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Impact of Food and Predation on the 
Snowshoe Hare Cycle 

Charles J. Krebs,* Stan Boutin, Rudy Boonstra, A. R. E. Sinclair, 
J. N. M. Smith, Mark R. T. Dale, K. Martin, R. Turkington 

Snowshoe hare populations in the boreal forests of North America go through 1 0-year 
cycles. Supplemental food and mammalian predator abundance were manipulated in a 
factorial design on 1-square-kilometer areas for 8 years in the Yukon. Two blocks of forest 
were fertilized to test for nutrient effects. Predator exclosure doubled and food addition 
tripled hare density during the cyclic peak and decline. Predator exclosure combined with 
food addition increased density 11-fold. Added nutrients increased plant growth but not 
hare density. Food and predation together had a more than additive effect, which suggests 
that a three-trophic-level interaction generates hare cycles. 

The 10-year cycle of snowshoe hare popu
lations and those of their predators is one of 
the dominant perturbations of the boreal 
forests of North America. Predation and 
food shortage have been postulated as the 
major factors causing these fluctuations ( l ). 
Because in all cyclic populations many fac
tors will change in a manner correlated 
with population density, necessary condi
tions can be recognized only by experimen
tal manipulations (2). From 1976 to 1984, 
we manipulated food supplies of snowshoe 
hares (Lepus americanus) in the southern 
Yukon and showed that the cyclic decline 
could not be prevented by either artificial 
or natural food addition (3). Single-factor 
manipulations have been criticized in field 
ecology because they may miss important 
interactions between factors (4). For the 
past 8 years, we have carried out large-scale 
experiments on nutrients, supplemental 
food, and predation in the Yukon to untan
gle the causes of the hare cycle and the 
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consequences the hare cycle has for the 
vertebrate community. By crossing a pred
ator reduction manipulation with food ad
dition we estimated interaction effects 
caused by the failure of factors to combine 
additively. 

We chose l-km2 blocks of undisturbed 
boreal forest near Kluane Lake, Yukon, as 
our experimental units (5). The boreal forest 
in this region is dominated by white spruce 
(Picea glauca) and was not disturbed by log
ging, fire, or extensive fur trapping during 
our studies. We used a factorial design to 
untangle the effects of food and predation 
on hares. Three areas were used as controls 
(6). Two experimental areas were provided 
with ad lib supplemental food year-round. 
We excluded mammalian predators by 
building one electric fence in the summer of 
1987. In the summer of 1988, we built a 
second electric fence to use for the com
bined predator reduction-food addition 
treatment (7). Since January 1989, the elec
tric fences have worked effectively to pre
vent mammalian predators from entering 
the two areas. The fences are permeable to 
snowshoe hares. Beginning in 1987, we add
ed nitrogen-potassium-phosphorus (NPK) 
fertilizer to two blocks of forest to increase 
plant growth (8). We chose to manipulate a 
few large areas rather than many small areas 
because of the failure of most field experi
ments to address large-scale issues (9). We 
captured, marked, and released snowshoe 
hares every March and October and estimat
ed densities with the robust df.sign (10). 
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Snowshoe hares in the control areas in
creased from a low in the mid-1980s to a 
peak in 1989 and 1990 (Fig. 1). The in
crease phase from 1986 to 1988 showed 
considerable variation among the three 
control populations, but from the peak 
phase onward all the controls were similar 
in their year-to-year dynamics. The cyclic 
decline began in autumn and winter 1990 
and continued until the spring of 1993 
when hares had reached low numbers of 
approximately one hare per 15 ha. Popula
tion increase in snowshoe hares is stopped 
both by increased mortality and by reduced 
reproductive output (I 1). This previously 
described syndrome of demographic chang
es was consistent over the cycle we ob
served. Juvenile mortality increased while 
the population was still in the increase 
phase of the cycle (Fig. 2), whereas adult 
losses did not become severe until the de
cline phase. The decline phase in 1991 and 

1992 was characterized by poor survival of 
both juveniles and adults and by reduced 
reproductive output by females through re
striction or elimination of their second and 
third summer litters (I 1). 

The impact of our experimental treat
ments can be measured in several ways. We 
concentrate here on changes in the popu
lation density of hares in the treated areas 
and on the survival rates of radio-collared 
hares. Density effects can be most simply 
expressed as ratios of the density in the 
treated area to the density in the control 
areas. We estimated these each spring and 
autumn for all treatments (Fig. 3). Effects 
were small during the increase phase in 
1987 and 1988 because the treatments were 
just being established. All treatments were 
effective by spring 1989. The food addition 
effect was always positive and produced 
densities ranging from 1.5- to 6-fold over 
control levels during the peak and decline 
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Fig. 1. Spring densities of snowshoe hares in three control and six treatment areas, Kluane Lake, Yukon, 
1987 to 1994. Densities were estimated from mark-recapture live trapping for 4 to 5 days in late March 
and early April each year with the use of the jackknife estimator in the program Capture (10). Asterisk 
indicates one of the three control areas that was not trapped in 1987, 1991 , and 1992. 

