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A survey of the effects of wolf predation risk on pregnancy rates
and calf recruitment in elk

Scotr CREEL,] Davip A. CHRISTIANSON, AND JoHN A. WINNIE, JR.

Department of Ecology, Montana State University, Bozeman, Montana 59717 USA

Abstract. We have previously found that the behavioral responses of elk to the risk of
predation by wolves are correlated with changes in habitat selection, altered diets, reduced food
intake, decreased fecal progesterone concentrations, and decreased calf recruitment. P. J. White
et al. recently questioned these results, concluding that “multiple lines of evidence
and/or strong validation should be brought to bear before relying on indirect measures of
how predators affect pregnancy rates.” Here, we systematically surveyed available data and
found that five studies (with data from 10 widely distributed populations) have directly detected
decreases of 24—43% in elk pregnancy rates in response to increased predation risk. This survey
includes data not discussed by White et al. from their own research, which reveal a 32%
decrease in pregnancy rates following wolf recolonization in central Yellowstone. Following the
survey of available data, we discuss several methodological and statistical problems in White et
al.’s study that would be expected to mask the effects of predation risk. While other factors also
clearly affect elk recruitment, multiple lines of evidence using a broad array of methods have
detected an association between predation risk and reduced reproduction in elk.

Key words: behaviorally mediated effect; Canis lupus; Cervus elaphus; elk; population dynamics;
predation; pregnancy; progesterone; reproduction; risk effect; wolf.

BenavioraL AND EcoLoGicaL Responses oF ELk
TO THE Risk oF PREDATION BY WOLVES

Predators can limit prey by direct predation or
through risk effects, which are the costs of antipredator
responses. Behavioral responses to predation risk include
changes in habitat use (Werner and Peacor 2003, Creel et
al. 2005, Heithaus and Dill 2006), vigilance (Lima and
Dill 1990, Armitage 2004), foraging (Lima and Bedne-
koff 1999, Brown and Kotler 2004), aggregation (Boesch
1991, Krause and Ruxton 2002, Caro 2005), movement
patterns (Sih 1980, Sih and McCarthy 2002, Fortin et al.
2005), and sensitivity to environmental conditions
(Winnie et al. 2006). The benefit of antipredator behavior
is a reduction in the risk of direct predation, and these
benefits are automatically incorporated into measure-
ments of the predation rate. In contrast, the costs of
antipredator responses are often ignored by studies of
predation as a limiting factor. Risk effects can be
manifest by reduced survival, growth, or reproduction
(Peckarsky et al. 1993, 2008, Creel et al. 2007, Pangle et
al. 2007, Creel and Christianson 2008). Experiments
allow risk effects to be clearly identified and quantified
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(Schmitz et al. 1997, 2008), but this task is more difficult
in field studies (Creel and Christianson 2008). With many
traditional designs for field studies, these costs are simply
aggregated with bottom-up limitation through competi-
tion for resources. Recent empirical research has shown
that risk effects on prey dynamics can be as large as
direct effects, or even larger (Schmitz et al. 1997, Nelson
et al. 2004, Preisser et al. 2005, Pangle et al. 2007).
Nonetheless, many analyses of predation as a limiting
factor still consider only direct offtake, particularly in
studies focusing on conservation and management, and
particularly in studies of large vertebrates.

Elk (Cervus elaphus) alter many aspects of their
behavior in response to spatial and temporal variation
in the risk of predation by wolves (Canis lupus), although
these antipredator responses vary in a manner that
depends on attributes of their herd, the risk that they
face, and the environment in which they encounter
predators (Liley and Creel 2008). The behavioral
responses of elk to wolves include moving out of
preferred grassland foraging habitat into wooded areas
(Creel et al. 2005, Fortin et al. 2005), increased vigilance
and reduced foraging (Childress and Lung 2003, Winnie
and Creel 2007, Creel et al. 2008, Liley and Creel 2008),
changes in herd size (Hebblewhite and Pletscher 2002,
Creel and Winnie 2005), and changes in their responses
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to environmental constraints such as snow accumulation
(Winnie et al. 2006). Parallel to these behavioral
responses, physiological data have revealed a decrease
in the quantity of food obtained by elk in the presence of
wolves and changes in the composition of their diet that
exacerbate nutritional deficits in winter (Christianson
and Creel 2008, 2010).

Several elk populations have declined significantly
following recolonization by wolves, in some cases to less
than one-third of their size immediately prior to wolf
recolonization (Creel and Christianson 2008, White 2008,
Garrott et al. 2009, Christianson and Creel 2010), and
decreased calf recruitment has generally accompanied
decreases in population size (Zager et al. 2005, Creel et al.
2007, Creel and Christianson 2008, Garrott et al. 2009,
Stephenson 2010). While factors other than predation
undoubtedly have important effects on calf recruitment
and elk dynamics, predation risk from wolves has been
consistently correlated with recent declines in elk recruit-
ment (Creel et al. 2007, Creel and Christianson 2008,
Garrott et al. 2009). Collectively, these data suggest a
hypothesis that risk effects may have contributed to
declining elk numbers in the Greater Yellowstone
Ecosystem, in part by affecting calf recruitment.

