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ABSTRACT

Wolf ( Canis lupus) movements are either beyond or w ithin th e  te rrito ry  boundary. R are dis

persal m ovem ents beyond the  te rrito ry  boundary  occur to  colonize new territories. W ithin their 

territories wolves raise pups and hunt. I analyze d a ta  from GPS collars on wolves and develop 

m athem atical m odels for movement bo th  w ithin and beyond the te rrito ry  boundary. I derive an 

integrodifference m odel to  investigate the  effects of reproduction, pair form ation and dispersal on 

colonization rates. For w ithin te rrito ry  movements, I develop a sta tistica l model to  determ ine 

the effect of GPS m easurem ent error on m easured distributions of tu rn ing  angles and directional 

biases. I te s t for a  directional bias w ith  respect to  p ast kills, the  te rrito ry  boundary  and elevation 

gradients for w ith in  te rrito ry  movements. Together these models show the role of pair formation, 

G PS m easurem ent error and ecological features in determ ining m ovement p a tte rn s  and population 

spread.
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Chapter 1

Introduction

W olf ( Canis lupus) behaviour and  movem ents have been studied a t length by biologists around the 

world. W olf hunting  and pup-rearing movements are confined to  a  relatively fixed home range th a t 

is defended from in truders w ith little  overlap between neighbouring wolf packs (Mech and Boitani, 

2003). T he area  occupied is considered a te rrito ry  and wolf territo ries have been docum ented to  

be as large as 1645 km 2 (Ballard e t al., 1987). However, when dispersing to  search for a  m ate or 

new pack, wolves will move beyond the  boundary  of the ir territories. Wolf dispersal is defined as 

the  m ovem ent betw een the  tim e a  wolf perm anently  leaves its na ta l home range and th e  tim e the 

wolf establishes or joins a  new pack (Boyd-Heger, 1997). Wolf dispersal distances are known to 

range between tens of kilom eters (Boyd-Heger, 1997) and g rea ter th an  800 km (B allard e t al., 1983; 

FrittSj 1983; Boyd and Pletscher, 1999). Therefore, on the basis of spatia l extent, wolf movements 

can be divided into two groups; 1) long distance dispersal movements; likely associated w ith  finding 

a m ate  or a  new pack, and 2) sho rter movements; likely associated w ith  hunting, te rrito ry  defense 

and pup  rearing.

M odels of anim al movem ent bo th , beyond and w ithin the  te rrito ry  boundary, can be classified 

as are either phenom enological o r m echanistic. Phenomenological models focus on accurately de

scribing observed p a tte rn s . W orton (1987) reviewed phenom enological home range models. Two 

exam ples of phenom enological hom e range models are M inim um  Convex Polygons (M CPs, M ohr 

1947; Kie e t al. 1996) and kernel density  estim ators (W orton, 1989; Kie e t al., 1996). Mechanis

tic  m odels focus on identifying processes th a t  cause observed pa tte rn s. Adam s (2001) reviewed 

m echanistic home range models, O f m echanistic models, diffusion models (e.g., correlated random

1
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walks) are particularly  appropriate  for modelling anim al movement where autocorrelation exists 

between successive anim al locations (Kareiva and Shigesada, 1983).

Modelling dispersing populations

Diffusion is a  “phenom enon by which the particle group as a  whole spreads according to  th e  ir

regular motion of each particle” (Okubo and Levin, 2001). In the  context of anim al populations, 

diffusion models predict the spread of invading populations given the dispersal distances of individ

uals. Several p ast studies use diffusion equations to  model invading m am m al populations (Skellam, 

1951; Caughley, 1970; Clarke, 1971; Lubina and Levin, 1988).

Intcgrodiffercncc equations (K ot c t al., 1996) are a  recent advance on the diffusion modelling 

framework th a t allows for discrete yearly  reproduction  and dispersal as well as non-diffusive motion. 

They have been used to  model invasions of house finches ( Carpodacus mexicanus,  Veit and Lewis 

1996), boll weevil (Anthonomus grandis, Legaspi e t al. 1998), a  boll weevil parasito id  ( Catolaccus 

grandis, Legaspi c t al. 1998), and p lan ts (Clark, 1998; N eubert and Caswell, 2000). In C hapter 2, 

I derive an integrodifference model th a t combines dispersal, pair form ation, and reproduction to  

study  wolf recolonization to  the G reater Yellowstone Ecosystem  (GY E). 1 hypothesize th a t wolf 

spread is influenced by a  reduced probability  of finding m ates a t low densities and quantify the 

effect of pair form ation, reproduction, and dispersal param eters on recolonization rates.

An Alice effect is “a  positive relationship between a com ponent of individual fitness and pop

ulation density or num ber” (Stephens e t al., 1999; Boukal and Berec, 2002). Since a  reduced 

probability of finding m ates at low densities is a  m echanism  th a t m ay cause an Allee effect, the 

contributions of C hap ter 2 to  Allee effect theory are discussed. In  particu lar, p as t studies have not 

m ade the distinction between Allee effect mechanism s th a t  reduce the  probability  of establishing 

new breeding un its (i.e., pair form ation) and m echanism s th a t  decrease the per cap ita  grow th ra te  

of established breeding units (i.e., cooperative hunting). I derive a m echanistic model where a 

reduced probability of finding m ates a t low densities influences the probability  of establishing new 

breeding units. T he model I derive predicts wolf recolonization to  the  GYE a t  a  ra te  consistent 

w ith the observed ra te  of recolonization.

2
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Modelling within territory movements

Wolf movements w ithin a territo ry  are influenced by m any factors. M uch of a  wolf’s tim e is spent 

hunting and hunting movements arc m ost likely influenced by prey density and ecological features 

(Nelson and Mecli, 1986; Puller, 1989; Hebblewhite, 2005). T he age of wolf pups also influences 

wolf hunting movements. In N orth  America, wolf pups are born in early spring. W hen canid pups 

are young and not yet able to  travel long distances, pack hunting movements are followed by re tu rn  

movements to  the den (Siniff and Jesscn, 1969). A t five to  ten  weeks old (Mcch, 1988) pups are 

old enough to  be moved and pack m em bers bring food back to  the pups a t rendezvous sites. Pups 

are periodically moved to  new rendezvous sites un til they  are four to  ten  m onths old when they  

are able to  travel w ith th e  rest of the pack (Mech, 1991).

A nother factor th a t influences wolf movement w ithin a  te rrito ry  is te rrito ry  defense. Wolves 

advertise the boundary of their te rrito ry  th rough scent m arking (Peters and Mech, 1975; R othm an 

and Mech, 1979) and interspecific aggression (Mech, 1970; Muric, 1985). Wolves scent m ark the 

boundary  of the ir te rrito ry  a t least every three weeks (Peters and Mech, 1975). O ther factors th a t 

influence wolf movement w ithin a  te rrito ry  are snow depth  (Nelson and Mech, 1986; Fuller, 1989; 

H ebblewhite, 2005) and distance to  roads (W hitting ton  et al., 2004, 2005).

D a ta  collection on space use w ithin a te rrito ry  has been greatly  advanced by technological 

innovations th a t allow Global Positioning System (GPS) collar units to  be fixed to  anim als. De

spite the ir w idespread use, atm ospheric refraction of GPS signals, m ultipathing, and poor satellite 

geom etry im pact the accuracy of G PS m easurem ents (Johnson and B arton, 2004). For m y thesis, 

G PS collars were deployed on five wolves to  record each wolf’s location every 15 m inutes. D ata  

from four of these collars was used to  com pare the direction of recorded wolf m ovem ent to  the 

direction of ecological features in order to  identify directional m ovement biases.

Several studies report th a t G PS m easurem ent error can bias the results of m ovem ent (Johnson 

e t al., 2002; Jerde and Visscher, 2005) and h ab ita t selection (Frair e t al., 2004) models. I t  is likely 

th a t G PS m easurem ent error could influence my ability to  detect directional biases. Therefore, 

C hap ter 3 investigates the effect of G PS m easurem ent error on the m easured d istribu tion  of tu rn ing  

angles (the difference in direction for th ree successive locations, Turchin 1998) and  directional 

biases (the difference in direction between the anim al’s next move and th e  d irection of a bias 

point, i.e., the  den , Siniff and Jessen 1969). The effect of G PS m easurem ent error on the  m easured 

d istribu tions of tu rn ing  angles and directional biases was determ ined using num erical sim ulations

3
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and a sta tistica l model. Furtherm ore, using num erical simulations; I determ ine the step  length 

above which the tru e  direction of movement can be detected in the  presence of GPS m easurem ent 

error.

In C hapter 4 , 1 study  the p a tte rn s  of space use w ithin a  te rrito ry  for four wolves in southeastern  

Banff N ational P ark  (BNP) and adjacent areas outside BNP. P ast studies have shown th a t  prey 

(M acDonald, 1980; M oorcroft and Lewis, in review) and forage (W ard and Saltz, 1994) density 

influence anim al movement. Responses to  scent m arks influence the  way th a t canids use space 

(M oorcroft e t al., 1999). I hypothesize th a t wolf movement is more likely, 1) towards locations of 

recent p ast hunting success, 2) tow ards the te rrito ry  boundary, and 3) in the direction of flat terrain. 

I use sta tistica l tests  to  identify movement bias in the direction of each of the aforem entioned 

ecological features and find th a t wolves move parallel to  their te rrito ry  boundary.
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Chapter 2

A spatially explicit model for the  

Allee effect: W hy do wolves 

recolonize so slowly in Greater 

Yellowstone?

Introduction

Biological invasion theory  predicts th a t  populations w ith high reproductive rates and long distance 

dispersal will spread quickly (Fisher, 1937). In the G reater Yellowstone Ecosystem  (GYE, M ontana 

and W yoming, USA) th e  reintroduced gray wolf population (Canis lupus)  increased by 65% percent 

between 1996 and 1997 (Sm ith, 1998). Wolves can also disperse distances g reater th a n  800 km 

(Ballard et al., 1983; F ritts, 1983; Boyd and Pletscher, 1999). Yet wolves do not recolonize as 

quickly as biological invasion theory  predicts. Assuming logistic population  growth and a Gaussian 

d istribution  of dispersal distances, the  F isher model (1937) predicts a  recolonization ra te  of 93.9 

km /year by wolves to  the GYE (see A ppendix A). The observed GYE recolonization ra te  between 

1997 and 2002 is an order o f m agnitude lower, only 9.78 km /year (Tab. (2.3)). This slower than  

predicted spread suggests a possible Alice effect (Lewis and Karciva, 1993; K ot c t al., 1996; Veit 

and Lewis, 1996; W ang et al., 2002). A reduced probability  of finding m ates a t low densities

5
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is a  frequently hypothesized mechanism th a t can cause an Allee effect (Boukal and  Berec 2002, 

Bessa-Gomes e t al. 2004; and references therein). The objective of th is  chapter, is to  determ ine 

the effect of a  reduced probability of finding m ates a t low densities on the spread ra te  of a  sexually 

reproducing, invading, population.

