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 Evaluating how animals behave and how populations perform across broad bioclimatic 

gradients is critical to a complete understanding of a species’ ecology.  Given a landscape of 

varying habitat types and quality, individuals should select habitats that provide the greatest 

benefits to individual fitness, ultimately distributing themselves such that localized densities at 

equilibrium should positively covary with increasing habitat quality.  Variation in habitat 

selection should give rise to demographic patterns across space, and knowledge of how one 

influences the other should provide new insight into how and why behaviour and demography 

may change over space.  In my PhD thesis, I develop individually-based models of habitat 

selection, and population-based models of demography as driven by landscape configuration, 

pursuant to exploring the interrelatedness of individual preference and population distribution.  

In the first chapter, I estimate a model of habitat selection of moose (Alces alces) as a function of 

temperature variation across seasons based on fine-scale global positioning data in northwestern 

Ontario.  In the second chapter, I estimate moose habitat selection models using recently updated 

landscape layers and aerial census data (i.e., presence/absence) across two spatially distinct study 

sites.  In the third chapter, I estimate carrying capacities and intrinsic growth rates of moose 

populations using time series of abundance and hunting mortality across the managed forests of 



 

Ontario.  In the third chapter, I estimate carrying capacities and intrinsic growth rates of moose 

populations using time series of abundance and hunting mortality across the managed forests of 

Ontario.  In the fourth chapter, I use the models of habitat selection and carrying capacity to 

predict moose density in a third, novel site, as well as compare density predictions from the 

habitat model to carrying capacities derived in the third chapter.  Ultimately, my thesis provides 

an explicit evaluation of population prediction based on both habitat selection and demographic 

patterns, and illustrates the dependency of individual processes (i.e., habitat selection) and 

population pattern (i.e., demography) on similar patterns of landscape quality and configuration.
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Prologue 

 That individuals exhibit variation in habitat selection patterns is a well-established 

phenomenon in ecology.  Given a landscape of habitat types of varying quality, individuals tend 

to select those habitats providing the greatest benefits to individual fitness via improvements to 

such mechanisms as foraging efficiency (Ritchie 1990), mating success (Meyer et al. 1998), 

predator avoidance (Brown 1988), and thermoregulation (van Beest et al. 2012). Advances in 

statistical methodologies, namely the resource selection function (RSF--Boyce and McDonald 

1999) and the more recent step selection function (SSF--Fortin et al. 2005), allow researchers to 

quantify relative preference for habitats based on animal locations and habitat availability, and 

numerous studies have utilized these approaches to identify patterns in animal landscape use. 

 Patterns of habitat selection should be related to population density.  Barring random 

variation in individual preference, animals in a given population should possess similar (but 

variable) use of habitat types.  As population density increases and resources become 

increasingly limited, some animals are forced to occupy less preferred habitat types, giving rise 

to the Ideal Free Distribution (IFD--Fretwell and Lucas 1970), with higher localized densities 

occurring in high quality habitats, and lower densities in poor habitats.  At the highest population 

densities, resources become so limited that some individuals no longer encounter sufficient 

resources to support themselves and the population ceases to grow—that is, the population 

achieves its environmental carrying capacity.  Given that a population at carrying capacity will 

exhibit a particular pattern of habitat use as estimated by resource selection metrics, we predict 

that the IFD at carrying capacity is associated with a particular configuration of habitat selection 

strength.  Thus, if we accept that habitat selection patterns may change as a function of 
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population density, then the selection patterns of a population at carrying capacity should be 

proportional to its equilibrium density (Boyce and McDonald 1999). 

 How populations grow and change over time is traditionally the realm of population 

ecology.  Central to this field are intrinsic growth rate—the maximum rate of population increase 

typically observed at low densities (Sibly and Hone 2002)—and carrying capacity.  These 

demographic parameters may vary widely over time and space, but such variation is often 

attributable to changes in environmental conditions (Sibly and Hone 2002, Sæther et al. 2008).  

Environmental carrying capacity may thus be thought of as an extension of the IFD at a 

metapopulation level, with the highest equilibrium densities occurring in landscapes consisting 

primarily of high quality habitat.  This suggests an inherent connection between the behavioural 

processes of habitat selection and use, and the demographic patterns of carrying capacity and 

population dynamics.  If such a connection exists, then based on extensions of the IFD across 

spatial scales of respective relevance to individuals and populations, population densities should 

covary with habitat abundance at the spatial scale under observation.  Hence, we should be able 

to predict population abundance using both individually-based habitat selection models and 

population-based demographic models based on habitat abundance across ecologically similar 

locations.  It remains to be demonstrated whether these spatially explicit models remain reliable 

when applied to novel landscapes, and whether differences in overall habitat quality influence 

the nature of this relationship. 

 In my first chapter, I estimate a model of habitat selection by moose (Alces alces) based 

on known foraging requirements and temperature variation, and test the hypothesis that 

individuals may facilitate thermoregulation by altering habitat selection in response to 

unfavorable environmental conditions.  I demonstrate that behavioural responses to temperature 
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can occur at very fine spatiotemporal scales, and that multiple competing hypotheses explaining 

behaviour may in fact be mutually reinforcing.  This work also establishes that animals can use 

behaviour to improve their condition (i.e., increase fitness), a fundamental principle of my thesis.  

Thus, behavioural patterns should by necessity be linked to demographic processes. 

 Provided sufficient effort to accommodate spatial variation in mechanisms regulating 

population size, models of habitat selection should be capable of predicting animal abundance.  

Given that data adequate to quantify habitat selection will likely also permit estimation of 

abundance, predicting abundance is most useful when applied to a data deficient novel 

landscape—for example, anticipating population sizes following reintroduction (Boyce and 

McDonald 1999).  Central to such prediction is the notion that habitat selection models generated 

in one landscape may be reliably applied to another.  In my second chapter, I examine this issue 

by generating models of habitat selection across two landscapes.  I show that the predictive 

power of such models does not significantly decline when applied to a novel landscape of similar 

composition, despite differences in disturbance regimes and predator density.  I also focus on 

deviation in my models from established patterns of moose preference, and discuss hypothetical 

mechanisms by which such deviation may arise.  In general, my second chapter establishes a 

quantitative baseline of moose habitat selection and landscape use, and demonstrates the utility 

of habitat selection models to predictive ecology and population management. 

 To predict population sizes using population level time series, demographic parameters 

must be related to landscape configuration and environmental condition.  This is often assumed 

to be true, but is rarely tested in population ecology, particularly at broad spatiotemporal scales 

of relevance to management of widely ranging animals.  In my third chapter, I use spatially 

explicit landscape data to describe the variation in carrying capacity and intrinsic growth rates 
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across naturally occurring populations of moose in Ontario.  I show that carrying capacities are 

strongly influenced by landscape variables related to forage abundance and habitat availability, 

but intrinsic growth rates exhibit no response to landscape change, indicating that maximum 

population growth may be physiologically fixed within a population or species.  Therefore, it is 

possible to generate first order predictive models of animal abundance based solely on a given 

landscape configuration and with no prior knowledge of changes in animal density by habitat 

type. 

 My fourth chapter seeks to integrate the findings of the previous chapters by generating 

predictions of animal density using models derived from both individually-based (i.e., habitat 

selection) and demographic (i.e., carrying capacity) processes.  These predictions are compared 

to known animal densities in a novel landscape to evaluate model performance.  I demonstrate 

that both resource selection and demographically based models of animal abundance perform 

well across landscapes of similar quality, but that application of resource selection models across 

other landscapes is limited by differences in quality from the site at which the models were 

estimated.  I discuss the utility of both methodologies in the creation of population estimators, 

and circumstances under which either method may be more or less appropriate. 

 Ecology is often defined as the study of the relationships between animals and their 

environments.  Though traditionally separate fields of study, habitat selection and demography 

are merely two parts of a complete understanding of wildlife ecology, and may often be less 

discrete than appreciated.  My thesis therefore attempts to demonstrate the interconnectivity of 

individual-level processes and population-level patterns.  Variation in individual preference and 

competitive capabilities produce localized differences in animal densities, which in turn generate 

distributions across broader spatial scales, and widespread patterns in population size.  These 
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patterns produce broad-scale demographic characteristics that should be related to the landscape 

configurations that give rise to the behavioural patterns observed at finer scales.  Ultimately, my 

thesis demonstrates the need for proper consideration of both behavioural and population 

ecology, and the interactions between the two, in the effective management of naturally 

occurring animal populations. 
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Chapter 1: Mid-day temperature variation influences seasonal 

habitat selection by moose
1 

 

ABSTRACT 

122 female moose were tracked in northwestern Ontario, Canada, using global positioning 

system (GPS) radio-collars between 1995 and 2001.  Step-selection functions (SSF) were used to 

evaluate changes in moose habitat selection as a function of temperature across seasons (summer 

and winter), stand types, and stand heights.  Mean activity levels of moose within stand types 

and across seasons were obtained from motion sensors in the collars.  Selection increased for 

aquatic stand types as a function of temperature across both summer and winter.  Selection for 

stand height was also temperature-dependent, with tall stands being most favored at high 

temperatures and least favored at cold temperatures.  Moose activity levels increased slightly at 

higher temperatures during the winter but were mostly constant, whereas summer activity 

declined significantly with increasing temperature.  Seasonal activity levels were mostly constant 

within habitats, but activity was consistently higher in aquatic habitats compared to woody 

habitats, with the highest mean activity levels observed when moose were located in open water 

and marshes during the summer.  My findings corroborate that moose primarily select habitat 

based on documented foraging requirements, but selection for specific stand types providing 

thermal cover varied with temperature, indicating a behavioural response to thermoregulatory 

needs.  Increased activity levels at low summer temperatures, and in habitats found to provide 

______________________________________________________________________________ 

1
In review at The Journal of Wildlife Management, co-authored by Arthur R. Rodgers and John 

M. Fryxell 



 
 

 
 

8 

thermal cover, support the conclusion that moose alter their habitat preferences to alleviate heat 

stress, and that temperature mediated changes in habitat selection may facilitate otherwise 

energetically costly behaviour (e.g., movement). 
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INTRODUCTION 

Individuals should alter their behavioural patterns to optimize the benefits and costs 

incurred by living in an unpredictable, heterogeneous environment (e.g., Belovsky 1981; Schwab 

and Pitt 1991; Fortin et al. 2004; Hebblewhite and Merrill 2009; Van Beest et al. 2010).  By 

extension, foraging animals exposed to thermal stress may alter their habitat selection patterns to 

facilitate thermoregulation (Dussault et al. 2004, Van Beest et al. 2012).  North American moose 

(Alces alces) are well adapted to cold environments and are comfortable at temperatures 

approaching -30˚C, but they are susceptible to heat stress and might be expected to modify their 

behaviour to facilitate heat dissipation above temperatures of -5˚C in the winter and 14˚C in the 

summer (Renecker and Hudson 1986, Dussault et al. 2004).  Such behavioural modification 

could ostensibly produce observable changes in habitat utilization by favoring thermal cover to 

facilitate thermoregulation (Van Beest et al. 2012).  However, Lowe et al. (2010) detected no 

changes in habitat selection at ambient temperatures exceeding the upper thermoneutral 

threshold identified by Renecker and Hudson (1986), suggesting that either moose select thermal 

cover at finer spatial scales than previously appreciated, or they may not engage in habitat 

selection for thermoregulation at all.  This possibility implies a gap in our understanding of 

moose behavioural responses to abiotic conditions, both in terms of the ecological mechanisms 

influencing habitat selection and their importance across environmental gradients. 

Our primary objective was to assess selection by moose for specific stand types and 

calculate relative probabilities of selecting a given habitat based on temperature and relevant 

habitat characteristics using fine-scale data on moose movements.  Operating under the 

hypothesis that moose selectively utilize habitat to facilitate thermoregulation (i.e., animal 

distributions are constrained by thermal tolerance), I predicted that the relative probability of 
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selection of habitats that provide thermal cover would increase at temperatures exceeding moose 

seasonal thermal optima as defined by Renecker and Hudson (1986), and that habitat selection 

patterns would be consistent across seasons (i.e., thermal cover is equally valuable at high 

temperatures between cold and warm periods).  Provided support for thermoregulatory 

facilitative habitat selection, I also hypothesized that use of thermal cover may allow moose to 

engage in more energetically costly behaviour without experiencing thermal stress, which may 

be detected by observing activity patterns within habitats and across seasons.  To test this second 

hypothesis, I estimated moose activity levels across a range of temperatures and habitats and 

compared activity across seasons to examine seasonal differences in behaviour within habitats as 

a function of temperature, predicting that moose activity levels would decline with increasing 

temperature, and that activity levels would be highest in habitats providing thermal cover. 

 

METHODS 

Study Area 

 The 10,000 km
2
 study site was located in northwestern Ontario on the ecotone between 

the boreal forest to the north and the Quetico-Great Lakes-St. Lawrence forest to the south 

(Rowe 1972), approximately 150 km northwest of Quetico Provincial Park, at 49˚ 15’ N, 92˚ 45’ 

W.  The landscape is Canadian Shield with an estimated 45% of the area composed of water 

bodies, ranging in elevation between 300 and 500 m above sea level (Rodgers et al. 1995). 

 The site was a mosaic of boreal forest stand types, dominated primarily by white spruce 

(Picea glauca), jack pine (Pinus banksiana), and black spruce (Picea mariana), and intermixed 

with trembling aspen (Populus tremuloides), white birch (Betula papyrifera), balsam fir (Abies 

balsamea), and balsam poplar (Populus balsamifera), as identified in the provincial Forest 



 
 

 
 

11 

Resource Inventory (FRI), available from Land Information Ontario (LIO; 

http://www.appliometadata.lrc.gov.on.ca/geonetwork/srv/en/main.home).  To accommodate data 

inaccuracies at the species level, I aggregated FRI standard forest units and stand types into the 

following 8 habitat categories (see Table S1, available online at www.onlinelibrary.wiley.com): 

upland conifer, lowland conifer, mixedwood, deciduous, marshland, brush/alder, non-forested, 

and open water. 

 From 1995-2001, I captured 122 adult female moose opportunistically throughout the 

study site by net-gunning from a helicopter and affixed GPS collars (GPS 1000, LOTEK 

Engineering Inc., Newmarket, Ontario) to each.  Collars were widely distributed across the site 

to promote even representation of animals across the landscape.  No animals were collared 

within the same social group to prevent lack of independence of collar data.  Capture and 

collaring procedures followed Canadian Council on Animal Care Guidelines and were approved 

by the Ontario Ministry of Natural Resources Animal Care Committee.  Collars recorded animal 

location and temperature at the collar (˚C) at 4 hour intervals year-round.  For more details, see 

Rodgers et al. (1996) and Rodgers (2001). 

I considered only 3-dimensional, differentially-corrected data points, with a location 

accuracy of 3-7 m (Rempel and Rodgers 1997), providing a total of 24,622 and 71,432 fixes 

during the summer and winter, respectively.  The distribution of fixes per individual was strongly 

right tailed and bounded by zero, with median fixes per individual of 167 in summer (min = 1, 

max = 1393) and 582 in winter (min = 14, max = 4074).  Collars also had a dual-axis motion 

sensor that counted the total number of “up-down” and “side-to-side” movements during the 10 

minutes immediately prior to a recorded fix, which I recorded as the activity score for a given 

fix.  Hunting occurs in this region from the second week of October to Dec. 15 but should not 
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influence my study as this time period overlaps my study periods by only 2 weeks at the 

beginning of the winter (Dec.-Mar.) season. 

 

Temperature-Dependent Habitat Selection 

 For this analysis, I used the step-selection function (SSF) methodology described by 

Fortin et al. (2005) where the habitat characteristics of used locations (i.e., the "steps") are 

compared to those of randomly selected available points based on a starting position and the 

expected distribution of step lengths and turn angles.  The habitat characteristics that determined 

the selection of the step are identified using a conditional logistic regression, in which the used 

and available points are combined into strata.  Strata are defined as a single used fix, coupled to a 

number of available points obtained using the animal’s previously known fixes, and a 

distribution of known step lengths and turn radii.  Characteristics of the landscape are examined 

within strata rather than among the entire dataset.  This allows for the identification of effects 

based on local landscape characteristics rather than the landscape as a whole (Boyce 2006). 

 Successive GPS fixes are by definition not spatially independent.  Because β–coefficient 

estimation in a conditional logistic regression occurs within individual strata, this should not bias 

the calculated selection coefficients but may introduce bias to the associated standard errors 

(McFadden 1974, Fortin et al. 2005).  Preliminary time series analysis indicated that there was 

no significant autocorrelation in step length, turn angle, or selection between fixes occurring 

>12h apart. I therefore resampled the telemetry data to obtain one fix per collar per 24-hour 

period, at 1200 hours +/- 3 hours, selected to roughly coincide with daily temperature maxima, 

and limited my rarefied dataset to a minimum of 10 fixes per animal.  As such, my SSF 

specifically modelled moose habitat selection during mid-day, which also removed potential 
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effects of time of day from the analysis.  Although moose tend to be most active at sunrise and 

sunset (i.e., during crepuscular light conditions—Belovsky 1981), the likelihood of experiencing 

thermal stress during these periods is likely small.  As such, this analysis does not describe 

moose habitat selection during peak activity periods, but rather habitat selection when 

temperatures are highest and individuals are most likely to be thermally stressed. 

I sampled 10 available points for each moose location in my rarefied dataset using turn 

angle and step length distributions unique to the target animal rather than population-level 

distributions.  Statistical analysis of habitat selection should consider the potential random effect 

of the individual on the calculated selection coefficients.  I assumed that whatever effect 

individual variance may have on selection was subsumed by between-individual variation in the 

distributions of step length and turn angle, and by the conditional nature of the analysis 

(McFadden 1974).  Although I could have selected a greater number of available points, 10 

points is sufficient to estimate a SSF when stand types are relatively common, as in my dataset, 

and helps to maintain computational efficiency (Thurfjell et al. 2014).  In total, 10,262 strata 

were considered in this analysis. 

Although the collars recorded temperature, such measurements may be biased by 

numerous factors including collar position on the body, pelage, activity level (i.e., bedded vs. 

mobile), season, body temperature of the animal, etc., and collar temperatures have been shown 

to underestimate the actual heat load experienced by collared animals (Van Beest et al. 2012).  

