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Growing old is difficult, but i t ’s the only way to live a long time.

-  Benetto Biron (Possagno Italy, 2005)
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To Ariadna Miknevidiute Peteraitis (Oct 2, 1918 - Aug 19, 2004)

The complexities of ecosystem interactions were trivial to my grandmother. I  
was continually amazed at how easily she grasped what I  considered to be 
complex ecological concepts. How pragmatically she accepted them! She 

survived far more complex and difficult times herself.
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Abstract

In the wake of human impacts in forested landscapes, life histories of woodland 

caribou (Rangifer tarandus caribou) have changed such that they increasingly 

interact with moose (Alces alces). Empirically observed predation rates and 

demographic responses suggest that wolves ( Canis lupus) are probably the 

principle shared predator between the two ungulate species. I show with the

ory, models, and empirical trends that caribou may not be capable of persisting 

when moose populations colonize caribou ranges.

I fit models to empirical trends, estimate parameters, and show ranges of 

uncertainty around parameter estimates and predicted trends. I then perform 

a sensitivity analysis on each model to examine the effect of varying parame

ters in response to environmental change. By examining various behavioural 

mechanisms, I show that a narrow range of qualitative outcomes results re

gardless of which model is used. I show that there are a limited number of 

conditions that allow caribou to persist. I explore these conditions and propose 

management recommendations to mitigate caribou population declines.

I also examine how habitat distribution and availability impact population 

stability and persistence. A spatially explicit behavioural model examines 

the spatial distributions of predators and prey species, in particular the ef

fect of spatial heterogeneity on the functional response of predators to prey 

at different spatial scales. Results indicate that the distribution and spatial 

structure of resources affects habitat selection patterns. Three key patterns 

are shown: 1) the availability of prey resources limits predator avoidance, 2)
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the abundance of alternate prey limits prey selection potential, and 3) spatial 

distribution of resources limits the accessibility of prey to predators. Results 

show that if a sufficient quantity of prey resources is distributed at a spatial 

scale larger than the scale of predator searching, then the functional responses 

will demonstrate prey switching as a direct result of spatial behaviour.
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Chapter 1 

General introduction

This thesis presents a study of the population dynamics of an ecotype of wood

land caribou (Rangifer tarandus caribou) in the foothills of Alberta. Caribou 

ranges are increasingly overlapping with moose (Alces alces) due to human 

alteration of forested landscapes. Observed predation rates and demographic 

responses suggest that wolves (Canis lupus) are probably their most important 

shared predator. Theory, models and empirical trends all suggest that caribou 

and moose populations may not be able to coexist, yet little has been done 

to empirically test models. Understanding the trophic interactions between 

these three species under changing environmental conditions is essential to the 

development and implementation of caribou conservation policies.

This study reconciles patterns observed on local scales with patterns ob

served across larger spatial and temporal scales. I build predator-prey dynam

ics models to investigate population responses to increasingly complex spatial 

and demographic details. I fit models to empirical trends observed in one 

system then examine the effect of varying key parameters with environmental 

conditions to compare them to patterns observed on larger scales. The goal 

is to identify the most robust predictive model across spatial and temporal 

scales. By examining various behavioural mechanisms, I show how some well 

known species interactions can dominate a system such that predictions fall

1

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



within a narrow range of outcomes regardless of model selection.

I statistically fit empirical models to data, estimate parameters and show 

ranges of certainty around parameter estimates. I then perform a  sensitiv

ity analysis on each model to examine the effect of varying parameters with 

environmental change. The nature of the data makes estimation of some pa

rameters very difficult. In the absence of good parameter estimates, I show 

the qualitative differences arising from variation in those parameters.

This is a study of the coexistence of two prey species and a predator: a 

study of the way habitat availability and distribution impact species inter

actions. The balance between the demographic and behavioural rates that 

determine the trophic interactions is a difficult one in changing environments 

and leaves little room for error. There are a limited number of conditions 

under which both species can persist. I explore these conditions and eval

uate management strategies to mitigate population declines of a threatened 

ungulate species.

1.1 Statem ent of problem

Many woodland caribou populations are considered threatened by provincial 

and national wildlife conservation agencies. Several caribou populations in 

British Columbia and Alberta have been declining for decades (Bergerud and 

Elliot 1986; Bergerud and Elliott 1998; Brown and Hobson 1998; Edmonds 

1998; Dzus 2001) (see Chapter 2 for a more detailed discussion). The pre

vailing view is that colonisation by moose follows forest harvesting, which 

provides the young serai forests favoured by moose, and that caribou herds 

face increased predation pressure from wolf populations that increase along 

with moose populations. In Alberta, there is evidence tha t energy sector ac

tivities have effectively decreased supplies of late serai forest as well (Schneider 

et al. 2003). Though forest inventory data do not reflect this, an examination

2
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of seismic line densities and their relative widths reveals that energy sector 

activities are responsible for a significant amount of disturbance (Oberg et al. 

2002).

What remains to be demonstrated is whether or not caribou populations 

can persist under status quo conditions (i.e., high moose and wolf densities). 

There are alternative views about predation mechanisms, and the assumptions 

therein dictate what is predicted. Assumptions about functional responses, 

additive and compensatory mortality and density dependence give rise to a 

plethora of potential dynamics. A broad scale empirical test of predation 

mechanisms has not been attempted to date for this system. In this thesis, I 

construct models of some of the more plausible and tractable mechanisms.

The literature is filled with empirical studies that are focussed on find

ing relationships between abundances of prey and predators (e.g., (Peterson 

1977; Gasaway et al. 1983; Fuller and Keith 1980; Fuller 1989; Bergerud 

and Elliott 1998; Gasaway et al. 1992)), prey recruitment rates and predator 

abundances (Bergerud and Elliot 1986; Bergerud 1990), and even looking for 

emergent statistical summaries of complex ecological systems (Peterson et al. 

1984). Less has been done to predict the behaviour of predator prey systems 

by fitting models to data. Advances have been made (Carpenter et al. 1994; 

Jost and Arditi 2001), but these have used laboratory systems and aquatic 

micro-organisms, and dealt mainly with identifying whether or not functional 

responses are prey-dependent or predator-dependent. Given the qualitative dif

ferences that the more popular model assumptions predict, it is surprising that 

so little has been done to estimate parameters under various model assump

tions. Such estimates provide the basis for predicting future system behaviour 

and comparing qualitative behaviour among models. Perhaps this failing is 

due both to the nature of the empirical studies, which are typically designed 

to  monitor general population abundance trends, or the tendency biologists

3
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have shown towards demonstrating small scale biological behaviour of poten

tially little significance to broad scale patterns. It may also be a distrust of 

models and a belief that nature cannot be captured this way. This is not 

without good reason, but neither is it a reason to stop trying.

1.2 Thesis overview

I adhere to the philosophy that complex relationships in ecology do have math

ematical expressions and can be represented with models. Exploring relation

ships with models helps develop our understanding of the mechanisms that 

drive patterns. Sometimes we must resign ourselves to the fact that discard

ing some of the more enticing complexities can in fact lead to more stable 

models where parameter estimates across observable conditions remain within 

predictable boundaries. Searching for these stationary properties is key in 

the development of models. Predator-prey models axe no exception, but bear 

the burden of being very difficult to fit to empirical data. This is true of 

any complex system of dynamic equations where there are interactions be

tween state variables. It is particularly true of coupled trophic models. The 

caribou/moose/wolf system is no exception.

Models must also address the uncertain nature of nature itself. We must 

characterize how this uncertainty propagates and attempt to capture it. Ul

timately our models aim to include uncertainty in predictions. We must also 

deal with the way model structures introduce biases to both quantitative and 

qualitative predictions.

In this thesis I build alternative models to do three things: 1) to reconstruct 

historical population trends, 2) to predict probabilities of future trends by ac

counting for parameter uncertainty and 3) to explore the emergent properties 

of fine-scale spatial behaviour. I compare the qualitative behaviour of alterna

tive models and discuss these in terms of assumptions and known behaviour

4
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of other similar systems.

A review of empirical trends observed in natural and managed wolf-ungulate 

systems is presented in Chapter 2. Patterns are summarized and provide the 

basis for model structures that are developed in later chapters. In Chapter 

3, I reconstruct the historical trends of one particular system with a number 

of models, all of which explain something different about how the system be

haves. I fit each of these models to empirical trends by maximizing the value 

of an objective function. I also simulate future events using empirically de

rived estimates of the range of uncertainty inherent in each parameter. This 

provides estimates of times until extirpation of caribou. A probability distri

bution of the time until extirpation is provided. Chapter 3 fails to distinguish 

which of the models better explains historical trends, but concludes that since 

all models show the same short-term decline, caribou are at risk of declining 

to low densities or being extirpated if nothing is done to change the status quo.

In Chapter 4 ,1 consider population responses to changes in environmental 

conditions that arise from natural disturbances and human activities. I force 

key parameters to vary with environmental fluctuations for each of the models 

developed in Chapter 3. Long term patterns are examined in the context of 

management options that give rise to different landscape patterns.

In Chapter 5 ,1 propose a mechanism by which spatial behaviour can give 

rise to emergent patterns when fine scale dynamics are integrated over larger 

spatial and temporal scales. I construct a model that implicitly captures the 

behaviour of animals responding to spatial gradients on the landscape, pro

viding a view of the effects of foraging in response to habitat conditions. The 

product is a model that predicts the spatial distribution of animals and the 

spatial distribution of kills. I then demonstrate that the spatial distributions 

can have a stabilizing effect on population dynamics, and that under certain 

conditions, the spatial distribution of animals leads to apparent prey switching.

5
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Thesis goals

1. Reconstruct the population histories of caribou, moose and wolves using 

empirical data from the winter range of a caribou population.

2. Contrast alternative population dynamics models.

3. Predict caribou extirpation probabilities using alternative models.

4. Examine the effect of variation in environmental conditions on projected 

abundance trends.

5. Explore the broad-scale emergent properties of fine-scale spatially ex

plicit foraging

6. Identify management alternatives to reverse the decline of caribou, be

haviour.

6
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Chapter 2

Empirical trends in 
predator-ungulate system s

Introduction

This chapter reviews the life history of woodland caribou and provides a back

ground on predator-ungulate ecology in managed systems. I review findings 

from a variety of predation studies pertinent to modelling the population dy

namics of woodland caribou. Empirical studies over the last forty or so years 

provide an indication of the more important interactions and provide the basis 

for much of the theoretical modelling that has followed. This review focusses 

on long-term studies that have demonstrated fluctuations in species abun

dances that provide insight into the dynamics of predator-prey systems that 

is useful to building models.

Many agencies are still reluctant to use models to direct empirical research 

and field studies. The majority of empirical testing has been limited to sub

components of the models instead of testing how well models predict pop

ulation dynamics trends (i.e., we are not exploiting the predictive power of 

models). Nonetheless, there is a strong push to compare structurally distinct 

models and to understand the repercussions to population viability under al

ternate hypotheses (Pascual et al. 1997). In many cases managers are forced 

to make assessments in the face of conflicting information and knowledge gaps.

7
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Models designed to contrast the alternatives and contend with poor data can 

be extremely valuable tools to guide decision making and research. When 

data are inadequate to make good predictions about future trends in the face 

of environmental change, we should then seek to demonstrate the alternatives 

that arise under the various assumptions. At the very least, the models pro

vide us with a baseline comparison of what we can expect to see under various 

conditions.

To add to the confusion of selecting from alternative models is the seem

ingly never-ending debate about what causes populations of predators and 

prey to fluctuate over time. Empiricists center discussions on conceptual ideas 

about whether or not populations are in balance. The debates concern whether 

or not negative effects of predators on prey subside when prey abundances 

are low or whether the effects remain strong enough to drive populations to 

extremely low levels. Theoreticians and modellers find the language of these 

discussions vague and have pushed for more direct tests of behavioural assump

tions expressed in models. Empiricists and theoreticians share the common 

goal of wanting to predict population trends. W hat remains prevalent how

ever, is that many studies are unable to find the resources or the long term 

commitment to collect data at the spatial and temporal scales required to test 

alternative models.

2.1 Background

Woodland caribou are a caribou subspecies that is divided into three ecotypes, 

each based on characteristic adaptations. One ecotype migrates seasonally be

tween foothill forests and sub-alpine areas. Another fives year-round in boreal 

forests. A third ecotype is distributed over elevational gradients at different 

times of year to seek refuge and take advantage of snow conditions. There 

is some confusion among provincial and federal agencies about the naming of

8
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these populations. Alberta agencies refer to their migrating populations as 

mountain caribou and refer to the forest dwelling populations as boreal cari

bou. The Canadian Species at Risk Act act (SARA) defines migrating pop

ulations as northern caribou, boreal forest dwellers as boreal caribou and the 

ones that distribute along elevational gradients as mountain caribou. North

ern ecotype herds are found throughout Alaska, the Yukon, northwest and 

north-central British Columbia (BC), and west-central Alberta (AB). Moun

tain populations are found mainly in mid-central to southeast BC, due mainly 

to the snow depths seen across that region. Boreal populations span most of 

Canada’s boreal forest. Boreal and northern populations in Alberta axe con

sidered threatened by the Committee on the Status of Endangered Wildlife in 

Canada (COSEWIC 2000) while mountain populations in BC are endangered. 

All ecotypes are referred to as woodland caribou and patterns of population 

dynamics are very similar despite differences in spatial and temporal habitat 

use and the alternate prey composition of the systems that they are part of. 

Other subspecies of caribou include barren ground caribou (Rangifer tarandus 

groenlandicus), Peary caribou (Rangifer tarandus pearyi) and Grant’s caribou 

(.Rangifer tarandus granti). Each exists in an environment to which it has 

adapted unique characteristics.

Woodland caribou tend to inhabit areas that have low densities of moose 

(Alces alces), elk ( Cervus elaphus) and deer (Odocoileus spp.). These prey 

attract wolves, to which caribou are very susceptible as prey (Bergerud et al. 

1984; Bergerud and Elliot 1986; Seip 1990). Migrating herds of caribou go to 

higher elevations for calving and occupy winter habitat with minimal alternate 

prey and predators (Bergerud et al. 1984; Bergerud and Page 1987; Seip 1990; 

Seip 1991; Seip 1992a; Brown and Hobson 1998). They are also typically found 

at quite low densities (less than 0.1/km2), which also helps to keep predation 

at bay (Bergerud 1992).
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Woodland caribou are associated with older forests because slow grow

ing lichens, an important food source, are primarily found in mature forests 

(Servheen and Lyon 1989; Dzus 2001). For boreal caribou this means they 

will primarily be found in peatland complexes composed of black spruce (Picea 

mariana) and larch (Larix laricina) and will seldom be found in upland stands 

(Fuller and Keith 1981). Mountain caribou select habitat in relation to lichen 

availability as affected by snow cover. In general, caribou prefer older, denser 

stands and use snow pack to access arboreal lichens (Servheen and Lyon 1989; 

Szkorupa 2001). Their adaptation to harsh winter conditions distinguishes 

them from other ungulates and provides them with mechanisms to cope with 

the habitats they select. Large crescent shaped hooves, which bear their weight 

effectively on snow, are quite sharp and facilitate travel on ice.

The demographics of caribou are well documented. The breeding season 

occurs in early to mid October and calves are born in mid May to early June. 

Adult cows begin breeding at 1.5 years of age, though a  greater proportion 

first breed at 2.5 years. Pregnancy rates (~94%) and adult survival rates 

(84 — 93%) are relatively invariant compared to juvenile survival (Fuller and 

Keith 1981; Stuart-Smith et al. 1997; Rettie and Messier 1998; McLough- 

lin et al. 2003). Calves experience mortality rates from 30 to 70% in the 

first 15 days (Adams et al. 1995) and annual mortalities range from 70 to 

100% (Bergerud and Elliot 1986). Density dependent recruitment has been 

attributed to calf loss by nutritionally stressed cows, suggesting a carrying ca

pacity as high as 5/km2 in domesticated herds in Scandinavia (Skogland 1985). 

Carrying capacities would be considerably lower for wild herds. Bergerud 

(1974) and Bergerud (1988) suggested that a caribou population would de

cline if recruitment dropped below the 10% necessary to balance adult mor

tality. Predation by wolves is considered the major cause of adult mortality 

(Bergerud 1988; Edmonds 1988; Seip 1992a; Thomas 1995; Edmonds 1998;
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Rettie and Messier 1998). Calves are vulnerable to bear predation in the first 

few weeks following birth (Bergerud and Page 1987), but predation by bears 

is not considered as significant as by wolves.

Moose occur to the northern reaches of the boreal forest but axe limited 

to the south by warm climate (Kams 1997). They primarily browse forbs and 

shrubs (Renecker and Schwartz 1997) and as such prefer early serai forests 

characteristic of post-fire regeneration (Peterson 1977). The have been found 

at their highest densities about 20 years post fire, declining in abundance 

thereafter (Schwartz and Franzmann 1989; Loranger et al. 1991). Populations 

in North America range from densities as low as 0.05-1.0/km2, with regional 

populations potentially erupting to 2.5/km2 for short periods of time (Schwartz 

1997). Crete (1989) estimates the average carrying capacity of moose to  be 

in excess of 2/km2 but few populations are seen in that range, leading to 

arguments regarding natural processes regulating populations below that level 

(Crete et al. 1981; Gasaway et al. 1983; Messier and Crete 1984b; Boutin 

1992; Gasaway et al. 1992; Van Ballenberghe and Ballard 1994; Messier and 

Joly 2000).

History in British Columbia has shown that colonisation by moose into har

vested forests leads to an increase in wolf populations and therefore wolf pre

dation on caribou (Bergerud 1974; Bergerud and Elliot 1986; Seip 1992a). The 

colonisation roughly followed a south-westward path from British Columbia’s 

northeast boreal forest region. The prevailing view is that forest activities 

along the colonisation route contribute to moose colonisation. Although it 

can’t  be denied that industrial activities have altered the age structure and 

spatial structure of forests, neither can it be truly said that these activities 

caused the colonisation of moose. Colonisation may have begun before large 

scale forest activities existed in central British Columbia (Bergerud and El

liott 1998). Regardless of the cause of the colonisation, the historical events

11

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



following it are not in doubt. Moose and wolf densities increased (Bergerud 

1974; Bergerud and Elliot 1986; Bergerud and Elliott 1998).

Industrial activities create conditions that favour moose productivity, which 

leads to higher moose and wolf densities in many current caribou ranges. This 

potentially alters the historically observed habitat use strategy of caribou and 

creates a  new relationship with predators. The fear is that avoidance of oil 

exploration seismic lines (Dyer 1999; Dyer et al. 2001; Oberg et al. 2002) 

and residual forestry impacts, such as clearcuts (Smith et al. 2000) and roads 

(Dyer 1999), will increase encounters with predators.

Moose breed in the fall and give birth to calves in spring. Depending on 

body condition, most calves are born of animals greater than three years old, 

although animals as young as 16-17 months occasionally breed. Pregnancy 

rates are generally >  80% but can be much lower in an unhealthy or older 

population (Schwartz 1997). Twinning rates as high as 52% have been ob

served, though rates vary and depend on habitat and proximity to carrying 

capacity (Gasaway et al. 1992; Schwartz 1997). Adult mortality is lower in 

females than in males and increases with age. Peterson (1977) found that few 

male moose live beyond 15 years and few females live beyond 19 years. Av

erage adult natural mortality rates are believed to range from 20% (Gasaway 

et al. 1992) to less than 10% (Bangs et al. 1989; Larsen et al. 1989).

Wolves prey on several ungulate species, including moose, mountain sheep 

( Ovis spp.), elk (Cervus elaphus), deer (Odocoileus hemionus) and caribou 

(Seip 1991; Mech et al. 1995). Their summer diet diet also includes smaller 

animals such as beaver (Castor canadensis) and hare (Lepus spp.) (Peterson 

1977; Thurber and Peterson 1993). The total density of wolves has been used 

as a predation indicator (Puller 1989) but social structure and prey density 

are also considered significant. The number of packs can determine how many 

hunting units use the same prey base (Walters et al. 1981) and territory size
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can determine the effectiveness of a pack within its territory (Haber 1977; 

Walters et al. 1981; Messier 1984). Peterson et al. (1984), Ballard et al. 

(1987) and Fuller (1989) found that larger packs had larger territories when 

prey densities were similar. Messier (1984) found area per wolf to be inversely 

proportional to moose density. The size of the pack in relation to its territory 

size will also affect the tendency of the pack to split, thereby creating more 

hunting units. Haber (1977) found that pack sizes were generally in the 7-9 

range and packs tended to split if they reached more than 12 animals. Estab

lishment of new pack territories is considered to be the most significant overall 

factor leading to increases in wolf densities (Peterson et al. 1984; Thurber and 

Peterson 1993; Bergerud and Elliott 1998; Hayes and Harestad 2000a; Hayes 

et al. 2000).

Mech et al. (1995) found that wolves consumed 47% moose, 42% caribou 

and 11% Dali sheep in Denali National Park, Alaska. In contrast, Ballard et al. 

(1987) found that moose comprised 71% of kills and caribou comprised 21%, 

and that moose calves were consumed disproportionately to their numbers 

during November-April, suggesting increased vulnerability of calves in winter. 

In northeastern Alberta, where beavers are abundant, wolves killed beavers 

in proportion to their abundance and beavers composed up to 50% of kills 

in summer (Puller and Keith 1980). On the other hand, Hayes et al. (2000) 

found tha t wolves did not kill caribou in relation to availability but rather 

continued to kill moose even as caribou numbers increased.

Grizzly bears (Ursus arctos) are known to prey upon moose (Boertje et al. 

1988; Ballard and Van Ballenberghe 1997) and caribou (Bergerud and Elliot 

1986; Boertje et al. 1988; Adams et al. 1995). They are thought to be the 

primary cause of mortality for moose in the southwest of the Yukon (Larsen 

et al. 1989; Orians et al. 1997), being responsible for 60% of juvenile mortality 

before mid June and 25% thereafter. Gasaway et al. (1992) found that grizzly
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bears in interior Alaska posed only a minor predation impact on moose, but 

also noted that moose and grizzlies were spatially separated most of the year. 

In other parts of Alaska, grizzly bears were found to prey significantly on 

moose (Ballard et al. 1991; Miller and Ballard 1992).

2.2 Predator-prey dynamics

Any study of predator-ungulate dynamics will invariable involve a discussion 

the moose/wolf system. All the processes normally considered in predator prey 

dynamics have in one way or another been at the forefront of a moose or wolf 

study somewhere in North America. Wolf colonisation to the island of Isle 

Royale in Lake Superior Michigan, marked the beginning of a long-term study 

of moose/wolf dynamics (Peterson 1977). Wolf control was initiated in Alaska 

to recover moose populations (Gasaway et al. 1983; Haber 1987; Gasaway et al. 

1992) from low densities. Wolf-moose systems were at the center of debates 

about the natural regulation of large mammal populations (Crete et al. 1981; 

Messier and Crete 1984b; Bergerud et al. 1983; Bergerud and Snider 1988; 

Thompson and Peterson 1988; Sinclair 1989; Van Ballenberghe and Ballard 

1994; Messier and Joly 2000). Kill rate studies were used to provide empirical 

evidence of the functional response forms that describe the trophic interaction 

between the two species (Messier 1994; Hayes and Harestad 2000b; Hayes et al. 

2000).

Moose population dynamics studies have mostly discussed predation using 

the terms limitation and regulation. In short, limiting factors are unrelated to 

the density of the species of concern and regulating factors are proportional 

in some way to the density. It has been suggested that wolves and/or bears 

are a hmiting factor to moose populations (Fuller and Keith 1980; Bergerud 

et al. 1983; Gasaway et al. 1983; Messier and Crete 1984a; Gasaway et al. 

1992; Van Ballenberghe and Ballard 1994) that needs to be managed to  pro-
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tect moose from reaching low densities. Conversely, it is thought that wolves 

act as a natural regulation to moose (Gasaway et al. 1983; Messier and Crete 

1984b; Messier 1994; Gasaway et al. 1992), and are not the cause of any of 

the drastic declines observed. This has been a contentious issue for decades. 

The alternative view is that predators are not a  significant enough agent of 

mortality to cause serious declines of moose populations and tha t moose are 

ultimately regulated by competition for food resources (Peterson 1977; Thomp

son and Peterson 1988; Skogland 1985) or food and weather (Mech et al. 1987; 

McRoberts et al. 1995). Boutin (1992) contends there is insufficient evidence 

to conclude one way or the other. It is important to note tha t most studies 

draw conclusions on the dynamics of vastly different systems, usually involving 

different predator and alternate prey regimes as well as climatic conditions. 

Additionally, as Boutin (1992) points out, hypotheses have not been fully 

tested. Many studies rely on predator control and monitoring programs that 

have not been executed over large enough areas or for adequate lengths of time 

(Orians et al. 1997).

The following summarises the hypothesised dynamics that could arise from 

limiting and regulating predation as well as food factors (Boutin 1992):

1. The predator limitation hypothesis predicts that predation is a significant 

limiting factor but does not regulate prey, and that prey populations 

experience periodic fluctuations driven by a combination of predation, 

weather and hunting. Prey populations do not return to an equilibrium 

density after they are disturbed.

2. The single-state predator regulation hypothesis (Predation hypothesis) 

predicts that prey populations will be kept down by density-dependent 

predation, never to reach high enough densities for food competition to 

be important.

15

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3. The two-state predator-food regulation hypothesis (Predator-pit hypoth

esis) predicts that predation is density dependent at low to medium den

sities but inversely density dependent a t high densities. If prey densities 

escape being regulated by predators and rise into the inversely density 

dependent range, density increases to a level where it is regulated by 

food.

4. The stable limit cycle hypothesis predicts that prey populations will pe

riodically increase or decrease due to weather and food availability but 

predation is not regulating.

Boutin (1992) points out how we can design experiments that test these 

hypotheses and what we can expect to see when we control certain aspects of 

the system. The problem is that this does not allow us to make quantitative 

statements about the density dependence of key rates nor does it predict long 

term trends in abundance.

Functional responses

The functional response (FR) describes the rate at which a consumer will 

deplete its resources as densities of those resources vary (Holling 1959; Turchin 

2002). The two most commonly used forms in ungulate ecology are the Type 

2 and 3 functional responses. A Type 2 functional response is hyperbolic. It 

is given by FRo =  a 'N /(1 +  a'hN). a' is the rate a t which resources are found 

and consumed, which is called the effective rate of search, h is the handling 

time interval between feeding events, and N  is the density of resources per 

unit area. A Type 3 functional response is sigmoidal and is given by FR$ 

=  b 'RP /il +  ahN 2), where b is interpreted as the slope of the relationship 

a(N) = b'N , meaning that F R 2 is a special case of F R 2 where a(N ) =  a'. 

