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Ecology has been devoted to defining the content of a species’ environment. 

Defining the extent, or size, of a species’ environment is also pivotal to 

elucidating species-habitat relationships. More than a home range, this extent 

integrates an individual’s lifetime experiences with resources, competition, and 

predators. I theorised that a species’ habitat extent is identifiable from its 

characteristic spatial scale of habitat selection, which in turn is predicted by body 

size. I reviewed scale-dependent mammalian habitat selection studies and found 

that a characteristic scale was typically not identified, but identifiable. Of several 

ecological predictors tested, only body mass was a significant predictor of the 

relative size of a species’ characteristic habitat selection scale. 

Tests of existing data are confounded by differing approaches, so I empirically 

tested the scale-body mass hypothesis using a standardised survey of 12 

sympatric terrestrial mammal species from the Canadian Rocky Mountains. For 

each species, support for habitat models varied across 20 scales tested. For six 

species, I found a characteristic selection scale, which was best predicted by 

species body mass in a quadratic relationship. Occurrence of large and small 

species was explained by habitat measured at large scales, whereas medium-
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sized species were explained by habitat measured at small scales. The 

relationship between body size and habitat selection scale is congruent with the 

textural-discontinuity hypothesis, and implies species’ evolutionary adaptation 

to landscape heterogeneity as the driver of scale-dependent habitat selection. I 

applied this principle to examine wolverine habitat selection, and found that 

anthropogenic fragmentation of the landscape influences that species’ occurrence 

in space at large spatial scales. 

Finally, I contended that the prevailing paradigm equating habitats to 

resources omits interspecific interactions that are key predictors of a species’ 

occurrences. I examined habitat selection of martens and fishers in terrestrial 

environments, and sea otters in marine coastal environments, and tested whether 

the presence of heterospecifics could explain spatial occurrence beyond 

landscape structure and resources. In both cases, the presence of heterospecifics 

explained species occurrence beyond simple resource selection. Interspecific 

interactions are key drivers of a species’ distribution in space; this is the spatial 

expression of the concepts of fundamental and realized niches. Body size 

interacts with landscape structure to determine the scale of a species’ response to 

its environment, and within this habitat extent, interspecific interactions affect 

the species’ pattern of occurrence and distribution. 
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Chapter 1: The Rationale for Cross-Scale  
Comparisons of Habitat Selection 

 
Beauty depends on size as well as symmetry. No very small animal can be beautiful, for 
looking at it takes so small a portion of time that the impression of it will be confused. Nor 
can any very large one, for a whole view of it cannot be had at once, and so there will be 

no unity and completeness. -Aristotle, Poetics. 
 

Ecological systems are difficult to measure, as they vary across time and space 

(Wiens 1989; Levin 1992). Like Aristotle’s shifting perception of beauty with size, the 

spatial scale at which ecological patterns are observed profoundly influences the 

inferences made about their associated processes (Schneider et al. 1993; Mayor et al. 

2009). A host of ecological studies have confirmed the requirement for scale-specific 

analyses of ecological systems (O’Neill and King 1998). Analysing an ecological system 

at multiple scales yields more reliable insight into its mechanisms than an analysis 

conducted at only a single scale. However, not all scales are equally germane to a system 

of interest (Levin 1992), so selecting appropriate scales of investigation, and identifying 

the scales at which processes operate, remains a fundamental challenge for ecologists. 

Theoretical frameworks for conceptually organising ecological process and 

pattern at different scales have been developed, including scale domains (Wiens 1989) 

and hierarchy theory (Allen and Starr 1982; Allen and Hoekstra 1992). The scale domain 

concept suggests that ecological processes occur across a continuum of scales; they are 

relatively similar across a subset of scales, and then change abruptly at scales that 

demarcate boundaries of scale domains. Processes (and their resulting patterns) are 

similar within domains, but not necessarily among domains. For example, Hartley et al. 

(2004) found that spatial patterns of plant occurrence scaled coherently between 1 – 500 

m scales and between 1-50 km scales, but that neither scale domain could be used to 
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predict the other. Changes in spatial patterns across scale domains is thought to reflect 

changes in the patterns’ corresponding ecological processes (e.g. Crawley and Harral 

2001; Allen and Holling 2002). Changes in processes across domains are also predicted 

by hierarchy theory, which theorizes that different domains are nested hierarchically 

within one another. Processes occurring at larger scales contain and constrain processes 

occurring at smaller scales, which aggregate to form these larger-scale processes (Allen 

and Hoekstra 1992). Hierarchy theory has been implemented in a range of ecological 

studies including community structure (Kolasa 1989), patch foraging dynamics (Senft et 

al. 1987), predator-prey spatial dynamics (Fauchald et al. 2000; Fauchald and Tveraa 

2006), succession (Gillson 2004), and species distributions (Storch et al. 2008). 

Scale concepts such as hierarchy theory and scale domains have been pivotal in 

advancing our knowledge of habitat selection by species. Elucidating species-habitat 

relationships has been a fundamental scientific pursuit for centuries and formed the basis 

of the early scientific efforts of Carolus Linnaeus, Compte de Buffon, Johann Forster, and 

Alexander von Humbdolt, whose work founded modern biogeography and ecology 

(Browne 1983). Darwin’s theory of evolution developed from his work to reconcile 

global trends in species’ distributions in relation to their habitats (Darwin 1859). 

Grinnell’s (1917) landmark paper on the ecological niche was an explicit consideration of 

the California thrasher’s distribution in relation to measured habitat parameters. Darwin 

and Grinnell faced the problem of delineating the physical space across which inferences 

about species-habitat relationships could be reliably extrapolated. This is the basis of the 

scale dilemma in species-habitat relationships, and this dilemma remains a focus of 

 



 3

inquiry and debate (Deppe and Rotenberry 2008; Mayor et al. 2009; Wheatley and 

Johnson 2009). 

Despite the importance of the scale problem, there has been no consensus even on 

the term “scale”. Spatial scale has multiple definitions in ecology, referring to either the 

grain or the extent of measurement in an experiment, or sometimes both (Wiens 1989; 

Kotliar and Wiens 1990; Dungan et al. 2002).  This equivocation of terms is a reflection 

of the magnitude of the scale problem (discussed further in Chapter 2), but for the 

purposes of this thesis, scale is defined by two components: spatial grain and spatial 

extent. Grain refers to the resolution of data within sampling units. Extent is defined as 

the size of the study area.  Since the grain is held constant in the work herein, changes in 

scale refer to changes in extent. Matching the grain and extent at which an organism 

responds to its environment to the grain and extent of analysis must be a primary goal of 

ecological inquiry (Kotliar and Wiens 1990; Levin 1992). 

In scale-specific studies of habitat selection, some state variable quantifying a 

species’ distribution (such as abundance, occurrence, density, etc.) is typically regressed 

against measured features of a landscape (Morrison et al. 2006). For mammals, scale-

specific studies of habitat selection have also typically been species-specific (e.g. Boyce 

et al. 2003; Weir and Harestad 2003; McLoughlin et al. 2004; Fisher et al. 2005; 

Wheatley et al. 2005). The implication is that each species responds to its environment at 

some unique scale, or range of scales. The notion that each species exhibits differently-

scaled habitat relationships is a common feature of scale theory (Wiens 1976; Kotliar and 

Wiens 1990). The effect of scale on a species’ response to its habitat is often assumed to 

depend on the specialization of each species to different habitat types (e.g. Andrèn et al. 
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1997). A behaviourally flexible species (a habitat generalist) would view the landscape as 

more homogeneous and could exploit resources from several habitat patch types in the 

mosaic. Conversely, a behaviourally inflexible (or habitat specialist) species relies upon 

one or two specific habitat types, rendering other habitat types in the landscape marginal 

or even unusable (Andrèn et al. 1997). Resource distribution being equal, generalists 

could select habitat at smaller scales than do specialists (Dunning et al. 1992). Thus, 

behaviour and landscape structure are expected to interact to determine the scale at which 

each species interacts with its habitat (Haskell et al. 2002). 

However, this simplistic view is confounded by the fact that organisms respond to 

habitat heterogeneity at several spatial scales simultaneously (Wiens 1976, 1989; Morris 

1987; Orians and Wittenberger 1991). Johnson (1980) attempted to address this problem 

by suggesting that habitat selection is ordered hierarchically across scales. In this 

framework, species exhibit 1st-order selection of geographic range from the global pool, 

2nd-order selection of home ranges from the geographic range, 3rd-order selection of 

habitat within home ranges, and 4th-order selection of structures within habitats. This 

ordering is logical and has been widely adopted (e.g. McLoughlin et al. 2002, 2004), but 

sidesteps three important problems. First, the scale change from geographic range to 

home range (at least for most mammals) is considerable. Ecological processes occurring 

beyond the home range, but on a much smaller scale than the geographic range, are likely 

to influence habitat relationships. Second, the resolution of both 3rd-order ‘habitats’ and 

4th-order ‘structures’ are still left to the discretion of the researcher. Third, if habitat 

selection is driving a species’ response to landscape structure, then the integration of 

selection at several nested hierarchies of patchiness will produce non-random distribution 
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patterns at any given scale (Kotliar and Wiens 1990). For example, herbivores may 

respond to clumps of food plants within a stand, and stands within a landscape (Senft et 

al. 1987). Thus, response to habitat structure may occur at different grains and different 

spatial extents; these will be correlated to some degree, and the relative importance of 

habitat features will differ depending on the scale at which habitat selection is analysed. 

In the absence of data indicating which ecological process might be the most 

important in effecting the response to landscape heterogeneity, a prudent approach 

examines the landscape at several different spatial scales (Wiens 1989). Response to 

patchiness at multiple scales has been observed, for example, in a host of cross-scalar 

studies on such disparate taxonomic groups as tree frogs (Vos and Stumpel 1995), flying 

squirrels (Mönkkönen et al. 1997) and insect parasitoids (Roland and Taylor 1997). It is 

now widely recognized that habitat selection occurs at several spatial scales. However, in 

spite of Levin’s (1992) suggestion that not all scales are equally useful in predicting a 

phenomenon, almost no work has been conducting on identifying which scales might be 

better than others for any given ecological process.  

This is certainly true of habitat selection research. Habitat selection incorporates 

the fundamental ecological processes of population regulation, predator-prey dynamics, 

and even evolutionary strategies (Morris 2003). In this synthetic, integral ecological 

process, one might expect to find some generally predictable organising principles or 

mechanisms, but these have been slow to emerge. However, some insight into potential 

mechanisms may be derived from recent research. Although habitat selection varies 

across scales, a single characteristic scale may exist at which habitat features best explain 

species occurrence. The concept of a characteristic scale of an ecological system has been 
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debated for decades, and research continues to examine their existence (Habeeb et al. 

2005).  Holland et al. (2004) posited this concept for habitat selection, and a 

characteristic scale of selection has been demonstrated for several species since. Recent 

evidence suggests that a characteristic scale of habitat selection may stem from 

interactions between species’ morphology and characteristic patterns of landscape 

structure. Holling (1992) suggested this interaction in his monograph on species’ body-

size aggregations. Mayor et al. (2007) showed that scales of habitat selection by caribou 

(Rangifer tarandus) matched the spatial scales of patterning in landscape heterogeneity. 

Similar results have been found in species and landscapes as disparate as muskoxen in the 

Canadian Arctic (Shaefer and Mayor 2007) and elephants in South Africa (de Knegt et al. 

2010). These authors suggest that resource selection by individuals drives the relationship 

between scaling of landscape structure and the scale of habitat selection. I counter that 

resource selection and spatial distribution resulting from interspecific interactions 

combine to affect characteristic scales of habitat selection.  

I test these both of these ideas in this dissertation. Chapter Two examines the 

support for a characteristic scale of habitat selection in the existing literature, and 

provides a meta-analysis of dominant scales of habitat selection across mammal species 

of differing body sizes. Selection scale likely encompasses interspecific interactions such 

as competition and predation may also contribute to patterns in body-size aggregations 

(Hutchinson and MacArthur 1959; Allen et al. 2006) and habitat selection, as predicted 

by niche theory (Hutchinson 1957, 1965; Chase and Leibold 2003). In Chapter Three, I 

test for these interactions for two sympatric mustelids with similar ecological niches, to 

examine evidence that competition avoidance may lead to spatial segregation, thereby 
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influencing habitat selection by these species. In Chapter Four, I examine the effects of 

human alteration of the landscape on habitat selection by wolverines (Gulo gulo), to 

ascertain the degree to which our impact on habitat influences the occurrence of this 

species at large spatial scales. In Chapter 5, I examine the influence of predation 

avoidance on habitat selection, by testing whether sea otters (Enhydra lutris) segregate 

from the preferred prey of a shared predator, Orcinus orca. Finally, in Chapter 6, I 

empirically test the body size – scale hypothesis using wildlife-habitat models to 

determine whether the characteristic spatial scale of habitat selection – assessed by the 

best-fitting habitat selection model – varies with species’ body size. By examining a 

range of questions about habitat selection by different species in different environments, 

my goal is to reveal commonalities in patterns that may help elucidate some of the 

mechanisms behind those patterns. 
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Chapter 2: Emerging Trends in Mammalian  
Habitat Selection Across Scales 

 
Things hardly ever happen the same way twice over, or if they seem to do so, there is 

some variant which stultifies undue generalisation.  
–Winston S. Churchill, The Gathering Storm 

Introduction 

In the years since Levin (1992) described scale as the central problem in ecology, 

the concept of scale has developed from an ecological cautionary tale into a familiar 

empirical tool. Scale-dependency is predicated on the theory that ecological processes are 

ordered hierarchically in space and time (O’Neill et al. 1986; Allen and Starr 1982; Allen 

and Hoekstra 1992), with different effects or magnitudes across different domains of 

scale (Wiens 1989). Large-scale processes constrain smaller-scale processes, which in 

turn aggregate to form and affect larger-scale processes. Since different ecological 

processes operate at different scales within any given ecological system (Wiens 1989), 

different scales of observation in any experiment yield different patterns (Kotliar and 

Wiens 1990). In short, any number x of spatial scales may yield x different patterns. It is 

therefore critical to consider how changing scales may change an experiment’s 

conclusions. Designing appropriately-scaled experiments to overcome this problem has 

subsequently become a common focus of ecological investigation (e.g. O’Neill and King 

1998; Gardner et al. 2001; Schneider 2001; Meyer and Thuiller 2006). This also includes 

mensurative experiments (without manipulation, sensu Hurlbert 1984), such as habitat 

selection studies. 

It is generally accepted that multiple scales must be examined simultaneously to 

adequately investigate components and constraints an ecological process. For example, 

multiple-scale analysis is of paramount importance in the context of understanding 
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species-habitat relationships (e.g. Johnson 1980; Morris 1987; Senft et al. 1987; Wiens et 

al. 1987; Scott et al. 2002; Morris 2003). Much research on scale-specific species-habitat 

relationships (referred to broadly here as habitat selection) has been conducted on 

mammals, and multiple spatial scales are often incorporated into  experimental designs 

(e.g. Johnson et al. 2002; Fisher et al. 2005; Wheatley et al. 2005; Ciarniello et al. 2007; 

Jenkins et al. 2007; Mayor et al. 2007). These studies are typically species-specific, so 

cross-species generalities in scale-dependent habitat selection are only now emerging. 

Analyses of some of these generalities have highlighted some developing technical and 

conceptual concerns (e.g. Bowyer and Kie 2006; Wheatley and Johnson 2009; Mayor et 

al. 2009) that challenge fundamental assumptions about habitat selection. Our current 

state of knowledge is inadequate to answer basic questions about the mechanisms driving 

scale-dependent patterns. Lack of a rigorous and robust theoretical construct has left a 

void currently filled by assumptions and intuitive inference, which may or may not lead 

to accurate interpretation of ecological processes. A more robust and explicit framework 

can be built by testing some common simple predictions from existing literature. Do all 

spatial scales have equal explanatory power for species-habitat relationships, or are some 

scales better than others? If so, what are those scales? Are limiting factors, or species 

morphology, or environmental structure, driving scale-dependent habitat selection? 

Common assumptions 

Scale has multiple definitions in ecology, referring to either the measurement 

grain or extent or both in an experiment (Wiens 1989; Kotliar and Wiens 1990; Dungan 

et al. 2002). Grain refers to the resolution of data within sampling units. Extent is defined 

as the size of the sampling unit, or the size of the study area (e.g. Wiens 1989; Kotliar and 
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Wiens 1990; Dungan et al. 2002). With the definition of even this fundamental term 

debated (e.g. Schooley 2006), it is not surprising that unity in experimental designs is yet 

to coalesce (Meyer and Thuiller 2006; Wheatley and Johnson 2009; Mayor et al. 2009). 

Likewise, habitat selection is a diversely defined term (Morrison 2001). For my purposes 

it is defined as a statistically predictable relationship between a species’ use and non-use 

of quantified habitat features. I refer to the spatial extent of habitat measurement in a 

species-habitat selection model as habitat selection scales. 

Habitat selection scales are often assumed to be a function of home range sizes 

(e.g. Rettie and Messier 2000; Bond et al. 2002; Chamberlain et al. 2002; McLoughlin et 

al. 2002, 2004; Mosnier et al. 2003; Weir and Harestad 2003; Nielsen et al. 2004; Morin 

et al. 2005). This follows Johnson’s (1980) hierarchical orders of selection: 1st-order 

selection of a species’ geographic range from the global pool, 2nd-order selection of home 

ranges from the geographic range, 3rd-order selection of habitat within home ranges, and 

4th-order selection of structures within habitats. Studies of hierarchical habitat selection 

typically utilize radiotelemetry to delineate use vs. availability to define resource 

selection functions (Boyce and McDonald 1999; Manly et al. 2002). Extents are spatially 

nested by study area, individuals’ home ranges, core-use area, and point-location, and 

analyses examine how hierarchical constraint influences observed patterns of habitat 

selection across scales. Conversely, others forgo this assumption and employ a “shotgun” 

approach by quantifying habitat within several (typically circular) sample units of 

concentric radii, centred on species sampling sites (e.g. Bowman et al. 2001; Kie et al. 

2002; Reunanen et al. 2002; Fisher et al. 2005; Wheatley et al. 2005; Mowat 2006). 

There is typically no assumption of hierarchical nested relationships among scales in this 
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approach; each scale is taken as in independent unit with the goal to identify changes in 

patterns of habitat selection across these spatial scales to generate hypotheses regarding 

underlying mechanisms. 

Notwithstanding some novel approaches (e.g. Mayor et al. 2007), hierarchical 

selection and multiple extent analyses are currently the most widely employed, and there 

are concerns about both. As Johnson et al. (2004) illustrated, most researchers choose 

radial extents arbitrarily (e.g. Fisher et al. 2005).  This is a data-mining approach is useful 

for generating hypotheses, but not always useful for testing them. The alternative is to 

assume that habitat selection scales are related to home-range size and multiples or 

fractions thereof. Johnson’s (1980) framework is logically appealing but its application 

has met with variable success. First, simultaneous changes in grain and extent confound 

inferred patterns of scale-dependency (Meyer and Thuiller 2006; Wheatley and Johnson 

2009). Second, the assumption that habitat selection scales are based on home-range sizes 

may be specious (Bowyer and Kie 2006). Habitat selection scale refers to a statistical 

species-habitat relationship with an associated variance structure and predictive power, 

modelled over a quantified area that could range from millimetres to a global extent. 

Home range is only the physical space travelled by an organism, and often omits the 

myriad ecological processes affecting species occurrence that operate outside its borders. 

Where tested, habitat selection scale and home range sizes also differ empirically, as 

selection scales are typically larger than home-range sizes  (Kie et al. 2002; Fisher et al. 

2005; Bowyer and Kie 2006; Meyer and Thuiller 2006). This implies that ecological 

processes operating well beyond the scale of the home-range could be driving habitat 

selection scales.  
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The disparity in these conceptual bases mirrors the relatively untested 

assumptions upon which multi-scale habitat research is based. These assumptions have 

similarly coloured researchers’ interpretation of results. While theories of scale-

dependent habitat selection have been proposed (e.g. Kotliar and Wiens 1990; Dunning et 

al. 1992; Holling 1992; Wiens et al. 1993; Rettie and Messier 2000; Oatway and Morris 

2007), few have been explicitly tested. 

The existence of a characteristic spatial scale 

Wiens (1989) and Levin (1992) suggest that ecological processes occur across a 

range of scales, with different processes important at different domains of scale. This 

result may also be predicted from hierarchy theory (Allen and Hoesktra 1992; Wu and 

Loucks 1995), and is the basis for hierarchical habitat selection (Johnson 1980). This 

premise has commonly been extended to assume that each scale is more or less equally 

important in describing habitat selection. Under this premise, a few spatial scales of 

analysis are chosen arbitrarily, and habitat variables observed as significant predictors at 

each scale are considered with relatively equal weight in describing that species’ habitat 

selection. If this extended premise is true, then one would expect little difference in 

explanatory power of habitat models across scales; only the predictor variables would be 

expected to differ. 

However, as Levin (1992) suggested, not all scales are equal. It is possible that 

within a species, one scale may better explain habitat selection than other scales — a 

characteristic selection scale (sensu Holland et al. 2004). If one scale were more 

important than others, one would predict that the explanatory power of habitat variables 

changes across scales, peaking at this characteristic scale. The existence of a 
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characteristic scale of selection within species has been suggested by several empirical 

studies (Holland et al. 2004; Bowyer and Kie 2006; Nams 2006; Mowat 2006; see also 

Schooley 2006). The debate over the existence of characteristic selection scales is tightly 

linked to the debate over the ecological mechanisms potentially driving scale-dependent 

habitat selection. 

Mechanisms of scale-dependent habitat selection 

There are several proposed mechanisms by which spatial scale influences species 

habitat selection. First, habitat selection scales may reflect those ecological factors that 

limit a species’ fitness. Rettie and Messier (2000) hypothesized that more limiting 

ecological factors (i.e. those that affect fitness and population growth more than do less 

limiting factors) would influence habitat selection at larger spatial scales. Conversely, 

less-limiting factors such as forage availability would influence habitat selection at 

smaller scales. If Rettie and Messier’s (2000) hypothesis holds true, then processes 

occurring at the largest spatial scales exert the most influence on species habitat selection. 

One may then predict that habitat quantified at the largest spatial scales would explain the 

most variability in species habitat selection. 

