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ABSTRACT
Management of wolves (Canis lupus) can be controversial, reflecting amultitude
of public attitudes. In Alberta, Canada (1982 to 2001) and in Idaho, Montana and
Wyoming, USA (1987 to 2001), wolves killed various domestic animals among which
sheep were the major prey in the USA (68%, n=494) and cattle in Canada (95%,
n=1633). Under recovery programs, wolves increased in the USA and livestock predation
events increased proportionately. In both countries, the number of domestic animals
killed each year was correlated with the number of wolves killed for livestock predation
management.
Itested anti-wolf barriers made of flags hanging from ropes. Barriers prevented
captive wolves (n=9) from accessing food for up to 28hr. Barriers were also set around
two 100-rn2 baited sites and two 25-ha cattle pastures. During 60-day trials, wild wolves
approached, but did not cross, barriers on 57 occasions. Wolves killed cattle on
neighbouring ranches during the trials, and before and after the trials in the tested
ranches. Barriers deployed around a400-ha pasture were crossed by wolves after 61
days.
Barriers could play arole among the limited set of preventative measures
available for livestock predation management on alocal scale. The alternative is culling,
which is particularly contentious in areas, such as the conterminous USA, where wolves
are threatened. If conservation is apriority, then culling and hunting should be evaluated
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depending on the characteristics and size of wolf Evolutionarily Significant Units
(ESUs).
Itested whether wolf-prey associations in tundra, taiga and forested regions of
Canada explained differences in genetics, morphology and behaviour of wolf ESUs.
Satellite collar data demonstrated that tundra wolves (n=19) migrated with barren ground
caribou (n=19). Ialso analysed 404 wolf tissue samples. Although tundra/taiga wolves
overlapped with forest conspecifics during the winter breeding season, they were
differentiated from them (Fst=O.30, 0.04 and 0.0'7, p<0.00 1, for mitochondrial,
microsatellite and Y-chromosome markers, respectively). Further, 93% of tundra/taiga
wolves exhibited pale colouration whereas only 38% of forest wolves did (
Z=85 .53,

p<O.000l). Tundra/taiga migratory and forest territorial wolves therefore constitute
distinct ESUs for which impacts should be assessed. My results revealed that prey
specialization should always be accounted for when planning wolf conservation.
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CHAPTER 1: GENERAL INTRODUCTION

Apart from humans, wolves (Canis lupus) have the broadest historical
distribution among terrestrial mammals; the species once occurred over most of the
Northern Hemisphere (Young and Goldman 1944, Mech 1970, Wayne et al. 1992).
However, lethal persecution (Mech 1970, 1995) and habitat loss to human development
(Miadenoffet al. 1999, Corsi et al. 1999) considerably reduced the range of the wolf
(Figure la, b). In North America, the wolf was extirpated from most of southern Canada
and Mexico and from the lower 48 states of the USA, except for northern Minnesota, by
1970 (Mech 1970, Parsons 1998). Today, large wolf populations' can be found only in
northern Canada and Alaska.
In Canada and the USA, attitudes towards wolves have changed dramatically
during recent years (Lohr et al, 1996, Kellert et al. 1996, Enck and Brown 2002, Williams
et al. 2002). Now, preservationist groups and larger sectors of the public regard the wolf
positively and as ahigh priority for wildlife conservation efforts (Kellert et al. 1996). At
the same time, however, the wolf continues to receive energetic opposition from some
individuals and organizations (Lohr et al. 1996). Following government protection of
wolves in the USA, rehabilitation efforts have enabled the recolonization of areas from
which wolves had been extirpated (Young and Goldman 1944, Mech 1970, Fritts et al.
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1997, Bangs et al. 1998, Parsons 1998). In the USA, owing to natural recolonization and
reintroduction programs, wolves are recovering in the northern, northwest, and southwest
states (Figure lb). Thus, wolves are returning to settled areas and lands with activities
such as ranching and farming that were formerly incompatible with wild wolf populations
(Mech 1995, 1998).
Management actions for wolves in Canada and the USA may vary depending on
local contexts and may include hunting, control, reintroduction and protection. The
degree and scale of application of these strategies determine survival of individual wolves
and ultimately wolf population trends. Inconsistencies among localized actions can create
chaotic outcomes at broader regional scales for wolf populations.
In Chapter 2, Ireview information on interactions between humans and wolves
by focusing on human attitudes and their effects on wolf management. Ianalyze in detail
the problems and opportunities for wolf conservation in modern North America, with
passing reference to Eurasia. Because of largely unresolved controversies regarding
taxonomy (Wayne and Jenks 1991, Roy et al. 1994, Wilson et al. 2000, Mech and
Federoff 2002), Ido not examine issues regarding the Red Wolf (Canis rufus) or other
proposed taxa of wolves. Throughout Chapter 2,1 drew on my direct experience with
wolf conservation in Europe and North America to provide insights on wolf conservation
biology in North America.
Social conditions and economic pressures influence the relationships between
people and wolves, which in turn determine the form of wolf management. Recently,
increasing attention has been directed to large carnivore conservation in general (Mech
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1995, Haber 1996, Kellert et al. 1996, Andelman and Fagan 2000, Carroll et al. 2001,
Clark et al. 2001). In many areas, carnivores come into conflict with humans and their
economic interests such as livestock production (Woodroffe 2000, Sillero-Zubiri and
Laurenson 2001, Gompper 2002, Ormerod 2002). Scientists and managers are
increasingly engaged in efforts to maintain populations of carnivores in coexistence with
people (Esterhuizen and Norton 1985, Goldstein 1991, Bangs et al. 1998, Linnell et al.
2000, Madhusudan and Karanth 2002, Treves et al. 2002).
In the ranchlands of North America, where livestock production is aprimary land
use, wolves were exterminated during or soon after European settlement (Young and
Goldman 1944, Young 1970). Wolves are currently recolonizing their original range in
some areas, and this recovery is supported by large sectors of the public (Kellert et al.
1996, Pate et al. 1996, Williams et al. 2002). For example, during 1995 and 1996, the
U.S. Fish and Wildlife Service and Canadian biologists captured wolves in western
Canada and reintroduced them to Yellowstone National Park and central Idaho. These
projects represent the first successful reintroductions of wolves in North America (Fritts
et al. 1997, Bangs et al. 1998). One of the challenges resulting from these reintroductions
is management of wolf-livestock conflicts in the region.
Wolves typically prey on all ungulate species within their distributional range
including domestic animals when they are sympatric (Young and Goldman 1944, Mech
1970, Meriggi and Lovari 1996, Meriggi et al. 1996). Competition between humans and
wolves for ungulates is an ancient struggle originating with hunter societies (Ballard et al.
1987, Boyd et al. 1994, Orians et al. 1997, Martin and Szuter 1999, Hayes and Harestad
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2000) then continuing with the domestication of some wild ungulates (Kay 1998). The
potential for conflict between wolves and humans exists especially in rural areas where
livestock production is amajor economic activity (Mech 1998, Mech et al. 2000). Recent
wolf recovery in North America has contributed to wolves moving into such rural
agricultural areas (Mech 1995, Bangs et al. 1998, Nowak 1991, Parsons 1998, Treves et
al. 2002) where conflicts and associated costs of livestock protection and lethal control of
wolves are increasing (Mech 1998).
In contrast with the lower 48 states of the USA, during the 1980s and 1990s
wolves continuously occurred in southern Alberta in areas that are contiguous to
livestock production (Gunson 1992, Hayes and Gunson 1995). Such areas constitute a
unique example for understanding the patterns for conflicts between wolves and the
ranching community. Comparing wolf predation on livestock in Canada and in the USA
allowed me to forecast trends for wolf management in the USA, as the wolf population
and related livestock predation events are on the increase there (Mech 1995, Bangs et al.
1998, Mech 1998, Parsons 1998, Treves et al. 2002). In Chapter 3, Idescribe trends in
wolf predation on livestock in Alberta, Canada during the 1980s and 1990s and compare
them with trends in Idaho, Montana and Wyoming, USA.
Traditionally, wolf populations were controlled through lethal management
actions (see Young and Goldman 1944, Mech 1970). In the current regulatory and social
climate in North America, non-lethal methods are increasingly favoured (Mech 1995). In
areas where guard dogs are not used (see Coppinger and Coppinger 2001), typical
methods for controlling wolf predation on livestock are building substantial or electric
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fences to exclude wolves. These barriers are often expensive and electric fences are
typically difficult to maintain (Gipson and Paul 1994). Ironically, an ancient wolf-hunting
technique may offer acost-effective, reliable solution to the problem of livestock
predation. This technique, known asfladry and used to hunt wolves in Eastern Europe
and Russia, consists of driving wolves into abottleneck formed by flags hanging from
ropes stretched above the ground (Okarma 1993, Okarma and Jedrzejewski 1997,
Musiani and Visalberghi 2001). In Chapter 3, Ireport on experiments to evaluate the
effectiveness offladry for deterring wolves from accessing food in captivity and in the
wild and for separating social groups of wolves in captivity. Finally, Idocument the use
offladiy barriers in field situations in Alberta and Idaho for protecting livestock from
predation by wild wolves.
Wolf management is typically planned and practiced on alocal or sub-regional
scale, reflecting the history of depopulation and recolonization of wolves in areas where
they come into conflict with livestock (Table 1, Chapter 2). In other areas, where wolf
populations have persisted despite conflicts with human interests (e.g., competition for
ungulate game species), large-scale meta-population dynamics that were once typical of
wolf populations before European settlement, still exist (Table 1, Chapter 2).
Conservation of these more ecologically pristine systems is an important issue.
Furthermore, they provide an opportunity to examine the original nature of large-scale
predator-prey systems.
In southern Canada and the conterminous United States of America, where
wolves have been reduced or extirpated (Mech 1970, Wayne et al. 1992), wolf
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differentiation depends largely upon geographic isolation (as defined by Dobzhansky
1935, Mayr 1942, Wright 1943, Mayr 1963, Coyne and On 1998) resulting from range
fragmentation (Mech 1970, Wayne et al. 1992, Haight et al. 1998, Miadenoffet al. 1999).
Wolves in northern Canada remain widely distributed (Hayes and Gunson 1995). Thus,
northern wolf populations provide opportunities to define meta-population and genetic
relationships that no longer exist in the south where large-scale ecological processes
typical of undisturbed landscapes have vanished (Tilman and Kareiva 1997). Studying
wolf population structure in Northern Canada allowed me to speculate on wolf
differentiation elsewhere, based upon ecological processes (see Seehausen and Bouton
1997, l3outon et al. 1999).
One of the important questions faced in conservation biology is defining
population units worthy of management consideration. Evolutionarily Significant Units
(ESUs) are such units that deserve separate management and have ahigh conservation
priority (Ryder 1986). The original concept of ESUs was based on combined criteria of
ecological and genetic variation and isolation. More recently, the concept was narrowed
to consider mainly molecular phylogenetics (Moritz 1994). Crandall et al. (2000) argued
that the earlier criteria used to define ESUs are more relevant for conservation because
they represent concordant distributions of multiple, independent traits including
behavioural, ecological and genetic variation of adaptive significance. Avise and Ball
(1990) suggested that this framework provides the basis for phylogenetic distinction. In
addition, Crandall et al. (2000) suggested that ESUs, as defined by Moritz (1994) are
unlikely to be found in species characterized by high levels of gene flow such as wolves.
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To understand the organization of wolves into ESUs it is necessary to understand
gene flow in relation to wolf ecology. Iinvestigated the relationship between prey
specialization and spatial genetic differentiation of wolves. Ialso evaluated the
application of my results for the management of wolf units (Chapter 4and 6). In Chapter
4, Ifurther discussed differentiation in wolves using genetic, morphological and
behavioural approaches. Iexplore whether concordant distributions of multiple,
independent traits of adaptive significance (see Crandall et al. 2000) for wolves
determines differentiation of wolf ecotypes. Ialso evaluated the ecological rationale for
differentiation, with emphasis on biological needs of wolves, particularly selection of
prey. An added value of this framework is that such ecotypes could constitute the basis
for management and conservation of wolves as functional ecosystem components. A
similar framework for evaluating ESUs and determining management units could be used
for planning wolf conservation in other regions.
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Chapter 1: Graphs
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Figure Panel a: Previous Page
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Figure 1. Worldwide distribution of the gray wolf (Panel a, previous page). Historical
(pre-European) and current distribution of the wolf in North America (Panel b).
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CHAPTER 2: REVIEW OF WOLF MANAGEMENT IN NORTH AMERICA:
THE PRACTICES OF WOLF PERSECUTION, PROTECTION AND
RESTORATION IN CANADA AND THE USA2

Foundations for Historical Killing and Current Hunting of Wolves

In North America, people have killed wolves for fur, the protection of livestock
and wild ungulates, disease control, and out of fear (Cluff and Murray 1995, Orians et al.
1997). Historically, some North American aboriginals hunted and trapped wolves
(Nelson 1983). Although little evidence documents such practices, some believe
aboriginals killed wolves to enhance ungulate populations and claim that wolf hunting
was more intense when ungulate numbers were perceived to be low (Berkes 1999). Some
ecologists believe wolf predation is amajor limitation, or regulating factor, to the growth
of wild ungulate populations (reviewed by Messier 1995), second only to human
influences (Kay 1998).
Iconducted research on predator-prey dynamics in acollaborative study
conducted in Poland, where red deer (Cervus elaphus) was the major food source for
wolves and was selected among other prey items including roe deer (Capreolus

2The

majority of the material included in this chapter was submitted as amanuscript to BioScience:

Musiani M, Paquet PC. 2003. The practices of wolf persecution, protection and restoration in Canada and
the USA. Revised manuscript re-submitted to Editor-in-Chief. Data gathering and analysis mainly by M.
Musiani. Writing by M. Musiani.
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capreolus), wild boar (Sus scrofa), moose (Alces alces) and European bison (Bison
bonasus; Jedrzejewski et al. 2000). Changes in red deer population size (unlike changes
in other prey) led to dietary responses from wolves. Analysis of a100-year series of
survey data showed that numbers of red deer and wolves were correlated negatively,
which resulted from increases in the red deer population during periods of low wolf
density. The rate of annual population growth of red deer was also correlated negatively
with wolf density. However, wolves killed fewer red deer than did human hunters. Our
results therefore indicated that predation by wolves likely contributed to the population
dynamics of red deer, but hunting by humans influenced the phenomenon to agreater
extent. Our Polish project (Jedrzej ewski et al. 2000) provides an example of the
difficulties encountered by wolf ecologists in evaluating predator-prey dynamics. Most
ecosystems include avariety of prey and predator species as well as the presence of
humans, who exert effects on the ecosystem indirectly (e.g., through development) and
directly (e.g., through hunting or protection of certain species). In addition, plant
availability varies seasonally and yearly, and humans can also exert impacts on plants
through agriculture and forestry practices (Jedrzejewska et al. 1994). Thus, plants,
herbivores, predators and humans often participate in complex food-webs. The end result
is that can be arduous to sort out the effects of predator densities on prey abundance
(Powell 2001; but see Messier 1995).
The relationships between wolves, ungulates and people described for preEuropean North America, and for aprotected area in Poland, exemplify conditions in
which animal agriculture is not present (Nelson 1983, Jedrzejewska et al. 1994, Berkes
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1999, Jedrzejewski et al. 2000). Yet agriculture is amajor source of wolf-human conflict.
Wolf predation on domestic animals introduced by Europeans to the USA and southern
Canada prompted control programs to eradicate wolves (Young and Goldman 1944). In
the

