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Northern vole populations exhibit large-scale, spatially synchro-
nous population dynamics1,2. Such cases of population synchrony
provide excellent opportunities for distinguishing between local
intrinsic and regional extrinsic mechanisms of population
regulation3. Analyses of large-scale survey data and theoretical
modelling4±6 have indicated several plausible synchronizing
mechanisms. It is dif®cult, however, to determine the most
important one without detailed data on local demographic
processes3,7. Here we combine results from two ®eld studies in
southeastern NorwayÐone identi®es local demographic mechan-
isms and landscape-level annual synchrony among 28 enclosed
experimental populations and the other examines region-level
multi-annual synchrony in open natural populations. Despite
fences eliminating predatory mammals and vole dispersal, the
growth rates of the experimental populations were synchronized
and moreover, perfectly linked with vole abundance in the region.
The fates of 481 radio-marked voles showed that bird predation
was the synchronizing mechanism. A higher frequency of risky
dispersal movements in slowly growing populations appeared
to accelerate predation rate. Thus, dispersal may induce a
feedback-loop between predation and population growth that
enhances synchrony.

Theoretically, three mechanisms may induce population
synchrony3: regionalized climatic disturbances; dispersal between
populations; and predators focusing on prey hotspots. Survey
data1,8,9 suggest that the spatial extent of synchrony in boreal voles
(about 30±50 km) is smaller than would be expected from the
action of climate. Thus, dispersal and predation are more likely
mechanisms. However, distinguishing between them based on
survey data alone has proved to be dif®cult9,10; it seems that
experiments controlling for dispersal and/or predation are
needed. Moreover, different vole predators, especially birds and

mammals, need to be distinguished because they operate on
different temporal and spatial scales11.

The two studies were carried out in boreal southeastern Norway
where vole populations are known to ¯uctuate considerably over
time and show pronounced inter- and intraspeci®c spatial
synchrony2. The experimental study took place at Evenstad in the
Glomma valley (618 129 N, 118 069 E). The landscape at Evenstad
consists of boreal forest interrupted by patches of agricultural ®elds
and meadows. We used the root vole Microtus oeconomus as the
experimental species. It is a herbivorous small rodent (body mass,
40±90 g), temporally common in small meadow patches at Even-
stad. The ®rst week of July (week 26) of each of the four years 1990±
1993, we established standardized root vole populations on 7
separate 50 ´ 100 m fence-enclosed meadow plots. Electric wire-
mesh fences hindered intrusion of mammalian predators and steel-
sheet fences hindered dispersal of voles. Avian predators were
allowed to enter.

The experimental populations were monitored closely by weekly
live-trapping for three and a half months, corresponding to the
length of the breeding season of northern root voles. There was a
large year-to-year variation in the development of the populations
over the breeding season (Fig. 1). Estimates of year-speci®c mean
per capita growth rate (r) and their 95% con®dence limits were all
positive in 1990±1992 (1990: r = 0.64 (0.28, 0.99), 1991: r = 0.96
(0.80, 1.13), 1992: r = 0.83 (0.39, 1.26)), while the populations
declined over the breeding season in 1993 (r = -0.53 (-0.95, -0.11)).
The yearly effect accounted for 58% of the total variance in
population growth rate among the 28 population replicates and
thus there was evidence (x2 = 29.04, degrees of freedom (d.f.) = 3,
P , 0.0001) for a within-year landscape-level synchronization.

