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ABSTRACT 

Dispersal is a common life-history trait across taxa and is ecologically important 

because it influences gene flow, population dynamics, colonization, and the spread of 

disease. The reasons animals disperse can be separated into two categories: proximate 

and ultimate causes. Proximate causes provide cues for dispersal to occur and can 

influence the characteristics of the dispersal event. Ultimate causes of dispersal refer to 

the evolutionary advantages of dispersal and why dispersal persists on the population 

level. Documenting an organism’s dispersal behavior and identifying factors that 

influence that behavior are crucial not only to understanding the basic ecology of a 

species, but also for providing critical information for the conservation and management 

of that species. Although dispersal is an important component of white-tailed deer 

(Odocoileus virginianus) ecology and management, it remains understudied and most 

analysis has focused on the dispersal of males. I investigated dispersal behavior patterns 

in female white-tailed deer to better understand proximate and ultimate causes of 

dispersal. 

Proximate cues influence important features of dispersal behavior, including when 

dispersal occurs, how long it lasts, and the direction, straightness, and distance of the 

dispersal path. I tracked 229 radiomarked (VHF collars, n = 204; GPS collars, n = 25) 

juvenile female white-tailed deer in 4 study areas in Pennsylvania to evaluate dispersal 

behavior and to determine proximate cues that influence dispersal. I observed dispersal in 

all 4 study areas, with an overall dispersal rate of 11.8%. Female dispersal largely 

occurred at 1 year of age with an average dispersal date of 6 June, which coincides with 



iv 

 

the fawning season. Dispersal paths varied, but were generally non-linear (average 

straightness = 0.579), long distanced (average dispersal distance = 18.0 km), and 

prolonged (average duration = 355 hrs). Physical landscape features (i.e., roadways, 

rivers, residential areas) were important influences on changing dispersal path direction 

and influencing where dispersal terminated, however topography did not influence 

dispersal direction. Additionally, forays outside the natal range that did not result in 

dispersal were recorded in 52% of GPS-collared deer during the dispersal period. Our 

results suggest that dispersal behavior in female deer is influenced by both intra-specific 

social interactions, particularly during the fawning season, and physical landscape 

features.  

The characteristics of dispersal behavior can provide insight into the ultimate 

causes and evolutionary strategies of dispersal. Hypotheses for the ultimate cause of 

dispersal suggest it is a beneficial strategy for the disperser because it reduces 

competition for local resources, reduces competition for breeding partners, and reduces 

the potential for inbreeding. Dispersal behavior in white-tailed deer predominantly occurs 

in 1-year-old males; however, females of the same age also disperse. The timing of 

female dispersal during fawning season and low dispersal rates suggest that competition 

for mates and reduced inbreeding are not ultimate causes of female dispersal, as 

suggested for males. I proposed that female dispersal is the result of competition for 

space when pregnant females seek to isolate themselves before and after parturition. To 

test this hypothesis, I conducted a meta-analysis of female dispersal rates from 12 

populations of white-tailed deer and predicted dispersal rate and distance were positively 
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related to deer density. I found a positive relationship between dispersal rate and deer per 

forested km2 and between dispersal distance and deer per forested km2. These results are 

consistent with the hypothesis that female dispersal is density-dependent and caused by 

the exclusion of subordinate 1-year-olds as adult females seek isolation before and after 

parturition.  
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Chapter 1 
 

Study Background 

Introduction 

Dispersal can be defined as a permanent movement away from a place of origin 

(Nathan 2001). Dispersal is a common life-history trait across taxa and is ecologically 

important because it influences gene flow, population dynamics, colonization, and the 

spread of disease (Murray 1967, Slatkin 1987, Rosenberry et al. 1999, Conner and Miller 

2004, Porter et al. 2004). The reasons animals disperse can be separated into two 

categories: proximate and ultimate causes (Alcock 2005).  

Proximate causes provide cues for dispersal to occur and can influence the 

characteristics of the dispersal event (Long et al. 2008). Proximate influences on deer 

dispersal include intra-specific social cues (Miller and Ozoga 1997, Long et al. 2008) and 

landscape features such as roads, topography, and rivers (Long et al. 2010).  

Dispersal behavior of vertebrates can be separated into 3 discrete phases: 

initiation, wherein an individual leaves its natal range; transfer, the process of the animal 

moving across the landscape in search of an adult range; and termination, where an 

animal settles upon an adult range distinct from the natal range (Andreassen et al. 2002). 

Proximate influences shape the individual’s dispersal behavior during all 3 of these 

phases. Intra-specific social interactions and behavioral responses have been cited as 

proximate causes that initiate dispersal (Brandt 1992, Etters et al. 1995). During the 

transfer phase, dispersal behavior is thought to be influenced by both social interactions 
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among individuals and features of the physical landscape (Brandt 1992, Wiens 2001). 

Termination of dispersal is believed to occur when proximate influences that prolong the 

transfer phase are no longer present (Nixon et al. 1991), and also may be influenced by 

physical landscape features, such as barriers (Long et al. 2010).   

Ultimate causes of dispersal refer to the evolutionary advantages of dispersal and 

why dispersal persists at the population level. Ultimate causes of dispersal have been 

attributed to reduced competition for local resources (Murray 1967, Lutz et al. 2015), 

inbreeding avoidance (Wolff et al. 1988, Long et al. 2008), reduced competition for 

mates (Dobson 1982, Long et al. 2008), colonization of a novel environment (Murray 

1967), or a combination of these factors (Brandt 1992, Lidicker and Stenseth 1992). For 

dispersal behavior to improve fitness and thus persist in the population, the ultimate 

benefits of dispersal must outweigh the risks and costs associated with traversing the 

landscape and inhabiting an unfamiliar location (Dobson 1982). 

Vertebrate dispersal is most common among juveniles or young adults and often 

sex-biased in sexually dimorphic species (Pusey 1987, Pusey and Wolf 1996). In 

particular, dispersal behavior typically occurs among juvenile females in birds and 

juvenile males in mammals (Greenwood 1980). This pattern is consistent with 

hypothesized ultimate causes of dispersal because young age classes are more likely to 

have reduced access to local resources and mates, and inbreeding avoidance is 

maximized when individuals of only 1 sex exhibit prominent dispersal behavior (Long et 

al. 2008). In contrast, sex-biased dispersal does not occur among mammalian species 

with minimal sexual dimorphism and that exhibit resource-defense polygyny (similar to 
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most birds), and inbreeding avoidance may be achieved via excursions by adult females 

during the breeding season (Gaillard et al. 2008). 

Maximum fitness occurs where the sex that requires the greatest familiarity with 

its local environment remains philopatric (Greenwood 1980). In red deer (Cervus 

elaphus), costs of dispersing are likely lower among males than females because 

variation in male reproductive success is less closely related to differences in home range 

quality compared to females (Clutton-Brock et al. 1982).  In white-tailed deer 

(Odocoileus virginianus), females provide parental care; therefore, female familiarity 

with local resources likely increases offspring fitness. Consequently, male white-tailed 

deer exhibiting female-defense polygyny would display dispersal behavior, and females 

would remain philopatric.  Indeed, dispersal behavior is most prevalent among 1-year-old 

males (Marchinton and Hirth 1984) and has been documented to occur in 46–75% of 

young male white-tailed deer (Long et al. 2005). Although females are more philopatric 

than males, dispersal has been documented to occur in 4–49% of female white-tailed deer 

(Lutz et al. 2015). 

