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In 1995, wolves Canis lupus were reintroduced into Yellowstone National Park,
USA, where they began to prey on ungulate species. In response to this new
predation risk by wolves, we predicted that the two main ungulate species, elk
Cervus elaphus and bison Bison bison, should compensate by reducing their
use of riskier open meadows and increasing their use of safer forest. Additionally
we predicted that this shift in habitat use would result in reduced diet quality.
We tested the first prediction by regressing the number of faecal groups in 10m2 sampling plots against distance from forest edges. To test the second prediction, we compared percent faecal nitrogen in elk and bison faeces between
areas with and without wolves. We found a significant negative relationship
between number of elk faecal groups and distance from forest edge in areas
with wolves (r2 = 0.65, P = 0.001), but we did not find a relationship between
these two factors in areas without wolves. Mean percent faecal nitrogen in elk
was significantly lower (F(1,116) = 13.9, P < 0.001) in areas with wolves (1.7%,
SE = 0.09, N = 40) than in wolf-free areas (2.1%, SE = 0.08, N = 80). For bison,
we did not find any significant relationship between numbers of faeces and distance from forest edge nor in dietary nitrogen between wolf and wolf-free areas.
We concluded that predation pressure from the reintroduced wolves was consistent with our prediction that elk shifted habitat use, thus lowering the quality of their diet. However, a similar change in use pattern and dietary quality of
bison in response to wolf presence was not found.
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Predation risk can influence habitat use patterns of a wide
spectrum of prey species (e.g. Fraser & Cerri 1982, Edwards 1983, Kotler 1984, Cassini 1991, Kotler et al.
1991, Sweitzer 1996, Hilton et al. 1999). Predators establish a 'landscape of fear' (Laundré et al. 2001) whose
topography is determined by the level of predation risk
that prey face in different habitat types. When foraging
in this landscape, prey will often shift their use from
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riskier to safer areas to reduce their predation risk (Mech
1977, Edwards 1983, Stephens & Peterson 1984, Altendorf et al. 2001). Because there is often a trade-off between
selection of areas for security and areas of high-quality
forage, it has been suggested that these habitat shifts
result in a poorer diet quality (Edwards 1983, Sweitzer
1996). Based on optimal foraging theory, in the absence
of predation risk prey should select the highest quality
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habitats when making their foraging decisions (Edwards
1983, Phelan & Baker 1992). Any shift in habitat use in
response to predators would, by default, be a change to
poorer quality habitat, resulting in decreased diet quality (Edwards 1983).
Some authors have previously reported a shift in habitat use when ungulates are faced with predation pressures from large predators such as wolves Canis lupus
and pumas Puma concolor (Mech 1977, Edwards 1983,
Stephens & Peterson 1984, Altendorf et al. 2001), and
evidence of reduced diet quality has also been presented (Edwards 1983). However, most of these studies were
of long-extant predator-prey systems. Although in these
cases, it seems reasonable to assume a cause-and-effect
relationship among predation risk, habitat use and diet
quality in ungulates, it does not in itself constitute a critical test of this hypothesis.
The reintroduction of wolves into Yellowstone National
Park, USA, in 1995 (Bangs & Fritts 1996) presented a
unique opportunity to test the hypothesis that predation
risk can alter habitat use patterns and consequently
lead to poorer quality diets in ungulates. Prior to the release of wolves, the two most abundant ungulate species in the Park, adult elk Cervus elaphus and bison
Bison bison, lived in a relatively predator-free environment. Predation by the only two other large carnivores, puma and grizzly bear Ursus arctos was either
localized or limited to younger elk (Murphy 1997). Under these conditions, elk and bison could forage freely
and grazed extensively in the open sagebrush Artemisia
spp. communities (Collins & Urness 1983, Frank &
McNaughton 1992, Singer & Renkin 1995). Once released, wolves quickly reestablished a landscape of fear
in which female elk and bison rapidly responded with
higher vigilance levels (Laundré et al. 2001). Additionally,
wolves hunt primarily by chasing their prey so that they
can attack vulnerable hind quarters, and their prey commonly flee into heavy cover for protection (Mech 1966,
Smith et al. 2000, Mech et al. 2001). Consequently, open
sagebrush meadows where wolves can readily outrun
their prey should present the highest risk areas for elk
and bison. Based on the hypothesis above, we would
predict that the return of wolves to Yellowstone National
Park should cause elk and bison to shift their habitat use
closer to the safer forest areas (Mech 1966, Carbyn 1983,
Stephens & Peterson 1984). Concurrent with this shift
should be a reduction of diet quality as animals move to
safer, but poorer quality habitats. If we find such changes,
the most likely explanation for them is the increased predation risk from wolves, whereas the lack of these changes
would refute the hypothesis.
To test the hypothesis, we first tested the prediction
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that elk and bison should decrease their use of open meadow areas and increase their use of areas closer to and along
forest edges. Based on the optimal foraging model (MacArthur & Pianka 1966, Charnov 1976, Pyke et al. 1977),
our assumption was that before the wolf reintroduction
the two species were selecting the highest quality habitats for foraging. Consequently, any shift in area use, by
default, should be to poorer quality forage and thus, the
second prediction we tested was that diet quality of elk
and bison should decline in response to the wolf reintroduction. We tested these two predictions by comparing habitat use patterns and diet quality of elk and bison
exposed to wolf predation and animals still living in
wolf-free areas within Yellowstone National Park.