17th

century, government agencies began to pay bounties for wolves killed by private

individuals (Mech 1970). Until recently, bounty programs have been established,
suspended and reinstated in various North American jurisdictions (Mech 1970, Cluff and
Murray 1995, Hayes and Gunson 1995, Mech 1995). Wolves have been poisoned,
trapped, snared and shot from the ground or air (Cluff and Murray 1995). The most
successful strategy used to exterminate wolves was probably the poisoning campaigns
that involved personnel hired by government agencies (Mech 1970).
During modern history and until the 1970s, wolves in North America were hunted
without restriction (Mech 1970) and their pelts were sold at auction markets or kept for
local use. At present, wolves are killed for recreational and commercial purposes in
Alaska and most Canadian Provinces and Territories (Cluff and Murray 1995, Hayes and
Gunson 1995, Gasaway et al. 1992, Hayes and Harestad 2000; Table 1, Plate 1). In
general, government authorities regulate wolf hunting and trapping by specifying the
number of wolves to be killed, the length of season, and hunting and trapping techniques
allowed. However, in Canada aboriginal people are not subject to wolf hunting quotas.
This lack of restrictions is considered an "aboriginal right" affirmed under the Canadian
constitution (Constitution Act, Government of Canada, 1982). Some hunters from
Northern Canada claim annual incomes of more than $50,000 CDN from selling wolf
furs (Canadian Broadcasting Corporation radio interview, 18 February 2000,

Musiani

-

Doctor of Philosophy Thesis

13

Yellowknife, NWT). Thus, large numbers of wolves are hunted, providing an important
source of revenue for many communities in northern Canada (Plate 2) and Alaska.
Unlike southern Canada and the USA, where wolves have been reduced or
extirpated, wolf populations in Alaska and Northern Canada remain widely distributed
and abundant (Table 1; Figure lb, Chapter 1). In Canada, the wolf is not listed by the
Committee on the Status of Endangered Wildlife in Canada (Committee on the Status of
Endangered Wildlife in Canada 2000). However, the conservation and taxonomic status
of the wolf is currently uncertain in the islands of the Arctic Archipelago (Committee on
the Status of Endangered Wildlife in Canada 2000) and in southern Ontario and Quebec
(Wilson et al. 2000). In addition, some biologists are concerned about killing of wolves in
certain areas of northern Canada. They consider such commercial hunts a"problem"
because of the vulnerability of individual wolves to the specific hunting techniques
employed, in particular the use of snowmobiles (Carbyn 2000). Snowmobiles provide an
efficient means of transportation in open environments, e.g., the multitude of frozen lakes
present in the taiga and tundra during winter. Hunters can use snowmobiles to approach
quickly escaping wolves until they are within range of arifle.

Current Wolf Culling

During wolf control, Alaskan and Canadian managers were able to reduce wolf
numbers by up to 80% of the winter population (Ballard et al. 1987, Gasaway et al. 1992,
Hayes and Harestad 2000). Their stated objective was to protect populations of wild
ungulates (Orians et al. 1997; Table 1). Wolf control programs increase ungulate numbers
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(Bergerud and Elliott 1998), but due to negative public reaction, such programs have
been delivered at substantial cost to the agencies involved (Orians et al. 1997). In general,
managing agencies may abandon wolf culling to avoid opposition from the scientific
community and public (Mech 1995). In certain areas, government agencies and
nongovernmental organizations (e.g., First Nations groups) have resorted to fertility
control of wolves in an attempt to keep wolf numbers low without resorting to culling
(Spence et al. 1999).
Some government agencies cull wolves to reduce conflicts with livestock (Table
1). Wolf control is applied for this reason in Minnesota (Mech 1995) and in several
Canadian jurisdictions (Hayes and Gunson 1995). In addition, the experimental rules
under which the reintroduction of wolves to central Idaho, the greater Yellowstone area
and Arizona was authorized, allowed for killing of wolves that are suspected to prey
chronically on livestock (Fritts et al. 1997, Bangs et al. 1998, Parsons 1998; Table 1).
Livestock losses are confirmed by examination of livestock carcasses by personnel of the
U.S. Department of Agriculture before control actions are authorized.
In some USA states, private landowners are authorized to kill wolves in cases of
demonstrable threat by wolves towards humans and human property, including livestock
(United States Fish and Wildlife Service 2000). For example, in Montana, ranchers can
kill wolves if they catch them in the act of killing livestock. In addition, some wolves are
killed illegally (Fuller 1989). In several Canadian jurisdictions, landowners practice wolf
control (Cluff and Murray 1995, Hayes and Gunson 1995). For example, in Alberta
landowners and their delegates can kill wolves without restriction on their properties and
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within 8km of their land. Landowners whose properties are threatened by wolves can
also be issued aspecial permit to poison wolves. In North America, illegal use of poison
to kill wolves has also been reported in several areas, particularly where wolf populations
overlap with agriculture. Recently, the conservationist organization Defenders of Wildlife
and the U.S. Fish and Wildlife Service (USFWS) offered a$20,000 USD reward for
information leading to the arrest and conviction of those responsible for illegally
poisoning wolves in central Idaho.
Differences in management among the neighbouring jurisdictions of Alberta,
British Columbia and Montana sometimes affect wolves that move or disperse between
these states and provinces (Boyd and Pletscher 1999). Similar circumstances likely
prevail along other portions of the US/Canadian border where wolves are present.
Public sensitivity to the killing of predators has made control programs for
wolves acontentious issue (Gasaway et al. 1992). As with hunting and trapping of
wolves, culling programs cause severe conflict between different sectors of the public in
Canada (Theberge and Theberge 1998) and the USA (Haber 1996). Such controversy has
the potential to exacerbate already entrenched and inflexible positions in the
confrontation between wolf preservationists and anti-wolf advocates. Such conditions
promote discrepancies in human attitudes and might lead to inconsistencies in
management of wolves.
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The Negative Contribution of Wolf Habitat Loss and Roads

The indirect effects of human land use may intensify impacts on wolf populations
through habitat loss (Young and Goldman 1944, Mech 1970, Theberge and Theberge
1998, Haight et al. 1998). Corsi et al. (1999) and Mladenoff et al. (1999) used geographic
information systems (GIS) and wolf occurrence data to assess the importance of
landscape-scale factors in determining favourable wolf habitat. These analyses agree as to
the importance of an adequate prey base, the existence of protected areas and public
lands, and the absence or low occurrence of livestock.
Wolves thrive in areas with high ungulate densities (Jedrzejewski et al. 2000) but
tend toward local extinction in areas with high densities of livestock owing to conflicts
with ranchers (Bangs et al. 1998). Positive relationships have also been found between
wolf presence and areas with forest cover, few roads, and low human density (Mech et al.
1988). Some sources (e.g., Mech 1995), however, maintain that such areas are simply the
least accessible to humans, and the lack of human presence remains the most important
variable in predicting wolf viability. Depending on the intensity of logging and on the
tree species targeted, forestry operations can favour or hamper ungulate species that also
constitute wolf food, therefore influencing wolf predation and wolf density (Jedrzejewska
et al. 1994).
In areas where public access is restricted, road density is apoor indicator of wolf
presence (Merrill 2000), which suggests that wolves may avoid people (Paquet et al.
1996) —not roads. Wolf absence from roaded areas may be adirect result of higher
mortality there (Boyd and Pletscher 1999). Roads and other linear developments provide
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people access to remote regions, which allows humans to deliberately, accidentally, or
incidentally kill wolves. Finally, in mountain terrain, both people and wolves must use
valley bottoms where roads converge with high quality habitat; thus, avoidance of
humans and habitat selection by wolves (Paquet et al. 1996, Kunkel and Pletscher 2001)
might conflict. Moreover, protected areas are often located at higher elevation (Scott et
al. 2001) and in habitats not selected by wolves.
In general, habitat assessments for developed countries (e.g., Corsi et al. 1999,
Miadenoff et al. 1999) conclude that favourable habitat is highly fragmented. Thus, the
future of the wolf in human dominated areas will likely depend on understanding and
implementing aconnected network of core-areas (Haight et al. 1998) where the wolf will
be managed in ways appropriate to local ecological, social and economic conditions. This
approach also focuses on availability of good habitat in the matrix outside the few
existing protected areas (Scott et al. 2001).

Impacts of Wolf Reductions vs. Wolf Resilience: Two Approaches

Inherent biological characteristics render the wolf capable of rapid increases in
population numbers following reductions caused by humans (Mech 1970, 1995).
Depending on the age and sex structure of the pack, wolves can sustain an annual
mortality of about 30 per cent of the winter population (Fuller 1989). After lethal control
efforts that reduced populations by as much as 80 percent, wolf populations in the Yukon
rebounded in 4-5 years (Hayes and Harestad 2000). The most important factor
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influencing the rate of recovery, however, was immigration from neighbouring areas
(Bergerud and Elliot 1998, Hayes and Harestad 2000).
Disagreement about how much human-caused mortality wolves can tolerate is
evident in the literature (Orians et al. 1997). Hayes and Harestad (2000) attribute some
disagreement to uncertainty in results caused by logistical problems encountered in field
research. They propose that in some projects (Gasaway et al. 1992, Bergerud and Elliot
1998), wolf numerical response was not adequately monitored following reductions.
Hayes and Harestad (2000) emphasize that during their own research, monitoring of
wolves was not conducted systematically and consequently they could not measure
mortality causes or dispersal rates accurately. Despite such inconsistencies in
methodologies within and between projects, Hayes and Harestad (2000) maintain that
their data, and those of Bergerud and Elliot (1998), support Fuller's (1989) view that
dispersal is the primary mechanism determining how wolves adjust their numbers locally.
Available results on wolf resilience following human-induced population reductions may
not be as equivocal as they first appear. Addressing such issues through acomprehensive
meta-analysis of various projects would be beneficial. A meta-analysis would elucidate
disparities related to dissimilar environments or to differences in interpretation of data.
Haber (1996) questioned whether the measure of successful wolf conservation
should be the presence of wolves on the landscape alone, or also include the presence of
intact social relations. Based on aliterature review, Haber (1996) concluded that humans
could affect wolf ecology by influencing behaviour of wolves and their prey.
Paradoxically, other researchers (e.g., Ballard et al. 1987, Hayes and Harestad 2000)
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viewed the same literature as evidence of resilience, but reported that in comparison with
unexploited populations, natural mortality rates are higher during reduction programs,
pack sizes are smaller, home ranges are less stable and occupied at variable times, and
more young are produced in the population.
The focus on behavioural effects of control programs argues for the development
of methods with less influence on wolf behaviour (e.g., Spence et al. 1999). Mech (1995,
1998) maintains that to have wolves coexist with people, we must accept that some form
of wolf control is necessary. The alternative is that wolves at high densities may not
survive conflicts with humans. Instead, if most of the public could accept issues of wolf
recovery as well as control in human-developed areas, then stability could be achieved
between the requirements of humans and wolves (Mech 1995). The latter scenario would
require open debate and clarification on the actual objectives of wolf management. The
goal is for wolves and humans to coexist with humans not resolutely impairing the wolf.

Human Perceptions of Wolves

Some North American Aboriginal clans were named after the wolf, attesting to
the high respect for these animals (Nelson 1983). More recently, the North American
public has demonstrated aremarkable interest in wolves and, for example, the Canadian
book "Never Cry Wolf' (Mowat 1963) became abest seller and was made into apopular
and acclaimed movie.
In several regions, the wolf has not been viewed favourably. Where
reintroductions have been proposed and where wolves are recovering, some people feared
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that wolves would cause livestock losses and decline of ungulate populations (Lohr et al.
1996, Frills et al. 1997). Nevertheless, numerous organizations have been formed to
advocate the reintroduction of wolves into new areas, such as California, Colorado, and
New England (Buck and Brown 2002).
Contentious and conflicting feelings about wolves were confirmed by Kellert et
al. (1996) in asurvey of human attitudes throughout North America. Most individuals
perceived wolves positively, whereas aminority feared wolves. Most wolf-related fears
were linked to misperceptions, not to biological characteristics of the animal. To address
these erroneous beliefs, some authors recommend education programs (Mech 1995,
Kellert et al. 1996, Lohr et al. 1996). Accordingly, acommon ethos regarding wolves and
related management issues could be constructed. On the other hand, contrasts in attitudes
such as those reported by Kellert (1996) might lead to litigation and overall polarization
of wolf management issues.
Evidence that targeted education programs actually result in accomplishments for
wolf conservation is limited or speculative. Surveys conducted by Lohr et al. (1996) and
Williams et al. (2002) demonstrated that higher levels of education were correlated with
positive attitudes towards wolves. Thus, education programs that are more specific to
wolf issues (Kellert et al. 1996, Lohr et al. 1996) might also contribute to enhancing
positive attitudes and result in higher tolerance for wolves on the landscape. Further
studies should be conducted that measure the performance of wolf-specific education
programs.
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Wolf Protection in Areas with Low Human Use

In North America, wolf reintroductions were carried out successfully in
Yellowstone National Park and Idaho (Fritts et al. 1997, Bangs et al. 1998). Wolves are
currently being reintroduced in Arizona (Parsons 1998). These areas were chosen for
their ecological suitability, and after consultations with local communities were
conducted to detect any incompatibilities between wolves and the social and economic
contexts (Fritts et al. 1997).
Perceived environmental quality plays asignificant role in the decision of people
to move and establish businesses and homes in an area (Rasker and Hackman 1996).
Thus, "wilderness" designation, often coupled with carnivore protection, is compatible
with business development in these particular situations. Consistently, employment and
personal income levels in "wilderness" areas have been shown to grow faster than in
other areas (Rasker and Hackman 1996). On abroader scale, economic growth may be
viewed as alimiting factor for nature conservation (Czech 2000). In the case of wolf
conservation, conflicts may arise between wolves and economic interests such as
livestock production, residential development and transportation (Mech et al. 1988, Corsi
et al. 1999, Miadenoffet al. 1999).
According to Forbes and Theberge (1996) the movements of wolves in and out of
Algonquin Park, Canada (7,726 km2,an area bigger than the state of Delaware)
exemplify management issues regarding the spatial requirements of large predators and
the inadequate size of protected areas. Their study demonstrated that for radio-monitored
wolves captured in the protected area, the major cause of death was human-related. Most
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wolves died outside of the protected area. This was also related to seasonal movements
by wolves out of the park in response to migrating deer (Forbes and Theberge 1996,
Theberge and Theberge 1998). In the mid 1990s, under the pressure of various
environmental groups, the government banned the killing of wolves in a200-km2 deer
wintering area next to the park for aperiod of 30 months (Forbes and Theberge 1996).
This led to animosity towards wolves by local communities, which also included
ranchers. During the ban period, locals killed wolves in other areas outside the park.
Thus, environmentalists and some of the researchers asked for aten-kilometre "exclusion
zone" around Algonquin Park as abuffer to protect wolves (Theberge and Theberge
1998). Theberge and Theberge (1998) concluded that complete protection of wolves
requires protection beyond the existing boundary of Algonquin Park.
In some cases, wolves have proven capable of recovery despite absence of
protected areas such as provincial and national parks. Up to 1995, when wolves were
reintroduced in Yellowstone and Central Idaho, documented increases in wolf numbers
for the lower 48 USA states were largely due to recovery in the Great Lakes region
(Figure 2; Mech et al. 1988, Miadenoff et al. 1999). Haight et al. (1998) analyzed wolf
population survival with acomputer simulation, which assumed that wolf packs occupy
home ranges with secure core-areas, higher human-caused mortality occurs in peripheral
areas, and prey are available. The authors varied arbitrarily the levels for natural wolf
mortality and immigration. Haight et al. (1998) showed that availability of core-areas
characterized by low human-caused mortality was an important predictor for wolf
presence. Nonetheless, wolf survival also depended upon natural mortality. Thus,
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disease-free and legally-protected populations could thrive with just afew core-areas
available. Finally, even limited immigration of wolves (e.g., two immigrants per year)
could offset higher levels of mortality.
Simulations by Haight et al. (1998) show that wolves can survive in developed
regions if home ranges are allowed to form anetwork in which each range is reachable by
wolves dispersing from other ranges. Such results also confirm the importance of prey
availability and mortality risks posed by humans. With regard to the latter, the model
produced by Haight et al. (1998) provides information for wolf population survival in the
presence of human-caused mortality at various levels. Thus, these results do allow for
some wolf control.
Wolves are highly mobile animals (Mech 1970, Wayne et al. 1992, Boyd and
Pletscher 1999) that will encounter people during their wanderings in most areas of North
America in which the species occurs. Mech (1995) describes the wolf as avery adaptable
and resilient species. Despite the conflicts between wolves and people out of protected
areas, wolf conservation status is improving and wolf numbers are increasing or stable in
most North American areas where livestock production is not apriority (Hayes and
Gunson 1995, Bangs et al. 1998, Miadenoff et al. 1999; Figure 2). Thus, available data
indicate that coexistence of people and wolves is possible in wild or semi-wild areas.

