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Abstract 

Like most heavily preyed-upon animals, snowshoe hares (Lepus americanus) have to balance conflicting 
demands of obtaining food at a high rate and avoiding predators. Adopting foraging behaviours to minimise 
predation risk may also lead to a decline in condition, and hence fecundity. Predictions of three hypotheses 
(condition constraint hypothesis, predator-avoidance constraint hypothesis, predation-sensitive foraging 
(PSF) hypothesis) were tested by comparing changes in the survival and condition of snowshoe hares on 
four experimental areas in winter during a cyclic peak and decline (1989-1993) near Kluane Lake, Yukon, 
Canada, where (i) predation risk was reduced by excluding terrestrial predators (FENCE), (ii) food supply 
was supplemented with rabbit chow a d  libitum (FOOD), (iii) these two treatments were combined 
(FENCE+FOOD), and (iv) an unmanipulated CONTROL was used. 

Different pattems of survival and changes in body mass were observed in the presence and absence of 
terrestrial predators. On the CONTROL area, female body mass and fecundity declined, even though 
sufficient winter forage was apparently available in all years. A similar decrease in body mass was observed 
on the FOOD treatment, but only during the third year of the population decline. In contrast, female body 
mass remained high throughout the decline in the absence of terrestrial predators in the FENCE+FOOD and 
FENCE treatments. Winter survival declined on CONTROL and FENCE areas during the first year of the 
population decline (1991), but remained higher on FOOD until 1992 and FENCE+FOOD until 1993. These 
results generally supported the PSF hypothesis where terrestrial predators were present (CONTROL and 
FOOD grids). Where terrestrial predators were absent (FENCE and FENCE+FOOD), the results supported 
the alternative condition constraint hypothesis. The evidence suggests that a cascade of sublethal 
behavioural and physiological effects associated with increased predation risk contribute to the population 
decline and delayed recovery of cyclic low-phase populations of snowshoe hares. 

Introduction 

Where predation is implicated in the regulation of prey populations, anti-predator behaviour 
will probably play a role in the process (Abrams 1989, 1990, 1992a, 1992b, 1992c, 1993; 
Matsuda and Abrams 1994). The theoretical basis for exploring this problem of a trade-off 
between gaining energy and avoiding predation has developed rapidly in recent years (Gilliam 
and Fraser 1987; McNamara and Houston 1987, 1990; Ludwig and Rowe 1990; Brown 1992; 
Houston et al. 1993; Clark 1993, 1994; Oksanen and Lundberg 1994). Numerous studies have 
investigated the effects of increased predation risk on foraging behaviour of small mammals 
(Holmes 1984; Kotler 1984; Anderson 1986; Desy et al. 1990; Lima and Dill 1990; Cassini and 
Galante 1992; Dickman 1992; Kotler et al. 1992; Saarikko 1992; Hughes et al. 1994), and in 
most of these studies increased risk of predation resulted in a shift in patterns of habitat use, diet 
and time spent active or foraging. Similarly, several studies have demonstrated the importance 
of anti-predator behaviours in determining pattems of species coexistence (Kotler 1984; Brown 
1989; Hughes et al. 1994). The influence of predation risk on population dynamics has been 
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more difficult to demonstrate (Hassell and May 1985; Ives and Dobson 1987; Brown et al. 
1992; Abrams 1993; FitzGibbon and Lazarus 1995). In this paper I examine the population- 
level consequences of increased predation risk to snowshoe hares (Lepus americanus). 

The 10-year Population Cycle of Snowshoe Hares 

Populations of snowshoe hares fluctuate in number, with population peaks occurring at 
periods of 8-1 1 years throughout most of their range in the North American boreal forest (Keith 
1990). Several alternative hypotheses involving food, predation and social behaviour of hares 
have been proposed to explain the cycle (Sinclair et al. 1988, 1993; Keith 1990; Krebs et al. 
1992; Royama 1992; Hik 1994). Recent studies have suggested that predation alone may be 
sufficient to generate the population decline of hares (Boutin et al. 1986; Krebs et al. 1986a, 
1986b; Trostel et al. 1987; Boutin 1995). Winter food does not appear to be absolutely limiting 
for hares at any time during the cycle (Sinclair et al. 1988; Smith et al. 1988), although the 
accessibility of winter forage may be reduced when predation risk is high (Smith et al. 1988; 
Royama 1992). Previous studies have also observed a significant reduction in female fecundity 
during the population decline. This demographic characteristic is closely linked to the cyclic 
dynamics (Cary and Keith 1979; Royama 1992). 

