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Relationships between direct
predation and risk effects

Scott Creel and David Christianson

Department of Ecology, 310 Lewis Hall, Montana State University, Bozeman, MT 59717, USA

Risk effects arise when prey alter their behavior in
response to predators, and these responses carry costs.
Empirical studies have found that risk effects can be
large. Nonetheless, studies of predation in vertebrate
conservation and management usually consider only
direct predation. Given the ubiquity and strength of
behavioral responses to predators by vertebrate prey,
itis not safe to assume that risk effects on dynamics can
be ignored. Risk effects can be larger than direct effects.
Risk effects can exist even when the direct rate of pre-
dation is zero. Risk effects and direct effects do not
necessarily change in parallel. When risk effects reduce
reproduction rather than survival, they are easily mis-
taken for limitation by food supply.

Predation risk effects are common and can be strong,
but are rarely considered in conservation or wildlife
management

Predators affect prey demography through direct preda-
tion and through the costs of antipredator behavioral
responses, or risk effects [1,2] (Figure 1). Responses to risk
can be morphological [3] or behavioral [4], including
changes in habitat use [5-7], vigilance [8,9], foraging
[10,11], aggregation [12,13], movement patterns [14-16]
and sensitivity to environmental conditions [17]. The costs
of these responses can be manifest by reduced survival,
growth or reproduction [1,18-20] (Figure 2). Recent
empirical research has shown that risk effects on prey
dynamics can be as large as direct effects, or even larger
[15,18,21,22]. Although such research has established that
risk effects can be an important part of the total effect of
predation, many analyses of predation as a limiting factor
still consider only direct effects, particularly in studies
focusing on conservation and management, and particu-
larly in studies of vertebrates (e.g. [23-25]). When risk
effects are considered, many analyses focus on effects that
cascade from the prey to other species [26—-29], rather than
effects on the prey species itself [2] (Figure 3). Perhaps risk
effects are often ignored in this context (risk effects are well
studied in other contexts) simply because there is no gen-
eral theory for the expected relative magnitudes of direct
and risk effects, or for the expected relationship between
the two.

Here we use a simple conceptual model to examine two
questions about the expected relationship between direct
predation and risk effects. First, do direct effects or risk
effects comprise the larger portion of the total effect of
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predation? Second, how are direct effects and risk effects
correlated? If risk effects are small and positively related to
direct effects, then measurements of direct predation rates
should provide a good estimate of the total effect of pre-
dators on prey. This is the assumption implicit in many
studies of predation in natural systems. However, if risk
effects are large and negatively related to direct effects,
then measurements of direct predation could be unrelated
or negatively related to the total effect of predation, a
hypothesis that remains largely untested. Without consid-
ering this possibility, it would be easy to mistake risk
effects for bottom-up limitation, particularly when risk
reduces the reproductive rate, rather than increasing
mortality [1,2,19]. For example, analyses of snowshoe hare
dynamics originally suggested that predation affects sur-
vival, but reproduction is controlled by density-dependent
access to food. When Boonstra et al. [2] extended prior
analysis to consider risk effects, they found that ‘predation
risk, not high hare density or poor nutritional condition,
accounted for...the marked deterioration of reproduction
during the decline phase’ (p. 371).

Are direct effects or risk effects expected to comprise
the larger portion of the total effect of predation?
Empirical studies have recently shown that the risk effects
of predation can be large, sometimes substantially larger
than direct effects. For example, Pangle et al. [18] esti-
mated direct effects and risk effects of predatory spiny
water fleas (Bythotrephes longimanus) on three species of
zooplankton in Lake Michigan and Lake Erie, and found
that over six combinations of location and depth, risk
effects on population growth rates were more than seven
times larger than the effect of direct predation. Nelson
et al. [21] amputated the mouthparts of predatory damsel-
bugs (Nabis spp) so they could not kill their prey (pea
aphids, Acyrthosiphon pisum). Comparing treatments with
manipulated and normal predators, they found that risk
effects accounted for 39%—80% of the total impact of pre-
dation on prey population growth. Schmitz et al. [15] used
this approach with predatory spiders (Pisurina mira) and
grasshopper prey (Melanoplus femurrubrum), and found
that ‘risk spiders’ caused the same level of grasshopper
mortality as normal, lethal spiders.