Ongoing Conflicts with People and Livestock

Wolves typically prey on all ungulates present within their range (Young and
Goldman 1944, Mech 1970, Jedrzejewski et al. 2000). Often included are domestic
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ungulates (Mech 1970, Fritts et al. 1997; Plate 3). Before ungulates were domesticated,
many human societies hunted and relied on them for their valuable animal protein (Kay
1998). Therefore, conflicts with wolves may have arisen (and continue to arise) over
competition for highly valued food resources. Now, as the result of wolf recovery, wolves
are moving into areas of intense livestock production (Bangs et al. 1998). In these areas,
conflicts and associated costs of livestock protection are on the increase. For example,
Mech (199 8) estimated the monetary costs of maintaining wolves in American wild and
agricultural areas and concluded that wolves frequenting agricultural areas cost twice as
much to manage as wolves living primarily in the wilderness.
In Eurasia, where livestock production has historically coexisted with the wolf,
traditional husbandry techniques involve shepherds tending small flocks of livestock and
using guard dogs (Ciucci and Boitani 1998). Such husbandry techniques, however, are
not economical and are difficult to apply where aguard dog culture is not established
(Coppinger and Coppinger 2001). In regions where traditional experience is lacking, dogs
are often left without the essential aid of ranchers or shepherds, who typically provide
additional guidance and surveillance. In these situations, predation on livestock by
wolves and other predators can occur despite the presence of guard dogs (Coppinger and
Coppinger 2001; Plate 4). In addition, wolves can kill dogs (Mech 1970, 1998, Treves et
al. 2002), further exacerbating negative attitudes towards wolves.
In areas where guard dogs are not used, typical methods for reducing predation on
livestock include culling (Cluff and Murray 1995, Bangs et al. 1998; Table 1) and
employment of barriers or electric fences to exclude wolves (Musiani and Visalberghi
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2001). However, culling is controversial (Gasaway et al. 1992, Haber 1996, Theberge
and Theberge 1998), and conventional fences are expensive and difficult to maintain
(Mech 1995). Other methods used are the translocation of wolves from areas of high
livestock production to wilder areas, or aversive conditioning of wolves to livestock
(Cluff and Murray 1995). These methods are expensive and provide only temporary relief
from livestock predation.
Research is needed to evaluate the use of non-lethal, cost-effective means to
protect human interests from wolves (and consequently wolves from humans) in areas
where conflicts exist. Ironically, an ancient wolf-hunting technique may offer acosteffective solution. This technique, known asfladiy, was used to hunt wolves in Eastern
Europe and Russia. Fladiy consists of driving wolves into abottleneck formed by 50 x10
cm red flags hanging from ropes stretched above the ground. Iconducted experiments
that demonstratedfladry's effectiveness to exclude captive wolves from food, and to
confine wolves in limited spaces (Musiani and Visalberghi 2001). Thefladry technique
has potential for the management of wolf-livestock conflicts.

Compensation of Livestock Losses

Compensation programs are amajor means to refund the economic damage
caused by wolves to livestock producers and thus reduce conflicts (Mech 1995). In spite
of this, compensation may not be socially or economically sustainable over the long-term.
Costs may increase because of abandonment of preventative husbandry practices and
communities may refuse to bear increased costs. For these reasons, some authors suggest
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compensation programs should be designed in combination with incentives to encourage
preventative management (Ciucci and Boitani 1998).
A real-world example of livestock predation management is offered by Sweden
(Wabakken et al. 2001). Before 1996, the compensation program was run in astandard
fashion. Affected livestock producers were required to contact authorities, fill out a
compensation request form, and undergo an investigation by government authorities.
Since 1996, in the northern regions of Sweden where reindeer production is amajor
economic activity, the "compensation" funds are allocated to communities. The only
prerequisite is that such communities should demonstrate that predators of livestock
frequent the area. In southern Sweden, where sheep production is predominant, the
government disseminates to local communities some funds, which are to be used for
damage-prevention measures. Interestingly, in this region compensation of actual
livestock losses is paid only if prevention measures are not in place. These multifaceted
policies are proving successful and might be facilitating the successful recovery of the
wolf population in Sweden (Wabakken et al. 2001).
Compensation programs exist in most USA jurisdictions and in some Canadian
provinces where wolves and livestock are present (Hayes and Gunson 1995, Fritts et al.
1997, Wagner et al. 1997, Mech 1998, Bangs et al. 1998). Typically, arrays of provincial,
state, federal, governmental and private funds provide financial compensation ranging
from 85% to 100% of the estimated market value for confirmed kills. Canadian
provincial officers or personnel of the USFWS conduct inspections at livestock predation
sites. Veterinary costs for the treatment of injuries caused by wolves are also often
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refunded. A confounding factor for compensation programs is that carcasses may not be
found or may be found after decomposition and scavenging precludes an assessment of
the cause of death. This might result in under-compensating the actual damage caused by
wolves. In addition, in some areas (for example, Alberta, Canada) losses of less common
livestock species such as horse (Equus caballus), llama (Lama glama), and alpaca (Lama
pacos) are not refunded. Moreover, those ranchers that spend time and incur expenses
trying to reduce the chance of livestock predation are often not compensated. Nor do
programs account for reproductive status -i.e., pregnancy, and only the meat value on a
per kilogram market basis is compensated. The USA-based organization Defenders of
Wildlife provides an important logistical and financial contribution to both compensation
and incentives programs. Defenders has opened aCanadian office (Defenders of Wildlife
Canada) and, together with government authorities, is spending resources to address the
current problems regarding wolf predation management and to make programs consistent
throughout North America (Defenders of Wildlife 2003).

Current Trends in Wolf Conservation in the USA

In the lower 48 states of the USA, the federal Endangered Species Act (ESA) has
protected all wolves since 1974 (Mech 1995, Fritts et al. 1997). The ESA is the strongest
species-protection legislation, superseding state laws. In 1978, Minnesota wolves were
downlisted by the USFWS from endangered to threatened (43 Federal Register 9612, 9
March 1978). This allowed for livestock predating wolves to be killed by authorities.
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Following recent recovery in the USA (Table 1, Figure 2), the USFWS is
considering federal reclassification of wolf populations under the ESA (United States
Fish and Wildlife Service 2000). The most significant proposed change is downlisting the
endangered populations to "threatened" in the lower 48 states except for the Yellowstone
area, central Idaho, Arizona and New Mexico. In these areas, wolves would retain their
"experimental nonessential" designation (Fritts et al. 1997) and would continue to be
subject to different regulations. In addition, wolves in the south-western USA (including
Arizona and New Mexico) would retain their endangered status. A stated objective of the
reclassification project has been to increase the ability to respond to wolf-human and
wolf-livestock conflicts also through lethal control (United States Fish and Wildlife
Service 2000).
Downlisting is not intended to be an automatic process and depends on gathering
information showing improved status of wolves. Populations considered viable will be
managed by individual states. However, wolf management would have to be integrated
among states belonging to three distinct population segments (DPSs), including the
Western Great Lakes and Northeastern DPS, Western DPS and Southwestern DPS. In
addition, the federal government will be required to monitor the wolf populations within
such DPS. If the monitoring shows the populations are in jeopardy, the federal
government can again list the wolf as endangered (United States Fish and Wildlife
Service 2000). Individual states are preparing to manage wolves after downlisting. In
accordance with what was indicated in this review, new state legislation might also
include culling of wolves that prey on livestock.

Chapter 2: Graphs

Table 1. Numbers and management actions (information updated until Winter 2002/2003) for wolves in North American jurisdictions
where wolf populations are established.
Jurisdictions

Wolf numbers

Legal st
at
us

Hunting

Trapping

es ti ma t
es a

Control to pro t
ec tc
Livestock

Wild
ungulates

Canada
Alberta

4,200

Big Game, Furbearer

Seasonal

Seasonal

Yes

No

British Columbia

8,000

Big Game, Furbearer

Year-round

Seasonal

Yes

Yes

Manitoba

4,000

6,000

Big Game, Furbearer

Seasonal

Seasonal

Yes

No

Newfoundland (Labrador)

1,000

5,000

Furbearer

None

Seasonal

No

No

Northwest Territories and

10,000

Big Game, Furbearer

Seasonal

Seasonal

No

No

-

-

Nunavut
Ontario

8,000

9,000

Small Game, Furbearer

Year-round

Year-round

Yes

No

Quebec

Not available

Small Game, Furbearer

Seasonal

Seasonal

Yes

No

Saskatchewan

4,300

Furbearer

None

Seasonal

Yes

No

Yukon

4,500

Big Game, Furbearer

Seasonal

Seasonal

Yes

Yes

-

Continues: Next Page
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Table 1: Continues from Previous Page
Jurisdictions

Wolf numbers

Legal status"

Hunting

Trapping

es ti ma t
es a

Control to protectc
Livestock

Wild
ungulates

USA
Alaska

7,500

Big Game, Furbearer

Seasonal

Seasonal

No

Yes

Arizona and New Mexico

25

Endangered, nonessential

None

None

Yes

No

Idaho, Montana and

261 Central ID, 84

Endangered, nonessential

None

None

Yes

No

Wyoming

NW MT, 218

and

Yellowstone area

Endangered NW MT

Michigan

297

Endangered

None

None

No

No

Minnesota

2,450

Threatened

None

None

Yes

No

Wisconsin

320

Endangered

None

None

No

No

a Sources:

-

10,000

Canada, Hayes and Gunson 1995; USA, Alaska Department of Fish and Game, National Park Service, Nez Perce Tribe,

U.S. Fish and Wildlife Service and U.S. Department of Agriculture winter counts: '94/'95 (AK), '97/'98 (MN), '00/'Ol (AZ, NM),
'01/'02 (ID, MI, MT, WI, WY).
b Big

and small game statuses relate to the methods allowed to hunt wildlife, for wolves typically using rifle. A furbearer classification

applies to wildlife trapped for fur.
C

This information does not detail individual conflict situations that are dealt with by government authorities on acase-by-case basis.
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Wolves censused in the lower 48 states, USA
4000

3000
Cd,

>
0

2000

1000

-

-

0

Year

Figure 2. Wolf numbers in the lower 48 states of the USA from 1963 to 2002. Censuses conducted by The National Park Service,
U.S. Fish and Wildlife Service, U.S. Department of Agriculture and various state agencies.
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Plate 1. A Canadian trapper exhibits amale wolf captured with aleg-hold trap and
subsequently shot in Manitoba in 1986.

32

Musiani

-

Doctor of Philosophy Thesis

Plate 2. Carcasses of wolves killed in northern Canada by ahunter during the 1990s.
Wolves were chased by snowmobile, shot, and their pelts sold at auction markets.
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Plate 3. Two wolves feeding on asheep carcass. (Photo by Stefano Mariani)
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Plate 4. A Maremma livestock guard dog looks at the carcass of asheep that was killed
by wolves.
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CHAPTER 3: WOLF PREDATION ON LIVESTOCK AND THE USE OF
FLADRY BARRIERS TO PROTECT CATTLE IN WESTERN CANADA AND
USA3

Introduction

Some techniques are available for managing predation risk from wolves nonlethally. Guard dogs are used effectively in Europe and Northern Asia where shepherds
and ranchers work directly with the dogs (Coppinger and Coppinger 1995, Ciucci and
Boitani 1998, Hansen and Smith 1999, Smith et al. 2000a, Coppinger and Coppinger
2001). North American ranchers use guard dogs less frequently. In addition, dogs are
often left alone to guard livestock, and some evidence suggests that this makes guard
dogs less efficient (Andelt 1999, Andelt and Hopper 2000). Finally, wolves can kill dogs,
further exacerbating negative human attitudes towards wolves (Fritts and Paul 1989,
Kojola and Kuittinen 2002, Treves et al. 2002). Other guard animals remain largely

3The

majority of the material included in this chapter was submitted as amanuscript to Conservation

Biology: Musiani M, Mamo C, Boitani L, Callaghan C, Gates CC, Mattei L, Visalberghi E, Breck S, Volpi
G. 2003. Human Wolf Conflicts in Western Canada and USA: Can Fladry Barriers Protect Livestock?
-

Revised manuscript re-submitted to Editor-in-Chief. Data gathering and analysis mainly by M. Musiani.
Writing by M. Musiani.
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untested against wolves, but afew anecdotes suggest little benefit (Bangs and Shivik
2001).
Another option that ranchers have for controlling wolf predation is to construct
substantial barriers or electric fences to exclude wolves from livestock. These barriers are
often expensive and electric fences are typically difficult to maintain (Gipson and Paul
1994). Other methods used to manage livestock predation may involve translocating
wolves from areas of high livestock production to remote areas (Fritts 1982a, Fritts et al.
1984, 1985, Bangs et al. 1998, Bangs and Shivik 2001), or aversive conditioning of
wolves to livestock (Fritts et al. 1992), wolf deterrents and repellents. These approaches
are expensive and normally provide only temporary relief from predation (Linnell et al.
1997, Scott et al. 1989, Smith et al. 2000b).
Producers or government authorities may resort to killing wolves (Fritts 1982,
Fritts et al. 1992, Cluff and Murray 1995, Bangset al. 1998, Mech 1998, 2001). In recent
years, lethal control has been strongly opposed by large sectors of the public in Canada
(Struzik 1993) and somewhat opposed in the USA (Haber 1996) for animal welfare and
ecological reasons. Opponents to wolf control argue that wolves play apivotal role in
natural ecosystems (Ripple et al. 2001, Hebblewhite et al. 2002, Jedrzejewski et al. 2002)
and current lethal control practices are ineffective and inhumane (Berg 1998).
In his article on the role of behavioural studies in conservation biology,
Sutherland (1998) stressed the importance of adopting non-lethal means to reduce
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livestock predation. He also mentioned the possibility of creating barriers of habitat that
predators dislike crossing or that make predation difficult.
The technique known asfiadry (Okarma 1993) was traditionally used in hunting
wolves in Eastern Europe and Russia. It employs flags hanging from ropes stretched a
short distance above the ground (Figure 4). Fladry is not effective on other mammals
(Okarma and Jedrzejewski 1997). Musiani and Visalberghi (200 1) documented avoidance
offladry by captive wolves and described optimal design attributes for effectively
deterring wolves.
In this chapter, Idescribe trends in wolf predation on livestock in Alberta, Canada
during the 1980s and 1990s and compare them with trends in Idaho, Montana and
Wyoming, USA during 1987 to 2001. Following the approach proposed by Sutherland
(1998), Ireport on experiments to evaluate the effectiveness offladry for deterring
wolves from accessing food in captivity and in the wild and for separating social groups
of wolves in captivity. Finally, Idocument the use offladry barriers in field situations in
Alberta and Idaho for protecting livestock from predation by wild wolves.