Considering only data on calf-to-cow ratios from
population surveys, changes in calf recruitment in the
presence of wolves could have two primary causes (which
are not mutually exclusive). First, wolves might prey
heavily on elk calves between the annual birth pulse (in
late May to early June) and the time of population
composition surveys. Composition counts are commonly
conducted in early winter, about 6 months after the birth
pulse. Testing the hypothesis that early-winter calf
recruitment has declined due to neonatal wolf predation
requires data on cause-specific mortality for elk calves
that are radio tagged immediately after birth and
monitored until the time that population surveys are
conducted. We radio-tagged 30 newborn elk in our study
of risk effects on elk calf recruitment, and detected no
predation by wolves in the first six months of life (Creel et
al. 2007). Two subsequent studies including a study on
Yellowstone’s northern range (Barber-Meyer et al. 2008)
and a collaborative analysis of data from 1999 calves in
12 populations (Griffin et al. 2011) have confirmed that
the rate of predation on calves by wolves is typically low
(see Plate 1). In the exceptionally large and broad sample
considered by Griffin et al., mortality due to wolves was
only 0.04 = 0.01 (mean * SE) over the first three months
of life, much too low to account for observed declines in
calf-to-cow ratios. Griffin et al. also found that “calf
survival was lower in systems that contained wolves,
despite the fact that these systems had low wolf mortality
rates,” as predicted by the hypothesis of risk effects.

If direct predation rates are too low to account for
decreased calf-to-cow ratios, this further suggests that
reproduction might be affected by wolf recolonization.
Among elk herds that have declined since wolf coloniza-
tion, calf-to-cow ratios have declined not only in early-
winter surveys, but also in surveys conducted soon after
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the birth pulse. For example, calf-to-cow ratios in
summer counts declined significantly after wolf recoloni-
zation in the Gallatin Canyon, from 45 * 23 calves per
100 cows (mean * SE, pre-wolf) to 27 * 3.2 calves per
100 cows (post-wolf; Creel and Christianson 2008).

Based on these patterns, we hypothesized that the
antipredator responses of elk entail physiological costs
that can alter reproductive physiology and calf recruit-
ment. We tested this hypothesis by collecting 1495 fecal
samples from five elk populations in the Yellowstone
region over six years. We used the same methods of
collection and analysis for all populations, and selected
populations to represent winter ranges with a broad
range of wolf-to-elk ratios within one ecosystem (with
one out-group), sampled in the same span of years. All of
the samples used in this analysis were collected after 15
March, because preliminary analyses revealed that
progesterone concentrations of pregnant females were
not as reliably elevated prior to the third trimester of
gestation. Sampling was systematically stratified at two-
week intervals until the end of gestation. Sampling in late
winter has the advantage of detecting risk effects on
reproduction at any stage from conception through
parturition. Samples collected earlier would not detect
losses that occur late in winter, when the energetic costs
of gestation are at their peak and female condition is at
its nadir. We emphasize that comparison of samples from
different periods of winter would not be valid, a point is
relevant to our discussion of White et al.’s methods (see
Methodological and statistical problems in White et al.’s
critigue). We used previously published methods to
extract steroid metabolites and measure fecal progester-
one concentrations, and tested for correlations between
wolf-elk ratios, fecal progesterone concentrations, and
calf-to-cow ratios. We found that third-trimester fecal
progesterone concentrations were correlated with wolf-
to-elk ratios, and that mean fecal progesterone concen-
trations in the gestation period strongly predicted the
subsequent calf-to-cow ratio (Creel et al. 2007). We
concluded that “although correlative, these results
suggest that wolf predation has indirect effects on elk
dynamics, driven by costs of behavioral defenses that
alter reproductive physiology and demography.”

White et al. (2011) recently questioned our conclu-
sions, using data from one herd in the Northern Range of
Yellowstone National Park. First, they failed to detect
changes in the mean pregnancy rate in a comparison of
data from 1962-1968 (wolves absent) and 2000-2006
(after wolf reintroduction). Second, they failed to detect a
change in body fat within this herd between the two
periods. Finally, they suggested that body fat was higher
in Northern Range elk than in several other populations
(White et al. 2011). However, each of these results suffers
from methodological and statistical flaws that would be
expected to mask risk effects. When these issues are
corrected, the original data show that wolf predation risk
is associated with reduced elk pregnancy rates in the
Northern Range, as in all other studies of which we are
aware. We explain these issues below, after summarizing
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PLATE. 1.

