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ABSTRACT 
 
Natal dispersal is at the nexus of ecology, ethology, population genetics, and evolution.  

While abundant research exists on emigration and associated proximate and ultimate 

causes, less is known about exploration, settlement, and factors that influence settlement 

decisions.  Further, the role of individual behavioral phenotypes in the domains of 

wildlife ecology and conservation, which include natal dispersal, is a recent and 

expanding area of inquiry. Understanding the relationships among individual phenotype, 

environmental conditions, and natal dispersal is increasingly important as landscapes 

become altered by disturbance, fragmentation, and climate change.  I investigated natal 

dispersal in endangered Mt. Graham red squirrels (Tamiasciurus hudsonicus 

grahamensis), an isolated, peripheral subspecies of North American red squirrel 

persisting at the southern edge of the species’ range.  We tested hypotheses about the 

importance of proximate and ultimate drivers of emigration, dispersal distance, and 

settlement, and estimated perceived landscape connectivity within a mosaic of forest 

damage in the Pinaleño Mountains, Arizona.  Compared to other red squirrel populations 

in North America, natal dispersal in Mt. Graham red squirrels is sex-biased and non-

philopatric with mean dispersal distance over 8 times that observed in non-peripheral 

populations. Resources, indicated by mother’s body mass in spring (a reflection of her 

intrinsic quality and territory quality) and individual body condition, contribute to 

individual behavioral tendencies for movement and exploration.  Individuals with 

behavioral tendencies for movement and exploration dispersed the farthest, and for both 

males and females the longest observed dispersal distances and proportion of individuals 

dispersing occurred in a year of lowest food availability.  Our research highlights the 
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important role individual behavioral syndromes may play in observed heterogeneity in 

life history strategies with populations.  Following emigration from the natal area, we 

provide evidence that individual dispersers rely upon forest structural cues similar to their 

natal area to select locations for settlement; the first test of natal habitat preference 

induction in a single vegetation community type.  We used circuit theory to evaluate 

landscape connectivity and identify areas important for long-distance dispersal 

movements.  Because single connectivity models may not adequately represent functional 

connectivity for an entire population, we summarized landscape connectivity across 

varying levels of landscape resistance to identify areas that promote movement and long-

distance dispersal for individuals with different perceptions of landscape resistance.  We 

show that composite connectivity models are a useful method to identify forest areas 

important for the promotion of long-distance movements as well as areas that constrain 

movement.         
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INTRODUCTION 
 

Natal dispersal occurs when a juvenile animal leaves the natal area and settles in a 

new location.  The process is comprised of three stages: 1) emigration, or leaving the 

natal area, 2) exploration and traveling through unfamiliar terrain, and 3) immigration, or 

settlement into a new home range or social group (Wolff 1994; Mabry and Stamps 2008).  

Natal dispersal is at the nexus of ecology, ethology, population genetics, and evolution 

(Stenseth and Lidicker 1992) and may be a critical demographic parameter influencing 

local population structure and abundance, especially in heterogeneous landscapes 

(Lidicker 1962; Gaines and McClenaghan 1980; Verner and Getz 1985; Krohne and 

Hoch 1999; Andreassen and Ims 2001).  All three natal dispersal stages have tremendous 

fitness consequences in terms of individual survival and reproductive success, and 

ultimately contribute to the viability of populations (Haughland and Larsen 2004b).  The 

decision to disperse, how far individuals disperse, and variation therein, while important, 

are not well understood (Sutherland et al. 2000).  Dispersal decisions are the product of 

an interplay among extrinsic and intrinsic proximate factors (Clobert et al. 2009) 

including site-specific variation in density and sex ratios of conspecifics (Gaines and 

McClenaghan 1980; Matthysen 2005), availability and predictability of resources 

(Bowler and Benton 2005; Le Galliard et al. 2012), landscape patchiness (Matthysen et 

al. 1995), individual behavioural syndrome (Dingemanse et al. 2003; Bowler and Benton 

2005; Duckworth 2008, 2009; Cote et al. 2010), and altered gene frequencies and 

diversity.   

 Settlement of juveniles after emigration may be attributed to proximate 

mechanisms such as natal exposure to habitat cues, local density of conspecifics, and 
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availability of quality habitat (Haughland and Larsen 2004a; Stamps et al. 2005, 2009).  

To determine whether an area represents habitat, dispersing juveniles must assess not 

only physical and structural components, but also potential for food availability, and 

spatial and demographic structure of conspecifics within a given area (Mabry and Stamps 

2008).  At each step of the dispersal process, experiences within the natal territory, 

individual differences in behavior and physical condition, and variability in habitat 

quality, structure, and composition may contribute to whether an individual remains 

philopatric or emigrates, the magnitude of emigration movements, where individuals 

settle, and both the direct and indirect costs associated with such movements.   

Experience - Conditions experienced in the natal environment can directly 

influence an individual’s habitat selection, propensity to emigrate, and settlement 

decision (Haughland and Larsen 2004b; Selonen et al. 2007; Mabry and Stamps 2008; 

Stamps et al. 2009).  Recognition of habitat features that resemble those of the natal area 

is termed habitat imprinting or Natal Habitat Preference Induction (Davis and Stamps 

2004; Mabry and Stamps 2008).  Habitat imprinting may be adaptive for dispersers since 

a natal area that supports offspring to dispersal age likely typifies high quality habitat.  

Searching for cues associated with the natal area may reduce search time thereby 

reducing associated exploration costs, and ultimately fitness may be enhanced.  

Conversely, in rapidly changing environments, cues that once communicated habitat 

quality, and ultimately fitness benefits therein, may no longer be reliable (Stamps 2001).  

For example, rapid environmental change such as insect defoliators, disease, or drought 

may decouple habitat cues that have historically indicated high quality habitat from 
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associated fitness benefits that include food, shelter, and reproductive success, creating an 

ecological trap (Schlaepfer et al. 2002; Selonen et al. 2007).  

Behavior - Repeatable differences in individual behaviors, known as behavioral 

phenotypes or behavioral syndromes, have been observed in a wide variety of taxa 

(Svendsen and Armitage 1973; Bekoff 1977; Armitage and Van Vuren 2003; 

Dingemanse and Réale 2005; Boon et al. 2007, 2008; Dochtermann and Jenkins 2007). 

Such differences may influence exploration of novel areas (Dingemanse et al. 2003; 

Dingemanse and Réale 2005; Boon et al. 2007, 2008), the propensity to emigrate, and 

magnitude of such movements.  Behavioral syndromes may interact with environmental 

variables such as food availability, habitat structure, and local density to confer 

differential survival advantages to certain behavioral syndromes, with advantageous 

syndromes varying from year to year or among habitats (Dingemanse et al. 2003; 

Dingemanse and Réale 2005; Boon et al. 2007, 2008) and may serve to maintain 

behavioral differences within a population.     

Habitat quality and connectivity - Habitat quality is highly variable across landscapes 

altered by natural and anthropogenic disturbances such as fire, logging, agriculture, and 

climate change.  Habitat fragments may vary in size, food availability, and cover, and 

may experience shifts in species assemblages due to altered climate regimes.  Altered 

vegetation structure and composition, fragment size, and distance between fragments may 

influence individual perceptions of landscape permeability, impede or alter dispersal 

movements and may be implicated in local population declines (Andreassen and Ims 

2001; Schtickzelle and Baguette 2003; Geffen et al. 2004; Funk et al. 2005; Johnson et al. 

2010).  Altered habitat quality influences dispersal and settlement behaviors (Bélisle et al. 
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2001; Haughland and Larsen 2004b; Ecke et al. 2006) and may ultimately affect 

survivorship both directly via increased predation risk and indirectly via lower 

productivity in marginal habitat (Wolff 1994; Schlaepfer et al. 2002; Stamps et al. 2005). 

Thus, interactions between natal habitat cues, individual differences in behavior, and 

fragmented or rapidly changing habitat conditions could affect settlement decisions, local 

population dynamics, and subsequent fitness.  

Understanding natal dispersal and associated long-distance movements in small 

mammals is necessary to fully characterize landscape connectivity, as small animals tend 

to perceive landscape fragmentation at finer scales (Gehring and Swihart 2003; 

McDonald and St. Clair 2004) and even small barriers may impede dispersal movements 

for some species (Fischer and Lindenmayer 2007).  Habitat gaps < 100 m and roads < 20 

m are often beyond the perceptual range of many small mammals (Mech and Zollner 

2002; Forero-Medina and Vieira 2009; Bridgman et al. 2012; Chen and Koprowski 

2016), and within a species, perceptual abilities are context dependent, and can be 

affected by environmental factors such as wind or humidity, matrix composition, visual 

obstruction, and life history, such as whether or not a species is nocturnal or diurnal 

(Forero-Medina and Vieira 2009).  Assessment of natal dispersal movements, landscape 

use during dispersal, and identification of areas of high connectivity are especially 

important for threatened and endangered species and ensure that conservation efforts 

effectively target the designation of key corridors connecting habitat patches as well as 

the identification of areas currently limiting connectivity.   

Herein, we present a study that documents the roles that individual behavioral 

phenotypes may play in population processes important to wildlife ecology, and 
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examines the influence of intrinsic and extrinsic variables that contribute to individuals’ 

decision to leave their natal area, disperse long distances, move through fragmented 

landscapes, and select a place to settle.  We test ecological hypotheses about the ultimate 

drivers of natal dispersal in mammals and mechanisms for post-dispersal habitat 

selection.  We used circuit theory to identify corridors with highest landscape 

connectivity and determine likely routes juvenile animals may have taken during long-

distance dispersal movements through fragmented forest, 
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PRESENT STUDY 
  
My dissertation is comprised of four manuscripts.  The first manuscript, intended for 

submission to Biological Conservation (Appendix A), “Should we consider behavioral 

syndromes in applied wildlife conservation studies?” is a literature review that documents 

the increasing interest in individual behavioral syndromes, or “animal personality” within 

the realms of ecology, behavior, and evolutionary biology, and the apparent disconnect 

between basic and applied wildlife ecology and conservation research with regards to the 

relative influence behavioral syndromes may have in conservation outcomes.  We 

identify 12 research foci, often considered the domain of applied wildlife management 

and conservation, summarize examples of how these research domains may be influenced 

by individual behavior differences, and outline potential implications.  The second 

manuscript, submitted for consideration in Ecology and Evolution (Appendix B), “Sex-

biased natal dispersal at the range periphery: the role of personality, resources, and 

maternal condition” tests hypotheses about proximate and ultimate drivers important in 

explaining the sex-biased, non-philopatric natal dispersal pattern observed in Mt. Graham 

red squirrels (Tamiasciurus hudsonicus grahamensis).  The third manuscript, submitted 

for consideration in Proceedings of the Royal Society B, Biological Sciences (Appendix 

C), “Evidence of natal habitat preference induction within a single vegetation community 

type”, tests the hypothesis that natal habitat preference induction is also an important 

mechanism for habitat specialists to learn habitat cues from the natal area.  We compare 

individual differences to among individual differences in forest structure and composition 

between natal and settlement areas to test for evidence of natal habitat preference 

induction within mixed-conifer forest.  The fourth manuscript, intended for submission to 
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Landscape Ecology (Appendix D), “Circuit theory to estimate natal dispersal routes and 

perceived landscape connectivity for an endangered forest obligate”, incorporates circuit 

theory and different models of landscape resistance to identify potential long-distance 

dispersal routes taken by juvenile Mt. Graham red squirrels, and important areas that 

currently support functional connectivity and long-distance dispersal movements.  The 

methods, results, and conclusions of this study are presented in the manuscripts appended 

to this dissertation.  The following is a summary of the most important findings in this 

document. 

 
We conducted a comprehensive literature search to identify 12 applied wildlife 

conservation and management research foci that may be influenced by individual 

behavioral phenotypes.  The research foci we identified include models of population 

processes and the interpretation of data, important fitness decisions, the feedback 

between parasites and behavior, and the potential for anthropogenic wildlife conservation 

and management efforts to alter populations behaviorally and ecologically.  We 

summarized examples of how each research area may be influenced by individual 

behavior differences, outline potential implications, and offer recommendations for the 

incorporation of individual behavioral differences within applied wildlife research.  We 

demonstrate how individual behavior differences may provide important insight in the 

planning, execution, analysis, and interpretation stages for wildlife studies that inform 

conservation or management actions or the assessment of conservation outcomes.  We 

combined population demographic data, physical measurements, individual behavior, 

telemetry data on dispersing juveniles, and environmental variables to understand what 

proximate variables are important in the decision to leave the natal area and disperse long 
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distances.  Additionally, we test for support of 3 overarching ultimate hypotheses to 

explain natal dispersal in Mt. Graham red squirrels: competition for mates, competition 

for resources, and inbreeding avoidance.  Resources and individual behavioral tendencies 

for movement and exploration were the two most important proximate variables 

explaining emigration from the mother’s territory and long-distance dispersal 

movements.  Ultimately, our data support competition for resources (quality territories) 

as the ultimate driver of natal dispersal, similar to other red squirrel populations in North 

America.   We examined natal and post-dispersal habitat characteristics from ground-

based plots and remotely sensed data at 2 spatial scales to test for evidence of natal 

habitat preference induction within a single vegetation community type: mixed-conifer 

forest.  We compared intra-individual differences in natal and settlement habitat structure 

and species composition to expected random pairwise differences among individuals and 

considered intra-individual differences smaller than expected based upon random 

pairwise iterations as evidence for natal habitat preference induction.  Dispersing 

juveniles appear to select settlement locations that are more similar to natal areas than 

expected in several forest structure and composition variables that include canopy cover 

and live basal area.  Our results provide support for NHPI as a mechanism for post-

dispersal habitat selection in habitat specialists that are restricted to a single vegetation 

community-type.  We combined lifetime radio telemetry data for 94 red squirrels and 

environmental variables obtained from remote sensing to model probability of habitat use 

within mixed-conifer forest.  We developed three landscape resistance scenarios as 

functions of our probability of habitat use model to account for individual perceptual 

differences, and used electric circuit theory to simulate long-distance dispersal pathways 
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in a fragmented forest.  Probability of use is best modeled by the inclusion of burn 

severity, physical landscape features, and forest structure.  We show that composite 

connectivity models can be created from multiple resistance scenarios allowing perceived 

landscape permeability from juveniles in different physical or behavioral states to be 

represented.  Further, composite connectivity models are useful to identify forest areas 

important for promoting dispersal movements as well as areas that constrain movement. 
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Abstract 
 
Inter-individual variation in behavioral traits contributes to population-level processes 

and ecological interactions important in applied wildlife research.  Suites of correlated 

behaviors, or behavioral syndromes, can influence empirical estimates of population size 

and structure, models of resource selection and population dynamics, harvest and control 

in wildlife and fisheries populations, population response to disturbance and novel 

environments, and the success of conservation efforts including reintroductions. Despite 

the important role that behavioral syndromes play in the ecology and dynamics of 

wildlife populations, a disconnect between basic and applied research realms continues.  

While the concept of animal behavioral syndromes, or personalities, and their role in 

ecology and evolution is increasingly embraced in the animal behavior, ecology, and 

evolutionary biology literature, it is less represented in applied wildlife management and 

conservation literature.  We identify 12 research foci, often considered the domain of 
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applied wildlife management and conservation, summarize examples of how these 

research domains may be influenced by behavioral syndromes, and outline potential 

implications. We suggest that a focus on individuals in wildlife conservation study can 

bridge the gap between basic and applied research and incorporate knowledge from both 

realms towards more effective management, conservation, and recovery of populations.  

 
Keywords 
 
Personality, behavioral phenotype, behavioral syndrome, wildlife ecology, wildlife 
management, Arizona 
 

Introduction 
 
Recognition of inter-individual behavioral differences that are consistent over time and 

across contexts, known as personalities, behavior types, behavioral phenotypes, or 

behavioral syndromes within animal populations is increasing (Bekoff, 1977; Mittelbach 

et al., 2014; Réale et al., 2010; Svendsen and Armitage, 1973).  Behavioral syndromes 

are suites of correlated behaviors in which individuals differ behaviorally from one 

another in a population, the five most common of which are aggression (tendency for 

agonistic behavior towards conspecifics), exploration-avoidance (how individuals 

respond to a novel situation), activity (tendency towards movement), shyness–boldness 

(responses to perceived risk), and sociability (non-agonistic behavior towards 

conspecifics) (Armitage, 1986; Canestrelli et al., 2015; Réale et al., 2007; Sih et al., 

2004).  The idea that inter-individual behavioral differences are more than stochastic 

noise within populations began to emerge from psychological literature as early as the 

1920’s (Gosling, 2001), and has received much attention from behavioral ecologists and 

evolutionary biologists in the last 15-20 years (Réale et al., 2010, 2007; Wolf and 
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Weissing, 2010).  Behavioral syndromes have been documented in > 70 species across a 

variety of taxa and are considered common (Conrad et al., 2011; Gosling, 2001; Réale et 

al., 2010, 2007; Sih et al., 2004; Wolf and Weissing, 2012).  Further, evidence suggests 

that behavioral syndromes and context-specific intra-individual behavioral plasticity may 

be linked such that behavioral syndromes vary predictably (i.e. demonstrate plasticity via 

behavior reaction norms) in response to environmental conditions along a gradient 

(Dingemanse et al., 2010).  Behavioral syndromes are empirically shown or hypothesized 

to have impacts on population processes including space use, habitat selection, responses 

to novel environments, dispersal, species interactions, host-parasite interactions, disease 

transmission, and other key processes important for wildlife conservation and 

management (Sih et al., 2012; Stamps and Groothuis, 2010; Wolf and Weissing, 2012).  

While most applied wildlife studies focus on enumeration, correlates of resource 

use and habitat selection, and demographic processes at the population level (Martin, 

1998), natural selection operates at the level of individuals or below (Austin et al., 2004; 

Lomnicki, 1988).  How behavioral syndromes within populations influence demographic 

parameters and potentially the results of wildlife research, interpretation of results, and 

success of conservation or management actions has received little attention (but see 

Conrad et al. 2011) despite guidelines and calls to action from wildlife, behavior, and 

conservation communities (Angeloni et al., 2008; Blumstein and Fernández-Juricic, 

2010; Caro, 2007, 1999; Martin, 1998; Sutherland, 1998).  The presence of different 

behavioral syndromes can bias empirical estimates of population size and structure (Biro 

and Dingemanse, 2008; Biro, 2013), and which individuals are harvested in managed 

wildlife and fisheries populations (Biro and Post, 2008).  Inclusion of behavioral 
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variability is important in models of animal movement and dispersal (Fraser et al., 2001; 

Taylor and Cooke, 2014), resource selection, and population dynamics.  Behavioral 

syndromes can also contribute to how populations will respond to disturbance and novel 

environments (Atwell et al., 2012), how individuals will cope with handling, 

translocation, and reintroduction (Mason, 2010; McDougall et al., 2006), and the success 

of conservation efforts such as wildlife crossing structures (Caro, 2007).  Consideration 

of behavioral syndromes may be important during all phases of wildlife study.  For 

example, during the design phase, researchers may consider methods to assess behavioral 

variability within a population directly, or account for it indirectly via alternative 

sampling methods (e.g. active and passive sampling; Biro 2013).  Behavioral syndromes 

may be important to consider during data collection, analysis, assessment of management 

implications, and the development of management plans (McDougall et al. 2006).  

Published studies that document behavioral syndromes and their realized or 

potential impacts in wildlife conservation are primarily directed towards basic science 

audiences in animal behavior, ecology, and evolutionary biology, and not towards applied 

wildlife conservation practitioners.  This disconnect mirrors that between animal 

behavior research in general and its application towards applied conservation (Angeloni 

et al., 2008; Caro, 2007; Sutherland, 1998).  This new field of conservation behavior 

(Blumstein and Fernández-Juricic, 2010) has facilitated the translation of behavior 

research to improved wildlife conservation in many areas, yet the connection between 

behavioral syndromes and applied conservation remains underdeveloped (Berger-Tal et 

al., 2016).  In light of the continued discrepancy between basic and applied research with 

regards to behavioral syndromes and wildlife conservation and management, and in 
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recognition of the magnitude of contributions each approach has to offer the other, 

identification of how behavioral syndromes may influence applied wildlife research 

domains and recommendations for how to account for behavioral differences in research 

design and implementation are warranted.       

Here, we summarize literature on behavioral syndromes and focus on how the 

presence of behavioral syndromes may influence population processes important to 

wildlife management and the conservation of threatened and endangered species and 

affect outcomes of wildlife research.  We identify 12 research foci, often considered the 

domain of applied wildlife management and conservation, summarize examples of how 

these research domains may be influenced by behavioral syndromes, outline potential 

implications, and offer recommendations.  We aim to demonstrate how consideration of 

behavioral syndromes can be important in the planning, execution, analysis, and 

interpretation stages for wildlife studies that inform conservation or management actions 

or the assessment of conservation outcomes.   

 

Material and methods 
 

We conducted literature reviews in both Google Scholar and Thomson Reuters Web of 

ScienceTM Core Collection to identify research on behavioral syndromes relevant to 

wildlife conservation and management.   We specified a time period between 1900 and 

March 2016 and searched for primary literature with the terms “animal personality”, 

“behavioral syndrome”, “behavior type”, and “behavioral phenotype” listed as a research 

topic.  From our preliminary search of published literature, we identified studies with 

results and implications directly relevant to applied wildlife conservation and 
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management, including detection probability and trapability, dispersal, movement 

ecology, habitat selection, mate choice, parasite infection, harvest, urbanization and novel 

environments, disturbance, climate change, invasibility, translocation, and reintroduction.   

Finally, we address the potential importance of behavioral syndromes in applied wildlife 

conservation and management research and how consideration of inter-individual 

variability may aid in effective management, conservation, and recovery of populations. 

 

Results 
 

Animal personality was the most commonly used term to describe repeatable correlated 

individual behaviors (behavior type = 11 hits; behavioral phenotype = 57 hits; behavioral 

syndrome = 113 hits; animal personality = 572 hits) and is a topic of exponentially 

increasing interest over the last 15 years (Fig. 1), but has been restricted primarily to the 

domains of animal behavior and evolutionary biology (Table 1a), and not favored by 

applied researchers.  Our searches returned minimal results for “animal personality” or 

similar terms in applied wildlife ecology and conservation outlets such as Journal of 

Wildlife Management, Wildlife Biology, Conservation Biology, or Biological 

Conservation (mean mentions across search term per journal: 2.7, 0.0, 2.0, 1.5, 

respectively).  In the following sections, we summarize research on behavioral 

syndromes relevant to wildlife conservation and management across 12 applied research 

domains and summarized in Table 2. 

1. Detection probability  
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Estimating the size of wildlife populations based upon repeated, random samples of 

marked or unmarked individuals is common (Silvy, 2012).  Despite efforts to obtain 

systematic random samples of individuals and use of models to account for differences in 

detection probability, behavioral syndromes can present hidden biases in any wildlife 

sampling protocol and influence the probability of detection and capture (Biro and 

Dingemanse, 2008; Biro, 2013).  Behavioral syndromes within a population affect 

sampling as, across many taxa, bold, active, exploratory individuals are those most likely 

to be sampled (Biro and Dingemanse, 2008; Biro, 2013; Carter et al., 2012).  Unless the 

entire population is known, detection probability estimates are necessarily based upon a 

random sample of the population, a sample that could itself be biased based upon how 

behavioral syndromes relate to detectability and sampling (Biro, 2013; Carter et al., 

2012).  Detection probability could, in reality be lower, which in turn affects estimates of 

population size (Biro, 2013).   Methods to account for individual heterogeneity in capture 

probabilities are available in two widely used platforms for modeling population 

parameters via mark-recapture data and include Pledger Mixture Models and Individual 

Random Effects Models in Program MARK (White and Burnham, 1999) and Behavioral 

Response (Mb) and Individual Heterogeneity in Capture Probability (Mh) models in the R 

package “unmarked” (Fiske and Chandler, 2011).  

In a controlled study of wild-origin rainbow trout (Onchorhynchus mykiss), lakes 

were stocked with equal densities of slow, intermediate, and fast growing individuals 

(fast growth is associated with increased activity and boldness; Biro and Stamps, 2008), 

and fast growing individuals were twice as likely to be sampled despite random sampling 

methods, likely due to the fact that fast growing individuals were more active and less 
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wary (Biro, 2013).  Population size of wolves (Canis lupus) in France was 

underestimated by 27% when individual detection heterogeneity was ignored (Marescot 

et al., 2011).  Further, many physiological traits are correlated with behavioral 

syndromes, thus the potential exists for population samples to also be biased in terms of 

individual metabolic, endocrine, or other life history traits (Biro, 2013).  To reduce biases 

in detectability due to behavioral syndromes, researchers may wish to augment wildlife 

sampling designs with non-invasive sampling methods such as DNA extraction from hair 

or feces, environmental DNA (Foote et al., 2012), or detection via camera traps (Luikart 

et al., 2010; Mills et al., 2000).  Non-invasive sampling techniques can be incorporated 

either as stand-alone sampling procedures or to augment existing, more invasive or 

disruptive sampling methods such as live trapping or netting and distance sampling (Biro, 

2013). 

2. Live trapping success 
	  
The presence of behavioral syndromes in a population can also bias live capture success..  

Differences in trappability among individuals within a population are documented across 

many taxa and include mammals, birds, and reptiles and these differences are correlated 

with behavioral syndromes (Carter et al., 2012).  Bold, active, exploratory individuals 

tend to enter live traps or nets more frequently (Biro, 2013; Boon et al., 2008; Carter et 

al., 2012; Le Cœur et al., 2015; Réale et al., 2000), and the tendency for increased 

trappability can affect the types of individuals that are incorporated into wildlife studies, 

potentially leading to behaviorally, physiologically, and physically biased estimates of 

population characteristics and parameters (Biro and Dingemanse, 2008).  Attempts to 

document behavioral syndromes among individuals in a population by sampling those 
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individuals via live trapping, may underestimate the actual amount of variation in and 

correlation among behavioral traits(Carter et al., 2012).  Consideration of inter-individual 

variation in trappability is also important in order to adjust estimates of population 

density, characterize social structure, and to assess the efficacy of management actions.  

For example, estimates of variation in trappability among European badgers (Meles 

meles) was key to estimate population size and inform how many individuals required 

vaccination against tuberculosis annually and which vaccination delivery method would 

be most effective (Byrne et al., 2012).   

For wildlife studies that involve the live capture of individuals, trapping 

methodology, gear, and population models should be reviewed in an effort to reduce bias 

from differential trappability among individuals.  Some individuals may be more wary of 

particular types of traps, thus incorporating different trap types  (e.g. restraints and cage-

like traps) in a study may serve to capture different types of individuals and reduce bias 

(Byrne et al., 2012).  Passive trapping methods (e.g. traps or nets) that rely upon 

individual investigation and contact with the device or novel food baits may fail to 

sample individuals that are less active, neophobic, or too wary to approach (Biro, 2013) 

and methods that do not require investigation, such as pitfall traps may be preferred  

(Michelangeli et al., 2016).  Similarly, active capture methods that involve hand netting 

and noosing rely on animals whose behavioral syndrome allows researchers to approach 

within a particular distance, thus biasing samples toward bold individuals with low flight 

initiation distances (Biro, 2013; Carter et al., 2012).  Researchers can improve sampling 

of wary, less active individuals by allowing animals to habituate to trap presence during a 

prebaiting period where traps are left open with bait for days or weeks prior to actual 
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trapping efforts, increase the duration of each trapping session, and employ trapping 

methods that are relatively robust to biases such as electrofishing, large set nets, drift 

fences, pitfall traps, and driving herding animals towards large nets or corrals (Biro, 

2013; Michelangeli et al., 2016).  Finally, models to estimate population size vary in their 

sensitivity to variation in trappability among individuals.  For example, the propensity of 

minimum number alive (MNA) models to underestimate population size increases with 

decreasing trapability, and it is recommended that this type of model should only be 

employed if trappability is ≥ 70%; when trappability and capture probabilities are low, 

closed sub-population models derived from Parr-Manly and Chapman methods are 

preferred (Byrne et al., 2012).  

3. Stress from handling 
	  
Behavioral syndromes are correlated with different stress physiologies that include the 

hypothalamic-pituitary-adrenal axis reactivity, oxidative status, and underlying 

neurobiology (Biro and Stamps, 2010; Brommer and Kluen, 2012; Carere et al., 2010; 

Raoult et al., 2012).  Correlated physiological and behavior characteristics are termed 

“coping styles” and include “proactive strategies” characterized by sympathetic and 

noradrenergic response to stress and bold, aggressive fight-or-flight behavioral response, 

and  “reactive strategies” characterized by high parasympathetic activation and 

hypothalamic-pituitary-adrenal response and low aggression, risk aversion, and a 

“freezing” behavioral response (Carere et al., 2010).  Consistent, behaviorally correlated 

stress responses, or coping styles, occur in a diversity of taxa, from birds and small 

mammals, to non-human primates, are heritable (Brommer and Kluen, 2012; Carere et 

al., 2010; Raoult et al., 2012) and often used as a metric to define animal personalities 
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(Fucikova et al., 2009; Goldstein and Lawton, 2014).  Different coping styles within a 

population have been linked to longevity, propensity to disperse, and reproductive 

success (Carere et al., 2010; Hall et al., 2015) under different socio-environmental 

conditions, and also indicate how stressors can negatively impact health.  

The existence of coping styles in a population indicates that individuals differ in 

their sensitivity or response to stress and not all animals subjected to trapping, handling, 

and translocation will respond in the same manner; some may experience long-term 

negative effects.  Indeed, capture and handling stress are considered among the most 

stressful events that wild ungulates, and likely many other taxa, experience (Montané et 

al., 2003).  Increased sympathetic activation, and circulating levels of testosterone and 

cortisol, as observed in bold, aggressive individuals (Carere et al., 2010), are associated 

with increased risk of cardiovascular problems, decreased immune response, potential for 

lowered reproductive success, body mass, and growth (Carere et al., 2010; Lupien et al., 

2009; von der Ohe and Servheen, 2002), exhaustion, hyperthermia, muscle myopathy, 

rhabdomyolysis, and necrosis (Montané et al., 2003).  Some individuals in a population 

are more susceptible to negative impacts of capture stress and trap mortality.  Some 

individuals may be more susceptible to negative impacts of capture stress and trap 

mortality thus we cannot assume that all individuals within and among populations will 

react similarly to trapping and handling procedures.  There is a need for increased 

documentation on the effects of capture and handling stress and how it differs among 

individuals and populations, is correlated to behavioral syndromes and other phenotypic 

traits.  Considerable efforts should be made to reduce capture and handling stress in all 

individuals, including reducing handling time and time spent in live traps, use of stress-
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reducing apparatus such as handling cones (e.g. Koprowski, 2002), blind folds, ear plugs, 

and stress-reducing short term neuroleptic agents such as acepromazine (Montané et al., 

2003), or other anesthetics (Cattet et al., 2004; Chinnadurai et al., 2016).   