Field Study Area

The study area encompasses parts of the northwestern USA states of Idaho,
Montana and Wyoming, and Alberta, Canada (Figure 3). In this region, human
settlements and towns are interspersed with undeveloped areas, some of which are
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protected in national and state or provincial parks. Outside protected areas there is a
mixture of public and private lands in which agriculture and forestry are the most
important land uses. Throughout the study area, livestock production is an important
economic activity on private and public grazing lands. Large predators include grizzly
bear (Ursus arctos), black bear (U. americanus), puma (Fells concolor), wolf, feral
domestic dogs (Canisfamiliaris) and coyote (Canis latrans). Wolves have continuously
occupied large areas of northern Alberta but were extirpated from most of the USA
portion of the study area in the early 1900s (Young and Goldman 1944, Young 1970). In
1995, wolves were reintroduced to the latter area (Fritts et al. 1997, Bangs et al. 1998),
Northwestern Montana experienced anatural recolonization of wolves from Canada
(Figure 3). Important wolf prey such as Bison (Bison bison), Moose (Alces alces), Elk
(Cervus canadensis), White-tailed Deer (Odocoileus virginianus), Mule Deer
(Odocoileus hemionus) or pronghorn (Antilocapra americana) are found across the wolf
range.

Methods

Livestock Predation Trends
Iexamined data on wolf predation on livestock collected by the Government of
Alberta for the whole province from April 1982 to April 1996. Data were available
separately for the eastern slopes of the Rocky Mountains in southwestern Alberta (11,000
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Km2)for 1990 to 2001. The U.S. Fish and Wildlife Service provided livestock predation
data and population estimates for Idaho, Montana and Wyoming from 1987 to 2001. Data
included domestic animals that upon inspection by government officers were confirmed
as being killed (information available for Canada and USA) or injured (available for
Canada) by wolves. Data also included wolves killed by government authorities engaged
in livestock predator management. The data from USA and southwestern Alberta also
included information on whether the domestic-animal killing-event occurred on private or
public land. Canadian government officials identified age classes of cattle killed or
injured by wolves in southwestern Alberta, although total numbers of wolves killed were
not recorded there.
Livestock predation data represent the minimum number of animals killed or
injured. In remote areas, carcasses of domestic animals may not be found, or may be
found after decomposition and scavenging preclude assessment of the cause of death
(Bangs and Shivik 2001). In addition, ranchers are not required to report livestock
predation events unless they file acompensation claim for damage. In Idaho, Montana
and Wyoming, all confirmed losses from wolf predation may be compensated (Phillips
and Smith 1998, Wagner et al. 1997). In Alberta, compensation programs are in place for
losses of cattle, sheep, hog, goat and bison (Alberta Conservation Association 2002).
Consequently, data on other livestock losses (e.g., horse, lama and alpaca) are scarce. In
the USA, all wolves killed by people must be reported; however they are often not
reported (Treves et al. 2002). In Alberta, wolves are considered abig game species and
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may be legally taken by hunters (reporting not required prior to 2000) or by registered
trappers. Finally, land owners can kill wolves in Alberta without restriction on their
properties and within 8km of their land, and are not required to report the number killed.

Experiments on Captive Wolves
During 2000 and 2001, 18 experiments were conducted on two wolf groups and
three single adult wolves housed in five 50 m x50 rn enclosures in acaptive breeding
facility. The facility was in aforested area located near Popoli, Abruzzo, Italy (Riserva
Naturale Monte Rotondo). One group contained one male, one female and two pups.
Pups were born in May 2000 and their family group was tested between October 2000
and April 2001. Another contained one male and one female. The wolves were captiveborn from genetic stock originating from Siberia, Bulgaria or Italy.
Fladry was set up following Musiani and Visalberghi (2001). Red-colour plastic
flags measuring 50 x 10 cm were sewn at 50 cm intervals on a0.2 cm-diameter nylon
rope. The rope was suspended 50 cm above the ground on metal rebar posts placed at 30m intervals. The cost for commercially manufacturedfladry was approximately US$
0. 19/m.
Experiments were started around 10:00 hours, with at least seven days between
experiments. In each trial, afladry barrier was erected to divide an enclosure into two
equal parts. Each experiment consisted of three phases including a45-min baseline
period (Baseline), aperiod of varying duration in which afladry barrier was set between
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wolves and food or was used to separate wolves from acompanion and food (Fladry
Phase), and a45-mm Post-Fladry period (Table 2). Thefladry barriers were set and
removed by the keepers supervised by one researcher; access to the enclosures was
limited to the keepers. Wolves were not habituated to interactions with the public. All
experiments were videotaped (DCRTRV32O Digital Camcorder, Sony, Japan) with
infrared emission units for nocturnal observations (HLV-IRH2 Night Shot Infrared
Emission Unit, Sony, Japan; experiments lasted up to five days and nights). The
recording equipment was operated by the researcher and housed in camouflaged tents
permanently erected 5in away from the enclosures.
Fladry was used to separate amale and afemale to treat the female with an oral
contraceptive during eight consecutive days; the pill was hidden in food (meat ration).
The male wolf was also fed during this period. Keepers could separate the pair by luring
them to food provided as usual at two opposite sides of the enclosure. They were able to
erectfladiy in less than 15 mm. Fladry was removed after the contraceptive was
consumed, typically 10

mm.

Videotapes were analyzed twice in slow motion. Irecorded occurrences of
wolves crossing the position of thefladry line during all experimental phases. Also
recorded were the duration of the following behaviours: wolf location within two zones
(within 6in of thefladry line, between 6and 15 in of thefladry line), sniffing an object
or the air, and moving (walking, trotting or galloping). Sniffing and moving behaviours
were recorded separately within two zones (within 2in of thefladry line, between 2and 6
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m of thefladry line). The video camera had aview limited to 15 m on either side of the
fladry line. Consequently, wolf activity outside of these bounds was not recorded.

Bait Station Trials
In Alberta, during winter 2001 and 2002 fladry was set (10 x 10 m) around two
sites where wild wolves were previously lured to feed on wild ungulates that were
accidentally killed in collisions with vehicles. Bait sites were located in aprotected area
where livestock were not present (Peter Lougheed Provincial Park). Weather conditions
and the continuous presence of snow allowed for tracking of wolves. Snow fell
frequently, allowing to distinguish between old (>72 hr) and fresh tracks. The
enclosures, and an area up to 500 m surrounding them, were checked for wolf tracks
every 72 hr for aperiod of 180 days. The 180-day period was divided equally into
Baseline, Fladiy Phase and Post-Fladry. One researcher (occasionally two) conducted
surveys on foot. During each visit, consumption of carcasses at baited sites was checked
for. The carcass was replenished with ungulate parts if more than half of it had been
consumed. Temperatures constantly below freezing precluded decomposition. Irecorded
the occurrences of wolves feeding at baits, and tracks indicating approaches by wolves to
within 1m and 50 m of the fladry.
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Trials on Cattle Pastures
In Alberta, during winter 2000/2001 and 200 l/2002,fladry was set around two
pastures of approximately 25 ha, each containing 100 cattle (Figure 4). The fladry barrier
was positioned 2in outside conventional barbwire livestock fences. This prevented cattle
from damaging and/or ingesting the flags. Similar to the bait station trials, Irelied on
snow tracking to detect the appearance of wolves inside or outside thefladry barrier and
divided the 180-day period equally into Baseline, Fladry Phase and Post Fladry.
In Idaho, during summer 2002 approximately 10 km offiadry was set around a
400-ha ranch containing almost 400 cattle. Fladry was attached to the existing barbwire
fence that surrounded the ranch; this allowed for cattle to damage and ingest some flags.
The wolf pack in the area contained at least four individuals that had been captured and
radiocollared (VHF collars manufactured by Telonics Inc., Meza, Arizona) more than one
year prior to the experiment by the U.S. Fish and Wildlife Service. One of their
objectives was to monitor wolf movements in relation to predation on livestock. The
collared wolves were monitored daily with radio-telemetry from the ground. This allowed
assessing whether monitored wolves entered the ranch. The entirefladry line was
inspected every 72 hr and fladry was repaired when needed. Irecorded number of days
fladry was set before wolves crossed it. In contrast to the field trials conducted in Canada,
snow was not present in Idaho during the experiment.
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Statistical Analysis
Data are presented as the number of occurrences, mean per subject or duration per
hour ± standard deviation (SD). Iadopted the Kolmogorov-Smimov test with reference to
Lilliefors' probabilities (Sokal and Rohif 2000) to verify that the depredation data were
normally distributed. Iused Analysis of Variance (ANOVA) and least-squares simple
linear regression to test correlation among yearly occurrences of livestock predation, wolf
mortality and wolf density data. The Chi-square test was used to compare frequencies. I
tested differences among the three experimental phases across individuals by the
Friedman test and between pairs of phases by the Wilcoxon Signed Ranks test (data were
note normally distributed). All tests were two-tailed and the significance cut-off wasp

<

0.05.

Results

In Alberta, Canada from April 1982 to April 1996 (14-year series) known wolf
predation resulted in 2086 domestic animals killed including cattle (78%), dogs (9%),
horses (5%), sheep (5%), chickens, bison, goats, geese and turkeys (each < 2%). During
this period, government authorities killed 795 wolves to manage livestock predation. In
Idaho, Montana and Wyoming, USA from 1987 to 2001 (15 years) wolves killed 728
domestic animals including sheep (68%), cattle (26%), dogs (6%) and horses (< 1%).
Government authorities killed 103 wolves for livestock predation management. The ratio
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of wolves killed per domestic animal predated was higher in Canada than that in the USA
(%2=

80.42, d.f.= l,p <0.001).
The number of domestic animals known killed by wolves increased during the

study in the USA (r2 = 0.62, F= 21.60, slope= 22.51,p <0.001, n= 15) whereas in
Canada it did not (Figure 5). The number of domestic animals killed each year was
correlated with wolves killed by governments in both countries (r2 = 0.61, F= 18.91,
slope= 0.53, p < 0.001, n= 14 and r
2= 0.92, F= 144.04, slope- 0.07, p <0.001, n= 15
for Canada and USA, respectively; Figure 6, Figure 7a). In the USA, wolves increased
during the study (r2= 0.79, F= 48.61, slope= 33.21,p

<

0.001, n= 15) and abundance

was correlated with the number of domestic animals killed (r2 = 0.79, F= 48.14, slope=
O.68,p <0.001, n= 15; Figure 7a).
Trial 1: During 15 experiments conducted in five enclosures, fladry barriers were
effective for up to 28 hr in excluding captive wolves (n = 9) from food. Fladry did not
prevent two groups of wolves from crossing and reunifying during three social separation
experiments in which one wolf had access to food and one or three wolves were on the
other side offladry without food (Table 2). Aflerfladry was removed, the number of
crossings between opposite sides of enclosures returned to baseline values. Behavioural
analysis performed over the 18 experiments showed that wolves spent more time sniffing
in the Fladry and Post-Fladry phases than during the Baseline
9; Baseline Fladry Z = 2.023,p
-

<

0.043, n=9; Baseline

-

()

=

14.24, p < 0.001, n=

Post-Fladry Z = 3.059,p

<

0.002, n= 9). The Post-Fladry phase was characterized by more time spent moving than

Musiani

-

Doctor of Philosophy Thesis

in the Fladry Phase

()?

=

47

lTL9O,p < 0.002, n=9; Fladry

-

Post-Fladry Z= 3.256,p

<

0.001, n=9). Sniffing and moving behaviours were concentrated in the adjacent area
(within 2m) on either side of the location occupied byfladry. During the Fladry Phase,
wolves avoided the area within 6in on either side offladry

()? =8.89,p <0.012, n

Baseline —Fladry Z= 2.251,p <0.024, n=9; Fladry Post-Fladry Z = 2.685,p
-

=

<

9;

0.007,

n= 9). Throughout the three phases, wolves were equally present within 15 in of the
fladry in the Fladry Phase. Fladry also allowed temporary separation (10 mm) of apair
of wolves for administering contraceptives to one of them, while the other wolf received
just food. This procedure was repeated daily for eight consecutive days (fladry was
removed after 10 mm).
Trial 2: In southwestern Alberta, field experiments withfladry were conducted in
aregion where wolves had killed 173 domestic animals between 1990 and 2001. Cattle
constituted the majority of kills (95%). During two 60-day field trials in which 25-ha
cattle pastures were enclosed withfladry, 23 wolf approaches were detected to within 50
in of the barriers, of which 14 were within 1in, but there were no crossings and no
killings (Table 3, Figure 4). Wolves killed seven cattle in the two months before and two
cattle in the two months after the trials on the two properties where thefladry
experiments were conducted. Neighbouring ranches had livestock losses due to wolves
throughout the period of the experiments. Trial 3: Fladry impeded access by wild wolves
to 100-rn2baited sites during two 60-day tests also conducted in southwestern Alberta
(Table 3).
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Trial 4: In Idaho, radiocollared wolves were located denning within a400-ha
ranch during spring 2002. During summer 2002, the ranch was surrounded withfladry
barriers, which the wolves crossed from the outside after 61 days. The wolves killed
cattle in the enclosed ranch some time during a72-hour period. In response to a
complaint from the producer, ahelicopter was dispatched to kill the wolves. The wolves
exited the enclosure when chased by the helicopter. Similar to what was observed in
Alberta, the wolves killed livestock on neighbouring ranches during the experiment. One
or two researchers walked the fladry line to maintain it every 72 hr. Maintenance
consisted of repositioning flags that became wrapped around the existing barded-wire to
which thefladry line was attached, and of reapplying flags that were removed by cattle.
Maintenance was not required for the Alberta trails becausefladry was set outside the
fence confining cattle.

