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Experimental manipulation of predation and food
supply of arctic ground squirrels in the boreal
forest

Andrea E. Byrom, Tim J. Karels, Charles J. Krebs, and Rudy Boonstra

Abstract: We examined whether arctic ground squirrel (Spermophilus parryii plesius) populations in northern boreal
forest in the Yukon Territory, Canada, were limited by food, predators, or a combination of both, during the decline
and low phases of a snowshoe hare cycle. From 1990 to 1995, populations were monitored in large-scale (1 km?) ex-
perimental manipulations. Squirrels were studied on eight 9-ha grids: four unmanipulated control grids, two food-
supplemented grids, a predator-exclosure grid, and a predator-exclosure + food-supplemented grid. Population density
was measured on all grids by livetrapping and active-season survival was measured using radiotelemetry. Population
densities were lowest in 1992 and 1993 (2 years after the snowshoe hare population decline). Rates of population
change were negative from 1991 to 1993, when predation pressure was most intense after the snowshoe hare decline,
and positive from 1993 to 1995, when hares and predators were at low densities. Predation accounted for 125 of 130
mortalities (96%) of radio-collared squirrels. Adult survival was significantly lower in 1992 and 1993 than in 1994 and
1995, and was a strong predictor of annual rates of population change in arctic ground squirrels. Treatments were
ranked as follows in their effect on adult survival: predator exclosure + food-supplemented > food-supplemented >
predator exclosure > controls. Juvenile survival was lowest in 1992, and food addition and predator removal separately
increased juvenile survival. On average, predator exclusion increased population densities twofold, food
supplementation increased densities fourfold, and food supplementation and predator removal together increased densi-
ties 10-fold. We conclude that food and predation interact to limit arctic ground squirrel populations in the boreal for-
est during the decline and low phases of the snowshoe hare cycle. The snowshoe hare cycle may indirectly create a
lagged secondary fluctuation in arctic ground squirrel populations through shared cyclic predators.

Résumé : Nous avons tenté de déterminer si les populations du Spermophile arctique du nord (Spermophilus parryii
plesius) de la forét boréale, au Yukon, Canada, sont régies par la nourriture, par les prédateurs ou par une combinaison
des deux variables durant les phases de déclin et de faible densité du cycle du Li¢vre d’ Amérique. De 1990 a 1995, les
populations ont été suivies au cours de manipulations expérimentales 4 grande échelle (1 km?). Les spermophiles ont
été étudiés en huit parcelles de 9 ha : quatre parcelles témoins non manipulées, deux parcelles recevant de la nourriture
additionnelle, une parcelle excluant les prédateurs et une parcelle sans prédateurs mais avec addition de nourriture addi-
tionnelle. La densité des populations mesuré dans toutes les parcelles par capture d’animaux vivants, et la survie au
cours de la saison d’activité, par radio-télémétrie. C’est en 1992 et 1993 que les densités de population ont été le plus
faibles (2 ans aprés le déclin des populations de li¢vres). Les taux de changement dans les populations ont été négatifs
de 1991 a 1993, alors que la pression de prédation était le plus intense aprés le déclin des populations de lievres, et
positifs de 1993 a 1995, durant les périodes de densité faible aussi bien chez les prédateurs que chez les lievres. La
prédation a été responsable de 125 des 130 cas de mortalité (96 %) des spermophiles porteurs d’émetteurs. La survie
des adultes a été significativement plus faible en 1992 et 1993 qu’en 1994 ou 1995, et cette variable s’est avérée un
bon indicateur des taux annuels de changement dans les populations de Spermophiles arctiques. Les traitements peuvent
étre classifiés dans 'ordre suivant d’apres leurs effets sur la survie des adultes : exclusion des prédateurs + addition de
nourriture additionnelle > nourriture additionnelle > exclusion des prédateurs > témoins. La survie chez les juvéniles a
été minimale en 1992 et I’addition de nourriture et le retrait des prédateurs considérés séparément augmentaient la
survie chez ce groupe. En moyenne, I’exclusion des prédateurs aboutissait 2 une augmentation de la densité de la
population par un facteur de 2, ’addition de nourriture 1’augmentait par un facteur de 4, et les deux ensemble
I’augmentaient par un facteur de 10. Nous concluons que I’interaction de la nourriture et de la prédation limite les
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populations de spermophiles dans la forét boréale durant le déclin et les périodes de densité faible des Lievres
d’Amérique. Le cycle des lievres peut indirectement entrainer une période tardive de fluctuations secondaires chez les
populations de Spermophiles arctiques car lievres et spermophiles sont exposés aux mémes prédateurs cycliques.