4. Natal dispersal 
	  
Natal dispersal is central to nearly every aspect of wildlife ecology, evolutionary biology, 

and conservation, and contributes to gene flow, population dynamics, distribution of 

species, and the likelihood that species will colonize new areas or move in response to 

fragmentation and climate change (Bowler and Benton, 2005; Canestrelli et al., 2015; 

Cote et al., 2010).  Further, natal dispersal movements can be used as a benchmark to 

assess habitat connectivity and the success of habitat restoration or other conservation 

efforts.  Individuals vary in their propensity to disperse from the natal area and this 

variation is linked to morphological and behavioral traits, as well as social and 

environmental conditions (Armitage et al., 2011; Clobert et al., 2009; Cote et al., 2010; 

Debeffe et al., 2012; Duckworth and Badyaev, 2007; Duckworth, 2008; Hawkes, 2009; 

Thorlacius et al., 2015).  Tendency to disperse is associated with boldness, activity, 

exploration, aggression, and decreased sociability across many taxa, with activity and 

exploration most influential in all stages (Armitage et al., 2011; Merrick and Koprowski, 

2016; Thorlacius et al., 2015).  Behavioral syndromes may contribute to the maintenance 

of persistent leptokurtic distributions of dispersal distances within a population, whereby 

a few individuals each generation disperse very long distances (Fraser et al., 2001).    

Dispersal distance, dispersant sex, and proportion of individuals that disperse each 

generation are key parameters in spatially explicit population and metapopulation models 

(Hawkes, 2009), and how individuals within and among populations differ behaviorally, 
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and in their dispersal tendencies is important to understand to better predict individual 

movements, population dynamics, and spread of invasive species (Cote et al., 2010).  

Natal dispersal is often treated too simplistically in population models, and many models 

incorporate a single fixed dispersal strategy (e.g. random walks) to characterize dispersal 

movements (Bowler and Benton, 2005; Delgado and Penteriani, 2008; Hawkes, 2009), 

which in turn limits the ability of such models to realistically predict population 

processes.  During the transient phase of dispersal, half of sampled sub adult eagle owls 

(Bubo bubo; Delgado and Penteriani, 2008) displayed biphasic movement behaviors 

characteristic of early transiency, with many small movement lengths and reversals, 

while the other half displayed a behavior state characteristic of late transiency with long 

movement lengths and fewer turns, the latter long movement behavior state was 

significantly underpredicted by residence index models (Delgado and Penteriani, 2008).  

Finally, if dispersal is tied to behavioral or physiological traits under natural or artificial 

selection via predation or harvest (see domain 9 below), altered selective pressure could 

have implications for population dynamics, metapopulation dynamics, and species’ 

ability to cope with shifting habitat and colonize new areas.   

 Characterization of natal dispersal and dispersal-behavioral relationships for 

wildlife populations is often logistically challenging (Bowler and Benton, 2005; Delgado 

and Penteriani, 2008).  However recent advances in GPS (global positioning system) 

tracking technology provide accurate movement data at very high temporal resolutions 

for all but the smallest animals (Austin et al., 2004; Wikelski et al., 2007).  As technology 

improves and costs decrease, studies on animal movement and associated behavioral 

syndromes will become feasible for more species.  Even without complete enumeration 
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of the dispersal process for a given species, simply recognizing that individual variation 

in dispersal distance, direction and the proportion of the population dispersing exists and 

allowing for random variation will improve population dynamics models and subsequent 

conservation applications. 

5. Movement ecology and space use patterns 
	  
Knowledge of how animals move on the landscape with respect to other organisms and 

physical landscape features is central to wildlife ecology and conservation and 

contributes to our understanding of population and community dynamics, home range 

estimation, population spatial structure, resource use, and response to environmental 

change (Austin et al., 2004; Fordham et al., 2014; Nathan et al., 2008; Spiegel et al., 

2015).  Individual differences in movement behaviors can be considered components of 

behavioral syndromes (Taylor and Cooke, 2014), and such differences in animal 

movement patterns contribute to variability in conspecific and heterospecific interactions, 

resource use, and competition (Austin et al., 2004; Spiegel et al., 2015).   

Space use and individual behavior differed among sleepy lizards (Tiliqua rugosa) 

and lizard behavioral syndrome (bold-shy, aggressive-submissive) interacted with sex, 

conspecific space use, and availability of food, cover, and refuge to influence space use 

intensity, and these interactions became more intense when resource availability was low 

(Spiegel et al., 2015).  Gray seals (Halichoerus grypus) exhibited individual differences 

in movement behaviors associated with foraging and individual seals were assigned to 3 

movement type categories: residents, correlated random walkers, and directed movers 

with considerable inter-individual variation in each category.  
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 Behavioral syndromes (including movement behavior), individual physiology, 

physical condition, and experience in natal habitat can interact with local environments 

and influence individual perceptions of landscape permeability, and subsequently how 

individuals move on the landscape (Bakker and Van Vuren, 2004; Bélisle, 2005; Clobert 

et al., 2009; Debeffe et al., 2012; Mabry and Stamps, 2008).  Active, bold individuals in 

good physical condition or larger body size may be more willing to move through low- 

quality habitat or non-habitat matrix relative to other individuals, therefore landscape 

connectivity and the efficacy of corridors and spatially explicit demographic models may 

be context dependent and based, in part, upon inter-individual variability.  Spatially 

explicit population demographic models that oversimplify movement and interactions 

with landscape features may have important implications for estimation of species range 

dynamics and extinction risk (Fordham et al., 2014).  In northern snake-necked turtles 

(Chelodina rugosa), models that accounted for interactions between individual movement 

behavior and landscape structure (functional connectivity) resulted in elevated rates of 

local extinction risk and slower rates of range contraction compared to models that 

incorporated structural connectivity only and null models (Fordham et al., 2014). 

Allowing for inter-individual variability in movement and perceptions of 

landscape resistance in models could aid in the development of more realistic resistance-

based models of landscape connectivity (Wade et al., 2015; Zeller et al., 2012), inform 

projections of range shifts and extinction risk, and provide explanations of observed 

population heterogeneity in movement patterns and deviations of individuals from 

predicted optimal behaviors (Spiegel et al., 2015). 

6. Habitat selection 
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Although less studied, behavioral syndromes are correlated with habitat or niche selection 

(Boon et al., 2008; Pearish et al., 2013; Wilson et al., 1993), which can influence the 

density and dispersion of individuals, the maintenance of multiple behavioral syndromes 

within a population (Stamps and Groothuis, 2010), and may represent a mechanism for 

sympatric speciation.  Habitat selection can be considered another behavioral component 

in the assessment and designation of behavioral syndromes (Alcalay et al., 2014).  Such 

behavior – environment correlations develop when individuals with a particular 

behavioral syndrome occur more frequently in certain environmental contexts compared 

to others (Dingemanse et al., 2009; Stamps and Groothuis, 2010), and such contexts 

could include risk of predation (Bonnot et al., 2015; Boon et al., 2008), microclimates, 

habitat structure, and social structure (Pearish et al., 2013).  Active, exploratory, and bold 

North American red squirrels (Tamiasciurus hudsonicus; Boon et al. 2008), pumpkinseed 

sunfish (Lepomis gibbosus; Wilson et al. 1993), risk-tolerant roe deer (Capreolus 

capreolus; Bonnot et al., 2015), and three-spined sticklebacks (Gasterosteus aculeatus; 

Pearish et al. 2013) tended to explore more, were associated with use of open areas, and 

are were prone to predation.  

 Considerable variability exists within defined habitat types across many 

environmental axes (i.e. the niche space), which contributes to the spatial heterogeneity 

in behavior and other traits observed in wildlife species.  The relationship between habitat 

and behavioral heterogeneity has important implications for management of wildlife and 

habitats (Boon et al., 2008; Pearish et al., 2013).  Habitat modifications, even well 

intentioned restoration efforts, may select for some individuals, while others with 

different behavioral syndromes do less well.  Conservation or replication of existing 
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spatial heterogeneity in as many environmental variables as possible is recommended in 

the design and implementation of habitat modification in order to conserve behavioral 

variability in the resident population.  

7. Mate choice and reproductive success 
	  
Just as individual behavioral syndromes provide a substrate for natural selection, 

evidence accumulates that suggests behavioral syndromes also play a role in sexual 

selection, partner compatibility, and influence mating success and fitness in 

heterogeneous environments and the maintenance of inter-individual behavior variation 

(Gabriel and Black, 2012; Schuett et al., 2010; Sih et al., 2014; van Oers et al., 2008).  

Sex differences in the intensity or variability of behaviors, and assortative and 

disassortative selection of behavior traits provide evidence for sexual selection on 

behavioral syndromes (see Schuett et al., 2010 for a thorough review).  Boldness, 

docility, and other behavioral characteristics may be honest signals of mate quality that 

reflect information about a potential mate’s physiology, natal environment, and life 

history strategies (Teyssier et al., 2014), and selection of preferred behavioral syndromes 

may be context specific, revealing one mechanism for mate choice variation within a 

population.  In common lizards (Zootoca vivipara), females reared in the absence of 

predator cues chose active males as mates.  However, when presented with predator cues 

prior to mating, females exhibited no mate preference (Teyssier et al., 2014).  Because 

male activity level is heritable, females may select for offspring behavioral syndnromes 

with the best prospects for survival depending upon predation risk (Teyssier et al., 2014).  

In Atlantic mollies (Poecilia mexicana), strength of preference for larger bodied, more 

fecund females varied as a function of behavioral syndrome and two social contexts: the 
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intensity of sperm competition and the presence of an audience male (Bierbach et al., 

2015).  

 Behavioral syndromes may determine the rate of extrapair copulations, observed 

mate preference, number of successful matings, and offspring survival and recruitment.  

The probability of a brood with extrapair offspring was dependent upon the behavioral 

syndrome of both the female and her social mate in great tits, whereby extrapair offspring 

were most likely in broods of female-social mate pairs with similar behavior traits at the 

extremes of the trait axes (e.g. slow-slow explorer and fast-fast explorer pairings; van 

Oers et al., 2008).  Active, aggressive male water striders (Aquarius remigis) spent the 

most time searching for females and had the highest mating success (Sih et al., 2014).  In 

yellow-bellied marmots, adult female sociability was positively correlated with 

reproductive success and subsequent recruitment of yearling female into the population 

(Armitage, 1986).  Steller’s jays (Cyanocitta stelleri) that paired with behaviorally 

similar partners experienced increased reproductive success and behavioral matching 

may be most important in poor years (Gabriel and Black, 2012).  Further, studies of mate 

choice may be biased by the behavioral syndromes of the individuals sampled (David and 

Cézilly, 2011).  Therefore inclusion of behavioral measures, or individuals as random 

variables in generalized linear mixed models in studies that involve preference or 

selection (e.g. food, habitat, mates) and subsequent fitness consequences is an important 

consideration. 

8. Influence of parasites 
	  
Individual behavioral syndromes may differ in their exposure to parasites, and parasites 

in turn alter host behavior and associated behavioral syndromes in a manner conducive to 



	   49	  

parasite transmission (Barber and Dingemanse, 2010; Poulin, 2013).  Host behavior 

manipulation by parasites influences many factors associated with wildlife research to 

include habitat use, risk taking, trappability, and population dynamics, and is considered 

another mechanism to maintain inter-individual behavior differences in wildlife 

populations (Barber and Dingemanse, 2010; Dobson, 1988).  Malaria (Plasmodium and 

Leucocytozoon) infection affected problem solving ability, exploration, and risk taking in 

great tits (Dunn et al., 2011).  Similarly, malaria-infected common nightingales (Luscinia 

megarhynchos) in the chronic phase of infection exhibited increased neophilia and risk 

taking behavior (Marinov et al., 2015).   

Some behavioral syndromes may increase exposure and susceptibility to 

pathogenic parasites and avian brood parasites, with implications for the conservation of 

host species and the maintenance of imperfect levels of host defense observed in wild 

populations (Avilés and Parejo, 2011).  Behavioral traits that make individuals more 

susceptible to parasite infection include increased sociability and associated social 

behaviors such as allogrooming, foraging behavior, increased exploration, and neophilia 

(Barber and Dingemanse, 2010). The interplay among parasites, parasite avoidance, 

individual behavior, and fitness is complex (Barber and Dingemanse, 2010) and can play 

a role in population dynamics.  Parasites can contribute to the regulation of host 

populations (Tompkins and Begon, 1999), and their role in host population dynamics is a 

key issue in the conservation and management of threatened wildlife species (Thompson 

et al., 2010).  How parasites influence individual behaviors and the extent to which 

behaviors contribute to parasite infection and transmission in wildlife populations can 

provide insight into the prediction and potential mitigation of outbreaks, associated 
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fitness costs, and transmission to humans.  This is particularly relevant for imperiled or 

endemic species faced with non-native species and associated exposure to novel parasites 

via spillover (e.g. Thompson et al., 2010).  Studies designed to quantify behavioral traits 

within a population, particularly intersexual behavior variation, should consider 

controlling for or assessing level of parasite infection as an environmental covariate 

(Dunn et al., 2011).  Increased surveillance of parasites in wildlife populations via non-

invasive molecular tools (Thompson et al., 2010) can enhance our understanding of the 

feedback between parasite infections, infection intensity, behavioral syndromes, and 

population dynamics.    

9. Harvest success and population implications 
	  
Individuals in a population vary in detection and capture probabilities (see 1 & 2 above), 

and may differ in the likelihood of being depredated by natural predators or harvested via 

hunting and fishing, with the likelihood of being depredated or harvested dependent upon 

interactions between behavior and environment.  Larger, older, or faster-growing 

individuals tend to be selected for harvest both for cultural reasons (e.g. trophy size) and 

due to regulations on minimum size limits for harvest (Biro and Post, 2008; Monteith et 

al., 2013).  In fishes, bold, aggressive exploratory behavior is correlated with faster 

growth rates (Biro and Post, 2008; Biro, 2013), and in natural populations, growth rate 

and size are maintained below maximum levels by negative selection from predators as 

the boldest, fastest growing individuals are most likely to forage in risky open water 

habitats (Biro et al., 2004).  Commercial and recreational fisheries impose similar, often 

more intense negative selection (Biro and Post, 2008; Hessenauer et al., 2015; Mittelbach 

et al., 2014).  In a simulated intensive commercial gillnet fishery on trout, fast-growing, 
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active, bold individuals were harvested at three times the rate of slow-growing, shy 

individuals independent of body size, an example of fisheries-induced evolution of a life 

history trait (growth rate; Biro and Post, 2008).  Because certain behavioral syndromes 

are more vulnerable to harvest, minimum size limit regulations will not reduce negative 

selection and loss of fast-growing genotypes from the population, which leads to fisheries 

with slower-growing, less fecund individuals and lower yields – an important 

consideration for the recovery of threatened fisheries (Biro and Post, 2008).  Recreational 

angling also imposes artificial selection on heritable, correlated behaviors including 

boldness, exploration, activity, foraging behavior, resting metabolic rate, and nest defense 

in several species including bass (Micropterus spp) (Hessenauer et al., 2015) and 

Eurasian perch (Perca fluviatilis) (Härkönen et al., 2015).  In species where nest defense 

is essential for increasing egg and larval survival, angling may be detrimental to 

population recovery and persistence as bold, aggressive individuals may be the best nest 

defenders, but also the most likely to be caught (Mittelbach et al., 2014).  

Fewer data demonstrate direct correlations between behavioral syndromes and 

vulnerability to hunting, but such correlations do exist.  Bold bighorn sheep (Ovis 

canadensis) ewes were more likely to be trapped, reproduced earlier, and had higher 

weaning success (Réale et al., 2000).  Bold, active elk (Cervus elaphus) males and 

females exhibited increased use of open areas and were most likely to be harvested by 

hunters (Ciuti et al., 2012).  Similarly, some black bears (Ursus americanus) were more 

likely to be trapped, observed in camera traps, and shot by hunters irrespective of sex, 

age, or time spent in the study area (Noyce et al., 2001).  Management recommendations 

to counteract the effects of hunter harvest on decreased antler size, reduced male age 
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structure, and associated life history traits include less selective pressure on large, fast 

growing males, and increased harvest of females (Monteith et al., 2013).  However, if 

certain individuals are behaviorally vulnerable to harvest independent of age, size, and 

sex (Biro and Post, 2008), harvest may continue to exert negative selective pressure on 

fast-growing, bold, active individuals, with potential to increase the frequency of small, 

shy animals in the population with possibly decreased fecundity (exploitation-induced 

evolutionary change; Ciuti et al. 2012).  Increases in the number of shy, less active 

individuals in fish and wildlife populations may reduce probability of detection by 

researchers, hunters, and anglers, and it may be necessary for management plans to 

consider methods to harvest individuals independent of behavior, such as habituation, 

that may more effectively target shy, elusive individuals.  

10. Effects of anthropogenic disturbance 
	  
Over two thirds of the earth’s terrestrial surface is dedicated to the support of human 

populations, and human-induced changes to earth’s ecosystems are pervasive and 

increasing (Sanderson et al., 2002; Vitousek et al., 1997), and drive observable 

evolutionary change in fish and wildlife populations (Parmesan, 2006; Smith and 

Bernatchez, 2008).  Selective pressures exerted by urbanization, landscape fragmentation, 

and climate change are generally beyond the scope of environmental conditions under 

which species have evolved (Lowry et al., 2013; Mawdsley et al., 2009; Sih, 2013; Sol et 

al., 2013).  Individuals vary in their ability to tolerate such disturbances, with population-

level implications.  Evidence suggests that individuals with bold, aggressive, exploratory 

behavioral syndromes are more likely to persist in urbanized or disturbed areas, have 

reduced neophobia to objects and food, and are more likely to tolerate anthropogenic 
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disturbances, move through human-modified landscapes, and colonize new areas 

(Duckworth and Badyaev, 2007; Sol et al., 2013; Tuomainen and Candolin, 2011).  

Urban environments and other anthropogenic disturbances may also select for increased 

inter-individual variability in correlated behavioral traits (Bókony et al., 2012; Carrete 

and Tella, 2011).  Increased density and aggression along with decreased wariness and 

fear of humans are components of what has been termed the “urban wildlife syndrome”, 

and have been documented in many synurbic species including eastern gray squirrels 

(Sciurus carolinensis), rock doves (Columba livia), coyotes (Canis latrans), blackbirds 

(Turdus merula), and raccoons (Procyon lotor) (Parker and Nilon, 2008 and references 

therein).   

 How adaptive individual behavioral syndromes are in response to 

anthropogenically created novel situations and environments is context dependent (Sih, 

2013; Tuomainen and Candolin, 2011), but in general bold, docile, active, explorers tend 

to be innovative and quick learners (Guillette et al., 2009; Titulaer et al., 2012), exhibit 

more behavioral flexibility (Frost et al., 2007), are less stressed by human presence, and 

are more successful in the face of urbanization and disturbance (see reviews by Lowry et 

al., 2013; Sol et al., 2013).  Nestling provisioning behavior and nest success in the face of 

anthropogenic noise depended upon the behavioral syndrome of both parents in great tits 

(Parus major), where active, exploratory males and less active, slow exploring females 

were more tolerant of noise and visited nests more frequently (Naguib et al., 2013).  

Rapid phenotypic divergences were observed between dark-eyed juncos (Junco hyemalis 

thurberi) in their native montane breeding range and a newly colonized (c.a. 1983) urban 

population (Atwell et al., 2012).  Urban colonists exhibited consistently higher levels of 
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corticosterone, bold, exploratory behavior, and lower flight initiation compared to 

individuals in the native montane population (Atwell et al., 2012). 

 How individual behaviors, life history traits, and associated population parameters 

change in responses to anthropogenically-altered environments has positive and negative 

implications for wildlife management and conservation.  Disturbance-adapted individuals 

are more likely to utilize novel, conservation-oriented structures such as wildlife 

crossings, nest boxes, artificial roosts, enter traps for the purposes of marking, radio-

collaring, collection of biophysical samples, or translocation, and potentially accept 

vaccine baits.  Conversely, disturbance-adapted individuals are more likely to become 

human commensals or pests that increase human-wildlife conflicts, transmit zoonotic 

diseases, colonize new areas (e.g Duckworth, 2008), or become invasive.  The 

maintenance of less-disturbed buffers around highly disturbed areas may promote 

utilization by and continued survival of individuals that are less behaviorally suited to 

anthropogenically altered environments (Blumstein et al., 2003; Richardson and Miller, 

1997).  Individuals that remain within or adjacent to disturbed areas are likely those that 

are behaviorally equipped to tolerate disturbance, and individuals that are less able to 

tolerate disturbances may have already left or died, which may bias studies on the effects 

of disturbance on wildlife populations (e.g. Bejder et al., 2007).    

11. Wildlife control and invasive species 
	  
Propagule pressure alone may not be a sufficient predictor of successful invasion and 

establishment of non-native species (Chapple et al., 2012).  The behavioral traits of 

individuals of a non-native species that colonize new areas at the invasion front tend to 

differ from the source population mean and are characterized by increased aggression 
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(Duckworth and Badyaev, 2007; Winandy and Denoël, 2015), boldness, and activity 

(Brodin and Drotz, 2014; Thorlacius et al., 2015), often correlated traits considered 

together as an ‘invasion syndrome’ (Chapple et al., 2012).  Different behavioral 

syndromes may be favored at various stages of invasion or colonization (Chapple et al., 

2012; Wolf and Weissing, 2012) and have consequences for native species and 

management and control efforts (Juette et al., 2014).  Behavioral syndromes of invading 

individuals can impact native residents via increased competition, agonistic interactions, 

and disease transmission, and the extent to which invading individuals negatively impact 

residents, in turn, depends upon the behavioral traits of individual residents.   

The interaction of environmental conditions, behavioral traits, and competitive 

abilities among native and non-native species may predict the exclusion or persistence of 

the native species in the presence of an invasive (Winandy and Denoël, 2015), 

particularly when the invader is ecologically similar (Pintor et al., 2008).  Aggression 

from a non-native predator, individual boldness, and polymorphic phenotype interacted to 

determine time spent foraging in palmate newts (Lissotriton helveticus), whereby 

foraging was reduced in the presence of an invasive fish, and paedomorphic newts were 

more negatively impacted than metamorphs (Winandy and Denoël, 2015).   Resource 

abundance may modulate aggression and agonistic interactions among invasive and 

native species, as in low resource situations, competition was intensified (Pintor et al., 

2008).  Low resource – high competition situations may be more detrimental to native 

species in the face of an invader, but also may limit the densities attained by invasives.  

In poikilothermic organisms, environmental temperature may influence behavioral trait 

expression, metabolic rates and food consumption, and associated invasion success.  A 3° 
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C increase in water temperature resulted in increased activity, aggression, and boldness 

values in invasive red swamp crayfish (Procambarus clarkii; Zhao and Peishan, 2015).  

Increased temperatures as a result of global climate change may influence behavioral 

traits, invasion success, and intensity of competition between native and non-native 

species and pose a challenge to conservation and management efforts. 

Once an invasive species is established, control efforts may modify the behavioral 

composition of the invasive population, further complicating complete eradication (Juette 

et al., 2014; Tuyttens et al., 1999).  The behavioral traits that contribute to invasion 

success (e.g. boldness, activity, aggression) are also associated with increased trappability 

and capture success (see item 2 above), and trapping efforts to control invasives may be 

more effective on bold individuals and thereby inadvertently introduce artificial selection 

for individuals that are more shy and less trappable (Tuyttens et al., 1999), making 

enumeration and eradication more difficult.  Multiple capture or control measures may be 

undertaken simultaneously so as not to bias efforts towards any particular behavioral 

phenotype.  

12. Reintroduction, translocation, and captivity 
	  
Considerable variation exists in how species and individual animals respond to captive 

environments (Mason, 2010; McDougall et al., 2006).  Bold, docile, less active 

behavioral syndromes are associated with increased fitness in captivity compared to shy, 

aggressive, active types and this fitness dichotomy, in conjunction with artificial, 

anthropogenic selection, has led to altered behavioral traits in captive populations over 

relatively short time periods (McDougall et al., 2006).  Such contemporary evolutionary 

shifts in the behavioral traits of captive populations can hamper the success of 
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reintroduction efforts (Reading et al., 2013).  Because behavioral syndromes are linked to 

foraging activity, antipredator response, physiology, and life history traits, reintroduced 

individuals may lack behaviors required to integrate into and survive in natural 

environments (McDougall et al., 2006).  Therefore the maintenance of a diversity of 

behavioral syndromes and behavioral flexibility in captive populations is an important 

consideration for the management of wildlife in zoos or captive breeding centers, 

particularly for the implementation of translocation and reintroduction efforts (Reading et 

al., 2013; Shepherdson, 1994).   

Behavioral traits that influence reintroduction success include locomotion in 

complex environments, predator avoidance, foraging (finding and handling food), social 

interactions, habitat selection, and human avoidance (Reading et al., 2013).  Managers 

should strive to provide different rearing environments or simulated habitats, skill 

training, and enrichment activities that promote development of key behaviors in 

preparation for reintroduction ( McDougall et al., 2006; Reading et al., 2013; 

Shepherdson, 1994; Watters and Meehan, 2007).  Appropriate enrichment and skill 

training has improved reintroduction success in many threatened and endangered species 

including black-footed ferrets (Mustela nigripes), Columbia Basin pygmy rabbits 

(Brachylagus idahoensis), black-tailed prairie dogs (Cynomys ludovicianus), California 

condors (Gymnogyps californianus), and American bison (Bison bison) (Reading et al., 

2013).  Managers can assess the degree to which individuals differ behaviorally along 

several trait axes to select a more behaviorally (and presumably physiologically and 

genetically) diverse social group slated for release (Reading et al., 2013; Watters and 

Meehan, 2007) and help promote increased survival and persistence post-release. 
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Conclusions 
 
Behavioral syndromes influence population-level processes and results in ecological 

interactions important in applied wildlife conservation and management.  Rather than just 

noise around a population mean, behavioral syndromes have observable ecological and 

evolutionary consequences (Réale et al., 2007; Sih et al., 2012; Wolf and Weissing, 

2012).  That behavioral syndromes are maintained within populations is testament to their 

importance, not only as the canvas upon which natural selection acts, but also as the 

products of natural selection (Réale et al., 2007).  Not every individual will experience 

the same selective forces due to unpredictable spatio-temporal variation (Wolf and 

Weissing, 2010), therefore maintenance of different suites of behaviors in a population is 

favorable and expected.  Heterogeneity in availability of food, mates, territories, 

competition intensity, predation risk, and susceptibility to parasites across time and space 

are examples of selective forces that act to maintain behavioral syndromes within a 

population (Wolf and Weissing, 2010).  Wildlife conservation and management actions 

may exert unintended selection for particular individual characteristics within a 

population and it is therefore important to be aware of how anthropogenic activities may 

be altering individual traits and population processes.   

 Here we summarize how behavioral syndromes may provide important insight 

into applied wildlife conservation research, and affect models of population processes 

and the interpretation of data (domains 1-5), influence important fitness decisions 

(domains 6 & 7), influence the feedback between parasites and behavior (domain 8), and 

the potential for anthropogenic influences, including conservation efforts, to alter 

populations behaviorally and ecologically (domains 9-12).  We provide realistic 
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recommendations to managers and conservation practitioners to account for behavioral 

variability within wildlife populations, and reduce bias in population models and studies 

of resource and mate selection, reduce unintentional selection for particular behavioral 

syndromes via wildlife harvest, control, and reintroduction efforts in hopes of facilitating 

improved wildlife conservation in the face of anthropogenic disturbance and changing 

landscapes.  Many of our recommended practices are already incorporated into wildlife 

conservation research.  Our goal is to increase understanding of how such practices serve 

to address potential biases as a result of individual behavior variation in a population.  

Recognition of behavioral syndromes and their role in life history and population 

processes, and understanding that maintaining such behavioral variation will promote 

population stability and persistence will ensure that conservation and management efforts 

benefit as many individuals as possible.  A focus on individuals in applied wildlife 

research can bridge the gap between basic and applied research and incorporate 

knowledge from both realms towards better management, conservation, and recovery of 

populations. 
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Figure legends.  
 