Additionally, I hypothesized that animals selectively use habitat to reduce temperatures to which 

they are exposed.  If this were true, then the collar temperature would by necessity indicate a 

lower temperature in a given stand than the animal would experience outside of that stand.  As 

such, the temperature as recorded by the collar, even if it were unbiased, reflects the end product 
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of selection for thermal cover rather than the conditions under which selection for thermal cover 

may occur, and use of collar temperature to examine selection for thermal cover would likely 

render detection of such selection impossible.  Even if all of these concerns could be 

accommodated, temperatures recorded by a GPS collar cannot be estimated for locations 

designated available within the SSF framework because, by definition, there is no recorded 

occurrence of a collar in that location.  I therefore used ambient, rather than collar, temperatures 

for the remainder of this analysis.  Ambient temperature for a given fix was obtained from either 

the Dryden (49˚ 49’ N, 92˚ 44’ W), Atikokan (48˚ 45’ N, 91˚ 37’ W), or Mine Centre (49˚ 7’ N, 

92˚ 56’ W) weather station, whichever was closest to the fix, as recorded by Environment 

Canada (http://climate.weather.gc.ca).  Ambient temperatures derived in this manner were highly 

correlated with collar temperatures (F20,17989 = 8282; P < 0.001; R
2
 = 0.90), were unbiased by 

environmental conditions, behavioural modes, and collar positioning at the fine scale, and more 

accurately represented the conditions under which an animal might select for thermal cover than 

would collar temperatures. 

Habitat selection by moose is broadly driven by forage availability (Peek et al. 1976), and 

flowering phenology of deciduous foliage and aquatic plants covaries with temperature (Fraser 

1984, Van Soest 1994), so I modelled habitat selection in summer (June 1 – Sept. 30) and winter 

(Dec. 1 – Mar. 31) from 1995 to 2001 separately.  These dates coincide with in-season constancy 

in boreal flowering phenology and forage availability (Stewart et al. 1977, Renecker and Hudson 

1989).  Deciduous foliage does not begin to emerge until the end of April/beginning of May; 

until then, moose still subsist on twigs.  After the initial greening up period, there is a burst of 

growth in May that subsides by June, and deciduous foliage is available for the entirety of the 

summer period until October.  Thus forage availability does not change over my winter period, 
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and should decline only minimally during the summer as it approaches autumn and foliage 

senesces.  As such, my sampling periods accommodate differences between and within seasons 

in forage availability and quality.  I included season (winter or summer) as a dummy variable in 

the interaction to accommodate any season-specific changes in forage-based habitat selection 

(e.g., flowering phenology) that could confound temperature-dependent habitat selection.  I used 

the deciduous stand type as the reference category because it is a known to be highly used by 

moose due to a relatively high abundance of forage (Peek et al. 1976, Van Beest et al. 2012).  It 

should be noted that because ambient temperature and season were constant within strata they 

could not be considered as main effects and were thus considered only as interaction terms. 

Our final SSF consisted of the main effects of my 8 stand types and stand height, and 

their individual interactions with temperature.  I compared 2 conditional logistic models: the full 

model as described above, and a “null” model using only the main effects of stand type and stand 

height.  Given the nested structure of my models, I chose likelihood ratio tests for model 

competition as opposed to AIC to permit evaluation of model coefficients using frequentist 

measures of significance (i.e., P-values).  All calculations were performed using the main 

libraries and the “survival” package in Program R ( R Core Team 2013). 

 

RESULTS 

I compared my full model of ambient temperature, season, stand type, and stand height to 

the null model including only the main effects of stand type.  The interaction model explained 

significantly more variation in the dataset than the null model based on a likelihood ratio test (X
2
 

= 407.85, df = 8, P < 0.001).  This suggests that ambient temperature altered the selection of 
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stand types, particularly at temperatures exceeding the upper thresholds identified by Renecker 

and Hudson (1986). 

I found that 4 of the 7 stand type by temperature interactions were significant predictors 

of moose step selection relative to the deciduous reference during the summer (brush/alder, 

marsh, lowland conifer, and water; Table 1).  The direction of the interaction coefficients was 

consistently opposite that of the main effects, thus stand types that were otherwise less selected 

than deciduous stands were more selected by moose at elevated temperatures.  Moreover, these 

stand types coincided with open areas (i.e., brush) and “wet” habitat (e.g., creeks, bogs, ponds), 

and selection for these stands increased as a function of temperature (Fig. 1).  In winter, only 

moose selection for brush/alder and marsh stand types increased with temperature (Table 1). 

 Moose selection for stands of varying tree heights also varied with temperature.  At 

temperatures above 0˚C, selection for stand height was positive, whereas at ambient temperatures 

below 0˚C selection was negative (Fig. 2).  As such, moose favored taller stands at warm 

temperatures, but tended to reject those same stands at colder temperatures.  This relationship 

was observed across both summer and winter, but was only statistically significant during the 

summer (Table 1). 

 I detected seasonal differences in moose activity as a function of temperature.  During the 

winter, activity scores were minimal when temperatures were coldest (Fig. 3a).  An increase in 

mean activity score occurred at warmer winter temperatures, but this increase was not 

significantly different from the mean value at the coldest temperatures based on overlapping 

confidence intervals.  In contrast, moose were most active at cool temperatures during the 

summer, and activity scores declined with increasing temperature (Fig. 3b).  Note that the wide 

confidence intervals for activity scores on the coldest winter days and the warmest summer days 
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are plausibly attributable to limited replicate fixes recorded at those temperatures (1% and 3% of 

their respective datasets), and thus conclusions of non-significance concerning winter activity 

differences should be treated with caution.  On the other hand, summer activity scores at 

temperatures below 20°C were well outside the largest confidence intervals of those recorded at 

the warmest temperatures. 

 Mean activity scores also differed among habitats, with notable distinctions between 

aquatic and forested stand types (Fig. 4).  Moose recorded higher activity scores in marsh and 

open water than in any of the forested stand types; however, confidence intervals for open water 

activity scores were broad.  High variance is likely attributed to lower occurrence of fixes in 

open water (1.4% of summer fixes and 0.2% of winter fixes), so any interpretation of open water 

confidence intervals should be conservative.  Regardless, mean activity scores for collared 

moose were highest in open water regardless of season, and in marsh during the summer. 

 

DISCUSSION 

Our results provide evidence for changes in habitat selection as a function of temperature.  

At ambient temperatures near 0˚C in both seasons, at which moose should be relatively 

comfortable (Renecker and Hudson 1986, Schwab and Pitt 1991), temperature had little effect on 

habitat selection.  Habitat selection at this temperature range thus favor deciduous and 

mixedwood stand types, which coincides with optimal foraging theory in moose (Table 1; Peek 

et al. 1976; Schwab and Pitt 1991).  At temperatures greater than 0˚C, moose habitat selection 

shifted toward aquatic habitats, particularly during the summer months.  Moose also exhibited 

temperature-dependent changes in selection for stand height.  Taller stands were rejected at 

temperatures < 0˚C, but favored at warmer temperatures.  This seems reasonable, as co-varying 
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stand characteristics that may influence selection by moose for stand height while under heat 

stress may be detrimental at cooler temperatures (e.g., a dense canopy provides shade during hot 

periods but inhibits warming by sunlight during cold periods).  That the spectrum of selection for 

stand height pivots around 0˚C suggests that height becomes less relevant to moose habitat 

selection at temperatures approaching ranges encompassed by moose thermal optima (Renecker 

and Hudson 1986).  Several studies documented similar habitat selection in Norway (Van Beest 

et al. 2012), British Columbia (Schwab and Pitt 1991), and Isle Royale, Michigan (Belovsky 

1981). 

Although I observed similar patterns of habitat selection as a function of temperature 

across seasons, there were twice as many significant interactions between stand type and 

temperature in the summer as the winter (Table 1).  This is not surprising, as moose are more 

likely to be thermally stressed during the summer than winter, particularly during the peak of the 

day (Belovsky 1981, Lenarz et al. 2009, McCann et al. 2013).  Increased frequency of thermal 

stress is linked to reduced survivorship in moose (Lenarz et al. 2009) and should be expected to 

produce the behavioural changes described herein.  However, Brown (2011) found that winter 

rather than summer temperatures best described changes in moose vital rates.  Given my findings 

that temperature does not affect habitat selection as strongly in the winter, this could suggest that 

moose are less able to alleviate heat stress during the winter owing to a reduction in stand 

characteristics that produce thermal shelter (i.e., canopy closure, standing water). 

Our findings were inconsistent with recent observations in Algonquin Provincial Park, 

Ontario, that moose did not alter their patterns of habitat selection with increasing temperatures 

(Lowe et al. 2010).  Lowe et al. (2010) postulated that their inability to detect behavioural 

changes in moose as a function of temperature could be attributed to the broad spatial and 
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temporal scales at which their analyses operated.  my findings corroborate this, as the fine 

resolution of the SSF approach and localized sets of available points permitted detection of a 

temperature-dependent behavioural shift by moose.  Thermal stress may arise or abate quickly 

depending on circumstances and environmental conditions, operating at the scale of a few hours, 

if not minutes (Belovsky 1981, McCann et al. 2013).  If moose alter habitat selection in response 

to temperature, as I conclude, then it is reasonable that detection of such behaviour may require a 

more localized and spatiotemporally precise analysis than the 100% isopleth utilization 

distribution employed by Lowe et al. (2010).  Though I obviously recommend the use of SSFs, 

any method that permits fine spatiotemporal resolution would be appropriate.  Possible 

alternatives cited frequently in studies of movement ecology include Time Local Convex Hulls 

(T-LoCoH; Lyons et al. 2013) and Brownian Bridge Movement Models (BBMMs; Horne et al. 

2007). 

Summer temperature also had a profound effect on moose activity.  Activity levels were 

maximized at the lowest recorded summer temperatures and were well above the highest winter 

activity levels recorded (Fig. 3a and b).  Activity also declined dramatically with summer 

temperature, suggesting additional energetic constraints as temperature increases.  This effect 

was not observed in the winter, when moose were more active at temperatures above -10˚C (Fig. 

3a).  Moose are likely to experience heat stress at these temperatures and should modify their 

behaviour to enhance thermoregulation, presumably by reducing their activity levels (Renecker 

and Hudson 1986, Gillingham and Klein 1992).  It is surprising, then, that moose winter activity 

was highest when they would potentially experience heat stress.  This may suggest that previous 

estimates of moose thermal tolerance may be inexact, or misconstrued.  The most frequently 

cited study of moose thermoregulatory responses (i.e., Renecker and Hudson 1986) considered 
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only two adult female moose in pens and may under- or overestimate thermal tolerance of moose 

occurring in natural conditions.  Moreover, the thermal limits identified by Renecker and Hudson 

(1986) correspond to temperatures at which physiological changes (metabolic, heart, and 

respiration rates) begin to increase but do not necessarily indicate temperatures at which moose 

need to alter their behaviour.  Consequently, significant changes in moose activity and habitat 

use may not be discerned until temperatures are well above thermal optima.  Recently, McCann 

et al. (2013) re-examined warm season heat stress in captive moose and found an upper limit of 

24˚C under windy conditions, and observed a preference for shaded areas above critical 

thresholds, but were still limited by sample size and lack of natural forested conditions.  An 

exploration of thermal tolerance in the wild, particularly considering thermoregulatory 

facilitation via habitat selection, would be a valuable contribution to our understanding of moose 

physiology and behavioural ecology.  Alternatively, changes in winter activity could be 

attributed to increased rumination time for poor quality forage (Belovsky 1981, Risenhoover 

1986), snow depth (Schwab and Pitt 1991, Dussault et al. 2004), or calf burden (Phillips et al. 

1973), but how these mechanisms interact with fine scale changes in temperature is outside the 

scope of this study.  Additionally, it is conceivable that calf burden could influence habitat 

selection prior to birth (i.e., selection for birthing sites) and shortly after birth.  However, I did 

not have temporally explicit data on the presence of juveniles between fixes, nor could I 

distinguish birthing sites from my telemetry data.  Future work examining changes in 

thermoregulatory facilitative habitat selection with calf burden would be valuable. 

The main effects of my model suggest that moose primarily favored deciduous and 

mixedwood habitats (Table 1).  This supports the long-standing observation that habitat-specific 

differences in forage quality and abundance primarily drive moose habitat selection (Peek et al. 
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1976).  However, the positive temperature interaction coefficients showed that selection for 

prime foraging stands declined with temperature and increased for other stand types, suggesting 

increased consideration for other mechanisms governing habitat selection.  For example, moose 

shift their foraging efforts from deciduous stands to aquatic plants in early summer (Peek et al. 

1976, Fraser et al. 1984, MacCracken et al. 1993).  This is unlikely to have impacted my results 

given my explicit consideration of seasonal effects and flowering phenology.  Moreover, aquatic 

forage is only targeted in early summer (May-June) before temperatures have reached their 

seasonal maximum (Fraser et al. 1982), after which aquatic plants senesce quickly and moose 

refocus their foraging efforts on deciduous stands. 

Alternatively, the findings of this and other studies (e.g., Dussault et al. 2004, Van Beest 

et al. 2012) suggest moose may select aquatic habitat during the summer to aid in 

thermoregulation.  Ostensibly, increasing thermoregulatory maintenance behaviour should result 

in reduced foraging efficiency (Schwartz and Renecker 2007).  However, this presumes mutual 

exclusivity between foraging and thermoregulatory behaviour, and foraging ungulates may 

simultaneously engage in other activities (e.g., vigilance, social interaction; Fortin et al. 2004).  

This seems particularly applicable to aquatic habitats where foraging requires standing in water 

and fully submerging the head and part of the neck (Peek et al. 1976).  Indeed, moose summer 

activity levels were consistently highest in aquatic habitats (Fig. 4).  While moose obviously 

need to remain active when in deep water, in shallower lakes, ponds, and marshes moose 

frequently bed down for extended periods (Renecker and Hudson 1990).  Hence, high mean 

activity levels in aquatic habitats could result from either increased investment in foraging or 

thermoregulation, or simply energy invested in wading through deep water.  Nonetheless, this 
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suggests concomitant benefits to foraging efficiency and thermoregulation via habitat selection, 

and behavioural changes favoring one mechanism could naturally reinforce the other. 

 

MANAGEMENT IMPLICATIONS 

 It is well known that environmental characteristics such as temperature alter behaviour at 

multiple biological scales.  Of greater interest is an understanding of the mechanisms behind 

these changes, which are essential for making effective management decisions.  Changes in 

climate and human land use are expected to impact the composition of the boreal forest matrix, 

favoring deciduous and mixed stands and providing additional foraging habitat for managed 

moose populations in the northern and central regions of moose circumpolar distributions 

(Krawchuk and Cumming 2011, Rempel 2011).  However, increases in temperature at the 

southern extent of their range are expected to reduce population vital rates and carrying 

capacities, resulting in smaller moose population sizes (Brown 2011, Rempel 2011). 

 Our findings show that increases in temperature change the relative value of forest stands 

based on moose thermoregulatory needs.  Consideration of the relative abundance of appropriate 

stand types through forest management may provide moose sufficient thermal cover to moderate 

excessive environmental change.  Understanding how moose utilize the forest landscape to 

alleviate heat stress while acquiring resources will thus permit managers to more effectively 

manage moose populations and their habitat and mitigate effects of climate change on southern 

moose populations.  For example, maintenance of high quality forest habitat with abundant 

forage and summer thermal cover in proximity to moose aquatic feeding areas (MAFAs) is 

actively encouraged through forest management in Ontario (OMNR 2010), and these areas may 

become increasingly important to moose as summer temperatures increase.  Moreover, changes 
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in selection may manifest not only as differences in habitat selection and occupancy, but also as 

changes to behavioural patterns within those habitats.  This suggests that differences in energetic 

demands can induce behavioural changes at relatively fine spatiotemporal scales, perhaps 

encouraging foraging in lower quality habitats (i.e., coniferous stands) when temperatures are 

well above moose thermal optima.  Multiple mechanisms may influence behavioural patterns 

affecting moose distribution and site use, and the relative contribution of these mechanisms to 

behaviour may vary across spatiotemporal and/or environmental gradients in managed areas.
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TABLES 

TABLE 1.  Conversion from Ontario Ministry of Natural Resources standard forest units to 

aggregate habitat classifications. 

Standard forest unit Aggregated stand type 

BfMx1 

Upland conifer 

BfPur 

PjDee 

PjMx1 

PjSha 

SbDee 

SbMx1 

SbSha 

UplCe 

SGLSL 

OCLow 
Lowland conifer 

SbLow 

HrdMw 

Mixedwood ConMx 

PrwMx 

BwDee 

Deciduous 

BwSha 

HrDm 

OthHd 

PoDee 

PoSha 

Water Water 

Brush Brush/alder 

Open Marsh 
Marshland 

Treed Marsh 

Rock 

Non-forested Utility Line 

Non-Forested 
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TABLE 2.  Results of the step selection function (SSF) of moose in northwestern Ontario 

from 1997-2001.  Main effects are presented separately from their interactions with 

temperature (°C) as a function of season (summer, June-Sept.; and winter, Dec.-Mar.).  

Coefficients for stand types were relative to the deciduous stand type; stand height (m) was a 

continuous variable and thus required no reference. 

 Predictor Coefficient  Standard 

error 

 Z-score P-value 

 Deciduous REF REF REF REF 

 Brush/alder -0.3339 0.1499 -2.228 0.025 

 Marsh -1.1267 0.1390 -8.104 <0.001 

 Non-forested -0.2804 0.1619 -1.732 0.083 

Main effects Mixedwood 0.1221 0.0915 1.335 0.182 

 Lowland conifer -0.5708 0.1482 -3.851 <0.001 

 Water -3.9627 0.4444 -8.918 <0.001 

 Upland conifer -0.1293 0.0859 -1.505 0.132 

 Stand height 0.0118 0.0035 3.368 <0.001 

 Deciduous REF REF REF REF 

 Brush/alder 0.0709 0.0097 7.310 <0.001 

 Marsh 0.0700 0.0089 7.873 <0.001 

 Non-forested 0.0121 0.0121 1.002 0.316 

Summer temperature Mixedwood -0.0046 0.0068 -0.677 0.497 

 Lowland conifer 0.0652 0.0093 6.979 <0.001 

 Water 0.0948 0.0218 4.360 <0.001 

 Upland conifer 0.0095 0.0062 1.515 0.130 

 Stand height 0.0006 0.0003 2.409 0.016 

 Deciduous REF REF REF REF 

 Brush/alder 0.0505 0.0145 3.486 <0.001 

 Marsh 0.0500 0.0132 3.786 <0.001 

 Non-forested -0.0048 0.0136 -0.355 0.722 

Winter temperature Mixedwood 0.0044 0.0075 0.589 0.555 

 Lowland conifer 0.0094 0.0129 0.727 0.467 

 Water 0.0158 0.0400 0.395 0.693 

 Upland conifer 0.0032 0.0071 0.456 0.648 

 Stand height 0.0004 0.0003 1.342 0.180 
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FIGURES 

 

FIGURE 1.  Relative probability of selecting a step ending in a given stand type as a function of temperature for moose in the 

northwestern Ontario study site from 1997-2001.  All figures are relative to deciduous habitat.  Relative probabilities of selection are 

projected for temperatures occurring in summer (June-Sept.; grey lines) or winter (Dec.-Mar.; black lines).  Probability of selection for 

brush/alder, lowland conifer, marsh, and water increased significantly with temperature during summer, suggesting greater perceived 

value to moose at higher temperatures than purely deciduous habitat.  Selection increased only for brush/alder and marsh during the 

winter. 
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FIGURE 2.  Relative probability of selecting a step as a function of both stand height (m; top axis) and temperature (˚C; bottom axis) 

for moose in the northwestern Ontario study site from 1997-2001.  Probabilities are projected for temperatures occurring during 

summer (June-Sept.; grey line) or winter (Dec.-Mar.; black line).  Above 0˚C, selection for stand height was positive, and below 0˚C, 

selection was negative.  In both seasons, the tallest stands were selected for at the warmest temperatures, but selected against at the 

coldest. 