Recent work defines a  component  Alice effect as “a  positive relationship between a  com ponent 

of individual fitness and  population density or num ber” (Stephens e t al., 1999; Boukal and Berec,

2002) and a  demographic Allee effect as a  positive relationship between to ta l fitness and  population  

density or num ber (Stephens ct al., 1999). Many mechanisms have been identified th a t  m ay give 

rise to  an Allee effect in a  com ponent of fitness (Dennis, 1989; Courcliam p et al., 1999; S tephens 

and Sutherland, 1999; L ierm ann and Hilborn, 2001; Moller and Legendre, 2001). In  canids, Allee 

effects may arise when hunting is cooperative, as shown for African wild dog Lycaon pictus  (see 

Courcham p et al. 2000). However, th is is unlikely for wolves if small packs are able to  secure more 

prey per cap ita  th a n  large packs (Schm idt and Mech 1997, b u t see Vucetich e t al. 2004). I suggest 

the m ost likely source of an Allee effect in wolves is a  reduced probability  of finding m ates a t  low 

densities during the  dispersal phase.

A n excellent review of approaches used to  model Allee effects is found in Boukal and Berec 

(2002) and Taylor and H astings (2005). M any studies have investigated the effect of a reduced 

probability  of finding m ates a t low densities on population  dynam ics (Lierm ann and  H ilborn 2001; 

Engen e t al. 2003; Bessa-Gomes et al. 2004; Berec and Boukal 2004; and num erous others) and 

some have investigated the effect of a  reduced probability of finding m ates a t low densities on 

population  spread ra te  (Veit and Lewis, 1996; W ang et al., 2002; Taylor and H astings, 2005). A 

d istinct difference between my model and other studies is th a t I model the population  growth as 

two separate  processes; 1) establishm ent of new breeding un its and 2) net annual change in breed

ing group size/density  through im m igration, em igration, b irths and deaths. I model a reduced 

probability  of finding m ates a t low densities as influencing only the probability  of establishing new 

breeding units. Even when broken into these two separate processes, a  decreased success in finding 

a m ate a t low densities should still be considered an Allee effect, since a  positive relationship exists 

between m ate density and the probability  of finding a  m ate. This distinction  between establish

m ent and subsequent growth yields a biologically realistic model which can be param eterized and 

validated w ith em pirical data.

To model pair form ation it is necessary to  understand  how organism s search for m ates. Because

6 ■.
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little  is known regarding where wolves or o ther m am m als search for m ates w ith  respect to  the 

beginning and end of their dispersal paths, I consider the extrem e possibilities (searching for the 

m ates a t th e  very beginning and very end). I determ ine the spread rates predicted by the extrem e 

searching strateg ies and use these as th e  upper and lower estim ates for the predicted spread rate . 

T he m odel is validated  by com paring th e  predicted range of spread rates for the  param eterized 

model to  an em pirical estim ate of the  recolonization ra te  for wolves in the GYE. This analysis 

dem onstrates th a t  an Allee effect generated by dispersal and pair form ation is sufficient to  explain 

th e  ra te  o f recolonization of wolves to  the  GYE.

M odel derivation

Lewis et. al., (in press) delineate th ree stages to  an invasion process: initial establishm ent from 

a  beachead, early  radial expansion, and the established spread of the  population  (Fig. (2.1)). 

T his established spread stage occurs when the geographic radius covered by the  population  is 

large com pared to  the length scale for local dispersal. A t th is point in the invasion, a  local 

view of the  front shows it to  be approxim ately planar, w ith th e  front moving in direction u  

(Fig. (2.1)). Here the two-dimensional population  model can be simplified to  a  one-dim ensional 

m odel describing progression of th e  invasion in direction u. However, the  process for doing th is 

is subtle. I t  requires th a t  the two-dimensional dispersal kernel is replaced by its one-dim ensional 

m arginal d istribu tion . T h a t is the  dispersal kernel integrated  over direction v  (Fig. (2.1)). In 

th e  case of radially  sym m etric two-dimensional dispersal, the  m arginal d istribu tion  is th e  sam e in 

each direction v  (see also the P aram eter estim ation section). T he one-dim ensional model has the 

advantage of being analytically  trac tab le  com pared to  two-dimensional model. T he approach taken 

in th is  chapter is to  apply  the  one-dim ensional m odelling approach to  all stages of the invasion, 

while recognizing th a t,  in the early stages of the  invasion it only provides an approxim ate model.

I model local population  density  N ( x )  as the sum of the density of individuals in new packs 

and the  density  of existing packs after reproduction,

Nt+0  =  / W )  +  Dtjxh (2.1)

local density  in year local density  a fte r local density  from 
i +  1 rep roduc tion  by fo rm ation  o f now

existing  breeding  breed ing  un its
un its
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Figure 2.1: Invaded regions are shown in grey. As tim e progress the figure shows a  “beachhead” 
(left m ost polygon) th a t  becomes m ore ecliptically shaped. The rightm ost polygon shows an 
established population. T he speed of the p lanar front v  advancing in the direction u  is calculated 
using the m arginal d istribution  two-dim ensional dispersal kernel. This figure is based on Lewis et. 
al., (in press).

8
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where t indicates the  year and locations in space are denoted as x.  In  Eq. (2.1), N t+i (x)  is the 

sum  of the  density due to  reproduction by existing breeding un its  and th e  density due to  the 

form ation of new breeding units. The distinction between new and  existing breeding un its  is th a t 

new breeding units were formed less th an  1 year ago (see Tabs. (2.1) and (2.2) for definitions and 

un its  of all variables and param eters).

T he model derivation makes several simplifying assum ptions:

A l .  Space is homogeneous on the  scale for which th e  model is param eterized.

A 2 . There is a  critical density N c, below which the population  grows geom etrically (a t ra te  r) 

and no dispersers are produced. Once local density has reached N c it never drops below th a t 

level.

A 3 . W hen local density exceeds N c, dispersers are produced a t  density G t {y) w ith  a  1:1 sex ratio , 

where y  denotes locations in space prior to  dispersal. T he d istribu tion  of dispersal distances 

is denoted by the  pdf k  which is unbiased in either direction (sym m etric) and identical for 

m ale and female dispersers.

A 4 . Only dispersers can form pairs (new breeding units), and th e  establishm ent of new breeding 

un its  depends on the density  of dispersers, the  distance a t  which dispersers can detect each 

o ther 4>, and th e  probability  th a t dispersers th a t encounter will pair, ip.

A 5 . Only dispersers th a t form pairs can reproduce. Failure to  find a m ate results in m ortality

before the next breeding season.

I derive two sub-models for D t where dispersers search for m ates and form pairs, 1) prior to  

dispersal and 2) following dispersal.

Pair formation prior to dispersal

Let G t (y) denote the density of dispersers produced a t y  as a function of local density. I assume 

an  equal sex ratio  a t any point in space such th a t the density of a  single sex of disperser produced 

a t  y  is H t (y) =  G t ( y ) / 2 . For a  female located a t  y,  the expected num ber of m ale dispersers she

can detect (and vice versa) is denoted by I t (y) and is given by the  formula,

i rv+<t>
h i v )  =  5  /  \G t (S) d f, (2.2)

Z J y - i ,

9
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Table 2.1: Table of variables

Variable Definition Units
X location in space after dispersal km
y location in space prior to dispersal km
t time years
N t density wolves/km
D t density of individuals in new packs wolves/km
Xt spatial extent of the disperser producing population km

10
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where tf> is the detection distance in kin. I approxim ate It by the m id-point rule such th a t I t ~  4>Gf 

Using the  Law of Mass Action, the density of opposite sex encounters is Et (y)  =  Ht(y) I t ( y)  ~  

4>Gf(y)/2. D ispersers th a t encounter each o ther will pair w ith probability ip, such th a t the  density 

of pairs is ipEt.  D ispersal of pairs occurs via a red istribution kernel k ( x  — y ) yielding Ji,  the density 

of pairs after dispersal,

Ji (x )  =  /  i pEt(y)k(x  -  y)dy,
J  n ,

=  [  G t2(y) k ( x  — y) dy,  (2.3)
1 Jn,

where f It is th e  region over which the density of pairs formed prior to  dispersal is non-zero and x

is an  individual's final location after dispersal. Therefore, the density of individuals in new packs,

D t , when pair form ation occurs prior to  dispersal is,

D t (x)  =  aJ i (x ) ,

=  aip^r [  G t2(y) k ( x  — y) dy,  (2.4)
1 Jn,

where cr is the density of wolves in  a newly formed pack when the pack is 1 year old.

Pair formation following dispersal

I derive an alternative sub-model for D t where dispersers disperse first and then  pair. T he density 

of either sex of dispersers after dispersal, b u t prior to  pair form ation is,

H t{x) = \  [  Gt (y )k(x  -  y) dy.  (2.5)
z Jn,

In th is case, the  num ber of m ale dispersers I t (x )  th a t can be detected by a female disperser located 

a t x  is,

\ [  f  G t ( y ) k ( Z -  y)dy  d£,
^ Jx-4> JQt

4> [  G t {y)k(x -  y)dy.  (2.6)
Jn,

11
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T he density of encounters is Et  =  H t l t . O pposite sex encounters resu lt in pair form ation w ith 

probability  i/>; hence, the density of pairs is,

J t {x) =  ipEt (x)  =  ipHt ( x ) I t (x),

= i > t ; ( ^ J ^ G t ( y ) k { x - y ) d y Sj  . (2.7)

T he different pair form ation strategics give rise to  different densities of new breeding units. Fig.

(2.2) com pares the density of pairs for th e  pair form ation prior to  dispersal (Eq. (2.3)) and pair 

form ation following dispersal (Eq. (2.7)) strategies. Given Eq. (2.7), the density of individuals in 

newly formed packs is,

D t {x)  =  x),

= a 4 ( J n Gt(y)k(x-y)dy)  . (2.8)

G e n e ra l  m o d e l

I su b stitu te  these forms of D t in to  Eq. (2.1). T he general model for pair form ation prior to  dispersal 

is,

N t+i{x)  =  f ( N t (x)) +  f  G t2(y) k ( x  — y)dy,  (2.9)
* Jn,

and the general model for pair form ation following dispersal model is,

N l+i(x)  =  f ( N t (x)) + G t (y) k { x - y )  dy' j  . (2.10)

The differences between Eqs. (2.9) and (2.10) are a result of dispersal occurring prior to  the 

application of the Law of Mass A ction in the pair form ation prior to  dispersal sub-m odel (Eqs.