Several authors (Wolff 1980; Keith et al. 1984; Smith et  al. 1988) have suggested that 
predation risk may influence patterns of habitat use of snowshoe hares. Hik (1994) examined 
this hypothesis and found that hares attempted to reduce risk of predation by reducing use of 
riskier, open habitats (where more food was available) in favour of safer, closed habitats (less 
available food) as predation risk increased during the population decline. A summary of the 
different factors (food, predation, habitat) that characterised the population peak and decline at 
Kluane (1988-1993) are shown in Fig. la-g. During the decline in the hare population (a) there 
was an increase in the predator-to-hare ratio (b), and survival of hares was reduced in the early 
decline (c) .  Available forage increased during this period (d) and, although there was no 
evidence that hares were absolutely food-limited, forage was more available in open-forest 
habitats than closed-forest habitats (negative covariance of food and safety). During the 
population decline female body mass (e) and reproduction (f) were reduced, even though per  
capita food availability was increasing. Concomitantly, there was a notable shift in patterns of 
winter habitat use by hares (g), such that hares increased the proportion of safer, closed habitats 
used in winter, and avoided riskier, open habitats (Hik 1994). 

Hypotheses and Predictions 

The theoretical models mentioned above predict that animals choose a level of intake and 
predation risk that maximise individual fitness. Depending on ambient resource availability and 
predation risk this maximisation can be achieved by reducing condition or survival, or both, to 
some extent. During the population increase and cyclic peak (1989-1990), food is readily 
available and predators are scarce, therefore body mass (condition) and survival of hares should 
be high (initial state in Fig. 2). Predicted changes in condition (measured as body mass) and 
survival of hares during winter according to each of three hypotheses are indicated in Fig. 2. 

Specific predictions of three alternative hypotheses in response to a behavioural trade-off 
between foraging and predator-avoidance as predation risk increases are as follows. The 
'condition constraint hypothesis' predicts that hares maintain body mass (maximise intake rate), 

Fig. 1. Patterns of change of the main demogra~hic, environmental and behavioural factors during a - - - - - 
snowshoe-hare cyclic peak and decline at Kluane, Yukon, Canada (after Hik 1994). (a) Hare density (No. 
had); (b) predator-prey ratio of terrestrial and avian predators; (c) survival of hares during January-April 
period, on the basis of radio-telemetry; (d) Salk forage availability per hare at the end of winter (kg per 
hare); (e )  body mass of female hares in mid-April; (f) total reproductive output of female hares; and (g) use 
of habitat by female hares during late winter. 
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Fig. 2. Predicted changes in 
condition (body mass) and 
winter survival with increased 
risk of predation. The arrows 
indicate the direction of change 
from the initial state (high food, 
low predation risk) that 
supports each hypothesis. 
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but survive less well, relative to the initial state. The 'predator-avoidance constraint hypothesis' 
predicts that hares lose body mass, but still survive well (minimise predation). The 'predation- 
sensitive foraging hypothesis' predicts that hares adopt a strategy in which both survival and 
condition will decrease. Specific predictions of this hypothesis (McNamara and Houston 1987; 
Ludwig and Rowe 1990; Brown 1992) are (i) increased predation risk leads to decreased body 
mass (hence fecundity), and (ii) decreased food levels lead to increased mortality. 