Despite such empirical studies (and many others [22]),
we have no general theory to predict whether these should
be common results. We suggest that the logic by which the
principle of allocation is applied to life-history trade-offs
can also be applied to this question. In life-history theory,
reproductive value is the sum of current fecundity and
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Figure 1. To understand the total effect of predation on prey populations, we must understand the relative importance of direct predation (a) and risk effects, which are the
costs of antipredator behaviors that reduce direct predation but carry fitness costs, such as vigilance and retreat to safe habitats (b).

residual reproductive value, and the shape of the curve
relating residual reproductive value to current reproduc-
tive effort determines the optimal trade-off between a
fitness benefit and its opportunity cost. Similar logic can
be used to examine trade-offs between direct predation and
risk effects. Figure 4 shows several ways that direct and
risk effects might be related. Generally, as the effort
invested in antipredator behavior increases, risk effects
will increase and direct predation will decline. If an
increase in antipredator behavior is equally effective at
reducing direct predation for any level of antipredator
response, then the trade-off curve would be linear. Evol-
utionary logic suggests that the slope of a linear trade-off

should be —1. Positive slopes would quickly be eliminated
by selection, because they represent a situation in which
antipredator behavior increases the rate of direct preda-
tion. Behavioral responses that yielded a linear fitness
trade-off with any negative slope other than —1 would also
be eliminated by selection, because selection would favor
individuals who decreased direct effects to zero (for slopes
steeper than —1) or decreased risk effects to zero (for slopes
shallower than —1), reducing such cases to a single point on
one of the axes. The case of pure direct costs might not be
surprising, but the case of pure risk effects raises the
important point that predation might affect prey fitness
(and thus dynamics) even in the absence of direct killing.
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Figure 2. Pathways by which predation can affect the population dynamics of prey: the restricted view that predation operates only through direct offtake is illustrated by
two orange arrows linking predation rates to prey dynamics by way of survival; this is only the tip of the iceberg. Pink boxes and arrows illustrate that direct predation rates
are not simply an external ecological force imposed on prey by predators, but are determined jointly by the intensity of predation pressure and the antipredator response of
prey to that pressure. This creates a feedback loop between direct predation and antipredator responses. In turn, antipredator responses can have physiological or energetic
costs for prey, which could alter prey dynamics via either reproduction or survival. These risk effects are illustrated by blue arrows, with likely feedbacks illustrated by gray
arrows.
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Figure 3. A classification of predation effects into four basic types using two
dichotomies: numerical effects of predation operate through changes in prey
numbers. Numerical effects are well studied, both as direct killing and as density-
mediated indirect effects. Indirect effects are traditionally defined as effects that
cascade from the predator to the prey and on to a third species. Although studies
of behavioral responses to predation risk are common, the effects of risk on
population and community dynamics have received much less attention. Trait-
mediated indirect effects have (surprisingly) received more attention than risk
effects. Risk effects are often called ‘sublethal’ or ‘nonlethal’ effects, although they
can be lethal. Risk effects are also called ‘fear effects,” although few studies actually
test the hypothesis that fear drives antipredator responses. More care is warranted
with the connotations of these terms.

We will return to this point. For the case of linear trade-offs
with slope —1, any level of antipredator behavior yields the
same total effect of predation. Both risk effects and direct
effects are expected, but we cannot predict their relative
magnitudes.