The functional response can describe vegetation consumption by herbivores 

or prey consumption by predators. Kills per predator per unit time is the
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common empirical measure (Messier 1994; Hayes and Harestad 2000a; Hayes 

and Harestad 2000b; Hayes et al. 2000).

Throughout discussions of the limitation and regulation of populations, the 

functional response is consistently discussed as an important, if not the impor

tant process determining whether or not predator and ungulate populations 

will remain stable, increase, or decrease from a given density. It is widely 

discussed for moose/wolf systems (Gasaway et al. 1983; Messier and Crete 

1984b; Gasaway et al. 1992; Van Ballenberghe and Ballard 1994; Eberhardt 

2000; Messier and Joly 2000). If the predation rate declines as prey densities 

decreases there is the possibility that predators will not drive their prey to ex

tinction, which is regulatory. Alternatively, predators will drive prey down if 

the predation rate does not decline as prey densities decrease. Messier (1994) 

examined 27 published studies of wolves preying on moose and concluded that 

the best fit to the data was a  Type 2 functional response with a  maximum 

killing rate of 3.36 moose/wolf/100 days during the winter. The study con

cluded tha t the predation rate was strongly density dependent up to ~  0.65 

moose/km2 and inversely density dependent thereafter. At low densities, the 

influence of increasing predator populations was the principle factor contribut

ing to the predation rate. This has profound effects in multiple prey systems 

where one prey species is at low density. If predators respond numerically to 

alternate prey, a  significant amount of predation could be linked directly to the 

abundance of alternate prey. Messier (1995) found that when alternate prey 

were modelled into the dynamics, density dependence in the predation rate 

dissapeared. Simulations indicated that a Type 2 functional response always 

yields density dependent predation at low densities but that with the addition 

of the alternate prey, very efficient killing a t low prey densities could cause 

predation to be depensatory with no density dependent phase. This dynamic 

would predict the extinction of the more vulnerable prey species as in Seip
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(1992a). Marshal and Boutin (1999) point out that because such a high num

ber of samples of kill rates are required to differentiate between Type 2 and 3 

functional responses, it can often be more meaningful to estimate total preda

tion losses rather that distinguishing between functional forms. For purposes 

of estimating short-term responses within narrow ranges of prey and predator 

densities this is true, but the form of the functional response still determines 

the qualitative behaviour across broad density ranges.

I have performed an analysis of functional response data that is pertinent to 

the rest of this thesis. I have re-analysed the data found in Messier (1994) and 

estimated a and h for both Type 2 and Type 3 functional responses. According 

to each model, it takes over 30 days for a pack to handle one moose. This 

seems rather high but the kill rate data only account for moose kills, whereas 

wolves may well have been feeding on other prey. Excluding the other prey 

from the calculation forces the model to raise the value of h to compensate 

for this. The Type 3 model estimated a high handling The sum of squares 

is lower when fitting the Type 2 model to the data, indicating that it is a 

better fit. The models predict different maximum killing rates (1 /h) because 

when the estimation procedure forces a fit through the data, it is doing so 

with fundamentally different functional forms. The best fit may come from a 

higher or lower value of a or h, depending on the model.

Table 2.1: Maximum likelihood estimates of moose functional response pa
rameters. Effective rate of search is in units of km2 (100 days)-1. Handling 
time is the proportion of 100 days.

Type 2 Type 3
Sum of squares 5.41125 5.80917
a 8.57342 46.0464
h 0.302739 0.388225

The parameter estimates represent the joint maximum likelihood estimates, 

but there is still unexplained variation in parameters. I performed Markov
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Chain Monte Carlo (MCMC) simulations to explore the range of variation 

inferred in each parameter. The Metropolis-Hastings algorithm (Chib and 

Greenberg 1995) was used to simulate the probability distributions of the pa

rameters. The posterior distributions are shown in Figure 2.1. The confidence 

range inferred from random draws from the posterior estimates of a and h is 

shown in Figure 2.2, which shows the functional response evaluated at 100 ran

dom draws from the joint posterior distribution of effective rate of search and 

handling time. There is a great deal of uncertainty in the functional response 

at lower moose densities. The functional response tends to overestimate. It is 

difficult to judge the cause of this since Messier (1994)’s tabulated data comes 

from a mixture of studies that involve different packs from different geographic 

locations. In some cases the data is averaged over several packs.
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Figure 2.1: The top row shows the posterior estimates of effective rate of search 
and handling time for a Type 2 functional response. The bottom row shows 
the same for a Type 3 functional response.
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Figure 2.2: Functional response evaluated at 100 random draws from joint 
posterior estimate of effective rate of search and handling time

Dale et al. (1994) also found a Type 2 functional response for wolves prey

ing on barren ground caribou, but found a much steeper functional response 

curve, indicating that kill rates axe higher on caribou than on moose. The 

study proposed that a caribou/wolf system had a Type 2 functional response 

and a  type 1 numerical response based on Fuller (1989)’s predatorrprey ratios. 

Predicted predation rates in Dale et al. (1994) are consistent with observa

tions but Messier (1995) warns that because of the potential for caribou to 

be the more desirable prey at low moose densities, the inversely density de-
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pendent predation rate would be exacerbated if alternate prey also became 

scarce. This case seems to indicate that there is the potential for caribou 

populations to be driven to extinction if densities are allowed to drop too low, 

a conclusion supported by Seip (1992a) in a system of similar predator and 

prey composition. Messier (1995) contends that a caribou/moose/wolf system 

would likely result in caribou as the primary prey because their vulnerabil

ity (i.e. high probability of being successfully killed) make them the optimal 

choice. However, Hayes et al. (2000) found it not to be the case in a system in 

the Yukon where caribou and moose were both abundant. Moose were avail

able year-round and were the preferred prey. This suggests that availability, 

selectivity and vulnerability all play a role in diet selection. It could occur in 

large caribou herds (Dale et al. 1994) where caribou outnumber moose but 

woodland caribou exist at low densities to avoid predation (Bergerud 1992) 

or separate themselves spatially (Bergerud and Page 1987; Seip 1991). De

spite being less vulnerable, moose are still considered to be the primary prey 

because of their relative abundance (Bergerud and Elliot 1986; Seip 1992a; 

Bergerud and Elliott 1998; Edmonds 1998). Bergerud and Elliot (1986) show 

how rising moose populations expanded into caribou ranges and caused in

creases in predation on caribou and Seip (1992a) points out that decreases in 

moose populations following succession of forests into older serai stages would 

cause wolves to switch to caribou. The danger to woodland caribou lies in the 

fact that wolves can continue to respond numerically to moose at low caribou 

densities so that caribou experience inversely density dependent predation and 

risk extinction (Seip 1992a; Messier 1995).

2.2.1 Case Studies

Predator control studies during the last 40-odd years have mainly focussed on 

the moose/wolf system, which in some cases also involves substantial caribou
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and bear dynamics. Table 2.2 summarises the studies in terms of species 

composition, densities, rates of predation and predator control. Each entry 

is classified under the predator-prey hypothesis that it would support, if not 

specifically by the author(s) then by my own conclusion.

East-central Alaska: Game Management Unit 20E

Wolves were removed for 3 years in the early 1980’s to assess the role of 

wolves in limiting moose populations. Gasaway et al. (1992) concluded that 

predation mortality had an additive 1 effect at low densities. The study also 

concluded that the removal was insufficient to judge if wolves were the primary 

cause of limiting moose at low densities when grizzly bears were abundant 

because increases in grizzly bear predation were compensating for reduced 

wolf predation. Boertje et al. (1988) found that grizzly bears accounted for 

52% of moose calf mortalities. Additionally, 89% of adult moose mortality 

caused by wolf and grizzly predation was found to be additive (Gasaway et al. 

1992). Results, however, were confounded by an increase in caribou numbers 

that could have alleviated some of the predation on moose anyway. The final 

conclusion was that the combination of wolf and bear predation kept moose 

populations well below carrying capacity (Gasaway et al. 1992).

East-central Alaska: Game Management Unit 20A

From 1972 until 1982, public wolf kills and Alaska Department of Fish and 

Game (ADF&G) sponsored reductions collectively removed between 16% and 

60% of the wolf population in GMU 20A. From the beginning of the control 

program in 1976 until the end in 1982 the wolf population was reduced from 

14 to 8 wolves per 1000 km2. During the period of control, moose populations 

saw increases of approximately 15% annually (Gasaway et al. 1983). Moose

1Additive mortality occurs in addition to other sources of mortality. In contrast, a 
compensatory mortality source merely replaces what would have occurred due to another 
source of mortality (Caughley and Sinclair 1994)
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Table 2.2: Summary of wolf-ungulate studies in North America

H ypothesis'1 A rea A uthors Period Species1' Density*1 P re d a tio n  R a le s" R e duction0
PLH N elchina, AK

K cnai, AK

G M U 20A, A K

N o rth easte rn  AB 
Isle Royale

Pukaskw a, ON

W ells G ray, B C  
G ates o f th e  A rctic

Van B allenberghe 1985; B allard 
e t  al. 1987; B ergerud an d  B al
lard  1988; B ergerud an d  B allard 
1989; Van B allenberghe 1989 
P eterson  e t  al. 1984; Schw artz 
an d  P ranzm ann  1989 
G asaw ay e t al. 1983

Puller and  K eith  1980 
Van B allenberghe 1987; V an Bal- 
lcnbcrghc an d  Bnllard 1994 
B ergerud e t  al. 1983

Seip 1992b
D ale e t  al. 1994; D ale e t al. 1995

1960-87

1976-81

1976-82

1975-78 
1959-86

1976-79

1984-88
1989-90

M ,C ,W ,B

M ,W ,B ,G

M >\C ,W ,B ,G

M ^.C .W .G .B
M ,W

M r ,C ,W ,B

M ,C ,W ,B
M ,C ,W ,B

~ 0 .3 (M ), ~ 1 (C ) , 0.8- 
2 .3 (W ), (C.)

11-20(W ), 0.10- 
0.37(M )
0.2-1 .5(M ),0.17-1.4(C ), 
1.6(G)
0.18(M ),C(W )

0 .2-0 .4 (M ),0 .1 (C ),7- 
15(W )

0.06-2.34(C )

M pkc =  44% (G ), 
3% (W )

13-34%W

M prc= 73% (W )

W ,G

W ,B

61% (W )

W

PR H G M U 20E, A K

D enali, AI<

F inlayson, YI< 
N orth ern  BC 
Isle Royale

B oertje  c t  al. 1988; G asaw ay 
e t  al. 1992

Mech e t  al. 1995; Van B allen
berghe 1987
Hayes an d  H arestad  2000b 
B ergerud an d  E llio t 1986 
P eterson  an d  P age 1988

1981-86

1974-82

1990-90
1980-87
1950-88

M '',C ,W ,G

M ,C>\W ,G

M .C ^.W .G
M>’,C ,W ,B
M ,W

~ 0 .1 5 (M ), 1.2-1.6(G )

~ 4 (G )

0.26-0.44(M ) 
O .l-l.O (M ), 1-10(W ) 
1-2.5(M ), 20-92(W )

M prc= 52% (G ),
12-15% (W ),
M p ra= 8 9 % (G + W )

10-15% (W ,M )

28-58% (W ),8% (G )

W ,B

49-85% (W )
(80% )W ,B

P P H D enali, AK 
Isle Royale 
Q uebec

H aber 1977; W alters c t al. 1981 
M essier 1991
M essier an d  C re te  1984b; M essier 
1991

1950-75
1950-88
1980-84

M ,C ,W ,G
M ,W
M ,W ,B

0.1-0.26(M ), 0.1-0.4(C ) 
~ 1 (M ), 20(W ) 
0.17-0.4(M ),3.6- 
13.8(W )

M prc=6.1-19.3% (W )

W

W

SLC Isle Royale, M G 

Pusknskw a, ON

P eterson  e t  al. 1984; M ech e t  al. 
1987; M essier 1991 
T hom pson  an d  Peterson  1988

1950-88

1976-79

W ,M

M ,C ,W ,B

~1-3 (M ),20 -90 (W )

~ 0 .33 (M ),13 (W )

n PLH  =  P re d a to r  L im ita tion  H ypothesis, PR H  =  P re d a to r  R egula tion  H ypothesis, P P H  =  P rc d a to r-P it  H ypothesis, SLC  =  S tab le  L im it C ycle hypothesis 
h  W  =  wolves, C  — caribou , M -- ■ moose, B =  b lack bears, G =  grizzly b ears
0 d ensity fspp .), density (sp p .),... P re y  in  an im a ls /k m 2, wolves in an im als p e r  1000 km 2, bears  in an im als p e r  100 km 2 
d  M pkc(W ) =  m oose p ro p o rtio n  killed o f calves by wolves C pka(G ) =  a d u lt caribou  killed by grizzlies 
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population growth continued for 12 years after the termination of the wolf con

trol program but slowed to an average of 5%. Caribou populations increased 

by 16% annually during reduction and by 6% afterwards (Orians et al. 1997).

Within 3 years of terminating the wolf control program, and despite a 

continued 25% public harvest, wolf populations returned to near pre-control 

levels. Several winters of heavy snowfall (89-90, 90-91 and 92-93) may have 

hastened the decrease of caribou populations, which declined a t an average 

annual rate of 22%. Subsequent ground-based wolf reductions of 62% and 

56% in 1993 and 1994 failed to recover caribou beyond a brief increase in 

1993-94 (Orians et al. 1997).

Gasaway et al. (1983) found that moose and caribou populations were 

limited by predation and experienced periodic fluctuations from the combined 

effects of predation, harvesting and over-browsing, which were considered ad

ditive. The study concluded that ungulate populations can have difficulty es

caping low densities when human harvest is excessive. Gasaway et al. (1983) 

was criticized by Haber (1987), who points out that moose population esti

mates between 1953 and 1978 are derived entirely from the 1978 estimate by 

assuming a 7% increase from 1977 and extrapolation back to the early 1960’s 

with an index of abundance. He claims that more likely the moose popula

tion fluctuated around the 6000-8000 in the 1960s and declined to 2000-4000 

by 1975 following heavy harvest in the early 1970s. He also adds that bear 

predation should be considered compensatory because delayed bear predation 

following wolf reduction would only occur once bears learn of reduced risk 

of harassment from wolves. This being the case, the benefits of wolf control 

would be lost after the time lag of bear responding to lack of wolf harassment. 

If calf mortality is a major driver of declines, this compensation may not be 

evident due to the fact that bear predation occurs during calving when wolves 

are likely tied to den sites, in which case only calves near dens would be at
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risk.

There appears to be ample evidence that wolves limit moose recruitment 

and survival but Gasaway et al. (1983) do not conclusively demonstrate that 

harvest was not a more significant factor. If Haber (1987) is correct in as

suming a far lower population in the 60’s, the proportion harvested would be 

quite high at an average of 5% in the 60’s vs. 1-3% in the Gasaway et al. 

(1983) estimate. In actual fact, greater than 17000 moose represents densities 

in excess of 1/km2, a density rarely exceeded by moose populations with nat

ural predators. Additionally, Haber (1987) cites late 1960’s and early 1970’s 

ADF&G reports that put numbers in the 6-8000 range. It seems more likely 

that the 1960’s and early 1970’s populations were lower than (Gasaway et al. 

1983) estimated and that harvest played a more important role in the decline 

of moose populations.

Nelchina, Alaska: Game Management Unit 13

Government sponsored wolf reductions from 1948-1953 reduced wolves to a 

total of 12 animals. Caribou then started an increase which lasted quite a few 

years after wolf reductions ended but wolves were still considered by some to 

be instrumental in the decline (Bergerud and Ballard 1988). Van Ballenberghe 

(1985) proposed that the herd was increasing before the wolf reduction took 

place in the 50’s and that reduction was unnecessary. Bergerud and Ballard 

(1988) proposed that wolf control in the 1950’s triggered the eruption of the 

caribou population. The study attributes the collapse of the herd in the mid 

1960’s to three consecutive deep snow years compounded with recruitment loss 

to wolf predation. W ith 350-450 wolves at that time, the contention was that 

wolf control in the early 1960’s could have prevented the decline.

The two studies fail to agree on the effect of alternate prey. Van Ballen

berghe (1985) contends tha t the presence of moose reduces predation of wolves
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on caribou whereas Bergerud and Ballard (1988) support the notion that alter

nate prey facilitate predation on caribou by supporting wolf populations at low 

caribou densities. The two studies agree that overharvest seriously impacted 

caribou, particularly since it occurred during and following the bad winters of 

1964, 1965 and 1966. By the early 1970’s, caribou populations had declined 

due to overharvesting, and possibly predation. The central questions are: 1) 

Did wolves cause the decline in the early 1960s? and 2) Why did predation not 

limit recovery in the 1970s? Both questions are confounded by bad estimates 

of predator, primary prey and alternate prey populations. It is suggested that 

wolves can only cause a decline in caribou if they are numerous enough and 

that in the early 70’s there is no indication of an inverse relationship between 

wolf numbers and recruitment (Van Ballenberghe 1985). However, Bergerud 

and Ballard (1989) counter with the argument that Van Ballenberghe (1985) 

reduced wolf numbers in his analysis for those years. Van Ballenberghe (1989) 

also uses the same reduced wolf numbers in the argument that the ungulate 

biomass index per wolf was high enough that wolves would not have experi

enced a decline.

I believe that overharvest of caribou in the 60’s and early 70’s brought 

about the decline of the herd because harvest was density invariant while 

caribou were declining and thus had an increasing impact on the population. 

I also think that bear predation needs to be considered in the analysis of the 

Nelchina herd. Predation on moose calves by bears, for instance, was found to 

account for 44% of mortality (Miller and Ballard 1992). Poisoning in the late 

40’s likely reduced bears whereas later aerial reductions targeted only wolves. 

The rapid increase in the 50’s was likely due to the fact that both wolves and 

bears were at very low densities. Caribou population increase in the early 70’s 

was not as rapid, owing possibly to the fact that only wolves were reduced at 

this time.
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As Van Ballenberghe and Ballard (1994) point out, the combination of 

having multiple predators and human influence on prey and predator popula

tions can cause a system to mimic multiple stable states, cycles or recurrent 

fluctuations (the PPH, SLCH and PLH hypotheses from 2.2). Since preda

tion rates are the result of both functional and numerical responses (Messier 

1994; Messier 1995), alternate prey can support predators at low primary prey 

density and primary predator reductions can be compensated by secondary 

predation. In the context of predicted outcomes at various prey and predator 

densities (see Boutin (1992)), we would need to observe numerical responses of 

alternate prey and secondary predators in response to experimental removals 

as well.

Gates of the Arctic, Northern Alaska

Killing rates were monitored during three 30-day periods in 1989-90. The 

study was aimed at detecting regions of wolf-induced stability on a  caribou 

population in a  multi-species predator-prey system. Killing rates were mea

sured across caribou densities of 0.06 to 2.34/km2 (Dale et al. 1994; Dale 

et al. 1995). Predation rates on these densities rapidly decreased with in

creasing prey density. The study used relationships from Puller (1989) to get 

an assumed numerical response of predators to ungulate prey biomass and 

modelled the total response and predation rates on that basis. The hypothesis 

of a  Type 3 sigmoidal functional response was rejected because it did not fit 

empirical observations as well as the Type 2. The study concluded that any 

switching to alternate prey was not evident in the functional response of cari

bou. The conclusion was tha t the presence of alternate prey could cause the 

per capita predation rate to increase at low densities because the numerical 

response of predators would not be solely dependent on the primary prey. This 

is compounded with the presumption that bears, at low densities exhibit ei-
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ther a density independent predation rate (Boertje et al. 1988) or an inversely 

density dependent predation rate (Ballard et al. 1987). The only process that 

has the potential to compensate for this increased predation at low densities 

is that wolf packs become less likely to split into high-efiiciency pairs at low 

wolf densities (Fuller 1989).

I agree with the conclusions of Dale et al. (1994) and Dale et al. (1995) that 

data indicate anti-regulatory predation by wolves. However, I do not believe 

the numerical response of wolves need be linear as assumed from Fuller (1989). 

Messier (1995) shows many types of predator numerical responses tha t could 

act with a Type 2 functional response to exhibit the predation rates observed.

Northern British Columbia

In an effort to recover caribou populations thought to be declining, wolves 

were culled in several treatment areas in Muskwa and Kechika areas of Horser- 

anch, British Columbia and caribou recruitment was compared to tha t seen 

in untreated areas (Spatsizi and Level-Kawdy), which had 9-10 wolves per 

1000 km2. Between 1979 and 1982, untreated areas declined by 13% and 12% 

respectively. In contrast, Muskwa and Kechika caribou populations saw in

creases of 6% per year at reduced wolf densities of around 1-4 per 1000 km2 

(Bergerud and Elliot 1986). During the 10 years of wolf removals, all prey 

species in treatment areas saw increases in abundance via increased juvenile 

survival.

This case provides little evidence to support any biological hypotheses of 

regulation, merely that wolves are a source of mortality. It does, however, 

provide evidence to link recruitment rates to wolf density. Results suggest 

that above 6 wolves per 1000 km2, caribou recruitment is insufficient to balance 

natural death rates. Conversely, moose populations are capable of sustaining 

their numbers at greater than 8 wolves per 1000 km2 (Messier 1985). Muskwa
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and Kechika had relatively high moose densities at 1.0 and 0.7/km2 (Bergerud 

1990). This alone is capable of sustaining wolf densities seen prior to control. 

As such, it is not surprising that wolves recovered quickly after reduction.

Had this study been more carefully planned, results may have been more 

meaningful. During removal years, untreated areas adjacent to treated areas 

saw increases in calf:cow ratios. This was explained by immigration into wolf 

control areas from wolves in untreated areas. This would have reduced wolf 

predation in untreated areas, making it difficult to measure the true effect of 

wolf reductions. This study would have benefited from measurement of kill 

rates of wolves on each prey species.

Isle Royale, Michigan

The moose/wolf system on the island of Isle Royale in Lake Superior, Michigan 

is of particular interest because it is a closed, single predator system. Moose 

population dynamics were first studied in the late 60’s and early 70’s (Peterson 

1977). At that time the contention was that vegetation ultimately regulated 

moose populations. Detailed wolf-pack dynamics were reported and many 

moose kills (~100) were observed. Nutritional stress was thought to be the 

primary cause of reduced adult survival, though possibly also a  catalyst to 

increased vulnerability to predation.

Peterson (1977), Mech et al. (1987) and Peterson and Page (1988) all 

considered the moose population to be regulated by a combination of moose 

density, forage and weather, with wolf predation being a secondary influence. 

Peterson and Page (1988), however, believed the effects of food, weather and 

density caused moose populations to be cyclic in relation to wolves. After 

observing the recovery of moose and the decline of wolves it was proposed that 

moose/wolf systems systems can cycle with a period of ~40-years (Peterson 

et al. 1984). Mech et al. (1987) and McRoberts et al. (1995) maintained
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that snow depths were significant enough to have cumulative effects on the 

physical condition of moose, predisposing them to predation. This opinion was 

countered by Bergerud et al. (1983), who found no correlation between snow 

and adult survival, but instead concluded that wolf predation significantly 

limited moose calf survival. Messier (1991) concluded that food competition 

and wolf predation explained 80% of the variation in moose abundance and 

that competition for food was a regulatory process. This was countered by 

McRoberts et al. (1995), who felt that Messier (1991)’s analysis removed 

variation in moose population data by smoothing Mech et al. (1987)’s data, 

and that a three-year cumulative snow effect was evident in offspring.

Isle Royale represents one of the few systems where high densities of moose 

have been observed (~  1.5/km2). It is also one of the longest studied predator- 

prey system and so it is the only area with data spanning a long enough time 

period to discuss the possibility of periodic behaviour. Peterson and Page 

(1988) studied the dynamics of territoriality and pack splitting in wolves. They 

demonstrated that the availability of food per pack is correlated to moose mor

tality in winter (r2=0.65). Territoriality appears to have emergent properties 

with respect to predation rates. Territory formation could occur fast enough 

that expansion and contraction of territories in response to wolf densities could 

lead to time-lagged reductions in moose densities. The cyclic behaviour seen in 

Peterson et al. (1984) could be generated by such a mechanism. They suggest 

that increased kill rates can trigger a decline of moose and a dwindling food 

supply for wolves that can be modelled with delay-differential equations of 7 

to 10 years. This is explained by the fact that decreased prey base at high wolf 

densities motivate packs to split so as to increase per pack rate of food intake. 

They still maintain that predation plays a secondary role to moose/forage in

teractions and that ultimately, historical moose declines resulted from reduced 

browse in maturing post-fire stands.
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Wells Grey, Southeastern BC

During the period 1984-1989, approximately 20 adult female caribou were 

collared and monitored in Quesnel Lake and Wells Gray Park. During that 

time, moose were also collared in each area and wolves were reduced in Quesnel 

Lake. Calf:cow ratios and adult survival were analysed in relation to wolf 

abundance throughout the wolf reduction period. The study also analysed 

habitat relationships of moose and caribou in summer and winter.

In Quesnel Lake, caribou recruitment was 7% when wolves were present 

versus 14.7% when wolves were absent (Seip 1992a). The combined recruit

ment was 9.9%. Calf:cow ratios dropped significantly between August and 

October in wolf controlled areas and that this was attributed to movement 

of new wolves after reductions. In Wells Gray, recruitment was 17.7% and 

survival rates were higher as well.

Radiotelemetry of caribou and moose indicated that caribou in Wells Gray 

used high elevations and were separated from wolves and moose, particularly in 

summer. This contrasted with observations in Quesnel Lake, where moose and 

wolves occupied similar elevations more often. The same pattern was evident 

across habitat types. Caribou, once again, could be seen to overlap less with 

wolves in Wells Gray than in Quesnel Lake. In all cases, the ability of caribou 

to separate from wolves appears to be more pronounced in winter. Seip (1992a) 

speculates that wolves could be sustained by moose as caribou numbers decline, 

possibly leading to extirpation of caribou. Seip (1990) recommends keeping 

wolf numbers low by maintaining low numbers of moose, thereby preventing 

predation on caribou.

Finlayson, Yukon

From 1982 to 1990, 2000-2500 wolves were removed from the 23000 km2 area 

in southwestern Yukon. During reduction years, caribou recruitment approx-
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imately doubled that of pre-treatment census and adjacent untreated areas 

also experienced improved recruitment. Moose densities roughly doubled over 

the course of the reductions as well. Subsequent monitoring of wolf recovery 

and predation rates provide good information on possible density dependent 

effects of wolf recovery and predation (Orians et al. 1997).