T h e  predic t ions  were  examined  by manipula t ing food  and  predat ion r i sk  o n  fou r  
experimental hare-trapping grids at Kluane, Yukon, during a hare population peak and decline 
(1989-1993). I focused on the late winter period (January-April) when food is most limited and 
survival is lowest. There are also theoretical reasons to expect hares to be most sensitive to 
predation risk in the period immediately prior to summer breeding (Ludwig and Rowe 1990; 
Rowe and Ludwig 1991; Houston et al. 1993; Clark 1994). 

Methods 
Study Sites 

This study was conducted between 1989 and 1993 as part of the Kluane Boreal Forest Ecosystem 
Project (Krebs et al. 1992). This period spanned the peak (1989-1990) and three decline years of one hare 
cycle. Field sites were located in the Shakwak Trench along the Alaska Highway, east of Kluane Lake, 
Yukon, Canada (61°N, 138"W; c. 900 m above sea level). The forest community is dominated by white 
spruce (Picea glauca), and a shrub understorey of grey willow (Salix glauca) and bog birch (Betula 
glandulosa). These three plant species are the primary forage of snowshoe hares during winter (Sinclair and 
Smith 1984; Smith et al. 1988). 

Hares were studied on four 34-ha experimental grids, each marked by 400 grid points located in a 
20 X 20 array: (i) an unmanipulated CONTROL, (ii) FENCE+FOOD, (iii) FENCE and (iv) FOOD. 
FENCE+FOOD was a 1-km2 area surrounded by an electric fence to deter terrestrial predators, lynx (Lynx 1. 
canadensis), and coyote (Canis latrans), and provisioned weekly with pelleted rabbit chow (16% crude 
protein). Chow was distributed along four cut-lines spaced evenly across the grid. Avian predators, mainly 
great horned owl (Bubo virginianus) and northern goshawk (Accipiter gentilis), had unrestricted access to 
this site. FENCE was a 1-km2 area surrounded by an electric fence as above. Approximately 12 ha of this 
grid was covered by monofilament-line in an attempt to deter avian predators; however, much of this was 
buried by snow in late winter and therefore ineffective. FOOD was a 1-km2 area where hares were 
provisioned with pelleted rabbit chow as above. Experimental areas were not replicated for logistical 
reasons, hence all comparisons are based on the mean response of individuals from each experimental 
treatment. 
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Hare Trapping 

Hares were live-trapped (Tomahawk Live Trap Co., Tomahawk, Wisconsin) on 34-ha trapping grids 
between January and May, 1988-1993. At least 86 traps were placed on four equally spaced rows across the 
grid. Traps were baited with alfalfa cubes, and hares were trapped over 1-6 days, at 2- to 4-week intervals 
between January and May. We eartagged (No. 3 monel tags, National Band and Tag Co., Newport, 
Kentucky), weighed, and determined the sex of all animals trapped. Body mass was determined at each 
capture, but only the mass recorded at the first capture during a multi-day trapping session was used in this 
analysis. Differences in female body mass in April between years and treatments were analysed by two-way 
repeated-measures ANOVA, with the program SYSTAT (Evanston, Illinois). All data passed Bartlett's test 
for homogeneity of group variance. Multiple-range tests with the overall comparison rate maintained at 
P < 0.05, using the Bonferroni procedure, were used to compare body mass in April 1990 with each decline 
year. 

Hare densities were estimated from trapping sessions in April of each year, with mark-recapture 
estimators for a closed population (Boulanger 1993; Boutin et al. 1995). The effective trapping area was 
estimated to be 60 ha, which includes a buffer of one home range (about 5 ha) around the edge of the 
trapping grid. 

Hare Survival 
During trapping sessions, some hares were fitted with 40-g radio-collars equipped with mortality sensors 

(Lotech Inc., Newmarket, Ontario). Radio frequencies were monitored daily to determine survivorship of 
hares. On the death of a radio-collared hare, details of the cause of death and the location of the kill site 
were recorded (C. Doyle and C. J. Krebs, unpublished data). The proportion of hares surviving was 
calculated by means of the non-parametric Kaplan-Meier maximum likelihood estimator described by 
Pollock et al. (1989a, 1989b), which allows for the staggered entry of animals during the study and 
censoring of data for lost radios. Usually 25-35 hares were radio-collared on each grid, but following the 
decline all hares (as few as four at any one time) were radio-collared on CONTROL and FENCE. For each 
grid, mean 30-day survival (January-April) in 1990 was compared with corresponding values in each year 
of the decline (1991-1993) by means of a Z-test statistic with a = 0.05 (Pollock et al. 1989~).  Comparison 
of survival curves between treatments were made with the k-sample test (Lee 1992). 