Predatory birds specialized on voles, especially migrating owls
(Asio otus and Asio ¯ammeus) and raptors (Falco tinnunculus and
Buteo lagopus) were seen hunting on the experimental plots. How-
ever, because owls hunt at night we did not attempt to monitor the
activity of these predators directly. Instead we quanti®ed predation
rates by equipping reproductive female voles (n = 481) with radio-
transmitters. Predation-induced mortality, known from the fates of
radio-marked females, was the only demographic parameter
accounting for a signi®cant portion of the variability in population
growth (predation effect, x2 = 29.44, d.f. = 1, P , 0.0001). The
proportion of voles caught by birds explained 61% of the total
variation and 75% of the year-to-year variation in population
growth rate. Predation was exceptionally high in 1993 (chance of
predation in 1993 was 5.31 (95% con®dence interval (c.i.) = 2.95,
9.02) times higher than in 1990±1992) causing population declines
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Figure 1 Population development and predation rate of the experimental populations. Upper

panel, population trajectories (number of individuals per population) of the 28 experimental

populations of root voles. Lower panel, mean predation rate per week attributable to avian

predators in the four years. The predation rate estimates are based on radio-tracking of

adult females in the populations during one week in August and one week in September.

Error bars are 95% con®dence intervals based on a logistic-binomial model.
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Figure 2 Negative density-dependent movement rates. The relationship between

proportion of animals that had moved at least once beyond patch borders (as determined

from weekly live trapping) and the size of the 28 population replicates in week 38. Week

38 corresponds with peak population size in most of the populations (see Fig. 1). Logistic

regression: x2 = 54.9, d.f. = 1, P , 0.0001.
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over the summer (Fig. 1). Fecundity did not differ between years
(analysis of variance (ANOVA): F = 1.7, d.f. = 1, 26, P = 0.3814).

Small mammals are most vulnerable to predation when moving
in marginal habitats12,13. The experimental plots were managed so
that habitat patches were imbedded in open matrix areas with little
cover14,15. Movements outside habitat patches increase predation by
birds12,15. Moreover, the frequency of such dispersal movements
increased with declining density (Fig. 2); that is, negative growth rate-
dependent or density-dependent dispersal appears to be common in
mammals16,17. Taken together, this suggests a feedback loop between
predation and population growth mediated by dispersal.

The large-scale transect survey, speci®cally designed to determine
the spatial scale of small rodent population synchrony in this
geographic region, was sampled over the years 1990±1994 (ref. 8).
If avian predation (the mechanism evidently causing synchrony
among the experimental populations) also synchronized vole
dynamics at a regional scale, we expected the growth rates of the
experimental populations to correlate positively with regional vole
abundance. That is, in a region of low prey density, local hotspots
(such as our experimental populations) should be subject to
spatially density-dependent predation18 and, consequently, low
growth rate. Indeed, there was almost perfect correspondence
(rp (Pearson correlation coef®cient) = 0.98, n = 4, P = 0.0167)
between the average growth rate in the experimental populations
and the corresponding average abundance index of voles over the
years 1990±1993 (Fig. 3). Including data from the ®nal year (1994)
of the transect survey and an additional experimental year at
Evenstad (Fig. 3) strengthened the statistical signi®cance of this
relationship (rp = 0.99, n = 5, P = 0.0017).

By combining experimental and observational data we have
shown that vole population dynamics was tightly synchronized at
two spatial and temporal scales; within-year synchrony at landscape
scale (synchrony between the experimental populations) and
between-year synchrony at the regional scale (matching growth

rates of the experimental populations and regional abundance
level). The very controlled setting of the experimental populations,
with standardized initial conditions every year and with fences to
hinder vole dispersal and intrusion by predatory mammals, allowed
us to eliminate all potential intrinsic and most extrinsic determinants
of population synchrony. Variable summer climate has to our knowl-
edge never been proposed as a determinant of northern vole popula-
tion dynamics19,20, although it could potentially affect diet quality.
However, fecundity and body growth (the two demographic param-
eters most sensitive to summer diet20) did not exhibit signi®cant year-
to-year variation. On the other hand, predation-induced mortality
was the main demographic variance component in the experimental
populations and the only probable synchronizing mechanism. In fact,
models18 predict that summer predation rates much lower than we
observed are suf®cient to cause population synchrony.