Figure 1. The frequency of publication that refer to repeatable correlated behaviors as 
“animal personality” in organismal research between 1996 and 2015.  Data accessed from 
Thomson Reuters Web of Science TM Core Collection, March 2016.  
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Table 1.  Summary of research domains (A) and journal titles (B) represented in search 
results for the term “Animal Personality” within the Thomson Rueters Web of ScienceTM 
Core Collection between 1900 and March 2016 
 

A. Research areas Record count 

 
ZOOLOGY  299  

 
BEHAVIORAL SCIENCES  262  

 
ENVIRONMENTAL SCIENCES ECOLOGY  208  

 
LIFE SCIENCES BIOMEDICINE OTHER TOPICS  114  

 
PSYCHOLOGY  84  

 
EVOLUTIONARY BIOLOGY  82  

 
SCIENCE TECHNOLOGY OTHER TOPICS  38  

 
GENETICS HEREDITY  34  

 
VETERINARY SCIENCES  32  

 
AGRICULTURE  18  

 
DEVELOPMENTAL BIOLOGY  12  

 
MARINE FRESHWATER BIOLOGY  12  

 
BIOCHEMISTRY MOLECULAR BIOLOGY  9  

 
ENDOCRINOLOGY METABOLISM  8  

 
FISHERIES  8  

 
NEUROSCIENCES NEUROLOGY  8  

 
PHYSIOLOGY  7  

 
SOCIOLOGY  7  

 
ANTHROPOLOGY  6  

 
ENTOMOLOGY  3  

 
OCEANOGRAPHY  2  

   
B.  Source titles  Record count 

 
ANIMAL BEHAVIOUR  81  

 
BEHAVIORAL ECOLOGY  41  

 
BEHAVIORAL ECOLOGY AND SOCIOBIOLOGY  32  

 
PROCEEDINGS OF THE ROYAL SOCIETY B BIOLOGICAL SCIENCES  31  

 
ETHOLOGY  30  

 
PLOS ONE  26  

 
BEHAVIOURAL PROCESSES  17  

 
CURRENT ZOOLOGY  17  

 
APPLIED ANIMAL BEHAVIOUR SCIENCE  16  

 

PHILOSOPHICAL TRANSACTIONS OF THE ROYAL SOCIETY B BIOLOGICAL 
SCIENCES  16  

 
TRENDS IN ECOLOGY EVOLUTION  15  

 
BEHAVIOUR  14  

 
JOURNAL OF EVOLUTIONARY BIOLOGY  13  

 
DEVELOPMENTAL PSYCHOBIOLOGY  10  

 
JOURNAL OF ANIMAL ECOLOGY  9  
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JOURNAL OF EXPERIMENTAL BIOLOGY  9  

 
ECOLOGY AND EVOLUTION  7  

 
ANTHROZOOS  6  

 
BIOLOGICAL REVIEWS  6  

 
BIOLOGY LETTERS  6  

 
FUNCTIONAL ECOLOGY  6  

 
JOURNAL OF COMPARATIVE PSYCHOLOGY  6  

 
JOURNAL OF FISH BIOLOGY  6  

 
MOLECULAR ECOLOGY  6  

 
AMERICAN NATURALIST  5  

 
ECOLOGY LETTERS  5  

 
FRONTIERS IN ZOOLOGY  5  

 
ACTA ETHOLOGICA  4  

 
EUROPEAN JOURNAL OF PERSONALITY  4  

 
HORMONES AND BEHAVIOR  4  

 
JOURNAL OF ETHOLOGY  4  

 
PHYSIOLOGICAL AND BIOCHEMICAL ZOOLOGY  4  

 
PHYSIOLOGY BEHAVIOR  4  

 
ZOO BIOLOGY  4  

 
ECOLOGY  3  

 
GENERAL AND COMPARATIVE ENDOCRINOLOGY  3  

 
INTEGRATIVE AND COMPARATIVE BIOLOGY  3  

 
METHODS IN ECOLOGY AND EVOLUTION  3  

 
PRIMATOLOGY MONOGRAPHS  3  

 
PROCEEDINGS OF THE NATIONAL ACADEMY OF SCIENCES   3  

 
AMERICAN JOURNAL OF PRIMATOLOGY  2  

 
ANIMAL WELFARE  2  

 
AUK  2  

 
BEHAVIOR GENETICS  2  

 
BMC ECOLOGY  2  

 
EVOLUTION  2  

 
JOURNAL OF ZOOLOGY  2  

 
MARINE AND FRESHWATER BEHAVIOUR AND PHYSIOLOGY  2  

 
MARINE ECOLOGY PROGRESS SERIES  2  

 
OECOLOGIA  2  

 
OIKOS  2  

 
SCIENTIFIC REPORTS  2  

 
ZEBRAFISH  2  
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Table 2.  Applied wildlife conservation and management research domains, mechanisms for how behavioral syndromes may influence 
the outcome of wildlife research, associated implications, and recommendations for dealing with individual behavior differences in 
wildlife ecology. 
 

  
Applied wildlife domain Mechanisms Implications for research and management Recommendations & considerations Selected references 

1 Detectability Bold, active, exploratory 
individuals most detected 

Bias in which individuals are detected, leading 
to underestimates of population density, size 

Augment studies with non-invasive sampling such as scat, 
hair, eDNA and camera traps to better estimate population 
size 

Biro & Dingemanse 2008; Marescot 
et al. 2011; Carter et al. 2012; Biro 
2013 

2 Live trapping Bold, active, exploratory 
individuals most likely to explore 
novel objects and have lower 
flight initiation distances 

Estimates of population parameters, life 
history traits, physiology, and variability in 
behavioral traits biased based upon individuals 
trapped; individual variation in trappability 
can hinder estimates of population density, 
social structure, and the efficacy of 
management actions  

Familiarize wary animals with sampling gear and baits, 
incorporate different types of trapping gear, and augment 
trapping with non-invasive sampling such as scat, hair, 
eDNA and camera traps or trapping methods that sample 
all individuals (e.g. electrofishing, drift fences) 

Réale et al. 2000; Biro & 
Dingemanse 2008; Boon et al. 2008; 
Byrne et al. 2012; Carter et al. 2012; 
Biro 2013, LeCoeur et al. 2015 

3 Stress from handling Physiology and neurobiology 
differences among individuals 
result in different "coping styles" 
for handling stress 

Some individuals more susceptible to negative 
effects from handling, and can include trap 
mortality, and long-term effects of increased 
cortisol and other stress hormones 

Implement protocols to monitor captured individuals 
during handling that account for individual variation in 
response to handling stress to include monitoring heart or 
breathing rate, struggle rate, potentially releasing 
individuals if a threshold is exceeded.   

von der Ohe & Servheen 2002; 
Montané et al. 2003; Lupien et al. 
2009; Carere et al. 2010; Brommer 
& Kluen 2012;  Raoult et al. 2012 

4 Natal dispersal Individual differences in 
propensity to disperse are linked 
to behavior, social, and 
environmental factors 

Models of population and metapopulation 
dynamics, probability of colonization, and 
range shift predictions are limited by overly 
simplistic representations of natal dispersal 
distances 

GPS tracking devices can aid in characterizing dispersal 
and the distribution of dispersal distances within a 
population – however these data may be biased (see 2 
above) and trapping animals for radio collaring should 
take this into consideration. Models should incorporate 
random variation in dispersal distance and movement 
behaviors. 

Fraser et al. 2001; Delgado & 
Penteriani 2008; Duckworth 2008; 
Hawkes 2009; Armitage et al. 2011; 
Thorlacius et al. 2015; Canistrelli et 
al. 2016 

5 Movement ecology and 
space use 

Individuals differ in behaviors 
related to movement, exploration, 
and tendency for risk taking, and 
these can vary in response to 
environmental conditions 

Many animal movement models simplify 
inter-individual variability in movement and 
foraging behavior, leading to over- or under-
prediction of actual movement patterns; 
implications for landscape estimates 

Recognize individuals vary in movement behavior and 
perception of landscape permeability and incorporate 
inter-individual variability in models of movement, 
population dynamics, and landscape connectivity 

Fraser et al. 2001; Austin et al. 2004; 
Zeller et al. 2012; Fordham et al. 
2014; Taylor & Cooke 2014; Spiegel 
et al. 2015; Wade et al. 2015 

6 Habitat selection Individuals	  with	  a	  particular	  
behavioral	  syndrome	  may	  occur	  
more	  frequently	  in	  certain	  
environmental	  contexts	  
compared	  to	  others	   

Habitat alterations, restoration efforts, or 
disturbance may select for certain behavioral 
syndromes over others.  If some behavioral 
syndromes are more attracted to a habitat 
treatment than others, but are less trappable, 
erroneous management conclusions may be 
drawn. 

Studies that aim to compare effects of habitat 
management actions or treatments should consider the 
potential for habitat preferences to differ among 
behavioral syndromes, that some behavioral syndromes 
are more detectable/trappable than others, and address this 
in analysis or discussion sections or research articles.  

Wilson et al. 1993; Boon et al. 2008; 
Stamps & Groothius 2010; Pearish et 
al. 2013; Alcalay et al. 2014 
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7 Mate choice and 
reproductive success 

Behavioral syndromes correlated 
with mate choice, probability of 
extra pair copulations, mating 
success, and offspring behavioral 
syndrome 

Mate choice, reproductive success, probability 
and degree of extra-pair copulations may be 
influenced by behavioral syndromes; 
behavioral syndromes may affect 
measurements of mate choice and lead to 
inconsistencies across studies; assessment of 
mate preferences and frequency of extra pair 
mating may be biased by the behavioral 
syndromes of individuals sampled in a study 

Individual	  behavior	  covariance	  or	  behavior	  scores	  
should	  be	  included	  as	  variables	  in	  studies	  involving	  
choice	  	  (e.g.	  food,	  habitat,	  mates)	   

Armitage 1986; van Oers et al. 2008; 
Schuett et al. 2010; David & Cézilly 
2011; Sih et al. 2014; Teyssier et al. 
2014; Bierbach et al. 2015 

8 Parasite infections Some behavioral syndromes are 
more susceptible to parasite 
infection and parasites alter host 
behavior to increase opportunities 
for transmission 

Individual behavior traits and fluctuations in 
parasite density, population density, resources, 
and predation risk, may interact to influence 
rates of parasite infection and spread, the 
spatial distribution and aggregation of 
individuals, habitat selection, reaction to 
predators, individual fitness, and population 
dynamics 

Studies	  of	  population	  or	  behavioral	  responses	  should	  
consider	  inclusion	  of	  some	  estimate	  of	  parasite	  load	  as	  
an	  environmental	  covariate	  –	  particularly	  parasites	  
documented	  to	  alter	  individual	  behavior.	  	  Increased	  
surveillance	  of	  endo-‐	  and	  ecto-‐parasites,	  either	  
directly	  or	  molecularly,	  may	  aid	  in	  understanding	  the	  
role	  parasites	  play	  in	  behavior	  variation	  and	  
population	  regulation 

Dobson 1988; Friend & Cole 1999; 
Barber & Dingemanse 2010; 
Thompson et al. 2010; Avilés & 
Parejo 2011; Dunn et al. 2011; 
Poulin 2013; Marinov et al. 2015 

9 Harvest success and 
population implications 

Bold, active, fast-growing 
individuals more likely to be 
depredated, harvested 

Non-random mortality from hunting and 
fishing selects for small, slow growing, 
secretive individuals, resulting in decreased 
body and ornament size and fecundity, 
subsequently reducing the apparent number of 
individuals available to hunters and anglers in 
future generations; behavioral syndromes 
related to harvest vulnerability may be 
independent of age, size, or sex, hence 
management recommendations to harvest 
younger age classes or more females may still 
fail to mitigate negative selection on large, 
fecund animals.   

In heavily harvested populations of conservation or 
management concern experiencing declines, management 
plans may consider including recommendations for 
harvest of small, shy, elusive individuals of both sexes.  

Biro et al. 2004; Biro & Post 2008; 
Conrad et al. 2011; Ciuti et al. 2012; 
Monteith et al. 2013; Hessenauer et 
al. 2015; Härkönen et al. 2016 

10 Effects of 
anthropogenic 
disturbance 

Anthropogenic disturbances may 
impact individuals in a population 
differently: Bold, active, 
exploratory individuals associated 
with fast learning, reduced 
neophobia, increased tolerance for 
humans, noise, and other 
disturbances 

Disturbance-adapted individuals are more 
likely to use structures such as crossing 
structures, nest boxes, artificial roosts, enter 
traps, and potentially accept vaccine baits; 
disturbance-adapted individuals are more 
likely to become human commensals or pests 
that increase human-wildlife conflicts, 
transmit zoonotic diseases, colonize new 
areas, or become invasive 

In recognition that disturbed areas may reduce inter-
individual behavior variation and select for certain 
behavioral syndromes over others, managers should 
incorporate buffers proportional to the flight initiation 
distance of a species of concern around disturbed, highly 
urbanized, or rapidly changing areas to maintain as much 
behavioral variation as possible. Results from studies 
conducted in highly disturbed areas may not be relevant 
to populations in less disturbed areas and vice versa. 

Parker and Nilon 2008; Guillette et 
al. 2009; Bergvall et al. 2011; Atwell 
et al. 2012; Bókony et al. 2012; 
Titulaer et al. 2012; Lowrey et al. 
2013;Naguib et al. 2013; Sol et al. 
2013 

11 Wildlife control and 
invasive species 

Individuals at the invasion front 
exhibit increased aggression, 
activity, and boldness, often 
correlated traits considered 
together as an 'invasion syndrome' 

Resource availability, temperature, predation 
risk, and behavioral traits of native and 
invasive species influence invasion success 
and intensity of competition; behaviors 
associated with invasibility may aid trapping 
and control efforts initially, however culling 
programs may select for trap shy individuals, 

Consider how resource availability and other 
environmental variables impact behavior and competitive 
interactions between native and invasive species; multiple 
capture or control methods should be employed 
simultaneously to reduce behavioral biases 

Tuyttens et al. 1999; Pintor et al. 
2008; Chapple et al. 2012; Brodin & 
Drotz 2014; Juette et al. 2014; 
Thorlacius et al. 2015; Zhao & Feng 
2015; Winandy & Denoël 2015 
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reducing efficacy of eradication programs as 
efforts continue 

12 Reintroduction, 
translocation, and 
captivity 

Individuals respond differently to 
captivity, translocation, and 
reintroduction; some behavioral 
syndromes are better suited to 
captivity 

Captive breeding programs drive 
contemporary evolutionary change in animal 
temperament by selecting for docility, 
decreased activity, and boldness; these 
individuals may fare poorly upon release into 
natural environments 

Make efforts to promote and conserve behavioral 
diversity in captive populations and select a behaviorally 
diverse group of individuals for each reintroduction 
attempt.  

Miller et al. 1992; Shepherdson 
1994; McDougall et al. 2006; Mason 
2010; Watters & Powell 2012; 
Reading et al. 2013 
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Figure 1.  
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APPENDIX B: ALTERED NATAL DISPERSAL AT THE RANGE PERIPHERY: THE 
ROLE OF PERSONALITY, RESOURCES, AND MATERNAL CONDITION 
 
Melissa J. Merrick and John L. Koprowski 
 
(In the format of Ecology and Evolution)  
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Running	  headline:	  Natal	  dispersal	  at	  the	  range	  periphery	  

 

 

Summary 
 
1.  Natal dispersal outcomes are an interplay among environmental conditions and 

individual phenotypes. Peripheral, isolated populations may experience altered 

environmental conditions and natal dispersal patterns that differ from populations in 

contiguous landscapes. 

2.  We document non-philopatric, sex-biased natal dispersal in the Mt. Graham red 

squirrel (Tamiasciurus hudsonicus grahamensis), an endangered forest obligate restricted 
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to a single mountain.  Other North American red squirrel populations are shown to have 

sex-unbiased, philopatric natal dispersal.  We ask what environmental and intrinsic 

factors may be driving this atypical natal dispersal pattern.  

3. We test for the influence of proximate factors and ultimate drivers of natal dispersal: 

habitat fragmentation, local population density, individual behaviour phenotypes, 

inbreeding avoidance, competition for mates, and competition for resources, allowing us 

to better understand altered natal dispersal patterns at the periphery of a species’ range.  

4.  A juvenile squirrel’s body condition and its mother’s mass in spring (a reflection of 

her intrinsic quality and territory quality) contribute to individual behavioural tendencies 

for movement and exploration. Resources, behaviour, and body condition have the 

strongest influence on natal dispersal distance, but affect males and females differently. 

Male natal dispersal distance is positively influenced by its mother’s spring body mass 

and individual tendency for movement; female natal dispersal distance is negatively 

influenced by its mother’s spring body mass and positively influenced by individual 

tendency for movement.  

5. An apparent feedback between environmental variables and subsequent juvenile 

behavioural state contributes to an altered natal dispersal pattern in a peripheral 

population, highlighting the importance of studying ecological processes both at the 

range-centre and periphery of species’ distributions.  

 

Key-words Behavioural phenotype, condition-dependent dispersal, phenotype-dependent 

dispersal, maternal effects, peripheral population, Tamiasciurus hudsonicus grahamensis  
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Introduction 
 

Natal dispersal, or the permanent movement of an individual from its natal area to 

a new territory or home range, is a key behaviour underlying the distribution of 

organisms, promoting gene flow, population viability, and species persistence, especially 

in the face of rapid environmental change (Gaines & McClenaghan 1980; Dieckmann, 

O’Hara & Weisser 1999).  Natal dispersal movements, particularly long-distance 

dispersal movements, are critical for predicting the capacity of a population to maintain 

gene flow, metapopulation dynamics, and to colonize new areas (Sutherland et al. 2000) 

and may be especially important in peripheral or isolated populations where habitat is 

patchily distributed and gene flow is constrained.  The decision to disperse, how far 

individuals disperse, and variation therein, while important, are not well understood 

(Sutherland et al. 2000).  Dispersal outcomes are the product of an interplay among 

extrinsic and intrinsic proximate factors (Clobert et al. 2009) including site-specific 

variation in density and sex ratios of conspecifics (Gaines & McClenaghan 1980; 

Matthysen 2005), availability and predictability of resources (Bowler & Benton 2005; Le 

Galliard et al. 2012), landscape patchiness (Matthysen et al. 1995), individual behaviour 

differences (Dingemanse et al. 2003; Bowler & Benton 2005; Duckworth 2008, 2009; 

Cote et al. 2010), and altered gene frequencies and diversity.   

Ultimately, dispersal is driven by fitness benefits and those benefits may differ 

between sexes and among populations.  In birds and mammals, three underlying 

ecological processes are thought to drive natal dispersal and observed dispersal 

differences between sexes: inbreeding avoidance, competition for mates, and competition 

for environmental resources, where the mating system and ecology of a particular species 
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determine if dispersal will occur and in which sex (Greenwood 1980; Dobson & Jones 

1985; Dobson 2013).  Testing for proximate and ultimate drivers of natal dispersal within 

a theoretical framework can elucidate important ecological influences, how these may 

vary among populations, and identify potential conservation implications, particularly in 

threatened populations.   

North American red squirrels (Tamiasciurus hudsonicus; hereafter red squirrels) 

are small (200-250 g) tree squirrels widespread throughout coniferous forest regions of 

North America, with 25 recognized subspecies (Steele 1998).  Red squirrel ecology is 

conducive to investigating drivers of natal dispersal and settlement because red squirrels 

are diurnal, and both males and females defend a territory with a central larder hoard, or 

midden, making settlement obvious.  Further, due to their widespread distribution, the 

general ecology, life history traits, and natal dispersal of red squirrels have been 

documented in numerous populations (Kemp & Keith 1970; Larsen & Boutin 1994; Sun 

1997; Steele 1998; Berteaux & Boutin 2000; Haughland & Larsen 2004; Kerr et al. 

2007).   

Natal dispersal in red squirrels is characterized as sex-unbiased and philopatric 

(Larsen & Boutin 1998) throughout their range (e.g. Sun 1997; Berteaux & Boutin 2000; 

Haughland & Larsen 2004; Kerr et al. 2007; Table 1).  Competition for resources best 

explained observed patterns of sex-unbiased red squirrel dispersal, and the continuous 

occupied habitat in most areas where red squirrels occur likely explains philopatric 

settlement (Larsen & Boutin 1998).  Resources and territory acquisition are critical to the 

survival and reproduction of both male and female red squirrels (Kemp & Keith 1970; 

Rusch & Reeder 1978; Larsen & Boutin 1994, 1998), driving both sexes to move similar 
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distances from their natal area, most settling within or adjacent to their mother’s territory 

(Larsen & Boutin 1998).  While sex-unbiased, philopatric dispersal appears to be 

persistent throughout the red squirrel’s range, no natal dispersal data exist for isolated, 

peripheral tree squirrel populations. Peripheral, isolated populations could differ from 

range-centre populations due to environmental conditions that include availability of 

resources, landscape fragmentation, population dynamics, and local population density.  

Peripheral populations, in turn, may be influential in determining species distributions 

and natal dispersal in these populations likely influences range expansion and 

contraction.  Extrinsic drivers, including environmental heterogeneity, may influence 

intrinsic characteristics of individuals within a population that include body condition of 

mother and offspring (Bowler & Benton 2005; Wauters et al. 2007; Rémy et al. 2011) 

and individual behavioural phenotypes (Cote et al. 2010), which may, in turn, influence 

natal dispersal patterns.  

Herein we characterize natal dispersal in an isolated red squirrel subspecies 

occurring at the southern extent (trailing-edge) of the species’ range (Figure 1), and 

compare dispersal in this isolated population to populations in the centre of the species’ 

range.  We examine the influence of intrinsic and extrinsic factors on natal dispersal 

distance and the probability of non-philopatric dispersal to include local population 

parameters (local male & female density), litter sex ratios, mother spring body mass, 

juvenile body condition, natal habitat patch size, and individual behaviour phenotypes.  

We develop a priori models to test support for three proximate factors and three ultimate 

ecological processes hypothesized to influence the probability of dispersing and dispersal 

distance: natal patch size, local density, individual behaviour phenotypes, inbreeding 
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avoidance, competition for mates, and competition for resources (Greenwood 1980; 

Larsen & Boutin 1998).   

Proximate hypotheses – Natal patch size: In highly fragmented landscapes, habitat 

patches might be smaller and farther apart. If natal patch size and distance to the nearest 

patch the probability of dispersing and dispersal distance, we predict dispersal distances 

will be negatively correlated with habitat patch size such that individuals born in smaller, 

isolated patches (a measure of degree of fragmentation) will disperse farther.  Local 

density: We test for positive and negative density dependence (e.g. Matthysen 2005a).  If 

population density influences the probability of dispersing and dispersal distance, we 

interpret a positive relationship between local density and both the probability of non-

philopatric dispersal and dispersal distance (decreased dispersal distances at low 

densities, increased dispersal distances at high densities) to indicate positive density 

dependent dispersal, whereas a negative relationship between local density and the 

probability of non-philopatric dispersal and dispersal distance (increased dispersal 

distances at low densities, decreased dispersal distance at high densities) indicates 

negative density dependent dispersal.  Behaviour: If individual behaviour phenotypes 

influence the probability of dispersing and dispersal distance, we predict behavioural 

syndromes predispose some individuals to leave the natal area and disperse farther 

compared to others.   

Ultimate hypotheses – Inbreeding avoidance: If inbreeding avoidance is an 

ultimate driver of natal dispersal and individuals can assess inbreeding risk, we predict 

that local neighbourhood and litter sex ratios influence probability of non-philopatric 

dispersal and dispersal distance, with dispersal distance positively correlated to local 
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female or male density and proportion of female or male littermates.  Male competition 

for mates: If competition for mates is an ultimate driver of natal dispersal in males, we 

predict that local male density and proportion of male littermates explain probability of 

non-philopatric dispersal and dispersal distance in males, with dispersal movements 

positively correlated with local male density and proportion of male littermates.  The 

promiscuous mating system in red squirrels and many other small mammals implies that 

there is likely little intrasexual competition for mates among females (Larsen & Boutin 

1998; Perrin & Mazalov 2000; Lawson Handley & Perrin 2007).  Competition for food 

resources: If competition for food resources is an ultimate driver of natal dispersal, we 

predict probability of non-philopatric dispersal and dispersal distance will be negatively 

correlated with mother spring body mass of the squirrel’s mother and its own body 

condition (indicators of resources available within the natal territory), such that when 

resources are abundant, individuals tend to remain philopatric.  

Materials and methods 
 

Study Site and population 
	  
The Mt. Graham red squirrel (Tamiasciurus hudsonicus grahamensis, hereafter MGRS) 

is an endangered subspecies of red squirrel inhabiting the Pinaleño or Graham 

Mountains, in Arizona, USA, 32.7017° N, 109.8714° W, and represents the southernmost 

population of red squirrels in North America (Sanderson & Koprowski 2009; Figure 1).  

It is estimated that MGRS have been isolated for at least 10, 000 years following post-

Pleistocene glacial retreat (Harris 1990), and are morphologically, vocally, and 

genetically distinct from their nearest subspecies of red squirrel, T. h. mogollonensis, 
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inhabiting the White Mountains of east central Arizona (Koprowski, Alanen & Lynch 

2005; Fitak, Koprowski & Culver 2013).  

Our study areas comprise vegetation communities of mesic mixed-conifer forest 

dominated by Douglas-fir (Pseudotsuga menzesii), southwestern white pine (Pinus 

strobiformis reflexis), white fir (Abies concolor), corkbark fir (Abies lasiocarpa var. 

arizonica), Engelmann spruce (Picea engelmannii), and aspen (Populus tremuloides) and 

high-elevation spruce-fir forest dominated by corkbark fir and Engelmann spruce (Smith 

& Mannan 1994; O’Connor et al. 2014).  Animals for this study were captured primarily 

within three mesic mixed-conifer forest study sites: Columbine (104.3 ha), Soldier Creek 

(14.7 ha), and Merrill Peak (72.2 ha; Figure 1). MGRS habitat in the Pinaleños occurs 

above 2,591 m, and animals in our study used habitat between 2,647 m to 3,267 m in 

elevation.  The Pinaleños have experienced patchy forest damage at varying levels of 

severity, due to insect infestations (Koprowski et al. 2005; Zugmeyer & Koprowski 

2009) and two subsequent fires in 1996 and 2004 burning a combined 14,160 ha of pine, 

mixed-conifer, and spruce-fir forest (45% of the forest above 2135 m) which, combined 

with tree death from insects, reduced the area covered by spruce and cork-bark fir area by 

66% (O’Connor et al. 2014).   

Live-Trapping and Quantifying Individual Behaviour differences 
	  

Between May 2010 and February 2014, we trapped, radio-collared and tracked 94 

juvenile and 4 sub-adult MGRS through dispersal, settlement, and post-settlement.  To 

capture juveniles, we monitored the location and reproductive condition of radio-collared 

adult females as part of a long-term study of MGRS space use (Koprowski, King & 

Merrick 2008).  We observed lactating adult females at natal nests until juvenile 
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emergence.  Following emergence of juveniles from the nest, we set Tomahawk live traps 

(Tomahawk Live Trap, Tomahawk, WI, USA: model # 201) around the natal nest and 

midden between 0600 and 1800 h to capture juveniles (≥ 90 g) with trap checks once per 

hour.  Upon capture, we transferred each individual to a cloth handling cone (Koprowski 

2002) to measure morphological traits, apply ear tags, and fit radio collars (Koprowski, 

King & Merrick 2008).  To reduce radio-collar weight and allow for growth, we used a 

thin (3 mm) nylon zip-tie neck band with a 3 mm x 20 mm strip of thin, compressible 

foam mounting tape affixed to the inside of the neck band (total collar weight = 5 g).  We 

recaptured individuals at least every 3 mo to measure growth and check radio-collar fit.     

 To characterize individual behavioural phenotypes (IBPs), we performed two, 7.5 

min behaviour trials on 84 juveniles at the site of capture: open field (OF) to quantify 

activity levels and exploration of a novel environment, and mirror image stimulation 

(MIS) to quantify aggression and social behaviours (Svendsen & Armitage 1973; Boon, 

Réale & Boutin 2007; Martin & Reale 2008).  We carried out behaviour trials in a 40.6 

cm x 54 cm x 54 cm collapsible arena constructed of white Makralon® extruded 

polycarbonate (Bayer MaterialScience LLC, Sheffield, MA, USA; designed and 

fabricated at Plastics, Inc., Tucson, AZ).  The floor of the arena contains a removable 

panel with four blind holes for differentiating exploration and activity (Martin & Reale 

2008) and the rear wall of the arena has a sliding polycarbonate panel that can be 

removed to reveal a mirror, marking the transition between OF and MIS trials.  The lid of 

the arena contains a 5 cm diameter hole through which we fit a USB web camera 

(Logitech QuickCam 960-00-247 www.logitech.com).   
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 We transferred marked individuals into the behaviour arena and began recording 

the OF behaviour for 7.5 min.  After 7.5 min, we removed the sliding panel at the back of 

the arena to reveal the mirror, beginning the MIS trial for 7.5 min.  We recorded all 

digital video with EvoCam software (Evological, www.evological.com) on a MacBook 

laptop (Apple, Cupertino, CA, USA).  To reduce influence of outside noise and to 

standardize the arena experience for each animal, we played an .MP3 audio track of a 

running stream (“Wilderness Creek”, www.naturesounds.ca) at full volume (60-70 db) 

for the entire behaviour trial.  Upon completion of the 7.5 minute MIS trial, we released 

individuals and cleaned the entire arena with 90% Isopropyl Alcohol.  We obtained 

complete behaviour trials on 84 juveniles and repeated behaviour trials on a subset of 13 

individuals between 6 weeks and 3 years after the original behaviour trial to check 

assumptions of repeatability of IBPs.  We tested most individuals only once to reduce 

handling due to the federally endangered status of this population.   

We scored digital video of OF and MIS behaviour trials separately in JWatcher-

Video V1.0 event recording software (Animal Behaviour Laboratory Macquarie 

University, Sydney Australia; Blumstein et al. 2012) by dividing each video into OF and 

MIS segments and used ethograms similar to Boon, Réale & Boutin (2007) with a few 

modifications (Table S1).  For each behaviour trial, we used JWatcher to summarize the 

proportion of time that an individual spent in each behaviour state, or the number of times 

instantaneous events occurred (e.g. attacks on mirror).   

Dispersal, Density, & Food 

Dispersal  
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We used digital receivers (Communication Specialists Inc. R-1000 receiver, 

www.com-spec.com) and yagi 3-element directional antennae (Wildlife Materials Inc., 

Murphysboro IL, USA www.wildlifematerials.com) to track juvenile MGRS movements 

from capture to settlement, locating each juvenile a minimum of 12 times each month 

until settlement, death, or disappearance from our study area.  When an animal’s radio-

collar signal disappeared from the natal area, we initiated a 3-step response: 1) observe 

and trap for the individual at the natal nest and midden in the event that the radio collar 

had stopped functioning, 2) drive accessible roads within MGRS habitat traversing the 

length of the mountain range, with frequent stops to detect signals, and 3) hike an 8 km 

trail loop to listen for signals regularly.  We repeated this process weekly until the animal 

was found or, if not located, was considered to be missing by December of a given year.  

All long-distance dispersers (n = 33) and several animals with off-air transmitters were 

relocated via the 3-step process. 

We monitored all individuals for signs of settlement, which included conifer cone 

caching at a central midden (larderhoard) and territorial vocalizations (Larsen & Boutin 

1994).  After settlement, we continued to monitor individual space use and survivorship.  