In a detailed monitoring study of wolf recovery, Hayes and Harestad (2000a) 

found that the rate of recovery of wolves was negatively correlated to pack size, 

mean number of packs and wolf density, but that it was also strongly related 

to dispersal rate. This makes sense since the dispersal rate should be related 

to pack size and lead to more packs. At least for the short term, and similar 

to what was observed on Isle Royale (Peterson and Page 1988), wolf density 

should increase in response to an abundance of moose.

Hayes and Harestad (2000a) conclude that social behaviour of wolves deter

mines the numerical response to increased prey resources via dispersal. Killing 

rates of moose were analysed to assess the potential for regulation a t low equi

librium (Hayes and Harestad 2000b). Results indicate tha t the functional 

response is stronger at lower densities than previously accepted. Data were 

added to the comprehensive analysis of Messier (1994), resulting in a predicted 

low equilibrium between 0.07 and 0.12 moose/km2. The Type 2 functional re

sponse fit the data best. Hayes et al. (2000) concluded that the functional 

response was independent of moose density but only considered this over a 

narrow range (0.26-0.44). Additionally, the study concluded that killing rates 

were related to number of packs and that there was no evidence for switching 

to caribou when caribou became more abundant.

Hayes et al. (2000), Hayes and Harestad (2000a) and Hayes and Harestad 

(2000b) ignore an important consideration. In the fashion that Messier (1994) 

analysed predation rate by combining the effects of the numerical response 

with the functional response, Hayes et al. (2000) should have considered dy-
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namically the results of the number of packs on the functional response to 

get the total response and subsequently the predation rate. Demonstrating 

this in relation to moose density would provide a stronger argument about the 

regulatory nature of wolf predation.

2.3 Discussion

A large body of research exists on wolf-ungulate systems. The major conclu

sions seem to be as follows:

1. Wolf predation can be density dependent across some ranges of prey 

densities.

2. One prey can support predator populations when another prey is at low 

densities. This can lead to local extinction of the low density prey unless 

encounter rates are extremely low.

3. Wolf control can bring about a reversal in the decline of ungulates but 

wolves will recover quickly unless wolves are reduced drastically and 

across a large area.

4. Human harvest and extreme weather can cause serious declines in ungu

late populations.

5. Ungulate recruitment can be improved three fold with a sufficient wolf 

removal barring new wolf colonization and providing that bears don’t 

prey in lieu of wolves.

6. Wolf social structure may be responsible for periodic trends in a single 

prey system.

7. When moose densities are high, large number of wolves can cause caribou 

recruitment to drop below replacement levels.
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The conventional views are that ungulates and their predators will either 

exhibit stable populations, periodic fluctuations due to random disturbances, 

or cyclic behaviour. The conditions for each of these situations involve specific 

assumptions about predation, food limitation and both environmental and 

demographic stochasticity. Most case studies report trends that suggest one 

dynamic or another, but in general are confounded by human induced impacts 

that render system dynamics undistinguishable. In many cases, studies were 

not conducted over sufficient areas or for long enough periods of time. Addi

tionally, when predator were removed, the removal of a single predator may 

have lead to compensatory predation by another predator species.

A philosophy that persists mainly due to its convenient agreement with 

management paradigms, is that populations are ultimately in balance with 

nature. Populations fluctuations are expected but no increase or decrease is 

expected to persist without encountering a regulatory mechanism. Even if 

these mechanisms are intrinsic in nature, some populations may no longer 

live in environments where the behaviour that leads to these mechanisms is 

favoured. A persistent divide between theoreticians and empiricists is that 

models predict behaviour that is not observed in nature. We do not see as 

many extinctions as models predict nor do we see as many examples of cyclic 

patterns.

Many models predict cyclic behaviour in ungulate and wolf populations, a 

phenomenon that appears feasible given theoretical (May 1972; Kendall et al. 

1999) and historical evidence (Peterson et al. 1984). Even models that predict 

stable populations can become unstable with slight changes to key parame

ters. The classic Rosenzweig-MacArthur model (Rosenzweig 1971) can be 

forced from a stable system to an unstable one by increasing the prey carry

ing capacity or the effective rate of search of predator (Gilpin 1972; Abrams 

and Walters 1996). If populations cycle, management questions should then
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consider the time scale of cycles and reflect whether or not conditions causing 

cycles are human induced or not. Interesting management implications arise 

from such considerations, since human impacts have the potential to alter 

aspects of the system that may affect these parameters.

The Hudson’s Bay Company records show an apparent cycle of 25-40 years 

in the combined number of elk and deer pelts and the combined number of 

wolf and coyote pelts sold to the company by trappers. Figure 2.3 shows these 

cycles. Unfortunately, the dataset confounds more than one type of animal 

into a  single index of abundance. To view the dynamics of such a  system in 

modern-day exploited environments suggests that we should at least employ 

mechanistic models that are capable of reproducing these patterns, and to look 

at the ramifications of environmental changes on the fundamental behaviour 

of the system.
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Figure 2.3: Periodic trends in fur bearing mammals of North America. Figure 
shows the number of wolf, coyote, deer and elk pelts received by the Hudson’s 
Bay Company for 150 years. (Turchin 2002)

There are a limited number of mechanisms that facilitate the persistence 

of caribou in the presence of a wolf populations sustained by moose. Because
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caribou are more susceptible to attack than moose, encounter rates with preda

tors must be low, owing to some mechanism that limits access to caribou or 

reduces predator interest in searching for caribou. Given the assumptions that 

caribou are less likely to survive a wolf attack than moose, that they do not 

reproduce as fast as moose, and that predation is defined by a type II func

tional response (Messier 1994; Dale et al. 1994), caribou populations should 

decline or even go extinct (Seip 1992b; Dale et al. 1994; Bergerud and Elliott 

1998). The logic is simple. Wolves sustain themselves on an abundant and 

rapidly replenishing moose population. The caribou, which are comparatively 

easy to kill, but less frequently encountered, experience increasing predation 

mortality as the number of wolves increases. Even if wolf populations stabilize, 

there is the potential that incidental predation on caribou is sufficient to cause 

a  sustained decline leading to extinction. Similar cases have been recorded 

where the consumer has been supported by a primary resource and caused a 

decline or extirpation of a secondary resource. Blue whale and fin whale pop

ulations in Antarctica could have avoided reaching near extinction levels had 

not fishing fleets continued to sweep the oceans in search of other baleen whales 

(Walters and Martell 2004). Similarly, bluefin tuna reached catastrophically 

low densities when fleets continued to catch bluefin while targeting yellowfin 

tuna (Walters and Martell 2004). Finally, introduced European foxes that 

depend upon European rabbits have driven many marsupials to extinction in 

Australia (Sinclair 2003).

Another factor that contributes to the decline of caribou populations is 

the fact tha t natural disturbances and industrial activities create precisely 

the type of habitat alteration that favours moose production, reduces cari

bou food supply, and increases interactions with wolves (Bergerud and Elliott 

1998; Dyer 1999; Smith et al. 2000). Forest activity creates large openings 

tha t supply young serai forests for moose to browse once deciduous seedlings
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and shrubs establish. The increased food supply for moose leads to colonisa

tion and improves overwinter moose survival. Moose populations increase and 

wolf populations increase with them. This results in an increase in predation 

pressure on caribou because of a  higher encounter rate.

The life history of caribou suggests that an effective strategy is to avoid 

predators as much as possible during calving (Bergerud et al. 1984; Bergerud 

and Page 1987), and to exist at low densities so as not to be sufficiently abun

dant to support a  large enough wolf population to cause their decline strategy 

does not work when moose colonize caribou ranges, causing wolf populations 

to increase independently of caribou densities. Caribou are hypothesized to 

spatially separate themselves from predators to avoid predation (the Spatial 

separation hypothesis). This often appears to be a direct avoidance of alternate 

prey (the Alternate prey hypothesis). Either way, caribou use spatial refuges 

to distance themselves from predation risks. For instance James et al. (2004) 

showed that caribou predation rates by wolves were higher in cells that were 

also occupied by moose.

Given that caribou populations have been declining in the presence of 

elevated moose and wolf population throughout British Columbia and Alberta 

(Bergerud and Elliot 1986; Bergerud and Elliott 1998), this thesis is aimed 

at detailing the underlying spatial and temporal causes for mechanisms of the 

caribou/moose/wolf system and the cause of the decline. I will do this by 

fitting models to empirical data and performing a model selection. I will also 

propose management options tha t potentially reverse declines.

The analysis in this thesis will focus on one caribou herd for which a 10- 

year time series of relative abundances is available for caribou, moose and 

wolves. The brevity of the time series is a  cause of concern but there is little 

option if we are to  gain any insight into the future of this herd, and indeed 

into any caribou system involving elevated moose and wolf populations. I will
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construct models that explain the dynamics in different ways and compare 

how they each fit empirical trends. I will also look at the predicted long term 

dynamics of the models and compare these to broad scale patterns tha t have 

been observed in other systems. In an effort to capture the dynamics of the 

RPC herd, I have had to consider some trade-offs between building models 

that describe broad scale trends and models that are sensitive to local ecology 

and empirical data. On the one hand, we must try to understand what is going 

on with caribou herds in west-central Alberta, subject to local environmental 

changes that undermine the dynamics, but on the other hand, we are also 

interested in broad scale patterns of which the RPC system is a subset.
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Chapter 3

Population trends of the 
Redrock Prairie-Creek caribou 
herd in west-central Alberta

Introduction

This chapter is a reconstruction of the population trends of the key species in

habiting the winter range of a woodland caribou (Rangifer tarandus caribou) 

herd. I characterize the population dynamics as a foundation for exploring 

management implication in later chapters. The Redrock Prairie-Creek (RPC) 

herd in west-central Alberta was studied to infer local dynamics that are sig

nificant to larger scale patterns. I build a series of non-spatial models, each 

capable of describing the trends observed, but each capturing a different mech

anism of interest to ecology, management or both. I assume that parameters 

implicitly capture average demographic and behavioural rates that predomi

nated during the period of time for which the data exist. I also assume that 

fine-scale spatial behaviour and environmental processes are encapsulated in 

these parameters. The models describe several ways that caribou, moose {Al

oes alces) and wolves ( Canis lupus) interact. The models were selected to 

reflect competing hypotheses about how predation and habitat factors influ

ence population dynamics.
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Although it is difficult to evaluate which model better describes system 

dynamics, it is possible to examine the behaviour of each model and discuss 

the management implications given its assumptions. I fit models to empirical 

trends in the RPC and assume statistical stationarity in parameters. Each 

model targets a particular process that may explain something of the ob

served trend and/or say something distinctly different about the qualitative 

behaviour of a system with two prey types (caribou and moose) and one preda

tor (wolves). I explicitly model only what I consider to be the most essential 

components of the system: wolves because they are known to be significant 

predators in winter, moose because their numbers are considered to be so 

closely associated with wolves, and caribou, the species of interest. Predation 

by bears is assumed to occur in the summer range and be reflected primarily 

in the net birth rates of caribou and moose.

A broad scale analysis of the dynamics of the RPC system has not been 

attempted to date. Trends in abundances, recruitment, migration and survival 

have been documented (Edmonds 1988; Edmonds 1998; Brown and Hobson 

1998; Dzus 2001), and the general view is that caribou populations in the 

RPC range declined in the early 80’s and have been relatively stable since 

then. Surveys indicate that moose and wolf populations have been on the rise 

since 1989 (see trends and empirical model fitting in section 3.4).

I use the results of previous monitoring to build a quantitative and quali

tative view of the population dynamics of the RPC caribou system. I examine 

the possibility that the dynamics of the RPC range have undergone (or may be 

presently undergoing) a shift in equilibrium densities or a transformation from 

a system with equilibrium population densities to a system that cycles with 

some period. Such a transition has a theoretical foundation that is pertinent 

to the RPC caribou system.

In recent years, logging and energy sector activities have altered the land-
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scape in precisely the way that gives rise to limit cycles in predator and prey 

systems (e.g, increased carrying capacity of prey (Rosenzweig 1971; Gilpin 

1972; Abrams and Walters 1996)). Dynamics in the wake of these activities 

may be quite different than before they came into effect. Even if we assume 

that caribou evolved to co-exist with predators and historical habitat con

ditions, we must recognize that both of these elements have changed: there 

are more predators and alternate prey and there has been an unprecedented 

amount of habitat alteration in recent years due to resource extraction activi

ties. W ith apparent increases in moose populations, and a conversion of forest 

habitat from old to young, we must question the possibility that a transfor

mation has occurred in population dynamics as it pertains to caribou.

3.1 Study area

The 2158 km2 Redrock/Prairie Creek caribou winter range is in west-central 

Alberta (54°E, 119°W), on the eastern slopes of the Rocky Mountains north 

of Jasper National Park and south of Grande Prairie (see Figure 3.1). It 

is an upper foothills landscape with areas affected by timber harvest, oil 

and gas exploration and coal mining (Szkorupa 2001). Surveys from the 

area indicate large abundances of moose and small localised populations of 

elk (Cervus americanus), mule deer (Odocoileus hemionus), white-tailed deer 

(Odocoileus virginianus), bighorn sheep (Ovis canadensis) and mountain goat 

(Oreamnos americanus). Predator species include wolves (Canis lupus), black 

bears ( Ursos americanus), grizzly bears ( Ursus arctos), coyotes (Canis la- 

trans) and cougars (Felis concolor). The RPC herd was estimated at approx

imately 300 animals (Brown and Hobson 1998). Wolf densities were most re

cently estimated at 0.011 wolves/km2 (Kuzyk 2002), which is above the 0.0065 

wolves/km2 thought to be the threshold below which caribou populations are 

capable of persisting (Bergerud and Elliot 1986).
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Figure 3.1: Map of Redrock Prairie Creek caribou winter range in west-central 
Alberta.
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3.2 Data

A variety of data sources are used, each having different spatial and temporal 

resolution. Indices of abundance come from aerial snow track surveys flown 

from 1989 to 1998 (Rohner et al. 2000). The surveys were intended to capture 

the relative abundances of major predator and prey species in the RPC caribou 

winter range. The first survey of each year occurred in December and the 

second occurred between mid January and mid February. The flight paths 

were generally consistent between surveys. Slight differences do not present 

a problem since the index of abundance used is tracks per 10 km of transect 

flown. Tracks were identified to species from the air and later ground truthed. 

Species identification is considered to be 95% accurate. Tracks were spatially 

referenced to 2x2 km grids.

A second aerial survey of the RPC range is available from 1983 to 1996, but 

the amount of time spent surveying and the observability were not recorded, 

making it impossible to use animal counts to estimate abundance. Nonetheless, 

I use the information to provide upper and lower bounds to animal densities. I 

transform the number of calves-at-heel into a total population rate of recruit

ment for a specific reference point in modelled dynamics (i.e., just prior to the 

winter predation period).

I include density estimates of caribou and wolves for the year 1998. The 

caribou estimate was 300 animals (Brown and Hobson 1998), which I con

vert to a density of 0.14/km2. Kuzyk (2002) estimated 0.011 wolves/km2 in 

winter of 1998. Using 1999-2001 caribou GPS collar data (Szkorupa 2001), I 

calculate the number of daily caribou observations inside and outside of the 

winter range and concluded that caribou spend 31.8% of the year in the win

ter range. I assume that temporal use of summer and winter ranges would be 

well represented across a  selection of animals regardless of which year it was
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recorded.

Moose surveys were conducted by Alberta Fish & Wildlife division in areas 

within and surrounding the RPC winter range. The wildlife management units 

(WMUs) directly in the RPC range include WMUs 442, 445, 446, 355 and 356. 

The majority of the RPC winter range is covered by WMU 355, but the bulk 

of the survey data available are from unit 356, which covers a northern strip 

of the range. Given the absence of density estimates available for the other 

units, I assume the densities for unit 356 are representative of the RPC winter 

range. These density estimates were 0.46 moose/km2 in 1993 and 0.57/km2 

in 1996. Recruitment was obtained from the same surveys (0.34 and 0.29 per 

adult respectively). An analysis of these data included estimates of annual 

survival rates for each WMU and and a pooled survival rate (Anonymous 

1998). W ith information on dates of death of collared animals, Alberta Fish & 

Wildlife scientists calculated a daily mortality rate and subsequently an annual 

mortality rate. A similar procedure is repeated in this analysis for caribou (see 

Section 3.3.2). The pooled moose natural mortality rate is calculated to be 

0.14/year, which I accept for the purpose of this analysis.

3.3 M ethods

This section describes how models were constructed and how the empirical 

data were used to test the models. Some parameters are estimated from time 

series data and others were inferred from collar data and then assumed fixed 

for the purpose of estimating the other parameters. The RPC data consist of 

a short time series of abundance trends and a sparse recruitment trend for one 

species. At the onset of this thesis, it was assumed that it would be difficult to 

estimate wolf behavioural parameters without wolf recruitment data or kill rate 

information. Similarly, since there are no abundance estimates or harvest data 

for moose, we must expect a lot of uncertainty in the estimates. Nonetheless,
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it is possible to use empirical information and published values to bound some 

parameters and reduce the number of estimated parameters.

3.3.1 A lternative m odels

The following are brief descriptions of the models used to infer the dynamics 

of the RPC system. Models reflect issues of ecological or management interest 

as well as data availability.

M odel 1 Wolves prey on ungulate calves and adults with distinct effective 

rates of search for each prey species and age class. I choose to add 

age structure because there is sufficient information available about the 

relative vulnerability to predation at different age classes (Haber 1977). 

Wolves encounter prey in proportion to spatial and temporal distribution 

but there is no prey switching (i.e., Type 2 functional response). I choose 

to put density dependence directly on recruitment because there is strong 

evidence for it at high densities (Skogland 1985).

M odel 2 Same as Model 1 but search rate on caribou declines with decreasing 

densities of caribou (i.e., a  Type 3 functional response on caribou).

M odel 3 Same as Model 1 but search rate on caribou declines when moose 

densities are higher. The hypothesis is that wolves will search for caribou 

more often when there are less moose available. This is of management 

interest because there is concern that reductions of moose may lead to 

an increase in predation rates on caribou. The structure of this model 

lends itself to evaluation with controlled experiments and monitoring.

M odel 4 A portion of the prey population is invulnerable to predators at any 

given time (Abrams and Walters 1996). Instantaneous rate parameters 

represent movements into and out of vulnerable and invulnerable states.
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This implicitly captures spatial foraging behaviour without explicit spa

tial modelling. The use of vulnerable and invulnerable states can allow 

caribou to persist in the presence of elevated wolf populations if move

ment rates effectively reduce predation exposure. Density dependence is 

modelled through the instantaneous rate of increase. No age structure 

is modelled.

The generic formulas for Models 1, 2 and 3 are given below. A description 

of symbols can be found in Table 3.1.

dN-
— - = J i - F i - r m N i - S i N i  (3.1)
dt

^  =  £W (F 1 + F2) - m wW  (3.2)
dt

(3.3)

where

Ji = n N i i l - ^ )  (3.4)

p    Qjj J j  Mjj ~t~ Q-ig m i  <5j)) Uja ^  ^

D =  1-h ^  \_aijhijJi F  aiahia (N i(l — 5i)y\ + aiahiari (3.6)
1= 1,2

where /  =  1 for a Type 2 functional response, and 2 for Type 3 (always 

Type 2 for moose). I partitioned aik (i is sp., k = j  for juvenile and a is 

adult) into search, encounter and kill success. Assuming that wolf travel is 

independent of prey type, the rate of encounter and the rate of successful 

attack determine the maximum capture rate for a prey class:

Q>ik 5 k — J ,  d (3.7)

Here Xik is the kill success rate, & is the encounter rate scaling factor and 

a* is the search rate of wolves on species i. The search rate reflects travel
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Table 3.1: Parameters and symbols used in predator-prey models.

Parameter Symbol
Adult caribou density iVi
Juvenile caribou density J i
Adult moose density n 2
Juvenile moose density h
Wolf density w
Other prey biomass V
Caribou intrinsic growth rate n
Caribou carrying capacity
Adult caribou mortality m i
Caribou harvest rate Si
Effective rate of search on adult caribou CL\a
Effective rate of search on caribou calves d  ij
Moose intrinsic growth rate r2
Moose carrying capacity k2
Adult moose mortality m 2
Moose harvest rate s2
Effective rate of search on adult moose 02 a
Effective rate of search on moose calves CL2j
Attack success probability Aik
Encounter probability &ik
Conversion efficiency £
Wolf mortality rate m w
Handling time for one adult caribou h =  2 days
Handling time for ungulates hik =  u ikh
Relative weight calf:adult caribou Ulj
Relative weight caribou W in  =  1
Relative weight juvenile moose:caribou 0J2j
Relative weight adult moosercaribou u 2a
Probability of dying in the day following x Q x , t

Probability of surviving until x+t given alive at x p x , t
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speed of wolves and the detection radius of a particular prey type. I assume 

that the effective rate of search on a species is scaled by the kill success and 

the encounter rate.

I calculate the spatial correlation of wolves and ungulates using Equation 

3.8. Caribou are not found in the same areas with wolves as often as are 

moose (see Figure 3.2), providing the impetus to model the encounter rate 

explicitly. Hereafter, I assume that there exists a parameter & that describes 

an encounter rate that is related to Cx,y. where x  and y  represent coordinates 

on a two dimensional grid.

(XjJ — f^x) (Xi,j ~  f^y)
j O'xO'yCx,y — S ' (3.8)
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Figure 3.2: Plot of spatial correlation between snow tracks of caribou, moose 
and wolves. Solid line shows the wolf-caribou correlation. Dashed line shows 
the wolf-moose correlation. No correlation between wolves and ungulates is 
shown in 1990 because no wolf tracks were observed in that year.

I assume that the handling time for a single caribou is 2 days and the han

dling times for other prey classes is proportional to their relative weights uJik- 

I do not assume that wolves encounter ungulates in equal proportion to their
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Table 3.2: Encounter rate scaling factors for Models 1, 2 and 3

Model Encounter rate
1 e
2 fN for caribou, 1 for moose
3 f ( l  -M /< pM)

Table 3.3: Attack success probability of wolves on each prey class

Stage Caribou Moose
Calf 0.65 0.25
Adult 0.45 0.05

densities. I assume that there are behavioural reasons that explain differences 

in how prey are effectively accessible, spatially and temporally, to predation 

by wolves. =  UkPik implies that prey are not equally distributed, with 

tik being the proportion of time prey spent within the searched area and pik 

being the proportion of the predators territory occupied by prey. I can make 

use of these distinctions to estimate fewer parameters by scaling the search 

rate a* with prey class specific spatial and temporal components. Given some 

knowledge about A^, and assuming that & is roughly the same for adults and 

juveniles, I can estimate a*. Essentially, this involves using the temporal over

lap information to scale the search rate between species, and the kill success 

rate to further scale adults relative to juveniles. Table 3.3 shows ungulate 

kill success rates derived from observed ungulate kills from two wolf packs in 

Denali, Alaska recorded by (Haber 1977). Carrying capacities are K i  =  3 for 

caribou and K 2 =  2 for moose. The caribou value is reduced to 3 from 5 found 

in (Skogland 198-5) because that figure pertained to domesticated reindeer that 

receive supplemental feeding. The moose value comes from (Crete 1989).

I use data from a wolf recovery study in the Yukon (Hayes and Harestad 

2000a) to estimate the value of e by minimizing the objective function in 

Equation 3.9. The study documented wolf recovery trends as well as kill
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rates and densities of moose, e thus represents the recruitment of wolves 

purely in response to moose biomass consumed. To account for recruitment in 

response to unrecorded biomass, I add another parameter rj, which represents 

a density of unknown biomass in the wolves diet. I assume that it is effectively 

searched and handled with the same rates as caribou. It is accounted for in 

wolf energetics and time budget each year.

S S =  -  e£ir- TO”) 2 (3.9)

I calculated m w =  log(l — sw) where sw are annual survival rates from collared 

wolves. Yearly kill rates were estimated by multiplying 100-day rates by 3.65. 

The estimated value of e is 0.08967 in moose units, which converts to 0.036 in 

caribou units (assuming 2.5 caribou =  1 moose by weight).

Table 3.4: Wolf conversion efficiency parameters

Parameter Symbol
Wolf densities in year t wt
Estimated kills/predator/year F
Mortality rate m w

Given these, I have only to estimate two a*’s instead of four a*fc’s. A single 

search rate cannot apply to both species because the total area searched by 

predators must incorporate both distance travelled and detection radius or 

prey. Since we know nothing about the relative detection radii of caribou and 

moose, I assume that area searched is relative to individual detection radii. I 

also assume that & is proportional to a  spatial overlap and a detection radius, 

meaning tha t empirical data can be used to scale the & further so that the 

only remaining variation comes from the detection radius.

Model 4 assumes a  structure of foraging arenas (Abrams and Walters 1996; 

Walters et al. 1997) where prey biomass is effectively divided into two states:
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vulnerable and invulnerable. This has numerous behavioural interpretations, 

but any avoidance, encounter rate or refuge can be thought to contribute to the 

parameters that determine predator access to prey: the mixing, or exchange 

rate parameters vin and iv t- Invulnerable prey can move into the vulnerable 

state with a rate vin. They can also move out of a vulnerable state with rate 

Vout- We assume that this behaviour occurs on a much faster time scale than 

population dynamics and predation, and reaches an equilibrium vulnerable 

pool of prey V  (see Walters et al. (1997) for a discussion of variable-speed- 

splitting). The functional response thus pertains to V  instead of N  since 

predators only see that quantity. In the case of ungulate-wolf behaviour, this 

refuging behaviour is reflected by prey detection and predator avoidance (and 

evasion) occurring over very short time scales.

I + a h V  <3' 10>

where

V =  _____  (311)
4 - 7 ,  I <*W b 5- LJJ

m ^  U°ut ^  1+ahV

is the equilibrium vulnerable biomass that comes from solving Equation (3.12) 

when dVjdt =  0 (i.e., V  reaches its equilibrium).