 

                



 
 

 
 

3
2

 

FIGURE 3.  Mean activity scores, and 95% confidence intervals, for moose in the northwestern Ontario study site in 10˚C temperature 

ranges within seasons from 1997-2001.  3a) A modest increase in activity occurred at moderate temperatures during the winter months 

(Dec.-Mar.), and activity was lowest at colder temperatures.  3b) In contrast, activity was substantially higher at colder temperatures 

during the summer months (June-Sept.) and declined markedly with increasing temperature. 
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FIGURE 4.  Mean activity scores, and 95% confidence intervals, for moose in the northwestern Ontario study site in different stand 

types between summer (June-Sept.) and winter (Dec.-Mar.) from 1997-2001.  Activity tended to be higher in aquatic habitat (i.e., 

brush/alder, marsh) than forested habitat, and was maximized in open water regardless of season. 
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Chapter 2: Habitat selection following recent disturbance: model 

transferability with implications for management and conservation 

 

ABSTRACT 

Site-specific variation in relative habitat abundance and disturbance regimes may produce 

differences in habitat preferences of associated populations, which would in turn impact the 

applicability of habitat selection metrics across space.  An explicit evaluation of the predictive 

power of habitat selection models across space would thus benefit our understanding of the 

reliability of selection metrics and models of space use in predicting animal occurrence.  I used 

presence/absence data collected from winter surveys of moose (Alces alces) abundance to 

estimate resource selection functions based on known mechanisms of moose habitat selection 

across two study sites using Far North Land Cover updated to include recent disturbance from 

fire and timber harvest.  Moose exhibited preferences for land cover representing prime foraging 

habitat (i.e., deciduous, mixedwood, and disturbance).  This was validated by positive selection 

for deciduous foliage cover (∆NDVI).  Snow depth negatively influenced habitat selection, likely 

due to increased predation risk and reduced movement and foraging efficiency.  A small but 

significant effect of site was detected; however, models estimated in one site lost no predictive 

power when applied to the other based on comparison of receiver operating characteristic (ROC) 

curves.  My results mostly corroborated the current body of knowledge concerning moose habitat 

selection, but moose heavily avoided recently disturbed areas, and little site-specific difference 

was detected.  This may be attributed to individual fire characteristics (e.g., severity, area) as 

they influence succession.  Minimal site-specific variation and ROC comparison suggests that 
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RSPFs may be extended into novel systems, given adequate consideration for habitat and 

predator abundance, thereby improving management of this and associated species. 
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INTRODUCTION 

 The foraging ecology of moose (Alces alces) is well documented, and they spend much 

of their active time foraging across various habitat types (Belovsky 1981).  Aquatic habitats are 

valuable to moose during the spring and summer periods (Fraser et al. 1982, MacCracken et al. 

1993), but the amount of available deciduous habitat has been linked to moose demographic 

characteristics and population stability (e.g., Peek et al. 1976, Crête 1989, Brown 2011, 

Bjørneraas et al. 2012).  As such, they exhibit strong preference for areas containing deciduous 

foliage (Peek et al. 1976, Belovsky 1981, Dussault et al. 2005).  This preference is depressed 

somewhat in the presence of wolves (Canis lupus) due to an increase in the value of habitats 

providing cover (Stephens and Peterson 1984, Dussault et al. 2005), but even in high risk 

landscapes, moose tend to favor cover that is closer to prime foraging habitat (Dussault et al. 

2005).  Moose habitat selection is thus primarily driven by foraging concerns, tempered by 

antipredator behaviour, and changes in relative habitat abundance across a broad landscape may 

evoke differences in habitat preference as a function of foraging constraints. 

 Disturbance generally increases the abundance of deciduous habitat by resetting the 

landscape to an early successional stage (Chapin III et al. 2004, Bergeron and Dansereau 2009).   

Forest fires, the primary natural disturbance in the boreal forest, open the forest canopy and often 

allow immediate regeneration of deciduous understory shrubs and forbs (Armour et al. 1984, 

Schimmel and Granström 1996).  Forest successional pathways post-fire then favor the regrowth 

of slow-growing conifer saplings and fast-growing deciduous immigrants (Turner et al. 1997, 

Drescher et al. 2008), altering the local forest composition toward younger stands of mixed 

conifer and deciduous trees.  The gradual regeneration of boreal forest should ultimately favor 

primarily coniferous land cover (Bergeron and Dansereau 2009), but the length of time required 



 
 

 
 

37 

for a forest stand to exit a deciduous-dominated or mixed state is variable, and successional 

pathways are often highly stochastic (Drescher et al. 2008).  This effect may be exacerbated by 

human forest management practices, which may disturb the existing seed bank and encourage 

immigration by neighbors rather than regeneration of the pre-harvest stand type, which tends to 

favor deciduous regrowth (Haeussler et al. 2002, He et al. 2002).  Because harvested areas are 

spatially distinct from recently burned areas, a greater abundance of high quality moose foraging 

habitat is predicted in a landscape subject to both natural and anthropogenic disturbance (He et 

al. 2002, Chapin III et al. 2004, Bergeron and Dansereau 2009), which could produce changes in 

habitat selection across landscapes exposed to different disturbance regimes.  Our knowledge of 

moose habitat selection and space use in a boreal forest would benefit from an examination of 

changes in habitat selection following recent disturbance. 

  This kind of evaluation is frequently conducted using resource selection functions 

(RSFs), mathematical functions proportional to the probability of use of a given resource or 

habitat unit (Manly et al. 2002).  RSFs are often interpreted as estimates of habitat preference 

based on relative differences in selection strength, and coupling these models to known 

relationships between animal density and habitat use may permit prediction of population 

distribution and abundance in novel landscapes (Boyce and McDonald 1999, Mladenoff et al. 

1999, Manly et al. 2002).  However, there is debate concerning how useful such models may be 

to the management of a species in general.  Previous work has demonstrated that the strength of 

selection as estimated by RSFs is influenced by changes in availability of a resource or habitat 

(Mysterud and Ims 1998, Beyer et al. 2010).  Landscape specific differences in habitat 

availability may thus render habitat selection metrics incomparable between study sites, 

particularly if use as a function of availability is nonlinear.  Additionally, habitat selection across 
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spatially distinct populations of a given species may differ across the species range based on 

population specific differences in demography or behavioural ecology (Caughley et al. 1988).  In 

either case, site-specific differences in ecology and landscape composition may limit the 

inferential and predictive power of habitat selection models across space (Graf et al. 2006, Mech 

2006).  There thus exists a need to explicitly evaluate whether models of habitat selection and 

preference may be applied to novel landscapes without loss of explanatory or predictive power, 

and given our extensive understanding of their foraging behaviour and landscape use patterns, 

moose seem an ideal candidate species for such an examination. 

 Here I evaluated both moose habitat selection in light of recent disturbance to the boreal 

forest, and application of previously estimated resource selection models to novel study sites.  

Given that animal distributions are often constrained by resource availability (Boyce and 

McDonald 1999, Manly et al. 2002), I hypothesized that 1) moose selectively utilize habitats that 

improve foraging efficiency, consistent with prior observation (e.g., Peek et al. 1976), and that 2) 

as generalist herbivores, moose habitat selection is qualitatively consistent across variable 

landscapes.  I collected data on moose presence/absence across boreal forest sites typified by 

variation in disturbance patterns and environmental/topographical characteristics.  I 

parameterized a series of RSFs based on known biological mechanisms of moose habitat 

selection and used information theoretic techniques to arrive at the most parsimonious models, 

predicting that moose would exhibit a strong preference for habitat and landscape characteristics 

that generally increase abundance of forage—specifically, deciduous, mixedwood, and recently 

disturbed stands, and seasonal “greenness” (i.e., ∆NDVI)—and that reduce the energetic costs of 

foraging and movement (e.g., low snow depth).  I also predicted that, given their generalist 

foraging strategy, the explanatory power of an RSF describing moose habitat selection in one 
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landscape would not significantly decline when applied to another.  This work identified gaps in 

the current knowledge of moose habitat selection with respect to landscape variation and 

disturbance regimes, and model transferability across space, and highlighted implications for 

theory and management of this and other species of concern. 

 

METHODS 

Study System 

 I collected data from two study sites in northern Ontario, both approximately 22,500 km
2
: 

Auden (50°N, 87°W) and Pickle Lake (51°N, 91°W).  A boreal forest matrix with lakes and bogs 

interspersed throughout characterizes both sites, dominated primarily by jack pine (Pinus 

banksiana), black spruce (Picea mariana), white spruce (Picea glauca), balsam fir (Abies 

balsamea), and trembling aspen (Populus tremuloides).  Topography is consistent with the 

Canadian Shield ecoregion, with rolling hills and little change in elevation across sites.  Auden 

lies within the Area of Undertaking (AOU) and as such is subject to heavy forest management as 

well as natural forest disturbance (i.e., fire, windfall), whereas Pickle Lake is north of the AOU 

and is subject only to natural disturbance.  Moose occur throughout both study sites, though at 

slightly lower densities in Pickle Lake. 

 

Data Collection 

 Moose abundance was obtained using fixed-wing aerial surveys flown from Feb. 15 to 

Mar. 13, 2011, and from Jan. 5 to Mar. 5, 2012, for the Pickle Lake and Auden study sites, 

respectively.  Two observers searched for moose within approximately 500 meters on either side 

of the aircraft.  I recorded the number, age, and sex of detected individuals; forest cover type; 
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tree density; and visibility.  Waypoints were recorded for each observation at the moment of 

detection, rather than immediately above the moose.  I manually adjusted the position of the 

waypoint in ArcMap v. 10.1 (ESRI 2011) based on the flight path immediately following the 

detection.  If the flight path around the observed moose was circular, I placed the waypoint at the 

approximate center of the circle and adjusted its position based on the landscape data recorded 

by the observers.  If no obvious circle was available, the corrected position was based on the 

landscape characteristics described by the observer, or omitted if no conclusion could be 

reached.  I created buffers around the corrected points of radius roughly equal to the average 

distance between a waypoint and its corrected point (250 m), and landscape characteristics were 

described and estimated within these buffers to accommodate spatial error.  Non-overlapping 

unused buffers of identical size were created along the flight path as recorded by the on-board 

GPS, separated by 600 m between buffer centroids, with appropriate landscape covariates 

calculated for each.  I assumed perfect detection of animals immediately on the transect line.  If 

my surveys are an unbiased random sample of the distribution of animals at any time during the 

winter season, as I assume, then I can safely consider my suite of buffered points as representing 

truly used and unused locations.  This has implications for model interpretation and extrapolation 

(discussed below). 

 I compiled landscape covariates from numerous sources.  I used the Far North Land 

Cover v. 1.3 (FNLC; OMNR 2013) at a 30 m resolution to classify the forest matrix into distinct 

habitat classes, updated to include recent changes in land cover due to disturbance by fire and 

timber harvest based on data available from the Land Information Ontario data warehouse 

(https://www.appliometadata.lrc.gov.on.ca/geonetwork/srv/en/main.home).  The FNLC is based 

on remote sensing techniques and as such is subject to potentially large error in landscape 
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classification (e.g., Thompson et al. 2007).  To accommodate such error, I aggregated the FNLC 

landscape classes into general habitat types of biological relevance to moose (Table 1).  I 

estimated proportional abundance of FNLC land cover classes within each used/unused buffer 

using Geospatial Modeling Environment (Beyer 2012). 

As a secondary measure of deciduous vegetation abundance, I generated a map of the 

difference in the average value of primary productivity (NDVI) between summer and winter.  A 

large difference in productivity is presumed to be indicative of predominantly deciduous stands 

whereas a small difference is indicative of evergreen vegetation, which exhibits little seasonal 

change in green foliage cover.  Seasonal average NDVI values for the summer (June-Sept.) and 

winter (Dec.-Mar.) were calculated from 16-day NDVI windows at a 250 m resolution obtained 

from NASA’s Land Processes Distributed Active Archive Center (LP DAAC 2013) and 

averaged within each buffer. I then calculated the difference in seasonal NDVI averages 

(∆NDVI) for each buffer. 

Deeper snow inhibits moose movement and increases both energy expenditure and 

vulnerability to predation, and as such is an important predictor of moose habitat selection 

(Schwab and Pitt 1991, Dussault et al. 2005).   I obtained observational data on snow depth 

across both study sites (P. Wiebe, unpublished data), then coupled the data to spatiotemporal 

predictors of snow depth using a two-step linear mixed effect regression procedure (T. Avgar, in 

review).  I used NOAA snow depth projections (NARR dataset DSI-6175; Mesinger et al. 2006), 

seasonal NDVI, and site covariates to predict snow depth, corrected using a Gaussian spatial 

autocorrelation structure.  The final model of snow depth explained 88% of the variation in the 

snow depth dataset and was unbiased (Table 2).  These predictions were projected across the 
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landscape at a 30 m resolution, and average snow depth values were calculated within each 

used/unused buffer. 

Our study sites exhibited little variation in elevation; however, the elevation of a given 

location relative to its surroundings can influence the dominant vegetation types and land cover 

classification of the site (e.g., lowlands vs. highlands).  As such, I obtained digital elevation 

models from NASA’s Reverb (EOSDIS 2009) and calculated the average elevation around any 

given point within 500 m.  Relative elevation was defined as the deviation in elevation of the 

observed point from the local average. 

 

Analysis 

 I used logistic regression to estimate a presence/absence (used-vs.-unused) RSF for my 

study sites (Manly et al. 2002).  This is preferable to the presence/available (use-vs.-availability) 

design common to analyses of habitat selection in that I can assume near perfect knowledge of 

where animals were not at the time of the surveys, which greatly simplifies evaluation of my 

model predictions, particularly in terms of estimates of explanatory power that are inappropriate 

for presence/available designs (Boyce et al. 2002).  This distinction also allows the selection 

function to be interpreted as the true probability of use of a resource unit, rather than 

proportional to the probability of use (i.e., a resource selection probability function [RSPF]). 

 Making this distinction is likely complicated by differences in sighting probabilities of 

moose across stand types.  Stands differ in average canopy closure and density of trees, making it 

easier to detect individuals in some stands than in others.  This may bias my detection of moose 

toward more open and deciduous stand types and could lead to inaccurate designation of unused 

stands, which would introduce bias in the magnitude of my selection coefficients (Mackenzie 



 
 

 
 

43 

2006).  However, detection error in moose is often consistent between locations situated closely 

together in space (Anderson and Lindzey 1996, Quayle et al. 2001), suggesting that detection of 

moose in my study sites, and RSPFs estimated from these data, may be similarly biased between 

sites.  I have no evidence to suggest that habitat-specific detection probabilities will differ 

between sites, thus I am confident in my comparisons of RSPFs estimated between sites.  

Moreover, my study sites were sufficiently large, and my surveys flown over such a short period 

of time, to likely minimize whatever bias a violation of this assumption may introduce to my 

findings. 

Boyce et al. (2002) suggested that comparing RSPFs using likelihood ratios may be 

inappropriate, and that information theoretic approaches (e.g., AIC) are the most robust methods 

for model selection.  I used stepwise AIC to reduce the RSPF to those covariates that most 

impacted the fit of the model.  All tests were conducted using Program R ( R Core Team 2013). 

Because proportional coverage by FNLC summed to 1 in each buffer, it was necessary to 

drop at least one land cover class from the analysis to eliminate perfect collinearity between land 

cover classes (Dormann et al. 2013).  Moose typically prefer deciduous habitat, and the relative 

abundance of deciduous habitat is known to influence moose population stability and abundance 

(Peek 1974, Crête 1989).  I therefore dropped deciduous cover from the analysis to permit 

estimation of selection for land cover relative to the known preference for deciduous.  Note that 

several FNLC classes were not represented in my buffers; those that did are reported in Table 3. 

Given that my study sites are spatially distinct, I would ideally estimate my RSPFs 

considering interaction terms between the site and the other covariates.  My sites differ in 

relative forest composition, disturbance frequency and intensity, predator density, hunting 

pressure, and time at which data was collected.  As such, I cannot describe the drivers of a 
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potential site-specific interaction with any certainty.  However, I am not concerned with such 

site-specific effects, as moose are generalist herbivores whose habitat selection and preference 

has been shown to be consistent across its range (e.g., Peek et al. 1976, Belovsky 1981, Dussault 

et al. 2005).  I thus included the site identifier as a main effect in each model to accommodate the 

influence of any potential site-specific differences on variation in the dataset, but I did not 

specifically identify interactions between other main effects and site. 

 Finally, I estimated two separate RSPFs specific to the Auden and Pickle Lake study 

sites, and reduced both models following the procedure described above.  For each site, I 

calculated the RSPF for each pixel using both the site-specific RSPF, and the RSPF from the 

sister site.  I generated receiver operating characteristic (ROC) curves for each site using the site-

specific and projected RSPFs.  ROC curves evaluate the explanatory power of a binary model by 

comparing the true positive rate to the false positive rate (Fawcett 2006).  This permitted direct 

comparison of the performance of the projected RSPFs with the RSPFs estimated directly from 

the sister site—that is, to evaluate whether a RSPF generated in one study site reliably predicts 

animal presence in another.  Use of ROCs to evaluate my RSPFs is likely biased by the same 

violation of assumptions as the RSPFs themselves (i.e., some unused points may actually be 

used).  However, if the distributions of detection probabilities are relatively consistent between 

sites, then ROCs estimated for RSPFs within and between sites will be biased in the same 

direction and may differ quantitatively, but not qualitatively.  I am thus confident in the use of 

ROCs for this analysis. 