The curvature of fitness cost-benefit curves has been
shown to be an important determinant of the way that prey
should optimize trade-offs between predation risk and
starvation risk [30], and curvature is also important here
(for similar reasons). For example, it is possible that anti-
predator responses are initially effective at reducing direct
predation, but then yield diminishing returns with increas-
ing effort, as might be the case for antipredator vigilance
[31]. In this case, the trade-off curve for direct predation and
risk effects would be concave-up (Figure 4, green curve):
consequently, both direct and risk effects are expected. It is
also possible that antipredator behavior is initially ineffec-
tive at reducing direct predation, but antipredator
responses become more effective as the level of response
increases, as could be the case for antipredator changes in
patterns of grouping [32], particularly when prey disaggre-
gate into smaller groups to avoid detection [11,33]. In this
case, the trade-off curve would be concave-down (Figure 4,
red and blue curves): consequently, the total cost of preda-
tion is expected to be either completely direct (Figure 4, red
curve) or completely indirect (Figure 4, blue curve). Con-
cave-down trade-off curves with different shapes show that
prey species with very different direct predation rates might
experience equal total effects of predation (even if one
species has a direct predation rate of zero).

To summarize, the manner in which antipredator beha-
vior reduces direct predation should determine the shape
of the trade-off curve for direct and risk effects, which helps
to predict the expected magnitudes of the effects. Many
ecological studies implicitly assume that when direct pre-
dation rates are low, the total effect of predation is necess-
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Figure 4. The relative magnitudes of fitness costs manifest as direct predation or as
risk effects: one can imagine several reasonable relationships between the
demographic cost of direct predation (direct effect on fitness) and the
demographic cost of avoiding predation (risk effect on fitness). The inset figure
shows the effectiveness with which antipredator effort reduces direct predation, for
each of the fitness trade-off curves in the main figure (matched by color). For these
trade-off curves, natural selection will favor strategies that minimize the total cost of
predation, which is the sum of the fitness costs of direct predation and risk effects.
Solid points identify the strategy that minimizes the total cost of predation for trade-
off curves with asymptotic benefits of antipredator behavior (green) or accelerating
benefits of antipredator behavior (red and blue). Open points identify multiple
strategies that yield equal total costs of predation, if antipredator behavior has
constant benefits, which yields a linear trade-off curve with slope —1 (orange). For
these trade-off curves, the costs of direct predation and risk effects must be
measured in the same units, ideally total fitness. In practice, both fitness costs will
usually be measured by changes in demographic components of fitness such as
rates of survival or reproduction. Note that risk effects can comprise from 0% to 100%
of the total effect of predators on prey.

arily weak, but this assumption is questionable, because
risk effects can logically be larger than direct effects.
McNamara and Houston [30] used a simple model of
trade-offs between starvation and predation to reach a
similar conclusion, that “the number of animals that die
from starvation may not provide a reliable indication of the
importance of food” (p. 1515).

How are direct effects and risk effects expected to be
correlated?

Ecologists concerned with identifying which factors most
strongly limit a population (for example by comparing the
effects of food, predators and weather) often measure the
direct rate of predation and ignore risk effects when asses-
sing the impact of predators on prey. This traditional
approach implicitly assumes that direct effects are larger
than risk effects, or that risk effects (typically unmeasured)
correlate positively with direct effects. Empirical studies
and the conceptual model above suggest that the first
assumption is often not safe. Is it any safer to assume that
risk effects are always positively correlated with direct
effects?



If the level of attempted predation on a prey species is
driven mainly by the decisions of the predator, and not by
the prey, then direct effects and risk effects could be
positively related (Figure 5a). This is a logical expectation
for comparisons on an ecological timescale, over which
there are no evolutionary changes in the shape of the
trade-off curve relating risk effects to direct predation.
For example, consider a comparison among several popu-
lations of a single prey species that are exposed to different
densities of their primary predator. A high rate of
attempted predation would favor strong expression of
antipredator responses, in comparison to a population with
a low rate of attack, and this would produce a positive
association between direct predation and risk effects
(Figure 5a).