(3.12)

The equivalent two-prey system is as follows:

i “  1 +  c +  a2h2V2 3̂’13^

where

v< =  , . K ™N> M   (3.14)
+  Vi,out +  l + a1h1Vl + a2h2V2
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Substituting the vulnerable biomass into a  two species model with a single age 

class gives:

aM W
^ i = r - N i  1 - ^ ) - -  
dt 1 K i} l  + a1hlV1 + a2h2V2

dW uiiaiVi +  uj2a2V2
—7T =  eW ------------r-rz----T-rrzr -  m Wdt 1 +  UihiVi +  Q,2h2y 2

-  rriiNi (3.15)

(3.16)

For convenience, I set z'm=10 and divide the top and bottom of equation 

3.14 by vin. This allows estimation of only a single parameter, vmt. It turns 

out that need only be sufficiently large such that picking a wide range of 

values of vout causes the vulnerable biomass to range from 0 to the total prey 

density. Figure 3.3 shows the relationship between the exchange rate out of 

the foraging arena and the effective vulnerable biomass when Equation 3.12 is 

solved iteratively.
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Figure 3.3: The reduction in the amount of vulnerable biomass as the param
eter Vout increases shows the decline in the amount of vulnerable biomass as 
behaviour forces a greater proportion into an invulnerable state. Shown for 
case where 1^=10, a = l, h=1, N = l, W = l.
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3.3.2 Param eter estim ation

Parameters are estimated in two stages. Some come from fitting sub-models 

and others from fitting dynamic models. The parameters estimated from fit

ting sub-models are then used in the dynamic fitting. A survival model (see 

Section below on survival modelling) is used to estimate caribou mortality 

rate from natural (non-predatory) causes. This survival rate is then assumed 

in Models 1 to 4, which are then used to predict abundance trends and esti

mate the other dynamic parameters. At this stage, other parameters are also 

assumed from various literature sources, such as the conversion efficiency e 

(see Equation 3.9) and attack success rates from Haber (1977). The fist of 

assumed parameter values is shown in Table 3.5. Dynamic model predictions 

are compared to empirical abundance trends and a statistical fitting procedure 

was used to estimate the remainder of the parameters that provided to best 

fit. The logic of this process is shown in Figure 3.4.

Survival rate TS trends

Survival model

Population model Objective function

VHF collar data

I Parameters i 
L __________________ J

Figure 3.4: Logical flow of analysis and simulation methods.
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Table 3.5: Parameter values assumed during estimation procedures (see also 
Table 3.3). This shows parameter values that were taken from literature 
sources or assumed by analyzing literature data.

Parameter Value used Reference
Si 0 This study
K i 3 Reduced from 5 in Skogland (1985)
k 2 2 Crete (1989)
m  i 0.089 Estimated from VHF data in this study.
m 2 0.14 Anonymous (1998)
m w 0.4925 Kuzyk (2002)
h 2 days Dale et al. (1994)
O J n 0.5 This study

1 -
U J22 2.5 This study
U)2\ 1 This study
^1  , i n 10 This study
^ 2 , i n 10 This study

I use relative ungulate weights from the literature, but scale to caribou 

units instead of deer units (Fuller 1989; Bergerud 1990). I also assume that 

the v^in s are equal to 100 and I estimate the value of ^ out's between 0.1 and 

10000. This allows the vulnerable biomass to reach near zero values as well as 

approaching maxima near JVj.

Adult caribou survival model

If available records include the time since death, I use tha t figure to calculate 

the date of death, otherwise I assume deaths occurred half way between last 

confirmed day alive and the date the death was recorded. The probability of 

each individual surviving t  days is pXtt =  pl where x  is the reference date of the 

first location for VHF collared caribou i. The probability of an animal dying 

is px,t-i times 1 — px+t- 1,1, which reduces to pt_1 (1 — p).

Pxj  = e- mt/365 (3.17)
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is the probability of surviving from x  to x  + f, where m  is the instantaneous 

mortality rate applied over an entire year and

qxt = l - e- mt/365 (3.18)

is the probability of dying in the interval (x, x  + t).

3.3.3 D ynam ic m odels

I fit models to empirical data, such that likelihood functions are maximized 

so that the probability of observing the data is highest compared to any other 

parameter choice. VHF relocations of adult caribou from 1988-2001 provide 

records of know periods of survival as well as mortalities and are used to esti

mate the natural mortality rate of caribou. I estimate the instantaneous mor

tality rate that would maximize the likelihood of observing the data. Where 

mortality was due to predation, I include only the information up to the date 

of the last observation prior to death. The mortality rate estimate therefore 

reflects sources known not to be predation.

The likelihood of the data given 6 is:

L(Y\m) =  (1 ~  p) Pxi (3-19)
i

where x* are the individuals that died and so are only alive for t  — 1 days. 

My objective is to maximize this probability or more conveniently, to minimize 

the negative log-likelihood

L =  ~P) ~ J l l0SiPxa) (3-20)
i i i

Population dynamics models are fit to empirical trends using a Generalized 

Reduced Gradient algorithm that minimizes the negative log-likelihood of the 

observation error model shown in Equation 3.21:

Yi = qNie? where /3~N {O ,a0) (3.21)
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{Y{} represent empirical quantities (snow track counts, abundance esti

mates, etc. . . q is a scaling quantity used to describe the relationship be

tween the actual values {Ni} and the set of observed quantities {!*}. j3 is a 

gaussian random variable with mean 0 and standard deviation aw- Taking 

the log of both sides we get:

Setting Zi =  1 og(Yi/iVt) and using the MLE q' = log(q) =  £ min

imises the following negative log-likelihood function:

This generic likelihood kernel will self-weight to the reciprocal of the variance 

of the observation process (Walters and Ludwig 1994).

For all models, I use the error structure in Equation 3.21 to explain the 

observation of relative abundance indices. I assume that the scaling parame

ter q describes the observability, which can take on any value in the interval 

[0, Vijui), where y* is the maximum number of tracks observed per 10 km of 

transect and Ui is the upper range of densities for species i. This parameter 

scales prey density to the number of tracks observed per 10 km of transect 

flown. The likelihoods of caribou, moose and wolf track observations are each 

treated the same way and can be summed to a single likelihood. When ob

serving calf-at-heel rates, predation rates and diet composition, I assume that 

9 =  1, which means that there is no scaling because they are ratios, but that 

there is still log-normal error in the observation. This assumes that calves and 

female adults are equally observable. In those cases, the likelihoods become:

lo g ( ^ )  =  log(9) +  P (3.22)

L = ^ - \ o g ± { Z i - q f (3.23)

L  = \ \ o g ± Z ? (3.24)
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These likelihoods axe also summed and added to the likelihood of the snow- 

track observations. This total likelihood objective function across all data 

sources

£  =  (3.25)
j

is minimized to find the set of parameters 0* that provide the best fit 

to time series data. This predicts the best fit of the model to all the data 

simultaneously.

To minimize Equation 3.25, I code Equations 3.1 - 3.6 in C++ and use 

a non-linear optimization algorithm to minimize (3.25). The equations are 

integrated using the Adams-Bashforth numerical integrator X t =  X t_At + 

^ [ 3 rfXrft~At — 2dXf̂ 2At], where X t represents the state variable being integrated 

(i.e. either one of the JVj or W ). At each time step At =  0.05, the values 

and XX- axe calculated and iV2(t) and W(t)  were calculated. The

individual likelihoods are evaluated using 3.21 and 3.23 for the snowtrack 

data and 3.24 for comparison with abundance estimates. Minimization of the 

likelihood yields the maximum likelihood estimates, which are then used to 

project trends 100 years into the future.

3.3.4 Uncertainty

By assuming an observation error model, I can use the likelihood to perform 

Markov Chain Monte Carlo simulations (MCMC’s) using the Metropolis Hast

ings algorithm (Gelman et al. 1995). The covariance matrix is obtained and 

used to build a multivariate normal distribution that acts as a random gener

ator of candidate parameter values. The method starts with an initial candi

date, draws a  new one at random from the candidate generating distribution, 

accepts the new point as a  sample if its likelihood evaluates higher than the 

first point, or accepts it with a  probability that is the ratio of the likelihoods if
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the new point has a lower likelihood than the first point. Repeating these steps 

has the effect of selecting unlikely parameter combinations less frequently than 

more likely ones. The end result is that the list, or chain, of accepted param

eters converges to a distribution that is the true probability distribution for 

each parameter. This Bayesian technique is widely used to estimate posterior 

distributions when integration over marginal posteriors is not possible (Chib 

and Greenberg 1995; Brooks 1998). Sampling randomly from parameter space 

distributes parameter values around the maximum likelihood estimates of the 

means with estimated variances. These samples are then used to project time 

series. The result is a  probability distribution of predictions that describes 

how likely the predicted events are to occur. I sample parameters from the 

distribution, project trends 100 years into the future and record the elapsed 

time until caribou became extinct.

I simulate chains of 2,200,000 samples for each model. To display the dis

tributions I draw every 200th value from the posterior samples, after skipping 

the first 100,000 samples. Skipping the first 100,000 avoids including the sam

ples that may still bear the weight of initial conditions. Skipping 200 between 

samples merely spreads the sample out across a longer portion of the chain.

I use a Gelman-Rubin statistic to test for convergence (Gelman and Ru

bin 1992). This statistic examines the the sampling distributions of the in

dependent chains and determines whether they are converging to the same 

distribution relative to continuing simulation indefinitely from a single chain. 

I produce 3 chains of 2,000,000 samples each for this test.

3.3.5 Stability analysis

I analyse Model 1 for tendencies toward stable densities. I do this only for 

Model 1 because it has the most tractable assumptions. I look at how changing 

key parameters has a tendency to increase and decrease stable densities of each
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species. The assumptions made in the other models are merely modifications 

to the simpler assumptions of Model 1 and can be interpreted from these 

results. The analysis assumes that forest conditions do not change over time.

The first parameter of interest scales the wolf effective rate of search to 

mimic refuging behaviour and/or spatial separation by caribou (James et al. 

2004). GPS collar data indicate that the RPC herd spent 31.8% of the year in 

the winter range overlapping wolf territories, whereas moose are present year- 

round. By assuming a spatial and temporal overlap scale factor of 1 for moose 

and varying the rate across a gradient for caribou, I can examine the relative 

impact of spatial and temporal separation on species equilibrium densities. 

Because I assume that moose are exposed to wolf predation year-round, I fix 

0*2 ,max and assume that a limax =  /ao.mai- For the purpose of the stability 

analysis, I treat variation in £ as a change in predator avoidance behaviour. 

As £ —> 1, caribou no longer avoid predators within wolf territories; they 

only differ from moose in temporal separation and attack success. When the 

temporal separation approaches the reciprocal of the attack success, there is 

no difference between the two species.

I calculate the equilibrium densities of each species using Equations 3.1 - 

3.4. I calculate the equilibrium points using the equation solver in Maple© 

with different values of £ and look at the eigenvalues of the equilibrium points 

to determine whether the points were stable. The stable equilibrium densities 

of caribou, moose and wolves are plotted as contours with respect to variations 

in the parameters r 2 and £ (see Figures 3.14 - 3.18).

I also test for evidence of benefits to controlling moose densities. The 

system of equations is reduced such tha t moose were treated as a parameter 

(i.e., a  fixed density). Wolves still consumed moose and responded numerically, 

but I assume the moose population could be held constant at a managed 

density. Repeating the stability analysis with wolves and caribou populations
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increasing naturally while maintaining moose at a constant density, I find the 

equilibrium points of of both caribou and wolves.

3.4 Results

The maximum likelihood estimate of the instantaneous caribou mortality from 

causes other than predation is 0.089 (see Figure 3.5). This is close to figures 

found in other systems. McLoughlin et al. (2003) found survival rates between 

0.86 and 0.93 for boreal caribou in northern Alberta. Smith (2004) calculated 

a mean adult female survival rate of 0.873 for the RPC herd, but that estimate 

came from 1998-2003 data and did not remove known predation kills. An adult 

natural mortality rate of 0.089 is used to parameterize the population dynamics 

models and estimate the remaining parameters. The maximum likelihood 

estimates from fitting the dynamic model to empirical trends are shown in 

Table 3.6. I use these parameters in Equations 3.1 - 3.4 to predict long-term 

trends. The a^max shown in Table 3.6 are the species specific search rates. 

The effective rates of search 0 ^  come from multiplying a^max by the encounter 

rates and kill success rates. The adult moose effective rate of search becomes 

a2a — 6 when we apply the rates in Table 3.3. This is lower than the rate 

estimated from the Messier (1994) data, owing perhaps to differences in diet 

compositions.

A visual account of the quality of each model fit to empirical trends is 

shown in Figure 3.6, which shows the model prediction of the actual observed 

data (number of tracks per 10 km transect) rather than the densities that the 

models predict for each species. The predicted densities are shown in Figure 

3.7. Long term projections of predicted dynamics are shown in Figure 3.8. 

All models predict roughly the same number of moose and wolves. Model 

2 predicts more caribou than the other models due to model assumptions, 

which diminish predation on caribou at lower densities. There is insufficient
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Table 3.6: Maximum likelihood parameter estimates for Models 1-4 obtained 
from minimizing observation error likelihood.

Parameter Model 1 Model 2 Model 3 Model 4
c0 0.0952 0.0954 0.1361 0.1836
m0 0.0756 0.0756 0.1143 0.0822
w0 0.0035 0.0036 0.0174 0.0051
ri 0.1588 0.1588 0.2082 0.1544
Cl , m a x 74.761 687.67 36.089 436.2
T o 0.7155 0.7170 0.8838 0.6209
®2,max 117 114 77 436
V 0.0025 0.0003 0.0835 -
5i 0.0462 0.0460 0.0435 0
L ' l . i n - - - 10
1̂ , o u t - - - 227

^ 2 ,  i n - - - 10
^ 2 , o u t - - - 275

empirical evidence for the fitting procedure to force lower caribou densities 

while still satisfying empirical evidence for the moose and wolf trends. In 

Figure 3.8 the long-term patterns are visible. The most consistent pattern 

is that caribou densities decline or go locally extinct within roughly 50 years 

as the system becomes driven by the interactions between moose and wolves. 

Under present conditions, the numerical response of wolves to high moose 

densities increases the predation rate on caribou sufficiently for caribou to be 

driven to low densities or to local extinction.

3.4.1 U ncertainty

Markov Chain Monte Carlo (MCMC) simulations tested positively for conver

gence. A scaling factor close to 1 is obtained for all parameters, indicating 

that the distributions converged. Histograms of these posterior samples of the 

MCMC chains for each model are shown in Figures 3.9 - 3.11. The figures all 

show that ungulate growth rate parameters are well defined. This is because 

time series data that show population fluctuations inform the algorithm about 

what rate would be required to produce observed increases. There is also no
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Figure 3.6: Fit of Models 1-4 to empirical snow track densities. Circles repre
sent the number of tracks observed per 10 kilometers flown. Lines shows the 
predicted number of tracks for each model during the period of time that snow 
track densities were collected.
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Figure 3.7: Maximum likelihood prediction of population trends using Models 
1-4. Figure shows the predicted densities of each species during the 10 year 
period tha t snow track densities were collected.
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Figure 3.8: Predicted 100-year population trends using maximum likelihood 
parameter estimates.
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confounding between these parameters and the way the models are structured. 

Conversely, the wolf conversion efficiency parameter e resolves wolf population 

growth trends in conjunction with the capture rates a*.,- of ungulate biomass. 

These two parameters are confounded. Nonetheless, estimates of the posterior 

densities of parameters axe valuable in providing a  sense of probable future 

outcomes. To predict the probability of a future event, one can draw at ran

dom a set of parameters from saved MCMC simulation values, run the model 

with those parameters and record the predicted trend. Repeating this process 

hundreds (or thousands) of times produces a sample of predicted time series 

that can be analysed for statistical properties. I produce such time series and 

analyse them to determine the extinction probability of the RPC caribou herd. 

Ten thousand random draws from the joint posterior densities were used to 

predict the year at which caribou densities declined to zero. The histograms 

of these predicted extinction years are shown in Figure 3.13 for Models 1 and 

3. Drawing from the posterior densities of Models 2 and 4 do not predict any 

extinctions at all and thus the histograms are not shown.

Model 1 extinctions rates are lower than the maximum likelihood projected 

trends suggest. The distribution of extinction times from randomly drawn pa

rameter values show that there is a 50% probability of extinction within ~70 

years. Model 3 predicts extinction within ~50 years with 95% probability. 

Models 2 and 4 do not predict extinctions because empirical parameter esti

mates of search rates and vulnerability exchange parameters do not permit 

sufficient predation mortality to extirpate caribou. Random draws from the 

joint posterior of Model 2 produces not a single extinction. This is inherent in 

the model structure. Prey will escape predation at low densities when a Type 

3 functional response is used. The only thing that will cause the prey pop

ulation to decline is if the predation-independent productivity and mortality 

rates do not favour growth. r c ~  0.17 exceeds mc ~  0.089 however, which is
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insufficient to cause the population to decline.

3.4.2 Stability analysis

Figures 3.14 to 3.16 show the effect that spatial separation has on each species. 

Caribou decline as a result of increasing spatial overlap with wolves. Caribou 

densities decrease and wolf densities increase since the wolves respond numeri

cally to increased food that is supplied by more freely available prey resources. 

Figure 3.14 shows caribou equilibrium densities when the spatial overlap with 

wolves is allowed to increase. Decreases along the productivity gradient of 

moose (t*m) are much more gradual than along the caribou-wolf spatial over

lap gradient (£). If we imagine manipulating the system so as to increase 

stable caribou densities, we would either want to reduce tm or reduce £. The 

figure clearly shows that small reductions in £ result in much larger gains than 

corresponding reductions in tm - This is perhaps the most telling result of all, 

implying tha t £ strongly influences the behaviour of the system, and more so at 

low values of rM. This suggests that to mitigate caribou declines, management 

should address factors that affect caribou-wolf encounter rates.

The surprising result is that the wolf equilibrium density peaks at approx

imately 20 wolves per 1000 km2 when the spatial overlap is still quite low 

(approximately 0.30). Moose reach a local equilibrium density a t that value. 

It is also the point at which the equilibrium density of caribou declines the 

most for each additional increase in the spatial overlap. This means that 

near a  spatial separation value (£) of 0.3, caribou become accessible enough 

at the assumed wolf search rate that predation causes a decline. It also means 

that predation on caribou becomes sufficient to cause a numerical response in 

wolves and a subsequent decline in moose. Following the arrow in Figure 3.15, 

we see the decrease in moose densities, which follows the same pattern as the 

decrease in caribou densities in Figure 3.14. At the point corresponding to the
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Figure 3.9: Estimated posterior densities for the parameters using Model 1. 
The X-axis shows the value of the estimated parameter. The Y-axis shows the 
relative frequency of occurrence in MCMC sample of the parameter indicated 
above plot. Figures show the estimated probability distributions of parameter 
values. Narrow distributions indicate that parameter is well defined under 
model assumptions and with the data available.
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Figure 3.10: Estimated posterior densities for the parameters using Model 2. 
The X-axis shows the value of the estimated parameter. The Y-axis shows the 
relative frequency of occurrence in MCMC sample of the parameter indicated 
above plot. Figures show the estimated probability distributions of parameter 
values. Narrow distributions indicate that parameter is well defined under 
model assumptions and with the data available.
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Figure 3.11: Estimated posterior densities for the parameters using Model 2. 
The X-axis shows the value of the estimated parameter. The Y-axis shows the 
relative frequency of occurrence in MCMC sample of the parameter indicated 
above plot. Figures show the estimated probability distributions of parameter 
values. Narrow distributions indicate that parameter is well defined under 
model assumptions and with the data available.
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Figure 3.12: Estimated posterior densities for the parameters using Model 2. 
The X-axis shows the value of the estimated parameter. The Y-axis shows the 
relative frequency of occurrence in MCMC sample of the parameter indicated 
above plot. Figures show the estimated probability distributions of parameter 
values. Narrow distributions indicate that parameter is well defined under 
model assumptions and with the data available.
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Figure 3.13: Plot of relative probabilities of extinction in a given year using 
random draws from the posterior estimate to predict trends.
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end of the arrow, caribou are accessible enough and still numerous enough to 

have this effect. When the overlap is higher than 0.3, fewer caribou can persist 

and there is a lower numerical response in wolves. The reverse logic applies to 

lowering the spatial separation.

Figures 3.17 and 3.18 show the densities of caribou and wolves that would 

result from a system with fixed densities of moose. This shows the quali

tative behaviour of a system where moose are maintained at fixed densities 

through direct control of species abundance to prevent strong numerical re

sponses in wolves. Notice tha t caribou densities increase when moose densities 

are reduced. This is also true of lowering the encounter rate, but there is an 

important difference. Encounter rates are the product of animal behaviour, 

animal densities and spatial structure of the forest. Effecting changes to the 

forest are only slowly realized.
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Figure 3.14: Plot of the equilibrium density of caribou when moose rate of 
change rM and caribou-wolf encounter rate £ are varied across a range of 
values. Contours are in units of animals/km2.
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Figure 3.15: Plot of the equilibrium density of moose when moose rate of 
change rM and caribou-wolf encounter rate £ are varied across a range of 
values. Contours are in units of animals/km2.
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Figure 3.16: Plot of the equilibrium density of wolves when moose rate of 
change rM and caribou-wolf encounter rate £ are varied across a range of 
values. Contours are in units of animals/km2.
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Figure 3.17: Contour plot of equilibrium density of caribou with fixed moose 
densities. This figure shows effects of varying the managed density of moose 
(M  animals/km2) and the encounter rate between wolves and caribou (£).
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Figure 3.18: Contour plot of the equilibrium density of wolves with fixed moose 
densities. This figure shows effects of varying the managed density of moose 
(M animals/km2) and the encounter rate between wolves and caribou (£).
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3.5 Discussion

The analysis in this chapter reconstructs population trends by assuming four 

different models. I project trends into the future and perform a qualitative 

analysis of the interactions between predation rates and demographic rates. 

The models describe four hypotheses on how caribou can co-exist (or not) in a 

system where wolves prey predominantly on moose. I find that all four models 

fit the data equally well, but that two models predict extirpation of caribou 

within approximately 100 years. I do not compare the model fits statistically 

because small variation in parameter values can cause large enough changes 

to the likelihood objective function that an examination of the qualitative 

behaviour of the models is more meaningful. In addition, the uncertainty 

shown in Figures 3.9-3.12 demonstrates that a range of variation should be 

considered.

Model 1 only allows caribou to persist if the effective rate of search is low 

enough, which implies some low encounter rate (£) value. It requires high 

spatial and/or temporal separation of caribou from wolves. Once caribou 

are extirpated, wolves and moose either stabilize or enter a  periodic cycle. 

The empirical model fit suggests that separation is not currently occurring 

adequately enough to sustain caribou densities.

Model 2 does not allow a species to go extinct unless the natural mortality 

rate of adults is higher than recruitment. This occurs because predation rates 

under Type 3 functional responses are very low at low densities. It implies 

switching away from caribou when they are at low densities, which precludes 

allowing incidental encounters to result in a kill. Given the precedence of 

high predation rates of wolves on caribou when caribou are at low densities 

(Wittmer 2004), this does not seem reasonable. It is possible, however, that a 

strict Type 3 form may relax predation too much at low densities. It may be
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reasonable to assume lower search rates at lower densities but it may not be 

reasonable to assume that they decline to zero so quickly. Rather that using 

a zero intercept in the relationship between caribou density and the effective 

rate of search, we might consider using an intercept above zero, such that 

the search rate never declines to zero. This would allow the model to predict 

extirpation of caribou and still demonstrate switching within certain density 

ranges.

Model 3 differs from Model 2 in that low caribou densities will not guar

antee tha t predation rates will decline. If there are insufficient moose, wolves 

will maintain high search rates on caribou. It does not predict drastically 

different dynamics from Model 1, perhaps owing to the fact that the slope is 

not very steep. Since there is little information to draw upon to characterize 

a relationship between the search rate and moose densities, I used the inverse 

relationship to moose capacity (IT>)- To fully test this relationship, we would 

need to monitor the kill rates on caribou as moose densities were controlled. 

Since we currently have no moose density estimates, much less any kill rate 

data, this is not possible.

Model 4 reduces to Model 1 when the exchange rate between invulnera

ble and vulnerable states favours foraging so strongly that the exchange rate 

between vulnerable and invulnerable states forces all prey into the vulnera

ble state. Model 4 can easily predict caribou persistence since a portion of 

the animals can always be inaccessible to wolves. It only requires that the 

there is sufficient habitat such that the carrying capacity is high enough for 

recruitment to balance natural mortality.

The models presented herein have subtly different parameter interpreta

tions. Models 1 to 3 consistently interpret r* as the rate of recruitment into 

a pool of juveniles subject to predation by wolves before recruitment into the 

adult population. Model 4, on the other hand, interprets r; as the rate of
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recruitment into the adult population, with predation on juveniles already ac

counted for. This means the parameter value will be lower than if juveniles 

were preyed upon explicitly after entering the population. Also, predation 

does not occur the same way among the models (i.e., effective rate of search is 

subject to different assumptions). It is therefore not surprising that tVs and 

cij’s vary so much among models. Additionally, parameters can be confounded 

(i.e., two or more parameters have the same general effect on an aspect of 

the system and are difficult to disentangle). The most obvious examples of 

confounded variables are and e: <2y determines the capture rate of prey 

and is multiplied by e to generate wolf recruitment.

The parameter s, which describes the relationship between consumed prey 

biomass and wolf recruitment, should be bounded by what we know about 

maximum observed rates of increase and known consumption rates. Turchin 

(2002) approximates e at 0.1 per moose unit, which is equal to 0.04 per caribou 

unit if we assume a weighting of 2.5 caribou units per moose. When it was left 

as an estimated parameter in a preliminary analysis, the algorithm forced the 

value to be «  0.09, indicating that some unaccounted biomass was finding its 

way into the wolves diet. If the data indicate an increase in wolf densities that 

can’t  be accounted for by the consumption of known ungulate biomass, it may 

mean that wolves are responding numerically to other sources of biomass not 

included in the data. The fitting routine associates the increase with a higher 

than expected conversion efficiency. I took this as an indication that wolf 

dynamics were being influenced by prey resources not considered by the model 

and added the parameter rj. The degree to which the search rate parameters 

are overestimated should correspond roughly to the caribou units of biomass 

that are lacking in the energetic budget of the model. Further modelling efforts 

should consider including other prey species such as deer or elk.

The estimated effective rates of search of moose in all models fall short of
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the estimates obtained from the reanalysis of Messier (1994)’s data in Chapter 

2 (~6 here vs. ~31 the meta-analysis of the previous chapter). There are a 

few possible causes. If the spatial distribution of prey in the RPC is such that 

the encounter rates with moose are very low, the capture rate and functional 

response would be biased such that effective rate of search would be low. 

This would result if the wolf packs did not cover the entire winter range over 

which the estimates were made. If wolves only preyed over 75% of the range 

for example, we should expect the estimate to be biased downward by that 

amount. If the success rate killing moose is higher than 5%, it would also be 

biased downward. It is also possible that the estimated moose density is too 

high, causing the gradient search algorithm to lower effective rates of search 

to explain the low capture rate. Another cause could be that the high growth 

rate is a result of twinning, which is common when moose are well nourished 

(Schwartz 1997).

