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Synchrony in lemming and vole populations in the
Canadian Arctic

Charles J. Krebs, Alice J. Kenney, Scott Gilbert, Kjell Danell, Anders Angerbjorn,
Sam Erlinge, Robert G. Bromley, Chris Shank, and Suzanne Carriere

Abstract: Population fluctuations may occur in synchrony among several rodent species at a given site, and they may
occur in synchrony over large geographical areas. We summarize information on synchrony in lemmings and voles
from the Canadian Arctic for the past 20 years. The most detailed available information is from the central Canadian
Arctic, where snap-trap samples have been taken annually at several sites for periods of up to 15 years. Geographical
synchrony in the same species among different sites was strong, especially for the central and eastern Canadian Arctic.
Synchrony among different species at a given site was also generally high. When one species is at high density, densi-
ties of all species at that site tend to be high. These results do not easily fit the mobile-predator hypothesis proposed to
explain regiona synchrony, and are more consistent with the weather hypothesis, which we suggest both entrains syn-
chrony among sites and enforces synchrony among species within a site. We tentatively support the weather hypothesis
for geographical synchrony in lemmings, and recommend the establishment of a circumpolar program to monitor lem-
ming cycles and predator movements that would advance our understanding of these large-scale patterns of cyclic syn-
chrony.

Résumé : Les densités de plusieurs especes de rongeurs peuvent fluctuer en méme temps a un endroit donné et ces
fluctuations peuvent aussi étre synchrones sur une échelle géographique trés grande. Nous résumons ici des informa-
tions sur le synchronisme des lemmings et des campagnols dans I’ arctique canadien depuis 20 ans. Les informations
les plus detaillées proviennent de la région centrale de I’ arctique, ou des recensements annuels par trappage destructif
ont été effectués a plusieurs sites pour une période allant jusgu’a 15 ans. Pour chaque espéece, le synchronisme géogra-
phique entre les différents sites est trés fort entre les différents sites, et plus spécialement aux sites du centre et de I’ est
de I'arctique canadien. De méme, le synchronisme entre les différentes espéces d’un méme site est habituellement fort.
Quand la densité d'une espece devient haute, les densités de toutes les espéces a cet endroit ont aussi tendance a aug-
menter. Ces résultats sur le synchronisme géographique sont difficilement attribuables & I” hypothése des prédateurs mo-
biles, mais semblent plut6t reliés a I’ hypothese météorologique selon laquelle les conditions météorologiques entrainent
le synchronisme entre les sites et, de plus, forcent les especes a étre synchrones a un méme site. Nous croyons pouvoir
supporter 1" hypothése météorologique dans le cas du synchronisme géographique des lemmings et recommandons un
suivi a I"échelle circumpolaire du cycle des lemmings et des déplacements des prédateurs ce qui contribuerait a parfaire
nos connaissances sur les cycles synchrones a grande échelle.

Introduction

Lemming (Lemmus trimucronatus and Dicrostonyx spp.)
populations form the basis of much of the terrestrial food
chain of the Canadian Arctic, and often fluctuate dramati-
cally in size (Elton 1942). There has been much discussion
on these fluctuations and rather less research. The early sur-
veys by the Canadian Arctic Wild Life Enquiry from 1933 to
1949 (Chitty 1950) suggested, based on questionnaire re-

turns, that lemming cycles were often synchronous over very
large geographic regions. But in many cases, sites relatively
close to each other reported opposite phases, and Chitty
(1950) concluded that more detailed research on the ground
was needed to clarify the situation.

Two aspects of synchrony must be distinguished. Spatial
synchrony refers to populations of the same species fluctuat-
ing in phase over large geographic regions. The scale of spa-
tial synchrony must be more than 10-20 km of continuous
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habitat to ensure that populations are independent of local
dispersal. Interspecific synchrony refers to all rodent species
at a given site fluctuating in phase. It would be possible to
have either one type of synchrony or both types together in a
given area.