(2.2)-(2.3)) and after dispersal in the pair form ation following dispersal sub-m odel (Eqs. (2.5)- 

(2.7)).

Functional forms

Here, I specify the functional forms of f ( N t ) ,  G t , and k ( x  — y)  th a t I used for the analysis. I defined 

disperser production Gt as a piecewise function where a density of 7  d ispersers/km  is produced

12
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Figure 2.2: Given an  initial d istribu tion  of dispersers (dashed) I calculate the density of successful 
dispersers for 1) pair form ation prior to  dispersal (fine line, Eq. (2.3)) and 2) pair form ation 
following dispersal (bold line, Eq. (2.7)). In the figure, the proportion  of to ta l dispersers th a t  are 
successful (p ) is the  same for b o th  pair form ation strategies. P aram eter values are: a  =  0.01, 
4> =  20 (pair form ation prior), <f> =  84.83 (pair form ation following dispersal), il) =  1, 7  =  0.1 and 
x t  =  50.
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when local population density exceeds a critical threshold density N c. Formally,

7  if Nt(y )  > N c,
Gt(y)  = (2 . 11 ) 

0 otherwise.

Given this definition of Gt(y),  the region f l t over which dispersers are produced is th e  region over 

which N t (y) exceeds N c. I use a  geom etric population growth function,

f ( N t (x)) = r N t (x) for f ( N t ( x ) ) < N e, (2.12)

where N e is a critical threshold below which population  growth is geom etric w ith a  reproduction 

ra tio  r > 1. For sim plicity I let N e = N c. I assum e th a t  once local density exceeds the critical 

threshold N c it will always rem ain above the N c threshold. 1 do not define a form of the growth 

function for f { N t ) >  N c as disperser production is constan t for N t > N c.

I let k ( x  — y)  be a  Laplace kernel,

k ( x  -  y) =  -  e x p ( - a |x  -  y |) dy.  (2.13)

It was no t possible to  choose a  dispersal kernel based on fit to  the da ta , since I  do not have d a ta  

on wolf dispersal distances in th e  GYE. I choose th e  Laplace kernel for k ( x  — y)  since it can be 

understood mechanistically as arising from a  one-dim ensional random  walk where wolves ‘se ttle ’ 

ou t from the population a t  a  constan t ra te  to  s ta r t  new packs (N eubert e t ah, 1995). Substitu ting  

the functional forms of f ( N t ), Gt,  and k ( x  — y)  in to  the  equation for pair form ation prior to  

dispersal (Eq. (2.9)) yields,

Nt+i{x)  =  rN t (x )  +  aip<f>')2(j  [  e x p ( - a \ x  -  y\)dy,  (2,14)
4

and in to  the equation for pair form ation following dispersal (Eq. (2.10)) yields,

N t+i(x)  -  r N t (x)  +  o-V'072f  [  exp(—2 o |x  — y\)dy,  (2,15)
8 Jn,

14
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Table 2.2: Table of param eters

Parameter Definition Estimate Units

N c critical threshold density that must 
be exceed for disperser production

0.25 wolves /  km

7  : density of dispersers produced when 
pack density exceeds N c

0.09 wolves /  km

a Laplace coefficient 0.02 per km

r geometric growth rate for packs 
>  1 year old

1.33 unitless

a the density of wolves in newly fomed 
breeding units at the end of the first 
year

0.21 wolves /  km /  pair

■tptj. the probability that given two 
dispersers of the opposite sex meet, 
they form a pair (ip) multiplied by 
the radius at which one disperser 
can detect another (<p)

20.7*, 39.2** km

T d average territory diameter 26.4 km

* pair formation prior to dispersal 
** pair formation following dispersal

15
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Parameter Estimation: GYE wolves

I estim ated model param eters from dem ographic, dispersal, and pair form ation d a ta  from the GYE 

wolf population. All d a ta  used to  param eterize models are provided as d a ta  tables in A ppendix B. 

Wolves were released into YNP following a period of confinement in reacclim ation pens. I om itted 

d a ta  from the first year after packs were released from reacclim ation pens as forced confinement 

influenced I,he probability  th a t wolves would disperse upon release (Fritts e t al., 2001).

Disperser production and critical population size (7 and N c) were estim ated using d a ta  on 

pack sizes and the num ber of dispersers produced as provided in annual reports for the  YNP 

Wolf P ro jec t1 (Phillips and Sm ith, 1997; Sm ith, 1998; Sm ith e t ah, 1999, 2000, 2001; Sm ith and 

Guernsey, 2002; Sm ith et ah, 2003) and Rocky M ountain Wolf Recovery P ro jec t2. However, 

these progress reports do not record when no wolves dispersed from a pack. To correct for this, I 

augm ented the disperser production d a ta  by adding observations of no dispersers in th e  cases where 

all pack members were accounted for th rough m orta lity  or survival in the  pack. To convert pack 

sizes and num ber of dispersers produced to  densities, I divided these values by the m ean te rrito ry  

d iam eter (To  =  2 y / A t / zr, where A t  =  545.6 km 2 is the m ean pack te rrito ry  area (Carroll et ah,

2003)). I used a  m axim um  likelihood fit of Eq. (2.11) to  the density d a ta  to  estim ate the  param eters 

7  and N c.

D ata 011 individual dispersal distances for GYE wolves were unavailable, b u t Sm ith e t ah (2000) 

report the m ean dispersal distance for G YE wolves from 1995-1999 as u =  76.7 km. 1 find th a t the 

moan dispersal distance u  =  76.7 km, (Sm ith e t ah, 2000) can be equated  w ith  the  m ean of the 

two-dimensional dispersal kernel w ith  constant se ttling  ra te  (Eq. (2.16)). T he Laplace kernel (Eq. 

(2.13)) can be understood m echanistically as arising from a one-dim ensional random  walk w ith 

diffusion coefficient D  where wolves “se ttle” ou t from the population  a t a constant ra te  a to  s ta r t 

new packs (N eubert et ah, 1995). W hen the wolves are given enough tim e to  settle, the  distribution  

of settled wolves is given by Eq. (2.13) w ith a  =  y / a / D .  A lternatively a  two-dimensional random  

walk w ith constan t settling  ra te  yields,

H x ~ y )  =  ^ t f o ( a | x - y i ) ,  (2.16)

where K q is a  zeroth order modified Bessel function of the  first kind and  x  and y  are the two-

1 available on-line at http://www.nps.gov/yell/nature/animals/wolf/wolfup.html 
Available online at http://westerngraywolf.fws.gov/annualreports.htm
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dim ensional locations in space before and after dispersal (B roadbent and Kendall, 1953). The 

m arginal d istribu tion  of this radially  sym m etric dispersal kernel is the Laplace kernel (Eq. (2.13)). 

Lewis e t al. (in press) show th a t, for an advancing “p lanar” invasion front, a  one-dim ensional model

incorporating th e  m arginal d istribu tion  of the two-dimensional dispersal kernel is the  appropriate

model. Now consider an expanding population where the  invaded region lies between ± x t (see Fig. 

(2.3B)). I equate  the mean of Eq. (2.16) w ith the  reported m ean dispersal distance for wolves in 

the G Y E (Sm ith et al., 2000), such th a t u  =  7r / ( 2a ) .  Therefore, I calculate the Laplace coefficient 

as a  =  7r / ( 2it) where u  =  76.7.

As tp<p occur as a product in th is  model (Eqs. (2.14) and (2.15)) it is not necessary to  estim ate 

the  values of ip and <p separately. During the first four years of recolonization to  the GYE the 

proportion  of dispersers th a t found m ates was 0.47 (Sm ith et al., 2000). I estim ate the product 

ip4> so th a t  for each model (Eqs. (2.14) and (2.15)) the proportion of dispersers th a t  find m ates in 

the first four years is 0.47.

I calculate p , the proportion of dispersers th a t find m ates in the first r  years, for both the pair 

form ation prior to  and following dispersal models (Eqs. (2.14) and (2.15)). I calculate the  to ta l 

num ber of successful dispersers in  any year as twice th e  integral of J t over the entire region, where 

Jt is given by Eqs. (2.3) and (2.7). T he to ta l num ber of dispersers produced in any year for both 

models is the  integral of Gt(y)  evaluated on the interval =  (—x t , x t ). Therefore, p  the mean 

proportion  of dispersers th a t successfully find m ates each year for the first r  years of this model 

is,
1 ^  2 J t (x )dx

( 2 ' I 7 )

For the  pair form ation prior to  dispersal model, J t is given by Eq. (2.3) such th a t,

l ^ M j ? 00S l ,X tG 2t < < y ) k { x - y ) d y d x

P = r h  n ^ ( v ) d y ,   ( 2 - 1 8 )

and,

S ubstitu ting  G t (Eq. (2.11)) and k (x  — y)  (Eq. (2.13)) into Eq. (2.19), I calculate iptp for the pair
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form ation prior to  dispersal m odel as,

T f Xt ydy

* *  =  PT 5  I Z I - k  e x p ( - a |*  -  ]/|)dv da:' (2'20)

In A ppendix A, I show th a t  for the  pair form ation prior to  dispersal model Eq. 2.20 is equal to  

ip<j> =  p r / 7 . For th e  pair form ation following dispersal model, where J t is given by Eq. (2.7),

, /  ^  f - x ,  Gt(y)dy
il></> = P T 2 ^ ------- 7---------- ----------------- 72— • (2-21)

1=1 f -00 ( f a ,  G i{ y )H x  -  y )dy )  dx

S ubstitu ting  Gt  (Eq. (2.11)) and  k ( x  — y)  (Eq. (2.13)), ij)4> for th e  pair form ation after dispersal 

model yields,

M  -  P r ±  f - ' - ydS
t=1 I Z  ( f Z  1? e x p ( - a \ x  -  y\)dy) dx 

4apr  x t________________  z l________  ■. (2 22)
[= i e x p (-2 a a ;f)(3 +  2aa;f +  exp(2aa;t )(4aa:t -  3 )) '

Hence, only th e  density of new breeding un its  formed varies between the  two models (Fig.

(2.2)). T he proportion  of dispersers th a t find m ates is the same for b o th  the pair form ation prior 

and pair form ation following dispersal models.

I estim ate a  using d a ta  on wolf pack sizes in the GYE for the first th ree years following the 

form ation of a  new pack. The param eter a  is th e  density of wolves in a  newly formed pack when 

the pack is 1 year old (where a pack is defined as 1 year old 011 the first April after pair form ation). 