 

Research Justification 

Documenting an organism’s dispersal behavior and identifying factors that 

influence that behavior are crucial not only to understanding the basic ecology of a 

species, but also for providing critical information for the conservation and management 

of that species.  

The management of white-tailed deer (Odocoileus virginianus) remains one of the 

more difficult challenges in wildlife management. The difficulty arises from the effect of 
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deer on an array of human stakeholders in forested, agricultural, and suburban 

environments. The variety of stakeholder interests leads to different demands on wildlife 

managers to address competing desires and concerns. Effective wildlife management 

depends on detailed knowledge of the life history characteristics of a species.  

For example, defining the parameters that influence dispersal rates and distances 

are critical to understanding the potential for the spread of diseases, such as chronic 

wasting disease (CWD), across the landscape (McCoy et al. 2005, Grear et al. 2006, Frost 

et al. 2009). Also, identifying potential barriers to dispersal would be beneficial for 

developing effective CWD containment areas. 

Knowledge of female deer dispersal also is critical for localized management of 

deer population densities. Managers are increasingly looking for methods to control deer 

densities in areas closed to hunting, such as parks and areas of suburban development. 

Currently used and proposed strategies often target females through trap-and-transfer, 

lethal removal, or the use of contraceptives. However, for these management strategies to 

be effective they must incorporate the effect of immigration from dispersing females on 

the target population (Campbell et al. 2004, Porter et al. 2004, Frost et al. 2009).  

Although dispersal is an important component of white-tailed deer ecology and 

management, it remains understudied and most analysis has focused on the dispersal of 

males. The low rates at which females disperse have limited research opportunities 

because studies that capture large numbers of deer are required to provide sufficient 

sample sizes of juvenile female dispersers. My analyses represent the most extensive 

effort to examine female dispersal patterns that has been conducted.  



5 

 

Study Areas 

I monitored dispersal behavior of female white-tailed deer in 4 study areas in 

Pennsylvania, USA (Figure 1.1). Study areas consisted of Wildlife Management Units 

(WMUs) 2D, 2G, 3C, and 4B, as delineated by the Pennsylvania Game Commission 

(PGC; Rosenberry and Lovallo 2003, Rosenberry et al. 2009). Study areas were large; 

however general landscape features and habitat types remained relatively consistent 

within each study area. We reported deer density as a range of population estimates that 

were calculated during capture years in each study area. Population estimates were 

provided by the PGC (Rosenberry et al. 2012), which were generated by integrated 

population models (White and Lubow 2002, Buderman 2012).  

 The WMU 2D study area was located in the Pittsburgh Low Plateau 

physiographic region of western Pennsylvania (Figure 1.2). The topography consisted of 

irregular, gradually sloped hills and topographical features lacked directional orientation. 

Elevations ranged from 235 m to 660 m. The area predominantly contained privately-

owned property consisting of farmland, forested areas, and small residential centers. 

Forest types were predominantly red oak-mixed hardwood and northern hardwood (Fike 

1999) and forest comprised 60% of the landscape. However, forests generally were 

contained in small woodlots fragmented by agricultural fields, roadways, and small 

residential areas. In all study areas, agricultural fields commonly were used to grow corn, 

soybeans, alfalfa, and grass hay. Deer density estimates ranged from 17.4 to 21.1 deer per 

km2. From 2009 through 2011, I monitored 24 juvenile female deer that were captured 

and tagged in the 2D study area.    
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The WMU 2G study area was located in the Deep Valleys section of the 

Appalachian Plateaus physiographic region of north-central Pennsylvania (Figure 1.3). 

The topography is dominated by high, flat plateaus and steep mountain slopes but these 

features lack directional orientation. The 10,658 km2 area ranged in elevations from 175 

m to 775 m. This study area consisted of 88% forest cover and comprised mostly of large 

tracts of publicly-owned forest. Agricultural land use was rare and residential areas were 

scarce. Forest types were similar to the WMU 2D study area. Deer density estimates 

ranged from 6.0 to 10.3 deer per km2. From 2005 through 2011, I monitored 73 juvenile 

female deer that were captured and tagged in the 2G study area. 

 The WMU 3C study area was located in the Glaciated Low Plateau section 

of the Appalachian Plateaus physiographic region of northeastern Pennsylvania (Figure 

1.4). The topography consisted of rounded hills and valleys that lacked directionality with 

elevations ranging from 190 m to 820 m. The 5,678 km2 study area was a patchwork of 

forested woodlots, agricultural fields, wetlands, and small human population centers. The 

landscape was 75% forested, with northern hardwoods being the most common forest 

type. Deer density estimates ranged from 15.0 to 19.6 deer per km2. From 2009 through 

2011, I monitored 17 juvenile female deer that were captured and tagged in the SC study 

area.    

The WMU 4B study area was located in the Ridge and Valley region of south-

central Pennsylvania and was 65% forested (Figure 1.5). The 4,120-km2 area is distinct 

from the other 3 study areas in that it consisted of long, parallel ridges and valleys 

oriented along a northeast-southwest axis. The ridges were forested, predominantly red 

oak-mixed hardwood type, and the valleys were mostly agricultural.  Roads and small 
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waterways were also largely oriented along a northeast-southwest axis due to the 

topography dominated by the ridges. Elevations ranged from 105 m to 695 m. Deer 

density estimates ranged from 9.1 to 14.2 deer per km2. From 2005 through 2011, I 

monitored 115 juvenile female deer that were captured and tagged in the 4B study area. 

  



 
 

 

   
 
Figure 1.1: Map of study areas 2D, 2G, 4B, and 3C. The twenty-two Pennsylvania Game Commission wildlife management 
units are delineated with black lines and hillside shading illustrates topography.  
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Figure 1.2: Study area 2D with capture locations of juvenile female deer captured 2009-2011. 
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Figure 1.3: Study area 2G with capture locations of juvenile female deer captured 2005-2011. 
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Figure 1.4: Study area 3C with capture locations of juvenile female deer captured 2009-2011. 
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Figure 1.5: Study area 4B with capture locations of juvenile female deer captured 2005-2011.



 
 

 

Literature Cited 

Alcock,  J. 2005. Animal behavior: an evolutionary approach. Sinaur Associates, 
Sunderland, Massachusetts, USA. 

 
Andreassen, H. P., N. C. Stenseth, and R. A. Ims. 2002. Dipsersal behavior and 

population dynamics of vertebrates. Pages 237–256 in J. M. Bullock, R. E. 
Kenward, R. S. Hails, editors. Dispersal ecology. Blackwell Publishing, Malden, 
Massachusetts, USA.  

 
Brandt, C. A. 1992. Social factors in immigration and emigration. Pages 96–141 in N. C. 

Stenseth, W. Z. Lidicker Jr., editors. Animal dispersal: small mammals as a 
model. Chapman and Hall, London, United Kingdom.  

 
Buderman, F. E. 2012. A joint Kaplan-Meier known-fate and Brownie tag-recovery 

model to estimate harvest and survival rates. Thesis, The Pennsylvania State 
University, University Park, USA. 

 
Campbell, T. A., B. R. LaSeter, W. M. Ford, and K. V. Miller. 2004. Feasibility of 

localized management to control white-tailed deer in forest regeneration areas. 
Wildlife Society Bulletin 32:1124–1131. 