We measured straight-line dispersal distance from the natal nest where a juvenile 

emerged to the territory centre (midden) at which it settled.  In addition to dispersal 

distances quantified in this study (2010 – 2013), we also had 11 records of dispersal 

distances for animals ear-tagged as juveniles in prior years (n = 8), and an early attempt 

to track natal dispersal in this population (n = 3; Kreighbaum & Van Pelt 1996).  We 

compiled published natal dispersal distances for red squirrels to identify range-wide mean 

dispersal distance for males and females. We compared range-wide mean dispersal 
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distances to dispersal distances in MGRS. Between 2002 and 2014, mean adult female 

95% fixed kernel home range size in mixed-conifer forest during fall was 1.7 ha; a 

territory diameter of 147.12 m, 73.56 m radius.  We considered juveniles moving 

distances ≤ 150 m as settling within a territory contiguous with that of its mother (Larsen 

& Boutin 1994), and juveniles moving distances > 150 m as non-philopatric dispersers.  

Animal density 
	  
 We determined occupancy of central larder hoards (middens) during quarterly 

censuses where we recorded signs of recent activity, including fresh conifer cone scales, 

digging, and cached cones and mushrooms (Koprowski et al. 2005; Sanderson & 

Koprowski 2009), and we made observations at the midden to determine the age and sex 

of the resident.  We then used signs of midden activity and observations of residents to 

establish occupancy of middens each quarter (December, March, June, and September).  

We determined local neighbourhood density and sex ratios by creating 100-m radius 

(3.14 ha) buffers around natal nests and summarizing census occupancy records within 

each buffer.  We used June census data to quantify the density of occupied middens and 

sex of residents within each 100-m radius buffer, as summer is coincident with juvenile 

growth, development, and dispersal.   

Food availability 
	  

We quantified conifer cone availability in the natal area via methods similar to 

Humphries & Boutin (2000) and Studd et al. (2014).  We established linear transects 30 

m long x 2 m wide in 4 cardinal directions centred upon an individual’s natal nest.  We 

then counted the number of cones on each live conifer > 5 cm diameter at breast height 

visible from one vantage point.  We summarized the mean number of cones per live tree, 
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created an estimate of cones per hectare at each natal nest and present a cone index = log 

(estimated cones/ha).        

Natal patch size  
	  

To delineate patches of red squirrel habitat in the Pinaleños based on MGRS use, 

we developed a habitat suitability model based upon 9,424 MGRS juvenile lifetime 

telemetry locations relative to seven 25-m resolution LiDAR-derived raster layers that 

included percent canopy cover, mean tree height, standard deviation in tree height, total 

basal area, live basal area, slope, and elevation (S1). We followed Girvetz & Greco's 

(2007, 2009) Patch Morph algorithm in ArcGIS to create habitat patches with quality and 

marginal edge habitat delineated (S1). We used patch area in hectares, patch code 

(quality patch interior or edge) associated with each individual’s natal and settlement 

location, and distance to the nearest patch as explanatory variables in subsequent natal 

dispersal models. 

Statistical analyses 
	  

We used ArcGIS 10.1 with Spatial Analyst Extension (Environmental Systems 

Research Institute, Redlands CA) and R 3.0.2 (The R Foundation for Statistical 

Computing, www.r-project.org) for geospatial and statistical analyses.  We based model 

comparisons on AICc values (Akaike Information Criterion adjusted for small samples 

size).  We considered models with the lowest AICc score to be the top candidate models 

and models with AICc score ≤ 2 from the top model were considered competing.  Log-

transformed dispersal distance (m) better met assumptions of normality so we used log-

transformed dispersal distance in subsequent models.  Reported means are on raw data ± 
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SD unless otherwise noted, statistical tests are based on α = 0.05, and distance units are in 

meters unless otherwise noted.   

Density and dispersal distance comparisons 
	  

We compiled density and dispersal distances from the literature for other red 

squirrel populations and used Welch’s t-tests with unequal variances to test for 

differences between these populations and MGRS. We used Kruskal-Wallis rank-sum 

tests to test for differences in dispersal distance among years for males and females.   

Individual behaviour phenotypes 
	  

For both OF and MIS behaviour trials, we collapsed the proportion of time spent 

in behaviours into new synthetic variables (PCs) via principal components analysis on the 

mean-centred, standardized data matrix (prcomp, R).  The first 4 principal components 

extracted from OF trials explained 75% of total variance; OFPC1 is positively weighted 

by inactivity, OFPC2 by climbing, OFPC3 by chewing and digging, and OFPC4 by 

locomotion.  The first 4 principal components extracted from MIS trials explained 58% 

of total variance; MISPC1 is positively weighted by vigilance while immobile, MISPC2 

by mirror contact, MISPC3 by inactivity close to the mirror, and MISPC4 by climbing 

(Table S1).  Based upon univariate analyses, open Field PC3 (OFPC3) “chew/dig” and 

PC4 (OFPC4) “locomotion” and mirror image stimulation PC2 (MISPC2) “alert mirror 

contact”, and PC4 (MISPC4) “climb” had the most explanatory power with regard to 

dispersal distance (OFPC3 Pearson’s r = 0.26; p  = 0.06; OFPC4 Pearson’s r = 0.26, p = 

0.06; MISPC2 Pearson’s r = 0.22, p = 0.13; MISPC4 Pearson’s r = 0.14, p = 0.34), thus 

we included these as intrinsic variables in subsequent models.   
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We estimated the repeatability of individual behaviour scores by selecting a 

subset of individuals to receive repeat OF and MIS trials.  We compiled behaviour data 

from trials 1 and 2 for each individual, and collapsed variables via principal components 

analysis as above.  We used the icc function in package irr in R to calculate the intraclass 

correlation coefficient (ICC) and confidence intervals (alpha = 0.05) for principal 

components from OF and MIS trials, with animal ID as the subject, and n = 2 “raters” 

(trial 1 and trial 2), and specified a test for consistency between trials (model one, one-

way), where subject effects are random (Gamer et al. 2015). 

Models for dispersal distance and probability of long distance dispersal 
	  

To test specific proximate and ultimate hypotheses regarding mammalian 

dispersal (fragmentation, density, behaviour, inbreeding avoidance, competition for 

mates, competition for resources; Table 2), we developed a candidate model set (Table 3) 

within an information-theoretic model selection framework.  We identified 17 candidate 

models a priori and used generalized linear models (GLMs) to first test for the influence 

of intrinsic and extrinsic factors on log-transformed straight-line dispersal distance 

(Gaussian error structure), and test for the influence of the same factors on the probability 

of dispersing out of natal area, a distance > 74 m, or the mean radius of an adult female 

home range (logit link, binomial error structure).  For probability models, we specified 

non-philopatric dispersal for males ≥ 150 m (> total diameter of a female home range), 

and ≥ 100 m for females (few females dispersed > 150 m).  We split our candidate 

models into three groups: general models with both sexes combined, female-specific 

models, and male-specific models.  Within each group, our candidate model sets 

contained 5 basic models: 1) null (intercept only), 2) global (all variables included, k = 
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13), 3) extrinsic (mother spring mass, proportion of male/female littermates, occupied 

middens per hectare, middens occupied by males per hectare, middens occupied by 

females per hectare, log of natal patch area, patch code), 4) intrinsic (body condition 

index, OF PC3 & 4, MIS PC 2 & 4), and 5) natal patch fragmentation (log patch area, 

patch code) models.  Female- and male-specific models include the same 5 basic models 

in addition to models developed to specifically test components of dispersal hypotheses 

(density, natal patch size, behaviour, inbreeding avoidance, competition for mates, 

competition for resources; Tables 3 & 4) in either sex.    

 

Results 
 

Live-Trapping and individual behaviour differences 
	  

Of the 98 radio-collared juvenile and subadult MGRS in our study, 12 died prior 

to settlement (9 females, 3 males) and 24 had unknown fates (14 females, 10 males); of 

these 7 collars were found (4 females, 3 males) and 17 went missing and were never 

relocated (9 females 7 males).  Sixty-three individuals survived and were successfully 

tracked to settlement locations (29 females, 34 males).  Combined with known dispersal 

distances from previous years (N = 11), we were able to quantify dispersal distance for 74 

MGRS.   

We quantified individual behaviour in 85 of 98 radio-collared juvenile and 

subadult MGRS, with 13 repeat behaviour trials; time between trials ranged from 38 – 

1,092 d).  Repeatability of behaviours in MGRS can be classified as slight to fair with 

intraclass correlation coefficient values ranging from 0 – 0.3, where 0.0-0.20 = slight 

agreement, 0.21-0.40 = fair, 0.41-0.60 = moderate, 0.61-0.80 = substantial, 0.81-1.00 = 
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almost perfect (Landis & Koch 1977); (OF PC1: ICC = -0.68, F12,13 = 0.18, p = 0.99; OF 

PC2: ICC = 0.05, F12,13 = 1.11, p = 0.42; OF PC3: ICC = 0.15, F12,13 = 1.36, p = 0.29; OF 

PC4: ICC = 0.12, F12,13 = 1.27, p = 0.34; MIS PC1: ICC = 0.32, F12,13 = 1.92, p = 0.13; 

MIS PC2: ICC = 0.01, F12,13 = 1.11, p = 0.48; MIS PC3: ICC = -0.08, F12,13 = 0.84, p = 

0.61; MIS PC4: ICC = 0.20, F12,13 = 1.48, p = 0.25).   

Dispersal, Density, Food & Natal patch size 

Dispersal 
	  

Natal dispersal in MGRS is male-biased with exaggerated dispersal distances 

compared to other red squirrel populations (Table 1), and are greater than reported for 64 

juvenile red squirrels from the Yukon (mean dispersal distance: Yukon red squirrels = 

84.6 m ± 113.5; MGRS: 679.8 ± 1067.7; Welch t97.6 = -2.5, p = 0.02; Kerr et al. 2007; 

Figure 2).  Male MGRS dispersed farther than females (mean dispersal distance: males = 

969.4 m ± 1,224.8; females = 339.0 m ± 726.4; Welch t64.8 = -2.4, p = 0.02).  Across 

years, 53% of juveniles exhibited non-philopatric dispersal (≥ 100 m females, ≥ 150 m 

males); 40% of females, and 65% of males on average annually.   

The proportion of juveniles that disperse far from the maternal territory, and 

distances moved varied from year to year and appear to be influenced by annual variation 

in conifer seed crops (Table S2, Figure 3).  For both sexes, the proportion of individuals 

dispersing and female dispersal distance was highest in 2011, a year of lowest food 

availability (Table S2, Figure 3). 

Density 
	  
 Density of MGRS in the Pinaleños is lower than reported elsewhere in the red 

squirrel range, in both spruce-fir and mixed-conifer forest types.  Overall mean density 
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on our long-term study areas between fall 1989 and winter 2013 was 0.35 ± 0.2 and 0.18 

± 0.2 squirrels/ha in mixed-conifer and spruce-fir forest respectively, compared to 1.34 ± 

0.6, 2.9 ± 1.2, and 2.35 ± 0.02 squirrels/ha in mixed-conifer and spruce forest reported for 

areas within core red squirrel range (Rusch & Reeder 1978; Wheatley, Larsen & Boutin 

2002; Dantzer et al. 2012) (mixed-conifer: Welch’s t4.1 = -3.62, p = 0.022; spruce-fir: 

Welch’s t10.1 = -5.9, p < 0.001).  

During our study, local midden density within a 3.14 ha buffer surrounding natal 

nests ranged from 0.3 – 3.8 middens/ha (mean 2.1 ± 0.9).  Local occupancy of MGRS 

within a 3.14 ha buffer surrounding natal nests ranged from 0.0 – 1.9 occupied 

middens/ha (mean 0.8 ± 0.4) and this value did not vary significantly by year (1-way 

ANOVA F1,58 = 0.28, p = 0.60).  The mean proportion of occupied available middens 

within 3.14 ha buffers was 0.37 ± 0.19.  

Current year’s food 
	  

Cone availability varied among years with considerable variation among sites 

each year [year: mean visible cones/viable tree ± s.d., range (2010: 14.4 ± 14.1, 1.2 – 

38.5; 2011: 0.6 ± 1.0, 0.0 – 2.3; 2012: 37.5 ± 24.8, 7.8 – 82.5; 2013: 6.1 ± 6.7, 0.3 – 

17.8)].  Our estimated cone index (log cones/ha) differed among years (Kruskal-Wallis 

rank sum test: χ2 = 36.8, d.f. = 3, p < 0.001), with almost no cone production in 2011 

(Figure 3).   

Natal patch size 
	  

Animals in our study were born in habitat patches ranging in size from 1.88 to 

126.60 ha (mean 26.72 ± 26.00).  The majority of individuals that dispersed and settled 

(66%) were born in small patches < 30 ha in size and 88% were born in patches 
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designated as “quality patch interior” (90% of cells within a 50 m search radius of any 

focal cell are classified as suitable).  Natal patches within our study areas were all < 50 m 

of the next nearest patch, thus we omitted distance to nearest patch from our models. 

Drivers and Tests of Mammalian Dispersal hypotheses  
	  
 We examined the influence of environmental and intrinsic factors on natal 

dispersal distance (log dispersal distance) and probability of non-philopatric dispersal 

(binary response) within three model sets: sexes combined, female-only, and male-only 

models.  Across sexes, the most supported model explaining dispersal distance and 

probability of non-philopatric dispersal was the saturated, global model (AIC weight = 

0.99) indicating a combination of intrinsic and extrinsic factor influence natal dispersal 

distances. When we considered males and females separately, the top model explaining 

dispersal distance and probability of non-philopatric dispersal in both sexes included 

mother spring mass, juvenile body condition, and a behavioural tendency for movement 

(model: resources.locomotion; female AIC weight = 0.84, male AIC weight = 0.83) 

(Table 3).  In dispersal distance models (response = log dispersal distance), the direction 

of the relationship between dispersal distance and mother spring mass and individual 

body condition are reversed for males and females, with female dispersal distance 

negatively influenced by increases in mother spring mass and individual body condition 

(bci), whereas male dispersal distance is positively influenced by increases in both OF 4 

behaviour score (locomotion) and mother spring mass (Figure 4, Table 4).  For females, 

the top probability of dispersal model (resources.locomotion; AIC weight 0.68) was 

similar to the dispersal distance resources.locomotion model in both significance and sign 

of coefficients, but this was not the case for males (Table 4).  For males, the coefficient 
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for body condition is reversed in the top probability of dispersal model 

(resources.locomotion; AIC weight 0.74), but both body condition and mother spring 

mass had very little explanatory power, as this model is driven primarily by individual 

tendency towards movement (Open Field PC4, locomotion), whereby for every unit 

increase in OF4 PC score, males are over 7 times more likely to disperse long distances 

(Table 4, Figure 4).   

Models including variables associated with local density and intrasexual 

competition (occupied middens/ha, male & female occupied middens/ha, proportion 

same sex littermates), inbreeding avoidance (opposite sex littermates and density of 

opposite sex neighbours), and natal patch size to explain dispersal distance or probability 

of non-philopatric dispersal were not supported (Table 3).  Evidence for an intrasexual 

effect of female density on female dispersal distance exists, whereby juvenile females 

dispersed farther with increasing local female density (Figure 5), yet despite this 

relationship, female density was not a top model (Table 3).  Male dispersal distance was 

not influenced by local female density, further evidence against current inbreeding 

avoidance (Figure 5).  We found no relationship between mother spring mass and litter 

sex ratio (proportion male offspring) (t = 0.06, d.f. = 47, p = 0.95)	  or an effect of year 

(F3,54 = 0.99, p = 0.40).   

Discussion 
 

Natal dispersal in MGRS is sex-biased and juvenile males disperse up to 9 times 

farther than red squirrel populations.  This system provided a unique opportunity to 

examine potential intrinsic and extrinsic factors and evolutionary drivers associated with 

dispersal in this unique population.  The Pinaleño Mountains, at 32° N latitude, represent 
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a biogeographically distinct landscape compared to 53° N latitude, in Alberta, Canada 

near the centroid of red squirrel range in North America.  Population density, survival, 

and life expectancy (< 2 years; Goldstein, Merrick & Koprowski 2016 in review) are 

much lower and home ranges nearly 10 times larger in the Pinaleños (Koprowski et al. 

2008), while relative abundance of food resources are similar (Leonard & Koprowski 

2009) suggesting altered population dynamics or distribution of resources may play a role 

in natal dispersal differences observed in MGRS.  Here, we show that natal dispersal in 

MGRS is most influenced by individual behavioural tendencies for exploratory 

movement and resources reflected by maternal spring body mass, individual juvenile 

body condition, and conifer seed crop abundance; competition for resources is the most 

supported ultimate hypothesis.   We found little support for proximate influences of natal 

patch size, local density, litter sex ratios, or ultimate hypotheses: competition for mates 

and inbreeding avoidance. 

The role of personality and resources on dispersal distance 

 Individual behaviour phenotypes, or personalities, have been documented in many 

taxa (Sih et al. 2012), including red squirrels (Boon et al. 2007; Boon, Réale & Boutin 

2008; Kelley et al. 2015), and are thought to be maintained within populations by 

differential fitness relative to highly variable resource availability and population 

densities in time and space (Duckworth 2008; Cote et al. 2010; Wolf & Weissing 2012).  

Positive correlations between individual behaviour phenotypes and dispersal distance 

have been documented in birds, mammals, lizards, and fishes (Dingemanse et al. 2003; 

Duckworth 2008; Clobert et al. 2009; Cote et al. 2010), and such relationships may be 

important for maintaining population dynamics and gene flow, especially for species 
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threatened with habitat shifts or other disturbances (Smith & Blumstein 2007; Massot, 

Clobert & Ferrière 2008; Sih et al. 2012).  Natal dispersal distance in MGRS is correlated 

with individual behaviour phenotypes, most notably an individual’s tendency to actively 

explore a novel environment.  Vagile behaviour phenotypes appear to be mediated by 

external cues from mothers and the surrounding environment in a complex interaction 

between environmental conditions, particularly resource availability, and individual 

phenotype (condition- and phenotype-dependence; Clobert et al. 2009; Cote et al. 2010).  

In MGRS, long distance dispersal movements may have several benefits, including the 

opportunity to mate with less related animals, discovery of high-quality patches with 

available unoccupied territories, and maintenance of gene flow among habitat patches.  

 The competition for resources hypothesis implies that sex-biased dispersal should 

occur only if resources are more important to one sex (the philopatric sex) than the other 

(Greenwood 1980; Larsen & Boutin 1998), and for most mammals, including Sciurids 

(but not observed in red squirrels) this dichotomy between the resource needs of females 

(competition for resources) and males’ need for access to mates (competition for mates) 

has explained the primarily male-biased dispersal patterns observed in mammals 

(Clutton-Brock & Harvey 1978; Greenwood 1980).  In red squirrels, acquiring a quality 

territory and accumulating food resources are critical for overwinter survival in both 

males and females (Kemp & Keith 1970; Rusch & Reeder 1978; Larsen & Boutin 1994, 

1998), and since breeding does not occur until after a juvenile’s first winter (Koprowski 

2005), it is likely that natal dispersal and settlement decisions are driven primarily by 

resource availability (competition for resources) rather than mates (Larsen & Boutin 

1998).  Our models support the finding that resource availability is an important driver of 
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natal dispersal for both male and female MGRS, but show that resources can affect the 

sexes differently, contributing to the non-philopatric, sex-biased dispersal observed in 

MGRS. Mothers in good condition produce male offspring that tend to disperse farther 

while daughters remain philopatric, and this may contribute to observed matrilineal 

clusters of females occupying quality territories.  In years of very low food availability, 

both males and females tend to disperse farther from the natal area. 

Maternal influences on natal dispersal in a highly variable world 
	  

Maternal influence on offspring phenotype is widespread in mammals (Reinhold 

2002), and maternal effects are shown to be important in altering offspring behavioural 

phenotypes and propensity for long distance dispersal in response to resource variability 

(Duckworth 2009).  In North American and Eurasian red squirrels, a female’s body mass 

following winter is in part a reflection of her territory quality and in North American red 

squirrels the number of conifer cones she was able to hoard the previous fall (Wauters & 

Dhondt 1989; Becker, Boutin & Larsen 1998).  External influences such as resource 

availability and competition for resources affect maternal condition and subsequent 

behavioural and physiological phenotypes and sex ratios in a female’s offspring (Niall 

Daisley et al. 2005; Love & Williams 2008; Hinde & Capitanio 2010).  In this study, we 

observed no offspring sex ratio differences and no relationship between mother’s mass or 

year and offspring sex ratio, and we provide evidence for maternal effects that may 

maximize the fitness of both sons and daughters within a highly variable environment.  

Mothers with higher body mass following winter tended to have active, exploratory sons 

that were long-distance dispersers and philopatric daughters.  In poor years, the majority 

of all offspring dispersed.  In years of high resource abundance, allowing daughters to 
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settle adjacent to or within a quality territory increases overall fitness of both mother and 

daughter (Berteaux & Boutin 2000).  Such resource- and density-mediated adjustments in 

offspring sex ratios via natal dispersal could represent a flexible (rather than fixed) 

dispersal strategy that is adaptive in a highly variable environment.  

Although we found no direct evidence for inbreeding avoidance, this does not 

mean that inbreeding hasn’t contributed to the observed male-biased dispersal patterns 

observed in MGRS today.  MGRS are thought to have been isolated from its nearest 

conspecific in the White Mountains of Arizona since the end of the Pleistocene, 

approximately 10,000 years ago (Harris 1990).  A massive stand-replacing fire occurred 

in the Pinaleños in 1685 (O’Connor et al. 2014) eliminating the majority of MGRS 

habitat and likely creating a population bottleneck, which, in addition to more recent 

fires, may have contributed to the severely reduced genetic diversity in this population 

(Bouzat, Lewin & Paige 1998).  Recent analyses of mitochondrial and nuclear DNA 

show severe inbreeding in MGRS (mean pairwise relatedness = 0.75, mean effective 

population size = 10.4) (Fitak, Koprowski & Culver 2013).  Because MGRS have long 

been isolated and are highly related, deleterious effects of inbreeding may no longer be 

evident (Swindell & Bouzat 2006).  However, during past habitat contraction and 

population bottlenecks, selection may have strongly favoured long-distance dispersal by 

males to promote outcrossing and movement between isolated patches of habitable forest, 

and this “ghost of inbreeding past” may influence the long-distance, male-biased 

dispersal patterns evident in MGRS today (Hedrick & Kalinowski 2000).   

Insight from the range periphery 
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Ecological conditions characteristic of trailing-edge peripheral populations, 

including a long history of habitat fragmentation and heterogeneity in resource 

availability, can contribute to heterogeneous dispersal patterns among populations.  

Although rarely documented, we may expect differences between peripheral populations 

and those in the centre of a species’ range (Channell & Lomolino 2000; Hampe & Petit 

2005).  Intraspecific variation in dispersal distance has been documented in arvicoline 

rodents and suggests that while most studies report short dispersal distances, long-

distance dispersal events, while infrequent, can occur (Le Galliard et al. 2012).   

Peripheral populations, particularly those at the low-latitude edge of a species’ 

range, represent microcosms of evolution, harbouring distinct physical, physiological, 

and behavioural adaptations and gene frequencies resulting from long-term isolation and 

environmental conditions different from the range centre (Foster 1999; Channell & 

Lomolino 2000; Hampe & Petit 2005).  Documented differences between isolated, 

peripheral populations and those in range centres include decreased densities (Lomolino 

& Channell 1995), expanded home-range size (Koprowski, King & Merrick 2008), lower 

within-population genetic diversity (Vucetich & Waite 2003; Fitak et al. 2013), variation 

in demographic parameters, and changes in the frequency of behaviours or shifts in 

behaviour reaction norms (Foster 1999).  Understanting	  how	  environmental	  variables	  

and	   individual	   phenotypes	   influence	   natal	   dispersal	   across	   a	   species’	   range	   is	  

therefore	   of	   special	   interest	   for	   predicting	   how	   populations	   may	   respond	   to	  

environmental	  change	   (Channell & Lomolino 2000; Hampe & Petit 2005; Woolbright 

et al. 2014).  
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Data Accessibility 

Data are archived in Dryad (www. http://datadryad.org/), DOIs to be added. We have 

specifically omitted any location information relating to the capture, movement, or 

settlement of MGRS due to their status as a federally endangered population.  
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Figure Legends  
 
Figure 1. Distribution of North American red squirrels (Tamiasciurus hudsonicus) in 
North America (top inset) and Mt. Graham red squirrel (T. h. grahamensis) habitat above 
2,348 m in the Pinaleño Mountains, Arizona USA, with study areas shown in white 
hatching, natal territory centres and settlement territory centres (2010 – 2013) indicated 
by grey and black circles, respectively, and outlines of habitat patches shown in grey 
polygons.   
 
Figure 2. Frequency distribution of straight-line dispersal distances (1996 – 2013) for 
juvenile Mt. Graham red squirrel (T. h. grahamensis) males (black), females (grey), left 
axis, compared to frequency distribution of juvenile North American red squirrel 
(Tamiasciurus hudsonicus) straight-line log dispersal distances reported for 67 
individuals from the Yukon (Kerr et al. 2007), right axis. Mean dispersal distance for 
Yukon red squirrels, MGRS males and females are indicated by arrows a,b, and c, 
respectively. MGRS male mean dispersal distance = 969.4 m ± 1,224.8; MGRS females 
= 339.0 m ± 726.4, Yukon males and females = 84.6 ± 113.5 m. 
 
Figure 3. Proportion of male and female juvenile Mt. Graham red squirrels (T. h. 
grahamensis) making long-distance dispersal movements (males dispersing ≤ 150 m; 
females dispersing ≤ 100 m) relative to an annual index of conifer cone availability (2010 
– 2013).  Proportion female long-distance dispersers each year is indicated with grey 
bars, males with black bars.  Mean ± standard deviation in dispersal distance for males 
and females each year is shown above the bars.   
 
Figure 4. Linear relationships between juvenile Mt. Graham red squirrel (T. h. 
grahamensis) dispersal distance (2010 – 2013) and variables included in our top model 
(resources.locomotion: mother spring mass, body condition index, and OF 4 behaviour 
score), MGRS males are represented in the left-hand panel in black, females in the right-
hand panel in grey.   
 
Figure 5. Linear relationships between juvenile Mt. Graham red squirrel (T. h. 
grahamensis) dispersal distance (2010 – 2013) and inter- and intra-sexual local 
population density.  
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Table 1.  Comparison of natal dispersal distances reported for North American red squirrels (Tamiasciurus hudsonicus) throughout 

their range.  Means ± standard deviations are provided where available.     

  
Mean dispersal 

distance (m) Range (m) Males Females N Habitat type; region Source 
Notes 

       
 

~ 1,600 NA NA NA 8 aspen - spruce; Alberta Kemp and Keith, 1970 
In 1967, 8 of 9 marked juveniles dispersed 

"about 1.6 km", in 1968 three marked 
juvenlies remained philopatric.  

88.6 0.0 - 323.0 NA NA 73 jack pine - spruce; Alberta Larsen and Boutin, 1994  

178.8 NA 115.0 242.5 8 spruce - fir; Minnesota Sun, 1997  

NA NA NA NA 73 jack pine - spruce; British 
Columbia Larsen and Boutin, 1998 

Distances not given specifically, but 
statistical tests show no sex bias, supporting 

resource competition hypothesis 

96 ± 94 0.0 - 600.0 107 ± 111 85.0 ± 72.0 189 white spruce; Yukon Bertraux and Boutin, 2000 Dispersal distance is only for successful 
dispersers, not philopatric individuals 

86.0 0.0 - 4,500.0 NA NA 37 Douglas-fir; British Columbia Haughland and Larsen, 2000 
70 ± 10 mature forest, 79 ± 54 mature edge, 

86 ± 46 thinned forest, 109 ± 31 thinned 
edge 

84.6 ± 113.5 1.3 - 794.3 NA NA 67 white spruce; Yukon Kerr et al. 2007 17 juveniles from food - supplemented 
mothers, 50 juveniles from control mothers 

679.8 ± 1,067.7 0.0 - 4,788.0 969.4 ± 1,224.8 339.0 ± 
726.4 73 mixed conifer; Arizona Present study 73 juvenile Mt. Graham red squirrels 

       
 

Mean dispersal distance for range-centre red squirrel populations excluding Kemp & Keith, 1970 106.8 m  
Mean dispersal distance for range-centre red squirrel populations including Kemp & Keith, 1970 355.6 m  
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Table 2. Description of variables used in multi-model selection to explain dispersal distance and probability of long-distance dispersal 

in juvenile Mt. Graham red squirrels (Tamiasciurus hudsonicus grahamensis) between 2010 and 2013.   

Model variables Description 
Intrinsic factors 

 bci body condition index: ( juvenile mass at time of capture (g) /shin length (mm)) / estimated days since birth) 
MIS2 PC 2 from MIS trials; positive weight for behaviours associated with alert vigilance and mirror contact 
MIS4 PC 4 from MIS trials; positive wieght for climbing or hanging from arena walls 
OF3 PC 3 from OF trials; positive weight for chewing and digging  
OF4 PC 4 from OF trials; positive weight for locomotion 
Extrinsic factors 

 mother.spring.mass body mass (g) of mother during spring (March - May) of birth year 

occ.mids.ha 
local density of occupied red squirrel middens within a 100 m radius buffer / 3.14 (100m^2 circle = 3.14 
ha) 

occ.male.ha local density of red squirrel middens occupied by males within a 100 m radius buffer / 3.14 
occ.female.ha local density of red squirrel middens occupied by females within a 100 m radius buffer / 3.14 
ppn.male proportion of an individual's litter that are male 
ppn.female proportion of an individual's litter that is female 
logpatch.area log area (m^2) of an individual's natal patch 
patch.code code indicating whether the natal midden fell within the core of the natal patch (2) or at the margins (1) 
Global intrinsic + extrinsic 
Null intercept only 
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Table 3.  Model descriptions and multi-model selection results for models developed a priori to explain dispersal distance and 

probability of long-distance dispersal in juvenile Mt. Graham red squirrels (Tamiasciurus hudsonicus grahamensis) between 2010 and 

2013.  Models developed to test for dispersal hypotheses are indicated: DEN = local density, FRAG = habitat fragmentation, BEHAV 

= individual behaviour differences, CFR = competition for resources, IA = inbreeding avoidance.  