I convert all pack sizes to  densities by dividing by the  average te rrito ry  diam eter T q . I calculate a  

as the m ean density of individuals in  newly form ed packs a t the first A pril following pair form ation. 

To find the reproductive ratio  r  I divided the  to ta l density of wolves a t tim e t +  1 by the to ta l 

density of wolves a t tim e t. I perform ed th is calculation for t  — 1 and t  =  2 and estim ated r  as 

th e  m ean of the  results. Since r  is the  reproductive ratio  of packs a t  low densities which were 

established for a t  least 1 year, I included only packs th a t  are 1-3 years old w ith  a density of less 

th an  or equal to  N c. I excluded packs th a t were influenced by hum an intervention (other than  

legal control actions).

18
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Model validation: Finding the observed rate of spread

I calculate th e  spread ra te  for the  model (Eqs. (2.14) and (2.15)) in the next section. I validate the 

model by com paring the predicted spread ra te  (Eq. (2.24)) to  the  observed ra te  of recolonization by 

wolves to  the  GYE. I used m aps of wolf te rrito ry  locations from Y N P Wolf P ro jec t annual reports 

from 1997-2002 to  estim ate the em pirical ra te  of wolf recolonization in the G Y E (k in /year). I 

determ ine the area occupied by disperser producing packs a t  th e  s ta r t  of each year by estim ating 

th e  100% m inim um  convex polygon (MCP, M ohr 1947; Kie e t al. 1996) of all territo ries above 

the critical threshold for disperser production using the A nim al Movements extension (Hooge and 

Eichenlaug 1997) in ArcView 3.2 (see Fig. (2.4)). For simplicity, the  area encom passed by the 

100% M C P is assum ed circular, w ith a  radius x t equal to  th e  ex ten t of the  disperser producing 

population  a t tim e t. T he linear spread ra te  c (km /year) is th e  slope of the  linear regression of 

Xt versus tim e. To be consistent, the  linear regression does no t include the  range radius of the 

population in 1996 as th is is less th an  1 year after wolves were released from reacclim ation pens.

A nalysis and results

I analyzed a general model (Eq. (2.23)) of which the m odels (Eqs. (2.14) and (2.15)) are spe

cial cases. I analyzed the  m odel for two in itial conditions. Given initial condition 1 (shown in 

Fig. (2.3A) and defined in Eq. (A .12)), the region in space occupied by the disperser producing 

population  Qt is ( - o o ,x t]. Evaluating Eqs. (2.14) and (2.15) in  the  region x  > x t yields,

N t + i ( x ) - r N t (x) +  A e x p ( - w a ( x - x t ) ) ,  (2.23)

where w  and A  are: ui =  1, A  =  cxipcj)7 2/4  (pair form ation prior to  dispersal) and w — 2, 

A  =  (Tip<p7 2/8  (pair form ation following dispersal). In A ppendix A, I show using proof of induction 

th e  spread ra te  for Eq. (2.23) is,

c =  —  log ( r +  (2.24)
w a \  N c J

W hen param eterized Eq. (2.24) predicts a  spread ra te  of 15.26 km /year for th e  pair form ation 

prior to  dispersal model and 7.59 km /year for the pair form ation following dispersal model (Tabs.

(2,2)-(2,3)). To estim ate the actual ra te  th a t  wolves in troduced to  Y N P have recolonized the  GYE,
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Figure 2.3: Two different initial population densities are shown. A) For initial condition 1, a 
population  has invaded the left side of the domain. Formally, in itial condition 1 is defined as 
N q(x )  > N c for —oo < x  < x q  and N q(x) =  0 otherwise. Exam ple solutions to  Eq. (2.14) show 
the population spreading to  th e  right. The param eters are: a  =  0.01, r  =  1, A  =  25, and 
N c =  1. T he ex ten t population  w ith  density greater th an  N c is xq =  1001, a:i =  1161, *2 =  
1342,3:3 =  1523. B) For initial condition 2, a  population  has invaded the  center of the domain. 
Formally, initial condition 2 is N q(x) > N c for — X q  < x  < x q  and N q(x) =  0, otherwise. Exam ple 
solutions to  Eq. (2.15) show the population  spreading in bo th  directions. T he param eters are: 
q  =  0.04, r  =  1.135, A  =  12.5, N c =  1, T he extent of the  population  w ith density greater th a n  N c 
is: xq =  500, aq =  811 ,2:2 =  1137, X3 =  1464. In bo th  A and B the  do tted  line indicates th a t this 
analysis focuses on m odelling th e  population dynam ics a t low densities.

'Y

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



Figure 2.4: For each year, the area  occupied by all wolf packs of density N c or g rea ter is calculated 
as a M inimum Convex Polygon (M C P) and shown in grey scale. T he Yellowstone N ational P ark  
shape file (black line) was provided by Spatial Analysis C enter a t Yellowstone N ational Park.

21

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



_L

1
 1________ ;__________|_________________  i_________ ;_______ i_____;_____________l_

2 3 4  5 6
Time since first reintroductions (year)

- I

7

Figure 2.5: T he M C P area  recolonized is assumed circular w ith  radius equal to  x i  th e  linear ex ten t 
of recolonization by packs w ith density  N c or greater (dots). T he population spread ra te  is equal to  
the slope of the linear regression. T he 95% confidence interval for the linear regression are shown 
as do tted  lines.
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I calculated the area occupied by wolf packs of density  larger th an  N c from 1997-2002 (Fig. (2.4)). 

T he area occupied by wolf packs of density greater th a n  N c increased from 6,542 km 2 in 1997 to 

a  m aximum of 29,093 km 2 in 2002. A ssum ing an approxim ately circular area, I calculated range 

radii of packs w ith density exceeding the critical threshold as 45.6 km in 1997 increasing to  96.2 

km  in 2002. The linear regression of radii versus tim e was significant, Radii =  25.02 +  9.78 x 

(years since reintroduction), F i i4 =  142.62, p  =  0.0003, R 2 =  0.97 (Fig. (2.5)). T he slope of the 

linear regression (9.78 km /year) is the  m ean spread rate , w ith S E (c ) =  3.43, resulting in a  95% 

confidence interval of 7.51 — 12.05 km /year.

D iscussion

These results provide a  link between a mechanism th a t  can cause a  com ponent Alice effect and 

population spread rate . To understand  population  level dynam ics a t  the  leading edge of the 

invasion front, I derived a  model (Eqs. (2.14) and (2.15)) w ith biologically m eaningful param eters 

th a t describes population  density when the probability  of finding a m ate  decreases w ith decreasing 

density of po ten tia l m ates. I param eterized Eq. (2.24) and showed a  reduced probability  of finding 

m ates a t low densities m ay slow wolf recolonization in th e  GYE (Tab. (2.3)). T he model predicted 

a  spread ra te  of between 7.59 and  15.26 km /year, which is an order m agnitude lower th an  the 

spread ra te  predicted by the F isher model (see A ppendix A). The close agreem ent between the 

range of spread rates predicted by th e  model and the  observed GYE wolf recolonization ra te  of 

9.78 km /year suggests th a t a  reduced probability  of finding m ates a t low densities m ay be causing 

an Alleo effect in GYE wolves.

One advantage of modelling a  reduced probability  of finding m ates a t low densities as a  m athe

m atical model ra th e r th an  a sim ulation model is th a t  model ou tpu ts (in th is  case spread rate ) can 

be expressed as explicit functions of model param eters. Eq. (2.24) quantifies the  effect o f a  reduced 

probability of finding m ates a t low densities on population  spread rate . This equation (Eq. (2.24)) 

also provides a useful rule of thum b: if all individuals search for m ates a t th e  beginning of their 

dispersal path  th e  population will spread twice as fast when com pared to  a population  where all 

individuals search for m ates a t  the  end of the ir dispersal path . This rule of thum b holds for GYE 

wolves and all populations where A /N c is much g reater th an  r  (see Eq. (2.24)).

These results invite two m ain areas of future research. F irst, note th a t  while Eq. (2.24) pre

cisely describes the relationship be tw eenm odel param eters and spread ra te , it is only valid when
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Table 2.3: T he predictions of two models com pared to  the observed spread ra te  for wolves recolo- 
nizing th e  GYE

Model Spread ra te  (km /year)
P air formation prior to dispersal 15.26
Observed spread ra te  (95% C l upper limit) 12.05
Observed spread ra te 9.78
P air formation following dispersal 7.59
Observed spread ra te  (95% C l lower lim it) 7.51
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the population  is spreading (e.g. spread ra te  is greater than  zero). In  th is chapter, I have not 

determ ined the  full range of m odel outcomes. This m ay be especially relevant to  wolf populations 

th a t  are heavily exploited where th e  population  range may re trac t. Second, while a  reduced prob

ability of finding m ates a t low densities is sufficient to  explain the observed ra te  of recolonization, 

other mechanisms m ay also sufficiently explain th is observation. For example, other mechanisms 

such as sex biased dispersal (as occurs in some large m am m als and birds, Pusey 1987) or disper

sal triggered by food shortages, aggression, or inbreeding avoidance (M atthysen, 2005). Future 

work is needed to  derive models where the effect of these mechanisms on population  spread ra te  

is determ ined.

This s tudy  provides th ree m eaningful results; 1) the derivation of a  spatially-explicit model for 

a  reduced probability  of finding m ates a t low densities, 2) a  reduced probability  of finding m ates a t 

low densities may cause an Allee effect for GYE wolves, and 3) a form ula for the population spread 

ra te  th a t  is a  function of dem ographic, dispersal and pair form ation param eters (Eq. (2.24)). W hile 

o ther studies have investigated Allee effects caused by a reduced probability  of finding m ates a t low 

densities (see In troduction), th e  u tility  of th is  work is in the  additional realism garnered from sep

ara ting  breeding group establishm ent and population  size/density  changes following establishm ent 

th rough im m igration, em igration, b irth s  and deaths.
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Chapter 3

GPS measurement error gives rise 

to spurious 180 degree turns and 

strong directional biases

widespread use, there are several sources of error th a t  influence th e  accuracy of m easured GPS 

locations, such as, canopy cover (Rem pel e t al., 1995; M oen e t al., 1997; D ’eon e t al., 2002; Di Orio 

e t al., 2003), elevation (Moen e t al., 1997; D ussault e t al., 2001; D ’eon e t al., 2002), the type 

of collar (Di Orio e t al., 2003), and  the  num ber (Moen e t al., 1997; D ussault e t al., 2001) and 

geom etry (D ussault e t al., 2001; D ’eon and D elparte, 2005) of satellites used to  determ ine the fix 

locations. Furtherm ore, most com mercially available GPS un its  receive signals from the N avigation 

System  w ith Tim ing and Ranging (NAVSTAR) satellites (Johnson and B arton, 2004) and signals 

from these satellites are degraded by selective availability (a pseudo-random  noise code, Hofmann- 

W ellenhof e t al. 2001, p 15-16). Each of th e  aforem entioned sources of G PS error can substan tia lly  

bias the  param eterization  of movem ent (Johnson et al., 2002; Jerde and Visscher, 2005) and h ab ita t

Introduction

Global Positioning System (G PS) collar d a ta  are frequently used in ecological studies of m am m al 

movement. In these studies, G PS collars record the  spa tia l location of an  anim al a t fixed intervals 

by using satellite technology to  p inpoin t th e  an im al’s locations to  varying accuracy. Despite
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selection (Frair e t al., 2004) models. In this chapter, 1 determ ined 1) the  effect of G PS m easurem ent 

error on the  m easured d istribution  of tu rn ing  angles and directional biases and 2) th e  minimum 

distance th a t  m ust be moved between G PS locations such th a t  the  tru e  direction of movement can 

be detected  in the presence of m easurem ent error.