[Traduit par la Rédaction]

Introduction

External factors that limit the growth of animal populations,
such as predation and food supply, have received consider-
able attention from ecologists (Elton 1927; Andrewartha and
Birch 1954; Lack 1954; Errington 1967; Boutin 1990; Craw-
ley 1992). Predators frequently limit and sometimes regulate
prey populations (Erlinge et al. 1984; Kidd and Lewis 1987,
Sinclair 1989), and food supplementation has dramatic ef-
fects on population densities, home-range size, recruitment,
reproduction, and immigration in small-mammal populations
(Gilbert and Krebs 1981; Taitt and Krebs 1981; Mares et al.
1982; Boutin 1990; Klenner and Krebs 1991). In addition,
recent theoretical research (McNamara and Houston 1987;
Lima and Dill 1990; Abrams 1994, 1999) and empirical
evidence (e.g., Desy and Batzli 1989; Desy et al. 1990;
Dickman 1992; Hughes and Ward 1993; Hughes et al. 1994;
Hik 1995; Krebs et al. 1995) suggest that external factors,
such as food and predation, interact to limit populations.
Few studies, however, have attempted large-scale (i.e., sev-
eral hectares) experimental manipulation of external limiting
factors (Crawley 1992; Carpenter et al. 1995). In this paper,
we present results from large-scale (1 km?) experimental
manipulations designed to determine whether arctic ground
squirrels (Spermophilus parryii plesius) are limited by pre-
dation, food, or an interaction between predation and food in
a boreal-forest community with a dominant cyclic herbivore,
the snowshoe hare (Lepus americanus).

In the North American boreal forest, snowshoe hare popu-
lations show regular cyclic fluctuations with a period of 8-
11 years and up to a 100-fold change in amplitude (Elton
and Nicholson 1942; Keith et al. 1977; Boutin et al. 1986,
Krebs et al. 1986; Keith 1990). The main predator species
resident in the boreal forest are lynx (Lynx canadensis), coy-
otes (Canis latrans), goshawks (Accipiter gentilis), and great
horned owls (Bubo virginianus). In summer, migratory rap-
tors, such as red-tailed hawks (Buteo jamaicensis), migrate
to the Yukon to breed. Arctic ground squirrels are commonly
found in arctic and alpine tundra habitats in Canada and
Alaska (Carl 1971; Green 1977) but part of their range includes
the northwestern boreal forests (Banfield 1974; McLean 1985),
in which they are the third most abundant herbivore after
snowshoe hares and red squirrels (Tamiasciurus hudsonicus)
(Boutin et al. 1995). They hibernate in winter and are thus
unavailable to predators for about 8 months of the year. Dur-
ing the summer months, arctic ground squirrels may become
an “alternative prey” (Angelstam et al. 1984), as snowshoe
hares become increasingly scarce during the decline and low
phases of their cycle. Thus arctic ground squirrels provide a
pulse of biomass during summer, following a period of po-
tential food shortage for winter predators. The effects of pre-
dation and food supply on the demography of this seasonally
abundant prey species as a consequence of the cyclic fluctu-
ation in snowshoe hares are not well-documented.

Predation has been suggested as a factor limiting popula-
tion growth for several species of ground-dwelling sciurids
(Spermophilus spp.) (Michener and Michener 1977; Michener
1979; Schmutz et al. 1979; Erlien and Tester 1984, Schmutz
and Hungle 1989: Elliott and Guetig 1990; Murie 1992).
Ground squirrel populations have also responded to food
supplementation (e.g., Columbian ground squirrels (Spermo-
philus columbianus), Dobson and Kjelgaard 19854, 1985b;
Dobson 1995; arctic ground squirrels, Green 1977; Hubbs
and Boonstra 1997). However, rarely have the interactive ef-
fects of food and predation on arctic ground squirrel popula-
tions been examined (Karels et al. 2000). In this paper, we
focus on the effects of predation and food supply on popula-
tion density, adult and juvenile survival, and population growth
rates of arctic ground squirrels from 1990 to 1995. We pres-
ent new results for the period 1993-1995 and also incorpo-
rate some earlier results (1990-1992), reported elsewhere by
Hubbs and Boonstra (1997), to summarize trends in arctic
ground squirrel populations during the peak, decline, and
low phases of a snowshoe hare cycle (1990-1995). Hubbs
and Boonstra (1997) examined the effects of predation and
food on arctic ground squirrel populations during the early
decline phase of the snowshoe hare cycle; among-treatment
effects indicated that food was the major factor limiting
ground squirrel populations, whereas among-year effects
clearly indicated that predation must have accounted for ma-
jor differences in adult survival during this time. Karels et
al. (2000) found that food supplementation increased adult
and juvenile growth rates, body condition, and reproduction,
and possibly interacted with predation to affect population
densities of arctic ground squirrels in the low phase of the
snowshoe hare cycle.

We tested three alternative hypotheses to explain changes
in arctic ground squirrel population densities and survival in
the Canadian boreal forest during the decline and low phases
of the snowshoe hare cycle: (1) squirrel populations are lim-
ited by predators (“top-down” hypothesis), (2) squirrel popu-
Jations are limited by food (“bottom-up” hypothesis), and
(3) squirre! populations are limited by both food and predation
(“interaction” hypothesis). These hypotheses were tested by
removing predators, adding supplemental food, and remov-
ing predators and adding food together in a factorial design.
We predicted that, if predation alone limited arctic ground
squirrel populations, survival and population density would
be highest on areas where predators were excluded (irrespec-
tive of food availability) and, as predator numbers declined
after the peak and decline in snowshoe hare numbers, popu-
lation density and survival of arctic ground squirrels would
increase. If food alone limited arctic ground squirrel popula-
tions, population density and survival would be highest on
food-supplemented areas (irrespective of predation), and would
not necessarily decline after the peak and decline in snow-
shoe hare populations. Finally, if the interaction hypothesis
was correct, arctic ground squirrel survival and population
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Fig. 1. Location of the study area in the southwestern Yukon
Territory, Canada, and the spatial arrangement of the
experimental-treatment and control grids.
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density would be highest on the predator-exclusion plus
supplemental-food grid.