Methods
Our study was conducted in Yellowstone National Park
which consists of extensive areas of varied forested and
open grassland habitat. We collected data on habitat use
and diet quality in the same areas where we made our
behavioural observations (Laundré et al. 2001). The area
exposed to predation by wolves was the Lamar Valley
(Fig. 1). Wolf-free areas were selected based on data
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Figure 1. Location of study sites within Yellowstone and Grand Teton
National Parks. Areas where wolves occurred during the first three years
of the study period (1996-1998; ●) and their expansion into other areas
by 2000 (●) are indicated.
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available on the occurrence of the wolf packs within the grazing ungulates (Leslie & Starkey 1985, Osborn &
Park (J.C. Halfpenny & D. Thompson, unpubl. data). Jenks 1998, Osborn & Ginnett 2001). We collected elk
Primary wolf-free areas within Yellowstone National and bison faecal samples in July of 1998 and 1999 from
Park were Hayden Valley and Swan Lake Flat (see Fig. the 10-m2 sample plots while we were making the den1). During the first year of data collection (1998) we also sity estimates. From the samples collected, we randomincluded data from the Jenny Lake area in Grand Teton ly selected 15-20 samples per year for each species in
National Park, > 100 km south of the Yellowstone study the three areas of Yellowstone in 1998-2000 and in
areas. These data provided an external wolf-free control Grand Teton Park in 1998. The Range Science Nutritional
to compare with the Yellowstone data. All the observa- Analysis Laboratory at Colorado State University, Fort
tion areas were similar in that they consisted of large Collins analyzed the samples for nitrogen. Laboratory
(> 1,000 ha) open meadows boarded by dense conifer- personnel calculated FN in each sample using a LECO
ous forests. Additionally, wolves began to move into CHN - 1000 Carbon Hydrogen Nitrogen Analyzer. To
some of the wolf-free areas, and by the end of the study test if diet quality differed between areas with and within 2000 they had established themselves in the Hayden out wolves, we compared the estimates from the Lamar
Valley area. This enabled us to compare the distribution Valley with the combined estimates from wolf-free areas
of elk pellet groups and bison flops in the Hayden Valley in Yellowstone (Hayden Valley and Swan Lake Flat
before and after wolves arrived.
combined) and Grand Teton National Park. We used a
We tested for habitat shifts by elk and bison by first one-way analysis of variance statistical design with the
dividing the length of the forest edges (≈1.5-2.0 km null hypothesis of no difference in average FN levels
determined from topographic maps) into 50-m intervals among the three areas. As FN was expressed in percents,
and then randomly selecting 10 sample lines in each of we arcsine transformed the data before conducting the
the four areas. Sample lines were never closer to each tests. All statistical tests were run using Sigmastat softother than 50 m and each extended
perpendicular to the forest edge from
50 m within the forest to 500 m into
3.0
Y = 1.9 - 0.002 * X
A)
B) b
the open meadows. Every 50 m along
r = 0.657, P = 0.001
NS
2.5
these lines we established sample
2.0
points and counted the number of
1.5
individual animal faecal droppings,
pellet groups of elk and flops of bison,
1.0
within 10-m2 sample plots placed on
0.5
these points. If elk and bison shift
0.0 Y = 1.06 - 0.002 * X
their habitat use in response to predar = 0.64, t = 3.98, P = 0.003
Grand Teton National Park
tion risk by wolves, we predicted a
Wolf-free areas 1998
-0.5
W olf area 1998
Wolf-free areas 1999
W olf area 1999
negative relationship between densities of elk faecal groups and bison
D)
C)
1.5
flops and distance from the forest edge
in the Lamar Valley and, in the year
1.0
2000, the Hayden Valley. We should
NS
not, however, see this relationship in
0.5
Swan Lake Flat, Grand Teton Park,
nor, prior to 2000, in the Hayden
0.0
Valley. To test these predictions, we
used a simple linear regression model.
-0.5
Y = 0.55 - 0.0012 * X
r = 0.31, P = 0.034
The null hypothesis was that the
-1.0
slope of the regression line would not
0
100 200 300 400 500
0
100 200 300 400 500 600
differ from zero.
DISTANCE FROM FOREST EDGE (m)
To test for diet quality changes, we
used percent faecal nitrogen (FN) levFigure 2. Relationships of mean number of elk pellet groups per 10 m2 to distance from forest
els. Faecal protein is calculated from
edges for the areas with (A) and without wolves (B), respectively. Data for the Hayden Valley
FN, and FN is generally considered a
before (C; 1998-1999) and after (D) wolves established themselves in the area are given. Each
reliable indicator of diet quality in
point is the mean from 10 random transects from the respective areas.
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ware (Quinton et al. 1995) with a significance level of P
≤ 0.05. All means are given ± standard error.