Second, habitat selection scales may differ among species at different trophic 

levels. For example, Bowyer and Kie (2006) examined several patterns emerging from 

scale-dependent habitat selection, and suggested that spatial scales linked to trophic 

levels or specific life-history traits might explain species habitat selection (see also 

Mitchell et al. 2001). A test of this premise is made unwieldy by the large number of life-

history traits potentially associated with habitat selection, and our lack of knowledge 

about the spatial scale at which these life-history traits are expressed in habitat selection. 
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One might make a very coarse prediction as an example. As herbivores differ from 

carnivores in body mass, home ranges, metabolic rates, and foraging behaviour (Harestad 

and Bunnell 1979; Peters 1983; Lindstedt et al. 1986; Haskell et al. 2002), then one may 

predict that habitat selection scales are generally more similar among carnivores, and 

among herbivores, than between the two groups. 

Finally, I suggest a corollary of Holling’s (1992) textural-discontinuity 

hypothesis, which suggests that ecological processes are discontinuously distributed over 

their spatial and temporal ranges. Discontinuity creates different degrees of resource 

patchiness over different domains of scale. Species have evolved body masses that allow 

them to select landscape resources at one of these scaled domains (Holling 1992). If body 

mass is limited by landscape patchiness and resource dispersion across spatial scales, then 

by corollary, the scale of a species’ habitat selection should be reflected in its body mass, 

and one would predict a relationship between body mass and characteristic habitat 

selection scale. 

These three hypothesized mechanisms are sometimes cited as support for 

observed results, but have rarely been empirically tested. My objective was to evaluate 

the support for each hypothesis by examining the results of existing studies on habitat 

selection by mammals at multiple spatial scales. 

Methods 

Literature review 

I surveyed the literature in BIOSIS Previews (1985-2008) using a general search 

for “multiple spatial scales”, and a Boolean topic search for “habitat and selection and 

scale”. I selected those studies specifically addressing mammalian habitat selection at 
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multiple spatial scales. I use the term scale to encompass observational and analytical 

scales of habitat quantification, as well as scales of ecological process; though Dungan et 

al. (2002) advise partitioning these concepts, the empirical literature has largely 

integrated them. Like scale, habitat selection possesses many potential definitions; I 

included all studies that differentiated a species habitat use from unused, available, or 

unoccupied habitat. Studies could employ any currency of habitat use (sensu Buskirk and 

Millspaugh 2006) and experimental design, including presence-only, presence-absence, 

use vs. availability, count/frequency data, or abundance. Measurements of habitat features 

ranged from coarse-resolution GIS data to fine-resolution vegetation data. 

I attempted to achieve representation across ecosystems, but was limited to 

English-language studies. Few marine mammal studies (e.g. Heithaus and Dill 2006) 

exist so I restricted my review to terrestrial mammals. Though this search likely did not 

encompass all available studies on this topic, I believe there is no bias in the excluded 

studies. I reviewed 51 studies that examined multi-scale habitat selection of 29 species or 

species-groups; some of these examined more than one species, yielding 58 species-

specific analyses (Table 2.1). 
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Table 2.1 Mammal species analysed in literature review.  

Mammal species for which multi-scale habitat selection data were obtained, from a 

literature review 1985-2008, in ascending rank order of body mass. 
Species Mass (g)* Reference 

Phyllostomid bats 20.0a Gorresen et al. 2005 
Microtus oregoni 21.0b Manning and Edge 2004 
Napeozapus insignis 22.4 Bowman et al. 2001 
Peromyscus maniculatus 23.0 Bowman et al. 2001 
  Manning and Edge 2004 
Blarina brevicauda 24.5 Bowman et al. 2001 
small mammal community richness 26.0a Jorgensen and Demarais 1999 
  Francl and Castleberry 2004 
Clethrionomys gapperi 26.9 Orrock et al. 2000 
  Bowman et al. 2001 
Onychomys leucogaster 38.3 Stapp 1997 
Glaucomys sabrinus 105 Wheatley et al. 2005 
Pteromys volans 138c Mönkkönen et al. 1997 
  Reunanen et al. 2002 
Tamiasciurus hudsonicus 191 Fisher et al. 2005 
Didelphid marsupials 540d Moura et al. 2005 
Martes americana 839 Chapin et al. 1997 
  Potvin et al. 2000 
  Mowat 2006 
Petauroides volans 1000e Eyre 2006 
Sylvilagus floridanus 1189f Bond et al. 2002; scale data from Bond et al. 2001 
Martes pennanti 3118 Powell 1994 
  Carroll et al. 1999 
  Weir and Harestad 2003 
Taxidea taxus 7802 Apps et al. 2002 
Erethizon dorsatum 8505 Morin et al. 2005 
Procyon lotor 9525 Pedlar et al. 1997 
  Chamberlain et al. 2002 
  Henner et al. 2004 
Canis lupus 43205 Norris et al. 2002 
  Johnson et al. 2004 
  McLoughlin et al. 2004 
Ursus arctos 87500g McLoughlin et al. 2002 
  Apps et al. 2004 
  Johnson et al. 2004 
  Nielsen et al. 2004 
  Nams et al. 2006 
Odocoileus hemionus 91965 Kie et al. 2002 
  D’Eon and Serrouya 2005 
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Table 2.1 continued 
Species Mass (g)* Reference 
Rangifer tarandus 105687 Poole et al. 2000 
  Terry et al. 2000 
  Rettie and Messier 2000 
  Apps et al. 2001 
  Mosnier et al. 2003 
  Johnson et al. 2004 
  Gustine et al. 2006 
Ovibos moschatus 128900h Schaefer and Messier 1995 
Cervus elaphus 312752 Wallace et al. 1995 
  Boyce et al. 2003 
  Anderson et al. 2005 
Alces alces 411828 Nikula et al. 2004 
  Maier et al. 2005 
  Dussault et al. 2005 
  Poole and Stuart-Smith 2006 
  Poole et al. 2007 
Bison bison 556557 Wallace et al. 1995 
  Fortin et al. 2003 

*all masses are rounded from Holling (1992) except: aestimated from various sources; bCarraway and Verts 
1985; cHanksi et al. 2000; destimated from Caceras 2004; eestimated from Foley et al. 1990; fChapman et 
al. 1980; gPasitschniak-Arts 1993; hLent 1988 
 

 

 From each study I noted (1) the range of spatial scales chosen for habitat 

quantification; (2) whether habitat selection changed across scales; and (3) the hypotheses 

tested regarding cross-scale patterns of habitat selection. Finally, I noted (4) the 

characteristic spatial scale of selection at which variance in the dependent dataset was 

best explained. When a characteristic scale of selection was not identified by the authors, 

I defined a characteristic scale as the habitat selection scale at which (1) models yielded 

the lowest Akaike Information Criterion (AIC) scores; (2) the most variance was 

explained, (3) the most habitat variables significantly predicted the response variable 

within a given model, or (4) modelled habitat variables most consistently explained 

variance across seasons or multiple study areas, as appropriate given the available model 

output. 
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Analysis 

Given the characteristic selection scales noted by researchers or via my criteria, I 

then weighed support for predictions derived from four hypotheses:  

(1) across species, habitat quantified at larger scales better predicts species occurrence or 

distribution better than at smaller scales;  

(2) carnivory vs. herbivory predicts characteristic habitat selection scale;  

(3) the characteristic spatial scale of habitat selection varies with body mass; 

(4) the characteristic spatial scale of habitat selection varies with a combination of body 

mass and life history. 

I deemed a continuously distributed response variable (i.e. a numerical value of 

habitat selection scale) inappropriate for analysis. Researchers chose spatial scales of 

analysis via radically differing criteria; most scales were chosen arbitrarily, and the 

minimum and maximum scales examined varied widely across studies, even within 

species. This rendered numerical comparisons of scales across studies invalid. 

Additionally, the candidate sets of scales from which characteristic scales were identified 

were typically small (Figure 2.1), limiting inferential power. Furthermore, a surprising 

number of studies failed to quantify the scales examined. 

I therefore created a binary response variable termed scale. If species occurrence 

was best predicted by habitat quantified at the larger scales within candidate sets chosen 

for analysis, a score of 1 was assigned to scale.  If species abundance / presence was best 

predicted by habitat quantified at the smaller scales within candidate sets, a score of 0 

was assigned. I created a second variable to describe the coarse trophic level (herbivore, 

0; carnivore, 1) of each species. Finally, I compiled mammalian body mass estimates 
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from Holling (1992), where available, augmented with other sources (Table 2.1). I 

modelled scale against body mass and life-history using generalized linear models with 

binomial errors in R statistical software (R Core Development Team 2007; Crawley 

2007). Model selection methods (Burnham and Anderson 2002) were used to assess 

model fit as a measure of evidence for each hypothesis, based on AIC scores and weights. 

A receiver operating characteristics (ROC) curve was created in the R software package 

ROCR (Sing et al. 2005) to evaluate the performance of the model. 

 

 
Figure 2.1. Most studies examine only two or three scales. 

The number of scales analysed in each publication was counted in 51 publications on 

mammalian habitat selection from 1995-2007.  
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Results 

The range of spatial scales examined 

 Spatial grain alone was varied in four (8%) of the reviewed studies; five (10%) 

varied both grain and extent. The remainder (82%) varied only spatial extents. 

Interestingly 13 (25%) studies did not quantitatively report scale size; extents were 

reported as large, small, micro, macro, 2nd-order, etc. When reported, extent sizes ranged 

from 0.02 ha plots for mice and voles (Bowman et al. 2001) to 31,416 ha landscapes for 

marten (Mowat 2006). Most studies examined only two spatial scales (mode = 2.0; mean 

= 3.3; s.d. = 1.9; n = 51); frequency declined with increasing number of scales (Figure 

2.1). Although hierarchy theory suggests that scales immediately above and below the 

focal scale should be included in multi-scale analyses to examine the effects of 

aggregation and constraint (Allen and Hoekstra 1992), none of the studies added 

additional scales when the best-supported scale was identified at the extreme of the range 

of scales examined. Consequently, the relative value of the habitat selection scales 

examined in most studies is not known. Only two studies (Mowat 2006; Nams et al. 

2006) examined a range of extents explicitly to identify where variance explanation 

peaked. 

Evidence for scale-dependent habitat selection 

Of 58 species-specific analyses reviewed, 53 (91%) observed changes in habitat 

selection across scales. Changes manifested as differences in model fit, differences in 

significant habitat variables, or both, across scales. Only four species-specific analyses 

(one was ambiguous) reported scale-independent habitat selection. However, a 
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characteristic scale was identified, or identifiable, using my criteria, in 36 of 49 (73%) 

applicable species-specific analyses. Of these studies, 11 (31%) possessed a qualitatively, 

but not quantitatively, identifiable characteristic scale. 

The generalized linear model (binomial errors) of characteristic habitat selection 

scale (relative to candidate sets) against trophic level, body mass, and interactions 

produced a higher AIC score (45.6) for the full model than for reduced models (Table 

2.2). The model with body mass as the only explanatory variable was the best-supported 

model (AIC = 42.97, WeightAIC = 0.64). The area under the ROC curve (Figure 2.2) was 

0.826, indicating that the model performs relatively well at classifying low or high 

characteristic scales given body mass values. Body mass was the only significant 

predictor of characteristic scale in every model (Figure 2.3). 

 

Table 2.2. Comparison of body mass vs. trophic level to predict characteristic 

habitat selection.  

Body mass is the best predictor of characteristic habitat selection scale as indicated by 

generalized linear models (binomial errors) of characteristic habitat selection scale 

against body mass and trophic level (carnivore vs. herbivore).  

Model parameter 
estimate 

std. 
error 

P df residual 
deviance+ 

AIC ΔAIC AIC 
weight 

mass + 
TL 

1.01e-05 
0.78 

 

4.3e-06 
0.85 

0.019 
0.360 

33 38.1 44.13 1.16 0.36 

mass 
 

9.45e-06 4.24e-
06 

0.026 34 38.9 42.97 0.00 0.64 

TL 
 

-1.45e-16 7.75e-
06 

> 0.999 34 49.5 53.46 10.49 0.00 

TL = trophic level (herbivore, 0; carnivore, 1); df = degrees of freedom; * = interaction term. +Model null 
deviance was 49.46 on 35 degrees of freedom. 
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Figure 2.2.  ROC curve for body mass and characteristic scale. 

Receiver operating characteristics (ROC) curve for a generalized linear model (binomial 

errors) of characteristic spatial scale of habitat selection (scale) against mammal body 

mass. The area under the curve value is 0.826, indicating a relatively accurate 

classification rate. 
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Figure 2.3. The relationship between body mass and small (0) vs. large (1) habitat 

selection scales.  

A generalized linear model (binomial errors) of characteristic spatial scale of habitat 

selection (scale) against log mammalian body mass (g) illustrated how habitat best 

predicted species abundance/density/occurrence at smallest (0) or largest (1) scales 

among candidate sets. The line represents predicted probabilities, and the points represent 

actual values.  
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Discussion 

Evidence for a characteristic spatial scale 

Habitat selection by mammals was scale-dependent across almost all studies.  

Scale-dependency manifested as differences in model fit, differences in significant habitat 

variables, or both. Even the notable exceptions (Schaefer and Messier 1995; Rettie and 

Messier 2000; McLoughlin et al. 2002; Anderson et al. 2005) observed some degree of 

scale-dependent selection. That the majority of studies demonstrated scale-dependent 

habitat selection suggests this is a common, if not ubiquitous, phenomenon, and fits early 

theoretical predictions of scale-dependency by Johnson (1980), O’Neill et al.(1986) 

Morris (1987), Senft et al. (1987), Wiens (1989), Levin (1992), Allen and Hoekstra 

(1992), and others. 

A characteristic scale of habitat selection was identifiable in the majority of 

reviewed studies, though few explicitly examined a range of scales to identify one where 

predictor variables best predicted species response. Characteristic scales of selection from 

a large set of candidates were determined for grizzly bears (Nams et al. 2006) and marten 

(Mowat 2006). Kie et al. (2002) also noted that one spatial scale was more explanatory of 

mule deer habitat selection than others (see Bowyer and Kie 2006 for discussion). 

Characteristic scales of habitat selection within species have also been observed for forest 

insect parasitoids (Roland and Taylor 1997) and longhorn beetles (Holland et al. 2004; 

2005). The existence of a characteristic habitat selection scale does not preclude the idea 

that different ecological processes operate at different scale domains (sensu Wiens 1989, 

Levin 1992) to create scale-dependent patterns. Instead, it suggests that not all scales of 

habitat measurement are equally appropriate predictors of a species’ distribution. 
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Comparisons of habitat relationships across a few scales chosen arbitrarily, without 

consideration of the underlying spatial heterogeneity of habitat within the landscape, may 

yield spurious results (see also Wheatley and Johnson 2009). A more robust approach is 

to examine a large range of spatial scales and identify those at which explained variance 

peaks, then test hypotheses about potential mechanisms at these scales. If repeating this 

procedure across species and across taxa reveals some consistently characteristic spatial 

scales, an a priori basis for experimental designs would emerge, as would compelling and 

testable questions about mechanisms of scale-dependency. 

Mechanisms of scale-dependency 

Of the 51 empirical multi-scale studies reviewed, only 18 (35%) included a 

hypothesis or prediction regarding habitat selection across scales. Of these, most 

hypothesized the significant habitat predictors expected based on species autecology. 

Hypotheses derived from theory were few; these typically cited, but did not test, the 

hierarchical habitat selection hypothesis (Johnson 1980; Senft et al. 1987), or scale-

dependency stemming from size, vagility, and perception of landscape patchiness (sensu 

Kotliar and Wiens 1990; Wiens et al. 1993). The paucity of hypotheses in reviewed 

studies suggests (1) the mechanisms and expected effects of varying scales of habitat 

selection are complex and not well understood (Boyce and McDonald 1999; Boyce 

2006), and (2) multi-scale habitat selection research remains in the pattern-seeking stage 

of scientific development, a precursor to an emerging hypothesis-testing stage. Though 

Wiens (1976; 1989), Johnson (1980), and Morris (1987a) pioneered scale-dependent 

habitat selection over twenty years ago, most (67%) of the empirical studies reviewed 

were published since 2002. Nonetheless, hypothetical mechanisms for scale-dependent 

 



 31

habitat selection are available for testing (e.g. Kotliar and Wiens 1990; Dunning et al. 

1992; Holling 1992; Wiens et al. 1993; Rettie and Messier 2000; Oatway and Morris 

2007). 

The examination of trends in habitat selection fail to support the prediction 

derived from the Rettie-Messier hypothesis that larger scales of analysis are more likely 

to be more explanatory. Other tests of the Rettie-Messier hypothesis have yielded 

variable results. Gustine et al. (2006) found support for it with caribou, whereas studies 

on bison (Fortin et al. 2003) and moose (Dussault et al. 2005) rejected it. McLoughlin et 

al. (2002, 2004) accepted the Rettie-Messier hypothesis de facto and ranked habitat 

variables significant at larger scales as limiting factors for grizzly bears and wolves. 

Implicit in the Rettie-Messier hypothesis is the assumption that habitat selection changes 

across scales in a spatially discrete way to achieve fitness maximisation, an assumption 

derived from patch-based optimal foraging theory (MacArthur and Pianka 1966). 

However, Perry and Pianka (1997) argue that mechanisms of optimality are not 

necessarily discrete and ordered; a species’ choice of a place in time more likely reflects a 

simultaneous integration of predation avoidance, food choice, mate proximity, etc. To 

maximize fitness, an individual must make decisions about behaviour that integrate the 

environment at several scales. Thus, limiting factors may not necessarily drive habitat 

selection at larger scales; if they do, this is not apparent in patterns of mammalian habitat 

selection, as is commonly assumed.  

Likewise, I found no support for the coarse prediction that relative size of 

characteristic habitat selection scales could be predicted by carnivory or herbivory. This 

does not refute the possibility that trophic level or life-history influences a species’ scale 
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of habitat selection (sensu Bowyer and Kie 2006). It does, however, prompt us to 

examine other possibilities, such as a potential relationship between characteristic scale 

and body mass. 

Characteristic selection scale and body mass 

I found support for the prediction that a species’ characteristic scale of habitat 

selection is predicted by its body mass. Small species’ occurrence was better predicted by 

habitat quantified at the smallest scales (among those scales chosen by researchers). 

Large species’ occurrence was better predicted by habitat quantified at the largest scales 

(Figure 2.3). This suggests that as body mass increases, the area of habitat that influences 

that species’ occurrence also increases. I derived this prediction as a corollary of 

Holling’s (1992) textural-discontinuity hypothesis used to explain the observed 

discontinuous distribution of body sizes across species, so called body-size gaps. Holling 

suggested that body-size gaps represent scale domains wherein resource-patch size is too 

small to provide enough resources to support a body mass x, but patch dispersion is too 

great for a stride length f(x) to efficiently use multiple patches (landscape 

complementation and supplementation, sensu Dunning et al. 1992). Holling suggested 

that within a scale domain, a species either had to be small enough to extract energy from 

resources attainable within the limits of its vagility, or large enough to use multiple 

patches. Thus through evolution, body masses aggregate around means that are adapted 

to the characteristic resource patchiness within each scale domain. Holling (1992) 

showed that these body mass clumps (and interstitial gaps) were consistent across taxa 

(within Aves and Mammalia) and across terrestrial ecosystems (see Allen et al. 2006 for 

a review of alternative arguments about body size). 
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The observed relationship implicates domains of scale (sensu Wiens 1989) in 

habitat heterogeneity as a driver of habitat selection scales, consistent with Holling’s 

(1992) textural-discontinuity hypothesis. Interestingly, evidence supporting the 

importance of domains of scale in habitat heterogeneity also emerges from reviewed 

studies that failed to observe scale-dependent habitat selection, as scale-independent 

selection was typically attributed to homogeneity in available habitat. Rettie and Messier 

(2000) suggested that similarity in selection across scales by caribou was an artefact of 

anthropogenic landscape homogenization. Anderson et al. (2005) suggested that cross-

scale similarities in selection by elk were due to a lack of a strong environmental 

(topographic) gradient in the study landscape. Similarly, characteristic scales of habitat 

selection have been found to match characteristic scales of landscape patchiness for 

caribou (Mayor et al. 2007) and musk oxen (Schaefer and Mayor 2007). These suggest 

the structure of the landscape interacts with a species’ utilization of landscape elements to 

produce observed scale-dependent relationships. 

Caveats 

There are other potential alternative hypotheses that may explain the observed 

patterns of selection scale, such as patterns induced by experimental designs and 

statistical approaches employed across studies (e.g. Battin and Lawler 2006; Meyer and 

Thuiller 2006; Wheatley and Johnson 2009). Hierarchical use-availability analyses and 

multiple extent designs may each introduce their own biases, influencing observed 

results. Resource selection functions are scale-sensitive (Boyce and McDonald 1999) and 

hence different scales, or different sampling designs, may significantly affect conclusions 

(Mysterud and Ims 1999). In this review, I could not test for an effect of design as this is 
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confounded with body mass; radial extent designs tended to be used on smaller 

mammals, whereas hierarchical analysis tended to be used on large mammals such as 

grizzly bears and ungulates. I would expect discrepancies introduced by the differing 

experimental designs to reduce the strength of the patterns observed, but a clear pattern 

did emerge from this analysis, suggesting potential discrepancies due to experimental 

design are less consequential. 

Directions for future research 

First, I suggest that a primary future goal of habitat selection studies be the 

identification of characteristic scales of selection among species, as recommended by 

Holland et al. (2004), so cross-species cross-scale analyses may be revisited with more 

robust data. I used four criteria for identifying a characteristic scale of selection where 

authors did not. The first two of these (low AIC score, high variance explained) are based 

on information-theoretic theory. The other two criteria (most habitat variables in model; 

consistency across seasons or areas) are more subjective and thus prone to error, resulting 

in potentially misclassified characteristic scales. In addition, I was compelled to use a 

binary response variable that represented characteristic scales relative only to those sets 

of scales that were originally selected by the researcher. This analysis would be made 

much more robust if researchers examined larger and fully quantified candidate sets of 

scales their analyses, numerically quantifiable characteristic scales based on information-

theoretic criteria (e.g. Holland et al. 2004; Mowat 2006; Nams et al. 2006). Similar 

problems in interpretation arising from arbitrary choices of scale were observed by Meyer 

and Thuiller’s (2006) meta-analysis. Studies that explicitly test and identify characteristic 

scales are needed to improve tests of generality.  
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For example, analysis of habitat selection scales across locomotive strategies 

would provide a test of the body-size hypothesis. Notably, the smallest animals in this 

analysis, Phyllostomid bats, selected habitat at one of the largest characteristic scales 

(Gorresen et al. 2005). This result is predicted from the textural-discontinuity hypothesis; 

Holling (1992) expected differences in body-size gaps between volant and non-volant 

species (e.g. birds and mammals) due to differences in their ability to exploit patchy 

resources. In volant species, the physiological cost of resource exploitation is lower per 

unit of habitat (Peters 1983); therefore the slope of the relationship between body-size 

and landscape patchiness changes. 