Newborn elk calves are hidden by their mothers for several days after birth. Hidden calves can be located by observing

the mother from a distance until she reveals the location of the calf. Because hidden calves do not flee when approached, they can be
radio-tagged to determine survival rates and causes of death. Several studies of radio-tagged calves have found that the rate of
predation by wolves in the first months of life is too low to explain observed declines in calf:cow ratios since wolf recolonization.

Photo credit: D. A. Christianson.

recent data that confirm a repeated pattern of declining
pregnancy rates in elk with wolf recolonization.

DecreaseD ELk PrREGNANCY RATES SiNcE WOLF
REecoLonizATION IN RECENT STUDIES

Garrott et al. (2009) presented data on pregnancy rates
of elk in Central Yellowstone based on measurements of
serum pregnancy specific protein B (PSPB), serum
progesterone, and fecal progesterone. All of these
methods detected a large decline in pregnancy rates since
wolf recolonization. After wolf recolonization (data from
2002-2007), Garrott et al. (2009) reported a pregnancy
rate of 54% based on 39 determinations of serum PSPB,
and the same rate based on 48 determinations of serum
progesterone. Garrott et al. (2009) reported pregnancy
rates of 81% (serum progesterone, 27 samples) and 77%
(serum PSPB, 61 samples) for a span of years from 1991—
2001, prior to wolf establishment. Thus, their data
showed that pregnancy rates declined by 32% with wolf
recolonization. This decrease in the pregnancy rate was
threefold to 30-fold larger than the decrease in female
survival rates in the same population. It is difficult to
understand why White and Garrott failed to mention
these data while arguing that there is little evidence that
pregnancy rates have decreased and that “it is imperative
that multiple lines of evidence and/or strong validation be
brought to bear when assessing the effects of antipredator
responses on elk demographic rates” (White et al. 2011).

Counts by the Wyoming Department of Game and
Fish show that calf-to-cow ratios have declined signifi-

cantly in August-September counts of elk that migrate
between Yellowstone’s Northern Range and the Cran-
dall/Sunlight Basin region to the east. For nine years
prior to wolf recolonization, calf-to-cow ratios for this
herd were stable (or slightly increasing) at 30—45 calves/
100 cows (with one year below 30), then declined
significantly at the time of wolf recolonization to <15
calves per 100 cows (data from Wyoming Department of
Game and Fish; Stephenson 2010). As wolf numbers in
the area stabilized, calf-to-cow ratios remained signifi-
cantly below pre-wolf levels for more than a decade.
During the same period, calf-to-cow ratios in an
immediately adjacent nonmigratory herd with little wolf
predation remained high (data from Wyoming Depart-
ment of Game and Fish). Decreased calf recruitment with
wolf recolonization in the Crandall/Sunlight herd was
associated with decreased pregnancy rates. Summarizing
four years of post-wolf data from serum PSPB, Stephen-
son (2010) stated that “the average rate of pregnancy in
the migratory herd was 68% while the average rate of
pregnancy for the nonmigratory herd was 89%.”

Based on reproductive tract inspections, Greer (1965)
and Peek (1967) summarized pregnancy in 148 prime-
aged (2.5-9.5 years) female elk harvested in January of
1965 and 1967 in the Upper Gallatin Canyon portion of
the Greater Yellowstone Ecosystem. They reported a
pregnancy rate of 96.7% (Greer 1965, Peek 1967), similar
to the 95.3% pregnancy rate in their data from 763 prime-
aged female elk (primarily 3.5-8.5 year-olds) from the
Northern Range of Yellowstone (Greer and Howe 1964,
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Greer 1966, 1967). Fewer data exist for post-wolf
pregnancy rates in the Gallatin, but data from manda-
tory hunter check stations on 32 prime-aged female elk
harvested in January of 2001-2004 yielded a pregnancy
rate of 71.9% (Montana Fish, Wildlife and Parks,
unpublished data). For the Gallatin Canyon, these data
reveal a 26% decrease in the pregnancy rate in post-wolf
samples relative to pre-wolf samples. While this result is
as predicted by the hypothesis that predation risk affects
elk reproduction, we caution that the data are rather
indirect, the post-wolf sample is small, and alternative
explanations may exist.

In a report by the Idaho Department of Fish and
Game examining recent elk population declines, Zager et
al. (2005) concluded that “cows exhibit generally lower
than expected pregnancy rates.” In this study, they
implemented experimental changes in policy in 1999 that
promoted predator increases on one site (South Fork),
and decreases on another site (Lochsa/North Fork).
Pregnancy rates (measured by fecal progesterone) were
comparable at the beginning of the experiment (South
Fork=80%, Lochsa/North Fork =76%). Pregnancy rates
decreased by 43% under the “high predation” policy, and
after two years pregnancy rates were significantly lower
(x>=7.04, P=0.008) on the South Fork (46% of 181 elk)
than on the Lochsa/North Fork (73% of 169 elk; data
from 2001-2004 in Table 4 of Zager et al. [2005]).