Not a single simulated long-term prediction shows periodic behaviour when 

the maximum likelihood parameter estimates were applied. Given that habitat 

conditions appear to be productive for moose, this is surprising. There is 

evidence that wolves and moose can cycle with a period of ~30 years (Peterson 

et al. 1984; Turchin 2002). Estimates of a2k were lower than other empirical 

findings (Messier 1994; Hayes and Harestad 2000b), which may be caused by 

the rapid growth in the moose population forcing the fitting algorithm to find 

values of a2k that allowed the population to increase. A substantial portion of 

wolf diet may also have come from other prey species not accounted for in the 

model. In this case, the functional response would have an inadequate number 

of satiating terms in the denominator, causing the search routines to look for 

lower values of a2k instead of accounting for the fact that a lot of time was spent 

handling other prey items. If, in fact, a2k is higher, the projected trends would 

likely show periodicity. The lack of periodicity in projected empirical fits may
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also be a product of the short time series from which the parameter estimates 

were obtained. It is also possible that empirically observed cycles come from 

systems different than the one studied here. Wolf pack sizes, average body 

weights of both predators and prey, and habitat can all play a role.

In all the long-term projections, models predict caribou densities that are 

relatively stable or increasing in the first 10 years. Serious declines only begin 

after 10 or 20 years when wolf densities increase to more than 20 per 1000 

km2 . This is more optimistic than the observations BC herds (Bergerud and 

Elliot 1986), where caribou populations began to decline when wolf densities 

exceeded 6.5 per 1000 km2. Since caribou have been considered relatively 

stable in recent years (Brown and Hobson 1998; Dzus 2001) and wolves are 

known to have been at 11 per 1000 km2, it is possible that conditions in 

the RPC have allowed caribou to remain relatively separated from wolves 

compared to the BC herds. Status quo conditions in the RPC may tolerate 

higher densities of wolves at present. Increased moose and wolf densities are 

nonetheless predicted by all models. This corresponds to an inflection point 

in the decline of caribou, which occurs sharply at about 15 year from the start 

of simulations.

The maximum likelihood parameter estimates of all four models predict 

caribou will further decline or go extinct. The population viability analy

ses of Models 1 and 3 both suggest that caribou will be driven to extinction 

within roughly 100 years if conditions remain as they are currently estimated. 

Modelling declining caribou/wolf encounter rates with elevated moose densi

ties (Model 3) does not appear to provide sufficient relief from predation. At 

best this provides a brief reprieve from predation before wolf densities get too 

high, after which the sheer number of wolves ensures a high enough predation 

rate to exceed recruitment. Model 2 predicts persistence of caribou at den

sities just below 0.1 animals/km2, assuming that caribou predation declines
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linearly to zero when densities are low (Type 3 functional response). Model

2 fits the data as well as other models, but empirical observations in British 

Columbia (Wittmer 2004) suggest that wolf predation rates may not decline 

at low caribou densities. Rather, it seems that survival rates decline at low 

densities, even when densities are measured with respect to quantities of suit

able habitat. This suggests that even if wolves (and in some cases cougars) 

are switching to other more prevalent prey species when caribou are declining, 

incidental encounters may still be sufficient to result in depensatory mortality 

on caribou. This evidence makes it difficult to trust a model tha t uses a Type

3 functional response on caribou.

Declining populations of caribou have generally been associated with re

ductions in the amount of old growth forests. Large patches of 140+ year old 

forests are currently the target of caribou conservation strategies in British 

Columbia (Wittmer 2004). While it is true that increasing the proportion of 

old growth forest mitigate declines, caribou may decline much further during 

the time it takes to recover an adequate quantity of large old patches. The 

stability analysis of a  Model 1 system shows that caribou can reach higher 

densities if encounter rates with wolves are lower, or if the birth rate of moose 

is lower. Moose birth rates may currently be high because of favourable habi

ta t conditions or low juvenile mortality from causes other than wolf predation 

(such as bear predation). Habitat management options for reducing rM in

volve regenerating forests to  have less young stands. This may be impractical 

because waiting for forests to regrow may allow caribou to decline to very 

low densities by the time habitat conditions cause a sufficient decrease in rM- 

Managing encounter rates may be even more problematic. Encounter rates 

between predators and prey can involve complex density dependent spatial 

behaviour. The details are beyond the scope of Model 1 (see Chapter 5 for 

details on modelling encounter rates), but a similar practical argument exists
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against managing their causes. Encounter rates can increase because lower 

quantities of habitat can force prey to inhabit area that have higher predation 

risks. Caribou habitat takes time to replace (typically on the order of 140 

years), so policies aimed at managing the ultimate cause of encounter rates 

involve waiting for habitat supply and spatial structure to return a  state con

sistent with older natural forests. I therefore turn to the direct management 

of moose densities as a means to manage the system.

In theory, direct reductions in moose densities can be used to increase 

caribou densities. I have shown that when moose densities were reduced and 

maintained at lower densities, we observe lower wolf densities and therefore 

higher caribou densities because of reduced wolf predation on caribou. The 

preference for managing moose densities is predicated on the fact that it is a 

fast manipulation to implement relative to other options.

There is a long history of research into the effects of wolf reductions on 

moose and caribou densities (Gasaway et al. 1983; Gasaway et al. 1992; Seip 

1992a; Bergerud and Elliott 1998; Hayes et al. 2003). There has been compar

atively less research on the effect of reducing one ungulate species to increase 

the density of another. The idea has long been recognized as a form of com

petition mediated by predator numerical responses to other prey (Holt 1977; 

Holt 1984). The danger of reducing moose densities is that wolf populations 

may then spend more time searching for alternate prey and thus encounter 

caribou more often. Though wolf densities may ultimately decline, predation 

on caribou may, in the interim, be sufficient to cause further declines. Simul

taneous reductions of wolf populations could offset this. Populations could 

be monitored and further reductions in moose and wolf populations could be 

implemented until caribou populations begin to increase. Empirical results 

provide an indication of the typical predator densities above which we ob

serve declines in caribou (i.e., 0.065 wolves/km2) (Bergerud and Elliott 1998).
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Moose should therefore be reduced to a density that maintains wolves below 

0.065 wolves/km2. The policies that could bring about these reductions in 

moose would require further information on harvest rates in the area. Fur

ther details would also be required on the number of kills per hunter day as 

well as the number of hunters that can reasonably be expected to participate 

in a  given year. The same type of data would be required to monitor wolf 

trapping effort. The specifics related to these policies are beyond the scope 

of this thesis, but the modelled implication indicate potential effectiveness in 

reversing caribou declines. Management options are examined in more detail 

in Chapters 4 and 6.

Conditions are likely to change in the RPC. Based on conditions that pre

vailed during 1989-1998, however, best estimates of past trends predict declines 

in caribou. Deleterious changes to forest composition and structure in the en

suing years could have a negative impact on the population dynamics of this 

system. Parameters that are sensitive to environmental conditions may vary 

such that the outcome may be worse for caribou than under current conditions. 

The following chapter explores the behaviour of such changes.

Lack of data was a serious drawback in this analysis. Important parameters 

are ay, e and mw- If kill rate data had been available, the methods use here 

would have produced more accurate estimates of Oy and e, making it easier to 

distinguish between the models. Absence of estimates of the initial densities 

further hampered the estimation process. The chapter that follows explores 

the importance of each parameter in determining the dynamics of the system. 

This provides an indication of qualitative differences between models as well 

as suggesting which parameters matter the most. These parameters share an 

important characteristic: they can be obtained from monitoring wolf activities, 

not ungulate activities.
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Chapter 4

Population response to  
environmental variation

Introduction

Woodland caribou conservation in Alberta and elsewhere is concerned with 

long term viability of caribou populations in the presence of forestry (Hervieux 

et al. 1996; Smith et al. 2000; Dzus 2001) and energy sector activities (James 

1999; Dyer et al. 2001). The task at hand is to understand how caribou popu

lations may respond to the changes imposed by those activities. The loss of old 

growth forests is of concern because it reduces the overall quantity of lichens, 

the primary food source of caribou. Forestry activities also alter the spatial 

structure of forests. Mountain ecotypes in British Columbia experienced re

duced adult female survival rates with decreases in the proportion of old forest 

(Wittmer 2004). Oil and gas exploration leaves linear swaths of cleared forest 

after seismic devices are used to detect oil and gas deposits. These seismic 

lines vary in width, cover enormous areas in central and northern Alberta, and 

axe the subject of many caribou conservation studies (James 1999; Dyer et al. 

2001; Oberg et al. 2002). Cumulative impact assessments have shown that 

current practices and anticipated demands for natural resources will likely lead 

to further declines in boreal caribou populations (Schneider et al. 2003).

Thus far I have not attempted to capture dynamic changes in environmen-
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tal conditions. In Chapter 3, I estimated parameters in relation to observed 

changes in animal abundances over a period of time. I assumed that the 

parameters represented implicit averages representative of the environmental 

conditions of the period. An alternative is to construct mathematical expres

sions that describe how population parameters scale in relation to changing 

environmental conditions. This can be accomplished for demographic as well 

as behavioural parameters. In this chapter, I extend the previous models with 

such scaling relationships for key parameters. The effective rate of search of 

caribou ai, a behavioural parameter, is scaled to forest spatial structure, and 

the density dependent parameters Ki are scaled to forest age.

I augment Models 1 to 4 from the previous chapter with sensitivities to 

forest landscape conditions, but rather than estimate parameters anew, I use 

the parameter estimates from Chapter 3 and determine the qualitative differ

ences that occur when forest aging and fires are simulated. There was not 

enough variation in environmental conditions -within the time scale of the data 

to estimate parameters within the new model designs. However, because of 

the uncertainty in the estimated values of parameters (see Section 3.4.1), I 

also look at the qualitative differences arising from variations to the param

eters not explicitly affected by changing forest conditions. Looking at the 

qualitative behaviour of models across ranges of parameter values is essential 

for two reasons: 1) the parameter estimates have uncertainty and may take 

on new values when environmental conditions change, and 2) it reveals the 

components to which the system is very sensitive. Sensitivity analysis helps 

anticipate the consequences of biases in parameter estimates and the effects of 

environmental change.

The recruitment capacities K  and the caribou effective rates of search 

are recalculated every year in relation to the current state of the forest. Trends 

are simulated 400 years into the future using a common starting point and a
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range of relationships among parameters and forest structure. I compare the 

qualitative behaviour of the models across a gradient of parameter values and 

look for management options that could reverse caribou population declines.

I then search for robust strategies across models and parameter values.

4.1 M ethods

This is a  sensitivity analysis where sensitivity implies two things. It is both 

an examination of the effects of temporal fluctuations in environmental condi

tions, as well as a test of the consequences of assuming higher or lower values 

of specific parameters.

S ensitiv ity  to  changing environm ental conditions examines the effect of 

environmental fluctuations on specific parameters and the consequences 

to population dynamics (e.g., what are the population consequences of 

fluctuations in the age distribution of the forest as manifested in fluctu

ating recruitment?).

S ensitiv ity  to  ind iv idual pa ram ete rs  examines system behaviour as a  con

sequence of assuming different fixed parameter values (e.g., what if the 

parameter estimates were wrong?). Note that we can perform a  sensi

tivity analysis of this nature in addition to examining the consequences 

of fluctuations in environmental conditions.

Four new models were developed. Models 5, 6, 7 and 8 have the same struc

ture as Models 1, 2, 3 and 4 from Chapter 3, respectively, except tha t some 

parameters vary with spatial variables that are measured each year over the 

RPC winter range. The parameters that are altered are K \,K ^  a n  and ai2. 

The models were augmented with the ability to read ESRI© ASCII grid files. 

I used forest ages in 2 km x 2 km grids. With this information, the models can 

read forest ages at the beginning of a simulation and increase the forest age
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each year thereafter. I used forest data from the Redrock Prairie Creek (RPC) 

as bottom-up forcing on recruitment capacity by creating a mathematical re

lationship between the two. Caribou carrying capacity increases sigmoidally 

with forest age, reaching its maximum at some specified age. Moose carrying 

capacity decreases sigmoidally with forest age in a similar fashion. I also vary 

the effective rate of search to simulate relationships to proportion of large old 

growth patches. In all cases, I choose scaling rates and asymptotes that allow 

parameters to equate to the same values as their non-dynamic counterparts 

when evaluated at the initial forest conditions.

A lternative models

I modified the basic equations of Models 1, 2, 3 and 4, to create relationships 

between forest age, spatial structure and population dynamic parameters. The 

relationship of these parameters to landscape change are described by Equa

tions 4.1 - 4.4 and shown in Figure 4.1. The biological, environmental and 

management interpretations of the parameters follow.

Model 5 re-calculates carrying capacities as a function of forest age. This 

explores sensitivity of model prediction to and K ^max. Models 6, 7, and

rate of search on caribou. This explores the sensitivity of model predictions to

2,m a x

\  9 h a l f  +

Oy — Qlj.max ( l  Adj Pm ')

(4.1)

(4.2)

(4.3)

(4.4)

8 have mechanisms whereby forest conditions scale the value of the effective
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Figure 4.1: Plot of change in carrying capacity of caribou (solid line) and moose 
(dashed line) with changes in forest age. Vertical dotted lines are drawn at 
the age of half maximum carrying capacities.

assumptions about predation mechanisms. The models each provide a mecha

nism that makes it easier for caribou to co-exist with moose and wolves. Model 

6 is a Type 3 functional response, allowing caribou to escape predation at low 

densities. Model 7 represents a prey switching mechanism whereby caribou 

encounters with wolves decline linearly with moose density while moose still 

encounter wolves in proportion to availability. Model 8 includes a mecha

nism whereby caribou and moose populations axe divided into vulnerable and 

invulnerable states.

M odel 5 Wolves prey on ungulate calves and adults with distinct effective 

rates of search for each prey species and age class. Wolves prey on 

caribou and moose with a Type 2 functional response, ay  and K^max 

are varied with forest conditions using Equations 4.1, 4.2 and 4.3.

M odel 6 Same as Model 5 but wolves prey on caribou with a Type 3 func

tional response and moose with a Type 2 functional response.
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M odel 7 Same as Model 5 except that search rate on caribou declines when 

moose densities are higher, ay  and K^max are varied with forest condi

tions using Equations 4.1, 4.2 and 4.4.

M odel 8 Predator-prey interactions are structured such that a portion of the 

prey population is invulnerable to predators at any given time. (See 

description of Model 4). ay  and K^max are varied with forest conditions 

using Equations 4.1, 4.2 and 4.3.

Param eter variation

I vary parameters that can alter the behaviour of the system, using a range of 

values (see Table 4.1). The range reflects reasonable limits to assumed values. 

It is meant to address the possibility that parameter estimates may be wrong 

as well as the possibility that the system may undergo change. I look at the 

effect of different assumed values of the following parameters:

aij,max By looking at system behaviour across a range of ayimai values we see 

the potential effect of factors such as wolf travel speeds, prey detection 

radius and attack success rates. These can be affected by road and 

seismic line densities, topography, stand density, snow depth and patch 

sizes. Obviously there is no management action possible for topography 

or snow depth, but we can directly manage ay,mai by not creating more 

land features that we suspect cause it to increase.

Ki,max These parameters describe density dependent recruitment in relation 

to habitat quality. System dynamics are sensitive to this parameter when 

densities are high. Average forest age determines this for each species. 

We cannot manage K^max but we can manage the age distribution of the 

forest, which has a direct bearing on it (see Equations 4.1 and 4.2).
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9 h a i f  This parameters scales the rate at which encounters between wolves and 

caribou decline as the landscape becomes dominated by large old growth 

patches. It is the proportion of large old patches a t which ay is half the 

maximum possible value (i.e., ay =  0.5ay,max when the proportion of 

large old growth =  gkaif)- A very low value means tha t ay —j-0 with 

very little large old forest patches. We cannot manage the value of ghaif 

but we can manage the proportion of large old growth patches, thereby 

reducing the effective value of ay.

e The conversion efficiency describes the relationship between consumed prey 

biomass and wolf recruitment. It cannot be managed, but it is important 

to consider. If wolves are responding numerically to prey biomass not 

accounted for in the models we can manage the alternate prey biomass.

m w The mortality rate of wolves can be directly manipulated. Wolf control 

can be implemented on a yearly basis.

82 The harvest rate of moose can be directly manipulated on a yearly basis 

with harvest regulation and monitoring.

ipM I looked at the sensitivity of ay =  ayimax( 1 — M /ipM) to <p m - Although 

the parameter <pm cannot be directly managed, we can see the effect 

that moose reductions can have on caribou predation mortality. It has 

been suggested that in the short term, moose control, although aimed at 

reducing the number of wolves, can have the effect of increasing predation 

rates on caribou if wolves axe forced to search for alternatives to moose.

A  is the forest age in a  given cell, and G is the proportion of the landscape 

covered by large (>  1200 hectares) old (>140 years) forest patches. I vary 

Ki,max and K 2,max such that the calculated Ki fall between 1 and 5 (Skogland 

1985; Van Ballenberghe and Ballard 1997). I set the exponent in A 3 to cause
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Table 4.1: Summary of the range of variation applied to each parameter. This 
shows how variation was applied to test sensitivity of model performance to 
each parameter. Parameters that show percentages of variation apply the same 
percent variation regardless of the estimated value of the parameter.

Parameter Values assumed
,m ax 50%, 100%*, 150%

& 2,max 50%, 100%*, 150%
K i ,r n a x 3*, 5, 7
Q h a lf 0.05, 0.104, 0.15
£ 0.025, 0.035+, 0.045
TTlyj 0.49254, 0.70*
52 0.14*, 0.24*
<Pm 0.5, 1.0*, 1.5

f: estimated or assumed value from non-spatial model 
t: value used to simulate moose or wolf management controls

K i to increase quickly from 0 to K ^max in a short interval around Kx^aif, which 

assumes that recruitment would decline quickly as the average forest age drops. 

I chose Ki'haif = 80 because it is the age point at which caribou avoid stands 

Szkorupa (2001). Young patches will bring the landscape average calculation 

of K i down. I chose K 2,haif =  40 because moose are found at highest densities 

around 20 yrs post fire (Schwartz and Franzmann 1989; Loranger et al. 1991) 

but quickly thereafter are found at much lower densities. The K iimaj: are not 

so important as the K ^a if  values. W hat is more important is how recruitment 

fluctuates with changes in forest age as a result of Equations 4.1 and 4.2, which 

is explored in this chapter.

A fire regime is emulated by mimicking lightning strike and fire spread 

events. An ignition rate represents the probability tha t an individual cell will 

ignite as a  result of a lighting strike. A spread rate represents the probability 

that any burning cell can spread to adjacent cells. Forest fires are simulated 

by igniting a cell with draws from a uniform random number generator and 

initiating a  fire if the draw is less than or equal to the value of the ignition
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rate being applied. Neighbouring cells are ignited if further random draws are 

less than or equal to the spread rate. Every cell that burns draws uniform 

random numbers to spread to all adjacent cells, whether the burn initiated 

from a lightning ignition or because of spread from an adjacent cell. I simulate 

different forest fire regimes by changing the ignition and spread rates. The 

maximum ignition rate is 0.003 and the maximum spread rate is 0.21. The 

ignition rate is further scaled to forest age such that it had a sigmoidal growth 

rate to its maximum, reaching half of its maximum at 20 years. The spread 

rates grows to its maximum value similarly, reaching half of the maximum 

value by 60 years. These parameters produce forests that fluctuate between 80 

and 100 years of age as fires burn and maintain approximately the proportion 

of large old forests as the starting conditions. I also vary the combinations 

of ignition and spread rates to reflect shifts in average age and patch size 

composition. I use a  base case (case 0 in Table 4.2) to produce all simulations 

with the exception of the simulations where I specifically test the effect of fire 

cases 1, 2 and 3 against each other.

Table 4.2: Fire regime parameters. Up and down arrows indicate the effect of 
ignition and spread rate parameters on the size (S) and frequency (F) of fires 
relative to the base case (0).

Case Ignition rate Spread rate Description Portion large old
0 0.003 0.21 Natural -11%
1 0.002 0.23 ST . F | —15%
2 0.006 0.19 S | ,  FT —5%

I do not explicitly model forest harvest, but it can be interpreted in the 

context of natural disturbance rates. Forest age distribution and patch size 

distributions arising from particular ignition and spread rates can be thought 

of as analogs to harvest rates and cut sizes. Anthropogenic disturbances are, 

of course, not the same thing as natural disturbances. For the purposes of 

this analysis however, I assume that forest age and patch size have similar
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effects on population parameters whether they arise from natural or anthro

pogenic causes. During the course of simulating various disturbance regimes, 

the model recalculates relevant landscape measures and adjusts parameter val

ues accordingly.

Consider Equation 4.3, which describes the effective rate of search of wolves 

on caribou decreasing dramatically as old growth patches dominate land

scapes. This predicts that caribou in forests with large old growth patches 

will have lower predation mortality, consistent with trends observed in 16 sub

populations of mountain caribou, where adult female survival rates increased 

with the proportion of old forest (Wittmer 2004). I model it here to be the 

proportion of large patches of old growth because, as a  conservation strategy, 

building up the supply of large old patches is widely discussed as a means to 

simultaneously provide habitat and spatial refuge (Hervieux et al. 1996; Seip 

1998; Smith et al. 2000; Szkorupa 2001; Wittmer 2004).

We can also assume that certain factors will act to increase the search rate 

of wolves on caribou. Seismic lines axe purported to increase travel rates of 

wolves, making it likely that search rates also increase (James 1999). This 

is true mainly of younger and wider seismic lines but this comes with the 

caveat tha t caribou are known to partially avoid larger seismic lines (Dyer 

et al. 2001; Oberg et al. 2002). There are already substantial densities of 

seismic lines in the RPC winter range, but as of 1998, the majority originated 

in 1975 (see Figure 4.2). Seismic lines distributions were evaluated by Oberg 

(2001) using 5m resolution satellite imagery. Using the reported age, length 

and width of the seismic lines, I calculate the distribution of km and km2 of 

seismic lines in the RPC winter range among seismic line origin dates (Figure 

4.3). I choose not to include the effect of changes in seismic line density 

explicitly because there was no large change in density during the time period 

over which parameters were estimated. Any hypothesis about the effect of
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increased seismic line density can be inferred from increases in a^, increases 

in Ko and decreases in K \.

Figure 4.2: Map of the distribution seismic lines in the UPC caribou winter 
range. Seismic lines of all widths and age are shown.

Using the parameter estimates from Models 1, 2, 3, and 4 as a starting 

point, and using the forest age data from year 2000 forest inventory maps, I 

simulate population dynamics simultaneously with forest growth and distur

bance. I use fire ignition and spread rates to produce patch sizes and age 

composition consistent with starting conditions (see Figure 4.4). Population 

trends are then simulated using a range of parameter combinations for a^, 

K i and Ko. I simulate for 400 years because it was long enough to allow 

simulated conditions to cover a range of forest age compositions and spatial 

structures. Covering a wide range of conditions in a single simulation is a 

practical compromise to looking at multiple simulations starting at random 

starting points. In addition, the exact same fire regime was applied to  every
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Figure 4.3: Length in km and km2 of area covered by seismic lines of each age 
class in the RPC caribou winter range in west-central Alberta.

scenario because the same sequence of random numbers was drawn each sim

ulation. This caused the forest to undergo the same succession at precisely 

the same time, and the disturbances were of the same size as well. Further, 

forest age fluctuated over a wide range in a quasi-cyclic pattern. Sensitivities 

to ranges of spatial structure and age could addressed within the time-frame 

of the simulations. Long simulation runs of 400 years were chosen because the 

long period acts as a surrogate for repetition, allowing most dynamics to occur 

by virtue of the fact that most types of conditions prevailed for a significant 

portion of simulation run. I examine the simulations for any prevailing pat

terns as well as for consistency with important empirically observed trends. 

Ideally, this analysis would be more robust if it included a  statistical summary 

of the outcome of simulating each scenario 100 or 1000 times. Because of 

the volume of simulation involved, I chose to do single long simulation runs 

designed to span a  full range of conditions.
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For each of the models, I fix the values of all other parameters while view

ing the qualitative differences of varying a focal parameter. To begin with, 

Ko,max are fixed at a value of 2. The parameters that scale K x, Ko and ax 

to landscape change are set such that K x, Ko and ax are the same as the 

estimated parameters at the beginning of the simulations. The proportion of 

the landscape covered by patches greater than 1200 hectares and greater than 

140 years at the beginning of the simulations was 0.11. Since ax varies with 

this proportion, I choose a value of a^max that makes ax equal to the value 

estimated in Chapter 3. Assuming ghaif =  0.1, a,i,max is set to approximately 

2.2 times the value estimated. Varying ghaif on {0.05,0.1,0.15} thus means 

approximately ±50% variation on the effective rate of search.

Sensitivity analysis

I explore the sensitivity of model predictions to chosen values of specific pa

rameters by simulating population dynamics while simultaneously aging the 

forest and simulating forest fires. I repeat this for three combinations of igni

tion and spread rates to show the relative effects of forest age and patch size 

structure as they pertain to forest harvest and natural disturbance assump

tions. Calculation of sensitivity is described for each model in Table 4.3.

I test for changes in system behaviour when parameters axe varied. This 

can identify obvious management considerations as well as sensitivity to es

timated parameter values. If parameters can be manipulated in favour of 

identified management goals, policies can then be developed to realize those 

goals. When interpreting the results of the simulations, it is important to 

distinguish the parameters that have management potential from those that 

do not. The sensitivity of each parameter to known aspects of the system is 

summarized in Table 4.4.
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Table 4.3: Methods used to calculate the parameters as environmental condi
tions change over time. A  and G are calculated from forest conditions. K ^ max 
=  5, Ko,max =  3, K hhaif =  80, K 2,haif = 40 and ghaif = 0.1 and ipM =  2 are 
baseline values for scaling parameters.

Expression Sensitivity Models
K f

al f + A i
K i^rn a x  S {1, 3*, 5} 5, 6, 7, 8

k 2 K ^ m a x  ( l  j q <ludf+A> ) ■^2,max =  5 5, 6, 7, 8

a i (  G 3 \  
a l,m a x  (1 pj^+GS 1 ghaif e  {0.05, 0.1*, 0.15} 5, 6, 8

di a ^ m o x  ( l  (X <pM ) (P M  e  {0.5, l.os, 1.5} 7

f: value at which K \ , max held constant while K 2,max is varied 
i: value at which gha if held constant while other parameters are varied 
§: value at which r  held constant while other parameters are varied

Table 4.4: Summary of key parameter sensitivities and associated causes of 
variation.