 

RESULTS 
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 I structured my RSPF to consider deciduous habitat the reference point for the selection 

coefficients of the land cover classes.  my analysis mostly confirmed prevailing knowledge of 

moose habitat preferences.  Moose exhibited negative selection for all habitat classes relative to 

the deciduous reference, including both disturbed land cover classes (Table 3).  Recent 

disturbance (i.e., newly burned habitat) was most strongly avoided by moose, but also exhibited 

an order of magnitude greater standard error than other habitat selection coefficients, suggesting 

either extreme unpredictability in use of recently disturbed habitat or insufficient sample sizes 

within this cover class.  The positive coefficient for ∆NDVI supports a preference for habitat 

with notable changes in greenness across seasons, that is, deciduous foliage.  Negative 

coefficients for increased relative elevation and snow depth suggest that moose avoid deep snow 

and highlands, though the magnitude of selection against these predictors was relatively small. 

 Four parameters were dropped from the model following stepwise AIC reduction: 

relative elevation, mixedwood habitat, and both disturbance classes (Table 3).  The loss of these 

parameters had little impact on the explanatory power of the model (Nagelkerke R
2
 = 0.136 and 

0.135 for the full and reduced models, respectively) but increased parsimony (∆AIC = 6.81).  

Projecting the reduced RSPF across the landscape produced a map of habitat use that tracked 

deciduous land cover (Figure 1). 

 The small coefficient for the site effect (Table 3) suggests that individual RSPFs 

estimated in either site might predict occurrence of moose in the sister site.  To evaluate this, I 

estimated two separate models specific to Auden and Pickle Lake (Table 4), and projected each 

onto the sister site.  The ROC curves generated for these models were remarkably similar with 

broadly overlapping confidence intervals (Fig. 2).  A DeLong’s test for ROC curves showed no 

statistical difference between the site and projected RSPFs for Auden (D10283.36 = 1.2716, p = 
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0.20) or Pickle Lake (D12831.28 = 1.4368, p = 0.15), indicating that the projected models 

performed as well as the site-specific models in both locations when predicting occurrence of 

moose. 

 

DISCUSSION 

Predicting Moose Distribution and Abundance 

 It is commonly believed among ecologists that models generated using data collected 

from one system or location cannot be used to describe others.  However, the relatively small 

selection coefficient controlling for site-specific variation (Table 3) suggested that a model 

calculated explicitly for the Auden study site should be applicable to the Pickle site with minimal 

modification or concern for explanatory power.  This was supported by statistically similar ROC 

curves for projected and site-specific RSPFs (Figure 2).  My findings suggest that, with proper 

consideration for relative habitat abundance, RSPFs estimated for moose in my system may be 

extended to similar systems in the Canadian boreal forest to characterize foraging landscapes and 

identify suitable habitat.  This is useful for management of populations where surveys are 

unfeasible or irregularly timed, as RSPFs may be used to estimate population size and 

distribution given sufficient knowledge of habitat quality and constancy (e.g., Boyce and 

McDonald 1999, Mladenoff et al. 1999).  Moreover, habitat quality for moose is often inversely 

related to that for endangered woodland caribou (Rangifer tarandus caribou; Brown et al. 2007, 

Courtois and Ouellet 2007), and extending RSPFs into areas where moose and caribou co-occur 

may improve management efforts where insufficient information about caribou habitat utilization 

exists. 
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 A model’s ability to transfer across landscapes depends on similarity between sites in the 

underlying assumptions of the model; in the case of RSPFs, this primarily applies to the 

mechanisms driving habitat selection.  Though my sites varied in several characteristics, 

landscape-level variables most likely to influence moose habitat selection are relative abundance 

of habitat types (i.e., land cover classes; Mysterud and Ims 1998) and predator density (Stephens 

and Peterson 1984).  Pickle Lake and Auden certainly differ in these respects, with a greater 

abundance of disturbed and deciduous habitat, and higher wolf density, in Auden.  Despite these 

differences, I detected no significant loss of explanatory power following model projection 

across sites.  This conclusion should be treated with caution, as my study sites are separated by 

≈100 km at their closest edges.  Similar studies of wolves (Mladenoff et al. 1999) suggest that 

transferability of habitat selection models may be robust across broad expanses, but no studies 

have attempted to address this issue beyond a few hundred kilometers (e.g., Boyce and 

McDonald 1999, Mladenoff et al. 1999, Graf et al. 2006).  The broad circumpolar distribution of 

moose, and the ready availability of population survey data across countries and continents, may 

allow us to examine this issue at a global scale.  Such work could evaluate declines in model 

applicability across the broadest spatial scales permissible while simultaneously improving our 

understanding of moose habitat selection across regions and continents, and precisely how 

“general” the foraging behaviour of a generalist may be. 

 

Interpreting Moose Landscape Preferences 

 Relative to deciduous habitat, moose exhibited avoidance of all land cover classes.  This 

is mostly unsurprising, as most other coverage classes are associated with reduced abundance of 

deciduous foliage that moose prefer.  Riparian lowlands often contain more deciduous forage for 
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moose than other non-deciduous dominated stands (Risenhoover 1989), but their value to moose 

is maximized during the spring and summer periods when aquatic plants are readily accessible as 

potential forage (MacCracken et al. 1993).  Sparse habitat may also contain deciduous forage 

(OMNR 2013), but at much lower abundances than full deciduous stands while also increasing 

likelihood of detection by predators.  The negative coefficients estimated for coniferous stands 

and water are unremarkable, as both have little to no foraging value to moose during the winter.  

Habitat selection by moose seems to be primarily driven by foraging considerations, a conclusion 

well supported by the literature (e.g., Peek 1974, Belovsky 1981, Schwab and Pitt 1991, 

MacCracken et al. 1993, van Beest et al. 2010).  Moose should also select for stands providing 

cover from predators (Dussault et al. 2005), but low abundance of deciduous foliage during the 

winter likely increases the value of foraging considerations.  This may indicate a season-specific 

trade-off between forage acquisition and predator avoidance.  I did not explicitly consider the 

effect of predation risk in this model, but future studies assessing covariation between forage 

abundance and predation risk, and seasonal differences in their respective contributions to habitat 

selection and space use, would be a valuable contribution to ungulate foraging ecology. 

 I predicted that moose would prefer disturbed habitat more than deciduous habitat, given 

the increased abundance of young early successional deciduous regrowth that is common post 

disturbance.  That disturbance was eliminated from the reduced model suggests that this is not 

the case, but rather that disturbed habitat is at least equally preferable to purely deciduous stands.  

This seems a minor distinction that does not necessarily conflict with our understanding of 

moose habitat preferences.  Similar conclusions may be drawn for mixedwood stands, which 

should contain lower abundances of quality forage than deciduous stands, but not so low as to 

impact habitat selection patterns as estimated herein. Post-disturbance succession should favor an 
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increase in deciduous and mixedwood stands, but the successional pathway between early 

successional deciduous and late successional coniferous stands, and the amount of time required 

to progress through the pathway, is dependent largely upon landscape covariates and 

environmental stochasticity (Drescher et al. 2008).  This suggests that the duration of habitat 

improvement to moose post-disturbance may be equally dynamic and worth examination with 

respect to moose foraging ecology and population dynamics, and apparent competition with 

endangered woodland caribou. 

 The landscape covariates I included (i.e., ∆NDVI, relative elevation, and snow depth) 

primarily reinforced known biological mechanisms of moose habitat selection while controlling 

for land cover classification error.  The positive selection coefficient for ∆NDVI supports the 

conclusion that seasonal differences in vegetative cover (i.e., deciduous foliage) are a major 

driver of habitat preference.  That relative elevation dropped out of the model suggests that it has 

little to no explanatory power on its own.  However, it may also covary with at least one of my 

coverage classes.  This is born out by a negative correlation between relative elevation and 

proportional coverage of lowland habitat in a buffer (r = -0.364, p<<0.001).  It is likely that the 

influence of relative elevation on habitat selection may be better explained by lowland coverage.  

This is reasonable considering the absence of winter forage characteristic of lowland habitats. 

 I found that selection for forest stands declined with snow depth.  This may be attributed 

to a combination of factors.  Deep snow impedes movement and increases energetic expenditure 

(Telfer and Kelsall 1979) while decreasing forage availability and foraging efficiency (Schwab 

and Pitt 1991), and ungulates are more vulnerable to predation in deeper snow, which lowers 

their ability to evade capture and increases wolf kill rates (Huggard 1993, Post et al. 1999).  In 

either case, moose should avoid stands containing deeper snow, as indicated here.  Negative 
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impacts to moose foraging and predator avoidance begin at snow depths as low as 50 cm, but are 

most pronounced at deeper depths (Schwab and Pitt 1991, Huggard 1993).  That the RSPF 

coefficient for snow depth was relatively small corroborates this notion, as the contribution of 

snow depth to RSPF estimates will be highest with increasing depth.  This suggests that changes 

in moose habitat selection in response to snow depth may be most pronounced late in the season; 

however, if average depth increases while maintaining constant variation across the landscape, it 

seems equally likely that temporal changes in average snow depth will not alter habitat selection 

because habitat quality may be reduced evenly across the landscape. 

As a sexually segregating species, patterns of habitat selection may differ between male 

and female moose.  I recorded the sex of detected individuals wherever possible, but 

identification of sex from aerial census during the winter is limited by the absence of defining 

sexual characteristics (i.e., antlers).  As such, sex was not considered in this analysis.  All 

reported results thus should be interpreted as general patterns emerging for both sexes, but an 

explicit examination of sex-specific differences in habitat selection would improve our 

understanding of the value of recent disturbance and habitat types to both sexes. 

 

Fire Characteristics and the Value of Recently Burned Habitat 

 The estimated directionality of selection for newly burned areas was contrary to my 

expectations.  Moose are known to return very quickly to burned areas, exhibiting almost 

exponential increases in within-burn density independent of recruitment (Peek 1974).  This can 

be attributed to the rapid regeneration of young deciduous cover post-burn and the increase in 

foraging efficiency it provides (Peek 1974, Van Soest 1994).  However, my unreduced model 

suggested that newly burned areas (i.e., within two years) were on average strongly avoided by 
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moose.  This effect is likely attributable to model underfitting, as only a single moose detection 

occurred in a newly burned area, and 12 unused observations contained newly burned land cover.  

That newly burned habitat dropped out of the reduced model supports this conclusion. 

 There are, however, biological explanations for such a phenomenon.  Community 

structure prior to a burn will naturally impact which plants regrow following a burn (Armour et 

al. 1984, Lesieur et al. 2002).  Moreover, individual forest fires vary in burn severity (a measure 

of organic matter loss, both above- and below ground), fire intensity (energy output), and area 

burned.  Successional responses to burn severity may differ dramatically depending on how 

much of the organic soil layer was consumed, whether the canopy was opened, if the existing 

seed bank survived, etc. (Schimmel and Granström 1996, Turner et al. 1997).  Increased burn 

area can inhibit dispersal by colonizers post-fire and increase the time necessary for subareas of 

the burned forest to regenerate (Turner et al. 1997, Bergeron and Dansereau 2009).  Fire intensity 

may alter the understory composition of some forest stands, particularly shrub and graminoid 

abundance (Armour et al. 1984, Schimmel and Granström 1996), though this may be attributed 

to covariance between intensity and depth of burn (i.e., severity; Schimmel and Granström 

1996).  Regardless, it is clear that the attributes of individual fires can have markedly different 

impacts on vegetation structure over multiple growing seasons immediately post-fire, which may 

alter the value of a burned area to moose for several years.  Given that future climate change is 

expected to increase the frequency and severity of fires in the boreal forest (Soja et al. 2007, 

Flannigan et al. 2009), it is reasonable to expect changes in the distribution of high quality moose 

habitat within the next 50-100 years.  The value of recently burned habitat to moose with respect 

to changes in fire characteristics should be reevaluated, particularly with regard to impacts to 

demographic characteristics of managed populations and associated species.  
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TABLES 

TABLE 1.  Original Far North Land Cover (FNLC) and amalgamated classes of biological 

relevance to moose (Alces alces). 

Original FNLC Amalgamated FNLC 

Class 

Number 

Class Name Class 

Number 

Class Name 

1 Clear Open Water 
1 Water 

2 Turbid Water 

6 Freshwater Marsh 

2 Lowland 

11 Open Fen 

13 Open Bog 

9 Coniferous Swamp 

10 Treed Peatland 

12 Treed Fen 

14 Treed Bog 

8 Thicket Swamp 

3 Deciduous 25 Deciduous Swamp 

16 Deciduous Treed 

17 Mixed Treed 4 Mixed 

18 Coniferous Treed 5 Coniferous 

15 Sparse Treed 6 Sparse 

19 Disturbance – Non and Sparse Woody 
7 Disturbance 

20 Disturbance – Treed and/or Shrub 

21 Sand/Gravel/Mine Tailings 
8 Rock 

22 Bedrock 

23 Community/Infrastructure 9 Infrastructure 

24 Agriculture 10 Agriculture 

3 Intertidal Mudflat 

11 Marsh 4 Intertidal Marsh 

5 Supertidal Marsh 

69 Recent Burn 
12 Recent Burn 

70 Recent Burn 

157 Other 
13 Unknown 

247 Cloud 
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TABLE 2.  Maximum likelihood estimates and standard errors of the snow depth model. 

 

 Log(snow depth) MLE SE 

 intercept 3.20034 0.10079 

Main Effects log(NOAA snow depth  + 1) 0.44718 0.01487 

 NDVI -0.02502 0.00155 

 intercept 0.05139 0.02005 

 road -0.14147 0.05741 

 water -0.35965 0.05381 

Site Effects Relative Elevation * coniferous  -0.01877 0.00609 

 Relative Elevation * deciduous -0.01313 0.00504 

 Relative Elevation * sparse -0.01693 0.00576 

 Relative Elevation * winter NDVI 0.00038 0.00010 
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TABLE 3.  Resource selection function (RSPF) coefficients and associated standard errors of the 

full and reduced models.  Dashes (--) indicate the predictor dropped out of the model following 

stepwise AIC. 

 Full Reduced 

Predictor Coefficient SE Coefficient SE 

Intercept -6.78715 0.82906 -6.97007 0.66988 

∆NDVI 0.11353 0.01391 0.11326 0.01375 

Relative Elevation -0.00916 0.02117 -- -- 

Snow Depth -0.01533 0.00728 -0.01362 0.00677 

Water -3.08644 0.66306 -2.95998 0.48004 

Lowland -2.00631 0.55211 -1.90219 0.33182 

Mixed -0.29251 0.71120 -- -- 

Conifer -2.32298 0.57490 -2.25297 0.39014 

Sparse -3.53946 2.01051 -3.47724 1.96844 

Disturbance -0.03809 0.46847 -- -- 

Recent Burn -4.98647 11.13606 -- -- 

Site (Pickle Lake) 0.33119 0.18154 0.33583 0.18111 
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TABLE 4.  Resource selection function (RSPF) coefficients and associated standard errors of the 

reduced models estimated separately for Auden and Pickle Lake.  Dashes (--) indicate predictors 

that were significant based on stepwise AIC in one model but not the other. 

 Nakina Pickle Lake 

Predictor Coefficient SE Coefficient SE 

Intercept -5.77750 0.889 -10.54809 0.871 

∆NDVI 0.06996 0.019 0.14746 0.019 

Water -3.66128 0.883 -0.97162 0.621 

Lowland -2.74296 0.525 -- -- 

Mixed -- -- 1.81873 1.044 

Conifer -1.50184 0.568 -1.06344 0.585 

Disturbance -- -- 1.26758 0.437 
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FIGURES 

FIGURE 1.  Projected resource selection function (RSPF) estimates across the Pickle Lake (northern) and Auden (southern) study 

sites.  Moose habitat selection tracked deciduous coverage across the landscape. 
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FIGURE 2.  Receiver operating characteristic (ROC) curves for resource selection functions (RSPFs) generated in the focal study site 

(solid line), and in the sister study site but projected onto the focal site (e.g., the Pickle Lake RSPF projected onto Auden; dashed line), 

with confidence intervals.  RSPFs generated from the sister site and projected onto the focal site performed as well as RSPFs 

generated from the focal site.



 
 

 
 

64 

Chapter 3: Characterizing demographic parameters across 

environmental gradients: a case study with Ontario moose
2 

 

ABSTRACT 

Population-level demographic characteristics as estimated by standard logistic growth models 

(i.e., carrying capacity and intrinsic growth rate) should vary with changes in habitat quality and 

availability of resources.  However, few published studies have tested this hypothesis by 

comparing population growth rates across broad bioclimatic gradients, and fewer still the 

carrying capacities of those populations.  I used time series data on moose (Alces alces) 

population densities based on aerial census and hunter harvest data for 34 management units 

across Ontario to estimate local carrying capacities and intrinsic growth rates.   These population 

parameters were then regressed against associated habitat covariates for each management unit to 

assess how moose demography changes across a broad gradient of productivity, habitat 

abundance, and timber harvest.  Moose carrying capacity was found to increase with increasing 

forest productivity as measured by ∆NDVI and the proportion of mixedwood stands in the forest.  

Both variables are plausibly indicative of high quality forage abundance for moose.  Moose 

carrying capacity decreased with the proportion of forest stands harvested for timber annually, 

suggesting that immediate removal of forest stands and increased access by hunters temper 

maximum population size.  Maximum rates of population growth by Ontario moose did not vary 

predictably with any of the landscape covariates tested.  These findings contribute to our 

______________________________________________________________________________ 

2
In review at Ecosphere, co-authored by Arthur R. Rodgers, Tal Avgar, and John M. Fryxell 
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understanding of changes in demography across broad geographic and bioclimatic gradients and 

suggest that crude population estimators may be derived based on known habitat preferences and 

resource availability without a priori knowledge of animal abundance. 
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INTRODUCTION 

 That population size is related to resource availability is well established in the ecological 

literature.  Space and resources are finite in ecological systems, and organisms should distribute 

themselves such that they maximize access to and use of these resources.  This should lead to 

higher local animal densities with increasing quality of habitat (Fretwell and Lucas 1970).  This 

relationship should also hold across spatial scales.  Within an individual’s home range, high 

quality habitats should be occupied most frequently, while lower quality areas should be avoided 

or occupied only briefly before individuals move on to better areas (Fretwell and Lucas 1970, 

Benhamou 1992).  At the population scale, this would produce changes in localized density 

where individual home ranges overlap (Mladenoff and Sickley 1998), and multiple populations 

would exhibit variation in average density based on differences in relative abundance of 

resources and habitat types (Caughley et al. 1988, Curnutt et al. 1996).  This process should 

ultimately lead to a gradient of animal density across a species’ range, wherein populations at the 

center of the range (i.e., where important niche factors converge) tend to have the highest 

density, and those at the periphery of the range the lowest density, as has been demonstrated in 

kangaroos (Macropus spp.; Caughley et al. 1988) and multiple species of grassland sparrow 

(Curnutt et al. 1996). 