The data above are mainly from sources that are
difficult to obtain, such as job completion reports. We
have compiled PDF files, links, or direct quotes for all of
these data in the Appendix.

To summarize, there are substantial data from several
elk populations that allow tests of the hypothesis that elk
reproduction is affected by predation risk. Elk calf-to-
cow ratios have declined in many populations since wolf
recolonization. These declines in recruitment are sub-
stantially larger than reported decreases in adult survival
rates. Calf-to-cow ratios have declined for counts
conducted at all times of the year, including green-up
counts conducted shortly after the birth pulse. Studies of
radio-tagged elk calves in several populations have not
detected sufficient predation by wolves to account for the
observed changes in early-winter calf-to-cow ratios. The
effect of wolves on calf-to-cow ratios is detected in tests
that control for variation in bear numbers and snow
conditions, and model selection gives more support to
wolf effects than to other limiting factors such as snow
accumulation, rainfall, drought indices or bear density
(Creel and Christianson 2008, Hamlin and Cunningham
2009). Data from five studies of ten populations have
directly detected decreases of 24—43% in pregnancy rates
in response to increased predation risk. As with data on
calf-to-cow ratios, these decreases in pregnancy rates are
larger than reported decreases in adult survival rates.
While other limiting factors are also important, multiple
tests with data of several types support the hypothesis
that responses to wolves affect the reproductive physiol-
ogy and demography of elk, with important conse-
quences for population dynamics.

Ecological Applications
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METHODOLOGICAL AND STATISTICAL PROBLEMS
N WHITE ET AL.’s CRITIQUE

The results just discussed provide consistent support
for the hypothesis that the pregnancy rate of elk has
declined in sites with high wolf-elk ratios. Still, it remains
to be explained why this pattern was not apparent in the
analysis of White et al. (2011). While differences among
populations in the strength of risk effects are expected,
several aspects of their methods would be expected to
obscure any effect of predation risk on pregnancy rates.

Different methods for pre-wolf and post-wolf data—A
basic premise of inferences based on statistical comparison
of two samples is that the two samples should be collected
in the same manner. All of the analyses in White et al.
(2011) compare samples collected in the 1960s with one set
of methods to samples collected with different methods
after wolf reintroduction. Their data on body fat from the
1960s come from measurements of kidney fat deposition
in dead elk, while their data from 2000s come from
ultrasound estimation of rump fat in live elk. Their data
on pregnancy rates from the 1960s come from examina-
tion of reproductive tracts of dead elk, while their data
from the 2000s are based on serum PSPB in live elk. These
methodological inconsistencies should be considered when
interpreting the study’s failure to detect risk effects (for
example, PSPB can remain elevated after pregnancy loss
[Romano and Larson 2010]). With White et al.’s design,
any effect of wolves is fully confounded with changes in
methodology, and both of these effects are fully con-
founded with changes in other ecological conditions that
might have altered body condition or pregnancy rate
between the 1960s and 2000s (Comparison of samples from
mild and severe winters). With this degree of confounding,
it would not be surprising if their analysis failed to detect
one or more real effects.

Comparison across ecosystems of samples from differ-
ent times of winter—White et al. stated that body fat
measurements for elk in the Northern Range of Yellow-
stone were “among the highest recorded in a comparative
study of 19 elk herds.” This statement was based on
inspection of their Fig. 1, which was reproduced with
large but unexplained modifications from Cook et al.
(2010). In White et al. (2011, their Fig. 1), predicted
ingesta-free body fat values for 19 herds fall mainly
between 3% and 6%. In the original study by Cook et al.
(2010, their Fig. 7), none of the values for these same 19
herds is less than 7.5%, although the two studies state
that they have used the same index of body fat (i.e.,
scaled LIVINDEX).

Leaving this inconsistency aside, a flaw in the basic
inference only emerges upon reading the original study
from which White et al.’s data were reproduced: samples
from Yellowstone were collected substantially earlier in
the winter than samples from the other populations to
which they were compared. The exact dates of collection
cannot be ascertained for all samples, but the Yellow-
stone data came from the first weeks of February and
mid-March, while Cook et al. (2010) state that the other
populations were sampled in March and April. As winter
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progresses, elk steadily lose body mass and fat. Greer and
Howe (1964) measured the change in eviscerated body
mass for the same prime-aged female elk in White et al.’s
(2011) pre-wolf sample, and reported a rate of mass loss
of 0.28 * 0.06 kg/d (mean * SD). With this rate of loss,
sampling the Yellowstone herd approximately 30 days
earlier than the other herds would be expected to produce
a difference of 8.4 kg in body mass, mostly due to
changes in body fat content (Greer and Howe 1964).
Consequently, had Yellowstone elk in the post-wolf
sample been collected as late in winter as the other herds,
we would expect predicted ingesta-free body fat to have
been approximately 5% lower than White et al. reported,
which would be lower than any other herd in White et
al.’s (2011) analysis. The effect of this error is to obscure
any effect of predation risk on fat stores. This problem is
particularly relevant because it is compounded by the
point that follows.

