Oecologia (Berlin) (1987) 74:185-192

Oecologia

© Springer-Verlag 1987

Can predation cause the 10-year hare cycle?

K. Trostel, A.R.E. Sinclair, C.J. Walters, and C.J. Krebs

Institute of Animal Resource Ecology, University of British Columbia, Vancouver, B.C. V6T 1W35, Canada

Summary. We relate causes of mortality of snowshoe hares
to density of hares over an 8-year period that included a
peak in numbers. We then use simulation modeling to ex-
amine whether these density-dependent relationships could
produce changes in hare density similar to those observed
in our study area in Yukon, Canada.

Predation during winter was the largest source of mor-
tality for snowshoe hares at Kluane, Yukon during
1978--84. There was a one-year lag in the response of winter
predation mortality rate to hare density. There was a two-
year lag in the response of winter mortality not caused
by predators to hare density.

A simple simulation model with density-dependent pre-
dation produced 8-11 year cycles only within a narrow
range of parameters that are inconsistent with data from
the Kluane region. However, a simulation model that pre-
dicted winter mortality rates using a delayed density-depen-
dent numerical response and a Type II functional response
by predators, produced 8-11 year cycles within the range
of parameter values measured in our study. Yet another
simulation model that predicted both summer and winter
mortality rates using a delayed density-dependent numerical
response and a Type II functional response by predators,
did not produce 8-11 year cycles within the range of param-
eter values measured in our study. Lack of data on juvenile
mortality may be one reason for this result.
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Population size of the snowshoe hare (Lepus americanus)
fluctuates with an 8-11 year period in northern boreal for-
ests (Elton 1933; Keith 1963; Krebs et al. 1986). We now
know something of the patterns of birth and death that
accompany these fluctuations in numbers of hares, com-
monly known as the 10-year cycle (Cary and Keith 1979;
Keith et al. 1984; Boutin et al. 1986).

Keith (1974) proposed a series of mechanisms that
might cause the demographic changes of this ““10-year cy-
cle”. He hypothesized that shortage of winter food for hares
is responsible for the initial decline from peak densities,
and that predation on hares then drives the population to
yet lower densities, at which the food supply can recover.
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Keith et al. (1977) found that the predator numerical
response to peak hare densities was delayed. They reported
a time lag in predation rates which they estimated from
studies of functional and numerical responses of four preda-
tors of snowshoe hares in their study area. Thus there is
evidence for delayed density-dependent mechanisms in the
hare-predator interaction. These authors attributed the de-
lay to superabundant prey at peak hare densities with pre-
dators experiencing food shortage (which caused declines
in predator numbers) only after hare densities had declined.

Other authors propose that delayed density-dependent
mechanisms in the hare-vegetation interaction alone may
be responsible for the 10-year cycle. Snowshoe hare densi-
ties may respond to cyclical changes in secondary chemicals
in their food plants (Bryant 1981). Fox and Bryant (1984)
suggest that a delay is introduced into the hare-vegetation
interaction when plants that have suffered heavy browsing
remain unpalatable to hares for two years.

In this paper we present data on the causes of mortality
during the cyclic low in snowshoe hare abundance at
Kluane Lake, Yukon. We combine mortality data collected
in this study with data reported by Boutin et al. (1986)
for a four-year period that spanned a peak in numbers
and we construct a model of mortality patterns over a snow-
shoe hare cycle. Because predation during winter was the
largest source of mortality for hares in our study site from
1978-84, we propose the hypothesis that predation alone
can account for the cyclic population dynamics observed
for snowshoe hares. Predator cycles, documented for lynx
by Elton and Nicholson (1942), have left the general impres-
sion that this could be a simple predator-prey cycle. Tanner
(1975), investigating the conditions for stability of predator-
prey systems with no time lags, proposed that the hare
cycle could be a stable limit cycle that results from a preda-
tor-prey interaction. Schaffer (1984) and Schaffer and Kot
(1986) offer an alternative explanation in which chaotic be-
havior of a 3-level (vegetation, hares, predators) system is
responsible for the 10-year cycle.

