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ABSTRACT The dogma that gray wolf (Canis lupus) population densities in naturally occurring systems are
limited almost solely by available ungulate biomass is based upon studies that fit straight line linear
regressions (Type 1 numerical response) to data collected at 32 sites across North America. We fit Type
1,2, and 3 response functions to the data using linear and nonlinear regression as appropriate and found that
the evidence supported wolf population regulation by density-dependence as much as limitation by prey
availability. When we excluded 4 of 32 points from the original data set because those points represented
exploited or expanding wolf populations the data suggested that wolf populations are self regulated rather than
limited by prey biomass by at least a 3:1 margin. In establishing goals for sustainable wolf population levels,
managers of wolf reintroductions and species recovery efforts should account for the possibility that some
regulatory mechanism plays an important role in wolf population dynamics. © 2011 The Wildlife Society.
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Understanding whether predator populations are prey limit-
ed or regulated is critical for conserving and managing large
carnivores throughout world. Such an understanding is
impossible without the concept of a numerical response
function—a description of the changes in predator popu-
lation density as a function of changes in prey density
(Solomon 1949, Holling 1959). For wolves (Canis lupus),
which have been the focus of global restoration efforts, the
generally accepted dogma is that population density in nat-
urally occurring systems is limited almost solely by available
ungulate biomass (Keith 1983, Fuller 1989, Fuller et al.
2003). The idea that predator populations may be limited
solely by available prey has long been questioned however, by
biologists studying other large carnivore species. Hornocker
(1969, 1970) and Seidensticker et al. (1973) reported that
increases in ungulate populations did not lead to increases in
the population of mountain lions (Puma concolor) that preyed
upon the ungulates. Yet, wolf biologists have overlooked the
possibility that wolf populations, too, might not increase in
response to increases in prey populations.

The prey limitation doctrine regarding wolf populations is
predicated upon a few studies that fit straight line linear
regressions (Type 1 numerical response) to data such that
changes in wolf density (WD) are explained by changes in an
ungulate biomass index (UBI; Keith 1983, Fuller 1989,
Fuller et al. 2003). A linear relationship between these
variables suggests that WD will continue to increase without
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limit as long as the UBI increases. It is theoretically possible
however, for the numerical response function to take on
other shapes as well (e.g., a Type 2 response function, which
is a monotonically increasing function with a monotonically
decreasing slope and an asymptote, or a Type 3 response
function, which is a sigmoid function with an asymptote;
Messier 1995). The Type 2 and Type 3 response functions
both suggest that there is an upper limit that WD will not
exceed regardless of increases in UBI and that density
dependent limitation or regulation will become more intense
as WD approaches the upper limit. Fitting a Type 1 function
to data does not constitute evidence per se that a Type 1
function is the most appropriate model to describe how WD
responds to changes in the UBL. We thus explored the extent
to which the evidence supports each of the 3 theoretically
possible numerical response functions in order to determine
whether wolf populations are prey limited or regulated.

METHODS

The most recent attempt to fit a Type 1 numerical response
function to data relied upon data gathered by different inves-
tigators at 32 study sites in North America (Fuller et al. 2003).
All the study sites were in northern part of the United States
and Canada. The recently reintroduced wolves in the northern
Rockies and the southwest were not included because these
populations are still growing. The data set used by Fuller et al.
(2003) reflected average WD and average UBI over several
years at the 32 sites. The use of an index to measure prey
availability was justified because wolves are known to prey on
several species of ungulates (Mech 1970, Fuller et al. 2003).
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The scientific literature points to the theoretical possibility
of 3 models to describe the numerical response of predators: a
Type 1, a Type 2, or a Type 3 numerical response function
(Holling 1959, Messier 1995). Specifically, the functions all
describe how WD responds to changes in UBI. The Type 1
numerical response function is a straight line (WD = K x
UBI; K is a constant). A Type 2 response is a monotonically
increasing function with a monotonically decreasing slope
and an asymptote (WD = [K; x UBIJ/[K, + UBI]; K3
and K, are constants). A Type 3 response is a sigmoid
function with an asymptote as well (WD = [K; X UBI?)/
[K4 + UBI?]; K; and K are constants). Although any expo-
nent >1 will produce a sigmoid shape in the response curve
(Marshal and Boutin 1999), we chose an exponent of 2
because that value is typically used to describe a Type 3
response (Gotelli 2001).