Fig. 2. Survival rates of 
adult (circles) and juve
nile (squares) snowshoe 
hares in the most inten
sively studied control 
area (control area 1 ). Ju
venile survival is already 
deteriorating in the late 
increase phase (1988) 
and is low in the peak 
and decline phases of 
the cycle. We could not 
estimate juvenile survival 
in 1992 because few of 
the 13 juveniles caught 
were ever recaptured. 
We presume juvenile 
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survival was poor in 1992. Survival rates (per 28 days) were estimated from mark-recapture data with the 
use of the Jolly-Seber Model B (10). Juvenile survival refers to trappable juveniles only, which are those 
more than 6 to 8 weeks old. Sample sizes of hares are given next to data points. 
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phases (Fig. 38). The predator exclosure 
effect was negligible in the peak phase from 
1989 to 1990 but became pronounced in 
the late decline and low phases, producing 
densities ranging from 1.4- to 6-fold over 
control levels (Fig. 3A). The largest effect 
was shown by predator exclosure and food 
treatment combined, particularly in the late 
decline phase when densities exceeded con
trol levels by 36-fold (Fig. 3C). Averaged 
over both the peak and the decline phase, 
predator exclosure approximately doubled 
the density of hares, food addition approx
imately tripled density, and the combined 
treatment increased density 11-fold. 

In contrast to the strong effects shown 
by manipulation of predation and food sup
ply, the addition of nutrients had virtually 
no effect on snowshoe hare numbers. In 
spite of increased growth of herbs, grasses, 
shrubs, and trees (8), the fertilized plots 
contained virtually the same number of 
hares as did the control plots (Fig. 1). Fer
tilized vegetation in the boreal forest can
not duplicate either the quantity or quality 
of the artificial food that we added in our 
experiments, and for this reason fertilization 
is a relatively ineffective method of food 
addition for hares. 

Survival rates can be estimated from 
mark-recapture methods or from radio
telemetry (I 2). Treatments had little im
pact on survival rates during the peak phase 
of the hare cycle. Monthly adult survival 
rates were greater than 90% in the peak 
phase, leaving little room for improvement. 
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Fig. 3. Ratio of population densities for the three 
treatments to average control population densi~ 
ties at the same time. If there is no treatment 
effect, we expect a ratio of 1.0. During the peak 
and decline phases, the predator exclosure (A) 
doubled density on average, food addition (B) tri
pled density, and the combined treatmeot (C) in
creased density 11-fold. 
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The major effects of the treatments on sur
vival were visible in the decline phase (Fig. 
4 ). The probability of a hare living for 1 
year in the control areas during the decline 
was 0. 7%. In fertilized areas, this probability 
was 1.9%, which is slightly but not signifi
cantly higher than in the control areas. 
This probability improved to 3.7% in the 
food addition grids and to 9.5% in the 
predator exclosure areas. The best chances 
of survival occurred in areas treated with a 
combination of mammalian predator reduc
tion and food, where the probability of sur
vival was 20.8% for 1 year during the de
cline. The effects of food and predation on 
survival during the decline phase were near
ly additive and showed no sign of an inter
action. The addition of food by itself was 
not sufficient to prevent large losses to 
predators, and the rapid population collapse 
in the food areas from 1991 to 1992 (Fig. 1) 
was due to heavy predation. 

The numbers of both avian and mam
malian predators follow the hare cycle, but 
with a 1- to 2-year time lag ( 1 ). Virtually all 
snowshoe hares in our study area die from 
predator attack in the immediate sense. 
From 1989 to 1993, we found that 83% of 

Fig. 4. Annual survival rates for snowshoe hares 
with radio collars during the decline phase from 
autumn 1990 to autumn 1992. Ninety-five percent 
confidence limits are shown. Sample sizes for the 
estimates are (in order): 278, 206, 197, 246, and 
262 hares. Radio collars were placed only on fully 
grown animals and thus are used to measure 
adult mortality rates. 

the deaths of all radio-collared hares were 
due to predation and only 9% were attrib
uted to starvation (13). We presume that 
hares suffering from food stress will be more 
susceptible to death from predation. 