 

Model name response = log dispersal distance, gaussian error structure     
General Models Both 
Sexes 

Dispersal 
Hypothesis K AICc 

Delta 
AICc 

AICc 
Wt. Cum.Wt. LL Evidence Ratio 

global 
 

13 89.43 0 0.99 0.99 -24.13 
  

intrinsic 
 

7 99.96 10.53 0.01 1 -41.50 193.25 
 

extrinsic 
 

8 113.55 24.13 0 1 -46.98 
  

null 
 

2 138.15 48.73 0 1 -66.97 
  

natalpatch 
 

4 142.11 52.68 0 1 -66.69 
  

Female Models   K AICc 
Delta 
AICc 

AICc 
Wt. Cum.Wt. LL Evidence Ratio 

female.resources.locomoti
on CFR, BEHAV 5 35.82 0 0.82 0.82 -9.91 

  
female.resources CFR 4 39.98 4.16 0.1 0.93 -14.56 8.01 

 
female.resources*density CFR, DEN 5 43.41 7.59 0.02 0.95 -14.94 

  
female.resources.territories CFR  5 43.73 7.91 0.02 0.96 -14.56 

  
female.resources.behavior CFR, BEHAV 8 43.97 8.15 0.01 0.98 -3.70 

  
female.mother.mass CFR 3 44.24 8.43 0.01 0.99 -18.49 

  
female.locomotion BEHAV 3 45.21 9.39 0.01 0.99 -18.94 

  
intrinsic 

 
7 47.93 12.11 0 1 -12.30 

  
female.density CFR, DEN 3 48.25 12.43 0 1 -20.58 

  female.resource.competitio
n CFR 4 49.19 13.38 0 1 -19.54 
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female.bci CFR 3 51.75 15.93 0 1 -22.24 
  

female.inbreeding IA 4 52.9 17.08 0 1 -21.40 
  

null 
 

2 53.75 17.93 0 1 -24.62 
  

extrinsic 
 

8 54.79 18.97 0 1 -13.39 
  

female.natalpatch FRAG 4 57.57 21.75 0 1 -23.88 
  

global 
 

13 189.81 154 0 1 9.09 
  

Male Models   K AICc 
Delta 
AICc 

AICc 
Wt. Cum.Wt. LL Evidence Ratio 

male.resources.locomotion CFR, BEHAV 5 56.22 0 0.82 0.82 -21.23 
  

male.locomotion BEHAV 3 59.66 3.44 0.15 0.97 -26.31 5.58 
 

male.resources.behavior CFR, BEHAV 8 65.34 9.12 0.01 0.98 -19.13 
  

male.resources CFR 4 65.48 9.27 0.01 0.99 -27.79 
  

intrinsic 
 

7 66.84 10.63 0 0.99 -23.31 
  

male.mother.mass CFR 3 66.86 10.64 0 1 -29.93 
  

male.resources.territories CFR 5 67.27 11.05 0 1 -27.13 
  

male.bci CFR 3 73.51 17.29 0 1 -33.31 
  

null 
 

2 74.77 18.55 0 1 -35.18 
  

male.inbreeding IA 4 77.87 21.65 0 1 -34.19 
  

male.competition CFM 5 79.12 22.9 0 1 -33.40 
  

male.natalpatch FRAG 4 79.69 23.47 0 1 -35.13 
  

extrinsic 
 

8 80.14 23.92 0 1 -28.28 
  

global 
 

13 99.48 43.26 0 1 -13.99 
  

 response = binary long distance dispersal (> = 150 m males, > = 100 m females), binomial error structure 
 General Models Both 

Sexes   K AICc 
Delta 
AICc 

AICc 
Wt. Cum.Wt. LL Evidence Ratio 

global 
 

11 52.77 0 0.98 0.98 -10.31 
  

intrinsic 
 

6 61.05 8.27 0.02 1 -23.45 62.61 
 

extrinsic 
 

6 68.52 15.75 0 1 -27.26 
  

null 
 

1 82.83 30.06 0 1 -40.38 
  

natalpatch 
 

3 86.38 33.61 0 1 -39.98 
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Female Models   K AICc 
Delta 
AICc 

AICc 
Wt. Cum.Wt. LL Evidence Ratio 

female.resources.locomoti
on CFR, BEHAV 4 25.48 0 0.62 0.62 -6.92 

  
female.resources CFR 3 27.72 2.25 0.2 0.82 -10.06 3.07 

 
female.locomotion BEHAV 2 29.97 4.5 0.06 0.88 -12.67 

  
female.resources.territories CFR  4 30.98 5.5 0.04 0.92 -10.06 

  female.resource.competitio
n CFR 3 32.4 6.92 0.02 0.94 -12.60 

  
extrinsic 

 
7 33.04 7.56 0.01 0.95 -5.21 

  
female.bci CFR 2 33.21 7.74 0.01 0.97 -14.31 

  
female.mother.mass CFR 2 33.81 8.34 0.01 0.98 -14.61 

  
female.resources*density CFR 4 34.13 8.66 0.01 0.98 -11.96 

  
female.density CFR, DEN 2 34.21 8.74 0.01 0.99 -14.85 

  
female.inbreeding IA 3 35.42 9.94 0 1 -14.11 

  
null 

 
1 36.53 11.06 0 1 -17.19 

  
female.natalpatch FRAG 3 38.45 12.97 0 1 -15.70 

  
intrinsic 

 
6 39.96 14.49 0 1 -10.75 

  
female.resources.behavior CFR, BEHAV 7 41.62 16.15 0 1 -6.81 

  
global 

 
12 128 102.52 0 1 0.00 

  
Male Models   K AICc 

Delta 
AICc 

AICc 
Wt. Cum.Wt LL Evidence Ratio 

male.resources.locomotion CFR, BEHAV 4 31.39 0 0.74 0.74 -10.52 
  

male.locomotion BEHAV 2 33.6 2.21 0.24 0.98 -14.55 3.02 
 

male.resources CFR 3 41.43 10.04 0 0.99 -17.17 
  

male.mother.mass CFR 2 41.95 10.56 0 0.99 -18.73 
  

male.resources.behavior CFR, BEHAV 7 42.26 10.87 0 0.99 -10.13 
  

intrinsic 
 

6 42.51 11.12 0 1 -13.05 
  

male.resources.territories CFR 4 43.59 12.2 0 1 -16.84 
  

male.bci CFR 2 44.52 13.13 0 1 -20.04 
  

null 
 

1 45.39 14 0 1 -21.63 
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male.inbreeding IA 3 48.81 17.43 0 1 -20.98 
  

male.competition CFM 4 48.85 17.46 0 1 -19.68 
  

male.natalpatch FRAG 3 49.55 18.16 0 1 -21.36 
  

extrinsic 
 

7 50.14 18.75 0 1 -15.27 
  

global 
 

12 58.67 27.28 0 1 0.00 
  

Model Name Variables                 

global 
mother.spring.mass, ppn.female, occ.mids.ha, occ.male.ha, occ.female.ha, bci, MIS2, MIS4, OF3, OF4, 
logpatch.area 

intrinsic bci, MIS2, MIS4, OF3,  OF4 
      

extrinsic mother.spring.mass, ppn.female, midocc.ha, occmale.ha, occfemale.ha, logpatch.area 
 

null intercept only 
        

bci bci 
        

female.density occ.female.ha 
        

female.inbreeding 
ppn.male, 
occ.male.ha 

        female.resource.competitio
n ppn.female,  occ.female.ha 

       
female.resources*density mother.spring.mass, occ.female.ha, mother.spring.mass*occ.female.ha 

  
locomotion OF4 

        
male.inbreeding ppn.female, occ.females.ha 

       
mother.mass 

mother.spring.mas
s 

        
natalpatch logpatch.area, patch.code 

       
resources mother.spring.mass, bci 

       
resources.behavior mother.spring.mass, bci, MIS2, MIS4, OF3, OF4 

     
resources.locomotion mother.spring.mass, bci, OF4 

      
resources.territories mother.spring.mass, occ.mids.ha, bci 
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Table 4.  Model coefficients for the top model (resources.locomotion) explaining dispersal distance and probability of long-distance 

dispersal in juvenile male and female Mt. Graham red squirrels (Tamiasciurus hudsonicus grahamensis) between 2010 and 2013.   

 

 
Female model coefficients 

 
Male model coefficients 

Model variables β ± SE 95% C.I. p 
odds 
ratio 

 
β ± SE 95% C. I. p 

odds 
ratio 

Dispersal distance 
               bci -29.58      20.19 -69.15 – 9.99 0.17 

  
3.08 20.77 -37.63 – 43.79 0.88 

 mother.spring.mass -  0.03        0.01 -  0.06 – 0.00 0.06 
  

0.01  0.01 -  0.01 –   0.03 0.39 
 OF4    0.18        0.16 -  0.13 – 0.50 0.27 

  
0.36  0.19 -  0.01 –   0.74 0.07 

 Long distance 
               

bci 
-

201.64      115.15 
-

505.44 – 
-

7.43 0.08 0.00 
 

-
2.38 76.08 

-
159.66 – 157.37 0.98 0.09 

mother.spring.mass 
-   

0.16         0.09 
-    

0.43 – 
-

0.02 0.09 0.85 
 

 
0.00  0.03 

-    
0.07 –     0.06 0.92 1.00 

OF4    1.23         1.02 
-    

0.33 – 
 

4.19 0.22 3.44 
 

 
1.98  0.88 

     
0.51 –     4.10 0.02 7.22 
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Figure 1.  
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Figure 2.  
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Figure 3. 
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Figure 4.  
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Figure 5. 
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S1. Natal patch size  
To delineate patches of red squirrel habitat in the Pinaleños based on MGRS use, we 

compiled lifetime telemetry locations between September 2010 and February 2014 for 

individuals that were radio-collared as juveniles and identified thresholds for use in several 

forest structural characteristics derived from LiDAR remote sensing data (see Laes et al. 

2009; Mitchell et al. 2012).  We sampled seven 25-m resolution LiDAR-derived raster layers 

at 9,424 MGRS telemetry locations, and extracted values for percent canopy cover, mean tree 

height, standard deviation in tree height, total basal area, live basal area, slope, and elevation.  

We reclassified raster layers into 6 classes (0 – 5) based on the summary statistics derived 

from samples of each LiDAR layer: zero-minimum value = class 0, minimum to 0.5 of first 

quartile = class 1, 0.5 of first quartile to first quartile = class 2, first quartile to mean = class 

3, mean to third quartile = class 4, and third quartile to maximum value used = class 5.  This 

scale was reversed for slope since MGRS are associated with gentle slopes (Smith & Mannan 

1994).  We used the Weighted Overlay tool in ArcGIS to create a habitat suitability model (1 

least suitable, 5 most suitable) where each output cell is the weighted mean of all reclassified 

layers.  We followed Girvetz & Greco's (2007, 2009) Patch Morph algorithm in ArcGIS 

model builder to create habitat patches with quality and marginal edge habitat delineated.   

For quality patch interiors, we specified MGRS habitat as having habitat suitability model 

values ≥ 3, a conservative gap crossing threshold of 50 m (two pixels; see Bakker & Van 

Vuren 2004), and a 90% density filter, meaning that 90% of cells in a 50 m circular radius of 

a focal cell must have a value ≥ 3.  For edge patches, we specified an 80% density filter, and 

added core and edge models to create a 2-zone patch model where 2 = quality patch interior 

and 1 = patch edge.  Finally, we converted the 2-zone patches to polygons and calculated 

area in hectares for all patches (Figure 1).  We extracted the patch area in hectares and patch 
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code (quality patch interior or edge) associated with each individual’s natal and settlement 

location and used these as explanatory variables in subsequent natal dispersal models.  

Finally, we determined the distance to the nearest patch from each natal patch.
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Table S1. Ethogram for open field (OF) and mirror-image stimulation (MIS) behaviour trials on juvenile Mt. Graham red squirrel 

(Tamiasciurus hudsonicus grahamensis) between 2010 and 2013.  Associated loadings for principal components most associated with 

dispersal movement from OF and MIS trials (OF 3 & 4; MIS 2 & 4) are shown with the largest, positive loadings indicated in bold.   

 
Open Field Trial Mirror Image Stimulation Trial 

Behaviour Behavior description 
OF3 

Chew/Dig 
OF4 

Locomotion Behaviour Behavior description MIS2 Mirror Contact MIS4 Climbing 

Chew/dig Chew or scratch floors or walls 0.36 -0.48 Chew/dig Chew or scratch floors or walls -0.09 0.02 

Climb/hang Climbing or hanging on walls -0.66 0.09 Climb/hang Climbing or hanging on walls -0.13 0.76 

Grooming Grooming activity -0.01 0.22 Crouch 
Attack imminent - tail over back with hairs 
erect 0.34 0.12 

Head dip Dip head into blind holes -0.10 -0.39 Grooming Grooming activity 0.28 -0.36 

Immobile No movement 0.15 -0.31 Locomotion Jump, walk 0.06 -0.02 

Locomotion Jump, walk 0.28 0.61 Non-aggressive non aggressive contact with mirror 0.38 0.19 

Rear Rising up on hind legs -0.43 -0.20 Number attacks Count of attacks on mirror 0.36 0.12 

Scan 
Head moving, rest of body 
immobile 0.06 0.22 Rear Rising up on hind legs 0.21 0.01 

Sniff Sniff floor or walls -0.36 0.06 Scan Head moving, rest of body is immobile 0.35 -0.13 

    

Slow 
approach/stretch 

Slow approach towards mirror, back legs 
stretched out behind 0.33 0.26 

    
Sniff Sniff floor or walls 0.45 -0.14 

    
Still in back 

Immobile in back half of arena furthest 
from mirror -0.19 -0.35 

    
Still in front 

Immobile in front half of arena closest to 
mirror -0.01 -0.07 
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Table S2.  Natal dispersal distances and proportion of individuals dispersing in juvenile male and female Mt. Graham red squirrels 

(Tamiasciurus hudsonicus grahamensis) by year between 2010 and 2013.   

Year Males Females All 
2010 

   proportion dispersing 0.57 0.25 0.40 
dispersal distance    793.6 ± 921.3 (1.0 – 2,418.7)      67.6 ± 34.2 (14.0 – 102.8)    406.4 ± 710.6 (0.0 – 2,418.7) 

2011 
   proportion dispersing 1.00 0.67 0.85 

dispersal distance 1,117.8 ± 1,635.7 (217.0 – 4,787.6)    915.1 ± 1,170.8 (62.7 – 2,521.0) 1,033.3 ± 1,403.1 (62.7 – 4,787.6) 
2012 

   proportion dispersing 0.42 0.50 0.44 
dispersal distance 1,120.5 ± 1,337.1 (12.0 – 3,426.0)      98.3 ± 28.1 (70.0 – 133.0)    847.9 ± 1,223.2 (12.0 – 3,426.0) 

2013 
   proportion dispersing 0.63 0.22 0.41 

dispersal distance    772.0 ± 907.6 (29.1 – 2,514.2)      325.8 ± 826.7 (9.1 – 2,528.4)    548.9 ± 872.9 (9.1 – 2,528.4) 
χ2

3 d.f.  proportion 6.45 3.99 7.56 
p value proportion 0.09 0.26 0.06 
χ2

3 d.f.   distance 0.97 5.71 5.98 
p value distance 0.81 0.13 0.11 
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APPENDIX C: EVIDENCE OF NATAL HABITAT PREFERENCE INDUCTION 
WITHIN A SINGLE VEGETATION COMMUNITY TYPE  
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Abstract 
Natal	  Habitat	  Preference	  Induction	  (NHPI)	  is	  a	  mechanism	  for	  habitat	  selection	  by	  

individuals	  during	  natal	  dispersal.	  	  NHPI	  occurs	  in	  wild	  animal	  populations,	  and	  

evidence	  suggests	  it	  may	  be	  a	  common,	  although	  little	  studied,	  mechanism	  for	  post-‐

dispersal	  habitat	  selection.	  	  Most	  tests	  of	  NHPI	  examine	  the	  influence	  of	  distinct,	  

contrasting	  natal	  habitat	  types	  on	  post-‐dispersal	  habitat	  selection.	  	  We	  test	  the	  

hypothesis	  that	  NHPI	  can	  occur	  within	  a	  single	  habitat	  type,	  an	  important	  

consideration	  for	  habitat	  specialists.	  	  The Mount Graham red squirrel (Tamiasciurus 

hudsonicus grahamensis) is an endangered forest obligate restricted to a single mountain 

within a single vegetation type: mixed-conifer forest.  We describe natal and post-

dispersal habitat characteristics from ground-based plots and remotely sensed data at 2 

spatial scales and test for NHPI by comparing intra-individual differences in natal and 

settlement habitat structure and species composition to expected random pairwise 

differences.  Dispersing juveniles appear to select settlement locations that are more 

similar to natal areas than expected in several forest structure and composition variables 

that include canopy cover and live basal area.  Our results provide support for NHPI as a 

mechanism for post-dispersal habitat selection in habitat specialists that are restricted to a 

single vegetation community-type.  

Keywords: natal dispersal, natal habitat preference induction, habitat selection, 

NHPI, Arizona	  

1. Introduction 
Natal dispersal is an important ecological process to promote gene flow, reduce 

inbreeding, and contributes to the viability of populations and survival of individuals [1] 
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and is comprised of three distinct phases: emigration, transience, and immigration [2]. 

Much work is dedicated to understanding the proximate and ultimate factors driving 

emigration [2–4] and has provided a framework in which we can form and test 

hypotheses about initiation of natal dispersal.  In contrast, fewer studies have focused on 

transience and immigration (settlement), which are difficult to document, yet of critical 

importance to our understanding of how individuals select features on the landscape and 

make settlement decisions.  Ultimately choices during these phases influence individual 

fitness [5–7].   The transience stage of natal dispersal can be costly both in terms of 

energy expenditure and risk of predation during dispersal, and in deferred costs to 

survival and fitness post-dispersal [8,9], therefore strategies to aid in identifying quality 

settlement locations and reduce time spent in transience may be favored [10].  A 

disperser’s decision to stop moving and select a settlement location may be among the 

most important choices made in its lifetime, akin to selecting mates [5,6,10], yet what 

environmental cues play a role in this decision are poorly understood.  Several factors 

may serve as reliable cues that influence or trigger settlement during natal dispersal, 

including an individual’s physical condition, social cues such as the presence of 

conspecifics, and environmental cues that signify quality habitat complete with food, 

shelter, and mates [10,11]. 

 Recognition of and preference for habitat features that resemble those of the natal 

area by dispersing individuals is termed habitat imprinting or Natal Habitat Preference 

Induction (NHPI) [12–14].  This mechanism for habitat selection by dispersers is thought 

to have adaptive significance since a natal area that supports offspring to dispersal age 

likely typifies quality habitat [15].  Selection may favor NHPI as the use of reliable cues 
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facilitates rapid identification of quality habitat and reduces search time prior to 

settlement [12] and may reduce the dependence on specific phenological cues only 

present during narrow temporal windows.  NHPI in turn, may drive observed variation in 

post-dispersal habitat selection by dispersing individuals [12].  Rapid habitat alteration 

via anthropogenic and climate-driven disturbances may complicate or reduce the current 

adaptive value of NHPI, effectively decoupling the cues that once conferred fitness 

benefits.  Situations where once reliable habitat cues become decoupled from fitness 

benefits are known as ecological traps [16,17], and if NHPI is a common mechanism 

used by dispersers to identify suitable settlement locations, habitat selection may appear 

maladaptive or have negative fitness consequences in recently altered landscapes.  

Evidence for natal habitat preference in young animals that rely on natal habitat 

cues to inform settlement decisions during dispersal has been documented in insects, fish, 

amphibians, reptiles, birds, and mammals [11, 17].  NHPI has rarely been satisfactorily 

documented in observational field-based studies due to three strict criteria that must be 

satisfied: 1) genetic variation in habitat preference must be controlled, 2), experience with 

natal environments should occur at the appropriate age or ontogenetic stage that dispersal 

occurs, and 3) tests for habitat preference should occur at the age or ontogenetic stage 

that settlement occurs [12].  Several recent studies appear to document NHPI in wild 

animal populations, and suggest NHPI may be important.  Young North American red 

squirrels (Tamiasciurus hudsonicus, hereafter red squirrels) showed strong affinity for 

their natal habitat type where individuals born in mature forest or thinned forest settled in 

the same habitat type adjacent to their natal territory, despite exploration within 

contrasting forest types [19,20].  Siberian flying squirrels (Pteromys volans) settled in 
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forest patches of similar size to the natal patch [21], and dispersing Eurasian red squirrels 

(Sciurus vulgaris) tended to settle in their natal habitat type [22].  Dispersing brush mice 

(Peromyscus boylii) born in chaparral or savannah woodland settled preferentially in the 

same vegetation community type in which they were born [14].  Common loons (Gavia 

immer) selected lakes of similar size and pH to their natal lake for breeding [23], habitat 

selection by grizzly bears (Ursus arctos) during fall was highly correlated to genetic 

relatedness among females, suggesting habitat learning [24], and a significant number of 

young red wolves (Canis rufus) settled in home ranges dominated by the same land 

use/land cover type as their natal home range [25].  Although most tests of NHPI 

examine post-dispersal habitat selection among distinct, contrasting habitat types, if 

NHPI is a successful strategy we might also expect that animals have the capacity to 

resolve more subtle structural or compositional differences within a single habitat type, 

particularly in the case of habitat specialists.   

North American red squirrels are a small forest obligate mammal with a broad 

distribution and are unique in their territoriality and food hoarding behaviour; territories 

are centered around a central larder hoard or midden [26].  Because of their close affinity 

to and habitat specificity within forests [26], red squirrels make excellent model systems 

for the study of habitat cues that influence settlement decisions.  Red squirrel territoriality 

and larder hoarding behaviour help buffer against fluctuating resource availability, but 

also require that individuals make informed settlement choices within a narrow window 

of time, as the chosen settlement location must supply adequate conifer cones and 

suitable habitat structure to maintain cone stores through the following year.  We studied 

natal dispersal, post-dispersal habitat selection and subsequent survival, and test for 
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evidence of NHPI in the Mt. Graham red squirrel (T. h. grahamensis).  Mt. Graham red 

squirrels are an isolated, endangered subspecies restricted to the Pinaleño Mountains, in 

southeastern Arizona, USA, and represent the southernmost population of red squirrels in 

North America [27] (Figure 1).  Recent genetic analyses suggest that southwestern 

Tamiasciurus belong to a separate species T. fremonti [28].  This population is uniquely 

suited to study NHPI and its influence on habitat use and selection for many reasons:  1) 

Mt. Graham red squirrels (hereafter red squirrels) are intensively monitored via mark-

recapture, radio-telemetry, and population surveys, hence many individuals of known age 

are followed during the period when both dispersal and settlement are known to occur; 2) 

recent analyses of nuclear and mitochondrial DNA indicate that little genetic variation 

exists, with mean inter-individual relatedness = 0.75 [27,29], which is an important 

criteria necessary to adequately assess NHPI in the field [12]; 3) recent disturbance 

events including insect infestation beginning in 1996 [30] and subsequent wildfires in 

1996 and 2004 [31] have altered forest composition and continuity, in some areas leaving 

structure intact, but substantially reducing living biomass; and 4) despite high mortality 

and reduced reproductive success in insect damaged spruce-fir forest, red squirrels 

settlement cues appear to remain unchanged, suggesting a potential ecological trap for 

individuals that settle there [16,32,33].   

If NHPI occurs in juvenile red squirrels born and settling within mixed-conifer 

forest, then intra-individual differences in forest structure and composition between natal 

and settlement locations should be less than that observed between random pairwise 

comparisons.  We determined natal and post-dispersal site characteristics from ground-

based plots and remotely sensed data at two spatial scales and assessed habitat selection 
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in juveniles by comparing forest structure, composition, food availability, and 

microclimate at natal and settlement sites to random locations.  We then test for evidence 

of NHPI within mixed-conifer forest across all individuals and in short- versus long-

distance dispersers by quantification of intra-individual differences in forest structure and 

composition between natal and settlement locations compared to expected differences 

obtained from randomization.  

2. Materials and Methods 

(a) Study area 
	  

Our study area comprises vegetation communities of mesic mixed conifer forest 

dominated by Douglas-fir (Pseudotsuga menzesii), southwestern white pine (Pinus 

strobiformis reflexis), white fir (Abies concolor), corkbark fir (Abies lasiocarpa var. 

arizonica), Engelmann spruce (Picea engelmannii), and quaking aspen (Populus 

tremuloides) and high-elevation spruce fir forest dominated by corkbark fir and 

Engelmann spruce [31,34].  Animals for this study were captured primarily within three 

mesic mixed-conifer forest study sites: Columbine (104.3 ha), Soldier Creek (14.7 ha), 

and Merrill Peak (72.2 ha; Figure 1). Red squirrel habitat in the Pinaleños occurs above 

2,591 m, and animals in our study used habitat between 2,647 m to 3,267 m in elevation.  

Fires in 1996 and 2004 burned a combined 14,160 ha of pine, mixed conifer, and spruce-

fir forest (45% of the forest above 2135 m) which, combined with tree death from insects, 

reduced spruce and cork-bark fir area by 66% [31].   

(b) Tracking dispersal and settlement 
	  

Between May 2010 and February 2014 we trapped, radio-collared, and followed 

94 juvenile red squirrels through dispersal, settlement, and post-settlement.  To find and 
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capture juveniles, we tracked and monitored the location and reproductive condition of 

adult females radio-collared as part of a long-term study to investigate red squirrel space 

use [35].  Whenever we documented a lactating adult female, we observed her nest a 

minimum of once per week for 2-4 h time blocks until juvenile emergence.  Following 

emergence of juveniles from the nest, we set live traps (Tomahawk Live Trap, 

Tomahawk, WI, USA: model # 201) around the natal nest and midden between 0600 and 

1800 h to capture as many juveniles per litter as possible.  We checked traps at least once 

per hour.  Upon capture, we transferred each individual to a cloth handling cone [36] to 

measure morphological traits, apply unique marks, and fit radio collars (SOM 2190, 

Wildlife Materials International) [35].  To reduce radio-collar weight we used 

transmitters attached to a thin (3 mm) plastic neck band, and to allow for growth we 

added a 3 mm x 20 mm strip of thin, compressible foam mounting tape affixed to the 

inside of the neck band (total weight = 5 g).  We recaptured individuals at least every 3 

months to measure growth and check radio collar fit.  

We used radio telemetry to track juvenile red squirrel movements from capture to 

settlement, locating each juvenile a minimum of 12 times each month until settlement or 

the animal died or disappeared from our study area.  When	  an	  animal’s	  radio-‐collar	  

signal	  disappeared	  from	  the	  natal	  area,	  we	  initiated	  a	  3-‐step	  response:	  1)	  observe	  

and	  trap	  for	  the	  individual	  at	  the	  natal	  nest	  and	  midden	  in	  the	  event	  that	  the	  radio	  

collar	  had	  stopped	  functioning,	  2)	  drive	  accessible	  roads	  within	  red	  squirrel	  habitat	  

to	  traverse	  the	  length	  of	  the	  mountain	  range,	  with	  frequent	  stops	  to	  detect	  signals,	  

and	  3)	  hike	  an	  8	  km	  trail	  loop	  to	  listen	  for	  signals	  regularly.	  	  We	  repeated	  this	  

process	  weekly	  until	  the	  animal	  was	  found	  or,	  if	  not	  located,	  was	  considered	  to	  be	  
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missing	  by	  December	  of	  a	  given	  year.	  	  All	  long-‐distance	  dispersers	  (n	  =	  33)	  and	  

several	  animals	  with	  off-‐air	  transmitters	  were	  relocated	  via	  the	  3-‐step	  process;	  17	  

animals	  were	  never	  re-‐located.  We monitored all known-fate individuals for signs of 

settlement that include conifer cone caching at a central midden and territorial 

vocalizations indicating territory ownership [37].  Following settlement, we continued to 

monitor individual space use and survivorship throughout each individual’s lifetime.  We 

measured straight-line dispersal distance from the natal nest where a juvenile was known 

to have emerged to the territory center (midden) where it settled.   

(c) Quantifying habitat structure, composition, food, and microclimate 
	  

We measured forest structure, composition, food availability, and microclimate 

via ground-based plots and remotely sensed data at 2 spatial scales to: 1) examine natal 

and settlement habitat compared to random locations, and 2) to test for evidence of NHPI 

in red squirrels based upon intra-individual differences in forest structure and 

composition at natal and settlement locations.  We used ground-based habitat plots and 

LiDAR (light detection and ranging) remotely sensed data to characterize forest around 

natal, settlement, and random locations at plot-level (30-m radius) and home range scales 

(100-m radius).  We used 17 randomly located food availability plots established 

throughout our study areas (Figure 1) to represent habitat structure, composition, and 

food available on the landscape and allow us to assess habitat selection.  For ground-

based plot-level measurements (random food availability plots, natal, and settlement 

locations), we established a 2-m x 30-m transect in each cardinal direction, centered upon 

the natal nest, settlement midden, or random food availability plot center.  Within these 

transects we recorded tree species, diameter at breast height (dbh; cm) for trees ≥ 5 cm 
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dbh, whether a tree was alive or dead, and estimated cone production if the conifer was 

alive.  We used methods similar to [29,30] to quantify conifer cone availability by 

counting the number of cones visible with binoculars from one vantage point while 

standing on the forest floor for each live conifer > 5 cm diameter at breast height.  At 

ground-based plots, we summarized living and dead trees, large trees > 40 cm dbh, a cone 

index (log (estimated cones/ha)), calculated total and live basal area (cm2/ha), and 

calculated tree species diversity indices (Shannon H and Simpson’s D) [40].  We 

collected plot data at emergence locations for 58 individuals, settlement locations for 50 

individuals, and 17 random food availability plots. We had data to compare forest 

characteristics of natal and settlement locations for 47 individuals.  

For remotely sensed plot and home range scale habitat measurements, we 

generated 30-m and 100-m radius buffers around natal nests for 63 individuals that 

successfully settled, settlement middens for the same 63 individuals, and at 17 random 

food availability plot centers.  Within each buffer, we summarized 6 LiDAR-derived 

forest structural variables (25 m pixel resolution) [41,42]: percent canopy cover, live and 

total basal area (cm2/ha), mean tree height (m), standard deviation in tree height, and the 

living to total basal area ratio.  We used the Intersect Polygons with Raster (isectpolyrst) 

command in Hawth’s GeoSpatial Modeling Environment (GME) to summarize the mean 

pixel value for underlying LiDAR-derived raster layers within 30-m and 100-m buffers.  