 
Conner, M. M., and M. W. Miller. 2004. Movement patterns and spatial epidemiology of 

a prion disease in mule deer population units. Ecological Applications 14:1870–
1881. 

 
Clutton-Brock, T. H., F. E. Guinness, and S. D. Albon. 1982. Red deer: behavior and 

ecology of two sexes. University of Chicago Press, Illinois, USA. 
 
Dobson, F. S. 1982. Competition for mates and predominant juvenile dispersal in 

mammals. Animal Behaviour 30:1183–1192. 
 
Etters, D. R., C. M. Nixon, J. B. Sullivan, and J. A. Thomas. 1995. Emigration and 

survival of orphaned female deer in Illinois. Canadian Journal of Zoology. 
73:440–445. 

 
Fike, J. 1999. Terrestrial and palustrine plant communities of Pennsylvania. Pennsylvania 

Department of Conservation and Natural Resources. Harrisburg, USA.  
 
Frost, C. J., S. E. Hygnstrom, A. J. Tyre, K. M. Eskridge, D. M. Baasch, J. R. Boner, G. 

M. Clements, J. M. Gilsdorf, T. C. Kinsell, and K. C. Vercauteren. 2009. 



14 

 

Probabilistic movement model with emigration simulates movements of deer in 
Nebraska, 1990–2006. Ecological Modelling 220:1481–2490. 

 
Gaillard, J. M., A. J. M. Hewison, P. Kjellander, N. Pettorelli, C. Bonefant, B. Van 

Moorter, O. Liberg, H. Andren, G. Van Laere, F. Klein, J. M. Angibault, A. 
Coulon, and C. Vanpe. 2008. Population density and sex do not influence fine-
scale natal dispersal in roe deer. Proceedings of the Royal Society of London, B. 
Biological Sciences 257:2025–2030. 

 
Grear, D. A., M. D. Samual, J. A. Langenberg, and D. Keane. 2006. Demographic 

patterns and harvest vulnerability of CWD infected white-tailed deer in 
Wisconsin. Journal of Wildlife Management 70:546–553. 

 
Greenwood, P. J. 1980. Mating systems, philopatry and dispersal in birds and mammals. 

Animal Behaviour 28:1140–1162. 
          
Long, E. S., D. R. Diefenbach, C. S. Rosenberry, and B. D. Wallingford. 2008. Multiple 

proximate and ultimate causes of natal dispersal in white-tailed deer. Behavioral 
Ecology 19:1235–1242.  

 
Long, E. S., D. R. Diefenbach, C. S. Rosenberry, B. D. Wallingford, and M. D. Grund. 

2005. Forest cover influences dispersal distance of white-tailed deer. Journal of 
Mammalogy 86:623–629. 

 
Long, E. S., D. R. Diefenbach, B. D. Wallingford, and C. S. Rosenberry. 2010 Influence 

of roads, rivers, and mountains on natal dispersal of white-tailed deer.  Journal of 
Wildlife Management 74(6):1242–1249. 

        
Lutz, C. L., D. R. Diefenbach, and C. S. Rosenberry. 2015. Population density influences 

dispersal in female white-tailed deer. Journal of Mammalogy 96:494-501. 
 
Marchinton, R. L., and D. H. Hirth. 1984. Behaviour. Pages 129–168 in L. K. Halls, 

editor. White-tailed deer ecology and management. Stackpole Books, Harrisburg, 
Pennsylvania, USA. 

            
McCoy, J. E., D. G. Hewitt, and F. C. Bryant. 2005. Dispersal by yearling male white-

tailed deer and implications for management. Journal of Wildlife Management 
69:366–376. 

 
Miller, K. V., and J. J. Ozoga. 1997. Density effects on deer sociobiology. Pages 136–

150 in W. J. McShea, H. B. Underwood, and J. H. Rappole, editors. The science 
of overabundance: deer ecology and population management. Smithsonian 
Institute Press, Washington, D. C., USA  

 
Murray, B. G. 1967. Dispersal in vertebrates. Ecology 48:975–978. 
 



15 

 

Nathan, R. 2001. Dispersal biogeography. Pages 127–152 in S. A. Levin, editor. 
Encyclopedia of biodiversity. Academic Press, San Diego, California, USA. 

 
Nixon, C. M., L. P. Hansen, P. A. Brewer, and J. E. Chelsvig. 1991. Ecology of white-

tailed deer in an intensively farmed region of Illinois. Wildlife Monographs 
118:3-77. 

 
Porter, W. F., H. B. Underwood, and J. L. Woodard. 2004. Movement behavior, 

dispersal, and the potential for localized management of deer in a suburban 
environment. Journal of Wildlife Management 68:247–256. 

 
Pusey, A. E. 1987. Sex-biased dispersal and inbreeding avoidance in birds and mammals. 

Trends in Ecology and Evolution 2:295–299. 
 
Pusey, A. and M. Wolf. 1996. Inbreeding avoidance in animals. Trends in Ecology and 

Evolution 11:201–206. 
    
Rosenberry, C. S., J. T. Fleegle, and B. D. Wallingford. 2009. Management and biology 

of white-tailed deer in Pennsylvania. Pennsylvania Game Commission. 
Harrisburg, USA. 

 
Rosenberry, C. S., R. A. Lancia, and M. C. Conner. 1999. Population effects of white-

tailed deer dispersal. Wildlife Society Bulletin 27:858–864. 
 
Rosenberry, C. S., and M. J. Lovallo. 2003. A uniform system of management units for 

managing Pennsylvania’s wildlife resources. Pennsylvania Game Commission. 
Harrisburg, USA. 

 
Rosenberry, C. S., B. D. Wallingford, J. T. Fleegle, D. Gustafson, and P. Lupo. 2012. 

Deer health, forest health, deer harvests, and deer population trends by wildlife 
management unit. Pennsylvania Game Commission. Harrisburg, USA. 

 
Slatkin, M. 1987. Gene flow and the geographic structure of natural populations. Science 

236:787–792. 
                        
Wiens, J. A. 2001. The landscape context of dispersal. Pages 96–109 in J. Clobert, E. 

Danchin, A. A. Dhondt, J. D. Nichols, editorss. Dispersal. Oxford University 
Press, Oxford, United Kingdom.     

                        
White, G. C.  and B. C. Lubow. 2002. Fitting population models to multiple sources of 

observed data. Journal of Wildlife Management 66:300–309. 
 
Wolff, J. O., K. I. Lundy, and R. Baccus. 1988. Dispersal, inbreeding avoidance and 

reproductive success in white-footed mice. Animal Behavior 36:456–465.  
                               



16 

 

Chapter 2 
 

Proximate Influences on Female Dispersal in White-tailed Deer 

Chapter 2 was written in collaboration with Duane R. Diefenbach and Christopher 

S. Rosenberry and has been submitted to the peer-reviewed Journal of Wildlife 

Management, where it is currently being considered for publication. I have included the 

manuscript on the following pages as formatted for the Journal of Wildlife Management. 

I am first author.    