Hypotheses to explain spatia synchrony are based on three
classes of mechanisms. (1) Predation: mobile predators may
enforce spatial synchrony (Myrbeget 1973; Y denberg 1987)
and local predators could enforce interspecific synchrony
(Henttonen and Hansson 1986; Swanson and Johnson 1999).
(2) Weather: severe regional weather could force populations
into phase by causing high mortality, or favorable regional
weather could facilitate reproduction as well as survivd (Ledlie
1959). (3) Dispersal: loca movements of lemmings and voles
could synchronize populations within local areas. This mech-
anism could not operate for distances of hundreds of kilo-
metres or for isolated islands. Only the first two hypotheses
explain interspecific synchrony (Henttonen 1986). Note that
in this paper we are attempting to investigate synchrony, and
we do not consider the mechanisms that explain synchrony
to be necessarily the same mechanisms that cause population
cycles.

This paper draws together al the quantitative data we can
locate on synchrony of lemming and vole populations in the
Canadian Arctic since 1983 in order to answer three ques-
tions: (1) Does spatial synchrony of lemming and vole cy-
cles occur in the Canadian Arctic? (2) Does interspecific
synchrony occur? (3) Which of the three above-mentioned
hypotheses, based on predation, weather, and dispersal, best
fits our data. For the period 1983—-2000 we will suggest that
in the Canadian Arctic, spatial synchrony was very strong
and that interspecific synchrony generally occurred.

Methods

We utilized four sources of data. First, we (C.JK., A.JK,,
S.G.) surveyed island and mainland sites in the western Ca-
nadian Arctic and central Arctic from 1987 to 2000. Our
western Arctic surveys arose from our intensive research on
the collared lemming (Dicrostonyx groenlandicus) at Pearce
Point (Reid et al. 1995). In a typical year we surveyed five
sites on both sides of the Mackenzie River from Horton
River, Northwest Territories (N.W.T.), to Kay Point, Yukon
Territory. Not all sites could be visited in al years. In the
central Arctic we concentrated our surveys more locally and
made use of the many islands in Bathurst Inlet to sample in-
dependent populations that were still in the same local re-
gion. We assume in this analysis that there are no large-scale
movements of lemmings from mainland to island sites or be-
tween islands, so that all these sites have independent popu-
lations. We sampled 5 islands in Bathurst Inlet, the mainland
at Hope Bay, Walker Bay on the Kent Peninsula, and Byron
Bay on Victoria Island. These samples span a biogeographic
boundary at which low-arctic rodents reach their range lim-
its. The red-backed vole (Clethrionomys rutilus) and tundra
vole (Microtus oeconomus) occur at Hope Bay but do not
occur on the Kent Peninsula or on Victoria Island. Arctic
ground squirrels (Spermophilus parryii) occur at Walker Bay
and Hope Bay but do not occur on any of the small islands
and have not yet been able to colonize Victoria Island.

Each site was trapped for 3 nights using 390 Museum
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Special snap traps (a total of 1170 trap-nights). The traps
were divided into lines of 20 stations, 15 m apart, with each
station consisting of 3 traps within a 2-m radius of the point,
for a total of 60 traps per trap line. The minimum distance
between paralel trap lines was 100 m and they were set out
in a variety of vegetation habitats within a total area of ap-
proximately 100 ha. The traps were baited with peanut but-
ter and on most traps we added raisins. We usually trapped
in late June each year.

Our second source of data was the Small Mammal Survey
coordinated by the Department of Renewable Resources,
Government of the Northwest Territories, in Yellowknife.
Chris Shank began this survey in 1991 and Suzanne Carriere
has compiled it since 1998. Many observers contributed to
the Small Mammal Survey, and although we tried to stan-
dardize methods of trapping to have them similar to those
just described, not all the data were collected using uniform
methods. An exception with organized and consistent meth-
ods was the time series from Walker Bay organized and col-
lected by Bob Bromley and later by Deb Wilson (Wilson and
Bromley 2001). Thirdly, the Swedish Tundra Northwest Ex-
pedition of 1999 visited 17 sites in the Canadian Arctic and
surveyed lemming populations at each site (C.JK., A.JK.,
A.A., K.D., SE.). We used the same type of snap trap lines
in this expedition, but with a shorter period of 1-2 days, so
we achieved 600-900 trap-nights per site. These data pro-
vide the largest scale overview of lemming numbers that we
have for a single year over the whole Arctic. Finally, we
have used some anecdotal data for a few sites in which cy-
clic phase was based, for example, on nesting snowy owls
(Nyctea scandiaca).