Parameter Manageable causes Unmanageable causes
,m ax Road and seismic line densities Topography, stand density

9 h a l f - Wolf behaviour
•R i tm ax Tree species composition -

S2 Moose harvest -
mw Wolf control Natural mortality
e - Unaccounted alternate prey
rc Unaccounted predation Disease

4.2 Results

The simulations presented in Figures 4.5-4.23 are the product of a single ran

dom forest disturbance scenario spanning 400 years. Caribou abundances con

sistently decline when wolf densities are above approximately 8 animals per 

1000 km2. This is consistent with Bergerud and Elliott (1998), where 6.5 an

imals per 1000 km2 was the density where caribou declines were consistently 

seen in multiple prey systems in northern BC. This observation predominates 

regardless of the model. The only caveat to this rule is that caribou tolerate
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Figure 4.4: Proportion of stands in four major age-class ranges of Redrock 
Prarie Creek X-axis units are ranges of age in years. Distribution calculated 
from forest age data.

higher densities of wolves when mechanisms are in place to simulate avoidance, 

or when parameters are set to more optimistic levels for caribou. The results 

are summarized by individual model in Table 4.5 and by parameter sensitivity 

in Table 4.6.

Simulations predict a gradual decline in K x and an increase in K 2 followed 

by fluctuations around 2±0.2 and 3±0.5 respectively. These result in initial 

declines in caribou followed by a brief increase, and ultimately a  decline leading 

to extirpation at around 120 years after the start of simulations. Some pa

rameter values facilitate caribou reaching higher densities before the declines 

occur, but the declines occur nonetheless and caribou are locally extirpated in 

all but a  few exceptions. High moose densities and a wolf numerical response 

to moose are the cause in all cases.

Notably, when g i^ f  =  0-05, aXk (both juvenile and adult) are low enough 

under simulated forest age and patch size structures that caribou nearly es

cape extirpation. When r  is set to 0.5 in Model 7, caribou predation rates
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are sufficiently low at the beginning of the simulations that caribou popula

tions are able to reach high densities (0.8/km2) and then continued low alk 

results in caribou populations fluctuating between 0.2 and 0.8/km2 (see Figure 

4.10). This is only possible because moose densities are consistently fluctu

ating around 0.5±0.1. This outcome assumes that wolves will not prey on 

caribou when moose are a t densities above 0.5. When different fire regimes 

are simulated, ghaif plays a role (see Figures 4.20 - 4.23). The fire scenario 

tha t produces the larger older patches results in the highest caribou densities 

because the landscape structure decreases a^max with the relationship to ghaif- 

The different fire regimes also affect K 1 and K i because they lead to differ

ent average ages as a result of differences in ignition and spread rates. Since 

simulated variation in K \ and K i produced very little change in the overall 

results, I assume that the main effect of different fire regimes is the effect on 

Q-i,max, but the effect is not significant enough to permit caribou to persist.

An interesting observation is that in many cases, elevated caribou densities 

appear to induce cycling between moose and wolves (see Figures 4.12, 4.13,4.5, 

4.7 and 4.8) but only while caribou densities are relatively high. A cyclic pat

tern is produced when ghaif =  0.05, following elevated caribou densities. There 

was also some apparent periodic behaviour in wolves and moose in Model 8 

(Figures 4.14 and 4.15). It followed fluctuations of K 2 very closely, however, 

suggesting tha t it is not cyclic behaviour from predator-prey interactions, but 

rather a  response to fluctuating prey resources.

I consider the status quo to be a system with a level of moose harvest 

consistent with maximum likelihood parameter estimates and no wolf control. 

Figures 4.16 - 4.19 illustrate a very exceptional situation: a contrast between 

the status-quo and a dual-control management option where moose are har

vested at a rate 0.1 greater than the estimated value as well as culling wolves. 

The figures show the results of simulations where m 2 = 0.24, m w = 0.7 and
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o-i,max was set to 50% lower than the estimated value. I show this to illustrate 

tha t under the status-quo set of parameters, even the management actions 

prescribed do not prevent extirpation of the RPC herd. The reason for setting 

the value of a\,max to 50% lower than estimated is because the moose harvest 

and wolf reductions were not sufficient to prevent the caribou decline.

The simulated results show how difficult it is to find parameter combina

tions that allow caribou to co-exist with moose. In multiple prey systems, 

predator-prey interactions can easily lead to the extirpation of one prey type. 

The more vulnerable of the two prey types needs to have adapted a behavioural 

mechanism to avoid predation as predators respond numerically to the other 

prey, unless the predator mortality rates increase with their densities through 

intra-specific strife (Holt 1984). Simulations show that caribou only persist 

when effective rates of search on caribou are very low, or when wolf densities 

are below roughly 8 animals per 1000 km2. Predominantly, caribou popula

tions go locally extinct within about 120 years. Only very large changes to the 

base parameters allow the system to escape this pattern. Figures 4.5 - 4.23 

show the abundance trends across ranges of values of key parameters.
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Table 4.5: Model result summary, describing general simulation results by 
individual models. Results that pertain to specific parameters are indicated.

K ey resu lt

M odel 5 - Caribou go locally extinct after «120 years. Popula
tions decrease at first, increase for 30 years during low 
wolf density years, but then decline when wolves respond 
to higher moose densities.
- Moose densities remain around 0.5 animals/km2. Wolf 
densities attain 20 animals per 1000 square kilometers.

M odel 6 - Caribou do not go locally extinct.
- ®2,maa:+50% causes high amplitude cycle («20 yrs) in 
moose with corresponding low amplitude cycle in caribou 
(see Figure 4.12).
- <2iiTOax-50% increases caribou densities (see Figure 4.11).
-  9 h a i f = 0-05 causes a cycle in caribou to be driven by the 
proportion of large old growth patches, which is coinci
dent with fluctuating age structure. Fire regime driven 
by bigger, less frequent fires increases the amplitude of

__________ the cycle (see Figure 4.7).__________________________

M odel 7 - Caribou go locally extinct after ~120 years in all but 
one case.
- Caribou persist when a2>maT is decreased by 50% (see 
Figure 4.13).
- Decline of moose when g ^  j  = 0.05. High caribou densi
ties causes numerical response in wolves (0.10-0.15/km2) 
and high mortality in moose (see Figure 4.8). Caribou

__________ reach 0.2 animals/km2 when ghaif =  0.05.____________

M odel 8 - Large fluctuations occur when ghaif =  0.05. Caribou 
begin to recover after «350 years (see Figure 4.9).
- Wolf populations appear to cycle, possibly being in
duced by small fluctuations in moose densities. This oc
curs when moose fluctuate between 1.2 and 1.5/km2.
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Table 4.6: Summary of the effects of varying parameter values on simulated 
population trends in Models 5, 6, 7, and 8. This describes general simulation 
results, summarized by parameter. Results that pertain to specific models are 
indicated.

Observed effect
K l ,m a x Very little effect.
Shiilf Causes large fluctuations in moose populations when ghaxf =  

0.05. Caribou nearly persist in Models 5, 7 and 8.
Little effect at ±50%.

^ 2 ,m a x ci2,m ax  +  50% induces cycles in moose and wolf populations in 
Model 6 (see Figure 4.12).

£ When e  =  0.025, caribou increase to a  higher density before 
collapsing when Model 8 is used (see Figure 4.15). Otherwise, 
caribou are not sensitive to this parameter.

TTlyj Increasing m w from 0.4925 to 0.7 has the most significant effect 
on increasing caribou densities as well as moose, and wolves are 
found at their lowest densities.

So Increasing the harvest rate to 15% increases caribou densities 
and decreases wolf densities. It has little effect on moose densi
ties.

T When r  =  0.5, caribou persist (see Figure 4.10).
T l Allows caribou to reach higher densities but still collapse in 120 

years. No effect on moose. Increases wolf densities slightly in 
Model 6.
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Figure 4.5: Model 6 projected trends with K ^max varying on (3,5,7). Solid lines 
show the values of Ki and the average age of the forest as fires are simulated 
over a 400 year period. Dashed, dotted and dashed-dotted lines show species 
abundance prediction when =  3, 5 and 7 respectively. Thick grey
dashed and dotted fines represent wolf control and increased moose harvest.

104

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Fo
re

st
 a

ge
 

(S
ol

id
) 

K2 
(S

ol
id

) 
(S

ol
id

)



CM

CO “O
o

ins/

O

CO

CM C O©
CO

CMo

04o

o
o

CM CJ

a)

LL

240023002000 2100 2200

Year

Figure 4.6: Model 5 projected trends with ghaif varying on (0.05, 0.1, 0.15). 
Solid lines show the values of Ki and the average age of the forest as fires 
are simulated over a 400 year period. Dashed, dotted and dashed-dotted lines 
show species abundance prediction when ghaif =  0.05, 0.1 and 0.15 respectively. 
Thick grey dashed and dotted lines represent wolf control and increased moose 
harvest.

105

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CO
C OCVJ I

E

3  Ho  °
-Q

CM

CO T
o  °

o

co
CM1
E
©woo
2

»» . i. v \ 'yJ A' -i ,l 1 '  'p) 71 jrV.trV-C.1-. 0. ! ' '•! '*
<o

o CM

CMO

o>

o
CO
CD2
o 03

C O

2000 2100 2200

Year

2300 2400

O
CO

O
CO

CM

O
CO
©
0 5
CO

05©
o

L L

Figure 4.7: Model 6 projected trends with ghaif varying on (0.05, 0.1, 0.15). 
Solid lines show the values of Ki and the average age of the forest as fires 
are simulated over a  400 year period. Dashed, dotted and dashed-dotted lines 
show species abundance prediction when ghaif = 0.05, 0.1 and 0.15 respectively. 
Thick grey dashed and dotted lines represent wolf control and increased moose 
harvest.
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Figure 4.8: Model 7 projected trends with ghaif varying on (0.05, 0.1, 0.15). 
Solid lines show the values of Ki and the average age of the forest as fires 
are simulated over a 400 year period. Dashed, dotted and dashed-dotted lines 
show species abundance prediction when ghaif = 0.05, 0.1 and 0.15 respectively. 
Thick grey dashed and dotted lines represent wolf control and increased moose 
harvest.
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Figure 4.9: Model 8 projected trends with ghaif varying on (0.05, 0.1, 0.15). 
Solid lines show the values of Ki and the average age of the forest as fires 
are simulated over a 400 year period. Dashed, dotted and dashed-dotted fines 
show species abundance prediction when ghaif =  0.05, 0.1 and 0.15 respectively. 
Thick grey dashed and dotted fines represent wolf control and increased moose 
harvest.
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Figure 4.10: Model 7 projected trends with r  varying on (0.5, 1.0, 1.5). Solid 
line shows the average age of the forest. Dashed, dotted and dashed-dotted 
lines show species abundance prediction when r  = 0.5, 1.0 and 1.5 respectively. 
Thick grey dashed and dotted lines represent wolf control and increased moose 
harvest.
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Figure 4.11: Model 6 projected trends with a^max varying ±50%. Solid lines 
show the values of Ki and the average age of the forest as fires are simulated 
over a  400 year period. Dashed, dotted and dashed-dotted lines show species 
abundance prediction when aiirnax =  50%, 100% and 150% of its estimated 
value respectively. Thick grey dashed and dotted lines represent wolf control 
and increased moose harvest.
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Figure 4.12: Model 6 projected trends with a2,TOox varying ±50%. Solid lines 
show the values of Ki and the average age of the forest as fires are simulated 
over a  400 year period. Dashed, dotted and dashed-dotted fines show species 
abundance prediction when ai,max =  50%, 100% and 150% of its estimated 
value respectively. Thick grey dashed and dotted fines represent wolf control 
and increased moose harvest.
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Figure 4.13: Model 7 projected trends with aomai varying ±50%. Solid lines 
show* the values of Ki and the average age of the forest as fires are simulated 
over a 400 year period. Dashed, dotted and dashed-dotted fines show species 
abundance prediction when a^max =  50%, 100% and 150% of its estimated 
value respectively. Thick grey dashed and dotted fines represent wolf control 
and increased moose harvest.
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Figure 4.14: Model 8 projected trends with r i  varying on (0.17, 0.19, 0.21). 
Solid lines show the values of Ki and the average age of the forest as fires 
are simulated over a 400 year period. Dashed, dotted and dashed-dotted lines 
show species abundance prediction when Ti =  0.17, 0.19 and 0.21 respectively. 
Thick grey dashed and dotted lines represent wolf control and increased moose 
harvest.
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Figure 4.15: Model 8 projected trends with e varying on (0.025, 0.035, 0.045). 
Solid lines show the values of Ki and the average age of the forest as fires 
are simulated over a  400 year period. Dashed, dotted and dashed-dotted 
lines show species abundance prediction when e =  0.025, 0.055 and 0.045 
respectively. Thick grey dashed and dotted fines represent wolf control and 
increased moose harvest.
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Figure 4.16: Model 5 performance when wolf control and moose harvest are 
simultaneously implemented. Solid lines show the values of Ki and the average 
age of the forest as fires are simulated over a 400 year period. Dashed and 
dotted fines show species abundance prediction under status-quo and with 
dual-control respectively.
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Figure 4.17: Model 6 performance when wolf control and moose harvest are 
simultaneously implemented. Solid lines show the values of Ki and the average 
age of the forest as fires are simulated over a 400 year period. Dashed and 
dotted fines show species abundance prediction under status-quo and with 
dual-control respectively.
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Figure 4.18: Model 7 performance when wolf control and moose harvest are 
simultaneously implemented. Solid lines show the values of Ki and the average 
age of the forest as fires are simulated over a 400 year period. Dashed and 
dotted fines show species abundance prediction under status-quo and with 
dual-control respectively.
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Figure 4.19: Model 8 performance when wolf control and moose harvest are 
simultaneously implemented. Solid lines show the values of Ki and the average 
age of the forest as fires are simulated over a 400 year period. Dashed and 
dotted fines show species abundance prediction under status-quo and with 
dual-control respectively.
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Figure 4.20: Model -5 fire regime sensitivity. Dashed, dotted and dashed-dotted 
fines show species abundance prediction when fire regimes produce status- 
quo, large-old and small-young patches respectively. Thick grey dashed and 
dotted fines represent wolf control and increased moose harvest. Thick solid 
fight, medium and dark grey fines represent from fire regimes produced by 
status-quo, large-old and small-young patches respectively.
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4.3 Discussion

The major objective of this chapter was to examine the effect of environmental 

variation on population dynamics. This was accomplished by examining the 

sensitivity of population trends to parameter values that changed with land

scape conditions. This revealed the parameters to which system behaviour is 

most sensitive and the parameters that may have management potential for 

the recovery of caribou.

Only one modelled dynamic did not lead predominantly to the extirpation 

of caribou populations when environmental variation was added: a system 

with a Type 3 functional response of wolves preying on caribou (Model 6). I 

demonstrated that few manipulations in parameters compensate for declines 

in caribou in all other models. Fluctuations in landscape conditions had little 

effect on declining trends and recovery occurred in only a few cases. Predomi

nantly, caribou populations only escaped extirpation if effective rates of search 

were low. This occurred either when the effective rate of search was systemat

ically reduced by 50%, or when it was inversely scaled to the density of moose 

(Model 7).

Many of the simulated cases showed apparent cycling in moose and wolves. 

This occurred because the disturbances created slightly younger forests and 

increased the parameter Ko. This generally resulted in 20-year fluctuations of

0.2 to 0.4 moose/km2. Cycles were often coincident with increases in caribou 

densities when parameter combinations favoured caribou persistence in the 

short-term. During such phases, wolves responded numerically to high cari

bou densities, which exacerbated the periodic behaviour between moose and 

wolves. Cycling was not a predominant pattern given the parameter values 

that were used, however; the parameters having been taken from maximum 

likelihood fits of models to short term data. Interestingly though, moose in-
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Figure 4.21: Model 6 fire regime sensitivity. Dashed, dotted and dashed-dotted 
lines show species abundance prediction when fire regimes produce status- 
quo, large-old and small-young patches respectively. Thick grey dashed and 
dotted lines represent wolf control and increased moose harvest. Thick solid 
fight, medium and dark grey fines represent from fire regimes produced by 
status-quo, large-old and small-young patches respectively.
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Figure 4.22: Model 7 fire regime sensitivity. Dashed, dotted and dashed-dotted 
lines show species abundance prediction when fire regimes produce status- 
quo, large-old and small-young patches respectively. Thick grey dashed and 
dotted fines represent wolf control and increased moose harvest. Thick solid 
fight, medium and dark grey fines represent Ki from fire regimes produced by 
status-quo, large-old and small-young patches respectively.
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Figure 4.23: Model 8 fire regime sensitivity. Dashed, dotted and dashed-dotted 
lines show species abundance prediction when fire regimes produce status- 
quo, large-old and small-young patches respectively. Thick grey dashed and 
dotted fines represent wolf control and increased moose harvest. Thick solid 
fight, medium and dark grey fines represent Ki from fire regimes produced by 
status-quo, large-old and small-young patches respectively.
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crease phases produced roughly the same net increase in a  decade as was seen 

in the empirical trends in the Redrock Prairie Creek empirical trends. Since 

the increases in moose were coincident with increases in Ko- this suggests that 

the observed moose increases between 1989 and 1998 in the RPC may also 

have been induced by an increase in K 2.

Model 5 demonstrates one of the more important issues that distinguishes 

caribou from moose. Because moose carrying capacity is at its highest in young 

forests, disturbances create pulses of habitat. Due to the higher reproductive 

rate and lower vulnerability to predation, this results in rapid increases in 

moose abundance soon after disturbance. Conversely, disturbances create in

stantaneous losses of caribou habitat, causing declines in caribou abundance. 

The fact that it takes ~80 years to rebuild half of the caribou carrying capacity 

means that caribou are slow to regain high rates of increase following distur

bance. This, compounded with the fact that caribou are more vulnerable to 

predation than moose, means that caribou recover very slowly following dis

turbances. The disturbances are normally also followed by increases in moose 

densities as well a numerical response in wolves, which further exacerbates the 

caribou decline.

If the relative reproductive rate of caribou relative to moose was higher, 

caribou populations could reproduce faster before wolves responded numeri

cally to moose increases. If caribou preferred younger forests, they would not 

suddenly lose habitat after disturbances, whereas currently they face a  long 

wait for it to rebuild. If they were less vulnerable, they would not face the 

same level of predation from wolves while trying to rebuild after a  decline. In 

reality, all of these factors conspire against caribou simultaneously, making it 

very difficult for caribou to persist in the presence of wolves and moose.

Under natural conditions caribou herds have persisted despite this imbal

ance. This suggests two possibilities: 1) the estimated rates I used were not
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representative of a system undergoing natural fluctuations in landscape con

dition, or 2) the relationship I built caused the parameters to vary too much 

in relation to environmental change. I believe that because the parameters 

were estimated from a system where moose and wolves were increasing and 

caribou were decreasing, that some parameters may have been biased (case 

1). The most likely biases would be the birth rate of moose and the effective 

rate of search on moose. The estimated values fit the data during a phase 

of rapid growth, but with a near three-fold increase in 10 years it is possible 

that the estimates were not representative. Recall that a2 was estimated to 

be ~6, which was much lower than the estimate from Messier (1994). It is 

possible tha t moose recruitment was high partly due to low capture rates by 

wolves; a situation that may not necessarily persist as wolf densities increase 

and territories expand. This is an important bias to consider. Higher a2 and 

lower r2 both predict higher stable densities of caribou.

In this chapter, I modelled forest succession, disturbance and the sensitiv

ity of parameter values to age structure and patch size. I chose not to model 

the effect of seismic line explicitly because it can be easily interpreted from a 

sensitivity analysis of the effective rate of search as well as carrying capacities. 

Increases in the quantity and distribution of seismic fines should cause the 

effective rate of search of wolves to increase on both prey species. It is pos

sible that prey species may avoid seismic fines, however (Oberg et al. 2002), 

causing lower encounter rates to compensate for increases in search rates. Any 

explicit accounting of seismic fine development should include their effect in 

the calculation of the effective rate of search. Their effect can be included in 

two ways:

1. Include the seismic fines into forest age calculations by ” netting-down” 

the total forest area to account for seismic disturbances (length x width
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=  area disturbed).

2. Include effect on travel rates such, that the effective rate of search in

creases with D, the total length of seismic lines per km2 (i.e., ay =  

ai,max-̂ J + D , where dmax is the maximum scaling factor and dhaif is a 

half-saturation constant)

3. Include the fact that caribou avoid roads and high-impact seismic lines 

so the encounter rate in the immediate vicinity of these features is lower.

Regardless of which model structure is used to describe the population 

dynamics, caribou face imminent extirpation. Only extreme values on key 

variables let caribou survive increases in wolf populations and the resulting 

increase in predation on caribou. The exception is incorporation of Type 3 

functional response, which is known to be incapable of causing extirpation of 

a prey species. The explicit assumption that predation rates fall to zero at 

low caribou densities may be optimistic, however. The Type 3 form does not 

account for explicit time budgets of predators targeting individual prey species 

(see Chapter 5 for the derivation of an explicit mechanism). The reason the 

Type 3 form has gained notoriety is that it addresses an issue of interest to 

biologists (i.e., prey switching), but it does not model the process explicitly 

in relation to the density and availability of each prey type. It erodes the 

predation rate in relation to the density of one species, but ignores the density 

of the other species.

This chapter demonstrated the dynamics that arise when different func

tional forms are used and different parameter ranges are applied to a dynamic 

system. Instances where caribou populations were capable of persisting were 

very few and required setting parameters to extremely ’’caribou-friendly” val

ues. The prevailing trend is that wolves respond numerically to increases in 

moose densities. When wolves reach densities in excess of 8 animals /1000
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km2 , caribou declines ensue. I looked for situations where erroneous pa

rameter estimates may have biased predictions toward a pessimistic view of 

expected caribou trends but found very few cases that predicted persistence. A 

few combinations of ’’caribou-friendly” parameter values in conjunction with 

moose harvest and wolf control permitted caribou persistence, but these were 

extreme cases of being optimistic on all fronts while applying management 

strategies tha t directly manipulate the proximate causes of caribou declines.

Clearly, the most significant mechanism is the functional response. Com

bined with the density of wolves, the total response is what drives caribou to 

extirpation. An examination of the sensitivity of lowering the effective rate 

of search by 50% showed that this was not sufficient when wolf densities were 

high - again because of total response factor. Wolf reductions (achieved by 

adding 0.2 to the wolf mortality rate) increased caribou survival in all cases. In 

conjunction with moose harvests, and assuming a few more optimistic param

eters, caribou were able to avoid extirpation. In all cases, caribou persistence 

was accompanied by wolf densities below 8 per 1000 km2. The only exception 

was Model 7, where the a^s  were very low because r  was set at 0.5 (roughly 

the density range within which moose fluctuated). This allowed caribou to 

persist at slightly higher wolf densities.

The results did not show significant improvements to caribou persistence 

under any alternative fire regimes. One scenario was slightly older on average 

with larger patches; the other was slightly younger on average with smaller 

patches. Since the models were designed to be sensitive to the proportion of 

large old growth patches, the scenario with ignition rate =  0.002 and spread 

rate =  0.19 led to the highest caribou densities. Again, however, this was 

inadequate to allow caribou to persist despite the fact that conditions on 

average improved relative to the starting conditions, which were precisely the 

conditions present in the RPC in 2000.
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It is possible that I have assumed base parameter values that do not favour 

caribou persistence. However, I argue that since I have calibrated the starting 

conditions so that simulations begin with parameters that are the same as the 

estimates, tha t the fluctuations are reasonably bounded. A notable example is 

9haif, for which I argue that spanning the values 0.05, 0.10 and 0.15 provides 

a good sense of the potential range of emergent behaviour. Still, the most 

optimistic value (0.05) did not allow caribou to persist except in Model 6, 

which already persisted without adopting a value of 0.05. The base values of 

ai,max used for the various models were scaled so that changes to the landscape 

would cause ai to fluctuate in proportion to relative quantities of large old 

growth patches. The initial proportion of large old patches was «11%, but 

disturbances caused the proportion to decline. Since ai appears to be the most 

important quantity determining the rate of caribou declines, its relationship 

to landscape conditions needs to be investigated further. That said, however, 

simulating with a 50% reduction to its base value did not bring about recovery 

of caribou.

I contend that the evidence presented here casts doubt on the possibility 

that caribou are capable of persisting. It remains possible that the estimated 

parameters reflect conditions that will not persist. There is also the possibil

ity that the functional response that describes predation on caribou is Type

3. I have deliberately left this discussion until the end. There is much de

bate about the sigmoidal form of the functional response. Dale et al. (1994) 

claim that caribou kill rates appear to follow a Type 2 form, Messier (1994) 

concludes a Type 2 for wolves preying on moose, and others have shown that 

wolves continue to hunt caribou even when moose become far more abundant 

(Hayes and Harestad 2000a). Others have elected to use the Type 3 functional 

response because they felt that the presence of so many prey types virtually 

guaranteed that wolves would switch to another prey type when one became
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in short supply (Boyce and Anderson 1999). The Type 3 assumption of Model 

6 requires further justification. The following chapter looks for mechanisms 

whereby predator and prey behaviour can occur such that fine scale interac

tions cause the use of space to lead to apparent switching.
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Chapter 5

Population dynamics 
consequences of fine scale 
spatial interactions

Introduction

Functional responses can cause predator-prey models to predict wildly differ

ent qualitative behaviours, thus the choice of the functional response form is 

widely debated. The most frequently discussed in predator-ungulate ecology 

are the hyperbolic and sigmoidal functional responses, also known as the Type 

2 and 3 forms (see Figure 5.1). The Type 2 form (Holling 1965) is solidly based 

on individual level mechanisms, simultaneously satisfing mass action and max

imum physiological rate principles. Multiple-prey systems modelled with Type 

2 functional responses predict instability and/or extirpation of one prey type 

in all but a narrow domain of conditions. Phenomenological forms, such as 

the ratio-dependent functional response (Arditi and Ginzburg 1989; Akcakaya 

1992; Gutierrez 1992) and the Type 3 functional response have been used 

to stabilize predator prey models. However criticism against using them is 

that they are not mechanistically based (Abrams 1994; Abrams 1997; Turchin 

2002). Nevertheless, the Type 3 has been used in a wolf-ungulate system, and 

considered to be consistent with empirical trends (Boyce 1992; Boyce and An-
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Figure 5.1: Plots of Type 2 & 3 functional responses. Functional response 
(F.R.) is in units of kills per predator per unit time.

derson 1999). The concave portion on left-hand side of the curve is attributed 

to predator search image formation and learning and remains intriguing, be

cause the shape captures generalist predation in multiple prey systems, where 

switching among prey types has important consequences to broad scale pop

ulation dynamics. Still, demonstration of a  clear mechanistic basis for it is 

lacking. I believe that such a mechanistic basis can exist in explicit spatial 

habitat selection and foraging behaviour. In this chapter, I show how fine scale 

spatial behaviour can predict spatial distributions that give rise to ” realized” 

switching when viewed a t a broader spatial scale.