Second, species’ traits other than body mass may better predict habitat selection 

scale. For example, Swihart et al. (2003, 2006) and DeVictor et al. (2008) demonstrated 

that niche breadth and proximity to range boundaries best predicted species’ response to 

habitat fragmentation. Species with narrow niches (specialists) were more sensitive to 

habitat fragmentation than those with wide niches (generalists). The authors hypothesized 

that generalist species could prey-switch to compensate for smaller fragmented habitat 

patches whereas specialist species could not. Similarly, they found that individuals 

occupying a central portion of their species’ range are less sensitive to habitat 

fragmentation than are individuals at the periphery of their range, presumably due to the 

more suitable environmental conditions at the centre. Applied here, one would expect that 

niche breadth and proximity to species’ range periphery would be negatively correlated 

with habitat selection scale, as generalist species could presumably obtain more resources 

per unit area than could specialists. Data on niche breadth do not currently exist for the 

range of species examined here, but this remains a key candidate for future research. 
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Finally, my analysis has been limited to space rather than time, as this mirrors the 

current focus in existing research. However, temporal scales are certainly expected to 

influence spatial habitat selection. Characteristic scales associated with daily foraging 

may differ from those associated with lifetime fitness. The interaction of spatial and 

temporal scales cannot be addressed with the limited volume of data currently available, 

but should be a focus of future research. 

If my conclusions are found to be generally supported, they hold notable 

implications. Response to habitat is not merely a result of species-specific autecology; 

rather, habitat structure interacts with species’ morphology and ecology to produce a 

scale-dependent response to environment. This interaction implies that body sizes have 

evolved to adapt to landscape structure, as suggested by Holling (1992). The home range 

- body mass correlation has been well studied (e.g. Lindstedt et al. 1986; Swihart et al. 

1988; Haskell et al. 2002); now the correlation between habitat selection scale and body 

mass requires consideration. Eventually, research will necessarily extend beyond 

correlations to consider species’ fitness in relation to scale-dependent habitat responses 

(Mayor et al. 2009). However, if body mass is a general predictor of characteristic scale, 

the relationship gives future ecologists a simple, powerful and quick tool to narrow the 

range of scales in which to conduct their studies. Given the impacts of this relationship on 

our understanding of species’ ecology and evolution in the context of their environments, 

and its immediate importance to questions of conservation of ‘critical habitat’ and species 

management in developed landscapes, further research on relationships between habitat 

selection scale and body mass across taxa and ecosystems is warranted. 
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Conclusions 

Research on mammalian habitat selection lacks a common theoretical framework 

upon which to design experiments or form conclusions. This divergence hampers 

theoretical advancement in the field. Analysis of accumulated research on mammalian 

habitat selection reveals a strong trend toward scale-dependency in mammal-habitat 

relationships. The generalisation emerges that the spatial scale at which habitat best 

predicts species abundance, occurrence, etc. increases with its body mass. Evidence 

supports the prediction, derived from Holling’s (1992) textural-discontinuity hypothesis, 

that characteristic scales of habitat selection are predominantly a function of landscape 

pattern and species’ morphology (see also Haskell et al. 2002). My analysis suggests that 

body mass facilitates and constrains a species’ ability to interact with dispersed 

heterogeneous resources across multiple scales, generating a characteristic spatial scale of 

habitat selection. The review and analysis does not support the Rettie-Messier hypothesis, 

which predicts that larger scales would be more explanatory in candidate sets regardless 

of species’ size, or the hypothesis that habitat selection scales differ for mammalian 

carnivores and herbivores. 

The analysis suggests that characteristic scales of habitat selection may be 

generally predictable. This suggests that scale-dependent habitat selection is not 

necessarily a species-specific process governed only by autecology, but instead may be 

governed by ecological principles to which suites of species are subject. As a greater 

number of habitat selection studies emerge, further analyses of trends in characteristic 

scales across taxa, ecosystems, and trophic levels are required. Tests of such hypotheses 

will provide an emerging foundation for theories of ecological mechanisms governing 
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scale-dependency in habitat selection, with obvious implications for understanding 

species evolution and adaptation to complex heterogeneous landscapes. 
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Chapter 3: Habitat selection and spatial segregation of sympatric 
marten and fishers: the influence of landscapes and species-scapes. 
 

It is well known that related species often differ in either habitat or size, and thereby avoid 
competitive elimination. The way in which they differ is related to the specialized ways they have 
of using resources, which ways in turn control numbers of coexisting species and other aspects 
of the evolution of the community. 
- Robert MacArthur and Richard Levins. Competition, Habitat Selection, and Character 
Displacement in a Patchy Environment. 
 
It is always more easy to discover and proclaim general principles than to apply them.  
- Winston S. Churchill, The Gathering Storm. 

 

Introduction 

Local biodiversity is determined by how many species can co-exist. Hutchinson’s 

(1957) niche concept - an N-dimension hypervolume of resource variables that no two 

species can exactly share - provides a conceptual basis for the partitioning of resources 

between species. The niche concept has since diversified and expanded considerably (see 

review in Chase and Leibold 2003). Echoing Grinnell’s (1917a,b) and MacArthur and 

Levins’ (1964) emphasis on geographic variation in limiting resources, recent studies 

have examined the role of spatial heterogeneity in facilitating species coexistence on a 

landscape (e.g. Chesson 2000; Amarasekare 2003). 

Spatial heterogeneity is also fundamental to studies of species-habitat relationships 

that explicitly consider landscape structure and composition as an explanatory variable 

(Kotliar and Wiens 1990; Dunning et al. 1992; Wiens et al. 1993). The landscape is 

typically viewed as a patchy mosaic of discontinuously distributed resources. In fact, 

resource availability, usually described via vegetation, forms the conceptual heart of most 

habitat selection studies (Hall et al. 1997; Manly et al. 2002). However, habitat 

necessarily includes more than vegetation or even resources; it integrates an individual’s 
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lifetime interactions with competitors, predators, parasites, and mates (e.g. Wiens et al. 

1993; Morris 2003). Though interspecific competition is fundamental to niche theory, 

habitat studies rarely include species interactions. It is logical to extend the habitat 

concept from landscapes to species-scapes: a spatial plane of species interactions that 

combines with resources to drive species’ distributions. Species co-existence (or 

conversely, segregation) is likely an important but overlooked measure in habitat 

selection studies. 

Measuring coexistence between species in space requires definition of the spatial 

scale of the area under consideration. Species can coexist at the small scale of the local 

community (Hanski and Gilpin 1997), or at larger scales of metacommunities (Wilson 

1992). Coexistence at the larger, “regional” scale of the metacommunity (sympatry) may 

be facilitated by spatial segregation at smaller, local scales (Amarasekare 2003). If one 

species uses local space not currently being used by its competitor, this small-scale 

spatial partitioning may allow both species to co-occur on the same landscape. This 

spatial segregation should be measurable as a reduced probability of occupation of a point 

in space by one species when the other is present. I tested this hypothesis with two 

sympatric mustelid species – marten (Martes americana Turton) and fisher (Martes 

pennanti Erxleben) – in mountain landscapes in the Canadian province of Alberta. These 

two species have been a subject of investigations of sympatry for decades (e.g. 

Rosenweig 1966; Zielinski and Duncan 2004). 

Martes ecology 

 Marten and fishers are mid-size generalist predators in the Mustelidae with large 

areas of sympatry across forested regions of North America (e.g. Zielinski and Duncan 
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2004; Williams et al. 2009). Both species are distributed throughout sub-alpine, montane, 

and boreal forests of Western Canada but have experienced substantial range retractions 

since European colonisation (Laliberte and Ripple 2004). Both species are distributed 

throughout subalpine, montane, and boreal forests of Western Canada.  

Fishers’ average body mass is about two to three times that of marten’s (Holling 

1992; Powell 1993). Rosenweig (1966) proposed that this size difference created 

differences in diet (through differential prey exploitation) that allowed coexistence. 

Several authors suggest that marten and fishers compete directly for food or space 

(reviewed in Zielinski and Duncan 2004), but no evidence exists. Though differing in 

body size, high dietary overlap has been observed in sympatric populations (Zielinski and 

Duncan 2004). There is no evidence of a dominance hierarchy between these species, and 

their habitat associations are similar across their ranges. 

American marten occur throughout North American boreal and mixed-transitional 

forests (Clark et al. 1987). Marten are primarily carnivorous, and prey on small mammals 

such as shrews, mice, and southern red-backed voles (Sorex spp., Peromyscus spp., 

Clethrionomys gapperi). Red squirrels, flying squirrels, snowshoe hares, and grouse 

constitute martens’ largest prey (Tamiasciurus hudsonicus, Glaucomys spp., Lepus 

americanus, Bonasa spp.; Thompson and Colgan 1987). Eggs, berries, and carrion are 

also opportunistically consumed. Marten are generally limited by food availability 

throughout the year, particularly in winter. Marten’s primary predators include felids, 

canids, owls (Bubo spp.) and larger mustelids; marten commonly compete with mink (M. 

vison) (reviewed in Clark et al. 1987). Marten are typically associated with older, closed-
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canopy forests; substantial data exist to suggest that marten are sensitive to anthropogenic 

forest fragmentation (reviewed in Fisher and Wilkinson 2005).  

Fishers occur throughout North American boreal, coastal, mixed-transitional, and 

Carolinian forests (Powell 1981). They prey upon shrews (Sorex spp.), mice (Peromyscus 

spp.), southern red-backed voles (Clethrionomys gapperi), red squirrels (Tamiasciurus 

hudsoncius), flying squirrels (Glaucomys spp.), and snowshoe hares (Lepus americanus) 

(Powell 1979; Arthur et al. 1989; Bowman et al. 2006). The fisher is one of the few 

species to prey heavily on porcupines (Erethizon dorsatum) where available. Fisher 

adults are not often preyed upon, but compete heavily with canids, felids, and raptors for 

prey and carrion (Powell 1981). Fishers inhabit both coniferous and deciduous forests, 

though they may seasonally prefer coniferous over deciduous stands (Arthur et al. 1989; 

Powell 1994). Though they most often occur in older closed-canopy forests, they occupy 

other forest types where prey is available (reviewed in Powell 1981; Arthur et al. 1989; 

Weir and Harestad 2003). Very few data exist on fishers’ response to habitat alteration 

(reviewed in Fisher and Wilkinson 2005), but those few available studies suggest fishers 

avoid very young successional forest stages (Weir and Harestad 2003), and are sensitive 

to habitat fragmentation (Carroll et al. 1999). 

Hypotheses 

Species coexistence in space can result from an interplay between species’ 

ecology (including limiting factors), dispersal ability, competitive ability (and dominance 

hierarchy), and the spatial dispersion of resources in the local and regional landscapes 

(Amarasekare 2003). Several different theoretical mechanisms may permit coexistence, 

and these ultimately manifest as patterns of species co-occurrence or segregation across a 
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landscape. The detection of this pattern, and its relationship to the distribution of 

resources (or, by proxy, land-cover types) in a landscape, is a fundamental first step in 

elucidating those mechanisms that created the pattern. For example, coexistence may 

occur through selection of different habitats (e.g. Fedriani et al. 1999) despite ubiquitous 

distribution of shared prey across habitats. Alternatively, species with overlapping niches 

may segregate in space as a result of population processes and differences in dispersal, 

thus partitioning resources and avoiding competition (e.g. Shigesada et al. 1979; Pacala 

and Levin 1997). I predicted that marten and fishers exhibit local-scale spatial 

segregation that may facilitate coexistence in these sympatric populations. I also 

predicted that segregation between the two species is additionally influenced by 

differences in habitat selection. To test these predictions I hypothesized that the 

occurrence of sympatric marten and fishers would be predicted both by habitat 

composition of the surrounding landscape, and (negatively) by the occurrence of its 

congener. 

Methods 

Study area 

Marten and fisher occurrence were sampled in the west-central foothills region 

and Rocky Mountain front ranges of Alberta, Canada at elevations ranging from 1200 m 

to 1600 m. Coniferous forest 80-120 years old (Pinus contorta, Picea glauca, Picea 

mariana, and Abies balsamea) were dominant, with some small deciduous (Populus 

tremuloides, Populus balsamifera) stands occurring throughout. Small stands of black 

spruce (Picea mariana), with forest floors dominated by Labrador tea (Ledum 

groenlandicum) and mosses (Sphagnum spp) occurred in low-lying areas. Pine and 
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mixed stands were often fairly open, with a sparse alder (Alnus crispa) understorey. 

Younger fire- or harvest-origin stands were embedded within this matrix, as well as 

cleared linear features of varying densities and stages of regeneration resulting from oil 

exploration. A portion of this region, the Willmore Wilderness Area, is a 4,600 km2 

conservation area completely protected from landscape development. The Willmore sits 

in the Front Ranges of the Rocky Mountains, part of the Western Cordilleran system. 

Topography is rugged, with high peaks, steep-sloped ridges, and valley bottoms. The 

adjacent foothills have moderately rugged topography. Forest harvesting, mining, and 

energy exploration have created a mosaic landscape of different forest-seral stages and a 

high degree of human disturbance in the foothills. A limited fur harvest occurred 

throughout the study area. 

Study design 

 Baited sampling sites were deployed in December and monitored monthly until 

March, when food is scarce and detection is most likely. Differences in logistical 

requirements between the remote and roadless Willmore and the road-accessible 

Foothills necessitated different sample-site placement between areas. In the Willmore, 

we used a systematic sampling design constrained by helicopter access and avalanche 

risk.  Sites were placed an average of 5727 m apart (s.d. 1574 m) in a roughly rectangular 

grid that covered most of the Park. We sampled 30 sites in 2006-2007 and a different set 

of 36 sites in 2007-2008, for a total of 66 sites. In the Foothills, we deployed sites along a 

semi-linear transect circa 415 km long using a constrained systematic design that 

roughly followed the main road access in the region. We constrained sampling to 

forested areas with logistically feasible access; we omitted wetlands, areas immediately 
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adjacent to main highways, and areas in the immediate vicinity of current industrial 

activity. Within these constraints, sample sites were placed an average of 4335 m apart 

(s.d. 5218 m), ca. 50 m from access roads. We sampled 60 sites in 2004-2005 and re-

sampled 54 sites in 2005-2006. 

Sampling species occurrence 

 We used two methods to sample mammals, together designed to detect a range of 

mammal species: non-invasive genetic tagging (NGT) via hair sampling, and camera 

trapping. NGT used Gaucho® barbed wire (Bekaert, Brussels, Belgium) wrapped around 

a tree baited with beaver; individuals would climb the tree for the bait, and leave a hair 

sample. Hair traps were deployed at all sample sites and we collected hair samples 

monthly. DNA from hairs was analysed by Wildlife Genetics International (WGI; 

Nelson, British Columbia, Canada) to identify species. DNA was extracted from hairs 

using QIAGEN®’s DNEasy™ Tissue Kits (QIAGEN, Hilden, Germany) and analysed to 

identify species using sequence-based analysis of the 16S rRNA gene of mitochondrial 

DNA (mtDNA) (sensu Johnson and O’Brien 1997) that was then compared against a 

DNA reference library of all known mammal species in the region. I summed presences 

across 3 months to yield a 0-3 count of species occurrences at each site. 

Hair trapping may underestimate occurrence. Absence of hair may result from (1) 

an absent individual, or (2) a present but undetected individual. This problem has 

ramifications for estimates of species occupancy, density, and habitat use (Mackenzie et 

al. 2006). To compensate, I combined hair trapping methods with remote camera 

detection (e.g. Karanth 1995; Gompper et al. 2006). In the Foothills, remote cameras 

(TrailmasterTM 1550 Active infra-red remote camera systems; Goodson and Associates 
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Inc., Lenexa, Kansas, USA) were installed at 11 randomly subsampled monitoring 

stations. In the Willmore we deployed Reconyx RM30 (2006-20087) or PM30 (2007-

2008) infrared-triggered digital cameras (Reconyx, Holmen, Wisconsin, USA) at all 66 

sampling sites. I recorded species presences within each month, and summed presences 

across 3 months to yield a 0-3 count of species occurrences at each site. 

Habitat and statistical analyses 

Habitat is defined here as coarse-resolution land cover types that have been 

reclassified from satellite imagery into categories describing landscape features of 

ecological importance to wildlife. We used a LandSat thematic-mapped GIS land cover 

dataset incorporating digital elevation models (DEMs) classified using a habitat-

identification algorithm (McDermid et al. 2009). This dataset yielded 16 potential land-

cover types, constituting the spatial grain of analysis. Of these 16, seven variables were 

hypothesized to be of ecological importance to marten and fisher, and were sufficiently 

represented in the landscape to allow modelling (Table 3.1). These included closed 

conifer forest, moderate conifer forest, open conifer forest, mixedwood forest, open 

wetland, upland shrubs, and upland herbaceous habitats; McDermid et al. (2009) describe 

these in further detail.  
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Table 3.1. Remotely-sensed GIS land-cover types used in marten and fisher habitat 

models. 

Full descriptions of each variable is given in McDermid et al. (2009). Variables represent 

the proportion of each land-cover type within a 500-m (fishers) or 5000-m (marten) 

radius around sampling sites. 

 

Code Land-cover type Description 
DCON Dense conifer forest > 75% conifer with > 60% 

crown closure 
MCON Moderate conifer forest > 75% conifer with 50-75% 

crown closure 
OCON Open conifer forest > 75% conifer with 6-49% 

crown closure 
MFOR Mixed forest 26–74% broadleaf forest, no 

specified crown closure 
OWET Open wetland < 6% crown closure, wet 

moisture regime 
SHRUB Upland shrubs > 25% shrub cover, <6% 

tree cover, with dry-mesic 
moisture regime 

HERB Upland herbaceous < 25% shrub cover, <6% 
tree cover, with dry-mesic 
moisture regime 

 

 

We used ArcGis 9.3 (Environmental Systems Research Institute, Inc., Redlands, 

CA, USA) Spatial Analyst to geo-reference each sampling site on the habitat GIS layer. 

We quantified habitats around each sampling site at a spatial scale appropriate for each 

species. Fisher et al. (in prep; Chapter 5) tested a range of 20 spatial scales and found that 

habitat quantified within a 500-m radius circle (78.5 ha area) best predicted fisher 

occurrence; a 5000-m radius (785 ha area) best predicted marten occurrence. At these 

scales, we calculated the percent of each land-cover type using a combination of spatial 

analysis routines (written in Arc-View v3.x Spatial Analyst) and the Regional Analysis 
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function of Patch Analyst, an extension to ArcView (http://flash.lakeheadu.ca/ 

wrrempel/patch). 

I modeled marten occurrence counts against fisher occurrence counts and habitat 

data using generalized linear models (glm) in R statistical software (R Core Development 

Team 2007) with Poisson errors and log link function (Crawley 2007). Within each scale, 

resulting model parameters were analysed using an information-theoretic approach to 

model selection (Burnham and Anderson 2002). Models were ranked based on Akaike’s 

Information Criterion (AIC) score and analyses of deviance; the resulting minimum 

adequate model was taken as the best model describing the relationship between 

landscape structure and species occurrence at each scale. I additionally conducted 

Fisher’s exact test for differences in expected presences of marten and occurrences across 

sites. Finally, I conducted a χ2 test on counts within species to examine differences in 

repeated occurrences across months. 

Results 

In the foothills, we obtained 346 hair samples, including 38 marten and 160 

fishers. Cameras also detected 15 marten occurrences and 20 fisher occurrences which 

were also detected by hair sampling (Fisher et al., unpublished data). Of 58 Foothills 

sites, marten were detected at 23 sites and fisher were detected at 34 sites. In the 

Willmore Park, we obtained 115,488 photographs. Of the 66 Willmore sites, marten were 

detected at 62 sites and fisher were detected at 14 sites (Table 3.2). Models suggested that 

marten were detected more frequently at sites within landscapes containing less 

mixedwood forest, more open wetland, more herbaceous cover, and fewer fisher 

occurrences (Tables 3.3 and 3.4).  

 

http://flash.lakeheadu.ca/%20wrrempel/patch
http://flash.lakeheadu.ca/%20wrrempel/patch
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Table 3.2. Contingency table of marten and fisher co-occurrences. 

The number of monthly occurrences was averaged over three months to yield counts of 0, 

1, 2, or 3 occurrences for 120 sites in the Foothills and Rockies Mountains of Alberta, 

Canada. 

Count of fisher occurrences  
0 1 2 3 Total 

0 14 4 7 10 35 
1 9 4 2 3 18 
2 13 3 1 2 19 
3 36 8 3 1 48 

Count of 
marten 

occurrences 

Total 72 19 13 16 120 
 

Table 3.3. Habitat model selection for marten in a mountain and foothills landscape.  

The full model (model 1) contains habitat variables hypothesized to be of potential 

importance to marten, including counts of fisher occurrence (+FISHER). Subsequent 

models 2 through 6 were built from stepwise model selection procedures. Model 5 (in 

bold) is the best-supported. 

Model Model Variables 
AIC 

score 

ΔAIC AIC 

weight 

1 DCON+MCON+OCON+MFOR+OWET+SHRUB+HERB

+FISHER 
356.40 3.78 0.05 

2 DCON+MCON+OCON+MFOR+OWET +HERB 

+FISHER 
354.90 2.35 0.10 

3 DCON+OCON+MFOR+OWET +HERB+FISHER 353.98 0.96 0.21 

4 OCON+MFOR+OWET +HERB+FISHER 352.88 0.26 0.29 

5 MFOR+OWET +HERB+FISHER 352.62 0.00 0.33 

6 MFOR+OWET +HERB 358.48 5.86 0.02 
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Table 3.4. Parameter estimates for the best-supported model predicting marten 

occurrence.  