Wolves may derive nutrition from non-ungulate sources
such as lagomorphs (Ballard et al. 1987, Mech 2007) and
salmonids (Adams et al. 2010). However, these non-ungu-
late sources of nutrition are only supplemental. We are not
aware of any studies that show that wolves can persist on
solely non-ungulate sources of nutrition for several years.
The points in the data set of Fuller et al. (2003) were averages
of wolf and ungulate prey densities at individual sites over
several years with a food index that included all potential
ungulate sources of food as the independent variable. In this
context, a non-zero intercept would imply that wolf popu-
lations may persist for several years solely on nutrition
derived from non-ungulate sources. Therefore, we elimi-
nated the possibility that the fitted functions described above
could have a non-zero ordinate intercept because wolf popu-
lations could not persist for prolonged periods at densities
above zero without of ungulates. Accordingly, none of the
functional forms we described above contain an intercept
term.

The Type 1 response supports the hypothesis that wolf
populations are limited solely by prey abundance. The Type 2
and Type 3 response functions, individually and cumulat-
ively, support the hypothesis that wolf populations are
regulated or limited in a density-dependent fashion.
Neither of these functions suggests the mechanism by which
such regulation occurs. Although there is no strong bio-
logical justification for the sigmoid portion of the Type 3
response function, we analyzed it because it is mentioned in
the literature.

We fit the 3 functional forms to the 32 point data set using
linear regression methods for the Type 1 function and non-
linear regression methods for the Type 2 and Type 3 func-
tions. We used Akaike’s Information Criterion (AICc)
adjusted for small sample size to determine the most

parsimonious model and to calculate evidence ratios in favor
of both hypotheses (prey limitation and regulation) by com-
paring the Type 1 model to the Type 2 and Type 3 models
cumulatively and by comparing the Type 1 model to the
Type 2 model only (Burnham and Anderson 2002).
However, the 32 data points included 4 sites (northwestern
Minnesota, southcentral Alaska, eastcentral Yukon, and
southern Yukon) in which wolves recently arrived and were
expanding or were being hunted (Fuller et al. 2003). We
excluded these 4 points from the data set because exploited
and expanding wolf populations would not have achieved the
highest WD possible given some level of the UBI (Fuller
et al. 2003). We again fit the 3 numerical response functions
to the new 28-point data set. We recalculated evidence ratios
in favor of the prey limitation and regulation hypotheses and
the most parsimonious model using AIC¢ as the criterion.
We estimated the asymptotes of the Type 2 and Type 3
numerical response functions (K and Kj, respectively) using
the 28-point data set and model averaged the asymptotes
using methods described by Burnham and Anderson (2002).
We conducted linear and nonlinear regressions and esti-
mated all parameters using the R 2.10.0 statistical package
(R Version 2.7, www.r-project.org, accessed 9 Nov 2009).

RESULTS

With the full data set, the Type 1, Type 2, and Type 3 models
received 49.0%, 45.0%, and 6.0% of support, respectively
(Table 1). Cumulative support for the prey limitation hy-
pothesis and regulation hypothesis was 49.0% and 51.0%,
respectively, when the regulation hypothesis was supported
by the Type 2 and Type 3 models. Support for the prey
limitation hypothesis and regulation hypothesis was 52.0%
and 48.0%, respectively, when the regulation hypothesis was
supported by only the Type 2 model and we excluded the
Type 3 model from the candidate set (Table 2). We did not
estimate the value of the asymptotes for the full 32-point data
set.