Simulation models can be used as tools to explore
whether a particular hypothesis, expressed as a mathemati-
cal relationship, can produce the population dynamics that
are observed in nature. In this paper we consider the hy-
pothesis that predation mortality alone, measured at our
Yukon study site and acting according to predator response
mechanisms reported by Keith et al. (1977) can produce
population cycles of the period and amplitude observed
in northern boreal forests.
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Methods

The study site was located at the south end of Kluane Lake,
Yukon (61° North, 138° West). The study area and the
trapping methods used are described in Krebs et al. (1986)
and Boutin (1980; 1984). Mortality data during 1978-82
are from Boutin et al. (1986), who trapped and radio col-
lared hares on the Silver Creek grid (a 10 x 10 grid, 30.5 m
between stations and traps set at alternate stations).

In 1983-85, when hare densities were lowest, we ex-
panded trapping effort to obtain a large enough sample
of radio-collared hares. We used a 5 km? study area that
included the Silver Creek grid, and was bounded on one
side by the Alaska Highway, on two sides by local access
roads, and on the fourth by Kluane Lake. Traps were set
on well-used runways within this area. All hares weighing
700-1000 g were given radio collars weighing 35 g, and
some weighing over 1000 g were given collars weighing up
to 55 g. Some of the lighter radio collars were equipped
to permit detection of activity (Wildlife Materials Inc.). All
heavy radio collars (55 g) were equipped to detect mortality
with motion-sensitive switches that caused the radio pulse
rate to double if the collar did not move for 4 hours (Ad-
vanced Telemetry Systems). Sample sizes were limited by
the number of radio collars available, or by the numbers
of hares trapped.

Field techniques for monitoring activity of hares and
identifying the cause of death of radio-collared hares are
described by Boutin et al. (1986). Radio-collared hares that
were suspected to have died were tracked down using a
hand-held antenna and receiver. Deaths of radio-collared
hares were classified as predator kills if there were obvious
signs of a chase in the snow, blood on the collar, or a
predator actually feeding on the kill. Scavenging was prob-
ably rare because carcasses left in the study area and
checked periodically remained undisturbed. When entire
carcasses were recovered they were skinned and examined
for sub-cutancous bruises that were taken as evidence of
surplus killing (Kruuk 1972). If the carcass was free of
bruises or other indications of having been predated, the
death was classified as due to causes other than predation.

Keith et al. (1984) argued that radio collars decrease
survival of hares for a week subsequent to collaring. How-
ever, Boutin et al. (1986) found little evidence of this in
the Kluane population. The proportion of hares lost within

Table 1. Causes of death of radio-collared hares

one week of collaring was never significantly higher than
the proportion of hares lost within any one of the following
three weeks. Therefore, we assumed that radio collaring
had no effect on hare survival.

We lumped all demographic data into two 6-month peri-
ods: winter-spring (December 1 to May 31), and summer-
autumn (June 1 to November 31). Hare population densities
and recruitment rates of juveniles were taken from Krebs
et al. (1986), and from the unpublished data of a long-term
monitoring program.

The details of summer demography are incomplete be-
cause it is difficult to census jevenile hares. We began to
catch juveniles in live-traps at three weeks of age, and we
were unable to attach radio-collars to them until they were
approximately four weeks old.

Key factor analysis (Varley and Gradwell 1960) was
used to identify which mortality factors contributed most
to changes in total mortality. The k-values were calculated
as log,, (population size at the beginning of a season) —
log,, (population after mortality factor has acted). Poten-
tial recruitment losses, k(rec), were calculated as log;, of
maximum potential natality per female minus the log,, of
juvenile recruitment per adult female, from Krebs et al.
(1986). Maximum potential natality was the maximum
value obtained from in utero counts by Cary and Keith
(1979). Therefore, k(rec) was the maximum loss due to
decreased natality and early juvenile mortality. Total K was
calculated only for those years in which both summer and
winter mortality data were available. We used the method
of Podoler and Rogers (1975) to rank key factors in order
of importance. By this method, those factors with the steep-
est slopes when plotted against total K contributed the most
to changes in overall mortality.