Comparison of samples from mild and severe winters.—
Winter conditions during the 1962-1968 pre-wolf sample
were substantially more severe than conditions during
the post-wolf sample, an effect that, when ignored, is
expected to mask any effects of predation risk on mass
dynamics. The post-wolf data reported by White et al.
came from a period of mild winters, as they have noted
previously: “The index of winter severity for the Lamar
Valley during the winter months immediately preceding
each of our elk captures was 0.18, 0.71, and 2.56 for
2000, 2001, and 2002, respectively (0 = average, <0 =
harsher than average, and >0 =milder than average with
respect to precipitation and temperature)” (Cook et al.
2004). The same index of winter severity tabulated for
their pre-wolf period (1962-1968) included two “very
severe” winters and two “severe” winters, including the
most severe winter in 53 years of weather records from
the Northern Range (data from U.S. Geological Survey,
Northern Rocky Mountain Science Center). Snow
accumulation in 1962-1968 (mean = 108.6 mm snow
water equivalent) was double that of 2000-2005 (mean =
50.2 mm snow water equivalent), and winter tempera-
tures averaged 4.5 C lower (Farnes and Hansen 2005;
data from Mammoth weather station WY 9905).

Treating predictions from regression models as if they
were data—To compare measurements of kidney fat in
dead elk (pre-wolf) to rump fat in live elk (post-wolf),
White et al. used a sequence of models. First, they used
regression to convert measurements of chest circumfer-
ence to an alternative measure of chest circumference.
They used these predicted chest circumferences as the
input for a second regression that predicted body mass.
Finally, using different regression equations for the pre-
wolf and post-wolf data, they obtained predictions of
“ingesta-free body fat” for the two time periods. In their
primary analysis, White et al. treat these predicted values
as empirical data, ignoring the prediction errors gener-
ated by this sequence of models. Specific values predicted
by a regression model are not data, they are predictions
with an associated uncertainty. It is not valid to discard
prediction errors and simply treat y values from a
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sequence of regressions as though they were empirical
data. The prediction limits for each y are substantially
larger than the confidence limits for the regression model
itself, and the effect of prediction error is to obscure
potential differences in body fat between the two periods.

Underestimation of the change in pregnancy rate from
prior data for Northern Range elk.—For their estimate of
the pregnancy rate of Northern Range elk in the 1960s,
White et al. cited a subset of data originally reported by
Greer (Greer 1965, 1966, 1967). White et al. reported
pregnancy rates of 91% for prime-aged elk and 64% for
elk =9 years old, with a sample size of 387 from Greer’s
data. In the original data, we found a higher pregnancy
rate of 95.3% from a larger sample of 763 prime-aged elk
(Greer 1965, 1966, 1967). We could not determine what
subset of the original data was excluded by White et al.
(2011). Greer primarily examined prime-aged elk between
the ages of 3.5 and 8.5 years, but his 1966 sample of 108
elk included some elk <<2.5 years or >9 years. Following
the methods in White et al. (2011), we calculated Wald’s
95% confidence interval on the complete, original data
reported by Greer and found a 95% CI of 93.5-96.6%.
This pre-wolf pregnancy rate is significantly higher than
the 87% pregnancy rate reported by White et al. for
prime-aged elk following wolf recolonization (Yates
continuity-corrected x> = 6.0738, P = 0.014). Thus, when
all of Greer’s original data from the 1960s are considered,
there is evidence that pregnancy rates have declined in
Northern Yellowstone elk since wolf recolonization, as in
other populations.

CLARIFICATIONS OF THE ORIGINAL STUDY

Data on pregnancy rates, calf survival, and calf-to-cow
ratios in several elk populations support the hypothesis
that predation risk affects elk reproduction. Nonetheless,
we would like to correct several points about our original
study (Creel et al. 2007).

White et al. stated that: “Creel et al. (2007) inferred
pregnancy rates from ratios of calves per 100 cows in the
subsequent year, which is a tenuous assumption as low
recruitment could be related to low calf survival.” We did
not make this assumption. Our exact statement was that
“progesterone concentrations were correlated with calf
recruitment in the subsequent year.” We believe that the
discussion above makes it clear that we have carefully
considered changes in calf survival. For example, see Fig.
I of Box 2 in Creel and Christianson (2008), which
addressed this point directly by examining pre-wolf/post-
wolf changes in the calf-to-cow ratio just after parturi-
tion, relative to changes in the calf-to-cow ratio after 6
months of life.