After omitting 4 points from the data, the Type 1, Type 2,
and Type 3 models received 22.2%, 57.2%, and 20.6% model
support, respectively (Table 3). Thus, the prey limitation and
regulation hypotheses received 22.2% and 77.8% cumulative
support, respectively, when the regulation hypothesis was
supported by the Type 2 and Type 3 models. Support for the
prey limitation hypothesis and regulation hypothesis was
28.0% and 72.0%, respectively, when the regulation hypoth-
esis was supported by only the Type 2 model and the Type 3
model was excluded from the candidate set (Table 4). The
Type 2 and Type 3 model asymptotes occurred at 81.5
(SE = 35.6) wolves per 1,000 km* and 35.2 (SE = 3.9)

Table 1. Model support for numerical response functions (with full data) for 32 North American wolf populations during 1945-1994 (data from Fuller et al.
2003) using Akaike’s Information Criterion adjusted for small sample size (AIC().

Model Log likelihood Sample size Parameters estimated AICc Delta AICc Wt
Type 1 —111.09 32 1 224.32 0 0.49
Type 2 —110.04 32 2 224.49 0.17 0.45
Type 3 —112.05 32 2 228.52 4.20 0.06
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Table 2. Model support for Type 1 and Type 2 numerical response functions (with full data and Type 3 model excluded) for 32 North American wolf
populations during 1945-1994 (data from Fuller et al. 2003) using Akaike’s Information Criterion adjusted for small sample size (AICc).

Model Log likelihood Sample size Parameters estimated AICc Delta AICc Wt
Type 1 —111.09 32 1 224.32 0 0.52
Type 2 —110.04 32 2 224.49 0.17 0.48

Table 3. Model support for numerical response functions for 28 (with 4 expanding and exploited wolf populations excluded) North American wolf populations
during 1945-1994 (data from Fuller et al. 2003) using Akaike’s Information Criterion adjusted for small sample size (AICc).

Model Log likelihood Sample size Parameters estimated AICc Delta AICc Wt
Type 1 —97.33 28 1 196.82 1.90 0.22
Type 2 —95.22 28 2 194.92 0 0.57
Type 3 —96.24 28 2 196.96 2.04 0.21

Table 4. Model support for numerical response functions for 28 (with 4 expanding and exploited wolf populations excluded) North American wolf populations
during 1945-1994 with Type 3 model excluded (data from Fuller et al. 2003) using Akaike’s Information Criterion adjusted for small sample size (AIC().

Model Log likelihood Sample size Parameters estimated AICc Delta AICc Wt
Type 1 —97.33 28 1 196.82 1.90 0.28
Type 2 —95.22 28 2 194.92 0 0.72

Table 5. Model averaged estimate of asymptote of Type 2 and Type 3 numerical response functions for 28 (with 4 expanding and exploited wolf populations
excluded) North American wolf populations during 1945-1994 (data from Fuller et al. 2003).

Model Asymptote Wt Relative wt Estimate
Type 2 81.54 0.57 0.74 69.28
Type 3 35.23 0.21 0.26

wolves per 1,000 km?. The model averaged value of the by at least a 3:1 margin. Our analysis reopens a debate begun
asymptotes was 69.3 wolves per 1,000 km? (Table 5, Fig. 1). by researchers who have speculated that wolf populations

may be held in check, in a density-dependent manner, by

intraspecific competition (Murie 1944, Stenlund 1955,
DISCUSSION Mech 1970, Pimlott 1970, Van Ballenberghe et al. 1975).
Our reanalysis of the data collected by Fuller et al. (2003) Pimlott (1970) furthermore claimed that regulatory mech-
suggests that the evidence in favor of density-dependent anisms held wolf populations at an upper threshold of