Results
Key factors

The causes of death of radio-collared hares are presented
in Table 1 along with “hare exposure-days”, the cumulative
number of days that hares with collars were in the field.
The large number of deaths attributed to unknown causes
in winter-spring 1983 was due to receiver failure. We were
unable to recover collars until long after the hares had died
so it was impossible to determine cause of death. Predation

Season Year Hare Number of Deaths
days

Non- Unknown  Avian Terrestrial  Unknown

predation predator predator predator
Winter-Spring 7879 2093 2 8 2 1 1
Winter-Spring 79-80 4417 6 12 6 2 0
Winter-Spring 80-81 4474 5 29 5 14 5
Winter-Spring 81-82 1547 10 12 3 5 1
Winter-Spring 83-84 2289 3 5 0 7 15
Winter-Spring 84-85 3011 1 3 2 5 5
Summer-Fall 78 2870 0 4 2 1 2
Summer-Fall 79 3857 1 3 2 0 3
Summer-Fall 80 7056 4 19 4 8 3
Summer-Fall 31 4284 1 16 3 5 6
Summer-Fall 84 3213 2 2 3 1 4
Summer-Fall 85 1413 0 3 3 0 5




Table 2. Probabilities of mortality for radio collared hares
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Table 3. Slopes of k-factors on overall K

Interval Source of Mortality Factor Slope
Season Year Non- Predation Un- Winter predation k(wp) 0.401* P<0.025
predation known Winter non-predation k(wnp) 0.212% P<0.05
Summer predation k(sp) 0.185% P<0.01
Winter-Spring 78-79 0.16 0.62 0.08 Recruitment k(rec) 0.162 P>0.05
Winter-Spring 79-80 0.22 0.56 0.00 Winter unknown k(w) 0.021 P>0.05
Winter-Spring 80-81 0.18 0.84 0.18 Summer unknown k(su) 0.013 P>0.05
Winter-Spring 81-82 0.69 0.91 0.11 Summer non-predation k(snp) 0.008 P>0.05
Winter-Spring 83-84 0.21 0.66 0.70
Winter-Spring 84-85 0.06 0.46 0.26
Summer-Fall 78 0.00 0.36 0.12
Summer-Fall 79 0.05 0.21 0.13 Table 3. According to the slope comparison method, preda-
Summer-Fall 80 0.10 0.55 0.07 tion in winter was followed, in order, by winter mortality
Summer-Fall 81 0.04 0.64 0.20 not caused by predators, predation in summer and loss
Summer-Fall 84 0.14 0.29 0.20 in recruitment. Unknown mortality in both summer and
Summer-Fall 85 0.00 0.54 0.48 winter and mortality due to causes other than predation
had slopes near zero and, therefore, did not explain changes
in overall mortality.
3.00 | . Density-dependent relationships
50l / Relationships between hare density at the beginning of each
period and probabilities of mortality observed during that
2.00 F 4 period are illustrated in Figs. 2 and 3. Mortality due to
. K winter predation changed in a counter-clockwise cyclic fash-
1501 ion when plotted sequentially against hare density in the
1 00 [ - . same time period (¢). This counter-clockwise pattern sho_ws
T o \ a delayed mortality response, or time lag, in which mortality
K 0.50 / . . increased only after hare densities had begun to increase
L M / \ T k(wp) and decreased after have densities had already declined
o} Tt . o k(wnp) (Fig. 2a). When winter mortality was plotted against popu-
—_— Tt K lation density the previous year (Fig. 2b), this time lag dis-
or e . k(rec) appeared and the relationship between predation mortality
050 /'/' \./ and hare density became linear. Summer predation mortali-
’ . P e k(su) ty (Fig. 24, e, ) exhibited a pattern similar to that of winter
0 et T T predation mortality.
0.25} / ™. k(wuw Mortality not due to predation was lower than that
0 T e due to predation, and the former followed a different pat-
0.25 e . K(snp) tern with respect to hare density (Fig. 3). Non-predation
° L mortality relative to hare density also exhibited the counter-

YEAR

Fig. 1. K-values obtained from telemetry data plotted against time.
Winter predation mortality, k(wp) contributes most to total mor-
tality (X). K(wnp) is population loss due to winter non-predation
mortality. K(wu) is population loss due to unknown winter mortal-
ity. K(rec) is maximum population loss due to decreased natality
and juvenile survival. K(sp) is population loss due to summer pre-
dation mortality. K(snp) is population loss due to summer non-
predation mortality. K(su) is population loss due to unknown sum-
mer mortality

was the largest source of mortality of radio collared hares
during both seasons in all years of the study (Table 2). Sea-
sonal probabilities of mortality were calculated according
to Trent and Rongstad (1974) as: 1 — ((hare exposure-days
— deaths)/hare exposure-days)' where 7 is the number of
days in the season.