This argument, however, assumes that the antipredator
behavior does not reduce the rate of predation. Feedback
between antipredator behavior and the rate of predation
will tend to eliminate or reverse the positive relationship
between direct predation and risk effects. To illustrate this
point, consider an example in which a predator attacks
prey species A and B equally often, and both prey have the
same level of antipredator response. If A increases its level
of antipredator behavior effectively, and predation pres-
sure consequently shifts to B, then direct effects and risk
effects would become negatively correlated. This scenario
seems plausible, particularly for situations in which a
predator chooses from a set of morphologically similar prey
of comparable sizes. As Figure 5b illustrates, evolutionary
changes in the trade-off between direct predation and risk
effects (as tested by comparisons between species, or be-
tween the sexes within a species) should also produce
negative correlations. To summarize, predation pressure
mediated only by the predator should produce a positive
relationship between direct and risk effects, whereas pre-
dation pressure that is modified by prey responses should
reduce this correlation or produce negatively correlated
effects.

In summary, risk effects can be large in comparison to
the effect of direct predation, and the correlation between
risk effects and direct predation need not be positive. If risk
effects are not explicitly considered, they could easily be
mistaken for limitation by food supply, particularly in
observational studies and particularly when they are man-
ifested as reductions in reproduction (as shown in snow-
shoe hares, arctic ground squirrels, elk, bluegill sunfish
and several invertebrates [1,2,19,34,35]). Logically, if one
does not consider risk effects, then predation can be
expected to affect prey dynamics only through survival,
so decreased reproduction will probably be attributed to
another limiting factor, such as food supply.

Given these possibilities, measurements of the total
effect of predation on prey dynamics should consider risk
effects (Box 1). Why have risk effects been ignored in most
studies that relate the impacts of predation to other limit-
ing factors? First, there are the common assumptions that
risk effects must be smaller than direct effects and
positively related to them. Second, risk effects are the
product of hundreds or thousands of small actions, with
individually small effects on fitness that eventually add
up, whereas direct predation is a dramatic event with
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Figure 5. Possible correlations between risk effects and direct effects of predation:
(a) considers the likely relationship between risk effects and direct predation rates
on an ecological timescale, over which there are no evolutionary changes in the
shape of the trade-off curve relating risk effects to direct predation (see Figure 1).
This logic would apply, for example, to a comparison of multiple populations of a
single prey species that faced varying levels of predation pressure from a given
predator. As direct predation pressure increases (from the red curve to the blue
curve), the optimal balance of risk and predation effects (identified by solid points)
causes risk effects to also increase. Consequently, a positive correlation between
direct predation and risk effects (black line) is expected. (b) considers the likely
relationship between risk effects and direct predation rates over evolutionary
timescales. The four central points represent four ancestral prey species with
similar antipredator behavior and morphology, with similar direct predation rates
and risk effects. A behavior arises in one species (open green point) that allows a
large reduction in direct predation with little increase in the risk effect (dark green
arrow to solid green point). A different behavior arises in another species (open
blue point) that allows a large reduction in antipredator effort with little increase in
direct predation (dark blue arrow to solid blue point). Both of these behaviors
reduce the total cost of predation and would consequently be favored by natural
selection. The result is a negative correlation between risk effects and direct
predation rates, across the set of four prey species. The lighter blue and green
arrows/points indicate new behaviors that would increase the total cost of
predation, and thus would not be favored by natural selection. Comparing the
favored and disfavored possibilities suggests that negative correlations between
risk effects and direct predation (for evolutionary comparisons across species) can
have concave-down shapes.



Box 1. Risk effects and predator-prey dynamics

Trends in Ecology and Evolution Vol.23 No.4

To illustrate the potential effects of antipredator behavior on
predator-prey dynamics, consider an extension of the Lotka-Volterra
equations [39]:

N¢x feP:N; — dP;

b*ePtNt P = 1+a’Pt‘”

Nipr = ——
t+1 T+ aN:!