Methods

Study sites

Arctic ground squirrel populations were monitored in northern
boreal forest in the southwestern Yukon Territory, Canada (61°N,
138°W) (Fig. 1). Squirrels were studied on eight 9-ha experimental
grids containing 100 grid points spaced 30 m apart and located in a
10 x 10 array: (i) four unmanipulated control grids (controls A, B,
C. and D; controls A and B were trapped from 1990 to 1995, con-
trol C from 1993 to 1995, and control D from 1992 to 1995);
(i) two food-supplemented grids (food 1 and food 2) nested within
snowshoe hare trapping grids and provisioned ad libitum with pelleted
rabbit chow (minimum 16% crude protein) distributed with a fertilizer
spreader along four 600-m lines cut through the forest; (iii) one
predator-exclosure grid nested within a 1-km? area surrounded by a
8600-V electric fence to exclude large terrestrial mammalian
predators and partially covered by monofilament fishing lines
spaced 20 cm apart to deter avian predators; and (iv) one predator-
exclosure + food-supplemented grid nested within a 1-km? area
surrounded by an electric fence, as above, and provisioned with pel-
leted rabbit chow, as above, but with no monofilament lines to deter
avian predators. The predator-exclosure, food, and predator-exclosure +
food-supplemented grids were all located within experimental treat-
ments established to manipulate snowshoe hare populations, as de-
scribed in Boutin et al. (1995), Krebs et al. (1995), Hubbs and
Boonstra (1997), and Hodges et al. (1999). Squirrels were able to
move freely in and out of the experimental plots at all times.

Both the predator-exclosure and predator-exclosure + food-
supplemented treatments were exceedingly costly and difficult to
maintain, particularly during the winter months (Krebs et al. 1995).
Because of these practical limitations, the treatments were not rep-
licated, a common problem with large-scale or long-term field ex-
periments (Hurlbert 1984; Carpenter 1989). We took precautions to
avoid potential misinterpretations of data resulting from these
treatments; first, our control sites were replicated to enable us
to examine variability in population density and survival on
unmanipulated sites and, second, all our study sites were located
on areas of approximately similar habitat (predominantly open
spruce and shrub-meadow; Hubbs and Boonstra 1997). Although
these measures do not solve the problem of a lack of replication,
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they do mitigate the possibility that the results presented herein are
attributable merely to site-specific anomalies.

Population monitoring and annual population censuses

Population density and survival of arctic ground squirrels were
measured from 1990 to 1995 (Hubbs 1994; Karels 1996; Byrom
1997). The population density of arctic ground squirrels on each of
the experimental treatments and controls was estimated twice each
year: once in spring (first 2 weeks of May), to estimate spring den-
sity and overwinter survival, and once in late summer (last 2 weeks
of July), to estimate density after reproduction and juvenile recruit-
ment but prior to hibernation. Adult arctic ground squirrels were
trapped in Tomahawk live traps (14 x 14 x 40 cm; Tomahawk Live
Trap Co., Tomahawk. Wis.) baited with peanut butter, tagged with
monel No. 1005-1 tags (National Band and Tag Co., Newport, Ky.)
in both ears, weighed to the nearest 5 g with a Pesola spring scale,
and sexed. Juvenile arctic ground squirrels were trapped at emer-
gence from the natal burrow in June, to measure reproduction on
all grids. From 1990 to 1992, arctic ground squirrels were trapped
at their burrows. One trap was placed at each burrow entrance, and
2-6 traps were placed at large perennial burrow systems with mul-
tiple entrances. Traps were set at 08:00, checked twice each morn-
ing at 2-h intervals, and closed at 12:00 (Hubbs and Boonstra
1997). Arctic ground squirrels were trapped for 2 consecutive days
(to give a total of four trapping sessions) and population densities
were estimated using program caPTURE (Otis et al. 1978). From
1993 to 1995, arctic ground squirrels were trapped at burrows only
on the food and predator-exclosure + food-supplemented grids. On
the predator-exclosure and control grids, arctic ground squirrels
were trapped at alternate grid stakes, with one trap at each alternate
stake. From 1993 onwards, for both burrow- and stake-trapping,
traps were set at 07:00, checked three times each morning at 1.5-h
intervals, and closed by 12:30. Captures from the three daily trap-
ping sessions were pooled to give an overall daily capture rate.
This procedure was repeated for at least 3 consecutive days, until
the population estimate had a standard error of <10%. Estimates
were calculated using the mark-recapture heterogeneity (jacknife)
model (Pollock et al. 1990) from program caprure (Otis et al.
1978), as recommended by Boulanger and Krebs (1994) and Menkens
and Anderson (1988). Our confidence that these estimates reflected
true demographic parameters was also supported by high Jolly—
Seber estimates of trappability (77% for adults and 88% for juveniles,
range 22-100%; Hubbs and Boonstra 1997) and by population esti-
mates that had consistent bias over the number of animals captured
(linear regression N = 51; 2 = 0.99, p < 0.0001), despite a range of
3-353 animals captured among study sites. Comparisons of density
estimates were made using a randomized-intervention analysis (RIA;
Manly 1991}, to determine whether differences observed among
treatments were greater than expected by chance, given the back-
ground variation in population size shown by control populations.
RIA was chosen over conventional statistical tests, because of the
lack of replication of the predator-exclosure and predator-exclosure +
food-supplemented treatments.