I use a model to predict the relative distribution of animals across a spatial 

grid. I assume that indistinguishable behavioural mechanisms operate at fine 

spatial scales, but tha t the aggregate sum of these small-scale events leads to 

empirically observed spatial distributions and trophic interactions. The mech

anisms are made up of fine-scale decisions that balance energetic gains from 

feeding against risks of mortality. The functional response determines feeding
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rates for predators and predation rates for prey. I use a Type 2 functional 

response to calculate these rates across a spatial grid. A computer algorithm 

redistributes animals such tha t energetic gains and losses are equal for each 

animal in each cell. When the kills in each cell are aggregated, apparent prey 

switching can be an emergent pattern of spatial dynamics. This has important 

consequences to population dynamics.

5.1 Background

In pursuit of enhanced understanding, biologists are lured into exploring pat

terns with finer detailed data and at smaller spatial scales. Some would argue 

that modelling explicit spatial interactions gives no further perspective on pop

ulation dynamics and the ecology of a system. The Principle of Parsimony, 

or Occam’s Razor, suggests that we should look for a sufficiently predictive 

model that is as simple as possible to achieve the desired goal. This bounds 

the diversity of predictions possible from complex models. In addition, a sys

tem can get to the same end from different pathways (known as equifinality 

in systems theory). Looking at fine details should only be justified for two 

reasons: 1) a qualitative prediction cannot be reproduced without the detail, 

or 2) the more parsimonious explanation needs to be justified for lack of clear 

reasoning as to  why the fine scale details can reasonably be ignored. In the 

case of predator-prey systems, I believe we need to demonstrate how explicit 

spatial interactions affect the functional responses of predators on their prey.

Stability and coexistence in predator and prey communities depend on 

many factors. If prey compete directly for resources, a dominant species can 

competitively exclude another (Gause’s principle). Apparent competition be

tween prey species is predator-mediated (Holt 1977), resulting from increased 

predation through a  shared predator, when increased abundance of one prey 

lead to a  higher abundance of predators and then more predation on the other
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prey. This favours neither coexistence nor stability. Apparent mutualism is 

the opposite phenomenon. Increased abundance of one prey type can allevi

ate predation pressure on another through satiation of the functional response 

(Abrams et al. 1998). By reducing densities of primary prey, predators also 

have been shown to reduce overall kill rates disproportionately as densities 

decline, known as prey switching (Murdoch 1969).

Theoretical work has shown that refuges can have a stabilizing effect on 

predator-prey interactions (Rosenzweig and MacArthur 1963; Hassel and May 

1973). Optimally foraging predators, on the other hand, can destabilize dy

namics (Krivan and Sikder 1999; Van Baalen et al. 2001; Bolker et al. 2003). 

When two prey species prefer different habitats, adaptive foraging may lead to 

prey switching when the primary prey declines in abundance (Murdoch et al. 

1975; Oaten and Murdoch 1975; Fryxell and Doucet 1993), which tends to 

increase stability. Other stabilizing hypotheses have been proposed, including 

resource limitation in prey (Rosenzweig 1969; Gilpin 1972), interference among 

predators (Van der Meer and Ens 1997), and invulnerable pools of prey (i.e. 

refugia) (Abrams and Walters 1996).

A review by Briggs and Hoopes (2004) identifies three major cases whereby 

dispersal, combined with spatial and temporal heterogeneity, can promote in

creased population persistence and stability. They are:

1. An averaging across a number of out-of-phase unstable populations that 

gives rise to a  stable global density.

2. Dispersal dynamics that result in apparent density dependence at local 

scales.

3. Spatial heterogeneity that arises from non-linear responses to local con

ditions.
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I provide a mechanistic basis for the third case. It combines several con

cepts. I begin with the assumption that animals have evolved to maximize 

per-capita growth. I then assume that spatial distributions in heterogeneous 

environments come from behavioural decisions that are based on perceived 

growth rates in individual patches. Foraging by prey is based on food avail

ability and predation risk. Foraging by predators depends on kill rates of prey 

and competition with other predators. Animals distribute spatially by balanc

ing these factors across a  spatial grid. This assumes that animals recognize 

the forage/risk tradeoffs among all cells in a grid, have full knowledge of the 

locations of other prey and predators, and that they effectively redistribute 

before any consumption of resources occurs.

Central to ecology and evolution is the concept that strategies favouring 

higher rates of reproductive success will predominate on evolutionary time 

scales. Fitness, or evolutionary success, is commonly accepted as the projec

tion of progeny and genes into the future (Begon et al. 1990). I assume that 

if behaviour is determined by genes, and genes are passed on to future genera

tions, then behaviour that improves the chance of passing on those genes must 

be favoured. In the following analysis, the measure of fitness is the per-capita 

rate of growth.

I build a behavioural model where each species evaluates fitness spatially 

and redistributes itself spatially such that no location is more fit than another 

(per-capita benefits are the same everywhere). This is known as an Ideal Free 

Distribution (IFD) (Eretwell and Lucas 1970). The IFD has gained notoriety 

as a method to test theories about the distribution of animals (Sutherland 

1983; Kacelnik et al. 1992; Rozenzweig 1991; Van der Meer and Ens 1997). 

It has been used to used to study the effect of patch selection on competi

tion (Grand and Dill 1999; Houston and Lang 1998), coexistence (Rozenzweig 

1991; Grand 2002) and predation (Bernstein et al. 1999; Krivan and Vrokoc
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2000). It is a logical choice for studying such problems because it has sound 

evolutionary, behavioural, and bioenergetic basis. W hat remains to be demon

strated is the effect that using a spatially explicit predator-prey IFD has on 

overall population dynamics. I show that an IFD of predators and prey using 

a Type 2 functional response can predict the spatial distribution of animals. 

Further, when kills are aggregated across all cells, a Type 3 functional response 

can emerge, thereby stabilizing population dynamics.

The rationale for this analysis is that it may demonstrate a mechanistic 

basis for a Type 3 functional response in a multi-prey system. Previously, 

this has been justified only on phenomenological grounds. This analysis also 

describes how habitat distribution and behavioural rates affect the shape of the 

sigmoidal functional response, which is critical to the conservation of woodland 

caribou populations. Forest management can benefit from these perspectives. 

Forestry objectives can target conditions that favour the emergence of the 

sigmoidal functional response. Thus, the results of this chapter have policy 

implications to forest harvest rates and the maintenance of spatial structure in 

forests. These are discussed in the context of key parameters that determine 

the relationship between population dynamics parameters, landscape spatial 

characteristics and predicted species distributions.

5.2 M ethods

My goal is to show how spatial distributions can affect the functional response 

of wolves preying on moose and caribou. This is important because of the 

effect it has population dynamics. This is not an extension of the models 

produced in chapters 3 and 4. Those parameters implicitly captured fine-scale 

processes and averaged conditions. The parameters used to model explicit 

spatial behaviour in this chapter bear some resemblance to previous rates, but 

because conditions differ in each grid cell, they represent a reference point

135

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



tha t each cell’s conditions are measured against. Because of these differences, 

I now examine a generalized model involving one predator and two niche- 

differentiated prey.

The spatial distribution of animals is predicted with an IFD solution to 

spatially referenced equations of the rates of change of population abundances 

given local conditions. I build an algorithm that solves a  system of fitness 

equations iteratively. The logic behind this is that animals will distribute 

themselves such that no particular location will have higher fitness given con

ditions and species abundances at all locations. The first step in the analysis is 

to define the fitness functions for each species. These are based on per capita 

rates of growth that are expressed by Equations 5.1 - 5.3 (see Table 5.1 for 

symbol definitions). We begin by assuming that fitness is the same in all cells 

for each species, or F Ni = F ijij.

the relative losses to predation. Gains have an upper limit, set by carrying ca

pacity and losses are proportional to the attack rate and density of predators.

(5.1)

(5.2)

F P =  s (a iN i j  +  a2cu2N 2j)e aPj -  m (5.3)

Rearranging Equations 5.1 - 5.3, we get:

(5.4)

(5.5)

(5.6)

Prey fitness balances the relative energetic gains derived from food against
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Table 5.1: Symbols for state variables and parameters used in the calculation 
of the Ideal Free Distribution (IFD).

Parameter Symbol
Density of prey i in cell j N a

Density of predators in cell j Pi
Intrinsic growth rate of Species i n
Carrying capacity of prey Species i Ka
Effective rate of search on prey species i 0*i

Conversion efficiency £
Predator mortality rate m
Relative weight Species 2:Species 1 LO
Predator competition rate a
Fitness of species i in cell j Fa
Mean fitness across all cells F± sp.

Predator fitness is the energetic gain from captured prey minus the per-capita 

mortality rate. The term e~aWj describes interference between predators in 

cell j .  Overcrowding reduces the potential energetic gain through mortality 

arising from intra-specific strife. Handling time is not included in the IFD cal

culation because the redistribution happens before the consumption actually 

occurs. The IFD is an intermediate step. Since the IFD produces animal dis

tributions a t an instantaneous point in time, it is reasonable to assume that 

behavioural decisions are made on the basis of perceived vegetation supply, 

prey abundance, and intra-specific competition. Handling time only plays a 

role on the time scale of demographic change. I assume that animals remain 

ideally and freely distributed long enough for instantaneous forage, recruit

ment and predation events to take place.

The calculation of the IFD assumes that a given mean fitness will lead to 

a relative activity level which can be interpreted as a density in each cell at 

a given point in time. Since we already know the total abundance, we can 

find the actual distribution by iterating over a range of possible mean fitnesses 

until the sum of all cell densities yields the known total. It uses and algorithm 

that follows the following 9 steps:
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1. Assume F sp_ = 0

2. Using F sp, get N sp,j  at all cells i using (5.4)-(5.6)

3. Find the values of Nsp, = £  Nsp_j

4. Using F sp, +  0.001, get N*p̂  and iV;p =  £  N;pJ

5. Calculate dFsp, = (1V*P. -  Nsp,) /0.001

6. Let

7. Let e = |F;p. -  Fsp. |

8. If e < =  tol then assume stable strategy has been reached and N*p j  is 

the density of a species in cell j .

9. If e > tol then set Fsp_ = F*p and return to step 2.

This algorithm makes use of the fact that successive calculations of an 

iterative solution will necessarily be proportional to the former calculation. By 

assuming linearity in the progress from one step to the other, the algorithm 

” back-calculates” from the jump by assuming a small step and assuming that a 

straight line predicts the change from one iteration to the next. By continually 

assum ing these small steps until relative change is very small, the algorithm 

will eventually stop. This is call a Newton iteration (Burden and Faires 1985).

If there were only one consumer, and if resources did not move, this algo

rithm would be sufficient. Because there are predators and alternate prey, and 

because each one depends on the other, numerical instabilities occur when the 

inner loop is performed (steps 1-9). To solve this problem, successive over

relaxation (Burden and Faires 1985) was added in an outer loop. The logic of 

the outer loop is as follows:

1. Distribute species such that N sp,j = ^N sp_ where n  =  number of cells
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2. Get N'sp j  using inner loop

3. Set Ngp.j = (1 -  7 )Nsp.j  +  7 - ^

4. Let e =  | E  -  E  AV,il

5. If e < =  tol then accept N sp_j as the spatial distribution

6. If e > tol then return to step 2.

Using both the inner and outer loops generally solves Equations (5.4) - (5.6) 

such that fitness is the same in all cells, but there is no guarantee that such a 

solution exists. The most effective way to reach an equilibrium solution is to 

set the value of 7  very low; around 0.001 seems to work well. Also, it is better 

to perform an inner and outer loop on each species in sequence rather than 

performing an inner loop on all species followed by an outer loop. A visual 

inspection of many solutions over many different parameter sets indicated that 

even when a perfectly stable solution had not been reached, the numerical 

instabilities were insignificant compared with the overall trends. Despite some 

chatter (rounding error and numerical instability that comes from projecting 

trends on very steep curves), the trends still showed habitat selection patterns 

across a broad habitat gradient.

5.2.1 Sensitiv ity  to  habitat supply and niche overlap

I calculate IFDs across a range of habitat conditions to examine how predicted 

spatial distributions affected the functional responses. Conditions are chosen 

to span a range of niche differentiation, but rates and habitat niches are not 

meant to mimic any particular species, merely to mimic niche differentiation. 

For switching to occur, predators need to be drawn away from one prey type 

to locations where the other prey would predominate. If both species occupy 

the same habitat, both will still be encountered in proportion to availability
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since they will be in the same place too often. However, if they favour different 

habitats when one prey species becomes scarce, predators should see higher fit

ness in cells where the other prey resides. The alternate prey will therefore not 

come into contact with the predator. For the purpose of the analysis, I create 

a  random forest with a mean age of 60 years and a standard deviation of 30 

years. Habitat and demographic parameters are chosen so tha t prey are niche 

differentiated but overlapping near the mean age of the forest. Sensitivities on 

the relative position of each niche are therefore easier to manage.

I generalize the model to explore qualitative differences in spatial behaviour 

across a range of conditions. I retain the most important characteristic of the 

caribou-moose-wolf system: one species is modelled to prefer older forest, while 

the other prefers younger forest. The carrying capacity of Species 1 reaches 

a maximum with a  sigmoidal pattern with a half-maximum saturation at bi, 

Species 2 has an inverse sigmoidal relationship with a half-maximum at bo. 

The relationships are shown in Figure 5.2 and in Equations (5.7) and (5.8). I 

use the following parameters to define the system:

Table 5.2: Parameters values used in sensitivity analysis.

Parameter Symbol
Intrinsic growth rate of prey Species 1 
Intrinsic growth rate of prey Species 2 
Maximum carrying capacity of prey Species 1 
Species 1 half-maximum saturation 
Maximum carrying capacity of prey Species 2 
Species 2 half-maximum saturation 
Effective rate of search on prey Species 1 
Effective rate of search on prey Species 2 
Conversion efficiency 
Predator mortality rate 
Relative weight Species l:Species 2 
Predator interference 
Averate age of forest

n  = 0.3 
r 2 =  0.3 
K x =  3
£>i =  80
# 2  =  3 
b2 = 4 0  
a1 =  20
do — 20
e =  0.035

U) =  1
a  =  2 
A

m w =  0.5
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Figure 5.2: Plot of change in carrying capacity of prey Species 1 (solid line) 
and prey Species 2 (dashed line) with changes in forest age. One line for each 
species is drawn at half maximum rates of 40, 60, and 80 years.

I examine the sensitivity of switching in response to perceived changes 

across resource gradients. I construct an artificial forest to see how habitat 

supply affects the spatial distribution of all species, by simulating fires with 

fixed ignition probability rates of 0.004 and a  mean patch sizes of 8000 hectares. 

This creates the forest conditions over which to run the IFD model. I then 

evaluate the functional responses when the half-maximum carrying capacity 

parameters hi and 62 are varied to form all combinations of the values 40, 60 

and 80. I calculate the functional responses across a range of densities of the 

primary species and examine how the kill rates are affected for three fixed 

values of the other prey species. This reflects the sensitivity of switching in 

response to variation in the habitat niche overlap as shown in Figure 5.2.

1,max-

2,max-

(5.7)

(5.8)
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5.2.2 M ultiple spatial scales in predator prey dynamics

Thus far, I have assumed that all species perceive environmental conditions at 

the same spatial scale. Switching has been driven by relative positions of bi and 

b2 along a forest age gradient. To look at spatial aspects of niche differentiation, 

I also examine the effect of including scale dominance in predator behaviour. 

By scale dominance, I mean that predators can cover more ground relative 

to their prey and therefore judge resource gradients accordingly. If predators 

judge spatial gradients at a larger scale than their prey, they would see many 

smaller cells of prey as a single pooled prey source. That being the case, it 

should be more difficult for the fine scale spatial separation to take effect than 

if all species perceive their environments at the same scale.

To examine the effect that this has on population dynamics, I create a 

model where prey see the landscape at one spatial scale and predators select 

blocks of those cells. The predators see the total number of animals of both 

types, and the IFD is established on the basis of the density across the block 

of cells. There axe therefore three characteristic spatial scales. The spatial 

scale at which prey see resources ( S n ) is the base unit. Forests can have 

patches made up of several identically aged cells, making up the forest spatial 

scale (S f). For example, S /= 4 implies that patches aggregate four cells of size 

Sn- The predator scale (Sp > 1) can aggregate several cells of size Sn- The 

predator then evaluates fitness based on the sum of all prey densities across 

the Sp cells.

Figure 5.3 shows how varying the size of Sp  might change the way predators 

allocate themselves spatially. This difference is visible when we consider the 

size of the clusters of forest ages. When the forest is clustered in 4x4 patches 

of common aged cells, prey will see resource and predation risk gradients at 

that scale. As long as the predators see resources at the scale of 4 or 16 prey
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spatial units (Sp  =  4 or 16), the system will act as though the predators were 

seeing things at the same scale as the prey. This is only true because the forest 

scale (S f ) matches the predator scale. As soon as the scale of what predators 

see is greater than the forest spatial scale, the predators will judge fitness 

across several different ages of forest. When S p  =  16 it may be good habitat 

for Species 1 , but additional risks accrue when Sp = 64, if adjacent cells are 

old enough to attract Species 2, and therefore predators. Figure 5.4 shows the 

same phenomena when forest patches occur at a smaller scale ( S f  = 4). In 

this case, the disparity occurs due to a reduction in forest scale rather than 

an increase in predator scale. Either way, when the predator scale exceeds 

both the forest scale and the prey scale, we predict tha t prey would not be 

capable of exploiting spatial separations of forest types to their advantage. The 

larger S p  becomes in relation to S f  and S n ,  the more that prey are forced to 

share predator-perceived habitat, despite how distinct their individual habitat 

selection curves might be.

We know that forest age has a direct bearing on the carrying capacities of 

the prey. Since we hypothesize that patch size mediates the foraging advantage 

that predators have over their prey, I simulate forests of varying age classes 

and patch size structures, to examine how spatial structure impacts the IFD’s 

and the resulting functional responses of each prey species. Nine forests were 

simulated. In order to ensure a proper gradient across scenarios, I create 

random disturbances selected from a small set of random numbers through 

which I rotate. Patches are created by assuming an ignition rate and a fire 

size distribution. The choice of ignition rates is not intended to accurately 

simulate a true fire disturbance regime but rather to create forests across a 

gradient of age and patch size class distributions. I use ignition rates of 0.002, 

0.004 and 0.01 and fire sizes drawn randomly from an exponential distribution 

with means of 4000, 8000 and 16000 hectares respectively. I repeatedly draw
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Figure 5.3: Perceived distribution of resources by prey and predators when 
forest patches are at the scale of S f = 16 prey spatial units. Dashed grids 
represent the scale at which prey see the land. Numbers indicate the age of 
forest in the cells and shaded areas represent the scale at which predators see 
the landscape. Areas (a), (b) and (c) represent scales of Sp  =  4, 16, and 64 
prey spatial units respectively.
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Figure 5.4: Perceived distribution of resources by prey and predators when 
forest patches are at the scale of S f  = 4 prey spatial units. Dashed grids 
represent the scale at which ungulates see the land. Numbers indicate the age 
of forest in the cells and shaded areas represent the scale at which predators 
see the landscape. Areas (a), (b) and (c) represent scales of S p  = 4, 16, and 
64 prey spatial units respectively.
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from the same set of random numbers in order to make sure that differences 

between artificial landscapes are due to parameter choices and not random 

chance.

Figures 5.5 and 5.6 show the proportion of forest at a given age, and 

the proportion of the forest composed of patches of given sizes. As ignitions 

become more frequent, the age distribution becomes younger for a given mean 

patch size. Similarly, mean forest age declines when mean patch size increases 

at a given ignition rate.
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Figure 5.5: Proportion of forest covered by each age class. Each plot shows 
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Figure 5.6: Plot of the relative proportion of each patch size class in the forest 
landscape for given combination of ignition rates (probability of fire starting 
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I simulate the IFD’s of all animals and calculate the changes to the func

tional response as patch sizes are increased and decreased to emulate natural 

disturbances and forest harvest scenarios. A sensitivity analysis of the be

haviour of the system across a range of natural and human altered conditions 

is presented in the next section.

5.3 Results

I first examine the sensitivity of switching in response to perceived changes 

across resource gradients. Figure 5.7 shows switching away from Species 1 

as densities of that species decline. The result is repeated for each carrying 

capacity curve. Three different densities of Species 2 are simulated for each 

case. Figure 5.8 shows the same from the perspective of Species 2, with a curve 

for each of three densities of Species 1. All of the curves are plotted at the lower 

density range, where the concavity of the Type 3 curve is most important to 

the declining species. I exclude the upper range of the curve because plotting 

across the entire range makes it more difficult to see the shape on the left 

hand side. The algorithm used to calculate the IFD is incapable of producing 

a  larger kill rate than would result from homogeneous mixing, so we know that 

the functional response will not exceed the maximum killing rate on the right 

hand side (i.e. they are assymptotic).

The strongest switching occurs when there is sufficient spatial separation 

from alternate prey and sufficient alternate prey for the predators to switch 

to. Habitat niches overlap the least in the upper right and lower left of Figures 

5.7 and 5.8. This has different interpretations for Species 1 and for Species

2 . Figure 5.5 shows that about 40% of the forest is older than 110 years. 

Unless bi =  80, there is very little habitat available for Species 1 to disperse 

to. Figure 5.8 shows more switching from Species 2 as b\ approaches 80. This 

is because when bi =  40, Species 1 are occupying many of the same cells as

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CO
CD>%

o
"cOTJ
CD

Q.
CO

Alternate prey: —  i.o k r r f2 2.0 km-2   3.0 km
b2 = 40 b2 = 60 b2 — 80

(a) (b) (c)

-2

o
C O

©©
o

II ©

CM

©
CO

©O
CD
II

©

©

©
©

o
©

©
CM

O
2.0 3.0 0.0 1.0 2.0 3.02.0 3.0 0.0 1.00.0 1.0

Prey density (km 2)

Figure 5.7: Plot of switching behaviour across a range of densities of species 1. 
X-axis is the density of Species 1. Y-axis is the number of kills per predator. 
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and half-maxima. The plot is truncated to display the concavity on the left 
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Species 2. Figure 5.7 shows more switching from Species 1 as &i approaches 

80, but mainly when b2 =  40, since that is the only case where Species 2 

select sufficiently opposite habitat. The simulated conditions favour Species 

2 because of the age class distributions. That is the main reason that the 

switching is more apparent on Species 2 than on Species 1. The main result 

shown in Figures 5.7 and 5.8 is that it takes low habitat niche overlap and 

sufficient quantities of habitat for switching to occur.

The simulated forest conditions until now have corresponded to the ” mid

dle” case of age distributions and patch size distributions. In the results that 

follow, fire frequency and fire sizes are varied to make ages span young to older 

distributions as well as to span a range of mean patch sizes. Figures 5.5 and 

5.6 show the landscape characteristics of those cases. I also explore the effect 

of predator scale dominance over prey. Figures 5.9 - 5.12 show the effect of 

increasing the predator spatial scale to 4 prey cells. The switching behaviour 

depends on the availability of alternate prey, the forest conditions and the 

size of the predator behavioural window. Figures 5.9 and 5.10 show the effect 

that increasing the predator spatial scale has on the functional response of 

Species 1 . When the predator window gets bigger, there is less switching and 

for the most part, Species 1 kill rates go up. Also as the forest gets younger 

-which occurs moving away from the upper left corner- more switching is seen 

in Species 2 and less in Species 1. This is because Species 1 is crowded into 

small patches. Large predator windows also have a less detrimental effect 

when patch sizes are large, which occurs in the rightmost columns. Species 

2 kill rates decrease when the predator window is increased in large patches. 

This is because the simulated forests in the rightmost column also tend to 

be younger as larger disturbances result from each ignition. Species 2 is in

habiting the large patches and Species 1 is forced into contact with predators 

more frequently. This avails new prey resources that were not detected at a
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Table 5.3: Effect of variation in the predator spatial scale on switching be
haviour. Upward arrows indicate that increasing the spatial scale of preda
tors increased switching behaviour. Downward arrows indicate a decrease in 
switching.

Size Small patches Large patches
Old

Young
Species 1 I, Species 2 |  
Species 1 J., Species 2 T

Species 1 J., Species 2 f 
Species 1 f, Species 2 f

smaller predation scale, translating to more consumption of Species 1 and a 

correspondingly higher handling time of that species.

The effect of changing predation scales is shown in Figure 5.13 for Species 

1 and Figure 5.14 for Species 2. In each case, the functional response is shown 

for an alternate prey density of 3.0/km2. When the predator spatial scale is in

creased, it reduces the amount of switching in some cases, whereas it increases 

it in others. This illustrates how apparent competition is exacerbated in some 

cases, whereas in others the increased predator scale facilitates apparent mu

tualism. It appears to be determined by habitat supply of prey species and 

the spatial scale at which it is distributed. If large patches form with the same 

frequency as small ones, the formation of large patches will cause the forest 

to be younger in comparison. For that reason, the method used to generate 

the random landscapes created large patch mosaics that contained insufficient 

quantities of old forest. Figure 5.13 is such a case.

Table 5.3 summarizes the changes to the functional response and the switch

ing behaviour when the predator spatial scale is increased. The results focus 

on the extreme cases of the four combinations of youngest, oldest, smallest 

and largest patches.