The in¯uence of predatory birds was strong enough to induce a
decline in the experimental populations over the breeding season
in 1993. Such summer declines characterize northern vole
populations19,20 and are believed to be caused mainly by small
mustelids, which include weasels and stoats21±24. Here we have
shown that predatory birds alone can induce summer declines, at
least in vole hotspots when there is a regionally low abundance level
of voles. Birds that particularly hunt voles have the capacity for
rapid and precise prey-tracking25 and sometimes in¯ict predation
rates in natural vole populations26±28 as high as those in our
experimental populations.

Our study suggests an unusual negative feedback loop between
predation and prey population growth, mediated by risky dispersal
movements, which acts to enhance the synchronizing effect of
predation. The causes of growth rate and/or density-dependent
dispersal at the individual level and their consequences at the
population and the meta-population level deserve further study. M

Methods
Experimental populations

Seven experimental populations per year were initiated by releasing 3±5 laboratory-raised
mothers and their just-weaned litters into each enclosure (size, 50 m ´ 100 m). The initial
population densities averaged 153 6 10 (s.e.m.) individuals per hectare of meadow habitat
which correspond to peak densities in natural root vole populations. Demography was
monitored on a weekly basis with two days of trapping per week from early July (week 26)
until mid-October (week 42) when all animals were removed so that the enclosures were
empty until the next summer. In total 2,929 individuals were captured 32,055 times. Potential
aberrant effects of frustrated movements beyond the enclosures were prohibited by removing
animals that were frequently trapped in particular fence traps following the same rule for
removal every year14. Removed animals did not make up more than 8.6 % of the total number
of individuals in any population, and the removals did not affect demography14. Except for
three populations in 1992, all reproductive females in the experimental populations were
equipped with radio-transmitters (SS20, Biotrack, UK) during one week in August and
one week in September. Individuals found depredated or disappeared from the enclosures
during these two weeks could reliably be assigned as victims of avian predation15. The radio-
transmitters (collars) themselves do not impair survival29.

The vegetation was burned and fertilized every spring before the introduction of voles to
standardize habitat productivity. Population growth rate in a particular enclosure in year t
was unrelated to population growth rate in that enclosure in year t - 1 (x2 = 0.02, d.f. = 1,
P = 0.871) indicating that habitat quality indeed became standardized by this procedure.
The spatial habitat con®guration within the seven plots was designed to create a mosaic of
meadow patches imbedded in a barren matrix. The two main designs were temporally
replicated in 1990 and 1991 (ref. 14) and in 1992 and 1993 (ref. 15), respectively. Although
the size and number of the habitat patches varied between the designs, the amount of
habitat became the same. In the log-linear population growth model, habitat con®gura-
tion accounted for less than 13% of the variance (x2 = 8.55, d.f. = 5, P = 0.0734). Other
factors that could potentially contribute to the year-to-year variation in population
growth rate, such as the number of female lineages (matrilines) initiating each population,
their initial mean body weight and body growth rate in the ®eld, were even less important
(P . 0.16).

Demographic analyses of the experimental populations

We used a log-linear version of the general stochastic growth model
Nweek42 � quasi ÿ Poisson�Nweek26 3 exp�c � Sai 3 Xi�� to analyse the per capita popu-
lation growth between onset (week 26) and termination of the experimental periods (week
42) with respect to the various predictor terms (ai ´ Xi ). These were year, predation rate,
habitat-patch con®guration, the number of animals released, their mean body weight at
release and body growth in the ®eld. The growth model was ®tted with logarithmic link
function and with Nweek26 as an offset term and quasi-Poisson error which included only
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Figure 3 Evidence for regional multi-annual spatial synchrony. The relationship between

yearly mean growth rates of experimental root vole populations at Evenstad and yearly

mean abundance indices (log number of individuals per trapping site) of natural vole

populations in the general area. The data from the experimental plots at Evenstad 1994 is

based on six experimental root vole populations that were initiated in the same manner

and in a similar setting as in the four preceding years (1990±1993). 1994 was not

included in the main analysis of the demography, because the trapping protocol was less

intensive12 and there was no radio-tracking to determine predation rate.
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process variance, as population sizes at the onset and termination of the experimental
seasons could be determined without sampling error.

