (1995} employing recent advances in
non-parametric regression for time series (Cheng & Tong
1992; Chen et al. 1993). The central idea is to estimate the
function X, = F{X_,, ..., X _,) +¢, (where ¢, is a sequence of
random numbers drawn independently from a symmerric
distribution with zero mean and constant variance, g%} using
anon-parametric local kernel estimator (Hardle [990; Hastie
& Tibshirani 1990). In this way £ is determined by the data
and may take on any linear or nanlinear farm {including
interactions between the lags). The goodness-of-fit of the
nam-parametric model is then compared to that of the linear
alternative. The observed difference in the fit is compared to
the null-distribution generated using Mante Carlo methods
assuming linearity. The methad is analogous w naonlinear
prediction methods used in physics (Kennel & Isabelle
1992). This test is both non-parametric as well as having
reasonable power in the small sample situation (Hiellvik &
Tiastheim [995). However, hecause our sample size {# = 31}
is at the lower range of what may be cansidered appropriate,
we report {tahle 1) preliminary resulés from a simulatian of
known models with various degrees of measurement con-
tamination. As is clear, the power range berween approxi-
mately 20-1009%, {the exact rates should not be taken toa
literally because of the low number of runs) with as much as
50% contamination for the highly nanlinear moadels heing
simulated. The test was done in S-plus version 3.2 {Statistical
Sciences Inc. 1993), interfaced with a kernel condinonal
expectation estimator programmed in Borland Pascal version
7.0 (Borland International, Inc. 1992} to improve speed of
calculation.

To investigate the patterns of density dependence, we used
a linedr autoregressive model (see for example Wei 1990,
Royama 1992; Bjarnstad < af. 1995):

X, =ag+(l+a) X, ++a, X _,+e (1)

The coefficients (i = 1,2,...,d) characterise the pattern of
autocavariance in the time series and may be interpreted as
the strengths of the statistical density dependencies in the
growth rate at the various lags {Royama 1981, 1992;
Bjarnstad 2 af. 1995):

B =+ X,_++a,X_,+e,. {2

where R, =X —X_| =log(N/N,_|) is the annual specific
growth rate. {The log-linear relation corresponds to the
¢classical Gomperez model (Gompertz 1825).)

We consider four alternative madels {d equal to 0, 1, 2 and
3%. A 4 equal to zera encampasses the hypothesis that che
data is approximately a sequence of random numbers. A 4
equal 1o ane embraces both the hypothesis that the
population exhibits density independent growth {a; = 0} and
negatively density dependent growth (4, <0} (Dennis &
Taper 1994). A 4 equal to two and a ¢ equal to three
represent different complexities of the delayed density
dependence (see Bjornstad ¢t «f. 1996; Stenseth ¢t of. 199645).

Comparing the fit of different models 1s a central statistical
issue (see, for example, Miller 1990). A eritical aspect is that
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a more caomplicated model will give better fit to the data than
asimpler one because of the larger number of free parameters,
This is always the case when the data is first used to estimate
the model parameters and subsequently ta calculate the
goodness-of-fit (Hjorth 1994). Because of this, statistics like
the coefficient of determination, #*, cannot be used as a
measure of the various models’ appropriateness. Several
alternative methads have been developed. Here, we use the
information thearetic criterion, AfC, = 2LL+2s+2(p+1)
(p+2)/{n—p—2) where LL is the log likelihood of the fitted
model, #1s the number of parameters and = is the sample size
{Hurvich & Tsai 1989). By convention, a difference of unity
or less in the value of AJC, is considered insignificant
{Szkamoto «f al. 1986).

To validate the fit of an autoregressive model, the speetral
density of the ariginal series may be compared to those of
simulations of the stochastic model (Tsay 1992; Bijsrnstad o
al. 1995; Falck e af. 19954). We simulated time series of
length 31 using the estimated coefficients (4, 4,,...,d, a) of
the model far each series. A total of 1000 pseuda-series were
generated for each series. The simulated periadograms were
compared with those of the original series. A gaod fit was
concluded if the estimated periodogram was contained within
the 959, envelope as well as having the same general shape
as the simulated serfes. The latter was scored by considering
the Spearman rank correlation between the original specrral
density and the median of the simulations. A correlation
coefficient larger than 0.5 was considered acceprable.