Discussion

Livestock Predation Trends in Western Canada and USA
Wolf predation on domestic animals varied between the United States where
sheep were the primary prey and Canada where sheep were the fourth species predated.
This difference likely reflects the rarity of sheep grazing on public lands where the
majority of wolf predation events (57%) occurred in Canada. In Alberta, there are no
sheep grazed on public dispositions in the forested areas in the southwestern corner of the
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province. Most sheep production occurs in the south-central and southeastern agricultural
areas of Alberta in which there is agreater proportion of private land and there are
virtually no wolves (Carbyn 1983, Hayes and Gunson 1995).
Contrary to trends in Canada, in the USA the number of wolves killed by people
and the occurrences of wolf predations on livestock are increasing. These trends are
related to concurrent increases in the wolf population in the USA. Interestingly, the
number of domestic animals and wolves killed were strongly correlated in both countries.
However, in Canada, government authorities killed relatively more wolves to manage
livestock predation.
The data on the number of wolves killed by government authorities in relation to
the number of domestic animals killed by wolves may indicate that human tolerance of
wolves was greater in the USA (14 wolves killed for 100 domestic animals) than in
Canada (38 wolves/1 00 domestics). This likely reflects differences in the legal status of
wolves and the recent initiative to recover the wolf population in the western USA (Fritts
et al. 1997, Bangs et al. 1998) as well as positive attitudes towards wolves (Kellert et al.
1996, Pate et al. 1996, Williams et al. 2002). In Alberta, the wolf is not listed as a
threatened species (Committee on the Status of Endangered Wildlife in Canada 2000) and
lethal management is practiced to reduce predation on livestock (Gunson 1992, Cluff and
Murray 1995, Hayes and Gunson 1995). In Idaho, Montana and Wyoming, as in most
other states in the USA, the federal Endangered Species Act has effectively protected
wolves since 1974 (United States Fish and Wildlife Service 1973), although some illegal
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killing has occurred (Fuller 1989, Treves et al. 2002). In addition, the USA Government
kills livestock predating wolves in Minnesota (Fritts 1982, Fritts et al. 1992). The larger
population size and non-endangered status of wolves in Alberta or Minnesota when
compared to the northwestern USA might allow for lethal control with less risk to
population survival.
Iforecast that in the USA, further increases in wolf population numbers will be
accompanied by increased predation on domestic animals and subsequently will lead to
increased demands for lethal wolf control. The US Fish and Wildlife Service is currently
considering reclassifying wolf populations under the Endangered Species Act (United
States Fish and Wildlife Service 2000). The most significant proposed change is
downlisting endangered populations to the category 'threatened' in the conterminous
USA. Reclassification of wolves would allow for more control by federal agencies.

Fladry 's Effectiveness in Food Experiments
My experiments provided insights into the capability offladry to interfere with
wolf foraging behaviour. My results demonstrated thatfladry is effective in preventing
captive wolves from accessing food for more than one day of deprivation. Fladry was not
effective when obstructing access to both food and group member(s). Results suggest that
wolf avoidance offladry decreases when food attraction is coupled with the stress
associated with social separation (sensu Ruiz-Miranda et al. 1998, Tarou et al. 2000).
Social separation or food deprivation alone were not strong-enough stimuli to induce
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wolves to crossfladry. The alternative hypothesis that separation stress and the fear of
novel objects (Bronson 1968) inhibited crossings remains unanswered. Musiani and
Visalberghi (2001) described that some novel barriers other than fiadry and/or the scent
left by researchers did not impede wolf movements in captivity. Further research is
needed to understand whether other objects with various design attributes are capable of
effects similar to those described forfladry.
Wolf location data indicated avoidance of the 6m area adjacent tofladry. This
behaviour confirms that they were fearful of the structure. However, wolves continued to
investigatefiadry throughout the trials, which Iinterpret as testing the structure for
opportunities to cross -i.e., searching for possible breaks or interruptions of the barrier.
Once fiadry was removed, wolves again used the area formerly occupied byfiadry and
increased their rate of movement there.
Fladry was auseful tool for restricting movements of captive wolves. Possible
applications include frequently used practices for zoo animals such as separating
individuals for diet management (Cook et al. 2001, Liukkonen-Anttila et al. 2002),
selective breeding (Schreiber et al. 1993) or individual pharmacological treatments (Ortiz
et al. 2001, this study).

Protecting Livestock with Fladry
Experiments with baited sites and cattle pastures in Alberta suggested that wild
wolves can be effectively excluded from food sources and smaller areas (25 ha or less;
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Figure 4) byfladry barriers for at least 60 days. However, Icould not rule out the
alternative hypothesis that the fear of novelty (as defined by Bronson 1968) coupled with
the presence of research personnel while monitoring thefladry perimeter exerted the
effect.
The effectiveness offladry for protecting larger areas is not understood as well,
although the result from Idaho (400-ha ranch) indicate thatfladry maybe useful for
periods of at least 60 days. During the trial in Idaho somefiadry flags either got wrapped
around the barded-wire on whichfladry was attached or were pulled off by cattle. Thus,
fladry was not in optimal design conditions throughout the perimeter. Hair samples found
on the barbwire fence indicate that wolves could have crossed at these gaps. In addition,
the odour left by cattle on thefladry equipment could have confounded the results by
covering human odour or by attracting wolves. Such problems did not occur in Alberta
becausefladry was set 2m away from existing cattle fences. Musiani and Visalberghi
(2001) described that gaps of L 1in betweenfladry flags (equivalent to removal ofjust
one flag) were enough to allow for wolf crossing in captivity. Maintainingfladry lines in
optimal conditions likely maximizes the effectiveness of thefladry; however doing so
will be logistically difficult in alarge area.
During the experiments, wolves killed cattle on neighbouring ranches in both
Alberta and Idaho. Ispeculate that the presence of available prey outside thefladry
boundary is critical for enhancing its effectiveness. In particular, if wild prey is scarce,
fiadry may be ineffective when applied on large properties and/or on several contiguous
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pastures. Optimal foraging theory suggests that an animal will maximize its overall net
rate of energy gain by departing from agiven resource patch when its net rate of energy
gain(profitability) is reduced to the level or value of the next most profitable patch
(Charnov 1976, K.ie 1999, Nolet 2002). Isuggest thatfladry reduces patch profitability by
increasing the time invested in testing prey vulnerability. Therefore wild wolves should
leave to seek alternative prey and should not risk crossingfladry. In captivity, wolves
appear to be willing to risk crossingfladry only after an extended period of food
deprivation (>28 hrs). The limited duration offladry's effectiveness in captivity suggests
temporary effectiveness also for the management of wolves in nature.
My results indicate thatfladry is applicable for temporarily protecting livestock
from wolves when livestock is kept in small pastures. Livestock are frequently confined
in such pastures for calving, lambing (Fritts 1982, Fritts et al. 1992), overnight holding
(Gipson and Paul 1994), or during rotational grazing (Heady 1975).
Irecommend that further research be conducted before applyingfladry on alarge
scale. Novel objects other than fladry should be tested to compare their efficacy and costeffectiveness. In addition, field experiments should be conducted in whichfladry and
other objects are tested without researchers monitoring on foot (e.g., video-cameras).
Remote monitoring would allow for distinguishing between avoidance of people and
avoidance offiadry. Other variables remaining to be tested include habituation tofladry
in the long-term, and the influence of alternative prey abundance in the test area. Finally,
in regions where natural prey and habitats are depletedfladry might affect wolf survival
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54

Musiani

-

Doctor of Philosophy Thesis

55

Chapter 3: Graphs

Table 2. Individual occurrences of crossings between opposite sides of enclosures (n = 5)
performed by nine wolves in Popoli, Abruzzo, Italy, 2000

-

2001. Each experiment

consisted of a45-min Baseline, aFladry Phase of varying duration in which afladry
barrier was set between wolves and food (experiments 1 15) or to separate wolves from
-

acompanion and food (experiments 16
Experiment
type

Order

45-min Fladry Phase
1
2
6-hr Fladry Phase
3
4
5
6
7
8
9
24-hr Fladry Phase
10
ii
120-hr Fladry Phase
12
13
14
15
Continues: Next Page

-

18), and a45-mm Post-Fladry.

Individual code'

Crossings

Baseline

Fladry
Phase (time
before first
crossing)"

PostFladry

Wi,W2,W3,W4
Wi,W2,W3,W4

15
1

None
None

2
86

Wi, W2, W3, W4
Wi, W2, W3, W4
Wi, W2, W3, W4
W5
W5
W6
W6

26
21
19
466
None
None
10

None
None
None
None
None
None
None

80
2
4
12
243
3
17

W5
W6

388
24

None
None

i
7

W5
W6
W7, W8

94
4
102

None
None
(28 hr)

None
None
23

W9

None

(104 hr)

None
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Table 2: Continues from Previous Page

Experiment
type

Order

Individual code'

6-hr separation from food and companion
16
17
18

Wi and food /W2, W3, W4
Wi and food /W2, W3, W4
W8 and food /W7

Crossings

Baseline

Fladiy
Phase (time
before first
crossing)"

PostFladry

8
49
60

(4.5 hr)
(6 mm)
(11 min)

23
2
21

aAge

classes and sex were: Wi (adult female), W2 (adult male), W3 and W4 (pups, unknown
sex), W5 (adult female), W6 (adult male), W7 (adult female) W8 (adult male) and W9 (adult
female).
,

"The F1ad7y Phase was suspended whenever the first crossing occurred.

Table 3. Number of approaches by wolves and predation or feeding by wolves on cattle or baits duringfladiy trials conducted in
southwestern Alberta, Canada. Trials were divided into three 60-day phases including Baseline, Fladiy and Post-Fladiy.

Experiment'

Baseline

Fladry Phase

Post-Fladry
Predation or

Predation or

Predation or

Approaches

feeding

Approaches

feeding

Approaches

feeding

2

2

17

None

2

2

Cattle pasture 2"

7

5

6

None

2

None

Bait site lc

16

16

16

None

None

None

Bait site 2c

28

28

18

None

None

None

Total

53

51

57

None

4

2

Cattle pasture

aConducted
b25ha

C100

1b

at non-overlapping times.

areas located 150 km apart.

m 2 areas
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Figure 3. Study area including the province of Alberta, Canada and the northwestern
USA states of Idaho, Montana and Wyoming. Light gray denotes ranges for the studied
wolf populations. Dark gray denotes national parks.
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Figure 4. Example of an experiment in which cattle were enclosed by conventional
barbwire fencing andfladry in southern Alberta. Tracks in snow showed that on that day
three wolves approached the pasture but did not cross thefladry barrier.
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Figure 5. Trends in wolf predation on livestock and wolves killed by government
authorities to reduce predation in Alberta, Canada (Panel a, previous page) and in Idaho,
Montana and Wyoming, USA (Panel b). Wolf population trends are shown for the USA
study area.
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Figure 6. Relationship between the number of domestic animals killed by wolves and
wolves killed by managers in Alberta, Canada. Simple linear regression r
2 values and
95% confidence intervals are also provided (p <0.001).
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Figure 7
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Figure 7. Relationship between the number of domestic animals killed by wolves and
wolves killed by managers (Panel a, previous page), and between wolf population size
and the number of domestic animals killed in Idaho, Montana and Wyoming, USA
(Panel b, previous page). Simple linear regression r
2 values and 95% confidence
intervals are also provided (p always

<

0.001).
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CHAPTER 4: DIFFERENTIATION WITHOUT GEOGRAPHIC ISOLATION IN
NORTHERN CANADIAN GRAY WOLVES 4

Introduction

Geographic isolation is acommon element in speciation models (Dobzhansky
1935, Mayr 1942, 1963, Coyne and On 1998). However, this requirement presents a
problem for differentiation and speciation in large carnivorous mammals that can
disperse over long distances and across significant topographic barriers. The wolf has the
largest historic geographic range of any terrestrial mammal, with the exception of
humans, and can disperse over great distances and overcome most topographic barriers
(Mech 1970, Fritts 1982b, Merrill and Mech 2000), except large expanses of water
(Carmichael et al. 2001). Consequently, mechanisms of speciation based on genetic drift
and geographic isolation (Dobzhansky 1935, Mayr 1942, 1963, Wright 1943, Coyne and
On 1998) are unlikely to be consequential in the evolution and differentiation of wolves.
Accordingly, in studies conducted thus far the levels of genetic differentiation between

"The majority of the material included in this chapter will be submitted as amanuscript to Science:
Musiani M, Leonard JA, Vilà C, C1uffHD, Gates CC, Paquet PC, Walton LR, Mariani S, Wayne RK.
2003. Differentiation without geographic isolation in the North American gray wolf. Data gathering and
analysis mainly by M. Musiani. Writing by M. Musiani.
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widely separated wolf populations were low or non-significant, reflecting high rates of
genetic exchange (Roy et al. 1994, Vilà et al. 1999a).
Wolves are strictly carnivorous and are trophic specialists, preying primarily on
ungulates (Young and Goldman 1944, Mech 1970). Their social and hunting behaviours
exhibit adaptations for killing large prey. Within the global range of wolves, prey
specialization varies with regional availability and representation of ungulate species
(Mech 1970, Meriggi and Lovari 1996, Jedrzejewski et al. 2002). However, given the
extreme mobility of wolves, geographic differences in prey specialization are not
expected to result in genetic or morphological differentiation.
Wolves are phenotypically differentiated in coat colour and body size (Young and
Goldman 1944, Nowak 1991, 1995, Gipson et al. 2002) despite high levels of gene flow.
At least five North American subspecies of wolves have been defined and three distinct
species may have existed in North America in historic times (Nowak 1995, Wilson et al.
2000, but see Wayne and Jenks 1991). The mechanism(s) for such differentiation has not
been examined. Although genetic research has been carried out at population scales for
wolves (see Roy et al. 1994, Vilà et al. 1999a), no studies have addressed genetic spatial
structuring of wolves in acontiguous, unaltered system or systems in which the
representation of different prey species varies geographically at amega-scale. Both the
number of wolf subspecies and their distribution are being reconsidered (Nowak 1995).
Unlike Europe, southern Canada and the conterminous United States of America,
where wolves have been reduced or extirpated (Mech 1970, 1995, Mladenoffet al. 1999,
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Corsi et al. 1999), wolves in northern Canada remain widely distributed (Hayes and
Gunson 1995). Most wolf populations were extirpated from the southern portion of North
America by 1970 (Mech 1970), and recent wolf recovery is limited to acouple of regions
(Figure lb, Chapter 1; Fritts et al. 1997, Bangs et al. 1998). Northern wolf populations
provide opportunities to define genetic relationships that no longer exist in the south
where large-scale ecological processes (Tilman and Kareiva 1997) have been severely
altered.
The sympatric hypothesis posits that ecological specialization can result in
speciation in the absence of complete geographic isolation (Bush 1975, Rice and Hostert
1993). Wolves inhabiting migratory caribou (Rangfer tarandus groenlandicus) ranges of
the North American tundra prey primarily on caribou (Kuyt 1972, Heard and Williams
1992). In contrast, boreal forest and taiga wolves are considered to follow the established
wolf behavioural pattern, defend permanent territories and consume resident, nonmigratory species such as whitetail deer (Odocoileus virginianus), mule deer (0.
hemionus), elk (Cervus elaphus), moose (Alces alces) and woodland caribou (Rangfer
tarandus caribou) (Young and Goldman 1944, Mech 1970, Fritts and Mech 1981, Nowak
1991, Ballard et al. 1997).
Theoretical and empirical studies have suggested that differentiation and
speciation might occur given ongoing gene flow if populations are subjected to strong
divergence by natural selection (Smith et al. 1997b, Orr and Smith 1998). In wolves, this
possibility is suggested by the observation that wolves inhabiting the tundra and boreal
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forests of Northern Canada may specialize on different prey (Kelsall 1968, Mech 1970,
Kuyt 1972, Parker 1973, Nowak 1991, Heard and Williams 1992, Walton et al. 2001).
The two wolf ecotypes can be differentiated by coat colour frequencies (Kelsall 1968,
Gipson et al. 2002) and are thought to overlap in distribution during the winter breeding
season (Kelsall 1968, Walton et al. 2001). Therefore, despite high potential rates of gene
flow, reproductive isolation and differentiation may conceivably be mediated by
ecological specialization, aresult predicted by models of sympatric speciation
(Seehausen and Bouton 1997, Bouton et al. 1999).
Tundra and boreal forest regions are contiguous in northern Canada (Bliss 1988,
Elliot-Fisk 1988), with no barriers to wolf movements. Wolves could therefore constitute
alarge panmictic population (Kennedy et al. 1991) ranging throughout these ecoregions.
Alternatively, specialization on migratory or resident prey species could result in genetic
differentiation. The taiga was previously recognized as aboundary zone between distinct
subspecies of wolves (Goldman 1944, Hall 1981), coinciding with the area where
migratory caribou coexist with non-migratory prey during the winter (Kelsall 1968, Kuyt
1972, Calef 1981).
In northern Canada, caribou migrate from calving grounds in the tundra to
wintering grounds in the forested area south of the treeline (Kelsall 1968, Calef 1981).
Migratory barren-ground caribou populations or "herds" have traditionally been
identified by the location of their calving grounds (Heard et al. 1986). Wolves are
considered to follow migratory caribou, although the phenomenon has never been
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spatially documented based on radio tracking of the winter migration (Kelsall 1968,
Walton et al. 2001).
Human activities can influence northern wolf populations (Hayes and Gunson
1995). Wolf hunting is acommon practice in both forested and tundra regions of northern
Canada and can be substantial in some areas (Cluff and Murray 1995, Hayes and Gunson
1995). Some biologists consider the taiga region wolf kill aconcern because of potential
for overharvesting related to harvest methods, particularly snowmobile hunting (Carbyn
2000). Also, networks of populations (meta-populations) have areduced potential to
sustain harvesting or culling compared to continuous populations (reviewed by
McCullough 1996).
Iproposed that agene-environment interaction related to ecological specialization
results in spatial genetic differentiation in wolves. Itested whether spatial variation in
prey attributes is related to differences in genetics, morphology and behaviour among
wolves. Iused satellite telemetry to document movement patterns in tundra wolves that
prey on migratory caribou in Northern Canada. Isurveyed 425 base pairs of
mitochondrial control region DNA sequence (Vilà et al. 1999a), and four Y chromosome
(Sundqvist et al. 2001) and 14 autosome microsatellite loci (Vilà et al. 2003) to determine
if tundra wolves are genetically differentiated from forest wolves. Further, Idocumented
wolf pelage variation in these regions from acollection of 404 hides. In addition, I
considered whether the wolf kill in northern Canada occurs amid distinguishable wolf
population units. Alternatively, hunted wolves could be assigned to acontinuous
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population, with the implication that local harvest sustainability would be higher than for
ameta-population. On abroad scale, wolf population management could be designed to
preserve the diversity within and genetic interchange between population units while
continuing to afford opportunities for sustainable harvesting on alandscape level.