From 1992, adult arctic ground squirrels were radio-collared
with 5-g radio collars (PD-2C transmitters; Holohill Systems Limited,
Woodlawn, Ont.), to estimate active-season survival from emer-
gence in April to immergence in August or September (sample
sizes in Table 1). Most adults were collared at emergence in the
spring, with the staggered entry of a few individuals on each treat-
ment as the season progressed. From 1992 to 1995, juvenile arctic
ground squirrels were radio-collared with 6-g expandable collars
(SM-1 transmitters from AVM in California and SS-2 transmitters
from Biotrack, Dorset, England; both with Hg-675 batteries), to es-
timate active-season survival (Byrom and Krebs 1999). We located
adults twice per week and juveniles at least every 2 days, using a
hand-held yagi antenna. Survival was estimated using the Kaplan—
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Table 1. The number of adult arctic ground squirrels radio-collared on treatment and control grids, and the proportion of the estimated
population that was radio-collared from 1992 to 1995.

Treatment

Predator exclosure +

Control Predator exclosure Foods food-supplemented
Percent Percent Percent Percent
M F radio-collared M F radio-collared M F radio-collared M F radio-collared
1992¢ 13 20 100 8 16 100 — 25 76 — 24 39
1993 6 12 100 3 14 100 5 28 79 10 12 52
1994 6 21 100 5 15 100 7 19 100 5 16 25
1995 3 23 68 2 17 68 —_ 32 43 1 24 14
Total no. radio- 104 80 116 92

collared

Note: M, males; F, females.
“Data for 1992, from Hubbs and Boonstra (1997), used with permission.

Fig. 2. (a) Arctic ground squirrel population density (number of
squirrels/ha) from 1990 to 1995 on four control grids (pooled
and averaged), two food-supplemented grids, a predator-exclosure
grid, and a predator-exclosure + food-supplemented grid. (b) Arctic
ground squirrel population density (number of squirrels/ha) on
four control grids. Controls A and B were trapped from 1990 to
1995, control C from 1993 to 1995, and control D from 1992 to
1995. Note that the scales on the y axes are different in a and b;
SPR., spring; SUM., summer.
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Meier estimator (Pollock et al. 1989), modified for use in Ms-DOS
by Krebs (1989). Survival estimates were compared using a gen-
eral x2 statistic (Sauer and Williams 1989; Sokal and Rohlf 1995).
Overwinter survival of radio-collared arctic ground squirrels from

all age and sex classes was measured in winters 1993-1994 (n =
20) and 1994-1995 (n = 41). Squirrels were radio-collared in the
fall with PD-2C transmitters (Holohill Systems Limited, Wood-
lawn, Ont.) and located in the spring.

Population trends in arctic ground squirrels, snowshoe
hares, and predators

Instantaneous rates of population change in arctic ground squir-
rel populations were calculated as:

r=1In [Nt + DIN(@)]

where N(¢ + 1) is population density at time ¢ + 1, N(#) is popula-
tion density at time #, and r is the instantaneous rate of population
change per year (Caughley 1977). Spring population estimates
were used to calculate rates of change. We then used a multiple re-
gression to evaluate the importance of various demographic param-
eters (per capita reproductive output and overwinter survival, both
from Karels et al. (2000), and adult and juvenile survival during
the active season) on rates of population change during our study.
Changes in avian- and mammalian-predator numbers (calculated in
autumn of each year) and snowshoe hare autumn population densi-
ties were also monitored from 1990 to 1995. Methods for estimat-
ing the populations of these species have been described in detail
elsewhere (hares, Krebs et al. 1992; Boutin et al. 1995; lynx and
coyotes, Boutin et al. 1995; O’Donoghue et al. 1997; avian preda-
tors, Doyle and Smith 1994).

Results

Population density and rates of population change

We tested whether the change in trapping method (from
burrow-trapping to stake-trapping on the predator-exclosure
and control grids) affected population estimates, by trapping
squirrels on the predator-exclosure grid using both methods
in spring 1993. Burrow-trapping gave a population estimate
of 12 + 0 squirrels (95% confidence limits; total number
captured = 12), whereas the same population trapped at stakes
within a few days gave a population estimate of 13 + O
squirrels (total number captured = 13), so we assumed that
estimates of population density made using the two methods
were comparable.