Discussion
Other scientists have attributed shifts in habitat use
patterns by ungulates to predation pressure by wolves
(Mech 1977, Edwards 1983, Stephens & Peterson 1984),
and Edwards (1983) predicted that such shifts could lead
to poorer diet quality. However, as mentioned, it can be
difficult to confirm such cause-and-effect relationships
in long-extant predator-prey systems. The results of our
study, however, provide three lines of direct evidence
that the reintroduction of wolves caused a shift in habitat use by elk. First, within three years after the release
218

NUMBER OF BISON FLOPS/10 m2

For elk in the Lamar Valley, where wolves were present, the relationship between pellet group density and
distance from the forest edge was significant and negative for 1998 and 1999 (Fig. 2A), and the slope of the
regression lines did not differ between years, but the intercept of the regression line was significantly lower in 1999
than in 1998. In the wolf-free areas of Yellowstone in
1998 and 1999 and in Grand Teton Park in 1998, there
was no significant relationship between pellet group density and distance from the forest edge (Fig. 2B). In the
Hayden Valley there was no relationship between pellet density and distance for the combined data of 1998
and 1999 before the wolves arrived (Fig. 2C). However,
in 2000, after wolves had established themselves, we
found a significant and negative relationship (Fig. 2D).
For bison, we found no relationship between density
of flops and distance from the forest edge in neither the
Lamar Valley (wolf area) nor the wolf-free areas in 1998
(Fig. 3A) nor in 1999 (Fig. 3B). For the Hayden Valley,
there also was no relationship between flop density and
distance from forest edge in any of the three years (19982000).
Relative to diets, the FN of elk exposed to wolves in
the Lamar valley was significantly lower than in the
wolf-free areas of Yellowstone in 1998 and 1999 (Fig.
4A). FN for elk from the Lamar Valley in 1998 was also
significantly lower than for elk from Grand Teton
National Park (see Fig. 4A). In contrast, there was no
difference in FN of elk from the wolf-free areas of
Yellowstone Park and Grand Teton Park (see Fig. 4A).
Bison FN did not differ between wolf and wolf-free areas
of Yellowstone nor from Grand Teton Park (Fig. 4B).
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Figure 3. Relationships of mean number of bison flops per 10 m2 to
distance from forest edges for the areas with and without wolves in 1998
(A) and 1999 (B). Each point is the mean from 10 random transects
from the respective areas.
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Figure 4. Percent faecal nitrogen for elk (A) and bison (B) from wolf
and wolf-free areas for 1998 and 1999. Sample sizes are indicated
above the bars.
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of wolves, elk in the Lamar Valley were using forest edge
areas more than open meadows, although elk preferred
open meadow areas before the release (Frank & McNaughton 1992, Singer & Renkin 1995). Second, we did
not see this pattern in the wolf-free areas of Yellowstone
nor in Grand Teton Park, the latter being > 100 km from
the Yellowstone study areas. The results from such
diverse areas indicate that elk were using the edge areas
more in the Lamar Valley in response to predation pressure from wolves rather than it being an intrinsic use pattern for that area. Third, elk increased their use of forest edges in the Hayden Valley a year after wolves established themselves there, a pattern that we did not find in
previous years.
In addition to the shift in habitat use, we also found
that elk in the Lamar Valley, as predicted, had poorer
quality diets than elk in wolf-free areas only 30 km away.
The elk in the area without wolves, meanwhile, had FN
levels similar to elk from Grand Teton Park, again > 100
km away. Additionally, the FN levels we found in the
Lamar Valley (1.7%) reflect extremely poor dietary
nitrogen (DN) intakes (Mould & Robbins 1981, Osborn
& Ginnett 2001). It is possible that the poorer diets in