D istributions of turning angles are frequently used to  param eterize movem ent models, where 

tu rn ing  angle is the difference in  direction for three successive locations (Fig. (3.1)). M easured 

d istribu tion  of tu rn ing  angles for wolves ( Canis lupus) where locations were recorded every 15 

m inutes are shown in Fig. (3.2). Fig. (3.2) shows a  high frequency of direction reversals (180 

degree tu rns) for short step lengths (the distance between successive locations). W hile large error 

in m easured tu rn ing  angles can occur a t short step  lengths (Jerde and Visscher, 2005), no previous 

studies have determ ined the effect of GPS error on the  d istribu tion  of m easured turn ing  angles. I 

defined an anim al’s directional bias as the difference in angle between th e  direction of the anim al’s 

move and th e  direction of the bias point (Fig. (3.1)). For a  set of m easured m ovem ent directions, 

m any observations of near zero difference indicates a  strong directional bias. T he bias po in t is a 

location in space th a t  th e  anim al is thought to  move w ith  respect to  (i.e., the den). M easuring the 

difference between the direction of movement and the d irection of the bias po in t allows researchers 

to  determ ine if th e  anim al moves preferentially in the  d irection of the  hypothesized bias point (e.g., 

Siniff and Jessen 1969).

If  the  distance between successive locations is large and G PS m easurem ent error is independent 

of step  length, th is  error will play a  proportionally  sm aller role in the error of the m easured tu rn ing  

angles (Jerde and Visscher, 2005). A secondary objective of th is  chapter was to  determ ine a  step 

length cutoff, where, for move lengths less than  th e  step  length  cutoff it is impossible to  resolve the 

tru e  direction of movement. For every m easured tu rn ing  angle two step  lengths can be calculated, 

1) between the first and second location L t, and 2) between th e  second and th ird  location (Lt+ 1, 

Fig. (3.1)). T he m agnitude of bo th  step lengths influences th e  ability  to  detect the tru e  tu rn ing  

angle or direction of movement in th e  presence of G PS error (Jerde and Visscher, 2005). W hile it 

would be possible to  determ ine the  step  length cutoff curve for each pair of m easured step  lengths, 

the  im plications of such a result would be cum bersom e and challenging to  im plem ent. A sim pler 

approach is to  determ ine a step length cutoff th a t  b o th  moves m ust exceed and remove all locations 

from the GPS d a ta  th a t do not exceed the cutoff,

For any given study, the step  length cutoff is influenced by the type of d a ta  used. I dcter-
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A.Turning angles
i) M easured locations and directions

ii) True locations and directions

B. Directional bias
i) M easured locations and directions

(* T y » )  ® t

ii) True locations and directions

Mf (X* > < )

L t

0 ? = 0 , - 0

Mf

Figure 3.1: T he grey circles are used to  denote a  d istribution of m easurem ent error abou t the 
anim al’s true  location which is shown as a dot labelled as (X i,y f). T rue angles are m easured 
w ith respect to  the  true  locations a t  th e  center of the GPS error d istributions, whereas m easured 
angles are calculated w ith respect to  m easured locations drawn from the  G PS m easurem ent error 
distribution . A.i) shows the m easured tu rn ing  angle rt calculated as the difference between the 
m easured directions 0t+1 and 0t . A.ii) shows the  true  tu rn ing  angle r t* calculated as the difference 
between the tru e  directions of movement, 6f+1 — B.i) shows the m easured directional bias Q 
which is the  difference between ©t — Ot- B.ii) shows the tru e  directional bias (* calculated as
©,* -  o;
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Wolf 77

Wolf 78

Wolf 85

Wolf 86

Step length (m)

Figure 3.2: GPS d a ta  from four wolves where the  d istribu tion  of tu rn ing  angles is shown as a 
function of step length. A high frequency of 180 degree tu rns are shown in yellow /w hite for 
step lengths of <  400 m. T he figure was generated by discretizing wolf tu rn ing  angles into 10 m 
increments of step length. T he sum  of the  angle frequencies for each step length bin is 1.
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mined the step  length cutoff for, 1) m easured d istributions of tu rn ing  angles which are used to 

param eterize individual based movem ent models and random  and correlated random  walk models 

(Kareiva and Shigesada, 1983; Turchin, 1998) and 2) m easured differences between the direction of 

an anim al’s movement and the direction of a bias point (e.g. the  den site, Siniff and Jessen 1969). 

For brevity, I refer to  these models as 1) tu rn ing  angle, and 2) directional bias. In the following 

sections, I determ ined the  d istribu tions of m easured tu rn ing  angles and directional biases in the 

presence of m easurem ent error using num erical sim ulations and m athem atical analysis. 1 used 

numerical sim ulations, for bo th  types of d a ta  and determ ined the cutoff step  length above which 

th e  true  direction of movement is detected using standard  hypothesis testing  procedures.

Num erical sim ulations 

Turning angles

I used a  numerical sim ulation to  determ ine th e  d istribu tion  of m easured step  lengths in the  presence 

of GPS error. T he * no ta tion  is used to  denote true  locations, directions, and tu rn ing  angles. The 

absence of * indicates a  m easured location, direction, or tu rn ing  angle. T he num erical sim ulation 

consisted of the following steps:

1. I defined a d istribu tion  k  of G PS m easurem ent error.

2. I defined the anim al’s tru e  location (a^ ,^*) for th ree successive tim e steps (t =  1 ,2 ,3) and 

calculated the  tru e  tu rn ing  angle r f .

3. I choose one m easured location (X t,y t) from the GPS m easurem ent error d istribu tion  k, 

centered a t each of the th ree true  tru e  locations and calculated the  tu rn ing  angle T\ between 

the th ree m easured locations.

4. I repeated step  3 100 tim es and used the  V te st (Zar 1998, p 618-620, see A ppendix A) to 

te s t if the d istribu tion  of tu rn ing  angles was unim odal w ith a m ean equal to  the true  turning 

angle.

5. I repeated  steps 2-4 for different true  step  lengths A’ .

6. I found the minimum distance between the tru e  locations L*cut th a t m ust exist so th a t the 

true  tu rn ing  angle is detected.
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All directions were m easured w ith  respect to  horizontal in the  anticlockwise direction (see Fig.

(3.1)). I defined the G PS error d istribu tion  as,

H r ) =  exP(—br) for 0 <  r  <  oo, (3.1)
2n  cr

where r  is th e  distance of the between the m easured and tru e  locations and & is a  coefficient 

describing th e  steepness of the exponential function. A n exponential ra th e r th a n  a  Gaussian 

d istribu tion  is used to model G PS error because this fits GPS d a ta  from  a  sta tio n ary  collar b e tte r  

(H. McKenzie, pers. comm.). T he inverse cum ulative m ethod (Haefner 1996, p 217-218) was 

used to  select m easured locations from the d istribution  of G PS m easurem ent error as described 

in A ppendix A. M oen e t al. (1997) expect th a t 95% of G PS locations fall w ithin 12-31 m of the 

collar’s tru e  location. Assuming th a t  95% of GPS locations fall w ith  31 m of the  collar’s tru e  

location, I estim ated b =  6.5. A fter having determ ined th e  m easured locations (® i,l/i) ,'(x2i 2/2)1 

and (£3, 2/ 3 ) ,  the directions of m ovement on the first and second moves were calculated as,

9t =

t a n  1 x.l'i-l; fo r * ‘+1 >  Xt and y<+i -  yt>.
180 +  ta n " 1 for z t+1 <  x t , (3-2)

360 + tan  1 for x t+i > x t and y t+ i'<  y t -

Furtherm ore, th e  m easured tu rn ing  angle was calculated as,

r t =  0i+\ — 0i. (3.3)

T he V te s t (see A ppendix A) was perform ed to  te s t if the  100 values generated by Eq. (3.3) 

were unim odal d istribu tion  with m ean equal to  the tru e  tu rn ing  angle r,*. T he tru e  cu t off step  

length, L*ut, was the  value of L* where the  null hypothesis is rejected for all L '  > L*cut. The effect 

of the  GPS error coefficient b and the  tru e  tu rn ing  angle t '  on the  step  length  cutoff L*cul was also 

determ ined.

However, L*cut is the  true step  length cutoff and in the  presence of G PS m easurem ent error, 

short tru e  step lengths will be m easured as much larger th a n  they  actually  are (Jerde and Visscher, 

2005). Therefore, step  lengths m easured to  be greater th an  L*cut m ay actua lly  be less than  L*cut. 

From the GPS d a ta  it is only possible to  determ ine the m easured step  length  cutoff. Therefore, 

1 determ ined the m easured step  length where it was 95% certain th a t  the  tru e  step  length was
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greater th an  L*uL using a  num erical sim ulation.

I perform ed a  sim ulation for tru e  step  lengths of 1,2, ...,99 ,100  m. For each tru e  step  length, 

I found th ree m easured locations and calculated th e  two m easured step  lengths. I repeated  th is 

process 10000 tim es for each tru e  step  length and binned each m easured step  length a t  5 m  intervals. 

I calculated th e  proportion  of tru e  step  lengths less th a n  L ’ul for each bin. T he m easured step  

length  cutoff was the bin th a t contained less th an  5% true  step  lengths less th a n  L*ut.