Lemming and vole cycles in the mid-Arctic are typicaly
of such high amplitude that one sample a year is sufficient to
pinpoint a cyclic peak. In the High Arctic, fluctuations may
not be so obvious without detailed quantitative data for a
longer period of time.

In areas for which quantitative data are available, we have
converted snap-trap catches to absolute density using the follow-
ing regression: log(density (number per hectare)) = 0.20277 +
1.59146 (log number per 100 trap-nights) (C.J. Krebs, un-
published data). For surveys of lemming winter nests we
have converted these to spring densities using the following
regression: lemming density (number per hectare) = 0.3046X2 +
0.0711X, where X is the number of winter nests per hectare
(C.J. Krebs, unpublished data). These conversions should be
viewed as approximations rather than precise estimates.

There is considerable difficulty in defining “peak” popula-
tions in multispecies assemblages of rodents. For areas for
which we have multiple years of data, we use a relative-
density criterion for a “peak”, and we define a peak year as
one in which the density of the particular speciesis higher in
one year than in the preceding or following year. There are
more precise biological indicators of cycles that could be
used when more detailed demographic data are available
(Krebs 1996), but many of the data reported here are not so
detailed.

Results

Synchrony among sites
We divide our results geographically and present first the
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Fig. 1. Locations of study sites in the western (a) and central
(b) Canadian Arctic.

(a)

= = BANKS
) s ISLAND
E;::"s‘\"’" g/North Star
20N @ .Horton River.
\ .Kay PRI @Anderson Pearce
| @Shingle River Point
Point
‘ i B
\ \
} \ N.W.T. //
| {
| yukon 3 .
| i TERRITORY } 0 50 100 km
| ro ———

(b)

VICTORIA ISLAND

110°W.
105°W

69°N

KENT
PENINSULA
@ Walker Bay
@ Wilmot 1. @ Hurd 1
® Jameson I @ Hope Bay

@Cockburn L*

@ Breakwater |.

0 20 40 km
[ —

data from the western Arctic, then the central-Arctic sur-
veys, and finally the Swedish Tundra Northwest Expedition
data from 1999; the locations of all sites from the three data-
sets are shown in Figs. 1a, 1b, and 5, respectively.

Western Arctic

Table 1 gives our qualitative results and Fig. 2 our quanti-
tative results for two sites with the longest dataset. The sites
east of the Mackenzie River from Horton River to Tuktoyaktuk
seem to fluctuate and to do so in synchrony (Table 1). Microtus
oeconomus and C. rutilus were often the dominant species at
these sites. We were unable to detect any cyclic fluctuations
at either of the two northern Yukon sites in the western Arc-
tic, Kay Point and Shingle Point (Fig. 2b). Indices were
never above 1.8 per 100 trap-nights for any species. If one
interprets the relative peak at Kay Point in 1990 (index = 1.8
for the tundra vole) and the relative peak at Shingle Point
in 1994 (index = 0.6 for the brown lemming, Lemmus
trimucronatus) as population highs, they are out of phase
with each other and with those at sites east of the Mackenzie
River (Table 1). The northern Yukon is a puzzle that we will
return to later.

1325

Fig. 2. Lemming and vole population indices for two western
Arctic sites: Horton River, N.W.T. (a) and Shingle Point, Yukon
(b). Small rodents were never abundant during any of the 8 years
we sampled in northern Yukon (1989-1998).
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By contrast, Banks Island in the western Arctic has long
been known for its strong lemming cycles (Maher 1967).
Nic Larter (personal communication) has been trapping lem-
mings on southern Banks Island since 1993, and has re-
ported peak populations of collared lemmings in 1993, 1996,
and 2001. The 1993 and 1996 peaks were consistent with
peaks at other sites east of the Mackenzie River (Table 1).

Snowy owl studies at Point Barrow, Alaska, since 1992 by
Denver Holt have provided an index of brown lemming
abundance at Barrow for the past decade. Snowy owls nested
in abundance in 1993, 1995, and 1999 at Barrow (D. Holt,
personal communication), suggesting a continuation of the
strong brown lemming cycle in this part of the coastal plain.
Table 1 shows that cycles at Barrow were in phase in 1993
but since then have not been in phase with other cycles in
the western Arctic.