Predation during the winter, k(wp), was the most im-
portant factor influencing total mortality (Fig. 1). This ob-
servation is supported by the k-factor slopes presented in

clockwise cycle in winter (Fig. 3a), again suggesting a time
lag. The counter-clockwise cycle, however, is dependent on
a single data point. In contrast to mortality from predation,
mortality from other causes remained at low levels in all
years except the year following peak hare density (1981).
Winter mortality due to other causes was more closely re-
lated to hare density two years earlier (Fig. 3¢) than to
densities one year earlier (the time lag seen in winter preda-
tion mortality). Summer mortality from causes other than
predation was not related to hare density in the current
year or in previous years (Fig. 3d, e, f).

Recruitment was calculated as the mean value over all
five control grids (Krebs et al. 1986) of the ratio:

Number juveniles on grid from June (year ¢)
to April (year ¢+ 1)

Number breeding females on grid in May or June (year 1)

When recruitment rates were plotted against population
density on June 1 (Fig. 4) they showed a clockwise cycle.
Change in recruitment rate was linearly related to popula-
tion density three years in the future; however this relation-
ship depended on a single point. If we discarded the first
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Fig. 2 A-F. Predation mortality
probability vs population size for a
25.6 ha area, plotted sequentially for
years 1978 to 1985.

A-C winter predation mortality
against population size in the same
year (), the year before (+—1) and
two years before (t—2).

D-F summer predation mortality
against population size in the same -
year (), the year before (¢t—1) and
two years before (1—2)

Fig. 3A-F. Non-predation mortality
probability vs population size for a
25.6 ha area, plotted sequentially for
years 1978 to 1985.

A-C winter non-predation mortality
against population size at time ¢,
t—1, t—2 respectively.

D-F summer non-predation mortality
against population size at time ¢,
t—1, t—2 respectively
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Fig. 4. Mean recruitment index vs mean population size for a
25.6 ha area, measured over 5 trapping grids. Recruitment index
is the number of juveniles captured between birth and the following

April 1 per adult female present in May and June each summer
(Krebs et al. 1986)

year of data, which was based on a single adult female
on each of two grids, there was no significant relationship
between density and recruitment.

Population models based on density-dependent mortality

Linear density-dependent model

We used simulation models to see whether any of these
relationships between mortality and density could produce
a ten-year cycle of the amplitude and period observed in
our study area. We projected population size (N) into the
future holding recruitment rates constant and applying sur-
vival probabilities that are linearly related to population
size in previous years. Population size in subsequent years
was calculated by the equation:

N(t+1)=N(1)*RxS )

where R, the population growth rate, was equal to 1+ (re-
cruitment rate per female/2) and S, the survival rate, was
a linear function of population size in a previous year. Thus,
for winter predation mortality acting with a one-year lag,

S'=intercept + (slope=N(t — 1)) (2)

Parameter estimates for survival after winter mortality due
to predation (one year lag: slope= —0.00320, intercept=
0.488; two year lag: slope= —0.00496, intercept=0.532)
did not produce 8-11 year cycles for any values of R. Pa-
rameter estimates for survival after winter mortality due
to other causes (two year lag: slope = —0.00648, intercept =
1.00) produced 8—11 year cycles only with R values between
2.3 and 2.7 which represents only a small portion of the
range of values of R measured on the control grids. Over
the eight years of the study, R values ranged from 2.13
to 6.75 (mean=3.55), although these values did not vary
consistently with density.

Predator response model

The relationship between prey density and predation rate
can be more realistically described by a model that includes
functional and numerical responses of predators. Therefore
we assumed a Type II functional response (Holling 1959)
and a linear delayed density-dependent numerical response
in a Nicholson-Bailey model (1935) to determine predation
rate in our simulations. We do not have enough predation
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Table 4. Overwinter probabilities of survival vs.
December 1 population density on the Silver
Creek Control grid (25.6 ha) in the previous year