Directional bias

Num erical sim ulations to  determ ine the effect of GPS m easurem ent error on the m easured d istri

bu tion  of directional biases were identical to  the tu rn ing  angle sim ulation except th a t the difference 

between the  direction of the bias point and the direction of the nex t move was calculated ra the r 

th a n  the  tu rn ing  angle (Fig. (3.1)). The G PS m easurem ent error d istribu tion  was Eq. (3.1). Two 

m easured locations were drawn from a  d istribu tion  of GPS m easurem ent error using the  proce

dure described in A ppendix A. T he direction between the  first and second m easured locations was 

calculated using Eq. (3.2). I let the  tru e  location of the  bias po in t be (X t,V 't) an d there was no 

m easurem ent error around th is po in t such th a t the  m easured and tru e  locations of the bias point 

were identical. I let the direction from the tru e  first location to  the  bias po in t be 0 J  =  i t .  The 

direction from the first m easured location to  the bias point was calculated as,

©t =

ta n  1 for x t  > x t and 4>'t > y t ,

180 + tan  1 for Xt < x t, (3 '4)

360 +  ta n -1  for x t  >  and i/>* < y L,

T he difference between the d irection of th e  bias point and the direction of the  next move was,

C i =  (3.5)

I calculated the  V sta tistic  (as shown in A ppendix A) to  test if th e  d istribu tion  of 100 £i values 

generated by Eq. (3.5) were draw n from a  unim odal d istribu tion  w ith a  m ean £i =  n  (since, 

Q\ = 0 ) .  T he effect of the GPS error coefficient b and the distance between the  tru e  location and 

th e  bias point, M {  on the the tru e  step  length cutoff were also determ ined.

As for th e  tu rn ing  angle sim ulation, I used a numerical sim ulation to  determ ine the relationship
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between measured and true step  lengths. I ran  a sim ulation for tru e  step  lengths of 1 , 2 , 9 9 , 1 0 0  

rn. For each tru e  step  length, I found two m easured locations and calculated the  m easured step 

length. I repeated  th is process 10000 tim es for each step length. Each m easured step  length was 

binned a t  5 m intervals. I calculated the  proportion  of true  step  lengths less th an  L*ul for each 

bin. T he m easured step  length cutoff L cut was the bin containing 5% or less true  step lengths less 

than  L*,„.

A nalytical approach

I determ ined the  expected d istribu tion  of m easured tu rn ing  angles for an anim al th a t  does not 

move for th ree successive tim e steps. For analytic tractability , I used a G aussian d istribution  to  

describe the  probability  density of m easured locations (i.e., the d istribu tion  of G PS m easurem ent 

error). I used several change of variables to  find the m easured d istribu tion  of tu rn ing  angles. 

T he first change of variables was u t =  x l+i — x t , u l+1 =  x l+2 — %t+1, Vi =  j/t+ i — y(, and 

Vt+i =  y t+2 — Vt+i ■ These are the x and y displacem ents for the first and second moves. 1 used 

the  trigonom etric relationship between displacem ents and angles (i.e., u t =  L t co s0t ) to  change 

from an  expression of the x and y  displacem ents for the first and second moves to  an expression of 

th e  m easured directions of the first and second moves. Lastly, I determ ine the  expected measured 

difference in  angle between the directions of the first and second moves. I verified the results of the 

m athem atical analysis by modifying the procedure outlined in the  Numerical sim ulations section 

so th a t  th e  d istribu tion  of GPS error is equal to  a  bivariate G aussian distribution  and for the case 

where the  anim al does no t move between locations (L* =  0).

Similarly, I determ ined the expected distribution of m easured directional biases for an  anim al 

located a t th e  bias point th a t did n o t move for two successive tim e steps. W ith  rio loss of generality, 

I let the  bias po in t (XtiV't) be located a t (0 ,M f ) .  I used the change of variables uit = —Xt and 

z t — M t* —yt. T he final change of variables was to  define £t as the difference between the direction 

of th e  bias point and the  direction of the m easured move. All other changes of variables were 

as described above. Numerical sim ulations were perform ed for a  bivariate G aussian d istribution 

of m easurem ent error where the anim al was located a t  the bias point and did no t move for two 

successive tim e steps to  verify the  results of the m athem atical directional bias analysis. For further 

details on the m athem atical techniques used to  determ ine the m easured d istribu tion  of turning 

angles and directional biases see A ppendix A.
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R esults

I found th a t  GPS m easurem ent error gives rise to  Spurious 180 degree tu rn ing  angles and strong 

directional biases. Fig. (3.3) shows the d istribu tion  of m easured tu rn ing  angles as a  function of step  

length for tru e  tu rn ing  angles of r f  e  {—7r, —37r/4, ...,37r/4,7r}. N ote th a t  a t short step  lengths 

there is a  high frequency of 180 degree turns. T he step  length cutoff (above which the  true  direction 

of movem ent can be detected) is shown as a red line. To show th a t  for short step  lengths G PS 

m easurem ent error gives rise to  spurious 180 degree tu rn ing  angles, I m athem atically  determ ined 

th a t the expected distribution  of m easured tu rn ing  angles for an anim al th a t  does not move for 

th ree successive tim e steps as,

— COS T t24 — 3 cos r t  (2  cos 7v +  y/4 — cos r t  ( t t  +  2 ta n  1 . r.  —
i /  \  V \  V V 4-C O S 2 Tt j )  j  t o  r \
K  o(rt) = --------------- ------------- — :— 5----” 772------------'------------—  ■ (3-6)

47T ( c o s *1 t ( — 4 )

(see A ppendix A). This result dem onstrates th a t  a  sta tio n ary  anim al is m ost likely to  be m easured 

as tu rn ing  180 degrees (see Fig. (3.4A)) even though  the  true  tu rn ing  angle is undefined. I tested  

Eq. (3.6) against the numerical sim ulations. T he fit of Eq. (3.6) to  num erical sim ulations is shown 

in Fig. (3.4A). Fig. (3.4A) shows a very close agreem ent between the  num erical sim ulations and 

the  analytical results.

Similarly, I m athem atically  determ ined the expected d istribu tion  of m easured directional biases 

for an anim al located a t the bias point th a t  did no t move for two successive tim e steps. In A ppendix 

A, I showed th a t the  m easured d istribu tion  of direction biases was,

16 — 4 cos Q ^2  cos Q — y/2  — cos2 Q ^7r +  2 ta n  1
\  \  \  v  -  “cos2 C t /  /  i  ,  v

---------------------- *---------------- . ( W e ,  _ > ----------------------------- ^  P --0

Eq. (3.7) has a  m axim um  at £ =  0 (see Fig. (3.4)). Eq. (3.7) shows a  system atic error in m easured 

directional bias when the anim al is near the  bias po in t and does no t move. Num erical sim ulations 

showed a close agreem ent between the  results of the  num erical sim ulation and the  analytical results 

(Fig. (3.4)).

The true  step  length cutoff varies as a function of the GPS error coefficient b and the tru e  

tu rn ing  angle r f .  Fig. (3.5) shows the effect of b and r f  on the tru e  step  length cutoff. T he 

true  step length cutoff is a linearly increasing function of b and has a  m axim um  when the  tru e  

tu rn ing  angle is zero. Similarly, for directional biases, Fig. (3.6) shows the effect of the GPS error
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Figure 3.3: T hree successive locations each w ith  GPS error were sim ulated as described in the 
tex t. T he figure shows the effect of the tru e  tu rn ing  angle rj“ on the true  step  length  cutoff value 
L*ul (shown as a  red line). T he proportion of m easured tu rn ing  angles Tt are shown as a function 
of step  length. N ote th a t  a t sho rt step  lengths there is a  high frequency of m easured 180 degree 
tu rn s irrespective of the  true d irection of movement. The step  length cutoffs shown in the figure 
from top to  bo ttom  are 0,0,4,12,13 m. T he param eters for th is sim ulation were b =  6.5 and 10000 
iterations were perform ed.
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Figure 3.4: A) T he grey bars are probability  of m easured turn ing  angles generated using a num er
ical sim ulation. T he sim ulation assum ed th a t the animal did not move for three successive time 
steps and assum ed a  G aussian d istribu tion  of G PS m easurem ent error. For each iteration three 
m easured locations were generated and the tu rn ing  angle calculated. 100000 m easured tu rn ing  an
gles were calculated. The fit of the  analytical solution (Eq. (3.6)) to  the sim ulation d a ta  is shown 
as a  black line. B) T he grey bars are the probability of m easured difference in angle between the 
direction of th e  bias point and th e  direction moved. 100000 iterations were perform ed and the fit 
of Eq. (3.7) is shown as a  black line. F urther details on the sim ulation procedure can be found in 
th e  text.

36

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



coefficient b and the d istance betw een the  tru e  location and th e  bias po in t M *  on the  the  tru e  step 

length cutoff. T he step  length  cutoff was an increasing function of b and a  decreasing function of 

M f.

For b =  6.5 and r x* =  0 the  step  length cutoff was 16.2 in (Fig. (3.5)). However, 16.2 in was the 

true step length cutoff and in th e  presence of G PS m easurem ent error, short true  step  lengths will 

be m easured as much larger th a n  they  actually  are (Jerde and Visscher, 2005). For m easured step 

lengths of between 50-55 m, I found th a t  95.1% of true  step  lengths were 16.2 m or greater (Fig. 

(3.7)). For the directional bias sim ulations for b =  6.5 (im plying th a t  95% of m easured locations 

were w ithin 31 m of the  tru e  location) and =  15 m (i.e., 15 m  between the an im al’s location 

and the bias point) the true  s tep  length cutoff was 15.8 m  (Fig. (3.6)). For m easured step lengths 

of between 50-55 m, I found th a t  95.2% of the  tru e  step  lengths were 15.8 m  or greater (Fig. (3.7)).

Discussion

T he close agreem ent between th e  resu lts of the  num erical sim ulation and the  m athem atical analysis 

(Fig. (3.4)) provides strong evidence to  support the  conclusion th a t  spurious 180 degree tu rns and 

strong directional biases will resu lt from G PS m easurem ent error. These results show th a t tu rn ing  

angle m easurem ent error is a  system atic  ra th e r th a n  a  random  error. Specifically, w hen the  distance 

between successive G PS locations is small, G PS error will give rise to  spurious 180 tu rns. The 

m easured directional bias is also affected by a system atic error. W hen the  anim al is near the  bias 

point and moves only a  short d istance between G PS locations, th e  directional bias is m ost likely 

measured as zero.