5.4 Discussion

I have shown that behavioural assumptions about habitat selection and preda

tion can lead to spatial patterns that have a direct bearing on the functional
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Figure 5.9: Changes in switching behaviour of predation on Species 1 with 
a predator scale of 1 prey unit. Patch sizes increase from leftmost column 
to rightmost column. Ignition frequencies increase from uppermost row to 
lowermost row. Oldest and smallest patches are found in the upper left hand 
corner. Largest and youngest patches found in lower right corner.
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Figure 5.10: Changes in switching behaviour of predation on Species 1 with 
a predator scale of 4 prey units. Patch sizes increase from leftmost column 
to rightmost column. Ignition frequencies increase from uppermost row to 
lowermost row. Oldest and smallest patches are found in the upper left hand 
corner. Largest and youngest patches found in lower right corner.
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Alternate prey: -----  1.0 km'2 2.0 km,-2 3.0 km,-2
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Figure 5.11: Changes in switching behaviour of predation on Species 2 with 
a  predator scale of 1 prey unit. Patch sizes increase from leftmost column 
to rightmost column. Ignition frequencies increase from uppermost row to 
lowermost row. Oldest and smallest patches are found in the upper left hand 
corner. Largest and youngest patches found in lower right corner.
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Figure 5.12: Changes in switching behaviour of predation on Species 2 with 
a  predator scale of 4 prey units. Patch sizes increase from leftmost column 
to rightmost column. Ignition frequencies increase from uppermost row to 
lowermost row. Oldest and smallest patches are found in the upper left hand 
corner. Largest and youngest patches found in lower right corner.
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Predation scale: -----  1 prey unit  4 prey units
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Figure 5.13: Changes in switching behaviour of predation on Species 1 across 
predator spatial scales. Patch sizes increase from leftmost column to rightmost 
column. Ignition frequencies increase from uppermost row to lowermost row. 
Oldest and smallest patches are found in the upper left hand comer. Largest 
and youngest patches found in lower right comer.
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Predation scale: -----  1 prey unit  4 prey units
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Figure 5.14: Changes in switching behaviour of predation on Species 2 across 
predator spatial scales. Patch sizes increase from leftmost column to rightmost 
column. Ignition frequencies increase from uppermost row to lowermost row. 
Oldest and smallest patches are found in the upper left hand comer. Largest 
and youngest patches found in lower right corner.
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response. The densities of alternate prey and the spatial scale of predators 

can affect apparent competition, apparent mutualism, and prey switching. If 

prey switching emerges at low densities, a prey species can escape depensatory 

predation and extirpation. Switching can only occur if the following conditions 

are met:

C ondition  1 Prey are habitat differentiated.

C ondition  2 Habitats are in sufficient supply.

C ondition  3 Habitat of each species is spatially separated from the other.

C ondition  4 Alternate prey are in sufficient abundance to allow switching to 

occur.

C ondition  5 Predator behavioural spatial scale does not effectively dominate 

the scale of the spatial separation of habitats.

The results of this chapter are general, but can be interpreted in the con

text of caribou conservation in a system involving moose and wolves. In the 

prey switching conditions listed above, Condition 1 is an inherent property of 

the caribou-wolf-moose system, corroborated by the life histories of caribou 

and moose. Conditions 2 and 3 are the most likely to be violated in altered 

systems. Industrial activities are known to change the amount and distribu

tion of habitat. Condition 4 is probably met in declining caribou populations, 

but it is only a  condition favouring caribou if Conditions 2, 3 and 5 are met, 

which is uncertain. In fact, high alternate prey populations and poor habitat 

supply and distribution are the most frequently cited causes of caribou declines 

(Edmonds 1988; Thomas 1995; Hervieux et al. 1996; Edmonds 1998; Wittmer 

2004).
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Theoretical im plications

Spatial heterogeneity is believed to play a role in stabilizing predator prey 

systems and promoting population persistence. This occurs via clumped prey 

distributions (Hassel and May 1973; Hassel and May 1974), decreased apparent 

competition through habitat partitioning (Holt 1977; Holt 1984), apparent 

mutualism (Abrams et al. 1998) and prey switching (Murdoch 1969; Murdoch 

et al. 1975; Oaten and Murdoch 1975). In various ways, the foraging behaviour 

and the spatial distributions of resources result in what we ultimately measure 

as habitat selection (Rozenzweig 1991). In particular, the effect of habitat 

availability and behavioural spatial scales can play a role in shaping the relative 

functional responses across ranges of densities (Fryxell and Lundberg 1998).

The results of this chapter suggest that Type 3 functional responses can 

arise from spatial patterns predicted by fine-scale spatial behavioural. This 

provides a  spatial mechanism and a basis for using Type 3 functional responses 

to predict the population dynamics of multiple prey systems. I have also shown 

that switching of this type can only occur if certain conditions apply. Without 

adequate habitat supply and appropriate spatial structure for the particular 

niches of the prey, spatial patterns may not predict a sigmoidal response. 

Spatial behaviour of predators and prey can provide the means for declining 

populations to escape predation at lower densities if predators can switch to an 

alternate prey. However, this can only happen if there are sufficient alternate 

prey for the predator to switch to and if habitat niches of prey are sufficiently 

dissimilar. A further caveat is that the spatial scale of the landscape, and the 

behaviour of prey and predators must not be such that predators are scale 

dominant over prey, or the advantages of niche differentiation are eroded. 

There are therefore management consequences pertaining to both the amount 

as well as the spatial distribution of resources.
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In the context of wolf behaviour within ungulate ranges, the size of wolf 

territories relative to ungulate forage behaviour can play a major role. Bern

stein et al. (1999) demonstrated that when predator migration rates were 

high, the mosaic of habitat patches effectively reduces to a single patch from 

the perspective of the predator. It follows that if wolf movement rates are fast 

relative to ungulates, they will be able to ’’out-maneuver” prey in the patch 

selection process, over-riding predator avoidance. It has also been shown that 

mortality on small scales can be inversely density dependent if predators are 

judging the availability of multiple prey resources at large spatial scales with 

fast movement rates (Bernstein et al. 1991). These results suggest that since 

wolves defend large territories, they exhibit behaviour that could lead to the 

type of scale dominance described in the analysis of this chapter.

M anagem ent im plications

The importance of multiple spatial scales in population dynamics has been 

established in a general context (Blaine and DeAngelis 1997; Peterson et al. 

1998; Roos et al. 1998; Donaldson and Nisbet 1999), and more specifically in 

the context of caribou habitat selection (Johnson et al. 2001; Szkorupa 2001; 

Johnson et al. 2002a; Johnson et al. 2002b). It is at the core of one of the most 

important problems facing caribou under current forest management policies: 

the loss of large old growth forest patches (Cichowski 1996; Hervieux et al. 

1996; Brown 1998). To examine how spatial scales of forests, ungulates and 

wolves interact, I simulated population dynamics under a range of scenarios 

designed to identify how relative spatial scales influence system behaviour. 

In particular, I looked for scaling conditions that caused an effective loss of 

spatial separation through scale dominance in predation. Forest conditions 

and habitat selection predicted prey-switching across a spatial grid with equal 

spatial scaling among prey and predators. When predation operated at a larger
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spatial scale than the prey, however, switching was reduced in most cases.

My results demonstrate that spatial distribution arising from evolutionary 

fitness behaviour can produce spatial patterns that result in density depen

dent inter-species encounter rates. The results also demonstrate that those 

behavioural mechanisms lead to different patterns when species abundances 

and landscape conditions change. This behaviour ultimately leads to apparent 

prey-switching when viewed across gradients of prey densities. In theory, this 

means that two prey species can co-exist. However, the switching only occurs 

if certain conditions are met. The question is therefore not i f  switching is 

possible. Rather, we need to determine whether or not the conditions exist 

for switching to take place. The degree of switching is sensitive to quantities 

of habitat, niche overlap of prey species, densities of prey and predators and 

the scale at which species perceive their resources and risks.

The results are not evidence that a Type 3 functional response should be 

used to predict the dynamics of caribou-moose-wolf systems. If such systems 

currently shows depensatory predation rates at low densities, however, poli

cies should consider habitat supply and forest spatial structure that could 

reverse this. This analysis provides a mechanistic rationale that supports the 

most commonly lauded policy: to put aside large patches of old growth forest 

(Edmonds 1998; Thomas 1995; Hervieux et al. 1996; Szkorupa 2001). The 

justification has been that caribou need lichen-rich older forests to forage, 

and th a t these need to be large enough for spatial separation from alternate 

prey and predators. Many populations in British Columbia and Alberta have 

been declining under fairly typical forest extraction policies (Edmonds 1988; 

Edmonds 1998; Wittmer 2004). In most of those populations, violation of 

Condition 2 (habitat supply) and Condition 3 (spatial separation) are likely 

the cause. Predator and alternate prey densities are believed in most cases to 

have had a strong bearing on the declines. Predator densities are high enough
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in some cases that concerns have been raised that alternate prey management 

may cause predators to switch to caribou. I have shown that there are reasons 

to expect that reductions in alternate prey may cause increases in predation 

but they are entirely dependent on the supply and distribution of habitat. 

Management policies therefore need to consider the effects of restructuring 

supply and distribution of different age classes of forests.

Forest research has produced many studies of natural disturbances. Usu

ally, a  natural disturbance regime is characterized by disturbance rates (Van Wag

ner 1978), resulting forest age structure (Johnson and Van Wagner 1985; An- 

dison 1997) and patch size distributions (Andison 1997; Armstrong 1999). It 

is widely agreed that boreal forests are dominated by large infrequent fire 

events. Forest management policies on the other hand, have created smaller 

than ’’natural” patch mosaics (violation of patch size condition), and gener

ally reduced the mean age of forests (violation of the niche condition), while 

agricultural encroachment has led to a net reduction in forested land (viola

tion of the supply condition). The results presented in this chapter suggest 

that predation on caribou could increase as a result of either a  reduction in 

habitat quantity as well how it is distributed spatially. The frequency of fires 

and harvest thus has a  direct bearing the ability of a system to exhibit prey 

switching.

Future directions

The results presented here demonstrate the outcome of one possible system 

applied under IFD assumptions and with a particular set of parameters. To 

empirically evaluate whether the IFD applies to a caribou-moose-wolf system, 

we would need to have animal locations of the two prey and the predator, as 

well as spatially referenced kill data. If the densities of all species were available 

from GPS collars recording the coordinates once per hour say, the data could
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be sampled at random to compare the distribution of the animals to a  distribu

tion predicted by the IFD model. With that information it would be possible 

to use a spatial likelihood objective function to fit predicted spatial distribu

tions under various parameter combinations until a set of best-fit parameters 

maximized the likelihood of observing the data. The maximum likelihood es

timates could then be used to parameterize a population dynamics model that 

could simultaneously predict spatial patterns, the distribution of kill rates and 

population dynamic trends over time. If the solution to the spatial likelihood 

predicted an emergent sigmoidal functional response, we would then expect 

the time series predictions to predict coexistence of the three species.

Given that animal behaviour is so difficult to monitor, the practical solution 

is to focus on the most dominant factors of the switching behaviour: habitat 

availability and spatial separation. These can be interpreted in the context of 

some of the widely agreed upon facets of caribou conservation and applied to 

simple interim policies aimed at making predator avoidance possible. Szko- 

rupa (2001) found significant avoidance of younger stands of forest by caribou. 

Wittmer (2004) found strong evidence that survival rates are higher in older 

stands. James et al. (2004) found that caribou avoided areas inhabited by 

moose and that predation rates by wolves were higher in stands associated 

with moose. The implicit assumption about forests being driven to a younger 

state is that portions of the old forest are being cleared, resulting in young 

stands being found adjacent to remaining old stands. The results presented 

here predict that limited switching will be possible in precisely this type of sit

uation. The solution remains the same: policies need to be aimed at cutting 

less forest and structuring the spatial arrangement of cleared areas such that 

large old patches will remain. It is perhaps redundant to restate what has been 

suggested before, but the analysis herein at least provides the mechanistic basis 

to argue for reductions in forest harvest rates and conservation of large tracts
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of old growth forest. It also demonstrates that one of the most commonly 

lauded arguments against caribou extirpation predictions (i.e., ’’Don’t  worry, 

predation rates will decline when densities are very low”) may not apply in 

the type of situations where caribou are declining at present. The remaining 

habitat may not be in sufficient supply, nor adequately distributed to predict 

the switching behaviour demonstrated here, and avoid local extirpation.
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Chapter 6 

General conclusions

Overview of thesis

This thesis explores the dynamics of broad-scale patterns observed in woodland 

caribou systems in Alberta and elsewhere. It focusses on the effect of moose 

populations expanding in caribou ranges and the implications to subsequent 

predation on caribou by wolves responding numerically to moose. Popula

tion dynamics models indicate that if the current environmental conditions in 

the Redrock Prairie Creek caribou winter range persist, caribou are at risk 

of extirpation. Models predict wolf populations within the range of densi

ties observed in wolf packs throughout North America while also predicting 

that caribou populations will gradually decline from predation by wolves. An 

analysis of equilibrium population densities indicates tha t the long-term vi

ability of caribou ultimately depends on maintaining lower moose densities 

so that encounter rates with wolves remain low. Simulations of the effects 

of environmental variation suggest that caribou extirpation risks are not im

proved by environmental fluctuations around conditions that prevailed during 

the period of observed trends. A sensitivity analysis suggests that as long 

as moose populations remain high, caribou can only avoid extirpation if en

counter rates between caribou and wolves are low. Simulations consistently 

show that caribou populations decline due to predation when wolf densities
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exceed approximately 0.008/km2, which is consistent with declining caribou 

populations elsewhere. When wolf predation on caribou is modelled with a 

Type 3 functional response, caribou escape predation, but simulations of fine 

scale spatial behaviour show that spatial structure may play a role in shaping 

the form of the functional response. Results show that the emergence of Type 

3 functional responses may depend on: 1) the niche breadth of prey, 2) the 

availability of resources in those niches, and 3) the spatial scales of predators, 

prey and resource distribution.

6.1 Key findings
Caribou populations are declining under current conditions

Four models were statistically fit to empirical trends. The parameters that 

provide the best fit to the data also predict declining caribou populations or 

extirpation.

Caribou persistence depends on reducing moose populations

An analysis of the relative effects of key parameters on equilibrium densities 

indicates that reducing the encounter rate between caribou and wolves has 

the greatest benefit to caribou populations when moose birth rates are at 

their highest. Given the practical difficulties of managing encounter rates in 

the short term, a further analysis was performed to investigate the potential 

effect of reducing moose densities. Results show that if moose densities are 

reduced with intensive management, caribou will stabilize at higher densities. 

This strategy is predicated on the fact that wolf predation on caribou occurs 

because wolves respond numerically to elevated moose densities and habitat 

structure provides inadequate spatial refuge. Moose reductions are deemed to 

be a more expedient way to reverse caribou declines than habitat alteration. 

Interim wolf reductions may also be considered to prevent wolf predation on
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caribou when moose densities decrease.

Environmental variation exacerbates caribou declines

When parameters are assumed to vary in relation to habitat supply and dis

tribution, caribou populations continue to decline, and in some cases, decline 

faster than without environmental variation. Caribou recruitment rates de

crease sharply after disturbances, while moose recruitment rises sharply. Cari

bou habitat recovery post-disturbance is too slow to allow caribou populations 

to recover before predation from wolves causes extirpation. Additionally, de

pending on disturbance parameters, the change to forest structure with dis

turbances either brings about a decline in productivity, or an increase in the 

encounter rate with wolves, further increasing predation pressure on caribou. 

Only a model with a sigmoidal functional response predicts caribou persis

tence.

Caribou decline at wolf densities > 0.008/km2

Consistently, models predicted that caribou populations would enter a declin

ing phase when wolf density exceeded 0.008/km2. When mechanisms were in 

place to reduce the effective rate of search, caribou were capable of escaping 

extirpation, but these cases required extremely low rates of encounter. These 

low rates could only be explained by prey switching, but the data were inad

equate to conclude if switching was occurring.

Prey switching can depend on the diet niche of prey and predators

A detailed simulation analysis of spatial behaviour of predators and prey in 

relation to the spatial distribution of resources shows that prey switching can 

be apparent in aggregated data if both predators and prey can detect resource 

gradients that allow prey to strategically forage while avoiding predation risks.
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The spatial distribution of resources must be such that predators can maximize 

energetic gain without necessarily having access to  both prey types.

Prey switching can depend on the behavioural scales of individual 
species

Simulation analysis shows that prey switching can only occur if the spatial 

scale of predator behaviour does not exceed the spatial scale of prey behaviour 

and the distribution of resources of the individual prey. If predators can for

age across multiple spatial units of prey, switching cannot occur because the 

prey cannot escape the perspective of the predator. This result implies that 

coexistence requires some characteristic natural scale to be maintained in the 

spatial distribution of resources.

6.2 M anagement implications

Management recommendations pertain to the preservation of habitat, the 

restoration of habitat, the control of access, and the direct control of species 

abundances. Habitat disturbances include roads, seismic lines and harvest 

blocks, which have all been shown to have negative impacts on caribou sur

vival. As such, management policies should attempt to coordinate the timing 

of disturbances such that they are focussed in the same areas rather than 

spread out over the landscape. The following summarizes some management 

perspectives drawn from the results of this thesis:

Forest harvest regulations on cut sizes and old growth retention

Forest management policies should aim to increase the amount of forest con

tained in large old forest patches (>1200 hectares and >140 years). Parameter 

estimates of predation search rates were predicated on the fact tha t large old- 

growth patches comprised ~11% of the forest. When search rates were neg

atively correlated to the proportion of large old-growth patches, policies that
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increase the proportion of large old-growth patches predicted improvements 

in caribou survival if the proportion of large old-growth patches increased to 

between 15 and 20%. Using this as a guideline, habitat conservation could use 

20% as the broad-scale target for the establishment of caribou reserves in the 

RPC winter range.

Historically, the two-pass system has been used for harvest scheduling in 

the study region. This has the unfortunate consequence of creating two pulses 

of young serai forest, which improves moose production with a commensurate 

pulse and can result in a numerical response in wolves. This is precisely the 

type of situation that should be avoided, but which may have occurred in the 

RPC winter range in the 1990’s. Careful attention should be taken to ensure 

that the distribution of harvest blocks does not create these pulses of young for

est browse favourable to moose production in the vicinity of caribou reserves. 

Forest harvest scheduling could incorporate a design that ensures there is an 

adequate supply (15-20%) of large old-growth patches separated from harvest 

blocks. Given the caveat that wolf spatial behaviour may dominate the scale 

at which patches are distributed, the separation between caribou reserve habi

ta t and the location of harvest blocks should be evaluated at scales similar to 

the those at which wolves form territories. Territory sizes of approximately 

600-1000 km2 suggest that wolves can occupy areas that measure on the order 

of 30x30 km, implying that a 30 kilometer separation translates to an entire 

wolf territory of separation. While it is unlikely that wolves would be excluded 

from such areas, the intent is to create a situation where wolf search behaviour 

is less likely to result in incidental encounters with caribou.

Limits on seismic line density and the impact rating of seismic lines

Assuming wolves travel faster on seismic lines, an increase in the density of 

seismic lines implies that a greater proportion of the area ■will exhibit higher
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search rates and that animals will have fewer options to avoid associated high 

predation. Policies should aim to reduce the net effect of seismic lines on search 

rates by reducing seismic line density and/or reducing the impact rating of 

lines by minimizing width and accelerating forest regeneration on cut lines. 

Vegetation restoration techniques should be applied to minimize the amount 

of time that lines support high quality moose habitat.

Moose harvest and monitoring

A variety of modelled results demonstrated negative effects on caribou as a 

result of moose. In all cases, caribou population persistence was improved 

if moose populations were reduced, either by setting the fixed harvest rate 

10% higher than the current estimate, or by setting a  lower target moose 

density. Caribou persistence was improved if wolf control was implemented 

simultaneously. Moose density should be reduced incrementally by 20% per 

year until caribou show signs of recovery, with an ultimate target of returning 

to the estimated 1989 density of 0.2 moose/km2. Once this target is reached, 

harvest quotas should be implemented to retain moose at that density.

Moose densities were not monitored in the RPC during the period of this 

study. Policies that include reducing moose densities should begin with a 

census of moose densities and recruitment and be followed by gradual reduc

tions until caribou populations show signs of an increase. Monitoring should 

include GPS collaring to gather information on the location of animals for 

spatial predictions that govern the emergent Type 3 functional response.

Wolf control

The RPC caribou population is currently one of the few herds in Alberta 

not considered to be declining, despite the long-term predictions presented in 

this thesis. The most recent census estimated wolf densities at approximately
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0.011 animals/km2. While wolf control may ultimately be required if densities 

of wolves increase, it is not warranted at this time. In the event that caribou 

populations begin the predicted decline, wolves should be reduced to less than 

0.008 animals/km2 with simultaneous moose reductions. Since caribou have 

generally not been shown to decrease when wolf densities are below this density, 

it provides an initial target density for reduction. Once this density has been 

reached monitoring of caribou populations will indicate if the reduction has 

been successful in recovering caribou populations.

Historically, recovering ungulate populations from suppression by wolves 

has required reducing wolves to very low numbers over very large spatial ex

tents. There are two options for reducing wolf densities across caribou ranges: 

1) reduce individual packs to fixed numbers of animals such that the overall 

density meets the target, and 2) remove entire wolf packs. The advantage of 

the first option is that it maintains the territory structure already in place. 

On the other hand, the second option has the additional advantage that it 

reduces the total number of predation units on the landscape. This advantage 

will likely be transient, however, as wolf pack sizes increase and wolves split 

to establish new packs in the vacant territory.

Access control

Roads and seismic lines provide the means for unwanted human activity in 

critical caribou areas. Human travel on roads increases the likelihood that 

caribou will be involved in collisions, and therefore has a direct impact on 

caribou mortality. Human presence on seismic fines will have the additional 

effect of driving predators into caribou inhabited areas away from roads. Ac

cess does, however, provide a potential benefit to caribou: during the hunting 

season, it improves hunting effort on moose, and therefore facilitates the goal 

of reducing moose densities.
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General

The management options listed above have been identified by this study and 

others as potentially important for caribou conservation. The targets provide 

strategic guidelines to shape policies for experimental implementation within 

an adaptive management framework. In order to evaluate the outcomes, mon

itoring is required. Because all of the options are predicated on the fact that 

changes can bring about reduced predation on caribou, collection of wolf kill 

rate data is essential. This should be collected during the winter, when cari

bou are in the RPC range, and should be spatially referenced so that kill rates 

can be attributed to occurrences in particular habitat types and in relation to 

distances to disturbances.

6.3 Future directions

The dynamics explored in this thesis were general relationships between forest 

structure and key parameters that govern trophic interactions between wolves 

and ungulates. The management actions that can be applied to these rela

tionships are very simple. More sophisticated management actions can be 

considered if dynamic interactions can be demonstrated in more detail. James 

and Stuart-Smith (2000) showed that although caribou generally avoided seis

mic fines, mortality rates were higher in their vicinity than elsewhere. Simi

larly, Smith et al. (2000) showed that caribou avoided clearcuts, but we know 

that regenerating forests will attract moose. Management actions could also 

consider directly controlling moose and wolf densities in areas adjacent to pre

ferred caribou habitat. If wolves are monitored to collect kill composition and 

kill rates spatially, a model could be developed to predict the effect of spatially 

targeted reductions. This would mean that reductions could be focussed on 

a smaller area and would be less costly. The IFD model developed in this

174

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



thesis provides the basis for doing this. If spatial accounting is extended to 

include information about each cells surroundings, fitness calculations could 

be sensitive to the fact tha t a cell is part of a large old patch or near a  seismic 

line. This would cause each species to select habitat not only because of its 

inherent food value but also its proximity to other risks. The model could 

then be used to evaluate the effectiveness of spatially targeted species control.

6.4 Limitations and disclaimers

Data were inadequate to conclude which model structure best predicts the 

behaviour of the system. All models fit empirical trends equally well. This 

is problematic because the models predict qualitatively different outcomes on 

longer time scales. The data limitations were as follows:

Moose data

Moose densities were not collected in the RPC range, but rather assumed from 

the densities that were estimated in surrounding areas. Harvest statistics for 

moose were also not available in the RPC winter range during the period over 

which the analysis was performed, despite normally being available approx

imately every five years. Since wolf conversion efficiency was derived from 

another study (Hayes and Harestad 2000a), an overestimation of moose abun

dance could overestimate the subsequent predation effect on caribou.

Kill rates

There was no kill rate data spanning the time of observed relative abundance 

trends. This means that predation rates had to be estimated from balancing 

assumed adult natural mortality with estimated birth rates of ungulates. Kill 

rate data would improve estimates of predation effects on caribou and moose. 

This would greatly improve the estimates of effective rates of search, and
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therefore predation mortality.

Spatial distribution of animals unavailable

GPS collar data were available for both caribou and wolves but were not con

current with the time period of the relative abundance trends. There was no 

coverage for moose. The snowtrack data provided only a single sample of spa

tial distributions for each year and therefore could not be used to test the IFD 

model. GPS collar data from wolves could be used to calculate the location 

of kills on the basis of the reduction in daily distance travelled following a 

kill. Again, available wolf GPS data did not cover the time span of relative 

abundance data.

General

Only a model with a  Type 3 functional response for wolves preying on caribou 

predicts caribou persistence without drastic reductions in predation search 

rates on caribou. Given the many caveats to applying Type 3 functional re

sponses, a  mechanistic basis was proposed and evaluated through simulations. 

However, the mechanism that was proposed could not be tested against em

pirical data. Spatial distribution of kill rates was not available to fit predicted 

to observed kill distributions.

An examination of environmental variation on the dynamics of the system 

was predicated on the fact that base parameter values can be taken from a 

statistical fit to empirical trends and varied with environmental changes from 

the end of the fitting period. There are two important biases that come from 

this: 1) the trends may reflect conditions that no longer persist beyond the 

sample period, 2) the length of the sample period may have been too brief to 

properly reflect all behavioural aspects of the system. If the empirical trends 

of a cyclic system are in a growth phase for instance, parameter estimates
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will bias recruitment and potentially underestimate prey capture rates. When 

environmental variation is added, biases on predation search rates can be com

pounded with environmental scaling factors.

6.5 Summary

This thesis is a broad investigation into the effects of model structures on 

the qualitative behaviour of predator prey models. It shows the limitation 

of model fitting procedures to distinguish between candidate models and the 

uncertainty associated with parameter estimation and population trend pro

jections under environmental variation. Despite limitations in estimating pa

rameters and projecting trends, simulation results consistently demonstrate 

that caribou populations are incapable of sustaining elevated moose and wolf 

densities. The results in this thesis clearly point to habitat management as 

the long term solution to recovering woodland caribou populations. Fine-scale 

behaviour necessary for prey switching may ultimately depend on restoring 

forests closer to natural states. Larger tracts of old-growth forest are needed 

to provide caribou with adequate food resources away from incidental preda

tion by wolves preying on moose. Since habitat restoration is a slow process, 

interim policies should consider direct control of species abundances. In par

ticular, moose populations could be experimentally reduced and wolf densi

ties should be controlled below «0.008 animals/km2 until caribou populations 

show an increase. This may be necessary to prevent further declines while 

habitat conditions are restored.
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