Year Probability Population
of survival density
1978 0.3839 20
1979 0.4365 47
1980 0.1419 95
1981 0.0951 120
1983 0.3833 4
1984 0.5465 5

rate observations to justify fitting a more complex type-I11
functional response model. The Nicholson-Bailey model
computes predation effects by calculating an instantaneous
predation rate (short term probability of mortality) as:

predation rate=kill/N() 3)

where N(¢) is the hare population size at the beginning of
the time interval in which the rate is measured. The kill
component of equation 3 is calculated as a product of pre-
dator numbers, assumed to be proportional to N(r—1), and
kill rate per predator. We assumed predator numbers pro-
portional to N(¢r—1) based on the observation of a one-year
lag in numerical response of some snowshoe hare predators
(Keith et al. 1977). Predator numbers are therefore pre-
dicted by c+N(z—1), and the attack rate per predator by
the type II equation a=N(r)/(H + N(t)), where a is the maxi-
mum annual kill per predator and H is the prey density
(N) at which predators can achieve 1/2 of a. Substituting
the product of these into Eq. (3) gives the instantaneous
rate of predation:

_ (a=N()/(H + N(0))=(cxN(t— 1))

N 4
This equation simplifies to:
predation ratezfl*—;%v%(;)—l—) %)
or
. AxN(t—1)
dation rate="———-*
predation ra H NG (6)

where A = axc represents the combined effects of the preda-
tor numerical response (¢) and the maximum kill rate per
predator (a).

We fitted the data on hare density and predation rate
(Table 4) to this model using a non-linear estimation tech-
nique (Marquardt algorithm) to estimate 4 and H. The
best estimates of 4 and H for winter predation mortality
were 2.38 kills/hare (S.D.=0.48) and 8.02 hares/grid
(S.D.=4.3) respectively. We also fitted data on summer
hare density and predation rate to this model. Best estimates
of A4 and H from summer mortality data were 0.859 kills/
hare (S.D.=0.554) and 1.77 hares/grid (5.D.=4.84) respec-
tively.

In the simulation model, the hare population in year
t+1 was calculated as:

N(t+1)=N(f)=Rxexp(— A=N(t— 1)/(H + N(1))) )

where R is the rate of growth of the hare population due
to recruitment, as in the previous linear model. Here the
exponential term exp(—x) represents the annual survival
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Fig. 5. Behaviour of the “predator response” model. 8-11 year
cycles are produced with parameter combinations falling within
the area Y. Cycles with period less more than 8 years or dampening
cycles are produced within the area X. Cycles with period more
than 11 years are produced within the areca Z. Numbers within
the boxes are maximum population sizes for a 25.6 ha area during
8-11 year cycles for selected combinations of 4 and R, with H=8§
(see text). “A4” is a constant that describes the functional and
numerical response of the predators and R is the rate of growth
of the hare population. Observed values of 4 and R at Kluane
occur at the intersection of the broken lines

rate associated with the instantaneous kill rate x predicted
by Eq. (6). This method for approximating the annual net
effect of predation is strictly valid only if N(?) is low, so
predation rate per predator is simply proportional to prey
density at all times during the year. For high values of
N(©), Eq. (7) will underestimate the predation impact (a
conservative assumption in relation to the predator hypo-
thesis).

The (R, A) parameter space in which 8-11 year cycles
were produced by this simple model when H=8§, is illus-
trated in Fig. 5. Maximum population densities on a 9.56 ha
grid, for select parameter combinations are included in the
figure. Increasing H produced a larger maximum N for
the cycle but had little effect on periodicity. Decreasing
H produced a smaller maximum N and a slightly shorter
period of the cycle. Values of H greater than 20 or less
than 8 produced cycles with maximum N that were outside
of the range of spring densities measured by Krebs et al.
(1986). The model produced cycles with an 8-11 year period
within a fairly narrow range (Y) of values of 4 and R.
For the parameter combinations in the region X (Fig. 5),
the model produced cycles with period less than 8 years
or dampening cycles. Parameter combinations in region Z
(Fig. 5) produced cycles with constant amplitude and con-
stant period that were longer than 11 years. As R increased
for a fixed A4, the period of cycles became longer and the
amplitude increased.