 From a population modeling perspective, these differences in average density across 

space should be relatable to key demographic parameters, such as carrying capacity (K) and 

intrinsic growth rate (rmax).  However, few studies have actually compared variation in these 

demographic parameters across broad spatial gradients (but see Sæther et al. 2008).  This is at 

least partly attributable to the relative difficulty of obtaining sufficient time series data on 

abundance across large areas, which limits most studies of demography to a single population or 
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a small number of discrete subpopulations in a relatively small area (e.g., Clutton-Brock et al. 

1996, MacCracken et al. 1997, Post and Stenseth 1998, Coulson et al. 2001, Stephenson et al. 

2006).  Those few studies with sufficient data have often focused on characterizing spatial 

variation in temporal population dynamics (i.e. cyclic vs. non-cyclic populations) rather than 

sources of spatial variation in key demographic parameters (e.g., Caughley et al. 1984, 

Forchhammer et al. 1998, Stenseth et al. 2002, Lima et al. 2003).  Identifying how and why basic 

demographic parameters change over space could be useful for a wide variety of practical 

applications in conservation biology and wildlife management (Sæther et al. 2008).  Specifically, 

considering the prevalence of habitat selection analysis in wildlife management, there remains a 

need to better understand how variation in habitat composition might influence the carrying 

capacity and/or maximum growth rates of populations.  

 I addressed this question using time series data on population abundance and harvest of 

moose (Alces alces) occurring in central and northern Ontario.  Since 1980, Ontario moose 

populations have been surveyed every 3-5 years within each Wildlife Management Unit (WMU) 

across the province beginning in 1980 (McLaren 2006).  These time series data span a wide 

spatial gradient of primary productivity that generally increases from north to south, and east to 

west (Carleton 2000), and the frequency and size of forest fires follows a similar trend.  

Management units also vary in the proportion of timber harvest that has occurred over the past 

40 years.  The abundance of deciduous forest stands within management units varies with natural 

and anthropogenic disturbance frequency, and stochastic forest successional pathways (Chapin et 

al. 2004, Beck et al. 2011).  These landscape covariates (i.e., productivity, forest fire frequency, 

timber harvest, and foraging habitat) represent different environmental gradients that potentially 

influence the availability and quality of moose foraging habitat, which may in turn influence 
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estimates of environmental carrying capacity and intrinsic growth rate of moose within 

management units.  Physiologically-based aspects of the maximum growth rate should be a fixed 

characteristic of a species’ life history, yet it is conceivable that other aspects of maximum 

growth rates might vary with environmental features that influence energetic efficiency at low 

population densities, such as climatic conditions (Brown 2011) or forage availability under 

pristine conditions (Sæther et al. 1996, Milner et al. 2013).  An explicit evaluation of these key 

demographic parameters (K and rmax) and their responses to environmental conditions would thus 

be valuable to both our understanding of moose demography, and more generally, population 

ecology of any species that occurs across broad geographic and bioclimatic gradients. 

 Environmental contributors to moose carrying capacity have been studied for individual 

populations of moose in numerous locations.  For example, moose carrying capacity has been 

linked to abundance of birch (Betula spp.) in Scandinavia (Wam et al. 2010), willow (Salix spp.) 

in Alaska (Stephenson et al. 2006), and general deciduous cover in Quebec (Crête 1989).  

Similar differences exist with regard to the influence of hunting (Mercer and McLaren 2002, 

Timmermann et al. 2002) and predation (Stephens and Peterson 1984, Gasaway et al. 1992, 

Dussault et al. 2005) on moose habitat selection and density across space.  Though useful in their 

own right, such studies alone are insufficient to demonstrate how and why the carrying capacity 

of a generalist herbivore might vary across a broad geographic gradient.  This requires a much 

more general (i.e., less biologically detailed) approach to classifying the land cover 

characteristics used by moose populations, and the disturbance regimes they experience, over a 

much broader expanse (e.g., the meta-population range).  These environmental characteristics 

may then be compared to variation in carrying capacity and intrinsic growth rate to assess how 
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general habitat characteristics, rather than specific localized factors, influence patterns of 

variation in demography over space. 

Here I estimated the intrinsic growth rate and carrying capacity for 34 subpopulations of 

Ontario moose across a broad latitudinal and environmental disturbance gradient.  I then 

regressed these regional demographic parameters against landscape covariates derived from 

regional maps of forest cover and productivity to assess the influence of disturbance regimes and 

forage availability on demographic characteristics of moose across their Ontario range.  Given 

that disturbance increases deciduous forage abundance (Peek et al. 1976, Stephenson et al. 

2006), and increased forage availability improves moose survivorship and browsing efficiency 

(Peek 1974, MacCracken et al. 1997, Brown 2011), I predicted that moose demographic 

parameters should be positively influenced by increases in both of these landscape 

characteristics.  This work builds upon previous findings that populations of numerous taxa 

respond to changes in environmental conditions across space (e.g., Caughley et al. 1984, Post 

and Stenseth 1998, Stenseth et al. 2002, Sæther et al. 2008) and evaluates the commonly held but 

rarely tested assumption that demographic parameters of any population are largely dependent on 

associated bioclimatic gradients (Rempel 2011). 

 

METHODS 

 This study was conducted across a large part of central and northern Ontario, Canada, 

encompassing approximately 46-50° N and 76-99° W.  This area, approximately 438,000 km
2
, 

has been subject to varying levels of timber harvest based on unique management strategies set 

forth for each Forest Management Unit (FMU).  Vegetation communities within the study area 

are diverse but generally shift from the predominately deciduous Great Lakes – St. Lawrence 
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forests in the south to the predominately coniferous boreal forest matrix to the north (Rowe 

1972).  Natural disturbance is characterized by an annual fire season from April to October, with 

timber harvest the primary anthropogenic disturbance, representing roughly an order of 

magnitude greater frequency than fire in most parts of my study area (see below). 

 Ontario moose are generalist herbivores with known preferences for deciduous and seral 

forest habitat.  Their range overlaps that of white-tailed deer (Odocoileus virginianus) to the 

south, and woodland caribou (Rangifer tarandus caribou) to the north.  Managed populations of 

elk (Cervus elaphus) occur at the southern and western extents of my study area and likely co-

occur with moose in some regions.  Predators of moose in Ontario include wolves (Canis lupus) 

and black bears (Ursus americanus), both of which have widespread distributions that span my 

study site. 

 Estimates of moose abundance were obtained from the Moose Aerial Inventory 

maintained by the Ontario Ministry of Natural Resources.  Standardized aerial surveys have been 

conducted during the winter (Dec.-Mar.) every 3-5 years starting in 1981.  I used these data to 

estimate the average exponential growth rate as the log-transformed ratio of abundance between 

surveys,  

 rt = ln(Nt+x / Nt) / x ,         (1) 

where N is a vector of densities (no. individuals/km
2
) within a management unit, t the year in 

which a survey was flown, and x the number of years between surveys.  I thus defined each 

wildlife management unit as a spatially distinct subpopulation of moose.  The boundaries of 

Ontario’s wildlife management units are typically defined by landscape characteristics like river 

and lake systems, railroad lines, geologic differences, and administrative boundaries, hence 

management units do not necessarily correspond to biologically distinct subpopulations.  
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However, the average area of my management units was 7,984.1 km
2
 (min = 832.1 km

2
, max = 

19259.0 km
2
), three orders of magnitude greater than the average home range typically reported 

for moose (e.g., Phillips et al. 1973, Cederlund and Okarma 1988).  I am thus confident that 

moose mobility has little influence on population estimates at such a large spatial scale, and that 

my WMUs adequately represent discrete samples of the moose population across Ontario. 

 Although individual surveys are flown with as much rigor as possible, the provincial 

guidelines for the Moose Aerial Inventory do not include protocols for incorporating habitat-

specific sighting biases.  Explicitly accounting for such bias in estimating the census would 

improve reliability of survey estimates, but I have no way to account for this in my dataset.  Still, 

given that correction for sightability inflates the survey estimate, the inventory data may be 

thought of as a minimum density based on observation.  Inventory estimates consistently 

underestimate the true population density, rendering my estimated carrying capacities 

conservative and, presumably, having no effect on intrinsic growth rate. 

 Moose in Ontario are subject to varying degrees of harvest across management units.  

Removal of individuals from the population could accordingly bias estimates of demographic 

parameters (Vucetich et al. 2005, Brown 2011).  To evaluate the maximum potential for such 

bias, I adjusted the recorded moose abundance based on the moose harvest as recorded by 

management unit such that, given a continuous vector of harvested densities, H, the corrected 

density, Nc, at time t+x was calculated as, 

                  
   
    .       (2) 

Corrected estimates of density were then substituted into Equation 1 to obtain the average 

exponential growth rate corrected for moose harvest (r
'
t). 
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 These separate estimates of r encompass two possibilities: 1) that harvest mortality is 

compensatory and hence has no effect on population growth rates (i.e., harvested individuals 

would have been removed from the population anyway by, e.g., predators), and 2) that harvest 

mortality is completely additive.  In reality, the contribution of harvest mortality to population 

growth rates is likely somewhere between these two extremes. The relationship between additive 

and compensatory mortality is often complex and difficult to isolate in wildlife studies, so I defer 

such issues to a separate study.  For my purposes, using these extremes allowed me to bracket 

the range of demographic possibilities, allowing me to determine whether my findings were 

robust to the impact of potentially additive harvest mortality.  Estimates of K and rmax for each 

WMU were accordingly derived from simple linear regressions of both formulations of 

instantaneous growth rate as a function of density, with rmax the y-intercept, and K the x-intercept 

of the regression line (Fig. 1). 

 I hypothesized that variation in demographic parameters estimated in this fashion is 

attributable at least in part to bottom-up considerations.  I cannot discount the possibility that 

some of this variation may be due to limited availability of moose densities in some WMUs, 

particularly in values close to 0 (Fig. 1).  Such limitations may introduce bias to the estimate of 

rmax, particularly if the relationship between density and growth rate is non-linear at low 

densities, and may promote under/overestimation of K.  I have no reason to believe such biases 

will be inconsistent across management units and thus are confident in the estimation of 

demographic parameters as described herein. 

 I quantified moose habitat characteristics for each wildlife management unit using the 

Ontario Provincial Land Cover 2000 (OLC) database available from the Land Information 

Ontario data warehouse (LIO; https://www.appliometadata.lrc.gov.on.ca/geonetwork/srv/ 
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en/main.home) at a 25 m resolution (Anonymous 2004).  The Ontario Land Cover database 

represents a snapshot of a spatially explicit landscape that clearly will change over time, but 

given the slow rate of change likely associated with forest succession at the relevant spatial and 

temporal scales for this study, I assumed that the static OLC data adequately represents spatial 

variation in vegetation composition across the study area.  Based on established relationships 

between forest cover types and moose forage availability (e.g., Peek et al. 1976, MacCracken et 

al. 1997, Stephenson et al. 2006, Wam et al. 2010), land cover classes characterizing different 

forest stands should be proportional to relative abundance of forage generally increasing with the 

proportion of deciduous coverage represented in each class.  I subsequently identified 6 OLC 

forest stand classifications (out of 29 classes available) that represent potential moose foraging 

habitat: depletion (cuts), depletion (burns), regenerating depletion, dense deciduous, dense 

mixedwood, and dense coniferous (Anonymous 2004).  I calculated the proportional coverage of 

each habitat type within each wildlife management unit as a representation of relative abundance 

of moose foraging habitats. 

 Given the lack of temporally explicit land cover data, I was unable to directly address 

annual changes in cover by deciduous foraging habitat.  I accommodated this by including 

seasonal changes in the Normalized Difference Vegetative Index (NDVI).   Monthly NDVI data 

at a 1 km resolution were obtained from NASA’s Land Processes Distributed Active Archive 

Center (LP DAAC 2013) and averaged for summer (June-Sept.) and winter (Dec.-Mar.).  The 

difference in seasonal NDVI was calculated from 2000-2007 and averaged for each WMU 

(∆NDVI = NDVIsummer - NDVIwinter) across the study area.  NDVI has been demonstrated to 

covary with primary productivity (Birky 2001), and seasonal differences in NDVI should be 

proportional to the seasonal “greenness” of a landscape (i.e., coverage of deciduous foliage; 
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Avgar et al. 2013), and also serves to correct the classification error typical of remotely sensed 

landscape data. 

 I hypothesized that moose demographic characteristics are governed in part by natural 

and anthropogenic disturbance regimes.  Spatially explicit forest fire and timber harvest records 

were obtained from the Land Information Ontario data warehouse, and annual fire and harvest 

were separately calculated for each wildlife management unit as the proportion of the landscape 

disturbed by each source from 1981-2007.  I then averaged these proportions for each 

management unit to obtain separate estimates of differences in fire and timber harvest frequency 

across my study area.  This assumes a constant mean and variation in fire characteristics (i.e., 

severity and intensity) across the management units.  This may be problematic from a continuous 

time perspective, as this mean may be influenced by climate and harvest regimes, but should not 

influence my results because of the static landscape methodology used here. 

  I evaluated spatial variation in moose demographic parameters using a model 

competition procedure.  I estimated simple linear regressions of K and rmax using a suite of 

biologically relevant models representing the contribution of different combinations of habitat 

and disturbance variables to demography (Table 1).  Proportional coverage data were logit 

transformed.  Model comparison was conducted using Akaike’s Information Criterion corrected 

for small sample size (AICc).  However, each estimate of density per survey year is associated 

with a 90% confidence interval that represents 10-20% of the census estimate (McLaren 2006), 

which may influence the reliability of estimates of K and rmax, and thus the estimated relationship 

between these demographic parameters and environmental covariates.  To accommodate this, I 

generated 1000 bootstrapped time series using the 90% confidence interval for each survey year 

and estimated K and rmax for each time series.  I repeated my regressions for each demographic 
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parameter using the most parsimonious model based on AICc to evaluate how sensitive 

estimated slopes were to variation in the survey data.  All analyses were performed using the 

core package in Program R (R Core Team 2013). 

 

RESULTS 

  Regardless of the method used to estimate instantaneous growth rate, the most 

parsimonious model for carrying capacity (K) included ∆NDVI, the proportion of the landscape 

harvested for timber, and proportional coverage by mixedwood habitat (r: R
2
 = 0.46; r

'
 R

2
r = 

0.43; Table 1).  ∆NDVI and mixedwood coverage positively influenced carrying capacity by as 

much as 0.25 and 0.3 individuals per square kilometer, respectively.  On the other hand, 

increasing timber harvest reduced moose carrying capacity by as much as 0.4 individuals per 

square kilometer at the highest timber harvest levels recorded (Fig. 2).  Estimated slopes were 

robust to variation in the survey data based on sensitivity analysis of 1000 bootstrapped time 

series per management unit (Fig. 3).  Moose carrying capacity thus increased with landscape 

covariates associated with increasing abundance of high quality foraging habitat, and decreased 

with the anthropogenic removal of forested habitat in general (note that fire disturbance did not 

come out as an important predictor).  When projected across the entire province, my model 

predicts that moose carrying capacity should generally increase from east to west, and from 

south to north, tracking well the forest productivity gradient across Ontario (Fig. 4). 

 The most parsimonious model for rmax was simply the average rmax for the entire dataset 

(mean r = 0.43, mean r
'
 = 0.53; Table 1).  Intrinsic population growth rate thus varied little 

across Ontario, whereas carrying capacity was much more responsive to landscape covariates.  

This could be attributable to small sample sizes within WMUs, which would produce highly 
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variable estimates of rmax. The fact that spatial variation in estimates of moose carrying capacity 

was closely correlated with landscape variables suggests that this is not the case.  It seems more 

likely that the available landscape variables simply have little impact on intrinsic population 

growth rates, or that rmax is an innate characteristic of populations or species (see Discussion). 

 

DISCUSSION 

 I found that moose carrying capacity varied positively with changes in average 

productivity and the relative abundance of mixedwood habitat.  These variables coincide with 

increases in deciduous foliage, which is widely recognized as the main source of moose forage 

(Peek et al. 1976, Belovsky 1981, Stephenson et al. 2006); thus maximum population size of 

moose increases with resource availability.  That this occurs is unsurprising, given that 

population size is often associated with forage abundance and habitat availability.  For example, 

populations of red and grey kangaroos (Macropus spp.) respond numerically to changes in 

rainfall as it strongly influences forage abundance (Caughley et al. 1984), timber wolf population 

density tracks habitat characteristics associated with prey foraging requirements (Mladenoff and 

Sickley 1998), and the density of California gnatcatchers (Polioptila californica) declines with 

loss of sage scrub and increasing distance between habitat patches (Akçakaya and Atwood 

1997).  However, changes in density alone may be insufficient to assess the quality of a 

landscape for animal populations and can lead to inaccurate population projections without 

estimating associated demographic parameters (Van Horne 1983).  To my knowledge, this 

represents one of the most rigorous demonstrations to date of changing environmental carrying 

capacity of a large mammal across a broad range of landscape characteristics, and my findings 

corroborate that population size is limited maximally by the availability of resources. 
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 I found that increasing annual timber harvest negatively influenced moose carrying 

capacity (Fig. 2).  This seems counterintuitive in that timber harvest resets forest stands to an 

early successional stage, and has been demonstrated to increase the amount of deciduous forage 

available to moose following regrowth in Minnesota (Stephenson et al. 2006), Ontario (Carleton 

2000), and Scandinavia (Wam et al. 2010).  Timber harvest requires the creation of roads to 

transport lumber out of the forest, however, which when coupled to clear cuts improves access to 

moose populations by wolves as well as human hunters, thereby contributing to increased moose 

mortality (Rempel et al. 1997).  Increased hunting pressure and efficiency depresses moose 

population size and may explain the negative relationship detected between timber harvest and 

carrying capacity.  An explicit evaluation of hunter effort as it influences demography would be 

a worthwhile contribution to this work; however, the provincial data on moose harvests are not 

sufficiently detailed to permit estimation of effort, as single moose tags are often associated with 

hunting parties of variable size, which are not reported in my dataset.  I note that timber harvest 

similarly affects moose carrying capacity even when human induced mortality is taken into 

account, indicating that hunting may be a less important determinant of moose carrying capacity 

than forage availability, as well as the potentially important role played by wolf predation. 