Results 

Hare Density 

The effects of each experimental treatment on changes in hare density are discussed in detail 
by Krebs et al. (1992). On CONTROL, the population peak occurred in 1989 and 1990 with 
spring hare densities of 1.25 and 1.18 hares ha-', respectively. During the three years of decline 
(1991-1993), spring densities were 0.93, 0.23 and 0.07 hares h a d ,  respectively. By comparison, 
the peak years inside FENCE were 1990 (1.57 hares ha-') and 1991 (1.45 hares ha-'), and 
densities dropped to 0.17 hares ha-' by 1993. Spring densities on the FOOD and FENCE+FOOD 
grids were highest in 1990 and 1991 (5-6 hares ha-'). Numbers dropped rapidly on FOOD to 
0.88 and 0.20 hares ha-' in 1992 and 1993, respectively. On FENCE+FOOD, numbers declined 
more gradually to 3.97 hares ha-' in 1992 and 1.13 hares ha-' in 1993. 

Body Mass 

Body mass of female hares generally decreased throughout the winter and then increased 
rapidly after conception in mid-April (Fig. 3),  except on CONTROL after 1990 and FOOD after 
1991. A two-way repeated-measures ANOVA indicated a significant difference between 
experimental treatments (F  = 10.47, d.f. = 3,19, P < 0.001) and between years (F  = 2.665, d.f. = 
4,76,  P = 0.039);  t h e  i n t e r ac t ion  t e r m  w a s  n o t  s ign i f i can t  ( F  = 1.576, d.f .  = 12,76, 
P = 0.1 17). On CONTROL, female hares were significantly lighter in each winter during the 
decline than at the peak, and weighed less than 1400 g at the end of winter in 1991, 1992 and 
1993. O n  FENCE grid, body mass did not decline, and values were consistently between 1500 
and 1600 g. On FENCE+FOOD, body mass was about 1600 g in all years. On  FOOD, body 
mass was similar to that on CONTROL during the peak; during the decline body mass remained 
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above 1400 g, but dropped to about 1350 g in spring 1993. Significant differences in spring 
body mass between the population peak and each year of the decline are shown in Table 1. 

Winter Survival 
Estimates of 30-day survival in winter (January-April) were highest on FENCE, FOOD and 

FENCE+FOOD grids in 1989 and 1990, and were somewhat lower on CONTROL, particularly 
in 1989 (Fig. 4). In 1991, the first year of the decline, survival was highest on FENCE+FOOD 
(0.92), followed by FOOD (0.86), FENCE (0.76) and then CONTROL (0.64). Comparison of 
all four treatments indicated that survival of hares was not significantly different compared over 
all five years (k-test, P > 0.05); however, there were significant differences between 
experimental grids within each year (Fig. 4). In 1992, survival on FOOD and CONTROL was 
lower than that on FENCE and FENCE+FOOD. In 1993, survival on FENCE+FOOD decreased 
significantly, but was similar to that on the other treatments (about 0.8). Differences between 
1990 and each year of the decline are indicated in Table 1. 

CONTROL 

2000 

1PM 
FOOD 

Fig. 3. Mean body mass of female hares during January-May 1989-1993 on CONTROL, FENCE, 
FOOD and FENCE+FOOD areas at Kluane, Yukon. Sample size for each mean value varied from 3 to 130 
individuals depending on the year. Error (+1 s.e.) is less than the size of the symbol unless otherwise 
indicated. The solid line joins estimates of mean body mass in early April of each year. The dotted line at 
1400 g is a reference for comparison between treatments. 
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Does the Evidence Support the Predation-sensitive Foraging Hypothesis? 