As previously mentioned, the mean R for the control
grids ranged from 2.13 to 6.75 with a mean for the eight
years of 3.55. The value of 4 measured in this study is
2.38 (S5.D.=0.48), as reported above. Thus, assuming that
predation in winter was the only source of mortality, and
recruitment was constant, our recorded values of 4 and

R were within the range in which cycles of 8-11 year period
are produced. If we add summer predation to this model,
using the estimated parameters reported above to calculate
summer survival, then 8-11 year cycles are produced only
with values of R greater than 8. This model that includes
summer predation mortality did not therefore produce cy-
cles with realistic values of R.

For winters in which predation rates are high, prey pop-
ulation density will be much lower at the end of the winter
than it was at the beginning. Estimates of predator func-
tional response however, are based on an average for the
entire winter, so that kill rates at the beginning of the winter
are underestimated and kill rates at the end of the winter
are overestimated by the exponential form in Eq. (7). If
we address this problem by using an exact solution to the
“random predator equation” (Rogers 1972) in the model,
the estimates of 4 and H are not biologically reasonable
and population dynamics produced are unstable. Fitting
our mortality data to this model resulted in predator attack
rates that are higher at the end of the winter than would
be predicted by a Type II functional response.

Discussion

To understand what causes the 10-year hare cycle it is neces-
sary to describe the mechanisms behind the demographic
changes observed in snowshoe hare populations. The k-
factor analysis reiterates the claim of Boutin et al. (1986)
that predation was the factor with the largest influence on
snowshoe hare survival in the Yukon study area during
1977-84. This observation led us to explore the logic of
the hypothesis that predation, measured at our Yukon
study site, could be responsible for the 10-year hare cycle.

We have shown that predation in winter is the largest
mortality factor for snowshoe hares at Kluane, Yukon.
Such winter predation rates can produce cyclical changes
in hare densities similar to those reported by Krebs et al.
(1986). When H =12 (mean value from fitting procedure+ 1
S.D.) in the model that included winter predation, peak
spring densities of 30-100 hares per 10 ha (similar to data
of Krebs et al. (1986)) were predicted. In this model preda-
tion also accounted for the decline from those densities
to near zero. This result is contrary to Keith’s (1974) hy-
pothesis that predation mortality alone is insufficient to
cause a decline from peak hare densities. In a more recent
paper (Keith et al. 1984), greater emphasis has been given
to the role of predation in hare population declines, al-
though they still propose that outright starvation is the
primary cause of death during the first winter of the decline.

It is possible that food shortage acted indirectly to limit
hare population size, by making hares more vulnerable to
predators. Keith etal. (1984) suggest that mortality due
to predation may be partially compensatory. They noted
that hares taken by predators are in poorer condition than
hares in a randomly shot sample (condition is measured
as percent fat in bone marrow), suggesting that predators
were catching hares that were starving. Sinclair et al. (un-
published work) are presently assessing whether nutrition
dropped below body maintenance level during the Kluane
hare cycle. If starvation did not occur, then we would expect
to see nutrition remaining above this maintenance level over
the cycle.

In all the simulation models we have assumed recruit-
ment was constant in order to test whether mortality pro-



cesses alone could cause the hare cycle. According to the
work of Cary and Keith (1979), reproduction varies in a
cyclical manner, preceding population density change by
2 1/2 years on their Rochester, Alberta study site. Changes
in reproduction in their study were large and could poten-
tially impose a cyclic pattern of density changes on the
fall population. We were unable to directly relate reproduc-
tion to recruitment. Recruitment measured by Krebs et al.
(1986) was an index of reproduction that included early
juvenile mortality, immigration, and emigration of hares.
The recruitment index may precede changes in density by
three years, but the significance of this relationship in our
data rests on a single point. Thus, it is not clear whether
summer mortality compensates for changes in reproduc-
tion, resulting in virtually constant recruitment of juveniles
to the population.

The lack of information about juvenile hare demogra-
phy may explain why the model which included summer
mortality did not predict 8-11 year cycles in numbers of
hares. If predators respond to juveniles as well as to adults,
then our estimates of the predation functions 4 and H from
summer studies are inadequate. Both the functional and
numerical responses of predators were probably affected
by the combined juvenile and adult density. The plausibility
of this explanation of the failure of the more complex preda-
tion model can be evaluated when better data on juvenile
hares are available. Studies that assess juvenile numbers
with greater precision at an early age and that determine
causes of juvenile mortality are necessary.