We used linear mixed models (LMMs, package nlme, function lme, R Core Development 

Team 2014)[43] to test for the effect of site type (natal, settlement, random) on habitat 

variables within ground plots, 30-m, and 100-m buffers, specifying site ID as a random 

effect and site type as a fixed effect.  
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To assess whether microclimate differences are evident between random and 

settlement locations, we used HOBO Pro v2 U23-001 data loggers 

(www.onsetcomp.com) to quantify microclimate (temperature, relative humidity) at 

random and settlement locations for 1 year following settlement.  In the spring following 

settlement, we placed temperature loggers encased in a 15 x 24 cm 24 gauge galvanized 

hardware cloth envelope at each settlement midden and covered the loggers with 5-7 cm 

of conifer cone scales.  We programmed each logger to record data 4 times daily (0:00, 

06:00, 12:00, 18:00 h) for 1 year.  Each spring we downloaded, re-launched, and moved 

temperature loggers to settlement locations from the previous fall.  Concomitantly, we 

placed temperature loggers at 23 random locations within our study areas: 15 at our 

random food availability plots and 8 additional loggers placed randomly in our study 

areas.  Each logger was covered with 5-7 cm of leaf litter and debris, programmed to 

record data 4 times daily and downloaded every year.  We summarized temperature and 

relative humidity for each site by year, and used Wilcoxon Signed Rank tests 

(wilcox.test, R) to compare mean and range in daily temperature and relative humidity 

between random locations sites where individuals settled during 2010, 2011, and 2012.         

(d) Evidence of NHPI within mixed-conifer forest 
	  

We tested the hypothesis that forest structure and composition are more similar 

between natal and settlement locations within individual red squirrels compared to 

random pairwise comparisons of natal and settlement sites.  We followed Piper et al. 

2013 [23] and calculated pair-wise Euclidean distances between natal and settlement 

locations for 47 individuals within ground-based plots and 63 individuals within 30- and 

100-m buffers across all scaled, centred forest structure and composition variables 
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simultaneously.  We compared the empirical intra-individual Euclidean distance mean to 

a distribution of Euclidean distance means generated from 10,000 iterations of 47 and 63 

random pairwise comparisons of natal and settlement locations.  To test for evidence of 

NHPI in short- vs. long-distance dispersers, we subdivided each dataset (plot, 30-, and 

100-m buffers) by dispersal distance.  A natural break occurred in dispersal distances 

between 149 and 200 m, and 147 m is also the average diameter of adult female home 

ranges during fall when young are dispersing, so we used 150 m as a cutoff between 

short-distance dispersers that settled within or adjacent to their mother’s territory (< 150 

m), and long-distance dispersers (≥ 150 m).  For each comparison of empirical and 

randomized data, we considered an intra-individual mean Euclidean distance less than 

95% of randomly generated pairwise means as evidence in support of NHPI.  To assess 

which forest structure and composition variables (if any) are most similar between natal 

and settlement locations and therefore contribute most to NHPI, we repeated the above 

randomization steps for each variable to evaluate observed vs. expected intra-individual 

differences in forest structure and composition variables for all animals, and in long-

distance dispersers.  For ground-based plots, we based our comparisons between natal 

and settlement plots on 10 variables: basal area/ha, live basal area/ha, dead basal area/ha, 

live trees/ha, dead trees/ha, large live trees/ha, species richness, Shannon-Weiner 

diversity, Simpson’s diversity, and live to total basal area ratio.  For forest structure 

described via Lidar within 30- and 100-m buffers, we based our comparisons between 

natal and settlement plots on 6 variables: percent canopy cover, mean tree height, 

standard deviation in tree height, live basal area, total basal area, live to total basal area 

ratio.  We tested for the influence of 8 individual or environmental attributes on intra-
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individual Euclidean distance scores between natal and settlement sites: individual body 

mass index (body mass at capture/days since birth), number of litter mates, individual 

behavioural tendency for locomotion [47], dispersal distance, cone availability at the 

natal site, cone availability at the settlement site, and year. We used R v.3.1.1 (www.r-

project.org) for all statistical analyses with a specified α = 0.05 unless noted otherwise.   

3. Results 

(a) Tracking dispersal and settlement 
	  

Of the 94 juvenile red squirrels radio collared between 2010 and 2013, 63 

survived and were successfully tracked to settlement locations (29 females, 34 males).  

Combined with known dispersal distances of marked animals incidentally re-captured as 

adults from previous years (N = 11), we quantified dispersal distance for 74 individuals.  

Mean straight-line dispersal distance for red squirrels (± s.d.) was 679.8 ± 1067.7 m, with 

juvenile males dispersing farther than females (mean dispersal distance: males = 969.4 m 

± 1,224.8; females = 339.0 m ± 726.4; Welch t64.8 = -2.4, p = 0.02).  Mean estimated date 

of settlement for red squirrels during our study (2010-2013) was day 272 of a 365 d 

calendar year, or 29 September - the earliest observed settlement date was 5 August, the 

latest was 5 December.  We excluded settlement dates for 3 individuals that did not settle 

the year of their birth but remained transient until successfully obtaining their own 

territories the following spring.  Juvenile red squirrels in this study were captured in 

mixed-conifer forest with the exception of 1 individual from previous years captured in 

spruce-fir forest [48], and all mixed-conifer born individuals that we tracked between 

2010 and 2013 settled in mixed-conifer forest; the one individual born in spruce-fir forest 

settled in spruce-fir forest.   
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(b) Forest structure, composition, food, and microclimate 
	  

We found evidence of selection for several forest structure and compositional 

features known to be important for red squirrels and associated with dependable food and 

shelter and maintenance of a microclimate suitable for conifer cone storage [32,34].  

Compared to random locations, natal and settlement sites had higher canopy cover, tree 

height, basal area, large snags, increased species diversity, moist microclimate, and more 

heterogeneity in stand age classes.  Forest structure and species diversity differed among 

natal, settlement, and random locations; in general natal and settlement sites were more 

similar to each other and differed random sites.  Natal and settlement sites had 1.3 and 

1.1 times higher total basal area respectively, 1.1 times higher live basal area, 1.5 and 1.4 

times more large dead trees > 40 cm dbh, 1.2 and 1.4 times higher cone availability, 1.1 

times higher species diversity, 1.1 times taller trees, and 1.1-1.2 times higher diversity of 

age classes represented by increased standard deviation in tree height (Table 1).  Juvenile 

red squirrels tended to select settlement sites that had higher species diversity (Simpsons 

D and Shannon H) and cone abundance compared to natal areas and this was particularly 

evident in 2011, a year of very poor cone production (Table 1). 

Mean yearly temperature was higher (6.19 vs. 5.16 °C) and mean yearly range in 

relative humidity less variable (38.60 vs. 51.35 %) at settlement sites compared to 

random (Table 1).   

(c) Evidence of NHPI in mixed-conifer forest 
	  

Across juveniles and plot types, intra-individual differences in forest structure and 

composition, estimated via Euclidean distances among habitat variables simultaneously, 

were smaller than expected based upon random pairwise differences (mean Euclidean 



	   139	  

distance plot [n = 47] = 3.8, mean Euclidean distance of randomizations = 4.2, p = 0.002; 

mean Euclidean distance 30-m buffer [n = 63] = 2.5, mean Euclidean distance of 

randomizations = 3.1, p < 0.0001; mean Euclidean distance 100-m buffer [n = 63] = 2.2, 

mean Euclidean distance of randomizations = 3.1, p < 0.0001; Fig. 3).  Intra-individual 

Euclidean distances were also smaller than expected in short-distance dispersers (settling 

≤ 150 m from their natal nest) across all plot types (mean Euclidean distance plot [n = 27] 

= 3.3, mean Euclidean distance of randomizations = 4.3, p < 0.0001; mean Euclidean 

distance 30-m buffer [n = 37] = 1.9, mean Euclidean distance of randomizations = 3.1, p 

< 0.0001; mean Euclidean distance 100-m buffer [n = 37] = 1.4, mean Euclidean distance 

of randomizations = 3.1, p < 0.0001; Fig. 3).  Individuals that dispersed long distances 

(settling > 150 m from their natal nest) did not exhibit strong evidence of NHPI when all 

variables were considered simultaneously, as intra-individual Euclidean distances were 

not different from the distribution of expected random pairwise differences (mean 

Euclidean distance plot [n = 19] = 4.6, mean Euclidean distance of randomizations = 4.3, 

p = 0.94; mean Euclidean distance 30-m buffer [n = 23] = 3.4, mean Euclidean distance 

of randomizations = 3.1, p = 0.91; mean Euclidean distance 100-m buffer [n = 23] = 3.5, 

mean Euclidean distance of randomizations = 3.1, p = 0.94; Fig. 3).  Each year, 40% of 

females, and 65% of males disperse > 150 m from the natal area.  Across scales and 

methods to summarize forest structure and composition (plot and 30- and 100-m buffers 

with Lidar data), on average 38% (37 % based on ground plot variables, 43 % based on 

Lidar variables within 30-m buffers, and 35% based on Lidar variables within 100-m 

buffers) of these individuals showed evidence of NHPI and selected settlement locations 

that were more similar than expected (i.e. proportion of long distance dispersers with 



	   140	  

Euclidean distance < random mean Euclidean distance), whereas 62 % of long distance 

dispersers settled in areas structurally and compositionally dissimilar to their natal area.  

(i) Evidence of NHPI in plot-based and Lidar-derived variables 
	  
 Across all individuals, basal area, live basal area, dead basal area, number of 

living trees, and species diversity measured at ground-based plots were more similar 

between natal and settlement locations than expected (Table 2).  However, when only 

long-distance dispersers were considered, natal and settlement sites were not different 

from expected random pairwise differences (Table 2).  Among Lidar-derived variables, 

summarized at the plot and home range scale (30- and 100-m buffers), canopy cover, tree 

height, live basal area, total basal area, and the ratio of living to total basal area were 

more similar between natal and settlement locations than expected, as was the variability 

in tree height at the home range scale (Table 2). Long-distance dispersers settled in 

locations that had canopy cover and live basal area more similar to their place of birth 

than expected at a local scale of 30m, and at the home range scale, canopy cover 

continues to be more similar than expected approximately 80% of the time (Table 2).   

 Although natal and settlement locations were more similar than expected for 

many variables, matching was not exact, and mismatches tended to occur such that natal 

forest variables > settlement forest variables and individuals settled in locations with less 

forest structure than their natal area.  At ground based plots, mean intra-individual 

differences (natal – settlement) suggest that all individuals and long-distance dispersers 

settled at locations with less basal area, large trees, and species richness, more live and 

dead trees, and higher species diversity compared to their natal area (indicated by sign of 

actual differences, Table 2).  For Lidar-derived variables summarized at the plot scale, all 
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individuals and long-distance dispersers settled at locations with less canopy cover, mean 

tree height, variability in tree height, and basal area compared to their natal area.  At the 

home range scale, all individuals and long-distance dispersers settled at locations with 

more canopy cover, and lower mean tree height, variability in tree height, and live to total 

basal area ratio compared to their natal area; long distance dispersers settled in areas with 

more total basal area (Table 2). 

(ii) Euclidean distance scores vs. individual and environmental variables 
	  

At ground-based plots, and within 30- and 100-m buffers characterized via Lidar, 

intra-individual Euclidean distance scores between natal and settlement locations across 

all animals and for short-, and long- distance dispersers were not correlated with 

individual or environmental attributes such as sex, individual body mass index, number 

of litter mates, individual behavioural tendency for locomotion, cone availability at the 

natal site, cone availability at the settlement site, or year (all Pearson linear correlations, p 

> 0.12; range 0.12 – 0.72).  Intra-individual differences between natal and settlement 

locations were correlated with dispersal distance, and the strength and direction of the 

correlation depended upon the scale (30-m plot, or 100-m home range) and the group of 

individuals in consideration (all, short-, and long-distance dispersers; Fig. 4).   

Within ground-based plots, intra-individual Euclidean distance scores tended to 

be negatively correlated with dispersal distance only in long-distance dispersers (r = -

0.46, p = 0.09) such that individuals that dispersed the farthest (> 1.5 km), settled at 

locations more similar to their natal area in terms of variables measured on the ground 

(dispersal distance: β = -0.0004, F1,17 = 3.01, p = 0.10, Fig. 4).  No strong relationships 

between dispersal distance and Euclidean distance scores existed when all individuals (r 
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= 0.20, p = 0.25) or short-distance disperser (r = 0.08, p = 0.74) were considered.  Within 

30-m buffers, the intra-individual differences between natal and settlement locations 

based on Lidar-derived variables increased as a function of dispersal distance when all 

animals were considered (r = 0.41, p = 0.01, β = 0.0007, F1,58 = 16.8, p < 0.001), with no 

relationships evident among short (r = 0.14, p = 0.54) and long distance dispersers (r = -

0.18, p = 0.49; Fig. 4).  At the home range scale within 100-m buffers, the intra-

individual differences between natal and settlement locations based on Lidar-derived 

variables increased as a function of dispersal distance when all animals (r = 0.67, p < 

0.001, β = 0.0012, F1,58 = 57.5, p < 0.001) and long-distance dispersers (r = 0.53, p < 

0.034 β = 0.0008, F1,21 = 8.32, p = 0.01) were considered, with less of a relationship 

evident in short-distance dispersers (r = 0.29, p = 0.19, β = 0.006, F1,35 = 2.75, p = 0.11; 

Fig. 4). 

4. Discussion 
Red squirrels appear to select forest structure and composition that differs from 

that randomly available on the landscape, and individuals tend to select components of 

forest structure that resemble their own natal area.  Evidence for NHPI has been 

documented in free-living mammals born in strongly contrasting vegetation communities 

or structural types such as woodland and prairie [49] grassland and oak savannah [14], an 

urban, forest, shrub, and agricultural matrix [25], or in thinned vs. mature forest [19], and 

here we test the hypothesis that NHPI may also function in single vegetation 

communities occupied by habitat specialists.  Our results provide additional support for 

NHPI as a mechanism for post-dispersal habitat selection [14,19,23,49] in general, and 

specifically in an organism that is restricted a single vegetation community-type: mixed 

conifer forest.   



	   143	  

(a) Evidence robustness of NHPI in mixed conifer forest 
	  
 Forest structure and composition attributes important for red squirrel survival and 

reproduction at natal and settlement sites were more similar for individuals than expected 

based upon random pairwise comparisons when all animals and short-distance dispersers 

are considered.  The tendency for intra-individual Euclidean distance scores to be 

correlated with dispersal distance, and the fact that intra-individual Euclidean distance 

scores were no smaller than expected from random in long-distance dispersers may 

suggest that spatial autocorrelation accounts for similarities between natal and settlement 

locations in red squirrels born in mixed-conifer forest and not NHPI [23].  The Pinaleño 

Mountains are, however, heterogeneous in terms of topography and vegetation structure 

as a result of variable microclimate and past disturbance events [31], and the majority 

(66%) of individuals in this study were born in small (< 30 ha) forest patches [47].  

Short- and long-distance dispersers settled a mean distance of 71 and 1,638 m from their 

natal areas, respectively.  Such distances are the edge of the mother’s home range for 

short-distance dispersers, and long-distance dispersers necessarily encountered patches of 

non-habitat, such that the majority of juvenile red squirrels encountered heterogeneity in 

forest structure and composition while prospecting for a place to settle.  For plot-based 

measurements and Lidar variables summarized within 30-m buffers, the relationship 

between Euclidean distance scores and dispersal distance was either negative, or non-

existent in long-distance dispersers, providing some evidence against spatial 

autocorrelation driving similarities between natal and settlement locations.  Further, we 

show that all individuals settle in locations that have similar canopy cover and live basal 

area to their natal area at the local and home range scale, regardless of dispersal distance.  
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NHPI within a single vegetation community type may depend upon simple cues that 

provide a baseline for assessing habitat quality.   

(b) NHPI and implications for rapidly changing landscapes 
	  

Whether NHPI is an adaptive strategy for post-dispersal habitat selection 

following disturbance events depends upon what cues are used to represent quality 

habitat and the reliability of those cues following disturbance events.  If individuals rely 

primarily on structural cues, recent or future disturbances such as defoliation, disease, 

and even fire may leave key structural components intact, but significantly alter the 

fitness benefits once tightly coupled with structure such as food availability and shelter, 

possibly resulting in an ecological trap [33,50–52].  Ecological traps tend to be associated 

with human-induced rapid environmental change (or HIREC) as these changes are 

sudden and beyond the purview of conditions organisms have experienced over 

evolutionary time [17,53].  However, some organisms’ behavioural responses to HIREC 

are more flexible than others and behavioural plasticity in response to novel habitat cues, 

in conjunction with habitat specificity may be key factors in determining the current 

adaptive value of NHPI [52].  In the case of red squirrels in the Pinaleño Mountains, 

cuing in on canopy cover and living basal area may allow individuals to avoid ecological 

traps when settling in mixed-conifer forests.  While NHPI as a mechanism for post-

dispersal habitat selection has potential to be maladaptive in the face of HIREC [17,52], 

the process may also be a key strategy that allows naïve young animals to find patches of 

habitat within an unsuitable matrix, and reduces the costs associated with all phases of 

dispersal [8,9,54].   
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(c) NHPI as a consideration for management and recovery 
	  

NHPI may influence post-dispersal habitat selection, and recognition of NHPI 

may aid in the management of habitat and individual animals to maximize recovery, 

reintroduction, or translocation efforts.  In spite of efforts to identify and set aside quality 

habitat for species conservation and recovery, limited recruitment or reduced fitness is 

sometimes observed [17,23,53,55].   NHPI may be one mechanism behind such apparent 

mismatches, or the rapid movement of translocated animals from release sites [13,56].  

Thus NHPI may be an important consideration for implementing habitat improvement or 

restoration projects, since despite our best efforts, animals may not recognize newly 

created or improved habitat [13].  In such situations NHPI may facilitate habitat selection 

inertia [23] that may need to be overcome, particularly in populations born in habitat that 

is declining in quality, as such situations can lead to ecological traps [17].  

We provide evidence that settlement in a habitat specialist is influenced by 

components of habitat structure in the natal area, providing further support for NHPI in 

free-living animals.  This study contributes to a growing literature serving to improve our 

current understanding of mechanisms for habitat selection and settlement [12,14,20,23], 

and highlights the fact that our best conservation efforts may not be successful without 

considering such mechanisms [13].   
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Figure Legends:  

Figure 1.  Overview of Mt. Graham red squirrel habitat above 2,348 m in elevation and 

associated study areas in the Pinaleño Mountains, Arizona USA.  Natal and settlement 

sites obtained from radio-collared juveniles shown in gray and white circles respectively, 

and permanent, randomly located food availability plots indicated by black triangles.    

Figure 2. Natal (gray circles) and settlement sites (white circles) for juvenile Mt. Graham 

red squirrels in the Pinaleño Mountains, Arizona USA.  Black arrows indicate individual 

straight-line dispersal vectors relative to the extent of recent fires in 1996 and 2004.  Burn 

severity estimates obtained from USDA Forest Service Monitoring Trends in Burn 

Severity (MTBS) are shown with red and orange colors representing moderate to high 

burn, yellow and green colors represent low or no burn within the fire perimeters.  Areas 

outside of the fire perimeters are in gray color scale and were not affected by the recent 

fires.  

Figure 3. Observed and expected intra-individual Euclidean distance distributions 

between forest structure and composition at natal and settlement sites for juvenile Mt. 

Graham red squirrels in the Pinaleño Mountains, Arizona USA.  Intra-individual 

differences within 30-m ground-based plots, and within 30- and 100-m buffers 

summarized via Lidar data are shown in relation to 10,000 random pairwise iterations of 

the data for all animals (top panel), short-distance dispersers (middle panel), and long-

distance dispersers (bottom panel).  Mean empirical intra-individual Euclidean distances 

between natal and settlement locations are indicated with a blue line.    

Figure 4. Relationship between intra-individual pairwise Euclidean distance scores 

between natal and settlement sites for juvenile Mt. Graham red squirrels in the Pinaleño 
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Mountains, Arizona USA and dispersal distance (m) at 3 scales of forest structure and 

composition characterization (ground-based plot measurements, and Lidar variables 

within 30- and 100-m buffers. Lines represent linear models of the relationship between 

Euclidean distance scores and dispersal distance for all animals (blue), short-distance 

dispersers (red), and long-distance dispersers (green).
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Table 1.  Forest structure, composition, cones, and microclimate variables measured to assess habitat selection in Mt. Graham red 

squirrels at natal, settlement, and random sites in the Pinaleño Mountains, Arizona, USA.  Data are mean ± standard deviation for 

variables measured at 30 m ground-based plots, and from LiDAR-derived variables summarized within 30- and 100 m buffers. 

 
  

30m plot 
transects       

LiDAR 30m 
buffer       

LiDAR 100m 
buffer     

Variables natal settlement random p* natal  settlement  random p natal  settlement  random p 

Canopy cover 
    

72.77 ± 
8.18 71.74 ± 9.46 

72.64 ± 
7.25 0.35 

67.06 ± 
6.94 67.48 ± 7.97 

65.07 ± 
7.17 0.31 

Mean tree height 
    

14.18 ± 
1.89 13.68 ± 2.41 

12.62 ± 
2.07 0.16 

13.15 ± 
1.61 12.92 ± 1.72 

12.18 ± 
1.83 0.30 

Stdev. tree height 
    

5.97 ± 0.90 5.75 ± 0.97 5.16 ± 0.76 0.02 
5.62 ± 
0.68 5.58 ± 0.70 5.10 ± 0.75 0.06 

Live basal area 72.67 ± 23.98 68.86 ± 30.65 63.61 ± 32.20 0.41 
48.39 ± 

8.73 47.16 ± 9.40 
46.98 ± 

6.27 0.90 
43.01 ± 

7.01 42.72 ± 7.22 
39.95 ± 

6.15 0.19 
Live basal area/total basal area 
ratio 0.73 ± 0.11 0.76  ± 0.12 0.78  ± 0.15 0.20 0.72 ± 0.08 0.73 ± 0.11 0.79 ± 0.07 0.01 

0.71 ± 
0.06 0.71 ± 0.07 0.72 ± 0.07 0.81 

Total basal area 
100.20 ± 

30.01 89.90 ± 33.77 80.01 ± 34.78 0.19 
67.88 ± 
14.64 65.72 ± 16.11 

60.29 ± 
10.22 0.19 

60.72 ± 
11.26 60.39 ± 11.37 

55.68 ± 
10.30 0.31 

Dead basal area 26.84 ± 15.26 19.54 ± 11.09 15.83 ± 12.57 0.02 
        

Live trees 
603.45 ± 
139.78 641.67 ± 192.83 

612.75 ± 
189.95 0.24 

        
Dead trees 

218.75 ± 
113.59 230.83 ± 118.44 

224.26 ± 
152.71 0.02 

	   	   	   	   	   	   	   	  
Large live trees >40cm dbh 

183.19 ± 
49.79 147.92 ± 72.20 

145.83 ± 
99.91 0.60 

	   	   	   	   	   	   	   	  
Large dead trees >40cm dbh 63.23 ± 34.54 57.29 ± 28.60 41.66 ± 27.56 0.05 

	   	   	   	   	   	   	   	  
Cone availability index 3.18 ± 1.33 3.52 ± 0.81 2.57 ± 1.73 0.10 

	   	   	   	   	   	   	   	  
2010 3.61 ± 0.59 3.93 ± 0.20 NA 0.27 

	   	   	   	   	   	   	   	  
2011 1.09 ± 1.40 2.66 ± 1.24 0.53 ± 1.01 

< 
0.01 

	   	   	   	   	   	   	   	  
2012 4.19 ± 0.29 4.04 ± 0.29 4.11 ± 0.28 0.98 

	   	   	   	   	   	   	   	  
2013 3.15 ± 0.69 3.29 ± 0.47 2.59 ± 1.22 0.16 

  	   	   	   	   	   	  
Species richness 5.12 ± 1.17 5.00 ± 1.12 4.84 ± 1.23 0.21 

  	   	   	   	   	   	  
Shannon H 1.15 ± 0.32 1.19 ± 0.30 1.04 ± 0.32 0.10 

  	   	   	   	   	   	  
1-Simpson's D 0.58 ± 0.15 0.61 ± 0.13 0.54 ± 0.15 0.04 

  	   	   	   	   	   	  
Mean monthly temp. °C 

 
6.19 ± 0.75 5.16 ± 1.22 

< 
0.01 
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Mean monthly temp. range °C 
 

12.95 ± 3.65 12.66 ± 3.50 0.74 
  	   	   	   	   	   	  

Mean monthly rel. humidity % 
 

83.29 ± 9.84 83.12 ± 7.35 0.77 
  	   	   	   	   	   	  

Mean monthly rel. humidity range % 38.60  ± 13.57 51.35 ± 17.51 
< 

0.01 
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Table 2. Observed vs. expected differences in forest structure and composition variables between natal and settlement locations for 

juvenile Mt. Graham red squirrels measured from ground-based plots and Lidar data within 30- and 100-m buffers.  Differences 

shown are absolute differences in settlement locations compared to natal locations (natal – settlement, with sign of true difference 

indicated by +/-) for all animals and for long-distance dispersers that settled > 150 m from the natal area survival to first spring in the 

Pinaleño Mountains, Arizona, USA. 

 
Natal-settlement, all 

  
Natal-settlement, long distance 

Plot variables |(empirical difference)| +/- 
expected 

difference p (obs < exp)   |(empirical difference)| +/- 
expected 
difference p (obs < exp) 

basal area 28.00 + 36.00 0.005 
 

40.00 + 36.00 0.820 

live basal area 23.00 + 29.00 0.008 
 

34.00 + 32.00 0.700 

dead basal area 13.00 + 15.00 0.029 
 

15.00 + 15.00 0.550 

live trees/ha 160.00 - 196.00 0.017 
 

220.00 - 211.00 0.610 

dead trees/ha 117.00 - 133.00 0.076 
 

150.00 - 134.00 0.790 

large live trees/ha 72.00 + 72.00 0.500 
 

94.00 + 78.00 0.940 

live:total basal area 0.15 - 0.13 0.940 
 

0.14 - 0.13 0.630 

species richness 1.10 + 1.20 0.170 
 

1.40 + 1.40 0.360 

Shannon H 0.28 - 0.34 0.036 
 

0.37 - 0.35 0.620 

Simpsons D 0.12 - 0.15 0.018 
 

0.17 - 0.15 0.830 

          Lidar 30 
variables  

         
canopy cover (%) 7.10 + 10.00 0.000 

 
9.10 + 11.00 0.040 

tree height (m) 2.10 + 2.50 0.013 
 

3.40 + 2.70 0.980 

std. dev tree height 0.96 + 1.00 0.120 
 

1.60 + 1.20 1.000 

live basal area 6.70 + 10.00 0.000 
 

10.00 + 12.00 0.100 
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basal area 14.00 + 17.00 0.006 
 

24.00 + 19.00 0.990 

live:total basal area 0.09 + 0.11 0.048 
 

0.15 + 0.13 0.830 

          Lidar 100 
variables 

         
canopy cover (%) 4.90 - 8.80 0.000 

 
7.50 - 8.20 0.210 

tree height (m) 1.40 + 1.90 0.000 
 

2.70 + 2.10 1.000 

std. dev tree height 0.65 + 0.77 0.014 
 

1.10 + 0.93 0.960 

live basal area 4.60 + 8.30 0.000 
 

7.70 + 7.70 0.51 

basal area 9.70 + 13.00 0.000 
 

17.00 - 13.00 0.99 

live:total basal area 0.06 + 0.07 0.005 
 

0.10 + 0.09 0.68 
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Figure 1. 
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Figure 2. 
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Figure 3. 
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Figure 4.  
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S1. Quantifying survivorship 
To determine if long distance dispersers experienced decreased survival compared 

to more philopatric individuals, we quantified Kaplan-Meier survivorship estimates for 

76 known fate individuals and assessed whether survivorship varied depending on year, 

sex, and dispersal distance class: long distance > 150 m (twice the 74 m radius of the 

mean adult female fall home range), and short distance ≤ 150 m from the natal area.  We 

calculated the number of days an individual survived from its estimated birth date (based 

on timing of mother’s lactation, nest emergence, and juvenile body mass at capture) until 

1 April of the following year.  Survival from birth to an individual’s first spring indicates 

that an animal successfully settled in a territory with food supplies sufficient for winter 

survival and lived long enough that it had the opportunity to mate (the first opportunity 

for mating occurs in the spring [44]).  We estimated survival probabilities and modeled 

probability of survival by year, sex, and whether individuals were long distance 

dispersers and tested for differences in survival within these groups (survival, KMsurv 

packages, R)[45].  We used Cox proportional hazards (coxph, R) [46] models to test for 

the relative influence of year, sex, and whether individuals were long-distance dispersers 

on individual survival to first spring within an AICc model selection framework, with top 

models having Δ AICc values ≤ 2.0.   

Juvenile overwinter survival 

Survival to 1 April of an individual’s first spring was similar among years, 

between males and females, and for individuals irrespective of their dispersal distance.  

Overall, individuals survived an average of 233 ± 90 d (219.79 ± 92.54 d females n = 39; 

246.97 ± 85.61 d males n = 37), 48.7 % surviving until 1 April of their first year (43.6% 

of females, 54.1% of males; χ2 = 1.2, P = 0.28); 17 individuals (12 females, 16.0%; 5 
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males 7.0%) were depredated or assumed dead before successfully settling, and 1 

individual’s emergence location was uncertain so we omitted this animal from 

comparisons of survivorship by short and long distance dispersers.  Long-distance 

dispersers who successfully settled (n = 19) experienced similar survival to their first 

spring (68.4% surviving) as individuals that successfully settled close to the natal area (n 

= 39; 59.0% surviving; χ2 = 1.2, P = 0.49).  Survivorship varied among years, but we 

lacked sufficient sample sizes to detect differences (2010: 50.0% n = 16; 2011: 40.0% n = 

15; 2012: 33.3 % n = 18; 2013: 29.6% n = 27; χ2 = 1.2, P = 0.10).   