White et al. argued that our results might be “biased
by collecting a variable and unknown proportion of
samples deposited by immature or male elk.” It is true
that we collected samples from herds of elk rather than
directly from single individuals. To account for this, we
gathered data on the structure of the herds that we
sampled, and tested whether this variation affected our
inferences. As stated in the original study, “we controlled
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for variation among sites in population structure by
dividing the mean progesterone concentration by the
proportion of the population that was composed of adult
females. This value was calculated separately for each site
in each year using aerial count data, and ranged from
0.69 to 0.83. All reported P values were <0.01 with or
without this adjustment.” Finally, note that the propor-
tion of calves was lower in herds with low progesterone
concentrations; because progesterone secretion is low in
calves, imperfect correction for herd composition would
clearly be expected to produce a bias opposite to the
effect that we detected.

White et al. argued that the correlations between fecal
progesterone or calf-to-cow ratio and the wolf elk ratio
that we detected were driven mainly by differences
between winter ranges, rather than differences within
winter ranges. In all ecological disciplines, inferences are
routinely drawn by comparisons among populations (for
example, White et al.’s comparison of body fat among
populations). For every population in our analysis, the
slope of the relationship between fecal progesterone or
calf-to-cow ratio and the wolf elk ratio had the same sign
as the overall regression.

White et al. suggest that “there is some unexplained
failure of the fecal hormone assays for progesterone
under certain circumstances ... we urge caution in using
the fecal progesterone technique until further work
resolves inconsistencies.” This statement is based on data
from Madison headwaters elk not included in their paper
or our original study. Our enzyme immunoassay of these
samples revealed a substantial drop in mean fecal
progesterone concentrations, coincident with the 32%
decrease in pregnancy rates reported by Garrott et al.
(2009), and coincident with a decrease in the calf-to-cow
ratio to <1 calf per 100 cows: (Garrott et al. 2009). Thus,
we detected low fecal progesterone values for this herd
during a period with the lowest pregnancy rate (based on
serum samples), the lowest calf-to-cow ratio and the
highest wolf-elk ratios yet observed in the Greater
Yellowstone Ecosystem. A threshold of 830 ng immuno-
reactive P4/mg dry feces caused pregnancy diagnosis via
fecal progesterone assay to agree closely with pregnancy
diagnosis via serum PSPB (see the supplemental online
methods of Creel et al. [2007]). Nonetheless, Garrott et al.
(2009) estimated pregnancy rates for the Madison
headwaters herd using a higher threshold derived from
a different assay (Garrott et al. 2009). The resulting
underestimates of pregnancy rates are the “unexplained
failure” discussed by White et al., but we emphasize that
had we included these data in the correlation of fecal
progesterone on wolf-elk ratios reported in Creel et al.
(2007), the relationship would only have been stronger.

Finally, the fecal progesterone assay was procedurally
validated by standard tests of specificity, accuracy, and
precision, and was biologically validated as described in
the original study: “We compared pregnancy diagnosis
via fecal ELISA (with threshold =830 ng P4/mg dry feces)
with diagnosis via serum pregnancy-specific protein B
(PSPB) for 30 samples collected from the same individual

Ecological Applications
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on the same day. This comparison yielded 93.3% sample-
concordance, with identical pregnancy rates (80%). We
also compared pregnancy diagnosis by ELISA to results
from a previously validated progesterone RIA, with
94.3% sample-concordance and r>=0.95 for 35 samples.”

The strength of risk effects is likely to vary among
species and populations, so we encourage future research
with elk to complement results emerging for many other
species (Peckarsky et al. 2008). For now, multiple lines of
evidence show that the presence of wolves provokes
behavioral and ecological responses by elk. Other studies
have detected changes in diet and nutrition that are
predicted by the observed behavioral responses. Five
studies with data from 10 populations have detected
changes in pregnancy rate and calf recruitment associated
with population declines during wolf recolonization.
These responses have been detected in several regions,
with a variety of methods. While other factors also affect
elk nutrition, reproduction, and calf recruitment, sub-
stantial data support the hypothesis that predation risk
decreases pregnancy rates in elk, with important effects on
population dynamics (Creel et al. 2007).

ACKNOWLEDGMENTS

This research was supported by NSF award 105-0642393. We
thank Stewart Liley for excellent field and lab work in our
original study of risk and progesterone concentrations in elk and
the authors of the agency reports that we summarized for this
survey.

LireraTURE CITED

Armitage, K. B. 2004. Badger predation on yellow-bellied
marmots. American Midland Naturalist 151:378-387.

Barber-Meyer, S. M., L. D. Mech, and P. J. White. 2008. Elk
calf survival and mortality following wolf restoration to
Yellowstone National Park. Wildlife Monographs 169:1-30.