Density-dependent mortality in winter from causes
other than predation (with a 2-year time lag) can produce
811 year cycles, but only within a narrow range of R values
(2.3-2.7). The amplitude of these cycles is 1 1/2 to 2 times
as large as the changes reported by Krebs et al. (1986).
Our data do not therefore support the hypothesis that a
2-year lag in nonpredation mortality, resulting from a
plant-herbivore interaction and acting according to a simple
linear density-dependent relationship, can cause the ob-
served changes in hare numbers. However, our simulations
do not exclude the possibility that plant-herbivore interac-
tions influence hare population dynamics by a different
mechanism.

Predation mortality is best described as a non-linear
function of hare population density. Increasing densities
of prey typically cause predators both to increase in number
and to vary their rates of consumption as prey abundance
changes (Solomon 1949; Holling 1959). We measured pre-
dation rate directly by monitoring hare mortality. Conse-
quently, the predation rates apply to the entire suite of
hare predators. These rates also reflect the total (functional
and numerical) response of predators. Therefore, we cannot
distinguish between the impact of various predator species
on the hare population, nor can we separate the functional
and numerical responses which, in concert, produce the
time lag observed in the predation rates.

The estimates of predation rates presented here exceeded
those of Keith et al. (1977), probably because we estimated
predation from hare mortality directly, rather than extrapo-
lating kill rates for individual predators. Predator studies
can underestimate kill rates if scats or pellets are missed,
if predator numbers are underestimated, if non-resident pre-
dators are responsible for significant hare mortality, or if
surplus killing occurs. Keith et al. (1984), found higher pre-
dation rates during the second winter of declining hare pop-
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ulations than those they had predicted from their previous
studies of predators. They attributed 92% of deaths of ra-
diocollared hares to predation during this second winter
of the decline.

The patterns of numerical and functional response that
result in the predation rates we measured can be deduced
from studies of snowshoe hare predators. The decrease in
numbers of coyotes (Canis latrans), lynx (Lynx canadensis),
and great horned owls (Bubo virginianus) lagged a year be-
hind the deline in hare density in studies by Keith et al.
(1977). Numbers of goshawks (Accipiter gentilis) changed
synchronously with hare density and numbers of red-tailed
hawks (Buteo jamaicensis) remained constant throughout
an 8-year period at their study site near Rochester, Alberta.

Functional responses by snowshoe hare predators have
been described in two studies. Ward and Krebs (1985)
showed that daily travel distance of lynx in Yukon, Canada,
remained relatively constant at hare densities ranging from
14.7 per ha to 1 per ha and then increased when hares
reached densities below 1 per ha. Ward (1985) suggested
that daily capture rates of snowshoe hares by lynx declined
as lynx increased their travel distance. Keith et al. (1977),
working at Rochester, Alberta, found Type II functional
response curves for great horned owl, red tailed hawk and
lynx, and evidence for a Type III functional response for
coyotes feeding on snowshoe hares. We propose that mi-
grating raptors may also exhibit non-linear functional re-
sponses to changing hare densities by pausing in their mi-
gration through snowshoe hare habitat to hunt hares only
when densities are high.

The time-lag in mortality due to predation (total re-
sponse) indicated in Figs. 2 and 3 was similar to that found
by Keith et al. (1977) for predation on snowshoe hares by
lynx, coyote, great horned owl and goshawk.

The parameters in our model are based on mortality
rates and density estimates from a single cycle in hare
numbers. It is, therefore, possible that the relationship be-
tween predation rate and density that produces cycles in
this model can not be generalized to represent other areas
or other years, No other comparable series of snowshoe
hare mortality rates exists for comparison with our mea-
surements,

Our model shows that a simple interaction between
snowshoe hares and their predators in winter in the Yukon
can produce cyclical population changes. Winter predation
can initiate the decline from peak hare densities as well
as reduce the population to extremely low densities. Field
experiments are necessary to test the prediction of this mod-
el that winter predation is sufficient to cause the hare popu-
lation cycle. If a hare population is prevented from experi-
encing food shortage and no cycles are produced, the hy-
pothesis that predation is sufficient to cause the 10-year
cycle would be falsified. If, in addition, a hare population
that is protected from predation still exhibits a 10-year cy-
cle, the hypothesis that predation is necessary to cause a
10-year cycle would be falsified.
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