The observed changes in body mass at the end of winter (Fig. 3) and winter survival (Fig. 4) 
during the hare decline, relative to the population peak, are compared with predictions of the 
condition constraint (CC), predator-avoidance constraint (PAC) and predation-sensitive 
foraging (PSF) hypotheses in Table 1. On CONTROL, the reduction in condition and survival 
during the hare decline supports the PSF hypothesis. However, in 1993, survival improved 
while body mass continued to decline, a result consistent with the PAC hypothesis. On FOOD 
grid, the results supported the CC hypothesis in 1992 and the PSF hypothesis in 1993, 
suggesting that increased predation risk restricted access to food in the third year of the 
population decline. Even though ad libitum supplemental food was available, survival increased 
and mass declined between 1992 and 1993, suggesting that hares adopted a strategy of 
minimising predation risk. 

On FENCE and FENCE+FOOD treatments, body mass remained high even though survival 
decreased during the decline. These results supported the CC hypothesis. The observed decrease 
in survival inside the fenced areas may be due to increased activity of avian predators following 
the hare decline outside the fences (Hik 1994). Hares may not have adopted predation-sensitive 
foraging behaviours inside the fences if avian predators are more difficult to detect than 

Table 1. Predictions and hypotheses supported 

Observed changes in condition (body mass) and survival (+, conditions during 
or similar to the population peak; -, significantly less than at the population 
peak, P < 0.05) on CONTROL, FENCE, FOOD and FENCE+FOOD grids 
during the snowshoe-hare decline (1991-1993), relative to the last peak year 
(1990). The hypothesis supported on each experimental grid is indicated: CC, 
condition constraint hypothesis; PAC, predator avoidance constraint 

hypothesis; PSF, predation-sensitive foraging hypothesis 

Treatment Year Condition Survival Hypothesis 
(body mass) supported 

CONTROL 1989 
1990 
1991 
1992 
1993 

FENCE 1989 
. 1990 

1991 
1992 
1993 

FOOD 1989 
1990 
1991 
1992 
1993 

FENCE+FOOD 1989 
1990 
1991 
1992 
1993 

PSF 
PSF 
PAC 

CC 
PSF 
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Fig. 4. Mean 30-day 
survival & 95% confidence 
interval) in winter 
(January-April) of hares on 
CONTROL, FENCE, FOOD 

, and FENCE+FOOD areas at 
Kluane, Yukon, 1989-1993. 
The number of radio-collared 
hares monitored during each 
sampling period is also 
indicated. 

terrestrial predators, as demonstrated by Jedrzejewski et al. (1993) for a population of voles. In 
addition, hares may have spent more time foraging where supplemental food was not provided. 
Differences in hare densities among the treatments may have had some influence on the results, 
but these effects were probably small. Although higher density may result in lower survival and 
poorer condition because of competition among hares for food or space (Sinclair 1986; Ferron 
1993), the observed results were in the opposite direction. 

Overall, the results suggest that, where predation risk is reduced (in this case by constructing 
fences) and whether supplemental food is provided or not, hares adopted a foraging strategy that 
allowed them to maintain condition (and hence fecundity) even though survivorship may have 
decreased (i.e. FENCE and FENCE+FOOD). Where predation risk was higher hares initially 
adopted a strategy to maintain condition (FOOD grid in 1992), but as risk increased both 
condition and survival declined, a result consistent with the predictions of the PSF hypothesis 
(CONTROL in 1991-1992, and FOOD in 1993). On CONTROL there was a further indication 
that high levels of predation risk may lead to a continuing decline in condition even though 
survival increased (1993), a result consistent with the PAC hypothesis. 