Parameter* Estimate Std. Error z value P 

intercept 0.559 0.156 3.587 0.000335 

FISHER occurrence -0.226 0.085 -2.665 0.007690 

MFOR -3.107 0.898 -3.458 0.000544 

OWET 2.352 1.032 2.280 0.022632 

HERB 3.804 1.670 2.277 0.022764 

*model null deviance = 164.75 (119 d.f.); residual deviance =113.35 (115 d.f.) 

 

For marten, the model omitting fishers (model 6) was the least supported model 

(AIC weight = 0.02), suggesting fisher occurrence was an important significant negative 

predictor of marten occurrence (Table 3.4).  

The fisher models suggest that fishers were detected more frequently at sites 

within landscapes containing less conifer forest, less open wetland, more shrub cover, and 

fewer marten occurrences (Tables 3.5 and 3.6). Habitat variables in models differing by < 

2 ΔAIC units do not contribute an additional effect (Arnold 2010). The model omitting 

marten counts was the least supported (AIC weight = 0.01); marten occurrence was an 

important significant negative predictor of fisher occurrence (Table 3.6). Fisher and 

marten were less likely to co-occur with one another than expected by chance. Results of 

the Fisher’s exact test corroborates the modelling results, and indicates that the odds ratio 

derived from expected distributions of marten and fisher occurrences differs from 1 (p = 

0.0072; odds ratio = 0.313; 95% CI = 0.126, 0.757). In addition, marten tended to occur 

consistently within a site (i.e., were detected in all three sampling occasions) more than 
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expected (χ2 = 20.4941, d.f. = 2, p < 0.0001). In contrast, fishers were detected once, 

twice, or three times at each site with equal frequency (χ2 = 1.125, d.f. = 2, p = 0.5698). 

 

Table 3.5. Habitat model selection for fishers in a mountain and foothills landscape.  

The full model (model 1) contains habitat variables hypothesized to be of potential 

importance to fishers, including counts of marten occurrence (+MARTEN). Subsequent 

models 2 through 6 were built from stepwise model selection procedures. Model 4 (in 

bold) is the best-supported. 

Model Model Variables 
AIC 

score 

Δ 

AIC 

AIC 

weight 

1 DCON+MCON+OCON+MFOR+OWET+SHRUB+HERB 

+MARTEN 

275.53 5.38 0.03 

2 DCON+MCON+MFOR+OWET+SHRUB+HERB+MARTEN 273.68 3.53 0.07 

3 DCON+MCON+MFOR+OWET+SHRUB+MARTEN 271.79 1.64 0.18 

4 DCON+MCON+OWET+SHRUB+MARTEN 270.15 0.00 0.41 

5 MCON+OWET+SHRUB+MARTEN 270.83 0.68 0.29 

6 DCON+MCON+OWET+SHRUB 277.73 7.58 0.01 

 
 

Table 3.6. Parameter estimates for the best-supported model predicting fisher 

occurrence.  

Parameter* Estimate Std. Error z value P 

intercept 0.481 0.204 2.354 0.01857 

MARTEN -0.287 0.095 -3.010 0.00261 

DCON -1.200 0.772 -1.554 0.12011 

MCON -0.757 0.431 -1.757 0.07886 

OWET -5.027 2.231 -2.253 0.02427 

SHRUB 2.982 1.105 2.698 0.00697 

*model null deviance = 188.92 (119 d.f.); residual deviance 138.30 (114 d.f.) 
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Discussion 

Marten and fishers are sympatric across the Foothills and Rocky Mountains and 

west-central Alberta. Sympatry between marten and fisher has been a historical 

touchstone for discussions of species coexistence and niche partitioning (e.g. Rosenzweig 

1966; Powell and Zielinski 1983; Zielinski and Duncan 2004). I suggest that sympatry 

between marten and fishers is facilitated by at least three mechanisms.  

First, marten and fishers are spatially segregated at the scale of local communities 

within the study landscapes. I found that the probability of occurrence of each species is 

negatively predicted by the occurrence of the other species, thus supporting my 

hypothesis. Similar patterns of segregation have been noted in other species ranging from 

black and grizzly bears (Apps et al. 2006) to grassland ants (Albrecht and Gotelli 2001). 

Second, marten and fishers exhibit differences in habitat selection, a mechanism for 

coexistence suggested by MacArthur and Levins (1964). Marten selected open wetlands, 

herbaceous-dominated areas, and open conifer forests; they avoided mixedwood forests. 

Fishers avoided dense to moderate conifer forests and open wetlands, and selected shrub-

dominated areas. The finding that marten and fishers selected different habitats and 

avoided those selected by their congeners is evidence that differential habitat selection in 

part facilitates coexistence between marten and fisher in the landscapes. Third, 

differences in body size likely allow for niche separation through prey differentiation. 

Rosenweig (1966) suggested that body size differences of marten and fisher support 

dietary separation, which in turn permits coexistence. However, though marten are a third 

the size of fishers, the best evidence suggests that dietary overlap is very high (Zielinski 

and Duncan 2004).  
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Alternatively, Powell and Zielinski’s (1983) modelling work suggested long-term 

coexistence of mustelids could occur only through local extinction and recolonisation. 

However, no evidence of such patch occupancy dynamics has yet been found for 

sympatric marten and fisher, and the spacing between the sampling sites (5-7 km) makes 

this metapopulation dynamic very unlikely here. Likewise, it is unlikely that observed 

segregation is the result of the “ghost of competition past” (sensu Connell 1980; Morris 

1999; Morris et al. 2000), since distances between species occurrences are small. Some 

active mechanism is more likely. I suggest that spatial dynamics may indeed facilitate 

coexistence of marten and fisher, but via competitive interactions more complex than 

those previously proposed. 

Spatial niche partitioning, for example, has been theoretically suggested as a 

mechanism that allows the coexistence of competing species (Chesson 2000), though few 

empirical studies have tested this mechanism (Amarasekare 2003). Different patterns of 

species distribution are expected to emerge from spatially mediated coexistence, 

depending on whether the competitive environment is homogeneous or heterogeneous 

(Amarasekare 2003). Chesson (2000) described how spatial niche partitioning occurs in a 

heterogeneous environment when covariance between competition and environment 

results in differences in species’ competitive ability across space (measured as R* 

[Tilman 1982] or P* values [Holt et al. 1984]). In such spatially heterogeneous 

competitive environments, coexistence at the regional scale and exclusion at the local 

scale is likely (Amarasekare 2003). Conversely, coexistence may occur in a spatially 

homogeneous competitive environment if there are differences in the spatial scales at 

which intraspecific and interspecific competition occur, a phenomenon Murrell and Law 
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(2003) termed heteromyopia (see also Szabó and Meszéna 2006). In this scenario, 

conspecifics competitively interact at larger spatial scales than do heterospecifics. This 

results in aggregation of conspecifics; intraspecific competition then reduces densities of 

the more common species, such that the less-common competing species can occupy the 

resultant gaps in the landscape. 

A measure of each species’ R* and P* values, and a measure of their variability in 

space, are required to distinguish between these two mechanisms. This study was not 

designed to test these mechanisms, but one may conjecture based on observed patterns. 

Predation is not a known significant source of mortality for marten or fisher; resource 

competition dominates. Species occurrence at a point in space is the end result of several 

demographic rates – including survival and reproduction by parent generations, survival 

and recruitment by extant individuals – that are linked to competitive ability. Since 

marten and fisher occurrence were predicted by different habitats, it may be hypothesized 

that R* values for each species differed across these habitats. If true, these results could 

imply that coexistence of marten and fishers may be the result of spatial niche 

partitioning within a spatially heterogeneous competitive environment. 

If instead heteromyopia were facilitating coexistence between marten and fisher 

in this landscape, one would predict: (1) local patterns of intraspecific aggregation and 

interspecific segregation; (2) a greater degree of aggregation in the more common species 

than its competitor; and (3) differences in the spatial scales of habitat selection. First, in 

the study landscapes, marten tended to aggregate and were more abundant where they 

occurred. This was not the case for fishers, suggesting intraspecific aggregation of marten 

but not fisher. Second, my results demonstrate local interspecific segregation. Third, 
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marten (the aggregating species) were more common in this landscape than fisher, the 

non-aggregating species. Finally, Fisher et al. (in prep; Chapter 5) show that the spatial 

scales at which marten and fisher select habitat differ, suggesting that intraspecific and 

interspecific interactions may likewise occur at different spatial scales for each species, a 

requirement for heteromyopia. Testing such hypotheses requires measurement of 

competitive interactions and R* or P* values across space as well as type and extent of 

limiting factors (Amarasekare 2003), requiring higher-resolution data than I obtained. 

The results nonetheless illustrate that marten and fisher spatially segregate in this 

mountain landscape to a greater degree than predicted by simple differential habitat 

selection alone.  

Conclusions 

Interspecific interactions influence habitat selection and distribution in space of 

sympatric marten and fishers. Species interactions have been fundamental to niche 

theory, from Grinnell (1917a,b), Elton (1927), and Hutchinson (1957) to the present 

(Chase and Leibold 2003). In contrast, habitat theory has remained focussed on selection 

of resources (Hall et al. 1997; Manly et al. 2002; Morrison et al. 2006). Morris (2003) 

advocated the integration of interspecific processes with habitat selection theory, and 

these results illustrate the necessity for this shift. Species-habitat models that consider 

only resources fail to capture key predictors of species’ occurrence. Reliable prediction 

and inference deriving from ecological research for conservation requires that we expand 

from landscapes to species-scapes, and include interspecific processes such as 

competition and predation as explanatory factors of species occurrence within their 

habitats. 
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Chapter 4: Wolverine habitat selection, density, and detection 
 in natural and fragmented landscapes 

 
The wolverine is a tremendous character. No one can approach the subject of his life and habits, 

without feeling the same sort of embarrassment one would feel in writing of Cromwell or Tamerlane. 
Here, we know, is a personality of unmeasured force, courage, and achievement, but so enveloped in 
mists of legend, superstition, idolatry, fear, and hatred, that one scarcely knows how to begin or what 

to accept as fact. – Ernest Thompson Seton, Lives of Game Animals 
 

Introduction 

Habitat loss and fragmentation is a pervasive anthropogenic ecological 

phenomenon affecting ecological systems (Fahrig 1997, 2003). Determining how a 

species’ spatial distribution relates to its habitat and responds to landscape-scale habitat 

change (Wiens et al. 1993) is a basic requirement for landscape-scale conservation. 

However, ecological data needed for such analyses are lacking for many rare and elusive 

species, as the probability of detecting a species decreases with decreasing abundance 

(Green and Young 1993; Mackenzie and Kendall 2002; Macdonald 2002; Thompson 

2004; Mackenzie et al. 2005, 2006). The non-detection of a species can result from true 

absence or survey failure. Establishing true absence is logically analogous to proving a 

null hypothesis, but is often required when species protection impinges upon economic 

growth. This leads to a conservation catch-22. Populations reduced by disturbance 

become rare, and require protection. Protection requires designation, which requires data 

collection on occurrence. Occurrence data require species detection, which decreases 

with rarity. Proof of absence may therefore be confounded by an absence of proof. 

One species facing this problem is the North American wolverine (Gulo gulo 

luscus), which was once distributed across Eurasia and North America, inhabiting boreal 

forest, mixedwood forest, tundra, and mountain habitats (Pasitschinak-Arts and Larivière 
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1995). European colonisation and fur harvest was followed by extirpation of wolverines 

from most of the contiguous United States and much of eastern Canada (Laliberte and 

Ripple 2004; Aubry et al. 2007). Eastern Canadian wolverines have been legally listed 

Endangered under Canada’s Species At Risk Act (SARA). The western Canadian 

wolverine population has been estimated at 13,000 individuals based on local knowledge 

but no empirical data exist (COSEWIC 2003). In the Canadian province of Alberta, 

wolverines are listed as Data deficient, reflecting wolverines’ potential vulnerability but 

a lack of data sufficient for legal designation and protection (Peterson 1997; Alberta Fish 

and Wildlife Division 2008). West-central Alberta’s mix of heavily industrialised and 

protected mountain landscapes provides a unique opportunity for a mensurative 

experiment to determine whether wolverine habitat selection is influenced by natural 

heterogeneity, anthropogenic disturbance, or a combination of both. 

Wolverine ecology 

Wolverines have low population growth rates (Krebs et al. 2004). They exhibit 

late onset reproduction, with low reproductive rates and low juvenile survival (Banci and 

Harestad 1988; Krebs et al. 2004; Persson et al. 2006). Adult survival is low in harvested 

populations (Krebs et al. 2004). Anthropogenic mortality is typically additive to natural 

wolverine mortality, often leading to population declines (Krebs et al. 2004; Lofroth and 

Ott 2007; Dalerum et al. 2008). As scavenging carnivores, wolverines’ reproductive rates 

are driven by winter availability of ungulate carcasses (Persson 2005). Wolverines also 

prey on rodents, porcupines, snowshoe hares (Hornocker and Hash 1981; Banci and 

Harestad 1990; Lofroth et al. 2007), and neonate caribou (Gustine et al. 2006). Low-

density resources necessitate a low-density population. Wolverines are generally solitary 
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and wide-ranging, with partially overlapping male and female home-ranges. Densities 

across their range vary from 3 – 20 wolverines per 1000 km2 dependent on location, 

trapping pressure, and habitat quality (Hornocker and Hash 1981; Magoun 1985; Banci 

and Harestad 1990; Lofroth and Krebs 2007; Golden et al. 2007). Home-range sizes vary 

from 209 km2 to 535 km2 for males, and 105 km2 to 388 km2 for females (reviewed in 

Banci 1994).  

Natural heterogeneity dictates wolverine occurrence, as wolverine distribution is 

limited by persistent spring snowpack both at continental (Copeland et al. 2010) and 

local scales (Aubrey et al. 2007; Schwartz et al. 2009), reflecting influences of both 

topography and climate. The effect of anthropogenic habitat fragmentation and loss is 

less well quantified but still observable. Inferences from range retractions coinciding 

with European colonisation suggest wolverines are sensitive to human development 

(Laliberte and Ripple 2004; Aubry et al. 2007). Human activities such as trapping, 

poaching and road mortality account for 46% (North America; Krebs et al. 2004) to 52% 

(Scandinavia; Persson et al. 2009) of known-cause wolverine mortalities. Wolverines 

avoid human-disturbed areas (Carroll et al. 2001, Rowland et al. 2003, May et al. 2006), 

such as timber-harvested clear-cuts (Hornocker and Hash 1981). Krebs et al. (2007) 

found that wolverines in neighbouring British Columbia selected against habitat 

disturbed by humans via recreational and industrial activities. Currently timber 

harvesting, mining, oil and gas activity, and fur harvesting occur in Alberta’s forests. 

Cumulative weight of evidence suggests that anthropogenic disturbance will negatively 

influence wolverine occurrence in Alberta’s industrial landscape, though data are 

currently nonexistent (Fisher and Wilkinson 2005). 
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Wolverine detection 

Wolverines’ rarity makes occurrence data difficult to obtain. Filling this gap 

requires development of survey methods that allow reliable species detection (McDonald 

2004; Long et al. 2008), and the application of statistical methods to assess probability of 

detection (Mackenzie et al. 2006). We developed a new method of detecting wolverines 

using non-invasive genetic tagging (NGT), a technique proving useful in the remote 

detection of a range of mammals from chimpanzees to bears (Waits 2004; Long et al. 

2008). NGT has recently been used to monitor wolverine populations in the Northwest 

Territories (Mulders et al. 2007) and Scandinavia (Flagstad et al. 2004; Hedmark and 

Ellegren 2007). Hairs captured noninvasively can be identified to species and to 

individual using DNA microsatellite analysis (McKelvey and Schwartz 2004a,b). 

Individuals’ encounter histories derived from NGT data can allow for estimates of 

abundance (Mowat and Strobeck 2000; Mowat and Paetkau 2002; but see Boulanger and 

McLellan 2001). NGT can also be used in conjunction with habitat data in resource 

selection functions (RSFs; Manly et al. 2002) to determine how wolverine occurrence 

relates to human alteration of habitat (e.g. Rowland et al. 2003). 

I hypothesized that wolverine density and detectability would be lower in 

industrial landscapes than in undeveloped landscapes, and that wolverine occurrence 

would be negatively predicted by measures of industrial development of the landscape. 

To test these hypotheses, we sampled wolverine occurrence via NGT data to (1) estimate 

densities, (2) model detection probabilities, and (3) analyse habitat selection of 

wolverines in a large industrial landscape and an adjacent large protected area. 
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Methods 

Study Area 

 We sampled wolverine occurrence in (1) the industrially developed Foothills and 

(2) the protected Rocky Mountains of west-central Alberta, Canada. The entire Rocky 

Mountain portion of the study site lies within the Willmore Wilderness Park, a 4,600 km² 

conservation area protected from forest harvesting, mining, seismic exploration, and 

roads. Public access is restricted to hiking or horseback. The Willmore sits in the Front 

Ranges of the Rocky Mountains, part of the Western Cordilleran system. Topography is 

rugged, with high peaks, steep-sloped ridges, and valley bottoms. Summers are cool and 

short and winter snow accumulation is considerable. Alpine areas are characterized by 

mountain meadows of herbs and shrubs. Subalpine slopes are forested by Engelmann 

spruce (Picea engelmanni) and subalpine fir (Abies lasiocarpa). 

 The Foothills study area forms the eastern border of the Rocky Mountains with 

moderately rugged topography and elevation ranges from 700 m to 1700 m. The region is 

characterized by relatively high precipitation, with short wet summers and cold winters 

with extensive snowfall. Forests are most commonly mixed mature lodgepole pine 

(Pinus contorta) with white spruce (Picea glauca), or mixed spruce and balsam fir (Abies 

balsamea). Small deciduous stands of trembling aspen (Populus tremuloides) and balsam 

poplar (P. balsamifera) occur on southerly or westerly aspects. Foothills conifer forests 

have been harvested for timber since approximately 1955. Large-scale open-pit coal 

mines occur in several areas. Exploration and development of oil and gas reserves has 

established an extensive network of seismic oil exploration lines, of varying density and 
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stage of regeneration (e.g. Schneider et al. 2003). The result is a mosaic landscape of 

different forest-seral stages and a high degree of human disturbance. 

Experimental design 

 We sampled wolverines in winter when food is scarce. Sampling sites were 

deployed in December and monitored monthly until March. Differences in logistical 

requirements between the remote and roadless Willmore and the road-accessible 

Foothills necessitated different sample-site placement between areas. In the Willmore, 

we used a systematic sampling design constrained by helicopter access and avalanche 

risk.  Sites were placed an average of 5727 m apart (s.d. 1574 m) in a roughly rectangular 

grid that covered most of the Park. We sampled 30 sites in 2006-2007 and a different set 

of 36 sites in 2007-2008, for a total of 66 sites. 

In the Foothills, sites were deployed along a semi-linear transect ca. 415 km long 

using a constrained systematic design that roughly followed the main road access in the 

region. We constrained sampling to forested areas with logistically feasible access; we 

omitted wetlands, areas immediately adjacent to main highways, and areas in the 

immediate vicinity of current industrial activity. Within these constraints, sample sites 

were placed an average of 4335 m apart (s.d. 5218 m), ca. 50 m from access roads. We 

sampled 60 sites in 2004-2005 and re-sampled 54 sites in 2005-2006. 

Wolverine sampling 

We developed a novel simple technique for capturing wolverine hair. We loosely 

wrapped a medium-sized tree with Gaucho® barbed wire (Bekaert, Brussels, Belgium), 

and baited this tree with a large (ca. 15 kg) skinned beaver carcass and O’Gorman’s LDC 
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Extra scent lure (O'Gorman's Co., Montana, USA). Wolverines climbing the tree for bait 

would leave a hair sample when in contact with the wire barbs. One hair trap was 

deployed at each site. DNA from hairs was analysed by Wildlife Genetics International 

(WGI; Nelson, British Columbia, Canada). DNA was extracted from hairs using 

QIAGEN®’s DNEasy™ Tissue Kits (QIAGEN, Hilden, Germany). DNA was then 

analysed to identify species using a sequence-based analysis of the 16S rRNA gene of 

mitochondrial DNA (mtDNA) (sensu Johnson and O’Brien 1997) that was then 

compared against a DNA reference library of all known mammal species found in this 

region. Those hair samples identified as wolverine were analysed using microsatellite 

analysis to determine the number of unique individuals. Seven microsatellite markers 

were used, a number considered adequate for genetic capture-mark-recapture studies 

(Paetkau 2004). 

Occupancy modelling analysis 

 To test the hypothesis that wolverine detection decreased with decreasing 

abundance, I modelled wolverine detection histories using the program Presence version 

3.0 (Paxtuxent Wildlife Research Centre, Laurel, Maryland, USA), as described by 

MacKenzie et al. (2006). Detection histories were comprised of wolverine detections and 

nondetections at each site, across three repeated surveys. From these histories, detection 

probabilities (p) and occupancy (ψ) are estimated using maximum likelihood methods 

(MacKenzie et al. 2002). Occupancy models assume that sites are either always occupied 

or unoccupied by the species, but this requirement can be relaxed if changes in 

occupancy occur randomly (MacKenzie et al. 2006). I estimated detection histories from 

the Willmore and Foothills separately, using single-season occupancy models. I 
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estimated p using pre-defined models in Presence that assumed (1) constant p, (2) 

survey-specific p, and (3) one or more distinct groups of sites with the same p, within 

each area. I compared these models using Akaike’s Information Criterion (AIC) scores 

and weights, and selected the occupancy model with the lowest AIC score (Burnham and 

Anderson 2002) as the best estimate of ψ and p within each area. 

Abundance and density estimation 

 I used the Rcapture package (Baillargeon and Rivest 2007) in the statistical 

software program R (R Core Development Team 2007) to estimate wolverine abundance 

in the study areas. All models assumed a demographically closed population within the 

sampling period (between January and March, within each year). Rcapture calculates 

loglinear mark-recapture models (Cormack 1989) based on different assumptions: 

1. there was no variation in hair-trap capture probability among individuals (Mo); 

2. there was variation only among individuals (Mh); 

3. there was variation only through time (Mt); 

4. there was variation due to behaviour, resulting in a trap effect (Mb). 