Central Arctic

Table 1 lists the peak years for al the sites we visited in
the central Arctic from 1984 to 2000, and Fig. 3 illustrates
the two longest time series from this region. Figure 4 gives
the shorter time series of the Bathurst Inlet sites. Until 1999
the cyclic pattern and synchrony were very clear, with peaks
in al areas in 1984, 1987, 1990, 1993, and 1996. A notable
anomaly in the consistency of central-Arctic cycles of 3
years duration occurred in 1999-2000, when populations at
only two of the eight sites peaked in 1999 as expected, the
others peaking in 2000. Wilmot Island and Jameson Island
populations peaked in 1999. Lemmings on the other small
islands and at Walker Bay, Hope Bay, and Byron Bay on
Victoria Island reached a peak in 2000.

© 2002 NRC Canada
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Fig. 3. Lemming and vole population indices for two central Arctic sites, Hope Bay, Nunavut (a) and Walker Bay, Nunavut (b). Popu-
lations of small rodents appeared to be in near-perfect synchrony in this region from 1984 to 2000.
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Synchrony in collared lemmings was very strong in this
part of the central Arctic, with the exception of Wilmot Is-
land. The index never reached 1.0 lemmings per 100 trap-
nights on Jameson Island in the 6 years it was surveyed, but
the pattern of change was consistent with that on Wilmot Is-
land. Walker Bay lemmings were aready relatively abundant
in 1999 but increased even more in 2000 (Fig. 3b). In con-
trast to other high-density years, there were virtually no
predators to be seen at Walker Bay in 1999 (C.J. Krebs, per-
sonal observation), and this might have allowed high lem-
ming populations to increase further in 2000.

Swedish Tundra Northwest Expedition in 1999

The Swedish Tundra Northwest Expedition visited 17 sites
scattered throughout the Canadian Arctic in the summer of
1999 (Fig. 5). Since we had experienced high lemming num-
bers at many sites in 1996, we anticipated a peak year for
1999. Instead we found low lemming numbers at all sites
(Table 2). There is some difficulty in determining what a
peak density of lemmings should be at High Arctic sites that
have low primary productivity. We have assumed that a den-
sity of at least 10/ha should be a good indication of peak
numbers (approximately 3 lemmings per 100 trap-nights), but
this density cannot apply to areas of low primary productivity.
For the Expedition data we have relied on a combination of
density estimates from winter nests, which indicate approxi-
mate end-of-winter densities, and snap-trap catches, which
indicate midsummer densities, to estimate the cyclic phase.
If lemming numbers are changing rapidly, these two indices,
given in Table 2, will differ. For example, Somerset Island
showed high winter nest counts but low summer densities in

1999, which suggests the decline phase of a cycle. We do not
know if lemmings at some of these sites are at low density all
the time (cf. Reid et a. 1997). At two sites (Amundsen Gulf
and Ivvavik), numbers of tundra voles were high in 1999.

There were two striking anomalies in the Swedish Tundra
Northwest Expedition survey. Amundsen Gulf, which had a
peak population of voles in 1999, is about 20 km east of
Pearce Point. No cycles were evident at Pearce Point from
1987 to 1992 (Reid et al. 1995). We visited Pearce Point
briefly via helicopter during the survey at Amundsen Gulf,
and there was no sign of any rodent activity, in keeping with
Reid et al.'s (1995) observations. Thus, two areas only 20 km
apart were completely out of phase. Second, we found no
high-density populations of rodents in 14 survey-years in the
northern Yukon from 1989 to 1998 (Table 1), yet in 1999
tundra voles were at high numbers in Ivavvik National Park,
afew kilometres to the west of Kay Point, in similar habitat.
We have no simple explanation for these observations.

Small Mammal Survey Information

We can combine the survey’s observations for 1999 with
those of the Swedish Tundra Northwest Expedition to get a
more global snapshot of synchrony. Bylot Island had a low
density of lemmings in 1999 after earlier peaks in 1993 and
1996 (Béty 2001). Kugluktuk had a high-density population
of C. rutilus in 1999 (index = 9.1). The lemming population
at Daring Lake, south and east of Kugluktuk, was at low
density in 1999 (index = 0.4) after being at high density in
1996. These 1999 observations, along with the Swedish Tun-
dra Northwest Expedition data from 1999 are illustrated in
Fig. 6, which shows populations that are broadly categorized

© 2002 NRC Canada
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Fig. 4. Collared lemming (Dicrostonyx groenlandicus) population indices for six island and two mainland sites in the central Arctic. Except
on Jameson Island and Wilmot Island in 1999, lemming populations appeared to be in synchrony in this region from 1994 to 2000.
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as high or low density. The snapshot of 1999 that emergesis
one of widespread synchrony of low-density populations in
the northern and eastern Arctic. Several sites in the western
Arctic had high-density populations in 1999. Lemming pop-
ulations in coastal northern Alaska were also at high density
in 1999, as inferred from high numbers of nesting snowy
owls (Table 1).