We developed 7 Cox proportional hazards models to test the relative influence of 

3 covariates (sex, long distance, and year) on individual survival to first spring.   While 

none of the covariates alone were significant, the top model explaining probability of 

juvenile red squirrel survival to first spring included the long distance covariate (AICc 

weight = 0.62), with long distance + sex the competing model (Δ AICc = 1.81, AICc 

weight = 0.25; Table 2).  Results did not change if we included dispersal distance as a 

continuous variable.  Across years, between first capture and first spring, individuals that 

moved > 150 m from their natal area tended to have a slightly reduced risk of mortality 

(0.72 times that of short distance dispersers), and males had a slightly lower risk of 

mortality (0.70 times that of females; Table 3) compared to females.
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Table S1. Multi-model selection results and model coefficients from Cox proportional hazards models designed to test for influence 

of sex, short (≤150 m) and long-distance (> 150 m) dispersal, and year on juvenile Mt. Graham red squirrels survival to first spring in 

the Pinaleño Mountains, Arizona, USA. 

Cox Proportional 
Hazards Models K AICc Delta AICc AICc Wt. Cum. Wt. LL 

longdist 1 166.7 0 0.62 0.62 -82.31 

sex + longdist 2 168.51 1.81 0.25 0.88 -82.14 

sex + longdist + year 3 170.72 4.02 0.08 0.96 -82.14 

sex + longdist*year 4 172.23 5.53 0.04 1 -81.74 

null 0 309.18 142.48 0 1 -154.59 

year 1 309.23 142.53 0 1 -153.59 

sex 1 310.05 143.35 0 1 -154 

       Model Coefficients β exp β p 
   long distance -0.33 0.72 0.49 
   sex -0.35 0.70 0.28 
   year 0.21 1.23 0.17 
   model: sex + longdist 

      longdist -0.47 0.63 0.38 
   sex 0.28 1.32 0.56 
   model: sex + longdist + year 

     longdist -0.46 0.63 0.39 
   sex 0.27 1.32 0.56 
   year 0.02 1.02 0.91 
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model: sex + longdist*year 
     longdist -1.66 0.19 0.27 

   sex 0.31 1.36 0.52 
   year -0.06 0.94 0.76 
   longdist*year 0.44 1.55 0.37 
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Abstract 
Context – Natal dispersal is a process that links population dynamics to landscape 

connectivity. Dispersal movements highlight landscape features that promote or inhibit 

long distance movements, yet these data are difficult to obtain. Understanding how 

organisms move through and perceive fragmentation and landscape resistance during 

natal dispersal is important to conserve and manage populations threatened by 

fragmentation and habitat loss. Animals in variable physical or behavioral states may 

perceive landscape resistance differently and these differences should be addressed in 

development of resistance models.  

Objectives – We aim to 1) model probability of landscape use by an endangered small 

mammal (Tamiasciurus hudsonicus grahamensis) as a function of forest structure and 

topography, 2) identify likely natal dispersal pathways based on landscape resistance 

scenarios, and 3) assess levels of landscape connectivity that account for variation in 

individual perceptions of landscape resistance within mixed conifer forest and identify 

areas of limited connectivity for targeted restoration.  
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Methods – We employ a point selection function to model probability of habitat use 

based upon used and available animal locations.  We develop three landscape resistance 

scenarios as functions of our probability of habitat use model to account for individual 

perceptual differences.  We use electric circuit theory to simulate long-distance dispersal 

pathways in fragmented forest and develop a composite model of forest connectivity. 

Results – Probability of use is best modeled by inclusion of burn severity, physical 

landscape features, and forest structure.  We show that composite connectivity models 

can be created from multiple resistance scenarios allowing perceived landscape 

permeability from juveniles in different physical or behavioral states to be represented. 

Composite connectivity models are useful to identify forest areas important for 

promoting dispersal movements as well as areas that constrain movement.  Lack of 

connectivity may potentially isolate this endangered population into two subpopulations.  

Conclusions – Management efforts should focus on the conservation of high-connectivity 

forest and restoration of connectivity between key high-probability of use patches. Future 

work should assess mountain-wide connectivity and validate resistance scenarios.  In the 

absence of small animal movement data collected at high temporal resolution during natal 

dispersal, circuit theory is an effective method to develop hypotheses on likely movement 

pathways and identify areas important for maintaining connectivity. 

 

Keywords Arizona, Circuitscape, Pinaleño Mountains, point selection function, 

resistance surface, small mammal 
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Introduction 
Many wildlife species face a world that is increasingly impermeable to movement 

(Theobald et al. 2012) as habitat necessary for survival and reproduction becomes 

isolated within an inhospitable matrix.  Conservation of landscape connectivity is 

therefore an essential component to sustain wildlife populations, support animal 

movements, and maintain gene flow (Lindenmayer and Fischer 2006; Wade et al. 2015), 

and is of increasing concern as species’ ranges or critical habitats are predicted to shift 

under global climate change scenarios (Carroll et al. 2010; Zeller et al. 2012).  Natal 

dispersal, the unidirectional permanent movement of young animals from the natal area 

to a new territory or home range (Greenwood 1980), is a key process that links 

population dynamics and landscape connectivity.  Although natal dispersal occurs only 

once for an individual, these movements often represent the greatest distance that an 

individual moves in their lifetime.  Quantification of such movements is therefore critical 

to understand movement capacity of a species and assess functional landscape 

connectivity from an individual perspective.  Despite the importance for critical habitat 

designation, characterization of metapopulation dynamics, parameterization of species 

distribution models, population viability assessment, and potential range shift projections, 

natal dispersal remains poorly understood (Delgado et al. 2010).  Recent advances in 

telemetry technology include wearable VHF (very high frequency) transmitters and GPS  

(global positioning system) tags that continue to become ever more miniaturized and 

allow for increased spatial accuracy and temporal frequency of animal location estimates 

(Kie et al. 2010).  Such capabilities provide a more complete representation of animal 

movement, from which we can infer resource selection, analyze movement paths, and 

fully capture natal dispersal and the magnitude of dispersal movements.   
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  Small animals (< 300 g) comprise 81% and 67% of the world’s bird and mammal 

fauna respectively, and pose a particular challenge for the study of natal dispersal. Due to 

their small body size, tracking options for small animals have been constrained to VHF 

transmitters with shorter ranges (Wikelski et al. 2007; Lookingbill et al. 2010).  Thus, we 

are often presented with an incomplete picture of dispersal in many species.  Yet 

understanding natal dispersal and associated long-distance movements in small animals is 

necessary to fully characterize landscape connectivity, as small animals tend to perceive 

landscape fragmentation at finer scales (Gehring and Swihart 2003; McDonald and St. 

Clair 2004) and even small barriers may impede dispersal movements for some species 

(Fischer and Lindenmayer 2007).  Habitat gaps < 100 m and roads < 20 m are often 

beyond the perceptual range of many small mammals (Mech and Zollner 2002; Forero-

Medina and Vieira 2009; Bridgman et al. 2012; Chen and Koprowski 2016), and within a 

species, perceptual abilities are context dependent, and can be affected by environmental 

factors such as wind or humidity, matrix composition, visual obstruction, and life history, 

such as whether or not a species is nocturnal or diurnal (Forero-Medina and Vieira 2009).  

Further, individuals may perceive landscape resistance, or barriers to movement, and 

move through the landscape differently depending upon physical condition, behavioral 

state, and biotic and structural composition of the natal area (Bakker and Van Vuren 

2004; Stamps 2006; Mabry and Stamps 2008; Delgado and Penteriani 2008; Clobert et al. 

2009; Delgado et al. 2010; Zeller et al. 2014), which may lead to different dispersal 

outcomes within a population.  Quantification and assessment of natal dispersal 

movements, landscape use during dispersal, and identification of areas of high 

connectivity are especially important for threatened and endangered species and ensure 
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that conservation efforts effectively target the designation of key corridors connecting 

habitat patches as well as the identification of areas currently limiting connectivity.  We 

often lack key data on movement and dispersal capabilities of endangered species 

(Lookingbill et al. 2010), and must estimate likely movements based upon our knowledge 

of species’ associations with ecological variables, and potential differences in perceived 

landscape resistance among individuals. 

Electric circuit theory can be used to link landscape composition and pattern to 

ecological connectivity by intuitively transforming landscapes and the potential to move 

within them into current, voltage, and resistance values, concepts that are directly 

relatable to random-walk movement theory (McRae et al. 2008).  In circuit theory-based 

models, current flowing between any pair of nodes is equivalent to the number of times a 

simulated individual moves along that path (McRae et al. 2008).  High current density 

between nodes identifies pathways potentially important for landscape connectivity 

(McRae et al. 2008).  Circuit theory is a tool to test hypotheses related to landscape 

connectivity, how landscape features promote or impede movement, and their 

implications for dispersal and gene flow in wildlife populations at local (St-Louis et al. 

2014) and landscape spatial scales (McRae and Beier 2007; McRae et al. 2008; Wade et 

al. 2015).  Because circuit theory operates within user-defined resistance surfaces, it is 

ideal for incorporating variability in perceived landscape resistance among individuals.  

While least cost connectivity models are commonly employed to identify likely corridors 

or dispersal pathways (e.g. Stevenson-Holt et al. 2014; Wade et al. 2015), they identify 

one least cost path, whereas circuit theory-based methods allow for the identification of 

multiple movement paths (McRae et al. 2008).  In the absence of sufficient movement 
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data obtained during natal dispersal, circuit theory can be applied post-hoc to identify 

potential dispersal corridors, or routes that secretive animals may have taken based upon 

habitat use (e.g. Lookingbill et al. 2010; St-Louis et al. 2014).  

Here we use circuit theory to model the demographic functional connectivity 

(sensu Wade et al. 2015) of a mixed conifer forest from the perspective of a federally 

endangered small mammal. We address the following research questions 1) what are 

likely movement paths juveniles take during long distance dispersal, and 2) how 

connected is the forest from the perspective of a small, forest obligate mammal?  We use 

known animal locations obtained primarily before and after natal dispersal within a point 

selection function to estimate probability of use of a forested landscape.  We identify 

areas that that appear to promote the movement and recruitment of juveniles into new 

patches following long distance dispersal events based upon three resistance scenarios to 

account for variability in individual perceptions of landscape resistance.  Finally, we 

develop connectivity metrics and forest structural thresholds useful to forest managers 

seeking to maintain connectivity in a patchy forest landscape and identify areas where 

connectivity can be improved via restoration efforts.  

 

Methods 
 

Study organism 
 

The Mt. Graham red squirrel (Tamiasciurus hudsonicus grahamensis; hereafter MGRS) 

is an endangered subspecies of North American red squirrel restricted to mature spruce-

fir and mixed-conifer forest in the Pinaleño or Graham Mountains, in southeastern 
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Arizona, USA, 32.7017° N, 109.8714° W.  MGRS represents the southernmost 

population of red squirrels in North America (Sanderson & Koprowski 2009; Figure 1), 

and has recently been assigned to a new species of southwestern Tamiasciurus (T. 

fremonti) based upon systematics and niche-based divergences (Hope et al. 2016).  The 

Pinaleño Mountains are part a series of high-elevation peaks rising from desert grassland, 

known as the Madrean Archipelago. These mountain ranges are hot spots of biodiversity 

(Spector 2002), and also of conservation concern as the distribution of many less vagile 

species are constrained, often to single mountains (Koprowski et al. 2013). It is estimated 

that MGRS have been isolated for at least 10, 000 years following post-Pleistocene 

glacial retreat (Harris 1990), and are morphologically, vocally, and genetically distinct 

from their nearest conspecific, T. h. mogollonensis, inhabiting the White Mountains of 

east central Arizona (Koprowski et al. 2005; Fitak et al. 2013).  During natal dispersal, 

MGRS move distances that are far greater than reported for other red squirrel 

populations, (Merrick and Koprowski 2016, in review), thus maintenance of connectivity 

and promotion of long distance dispersal movements in the wake of recent habitat loss 

are conservation priorities. 

 

Study area  
 

Our study areas comprise vegetation communities of mesic mixed conifer forest 

dominated by Douglas-fir (Pseudotsuga menzesii), southwestern white pine (Pinus 

strobiformis reflexis), white fir (Abies concolor), corkbark fir (Abies lasiocarpa var. 

arizonica), Engelmann spruce (Picea engelmannii), and quaking aspen (Populus 

tremuloides) and high-elevation spruce fir forest dominated by corkbark fir and 
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Engelmann spruce in the Pinaleño Mountains in southeastern Arizona, USA (Smith and 

Mannan 1994; O’Connor et al. 2014).  MGRS habitat occurs above 2,591 m, and our 

study areas range in elevation from 2,647 m to 3,267 m.  Fires in 1996 and 2004 burned a 

combined 14,160 ha of pine, mixed conifer, and spruce-fir forest (45% of the forest 

above 2135 m) which, combined with tree death from insects, reduced spruce and cork-

bark fir area by 66% (O’Connor et al. 2014), which results in a patchy mosaic of healthy 

forest within a matrix of dead or dying trees (Fig 2).  

 

Animal capture and radio-telemetry 
 

Between May 2010 and February 2014 we trapped, radio-collared, and followed 94 

juvenile MGRS through dispersal, settlement, and post-settlement.  To capture juveniles, 

we tracked and monitored reproductive condition of adult females radio-collared as part 

of a long-term study investigating MGRS space use (Koprowski et al. 2008).  Whenever 

we documented a lactating adult female, we observed her nest a minimum of once per 

week for 2 h time blocks until juvenile emergence.  Following emergence, we set live 

traps (Tomahawk Live Trap, Tomahawk, WI, USA: model # 201) around the natal nest 

and midden between 0600 and 1800 h to capture as many juveniles per litter as possible.  

Upon capture, we transferred each individual to a cloth handling cone (Koprowski 2002) 

to collect physical measurements, apply unique marks, and fit radio collars (SOM 2190, 

Wildlife Materials International, Inc.) (Koprowski et al. 2008).  We tracked individuals 

weekly from time of capture until settlement.  Each week we monitored radio collared 

juveniles for 4 hr blocks of time in which individuals were located once every hour.  

Following settlement, individuals were located a minimum of 12 times per month.  
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Ecological variables  
 

We obtained geospatial data on forest structure and topographical characteristics known 

to be important predictors of MGRS site selection (Smith and Mannan 1994; Merrick et 

al. 2007).  We used discrete-return aerial LiDAR (light detection and ranging) to assess 

forest structure and physical landscape features.  LiDAR data were acquired in 

September 2008 (after recent fires) within the 34,600 ha mixed-conifer and spruce-fir 

zones above 2,133 m with a pulse-return spacing of 7.86 points/m2 (Laes et al. 2009).  

We used 6 primary and 2 secondary LiDAR-derived 25 m resolution raster variables for 

modeling MGRS probability of use: elevation (m), Beers aspect (Beers et al. 1966), slope 

(%), canopy cover (%), mean tree height (m), standard deviation in tree height (a 

characteristic associated with forest stand age), total basal area (m2), and live basal area 

(m2) (Laes et al. 2009; Mitchell et al. 2012).  To further characterize how recent fires 

have impacted the landscape, we also included Monitoring Trends in Burn Severity 

(MTBS; http://www.mtbs.gov/) 30 m resolution Landsat-derived fire perimeter and fire 

severity surfaces for the Clark Peak (1996) and Nuttall Complex (2004) fires, averaged in 

areas of burn perimeter overlap, (Figure 2).  We resampled the MTBS layers to 25 m to 

match the LiDAR products resolution.   

We masked all variables to elevations > 2,438 m as MGRS are rarely observed 

below this elevation threshold.  MGRS select habitat at scales of 28 and 56 m (Wood et 

al. 2007), therefore a grain size of 25 m is appropriate for this species.  Further, MGRS 

typically dispersed from the natal area and settled into a new territory by the beginning of 

October (Merrick and Koprowski 2016 in prep). From 2002 – 2014, mean fall home 
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range size for MGRS was 1.7 ha – a diameter of 147 m, or the equivalent of 6, 25 m 

pixels; a grain size that adequately captures heterogeneity in forest and landscape features 

to which MGRS respond to during habitat selection.  

 

Modeling probability of use 
 

We developed a generalized linear model (GLM) with a binary response (1 = locations 

used by 94 MGRS radio-collared as juveniles throughout their lifetimes, 0 = locations 

available) and binomial error structure to model probability of landscape use by juvenile 

MGRS and subsequent estimates of landscape resistance to movement. To bound our 

area of inference, we calculated a minimum convex hull around animal locations 

collected between 1 September 2010 and 28 February 2014 (used MGRS locations; n = 

10,805) and generated 100,000 random locations within the boundaries of the convex hull 

to represent available locations.  We sampled the pixel value of the nine geospatial 

datasets that represent ecological variables at each of the 110,805 locations.  We modeled 

probability of use as a point selection function where use is a function of ecological 

variables (Boyce et al. 2002; Manly et al. 2002; Zeller et al. 2012).  We assessed 

multicollinearity among ecological variables by calculating the variance inflation ration 

factor (VIF) in package DAG (Maindonald and Braun 2015).  All explanatory ecological 

variables within a global model had low multicollinearity (VIF < 10).  

 To understand the relative explanatory power of the physical landscape, forest 

structure, and burn severity on landscape use by juvenile MGRS, we divided our linear 

models into 3 sets: 1. Physical landscape (elevation, slope, and aspect), representing the 

landscape bare of biotic forest features. 2. Forest structure (canopy cover, live basal area, 
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total basal area, mean tree height, and standard deviation in tree height), and 3. Burn 

severity (MTBS burn severity class).  Within each model set, we assessed the importance 

of each component variable in predicting juvenile MGRS landscape use by adding in 

each variable sequentially.  We compared our three model sets and components therein 

within an information-theoretic model selection framework and obtained model-averaged 

coefficients from a candidate model set that consisted of a global model, and component 

models of each model set in package AICcmodavg (Mazerolle 2015).  We considered 

models with the lowest AICc (Akaike information criterion corrected for small sample 

size) score to be the top candidate models and considered models within Δ AICc ≤ 2 from 

the top model as competing.  

We applied our model-averaged coefficients (β; Table 1) within a resource 

selection function (Manly et al. 2002) in ArcGIS 10.3 to generate a probability of use 

surface where values that approach 1 represent high probability of use by juvenile MGRS 

(Fig. 3). Here we assume that squirrels make decisions about where to move on the 

landscape based upon preferences similar to those for selecting habitat (Zeller et al. 

2012), which makes our model potentially more conservative than a model based on 

locations of individuals during active dispersal.  

 

Modeling landscape resistance 
 

Estimation of how landscape features are perceived by organisms and influence their 

willingness to move through a matrix is difficult, yet characterization of landscape 

resistance is among the most important steps in connectivity analyses as results are 

sensitive to the underlying resistance surface (Gonzales and Gergel 2007; Trainor et al. 
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2013; Stevenson-Holt et al. 2014; Zeller et al. 2014; Wade et al. 2015).  Further, animals 

may respond to landscape features and perceive landscape resistance differently 

depending on their experience in the natal area, internal physiological state, and 

behavioral phenotype (Bowler and Benton 2005; Stamps 2006; Clobert et al. 2009; 

Gyllenberg et al. 2011).  We therefore developed 3 landscape resistance “scenarios” that 

varied the relationship between probability of use and perceived resistance and serve to 

represent the variability in individual perceptions of risk and thresholds for movement.  

We used equation 1 from Trainor et al. (2013) to calculate 1 linear and 2 non-linear 

resistance or friction surfaces (f) where h is the probability surface representing likely 

habitat use based on used animal locations, and c is a rescaling parameter determining the 

shape of the curve relating probability of use and resistance to movement (Eq. 1).     

𝑓 = 100− 99
1− exp  (−𝑐ℎ)
1− exp  (−𝑐)    

Eq. 1 

For the scaling parameter (c), we used values = 0.25, 2, and 16, where c = 0.25 

approaches a linear function (f = 1 – h) and is our most prohibitive resistance surface, c = 

16 approaches a negative exponential (f = h-1) and is our least prohibitive resistance 

surface, and c = 2 produces in an intermediate, non-linear resistance surface (Figs. 3 & 

4).  Resistance surfaces varied from values of 2 to 100, where cells with a value of 100 

represent the highest resistance to movement. We conducted separate connectivity 

analyses based upon each of the 3 resistance surfaces and develop connectivity scenarios 

useful for the identification of potential long distance dispersal routes by MGRS.   

 

Circuit theory to model possible long distance dispersal pathways 
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We used Circuitscape 4.0 (McRae et al. 2009) to estimate functional connectivity and 

identify potential dispersal corridors between natal sites where animals were born and 

settlement sites where dispersers established their own territories within a patchy forest 

mosaic.  We multiplied the highest values (values = 100) in each resistance surface (c = 

0.25, 2, and 16; see above) by a scalar of 10, making these areas much more difficult or 

undesirable to traverse from the perspective of dispersers, but not impossible, as animals 

may be more likely to move through areas that are not perceived as habitat during 

prospecting and dispersal compared to regular daily activity of settled adults (Haddad and 

Tewksbury 2005; Trainor et al. 2013; Zeller et al. 2014).  

In Circuitscape, we modeled connectivity as a function of our three increasingly 

prohibitive resistance surfaces. We generated mean current density surfaces between 

natal grid cells (source nodes) and cells in which juveniles settled (ground nodes) in 

advanced modeling mode with raster data, where for each run we activated sources and 

grounds independently and set all source nodes to all have a unit current value of 1, and 

all ground nodes to have a value of zero.  We ran this model for each resistance surface, 

and specified log-transform current maps as the desired output (Fig. 5).  We reclassified 

each current density output into 3 classes (high, medium, and low) based on Jenks 

Natural Breaks (n = 3) via the Reclassify tool in ArcGIS.  Finally, we summed the 

classified raster outputs from each of the three current density surfaces together, which 

resulted in a raster with cells that ranged in value from 1 (lowest across all 3 surfaces) to 

9 (highest across all 3 surfaces), which we again reclassified to 3 classes (high, medium, 

and low) based on Jenks Natural Breaks.  We use this final 3-class raster to represent the 
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most probable dispersal corridors across models, and identify forest structure and burn 

severity thresholds associated with each connectivity class (Table 2, Fig. 6). This model-

composite connectivity surface identifies areas most likely to promote natal dispersal for 

individuals across variable physical and behavioral states, identifies where connectivity 

should be conserved, and also identifies important areas in which targeted restoration 

efforts can improve connectivity. 

 

Results 
 

Space use and natal dispersal   
 

We compiled MGRS telemetry location data for animals captured as juveniles through 28 

February 2014.  Mean number of locations for individual animals was 111 (range 1 – 681 

locations) for a total of 10, 805 locations used by squirrels. Of the 94 juvenile MGRS 

radio collared between 2010 and 2013, 63 survived and were successfully tracked to 

settlement locations (29 females, 34 males; Fig. 2).  On average 50 % of juvenile MGRS 

dispersed from the natal area (2010-2013 range 40 – 85%) and moved distances that are 

far greater than reported for other red squirrel populations (mean dispersal distance ± std. 

dev: other red squirrel populations 84.6 m ± 113.5; MGRS: 679.8 m ± 1067.7; Merrick 

and Koprowski 2016, in review); the maximum observed dispersal distance was 4.9 km.  

Most long-distance dispersal events took place within 24 – 48 h (MJM pers. obs.).  

Although we followed focal animals regularly during the dispersal period across 4 years, 

we obtained very few sightings of MGRS during long distance dispersal movements with 

which we could empirically validate estimates of landscape resistance.  
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Ecological variables important for movement decisions 
 

Locations used by juvenile MGRS differed from available locations in burn severity, 

physical topography, and forest structure.  A model set that includes all three components 

of mixed conifer forest (i.e. a global model) in the Pinaleño Mountains received the most 

support, followed by burn severity, physical landscape, and forest structure (Table 1).  

Each set of ecological variables and their associated rankings can be thought of as 

increasingly more restrictive ecological filters that determine whether juvenile MGRS 

would use a particular location.  First, juvenile MGRS appear to avoid areas where burn 

severity is equal to or exceeds moderate levels.  Additionally, physical topography (slope, 

aspect, elevation) determines where mature forest patches are likely to remain.  Finally, 

within those forest patches, animals select for higher canopy cover, living basal area, and 

most importantly, mature stands of mixed age classes (mean tree height, standard 

deviation in tree height; Table 1).  Within the physical landscape and forest structure 

model sets, models that include all variables were most supported, indicating that each 

ecological variable provided valuable information about how animals respond to 

landscape features (Table 1).  

 

Resistance and connectivity scenarios 
 

Our estimates of perceived functional landscape connectivity differ as a function of 3 

resistance scenarios (Fig. 3) and represent variability in individual perceptions of 

permeability to movement during exploration and natal dispersal in the forest mosaic of 
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the Pinaleño Mountains.  Our most non-linear resistance surface (c = 16) transforms all 

probability of use values ≥ 0.25 to resistance values near zero and may realistically 

represent the landscape resistance perceived by most juveniles with sufficient stores of 

body fat and in a dispersal-prone behavioral state, recognizing that even marginal habitat 

may support rapid dispersal movements among forest patches (Haddad and Tewksbury 

2005; Trainor et al. 2013; Zeller et al. 2014).  Increasingly prohibitive resistance surfaces 

(c = 2 and c = 0.25) may adequately represent landscape resistance perceived by juveniles 

in diminished physical condition or when extrinsic conditions and internal behavioral 

states are less conducive to dispersal.  For resistance scenario c = 16 (negative 

exponential function), subsequent connectivity models reflect a more permeable forest 

matrix for juvenile dispersers and corresponds to observed long distance dispersal events, 

with plausible dispersal pathways from core natal areas that are indicated by areas of 

highest current density (Fig. 5).  Variable resistance surfaces and subsequent models of 

connectivity between natal and settlement sites identified potential forest areas that were 

used by MGRS dispersing long distances as well as highly connected core areas.  

Our longest documented dispersal event was for a male that moved 4.9 km (blue 

arrow, Fig. 2), and potential forest areas that might facilitate movements of this 

magnitude are visible in the current models (Fig. 5).  This male’s movements also reveal 

exploratory forays into areas that, based upon locations used by all juveniles throughout 

their lifetime, are not considered MGRS habitat by our probability of use model (Figure 

6, red circle in panel A), providing evidence that some dispersing MGRS will traverse 

and prospect in areas that differ in structure and biotic composition from those used 

during daily activity and foraging post settlement.  In this instance, the male prospected 
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for several days in open, drier forest dominated by pines (Pinus ponderosa & P. 

strobiformis) before settling in more mesic mixed conifer forest. 

Current density thresholds, binned into high, medium, and low classes and 

summed across 3 models of perceived landscape resistance provide a meaningful and 

readily applied guide to aid in the identification of important forest areas for conservation 

and restoration (Fig. 6).  In the Pinaleños, our conservative estimates of forest area 

perceived by animals in this study to be of highest connectivity = 165.78 ha, medium 

connectivity = 510.56 ha, and lowest connectivity = 813.56 ha.  Across models, high and 

medium connectivity pixels are associated with increased canopy cover, tree height, and 

living basal area, and lower variability in tree height, total basal area, which includes 

areas with abundant tree death, and burn severity (Table 2).   Summarized connectivity 

estimates can also be used to assess the placement and function of past and recent fuels 

reduction treatment blocks established to improve forest health, increase the resiliency of 

the forest to insect outbreak and fire, and protect and restore remaining MGRS habitat 

from catastrophic fire (Fig. 6; http://data.ecosystem-

management.org/nepaweb/nepa_project_exp.php?project=18628).  The oldest treatment 

blocks (Fig. 6, panel C) were treated in 2005-06, prior to LiDAR acquisition and retain 

high levels of connectivity.  Other fuels treatment blocks adjacent to MGRS natal and 

settlement sites in this study were treated post-LiDAR acquisition (thus effects of fuels 

reduction were not incorporated into probability models), but show that they are well 

positioned to conserve high connectivity areas by reducing fuel loads adjacent to these 

areas (Fig. 6, panels A & C), and promote tree growth and forest restoration in areas that 

currently impede connectivity (Fig. 6, panels B & D).  Our dispersal data and 
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connectivity models suggest that connectivity between MGRS habitat in the north and 

south of the Pinaleños is limited as a result of large swaths of high burn severity, which 

have left only narrow corridors (some < 100 m) of forest, or none at all, along roads that 

were used as fire breaks (Figs. 5 & 6), potentially restricting MGRS north - south 

movements.  We did not observe any individuals to attempt or succeed in dispersal to the 

south.  We attempted to capture juveniles in quality MGRS habitat in the south of the 

range (Fig. 6, panel D red rectangle) without success, so it is still unknown whether 

animals from the south can successfully disperse to the north and vice versa.  Forest 

restoration efforts that increase connectivity between north and south MGRS habitat are 

warranted.  

 Physical landscape features, forest structure, and degree of burn severity within 

areas hypothesized to have highest connectivity (Table 2) indicate important lower 

thresholds in forest structural characteristics that currently support MGRS movement and 

settlement and will aid in the restoration of connectivity.  Compared to random locations, 

MGRS used sites that were 2.6% higher in elevation ([used; available, mean ± SD] used: 

2908.7 ± 41.4 m; available: 2834.4 ± 104.3 m), 14% higher live basal area (used: 45.6 ± 

12.1 m2; available: 39.7 ± 17.1 m2), 7.5% higher total basal area (used: 63.8 ± 18.4 m2; 

available: 59.2 ± 25.9 m2), 8.6% higher variability in tree height (used: 5.8 ± 1 std. 

deviations; available: 5.3 ± 1.7 std. deviations), 8.8 % higher canopy cover (used: 70.0 ± 

11.8 %; available: 64.1 ± 21.5 %), 10.4 % higher mean tree height (used: 13.5 ± 2.6 m; 

available: 12.2 ± 3.9 m), 59% less steep (used: 10.3 ± 5.71 % slope; available: 18.5 ± 

10.0 % slope), and had 140% lower burn severity (used mean burn severity class: 0.2 ± 

0.5; available mean burn severity class: 1.4 ± 1.0).  Maintenance of areas that promote 



	   184	  

connectivity while restoring low connectivity areas to forest that meets minimum 

thresholds for MGRS movement is important for continued conservation efforts, and 

among the primary goals of current forest restoration plans.  