Here, prey numbers (N;) are controlled by their finite rate of increase
(\), two parameters that describe density dependence (a,b), and by
direct predation (eP,N,). Direct predation depends on the numbers of
predators (P,) and prey (N,), which determine the likelihood that an
encounter will occur, and the efficiency (e) with which predators make
a kill upon encountering prey. Predator (P,) population dynamics are
also density dependent (with parameters & and b'), but the finite rate
of increase is decomposed into a death rate in the absence of prey (d)
and a birth rate that depends on two variables: the efficiency with
which predators kill prey (e) and a factor ( f) that converts each prey
item killed into a demographic impact on the predator’s growth rate ( f
is large for prey of high net energetic value). In Figure |, this model is
applied with parameter values that mimic elk and wolf dynamics in
the Gallatin Canyon population of the Yellowstone ecosystem [6,11].

In most discussions of predator-prey dynamics, the impact of
predation is evaluated by direct offtake (in this model, ePN) [23,40-
43]. The basic results of these models are well known: as direct offtake
increases (via e), a tendency toward a joint equilibrium is replaced by
damped, stable and expanding cycles (compare Figures la and Ib).
However, more novel results emerge if we examine risk effects, or
population dynamics that incorporate explicit costs of antipredator
behavior. To isolate risk effects in a simple way, consider a scenario in
which predation pressure increases but offtake does not increase,
because prey respond with an increase in antipredator behavior
(vigilance [11], aggregation [33] or redistribution [6,16]). As the level
of antipredator behavior increases, we assume that it carries
increasing costs. Intuitively, the simplest manner to incorporate these

(a) Baseline model

(c

~

(se2110) S2AjOM

costs is by decreasing the rate of prey population growth (\),
independent of prey density (Figure Ic). This approach assumes that
energy is limiting and that antipredator responses require an increase
in energy expenditure and/or reduced foraging efficiency. At this
stage of the argument, the effect on \ could be manifest through
survival or fecundity. The critical point is this: when antipredator
behavior causes a reduction in \, population dynamics become more
stable (Figure Ic versus la). This is in sharp contrast to an increase in
direct predation, which is destabilizing (Figure Ib versus la). The
picture is complicated by considering that another effect of anti-
predator behavior might be to increase the strength of density
dependence in the prey population, rather than simply decreasing A in
a density-independent manner. Stronger density dependence could
arise if prey concentrate in low-risk habitats or aggregate in larger
herds. Figure Id differs from Figure la through a 25% change in the
value of b, which shifts from under-compensating to compensating
density dependence in the absence of predation. In this case, an
increase in the cost of predator avoidance destabilizes the dynamics
(Figure Id versus Figure la or Ic).

These simple (but plausible) scenarios show that the costs of
antipredator behavior can have complex effects on predator—prey
dynamics (also shown by other models [26,44-46]). Although the
parameter values above were tailored to elk and wolves on a given
study site (Box 2), we do notimply that this model realistically describes
wolf-elk dynamics. The model is a tool to highlight the importance of
measuring demographic risk effects, and ultimately incorporating these
costs into models of predator-prey dynamics [26], which has not
previously been considered in the models used to evaluate the
quantitative effects of wolves on elk dynamics [23,24,47,25]. This is
fundamentally an empirical issue, because the optimal responses by elk
depend on the costs and effectiveness of antipredator behavior,
processes that we cannot expect to predict by logic alone. Theory does
not cleanly reveal the balance between predation risk and the cost of
antipredator behavior for a given species.

(b) Offtake increased by 7%
2000+ 125

Elk (squares)
($30119) SBAIOM

(d) Avoidance: increased density dependence

(s810119) SBAIOM

Years
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Figure I. Predator-prey dynamics with variation in direct offtake and risk effects. Adding risk effects to a simple model of predator-prey dynamics does not have the
same effect as increasing direct offtake, and different types of risk effects alter dynamics in different ways.
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immediately obvious effects on fitness. Finally, even once
one has established a research focus on risk effects, it is
very difficult toisolate and measure the impact of behavior
on demography and dynamics, because behavior and
demography change on very different timescales. (Of
course, the direct predation rate can itself be hard to
measure in practice, although the challenges are concep-
tually simpler. Radiotracking and direct observation of
predators or prey can yield good estimates of direct pre-
dation rates [35—37]. Most other approaches do not allow
estimation of the direct predation rate, and consequently
aggregate direct predation and risk effects into a total
effect of predation, without distinguishing between the
two mechanisms.)