Boesch, C. 1991. The effects of leopard predation on grouping
patterns in forest chimpanzees. Behaviour 117:220-242.

Brown, J. S., and B. P. Kotler. 2004. Hazardous duty pay and
the foraging cost of predation. Ecology Letters 7:999-1014.

Caro, T. 2005. Antipredator defenses in birds and mammals.
University of Chicago Press, Chicago, Illinois, USA.

Childress, M. J., and M. A. Lung. 2003. Predation risk, gender
and the group size effect: Does elk vigilance depend upon the
behaviour of conspecifics? Animal Behaviour 66:389-398.

Christianson, D., and S. Creel. 2008. Risk effects in elk: sex-
specific response in grazing and browsing due to predation
risk from wolves. Behavioral Ecology 19:1258-1266.

Christianson, D., and S. Creel. 2010. A nutritionally mediated
risk effect of wolves on elk. Ecology 91:1184-1191.

Cook, R. C., J. G. Cook, and L. D. Mech. 2004. Nutritional
condition of Northern Yellowstone Elk. Journal of Mammal-
ogy 85:714-722.

Cook, R. C., J. G. Cook, T. R. Stephenson, W. L. Myers, S. M.
McCorquodale, D. J. Vales, L. L. Irwin, P. B. Hall, R. D.
Spencer, S. L. Murphie, K. A. Schoenecker, and P. J. Miller.
2010. Revisions of rump fat and body scoring indices for deer,
elk and moose. Journal of Wildlife Management 74:880-896.

Creel, S., and D. Christianson. 2008. Relationships between
direct predation and risk effects. Trends in Ecology and
Evolution 23:194-201.

Creel, S., D. Christianson, S. Liley, and J. A. Winnie. 2007.
Predation risk affects reproductive physiology and demogra-
phy of elk. Science 315:960.

Creel, S., and J. A. Winnie. 2005. Responses of elk herd size to
fine-scale spatial and temporal variation in the risk of
predation by wolves. Animal Behaviour 69:1181-1189.



December 2011

Creel, S., J. Winnie, Jr., D. Christianson, and S. Liley. 2008.
Time and space in general models of antipredator response:
tests with wolves and elk. Animal Behaviour 76:1139-1146.

Creel, S., J. Winnie, B. Maxwell, K. L. Hamlin, and M. Creel.
2005. Elk alter habitat selection as an antipredator response to
wolves. Ecology 86:3387-3397.

Farnes, P. E., and K. Hansen. 2005. Historical snow water
equivalent and temperature data from oversnow vehicle travel
areas in Grand Teton and Yellowstone National Parks. Final
Report, Cooperative Agreement H1200010004. Yellowstone
National Park, Mammoth, Wyoming, USA.

Fortin, D., H. L. Beyer, M. S. Boyce, D. W. Smith, T. Duchesne,
and J. S. Mao. 2005. Wolves influence elk movements:
behavior shapes a trophic cascade in Yellowstone National
Park. Ecology 86:1320-1330.

Garrott, R., P. J. White, and J. Rotella. 2009. The Madison
headwaters elk herd: transitioning from bottom up regulation
to top down limitation. Pages 489-517 in R. Garrott, P.
White, and F. G. R. Watson, editors. The ecology of large
mammals in central Yellowstone. Elsevier, San Diego,
California, USA.

Greer, K. 1965. Job completion report, project W-83-rm Job
III-B. Collections from the Gallatin elk post season 1964-
1965. Montana Department of Fish, Wildlife and Parks,
Helena, Montana, USA.

Greer, K. 1966. Fertility rates of the Northern Yellowstone elk
population. Proceedings of the Annual Conference of Western
Association of State Game and Fish Commissioners 46:123—
128.

Greer, K. 1967. Wildlife investigations laboratory: special
collections—Yellowstone elk study. Project W-83-R-10, Job
B-1. Montana Department of Fish, Wildlife and Parks,
Helena, Montana, USA.

Greer, K., and E. Howe. 1964. Winter weights of northern
Yellowstone elk, 1961-62. Transactions of the North Amer-
ican Wildlife Conference 29:237-248.

Griffin, K., M. Hebblewhite, H. Robinson, P. Zager, S. M.
Barber-Meyer, D. Christianson, S. Creel, N. Harris, M.
Hurley, and D. Jackson. 2011. Neonatal mortality of elk
driven by climate, predator phenology and predator diversity.
Journal of Animal Ecology. [doi: 10.1111/j.1365-2656.2011.
01856.x]

Hamlin, K., and J. Cunningham. 2009. Monitoring and
assessment of wolf-ungulate interactions and population
trends within the Greater Yellowstone Area, Southwestern
Montana, and Montana statewide. Final report. Montana
Department of Fish, Wildlife and Parks, Wildlife Division,
Helena, Montana, USA.