Discussion 

Consequences of Predator-sensitive Foraging Behaviour 

Decreased body mass 

Behavioural responses of snowshoe hares to increased risk of predation include increased use 
of safer, closed-forest habitat poor in food resources (Hik 1994). Another possible strategy to 
increase survival is to reduce time spent foraging. However, snowshoe hares have resting 
metabolic reserves of only 2-4 days in winter and so must forage repeatedly on a short-term 
basis in order to maintain body mass (Whittaker and Thomas 1983). In either case, reduced 
foraging effort in response to increased predation risk will lead to a loss of body mass. 

According to several models, the energy reserves available to an individual will influence 
their foraging decisions (see Ludwig and Rowe 1990; Clark 1993, 1994; Houston et al. 1993). 
Saarikko (1992) observed that the response of shrews (Sorex araneus) to the presence of a 
potential predator (weasel) was positively correlated with body mass. Under risk of predation 
large shrews were able to decrease foraging activity (at the cost of mass loss), but smaller 
individuals with lower energy reserves could not. For snowshoe hares, there is a suggestion that 
provisioning with supplemental food may have allowed hares to maintain condition without 
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increasing risk of predation: survival and condition of hares on the FOOD grid was higher than 
that on CONTROL during the first and second years of decline. 

The body mass of hares on the CONTROL area decreased during the population decline. 
Here, hares increased use of closed habitat and the proportion of poor-quality Picea browse in 
their diet (Hik 1994). Increased use of spruce browse may have contributed, in part, to observed 
declines in body mass: captive hares were unable to maintain mass on a diet of Picea twigs, and 
could just maintain mass on a diet of Salix twigs (A. Rogers and A. R. E. Sinclair, unpublished 
data). In an earlier study, Krebs et  al. (19866) found that extra natural food supplied to 
snowshoe hares during a population decline prevented loss of body mass, but did not lead to 
increased survival. This is similar to the pattern observed on the FOOD grid in the present 
study. Similarly, on FENCE grid, where predation risk was reduced and adequate food was 
available (but no supplemental food provided), body mass did not decline, suggesting that lower 
risk of predation allowed hares to forage for longer, or to continue to use higher-quality, but 
riskier, open habitats. 

The effects of predators on body mass of snowshoe hares are different from those reported 
by Desy and Batzli (1989) for prairie voles (Mictrotus ochrogaster). They did not observe any 
differences in body mass of voles protected from predators in small field enclosures compared 
with animals where predators were present; however, adult survival did increase significantly in 
the absence of predators. The absence of any effect of predators on body mass of voles may be 
due to the smaller scale and shorter period over which these experiments were conducted. It is 
also possible that predation risk was not sufficiently high to have a significant effect on foraging 
behaviour of voles. However, even if predators do not influence body mass of prey species, they 
may still have a negative effect on other demographic characters. 

Decreased female reproduction 

Keith and Windberg (1978) and Cary and Keith (1979) showed that changes in body wieight 
of female snowshoe hares during winter are positively correlated with litter size and pregnancy 
rate in summer: when winter loss of body mass is high, fecundity is low. They observed that 
reproduction remained low for at least three years following a hare peak. Their interpretation of 
these results is that poor winter nutrition during the population decline caused a reproductive 
decline. Body mass at the end of winter was lowest during the population decline, and this 
reduction may result in smaller litters. These results are not unexpected because, in general, 
ovulation in mammals is regulated indirectly by female energy reserves (Bronson and Manning 
1991). However, poor female condition does not appear to affect all litter groups equally since 
the size of the first litter remains fairly constant, but the size of subsequent litters declines 
significantly (Keith and Windberg 1978; Keith 1990; Royama 1992). 