Insight into why spurious 180 degree tu rn s  arise from GPS error can be gained by considering 

a  sim pler question: why, if an  anim al does n o t move for th ree successive tim e steps, is it likely 

th a t the measured tu rn ing  angle is 180 degrees? Consider a sym m etrical d istribu tion  of GPS 

m easurem ent error in two spa tia l dimensions w ith a  global m axim um  a t  th e  anim al’s tru e  location 

th a t monotonically decreases away from th is point. T he m ost likely direction the  anim al was 

m easured to  have come from is <j)t- i  (see Fig. (3.8B)). Fig. (3.8C) shows <fit the  m ost likely direction 

the  anim al was m easured to  have moved to. If line segm ents where draw n through the  po in t (xtiV t)  

in the directions of 4>t-i and <pt b o th  line segm ents would pass th rough  the  m axim um  of the  GPS 

error distribution. However, (fit-i m ust te rm inate  a t  th e  po in t from which fit originates because 

fit- i  and fit are the  directions of successive movements. Therefore, (fit — (fit-1 the  m ost likely
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Figure 3.5: T he tru e  step  length cutoff value determ ined for different, A) tru e  tu rn ing  angles r* 
for b =  6.5 and B) values of the  G PS error coefficient b for =  0. T he m ean L*ul value is shown 
as a  dot and boo tstrapped  95% confidence intervals are shown as vertical bars. 1000 iterations of 
the  code were perform ed and for each iteration  100 tu rn in g  angles were generated.
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Figure 3.6: T he true  step  length cutoff param eter determ ined for different, A) distances between 
the location of the first move and the bias point Mj" for b =  6.5 and B) values of the  GPS 
error coefficient b for =  200. The m ean L*ul value is shown as a  do t and boo tstrapped  95% 
confidence intervals are shown as vertical bars. 1000 iterations of the code were perform ed and for 
each iteration  100 directions of movement were generated.
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Figure 3.7: T he relationship between true  and m easured step  length. A) I perform ed 10000 
iterations where I random ly chose 3 m easured locations where the true  step  length for bo th  moves 
was the sam e and between 0 and 100 m. All m easured step  lengths were binned a t 5 in intervals. 
1 calculated th e  proportion of tru e  step  lengths less than  16.2 in for each bin. For a  m easured step  
length of 50-55 m  the proportion of tru e  step  lengths less than  16.2 m was 0.049. An identical 
procedure was used in B) except th a t only two m easured locations were chosen on each iteration  
and the proportion of tru e  step  lengths less than  15.8 m was calculated. For a  m easured step  
length of 50-55 m  the proportion  of tru e  step lengths less th an  15.8 rn was 0.048.
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tu rn ing  angle, m ust be 180 degrees. A sim ilar argum ent can be used to  explain why an anim al 

located a t  a bias po in t th a t does not move, would be m ost likely to  have a  m easured directional 

bias of zero.

T he results in th is chapter have useful im plications for studies analyzing G PS d a ta  where 

tu rn ing  angles and directional biases are calculated. For example, a  knowledge of the  d istribution 

of m easured tu rn ing  angles th a t  results from G PS m easurem ent error is especially relevant to  

studies th a t  identify movement sta tes using m easured tu rn ing  angles and step  lengths (e.g., Franke 

e t al. 2004; M orales e t al. 2004). Because the tu rn ing  angle error is system atic spurious 180 degree 

tu rn s a t short step  lengths are very likely to  be identified as a  movement sta te . Furtherm ore, 

studies of an anim al’s directional bios th a t fail to  consider the effect of GPS m easurem ent error 

m ay detect directed movement tow ards a  bias point when no directed movements exists (e.g., Type 

I s ta tistica l error). The results in th is chapter, however, do not imply th a t wolves, for example, 

do no t move w ith  a high frequency of direction reversals for short step  lengths. Instead, these 

results, suggest th a t  biologists should consider GPS m easurem ent error as a  possible explanation 

for high frequency direction reversals when anim als move only a  short distance between locations. 

For the  wolf d a ta  shown in Fig. (3.2) visual inspection suggests th a t  the direction reversals persist 

for moves up  to  400 m. For an exponential d istribution  of G PS error, where 95% of locations are 

w ithin 31 m of the  tru e  location, GPS error can only account for the high frequency of direction 

reversals for step  lengths up to  50-55 m. Therefore, the wolf d a ta  in Fig. (3.2) m ay provide some 

evidence th a t  a  high frequency of direction reversals may be more than  a  m ere consequence of GPS 

m easurem ent error o r th a t m easured locations were less precise than  expected.

For studies of tu rn ing  angles o r directional biases, I offer three approaches th a t  could be used 

to  reduce the effect o f G PS m easurem ent error; 1) remove all short step  lengths and locations near 

the  bias point, 2) answer sim ilar research questions th a t do not require m easuring d istribu tions of 

angles, or 3) increase the  m easurem ent precision. For some anim als, s tudy  areas, or research ques

tions there m ay be no reason to  expect th a t tu rn ing  angles or directional biases would be different 

a t sho rt step  lengths th an  a t longer step  lengths. In these cases, it is recommended th a t short 

step  lengths be removed prior to  the  analysis, effectively characterizing movement as either resting 

(where the  anim al moves a negligible distance and where the tu rn ing  angle cannot be determ ined) 

and moving (where the step length and tu rn ing  angle or directional bias can be m easured accu

rately). If removing short step lengths from the d a ta  is not an  option, researchers should consider
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Figure 3.8: For an  anim al th a t does not move for three successive tim e steps, the  d istribu tion  of 
G PS error is centered a t the sam e point. T he probability  density of m easured anim al locations is 
shown in grey scale where darker shades represent higher probabilities. A) shows an  anim al moving 
in the  direction of the arrows w ith  a  m easured tu rn ing  angle of t*. For an anim al m easured a t 
(x t , y t ) the probability  the anim al was m easured to  have come f ro m  the  direction O t-i is the sum 
of probabilities for all m easured locations w ith a  direction of 6t~ i between the  m easured location 
and (Xi, yt). D) shows the  probability  density  function for the  m easured direction the  anim al came 
from, B t-1. T he m ost likely direction the anim al came from is <pt-i (shown in B). N ote th a t 
is th e  d irection of a vector th a t term inates a t (x t ,y t)  and travels th rough the  m axim um  of the 
G PS error probability  density function. Similarly, E) shows the probability  density function for 
th e  direction the anim al was m easured to  have moved to , T he m ost likely direction the animal 
was m easured to  have moved to  is 4>i (shown in C). Turning angles are m easured as r t =  0t+1 — 0t . 
Therefore, th e  m ost likely m easured tu rn ing  angle is <j>t — 4>t-\ =  180 as shown in B and C.
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w hether calculating d istribu tions of angles is necessary to  answer th e  research question. M easured 

angles are especially sensitive to  m easurem ent error because even sm all location errors can result in 

large errors in m easured angles. Therefore, more d a ta  can be retained for studies concerning how 

anim als use space th an  for questions concerning the  angles a t  which an im al’s move. T his is due 

to  the  lesser effect of location m easurem ent error on estim ating an  an im al’s tru e  location versus 

error in estim ating the an im al’s true  tu rn ing  angle. Lastly, Johnson and B arton  (2004) provide 

an excellent discussion of factors th a t influence G PS m easurem ent error. T he true  direction of 

movement could be detected a t shorter step lengths if the  effects of any of the factors discussed 

were reduced, for example, by using differential correction or by choosing a flat study  area.

For studies where removing short step lengths from the  d a ta  is appropriate , in th is chapter, I 

have determ ined th a t  for m easured step lengths of greater th a n  50-55 m the  tru e  tu rn ing  angle and 

directional bias can be determ ined (for b =  6.5). Note th a t the  V te s t will detect movement in a 

particu lar direction, even if th a t  movement is very weak. Using higher step  length cutoffs provides 

greater certain ty  in the m easured d istribu tion  of tu rn ing  angles (Fig. (3.3)). Furtherm ore, when 

the difference in m agnitude between the  true tu rn ing  angle and 180 degrees is small, it may no t be 

possible to  detect the effect of th e  error. For example, in Fig. (3.3) the step  length cutoff is zero 

when the  tru e  tu rn ing  angle is 135 degrees. A larger sam ple size is needed for the  V te st to  have 

sufficient power to  detect small differences between 180 degrees and  the true tu rn ing  angle.

These results suggest a  step  length cutoff of 50-55 m. A step  length cutoff of 50-55 m is not 

appropriate when; 1) the G PS error coefficient is no t 6.5 (Figs. (3.5) and (3.6)), 2) the  anim al is 

closer than  15 m  from the bias po in t (Fig. (3.6)), and  3) the  num ber of angles used to  te s t for the 

bias is much less th a n  the 100 sim ulated d a ta  points used to  determ ine the step length cutoffs for 

th is study. Fortunately, wolves frequently move greater th a n  55 m when locations are sam pled a t  30 

m inute intervals. For anim als th a t  move sm aller distances a  sam pling scheme whereby th e  anim al 

can m ove greater than  55 m per sam pling un it is recom m ended. For all species, the  system atic 

effects of G PS error may be less likely to  cause a bias when the sam pling interval of the  G PS collar 

is longer, allowing a  longer distance to  travelled between fixes.

This work dem onstrates th a t  a  high frequency of 180 degree tu rn s and strong directional biases 

m ay be a ttr ib u tab le  to  G PS m easurem ent error, ra the r th an  actual anim al movements. Because 

GPS error gives rise to  a system atic bias in m easured angles it is very likely th a t  movement models 

th a t fail to  consider the effect of GPS error could yield biased results, especially if the  anim al
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moves short distances between location fixes. 1 determ ined a step  length  cutoff above which the 

tru e  tu rn ing  angle or directional bias can be detected. Removing all G PS d a ta  observations where 

the step length does not exceed the recommended cutoff is a  simple step  th a t can be taken to  

prevent G PS m easurem ent error biasing movement model results.
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Chapter 4

The effect of past kill sites, 

territory boundary, and terrain on 

wolf movements

Introduction

Recent advances in Global Positioning System (GPS) technology allow collar un its worn by anim als 

to  record the an im al’s location a t  fixed intervals. These technological advances have prom pted 

a  com plem entary advance in modelling anim al movements (Turchin, 1998; M anly e t al., 2002; 

M oorcroft and Lewis, in review). Several recent studies focus on understanding the effect of 

landscape features on anim al movements (e.g., Fortin  e t al. 2005, in press; W hitting ton  e t al. 

2005). In th is  chapter, I use G PS d a ta  and m odelling to  identify ecological features th a t influence 

wolf ( Canis lupus) movement. In  particular, I investigate the effects of the location of p as t kill 

sites, the  te rrito ry  boundary, and elevation gradients on movement directionality.

Wolf m ovement fulfils two m ain objectives; hunting and te rrito ry  defense (Mcch and Boitani 

2003, p 30) and is influenced by numerous o ther factors. A movement bias is a  non-uniform  

d istribu tion  of difference in angles between the direction of a bias point and the direction moved by 

the  anim al. C anid movement is likely biased during the  breeding season by th e  den site (Holgate, 

1971; M oorcroft and Lewis, in review), and year round by the  te rrito ry  boundary (Lewis and
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M urray, 1993), locations of high prey  density (M oorcroft et. al., in review), elevation (M oorcroft 

et. al., in review), snow depth  (Nelson and Mech, 1986; Puller, 1989; Hebblewhite, 2005), and 

distance to  roads (W hitting ton  e t al., 2004, 2005).