Measuring risk effects

Risk effects on prey dynamics have been quantified in
several ways. To date, most research has used experimen-
tal approaches. One of the most productive lines of
research has employed experimental studies with
manipulated predators. Peckarsky et al. [1], Schmitz
et al. [15] and Nelson et al. [21] conducted very revealing
experiments by gluing together the mouthparts of invert-
ebrate predators, and comparing the impacts of lethal and
‘risk-only’ predators on prey demography [1], density [15]
and population dynamics [21]. These seminal experiments
have played a central role in identifying risk effects, and in
demonstrating that risk can account for a large proportion
of the total impact of predators on prey [22]. Still, exper-
iments in captivity with manipulated predators leave
room to wonder how the results generalize to natural
conditions.

Box 2. A challenge and an opportunity: measuring risk
effects in field studies

Trends in Ecology and Evolution Vol.23 No.4

Large-scale field experiments with snowshoe hares
(Lepus americanus) [2,38] and arctic ground squirrels (Sper-
mophilus parryii plesius) [35,36] have combined food supple-
mentation and predator exclosures (as in Werner et al.’s [34]
classic experiments on fish) to show that when combined,
food limitation and predation had more-than-additive
effects on population density. Exclosure of predators
increased the density of both hares [2] and squirrels [35],
largely by increasing reproduction (a risk effect). The more-
than-additive effects of predation and food limitation is also
consistent with risk effects, because a given level of anti-
predator response is likely to carry larger demographic costs
when animals are in poor condition (and see Figure 5a). This
result would also arise iffood limitation forces prey to reduce
antipredator behavior, increasing their vulnerability to pre-
dation. For example, Winnie and Creel [11] showed that
male elk, with significantly lower fat stores than females,
mounted weaker antipredator responses to wolves than
females did, despite facing higher per capita predation risk.

Small-scale experiments that manipulate the lethality
of predators and field experiments that manipulate food
supply and exposure to predators have been central to
understanding risk effects. Still, a major challenge and
opportunity remains to develop field studies measuring the
relative magnitudes of direct predation and risk effects in
the wild, without manipulations that could alter their
relative magnitudes. Pangle et al. [18] recently demon-
strated a promising approach, estimating direct and risk
effects for two zooplankton prey (Daphnia and Bosmina)
using a combination of field data on antipredator responses
and experimental data on the demographic costs of these
responses. Box 2 suggests another possible method to

To illustrate the difficulties of estimating the magnitudes of risk
effects and direct predation using observational data, consider wolf-
elk interactions. Since the reestablishment of wolf predation on the
Gallatin elk winter range in the Yellowstone ecosystem, the propor-
tion of female elk entering winter with a calf has declined by more
than a factor of two (Figure I). In parallel, the population has declined
[6], although most Montana elk populations simultaneously grew
strongly during this period [48]. Much of the decline in Gallatin calf
recruitment can be attributed to reduced reproduction. The proges-
terone levels of female elk declined significantly with increasing
wolf:elk ratios, and these changes in progesterone were significantly
correlated with changes in calf recruitment [19]. For Gallatin elk, the
calf:cow ratio immediately after the annual birth pulse has declined
by 39% since wolf recolonization. These changes in reproduction
were associated with strong changes in female elk behavior [11],
habitat selection [6], grouping [33] and sensitivity to environmental
conditions [17]. Reduced calf numbers after the birth pulse account
for a decline of 17.3 calves/100 cows (Figure I). Increased bear
predation on very young calves could potentially contribute to this
decline, by increasing the number of calves killed before they can be
counted. Contrary to this hypothesis, summer calf:cow ratios were
not detectably related to estimated bear density (general linear
model: Wald statistic = 0.004, P=0.95, using breeding bear numbers
in Yellowstone National Park [49]), whereas wolf presence remains a
strong predictor of summer calf:cow ratios after controlling for the
potential effect of bears and snow accumulation during the gestation
period (GLM: Wald statistic =6.12, P=0.013). Grizzly bear numbers in
the Yellowstone ecosystem have increased mainly by population
expansion, but the density of breeding bears within the ecosystem

core has not changed detectably (Figure 5 in Ref. [49]).