Hebblewhite, M., and D. Pletscher. 2002. Effects of elk group
size on predation by wolves. Canadian Journal of Zoology
80:800-809.

Heithaus, R., and M. Dill. 2006. Does tiger shark predation risk
influence foraging habitat use by bottlenose dolphins at
multiple spatial scales? Oikos 114:257-264.

Krause, J., and G. Ruxton. 2002. Living in groups. Oxford
University Press, Oxford, UK.

Liley, S., and S. Creel. 2008. What best explains vigilance in elk:
characteristics of prey, predators, or the environment?
Behavioral Ecology 19:245-254.

Lima, S. L., and P. A. Bednekoff. 1999. Temporal variation in
danger drives antipredator behavior: the predation risk
allocation hypothesis. American Naturalist 153:649-659.

ELK REPRODUCTION AND WOLF PREDATION RISK 2853

Lima, S. L., and L. M. Dill. 1990. Behavioral decisions made
under the risk of predation: A review and prospectus.
Canadian Journal of Zoology 68:619-640.

Nelson, E. H., C. E. Matthews, and J. A. Rosenheim. 2004.
Predators reduce prey population growth by inducing changes
in prey behavior. Ecology 85:1853-1858.

Pangle, K. L., S. D. Peacor, and O. E. Johannsson. 2007. Large
nonlethal effects of an invasive invertebrate predator on
zooplankton population growth rate. Ecology 88:402-412.

Peckarsky, B. L., P. A. Abrams, D. 1. Bolnick, L. M. Dill, J. H.
Grabowski, B. Luttbeg, J. L. Orrock, S. D. Peacor, E. L.
Preisser, and O. J. Schmitz. 2008. Revisiting the classics:
considering nonconsumptive effects in textbook examples of
predator-prey interactions. Ecology 89:2416-2425.

Peckarsky, B. L., C. A. Cowan, M. A. Penton, and C. Anderson.
1993. Sublethal consequences of stream-dwelling predatory
stoneflies on mayfly growth and fecundity. Ecology 74:1836-
1846.

Peek, J. M. 1967. Job completion report, project W-73-R-12 Job
Al.1 Gallatin big game studies. Montana Department of Fish,
Wildlife and Parks, Helena, Montana, USA.

Preisser, E. L., D. L. Bolnick, and D. T. Blumstein. 2005. Scared
to death? The effects of intimidation and consumption in
predator prey interactions. Ecology 86:501-509.

Romano, J. E., and J. E. Larson. 2010. Accuracy of pregnancy
specific protein-B test for early pregnancy diagnosis in dairy
cattle. Theriogenology 74:932-939.

Schmitz, O. J., A. P. Beckerman, and K. M. O'Brien. 1997.
Behaviorally mediated trophic cascades: effects of predation
risk on food web interactions. Ecology 78:1388-1399.

Schmitz, O. J., J. H. Grabowski, B. L. Peckarsky, E. L. Preisser,
G. C. Trussell, and J. R. Vonesh. 2008. From individuals to
ecosystem function: toward an integration of evolutionary
and ecosystem ecology. Ecology 89:2436-2445.

Sih A. 1980. Optimal behavior: can foragers balance two
conflicting demands? Science 210:41.

Sih, A., and T. M. McCarthy. 2002. Prey responses to pulses of
risk and safety: testing the risk allocation hypothesis. Animal
Behaviour 63:437-443.

Stephenson, S. 2010. Hunting for answers. Wyoming Wildlife:
Publication of the Wyoming Department of Fish and Game
11/2010:2-11.

Werner, E. E., and S. D. Peacor. 2003. A review of trait-
mediated indirect interactions in ecological communities.
Ecology 84:1083-1100.

White, P. J. 2008. 2007-2008 Annual winter trend count of
Northern Yellowstone elk. 1-5. Yellowstone Center for
Resources, Yellowstone National Park, Wyoming, USA.

White, P. J., R. A. Garrott, K. L. Hamlin, R. C. Cook, J. G.
Cook, and J. A. Cunningham. 2011. Body condition and
pregnancy in northern Yellowstone elk: evidence for preda-
tion risk effects? Ecological Applications 21:3-8.

Winnie, J., D. Christianson, S. Creel, and B. Maxwell. 2006. Elk
decision-making rules are simplified in the presence of wolves.
Behavioral Ecology and Sociobiology 61:277-289.

Winnie, J., and S. Creel. 2007. Sex-specific behavioural responses
of elk to spatial and temporal variation in the threat of wolf
predation. Animal Behaviour 73:215-225.

Zager, P., C. White, and G. Pauley. 2005. Elk ecology: factors
influencing elk calf recruitment. Project W-160-R-32, sub-
project 31. Idaho Department of Fish and Game, Boise,
Idaho, USA.

APPENDIX
Data sources for elk pregnancy rates (Ecological Archives A021-129-Al).
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