Methods

Study Area
The study area was located in the central sub-Arctic and boreal forest regions of
Canada (Figure 8). Topography was gently rolling with numerous rock outcrops. In these
regions, the climate was characterized by short cool summers and long winters.
Throughout the area, about half of the precipitation fell as snow. Many lakes occurred,
typical of the rocky upland regions of the Canadian Shield. The permafrost layer was
discontinuous. The northern part of the study area consisted of semi-arid Low Arctic
Tundra (Bliss 1988), where glacial-fluvial features such as eskers, kames, drumlins, and
raised beaches were common. The southern portion of the study area encompassed forest
tundra (taiga) and the northern boreal forest, where annual rainfall was relatively higher
(Elliot-Fisk 1988). In this thesis, Idefined "tundra" as the area north of the treeline. I
defined "taiga" as the area south of the treeline, which is frequented by barren-ground
caribou during the winter, and "forest" as the area south of the typical winter range of
caribou (Kelsall 1968, Calef 1981, Miller 1982; Figure 8). Muskoxen (Ovibos moschatus)
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occurred only in the tundra portions of the study area. Moose occurred typically at low
density throughout the forest and taiga areas. Bison (Bison bison) were locally abundant,
and woodland caribou (R. t. caribou) were associated with treed peatlands in the boreal
forest portions of the study area.

Telemetry
The remoteness of the study area, low density or absence of roads, and long
periods of short day length during winters required the use of satellite telemetry to track
wolf and caribou movements. In 1997-1998, satellite collars were placed on 26 wolves.
Wolves were captured within a60,000-km2 area of tundra centred on Lac de Gras (64°27'
N 110°35' W), Northwest Territories (NWT; Walton et al. 2001). This area lies within the
annual range of the Bathurst barren-ground caribou population. During 1996 and 1998,
20 Bathurst caribou cows were captured and also fitted with satellite collars.
The study design required evaluation of the movement patterns of wolf packs and
migratory caribou. All animals were captured with nets cast from ahelicopter. During
wolf captures, Itargeted animals that seemed to be adult, thus minimizing the capture of
sub-adult individuals that are typically more likely to disperse out of natal packs (Mech
1970). When more than one wolf was captured in apack, only one satellite collar was
deployed. Caribou cows were captured because their migratory behaviour is well
described (Miller 1982, Bergerud et al. 1984).
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Iemployed model ST-10 collars (n=15 and 10, for wolves and caribou,
respectively) and model ST-14 collars (n=8 and 10, for wolves and caribou, respectively),
which were manufactured by Telonics Inc., Meza, Arizona. The ST- 10 and ST-14 collars
weighted about 770 gand 1,150 g, respectively. The final weight of individual deployed
collars depended on the length of the belt, which was adjusted for neck circumference.
Collar longevity was estimated at 210 and 90 transmission days for ST- 10 and ST-14
collars, respectively (Walton et al. 2001). Collars were programmed to transmit at various
intervals ranging from 24 hours to five days. Igenerally obtained one complete year of
monitoring before the power supply of asatellite collar was exhausted. For this analysis, I
selected astandard 5-day interval to generate alocation dataset that was consistent
among seasons. Only locations with an accuracy of< 1000 m were included in analyses.
Caribou (N=19) and wolves (N=19, 12 females and 7males) for which the number of
locations exceeded 35 were included in spatial analyses to satisfy the minimum sample
size necessary to calculate ahome range (as defined by Ballard et al. 1998).
Iused ArcView GIS 3.2a (ESRI, Inc.) for spatial analyses. Icalculated fixedkernel home-range-use distributions using least squares cross validation of asmoothing
parameter (Seaman and Powel 1996). Iinitially calculated seasonal 50% and 95 %
probability polygons for wolves and caribou in two seasons (spring/summer and
fall/winter defined following Walton et al. 2001).
Owing to documented limitations of the performance of satellite dataloggers
(Walton et al. 2001), 1could not consistently acquire locations for each collar during each
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transmitting cycle as some relocations were skipped. In addition to the home range
analyses described above, Ianalyzed interspecies associations during each astronomical
season (spring, summer, fall, and winter) between summer 1997 and summer 1999,
inclusive. Irandomly selected 44 wolf and 39 caribou locations for each season from
among the available data, irrespective of individual identity. These numbers represented
the minimum number of locations available within any season for all collared wolves and
caribou, respectively. Finally, Ichose two equivalent random samples of wolf (n = 44)
and caribou locations (n = 39) from the whole location dataset, irrespective of season or
individual to create an all season dataset. Icalculated the coefficient of overlap (Walls
and Kenward, 2001) between wolf and caribou ranges (95% Kernel probability polygons)
within seasons and for all seasons:
0=2 A/ (A + A)
where 0 is the coefficient of overlap, A

0 is

the area of overlap of the 95%

kernel probability polygons for wolves and caribou, A

and A are the 95% kernel

probability polygons for wolves and caribou, respectively.
Icalculated Euclidean distances between wolf and caribou locations within each
season and for all seasons using the same datasets. Icompared caribou-wolf distances for
each season to the all season sample pairwise with Student's t-Test, assuming unequal
variances (Levene's test of homogeneity; computations conducted using Statistical
Package for the Social Sciences, SPSS Version 10.0).
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Colour and Genetics
Icollected hide samples from wolves that were hunted during 1999-2000 in the
Northwest Territories (n=284, including 182 from tundra, 82 from taiga and 20 from
forest), Nunavut (n=50 from tundra) and Alberta (n=44 from forest). Ialso collected
blood samples from wolves (n=26) that were live-captured in the tundra in the NWT. I
grouped wolf samples within 11 areas, which were homogeneous for environmental
conditions including presence of tundra, taiga or boreal forest and for which hunters or
collectors came from the same community (Figure 8).
Irecorded pelt colour for each hide sample and each captured wolf. Iused the fur
grading and pelt guide from Obbard (1987) to standardize descriptions of colour morphs.
However, since pelt colour varies over the body surface of awolf and the position of hide
samples was unknown, Iclassified pelt colour into two general categories, 'dark' (grey
through black) and 'pale' (white to near white). Frequencies of pale wolves in the tundra,
taiga and forest were compared using Chi-Square test.
DNA was isolated from hide or blood samples using variations on the phenolchloroform extraction method described by Sambrook et al. (1989). Iemployed a425base pair region of the Control Region of the mitochondrial genome (Leonard et al.
2002). Primers were based on Kocher et al. (1989) and aconsensus sequence of human,
mouse and cow. Double-stranded product was obtained in asymmetric PCR
amplification. The DNA was isolated on a2% low melting point agarose gel, recovered
using aGene Clean Kit (Bio 101), and its sequence was determined using avariation of
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the dideoxynucleotide chain termination reaction with Sequenase 2.0 DNA polymerase
(US Biochemical).
Following procedures described by Vilà et al. (2003), the following autosomal
microsatellites, originally developed for dogs, were amplified: c2001, c2006, c2010,
c2017, c2054, c2079, c2088 and c2096 (Francisco et al. 1996), u250 and u253 (Ostrander
et al. 1993), vWF (Shibuya et al. 1994), and PEZO1, PEZOS and PEZO8 (Perkin Elmer,
Zoogen; see dog genome map at http://www.thcrc.org/science/dog_genome/dog.html).
PCR products, including one fluorescently labelled primer, were run on an ABI 377
sequencer (Perkin Elmer). Ialso employed four Y-chromosome microsatellite loci
including MS41A, MS41B, MS34A and MS34B (Sundqvist et al. 2001). PCR
amplification and typing were undertaken as described by Sundqvist et al. (2001).
Spatial structure in mtDNA, microsatellites and Y-chromosome haplotypes was
examined by means of hierarchical Analysis of Molecular Variance (AMOVA) and
conventional F-statistics (Weir and Cockerham 1984). Significances of FST values were
calculated after 1,000 permutations. For calculations, Iused the program Arlequin 2000
(Schneider et al. 2000). Matrices of pairwise FST values between groups were calculated
for the three data sets (mtDNA, microsatellites and Y-chromosome). A matrix of pairwise
Euclidean distances between the central locations for each wolf group (mean lat and long
for locations) was also calculated. All matrices were tested for correlation using Mantel's
test (Liedloff 1999).
Genetic relationships among groups were further evaluated for microsatellite data
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using Nei's genetic distance measure, .D (Nei 1972). A neighbour-joining tree was
inferred from the Ds values using the package PHYLIP 3.57 (Felsenstein 1993). The
pattern of two-dimensional spatial structuring of groups was represented through
Multidimensional Scaling, MDS, which was performed on the matrix of pairwise FST
values obtained from microsatellite data. Stress values for MDS were obtained with
Kruskal's stress formula (STATISTICA 5. 1, StatSofl, Tulsa, Okla.). Finally, Iemployed
Assignment Test (Paetkau et al. 1995), amethod of assigning individuals to the
populations from which they were most likely to have originated (regardless of where
they dispersed to or were sampled). The significance cutoff was p= 0.05 for all tests.

Results

For both caribou and wolves spring/summer core use areas (50 % probability
polygons) were smaller than fall/winter core areas (Figure 9). Both species used tundra
during the spring/summer season. During fall/winter, both species were more widely
dispersed than in spring/summer and core areas were centered in the taiga.
Wolf and caribou ranges overlapped during all astronomical seasons (Table 4).
Further, in 6of 9seasons for which interspecies spatial associations were analyzed, there
was asignificantly shorter distance between wolves and caribou compared with arandom
sample of locations across seasons (t> 4.24,p < 0.00 1, n= 1716; Table 4). Wolves and
caribou appeared to move in concert (see sample case in Figure 10).
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Tundra and taiga wolves were clearly differentiable from forest wolves based on
the frequencies of 19 mitochondrial DNA control region haplotypes (Figure 8). For
example, haplotype mtH4 had afrequency of 72% and 68% in wolves from the tundra
and taiga, respectively (=0.05, p=O.81 5), whereas the frequency was only 19% in forest
wolves (%2=17.44, p<O.00l tundra-forest; )?=10.46p=0.001 taiga-forest). Similarly,
haplotype mtlll0 was the second most frequent in tundra and taiga wolves, 17% and
16%, respectively, but was not found in forest wolves. Haplotype frequencies where
more inequitable in tundra and taiga wolves and fewer haplotypes were found there than
in the forest (6 and 10 haplotypes, in tundra or taiga and in forest respectively; Figure 8).
Consequently, haplotype diversity was lower in tundra and taiga wolves (H=0.46±
0.25SD and H=0.51± 0.25SD, respectively) than in their forest conspecifics
(H=0.85±0. 13SD).
Haplotype frequency differences can be summarized by Fst values, which express
the fraction of total genetic variance distributed between populations. MitochondrialDNA variability between tundra, taiga and forest wolf populations was higher than
variability within each of the three groupings (Fs2=0.22,p <0.001). The value of FST was
only 0.003 between tundra and taiga wolves and not significant whereas it was 0.30 and
significant (p<0.001) between the two populations combined and forest wolves. In
general, genetic differentiation was not mediated by distance, as no significant
relationship between genetic and geographic distance was found in my study (r=0.23,
p>0.05).
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Analysis of 14 microsatellite loci also revealed significant genetic differentiation
between tundra/taiga and forest wolves although the extent of differentiation was not as
pronounced. As above, differentiation between tundra, taiga and forest population
groupings was higher than that within groups (F 7-0.03 1, p<O.00l). The value of FsT of
0.014 (p<O.00l) between tundra and taiga wolves is less than half that of 0.036 (p<O.00l)
between them combined and forest wolves. A neighbour-joining tree shows tundra/taiga
wolves define ahighly supported node (Figure 11). Similarly, in aMultidimensional
Scaling plot (MDS, Stress= 0.198; Figure 12), tundra or taiga migratory wolves segregate
from forest resident wolves. Finally, classification analysis supported distinction of
tundra/taiga migratory wolves from forest residents. Eighty-nine and eighty percent of
tundra/taiga and forest wolves, respectively, were correctly assigned to population
grouping. However, in contrast to the results for the mitochondrial control region
analysis, mean heterozygosity and number of alleles were similar for the three groups of
wolves (Ho= 0.61 +1- 0.185D, He=0.66 +1- 0.18SD, No Alleles=7.64 +1- 4.6OSD; Ho=
0.65 +1- 0.18SD, He=0.67 +1- 0.16SD, No Alleles=6.71 +1- 3.73SD; Ho

0.62 +1-

0.18SD, He- 0.68 +1- 0.155D, No Alleles=6.64 +1- 3.735D for tundra, taiga and forest
wolves, respectively).
Y-chromosome haplotype frequencies differed between population groupings
although less so than those of mitochondrial DNA haplotypes (Figure 8). For example,
haplotype HY14 had afrequency of 22% and 16% in male wolves from the tundra
(n129) and taiga (n19), respectively (=0.24,p= 0. 626), whereas this haplotype was
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not found in forest males (n=29). The binomial probability of missing ahaplotype with
this frequency in forest wolves is

O.004<p<O.Ol9.