the Lamar Valley reflected a lower quality forage normally being available than in other parts of the Park.
However, we reject this possibility because Frank & McNaughton (1992) reported percent nitrogen levels of
≈ 2.5% for dominant grasses in the Lamar Valley. This
level of DN generally correlates to a FN level of 2.02.2% for ungulates (Mould & Robbins 1981, Leslie &
Starkey 1985, Osborn & Ginnett 2001). In fact, bison
in the Lamar Valley, which did not shift habitat use,
maintained FN levels of 2.2% which were equal to FN
levels of bison in other areas (see Fig. 4B). All this supports our conclusion that the poor diets of elk in the Lamar Valley are a result of their shifting habitat use in
response to the wolves.
In contrast to the data for elk, the data for bison did
not support any of our predictions. In some areas, bison
are the principal prey of wolves (Carbyn & Trottier
1987). However, in Yellowstone National Park, elk are
the main prey of wolves and during our study, wolves
did not prey extensively on bison (Smith et al. 2000,
Mech et al. 2001). Probably the predation risk to bison
was insufficient to cause the predicted shifts in habitat
use and a corresponding decline in diet quality. We did
notice that vigilance in bison females initially increased
in response to wolves but in most cases returned to its
original levels (Laundré et al. 2001). This also indicates
that predation risk from wolves is still relatively low for
bison and would not be a sufficient driving force to cause
a habitat shift.
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In summary, the data for elk support the cause-andeffect relationships inferred in studies of long-extant
predator-prey systems and clearly show that predation
risk alone can cause a large ungulate to shift its habitat
use to safer areas. Additionally, animals make these
shifts at the expense of diet quality. Consequently, predation risk can have a cascading effect on nutritional status of prey individuals; not only does it reduce foraging
efficiency of individuals, via increased vigilance, but it
further restricts foraging efforts to lower quality areas.
Others (e.g. Edwards 1983) have predicted that the subsequent decrease in diet quality should result in a poorer nutritional state, lower survival rates, and lower reproductive success. For elk in Yellowstone, this could mean
a reduction in numbers to a more sustainable population
size. Additionally, as elk can have a major impact on the
open sagebrush community (Singer & Renkin 1995), we
originally predicted that their reduced use of this habitat could result in significant changes in the vegetal
makeup of this community. Recent work in the Lamar
Valley of Yellowstone demonstrating an increase in cottonwood Populus spp. recovery supports this prediction
(Ripple & Beschta 2003). Consequently, foraging in the
landscape of fear can have far reaching impacts on the
population level of ungulate prey species (Edwards
1983) and on the diversity of the plant communities that
support them.
Acknowledgements - we thank Ed Bottum, Anna Burke,
Mike Delate, Laura Heady, Brian Holmes, Patty Isaeff and Tim
Reynolds for helping in the data collection. The field work
was supported by grants from the Rocky Mountain Elk Foundation, The Eppley Foundation for Research, Mazamas, the
UW-National Park Service Research Center, and the University Research Committee of Idaho State University.

References
Altendorf, K.B., Laundré, J.W., López González, C.A. &
Brown, J.S. 2001: Assessing effects of predation risk on foraging behavior of mule deer. - Journal of Mammalogy 82: 430439.
Bangs, E.E. & Fritts, S.H. 1996: Reintroducing the gray wolf
to central Idaho and Yellowstone National Park. - Wildlife
Society Bulletin 24: 402-413.
Carbyn, L.N. 1983: Wolf predation on elk in Riding Mountain
National Park, Manitoba. - Journal of Wildlife Management
47: 963-976.
Carbyn, L.N. & Trottier, T. 1987: Responses of bison on their
calving grounds to predation by wolves in Wood Buffalo
National Park. - Canadian Journal of Zoology 65: 2072-2078.