Similarly, hares in poor condition at Kluane appeared unable to maintain reproductive output 
during the cyclic decline. The mean total number of leverets born to hares on CONTROL in 
1989, 1990, 1991 and 1992 was 13.7, 13.7, 7.8 and 3.3, respectively (see Fig. If). On 
FENCE+FOOD the mean total number of leverets born in those same years was 14.0, 15.1, 16.3 
and 17.1. These litter sizes are pooled means of each of the three litters from pregnant females 
placed in maternity cages 2-3 days prior to parturition (see O'Donoghue and Krebs 1992 for 
description of methods), on CONTROL grid and adjacent areas (1989-1992), FOOD 
(1989-1990) and FENCE+FOOD (1991-1992) grids (O'Donoghue and Krebs 1992; C. J. Krebs 
et al., unpublished data). I am assuming that reproduction on FENCE+FOOD was similar to 
that on FOOD in 1989 and 1990 (litter size was not measured on FENCE or FOOD during the 
population decline). On CONTROL, the size of the first litter was similar in all four years in 
1989 and 1990, but no third litter was produced in 1991. In 1992 neither second nor third litters 
were produced. Three litters were produced in all years on FENCE+FOOD. 

Since winter food does not appear to be absolutely limiting for snowshoe hares at Kluane 
(Smith et al. 1988; Hik 1994), reduced fecundity observed during the population decline may be 
a consequence of foraging under high risk of predation. The mechanisms by which increased 
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predation risk may lead to decreased reproduction have not been studied in detail, but 
behavioural responses to increased risk of predation result in reduced growth and reproduction 
in grey treefrogs (Skelly 1992), mayflies (Peckarsky et al. 1993) and bluegill sunfish (Werner 
and Hall 1988). There is also direct evidence for the effects of predation risk on reproduction in 
voles. Ylonen et al. (1992) found that the odour of small mustelids delayed sexual maturation of 
young voles (Clethrionomys spp.) and suppressed female reproduction under laboratory 
conditions. More recently, Ronkainen and Ylonen (1994) showed that female bank voles 
(C, glareolus) exposed to mustelid odours decreased their activity and actively avoided 
copulations. Korpimaki et al. (1994) and Norrdahl and Korpimaki (1995) conducted a field 
experiment where reproduction of voles was measured at different weasel densities, and their 
results suggest that the presence or scent of small mustelids decreases the reproductive rate of 
voles. In contrast, Desy and Batzli (1989) found that protection from predators did not affect 
reproduction of Mictrotus ochrogaster in small field enclosures. 

Increased physiological stress 

Poor body condition is often associated with increased physiological stress (Christian 1980). 
'Stress' is difficult to measure in the field, but several studies have attempted to do this for 
snowshoe hares. Studies in Alaska and Alberta (Feist 1980; Keith 1990) found that adrenal 
gland weight (a rough index of adrenocortical hypertrophy and cortical hormone production) 
and adrenal activity was not significantly related to population density or levels of nutrition. 
The results of recent experiments to examine the ability of hares to recover from short-term 
stress in winter suggested that the pituitary-adrenocortical feedback system in hares from a 
declining population in 1991 was operating normally, but also that hares in poorer condition had 
higher levels of free-cortisol (Boonstra and Singleton 1993). In 1992, when hares on the 
CONTROL area were in even poorer condition, the deleterious effects of experimentally 
imposed short-term stress were even more pronounced (R. Boonstra, D. Hik and G. Singleton, 
unpublished data). However, by spring 1994 hares appeared to be able to cope with this 
experimental challenge to their endocrine system again. It remains to be seen whether the 
cumulative effects of higher stress (chronic exposure to high levels of free-cortisol) have long- 
term effects on the behaviour, growth and reproductive performance of hares (Boonstra and 
Singleton 1993; Hik 1994). 

Maternal effects 

Periodic, multi-annual fluctuations (cycles) in abundance are characteristic of a number of 
small boreal mammals including voles and snowshoe hares (Elton 1924; Finerty 1980; Hansson 
1984; Keith 1990; Batzli 1992). Population declines are characterised by low body weights and 
reduced reproductive effort (e.g, shortened breeding season), which have been attributed to food 
limitation, predation, changes in spacing behaviour and a variety of 'multi-factor' interactions. 
However, no common cause for these cycles has yet been discovered. Several lines of evidence 
suggest that the sublethal effects of predation risk on behaviour and physiology may play a 
large role in determining the decline and eventual recovery of cyclic populations. 