  



17 

 

ABSTRACT  

Ultimate causes of animal dispersal have been hypothesized to benefit the 

dispersing individual because dispersal reduces competition for local resources, reduces 

the potential for inbreeding, and reduces competition for breeding partners. However, 

proximate cues influence important features of dispersal behavior, including when 

dispersal occurs, how long it lasts, and the direction, straightness, and distance of the 

dispersal path. Therefore, proximate cues that affect dispersal can have an impact on 

important ecological processes such as population dynamics, disease transmission, and 

gene flow. We captured and radiomarked 277 juvenile female white-tailed deer 

(Odocoileus virginianus), of which 27 dispersed, to evaluate dispersal behavior and to 

determine proximate cues that may influence dispersal behavior. Female dispersal largely 

occurred at 1 year of age and coincided with the fawning season. Dispersal paths varied, 

but were generally non-linear and prolonged. Physical landscape features (i.e., roadways, 

rivers, residential areas) were important influences on changing dispersal path direction 

and influencing where dispersal terminated. Additionally, forays outside the natal range 

that did not result in dispersal were recorded in 52% of GPS-collared deer (n = 25) during 

the dispersal period. Our results suggest that dispersal behavior in female deer is 

influenced by both intra-specific social interactions and physical landscape features. 
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The reasons animals disperse can be separated into 2 categories: ultimate and 

proximate causes (Alcock 2005). Ultimate causes of dispersal refer to the evolutionary 

advantages of dispersal and why dispersal persists on the population level. Ultimate 

causes of dispersal have been attributed to reduced competition for local resources 

(Murray 1967, Lutz et al. 2015), inbreeding avoidance (Wolff et al. 1988, Long et al. 

2008), reduced competition for mates (Dobson 1982, Long et al. 2008), or a combination 

of these factors (Brandt 1992, Lidicker and Stenseth 1992). Proximate causes refer to 

direct influences on an individual that stimulate dispersal or affect the individual’s 

dispersal behavior. Proximate influences on deer dispersal include intra-specific social 

cues (Miller and Ozoga 1997, Long et al. 2008) and landscape features such as roads, 

topography, and rivers (Long et al. 2010).   

Dispersal behavior of vertebrates can be separated into 3 discrete phases: 

initiation, wherein an individual leaves its natal range; transfer, the process of the animal 

moving across the landscape in search of an adult range; and termination, where an 

animal settles upon an adult range distinct from the natal range (Andreassen et al. 2002). 

Proximate influences shape the individual’s dispersal behavior during all 3 of these 

phases. Intra-specific social interactions and behavioral responses have been cited as 

proximate causes that initiate dispersal (Brandt 1992). During the transfer phase, 

dispersal behavior is thought to be influenced by both social interactions among 

individuals and features of the physical landscape (Brandt 1992, Wiens 2001). 

Termination of dispersal is believed to occur when proximate influences that prolong the 

transfer phase are no longer present (Nixon et al. 1991), and also may be influenced by 

physical landscape features, such as barriers (Long et al. 2010).  However, proximate 
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influences on the 3 phases of dispersal remain poorly understood due to the logistical 

problems of collecting data on movement paths of dispersing animals (Bennets et al. 

2001, Andreassen et al. 2002), and the difficulty of observing the social and physical 

interactions experienced by the disperser.  

Social cues, particularly aggression, by sympatric members of the same species 

play an important role in initiating dispersal in mammals (Brandt 1992). In white-tailed 

deer, intra-specific competition and aggression peak during parturition and again during 

the breeding season. During parturition, pregnant females seek isolation and display 

agonistic behavior towards other deer, including relatives (Ozoga et al. 1982, Schwede et 

al. 1993).  The proximate cause of male deer dispersal initiated during parturition has 

been attributed to intersexual cues to avoid inbreeding (Woodson et al. 1980, Holzenbien 

and Marchinton 1992, Long et al. 2008). During the rut, conversely, males compete with 

other males to maximize breeding opportunities and intrasexual cues to reduce 

competition for mates have been cited as the proximate cause of male dispersal during the 

fall (Wahlstrom 1994, Rosenberry et al. 2001, Long et al. 2008).  Competition for 

fawning habitat has been proposed as the ultimate cause of female dispersal (Lutz et al. 

2015). Therefore we propose that female dispersal is proximately cued by aggression 

from females seeking isolation during parturition and we hypothesized that female 

dispersal will occur during the fawning period.  

The transfer phase of dispersal is prolonged by the continued presence of 

proximate cues that initiated dispersal and observed dispersal paths may be explained by 

individuals moving to the first unoccupied or uncontested home range (Waser 1985). 

Long et al. (2010) found dispersal paths of male white-tailed deer in Pennsylvania to be 
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brief and straight-lined. Therefore we expected female dispersal paths to have similar 

characteristics.  

The transfer phase also can be influenced by landscape features (Wiens 2001). 

Deer movement has been documented to be directionally influenced by watersheds 

(Sparrow and Springer 1970, Kernohan et al. 1994, Nixon et al. 1994) and ridges (Long 

et al. 2010). However, other studies have found landscape features to have no influence 

on deer movements (Verme 1973, Kilgo et al. 1996). We hypothesized that female 

dispersal direction would be axial aligned with parallel running ridges in our study area 

that had similar topography to that found in the Long et al. (2010) study.  

Both anthropogenic and natural features can act as barriers to dispersal (Mader 

1984, Ayres and Clutton-Brock 1992, Matics 2003) and influence the termination of a 

dispersal path. Identifying barriers to dispersal has important implications for population 

dynamics (Lutscher et al. 2005) and disease transfer (Xu and Ridout 2001, Conner and 

Miller 2004). We evaluated the termination of dispersal paths and hypothesized that 

termination of dispersal would be influenced by rivers, roads, and dense residential or 

otherwise developed areas.  

We studied dispersal behavior in female white-tailed deer in 4 study areas of 

Pennsylvania to examine proximate influences affecting dispersal behavior.  Our 

objectives were to 1) describe traits of dispersal among female white-tailed deer and 2) 

identify influences on female dispersal by testing hypothesized proximate influences on 

dispersal behavior. 
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STUDY AREA 

We monitored dispersal behavior of female white-tailed deer in 4 study areas in 

Pennsylvania, USA. Study areas consisted of Wildlife Management Units (WMUs) 2D, 

2G, 3C, and 4B, as delineated by the Pennsylvania Game Commission (PGC; Rosenberry 

and Lovallo 2003, Rosenberry et al. 2009). Study areas were large; however general 

landscape features and habitat types remained relatively consistent within each study 

area. We reported deer density as a range of population estimates that were calculated 

during capture years in each study area. Population estimates were generated by 

integrated population models (White and Lubow 2002, Buderman 2012) and provided by 

the PGC (Rosenberry et al. 2012).  

The WMU 2D study area was located in the Pittsburgh Low Plateau 

physiographic region of western Pennsylvania. The topography of the 6,458 km2 area 

consisted of irregular, gradually sloped hills and topographical features lacked directional 

orientation. Elevations ranged from 235 m to 660 m. The area predominantly contained 

privately-owned property consisting of farmland, forested areas, and small residential 

centers. Forest types were predominantly red oak-mixed hardwood and northern 

hardwood (Fike 1999) and forest comprised 60% of the landscape. However, forests 

generally were contained in small woodlots fragmented by agricultural fields, roadways, 

and small residential areas. In all study areas, agricultural fields commonly were used to 

grow corn, soybeans, alfalfa, and grass hay. Deer density estimates ranged from 17.4 to 

21.1 deer per km2.  