How does the impact of risk on elk reproduction compare to the
impact of direct calf predation? Calf survival from birth to early winter
has declined by 37% from the pre-wolf period to the post-wolf period,
but this decline in survival cannot be neatly attributed to direct
predation or risk effects. At least in principle, it is a combination of the
two. Even if all of the change in calf survival from the pre-wolf period
to the post-wolf period was due to direct wolf predation (i.e. no risk
effects on calf survival), this would account for a decline of only 6.3
calves/100 cows. (In Figure I, 6.3 is the difference between the pre-
wolf and post-wolf periods for the decrease in calf:cow ratios from
summer to winter.) Radiotelemetry of wolves [37] and elk calves [19]
has been used to directly estimate the rate of predation. In the winter,
observations of Gallatin wolf kills yield a direct predation rate of 0.030
calves killed/wolf/day, closely comparable to the rate of 0.027 calves
killed/wolf/day for a neighboring population [37]. If this winter
predation rate applied also to summer and fall, then wolves on the
Gallatin site would kill an average of 74 calves in 180 days between
birth and early winter. (Note that studies of radiotagged elk calves
show lower rates of wolf predation in summer/fall than in winter, but
do not allow precise estimates of the rate [19].) Direct killing of 74
calves accounts for a decline of 9.0 calves/100 cows, given the size of
the Gallatin herd (X+SEM=1138 +86 elk, 1996-2006) and the
proportion that are adult females (72%).

Thus, for elk calf recruitment, risk effects on reproduction were ~2—
3 times larger than the effect of direct predation (17.9 versus 6.3 to
9.0 calves/100 cows), and the total effect of predation on recruitment
was ~3-4 times larger than was captured by measures of direct
predation.
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Figure I. Wolf predation and elk calf number: elk dynamics are strongly affected
by calf recruitment, and the proportion of females entering winter with a calf
has declined significantly (t;7=5.12, P< 0.0001) since the reestablishment of
wolf predation on the Gallatin elk winter range in the Yellowstone ecosystem. A
large proportion of this decline in winter calf recruitment can be attributed to
reduced reproduction (a risk effect), as revealed by a significant drop in calf:cow
ratios immediately following the summer birth pulse (t,3=6.79, P < 0.0001).
The sum of direct wolf predation and risk effects on calf survival are manifest as
changes in survival rates from birth to 6 months for the pre-wolf and post-wolf
periods. Bars show means; whiskers show 95% confidence intervals. Numbers
within bars are sample sizes (annual surveys).

compare the demographic costs of direct predation and risk
effects, using observational data from the wild.

Conclusions

The benefit of antipredator behavior is a decreased risk of
predation, and this is automatically incorporated into
measures of the direct rate of predation. By contrast, most
analyses of vertebrate predator—prey dynamics do not
account for the costs of antipredator behavior (risk effects).
Logically, risk effects can be larger than the effects of direct
predation. By the same logic, risk effects can be either
negatively or positively correlated with direct effects,
depending on the type of comparison being made. Excellent
experimental studies of a broad range of species have
confirmed that risk effects on prey demography, density
and dynamics can be large, sometimes exceeding direct
effects. If risk effects are not considered explicitly, it seems
likely that they will go undetected or be attributed to
processes other than predation, particularly when risk
effects reduce reproduction. The challenge now is to design
field studies that determine the relative magnitudes of risk
effects and direct predation in wild populations that are
not manipulated. Finally, risk effects are becoming well
recognized in pure ecology, but are still largely ignored in
the fields of conservation and management. It is important
that measurement of risk effects penetrates into work on
predation as a limiting factor in problems of conservation
and wildlife management.
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