Chao’s (1987), Darroch's (1993), and Poisson (Rivest and Baillargeon 2007) model 

variants were also calculated. From this model set I selected the model with a low AIC 

score that produced an abundance estimate with the lowest standard error.  

I estimated effective trapping area by plotting sample points in a Geographic 

Information System (ArcGis 9.3, Environmental Systems Research Institute, Inc., 

Redlands, CA, USA) and buffering each sample point with a circle of 100 km2 radius, 

approximately half a wolverine home range for this region (Fisher et al., unpublished 

data). Buffering a trapping array by half a home range is a common approach (e.g. 
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Karanth and Nichols 1998). I dissolved overlapping buffers to combine sampling areas 

with overlap into one single, “effective” trapping area. Population size divided by this 

effective trapping area provided estimates of density. 

Wolverine habitat selection analysis 

Habitat selection refers to a statistically predictable relationship between a 

species and its surrounding habitat. Habitat is defined here as coarse-resolution land 

cover types that have been reclassified from satellite imagery into categories describing 

landscape features of ecological importance to wildlife. We used a LandSat thematic-

mapped GIS land cover dataset incorporating digital elevation models (DEMs) classified 

using a habitat-identification algorithm (McDermid et al. 2009). This dataset yielded 16 

potential habitat types, such as dense-, moderate-, and open-conifer forest; mixedwood 

forest; shrub-dominated areas; herbaceous-dominated areas; and regenerating areas 

(including both anthropogenic-origin and recently burned forested stands). In addition to 

these land-cover variables, we also used digital map inventories of seismic lines to 

calculate seismic line densities (km / km² of area) to represent industrial activity 

contemporary with this study. We also measured the ruggedness of study landscapes 

using a topographic ruggedness index (TRI; Riley et al. 1999). The TRI calculates the 

amount of elevation difference between adjacent cells of a digital elevation model, in this 

case a 25-m digital elevation model data from the Alberta Base Dataset. Finally, we 

obtained GPS-derived elevation for each of the sample sites. 

We used ArcGis 9.3 Spatial Analyst to geo-reference each wolverine monitoring 

site on the habitat GIS layer. Habitat variables were generated using a combination of 

spatial analysis routines (written based on Arc-View v3.x Spatial Analyst) and the 
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Regional Analysis function of Patch Analyst, an extension to ArcView available on-line 

(http://flash.lakeheadu.ca/wrrempel/patch). Using these functions, we calculated the 

percentage of each land-cover habitat type within a 5000-m radius (78.5 km2) landscape 

surrounding each wolverine sampling point. Fisher et al. (in prep.) modelled habitat 

selection for a dozen mammal species in the Willmore at twenty spatial scales (250-m to 

5000-m radius) and found that habitat measured at a 5000-m radius produced the best-fit 

models for wolverines.  

Wolverine presence in each month of sampling in the Foothills (2005-6) and 

Willmore was summed to yield a 0-3 count of wolverine occurrences. I modelled 

occurrence against habitat composition, topography and human disturbance around each 

sampling point. To avoid data mining, I reduced the 16 available land cover variables by 

selecting five variables that were (1) sufficiently represented in the study landscapes to 

allow modelling, and (2) hypothesized to be of importance to wolverines. I then created 

generalized linear models (GLMs; Poisson errors, log link; R version 2.10.1) of 

wolverine occurrence against habitat type, and used the minimum adequate model 

approach (Crawley 2007) to identify which variables best explained wolverine 

occurrence. The proportion of mixedwood forest was the best land-cover predictor; no 

others were significant. I tested twelve competing hypotheses about the relative 

importance of elevation, landscape ruggedness, mixedwood forest cover, seismic line 

density, and regenerating areas in predicting wolverine occurrence within the study area 

(Table 4.1) using the same GLM procedures. 
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Table 4.1 Hypotheses about wolverines’ association with features of the landscape, 

and the corresponding models used to assess which habitat variables predict 

wolverines’ occurrence. 

model # Hypothesis: Wolverine occurrence is predicted by: 

1 proportion of mixedwood forest cover, proportion of regenerating areas, 
seismic line density, landscape ruggedness, and sample site elevation. 

2 mixedwood forest cover, regenerating areas, seismic line density, and 
landscape ruggedness. 

3 mixedwood forest cover, regenerating areas, and seismic line density. 

4 mixedwood forest cover and regenerating areas. 

5 regenerating areas only. 

6 regenerating areas and seismic line density. 

7 regenerating areas, seismic line density, and landscape ruggedness. 

8 seismic line density and landscape ruggedness. 

9 landscape ruggedness only. 

10 mixedwood forest and landscape ruggedness. 

11 mixedwood forest and seismic line density. 

12 mixedwood forest, seismic line density, and landscape ruggedness. 

 

Results 

Wolverine occupancy and detection probabilities 

 In both study areas, the best supported model was one that assumed all sites 

shared a single probability of occupancy (ψ) and a survey-specific probability of 

detection, p (Table 4.2). The best estimate of probability of occupancy, ψ , was five times 
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higher in the Willmore than in the adjacent Foothills (0.75 vs. 0.15) . The probability of 

detection, p, was greater in the Willmore than in the Foothills (Table 4.3). 

 

Table 4.2. Single-season occupancy models of wolverine occurrence in the Willmore 

Wilderness and Foothills of Alberta.  

Low AIC scores indicate the best-supported models. Within study areas, probability of 

detection varied by survey, but not among sampling sites. 

Study area # 
groups 

p type* # 
parameters 

AIC score AIC weight 

Willmore 1 survey-specific 4 239.98 0.605 
 2 survey-specific 8 240.87 0.388 
 3 survey-specific 12 248.87 0.007 
 1 constant 2 259.62 0.000 
 2 constant 4 261.84 0.000 
 3 constant 6 265.84 0.000 
Foothills 1 survey-specific 4 72.70 0.481 
2004-5 1 constant 2 73.20 0.375 
 2 constant 4 75.56 0.115 
 2 survey-specific 8 78.83 0.022 
 3 constant 6 81.20 0.007 
 3 survey-specific 12 88.70 0.000 
Foothills 1 survey-specific 4 62.29 0.529 
2005-6 1 constant 2 63.00 0.371 
 2 constant 4 67.00 0.050 
 2 survey-specific 8 67.54 0.038 
 3 constant 6 71.00 0.007 
 3 survey-specific 12 72.08 0.004 
* p = probability of detection 

 



 87

Table 4.3 Estimated probabilities of detection (for survey 1, 2, and 3) and site 

occupancy (ψ) of wolverines in the Willmore Wilderness and Foothills of Alberta.  

Estimates are derived from best-fit single-season models. 

Study area # sites survey observed ψ 
 

estimated ψ p s.e. (p) 

Willmore 66 1 0.67 0.75 0.32 0.078 
  2   0.44 0.076 
  3   0.71 0.080 
Foothills 60 1 0.12 0.15 0.11 0.110 
2004-5  2   0.44 0.209 
  3   0.56 0.229 
Foothills 54 1 0.11 0.15 0.64 0.285 
2005-6  2   0.25 0.180 
  3   0.13 0.127 
* p = probability of detection 
 

Wolverine population estimates 

 In the Willmore, hair samples yielded sufficient DNA to identify 26 wolverine 

individuals: 12 males and 14 females. Encounter histories of these 26 individuals were 

used to estimate abundance (Table 4.4). The Mb model estimated 52 wolverines; though 

it had the lowest AIC score (28.99) it also had the highest standard error (38.0). The Mt 

model estimated 27 wolverines, and had a low AIC score (33.21) and the lowest standard 

error (1.3). Similarly, the Mth Chao model estimated 28 wolverines with a low AIC 

(33.38) and a low standard error (2.2). The Mth Chao model assumes variable capture 

probability through time, and wolverine captures did increase from January through 

March. It also assumes variable capture probability among individuals, and this is 

likewise suggested by the data; some individuals visited sampling sites very frequently, 

whereas others had single visitations. Together this evidence supported the Mth Chao 

model and an estimate of 28 wolverines in the Willmore study area. 
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Table 4.4. Estimated abundance of wolverines in the study area in the Willmore 

Wilderness, Alberta, based on Rcapture models with different assumptions of 

capture heterogeneity.  

I selected models with an asterisk* as best supported by the data. 

model abundance 
estimate 

std. error model 
deviance 

degrees of 
freedom 

AIC score 

M0 27.8 1.7 17.09 5 39.72 

*Mt 27.2 1.3 6.58 3 33.21 

Mb 51.7 38.0 4.36 4 28.99 

Mbh 35.0 23.6 3.98 3 30.61 

*Mth Chao 28.2 2.2 4.75 2 33.38 

Mth Darroch 33.2 10.9 4.75 2 33.38 

Mth Poisson 30.0 4.7 4.75 2 33.38 

 
 
 In the Foothills, I detected five wolverines (two males and three females) in Year 

1, only three wolverines in Year 2. Two of the previously detected wolverines were not 

detected again, but the remaining three occurred proximal to the sites they previously 

occupied. The sample size of wolverines in the Foothills is too small to apply a mark-

recapture analysis. Instead, I assumed the ratio of detected animals in the Foothills and 

the Willmore approximated the ratio of total animals in these two areas. I then applied 

Mackenzie and Kendall's (2002) equation, which estimates abundances by adjusting for 

detection probabilities, to estimate relative wolverine abundances in each area. Using this 

technique I estimated 7 wolverines in the study area in 2004-2005, and 4 wolverines in 
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2005-2006. No confidence limits accompany estimates derived this way, and their 

calculation should be the focus of future work. 

Wolverine density estimates 

 I calculated an effective trapping area of 4,140 km² in the Willmore, representing 

90% of the park’s area. I estimated 28 wolverines in this area, yielding a density estimate 

of 1 wolverine per 148 km², or 6.8 wolverines per 1,000 km². Assuming the unsampled 

area had the same density as the sampled area, I estimated 31 wolverines in the entire 

Willmore Wilderness Park. 

 In 2004-2005 a 2,334 km² area was sampled in the Foothills. Assuming an 

estimated 7 wolverines in the study area – the five detected, plus an estimated two 

missing individuals - wolverine density was 1 per 333 km², or 3 wolverines per 1,000 

km².  In 2005-2006 a 2,260 km² area was sampled in the Foothills. Assuming 4 

wolverines in the study area, wolverine density was 1 per 565 km², or 1.8 wolverines per 

1,000 km². 

Wolverine habitat selection 

 Wolverine occurrence was negatively predicted by regenerating areas and seismic 

line density, and positively predicted by landscape ruggedness (AIC weight = 0.54; Table 

4.5). Additional variables did not add explanatory power. The parameter estimate for 

REGEN was unstable in the model; it was positive in the multi-variable model, but 

negative when included by itself in a model (Table 4.6). REGEN negatively affected 

wolverine occurrence, but was not a reliable predictor when used in conjunction with 
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other variables. Given these considerations, the two best predictors of wolverine 

occurrence were landscape ruggedness and seismic line density. 

 

Table 4.5 Generalized linear models of wolverine habitat models. 

Occurrence counts were modeled against GIS habitat data measured at a 5000-m radius; 

the relative model support as measured by AIC weight suggests model 7, with terms 

describing regenerating areas, seismic line density, and topographic ruggedness, best 

explains wolverine occurrence. 

Model Habitat Variables AIC score 
AIC 

weight 

1 MIXED+REGEN+SEISMIC+RUGGED 

+ELEVATION 

223.02 0.13 

2 MIXED+REGEN+SEISMIC+RUGGED 221.32 0.31 

3 MIXED+REGEN+SEISMIC 228.19 0.01 

4 MIXED+REGEN 247.49 0.00 

5 REGEN 278.75 0.00 

6 REGEN+SEISMIC 231.67 0.00 

7 REGEN+SEISMIC+RUGGED 220.23 0.54 

8 SEISMIC+RUGGED 232.32 0.00 

9 RUGGED 237.56 0.00 

10 MIXED+RUGGED 232.90 0.00 

11 MIXED+SEISMIC 236.05 0.00 

12 MIXED+SEISMIC +RUGGED 231.79 0.00 

MIXED = proportion of area in mixedwood forest (co-dominant deciduous and 
coniferous species) 
REGEN = proportion of area regenerating (fires and cutblocks < 20 years old) 
SEISMIC = seismic line density in km of seismic line per km2 of area 
RUGGED = topographic ruggedness index 
ELEVATION = elevation of the sample site (metres above sea level) 
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Table 4.6. Estimated parameters of wolverine habitat models. 

Generalized linear models of wolverine occurrence counts against GIS habitat data, 

measured at a 5000-m radius, suggest wolverines were positively predicted by 

topographic ruggedness and negatively predicted by seismic line density and regenerating 

areas. 

Model Parameter Estimate Std. Error z value p value 
7* intercept -3.236 1.021 2.948 0.0015 
 REGEN 6.310 1.788 2.997 0.0004 
 SEISMIC -1.912 0.535 -3.742 0.0003 
 RUGGED 0.002 0.0005 3.518 0.0004 
5† intercept -0.231 0.115 -2.016 0.0438 
 REGEN -1.457 0.754 -1.932 0.0534 
*Null deviance = 161.67 on 119 degrees of freedom  
*Residual deviance = 90.40 on 116 degrees of freedom 
†Null deviance = 161.67 on 119 degrees of freedom 
†Residual deviance = 156.98 on 118 degrees of freedom 
REGEN = proportion of area regenerating (fires and cutblocks < 20 years old) 
SEISMIC = seismic line density in km of seismic line per km2 of area 
RUGGED = topographic ruggedness index 
 

Discussion 

Wolverine densities differed between the undeveloped and industrial landscapes 

 The estimated density of 6.8 wolverines per 1000 km² in the Willmore is similar 

to estimates from neighbouring British Columbia, where wolverine density in interior 

mountain regions was estimated at 6.2 wolverines per 1000 km² (Lofroth and Krebs 

2007). Willmore densities are higher than the Yukon (5.6 wolverines / 1000 km²; Banci 

and Harestad 1990), and lower than Montana (15 / 1000 km²; Hornocker and Hash 

1981). Conversely, wolverines were rare in the Foothills study area. The density estimate 

of 2-3 wolverines per 1000 km² is lower than estimates from British Columbia, Alaska, 

and the Yukon, and an order of magnitude lower than Montana. It is comparable, 
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however, to densities in Norway where wolverines have experienced centuries of 

trapping, hunting, and forest harvest (Landa et al. 1998). Density differences between the 

Foothills and Willmore cannot be easily explained by spatial population structuring, as 

the two study areas are adjacent to one another. In many places Foothills and Willmore 

sampling sites were separated by 10 - 20 kilometres, much less than a wolverine’s home 

range. Instead, my analysis suggests that differences are best explained by landscape 

topography and anthropogenic landscape development for energy exploration.  

The Willmore has greater topographic relief than the Foothills, and wolverines 

selected for more rugged habitats. Rugged slopes likely influence the availability of den 

sites, which occur in steep snow-covered slopes with large talus boulders or deadfall 

trees and are known to be limiting factors for breeding females (Magoun 1985; Magoun 

and Copeland 1998). Ruggedness may also influence persistence of local-scale snowpack 

through mid-May, the end of the wolverines’ denning period. Snowpack persistence has 

been correlated with wolverine occurrence at large and small scales (Aubry et al. 2007; 

Schwartz et al. 2009; Copeland et al. 2010). No snow data from the study landscapes 

were available for analysis, but one would expect snowpack to be fairly consistent 

among landscapes, remaining for slightly longer annually in the Willmore. In contrast, 

the high-alpine Willmore may offer less prey in winter than the Foothills, as most 

ungulate populations winter at lower elevations, including bighorn sheep (Festa-Bianchet 

1988) and mule deer (D'Eon and Serrouya 2005). In Scandinavia, wolverines showed 

significant selection for lower-elevation habitats during winter months (Landa et al. 

1998), unlike this study. Finally, wolverines’ circumboreal distribution does not indicate 
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that wolverines are evolutionarily predisposed to select rugged over flatter ecotypes. 

More research on the local importance of rugged topography to wolverines is needed. 

 Wolverine density differences were also explained by habitat alteration through 

industrial activity. The Willmore is protected from habitat loss and fragmentation, 

whereas the Foothills are highly fragmented. I found that wolverines were more likely to 

occur in landscapes with relatively lower seismic line density. In a similar test, May et al. 

(2006) found that locations of Scandinavian wolverine home-ranges were better 

predicted by human infrastructure than by habitat. Wolverines have been shown to avoid 

linear features (roads) and other human development in British Columbia (Krebs et al. 

2007), Norway (May et al. 2008), Idaho (Copeland et al. 2007) and Montana (Carroll et 

al. 2001), and throughout the northwestern United States (Rowland et al. 2003). The 

causal mechanisms for this avoidance are not well understood. Interference or 

exploitation competition may occur with mammal species that tolerate human 

development, such as coyotes (Canis latrans). Alternatively, stress induced by human 

proximity may reduce adult or juvenile survival, or female fecundity. Whatever the 

mechanism, my data fit with the weight of evidence across the wolverine’s range: 

occurrence and density decrease significantly with increasing road density and industrial 

development. 

Wolverines were harder to detect where they were scarce 

There was a lower probability of detecting wolverines in the Foothills than in the 

Willmore, where wolverines were over twice as dense. Almost a third of wolverine 

occurrences in the Foothills were estimated to go undetected. This problem is becoming 

better understood (Mackenzie et al. 2002), particularly now that occupancy models of 
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wildlife communities are becoming more widespread (e.g. Bailey et al. 2004; O’Connell 

et al. 2006). The implications of the relationship between wolverine rarity and 

detectability are clear: areas with the lowest densities of wolverines are the least likely to 

yield sufficient data to inform status assessment and legal designation. 

Caveats 

 The influence of other predators may be important as well in this multi-predator 

community. The rugged high-elevation topography of Willmore might provide a refuge 

from predators and competitors, and therefore be higher quality than lower elevation 

Foothills sites where other carnivores are abundant. More information on other 

ecological mechanisms affecting wolverines - such as competition, prey availability, or 

predation - is needed to investigate alternative explanations for the observed differences 

in density. 

Ruggedness was negatively correlated with both seismic line density (Pearson’s c 

= -0.765; p < 0.0001) and regenerating areas (Pearson’s c = -0.503; p < 0.0001) in the 

study landscapes. There was less industrial development in the more rugged mountains, 

confounding the analysis, as no large undeveloped foothills landscapes exist in the 

region. As well, experimental design differences may have influenced my results; 

Foothills sampling by necessity followed Alberta’s Forestry Trunk Road, and this non-

random sampling may have biased my results to an unknown degree. However, a line 

transect would be expected to intercept a greater number of home ranges than a 

rectangular grid (assuming uniform distribution), but fewer wolverines were detected on 

the transect than on the grid. 
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Finally, though high density in the Willmore suggests it is high-quality wolverine 

habitat, density is not always a good indicator of habitat quality (Van Horne 1983).  

Brøseth et al. (2009) showed that wolverine populations can exhibit negative density 

dependence - that is, as densities increase, adult survival decreases. Research on 

wolverine survival in the Willmore is needed before the effect of high density on 

wolverines there can be known. Given the data, selection for the undeveloped rugged 

landscape of Willmore and avoidance of lower-topography and highly developed terrain 

in the Foothills is the best-supported hypothesis to explain wolverine density differences. 

Implications for wolverine conservation 

 I estimated there are about 30 wolverines in the Willmore Wilderness Park. This 

population alone is not self-sustaining, as a population of a few thousand individuals is 

required to maintain a species with low population growth rates (Reed et al. 2003). 

However, the Willmore is an important part of the Yellowstone to Yukon (Y2Y) 

conservation corridor, and Willmore wolverines likely travel between the adjacent or 

connected protected areas in Alberta and British Columbia (B.C.). Alberta wolverines’ 

high genetic variability indicates they are exchanging DNA across large areas, and are 

thus connected to a larger population (Kyle and Strobeck 2001, 2002). This high degree 

of connectivity is necessary to maintain populations of low-density species such as 

wolverines, as it allows for species to span large areas. 

However, habitat connectivity can be detrimental if adjacent population sinks 

contribute to overall population decline (Pulliam 1988; Pulliam and Danielson 1991). To 

the west, in the B.C. wildlife management area immediately adjacent to Willmore, 

wolverines are overharvested and in population decline (Lofroth and Ott 2007). This 
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region of B.C. is also facing recreational and industrial development (Krebs et al. 2007), 

so habitat loss may compound trapping losses. To the east, the Foothills’ historically high 

wolverine abundances (as evidenced by trapping records; Poole and Mowat 2001) have 

apparently been reduced to low densities, suggesting that wolverines there have been 

impacted by landscape development for energy exploration. Conservation of Alberta 

wolverines, as well as conservation of protected areas, must account for wolverine 

populations and their habitats in large landscapes across provincial boundaries. 

Conclusions 

Evidence supports the hypothesis that wolverines select rugged undeveloped 

landscapes and avoid fragmented habitats. The very low density of wolverines in the 

Foothills and the high degree of anthropogenic habitat disturbance occurring there 

suggests that landscape development may influence wolverine populations on this edge 

of the wolverine’s range. This disturbance is increasing as energy exploration and 

development, coal mining, and timber harvesting expand. These economically important 

activities need to be carefully managed to allow for persistence of wolverine populations. 

I hypothesize that the Foothills area may currently be acting as a population sink for 

otherwise protected mountain populations of wolverines. Research is needed to test this 

hypothesis, but the landscape context in which protected areas reside is likely critically 

important to the long-term persistence of wolverines.  

 Wolverines were harder to detect in the lower-density Foothills than in the 

higher-density Willmore. The relative rarity of Foothills wolverines made their absence 

more difficult to establish. Had this study been finalised after the Foothills component, 

low detection probabilities might have led biologists to conclude that the survey 
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technique was inadequate to inform species assessment, designation, and protection. 

However, the application of this same technique to the more densely inhabited Willmore 

revealed that the detection technique was reliable. An absence of proof became, through 

this comparison, proof of absence. The implications of the relationship between species 

rarity and detectability are clear: populations lacking sufficient data for legal assessment 

may be the ones with the fewest individuals, and the ones most urgently requiring 

research and assessment. 
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Chapter 5: Coastal Habitat Selection by Recolonising Sea Otters:  
Seascapes, Species-scapes, and the Role of Apparent Competitors 

 
A common danger unites even the bitterest enemies. 