The WMU 2G study area was located in the Deep Valleys section of the 

Appalachian Plateaus physiographic region of north-central Pennsylvania. The 
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topography was dominated by high, flat plateaus and steep mountain slopes but these 

features lacked directional orientation. The 10,658 km2 area ranged in elevations from 

175 m to 775 m. This study area consisted of 88% forest cover and comprised mostly of 

large tracts of publicly-owned forest. Agricultural land use was rare and residential areas 

were scarce. Forest types were similar to the WMU 2D study area. Deer density estimates 

ranged from 6.0 to 10.3 deer per km2. 

The WMU 3C study area was located in the Glaciated Low Plateau section of the 

Appalachian Plateaus physiographic region of northeastern Pennsylvania. The 

topography consisted of rounded hills and valleys that lacked directionality with 

elevations ranging from 190 m to 820 m. The 5,678 km2 study area was a patchwork of 

forested woodlots, agricultural fields, wetlands, and small human population centers. The 

landscape was 75% forested, with northern hardwoods being the most common forest 

type. Deer density estimates ranged from 15.0 to 19.6 deer per km2. 

The WMU 4B study area was located in the Ridge and Valley region of south-

central Pennsylvania and was 65% forested. The 4,120-km2 area was distinct from the 

other 3 study areas in that it consisted of long, parallel ridges and valleys oriented along a 

northeast-southwest axis. The ridges were forested, predominantly red oak-mixed 

hardwood type, and the valleys were mostly agricultural.  Roads and small waterways 

were also largely oriented along a northeast-southwest axis due to the topography 

dominated by the ridges. Elevations ranged from 105 m to 695 m. Deer density estimates 

ranged from 9.1 to 14.2 deer per km2.  
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METHODS 

Deer Capture and Monitoring   

We captured 277 juvenile (approximately 8 months old at capture) female white-

tailed deer from 2005 through 2011. We captured deer following the conclusion of deer 

hunting season in mid-January through mid-April. We captured deer using single-gate 

Clover traps (Clover 1956), rocket nets (Beringer et al. 1996), and drop nets (modified 

from Ramsey 1968). We physically restrained, radio-tagged, and released without 

sedation deer captured in Clover traps. We chemically sedated deer immediately 

following capture in rocket or drop nets with 0.5 mg/kg of body mass of xylazine 

hydrochloride, fitted them with a radiotransmitter, and then intramuscularly administered 

an antagonist of 2 mg/kg of body mass of tolazoline hydrochloride (Rosenberry et al. 

1999). We also fitted all deer captured with ear tags and released all deer at the capture 

location. We handled all animals in accordance with protocols approved by the 

Pennsylvania State University Institutional Animal Care and Use Committee (IACUC 

No. 34910).  

We equipped juvenile females with either a very-high-frequency (VHF) neck 

collar (ATS, Inc., Isanti, Minnesota) or a global positioning system (GPS) neck collar 

(Vectronic Aerospace GmgH, Berlin, Germany, 863 g; Telonics, Inc., Mesa, Arizona, 

700 g; H.A.B.I.T. Research Ltd., Victoria, British Columbia, 750 g). We fitted all deer 

captured with two uniquely numbered plastic ear tags (Original Tags, Temple Tag Co., 

Temple, Texas), one in each ear, that  included a toll-free phone number for our research 

office.   



24 

 

We located individuals fitted with VHF collars at least once per week using 

ground-based radiotelemetry. We searched for missing deer using fixed-wing aircraft, 

typically in late summer and again in late fall. We estimated locations from ground-based 

telemetry data using LOAS 2.04 (Ecological Software Solutions, Sacramento California). 

All GPS collars recorded locations at least once per day, and 17 GPS collars recorded 

locations every 1.5 hours from 1 May to 15 July, corresponding with the female dispersal 

period. 

Analytical Methods 

We defined dispersal to have occurred if an individual displayed a permanent, 1-

way movement from a natal range to a distinct adult range (Kenward et al. 2001, 2002), 

such that pre-dispersal locations did not overlap post-dispersal locations (Long et al. 

2005, Lutz et al. 2015). Since dispersal in female deer younger than 11 months is not 

known to occur (Marchinton and Hirth 1984, Vreeland 2004), we assumed that we 

captured juveniles on their natal range. We defined dispersal rate as the proportion of 

individuals that dispersed from natal to adult range. We calculated dispersal distance as 

the straight-line distance between median x and y natal and adult coordinates (Kenward 

et al. 2002). We designated the date of dispersal as the first date a location was recorded 

outside the natal range, or the date when a search failed to locate the animal within its 

natal range and the deer was later located outside the natal range (Long et al. 2008). We 

performed all spatial data analysis using ArcGIS (Environmental Systems Research 

Institute v. 9.2 2006). 

We calculated the direction of dispersal as the azimuth measurement from true 

north between the median x and y natal range coordinates and the median x and y adult 
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range coordinates. We used Rao’s spacing test (Batschelet 1981) to test for a directional 

trend in dispersal direction. In the 4B study area, we calculated the orientation of 

topographical features by estimating the azimuth orientation of each named ridge within 

the study area. We calculated the axial direction of dispersals and ridge orientation using 

modulus 360 and determined whether the mean varied from random using the Rayleigh Z 

test. We used Greenwood and Durand’s V test to determine if there was a relationship 

between dispersal directions and mean axial orientation of ridges.    

We used only deer fitted with GPS-collars (n = 25) to evaluate dispersal paths, 

forays outside of the natal range, and interactions with barriers. Deer equipped with 

VHF-collars were not considered due to an insufficient number of locations recorded 

during the dispersal event. We estimated dispersal path distance as the sum of the 

distances between subsequent points from the first and last point of the dispersal event. 

Only sequential movements of > 250 m were considered. We characterized path 

straightness as the straight-line distance between first and last points of the dispersal path 

divided by the total dispersal path length. We identified potential barriers to dispersal to 

be highways (interstate highways, U.S. and State Routes), dense residential or developed 

areas, and large rivers as did Long et al. (2010).      

RESULTS 

Of the 277 individuals captured, radiomarked, and released, we considered 229 

(82.7%) for analysis (VHF, n = 204; GPS, n = 25). We censored the remaining 48 

individuals because of death, shed transmitter, or permanent loss of signal prior to 1 

August, by which time >95% of the dispersers had established adult ranges.  
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We observed dispersal of juvenile females in all 4 study areas, with an overall 

dispersal rate of 0.118 (SE = 0.021, n = 229). Average dispersal distance was 18.0 km 

(SE = 7.0, n = 27) with a maximum dispersal distance of 52.9 km. The average date of 

dispersal was 6 June (SE = 7.5 days, n = 27), with the earliest date of dispersal occurring 

19 March and the latest occurring 13 November. However, 25 of the 27 females that 

dispersed did so from 2 May to 7 July with an average of 2 June (SE = 3.4 days). Two 

individuals (7.4%, n = 27) were killed during dispersal via vehicle and train collisions.  