There is a suggestion from the Small Mammal Survey that

No. Caught / 100 Trap-Nights
o
(3,
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1999 2000

the barren grounds of the Low Arctic form a separate area of
lemming synchrony that is sometimes out of phase with the
mid-Arctic. Arviat on the west side of Hudson Bay had peak
populations in 1990, 1993-1994, and 1997. Baker Lake and
Rankin Inlet had peaks in 1994, and Coral Harbour on
Southampton Island apparently had a lemming peak in 1997.
The 1994 and 1997 peaks were certainly out of phase with
the central mid-Arctic sites listed in Table 1. Unfortunately,
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Fig. 5. Map of the Canadian Arctic showing the locations of the 17 sites visited by the Swedish Tundra Northwest Expedition in sum-

mer 1999. For site names see Table 2. Squares denote towns and circles are sampling sites.
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Table 2. Densities (number of individuals per hectare) of lemmings and voles at the 17
sites sampled by the Swedish Tundra Northwest Expedition in the summer of 1999.

Site No. Winter nests Snap traps Cyclic phase*
1. Ungava Peninsula 0.01 0.1 L
2. Méelville Peninsula 0.8 0.4 L
3. Somerset Island 2.8 0.01 L
4, Bathurst Island south 0.8 2.0 |?
5. Bathurst Island north 0.2 — L
6. King William Island 0.7 0.07 L
7. Wollaston Peninsula 0.3 0.01 L
8. Amundsen Gulf ot 38.8 p*
9. Banks Island south 1.1 2.4 L

10. Ivvavik National Park 2 49.6 Pt

11. Cape Bathurst 0.3 11 L

12. Banks Island north 0.2 0.05 L

13. Melville Island 0.3 0.3 L

14. Ellef Ringnes Island 0.1 0.01 L

15. Ellesmere Island 0.3 0.01 L

16. Devon Island 3.8 13 L

17. Baffin Island (17) 16 0.3 L

Note: Densities were estimated using the equations given in Methods.

*L, declining or low; P, peak; |, increasing.

"Habitat was unsuitable for searching for winter nests.

*The dominant species was M. oeconomus.

the record of trapping at these Low Arctic sites over al the
years listed in Table 1 was not continuous, so we have only
spotty records from this region of the Low Arctic.

Synchrony among species

A second aspect of synchrony is whether or not different
rodent species at a particular site fluctuate together in time.
Our data on interspecific synchrony in the western and cen-
tral Arctic are summarized in Figs. 2 and 3. It is clear that
synchrony between species is common but not absolute. If
we score all the species pairs shown in Figs. 2 and 3 for
agreement in peak years, we find that in 28 of 46 instances
(61%) peaks coincide, so there is synchrony between spe-
cies. Additional data from the Small Mammal Survey from
seven sites in the eastern Arctic showed that peaks of differ-
ent species coincided in 13 of 16 instances (81%). If species
operated at random, with 3-year cycles we would expect
33% agreement and with 4-year cycles only 25% agreement.
In almost every case of asynchrony of peaks among species,
the peak years are offset 1 year, and it is possible that some
of these mismatches are the result of sampling variation.
Clearly there is much more synchrony between separate spe-
cies than would be expected by chance, if al these species
have 3- to 4-year cycles.