Predation rates were estimated by applying a logistic regression model on the
population-speci®c proportion of radio-tracked females depredated by birds. Fecundity
was estimated as the product of mean litter delivery rate and mean litter size of all adult
females (older than 40 days) in each population.

Transect survey of regional vole abundance variation

We used trapping data from three trapping sites (numbers 19±21)8 located at the same
altitude (250 m) in the neighbouring valley to Glomma, the Rena valley. The habitat and
the landscape features were similar to those surrounding the experimental plots at
Evenstad. The distances between Evenstad and the transect sites (19±34 km) were shorter
than the local synchrony domain (about 40 km) of small rodent populations along the
transect8. The mean number of microtine rodents (Clethrionomys glareolus, Microtus
agrestis and M. oeconomus combined) snap-trapped per station each year was used as a
yearly abundance index. Pooling the species is justi®ed because of inter-speci®c
population synchrony2.
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Visual attention allows an observer to select certain visual infor-
mation for specialized processing. Selection is readily apparent in
`tracking' tasks where even with the eyes ®xed, observers can track
a target as it moves among identical distractor items1. In such a
case, a target is distinguished by its spatial trajectory. Here we
show that one can keep track of a stationary item solely on the
basis of its changing appearanceÐspeci®ed by its trajectory along
colour, orientation, and spatial frequency dimensionsÐeven
when a distractor shares the same spatial location. This ability
to track through feature space bears directly on competing
theories of attention, that is, on whether attention can select
locations in space2±4, features such as colour or shape5±7, or
particular visual objects composed of constellations of visual
features. Our results af®rm, consistent with a growing body of
psychophysical8±13 and neurophysiological14±16 evidence, that
attention can indeed select speci®c visual objects. Furthermore,
feature-space tracking extends the de®nition of visual object17 to
include not only items with well de®ned spatio-temporal
trajectories18, but also those with well de®ned featuro-temporal
trajectories.

In this investigation, observers tracked and made judgements
about a circular striped `Gabor' patch that dynamically changed its
orientation, spatial frequency and colour, but never its spatial
location. Along these feature dimensions the Gabor smoothly
changed: spinning, say, clockwise for a while then counter-
clockwise; changing gradually back and forth between a few broad
stripes and many thin stripes; and altering its saturation, ranging
smoothly between a patch made up of grey and black stripes to a
patch made up of red and black stripes, through all the intervening
saturation levels of red.

Our aim was to test whether observers can track such an item
through feature space, but we were also interested in determining
which of location-, feature-, or object-based theories of visual
attention could best account for this ability, if it existed. Location
and `objecthood' can be dif®cult to distinguish, as typically a single
object occupies a single location19,20. We separated location from
objecthood in our experiments by completely superimposing two
such Gabor patches (Fig. 1a) such that there was no spatial
distinction to support selection by location-based attention: indi-
vidual parts of each Gabor changed dynamically, and were at the
limits of the resolution of location-based attention4,21,22 (the spatial
frequency of the 1-degree-diameter Gabor ranged dynamically
between 1.5 to 8 cycles per degree; thus the width of a single
stripe ranged from 20 to 4 arcmin). The Gabors appeared to
observers as simultaneously present and transparently layered on
one another, although there was no noticeable separation in depth
(Fig. 1b).

In experiment 1, observers were instructed to track one of the two
superimposed Gabors. During the tracking interval, the Gabors
frequently `passed' each other along one or more dimensions
(Fig. 1c). (This ensured that feature-based attention could not
simply pick out the target on the basis of some constant featural
difference. Unless this is done, results that are consistent with
object-based attention are subject to criticisms owing to the possible
contributions of feature-based attention. For instance, this is of
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