However, an exception to this pattern

is haplotype HY2, which was the most frequent in forest and taiga wolves, 31% and 32%,
respectively (=0.0l,p= 0. 977), and was found only in 4% of tundra wolves

(=

15.76,

p<zO.001 tundra-forest;)?=13 .44 p<O.00l tundra-taiga). As above, Y-chromosome
differentiation between tundra, taiga and forest wolves was higher than that within these
groups (Fs7=0.066,p<0.00l). In addition,

Fsr was

0.042 (p<O.Ol) between tundra and

taiga populations, avalue larger than that based on microsatellite loci but considerably
smaller than the value of 0.071 (p<O.00l) between boreal forest wolves and the
tundra/taiga populations combined. Y-chromosome haplotype diversity values were
similar for the three groups of wolves, although as with mtDNA control region diversity,
the number of haplotypes was higher in the forest (tundra H=0.86 +1- 0.12SD, nH=10;
taiga H=0.81+/- 0.1SSD, nH=8; forest H0.85+/- 0.12SD, nH14).
Mitochondrial DNA and microsatellite-based matrices of pairwise FST values
between spatially-determined wolf subgroups (n = 11; Table 5) were strongly correlated
(r-0.54, p<0.005). In contrast, the distance matrix constructed with Y-chromosome data
was not correlated with mtDNA, microsatellite or geographic distances matrices (r=0. 12,
p>O.OS; r=0. 15, p>O.05; and r=0. 17, p>0.05, respectively).
Genetic differentiation at the molecular level was paralleled by phenotypic
differences in coat colour. Tundra and taiga wolves were significantly paler than wolves
of the neighbouring forest (Figure 8); 38% of wolves in the boreal forest were pale
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compared with 92% (
)?=43.78, p<0.0001) and 93% (=85.53,p<0.0001) in the tundra
and taiga, respectively.

Discussion

WolfMigration and Association with Caribou
Barren-ground caribou are the most important prey for tundra wolves (Kelsall
1968, Kuyt 1972, Parker 1973, Heard and Williams 1992, Walton et al. 2001). An
important feature of the life history strategy of tundra wolves and barren-ground caribou
is the spatial separation of their main birthing areas during the spring (Heard and
Williams 1992). Spatial separation of caribou from wolves during the calving period is
hypothesized to reduce predation on caribou neonates (Bergerud and Page 1987, Seip
1992). Consistent with this interpretation, wolves and caribou collared in my study
overlapped the least during the spring (Table 4). My location data for the spring
confirmed fidelity of wolves to specific denning areas, reported previously by Heard and
Williams (1992) and Walton et al. (2001), and of caribou to calving grounds that are
located further north (Kelsall 1968, Calef 1981, Miller 1982).
Large post-calving aggregations of caribou typically start moving toward treeline
in July and August (Urquhart 1981, Gunn et al. 2002) at atime when wolf pups begin
moving with the pack (Mech 1970). The simultaneous migration of wolves with caribou
during fall through spring has been previously inferred (Kuyt 1972, Kelsall 1968, Heard
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and Williams 1992, Walton et al. 2001). However, there has been no documentation of
the spatial patterns of association of individual tundra wolves and caribou during fall and
winter. My data confirmed long distance seasonal migration of barren-ground caribou,
previously well described for northern Canada (Kelsall 1968, Calef 1981, Miller 1982,
Gunn et al. 2002), and indicated that tundra wolves are associated with caribou on fall
and winter ranges, whether or not they are in taiga or tundra. While the taiga is an
important wintering area for caribou in many years, population segments may also
remain on the tundra, and the pattern is variable (Kelsall 1968, Calef 1981, Gunn et al.
2002). Similarly, Iobserved variability in the distribution of caribou and wolves on
tundra and taiga winter ranges (Figure 9).
Further research on fine scale temporal and spatial movement patterns of wolves in
relation to caribou would be required to elucidate the question 'do wolves follow caribou
throughout the summer, fall, and winter?'. The alternative hypothesis is that wolves move
randomly within their summer, fall, and winter ranges searching for prey. However, my
data is consistent with the first hypothesis, that wolves are spatially associated with
caribou during the summer, fall and winter. 'Association' is afunction of the distance
between animals (e.g., Telfer 1972, Monkkonen et al. 1996). Spatial associations and
disassociations have also been used as indices of attraction and avoidance in mammals
(see Dobson and Baudoin 2002). In my study, seasonal wolf and caribou locations were
closer than random (Table 4). This pattern was also evident from seasonal overlap
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patterns (Figure 9a, b, c, d; sample case in Figure 10). Tundra wolves are likely attracted
to migratory caribou because they rely upon them as afood source.
In wolf populations associated with non-migratory prey (e.g., Young and Goldman
1944, Mech 1970, Bibikov et al. 1983), territory size is responsive to prey biomass
density (see Fuller 1989), with threshold constraints. Messier (1994) determined for a
moose-wolf system that below adensity of 0.04 moose kn12,awolf population cannot be
supported. Except during the denning season, when Iconsider tundra wolves to be central
place foragers, search pattern and efficiency are responsive to the dispersion of prey
units, rather than strictly prey biomass density. Unlike moose and other non-migratory
prey, which are relatively randomly dispersed, and occur commonly as individuals or in
small groups (Murie 1934), barren-ground caribou occur typically in large herds (the prey
unit) that are over-dispersed within avast annual home range (Calef 1981, Miller 1982). I
suggest that the potential encounter rate of wolves searching randomly in amigratory
prey system in which prey units (herds) are over-dispersed, would be below the proposed
threshold of energetic sustainability (Messier 1994). Therefore, wolves must search for
prey in anon-random manner in amigratory system. The non-random association I
observed between wolves and caribou during the summer, fall, and winter is consistent
with this interpretation.
The tundra-taiga wolf
/caribou system is unlike the predators/ungulate prey system
described by Fryxell et al. (1988) in the Serengeti, in which predators are associated with
avariety of possible prey species, some of which are non-migratory. Similarly, Ballard
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et al. (1997) described wolf movement patterns in an ecosystem in which migratory prey
(i.e., caribou) coexisted with resident prey species. In that system, most wolves remained
territorial, preyed on moose in the absence of caribou, and did not migrate. My results
suggest that tundra wolves must leave their denning areas when caribou migrate from
those areas, as no other significant prey remains there for the remainder of the annual
cycle (Kuyt 1972, Parker 1973, Kelsall 1968, Calef 1981, Heard and Williams 1992,
Walton et al. 2001).

Genetics of Tundra and Boreal Forest Wolves
Geographic distances ranging from 184 to 1373 kilometres separated groups
(Figure 8); however, distance values obtained with mtDNA-, microsatellite- or Ychromosome data were not correlated with geographic distances. Thus, in my study area
there was not adifferentiation related to isolation by geographic distance (Mayr 1942,
1963, Wright 1943, Coyne and Orr 1998).
As suggested by levels of FST for autosomal markers, the degree of gene flow
given an island model of migration (Wright 193 1) is approximately 6successful matings
per generation (Nm). When Y-chromosome markers are used, approximately 13 matings
per generation are estimated. The number of migrants per generation is only
approximately 2when mitochondrial markers are used for its calculation (Wright 1951,
Whitlock and McCauley 1999). Values of Nm greater than 1indicate that levels of gene
flow are sufficient to offset random genetic drift, which often leads to population
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divergence (Wright 1931, Slatkin 1985). However, in my study gene flow was higher
among any given pair of wolf groups sampled in tundra or taiga areas than between
tundra/taiga and boreal forest wolves (Table 5; Figure 8). In addition, some mitochondrial
and Y-chromosome haplotypes that were abundant in tundra/taiga migratory wolves did
not occur in forest resident wolves. Thus, my samples could be differentiated into
tundra/taiga migratory or forest resident wolves, demonstrating genetic structuring at the
landscape level.
Mitochondrial DNA exhibited the highest degree of spatial structuring followed
by microsatellites and by Y-chromosome haplotypes. The difference in levels of
differentiation between mitochondrial and autosomal microsatellite loci is in part
explained by differences in their mode of inheritance (see Avise 2000). Given equal
contributions by reproduction by genders, and an equal sex ratio,

FST

for mitochondrial

DNA should be four times that for autosomal loci (Charlesworth 2001, Chesser and
Baker 1996). However, the 10-fold differences in FST between the mitochondrial and
autosomal microsatellite loci observed in my study suggests differential dispersal or
reproduction between the sexes; gene flow was higher among males than females. This
conclusion is further supported by the similarity in magnitude between autosomal and Ychromosome differentiation as the latter should also be four times larger than autosomal
loci (Hare 2001, Petit et al. 2002, Prugnolle and de Meeus 2002). In wolves, asingle
mated pair reproduces within apack (although there are exceptions, Murie 1944, Haber
1977, Harrington et al. 1982, Mech et al. 1998) and sex ratios approach one (Mech 1970).
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Consequently, dispersal would seem the likely explanation for the disparity in
differentiation (e.g., Lehman et al. 1991).
My data indicate that wolf behaviour is likely the mechanism for differential
spatial structuring of nuclear and mitochondrial markers. My movement data
demonstrated fidelity of wolves to denning areas. However, migratory wolves may spend
the breeding season, which is in February and March (Mech 1970), in the taiga or
northern edges of the boreal forest where they likely overlapped with non-migratory
resident wolves (Kelsall 1968, Heard and Williams 1992). A limited amount of
interbreeding between migrant and resident wolves could occur in the taiga or northern
boreal forest. When migratory wolves, both male and female, return to their dens in the
tundra they carry with them maternally-inherited tundra mtDNA. Non-migratory resident
wolves, both male and female, reproduce in the taiga, producing offspring with
maternally-inherited resident mtDNA. Female migratory tundra wolves that bred
successfully with anon-migratory resident male in the taiga could carry zygotes with Ychromosome haplotypes and some nuclear DNA from that resident male. Similarly,
migratory male wolves might breed with non-migratory resident females, which would
carry zygotes with Y-chromosome haplotypes and some nuclear DNA from migratory
males.
Gender specific heritability of mtDNA (female lineage) and Y-chromosomes
(male lineage) (Hare 2001, Petit et al. 2002, Prugnolle and Meeus 2002) therefore could
account for the observed distinctive spatial patterns of mtDNA when compared with the
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less distinctive patterning of Y-chromosome haplotypes. In contrast, structuring of
microsatellite markers reflected non-gender-specific (Chesser and Baker 1996,
Charlesworth 2001, Avise 2000) spatial genetic isolation and differentiation between
wolf ecotypes.
Strong social bonds within apack, territoriality towards strangers, and
suppression of breeding of subordinate pack members by dominant wolves (Mech 1970,
Zimen 1976, 1982, Stahier et al. 2002) could be the behavioural mechanisms that
maintain genetic differentiation between ecotypes. Migratory alpha wolves within apack
are more likely to breed with each other than with individuals belonging to resident
packs, where range-overlap occurs during the breeding season. Breeding among nonalpha wolves and breeding of individuals from different packs occurs infrequently (Murie
1944, Harrington et al. 1982, Mech et al. 1998, Smith et al. 1997a), but would allow for
limited gene flow between migratory and resident wolves with the molecular
consequences explained above.

Evolutionary Significance: Coloration, Behaviour and Genetics
The overrepresentation of pale wolves in the tundra and taiga samples and more
frequent darker pelage among forest wolves in this study are consistent with observations
by earlier authors (Kelsall 1968, Gipson et al. 2002). Similar to observations reported by
Kelsall (1968), 1found adiscontinuity in colour frequency between wolves in the
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tundra/taiga and the boreal forest. The boundary representing this discontinuity is located
near the southern limit of the taiga winter range of barren-ground caribou (Figure 8).
Wolf pelt colour has been used to define wolf taxonomy in North America (Hall
and Kelson 1959, Hall 1981). Colour is assumed to be adaptive for carnivores (see
Ortolani 1999). As originally suggested by Darwin (1874), the light coat colour of Arctic
wolves is cryptic in the predominantly snow-covered landscape. In fact, white or light
phenotypes have been described for several Arctic species including Arctic fox (Alopex
lagopus), polar bear (Ursus maritimus), ermine (Mustela erminea) and Arctic hare (Lepus
arcticus) and coat color has agenetic basis (Johansen 1960, Rust and Meier 1969, Parker
1977, Lentfer 1982). In my study, the large frequency difference of the pale phenotype
across the taiga/forest boundary was unexpected given the potential for high nuclear gene
flow between wolves. This result suggests the action of natural selection and may provide
the basis for assortative mating, which is critical to the generation of new species in
sympatry (Dieckmann and Doebeli 1999, Kondrashov and Kondrashov 1999, Bridle and
Ritchie 2001).
The results of my genetic analyses are consistent with the geographic shift in
colour frequencies. In contrast to the genetic differentiation observed in this study,
previous microsatellite analysis of North American wolves elsewhere found FST values
generally less than 0.03 between populations (Roy et al. 1994). Genetic distance values
between wolf ecotypes in my study were higher or comparable to those documented for
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other mammalian and bird species that are also genetically spatially structured despite
lack of physical barriers to gene flow (Buerkle 1999, Cooper 2000).
Idiscovered abehavioural, phenotypic and genetic discontinuity that
distinguishes wolves of the tundra and taiga from conspecifics in the boreal forest. These
two populations could overlap during the winter mating season (Kelsall 1968), but
maintain reproductive separation to agreater degree than territorial wolves separated by
several thousand kilometres (Roy et al. 1994, Vilà et al. 1999a). Isuggest the basis for
reproductive isolation is prey specialization by tundra wolves on migratory caribou.
Non-migratory wolves must defend and maintain fixed territorial boundaries as a
pre-requisite to successful production and rearing of young (see Mech 1970). Foreign
wolves that enter aterritory would normally be repulsed (Mech 1977, Peterson and Page
1988). Within non-migratory wolf/prey systems inter-pack conflict can be the leading
cause of natural mortality (Mech 1991). In my taiga sample, the overabundance of
wolves that were genetically similar to tundra wolves may be attributable to the
competitive advantage of the migratory ecotype in the taiga. Competitive exclusion of
resident-ecotype wolves by migratory wolves may be caused by elimination of the
territorial resident ecotype through aggression by the numerically superior migrant
ecotype, or asurge in predation pressure by immigrant tundra wolves may depress
resident taiga prey density leading to elimination of resident wolves, which cannot be
sustained. Alternatively, the numerical superiority of migrant wolves may simply have
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diluted representation of aless abundant non-migratory resident population in my taiga
sample.
An ecotone may be defined as anarrow transition zone between habitats, while an
ecocline represents abroader area of transition across an environmental gradient (see
critiques by Jenik 1990, Holland et al. 1991). In astudy conducted in the ecotone
between the African rainforest and savannah, Smith et al. (1997b) examined
morphological and genetic traits in various populations of aspecies of passerine, the little
greenbul (Andropadus virens). Their findings suggested that ecotone populations
diverged from their forest counterparts despite high levels of gene flow. Similarly in my
study, taiga (boreal forest

-

tundra ecocline) wolves have diverged from their forest

counterparts despite substantial potential for gene flow between them. My results
therefore confirm the important influence of transitional zones in animal biodiversity.
The differentiation Ihave found between overlapping populations of ahighly
mobile species provides apotential mechanism for differentiation in the absence of
isolation by distance or topographic barriers (Wright 1943). Theoretical models suggest
speciation can occur given divergent selection and reduced gene flow (Dobzhansky 1935,
Mayr 1942, 1963, Coyne and On 1998). Here, one object of selection, pale colouration,
may also be asignal for assortative mating, and accelerate progress toward speciation.
My results resolve the potential paradox of high potential gene flow and differentiation in
species of highly mobile carnivores and are paralleled by results for large mobile marine
predators, such as killer whales (Orcinus orca), where resident and migratory populations

Musiani

-

Doctor of Philosophy Thesis

are reproductively isolated and feed on different prey (Hoelzel 1994, 1998).
Specialization on migratory prey and selection for pale colouration in snow-covered
habitats likely provide the important pre-requisites for reproductive isolation of tundra
wolves. These new results suggest female lineages of wolves can become readily
differentiated and segregated from each other due to prey specialization alone, despite
low to moderate nuclear gene flow.
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CHAPTER 4: GRAPHS
Table 4. Distances in kilometres, and coefficients of overlap of seasonal ranges (95% Kernel probability polygons) between tundra
wolf and barren-ground caribou locations within each season and within an equivalent random sample of locations from all seasons
from summer 1997 to summer 1999. The "all season" group of distances was employed to test differences with distances within
seasons.
Summer

Fall

Winter

Spring

Summer

Fall

Winter

Spring

Summer

All

97

97

97-98

98

98

98

98-99

99

99

Seasons

Mean

143

266

156

258

157

247

283

275

144

275

SD

59

168

88

99

80

105

181

104

64

135

t

-37.295

-1.723

-30.622

-4.241

-31.329

-6.900

1.338

-0.102

-36.380

0.001*

0.085

0.001*

0.001*

0.001*

0.001*

0.181

0.918

0.001*

0.28

0.76

0.54

0.15

0.52

0.32

0.43

0.17

0.23

Range overlap

0.59

coefficient
*

Value significantfor at least p < 0.05
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Table S. Pairwise genetic distances among wolf groups in Northern Canada as expressed by FST. Values were obtained from
microsatellite (above diagonal) and mitochondrial DNA markers (below diagonal).