The species composition during cyclic peaks can change
dramatically from one cycle to the next. Figure 2 illustrates
this for the Horton River site, where the same trap lines were
used in most years. The 1993 peak included large numbers
of both lemming species, as well as tundra voles, but the
1996 peak was amost entirely dominated by tundra voles.
Brown lemmings were at a “peak” at the Horton River site
in 1996, but their peak occurred at a low density. Collared
lemmings were at a “peak” in 1997 at the Horton River site,
when tundra voles were still quite abundant. Figure 3 shows
this same type of shift at Hope Bay, which contains four

species of rodents. The 1984 and 1990 peaks at Hope Bay
were amost entirely dominated by red-backed voles, while
this species played a minor role in the 1996 and 2000 peak
years at the same site. The latter cycles were nearly equally
dominated by brown lemmings, collared lemmings, and tun-
dravoles. At sites that contain only the two lemming species
(Fig. 3b) the composition of peak populations seems more
consistent, and the two lemming species seemed to peak in
the same years. This pattern may be linked with the habitat
specidization of the two lemming species (Morris et al.
2000).

During the Swedish Tundra Northwest Expedition of 1999,
lemmings (predominantly collared lemmings) were low in
numbers throughout the Canadian Arctic, but at two sites
(Amundsen Gulf and Ivavvik National Park), tundra voles
were at peak densities.

Discussion

There has been increasing interest in the spatial dynamics
of fluctuating populations (Bjgrnstad et al. 1999; Ranta et al.
1997; Steen et al. 1996; Lambin et a. 1998). Our data are
not as detailed at the local level as, for example, those of
Saitoh et a. (1998) for Clethrionomys rufocanus on Hokkaido
or Steen et al. (1996) for Norway. But we have two types of
data that are uncommon, first a very large geographical scale
of observations in some years, and second, detailed data on
island populations in a regional setting.

In our analysis of synchrony we assume that lemming and
vole populations in the Canadian Arctic normally have 3- to
4-year cycles. If we accept this assumption and also assume
that populations are independent, we would expect that, in
the absence of additional biologica mechanisms, cycles would
occur in a random pattern in time and space. This is the null
model for studying synchrony.

© 2002 NRC Canada



Krebs et al.

This null model does not fit our observations, and we can
now answer the three questions posed in the Introduction.
First, consider spatial synchrony. Lemming and vole popula-
tions in the central and eastern Canadian Arctic are highly
synchronized when we group all species, with few popula-
tions out of phase. West of the Mackenzie River the picture
isless clear and synchrony may be uncommon in this region.
There was no synchrony between Shingle Point (Fig. 2) and
Point Barrow, Alaska, in 1993 or 1995, but the peak popula-
tions in northern Yukon in 1999 were in phase with those in
northern Alaska (and out of phase with those in eastern Can-
ada). Smits and Slough (1992) surveyed fox dens on the Yu-
kon Coastal Plain along the Arctic coast from 1984 to 1990
and found that only 1 or 2 of 50 dens were occupied in any
of these years. They considered that arctic fox (Alopex lagopus)
and red fox (Vulpes fulva) populations on the northern Yukon
coast were at low density and showed no cyclic dynamics.
The absence of population cycles in most years on the north-
ern Yukon coast remains a puzzle.

Second, consider whether interspecific synchrony occurs
in the Canadian Arctic. Synchrony between species of lem-
mings and voles at a single site is common: in most cases all
species reach peak populations in the same year at a given
site. Interspecific synchrony appears to be the rule in the Ca-
nadian Arctic.

Three mechanisms of synchrony among sites need to be
evaluated in light of these data. Movements of lemmings and
voles do indeed occur on a local scale (Ehrich et al. 2000),
but they are insufficient to explain large-scale synchrony,
such as that between populations at Walker Bay on the Kent
Peninsula, Byron Bay on Victoria Island, and Hope Bay on
the mainland (Fig. 1). The fact that, insofar as data are avail-
able, amost al sites in the eastern and centra Canadian
Arctic fluctuate in phase is incompatible with the local-
movement hypothesis.

Movements of predators are potentialy large-scale and
have been favored by many as a magjor cause of regional syn-
chrony (Myrberget 1973; Y denberg 1987; Steen et al. 1996;
Bjarnstad et a. 1999; Ims and Andreassen 2000). The prob-
lem lies in applying this mechanism to the entire eastern Ca-
nadian Arctic. Two predictions can be made if this is the
postulated mechanism. (1) Because the area of synchrony is
large, large-scale movements would have to occur between
the Palaearctic and Nearctic regions. This scale of movement
is possible with birds of prey, and is conceivable with arctic
foxes, but there are few data at present to support this as-
sumption. Satellite telemetry could be used to test this mech-
anism. Garrott and Eberhardt (1987) illustrated movement of
arctic foxes as far as 2300 km from northern Alaska to the
west side of Hudson Bay, suggesting that predator move-
ments occur on a scale consistent with this hypothesis. (2) It
should be impossible for this mechanism to operate if popu-
lations in Siberia, Canada, and Alaska are all in phase. We
have very limited data showing that northern Yukon and
Alaska were in a peak phase in 1999 and out of phase with
the eastern Arctic, but we have no data from Siberia for this
period. Erlinge et a. (1999) and Danell et a. (1999) showed
that rodent cycles were out of phase regionally across Sibe-
ria, which suggests that mobile predators move from peak
population to peak population around the Arctic circle.