Among the 3 study areas with irregular topography, the distribution of dispersal 

directions did not differ from uniformity (URao = 129, n = 10, p > 0.10) nor was there a 

mean axial direction of dispersal (Z = 1.859, n = 10, P > 0.10). In the 4B study area, the 

ridges were oriented along a 45 – 225 degree axis (Z = 21.713, r = 0.897, n = 27, P < 

0.05), however there was no relationship between deer dispersal direction and ridge 

orientation (Fig. 1; V = 0.0271, P > 0.10). Further, the distribution of dispersal directions 

in this study area did not differ from uniformity (URao = 139, n = 17, P > 0.10) and we 

failed to detect an axial direction of dispersal (Z = 1.14, n = 17, P > 0.10). 

We obtained dispersal paths for 8 GPS-collared deer. The duration of dispersal 

events ranged from 14 hours to 1330 hours (55 days, 10 hrs), with an average of 355 

hours (SE = 159) and median of 200 hours. The average dispersal distance (straight-line 

distance from median natal range to median adult range) for these individuals was 15.3 

km (SE = 2.7, median = 16.4 km); however, dispersal paths averaged 51.8 km (SE = 

29.7, median = 22.5 km). Therefore, dispersal paths were generally non-linear (average 

straightness = 0.579, SE = 0.097). Dispersal paths averaged 3.8 direction changes greater 

than 45 degrees (SE = 1.3), and 80.6% of those direction changes occurred when the 
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animal encountered an apparent physical barrier on the landscape. However, most 

physical barriers were semi-permeable because 62.5% of the GPS-collared females that 

dispersed eventually crossed a barrier that had previously caused a direction change.  

The termination of the dispersal path was influenced by a physical barrier in 5 of 

7 (71.4%) GPS-collared dispersers. Four terminated the dispersal on the near side of a 

barrier and established an adult home range within 1 home range radius of the barrier. 

Another GPS-collared female stopped at the near side of a barrier, regressed 3.3 km along 

the previous dispersal path and established an adult home range. One GPS-collared 

female was killed during dispersal and was not considered in this analysis. Among radio-

collared dispersers, 5 of 15 (33.3%) terminated the dispersal within 1 home range radius 

of a physical barrier. Four radio-collared dispersers were not considered for this analysis 

because they were either killed during dispersal or lacked adequate adult home range 

locations to estimate a home range. Of the 10 deer that terminated their dispersal at a 

barrier, 6 barriers were highways, 3 were residential or developed areas, and 1 was a 

large river.    

Forays outside the natal range (Fig. 2) that did not result in dispersal were 

recorded in 13 of the 25 (52%) GPS-collared females. Four of 8 dispersers and 9 of 17 

non-dispersers made forays, and 7 of those 13 (53.8%) individuals participated in 

multiple forays. The average date of forays was 23 May (SE = 5.3 days) and ranged from 

20 Mar to 12 July (n = 27). The duration of the forays averaged 46.2 hours (SE = 8.6) 

and ranged from 11 hours to 228 hours (n = 26). The straight-line distance from natal 

home range to the furthest extent of the foray averaged 6.2 km (SE = 0.7, n = 27), and 

foray paths averaged 14.2 km (SE = 14.2, n = 27). Forays also were influenced by 
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barriers with 40.7% (n = 27) of forays ending at an obvious physical barrier prior to the 

animal returning to its natal home range.  

DISCUSSION 

In general, forays outside the natal range were common even though female 

dispersal rates were low, timing of movements largely coincided with the fawning 

season, and dispersal events were prolonged and non-linear. Also, semi-permeable 

barriers influenced dispersal behavior but topography did not influence directionality of 

the dispersal path.  

As predicted, we found that female dispersal largely coincides with the fawning 

period. This supports our hypothesis that agonistic behavior displayed by socially 

dominant females toward other deer during parturition is a proximate cause of female 

dispersal. Of those individuals that dispersed outside of the fawning period, 1 dispersed 

on 19 March and the other on 13 November. Although dispersal in white-tailed deer has 

been widely documented to coincide with either the fawning season or the breeding 

season (Long et al. 2005, Lutz et al. 2015), we have found no record in the literature of 

deer dispersing in the late winter. The female that dispersed in March may have been 

influenced by its capture because the animal moved approximately 5.8 km from where it 

was trapped just 7 days after its capture.  The female that dispersed in November 

dispersed during the breeding season. This may have been proximately initiated by a 

dispersing male sibling, because siblings have been documented to disperse together 

during the fawning period (Nelson and Mech 1992, Lutz et al. 2015), or by being pursued 

outside of its natal range by rutting males.  



29 

 

Counter to our prediction, we found female dispersal to be comparatively 

prolonged, long distanced, and non-linear (Fig. 3). Long et al. (2010) found dispersal 

paths of male white-tailed deer in Pennsylvania to be brief and straight-lined, and 

proposed that these attributes efficiently reduced inbreeding potential. During the transfer 

phase, males may be proximately cued to continue dispersing as they interact with 

dominant males; however they are ultimately motivated to continue to distance 

themselves from their natal range in a linear fashion to minimize inbreeding potential. 

Our results suggest that female dispersal is not ultimately motivated by inbreeding 

avoidance and that proximate social interactions with other agonistic, dominant females 

perhaps prolong the transfer phase and alter the dispersal path in a non-directional 

manner. Further, multi-directional dispersal paths may also facilitate habitat exploration, 

which may be disproportionately important for females searching for an adult range 

suitable for rearing offspring.  

Also in contrast to our hypothesis, landscape features did not influence the 

directionality of female dispersal. This is contrary to what Long et al. (2010) found in 

male dispersers in a similar landscape of Pennsylvania. We speculate that landscape 

features may have an important influence on dispersal direction during the initiation 

phase, however intrasexual social cues from adult females during the transition phase 

may result in non-linear and randomly oriented female dispersal paths. Directional 

dispersal in deer has also been reported along river features in Montana (Dusek et al. 

1989) and South Dakota (Sparrow and Springer 1970, Kernohan et al. 1994), however, 

directionality of movements may be attributed to animals favoring better habitat found 

along these river systems.   
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Our results were consistent with our hypothesis that barriers would influence the 

termination of the dispersal path. Similar to Long et al. (2010), we found that highways, 

large rivers, and developed areas were semi-permeable barriers during dispersal. 

However, many barriers that initially prevented further dispersal, were subsequently 

crossed by the disperser at a later time. This reinforces the concept that dispersal behavior 

is influenced by multiple, interacting cues.  

Interestingly, we documented a high number of forays outside of female natal 

ranges during the fawning period. Skuldt et al. (2008) also documented exploratory 

movements in 31% (n = 32) of yearling females and 43% (n = 23) of yearling males. This 

suggests that proximate cues that initiate dispersal are common during the fawning 

period, but do not always result in dispersal. These extra-home range movements may 

also have important implications on disease transmission that may not have been fully 

considered.  

Barriers play an important role in limiting permanent dispersal movements, and 

increased fragmentation in an anthropogenically modified landscape may reduce the 

distance and rates of dispersal (Shepard et al. 2008). Even in comparatively rural 

landscapes in Pennsylvania, barriers were associated with the termination of 45.5% of 

dispersal paths and 40.7% of forays. Anthropogenic causes of mortality, such as vehicle 

collisions, may also have important implication on survival rates of dispersing individuals 

(Trombulak and Frissell 2000).  