regulation outweighs the evidence in favor of prey limitation approximately 40 wolves per 1,000 km?. More recently,
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Figure 1. Linear and nonlinear regression lines for Type 1, Type 2, and Type 3 numerical response functions for North American wolf populations, 1945-1994.
(a) full 32 data points from Fuller et al. (2003). Parameter estimates were Ky = 3.81, K = 104.56, K, = 19.77, K5 = 34.87, K, = 11.58. (b) Twenty-cight
data points after removing 4 populations designated by Fuller et al. (2003) as expanding or exploited. Parameter estimates were Ky = 3.95, K; = 81.54,
K5 =12.85, K3 = 35.23, K4 = 9.14. Black arrows indicate the 4 points we removed from the initial data set.
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researchers have suggested there are no intrinsic limits on
wolf populations except those imposed by availability of
vulnerable prey biomass (Packard and Mech 1980, Keith
1983, Fuller et al. 2003). We did not attempt to incorporate
data from additional sites because we wanted the theoreti-
cally possible models to confront the existing data set. By so
doing, we sought to determine whether the confidence
reposed in the prey limitation hypothesis by recent research-
ers, on the basis of the existing data set, was warranted.

Using a more rigorous methodology, we also updated
Pimlott’s (1970) estimate of an upper bound on WD, from
his estimate of 40 wolves per 1,000 km? to our model
averaged asymptote of 69 wolves per 1,000 km?. Our esti-
mate is more consistent with reports of temporary wolf
densities as high as 92 wolves per 1,000 km? on Isle
Royale (Peterson and Page 1988) and 69 wolves per
1,000 km? in north-central Minnesota (Fuller 1989). We
did not report a standard error on our estimate of the upper
bound for 2 reasons: 1) the points in the data set collected by
Fuller et al. (2003) were averages of wolf and prey densities at
individual sites over several years, and hence mask some
variability, and 2) data appeared to exhibit heteroskedasticity.
Both these conditions would lead to a severe underestimation
of the standard error.

The regulation versus prey limitation discussion, as well as
questions regarding the mechanism by which regulation
occurs, can be found in the literature regarding other large
carnivores (Hornocker 1970, Schaller 1972, Macdonald
1983, Pierce et al. 2000). Land-tenure systems, territoriality,
and social strife have all been suggested as the potential
mechanisms by which regulation occurs. Intraspecific strife
and territoriality are endemic to wolves and may set upper
limits on WD (Murie 1944, Marhenke 1971, Mech 1994).
Fatal intraspecific attacks are known to occur even when WD
is low and food is plentiful (Fritts and Mech 1981, Wydeven
et al. 1995). Wydeven et al. (1995) and Jedrzejewski et al.
(2007) found that territory size in wolves was inversely
related to prey abundance. Jedrzejewski et al. (2007) also
concluded that when ungulate abundance was high and prey
abundance was increasing, wolf territory size asymptotically
approached a lower limit. A lower limit on territory size may
lead to an upper asymptote for WD when UBI increases.
Data of Fuller et al. (2003) and our results are consistent with
all these mechanisms but cannot exclude any of them as
potential explanations for regulation in wolf populations.

Using hypothesis testing to distinguish between the differ-
ent shapes of functional response functions has proven to
be problematic, especially when sample size is limited and
systems under investigation are highly variable (Hassell et al.
1977, Livdahl and Stiven 1983, Marshal and Boutin 1999).
Marshal and Boutin (1999) found in simulations that sample
sizes >300 were required to distinguish between a Type 2
and Type 3 function with a power of 0.80. This difficulty in
distinguishing between different shapes can be expected to
carry over to tests of numerical response functions as well
because theoretical numerical response functions of predators
take on the same shape as the theoretical functional response
functions. Moreover, the problem of sample size is even more

intractable with numerical response functions because each
additional data point would require a new wolf—prey system
to be studied. With such severe constraints on data collec-
tion, model selection and evidence ratios within the AIC
framework offer a tenable method to help understand how
WD responds to changes in the UBI. Future efforts that
would help strengthen our understanding of this relationship
include 1) data from more systems, particularly those with
higher densities of ungulate biomass, 2) incorporating mech-
anistic features (e.g., territory size, social strife) into a wolf
population model, and 3) experimental manipulation of
systems.