Population densities of arctic ground squirrels on control
and experimental grids declined after a peak in 1990 and
1991 (Fig. 2), during and immediately after the peak in
snowshoe hare numbers. Densities were low on all sites by
the spring of 1993 and increased thereafter. Treatments had
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Fig. 3. Ratio of population densities of arctic ground squirrels on
each experimental treatment (predator exclosure, food 1 and food
2, and predator exclosure + food-supplemented) to population
densities on controls A-D (pooled and averaged) from 1990 to
1995. Arrows show the average increase in population density on
each experimental treatment relative to the average control den-
sity over all years. Note that the scales on the y axes are differ-
ent; SPR., spring; SUM., summer.
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considerably higher population densities than controls in
most years, with variability among controls being similar
throughout the study. RIA revealed significant differences in
densities for the predator-exclosure + food-supplemented
(5000 of 5000 randomizations < observed, p < 0.001) and
food (4967 of 5000 randomizations < observed, p < 0.01)
treatments but revealed no significant increase in density for
the predator-exclosure treatment (3171 of 5000 randomiza-
tions < observed, p = 0.37). On average, with predator ex-
clusion alone, arctic ground squirrel population densities
increased twofold, while with food addition alone, densities
increased fourfold. Population densities increased 10-fold,
on average, when food was added and predators were re-
moved simultaneously (Fig. 3).

On all grids, instantaneous rates of population change, 7,
were positive from 1990 to 1991, negative from 1991 to 1993
(with one exception), and positive from 1993 to 1995 (with
one exception) (Fig. 4). In contrast with ail other treatments
and controls, the predator-exclosure + food-supplemented
treatment sustained a positive rate of population growth from
1991 to 1992, and the population declined for only 1 year
(1992-1993) before increasing again from 1993 to 1995
(Fig. 4). The strongest predictor of r from year to year was
active-season survival of adults (see below) (% = 0.45, n =
12; F = 4.9, p < 0.06). Overwinter survival and per capita re-
productive output had negligible influence on the rate of
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Fig. 4. Instantaneous rates of population change per year on four
control grids, two food-supplemented grids, a predator-exclosure
grid, and a predator-exclosure + food-supplemented grid from
spring 1990 to spring 1995. Note that the instantaneous rate of
population change per year, r, was zero on the predator exclosure
in 1992-1993.
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population change in arctic ground squirrel populations at
Kluane.

Active-season survival

Because the adult sex ratio was biased in favour of fe-
males, sample sizes of radio-collared adult males were often
too small to allow comparisons of survival to be made
within each sex on all treatments, so we present results for
survival analyses of the two sexes combined. Predation was
the greatest proximate cause of mortality during the active
season for radio-collared ground squirrels in all years. Pre-
dation accounted for 42 of 45 known adult mortalities in
1992 (Hubbs and Boonstra 1997), 18 of 18 mortalities in
1993, seven of seven mortalities in 1994, and six of six mor-
talities in 1995. Predation accounted for six of six juvenile
mortalities in 1992, 21 of 21 mortalities in 1993, 16 of 18
mortalities in 1994, and 15 of 15 mortalities in 1995. In to-
tal, predation accounted for 96% (125/130) of all known
deaths of adult and juvenile arctic ground squirrels during
this study. Most kills (75% of known adult kills and 79% of
known juvenile kills) were by avian predators. From 1993 to
1995, the predator-exclosure + food-supplemented treatment
had a strong significant effect on adult survival, and the effects
of the treatments on adult survival were ranked as follows:
predator exclosure + food-supplemented > food > predator
exclosure > controls (Table 2). We excluded the results for
1992 from our analyses of treatment effects on adult sur-
vival, because during 1993-1995, population growth in the
arctic ground squirrel population was positive (Fig. 4) and
numbers of predators were lower, whereas during 1992 preda-
tion was high. Twenty-eight day survival was significantly
lower in 1992 than from 1993 to 1995 for radio-collared
adults (Table 2), as it was for radio-collared juveniles
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Table 2. Results of statistical analyses comparing 28-day active-
season survival of radio-collared adult arctic ground squirrels
among experimental treatments and controls from 1992 to 1995,
and comparing pooled survival on all treatments among years.

Survival

Year and treatment (mean + SE) N x 4

1992
Controls 0.788+0.02 33
Predator exclosure 0.813+0.027 24
Foods 0.704+0.02 25 303 <0.0001
Predator exclosure + 0.658+0.027 24
food-supplemented
1993
Controls 0.705+£0.107 18
Predator exclosure 0.886+0.041 17
Foods 0.882+0.041 33 130 0.005
Predator exclosure + 0.974+£0.015 22
food-supplemented
1994
Controls 0.968+0.015 27
Predator exclosure 0.949+0.026 20
Foods 1.000+0 26 6.8 0.08
Predator exclosure + 1.00010 21
food-supplemented
1995
Controls 0.884+0.051 26
Predator exclosure 0.970+£0.015 19
Foods 1.000+0 32 10.1 0.017
Predator exclosure + 1.000+£0 25
food-supplemented
Treatments pooled
1992 0.741£0.025 106
1993 0.868+0.026 90
1994 0.980+0.01 94 91.7 <0.0001
1995 0.967+0.01 102
1993-1995 pooled
Controls 0.863+0.019 104
Predator exclosure 0.940£0.015 80
Foods 0.959+0.011 116  59.0 <0.0001

Predator exclosure + 0.993+0.004 92

food-supplemented

Note: For all comparisons, df = 3.

(Table 3). However, our experimental manipulations did not
have a consistent effect on juvenile survival (Table 3). Treat-
ment effects on juvenile survival, although not significant,
were ranked as follows: food > controls > predator exclosure >
predator exclosure + food-supplemented (Table 3). How-
ever, juvenile survival varied significantly among years, with
the lowest survival in 1992.