 I estimated average timber harvest from time series data of harvest for each management 

unit assuming variable annual harvests around a mean.  Given discrete stages of forest 

succession (e.g., early, mid, and late) and constant rates of transition from one stage to the next, a 

forest stand removed for lumber may be simultaneously replaced elsewhere on the landscape by 

an early successional stand harvested previously, early stands will develop into late successional 

stands, and so on.  This is an admittedly simple perspective on forest succession, but it serves to 

demonstrate that, operating from an average landscape composition perspective as I do here, 
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increasing annual timber harvest may not coincide with an immediate increase in deciduous 

cover, but effectively immediate removal of forest habitat from the landscape.  Given that all 

forested stands have at least some value to moose, for example as forage habitat (Peek et al. 

1976, Stephenson et al. 2006), predatory cover (Stephens and Peterson 1984, Dussault et al. 

2005), or thermal cover (Dussault et al. 2004, van Beest et al. 2012), it is reasonable that 

increasing the average annual timber harvest would depress estimated carrying capacity within 

wildlife management units.  Timber harvest may thus depress moose abundance both indirectly 

through increased mortality due to improved hunting efficiency by humans and natural predators 

and directly through changes to the distribution and abundance of forest stands. 

 Although increasing the average area harvested for lumber in a landscape would reduce 

the total forested area at a given time, it would be expected to produce greater abundance of 

mixedwood habitat over time relative to an unmanaged forest (Carleton 2000).  As such, we may 

expect moose carrying capacity to be highest in a landscape that experiences sufficient timber 

harvest to maximize the presence of mixedwood habitat while providing sufficient cover of other 

stand types.  The question is, what is the optimum balance between these variables—that is, what 

level of timber harvest would ultimately result in the greatest average annual mixedwood 

abundance?  This would depend primarily on the time lag from initial depletion to full 

regeneration, and on the pathways of succession.  Use of a temporally explicit landscape would 

permit exploration of how quickly timber harvest produces new moose foraging habitat.  

Succession rates and stand composition post harvest have been extensively studied in Ontario, 

and the boreal forest in general (i.e., Carleton 2000, Chapin et al. 2004, Drescher et al. 2008); 

however, how patterns of succession and temporal dynamics of vegetation composition influence 

utilization of clearcuts by moose remains unclear.  Generally, we expect moose to begin utilizing 
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clearcuts as early as one growing season following timber harvest as the understory regenerates, 

but few studies have examined over what duration such utilization improves foraging efficiency 

and how this improvement influences carrying capacity (but see Stephenson et al. 2006).  Clearly 

additional work is needed to understand precisely how and over what duration timber harvest 

improves moose habitat configuration.  Such a question is obviously pertinent to managed 

populations of moose in commercially harvested forests, but should be equally applicable to any 

species that has a preference for young or seral habitat, and coincides with my previous assertion 

that a greater understanding of the temporal dynamics of habitat improvement post-disturbance 

are a vital component of the effective management of this, and other, populations of interest.   

 I failed to find a link between intrinsic population growth rates and landscape covariates.  

This could be attributable to rmax being an innate characteristic of populations.  Healthy 

populations of moose produce approximately 1 calf per adult female per year with a twinning 

rate of about 40% (Gasaway et al. 1992, MacCracken et al. 1997), and deviation from this 

maximum should be a function of declines in density-independent juvenile survivorship and 

female fecundity.  Forage availability should also influence these demographic parameters, as 

body condition and fecundity of moose is associated with seasonal range conditions that can 

have considerable impact on foraging efficiency (Sæther et al. 1996, Milner et al. 2013).  

Nonetheless, my findings show that intrinsic growth rate estimates are not correlated with the 

landscape covariates I identified, suggesting that other factors may be more important in 

predicting intrinsic growth rates. 

 One possibility is that predators depress population size and thereby reduce estimates of 

yearly growth, leading to predator-driven changes in population growth rates.  This has been 

demonstrated to various degrees in numerous systems, including moose (Brown 2011, Gervasi et 
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al. 2012), roe deer (Capreolus capreolus; Gervasi et al. 2012), woodland caribou (Rangifer 

tarandus caribou; Decesare et al. 2014), elk (Cervus elaphus; Vucetich et al. 2005), and grey-

sided voles (Clethrionomys rufocanus; Stenseth et al. 2002).  Information about predator 

densities is only sparsely available across Ontario, thus prohibiting explicit examination of this 

effect in my models, but certainly the amount of variation not described by my models suggests 

that the known effects of predators on herbivore demography cannot be discounted.  

Additionally, variation in climatic conditions is often correlated with population fluctuations in 

many taxa (e.g., Post and Stenseth 1998, Forchhammer et al. 1998, Stenseth et al. 2002, Lima et 

al. 2003).  Consideration of variation in predator density and variation in climate across the 

province could conceivably improve our understanding of factors influencing spatial variation in 

moose growth rates. 

 Based on my findings, moose carrying capacity should be maximized in a landscape with 

high productivity and relative abundance of mixedwood, with minimal timber harvest (Fig. 2), 

and I can estimate changes in K across this gradient (Fig. 4).  This suggests that a first order 

prediction of moose population size of moose at equilibrium can be derived for a landscape with 

known habitat characteristics and disturbance regimes.  This is conceptually similar to Mladenoff 

and Sickley's (1998) procedure for estimating equilibrium abundance of reintroduced 

populations of wolves in the northeastern United States, based on known habitat preferences of 

wolves and densities of wolf prey, wherein it was assumed reintroduced wolf densities would 

correspond to densities in similar landscapes.  However, this assumption may not hold for 

populations occurring along a range periphery (Caughley et al. 1988, Curnutt et al. 1996), or in 

novel environments where demographic parameters are unknown (Van Horne 1983).  Moreover, 

wolf functional and numeric responses are well studied and provide a theoretical basis for 



 
 

 
 

81 

predictive population estimates unavailable for other species.  On the contrary, estimating 

demographic parameters simply requires a time series of abundance, and extending these 

estimates to novel environments should be relatively simple given known predictors of carrying 

capacity across space and average intrinsic growth rate.  This would permit us to predict not only 

abundance and distribution but also population dynamics of species occurring in reintroduced 

habitats or otherwise unsurveyed landscapes, and could be particularly useful in estimating 

variation in demographic parameters of populations in response to anticipated changes in habitat 

configuration and environmental characteristics due to climate change.  Whether such predictive 

population modeling would be a suitable alternative to the approach of Mladenoff and Sickley 

(1998) therefore remains to be demonstrated. 

 A thorough understanding of the factors influencing population dynamics across broad 

environmental gradients is vital to the conservation and management of widespread species 

(Avgar et al. 2013).  However, demographic parameters as estimated from population models are 

often overlooked in studies of population demography.  Here I demonstrate that environmental 

carrying capacity of managed moose populations can be predicted using a suite of biologically 

relevant landscape covariates associated with forage abundance and habitat disturbance.  This 

not only contributes to our understanding of habitat use and home range requirements of moose, 

but also provides a general framework for quantifying demographic variation in any given 

population with respect to changes in landscape configuration and human land use.  Extension of 

these relationships into predictive population modeling may lead to more robust predictions of 

population viability over space and time, and thus better informed management practices for this 

and other species of concern.   
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TABLES 

TABLE 1.  Competing models of carrying capacity (K) and intrinsic growth rate (rmax), and associated ∆AIC values, in ascending 

order of complexity, for both compensatory (rt) and additive (rt,c) formulations of instantaneous growth rate.  Cut, Burn, 

Regenerating, Sparse, Deciduous, and Mixedwood are proportional land cover defined by the Provincial Land Cover.  Fire and 

Harvest are average annual proportional disturbance defined by yearly data available from 1981-2007 from the Ontario Ministry of 

Natural Resources.  “X” indicates inclusion in a given model.  ∆NDVI was included in all models except the intercept only model.  

K is best predicted by a combination of ∆NDVI, proportion of mixedwood habitat, and proportion of the landscape harvested for 

timber, but rmax is not predicted by any of the defined landscape variables. 

Predictors ∆AICK ∆AICrmax 

Cut Burn Regenerating Sparse Deciduous Mixedwood Harvest Fire rt rt,c rt rt,c 

Intercept Only 18.29 16.52 0.00 0.00 

       X 19.32 16.71 1.39 2.24 

      X  4.69 5.24 1.59 3.37 

      X X 6.54 7.14 3.30 4.14 

     X X  0.00 0.00 1.16 3.10 

     X  X 21.28 18.69 2.26 2.69 

   X   X X 6.10 6.95 4.80 6.11 

    X  X X 7.03 8.91 3.71 6.07 

     X X X 1.92 1.84 3.14 4.52 

   X X  X X 7.86 8.81 5.71 7.94 



 
 

 
 

8
9

 

    X X X X 2.29 3.63 3.54 6.46 

   X  X X X 3.00 3.12 5.04 6.19 

   X X X X X 4.18 5.12 5.34 7.76 

X X X X X X   17.45 16.90 7.53 6.86 
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FIGURES 

FIGURE 1.  Regressions of instantaneous growth rate (rt) as a function of moose density (no. individuals/km
2
) by wildlife 

management unit (WMU).  Estimates of K (the x-intercept) and rmax (the y-intercept) vary markedly by WMU. 
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FIGURE 2.  Partial residual plot of K as a function of seasonal differences in productivity 

(∆NDVI), proportional coverage of mixedwood habitat, and average proportion of the landscape 

harvested for timber per year.  Open circles represent K as estimated using uncorrected 

instantaneous growth rate (rt), and solid lines the trend in the associated partial residuals, 

whereas plus symbols and dashed lines the values and trends for K as estimated using 

instantaneous growth rates corrected for moose harvest (rt,c).  K increases with increases in 

foraging habitat and productivity, but declines with annual timber harvest (R
2

r = 0.46, R
2

r,c = 

0.43). 
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FIGURE 3.  Kernel density estimates of the sensitivity analysis of estimated slopes of the most parsimonious model of carrying 

capacity (K), based on the 90% confidence intervals of the moose aerial survey each year.  Dashed lines represent instantaneous 

population growth corrected for hunting, and solid lines are uncorrected (i.e., pure survey data).  The relationships between estimated 

carrying capacity and environmental covariates were robust to variation in the survey data based on 90% confidence intervals. 
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FIGURE 4.  Projection of K across Ontario, smoothed using cubic splines.  Notable gaps in the 

projection occur at Lake Nipigon (center), Quetico Provincial Park (southwest), and Wabakimi 

Provincial Park (north-center), where forestry does not occur.  Maximum population size tracks 

well with increasing productivity from east to west, and from north to south.  Similar trends were 

observed for both formulations of instantaneous growth rate. 
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Chapter 4: Estimating animal densities in a novel landscape: a 

comparison of resource selection-based and demographic 

population prediction 

 

ABSTRACT 

 Habitat-based prediction of population density in a novel landscape relies on known 

relationships between landscape configuration (i.e., abundance of habitat types) and equilibrium 

density.  This may be accomplished by estimating resource selection functions (RSPFs) 

quantifying the probability of use of habitats based on presence/absence data, or by relating 

carrying capacity to landscape covariates.  No studies have evaluated the applicability of these 

models across landscapes of varying quality, nor their relative performance.  I used RSPFs for 

moose (Alces alces) from two study sites in northwestern Ontario, and time series data on moose 

abundance from 34 wildlife management units across Ontario, to generate two separate 

estimators of moose population density. I compared the predictions of both models to estimates 

of moose density in a novel site obtained via aerial census.  I also projected the RSPF model 

across the 34 management units and compared the predicted densities to the estimated carrying 

capacities of each unit.  Both the RSPF and regression of carrying capacity based on logistic fits 

to time series data predicted moose equilibrium densities that were statistically indistinguishable 

from the estimated density of moose at the novel study site.  The RSPF did not predict carrying 

capacities in management units across Ontario, but the difference between the RSPF estimates 

and the carrying capacities varied predictably with differences in covariates related to forage 

availability across the province, suggesting that habitat selection strength, and thus RSPF 
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transferability, varies with landscape quality.  Estimating densities using RSPFs relies a 

consistent relationship between habitat selection and animal density.  This relationship actually 

varies as a function of landscape quality and resource availability, thus RSPF applicability across 

space will depend heavily on similarity between the novel and original sites.  Demographic 

projection benefits from broad spatiotemporal datasets that improve reliability but that are 

relatively rare.  An examination of declining reliability of habitat selection models across 

landscapes of variable quality would improve our understanding of how animals may use 

habitats and distribute themselves across space, as well as our ability to predict population 

dynamics in changing environments. 
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INTRODUCTION 

 Landscapes are being rapidly altered by human disturbance and climate change (IPCC 

2001, Chapin III et al. 2004), exposing many populations to new conditions.  As a result changes 

in the abundance and distribution of populations are anticipated at a global scale (Forchhammer 

et al. 1998, IPCC 2001, Chapin III et al. 2004, Keith et al. 2008).  Effective management of 

wildlife populations in light of these changes demands a thorough understanding of population 

dynamics across landscapes—specifically, how animals will respond demographically to 

changes in environmental conditions.  As such, much attention has been given to understanding 

how demographic characteristics of populations change across various bioclimatic gradients (i.e., 

Clutton-Brock et al. 1996, Post and Stenseth 1998, Forchhammer et al. 1998, Stenseth et al. 

2003, Jennings et al. 2008, Sæther et al. 2008) 

 Provided sufficient information on demography and habitat preference is available across 

bioclimatic gradients, one would ideally like to predict the abundance and distribution of 

populations.  Broadly, density prediction relies on known relationships between a target 

population’s density and its environment from which an estimate of equilibrium abundance can 

be derived given a known landscape configuration (Boyce and McDonald 1999).  One way of 

accomplishing this is by estimating resource selection functions (RSFs), which quantify the 

probability that a given location on a landscape will be used by a target species (Boyce and 

McDonald 1999).  Given this information and some method of associating habitat selection with 

density, fine-scale habitat-based models of abundance can be generated for a specific landscape 

(Meyer et al. 1998, Mladenoff and Sickley 1998).  These RSF models may then be projected into 

new landscapes to obtain predicted estimates of abundance. 
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 This form of projection may be complicated by site-specific differences in landscape 

quality (Beyer et al. 2010).  Low quality landscapes (i.e., resource poor environments) are 

predicted to support lower population densities than high quality landscapes (Fretwell and Lucas 

1970), thus the quality of the focal site may contribute to specific patterns in population and 

behavioural ecology that inhibit RSF model applicability in a novel site.  Also, differences in 

landscape configuration and composition (i.e., spatial arrangement and relative abundance of 

habitat types) can influence the frequency of use of habitats, resulting in variation in habitat 

selection strength across landscapes as detected by resource selection metrics (Mysterud and Ims 

1998, Beyer et al. 2010).  That RSF-based models have been shown to successfully predict 

abundance in novel landscapes (e.g., Mladenoff and Sickley 1998, Boyce and McDonald 1999, 

Graf et al. 2006) suggests that these effects may be less concerning than previously considered, 

but this body of literature still lacks an explicit evaluation of RSF predictive power across 

markedly different landscapes. 

 Alternatively, we may also predict population abundance using time series of abundance 

from other sites, from which we derive estimates of carrying capacities and intrinsic growth rates 

(e.g., Forchhammer et al. 1998, Peek et al. 2002, Stenseth et al. 2003, Sæther et al. 2008).  

Variation in demographic parameters can then be regressed against relevant bioclimatic metrics 

(e.g., Stenseth et al. 2003, Sæther et al. 2008), and equilibrium densities (i.e., carrying capacity) 

in a novel landscape may be predicted based on this characterization.  This may be more intuitive 

than the habitat-based approach and relies on the most basic tenets of population ecology, and 

the broad spatiotemporal scales of such time series likely increase the predictive power of 

demographically based models by encompassing a broader spectrum of possible environmental 
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conditions.  Unfortunately, few time series are available at a spatial extent sufficiently broad to 

accommodate bioclimatic gradients and differences in landscape structure. 

 No studies to my knowledge have compared population predictions based on separate 

derivations of both RSF and demographic models, likely because few study systems have the 

appropriate data (i.e., individual habitat use and long time series of abundance).  This calls to 

question the transferability and reliability of predictive models outside the extent of their original 

datasets.  Specifically, 1) can demographically based models derived from broad spatial datasets 

predict abundance in smaller, novel sites, 2) can RSF-based models derived from local study 

sites predict abundance in larger, novel sites, and 3) how closely do these models agree on 

predicted abundance in the same site?  Such a comparative analysis would be useful not only to 

management of species of interest, particularly in terms of species reintroductions (Mladenoff 

and Sickley 1998, Graf et al. 2006), but more generally toward the development of critical tools 

necessary to anticipate and mitigate changes in population dynamics in response to human 

disturbance and predicted climate change. 

 In my previous chapters, I estimated a resource selection function (RSF) from fine-scale 

habitat selection data for moose (Alces alces) from two study sites in northwestern Ontario.  I 

also estimated a model of carrying capacity based on spatial variation in habitat availability and 

productivity using time series data for 34 wildlife management units across central and northern 

Ontario.  Both analyses provided support for the hypothesis that animal distributions and 

demographic parameters are constrained by resource availability, but this hypothesis may be 

further evaluated using the comparative prediction framework described above.  I thus compared 

moose equilibrium population densities derived using both methods (i.e., the RSF and the 

carrying capacity model) with census estimates of moose abundance in a third, novel study site, 
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and compared the individual carrying capacities of the 34 management units with equilibrium 

densities as predicted by the RSF, to evaluate two predictions: 1) that both the previously derived 

carrying capacity model and RSF would predict abundance of moose in a novel landscape, and 

2) that the RSF would predict carrying capacities of sub-populations of moose as estimated by 

time series of abundance across a broad landscape. 