Oksanen and Lundberg (1995) have shown that, theoretically, as predation risk increases, 
animals may still be able to maximise their fitness by opting for submaximal reproductive effort 
and adopting behaviour intermediate between time minimisation and energy maximisation. 
Small changes in the availability of food or cover, or in the density of predators, may result in a 
shift from one strategy to another (Oksanen and Lundberg 1995). Nonetheless, adaptive changes 
in foraging behaviour and reproductive effort in response to increased risk of predation do not 
necessarily imply that populations will be able to increase rapidly once predation risk is 
reduced. The cumuiative effects of behavioural and physiological adaptations to avoid predators 
may not be easily reversible, and there is mounting evidence that long-term detrimental 
maternal effects may actually prolong the cyclic low-phase. 
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Elevated endocrine stress may lead to suppression of hare reproduction over several years 
through maternal effects. Maternal effects refer to the influence of environmental conditions 
experienced by mothers on the growth, survival and fitness of offspring. The importance of 
maternal effects in regulating populations has recently been considered for insect (Rossiter 
1991; Peckarsky et al. 1993) and mammal (Hansson 1984; Albon et al. 1987; Mech et al. 1991; 
Mihok and Boonstra 1992) populations. Christian (1980) reviewed the evidence that the 
environment of cyclic species at peak densities may have long-term negative consequences on 
demography through impaired reproduction mediated by endocrine responses to elevated stress. 
Several recent experimental results are consistent with this hypothesis. Under laboratory 
conditions, Mihok and Boonstra (1992) showed that the prior experience of decline-phase 
female meadow voles (Microtus pennsylvanicus) had long-term detrimental consequences for 
the performance of the next two generations. Laboratory studies have shown that a variety of 
pre- and postnatal stresses can have long-lasting effects and impair reproductive performance 
for one or two generations (Pollard 1986; Boonstra 1994). Similarly, in a field study, Mech et 
al. (1991) showed that the mass and survival of fawns of white-tailed deer (Odocoileus 
virginianus) were directly correlated with maternal nutrition during gestation. 

In several cases these maternal effects can be attributed to increased risk of predation. 
YlGnen et al. (1992) reported that female red-backed voles (Clethrionomys rutilis) exposed to 
predator odour at the beginning of pregnancy had foetuses that were about 25% lighter than 
those of control females, suggesting that stress associated with high predation risk may 
influence the survival of offspring, and that the consequences of poor condition in one breeding 
season may carry over to the next generation. Heikkila et al. (1993) demonstrated that predation 
risk from mustelids resulted in reduced growth and lowered rate of maturation of juvenile C. 
rutilis. 

Conclusions 

The proximate cause of mortality of snowshoe hares is predation, and this mortality may be 
sufficient to generate the population decline. However, sublethal effects associated with 
predation-sensitive foraging appear to initiate a cascade of behavioural and physiological 
responses that may lead to a further decline during the low-phase of the cycle. Hares that 
survive the initial decline or are born and recruited during this time live in an environment of 
high predation risk. If they adopt anti-predator behaviours that reduce foraging success, this 
may lead to decreased body mass and fecundity even though food is abundant. The adverse 
consequences of poor condition may persist for more than one year or generation. May (1974, 
1981) predicted that a lag-time of 2-3 years for population recovery of hare populations could 
generate the observed 8-1 1-year cycle. Maternal effects lasting one generation (thereby causing 
a reproductive lag) could potentially complement the delayed density-dependent predation 
response demonstrated by Trostel et al. (1987). 

The results of experiments reported here suggest that, as predation risk increased, hares 
attempted to maintain condition (thus maximising reproduction) rather than maximising 
survivorship. There is clearly a balance between these two behaviours as implied by the PSF 
hypothesis. The results on the CONTROL grid also suggest that under very high levels of 
predation risk (i.e. 1993), hares favoured survival over condition, a result consistent with the 
predictions of the PAC hypothesis. Future modelling and field studies should investigate 
whether maternal condition has an influence on the behaviour, survival and reproductive 
success of hares in order to establish the impact of predation risk and associated behavioural 
and physiological responses on the population dynamics of hares. 
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