We also calculated survival of both adult and juvenile arc-
tic ground squirrels on the predator-exclosure grid, selecting
only those that stayed within the fence and under the protec-
tion of the monofilament fishing line. Survival of both adult
and juvenile squirrels that remained under the monofilament
fishing line during the active season was significantly higher
than the overall survival on the predator-exclosure grid (3% =
31.7, df = 1, p < 0.0001; Table 4).

In the summer of 1993 (a year of moderately high preda-
tion for arctic ground squirrels), we tested the assumption
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Table 3. Results of statistical analyses comparing 28-day active-
season survival of radio-collared juvenile arctic ground squirrels
among experimental treatments and controls (only on control A
in 1992 and on controls A and D from 1993 to 1995), and com-
paring pooled survival on all treatments among years.

Survival

Year and treatment (mean + SE) N X p
1992

Control 0.476+0.168 12 — —
1993

Controls 0.908+0.046 8

Predator exclosure 0.680+£0.077 17

Foods 0.812+0.066 15 8.8 0.03

Predator exclosure + 0.916+0.041 11

food-supplemented

1994
Controls 0.744+0.087 12
Predator exclosure 0.802+0.066 15
Foods 0.934£0.036 18 10.2 0.017
Predator exclosure + 0.958+0.02 15
food-supplemented
1995
Controls 0.810+0.082 16
Predator exclosure 0.967+£0.015 14
Foods 0.868+£0.056 16 18.6 0.0003
Predator exclosure + 0.523+0.122 15
food-supplemented
Treatments pooled
1992 0.476+0.168 12
1993 0.811+£0.031 51
1994 0.862+0.02 60 99 0.02
1995 0.765+0.041 61
1993-1995 pooled
Controls 0.815£0.038 48

0.796+0.036 46
0.872+0.031 49 39 0.28
0.773x0.056 41

Predator exclosure

Foods

Predator exclosure +
food-supplemented

Note: For all comparisons, df = 3.

Table 4. Twenty-eight day active-season survival of radio-
collared arctic ground squirrels on the predator-exclosure treat-
ment from 1993 to 1995.

Overall survival Protected survival

Mean + SE N Mean + SE N

1993
Adults 0.886+0.041 17 0.929+0.036 9
Juveniles 0.680+0.077 17 1.000+0 8

1994
Adults 0.949+0.026 20 1.000x0 9
Juveniles 0.802+0.066 15 1.000+0 9

1995
Adults 0.970+£0.015 19 1.000+£0 13
Juveniles 0.967+0.015 14 1.000+0 11

Note: “Overall survival” means survival of all arctic ground squirrels
moving freely in and out of the treatment area. “Protected survival” means
survival of only those arctic ground squirrels that remained under the
monofilament fishing line within the gnd.
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Table 5. The number of radio-collared arctic ground squirrels surviving overwinter on treatment
and control grids in winters 1993-1994 and 1994-1995.

Predator
exclosure

Controls

Predator exclosure +

Foods food-supplemented

Adults
Females
1993-1994
1994-1995
Males
1993-1994 o —
1994-1995 1 (1) 4 (4)
Juveniles
Females
1993-1994
1994-1995
Males
1993-1994 — 1(2)
1994-1995 —_ _—

4 (4) —
1 (1) —

3 (3)
4 (4)

4 (4)
5(6)

1(1) —
7(8) 7N

3 (4) —
0(1) —

1) —
1 (1) 5(6)

1 (1) 1 (1)

Note: Values in parentheses are sample size.

that squirrel mortalities occurred as a result of predation and
not from scavenging by placing 12 whole dead squirrels (ob-
tained from road kills) randomly on three control sites and
leaving them for several days. The fate of each squirrel was
monitored using the spool and line technique (Boonstra and
Craine 1986). Ten of the 12 squirrels were dragged 30-80 m
to red squirrel middens, one was dragged to a ground squir-
rel burrow, and one remained untouched. None of the 12 squi-
rrels showed any of the diagnostic signs we normally used
to determine that predation had occurred on radio-collared
squirrels (plucked fur, feathers, whitewash, or pellets in the
case of avian predation; piles of intestines or scats in the
case of mammalian predation), so we assumed that observed
mortalities of radio-collared squirrels were the result of pre-
dation events and not of scavenging.

Overwinter survival

Overwinter survival of 61 radio-collared squirrels was high
in the winters 1993-1994 and 1994-1995, the only seasons
in which arctic ground squirrels were radio-collared over
winter (Table 5). There appeared to be no differences in sur-
vival of squirrels among treatments or years. However, sta-
tistical analyses were not appropriate, given the small
sample sizes within each age and sex class. Hubbs and
Boonstra (1997) also found that overwinter survival of
(uncollared) arctic ground squirrels in the boreal forest did
not differ with age, year, or treatment, although females had
a slight survival advantage in one of the two seasons in
which they monitored overwinter survival. In addition, sur-
vival of squirrels in all age and sex classes was lowest in the
winter 1991-1992 (Hubbs and Boonstra 1997).