 

 

METHODS 

Study Sites 

 I conducted this study using landscape and moose population data across northern 

Ontario (Fig. 1).  Ontario wildlife and forests are managed based on division into unique 

management units spanning broad bioclimatic gradients in precipitation, seasonal temperatures, 

topography, elevation, soil quality, and forest composition (Carleton 2000, OMNR 2010).  This 

permits evaluation of environmental conditions as drivers of moose habitat selection and 

demographic parameters (i.e., carrying capacity).  I identified three study sites that I believe 

exemplify these broad changes in environment: Pickle Lake (51°N, 91°W), Nakina (50°N, 

87°W), and Cochrane (49°N, 80°W--Fig. 1).  Each study site is approximately 22,500 km
2
 in 

size.  Nakina lies within the managed forest region of Ontario that is closely regulated for timber 

harvest, but Pickle Lake falls outside of this region and is considered anthropogenically 

undisturbed.  Cochrane is managed to the south, but the northern half of the site is not.  Cochrane 

thus represents a mixture of anthropogenically disturbed and pristine conditions. 

 All three sites are composed of boreal forest stands dominated by white spruce (Picea 

glauca), black spruce (Picea mariana), jack pine (Pinus banksiana), trembling aspen (Populus 
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tremuloides), white birth (Betula papyrifera), and balsam fir (Abies balsamea).  Both treed (i.e., 

black spruce) and open bogs and fens occur throughout each site but are observed most 

frequently in northern Cochrane.  Moose in all study sites co-occur with woodland caribou 

(Rangifer tarandus caribou) and are subject to predation primarily by gray wolves (Canis lupus) 

and black bears (Ursus americanus),  

 

Aerial Surveys and Habitat Selection 

 I used data from fixed wing aerial surveys conducted using line transects for moose from 

Feb. 15 to Mar. 13, 2011, and Jan. 5 to Mar. 5, 2012, in Pickle Lake and Nakina, respectively.  

Two observers searched for moose within 500 m on either side of the aircraft (i.e., 1 km 

transects).  Upon detection, the aircraft circled the moose and observers recorded the number, 

age, and sex of detected individuals; dominant forest type; tree density; and visibility.  Observers 

recorded waypoints at the moment of detection, rather than immediately above the detected 

moose.  I therefore adjusted the position of the waypoint manually in ArcMap v. 10.1 (ESRI 

2011) to the center of the circle flown by the aircraft.  If no obvious circle was available, the 

corrected position was determined based on the forest data recorded by the observers compared 

to landscape data available from the Ontario Land Cover (OLC) 2000 (Anonymous 2004).  If no 

conclusion could be reached, I removed the waypoint from consideration. 

 To accommodate the error introduced by this correction procedure, I created buffers 

around the corrected points of radius equal to the average distance between the original 

observation and the corrected point (250 m).  I estimated proportional coverage by OLC land 

cover classes relevant to moose foraging during the winter: disturbance (cuts and burns), 

regenerating stands, deciduous forest, mixedwood forest, and coniferous forest.  I also estimated 
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the average change in the Normalized Difference Vegetative Index (∆NDVI) between summer 

(June-Sept.) and winter (Dec.-Mar.) from 2001-2007 within these buffers, using landscape layers 

obtained from NASA’s Land Process Distributed Active Archive Center (LP DAAC 2013), as an 

additional measure of “greenness” (i.e., deciduous foliage per pixel). 

 For the Cochrane site, I used the Moose Aerial Inventory maintained by the Ontario 

Ministry of Natural Resources flown from Jan. 9 to Feb. 5, 2010 (McLaren 2006).  Survey 

protocols were identical for the Cochrane survey with two exceptions.  Observers searched 

within 250 m on either side of the aircraft (i.e., 500 m transects), and waypoints were recorded 

immediately above the observed moose, eliminating the need for waypoint correction.  

Following correction, I recorded 188 moose detections in total, 58 in Pickle Lake, 70 in Nakina, 

and 60 in Cochrane. 

 I estimated habitat selection by moose using a RSF (Boyce and McDonald 1999).  I 

defined used points as the 500 m buffers around each corrected moose detection in Nakina and 

Pickle Lake.  I identified unused points as 500 m buffers with centroids lying on the flight path, 

separated by 100 m edge to edge, assuming perfect detection along the flight path.  I used 

logistic regression to assess presence/absence of moose as driven by ∆NDVI and proportional 

cover by OLC coverage classes (Table 1).  Because I assumed a used/unused design (i.e., true 

presence/absence), my RSF is technically a direct estimation of the probability of use of a given 

pixel (RSPF--Boyce and McDonald 1999).  In reality, the likelihood of any point in space ever 

being truly unused by a meandering moose is very small given sufficient time (Boyce and 

McDonald 1999).  This assumption is thus quite likely wrong over any long term evaluation of 

behaviour and habitat selection.  RSPFs estimated using availability data based on weighted 

maximum likelihood estimation would improve the reliability of the habitat selection (Lele 
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2009), but these models require at least one non-categorical covariate which may not be feasible 

in all situations.  Given that my goal is to demonstrate and evaluate the methodology, within the 

time frame under observation and for comparative purposes, I am confident in this assumption 

for this analysis.   

 

Management Units and Moose Demography 

 I estimated moose population growth rates within management units across the managed 

forests of Ontario using the Moose Aerial Inventory from 1982-2007.  Surveys are conducted 

every 3-5 years, and most frequently in the managed forests of central and northern Ontario (Fig. 

1).  As such, moose population time series are of uneven length across management units.  I 

identified those management units that had a minimum of 10 survey years (N = 34) and 

estimated instantaneous growth rates within units as, 

 rt = ln(Nt+x / Nt) / x ,         (1) 

where N is a vector of densities (no. individuals/km
2
) within a management unit, t is the year in 

which a survey was flown, and x is the number of years between surveys.  A simple linear 

regression of growth rate as a function of abundance produces an estimate of carrying capacity 

(i.e., the y-intercept). 

 Moose in Ontario are subjected to varying levels of human hunting intensity, which may 

depress my estimates of instantaneous growth rate and, thus, carrying capacity (Vucetich et al. 

2005).  This can be accommodated by adjusting estimated abundance upward based on the 

number of individuals harvested between surveys multiplied by a proportion representing the 

relative contribution of additive mortality, but the degree to which harvest mortality is additive 

or compensatory to natural mortality is a contentious subject and difficult to estimate (Pöysä 
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2004), but hunting mortality in moose is most frequently considered largely compensatory (e.g., 

Franzmann et al. 1980, Ballard et al. Taylor 1981, Larsen et al. 1989, Sand et al. 2012).  Because 

no consistent estimates of the amount of compensatory versus additive hunting mortality in 

moose exists across my site, I assumed completely compensatory mortality, thus requiring no 

modification of abundance estimates between years.   

 I used simple linear regression to estimate changes in carrying capacity within 

management units as a function of environmental characteristics corresponding to habitat 

availability, specifically proportional coverage by mixedwood stands based on OLC, average 

∆NDVI from summer to winter, and the proportion of the landscape harvested per year on 

average based on spatially explicit data of timber harvest available from the Land Information 

Ontario data warehouse (https://www.javacoeapp.lrc.gov.on.ca/geonetwork/srv/en/main.home).  

Street et al. (submitted) found this combination of landscape parameters best described changes 

in moose carrying capacity based on AIC and was robust to the formulation of instantaneous 

growth rate with respect to hunting mortality as described above (see Chapter 3).  All proportion 

data were logit transformed. 

 

Population Projection 

 I sought to evaluate the reliability of predictive models of population density based on 

habitat selection versus demographic processes.  I thus estimated the equilibrium density of 

moose in the Cochrane study area using both the RSPF and the carrying capacity model.  I 

predicted carrying capacity in Cochrane using the demographic model based on the proportion of 

OLC mixedwood cover, average ∆NDVI, and proportion of the landscape harvested per year on 

average.  I calculated the RSPF for each 500 m pixel on the landscape, and the probability of 
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selection was summed across all pixels and divided by the total area to estimate moose density 

(Boyce and McDonald 1999), with standard errors estimated using the delta method (Seber 

1982).  I estimated moose density within Cochrane as, 

 D = ∑y / ∑a ,         (3) 

where y is the number of animals detected in a transect, and a is the area of a transect, with a 

standard estimate of error using finite population correction.  Lastly, I projected the RSPF onto 

each 500 m pixel of each of the 34 management units and predicted equilibrium densities 

following the same methodology as for Cochrane.  I compared these predictions to the carrying 

capacities and average harvest mortalities (to control for depressed estimates of carrying capacity 

in heavily harvested units) as estimated from the aerial inventories of each of the management 

units using multiple linear regression to assess the predictive power of the RSPF across 

landscapes that vary from the relative abundance and configuration of habitat types at the initial 

sites. 

 I performed all calculations using the “survival” and base packages in Program R ( R Core 

Team 2013). 

 

RESULTS 

 I estimated a RSPF for moose based on aerial surveys in the Nakina and Pickle Lake 

study sites.  The RSPF did not explain a large proportion of the variation in the moose survey 

data (Nagelkerke R
2
 = 0.15), likely owing to the highly stochastic nature of habitat use by 

animals.  Nevertheless, the magnitude of coefficients suggests that the RSPF reliably captured 

moose winter habitat use, with disturbance, deciduous, and mixedwood stand types selected most 

strongly (Table 1).  Projection of the RSPF onto the Cochrane study area produced a map that 
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tracked well the distribution of disturbed and deciduous stand types across the site (Fig. 2).  

Transforming the logit projection to probabilities and summing across all pixels produced a 

predicted density of 8.3 ± 0.2 moose/100 km
2
 in the Cochrane site. 

 A simple linear regression of environmental carrying capacity within a management unit 

as a function of landscape covariates explained a large proportion of the variation in carrying 

capacity (R
2
 = 0.46).  Coverage by mixedwood habitat and deciduous foliage (i.e., ∆NDVI) 

increased, and habitat loss (i.e., timber harvest) decreased, the estimate of carrying capacity 

(Table 2).  When projected onto the Cochrane site, this model predicted 7.3 ± 0.5 moose/100 

km
2
. 

 The aerial inventory of Cochrane produced a density estimate of 7.4 ± 0.8 moose/100 

km
2
 based on line transects.  Comparison of this estimate to the predictions of the RSPF and 

demographic models revealed no significant differences between observed and predicted 

densities (Fig. 3), indicating that both models performed well, statistically speaking.  It is worth 

noting that the estimate from the carrying capacity model was closest in value to the observed 

density (7.3 predicted vs. 7.4 moose/100 km
2
 observed), suggesting a mild but statistically 

insignificant improvement over the RSPF estimate.  Regardless, both models performed well at 

predicting moose abundance. 

 Lastly, I projected the RSPF onto each management unit and estimated equilibrium 

densities across all 34 units.  Multiple linear regression found no statistically significant 

relationship between the RSPF prediction and either carrying capacity as estimated from the time 

series or average harvest mortality (Table 3).  I then calculated the differences between the 

predictions and carrying capacites, and regressed these differences against differences in 

landscape configuration between the management units and the site where the RSPF was 
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estimated (i.e., Nakina/Pickle Lake--Table 4).  A large negative difference (i.e., predicted density 

< carrying capacity) was observed when the difference in average ∆NDVI and proportional 

coverage by disturbed habitat was greater, and proportional coverage by regenerating habitat was 

smaller, in the management unit than in the original site of estimation (R
2
 = 0.44, Fig. 4), and 

vice versa.  Therefore, although predicted densities based on the RSPF did not agree with 

estimated carrying capacities, differences in landscape covariates corresponding to foraging 

habitat quality and availability reliably predicted the direction and magnitude of differences from 

the observed carrying capacities. 

 

DISCUSSION 

 Numerous examples of population prediction based on habitat selection (i.e., Akçakaya 

and Atwood 1997, Meyer et al. 1998, Mladenoff and Sickley 1998, Boyce and McDonald 1999, 

Akçakaya et al. 2004, Graf et al. 2006) and demography (i.e., Stillman et al. 2001, Peek et al. 

2002, Jennings et al. 2008, Sæther et al. 2008, McClanahan et al. 2011) are found in studies of 

wildlife ecology.  These approaches fundamentally differ in their consideration of habitat 

associations with population distribution and abundance, and could potentially produce markedly 

different predictions in novel landscapes.  I found no statistically significant differences between 

known moose density and my predictions based on either RSPF or carrying capacity estimates  

(Fig. 3).  Hence, both methods may be viable across landscapes of similar quality, but 

differences in quality between the original site of RSPF estimation and a novel location produces 

predictable deviation between the prediction and estimated carrying capacity consistent with 

changes in landscape quality (Fig. 4).  This represents to my knowledge the first comparative 

assessment of these two methods. 
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 The RSPF prediction methodology as described here can be employed in studies where 

specific habitat requirements can be evaluated on an individual basis.  This approach benefits 

from a consideration for individual variation in selection and can produce spatially explicit 

predictions of population distribution at a relatively fine scale.  This can be particularly useful for 

identification of critical habitat types and density hotspots for reintroduced or threatened species.  

For example, Mladenoff and Sickley (1998) predicted wolf equilibrium densities and 

distributions in the northeastern United States using habitat selection as estimated by RSFs and 

prey density, and Meyer et al. (1998) estimated densities of spotted owls (Strix occidentalis 

caurina) based on selection for nesting sites.  Other examples of habitat-based population 

prediction include California gnatcatchers (Polioptila californica californica--Akçakaya and 

Atwood 1997), and sharp-tailed grouse (Tympanuchus phasianellus--Akçakaya et al. 2004). 

 Still, it is commonly believed that habitat selection models estimated in one landscape 

often cannot be applied to another (Graf et al. 2006, Beyer et al. 2010).  Site-specific habitat 

availability and landscape configuration may profoundly influence habitat selection strength 

(Mysterud and Ims 1998).  If these effects are nonlinear in nature, then predicting their impact on 

the distribution and abundance of wildlife could be exceedingly difficult.  I demonstrated that 

density projections based on RSPFs predicted abundance in the Cochrane site based on aerial 

census, but not when applied province-wide to estimated carrying capacities from time series 

(Table 4).  This could be explained in two ways.  First, the relatedness of RSPF density 

projections and carrying capacity is rooted in their dependency on similar landscape covariates 

(i.e., mixedwood abundance, productivity), but demographic processes are highly stochastic 

(Stenseth et al. 2003, Sæther et al. 2008), as is habitat selection.  It is therefore possible that 

variation unexplained by landscape covariates in carrying capacity (≈54%) and habitat selection 
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(≈85%) is so high as to occlude the relationship between RSPF-based density and carrying 

capacity.  This could be overcome by increasing the number and length of of time series 

available for the analysis, increased sampling of presence/absence in study sites, or inclusion of 

additional parameters relevant to demography and space use (e.g., predator density). 

 More importantly, predicting abundance from RSPFs relies on the notion that high 

quality habitats will contain more individuals than low quality habitats (Fretwell and Lucas 

1970), and that the resulting distribution is predictable.  This assumption clearly holds across 

sites of similar quality (Fig. 3; also, Boyce and McDonald 1999), but at a broader scale (i.e., the 

meta-population level), the focal site in which the RSPF was estimated lies within a continuum 

of quality spanning all possible sites.  Unreliability of RSPF projections may thus be attributed to 

differences in overall landscape quality between the management units.  Even if habitat selection 

is constant across the quality gradient, differences in densities between high and low quality sites 

may still produce different selection coefficients based on higher rates of detection in high 

quality habitats. As such, we might anticipate that an RSPF representing habitat selection in a 

single sample of broad-scale landscape variation would under- or overestimate habitat selection 

(Beyer et al. 2010), and thus population density, in landscapes corresponding to better or worse 

conditions, respectively, than the site in which the RSPF was estimated. 

 Indeed, I observed predictable differences in RSPF densities relative to carrying 

capacities as a function of changes in landscape quality (Fig. 4).  Specifically, the RSPF 

overestimated density when productivity (i.e., average ∆NDVI) was smaller, and disturbed 

habitats were less prevalent, in the site of RSPF estimation than in the management unit.  

Intuitively, we might expect the RSPF to underestimate abundance in a higher quality landscape 

if it was derived in a lower quality landscape where the probability of occupancy of any given 
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pixel was lower (i.e., density is low); however, a population on a relatively poor quality 

landscape will select more strongly for critical resources than on a high quality landscape, 

producing larger selection coefficients for those resources (Mysterud and Ims 1998).  When 

those resources are more prevalent in a novel site—i.e., when the management unit has higher 

productivity than the site of RSPF estimation—high quality stands contribute greater densities 

than is appropriate for the novel site.  Here, the RSPF likely overestimated population density as 

a function of this change in resource availability and overall landscape quality.  This calls to 

question precisely how far such a model can travel in both space and time before no longer 

applying to a novel study system, at what rate model applicability declines across space and 

time, and how these generally change with habitat availability and quality.  This would very 

likely correspond to rates of spatiotemporal change in landscape composition and would depend 

strongly on scale.  Validation of habitat selection and suitability models between sites as a 

function of distance and across bioclimatic gradients would further enlighten this issue (Graf et 

al. 2006). 

 Given the aforementioned limitations of RSPFs as abundance estimators, it may be 

preferable to derive population estimators from broad-scale demographic processes.  If variation 

in population dynamics can be reliably characterized across relevant bioclimatic gradients, such 

predictive population models may be generated using readily accessible spatially explicit 

landscape data maintained by government agencies and data repositories, as I illustrate with 

moose habitat covariates.  Such models can span exceptionally broad spatial scales—for 

example, Jennings et al. (2008) calculated global biomass and productivity of marine fish 

communities based on remotely sensed estimates of temperature and primary production.  These 

models also have the added benefit of development from typically lengthy time series data of 
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abundance that can be individually evaluated for reliability, as Peek et al. (2002) illustrated using 

a density dependent model of mule deer (Odocoileus hemionus) abundance as predicted by 

rainfall and forage biomass. 

 The broad spatiotemporal extents of demographic models may render their predictions 

more reliable in novel study sites than their RSPF-based counterparts.  It is surprising, then, that 

we rarely see studies using this approach to predict population size (but see above).  This is 

likely due to the relative rarity of long-term population data across spatial gradients.  Such data 

can be difficult to obtain, particularly for rare species or those occurring in remote locations, and 

is often limited to managed populations (e.g., game species), or isolated systems uniquely suited 

for demographic studies, for example red deer (Cervus elaphus--Forchhammer et al. 1998) and 

Hokkaido voles (Clethrionomys rufocanus--Stenseth et al. 2003).  Still, given the relatively high 

explanatory power of the carrying capacity model used in this study, and the relative ease with 

which such models can be generated given spatially explicit time series, predictive demographic 

models can estimate abundance reliably in novel landscapes.  It should be noted that most 

demographic models cannot generate fine-scale spatially explicit predictions of animal 

distribution (i.e., at the stand scale).  This can be accomplished using RSPF-based estimation and 

is certainly a benefit of that methodology, but model validation across space remains a concern 

for these estimators (Graf et al. 2006, Beyer et al. 2010). 