 

Discussion 
 

The movements of most small animal species remain enigmatic (Wikelski et al. 2007; 

Zeller et al. 2012) yet quantification or estimation of small animal movements is 

necessary to manage landscapes and support population processes such as natal dispersal.   

In the Pinaleño Mountains, MGRS habitat is fragmented due to recent tree death and 

wildfires (Koprowski et al. 2005; Koprowski et al. 2006; O’Connor et al. 2014), therefore 

documentation of natal dispersal, the magnitude of dispersal movements, and 

identification of areas that may support natal dispersal movements and gene flow in this 

endangered population are conservation priorities (U.S. Fish and Wildlife Service 2011).  

Although we obtained a substantial number of locations for MGRS radio collared as 

juveniles, due to the speed and random timing of long distance dispersal events, very few 

of these locations were for animals actively engaging in long-distance dispersal 

movements.  However, we show that circuit theory can be used to develop estimates of 

probable paths traversed by dispersers on their journey from natal area to new territory 

center.  Our analyses suggest that connectivity models, generated from simulated current 

density, and summarized across resistance scenarios provide a promising solution to fill 

knowledge gaps on small mammal dispersal and aid in conservation of critical habitat 

while simultaneously capturing variability in how individuals in a population perceive 

landscape permeability (McRae et al. 2008; Wade et al. 2015).   
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One issue with studies that employ resistance surface connectivity modeling is a 

lack of empirical or biological evidence applied towards construction of the resistance 

surface (Zeller et al. 2012; Wade et al. 2015).  Resistance surfaces are often based on 

expert knowledge, or assumed relationships with ecological variables, and generally are 

not validated ( Wade et al. 2015; but see LaPoint et al. 2013; St-Louis et al. 2014).  

Models of resistance and subsequent current density represent hypotheses about how 

individuals perceive landscape features during movement and daily activity (Wade et al. 

2015).  We developed three resistance scenarios based upon data from the literature and 

our own observations of how individuals in different physical condition (Bakker and Van 

Vuren 2004; Delgado et al. 2010; Debeffe et al. 2012), behavioral state (Dingemanse et 

al. 2003; Zeller et al. 2014), or with different definitions landscape resistance based on 

natal experience (Stamps 2006; Mabry and Stamps 2008) might perceive habitat and 

locations acceptable for movement.  MGRS with adequate energy reserves and 

exploratory behavioral phenotypes tend to disperse farther, and juveniles select 

settlement locations structurally and compositionally similar to their natal area (Merrick 

and Koprowski 2016 in review).  Non-linear resistance functions may best represent areas 

used for prospecting and dispersal movements (Trainor et al. 2013; Zeller et al. 2014).  

Non-linear resistance surfaces (c = 16, 1, & 2) developed for the red-cockaded 

woodpecker (Picoides borealis), an endangered forest obligate, best explained 

prospecting and dispersal movements for short distance dispersers in an independent 

validation data set, but not long distance dispersers, which demonstrates that single 

resistance surfaces should not be used to reflect the dispersal behavior of an entire 

population (Trainor et al. 2013).  Further, a study of context-dependent resource 
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selection, based upon regular GPS fixes at 5 min intervals, revealed that resource 

selection and estimates of resistance are sensitive to the scale and behavioral state of the 

animal (Zeller et al. 2014), whereby animals engaged in movement or resource use 

perceive landscape resistance differently.  In our study, we were unable to empirically 

estimate landscape resistance during long distance natal dispersal and relied upon on 

static representations of landscape resistance.  Three increasingly prohibitive resistance 

surfaces (non-linear to linear) represent variability in individual perceptions of landscape 

permeability within a population.  

Simulated electric current, summarized across resistance scenarios, highlights 

important areas for conservation or restoration and allows for uncertainty in how 

individuals in the population perceive landscape resistance and permeability (Trainor et 

al. 2013).  Further, binned connectivity across models facilitates identification of 

conservation thresholds in ecological variables important in predicting movement and 

habitat use, and provides a baseline to which future forest management and restoration 

efforts can be compared and allow land managers to move forward with conservation and 

restoration plans despite knowledge gaps in specific movement behavior, as is often 

necessary for small, secretive animals (Lookingbill et al. 2010).  Our connectivity 

estimates are timely as restoration efforts are underway in the Pinaleños, and serve as 

benchmarks to which future connectivity models, developed from planned post-

restoration LiDAR data, can be compared.  Connectivity models represent hypotheses 

(Wade et al. 2015) useful in estimating landscape permeability from the perspective of 

small animals.  Such models can directly contribute to conservation of areas that can 
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maintain connectivity in the face of rapid fragmentation and landscape change (McRae et 

al. 2008; Nuñez et al. 2013).  

 

Limitations and future considerations 
 

Despite the advantages of applying circuit theory to model landscape connectivity for 

small animals, we acknowledge some limitations of the method and recognize several 

assumptions we made in implementing models.  Models of probable use depend upon 

point selection functions developed with locations of animals that we captured, and the 

scope of inference for all subsequent models of landscape resistance and connectivity are 

tied to these individuals.  However, this method is appropriate to address: 1) what 

movement paths might individuals in a given study take during long distance dispersal, 

and 2) how connected is landscape from the perspective of the study organism? We 

assumed that MGRS make similar decisions for movement as in habitat selection, which 

is not necessarily the case (Wade et al. 2015).  Areas that support dispersal movements 

may not need to be habitat in order to support movement of individuals (Haddad and 

Tewksbury 2005; LaPoint et al. 2013; Trainor et al. 2013), and dispersing juveniles may 

be less risk-averse and more likely to cross gaps or low quality forest matrix compared to 

adults.  This would imply that our models of use, resistance, and connectivity are 

conservative.  We did not obtain sufficient fixes of individuals actively engaged in 

dispersal, thus validation of modeled dispersal pathways remains a future research 

priority.  Finally, although an important factor in population dynamic processes like 

dispersal, we did not include site occupancy or density in our probability of use model. 

MGRS densities are known to be exceedingly low and we found that local population 
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density in the natal area did not improve models that predict probability of dispersal and 

dispersal distance (Merrick and Koprowski 2016 in prep). 

As telemetry technology continues to improve via miniaturization and GPS 

tracking technology, reduced costs, and increased sensitivity of satellites to low-power 

tags (Wikelski et al. 2007; Recio et al. 2011; Stevenson-Holt et al. 2014), we anticipate 

an unique opportunity to validate and refine connectivity models for small animals in the 

near future.  Such advances in small animal movement ecology will allow for more 

nuanced movement and landscape resistance models, which include context-specific 

models of resource use and landscape resistance while building upon the foundation of 

ecological understanding developed for small animal species via point selection functions 

and static resistance surface models.  

 

Conclusion 
 

Circuit theory provides a useful tool to model landscape connectivity, particularly in 

cases where actual movement data are lacking or sparse due to rapid, cryptic movement 

behavior.  Circuit theory-based models represent hypotheses about how animals may 

move through landscapes, react to barriers, and perceive permeability and resistance, both 

in terms of gene flow over generations (McRae and Beier 2007), and for individuals 

moving between discrete locations (McRae et al. 2008).  Circuit theory models offer 

improvements over least cost models by identifying multiple candidate movement paths 

important for species conservation rather than a single least cost path (McRae et al. 2008; 

Cushman et al. 2013).  Ours is among the first studies to apply circuit theory to estimate 

potential natal dispersal movement paths and landscape connectivity for small mammals.  
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We show that circuit theory applied to variable resistance surfaces is a useful tool to 

identify possible movement paths of small mammals during natal dispersal and can 

account for variability in individual perceptions of landscape permeability – an important 

consideration for wildlife studies, but often very difficult to quantify.  Our summed 

connectivity classes can be directly applied to ongoing forest restoration efforts to ensure 

that placement of fuels reduction and other silvicultural treatments maximize 

conservation benefits for MGRS while minimizing potential degradation of currently 

available high quality habitat.  Twenty five percent of all mammals threatened with 

extinction, and 52% of mammals with data on population trends are in decline, including 

those listed as species of Least Concern (Schipper et al 2008). Given global trends in 

mammal population decline, increased threats of habitat loss and fragmentation 

(Theobald et al. 2012), and the small size of most mammals (~ 70%; Wikelski et al. 

2007), the need to understand small mammal dispersal and requirements for the 

maintenance of perceived landscape connectivity is critical.  Our work complements and 

builds upon previous applications of circuit-theory to animal movement modeling and 

provides a case study of its applicability to small mammal conservation and management.  

 

Acknowledgments 
 

We would like to thank A. Dustin, T. Hanson, K. Snarski, L. F. Martinez, A. Williams, S. 

Barnett, A. Grajal-Puche, S. Snedecker, and B. Raschke, V. Greer, and the entire Mt. 

Graham Red Squirrel Research Program for assistance in the field.  This research was 

supported by grants to JLK from the University of Arizona, USDA Forest Service, 

Arizona Game & Fish Department, US Fish & Wildlife Service, the Arizona Agricultural 



	   190	  

Experiment Station and funds to MJM from The Joint Fire Sciences Program Graduate 

Research Innovations award # 3005940, The University of Arizona NASA Space Grant 

Consortium Fellowship, The University of Arizona Institute of the Environment Carson 

Scholars Fellowship, The American Society of Mammalogists Grant in Aid of Research 

and ASM Fellowship, The American Museum of Natural History Theodore Roosevelt 

Graduate Student Research Award, The Southwestern Association of Naturalists Howard 

McCarley Student Research Award, and T & E Inc. Grants for Conservation Biology. All 

field work was conducted under University of Arizona Institutional Animal Care and Use 

Committee protocol # 08-024, Arizona Game and Fish Department scientific collecting 

permit # SP654189, U.S. Fish and Wildlife Service permit # TE041875-0, and adhered to 

the American Society of Mammalogists guidelines for the use of wild mammals in 

research (Sikes, Gannon, & The Animal Care and Use Committee of the American 

Society of Mammalogists 2011).  This manuscript was significantly improved by 

comments from R. W. Mannan, C. Conway, and D. Guertin.   

 

References 
 

Bakker VJ, Van Vuren DH (2004) Gap-crossing decisions by the red squirrel, a forest-

dependent small mammal. Conserv Biol 18:689–697. 

Beers TW, Dress PE, Wensel LC (1966) Aspect transformation in site productivity 

research. J For 64:691–692. 

Bowler DE, Benton TG (2005) Causes and consequences of animal dispersal strategies: 

relating individual behaviour to spatial dynamics. Biol Rev 80:205–25. 

Boyce MS, Vernier PR, Nielsen SE, Schmiegelow FKA (2002) Evaluating resource 



	   191	  

selection functions. Ecol Modell 157:281–300. 

Bridgman LJ, Benitez V V., Graña Grilli M, et al (2012) Short perceptual range and yet 

successful invasion of a fragmented landscape: The case of the red-bellied tree 

squirrel (Callosciurus erythraeus) in Argentina. Landsc Ecol 27:633–640. doi: 

10.1007/s10980-012-9727-2 

Carroll C, Dunk JR, Moilanen A (2010) Optimizing resiliency of reserve networks to 

climate change: Multispecies conservation planning in the Pacific Northwest, USA. 

Glob Chang Biol 16:891–904. doi: 10.1111/j.1365-2486.2009.01965.x 

Chen HL, Koprowski JL (2016) Barrier effects of roads on an endangered forest obligate: 

influences of traffic, road edges, and gaps. Biol Conserv 199:33–40. doi: 

10.1016/j.biocon.2016.03.017 

Clobert J, Le Galliard J-F, Cote J, et al (2009) Informed dispersal, heterogeneity in 

animal dispersal syndromes and the dynamics of spatially structured populations. 

Ecol Lett 12:197–209. doi: 10.1111/j.1461-0248.2008.01267.x 

Cushman SA, Mcrae B, Adriaensen F, et al (2013) Biological corridors and connectivity. 

In: Macdonald DW, Willis KJ (eds) Key Topics in Conservation Biology 2, First 

Edit. John Wiley & Sons, Ltd., West Sussex, UK, pp 384–404 

Debeffe L, Morellet N, Cargnelutti B, et al (2012) Condition-dependent natal dispersal in 

a large herbivore: heavier animals show a greater propensity to disperse and travel 

further. J Anim Ecol 81:1327-1337. doi: 10.1111/j.1365-2656.2012.02014.x 

Delgado MDM, Penteriani V (2008) Behavioral states help translate dispersal movements 

into spatial distribution patterns of floaters. Am Nat 172:475–85. doi: 

10.1086/590964 



	   192	  

Delgado MDM, Penteriani V, Revilla E, Nams VO (2010) The effect of phenotypic traits 

and external cues on natal dispersal movements. J Anim Ecol 79:620–32. doi: 

10.1111/j.1365-2656.2009.01655.x 

Dingemanse NJ, Both C, Van Noordwijk AJ, et al (2003) Natal dispersal and 

personalities in great tits (Parus major). Proc R Soc B Biol Sci 270:741–7. doi: 

10.1098/rspb.2002.2300 

Fischer J, Lindenmayer DB (2007) Landscape modification and habitat fragmentation: a 

synthesis. Glob Ecol Biogeogr 16:265–280. doi: 10.1111/j.1466-8238.2006.00287.x 

Fitak RR, Koprowski JL, Culver M (2013) Severe reduction in genetic variation in a 

montane isolate: the endangered Mount Graham red squirrel (Tamiasciurus 

hudsonicus grahamensis). Conserv Genet 14:1233–1241. doi: 10.1007/s10592-013-

0511-x 

Forero-Medina G, Vieira MV (2009) Perception of a fragmented landscape by 

neotropical marsupials: effects of body mass and environmental variables. J Trop 

Ecol 25:53. doi: 10.1017/S0266467408005543 

Gehring TM, Swihart RK (2003) Body size, niche breadth, and ecologically scaled 

responses to habitat fragmentation: Mammalian predators in an agricultural 

landscape. Biol Conserv 109:283–295. doi: 10.1016/S0006-3207(02)00156-8 

Gonzales EK, Gergel SE (2007) Testing assumptions of cost surface analysis—a tool for 

invasive species management. Landsc Ecol 22:1155–1168. doi: 10.1007/s10980-

007-9106-6 

Greenwood P (1980) Mating systems, philopatry and dispersal in birds and mammals. 

Anim Behav 28:1140–1162. doi: 10.1016/S0003-3472(80)80103-5 



	   193	  

Gyllenberg M, Kisdi É, Utz M (2011) Body condition dependent dispersal in a 

heterogeneous environment. Theor Popul Biol 79:139–54. doi: 

10.1016/j.tpb.2011.02.004 

Haddad NM, Tewksbury JJ (2005) Low-quality habitat corridors as movement conduits 

for two butterfly species. Ecol Appl 15:250–257. doi: 10.1890/03-5327 

Hope AG, Malaney JL, Bell KC, et al (2016) Revision of widespread red squirrels 

(genus: Tamiasciurus) highlights the complexity of speciation within North 

American forests. Mol Phylogenet Evol 100:170–182. doi: 

10.1016/j.ympev.2016.04.014 

Kie JG, Matthiopoulos J, Fieberg J, et al (2010) The home-range concept: are traditional 

estimators still relevant with modern telemetry technology? Philos Trans R Soc 

Lond B Biol Sci 365:2221–31. doi: 10.1098/rstb.2010.0093 

Koprowski JL (2002) Handling tree squirrels with a safe and efficient restraint. Wildl Soc 

Bull 30:101–103. 

Koprowski JL, Alanen MI, Lynch AM (2005) Nowhere to run and nowhere to hide: 

Response of endemic Mt. Graham red squirrels to catastrophic forest damage. Biol 

Conserv 126:491–498. doi: 10.1016/j.biocon.2005.06.028 

Koprowski JL, Doumas SL, Merrick MJ, et al (2013) It’s lonely at the top: biodiversity at 

risk to loss from climate change. In: Gottfried GJ, Ffolliott PF, Gebow BS, et al. 

(eds). RMRS-P-67. Fort Collins, CO: U.S. Department of Agriculture, Forest 

Service, Rocky Mountain Research Station, pp 53–59 

Koprowski JL, King SRB, Merrick MJ (2008) Expanded home ranges in a peripheral 

population: space use by endangered Mt. Graham red squirrels. Endanger Species 



	   194	  

Res 4:227–232. doi: 10.3354/esr00026 

Koprowski JL, Leonard KM, Zugmeyer CA, Jolley JL (2006) Direct effects of fire on 

endangered Mount Graham red squirrels. Southwest Nat 51:59–63. doi: 

10.1894/0038-4909(2006)51[59:DEOFOE]2.0.CO;2 

Laes D, Mellin T, Wilcox C, et al (2009) Mapping vegetation structure in the Pinaleño 

Mountains using lidar. U.S. Department of Agriculture, Forest Service, Remote 

Sensing Applications Center RSAC-0118-RPT1, Salt Lake City, UT. 

LaPoint S, Gallery P, Wikelski M, Kays R (2013) Animal behavior, cost-based corridor 

models, and real corridors. Landsc Ecol 28:1615–1630. doi: 10.1007/s10980-013-

9910-0 

Lindenmayer DB, Fischer J (2006) Habitat fragmentation and landscape change: an 

ecological and conservation synthesis. Island Press, Washington, D.C. 

Lookingbill TR, Gardner RH, Ferrari JR, Keller CE (2010) Combining a dispersal model 

with network theory to assess habitat connectivity. Ecol Appl 20:427–41. 

Mabry KE, Stamps JA (2008) Dispersing brush mice prefer habitat like home. Proc R 

Soc B Biol Sci 275:543–8. doi: 10.1098/rspb.2007.1541 

Maindonald JH, Braun WJ (2015) Data analysis and graphics data and functions: 

Package “DAAG.”  

Manly BF, McDonald LL, Thomas DL, et al (2002) Resource selection by animals: 

statistical design and analysis for field studies, 2nd Editio. Kluwer Academic 

Publishers, Norwell, MA 

Mazerolle MJ (2015) AICcmodavg: Model selection and multimodel inference based on 

(Q) AIC(c). 1–141. 



	   195	  

McDonald WR, St. Clair CC (2004) The effects of artificial and natural barriers on the 

movement of small mammals in Banff National Park, Canada. Oikos 105:397–407. 

McRae BH, Beier P (2007) Circuit theory predicts gene flow in plant and animal 

populations. Proc Natl Acad Sci U S A 104:19885–19890. doi: 

10.1073/pnas.0706568104 

McRae BH, Dickson BG, Keitt TH, Shah VB (2008) Using circuit theory to model 

connectivity in ecology, evolution, and conservation. Ecology 89:2712–2724. 

Mech SG, Zollner PA (2002) Using body size to predict perceptual range. Oikos 98:47–

52. doi: 10.1034/j.1600-0706.2002.980105.x 

Merrick MJ, Bertelsen SR, Koprowski JL (2007) Characteristics of Mount Graham red 

squirrel nest sites in a mixed conifer forest. J Wildl Manage 71:1958–1963. doi: 

10.2193/2006-260 

Merrick MJ, Koprowski JL (2016) Sex-biased natal dispersal at the range periphery: the 

role of personality, resources, and maternal condition. In prep  

Merrick MJ, Koprowski JL (2016 b) Evidence of natal habitat preference induction and 

its current adaptive value in altered mixed-conifer forest. In prep 

Mitchell B, Walterman M, Mellin T, et al (2012) Mapping vegetation structure in the 

Pinaleño Mountains using lidar - phase 3: forest inventory and modeling. Salt Lake 

City, UT 

Nuñez TA, Lawler JJ, McRae BH, et al (2013) Connectivity planning to address climate 

change. Conserv Biol 27:407–16. doi: 10.1111/cobi.12014 

O’Connor CD, Falk DA, Lynch AM, Swetnam TW (2014) Fire severity, size, and climate 

associations diverge from historical precedent along an ecological gradient in the 



	   196	  

Pinaleño Mountains, Arizona, USA. For Ecol Manage 329:264–278. doi: 

10.1016/j.foreco.2014.06.032 

Recio MR, Mathieu R, Denys P, et al (2011) Lightweight GPS-tags, one giant leap for 

wildlife tracking? An assessment approach. PLoS One 6:e28225. doi: 

10.1371/journal.pone.0028225 

Schipper J, Chanson JS, Chiozza F, et al (2008) The status of the world’s land and marine 

mammals: diversity, threat and knowledge. Science 322:225–230. doi: 

10.1126/science.1165115 

Smith AA, Mannan RW (1994) Distinguishing characteristics of Mount Graham red 

squirrel midden sites. J Wildl Manage 58:437–445. 

Spector S (2002) Biogeographic crossroads as priority areas for biodiversity 

conservation. Conserv Biol 16:1480–1487. doi: 10.1046/j.1523-1739.2002.00573.x 

St-Louis V, Forester JD, Pelletier D, et al (2014) Circuit theory emphasizes the 

importance of edge-crossing decisions in dispersal-scale movements of a forest 

passerine. Landsc Ecol 29:831–841. doi: 10.1007/s10980-014-0019-x 

Stamps JA (2006) The silver spoon effect and habitat selection by natal dispersers. Ecol 

Lett 9:1179–1185. doi: 10.1111/j.1461-0248.2006.00972.x 

Stevenson-Holt CD, Watts K, Bellamy CC, et al (2014) Defining landscape resistance 

values in least-cost connectivity models for the invasive grey squirrel: A comparison 

of approaches using expert-opinion and habitat suitability modelling. PLoS One. 

doi: 10.1371/journal.pone.0112119 

Theobald DM, Reed SE, Fields K, Soulé M (2012) Connecting natural landscapes using a 

landscape permeability model to prioritize conservation activities in the United 



	   197	  

States. Conserv Lett 5:123–133. doi: 10.1111/j.1755-263X.2011.00218.x 

Trainor AM, Walters JR, Morris WF, et al (2013) Empirical estimation of dispersal 

resistance surfaces: a case study with red-cockaded woodpeckers. Landsc Ecol 

28:755–767. doi: 10.1007/s10980-013-9861-5 

U.S. Fish and Wildlife Service (2011) Draft Mount Graham red squirrel recovery plan, 

first revision. Albuquerque, NM 

Wade AA, McKelvey KS, Schwartz MK (2015) Resistance-surface-based wildlife 

conservation connectivity modeling: Summary of efforts in the United States and 

guide for practitioners. Fort Collins, CO 

Wikelski M, Kays RW, Kasdin NJ, et al (2007) Going wild: what a global small-animal 

tracking system could do for experimental biologists. J Exp Biol 210:181–186. doi: 

10.1242/jeb.02629 

Wood DJA, Drake S, Rushton SP, et al (2007) Fine-scale analysis of Mount Graham red 

squirrel habitat following disturbance. J Wildl Manage 71:2357–2364. doi: 

10.2193/2006-511 

Zeller KA., McGarigal K, Beier P, et al (2014) Sensitivity of landscape resistance 

estimates based on point selection functions to scale and behavioral state: Pumas as 

a case study. Landsc Ecol 29:541–557. doi: 10.1007/s10980-014-9991-4 

Zeller KA, McGarigal K, Whiteley AR (2012) Estimating landscape resistance to 

movement: a review. Landsc Ecol 27:777–797. doi: 10.1007/s10980-012-9737-0 

 

Figure Legends 



	   198	  

Figure 1. Top: Overview of the distribution of North American red squirrels 

(Tamiasciurus hudsonicus) with the Pinaleño Mountains shown in black. Bottom: Mt. 

Graham red squirrel habitat above 2,348 m in elevation and associated study areas in the 

Pinaleño Mountains, Arizona USA.  Natal and settlement sites obtained from radio-

collared juveniles shown in gray and white circles respectively. 

Figure 2. Natal (gray circles) and settlement sites (white circles) for 63 individuals that 

successfully settled and lifetime telemetry locations (blue triangles) for 94 juvenile Mt. 

Graham red squirrels in the Pinaleño Mountains, Arizona USA.  Black arrows indicate 

individual straight-line dispersal vectors relative to the extent of recent fires in 1996 and 

2004.  The blue arrow indicates the longest dispersal event recorded during this study 

(4.9 km). Burn severity estimates obtained from USDA Forest Service Monitoring 

Trends in Burn Severity (MTBS) are shown with red and orange colors representing 

moderate to high burn, yellow and green colors represent low or no burn within the fire 

perimeters.  Areas outside of the fire perimeters are in gray color scale and were not 

affected by the recent fires. 

Figure 3. Probability of use and landscape resistance surfaces for juvenile Mt. Graham 

red squirrels in the Pinaleño Mountains, Arizona USA. The probability of use surface (A) 

is based on use/availability as a function of 9 ecological variables, where high values 

represent forest most likely used by juvenile Mt. Graham red squirrels.  Resistance 

surfaces to account for individual perceptions of landscape resistance include very non-

linear (c = 16; B), intermediate (c = 2; C), and approximately linear (c = 0.25; D) 

transformations of the probability of use surface.  High values represent areas of high 

resistance or friction; low values represent areas with low resistance to movement. 
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Figure 4. Relationship between probability of use by juvenile Mt. Graham red squirrels 

in the Pinaleño Mountains, Arizona USA and landscape resistance values obtained from 

varying constant c in Equation 1 where values for c = 0.25, 2, 16. 

Figure 5. Current flow (Ln current) between natal (source) and settlement (ground) 

nodes as a function of 3 increasingly prohibitive resistance functions: very non-linear (c = 

16; A), intermediate (c = 2; B), and approximately linear (c = 0.25; C) for juvenile Mt. 

Graham red squirrel dispersal in the Pinaleño Mountains, Arizona USA.  Current 

densities indicate the probability of a random-walking animal using a given cell as it 

passes through the landscape between source and ground nodes.  Highest current 

densities (warmer colors) indicate the most likely pathways between natal and settlement 

sites. Pane D is the mean current density from the three scenarios.  

Figure 6. Summarized current flow (Ln current) between natal (source) and settlement 

(ground) nodes across 3 increasingly prohibitive resistance functions: very non-linear (c 

= 16; A), intermediate (c = 2; B), and approximately linear (c = 0.25; C) for juvenile Mt. 

Graham red squirrel dispersal in the Pinaleño Mountains, Arizona USA.  Current 

densities highest across all model scenarios indicate likely dispersal corridors within 

patchy forest and identify areas important for promoting long distance dispersal 

movements among patches, while simultaneously highlighting areas that may constrain 

dispersal movements.  Exploratory forays made by an individual dispersing 4.9 km are 

indicated by a red circle in panel A. Fuels reduction treatment blocks to reduce risk of 

catastrophic wildfire are shown in gray. No animals were observed dispersing south into 

high probability areas shown in D (red rectangle).  
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Table 1. Multi-model selection results based upon Akaike Information Criterion corrected for small sample size (AICc) and log 

likelihoods (LL) for 3 model sets (burn severity, physical landscape, and forest structure; 1) rankings to indicate importance of 

component variables within each model set (2 & 3), and model-averaged coefficients used to parameterize a resource selection 

function (4) predicting probability of juvenile Mt. Graham red squirrel use of forest in the Pinaleño Mountains, Arizona, USA.  

 1. Model set ranking K AICc Delta AICc AICcWt Cum.Wt LL
global (burn severity + physical landscape + structure) 10 39735.10 0 1 1 -19857.55
burn severity (maxburn) 2 51579.31 11844.21 0 1 -25787.65
physical landscape (elevation+slope+aspect) 4 58039.44 18304.34 0 1 -29015.72
forest structure (balv+batot+cc+avght+sdvht) 6 65565.79 25830.68 0 1 -32776.89

2. Physical landscape components K AICc Delta AICc AICcWt Cum.Wt LL
elevation + slope + aspect 4 58039.44 0 1 1 -29015.72
elevation + aspect 3 64714.20 6674.76 0 1 -32354.10
elevation 2 64714.66 6675.21 0 1 -32355.33

3. Forest structure components K AICc Delta AICc AICcWt Cum.Wt LL
balv, batot, cc, avght, stdvht 6 65565.79 0 1 1 -32776.89
balv, batot, cc, avght 5 66654.86 1089.07 0 1 -33322.43
balv, batot, cc 4 68633.11 3067.33 0 1 -34312.56
balv + batot 3 68907.13 3341.34 0 1 -34450.56
balv 2 69153.16 3587.37 0 1 -34574.58

4. Model averaged coefficients Coefficient Odds Ratio Lower CI Upper CI
elevation (m) 0.02 1.02 0.02 0.02
aspect (beers aspect) 0.02 1.02 -0.02 0.06
slope (percent slope) -0.09 0.91 -0.09 -0.08 
balv (estimated living basal area m^2/ha) 0.02 1.02 -0.02 0.06
batot (estimated total basal area m^2/ha) -0.05 0.95 -0.06 -0.05 
cc (percent canopy cover) 0.01 1.01 0.01 0.02
avght (mean tree height in m) 0.30 1.35 0.28 0.32
stdvht (standard deviation in tree height) 0.64 1.90 0.61 0.68
maxburn (MTBS burn severity classes:0-4) -2.00 0.14 -2.05 -1.95 
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Table 2. Summary of ecological variables important in determining juvenile Mt. Graham red squirrel use of forest in the Pinaleño 

Mountains, Arizona, USA within high, medium, and low connectivity classes.  Connectivity classes are the result of summed 

connectivity across three resistance surface models. 

 

Connectivity (current density) 
across resistance scenarios

Burn severity class       
(1 = none - low, 4 = high) Mean tree height (m) St.dev tree height Canopy cover (%) Live basal area (m^2) Total basal area (m^2)

High connectivity regions 0.4 ± 0.7 12.5 ± 2.9 5.3 ± 1.1 63.6 ± 18.9 40.6 ± 14.4 57.4 ± 18.3
Medium connectivity regions 1.2 ± 0.8 12.7 ± 3.5 5.3 ± 1.5 61.7 ± 23.6 38.9 ± 18.1 59.2 ± 23.8

Low connectivity regions 1.2 ± 0.9 12.4 ± 3.8 5.4 ± 1.7 59.2 ± 26.3 37.2 ± 18.7 59.2 ± 27.9

Ecological variables
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Figure 1.  
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Figure 2.  
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Figure 3.  
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Figure 4. 
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Figure 5.  
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Figure 6.  
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