Because we used live trapping as our pri
mary technique of study, we have less data 
on the reproductive output of snowshoe 
hares in relation to these three treatments. 
During the peak phase, the ·food treatment 
areas have the same reproductive output as 
do the control areas (14). Table 1 gives the 
total production of live young hares at birth 
for a female over the summer breeding peri
od for the control areas, the food areas, and 
the predator exclosure plus food grid. The 
collapse of reproduction in the control areas 
was prevented in the combined treatment 
area. Because we do not know the reproduc
tive schedule for the food or the predator 
ex closure treatment areas during the decline 
phase, we cannot assess the separate contri
butions of food and predation to the repro
ductive output of females. 

There are three possible explanations of 
these differences in reproductive output. Re
productive changes may be driven by food 
limitations in the decline period. Alterna
tively, hares may respond to predation risk in 
the decline phase by altering their habitat 
use so that they cannot achieve adequate 
nutrition (15). In both of these cases, this 
reproductive curtailment is due to food 
shortage, but in the first case it is absolute 
food shortage and in the second case it is 
relative food shortage caused as an indirect 
effect of predation. The third possibility is 
that these reproductive effects are a direct 
result of stress and the physiological derange
ment associated with stress (16). We cannot 
yet determine which of these explanations is 
correct. Absolute winter food shortage does 
not necessarily occur during the peak or 
decline phase (3), and the weight of evi
dence is against the first explanation. Behav
ioral evidence suggests that there may be a 
relative shortage of food (15). 

If both food and predation are together 
sufficient to explain population cycles in 
snowshoe hares, why were we not able to 

Table 1. Total production of live young by female snowshoe hares over the summer breeding season 
during the late increase (1988), peak (1989 and 1990), and decline (1991 and 1992) phases of the h~re 
cycle. litter sizes at birth were not available for all treatments in all years. We assume that total productiOn 
in the predator exclosure plus food treatment area would have been the same as in the food areas in the 
peak years of 1989 and 1990. Numbers in parentheses indicate number of females sampled. 

Year 

1988 
1989 
1990 
1991 
1992 
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Control areas 
[no. of young ± SE (n)] 

16.4 :t 0.44 (1 0) 
13.7 0.39 (21) 
13.7 0.40 (33) 
7.8 ± 0.37 (18) 
3.3 ± 0.25 (4) 

Food areas 
[no. of young ± SE (n)] 

14.1 0.43 (36) 
15.1 ± 0.43 (36) 

Predator exclosure + 
food area 

[no. of young :t SE (n)) 

16.3:!.: 0.73 (15) 
17.1 ± 0.31 (50} 
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prevent the decline entirely in the combi
nation treatment area? Hare densities fell 
from about seven per hectare in 1989 to 
about one per hectare in 1994 in the com
bination treatment area, even though hare 
density in this area remained at or above 
normal peak densities for 7 years from 1988 
to 1995. The combination treatment de
layed the decline but did not prevent it. 
There are three possible reasons for this, 
and they illustrate one difficulty of large
scale experiments. First, hares could move 
freely into and out of the predator exclo
sures. Individuals were often killed by pred
ators when they moved out, but others 
could emigrate into nearly unoccupied 
landscape outside the fence in the low years 
of 1992 to 1994 (17). Second, we could not 
prevent raptor predation inside the predator 
exclosure. Our monofilament treatment 
covered only a small fraction of the preda
tor exclosure and was ineffective in pre
venting raptors such as goshawks from in
vading the area. Because raptors and owls 
cause about 40% of the predation mortality 
in our hare populations, the effect of the 
exclosures was to reduce total predation 
losses, not eliminate them. Great homed 
owls and goshawks continued to kill hares 
inside the predator exclosures during the 
decline and low phases. Third, another fac
tor in addition to food and predation may 
be sufficient to cause the decline. 

These results support the view that pop
ulation cycles in snowshoe hares in the 
boreal forest are a result of the interaction 
between food supplies and predation. They 
do not support either the plant-herbivore 
model or the predator-prey model for cycles 
but suggest that hare cycles result from a 
three-trophic-level interaction (18). Our 
experimental results are consistent with the 
general ideas of Keith (19) and Wolff (20) 
that both food and predation play a role in 
generating hare cycles, but they do not 
support Keith's sequential rwo-factor model 
that states that food shortage effects are 
followed by predation effects in causing cy
clic declines. Further work will be required 
to determine if the nutritional effects on 
hares are an indirect effect of predation that 
is explicable in terms of the hares' behav
ioral responses to predation risk. Our studies 
have provided little data on the causes of 
the low phase of the hare cycle, which can 
persist for 3 to 4 years. Food supplies recover 
quickly after the peak has passed, and pred
ator numbers collapse during the hare de
cline. Whether the direct or indirect effects 
of predation can also explain the low phase 
remains an open question. 
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