Aristotle, Politics 
 

Introduction 

Extirpations and range retractions of North American mammals have been 

widespread in the last century (Laliberte and Ripple 2004), with consequences for entire 

biotic communities. As restored species recolonise extirpated areas, they can change 

community composition and ecosystem function in entire landscapes, particularly if they 

play a keystone role (Power et al. 1996; Pace et al. 1999). Understanding the spatial 

pattern of recolonisation of keystone species is necessary to predict the extent of 

ecosystem change. Habitat composition and complexity are two obviously important 

predictors of recolonisation (Morrison 2009), but the role of interspecific interactions 

remains relatively unknown. Discerning the relative importance of resources and 

interspecific interactions to habitat selection is analogous to distinguishing between the 

fundamental niche, in which a species could potentially live, and the smaller realised 

niche, to which a species is limited by predation and competition (Hutchinson 1965). 

Elucidating these interspecific interactions can reveal those ecological processes lost 

from the system upon extirpation. Recolonisation of the northeast Pacific coast by sea 

otters (Enhydra lutris Linnaeus) provides an opportunity to examine the effects of 

interspecific interactions on habitat recolonisation. 

Sea otters historically numbered in the hundreds of thousands across the northeast 

Pacific Rim. Unregulated harvest led to widespread declines and local extirpations; 
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following legislated protection, sea otters expanded from refuges or were re-introduced 

(Kenyon 1969; Wilson et al. 1991). Sea otters structure coastal ecosystems through 

suppression of sea urchin (Strongylocentrotus spp.) populations, which feed on 

macroalgal kelp. In the absence of sea otters, urchins dominate and cause local 

extirpations of kelp, creating low-productivity “urchin barrens” (Estes and Palmisano 

1974; Estes et al. 1978; Estes and Duggins 1995). The presence of otters markedly 

reduces urchin populations; escape from herbivory allows kelp to grow into forests that 

provide habitat for diverse kelp forest communities. Sea otter recolonisation initiates 

trophic cascades that alter organic carbon flows (Duggins et al. 1989), competition 

between kelp species (Duggins 1980), fish communities (Watt et al. 2000), and predator-

prey interactions in invertebrates and sea birds (see Estes et al. 2004, 2009a for reviews). 

Though effects of sea otter populations on marine coastal communities has been well 

researched (e.g. Estes and Palmisano 1974; Estes et al. 1978; Duggins 1980; Watson 

1993; Konar 2000; Dean et al. 2000), the reciprocal effect of these communities on sea 

otter populations and spatial dynamics has not. 

Predation on sea otters, for instance, may markedly affect spatial patterns of sea 

otter occurrence. Sea otters are preyed upon by transient-ecotype killer whales (Orcinus 

orca; Estes et al. 1998; Hatfield et al. 1998; Williams et al. 2004; Vos et al. 2006), but to 

an unknown degree. Despite some controversy (DeMaster et al. 2006; Wade et al. 2007; 

Wade et al. 2009; Kuker and Barrett-Lennard 2010), substantial evidence and theory 

supports predation by killer whales as the source of Alaskan otter declines (Springer et al. 

2003, 2008; Williams et al. 2004; Estes et al. 2009a,b). I hypothesize that avoidance of 

predation might be attained through smaller-scale spatial segregation from apparent 
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competitors (sensu Holt 1977; 1984) including killer whales’ preferred prey, harbour 

seals (Phoca vitulina) and Steller sea lions (Eumetopias jubatus). The recent 

reintroduction and recolonisation of the coastline of Vancouver Island, British Columbia, 

Canada by sea otters (Bigg and MacAskie 1978; Watson et al. 1997) provides an 

opportunity to test hypotheses about factors governing habitat selection by sea otters in 

relation to their apparent competitors. 

Sea otter and pinniped ecology 

Sea otters are marine mustelids that consume a quarter of their body mass per day 

in prey biomass to maintain metabolic rates (Kenyon 1969). Sea urchins are primary prey 

of sea otters (Estes and Palmisano 1974; Estes et al. 1978; Duggins 1980; Estes and 

Duggins 1985). Bivalve infauna are secondary but important (Green and Brueggeman 

1991; Kvitek et al. 1992, 1993; Kvitek and Oliver 1992). Most foraging occurs within a 

30-m depth (Bodkin et al. 2004; Laidre et al. 2009). Despite high potential growth rates 

(Estes 1990), sea otters are prone to high mortality rates. In recent decades Alaskan sea 

otter populations experienced the most precipitous decline of a mammalian carnivore in 

recorded history (Doroff et al. 2003). Hypothesized mechanisms for this decline include 

disease (Kvitek et al. 1991; Kvitek and Bretz 2004), intraspecific competition, resource 

limitation, intrinsic population regulation, stochastic environmental events, and cyclic 

environmental patterns such as El Niño - Southern Oscillations events (see Estes et al. 

1998 for review).  

Most of these mechanisms have been largely refuted, with the exception of those 

describing large-scale exogenous forces. Winter storms during critical periods of the sea 

otter's reproductive cycle can kill the majority of a population's pups (Jameson and 
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Johnson 1993). Predation may also inflict high mortality on sea otters. Transient-ecotype 

killer whales (Orcinus orca) prey on mammals along the northeast Pacific coast (Baird et 

al. 1992; Baird and Dill 1996; Ford et al. 1998; Saulitis et al. 2000). Alaskan otter 

declines have been tentatively attributed to predation by killer whales, a result of prey-

switching as populations of primary prey of killer whales – cetaceans and pinnipeds – 

have declined (Estes et al. 1998; Hatfield et al. 1998; Springer et al. 2003; Williams et al. 

2004). If the predation hypothesis is true, offshore and inshore ecological processes – 

including interspecific interactions - may be much more tightly linked than supposed 

(Estes et al. 1998). 

 Harbour seals (Phoca vitulina richardsii) are killer whales’ primary prey in the 

northeast Pacific (Jefferson et al. 1991; Ford et al. 1998; Saulitis et al. 2000; Heise et al. 

2003). Harbour seals are abundant on northeast Pacific coasts (Reidman 1990), where 

they consume seasonally abundant prey such as salmonids (Oncorhynchus spp.), hake 

(Merluccius productus), herring (Clupea spp.), rockfish (Sebastes spp.), perches, flatfish, 

and squids (Everitt et al. 1981). Seals move daily between rocky open-water foraging 

grounds, and land-based resting haul-outs (Zamon 2001; Hayward et al. 2005). 

Differences in natal site fidelity cause segregation among sex and age-classes and spatial 

structuring in populations (Härkönen and Harding 2001). Predator avoidance may also 

contribute to spatial structuring, as this influences selection of haul-outs by seals 

(Nordstrom 2002). Predation may be considerable, and may have driven declines in 

Alaskan harbour seal populations in recent decades (Frid et al. 2006), potentially as a 

result of killer whales switching from sea lions as prey (Estes et al. 1998; Hatfield et al. 

1998; Springer et al. 2003; Williams et al. 2004). 
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Steller sea lions (Eumetopias jubatus Schreber) occur across northeast Pacific 

coasts. They are central-place foragers, making daily movements between haul-out sites 

and forage patches (Womble and Sigler 2006), where they prey primarily on walleye 

pollock (Theragra chalcogramma), Pacific herring (Clupea spp.), sand lance (Ammodytes 

hexapterus), salmonids, Pacific cods (Gadus spp.), rockfish, flatfishes, octopus, and squid 

(Loughlin et al. 1987; Trites et al. 2006). Seasonal aggregations of energy-rich pelagic 

prey (Sigler et al. 2004; Womble and Sigler 2006), and location of suitable haul-outs 

(Sease and York 2003) influence sea lion habitat selection.  

Killer whales are important predators of Steller sea lions (Heise et al. 2003). 

Though eastern populations (southeast Alaska, Canada, and U.S.) of sea lions have 

increased in the last three decades (Pitcher et al. 2007), the western population (Gulf of 

Alaska, Aleutian Islands and Russia) has declined 70-80% in the last three decades 

(Trites and Larkin 1996; Merrick et al. 1999; Winship and Trites 2006). Hypotheses such 

as the “junk food hypothesis” (Merrick et al. 1997; Rosen and Trites 2000; Hennen 

2006), climatic shifts (Fritz and Hinckley 2005) or a combination thereof (Trites et al. 

2007) have been posited, with varying degrees of support. Predation by killer whales on 

Steller sea lions, resulting from prey-switching following seal declines, remains most 

supported by existing evidence (Springer et al. 2003, 2008). This suggests that predation 

is a key driver of the occurrence of marine mammals in northeast Pacific coastal 

ecosystems. 

Hypothesized drivers of sea otter occurrence 

With their heavy reliance on prey to meet high metabolic demands, it is generally 

believed that habitat selection by sea otters is predicted by prey abundance (e.g. Gregr et 
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al. 2008). However, in this coastal ecosystem, a half century of extirpation of sea otters 

has yielded markedly abundance of invertebrate prey (Watson 1993; Watson et al. 1997). 

Abundant prey is reflected in high population growth rates for sea otters (Estes 1990). 

Despite these rates, recolonisation of Vancouver Island by sea otters has been spatially 

heterogeneous, even in prey-rich areas. Local subpopulations are patchily distributed 

along the recolonisation gradient. I suggest that other factors may additionally limit sea 

otter recolonisation. 

First, if mortality through winter storms is as severe as Jameson and Johnson 

(1993) suggest, then landscape structure, defined by coastal topography, may mediate 

these effects by providing shelter. Watson (1993) noted movement by sea otters into 

protected waters during storms. A juxtaposition of foraging and shelter habitat may be 

required for persistence. Second, if predation by killer whaled on sea otters is a 

potentially significant source of mortality as data suggest (Estes et al. 1998; Hatfield et 

al. 1998; Williams et al. 2004), then predation avoidance may have evolved in response 

to this selection pressure. Spatial segregation from apparent competitors may afford a 

predation refuge (sensu Holt 1984; Holt and Kotler 1987). Based on these predictions, I 

tested three competing hypotheses that sea otter occurrence is explained by: 

1. the amount of benthic habitat available for foraging (within the 30-m depth 

contour); 

2. the degree of coastline complexity, as an index of available shelter; 

3. the presence or absence of sea otters’ apparent competitors, seals and sea lions. 
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Methods 

Study area 

 The study area sits on the west coast of Vancouver Island, British Columbia 

(B.C.), Canada, on edge of the northeast Pacific Ocean (Figure 5.1). Summers are 

temperate; winters are mild with extensive rain and frequent storms with intense waves. 

We surveyed otters and pinnipeds on ocean-exposed coastlines in Clayoquot and Nootka 

Sounds between latitudes and longtitudes of 48.58510, -127.38358 and 49.82619,-

127.06429, at the southern end of B.C.’s sea otter recolonisation frontier. This complex 

coastline is bordered by a subsurface shelf with most depths less than 30 m, but reaching 

depths over 100 m. It is cut by deep fjords over 300-m deep. The coastline is 

heterogeneous, ranging from rocky cliffs to broad sweeping sandy beaches. Rocky reefs 

and small islands are numerous; several larger islands (circa 150 km2) occur along the 

shore. Urchins (Strongylocentrotus spp.) are common in rocky reefs, and bivalves 

(Saxidomas, Macoma, Panopea, Tresus spp.) occur in sandy sediments. Kelp forests 

(Laminaria saccharina, Macrocystis integrafolia, Nereocystis luetkeana) are clustered 

sporadically along the coastline, supporting a high diversity of fish, crabs and other sea 

otter prey.  
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Figure 5.1. Study area for sea otter occurrence 

Sea otter occurrence in relation to habitat and apparent competitors was studied in 

Clayoquot and Nootka Sounds in Vancouver Island, Canada, on the coastline of the 

northeast Pacific Ocean. 

 

Species sampling 

We surveyed sea otters, seals, and sea lions from May to October 2006 via boat-

based linear transect surveys (Buckland et al. 2004). Though such surveys may produce 

unidirectional biases in abundance data that preclude accurate population estimators 

(Udevitz et al. 1995), I assumed that these biases are sufficiently uniform across areas 

and habitat types to allow comparative analyses. Killer whales frequently but sporadically 
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entered the study area, so were not surveyed. Surveys were conducted roughly 200 m 

from land but varied with local coastal topography. Transects totalled circa 300 km in 

length. Five replicate surveys were randomly distributed with respect to tide cycle 

throughout each sample season. Each replicate survey yielded location data (within 50 m) 

and abundances of surveyed species across the study area. 

Location data were reclassified into 1-km by 1-km grid cells defined a posteriori. 

I summed the observed number of surveys a species was detected within a specific grid 

cell, across replicate surveys, yielding a 1-5 count of occurrences in each grid cell. 

Additionally, 150 sea otter-absent locations were randomly selected from a pool of grid 

cells that were on or within 1-km of the survey transects. I used this 0-5 count dataset to 

select the spatial scale of habitat analysis. I then converted this dataset into 

presence/absence data for each species for further habitat modelling, as pilot modelling 

showed that responses to interspecific occurrences were binary. If a species was observed 

(regardless of abundance) in any survey within that grid cell, it was recorded as present. I 

also limited the number of random absences to prevent 0,0 occurrences of sea otters and 

heterospecifics (n=25) from falsely driving co-occurrence patterns. This yielded a 

balanced dataset of presences and absences for each species across the study area. 

Habitat analysis 

We measured the amount of foraging habitat and amount of shelter habitat across 

the study area at twenty spatial scales around each grid cell using ArcGis 9.1 Spatial 

Analyst (Environmental Systems Research Institute, Inc., Redlands, CA, USA). To 

ascertain the spatial scale at which sea otter habitat selection occurred, I modelled habitat 

selection at twenty spatial scales. Each scale consisted of a circle circumscribing the 
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centroid of a grid cell. I used circles of 250-m radius up to 5000-m, in 250-m increments. 

Coastal line density and bathymetry were measured within these circles, for each species-

positive and species-negative grid cell. 

I used coastline complexity as an index of shelter habitat. ArcGIS Spatial Analyst 

was used to generate coastline density (m/km2) measures from GIS coastline shape data 

(B.C. provincial data; http://geobc.gov.bc.ca/). Coastline complexity was calculated by 

measuring the coastline length (including islands) within each spatial scale (250 – 5000 

m2) around each grid cells’ centroid (Figure 5.2). More complex coastlines had higher 

coastline density. Less complex coastlines were characteristic of protected bays with 

typically shorter fetch and lower exposure that potentially offered shelter from storms 

waves. 

I classified foraging habitat as the amount of subsea area within 0-30 m depth. 

GIS bathymetry data were obtained from Canadian Hydrographic Service data composed 

from digital marine charts. Polyline data were interpolated to create a raster dataset, and 

measured the area covered by each depth contour at each spatial scale, for each grid cell. 

Depths were classified in 10-m increments from 0-m to 310-m depths. The percentage of 

each depth range classification within each spatial extent around each grid centroid was 

calculated (Figure 5.3). The percentage of subsea area between 0- to 30-m depths was the 

independent variable describing available foraging habitat. 

 

 

http://geobc.gov.bc.ca/
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Figure 5.2 Calculating coastline complexity  

Coastline shape data (curved lines) were measured and summed to calculate coastline 

complexity, indexed as the linear distance of coastline (red curved lines) within each 

spatial scale (circle) surrounding the sampling grid cell’s centroid (black dot). For 

example, 11.8 km of coastline within a 5000-m radius circle yields a complexity of 

0.00015 m /m2.  
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Figure 5.3. Foraging habitat for Sea otters determined by bathymetric survey 

Bathymetry contour data (dashed lines) were summed to calculate the percentage of 

subsea area within each depth contour (0-10 m, 10-20 m, etc.) at each spatial scale (grey 

circle). The subsea area within 0-30 m depth was calculated as an index of amount of 

available foraging habitat for sea otters. 

 

Statistical analysis 

To identify the correct scale of analysis, I modeled sea otter counts against 

percentage area within 30-m depth and coastline complexity at each of twenty spatial 

scales using generalized linear models (GLM) in R (R Core Development Team 2007) 

with Poisson errors and log link function (Crawley 2007). Resulting models were 

analysed using an information-theoretic approach to model selection (Burnham and 
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Anderson 2002). Models were ranked based on Akaike’s Information Criterion (AIC) 

score. Model AIC weights were calculated for each scale; the scale generating the model 

with the highest AIC weight was identified at the best, or characteristic, scale for 

additional habitat modelling. 

At this characteristic spatial scale, I modelled sea otter presence/absence against 

percentage area within 30-m depth, coastline complexity, seal presence/absence, and sea 

lion presence/absence, using GLMs with binomial errors and logit link function. I created 

several models corresponding to my competing hypotheses. I used AIC weights to 

measure the weight of evidence supporting each model, and identify those variables that 

best explained sea otter presence. I additionally conducted a χ2 test on presence/absence 

of sea otters and seals and sea lions to examine probabilities of their co-occurrence. 

Results 

 Not all spatial scales were equally effective at explaining sea otter occurrence. 

Coastline complexity and 30-m depth measured at the 3250-m radius better explained 

otter occurrence than these same variables measured at other scales (Figure 5.4). Over 

76.5% of the weight of evidence (from summed AIC weights) suggests that habitat 

measured at scales between 3250 m and 3750 m explains otter occurrence. I consequently 

used habitat measured at the 3250-m scale for testing hypotheses about habitat selection. 

The models suggested that sea otter presence was explained by a combination of 

subsea depth, coastline complexity, and the presence of seals and Steller sea lions (Table 

5.1). The model with all four variables had the highest AIC weight (0.67). The models 

omitting seal and sea lion presence were the least supported (AIC weight = 0.00) 

although they still included all habitat variables. 
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Figure 5.4. Characteristic scale for measuring sea otter occurrence 

Support for models (AIC weights) of sea otter presence / absence against habitat were 

measured across twenty spatial scales (circles of 250-m to 5000-m radius) around each 

sampling grid cell. Habitat measured within a 3250-m radius best explained sea otter 

occurrence. 
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Table 5.1. Habitat model selection for sea otters on the coast of Vancouver Island, 

Canada.  

The competing models contain habitat variables hypothesized to explain sea otter 

presence/absence, in addition to presence of seals and sea lions. Model 1 (in bold) is the 

best-supported model. 

Model Model Variables 
AIC 

score 

Δ AIC AIC 

weight

1 30mDepth+Complexity+Seal+Steller 208.33 0 0.67 

2 30mDepth+Complexity+Seal 209.77 1.44 0.33 

7 30mDepth+Complexity+Steller 220.23 11.9 0.00 

3 30mDepth+Complexity 222.75 14.42 0.00 

4 30mDepth 230.24 21.91 0.00 

5 Complexity 233.65 25.32 0.00 

6 Seal 226.08 17.75 0.00 

30mDepth = percent of subsea area between 0-30m depth. 
Complexity = linear distance of coastline per unit area (m/m2) 
Seal = harbour seal presence / absence 
Steller = Steller sea lion presence / absence 

 

 

The parameter estimates from this best-supported model indicate that sea otters 

were more likely present in areas where subsea depth was 30 m or less, landscape 

complexity was low, and both seals and Steller sea lions were absent (Table 5.2). 

Pinniped occurrence was a significant negative predictor of sea otter occurrence. The 

significance of seals to otter occurrence was corroborated by the χ2 test, which suggests 

that distributions of sea otter and seal presences within grid cells were significantly 

different from that expected by chance (χ2 = 20.75, d.f. = 1, p = 5.22 x 10-6).  Seals 

occurred irrespective of sea otters, but over 71% of otter occurrences were in grid cells 

 



 124

from which seals were absent. Seals and otter co-occurred in only 18% of grid cells 

(Table 5.3). The significance of the presence of Steller sea lions is less clear, as the  χ2 

test suggested that distribution among cells did not differ from chance (χ2 = 2.21, d.f. = 1, 

p = 0.1373).  Sea lions occurred irrespective of sea otters, but over 80% of sea otter 

occurrences were in grid cells from which sea lions were absent. 

 

Table 5.2. Parameter estimates for the best-supported model predicting sea otter 

presence/absence.  

Parameter* Estimate Std. Error z value P 

intercept 2.281e-01 7.533e-01 0.303 0.762023 

30mDepth 3.199e-02 1.032e-02 3.100 0.001933 

Complexity -1.355e+03 5.411e+02 -2.505 0.012256 

Steller -7.454e-01 4.029e-01 -1.850 0.064286 

Seal -1.296e+00 3.514e-01 -3.688 0.000226 

*model null deviance = 244.45 (183 d.f.); residual deviance = 198.33 (179 d.f.) 

 

Table 5.3. See otters tend not to co-occur with seals and sea lions 

Contingency table of presence / absence of sea otters, seals, and sea lions within 1-km2 

grid cells, sampled via five replicated boat-based surveys over six months on Vancouver 

Island, Canada. Absence of a species is designated 0, and presence is designated 1.  

Seal occurrence Sea lion occurrence  
0 1 0 1 Total 

0 25 45 49 21 70 
1 81 33 92 22 114 

Sea otter 
occurrence 

Total 106 78 141 43 184 
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Discussion 

An understanding of a restored species’ habitat relationships is needed to predict 

its recolonisation patterns. Habitat is traditionally synonymous with resources (e.g. Hall 

et al. 1997; Manly et al. 2002) such as food and shelter. This restricted view omits the 

influence of interspecific interactions on a species’ habitat selection and subsequent 

distribution. Species interactions have been fundamental to niche theory, from Grinnell 

(1917a,b), Elton (1927), and Hutchinson (1957) to the present (Chase and Leibold 2003). 

The integration of interspecific interactions into habitat selection theory may be required 

to more fully understand the spatial dynamics of species. Holt (1984; p. 378) suggests 

that “predators may provide axes for niche differentiation among prey, just as prey, as 

resources, constitute niche dimensions for predators”. I extend this argument beyond 

niches and suggest that occurrence of heterospecifics be used as habitat variables. This 

principle is illustrated in this study system, wherein the presence of seals and sea lions is 

a key predictor of the occurrence of recolonising sea otters.  

Sea otters selected habitats within the 30-m depth contour as hypothesized. Most 

foraging by sea otters occurs within this depth (Bodkin et al. 2004; Laidre et al. 2009). 