Management Implications

It is likely an intrinsic regulatory mechanism (e.g., social
strife, territoriality, or some other mechanism) that leads to
the limitation of wolf populations in a density-dependent
fashion at high ungulate densities. At ungulate biomass
indices <8, wolf populations are likely limited by ungulate
availability, as previously posited (Fig. 1). The prey limita-
tion dogma has led managers to believe that food availability
is the only relevant limiting factor affecting wolves. Our
analysis shows that intraspecific strife, territoriality, or some
other regulatory mechanism is relevant and likely plays an
important role in wolf population dynamics. Managers of
wolf reintroductions and species recovery efforts should
account for this possibility in establishing goals for sustain-
able wolf population levels. Based on our results, calculating
the UBI for a particular area and estimating wolf population
based on the linear regression model (Fuller et al. 2003)
would result in an overestimate of wolf populations at ungu-
late biomass indices >8. That wolf populations may be
regulated by intrinsic mechanisms is important when wolf
managers determine how big of an area to select for indi-
vidual reintroductions. Finally, the shape of the numerical
response function for wolves may also have important
implications for managers of ungulate species. If wolf popu-
lations respond to increases in prey density in a Type 2
manner and the functional response (kill rate) has also leveled
off at high prey densities, total predation (kill rate x no. of
wolves) will remain relatively constant and the predation rate
will be clearly depensatory.

Acknowledgments
We thank our anonymous reviewers for their comments and
criticisms. Diligent efforts of the reviewers improved our

paper.

LITERATURE CITED

Adams, L. G., S. D. Farley, C. A. Stricker, D. ]J. Demma, G. H. Roffler,
D. C. Miller, and R. O. Rye. 2010. Are inland wolf-ungulate systems
influenced by marine subsidies of Pacific salmon? Ecological Applications
20:251-262.

Ballard, W. B., J. S. Whitman, and C. L. Gardner. 1987. Ecology of an
exploited wolf population in southcentral Alaska. Wildlife Monographs
98.

Burnham, K. P., and D. R. Anderson. 2002. Model selection and multi-
model inference. Second edition. Springer, New York, New York, USA.

Cariappa et al. « Numerical Response of Wolf Populations

729



Fritts, S. H., and L. D. Mech. 1981. Dynamics, movements, and feeding
ecology of a newly protected wolf population in northwestern Minnesota.
Wildlife Monographs 80.

Fuller, T. K. 1989. Population dynamics of wolves in north-central
Minnesota. Wildlife Monographs 105.

Fuller, T. K., L. D. Mech, and J. F. Cochrane. 2003. Wolf population
dynamics. Pages 161-191 7z L. D. Mech and L. Boitani, editors. Wolves:
behavior, ecology, and conservation. University of Chicago Press,
Chicago, Illinois, USA.

Gotelli, N. ]J. 2001. A primer of ecology. Third edition. Sinauer, Sunderland,
Massachusetts, USA.

Hassell, M. P., J. H. Lawton, and J. R. Beddington. 1977. Sigmoid
functional responses by invertebrate predators and parasitoids. Journal
of Animal Ecology 46:249-262.

Holling, C. S. 1959. The components of predation as revealed by a study
of small-mammal predation of the European pine sawfly. Canadian
Entomologist 91:293-320.

Hornocker, M. G. 1969. Winter territoriality in mountain lions. Journal
of Wildlife Management 33:457-464.

Hornocker, M. G. 1970. An analysis of mountain lion predation upon mule
deer and elk in the Idaho Primitive Area. Wildlife Monographs 21.

Jedrzejewski, W., K. Schmidt, J. Theuerkauf, B. Jedrzejewska, and R.
Kowalczyk. 2007. Territory size of wolves Canis lupus: linking local
(Bialowieza Primeval Forest, Poland) and holarctic-scale patterns.
Ecography 30:66-76.