 My estimation of an RSPF may be contentious amongst resource selection specialists.  As 

stated above, the direct estimation of RSPFs requires true presence/absence data over a study 

period (i.e., from a geospatial perspective, which pixels are truly unused).  Effectively, 

researchers require near perfect information on habitat use within a study area. RSPF estimation 

is thus rare in studies of habitat selection (but see Meyer et al. 1998, Boyce and McDonald 1999, 
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Lele 2009); however, given an instantaneous snapshot of the distribution of animals on a 

landscape and sufficient effort to identify unused pixels, an RSPF should be estimable for that 

specific time frame.  Although the habitat selection coefficients will likely be unreliable outside 

of that study period (Boyce and McDonald 1999), the estimate of abundance derived from 

summing the RSPF across the landscape should approximate the actual abundance at that 

moment in time.  As such, an RSPF as estimated here may still permit accurate prediction of 

equilibrium abundance in novel landscapes. 

 This hinges critically on two assumptions.  First, the population at the time of the survey 

is roughly at equilibrium, and second, perfect detection at a distance no greater than the radius of 

buffers around animal detections (see Methods).  These assumptions are admittedly imperfect, 

but with sampling protocols sufficient to achieve the second assumption, researchers using this 

methodology would be limited primarily by assuring that limiting factors to population density 

are equivalent between the study site and the novel projection site.  Failure to detect individuals 

at distances greater than the buffer radius described above would by necessity reduce estimated 

abundance by reducing the probability of use of any given pixel.  Given that detection 

probabilities typically decline with distance (Buckland et al. 2001), this would tend to produce 

conservative estimates of abundance as long as average probability of detection outside the 

buffer radius is greater than that within, a likely assumption.  Thus estimators of equilibrium 

population abundance based on an RSPF may be more viable in this instance than the habitat 

selection conclusions derived from the RSPF itself.  Methodological concerns over the use of 

RSPFs may be accommodated by employing the two-step procedure described by Mladenoff and 

Sickley (1998), where predicted abundance is based on known density-by-habitat interactions 
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separate from the resource selection model—in the referred case, on known wolf density per unit 

prey equivalent (Fuller 1995). 

 This may not always be possible, as such relationships are not known for all species.  

More importantly, these interactions may not always be appropriate predictors of densities.  

Density-by-habitat interactions may be as site-specific as measures of behaviour, and if so would 

be influenced by changes in animal foraging requirements or habitat selection across space.  

Furthermore, prediction in study sites at or near the edge of the species range might overestimate 

abundance given known patterns of population decline with increasing distance from the center 

of the range (Caughley et al. 1988, Curnutt et al. 1996).  Alternatively, high quality habitats at 

the edge of the range could also act as refugia for at-risk species (Lomolino and Channell 1995).  

As such it can be difficult to anticipate how population prediction might over- or underestimate 

abundance given edge-of-range effects.  This would again suggest that a demographic approach 

to population estimation might be more appropriate for such a scenario, where latitude and 

longitude may be explicitly included to accommodate purely latitudinal/longitudinal effects on 

equilibrium density.  
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TABLES 

 

TABLE 1.  Predictors, coefficients, standard errors (SE), and p-values for the resource selection 

probability function (RSPF) estimated from aerial surveys in Nakina and Pickle Lake.  ∆NDVI is 

the across season average within a pixel, and stand types represent proportional coverage based 

on the Ontario Land Cover 2000. 

 

Predictor  Coefficient SE   P-value 

Intercept  -11.3732 0.722  <0.001 

∆NDVI  0.1248  0.013  <0.001 

Disturbance  2.9806  0.403  <0.001 

Regeneration  2.2892  0.593  <0.001 

Deciduous  2.7882  0.565  <0.001 

Mixedwood  2.8478  0.457  <0.001 

Coniferous  1.4481  0.465  0.002 
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TABLE 2.  Predictors, coefficients, standard errors (SE), and p-values for the linear regression of 

moose environmental carrying capacity within management units estimated from average 

instantaneous growth rates between survey years.  ∆NDVI is the across season average within a 

management unit, Mixedwood is the proportional coverage by mixedwood stand types within a 

management unit based on Ontario Land Cover 2000, and Timber Harvest is the proportion of 

the management unit harvested on average per year based on spatially explicit data of annual 

timber harvest.  Both Mixedwood and Timber Harvest are logit transformed.  This model was 

derived by AIC and thus model p-values are irrelevant, but it explained a large proportion of the 

variation in carrying capacities (R
2
 = 0.46). 

 

Predictor  Coefficient SE   P-value 

Intercept  -1.1669 0.329  0.001 

∆NDVI  0.0156  0.006  0.01 

Mixedwood  0.1198  0.047  0.02 

Timber Harvest -0.1358 0.026  <0.001 
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TABLE 3.  Predictors, coefficients, standard errors (SE), and p-values for the linear regression of 

density predictions generated by the resource selection probability function (RSPF).  Carrying 

Capacity is estimated from the time series of abundance within a management unit, Average 

Mortality is the average hunting mortality expressed as a proportion of the population, and their 

Interaction.  Average Mortality is logit transformed.  No significant effects or interactions were 

detected in this model (F3,29 = 1.639, p = 0.20, R
2
 = 0.05). 

 

Predictor  Coefficient SE   P-value  

Intercept  0.2313  0.194  0.24 

Carrying Capacity 0.4389  0.581  0.45 

Average Mortality -0.0034 0.087  0.97 

Interaction  0.1468  0.256  0.57 
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TABLE 4.  Predictors, coefficients, standard errors (SE), and p-values for the linear regressions of the difference between the 

predicted density of moose in a management unit based on the resource selection probability function (RSPF) and the carrying 

capacity estimated from time series of abundance.  Dashes (--) indicate the predictor dropped out of the reduced model based on 

stepwise AIC. 

 

   Complete Model    Reduced Model    

Predictor  Coefficient SE   P-value Coefficient SE  P-value 

Intercept  -0.01248 0.052  0.81  -0.02180 0.039  0.58 

∆NDVI  0.01651 0.008  0.04  0.01757 0.007  0.02 

Disturbance  1.21089 0.973  0.22  0.97370 0.687  0.17 

Regeneration  -1.15068 0.362  0.004  -1.30937 0.254  <0.001 

Deciduous  0.29613 0.377  0.44  --  --  -- 

Mixedwood  -0.10938 0.288  0.71  --  --  -- 

Coniferous  0.15393 0.340  0.65  --  --  -- 
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FIGURES 

FIGURE 1.  Map of northern Ontario showing internal division into wildlife management units. 

Aerial surveys were conducted in three study sites: Pickle Lake (dark gray), Nakina (medium 

gray), and Cochrane (light gray).  I estimated a resource selection probability function (RSPF) 

using this data from Pickle Lake and Nakina.  I estimated a model of environmental carrying 

capacity across the managed forests of Ontario (transparent gray), where moose are most 

frequently surveyed, using the Moose Aerial Inventory maintained by the Ontario Ministry of 

Natural Resources.  I projected the models of carrying capacity and the RSPF onto the Cochrane 

study site, and the RSPF onto each management unit, to estimate moose population densities at 

equilibrium. 
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FIGURE 2.  The resource selection probability function (RSPF) projected onto the Cochrane 

study site.  Values are untransformed predictions from the logistic regression.  The darkest 

patches are open water.  Light patches are disturbed, deciduous, and mixedwood stands. 
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FIGURE 3.  Comparison of moose density in the Cochrane study site based on aerial surveys to 

density predictions estimated from the resource selection probability function (RSPF) and 

the carrying capacity model, with 95% confidence intervals.  All predicted density estimates 

were statistically similar to the observed density. 
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FIGURE 4.  Partial residual plots of the difference between the predicted density of moose in a 

management unit based on the resource selection probability function (RSPF) and the carrying 

capacity (K) estimated from time series of abundance.  X-axes represent the difference between 

the focal site where the RSPF was estimated (Nakina and Pickle Lake) and the management unit 

for average ∆NDVI at a 1 km resolution, and proportional coverage by disturbed and 

regenerating forest stands.  A greater positive difference (i.e., RSPF > K) is observed when the 

site of RSPF estimation has smaller average ∆NDVI and proportional coverage of disturbed 

stands, and greater proportion of regenerating stands, than the management unit (R
2
 = 0.44). 
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Epilogue 

 It has been said that the primary problem in ecology is the marriage of observations 

across spatial scales; that is, explaining how patterns and processes at one scale give rise to those 

at another.  One may argue that behavioural and population ecology represent two ends of this 

spatial spectrum (i.e., fine to broad scale).  Individuals select habitats at fine scales based on their 

physiological requirements, tempered by intraspecific competition for resources.  As such, the 

distribution of animals across a given landscape must be driven not only by those requirements, 

but also by the density of animals on the landscape.  In attempting to understand how and why 

animals select and use resources occurring at fine scales in a finite landscape, we also gain 

information about how that landscape promotes broad scale patterns in animal distribution, and 

what densities we might expect in such a landscape.  By examining the influence of 

environmental gradients on population dynamics, we gain an understanding of the needs of the 

individuals in that population, and how they make use of the landscapes they occupy.  Although 

few studies address this relationship, it is vital to a complete understanding of an animal’s 

ecology, one that allows us to test our knowledge of both behaviour and demography. 

 In the first chapter of my thesis, I derived competing models of moose habitat selection 

across seasons based on known foraging requirements and habitat selection, compared to 

theoretical changes in selection motivated by habitat-specific differences in temperature and heat 

load.  I showed that moose habitat selection tends to follow well established patterns of selection 

for deciduous and mixedwood habitats, but that such selection declines with increasing 

temperature in favor of habitats providing improved thermal cover.  Concomitant changes in 

activity levels across temperatures and habitat types may be attributed at least in part to thermal 

stress.  Changing habitat selection with temperature may provide simultaneous benefits to 
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thermoregulation, foraging efficiency, and predation risk.  Studies advocating a single 

hypothetical mechanism may not be able to disentangle the distinct but mutually reinforcing 

mechanisms driving a given observation.  Use of captive or controlled populations may permit 

experimental isolation of confounding factors, but such methods are often limited in their 

application to naturally occurring populations, and these hypothetical mechanisms may not be 

separable at all in the wild.  Whether this is an artifact of inadequate experimental design or 

evidence that multiple simultaneous mechanisms may reinforce a single behavioural pattern will 

naturally depend on the system under observation. 

 The primary contribution of these findings lies in demonstrating that behavioural 

plasticity in habitat selection allows free-ranging animals to acclimate to stressful environmental 

conditions.  At the finest spatial scales, this can be detected as variation in habitat selection 

metrics across a temperature gradient, as demonstrated here.  As we extend into broader scales, 

we anticipate predictable patterns of habitat selection in populations exposed to different 

temperature regimes, which could reveal both short- and long-term population responses to 

anticipated climate change.  For example, southerly latitudes should more rapidly approach 

average seasonal temperatures exceeding moose thermal maxima than northerly latitudes.  We 

would thus predict that populations of moose occupying the southern extent of their range (e.g., 

southern Ontario) should exhibit greater selection for less optimal foraging habitats in favor of 

thermal cover than those in the north.  Such an observation would permit investigation of the 

relative fitness benefits of thermoregulatory facilitation via habitat selection, and behavioural 

plasticity in general.  An examination of regional differences in habitat selection across spatially 

explicit time series of temperature would then allow estimation of how quickly habitat selection 

shifts toward less forage rich habitats, and under what combinations of environmental and 
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landscape conditions habitat selection ceases to sufficiently facilitate acclimation to adverse 

conditions, resulting in a range shift or local extirpation. 

 In my second chapter, I estimated a general model of moose winter habitat selection, 

refined using information theoretic methods, based on recent landscape and survey data from two 

study sites differing in habitat configuration and disturbance regimes.  I also estimated two 

separate models for each site and compared their predictive power when applied to a novel site 

(i.e., the sister site).  I showed that models derived from separate sites performed as well as 

models derived in focal sites in predicting animal occurrence, thereby demonstrating that models 

of habitat selection may be applied to novel sites despite potential changes in animal behaviour 

and landscape configuration.  Prediction of animal occurrence and thus population densities in 

new locations may be reliably accomplished with relatively simple statistical models, given 

sufficient effort to capture variation in habitat selection across bioclimatic gradients. 

 Moose behaved similarly across both sites, but selection for and use of recently disturbed 

habitat was substantially smaller than suggested in the literature.  Assuming this underutilization 

was not an artifact of sampling effort, this implies time dependency in the relationship between 

disturbance and habitat improvement.  Regenerating foliage may be too low in abundance 

immediately following disturbance to be of value to foraging moose, but this should be 

overcome following one or more years of growth; however, young regenerating foliage is more 

easily digested and contains more nutrients than mature foliage.  We may thus expect that, as the 

density of deciduous foliage increases with time since disturbance, the net nutritional value of 

browse should gradually decline, producing a peak in forage quality shortly after, but not 

immediately following, a disturbance event.  The nature of the quality/abundance tradeoff may 

also change between years as plant investment in woody growth changes with age, and as stand 
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composition changes with succession.  This could reasonably influence use of disturbed forest 

stands by moose, but the precise temporal trends in post-disturbance habitat improvement and 

increased utilization by moose remain largely unexplored.  This suggests a need to reevaluate 

basic assumptions of moose habitat selection, particularly in terms of improvements to foraging 

efficiency, population viability, and landscape quality following disturbance at both fine and 

broad spatiotemporal scales. 

 In my third chapter, I estimated key demographic parameters for moose across 34 

wildlife management units in central Ontario, accommodating the influence of hunting on 

abundance.  I found that variation in carrying capacity, but not intrinsic growth rate, was 

explained by broad scale differences in landscape covariates coinciding with forage and habitat 

availability.  This supports the notion that equilibrium densities are primarily driven by 

landscape configuration, but that intrinsic growth rates may be physiologically fixed in a 

population.  This would imply that intrinsic growth rates primarily respond to environmental 

conditions at an evolutionary scale, and that available time series of moose abundance are of 

insufficient length to describe variation in maximum population growth.  Regardless, these 

findings demonstrate that predictive models of population dynamics may be derived from simple 

demographic models related to landscape covariates. 

 I also found that mean annual increases in the frequency of anthropogenic disturbance 

may reduce the net quality of a moose foraging landscape.  As previously discussed, recently 

disturbed forest stands may be of little value to foraging moose, and provide no cover from 

predation or environmental conditions.  Assuming relatively predictable rates of succession, it is 

plausible that recent disturbance has the net effect of removing viable habitat on an annual basis.  

Hence increased frequency of forest disturbance, whether from timber harvest or fire, may 
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produce an immediate decline in overall landscape quality for associated fauna.  This could be 

offset by forest succession, but this would likely operate on a decadal scale.  Long-term 

successional pathways are highly stochastic and difficult to predict, but succession generally 

favors increased abundance of deciduous and mixedwood stands, which provide excellent 

foraging opportunities but minimal cover from predators.  This could produce variation in fitness 

of moose cohorts corresponding to changes in disturbance regimes and relative abundance of 

stand types.  These findings reinforce those of the second chapter, suggesting a need to 

reevaluate the impact of disturbance of the boreal forest on associated wildlife populations, and 

how succession may mitigate habitat loss and improve population stability and abundance over 

an evolutionary timeframe. 

 My fourth chapter focused on the integration of conclusions derived from the second and 

third chapters, that animal abundance can be predicted in a novel site using models derived from 

other landscapes.  I generated two models of animal abundance based on habitat selection 

metrics and demographic processes (i.e., carrying capacity) and compared their predictive power 

in a landscape with a known animal density.  I found that both models performed well, but that 

the demographic model produced predictions closest to the estimated density in the novel site. 

The RSPF-based predictions did not vary with carrying capacity, but the magnitude and direction 

of difference between the prediction and carrying capacity varied considerably with differences 

in landscape quality.  Though neither the habitat selection nor the demographic method of 

population prediction is flawless, this work demonstrated that either method could be reliably 

implemented across landscapes of similar quality, but that demographically derived models of 

abundance are likely preferable to RSPF-based models when a priori assumptions of quality 

differences between landscapes are immeasurable or unreliable.  Such a demonstration is broadly 



 
 

 
 

133 

applicable to the management of numerous species.  Particularly, it frees managers to use 

different forms of data in anticipating population-level responses to changes in habitat 

abundance, landscape configuration, and disturbance regimes. 

 It remains to be shown how far this observation extends across space.  Currently, studies 

involving model validation and prediction in novel locations are limited to no more than a few 

hundred kilometers at most, as in my second chapter.  This is reasonable, given that sites for 

which such an examination might be valuable often have related sites close by, as in my second 

and fourth chapters.  Species with broad distributions across similar habitat types—for example, 

moose in the boreal forest—provide an opportunity to assess the application of models of habitat 

selection and population size across regions of broad ecological significance spanning potentially 

thousands of kilometers.  This may have little practical application apart from demonstrating that 

such is possible, but it could contribute substantially to our understanding of the ecology of 

widely ranging species.  For example, moose are generalist foragers that favor deciduous foliage 

across the entirety of their range.  An examination of their foraging patterns across regions (e.g., 

Alaska, Ontario, and Norway) may reveal consistent region-specific differences in behaviour that 

could be attributed to broad scale differences in habitat abundance and quality, or population-

specific preferences unrelated to landscape condition.  This would permit a deeper discussion of 

variation in foraging behaviour across space—particularly, what does it mean to be a generalist, 

how variable is the selection and use of habitat types in a single species at the metapopulation or 

regional level, and what are the implications for such variation at an evolutionary timescale? 

 In conclusion, my thesis has focused on the integration of ecological processes and 

patterns occurring across individual- and population-level scales.  Using a well-studied model 

organism, I have attempted to demonstrate that these scales are inherently linked, and that 
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conclusions with regard to one have implications for the other.  Population level patterns in 

demography and distribution must be influenced to some degree by behavioural processes and 

mechanisms driving habitat use and occupancy, and vice versa.  The precise mechanisms by 

which this occurs vary by system and remain contentious among ecologists.  Future research on 

scale-dependent behavioural and demographic processes will undoubtedly shed further light on 

the importance of relating individual patterns to population processes. 