Population trends in arctic ground squirrels, snowshoe
hares, and predators

Snowshoe hare numbers declined from 1989 to 1993 and
remained low until 1995. The numbers of mammalian and
avian predators peaked in 1990 and 1992, respectively. Arc-
tic ground squirrel densities peaked in 1991 and were lowest
in 1993. Survival of adults declined from 1990 to 1993 and
survival of juveniles was lowest in 1992 (Fig. 5). Arctic

ground squirrel population densities and survival showed lag-
ged fluctuations that may have occurred in response to the
snowshoe hare cycle and the resultant increase and decline
in predator numbers.

Discussion

Our experimental findings support the hypothesis that pre-
dators and food availability may interact to limit arctic ground
squirrel populations at Kluane during the decline and low
phases of a snowshoe hare cycle. On average, exclusion of
predators resulted in a twofold increase in arctic ground
squirrel population densities, food-supplementation resulted
in a fourfold increase, and predator removal and food addi-
tion together resulted in a 10-fold increase. Had this effect
been simply additive, we would have expected an approxi-
mately sixfold increase in density on the predator-exclosure +
food-supplemented treatment. Survival was also significantly
higher on the experimental sites than on the control sites
during the decline and low phases of a snowshoe hare cycle.
Changes in adult survival also contributed to interyear varia-
tion in arctic ground squirrel populations in the boreal forest,
resulting in a strong effect on rates of population change,
and thus providing a mechanism whereby squirrel popula-
tions could increase dramatically when predators declined
after 1993.

Large-scale experimental manipulations are often costly to
maintain and difficult to replicate (Carpenter et al. 1995;
Krebs et al. 1995). Hence, the predator-exclosure and the
predator-exclosure + food-supplemented treatments were not
replicated in this study. Drawing conclusions from ecological
studies without replication can be problematic (Hurlbert 1984;
Carpenter 1989). However, we believe that the observed changes
in population density on the experimental treatments were
real for the following reasons. First, although the predator-
exclosure + food-supplemented and the predator-exclosure
treatments were not replicated, the control sites were. Simi-
lar trends in population density were observed among the
four controls during our study (Fig. 2b). Second, all our
grids were located in areas of similar habitat (predominantly
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Fig. S. Population densities of arctic ground squirrels, predators,
and snowshoe hares in the southwestern Yukon Territory from
1989 to 1995. Note that the scales on the v axes are different.
(a) Autumn population densities of snowshoe hares (number

of hares/ha) on control grids from 1989 to 1995. (b) Late-
summer population densities of arctic ground squirrels (number
of squirrels/ha) on control grids from 1990 to 1995. (¢) Autumn
population densities of mammalian predators (number of lynx
and coyotes/350 km?) from 1989 to 1995. (d) Summer popula-
tion densities of avian predators (number of pairs of great
horned owls, red-tailed hawks, and goshawks/100 km?) from
1989 to 1995. (e) Twenty-eight day active-season survival of
adult (A) and juvenile (J) arctic ground squirrels on control sites
from 1990 to 1995. Active-season survival was estimated from
trapping data for 1990 and 1991 (Hubbs and Boonstra 1997) and
by radiotelemetry for 1992-1995 (Byrom 1997).
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open spruce and shrub-meadow; Hubbs and Boonstra 1997).
Hence, observed demographic changes are unlikely to be
habitat-specific anomalies.

We are confident that results obtained from burrow-trapping
and trapping at stakes on all grids are directly comparable.
First, similar population estimates were obtained on the
predator-exclosure grid in 1993 uvsing the two methods. Sec-
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ond, the minimum distance between any two traps (i.e., the
diagonal distance between alternate traps) was 44 m, whereas
home-range diameters (estimated using the 95% minimum
convex polygon method; Jennrich and Turner 1969) for arc-
tic ground squirrels on control and predator-exclosure grids
ranged from 145 to 174 m (Byrom and Krebs 1999). We
therefore assumed that there was a high probability of a
squirrel encountering a trap during normal daily movement.
Third, the dispersion of trap-capture rates among squirrels
approximated a Poisson distribution on each grid in each
trapping session, indicating that a high proportion of empty
traps were always available to capture squirrels. Finally, we
compared our density estimates with the minimum number
of squirrels known to be alive (MNA) for each treatment at
each trapping session. The MNA:density ratio varied from
0.7 to 1.2 for all grids in all trapping sessions, and these ra-
tios did not change consistently among grids, among years,
or with increasing density, so we were confident that the
burrow-trapping method was accurate for all sites.

In all years except 1992, adult survival was significantly
increased on all three treatments relative to controls (Ta-
ble 2), in spite of the fact that arctic ground squirrels were
able to move freely in and out of the study sites. Occa-
sionally such movements did result in a predation event, par-
ticularly for juveniles (Byrom and Krebs 1999) but also for
adults. On the predator exclosure, for example, the survival
of both adults and juveniles that remained under the mono-
filament fishing line was significantly higher than the overall
survival of squirrels from that treatment (Table 4). Two fur-
ther lines of evidence support the argument that survival dif-
ferences contributed to the observed population changes;
first, three adult squirrels were killed by avian predators in-
side the predator exclosures in 1993 and, second, the major-
ity of known squirrel kills were by raptors. If all avian kills
inside the fences and under the monofilament fishing line
could have been prevented, and if the exclosure fences had
been impermeable to arctic ground squirrels, there may have
been an even more pronounced effect of predator removal on
squirrel survival and, likely, flow-on effects of survival on
population density, as well. Therefore, these results could be
regarded as conservative, because they underestimate the po-
tential effects of avian predation on arctic ground squirrel
populations and its likely interaction with food availability.