For populations with geographically varying population
dynamics, such as the grey-sided vole in Hokkaido {Bjsrnstad
et al. 1996}, the analysis of the geographic pattern in the
direct and delay statistical density dependence (i.e. in the a,-
coefficients) are generally of interest (Bjarnstad ef al. 1995).
We mapped the autoregressive coefficients. To investigate
any gradient in patterns of statistical density dependence, the
estimated coefficients of the aptimal autoregressive model
were regressed on a palynomial in distance from the Sea of
Japan {see below]. The polynomial was initially taken to be
of order twa, and superflucus terms were removed by
backwards eliminatian (p, ;, = 0.1). The linear autaregressive
models were fitted using PROC ARIMA {SAS Insttute
199,

3. RESULTS

The crude variability in the 90 time series, quantified
by the s-index, varied between 0.28 and 0.52. Mapping
the values, a geographically consistent pattern emerges
{figure 3a4). Along the western coast, there is less
variahility than in the easteen interior part of the study
area (see also figure 24). The distance fraom the Sea of
Japan was found to be a correlate (figure 34);
specifically, this was a better ‘predictor’ than latitude
or longitude. This reflects the fact that within the study
area, climate is more influenced by sea currents and
dominant wind directions than latitude (see below].

The null-hypothesis of linearity was rejected (3%,
level} for four out of 90 time series using the Hjellvik &
Tjastheim {1995) test. Four rejections at the 539 level
is, however, to be expected by chance alone, The
rejection rate is very low compared with that reported
for synthetic data in table | even when a high degree
of contamination is introduced. Hence, it is reasonable
to consider the dynamics of the grey-sided vole in
Hokkaida to be approximately linear on the log-scale.
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Applying linear models of different complexity, the
AIC, criterion gave, for the 90 time series, the following
distribution of the optimal arder {d; see equations {1}
and {2): 4 = O for 41 series, d = 1 for 1 series, d = 2 for
33 series and €= 3 for six series. There is a clear
indication of bimodality, but 84 series (939%) were
consistent with d being less than or equal to two. A
second-order autoregressive model, therefore, appear
to provide a parsimonicus maodel for the series:

R=a+a, X, | +a, X, ,+e,. {3)

where 4, 15 the mean, ¢, 15 2 measure of the strength of
the statistical direct density dependence, and 4, 15 a
measure of the strength of the statistical delayed
density dependence {Royama 1992; Bjornstad et al.
1985). The dynamic properties as a function of ¢, and
a4, for the deterministic maodel (l.e. the skeleton) are
well understood (Royama 1992; Bjernstad ef /. 1995)
and outlined in figure 4. Parameter combinations
outside the triangle lead to extinction, and are of ne
hiological interest for stationary populations. Inside,
moving counter-clockwise from the upper and right-
most of figure 4 through the remaining regions within
the triangle, oscillatory (dampened) dynamics with
progressively longer periods result. The skeleton model
for the upper part of the triangle give rise to either
stable dynamics or a 2-year dampened ocscillations,
whereas in the lower part multi-annual dampened
oscillations result {with longer periods as moving
towards the right; see Biernstad ot al. 1995).

To understand the regional patterns of population
dynamics of the grey-sided wvole, we studied the
geagraphic variation of the magnitude of the auto-
regressive parameters in the second order auto-
regressive model. Esumated coefficients (¢, and «,) are
plotted in figure 4. The estimates of statistical direct
density dependence, 4,, did not vary conasistently with
distance from the Sea of Japan. Neither the linear (# =
0.39) nor the 2nd order term (¢ = 0.11) was significant
at the 109 critical level (nor functions of latitude or
longitude). A constant for all pepulations were, thus,
reasonable 4, = —0.13 (£0.02; prla, <1; lLe. no
regulation) < 0.001%. In contrast the estimate of
delayed density dependence decreased significantly as
moving eastwards and towards the interior (away from
the Sea of Japan, J, albeit with a slight increase
towards the end: 4, = —0.27 (+0.2, # < 0.001) —0.59
(+0.18, p=0.002) J+0.41 (+0.18, p=0.03) ] (R*
=015 F=757, df =2 87, p<0001). Note,
though, that much varianon remains to be explained,
and further investigation is needed before a fairly
complete description is obtained.

Simulating the second order autoregressive skeleton
models for each of the 90 populations shows that the
maodel gave good fit for 83 populations (929} as
judged by the confidence envelop criterion and 64
{71 %) using the median criterion (see figure ¢ for
examples). Altogether, the models for 63 of the
populations {70%}) must be considered very good in
the sense of recreating the spectral densities using only
three parameters (a,, a, and ¢®}. For comparisan,
Falck et af. (19954) found that 479%, (16 out of 34)
the investigated European microtine time series fitted
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Figure 3. The temparal variability, s, of the 90 Hokkaidian time series on grey-sided voles within the study area.
(2) The spatial structure of the varizbility within the study regian. Black circles represent values larger than the
average. Open squares represent values smaller than the average. The size of the symbols are proportional ta the
deviation from the average. {4) The relatian between the crude temporal variability and the distance from the Sea
of Japan, J (in km} (being a correlate of the gradient): estimated coefficients and standard deviations are given: s
= (0.308 £0.011) +{0.003 £ 0.001) J—{L.6 x 107 £ 4.8 x 107%) J* {adj. R* = (1.55; p = 0.05).

the response surface model (a nonlinear model with up
to ten parameters; cf. Turchin & Millstein 1993).