MANAGEMENT IMPLICATIONS 

Movements of individuals influence the spatial spread of directly transmitted 

disease (Russel et al. 2004, Hosseini et al. 2006, Green et al. 2014). Of particular concern 
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is the spread of Chronic Wasting Disease (CWD). The ease at which CWD prions are 

shed makes any long-distance movements by deer a concern (Oyer et al. 2007), and 

forays and dispersal represent natural modes of disease spread by white-tailed deer. 

Frequency of forays and the prolonged and lengthy dispersal movements of females 

enhance the chances of females shedding prions in novel areas or acquiring prions during 

forays and dispersal. Additionally, the lack of directionality in female dispersal and the 

semi-permeable nature of physical barriers also should be considered in regards to 

management objectives aimed at controlling the spread of disease. Finally, the 

relationship between deer density and female dispersal (Lutz et al. 2015) provides 

support for maintaining lower deer densities in disease areas as part of efforts to reduce 

disease spread. 
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FIGURE CAPTIONS 

Figure 1. Dispersal direction for 17 radio- or GPS-marked juvenile white-tailed deer in 

the Pennsylvania 4B study area. Distribution of dispersal directions (black dots) did not 

differ from uniformity (P > 0.287) nor was there a mean axial direction (P > 0.10). 

Directional orientation of the ridges in 4B were axially aligned (P < 0.05, dashed line), 

however there is no relationship between dispersal direction and ridge orientation (P > 

0.10).  

 

Figure 2. Example of pre-dispersal forays outside the natal range by a juvenile female 

white-tailed deer equipped with a GPS-transmitter in Pennsylvania, USA (2011). Natal 

range is plotted as a minimum convex polygon and arrows indicate direction of 

movement. The foray to the north and east occurred 12 May 2011 and the foray to the 

south and east occurred 17 May 2011.  

 

Figure 3. Example of a natal range, dispersal path, and adult range of a female white-

tailed deer equipped with a GPS-transmitter in Pennsylvania, USA (2011). Figure 2 is 

inset, natal and adult ranges are plotted as minimum convex polygons, and arrows 

indicate direction of movement. Dispersal began on 25 May 2011 and concluded on 19 

July 2011 (55 days, 10 hrs), and the dispersal path was 258 km. State highways, limited-

access highways (≥4 lanes), and rivers classified as fourth order or larger were plotted as 

they acted as semi-permeable barriers and often resulted in a dispersal direction change.  
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Figure 3.  
 

   



 
 

 

Chapter 3 
 

Population Density Influences Dispersal in Female White-tailed Deer 

The contents of this chapter were published in the peer-reviewed Journal of 

Mammalogy. The manuscript was written in collaboration with Duane R. Diefenbach and 

Christopher S. Rosenberry. I have included the published proofs of this paper on the 

following pages.  
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Appendix A 
 

 Dispersal Records for 27 Juvenile Female White-tailed Deer from Pennsylvania 

      
Median 
Natal 

Longitude 
(UTM)a  

Median 
Natal 

Latitude 
(UTM)a  

Median 
Adult 

Longitude 
(UTM)a  

Median 
Adult 

Latitude 
(UTM)a  

      
Dispersal 

Path 
Distance 

(km)d 

  

  Year of 
Capture 

Dispersal 
Distance 

(km)b 

Dispersal 
Direction 

(°)b 

 Dispersal 
Path 

Straightnesse  
Study 
Area 

Day of 
Dispersalc ID 

4370 4B 2005 279626 4463811 326310 4482887 50.4 55 27-Jun 
  4647 4B 2005 276698 4465047 276766 4464907 7.6 222 07-Jun 
  5010 2G 2005 253318 4557757 264717 4558444 11.4 85 07-Jul 
  5333 2G 2005 252191 4550095 741974 4540454 17.4 226 21-Jun 26.7 0.652 

6044 4B 2006 280015 4463280 300675 4512133 52.9 19 10-May 
  6118 4B 2007 279997 4463675 311020 4476720 33.6 65 28-Jun 
  6200 4B 2007 310843 4458534 329290 4463130 19.0 75 06-Jun 
  6272 4B 2006 276134 4462378 281416 4468274 7.9 40 12-Jun 
  6316 4B 2007 309051 4460602 309672 4457772 3.9 151 29-May 
  6370 4B 2007 280006 4462829 305847 4472497 8.5 212 21-May 
  6460 4B 2007 313666 4460980 308706 4465333 6.6 310 13-Nov 
  6730 3C 2009 420699 4636380 418880 4638704 3.8 173 22-Jun 
  6860 2G 2008 248021 4562376 254658 4555005 10.0 137 21-May 
  6864 2G 2008 735366 4574003 204576 4557949 33.0 231 01-May 
  7508 4B 2008 323811 4462274 309075 4490075 31.5 335 28-May 
  7600 4B 2007 320524 4475041 300023 4482078 21.7 293 14-May 41.8 0.519 

7684 4B 2008 293781 4481318 280795 4469295 17.7 226 27-May 
  7712 4B 2011 305152 4484768 321316 4491894 17.5 56 11-May 
  7714 4B 2011 295551 4466674 290352 4469285 5.8 290 19-Mar 6.7 0.866 
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Median 
Natal 

Longitude 
(UTM)a  

Median 
Natal 

Latitude 
(UTM)a  

Median 
Adult 

Longitude 
(UTM)a  

Median 
Adult 

Latitude 
(UTM)a  

      
Dispersal 

Path 
Distance 

(km)d 

  

  Year of 
Capture 

Dispersal 
Distance 

(km)b 

Dispersal 
Direction 

(°)b 

 Dispersal 
Path 

Straightnesse  
Study 
Area 

Day of 
Dispersalc ID 

7852 4B 2011 323804 4483048 332956 4470676 15.3 142 06-Jun 32.3 0.474 
7854 4B 2009 277038 4472035 291297 4497982 29.6 26 19-May 

  7984 4B 2011 295153 4467360 279006 4459258 18.2 242 15-Jun 18.3 0.995 
8014 2D 2011 606510 4540100 601297 4541806 5.5 289 02-Jun 

  8044 2D 2011 640800 4538192 617964 4522770 28.0 237 25-May 258 0.109 
8705 3C 2011 455220 4636691 461077 4633660 6.6 117 19-May 15.8 0.418 
8713 3C 2011 464684 4625906 455733 4624472 9.0 261 09-Jun 15.0 0.600 
9017 3C 2010 421121 44615579 428666 4628224 14.7 36.4 11-Jun     

            
            
            
            aCoordinates in NAD-27 Zone 17N for 2D, Zone 18N for 2G, 3C, and 4B 

bEstimated straight-line distance from median natal to median adult locations. If fewer than 10 locations were recorded for a natal range, 
then the capture location was used as the natal range location. If fewer than 10 locations were recorded for an adult range, then the 
mortality location was used.  
cThe first date a location was recorded outside the natal range, or the date when a search failed to locate the animal within its natal range 
and the deer was later located outside the natal range.  
dThe sum of the distances between subsequent points travelled by a disperser between the natal and adult MCP ranges. Calculated for 
deer fitted with GPS-collars only.  
eStraight-line distance between first and last points of the dispersal path divided by the total dispersal path length. A perfectly straight 
dispersal path would have a value of 1 with the dispersal path being more tortuous as the value approaches 0. Calculated for deer fitted 
with GPS-collars only.  