Sea otters have a diverse diet, foraging for urchins on rocks, fish and crabs in kelp, and 

bivalves in soft sediments. Bottom type is likely less important to otters than depth; my 

results support this assumption. Sea otters also selected areas adjacent to less complex 

coastlines. Wave-exposed coastlines consisting of rocky reefs and small islands are more 

complex than sheltered bays and beaches. Although sea otters’ primary prey – urchins – 

are found more often on exposed reaches (Watson 1997; Gregr et al. 2008), the 

juxtaposition of foraging habitat with nearby sheltering habitat is clearly important. The 
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loss of the majority of a year’s pup production from winter storms (Jameson and Johnson 

1993) is likely a significant selection pressure for shelter habitat. Though significant, 

resource variables do not sufficiently describe otter occurrence. There were many 

locations with shelter and foraging habitat that were not occupied by sea otters, though 

otters could easily reach them. After accounting for habitat, the presence of pinnipeds 

significantly and negatively explained occurrence of sea otters on this coastline. This 

segregation is not likely due to exploitation or interference competition for resources; 

seals and sea lions are piscivores, whereas sea otters feed primarily on urchins at the 

recolonisation frontier. Antagonistic interactions were not noted in this study or in the 

literature. I suggest that the observed spatial relationships are a result of sea otters’ spatial 

segregation from apparent competitors to minimise risk of predation by killer whales.  

Holt (1977) suggested that two sympatric species that do not directly compete for 

resources could nevertheless reduce each other’s equilibrium population density if they 

share a common predator. This apparent competition occurs when one prey species 

supports a predator population that also preys on the second species. Resulting 

decoupling of predator regulation by the inclusion of a second prey allows for greater 

predator densities, and reduces equilibrium densities of both prey species (Holt 1977). 

However, by the same mechanism, apparent competition can foster coexistence among 

prey species, when predation pressure is not intense. Holt and Kotler (1987) demonstrate 

that the effects on prey species that share a predator may occur over short time frames 

through the predators’ functional response, rather than numerical response. When 

predators are long-lived and wide-ranging, they can produce observable effects on prey 

over large (regional) spatial scales, as they can effectively couple shared-prey 
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subpopulations across space. In large spatially heterogeneous landscapes, shared 

predation can foster species coexistence, and also lead to patterns of habitat partitioning 

and spatial segregation among prey species (Holt 1984). Habitat selection by the predator 

may provide predation refugia for alternative prey, if the predator selects its habitat 

optimally and opts for patches with high energy returns. Differences in predation rates 

among shared prey species then lead to segregation across habitat types and/or across 

space. 

I did not measure population responses of sea otters, seals, and sea lions to 

predation by their common predator, killer whales. Instead, there is an observed pattern 

of segregation among these species, whereby sea otters are segregated from seals and sea 

lions, in addition to selecting habitat along resource axes. Behavioural segregation of 

shared prey species has been demonstrated in terrestrial systems. Woodland caribou 

(Rangifer tarandus), the less abundant and less preferred prey of wolves (Canis lupus), 

segregate from more abundant and preferred moose (Alces alces; James et al. 2004). This 

spatial segregation through habitat partitioning serves to reduce opportunistic predation 

on the less preferred prey. 

In this system, sea lions and seals are preferred by killer whales over sea otters 

(Jefferson et al. 2001), as pinnipeds possess high-calorie blubber that otters lack 

(Williams et al. 2004). The spatial segregation observed may be a similar behavioural 

response to avoid predation risk by proximity to preferred killer-whale prey. It is also 

possible that the segregation observed is not a result of behaviourally mediated patch 

choice (sensu Grand 2002) but instead a spatial numerical response, a result of 

differential foraging by predators on shared prey through population mechanisms 
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described by Holt (1977; 1984) and Holt and Kotler (1987). Without population 

dynamics data I cannot conclude whether apparent competition is occurring, but my 

results are congruent with this hypothesis. 

I also found that sea otters’ response to habitat in this landscape was scale-

dependent. Otters selected habitat at scales between 3250-3750 m; models based on 

habitat measured at smaller and larger spatial scales were not supported. A characteristic 

scale of selection has also been found for beetles (Holland et al. 2004) and terrestrial 

mammals (Chapters 2 and 6). My results emphasize the importance of scale-dependence 

and highlight the need to identify the correct scale of analysis when conducting habitat 

selection studies. Finally, it should be noted that the coastal carnivore community in this 

seascape is in flux, as sea otter abundance is increasing via recolonisation. An estimated 

3-fold increase in sea otter abundance occurred in Clayoquot Sound, the southern 

recolonisation frontier, between the summers of 2005 and 2006 (J. Fisher, unpublished 

data). The effect of this influx on existing patterns of habitat segregation and species 

coexistence in this system is unknown. 

Conclusions 

Occurrence of sea otters on the Vancouver Island recolonisation frontier is 

positively predicted by the amount of foraging habitat, and negatively predicted by 

coastline complexity and the presence of pinnipeds. Spatial segregation from apparent 

competitors may minimise predation risk, and implicates predation by killer whales as  

important for sea otters in this system. Predation risk (Hebblewhite et al. 2005) and 

competition (Chapter 3) are critical but are overlooked spatially-mediated ecological 

processes. They must be considered as ecologists strive to better elucidate the 
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relationships between species and their environments. Beyond ecological mechanisms, 

my results have implications for applied research and conservation.  

Canada’s Sea Otter Recovery Strategy (Sea Otter Recovery Team 2007) assumes 

that predation is not an important mortality factor for sea otters, though admits that a 

better understanding of predation in this system is warranted. I concur. Whereas killer 

whales may not now measurably reduce sea otters abundance on this coast, my results 

suggest that enemy-free space is a key habitat requirement for sea otters. Failing to 

provide this space may compromise recovery plans. Models based simply on resources 

will overestimate available habitat for recovering sea otters, as well as estimates of 

carrying capacity (e.g. Gregr et al. 2008).  

This same principle holds true for habitat studies in general – failing to account for 

the spatial effects of other species in addition to resources will result in faulty empirical 

and conceptual models of habitat use. Habitat selection studies should move beyond 

measuring resources in landscapes, and consider species-scapes: a spatial plane of species 

interactions that combines with resources to drive species’ distributions. This is 

conceptually analogous to distinguishing between a species’ realised niche and its 

fundamental niche (Hutchinson 1965), and would allow the application of niche theory to 

habitat studies to determine the influence of interspecific interactions on a species’ 

distribution and persistence. 
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Chapter 6: Body Mass Explains Characteristic Scales of  
Habitat Selection in Terrestrial Mammals 

 
...if there are predictable patterns that may be observed in what we define as communities and 
ecosystems, they have arisen through the individualistic ecological and evolutionary responses of 
their components, rather than some higher level evolution at the ecosystem level...  
That there is no single correct scale or level at which to describe a system does not mean that all 
scales serve equally well or that there are not scaling laws.  
- Simon A. Levin, The Problem of Pattern and Scale in Ecology. 

 

Introduction 

Ecology has been devoted to defining the content of a species’ environment – 

those factors that permit a species’ persistence in geographical space. This work is 

predicated largely on niche theory in its various forms (Grinnell 1917; Elton 1956; 

Hutchinson 1957; Chase and Leibold 2003). However, much less work has focussed on 

defining the extent, or size, of a species’ environment: the area required to explain a 

species’ occurrence in space. Defining habitat extent extends far beyond simple home-

range measures. It integrates an individual’s lifetime interactions with competitors, 

predators, parasites, and mates (e.g. Wiens et al. 1993). Since species evolve adaptations 

to their environments, quantifying that environment is fundamental to understanding 

evolution (Stauffer 1957). Defining extent is arguably as important as defining content 

when elucidating the ecological mechanisms that drive evolution. This is the essence of 

the “scale problem” in ecology (Levin 1992) – defining the spatial and temporal scale at 

which ecological processes and patterns, such as species distribution, should be 

measured. 

Scale is considered a conceptual “problem” because ecological processes change 

across time and space (Wiens 1989), thereby preventing reliable inference across systems 
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(Levin 1992). An ecologist’s selection of the space and time to measure a process will 

radically affect the outcome of an experiment. Determining the appropriate scales at 

which to measure ecological processes must be a fundamental endeavour of ecological 

inquiry (Levin 1992), and to do this, one must understand how ecological processes 

changes across space and time (Kotliar and Wiens 1990). Several conceptual frameworks 

have been developed to describe these changes. Wiens (1989) suggests that ecological 

processes operate over a continuum of scales; within a range or domain of scales, a 

process operates more or less the same. Domains are bounded by scale breaks, across 

which processes operate differently; inferences cannot be extrapolated across domains. 

Some empirical support for this theory has slowly emerged (e.g. Jombard et al. 2009; 

Wheatley 2010).  

A related conceptual framework is ecological hierarchy theory (Allen and 

Hoekstra 1992), which suggests that an ecological process occurring at a small scale is a 

component of another ecological process at a larger scale. Larger-scale processes 

constrain smaller-scale processes in a hierarchical relationship (Allen and Starr 1982; 

O’Neill et al. 1986; Wu and Loucks 1995). Under this hierarchical framework, any 

ecological process must be examined at multiple scales simultaneously, to adequately 

investigate its components and constraints (Allen and Hoekstra 1992). Fundamental to 

hierarchy theory and other scale theories is the concept of two dimensions of scale: grain 

and extent. Grain refers to the lower limit of resolution, or “pixel size”; it is the smallest 

distinct unit of space (or time) being measured. Extent defines the size of the area being 

investigated, and usually refers to the size of the experimental unit. Matching the grain 

and extent of analysis to the grain and extent at which an organism responds to its 
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environment must be a primary goal of ecological inquiry (Kotliar and Wiens 1990; 

Levin 1992). 

With the development of conceptual frameworks the concept of scale has evolved 

from a pervasive ecological cautionary tale (Levin 1992) to an increasingly effective 

scientific tool (Schneider 2001; Scott et al. 2002). Examination of scale dynamics has 

revealed much about the functioning of ecological processes, from allometric 

relationships (Peters 1983) to biodiversity patterns (Brown 1995; Storch et al. 2007). For 

example, multiple-scale analysis has been demonstrated to be of key importance in 

investigating species-habitat relationships (e.g. Johnson 1980; Morris 1987; Senft et al. 

1987; Wiens et al. 1987; Scott et al. 2002; Morris 2003). However, the reason that habitat 

selection varies across scales is hotly debated, due in large part to a lack of consistent 

data (Holland et al. 2004; Schooley 2006; Mayor et al. 2009; Wheatley and Johnson 

2009; Fisher and Volpe, in review). 

Much research on species-habitat relationships (referred to broadly here as habitat 

selection) has been conducted on mammals, and many recent studies have explicitly 

examined selection at multiple spatial scales (e.g. Johnson et al. 2002; Fisher et al. 2005; 

Wheatley et al. 2005; Ciarniello et al. 2007; Jenkins et al. 2007; Mayor et al. 2009). 

These studies have nearly unanimously demonstrated that the relationship between 

habitat and species occurrence changes across spatial scales of investigation (Fisher and 

Volpe, in review). Inferences about species-habitat relationships will therefore differ 

depending on which scale is being investigated. 

It is therefore not surprising that recent attempts to derive generalities and seat 

habitat selection within a larger body of ecological theory have highlighted the many 
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controversies inherent in multi-scale habitat selection (Bowyer and Kie 2006; Mayor et 

al. 2009; Wheatley and Johnson 2009; Laca et al. 2010; Fisher and Volpe, in review). It 

is unknown whether scale-dependent habitat selection reflects a population-level response 

(Morris 2003), an individual response that is a function of home-range size (e.g. 

McLoughlin et al. 2002, 2004), or both. It is unknown whether scale-dependent habitat 

selection is a function of landscape characteristics reflecting bottom-up resource 

limitation, or top-down trophic control (e.g. Rettie and Messier 2000). At the heart of 

these and other major conceptual gaps lies an unanswered question: are several spatial 

scales required to explain a species occurrence, or is there a single scale that best 

describes species occurrence? 

The existence of a characteristic spatial scale 

Several lines of evidence suggest that ecological processes operate simultaneously 

at different domains of scale; this basic prediction from hierarchy theory is the basis for 

hierarchical habitat selection (Johnson 1980) upon which many recent empirical habitat 

selection studies have been based (Fisher and Volpe, in review). Under Johnson’s (1980) 

theory, habitat selection occurs as individuals choose resources within a core area, core 

area within a home range, and home range within a species range. Scale grain and extent 

vary across each hierarchical spatial scale. Though intuitive, this premise is often 

implicitly extended to assume that each spatial scale is more or less equally important in 

describing a species’ habitat selection. If true, then one would expect little difference in 

explanatory power of habitat models across scales; only the explanatory variables would 

be expected to differ. However, as Levin (1992) suggested, not all scales are equal. It is 

possible that within a species, one scale may better explain habitat selection than other 
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scales, called a characteristic selection scale (sensu Holland et al. 2004). If one scale is 

more important than others, one would predict that the explanatory power of habitat 

variables changes across scales, peaking at this characteristic scale. The existence of a 

characteristic scale of selection within species has been suggested by several empirical 

studies, but is still hotly debated (Holland et al. 2004; Bowyer and Kie 2006; Mowat 

2006; Nams et al. 2006; see also Schooley 2006).  

If characteristic spatial scales exist, a possible mechanism may be inferred from 

Holling’s (1992) textural-discontinuity hypothesis. This hypothesis suggests that 

ecological processes are discontinuously distributed in discrete “quanta” over their spatial 

and temporal ranges. Discontinuity creates different degrees of resource patchiness over 

different domains of scale. Species have evolved body masses that constrain them to 

select landscape resources at one of these scaled domains (Holling 1992). I suggest that if 

body mass is limited by landscape patchiness and resource dispersion across spatial 

scales, then by corollary, the characteristic scale of a species’ habitat selection should be 

a function of its body mass. This hypothesis could be tested by examining habitat 

selection across scales of different-sized species occurring in the same landscape at the 

same time. I tested this hypothesis by simultaneously surveying 12 mammal species 

sympatrically distributed in a mountain landscape, and modelling the habitat selection of 

each species across 20 spatial scales. I tested (1) whether a characteristic habitat selection 

scale existed for these mammal species, and (2) whether this scale could be predicted by 

species’ body mass. 
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Methods 

Study area 

 Terrestrial mammals were sampled in the Foothills and Rocky Mountains of 

west-central Alberta, Canada (Figure 6.1). The entire Rocky Mountain portion of the 

study site lies within the Willmore Wilderness Park, a 4,600 km² conservation area 

protected from forest harvesting, mining, seismic exploration, and roads. Public access is 

restricted to hiking or horseback. The Willmore sits in the Front Ranges of the Rocky 

Mountains, part of the Western Cordilleran system. Topography is rugged, with high 

peaks, steep-sloped ridges, and valley bottoms. Alpine areas are characterized by 

mountain meadows of herbs and shrubs. Subalpine slopes are forested by Engelmann 

spruce (Picea engelmanni) and subalpine fir (Abies lasiocarpa). The Foothills study area 

forms the eastern border of the Rocky Mountains with moderately rugged topography 

and elevation ranges from 700 m to 1700 m. Forests are most commonly mixed mature 

lodgepole pine (Pinus contorta) with white spruce (Picea glauca), or mixed spruce and 

balsam fir (Abies balsamea). Pine and mixed stands are often fairly open, with a sparse 

alder (Alnus crispa) understorey. Small deciduous stands of trembling aspen (Populus 

tremuloides) and balsam poplar (P. balsamifera) occur on southerly or westerly aspects. 

Forest harvesting, mining, and energy exploration have created a mosaic landscape of 

different forest-seral stages and a high degree of human disturbance. 
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Figure 6.1. Study area used to determine the relationship between body mass and 

characteristic scales of habitat selection. 

Occurrence of terrestrial mammals was surveyed at 126 sites (dark dots) in west-central 

Alberta, Canada. This area consisted of alpine, subalpine, and foothills natural sub-

regions. The Willmore Wilderness is the surveyed area bounded by a black line. 
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Study design 

 Baited sampling sites were deployed in December and monitored monthly until 

March, when food is scarce and detection is most likely. Differences in logistical 

requirements between the remote and roadless Willmore and the road-accessible 

Foothills necessitated different sample-site placement between areas. In the Willmore, 

we used a systematic sampling design constrained by helicopter access and avalanche 

risk.  Sites were placed an average of 5727 m apart (s.d. = 1574 m) in a roughly 

rectangular grid that covered most of the Park. We sampled 30 sites in 2006-2007 and a 

different set of 36 sites in 2007-2008, for a total of 66 sites. In the Foothills, we deployed 

sites along a semi-linear transect circa 415 km long using a constrained systematic 

design that roughly followed the main road access in the region. We constrained 

sampling to forested areas with logistically feasible access; we omitted wetlands, areas 

immediately adjacent to main highways, and areas in the immediate vicinity of current 

industrial activity. Within these constraints, sample sites were placed an average of 4335 

m apart (s.d. = 5218 m), circa 50 m from access roads. We sampled 60 sites in 2004-

2005 and re-sampled 54 sites in 2005-2006. 

Sampling species occurrence 

 We used two methods to sample mammals, together designed to detect a range of 

mammal species: non-invasive genetic tagging (NGT) via hair sampling, and camera 

trapping. NGT used Gaucho® barbed wire (Bekaert, Brussels, Belgium) wrapped around 

a tree baited with a dead beaver; individuals would climb the tree for the bait, and leave a 

hair sample. Hair traps were deployed at all sample sites and we collected hair samples 

monthly. DNA from hairs was analysed by Wildlife Genetics International (WGI; 
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Nelson, British Columbia, Canada) to identify species. DNA was extracted from hairs 

using QIAGEN®’s DNEasy™ Tissue Kits (QIAGEN, Hilden, Germany) and analysed to 

identify species using sequence-based analysis of the 16S rRNA gene of mitochondrial 

DNA (mtDNA) (sensu Johnson and O’Brien 1997) that was then compared against a 

DNA reference library of all known mammal species in the region. We summed 

presences across 3 months to yield a 0-3 count of species occurrences at each site. 

NGT did not capture many non-mustelid species, so in the Willmore we 

additionally used infra-red-triggered digital camera traps (e.g. Karanth 1995; Gompper et 

al. 2006) to detect a wider array of mammalian species. We deployed Reconyx RM30 

(2006-20087) or PM30 (2007-2008) infrared-triggered digital cameras (Reconyx, 

Holmen, Wisconsin) at all 66 sampling sites. Camera traps were effective at detecting all 

mammal species that visited a site; the body-heat detection technology is non-selective 

and the detection area was wide enough to detect animals on the ground and in trees. I 

recorded mammal species presences within each month, and summed presences across 3 

months to yield a 0-3 count of species occurrences at each site. 

Habitat analysis 

Habitat selection refers to a statistically predictable relationship between a 

species and its surrounding habitat. Habitat is defined here as coarse-resolution land 

cover types that have been reclassified from satellite imagery into categories describing 

landscape features of ecological importance to wildlife. We used a LandSat thematic-

mapped GIS land cover dataset incorporating digital elevation models (DEMs) classified 

using a habitat-identification algorithm (McDermid et al. 2009). This dataset yielded 16 

potential habitat types, constituting the spatial grain of analysis. Of these 16, seven were 
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hypothesized to be of ecological importance to the study species, and were sufficiently 

represented in the landscape to allow modelling. These included closed conifer forest, 

moderate conifer forest, open conifer forest, mixedwood forest, open wetland, upland 

shrubs, and upland herbaceous habitats; McDermid et al. (2009) describe these in further 

detail. We used ArcGis 9.3 (Environmental Systems Research Institute Inc., Redlands, 

CA, USA) Spatial Analyst to geo-reference each sampling site on the habitat GIS layer. 

Habitat variables were generated using a combination of spatial analysis routines (written 

based on Arc-View v3.x Spatial Analyst) and the Regional Analysis function of Patch 

Analyst, an extension to ArcView (http://flash.lakeheadu.ca/wrrempel/patch). Using 

these functions, we calculated the percentage of each land-cover habitat type at twenty 

spatial scales, consisting of circles with radii of 250 m to 5000 m, in 250-m increments. 

Thus, holding grain constant, analysed 20 different spatial extents were analysed, which I 

refer to as spatial scales. 

Statistical analysis 

I modelled species occurrence against available habitat surrounding each 

sampling point using generalized linear models (Poisson errors, log link) in R ver. 2.10.1 

(R Foundation for Statistical Computing 2009). Mustelids were analysed using a 

combined dataset from both areas, whereas all other species were analysed using the 

camera data from the Willmore Wilderness. At each spatial scale, I used the stepAIC  

function (MASS package for R) to identify the best-fit model from the candidate sets, 

defined as the model with the lowest Akaike Information Criterion (AIC) score 

(Burnham and Anderson 2002). AIC weights were calculated for each best-fit model, and 

plotted against the spatial scale at which that model was derived. I repeated this analysis 
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for each species, to determine whether a characteristic scale of selection could be 

identified for each. In cases where a characteristic scale could be identified, I tested 

whether it could be predicted by species body mass or home range. I modelled 

characteristic scale against body mass and home-range size values (from Holling 1992) 

using multiple linear regression models (R 2.10.1) to test whether characteristics scales 

of habitats were significantly explained by body mass or home range size. 

Results 

 We obtained repeated detections of mammal species of a wide range of sizes, 

including flying squirrel (Glaucomys sabrinus), red squirrel (Tamiasciurus hudsonicus), 

snowshoe hare (Lepus americanus), ermine (Mustela erminea), marten (Martes 

americana), fisher (Martes pennanti), wolverine (Gulo gulo), red fox (Vulpes vulpes), 

coyotes (Canis latrans), wolf (Canis lupus), lynx (Lynx canadensis), and cougar (Puma 

concolor). Mustelids were detected using this methodology in both the Foothills and the 

Willmore, whereas all other species were only detected in the Willmore. 