We did not attempt to prevent arctic ground squirrels from
moving freely in and out of our study sites for two reasons.
First, our experimental grids were 300 x 300 m in size
but were located within larger (1 km?) fenced or food-
supplemented areas, so we were able to maintain a large
buffer population of squirrels around all our manipulated ar-
eas. Second, we wanted to avoid the “fence effect,” a phe-
nomenon common among microtine rodents, whereby
fenced populations show high rates of population increase,
resulting in a sharp decline in food availability and a sudden
population crash (Krebs et al. 1969). The fence effect com-
monly occurs when dispersers are prevented from leaving an
area and, although it has not been demonstrated for popula-
tions of ground-dwelling sciurids, we believe that there was
potential for it to occur. Results obtained by monitoring a
squirrel population that was able to move freely in and out
of the study areas outweighed the costs of losing some
squirrels to predation as a consequence.
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Changes in survival of both adults and juveniles during
the study period also influenced interyear variation in arctic
ground squirrel populations from 1990 to 1995; this is dem-
onstrated by the significant effect of survival on the rate of
population change, and the decline in active-season survival
and the negative population growth rates from 1991 to 1993,
when predation intensity was probably highest as a result of
the snowshoe hare cyclic decline (Fig. 5). Active-season sur-
vival of adults and juveniles was lowest in 1992 (and to
some extent in 1993), when predators were using arctic ground
squirrels as alternative prey during the summer (Rohner 1994;
O’Donoghue et al. 1998). In addition, adult survival was
consistently high in 1994 and 1995, when predator numbers
(and probably predation intensity) were low. To a lesser ex-
tent, juvenile survival also followed this trend. During our
study, overwinter losses of radio-collared squirrels were mini-
mal (Karels 1996; Byrom 1997; Table 5), although Hubbs
and Boonstra (1997) suggested that high losses caused by
severe weather conditions in early spring 1992 may have
contributed to the decline in arctic ground squirrel popula-
tions immediately following the snowshoe hare decline from
1991 to 1992.

Impacts of predators on density and survival of alternative
prey species as a result of a cyclic decline in another herbi-
vore are often reported (e.g., Angelstam et al. 1984; Suther-
land 1988; Marcstrom et al. 1989; Keith and Cary 1991;
Korpimiki and Norrdahl 1991; Small and Keith 1992; Patter-
son et al. 1998; Angerbjorn et al. 1999). Keith and Cary
(1991) inferred that increased predation may have occurred
on populations of alternative prey (including Franklin’s ground
squirrels, Spermophilus franklinii) during a snowshoe hare
population decline in Alberta. Steenhof and Kochert (1988)
reported that Townsend’s ground squirrels (Spermophilus
townsendii) were alternative prey for golden eagles (Aquila
chrysaetos) during a jackrabbit (Lepus californicus) decline
in Idaho. Marcstrom et al. (1989) concluded that arctic hare
(Lepus timidus) population densities and growth rates de-
clined in response to increased predation by red foxes
(Vulpes vulpes) and martens (Martes martes), when popula-
tions of Microtus spp. and Clethrionomys spp. declined on
two islands in the northern Baltic Sea. Sutherland (1988)
summarized evidence indicating that changes in survival
rates of Brant geese may be due to predators such as arctic
foxes (Alopex lagopus) switching to goose eggs and goslings
as a consequence of the cyclic decline of lemmings on the
Taimyr peninsula in Siberia. Arctic ground squirrel popula-
tion densities at Kluane were likely also indirectly influ-
enced by snowshoe hare population densities as a result of
hare predators, particularly raptors, concentrating foraging
efforts on squirrels after hare populations declined (Rohner
1994; O’Donoghue et al. 1998). The fluctuation in arctic
ground squirrel populations resulting from the snowshoe
hare cycle is in marked contrast with red squirrel (Stuart-
Smith and Boutin 1995) and smali-herbivore (Boutin et al.
1995) populations at Kluane, which did not fluctuate in syn-
chrony with the snowshoe hare population at any stage of its
cycle.

In this study, arctic ground squirrel populations in the
southwestern Yukon demonstrated fluctuations in density and
survival as a consequence of the snowshoe hare cyclic de-
cline, which suggests that the snowshoe hare cycle indirectly
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affects arctic ground squirrel populations. Squirrels also
responded to experimental manipulation of two external lim-
iting factors. Although overwinter losses were negligible
during our study, they may occasionally be severe (Hubbs
and Boonstra 1997), introducing a stochastic element into
the regular fluctuation. Hence, arctic ground squirrel popula-
tions can sustain a positive rate of increase during the low
phase of the snowshoe hare cycle, particularly if active-
season survival of adults and overwinter survival are high.
Elsewhere we have examined the effects of our experimental
manipulations on reproduction and growth rates in arctic
ground squirrels (Karels et al. 2000) and on juvenile survival
and dispersal patterns (Byrom and Krebs 1999). Publications
examining whether predation and food supply have density-
dependent (and thus regulatory) effects on arctic ground
squirrels in the boreal forest at Kluane are in preparation.
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