4. DISCUSSION

Previously, it has been shown that both nan-periodic
and multi-annual periodic fluctuations are found in the
studied populations of the grey-sided vole {Clethrionomys
rufocanus)y in northern Hokkaido (Bjarnstad ¢ af. 1996).
Along the coast of the north-western part of Hokkaido
the species exhibits primarily non-cyelic fluctuations
whereas in the interior and East the populations
exhibit fluctuations with periods of 3.5—4 years. In this
study, we have shown that: (i) the dynamics appear to
have order two or lower; (I} approximate linearity
exists for the log-transformed abundances; () a
stochastic log-linear secand order autaregressive madel
recreates the spectral densities satisfactorily; and {iv)
the clinal gradientin the population dynamics as going
inland from the north-eastern coast, is primarily caused
by more negative delayed density dependence.

The geographic differences in the temporal varia-
bility in the Hokkaidian voles {see figure 2} is similar to
that seen in cyclic and semi-stable microtine popu-
lations (Henttonen ef al. 1985; Stenseth ot al. 198);
Ostfeld 1938; Stenseth & Ims 19934}, For instance,
Swedish populations of C. glareolus approximately
530 km apart at approximately 55° N and 60° N give
F=10.22 for the former (r=17) and §=0.47 for the
latter {n=7) (Hansson & Henttonen 1985, 1984).
* Ohserved changes in population dynamic charac-
teristics as going from the coast to the mountainous
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mnterior of Norway (Myrberget 1973; Hansson ¢ al.
1978; Christiansen 1983) represent gradients as sharp
as that seen in Hokkaide.

As in the case for the Fennoscandian system
(Bjernstad e al. 1995), a second order autoregressive
model appears to describes the various populations in
Hokkaido appropnately. The first arder coefficient (g, )
is negative throughcut the entire study area. This
indicates significant statistical direct density depen-
dence. (For the same set of data Saitoh e al. (1996)
used several tests for density dependence and found
that direct density dependence occurs in all studied
populations.} To find strong density dependence in this
species is not surprising in Light of the very strong
spatial- or social organization in Clethrionomys (see, for
example, Bondrup-Nielsen 1985; Bondrup-Nielsen &
Karlsson 1983; Bujalska 19853; Gipps 1985; Viitala &
Hoffmeyer 1985; Kawata 1987; Saitoh 1991).

Bath in Fennoscandia and in Hokkaido, a clear
clinal structure in the autoregressive coefficients are
found. However, as opposed to the gradient in
Fennoscandia north of 60° N (cf. Hanski ¢ af. 1991;
Bjatrnstad et af. 1990}, which is primarily a gradient in
the direct density dependence {g,}, the gradient in
Hokkaido is largely a gradient in the delayed density
dependence (a,) (figure 3). The Fennoscandia gradient
has been explained as a result of changes in the
accurrence of generalist predators (both number and
abundance of species; Hanski et af. 1991). A pessible
candidate for explaining the gradient in Hokkaido may
be through changes in presence and effect of specialist
predators (Hassell & May 1986). Environmental
factors such as snow cover may be a possible proxy
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Figure 4. Detailed representation of the grey-sided vole population dynamics in Hakkaido: (a) Scatter plot of first
arder (1 +«,) versus second order {a,} autoregressive caefticients for each af the 90 populations. All populations have
a.’s significantly smaller than zero. Closed circles signify populations with a, significantly different from zero and thus
significant delayed density dependence. The arrow indicates the average change in rhe paramerers as moving
eastwards. Of the two autaregressive coefficients, only 4, was found to be related significantly to the distance from
the Sea of Japan ({hence, the vertical arrow). {8} The two coefficients are mapped on the study area. The regional
pattern is particularly clear far 2, {cf. figure 3). The capital letters inside the triangle denote location within the
autgregressive parameter space of papulations whase dynamical properties are illustrated in the panels marked A to
D in (¢) (see also figure 2, lower right and left). The counter-clockwise arrow in the centre of the lawer part of the
diagram maves through the varjous regions of the paramerer space praoducing eycles of increasing period. In each
panel A to D, the firsc graph indicate the predicted trajectory of each model in a noise-free deterministic world
{damped trajectories} and an arbitrary realization in the presence of stochasticities. The secand graph depicrs the
spectral density of the original time series (solid bold line} as well as the median {datted line) and 959, confidence
envelope af simulations of the models {see the main text). See Royama {1992) and Bjernstad ef ol (1995) for a
discussian of the periodicity of the secand order autoregressive maodel.
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creating such variation (Hansson 1987). Table 2
summarises available meteorological data for our study
region. The second autoregressive parameter {a,) as
well as the snow depth and the duration of the snow