Peaks in characteristic scales 

 Analysis of habitat model AIC weights across scales reveals peaks for several, 

though not all, mammal species studied. I defined a peak as a scale range at which the 

species-habitat model is supported by >50% of the weight of evidence, defined by a 

single model AIC weight at a single scale, or summed model AIC weights at a limited 

successive scale range. Among small mammals, red squirrels and ermine showed definite 

peaks (Figure 6.2). A characteristic selection scale between 1750 – 2250 m radii for red 

squirrels was supported by 62.3% of the weight of evidence. For ermines, 61.5% of the 
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weight of evidence supported a characteristic scale of 4500-5000 m. Flying squirrels 

showed no pattern, and hares showed a very weak multimodal pattern. 

Figure 6.2. Support for a characteristic scale for two of the four small animals 

tested.  

Support for models (AIC weights) of small mammal occurrence against habitat were 

measured across twenty spatial scales (circles of 250-m to 5000-m radius) around each 

sampling point. 
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Among mustelids, wolverine showed the clearest peak (Figure 6.3); 64.6% of the 

weight of evidence suggests habitat measured at the 4750-m to 5000-m scales best 

explains occurrence. Fisher also showed a clear pattern, as 81.4% of the weight of 

evidence suggests 500-m radius is the best selection scale. Marten showed a much 

weaker pattern, as AIC weights did not exceed 0.114. Weights increased from the 2500-

m scale to the 5000-m scale, but no distinct peak is evident. 

 Among canids, red fox habitat selection showed a distinct peak at the 250-m scale 

(Figure 6.4). Habitat selection at the 250-m to 500-m scales was supported by 66.3% of 

the weight of evidence. Coyote habitat selection showed a less distinct pattern. AIC 

weights increased from 2750-m to 4250-m scales, then decreased, though AIC weights 

did not exceed 0.141. Wolves showed a similar weak pattern, except that AIC weights 

increased from 1750 to 3000 m, and then decreased.  

 Among felids, both species showed distinct peaks in habitat selection scale 

(Figure 6.5). Over half the weight of evidence (51.6%) suggested lynx selected habitat at 

scales between 1000 – 1250 m. Habitat models for cougars peaked at 250 m (AIC weight 

= 0.378), but no other models were supported, so the weight of evidence for a 

characteristic scale was less than 50%. 
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Figure 6.3. Support for a characteristic scale for two of the three mustelids tested. 

Support for models (AIC weights) of mustelid occurrence against habitat were measured 

across twenty spatial scales (circles of 250-m to 5000-m radius) around each sampling 

point. 

 



 155

 

 

 

Figure 6.4. Support for a characteristic scale for one of the three canids tested. 

Support for models (AIC weights) of canid occurrence against habitat were measured 

across twenty spatial scales (circles of 250-m to 5000-m radius) around each sampling 

point.  
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Figure 6.5. Support for a characteristic scale for one of the two felids tested. 

Support for models (AIC weights) of felid occurrence against habitat were measured 

across twenty spatial scales (circles of 250-m to 5000-m radius) around each sampling 

point. 

 

Relationship between body mass and habitat selection scale  

 For the six species with a defined characteristic scale of selection – red squirrel, 

ermine, wolverine, fisher, red fox, and lynx –  home-range size was not a significant 

predictor of characteristic selection scale (linear model; p =  0.2158; F = 2.158; d.f. = 1 

and 4; adjusted R2 =  0.3504). Contrary to my hypothesis, body mass was not a 

significant predictor in the linear model (p =  0.8525; F = 0.0393; d.f. = 1 and 4; adjusted 

R2 =  0.00973). However, the pattern of the plotted data led us to hypothesize that the 

relationship between body mass and selection scale may be quadratic, so I tested this 

hypothesis by modelling selection scale against mass and mass-squared. This analysis 
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suggested that a quadratic function of body mass is a significant predictor of selection 

scale. Selection scale decreases with increasing body mass, then increases again (Figure 

6.6). The inflection point occurs at a negative selection scale (-300 m radius), indicating 

that the model parameters require caution in interpretation, but model terms are 

statistically significant (mass p = 0.0515; mass2 p = 0.0444; model p =  0.09619; F = 

5.645; d.f. = 2 and 3). The model explains a high percentage of variation in the data 

(multiple R2 =  0.7901). 
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Figure 6.6. Habitat quantified at large scales best predicts both small and large 

mammal occurrence, whereas habitat quantified at small scales best predicts mid-

size mammal occurrence. 

Characteristic scale of habitat selection (determined by AIC weight, see Figures 6.2 - 6.5) 

were graphed against body mass for the six mammal species that showed a characteristic 

scale.  
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Discussion 

 A characteristic habitat selection scale was identifiable for half of the 12 mammal 

species examined. A characteristic selection scale has likewise been demonstrated for fly 

parasitoids in boreal forests (Roland and Taylor 1997) and forest beetles in mixedwood 

forests (Holland et al. 2004). Nams et al.’s (2006) analysis suggests a similar result for 

grizzly bears (Ursus arctos horribilis), as does Mowat’s (2006) analysis for marten. 

However, a characteristic scale was not detected for half the mammals studied. I contend 

that failing to detect an existing characteristic scale for six species is more likely than 

falsely detecting a nonexistent scale for six species. For example, no pattern was 

discerned for flying squirrels; however flying squirrels select habitat at the scale of 

clumps of trees and plants, rather than forest stands defined by dominant canopy types 

(Wheatley et al. 2005). Both the grain and range of extents used were likely 

inappropriate for detecting habitat relationships for this species. We failed to detect 

characteristic scales for the largest of the surveyed species (coyote, wolf, and cougar), 

and it is likely that these species select habitats at extents far larger than we measured. In 

fact, the peaks observed for ermine and wolverine may also be truncated by the limited 

scale range we examined. In other cases, models had poor fits across scales; marten were 

ubiquitous in the study area, and hares were very rarely detected, so selection may not 

have been observable for these species. Variability within species may also have 

contributed to low power, as detections included males, females, juveniles, and breeders; 

age/sex classes may respond differently. The marked peaks in model support at distinct 

scale domains for the remaining species – even with low sample sizes – strongly suggests 

the existence of a characteristic scale of habitat selection. 
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The existence of a characteristic spatial scale of selection has some key 

theoretical implications. First, my results support Wiens’ (1989) hypothesis that 

ecological processes operate at characteristic scale domains. Though widely accepted, 

there have been very few empirical tests of this hypothesis across a broad range of spatial 

scales. Second, my results support Levins’ (1992) contention that not all scales serve 

equally well as a basis for examining ecological processes; some scales are better than 

others, since ecological processes are manifested at some scales but not others. For 

example, models relating occurrence of red squirrels (a conifer specialist) to open conifer 

forest at the 250-m scale yielded a non-significant relationship (p = 0.0963; null deviance 

= 77.8; residual deviance 74.6; d.f. = 65). This same model at the 2000-m scale yielded a 

significant relationship (p = 0.000685; residual deviance = 62.3). If we test for habitat 

selection at the wrong scale, we fail to detect existing relationships; if we use the correct 

scale, then patterns emerge (see also Wheatley and Johnson 2009; Wheatley 2010). This 

is arguably true of all ecological studies: study scales must be empirically modelled and 

matched to process scales, or risk flawed inferences and conclusions. 

I found that characteristic habitat selection scales vary among species, suggesting 

that some scale-dependent ecological mechanism is driving habitat selection differently 

for each species. If the significant habitat variables were the same for small and large 

species, one might suspect that a shared response to landscape pattern was driving the 

observed curvilinear relationship. This was not the case; different combinations of 

variables emerged as significant for each species. Instead, my analysis suggests that 

characteristic scales of habitat selection are related to body size. 
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Allometry has been previously implicated as a driver of spatial scales of 

herbivore foraging (Wilmhurst et al. 2000; Laca 2010) due to constraints on rates of food 

intake imposed by body size (Peters 1983). However, all but two of the study species are 

carnivores and forage among the different habitat types quantified, suggesting that the 

scale-dependent response to habitat extends beyond individuals’ foraging patterns within 

and between food patches. Rather, species are likely responding to several concurrent 

ecological processes structured by heterogeneous landscapes (sensu Wiens et al. 1993). 

The importance of landscape structure for species has also been indicated by Roland and 

Taylor (1997), Nams et al. (2006), Mowat (2006), Schaefer and Mayor (2007), and 

Mayor et al. (2007; 2009). My results extend their ideas further. I suggest that the spatial 

scale of habitat selection is the result of a species’ interaction with the structure of its 

landscape but mediated by its body size. These conclusions derive from a corollary to 

Holling’s (1992) textural-discontinuity hypothesis. If body-size distributions arose from 

evolutionary constraints imposed by discontinuities in spatial landscape patterns, then it 

is logical that body size predicts species’ scale-dependent response to landscape 

structure. 

 Following this corollary, I expected the relationship between spatial scale of 

selection and body size to be linear, reflecting (for example) the ecological processes of 

landscape complementation and supplementation (Dunning et al. 1992). Animals travel 

among different patches to procure food (or mates, etc.) to satisfy life-history 

requirements. Holling (1992) suggested that body-size gaps represent scale domains 

wherein resource-patch size is too small to provide enough resources to support a body 

mass x, but patch dispersion is too great for a stride length f(x) to efficiently use multiple 
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patches. Holling suggested that within a scale domain, a species either had to be small 

enough to extract energy from resources attainable within the limits of its vagility, or 

large enough to use multiple patches. Thus through evolution, body masses aggregate 

around means that are adapted to the characteristic resource patchiness within each scale 

domain. By extension, the probability of a species’ occurrence in space is explained by a 

spatial extent related to its body size. 

The observed quadratic relationship between body mass and selection scale was 

unexpected, and leads to a slightly different conclusion. I hypothesize that the quadratic 

relationship reflects individual-level responses to landscape structure for big mammals, 

and population-level responses for small mammals. By way of analogy, in large 

mammals I detected a functional response, whereas in small mammals I detected a 

numerical response. Within the range of spatial extents that we measured, mid-size and 

large mammals select denning and shelter sites, foraging patches, and home-ranges based 

on resource availability (sensu Johnson 1980). The spatial scale at which this selection 

occurs is mediated by species’ body size, as predicted by the corollary of textural-

discontinuity. So, mid-size mammals select habitat that reflects resource requirements at 

smaller scales than do larger mammals. In contrast, for small mammals I hypothesize that 

landscape heterogeneity affects population processes such as dispersal, immigration, and 

emigration, rather than foraging (Pulliam 1990; Pulliam and Danielson 1991). Patch size, 

proximity, and heterogeneity drive population source-sink dynamics, and determine 

probabilities of local population persistence at large scales. Individual-level resource 

selection likely occurs at a smaller grain (higher resolutions) than the habitat 
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classifications I used (McDermid et al. 2009), and perhaps at smaller extents than were 

measured. 

The dichotomy in the ecological processes effecting scale-dependent habitat 

selection may result in the observed quadratic relationship. Large scales predict small 

mammal occurrence through population processes. The scale of habitat selection, 

through individual-level resource selection, competition, and predation, increases with 

increasing body size from mid-size through larger mammals. Some support for this 

hypothesis exists. Recently Brown (2007) found that body size mediated response of 

birds to forest habitat patch size and isolation. Very small and very large birds responded 

similarly to landscape structure, whereas large and mid-sized birds responded differently. 

Brown (2007) attributed this pattern to different dispersal and space-use abilities among 

size classes, analogous to the limitations imposed by body size and stride length in non-

volant mammals. 

Conclusions 

This is the first explicit test for characteristic scales of selection across species, 

and the first to demonstrate a link between allometry and spatial scales of habitat 

selection. Two key points emerge. First, a characteristic scale of habitat selection was 

observed for half the mammal species studied. A characteristic scale was not observed 

for the other half. However, given the limited range of scales I contend that a failure to 

detect an existing characteristic scale for those six species (Type II error) is more likely 

than incorrectly detecting a non-existent pattern in the other six (Type I error). A 

characteristic scale of selection suggests that one scale domain, and the ecological 

processes occurring at that domain, drive occurrence for any given species. If true, then 
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this information will help focus efforts to identify primary mechanisms of persistence for 

species across space – a key task in ecological inquiry and biodiversity conservation.  

Second, I have confirmed Levin’s (1992) prediction that not all scales work 

equally well at quantifying ecological processes. If we want to evaluate the content of a 

species’ habitat and identify those many environmental variables that drive evolutionary 

change, we must be much more cautious about the area that we define as ‘habitat’. The 

observed scale-body size relationship suggests that habitat selection may have evolved to 

match body size; alternatively, body size may have evolved to match the distribution of 

resources on the landscape (sensu Holling 1992). Finally, my conclusions indicate that if 

we want to evaluate the content of a species’ habitat and identify the many 

environmental variables that drive evolutionary change, we must be much more cautious 

about the area that we define as habitat. Fortunately, we may now have potential 

guideposts to help show us the way. The body size – selection scale relationship gives 

ecologists a foundation for future examination of the mechanisms driving scale-

dependent habitat selection. 
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Chapter 7: Conclusions on Organizing Principles in 
Habitat Selection Scale 

 
 

The reader of these pages in future years should realise how dense and baffling is the veil of the 
Unknown. Now in the full light of the aftertime it is easy to see where we were ignorant or too 
much alarmed, where we were careless or clumsy. - Winston S. Churchill, Their Finest Hour 

 
 

It is a ubiquitous custom among ecologists studying scale to cite Levin’s (1992) 

seminal paper. Scale is the central problem in ecology, Levin argued, because it affects 

all other problems that ecologist have endeavoured to solve. “The key to prediction and 

understanding”, he offered, “lies in the elucidation of mechanisms underlying observed 

patterns” (Levin 1992 p. 1943). The research studies within my dissertation are pattern-

seeking enterprises geared to this purpose. By asking different questions about patterns of 

habitat selection by different species in different systems, I sought to paint a diverse 

picture of scale-dependent habitat selection, and in doing so help contribute to future 

elucidation of the ecological processes that created them. 

First, I found that the majority of existing multi-scale studies of habitat selection 

show that selection changes across scales. Unfortunately, there are marked disparities 

among their experimental designs, preventing robust examination of patterns across 

studies. However, a characteristic scale of selection could be identified using liberal 

criteria in many cases. Among these, species’ body size was the best predictor of whether 

habitat measured at small or large spatial scales best explained variation in the response 

variable, be it mammalian occurrence, abundance, or habitat selectivity. 

In the middle of this dissertation, I examined specific ecological factors that may 

influence a species’ habitat selection beyond their choice of resources. Habitat 

fragmentation resulting from anthropogenic industrial activity was a primary factor 
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explaining wolverine occurrence. In the same landscape, marten and fishers selected 

different habitats, and segregated from each other, illustrating the importance of 

interspecific competition in habitat selection. On a marine coastal landscape, sea otters 

selected habitats that were absent of the preferred prey of their shared predator, killer 

whales. In each of these studies, processes occurring at large scales predicted species 

occurrence in addition to local resource selection. 

Finally, I returned to the question of characteristic scales. I tested the existence of 

characteristic scales in a mensurative experiment encompassing 12 species using the 

same detection methods, landscape, season, years, and experimental design. I quantified 

habitat across twenty spatial scales using the same statistical design. Holding these 

design parameters constant, I observed a characteristic scale of habitat selection for half 

of the terrestrial mammal species surveyed. I likewise found a characteristic scale of 

selection for sea otters on the coast. Despite the observed influences of competition and 

predation on the spatial distribution of species, the characteristic scale of habitat selection 

was predicted by species’ body size, indicating that interactions between species’ 

morphology and landscape structure may affect this observed pattern. 

The existence of selection scale – body size relationship is notable. It suggests 

that habitat selection may have evolved to match body size; alternatively, body size may 

have evolved to match the distribution of resources on the landscape, a corollary to 

Holling’s (1992) textural-discontinuity hypothesis. This hypothesis is itself a 

controversial one. As the conceptual foundation of the body size – selection scale 

relationship, it is worthwhile examining this theory in closer detail. 
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Landscape structure and textural-discontinuity 

Holling’s (1992) examination of organising principles of ecosystem and 

community structure led him to theorise that a few abiotic and biotic processes entrain all 

others. Holling hypothesized that these processes are not continuously distributed over 

their entire spatial and temporal range, but instead exist in discontinuous and hierarchical 

‘habitat quanta’. As evidence for this textural-discontinuity hypothesis, Holling tested the 

corollary that species’ response to the discontinuous distribution of habitat and ecosystem 

processes would be reflected in a discontinuous distribution of body sizes. A review of 

body sizes and home range sizes of birds and mammal species, across different habitat 

types, revealed that gaps in the distribution of body sizes were consistent across taxa and 

terrestrial ecosystems (see also Blackburn and Gaston 1994). Holling’s analysis of 

possible causal factors for these body size clumps rejected alternative hypotheses, such as 

trophic position or taxonomic status, and implicated discontinuous and hierarchical 

patterning in landscape structure. The relationship he developed also revealed differences 

between landscapes and waterscapes, suggesting that different large-scale patterns occur 

in each. 

Holling (1992) proposed that all species select landscape resources based on a 

grain size that is a function of their body size. Body size is correlated with movement 

rate, which affects a species’ ability to exploit resources in space. Resources are 

distributed according to spatial landscape patterns that result from several spatially and 

temporally discrete co-occurring hierarchical processes; these landscape patterns are 

described by different scaling relationships across different scale domains (Krummel et 

al. 1987). Holling noted that animals’ body sizes have a clumped distribution demarcated 
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by gaps, and reasoned that this pattern evolved as an adaptation to discontinuities in the 

spatial distribution of resources. Species of the same size exploit patchy resources at the 

same spatial grain, meaning the same scale domains accurately define their habitat 

selection. Different body mass aggregations correspond to different scale domains in 

resource distribution (Peterson et al. 1998; Allen and Holling 2002). The break in the 

relationship (between body mass and scale domain) for terrestrial and marine species 

reflects different scaling of the ecological processes occurring in each of these 

ecosystems (Holling 1992). 

Support for, and alternative hypotheses to, textural discontinuity 

Hutchinson (1959) and Hutchinson and MacArthur (1959) advocated community 

interaction as the process effecting patterns in body size distributions. Competition for 

resources drives character displacement, whereby selection for disparate body sizes 

among species allows niche partitioning. Since then, much support has been offered for 

competition as the driver of body size distributions, with commensurate refutation 

(reviewed in Allen et al. 2006). That competition plays a role in the formation of body 

size distributions is not feasibly contested; however, as Allen et al. (2006) illustrate, 

competition is likely not the sole mechanism, as empirical patterns exist that cannot be 

explained by competition alone. The same is true of other competing hypotheses, of 

which Holling (1992) offered three: the historical, trophic trough, and the limited-morph 

hypotheses. Holling’s analysis led him to reject all three, though they are still debated in 

the literature. 

The historical hypothesis states that body sizes of extant species are inevitably 

clumped because they derive from a limited number of disparately sized ancestral forms. 
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Siemann and Brown (1999) found differences in body-size distributions between 

structurally similar biomes on different continents, and similar body size distributions 

between structurally dissimilar adjacent biomes. This supports the historical hypothesis 

and refutes textural-discontinuity. However, assumptions of environmental dissimilarity 

have been contested (Allen et al. 2006). Similar debates revolve around the remaining 

hypotheses about patterns in body mass distribution. Allen et al. (2006) suggest that a 

combination of mechanisms work synergistically to effect the pattern in body size 

distributions, and they note that textural-discontinuity seems to play a role in each of 

them, particularly at mesoscales – larger than local, but smaller than biogeographical. 

Holling’s (1992) textural-discontinuity hypothesis predicts that the fractal 

dimension of the landscape – a statistical measure of landscape complexity that varies 

across spatial scales – constrains body sizes through limitations on home range and 

space-use. Expanding on this notion to include resource density and distribution, and thus 

resource utilisation rates, Haskell et al. (2002) modelled home range scaling as a function 

of resource density. They found that home-range size scaled with body mass in a 

relationship expected under the textural-discontinuity hypothesis. Haskell et al. (2002) 

add the caveat that larger animals require disproportionately larger home ranges (i.e. 

scaling is non-isometric), a pattern predicted by empirical physiological models (Peters 

1983) and by models of habitat specificity and body size (Ziv 2000), and supported by 

data for terrestrial carnivores (Smallwood and Schonewald 1996). A host of other studies 

have likewise provided empirical evidence in support of textural-discontinuity (Allen et 

al. 2006). Though Holling’s hypothesis remains controversial, a growing body of 
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evidence supports its premise that discontinuities in landscape structure influence use of 

those patches by species across space.  

Future research on scales of habitat selection 

 A conceptual dichotomy remains among ecologists: do species select habitats, or 

do habitats select species? A large body of research focuses on selection of resources by 

individuals, often following Johnson’s (1980) orders of resource selection. The role of 

individual choice is at the conceptual heart of this paradigm, and the species’ home range 

is the centre of resulting cross-scale analyses. Conversely, evidence is mounting that 

habitats and landscape structure exert selection pressures on species, effecting their 

spatial distribution. This concept stems from niche theory (Hutchinson 1957, 1965) and is 

the conceptual basis for metapopulation dynamics and studies of habitat fragmentation 

(Hanski 1994). In this paradigm, habitat selection results from ecological processes 

beyond simple resource selection, occurring beyond the scale of the home-range. Habitat 

selection instead integrates all the ecological processes governing the probabilities that an 

individual is born, recruits into the population, evades predators, successfully competes 

with conspecifics and heterospecifics, and survives to occupy a point in space. 

Future research should focus on weighing evidence for these two paradigms.  The 

research in this dissertation supports the paradigm that habitats select for species 

occurrence. Habitat selection scales exceeded home-range sizes for some species, and 

were smaller than home-range size for others. Competition and predation avoidance were 

as important as habitat associations in predicting species occurrences. Selection scales 

were predicted by body-size, supporting the textural-discontinuity hypothesis. The extent 

to which these results can be extrapolated to other seasons, years, landscapes, species, 
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and taxa needs to be assessed. This study was limited to a small assemblage of mammals 

surveyed within a single season and year. It necessarily averaged together different sexes 

and cohorts quantified habitat at a single grain. Future research that examines the 

robustness of this relationship and the limits of its inference space are needed to refute or 

substantiate the conclusions made here.  

Currently, my research suggests that ecological processes beyond local resource 

patches affect species’ occurrences in space. Biotic processes may be entrained by 

landscape structure, itself a result of self-organization of abiotic components governed by 

physical principles. Making the connections between these physical principles and the 

spatial distribution of species is a Holy Grail of ecological inquiry. 
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