  



 
 

 

Appendix B 
 

Dispersal Path Maps for 8 Juvenile Female White-tailed Deer from Pennsylvania fitted with GPS collars 
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Natal range, dispersal path, and adult range of a female white-tailed deer (ID = 5333) equipped with a GPS-transmitter in study area 
2G. Natal and adult ranges are plotted as minimum convex polygons, and arrows indicate direction of movement. Dispersal began on 
21 June 2005 and lasted 28 days, 0 hours; dispersal distance was 17.4 km; and the dispersal path was 26.7 km. State highways, 
limited-access highways (≥4 lanes), and rivers classified as fourth order or larger were plotted as they acted as semi-permeable 
barriers and often resulted in a dispersal direction change. 
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Natal range, dispersal path, and adult range of a female white-tailed deer (ID = 7600) equipped with a GPS-transmitter in study area 
4B. Natal and adult ranges are plotted as minimum convex polygons, and arrows indicate direction of movement. Dispersal began on 
14 May 2007 and lasted 13 days, 0 hours; dispersal distance was 21.7 km; and the dispersal path was 41.8 km. State highways, 
limited-access highways (≥4 lanes), and rivers classified as fourth order or larger were plotted as they acted as semi-permeable 
barriers and often resulted in a dispersal direction change. 
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Natal range, dispersal path, and adult range of a female white-tailed deer (ID = 7714) equipped with a GPS-transmitter in study area 
4B. Natal and adult ranges are plotted as minimum convex polygons, and arrows indicate direction of movement. Dispersal began on 
19 March 2011 and lasted 34 hours; dispersal distance was 5.8 km; and the dispersal path was 6.7 km. State highways, limited-access 
highways (≥4 lanes), and rivers classified as fourth order or larger were plotted as they acted as semi-permeable barriers and often 
resulted in a dispersal direction change. 
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Natal range, dispersal path, and adult range of a female white-tailed deer (ID = 7852) equipped with a GPS-transmitter in study area 
4B. Natal and adult ranges are plotted as minimum convex polygons, and arrows indicate direction of movement. Dispersal began on 
06 June 2011 and lasted 11 days, 15 hours; dispersal distance was 5.8 km; and the dispersal path was 6.7 km. Locations recorded 
during a foray outside of the natal range are indicated in yellow. The animal was killed during dispersal due to a collision with a train 
at the location indicated by the orange square. State highways, limited-access highways (≥4 lanes), and rivers classified as fourth order 
or larger were plotted as they acted as semi-permeable barriers and often resulted in a dispersal direction change. 
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Natal range, dispersal path, and adult range of a female white-tailed deer (ID = 7984) equipped with a GPS-transmitter in study area 
4B. Natal and adult ranges are plotted as minimum convex polygons, and arrows indicate direction of movement. Dispersal began on 
15 June 2011 and lasted 14 hours; dispersal distance was 18.2 km; and the dispersal path was 18.3 km. Locations recorded during 3 
separate forays outside of the natal range are indicated in yellow. State highways and rivers classified as fourth order or larger were 
plotted as they acted as semi-permeable barriers and often resulted in a dispersal direction change. 
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Natal range, dispersal path, and adult range of a female white-tailed deer (ID = 8044) equipped with a GPS-transmitter in study area 
2D. Natal and adult ranges are plotted as minimum convex polygons, and arrows indicate direction of movement. Dispersal began on 
25 May 2011 and lasted 55 days, 10 hours; dispersal distance was 28.0 km; and the dispersal path was 237 km. State highways, 
limited-access highways (≥4 lanes), and rivers classified as fourth order or larger were plotted as they acted as semi-permeable 
barriers and often resulted in a dispersal direction change. 
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Natal range, dispersal path, and adult range of a female white-tailed deer (ID = 8705) equipped with a GPS-transmitter in study area 
3C. Natal and adult ranges are plotted as minimum convex polygons, and arrows indicate direction of movement. Dispersal began on 
19 May 2011 and lasted 3 days, 4 hours; dispersal distance was 6.6 km; and the dispersal path was 15.8 km. State highways, limited-
access highways (≥4 lanes), lakes, and rivers classified as fourth order or larger were plotted as they acted as semi-permeable barriers 
and often resulted in a dispersal direction change. 
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Natal range, dispersal path, and adult range of a female white-tailed deer (ID = 8713) equipped with a GPS-transmitter in study area 
3C. Natal and adult ranges are plotted as minimum convex polygons and arrows indicate direction of movement. Arrows are 
numbered to show the sequence of the dispersal path. Dispersal began on 9 June 2011 and lasted 5 days, 0 hours; dispersal distance 
was 9.0 km; and the dispersal path was 15.0 km. State highways, limited-access highways (≥4 lanes), lakes, and rivers classified as 
fourth order or larger were plotted as they acted as semi-permeable barriers and often resulted in a dispersal direction change. 
  



 
 

 

Appendix C 
 

R Script for Meta-analyses Models 

### Dispersal Rate ~ Deer/Forested km^2 ### 
 
 
### Import data### 
dfmeta<-read.table("MetaData.txt",na.strings='NA',header=T) 
head(dfmeta) 
summary(dfmeta) 
 
### Logistic regression model for Dispersal Rate ~ Deer/Forested km ### 
### Use logit function ### 
mforest <- glm(cbind(disperse,nodisperse)~POP.forest, data=dfmeta, family="binomial") 
summary(mforest) 
### intercept = -2.05, p<0.001, SE= 0.146, df=11; X = 0.0026, p<0.001, SE=0.00041, df=10; 
AIC = 63.456  ### 
 
### Calculate AIC for null model ### 
mnull <- glm(cbind(disperse,nodisperse)~1, data=dfmeta, family="binomial") 
summary(mnull) 
###AIC = 100.06### 
###Delta AIC = 36.6##### 
 
### Remove outliers of very high deer density per forest km#### 
 
### Import data with no outlier data ### 
dfmetaANO<-read.table("MetaDataNO.txt",na.strings='NA',header=T) 
head(dfmetaANO) 
summary(dfmetaANO) 
 
### Logistic regression model for Dispersal Rate ~ Deer/Forested km with no outliers ### 
mforestANO <- glm(cbind(disperse,nodisperse)~POP.forest, data=dfmetaANO, 
family="binomial") 
summary(mforestANO) 
### intercept = -2.343, p<0.001, SE= 0.2269, df=9; X = 0.007313, p<0.0257, SE=0.003278, 
df=8; AIC = 46.556  ### 
 
### Calculate AIC for null model without outliers ### 
mnullANO <- glm(cbind(disperse,nodisperse)~1, data=dfmetaANO, 
family="binomial")summary(mnullANO) 
###AIC = 49.349### 
###Delta AIC = 2.793##### 
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######################################################################## 
 
### Dispersal Distance ~ Deer/Forested km^2 ### 
 
 
### Logistic regression model for Dispersal Distance ~ Deer/Forested km ### 
### Weight regression by number of dispersers ### 
m1<-lm(AVG.distance~POP.forest,weight=disperse,data=dfmeta) 
summary(m1) 
###intercept = 18.703, p=0.016068, SE=3.710,  r^2 = 0.4926### 
 
### Remove outliers of very high deer density per forest km#### 
m1NO<-lm(AVG.distance~POP.forest,weight=disperse,data=dfmetaANO) 
summary(m1NO) 
###p=0.2710, r^2 = 0.1694### 
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