We do not think that the mobile-predator hypothesis is a
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good explanation for our data. In particular, we found very
few predators at any of the central Arctic sites in 1997 and
1998, which ought to have released lemming populations to
reach a peak in 1999. This peak was seen at only a few sites
(Fig. 6), often only a few kilometres apart. We think that
mobile predators could enforce synchrony of lemming cy-
cles on a regional scale of perhaps 50-100 km, but would
not be able to cause synchrony over subcontinental spatial
scales. We suggest this as a hypothesis that needs to be
tested by means of a globally coordinated study of predator
movements in the Nearctic and Palaearctic.

Weather is the remaining agent that might synchronize
lemming cycles at local, regional, and subcontinental scales.
Because weather events are such large-scale phenomena, this
hypothesis is the most difficult to test conclusively. When
we began our study of the islands in the central Arctic, we
assumed that the islands were linked only by weather events,
since predators like arctic foxes and weasels were often miss-
ing from islands, even in the peak phase. That most of these
islands were in phase with one another (with 2 exceptionsin
36 island-years of data) suggests that weather, not mobile
predators, is the main agent of synchrony.

One way to test for large-scale weather effects in the Ca-
nadian Arctic is to determine whether other species show
synchrony of good and bad years. Geese can be severely im-
pacted by late spring weather (Ganter and Boyd 2000), and
the question arises as to whether independent goose colonies
spread over the Arctic are affected at the same time. Ganter
and Boyd (2000) showed a correlation between the 1991
eruption of Mount Pinatubo and a widespread breeding fail-
ure of waterfowl and waders in the Canadian Arctic in 1992.
They tabulated data from Canadian Arctic goose populations
to show that there was widespread breeding failure in other
years, such as 1986. The key point is that severe weather in
the Arctic can have a widespread geographical impact on
nesting birds, and it is therefore possible that similar kinds
of severe weather might act to synchronize small-mammal
populations in the Arctic.

If we accept that a hierarchy of factors can synchronize
cycles, we can begin to suggest explanations of the anoma-
lous observations noted previously. If weather sets the stage
for global synchrony, regional weather anomalies or local
predator concentrations might cause deviations. For exam-
ple, the expected lemming peak of 1999 might have been
compromised by widespread poor wegther (freezing rain causing
direct mortality, a lack of snow increasing thermoregulatory
energy demands and reducing reproductive rates; cf. Reid
and Krebs 1996) in the autumn of 1998, with a few local
exceptions like Wilmot Island. This kind of explanation is
completely ad hoc, but as a hypothesis it can be tested by
coordinating detailed weather recording and lemming popu-
lation surveys.

The scale of rodent synchrony may also tell us something
about the scale of weather synchrony. For the somewhat
smaller Nearctic region, the rodent fluctuations presented in
this paper indicate two areas of weather synchrony, but for
the larger Palaearctic region, the patterns of lemming syn-
chrony and asynchrony (Erlinge et al. 1999) indicate a more
complex pattern with less homogeneous weather systems.
This hypothesis can be tested with weather data.

A key unanswered question about the effects of wesather
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on synchrony is how often weather must act to maintain syn-
chrony over large regions. Since there is no known 3- to 4-year
weather cycle that impacts a large part of the Canadian Arctic,
it is clear that weather effects must occur as a more or less
random pulse impacting lemming populations, as discussed
in theoretical terms by Moran (1953) and Leslie (1959).

A corollary of the weather hypothesis of synchrony is that
climate change in the Arctic in the coming decades will pos-
sibly alter patterns of synchrony. The need for a widespread
program to monitor lemming cycles in the Canadian Arctic
is thus clear, and this could be part of a larger program for
monitoring the impacts of climate change on biodiversity.
More detailed studies of the relationship between demogra-
phy of lemmings and climatic variability are needed (Yoccoz
and Ims 1999).