Proc. R. Soc. Lond. B (1996)

appear to change in a systematic way as going east or
towards the interior. Hansson {1987} argued that snow
factors interact with predation rates such that mustelids
(being specialist predators capable of finding rodent
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Table 2. Meteorological data for six principal towns and ciiies in novthern Hokkaido, Japan (see figure 1)

{Temperatures are given as monthly averages Centigrade during 1962-1992 in each category. The lowest and highest
termperatures in a year are usually recorded in February and August, respectively. The toral precipitation {mm), the maximum
snow depth {om), and the number of days with snow cover aver [0 cm in a year are alsa given as averages during 1962-19582

{source: Sapporo District Meterological Office 1991, 1992).}

temperature/°C snaw
precipitation/
city {or tawn} February August average mim depth/cm days/10 em
Wakkanai —5.7 19.1 6.4 1180 96.5 115.8
Esashi —7.1 18.6 5.6 1301 115.8 132.7
Habaro —53 20.4 7.2 1319 108.3 120.4
Rumoi —4.9 20.6 7.4 1238 107.5 117.5
Asahikawa —7.6 208 6.4 1093 93.5 128.0
Sappora —3.9 21.7 8.3 1120 99.7 109.0

prey under the snow cover; Sirtler 1995) may, on a
relative scale, be more important than the large
generalists predators where the snow cover last longer.
This speculation may be worthy of further consider-
ation.

The most common motivation for using linear time
series maodels in population dynamics is to quantify
density dependence (Royama 1981, 1992, Reddingius
1990; Harnfeldt 1994 ; Bjernstad ¢ el. 1995). This is, to
a certain extent, also gur motivation (see also Saitoh e
al. 1996). Until how the discussion of linearity versus
nonlinearity has heen troubled by the unresalved
problems of quantifying degrees of nonlinearity (Falck
et al. 1995¢, 4). The problems arise when one 15 forced
to rely on arbitrary specifications of the parametric
form of the nonlinear alternative (such as a Ricker
model or its derivatives; see, for example, Turchin
1993). In light of the current discussion within the field
of ecology (see, for example, Turchin 1985), it is
important to observe that the cyclic populations
mvestigated in this study are approximately log-linear,

Model (1} is a so-called lag-linear phase-forgetting
model (sensz Nishet & Gurney 1982). That is, these
models have the ‘forgecting’ property that the dy-
namics is only state dependent. Hence, if the state
changes through stochastic displacements, the dy-
namics proceeds according to the new state-vector.
Such a linear model cannot—in the ahsence of
stochasticity — sustain  periodic oscillatons (see, for
example, Moran 1953, Royama 1992). Thus, it may
appear paradoxical te find a log-linear model rto
represent our data appropriately, both along the coast
and in the interior of the study area (where sustained
density cycles occur). In the presence of environmental
stochasticity {sensu May 1973; Goodman 1987), linear
models will, however, give rise to sustained oscillations
(Royama 1992; figure 3). Thus, the dampening
inherent in approximately linear models is only
problematic within an equilibrium view of the world
{see, for example, Krebs 1993). We are lead to
postulate that environmental stochasticity play a more
important role in maintaining the “microtine cycle’.
This emphasis on the importance of environmental
stochasticity is consistent with views earller expressed
by Moran (1953). In conclusion, we suggest that the
periodic nature of dynamics is generated by the

Prac. B. Sec. Lond. B {1999)

deterministic components of the system (possibly
trophic interactions; cf. Stenseth ¢t of. 19964), while
the oscillations are sustained by stochasticities keeping
the populations in transience around the attractor.
Our hypothesis is consistent with the general ohser-
vation that many cyclic populations have a period
that s less variable than the amplitude (cf. Warkowska-
Dratnal & Stenseth 1985; Stenseth & Ims 1993 4).

Forestry Agency af the Japanese Government provided che
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analysis ag well as for the programiming of the test for non
linearity. Zelalem Mengistu is thanked for technical as-
sistance. A grant from the Narwegian Research GCouncit
(NFR) initiated the collaboration between the authors.
Discussions with and comments by Alan A. Berryman, Rudy
Boonstra, Erik Framstad, Thomas F. Hangen, Rolf A. Ims,
Charles J. Krebs and Peter Turchin are much appreciared.
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