Keith, L. B. 1983. Population dynamics of wolves. Pages 6677 in L. N.
Carbyn, editor. Wolves in Canada and Alaska: their status, biology and
management. Report Series No. 45. Canadian Wildlife Service,
Edmonton, Alberta, Canada.

Livdahl, T. P., and A. E. Stiven. 1983. Statistical difficulties in the
analysis of predator functional response data. Canadian Entomologist
115:1365-1370.

Macdonald, D. W. 1983. The ecology of carnivore social behavior. Nature
301:379-384.

Marhenke, P. 1971. An observation of four wolves killing another wolf.
Journal of Mammalogy 52:630-631.

Marshal, J. P., and S. Boutin. 1999. Power analysis of wolf-moose functional
responses. Journal of Wildlife Management 63:396-402.

Mech, L. D. 1970. The wolf: the ecology and behavior of an endangered
species. Natural History Press, Garden City, New Jersey, USA.

Mech, L. D. 1994. Buffer zones of territories of gray wolves as regions of
intraspecific strife. Journal of Mammalogy 75:199-202.

Mech, L. D. 2007. Annual arctic wolf pack size related to arctic hare
numbers. Arctic 60:309-311.

Messier, F. 1995. On the functional and numerical responses of wolves to
changing prey density. Pages 187-197 in L. N. Carbyn, S. H. Fritts, and
D. R. Seip, editors. Ecology and conservation of wolves in a changing
world. Canadian Circumpolar Institute, University of Alberta, Edmonton,
Canada.

Murie, A. 1944. The wolves of Mount McKinley. U.S. National Park
Service Fauna Series, Number 5. U.S. Government Printing Office,
Washington, D.C., USA.

Packard, J. M., and L. D. Mech. 1980. Population regulation in wolves.
Pages 135-150 iz M. N. Cohen, R. S. Malpass, and H. G. Klein, editors.
Biosocial mechanisms of population regulation. Yale University Press,
New Haven, Connecticut, USA.

Peterson, R. O., and R. E. Page. 1988. The rise and fall of the Isle Royale
wolves. Journal of Mammalogy 69:89-99.

Pierce, B. M., V. C. Bleich, and R. T. Bowyer. 2000. Social organization of
mountain lions: does a land-tenure system regulate population size.
Ecology 81:1533-1543.

Pimlott, D. H. 1970. Predation and productivity of game populations in
North America. Transactions of the International Congress of Game
Biologists 9:63-72.

Schaller, G. B. 1972. The Serengeti lion: a study of predator:prey relations.
University of Chicago Press, Chicago, Illinois, USA.

Seidensticker, J. C., M. G. Hornhocker, W. V. Wiles, and J. P. Messick.
1973. Mountain lion social organization in the Idaho Primitive Area.
Wildlife Monographs 35.

Solomon, M. E. 1949. The natural control of animal populations. Journal of
Animal Ecology 18:1-35.

Stenlund, M. H. 1955. A field study of the timber wolf (Canis lupus) on
the Superior National Forest, Minnesota. Technical Bulletin Number 4.
Minnesota Department of, Conservation, Minneapolis, USA.

Van Ballenberghe, V., A. W. Erickson, and D. Byman. 1975. Ecology of the
timber wolf in northeastern Minnesota. Wildlife Monographs 43.

Wydeven, A. P., R. N. Schultz, and R. P. Thiel. 1995. Monitoring of a
gray wolf (Canis lupus) population in Wisconsin, 1979-1991. Pages 147—
156 in L. N. Carbyn, S. H. Fritts, and D. R. Seip, editors. Ecology and
conservation of wolves in a changing world. Canadian Circumpolar
Institute, University of Alberta, Edmonton, Canada.

Associate Editor: Jeff Bowman.

730

The Journal of Wildlife Management « 75(3)