219

Cassini, M.H. 1991: Foraging under predation risk in the wild
guinea pig Cavia aperea. - Oikos 62: 20-24.
Charnov, E.L. 1976: Optimal foraging: attack strategy of a mantid. - American Naturalist 110: 141-151.
Collins, W.B. & Urness, P.J. 1983: Feeding behavior and habitat selection of mule deer and elk in northern Utah summer
range. - Journal of Wildlife Management 47: 646-663.
Edwards, J. 1983: Diet shifts in moose due to predator avoidance. - Oecologia 60: 185-189.
Frank, D.A. & McNaughton, S.J. 1992: The ecology of plants,
large mammalian herbivores, and drought in Yellowstone
National Park. - Ecology 73: 2043-2058.
Fraser, D.F. & Cerri, R.D. 1982: Experimental evaluation of
predator-prey relationships in a patchy environment: consequences for habitat use patterns in minnows. - Ecology
63: 307-313.
Hilton, G.M., Roxton, G.D. & Cresswell, W. 1999: Choice
of foraging area with respect to predation risk in redshanks:
the effects of weather and predator activity. - Oikos 87: 295302.
Kotler, B.P. 1984: Risk of predation and the structure of desert rodent communities. - Ecology 65: 689-701.
Kotler, B.P., Brown, J.S. & Hasson, O. 1991: Factors affecting gerbil foraging behavior and rates of owl predation. Ecology 72: 2249-2260.
Laundré, J.W., Hernández, L. & Altendorf, K.B. 2001: Wolves,
elk, and bison: reestablishing the "landscape of fear" in
Yellowstone National Park, USA. - Canadian Journal of
Zoology 79: 1401-1409.
Leslie, D.M., Jr. & Starkey, E.E. 1985: Fecal indices to dietary quality of cervids in old-growth forests. - Journal of
Wildlife Management 49: 142-146.
MacArthur, R.H. & Pianka, E.R. 1966: On the optimal use of
a patchy environment. - American Naturalist 100: 603609.
Mech, L.D. 1966: The wolves of Isle Royale. - Fauna of the National Parks, United States Department of Interior National
Park Fauna Series 7, 210 pp.
Mech, L.D. 1977: Wolf-pack buffer zones as prey reservoirs.
- Science 198: 320-321.
Mech, L.D., Smith, D.W., Murphy, K.M. & MacNaulty, D.

220

R. 2001: Winter severity and wolf predation on a formerly wolf-free elk herd. - Journal of Wildlife Management
64: 998-1003.
Mould, E.D. & Robbins, C.T. 1981: Nitrogen Metabolism in
elk. - Journal of Wildlife Management 45: 323-334.
Murphy, K.M. 1997: The ecology of the cougar (Puma concolor) in the Northern Yellowstone Ecosystem. - PhD thesis, University of Idaho, Moscow, 147 pp.
Osborn, R.G. & Ginnett, T.F. 2001: Fecal nitrogen and 2,6diaminopimelic acid as indices to dietary nitrogen in whitetailed deer. - Wildlife Society Bulletin 29: 1131-1139.
Osborn, R.G. & Jenks, J.A. 1998: Assessing dietary quality
of white-tailed deer using fecal indices: effects of supplemental feeding in an area. - Journal of Mammalogy 79: 437447.
Phelan, J.P. & Baker, R.H. 1992: Optimal foraging in Peromyscus polionotus: the influence of item-size and predation
risk. - Behaviour 121: 95-109.
Pyke, G.H., Pulliam, H.R. & Charnov, E.L. 1977: Optimal
foraging: A selective review of theory and tests. - Quarterly
Review of Biology 52: 137-154.
Quinton, A., Lebedev, G., Youtz, P., Tuerke, T., Sinkler, R.
& Kuo, J. 1995: Sigmastat for Windows 95: Statistical software, Version 2.0. - San Rafael, California.
Ripple, W.J. & Beschta, R.L. 2003: Wolf reintroduction,
predation risk, and cottonwood recovery in Yellowstone National Park. - Forest Ecology and Management 184: 299313.
Singer, F.J. & Renkin, R.A. 1995: Effects of browsing by native
ungulates on the shrubs in big sagebrush communities in
Yellowstone National Park. - Great Basin Naturalist 55: 201212.
Smith, D.W., Mech, L.D., Meagher, M., Clark, W.E., Jaffe,
R., Phillips, M.K. & Mack. J.A. 2000: Wolf-bison interactions in Yellowstone National Park. - Journal of Mammalogy 81: 1128-1135.
Stephens, P.W. & Peterson, R.O. 1984: Wolf-avoidance
strategies of moose. - Holarctic Ecology 7: 239-244.
Sweitzer, R.A. 1996: Predation or starvation: consequences of
foraging decisions by porcupines (Erethizon dorsatum). Journal of Mammalogy 77: 1068-1077.

© WILDLIFE BIOLOGY · 11:3 (2005)