Environment
Wolf groups
MAC

FOREST
MAC
-

TUNDRA

TAIGA

MCK

NAL

SAL

BLN

BLU

RAN

BAT

BVA

BVB

NUN

0.0000

0.0000

0.0025

0.0181

0.0198

0.0434

0.0157*

0.0131

0.0239*

0.0253*

0.0141

0.0246*

0.0293*

0.0407*

0.0277

0.0395*

0.0308*

0.0303*

0.0324*

0.0144*

0.0365*

0.0545*

0.0236

0.0422*

0.0342*

0.0349*

0.0368*

0.0185*

0.0532*

0.0366*

0.0478*

0.0375*

0.0396*

0.0457*

0.0117

0.0085

0.0327*

0.0130*

0.0205*

0.0207*

0.1509*

0.2828*

0.0163*

0.0132*

0.0136*

0.0294

0.0141

0.0093*

0.0084

0.0102

0.0167*

0.0132

0.0061

0.0043*

MCK

0.1023

NAL

0.0000

0.0442

SAL

0.0959*

0.1379*

0.0612

-

BLN

0.1111

0.3601*

0.2041*

0.3568*

-

BLU

0.0473

0.2023*

0.0938*

0.2140*

0.1908*

RAN

0.0400

0.2149*

0.0264

0.1773*

0.1123*

0.0197

BAT

0.2559*

04745*

0.3341*

0.4347*

0.0000

0.0287*

0.2062*

-

BVA

0.0308*

0.2439*

0.0923*

0.2736*

0.0396

0.0136

0.0718

0.0830

BVB

0.1178*

0.3676*

0.1907*

0.3920*

0.0119

0.1048*

0.1108*

0.0326

0.0106

-

NUN

0.0419*

0.2499*

0.0981*

0.2784*

0.0597*

0.0839*

0.0823*

0.1030*

0.0323*

0.0440*

*Value

-

-

-

-

-

0.0053*
-

significantfor at least p < 0.05 calculated after 1,000 permutations with AMO VA.
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Figure 8. Sampling locations (circles) and their grouping (labelled polygons) for wolf tissues used in genetic analyses, and frequency
of pelage colouration and mitochondrial and Y-chromosome haplotypes in the tundra (area north of the treeline), taiga (area between
the treeline and the southern limit of caribou migration) and the boreal forest of Northern Canada (area typically south of the limit of
caribou migration).
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Figure Panels aand b: Previous Page
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Figure 9. Radiotelemetry locations (dots) for atwo-year observation period (1997/1998, Panels aand b, previous page; 1998/1999,
Panels cand d) for 19 wolves and 19 caribou and seasonal use areas (50 and 95% probability polygons) in two seasons
(spring/summer and fall/winter defined following Walton et al. 2001).
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Figure 10. Straight line distances between consecutive locations of acollared wolf (red
squares connected by red segments) and acollared caribou (blue circles connected by
blue segments) during the period June 1997

-

June 1998.
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Figure 11. Neighbour-joining tree inferred from Nei's genetic distances calculated for microsatellite data. Putatively, tundra and taiga
samples were from migratory wolves and forest samples from resident wolves (see Figure 8).
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Figure 12. Pattern of two-dimensional spatial structuring represented through Multidimensional Scaling, MDS performed on pairwise
Fsrvalues obtained from microsatellite data. Putatively, tundra and taiga samples were from migratory wolves and forest samples
from resident wolves (see Figure 8).
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CHAPTER 5: GENERAL DISCUSSION

Management decisions regarding wolves in North America range from full
protection to hunting and control (Table 1, Chapter 2). The latter are supported by the
most efficient technologies —e.g., poisoning and aircraft or snowmobile hunting. These
circumstances reflect real or perceived conflicts, jurisdictions and environments, and may
result in inconsistencies in management practices across time. The dominant cause of
conflict is unresolved wolf predation on livestock (Mech 1995, 1998, Fritts et al. 1997,
Bangs et al. 1998, Chapter 2and 3). Although the level of federal funding for
conservation of threatened and endangered species (including the wolf) has increased
steadily in the USA over the past decade, the expenditures for livestock and rangeland
management remained similar during the same period (Berger and Berger 2001). I
suggest that significant threatened/endangered species funding should be allocated to
mitigating conflicts with agriculture that are associated with the recovery of wolves. This
approach would produce benefits for livestock producers and for wolf conservation.
As wolves move into rural agricultural areas where livestock production is a
major economic activity (Bangs et al. 1998, Parsons 1998), managers, ranchers and
farmers may choose to diminish the occurrence of conflicts by proactively protecting
livestock from wolves with lethal or non-lethal methods. There is along history of lethal
interventions by the livestock industry to protect stock from wolf predation (Young and
Goldman 1944, Mech 1970). However, today many North Americans prefer non-lethal
methods (Haber 1996, Theberge and Theberge 1998), which are not yet in common use.
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If proven to be cost effective and efficient, non-lethal methods could become more
accepted by livestock producers and have the potential to improve wolf conservation.
Non-lethal methods may be particularly appropriate where wolf reintroduction programs
are planned, because in these areas communities fear economic losses from predation
(Lohr et al. 1996, Fritts et al. 1997).
My results on wolf predation on livestock and management actions to remove
wolves indicate that protecting domestic animals from wolves using non-lethal methods
might reduce the necessity of killing wolves as amanagement response (Figure 6, Figure
7a, Chapter 3). Killing of wolves is aconcern in states and countries where wolves are
threatened or endangered (Hilton-Taylor 2000).
In both Eurasia and North America, programs are in place in various jurisdictions
to compensate livestock producers for economic losses caused by wolf predation
(Gunson 1992, Wagner et al. 1997, Ciucci and Boitani 1998, Phillips and Smith 1998,
Alberta Conservation Association 2002, Treves et al. 2002). Compensation programs
may not be socially or economically sustainable in the long-term; costs may increase
because of abandonment of preventative husbandry practices and communities may
refuse to bear increased costs (Mech 1998). Accordingly, some authors suggest
compensation programs should be designed in combination with incentives to encourage
preventative management thus avoiding waste of public funds (Cozza et al. 1996, Poulle
et al. 1997, Ciucci and Boitani 1998).
If cost-effectiveness and effective wolf conservation are desired, then
compensation programs should be readily available to livestock producers in rural areas
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(Ciucci and Boitani 1998, Wabbaken et al. 2001). Compensation should be designed to
refund all real-world costs of wolf predation on livestock, including costs of actual losses
that are undetected but can be estimated, and, most importantly, all costs associated with
deployment of prevention measures. On the other had, producers should also bear some
responsibility for the coexistence with wolves.
There is disagreement about the practicality of human and wolf coexistence
without wolf control (see Mech 1995, Haber 1996). My data on wolf population growth
(Figure 2, Chapter 2) and on wolf presence outside of protected areas in the USA
(Miadenoffet al. 1999, Haight et al. 1998) demonstrate that wolves can coexist with
livestock operations in some rural areas. However, this has been achieved through
legislation (United States Fish and Wildlife Service 1973). With increasing losses of
livestock in these areas (Mech 1998, Bangs et al. 1998, Figure 5b, Chapter 3), there is
increasing pressure to manage predation (United States Fish and Wildlife Service 2000).
Managers may choose between lethal and non-lethal methods.
Non-lethal techniques tend to be costly and are effective only under some
conditions (Chapter 3). However, changing public attitudes in support of wolf
conservation (Lohr et al. 1996, Kellert et al. 1996, Enck and Brown 2002, Williams et al.
2002) necessitate that managers better understand the application of non-lethal
alternatives. Fladry (Musiani and Visalberghi 2001, my Chapter 3), guard dogs and
electric fencing (see Gipson and Paul 1994) could play arole among the limited set of
non-lethal preventative measures available.
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Rural areas in North America are often frequented by wild and domestic
ungulates, both of which are preyed upon by wolves (Mech 1970, Fritts et al. 1997).
Managing for high densities of wild ungulates could result in decreased livestock
predation by wolves. Results from Europe suggest wolves prey more on wild ungulates in
areas where they are at higher densities than livestock (Meriggi and Lovari 1996, Meriggi
et al. 1996, Poulle et al. 1997). Similar mechanisms regarding wolf predation on livestock
and wild ungulates were also proposed for North America (Mech 1970, Fritts and Mech
1981). Further research is needed to test selection of wild and domestic ungulates by
wolves and the factors that influence prey switching. Spatial models based on such
research may be useful for predicting livestock predation intensity and could be
combined with economic impact assessment for evaluating alternatives.
At the present time, wolf culling is inherently controversial (Gasaway et al. 1992,
Haber 1996, Theberge and Theberge 1998). Moreover, opponents to culling have astrong
voice in densely populated areas where wolves are considered threatened -e.g., in the
lower 48 states of the USA (Table 1, Chapter 2). Lethal control is more acceptable in
sparsely populated areas -e.g., in Alaska and northern Canada (Ballard et al. 1987,
Gasaway et al. 1992, Orians et al. 1997, Hayes and Harestad 2000; Table 1, Chapter 2).
In North America, wolf populations are controlled to protect livestock or wild
ungulates, or wolves are hunted for sport or their pelts (Table 1, Figure 5and 6, Plate 1
and 2, Chapter 2and 3). Notwithstanding the debate on the legitimacy of managing
wolves for such purposes (Mech 1995 vs. Haber 1996), wolf conservation at the
continental scale must be based on an understanding of spatially meaningful genetic and
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adaptive variation. Several concepts may be used to define such variation in the context
of wildlife management, including populations, subspecies, ecotypes, conservation units,
management units, and Evolutionarily Significant Units (ESUs) (see Legge et al. 1996,
Pennock and Dimmick 1997, Bowen 1999, Dimmick et al. 1999, Paetkau 1999, Crandall
et al. 2000, Goldstein et al. 2000, Fraser and Bernatchez 2001).
Until recently, 24 subspecies of the wolf were recognized in North America (Hall
and Kelson 1959, Hall 1981). The criteria for this classification were developed by
Goldman (1944) who described gradients in cranial features, external measurements, and
pelage characteristics. The classification was descriptive, not quantitative. Recent studies
suggest there are fewer subspecies (see Nowak 1995). My study also supports fewer
subspecies than the number classified by Hall (1981). However, no previous study has
simultaneously considered genetics, morphology, and behavioural ecology for classifying
wolves.
Avise and Ball (1990) and Crandall et al. (2000) suggested that concordant
distributions of multiple, independent traits including behavioural, ecological and genetic
variation of adaptive significance provide the basis for phylogenetic distinction. My
results presented in Chapter 4demonstrate that wolves are not panmictic in Northern
Canada and that spatial variation in prey specialization influences spatial patterns of gene
flow. The apparent paradox of differentiation in such ahighly mobile wide-ranging
species is explained by understanding the trophic ecology and social behaviour of
wolves.
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Unlike other species, which exhibit prey specialization resulting in allopatry
during the breeding season (Filchak et al. 2000), in my study migrant and resident wolves
are sympatric during part of the winter, including the breeding season. Social bonds
within packs are likely established during the rest of the year when migratory and
resident wolves occupy separate ranges. The combination of social organization and
specialization on different prey constitutes the mechanism for differentiation of wolves
into ecotypes, despite the absence of complete geographic isolation.
Specialization on migratory barren-ground caribou or on non-migratory ungulates
likely occurred relatively recently, starting from the Holocene, and has allowed
ecological and genetic divergence of wolves. Wolves and their primary prey reoccupied
previously glaciated areas in northern Canada beginning 13,000 years ago (Kurtén and
Anderson 1980, Guthrie 1990). Similar to other large mammals with an ecological scope
to occupy different ecological niches, wolf adaptation to different prey has resulted in
divergence in morphology, behavioural ecology and genetic traits. Another important
example of this phenomenon is that of barren-ground and woodland caribou in the same
ecosystems (see Thomas 1995). The divergence between barren-ground and woodland
caribou in my study area in northern Canada (Miller 1982) coincides geographically with
tundra and forest wolf ranges (this study, Chapter 4). Tundra/taiga and forest wolves are
behaviourally, morphologically, ecologically, and genetically different and should be
considered as separate ESUs Management regimes should preserve these differences
.

within the species.

Musiani

-

Doctor of Philosophy Thesis

105

My results might be applicable in other ecosystems or regions where wolves
select other prey species (see Young and Goldman 1944, Mech 1970, Meriggi and Lovari
1996, Jedrzejewski et al. 2002). Similar studies on wolf evolutionary units should be
conducted in those areas to inform management decisions regarding wolves -i.e., for wolf
control and sustained yield harvesting. Moreover, my findings suggest that wolf
management should always consider the evolutionary significance of trophic ecology
(prey specialization).
My review of wolf management in North America (Chapter 2) emphasizes that
regardless of government regulations or biological considerations regarding population
viability, human attitudes play apivotal role in the persistence of wolf populations.
Despite the biological resiliency of wolves that often allows them to survive persecution,
humans have proven capable of quickly eradicating wolves from both agricultural and
developed areas (Young and Goldman 1944, Mech 1970). Currently in Canada and the
USA, human attitudes towards wolves vary profoundly (Lohr et al. 1996, Enck and
Brown 2002, Williams et al. 2002). In general, attitudes tend to be positive and are
correlated with attitudes about other carnivores and conservation issues (Kellert et al.
1996). However, opposition by agricultural communities to wolves indicates that social
and economic interests that are incompatible with wolf conservation persist in some
areas. These areas represent the greatest challenge to researchers and managers for
developing alternatives to extreme wolf control measures.
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