Synchrony between species at the same site has typically
been explained by predation (Ims and Steen 1990), but there
is no reason why weather cannot act on a suite of speciesin
the same area, causing interspecific synchrony through the
Moran effect (Ranta et al. 1995, 1997). Watson et al. (2000)
suggested that weather was the agent synchronizing rock
ptarmigan (Lagopus mutus) and red grouse (Lagopus lagopus
scoticus) populations in Scotland. The problem with a weather-
based explanation for interspecific synchrony is that there is
no particular reason to assume that all species will respond
in exactly the same way to given weather conditions.

The conclusion that large-scale weather patterns set the
stage for synchrony of lemming and vole cycles in the Cana-
dian Arctic is compatible with an increasing set of papersin
which weather isimplicated in vertebrate population dynam-
ics (Stenseth et a. 1999; Sagher et al. 2000; Saucy 1994;
Moss et a. 2001). In ecology, weather has typically been
thought of as a disturbance, a density-independent factor that
can rarely be used to explain patterns in dynamics. Since
Moran’'s early papers (e.g., Moran 1953), this viewpoint has
been called into question, and we consider that weather is
implicated as the major variable causing synchrony in Arctic
lemming and vole populations.

We speculate that there could be a vegetation x weather
interaction in Siberia and Canada that has an impact on spa-
tial synchrony. The sparse and low heath vegetation that pre-
dominates in Canada may provide less favorable subnivean
space for lemmings, in contrast to the grasslands that pre-
dominate in Siberia (Erlinge et al. 1999), so weather impacts
are more severe in Canada. This type of vegetation x weather
interaction might explain why tundra voles living in grasdand-
type habitats in Canada were at high density in 1999, while
collared lemmings and voles living in sparsely vegetated
habitats were not.

We can see no evidence of traveling waves in lemming cy-
cles in the Canadian Arctic similar to those reported for
voles in Europe (Fichet-Calvet et al. 2000; Lambin et al.
1998; Sherratt et al. 2000) and red grouse in Scotland (Moss
et d. 2000). This could be due to the coarse scale of resolution
of the data available to us. A detailed analysis of a continu-
ous regional patch of arctic habitat could resolve this issue.

To supplement the trapping data reported above (Table 1
and Fig. 4), Predavec et a. (2001) tested a dendrochronologica
method based on ageing of scarred willows (Danell et al.
1981), which has been useful in describing past microtine
rodent fluctuations in the boreal forest. During 1994 and
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1995, 18 sites were sampled, mainly in the central Arctic
(cf. Fig. 1b). The data obtained for the period 1960-1994
showed no regular periodicity in the patterns of population
change, and only sites that were geographically connected
and close (<6 km) showed significant synchrony in fluctua-
tions. There are at least three possible explanations for the
failure of Predavec et al. (2001) to demonstrate synchrony in
rodent fluctuations in the central Arctic for the period 1960—
1994. The first is that bark feeding is not directly related to
lemming population density on the tundra; the second is that
tundra willows are more difficult to age than boreal willows
(e.0., false annual rings appear, or there are no rings at al);
the third is that the rodents showed no clear synchrony during
1960-1994, in contrast to the last 20 years (except 1999—
2000). K. Danell (in preparation) is working on additional
samples of willows from the Canadian Arctic and will report
on these more extensive datasets in the future. However, our
main conclusions in this paper concern the last 20 years and
are based on trapping data alone.

We think that further progress in analyzing synchrony in
lemming populations will come from global cooperation to
monitor lemmings across Siberia, Canada, and Alaska in
conjunction with a study of predator movements on a sub-
continental scale. In particular, the arctic fox, snowy owl,
rough-legged hawk (Buteo lagopus), and long-tailed jaeger
(Stercorarius longicaudus) await studies using satellite te-
lemetry. We think that island populations have not been uti-
lized sufficiently as a quasi-experimental way of testing the
mechanisms that have been suggested to generate synchrony
in lemming and vole populations. Detailed studies of lem-
mings and their predators in island and mainland locations
could help resolve which predators are necessary for cyclic
dynamics and synchrony.
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