M ovement biases also occur a t a  range of spatial scales (W ith, 1994; W ard and Saltz, 1994; 

Johnson e t al., 2002; Marell e t al., 2002; Nams, 2005). For exam ple, a t a  large scale the anim al may 

be travelling, while a t the small scale the  anim al m ay be foraging (Nams, 2005) such th a t  large 

scale movements are directed (tow ards a  patch  of food) and small scale movements are random  

(within the patch). Furtherm ore, anim al movements m ay change th rough space (Nams, 2005) such 

th a t an anim al may exhibit d irected movements only a t specific scales or distances from a stim ulus. 

The perceptual range (Zollner and  Lima, 1997) is the distance a t which the anim al can perceive a  

stim ulus. Here, I focus on th e  effects of th ree features; p ast kill sites, the te rrito ry  boundary, and 

elevation on wolf movement and te st for directed movements a t  different tem poral scales (see Fig.

(4.1)).

Wolves can rem em ber the location of p as t kills (R. Peterson, pers. obs., Mech and Boitani 

2003). Several studies have dem onstrated  an effect of vegetation type and prey density on anim al 

movement. For exam ple, coyotes ( Canis latrans) move w ith  a short step  length in regions of 

high small m am m al density (M oorcroft et. al., in review). Foxes ( Vulpes vulpes) tu rn  frequently 

in areas of high earthw orm  (Lum bricus terrestris) density (M acDonald, 1980). Gazelles ( Gazella 

dorm s) tu rn  frequently and move short distances when in high density patches of m adonna lillies 

(Pancratium  sickenbergeri, W ard and Saltz 1994). For elk ( Cervus canadensis), a  series of steps 

th a t comprise a segm ent of m ovem ent are more likely to  term inate in aspen (Populus trernuloides) 

forest when wolf density  is low, o r in conifer forests when wolf density is high, than  in o ther cover 

types (Fortin e t al., 2005). Wolf movem ent oriented w ith respect to  th e  locations of p ast kill sites 

has no t been shown in previous studies. Furtherm ore, the frequency and num ber of retu rns to  past 

kill sites is not known.

Wolves also defend their te rrito ry  boundary  from invasion by neighbouring wolf packs (Mech 

and Boitani 2003, p  19 and references therein). One way th a t wolves defend the ir te rrito ry  is 

through scent m arking using raised leg urination, defecation, and scratching to  advertise th e  te rri

to ry ’s periphery (Peters and Mech, 1975; Zub e t al., 2003). Wolves will scent m ark while traveling 

or hunting, b u t are known to  scent m ark more intensely when encountering a scent m ark of a  for

eign wolf (Peters and Mech, 1975). W hile Peters and Mech (1975) found th a t wolves scent m ark
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Figure 4.1: A) The quantity  Q is shown as the difference between ©t and 0t . B) T he effect of 
subsam pling the d a ta  where only every fourth location is retained. T he do tted  arrow shows the 
direction of movement m easured for the subsam pled data . Subsam pling the d a ta  in th is m anner 
m ay detect movement bias th a t  occur on longer tim e scales than  the original d a ta  points
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more frequently near the  te rrito ry  boundary, Zub e t al. (2003) found th a t  the ra te  of wolf scent 

m arking did no t vary through space. W hen form ulated as a  m athem atical model, the  predicted 

p a tte rn  of space use when wolves move away from th e  te rrito ry  boundary gives rise to  stab le te rri

to ry  p a tte rn s  (Lewis and Murray, 1993). T he model is also consistent w ith  the spatia l d istribu tion  

of m easured G PS locations from radiocollared coyotes (M oorcroft e t al., 1999). However, it has 

not been determ ined empirically w hether wolves arrive a t the ir te rrito ry  boundaries via random  

or directed movements, nor if wolves travel along the  boundary  upon reaching it (i.e. patrolling).

Elevation also affects anim al movement (A rm strong and Robertson, 2000) and in m ountainous 

regions wolves often inhabit the lower elevations (e.g., W hitting ton  et al. 2005). Two strategies 

th a t could give rise to  this p a tte rn  are; 1) preferential m ovem ent in the direction of the  steepest 

downhill slope where th e  strength  of the preference is proportional to  th e  m agnitude of the  slope, 

or 2) m ovement along contour lines by m oving perpendicular to  the  downhill direction. T he former 

strategy, when w ritten  as a  m athem atical m odel, gives rise to  a  p a tte rn  of space use consistent 

w ith the recorded GPS locations of coyotes (M oorcroft and Lewis, in review). A varian t of the 

la tte r, effectively models the movement of elk in Yellowstone N ational P ark  (Fortin  e t al., in press).

In th is chapter, I investigate w hether wolves orient the ir movements w ith  respect to  the  locations 

of p ast kill sites, the territo ry  boundary  and the  direction of the  steepest downhill slope. I use 

sta tistica l techniques to  test the effect of each ecological feature versus the null hypothesis th a t 

each has no effect on the direction of wolf movement.

M ethods

Data collection and study site

Five wolves were m onitored rising GPS radiocollars (Fig. (4.2)). These wolves inhabited  no rtheast

ern Banff N ational P ark  (BNP) and adjacent lands near Ya H a T inda Ranch, A lberta , C anada.

I excluded wolf 65 from the analysis as GPS d a ta  and field observations showed th a t th is wolf 

dispersed during the  study period and dispersal movem ents are outside th e  scope of the  research 

question. I analyzed G PS d a ta  from 4 wolves from 3 packs (Tab. (4.1), Figs. (4.2) and (C .l)- 

(C.4)). For each collared wolf, th e  study  period is the  interval of tim e for which th e  collar collected 

a location fix every 15 m inutes (Fig. (4.2)). T he s tudy  area is located between 544460 and 6463701 

Universal T rans M ercator (UTM ) Easting  and 5677860 and 5746230 UTM  N orthing for the  N orth
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American D atum  (NAD) 1983, zone 11 in the eastern  slopes of the C anadian  Rocky m ountains. 

Elevation in the s tudy  area ranges between approxim ately 1500 in and 3500 m  above sea level. Elk 

( Cervus elaphus) are a  prim ary com ponent of wolf diet in th is  area, and mule deer ( Odocoileus 

hemionas), w hite-tailed deer (0 .  virginianus),  bighorn sheep (Ovis canadensis), m ountain  goat 

( Oreamnos americanus), and feral horses (Equus hemionas) are also preyed on by wolves (Hebble- 

w hite and Merrill, 2002; Hebblewhite e t al., in press). F urther details of the  s tudy  site are found 

in Hebblewhite and Merrill (2002) and Hebblewhite et al. (2004).

Testing for directional biases

I tested  the  hypotheses th a t wolves orient the ir movements w ith respect to  the locations of past 

kill sites, the  te rrito ry  boundary, and the  direction of the steepest downhill slope. I  also considered 

movem ent biases a t several different tem poral scales. C hapter 3 showed th a t a move of 55 m is 

sufficient to  determ ine the actual direction of movement in the presence of G PS error, if the  bias 

point is a t least 15 m  from the  anim al and 95% of G PS locations fall w ith in  30 m  of the  actual 

location. Hence, I removed all observations where the wolf did no t move a t least 55 m. The 

direction of movement, 0t, a t the  nex t step  was calculated as,

0t =

t a n " 1 X t + l —Xt
for Xi+i > x t and y l+ 1 >  y t ,

180 +  t a n " 1 for x t+ i <  x t ,

360 +  ta n -1 ff+j I f f - for x t+i > x t and y t+i < yt .

(4.1)

The direction of the bias point,© t , was calculated as,

t a n - 1 Xt ~x‘

180 +  tan ' -1 -Vt 
X ' t - x t

for Xt > and ipj > y t , 

for Xt < x t ,

360 + ta n  1 for Xt > x t and Vi <  Vt-

(4.2)

T he bias po in t ( x t ^ t )  ls either th e  location of a past kill site, th e  nearest po in t on the  te rrito ry  

boundary, or the point one step  length away w ith the lowest elevation. T he difference in direction 

between the  direction of the bias point and the  direction of the  nex t move is,

Ct = St - 1 (4.3)
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Table 4.1: G PS d a ta  sum m ary

Wolf Pack Study period N um ber of successive 
15 m inute fixes

Wolf 77 Ya Ha T inda Jan  2 - Feb 20, 2004 4349
W olf 78 W ildhorse Feb 8 - M ar 28, 2004 4062
W olf 85 Cascade Ju l 4 - 18, and 

Aug 1 - 15, 2004
2242

Wolf 86 Ya Ha T inda Ju l 4 - Aug 18, and 
Aug 19 - Sept 12, 2004

3255
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W o lf  77 (Ya Ha T inda ) 
W o lf  78  (W ild h o rs e )  
W o lf  85 (C ascade ) 
W o lf  8 6  (Y a  H a T in d a )

Figure 4.2: T he GPS d a ta  for each of the four wolves used in the  analysis are shown. Projection: 
UTM  (Universal T rans M ercator), D atum : NAD 1983, zone 11. The bo ttom  left corner of the 
figure is 534872 E asting and 5678413 N orthing and the top right corner is 638251 E asting  and 
5762115 N orthing. T he period of d a ta  collection and num ber of fixes are shown in Tab. (4.1). 
A dditional figures of the  GPS d a ta  collected for each wolf are contained in A ppendix C.
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(see also Fig. (4.1)).

S u b -s a m p lin g  p ro c e d u re

I tested  for m ovement biases a t different tem poral scales, I subsam pled the GPS d a ta  by including 

only pairs of locations where the tim e between locations is 30, 60 or 120 m inutes. I calculated the 

direction of m ovement for the  subsam pled d a ta  as,

<Pt =  '

tan_1 ^ 7 = ^ 7  for xt+i > x t and y l+{ > y t ,

+  for Xt+i < Xt> (4-4)

360 +  ta n -1  ffiffZs; for x l+i > x t and y l+i < y L,

where the difference in tim e between (x t ,y i)  and (xt+ i , 2/t+ i)  is 15m in u te s  and i 6 {2,4,8} (see 

Fig. (4.1)).

Testing for autocorrelation

I tested  for autocorrelation between each successive m ovement direction as the sta tistica l tests 

in th e  following subsections assum e independence of the  data . Most m ovement models assume 

th a t the d irection of successive movem ents are uncorrelated. However, if movement directions are 

tem porally  autocorrelated  movem ent can be modelled as a persistent random  walk (Kareiva and 

Shigesada, 1983; W u e t al., 2000). Tem poral autocorrelation in movement directions was tested  

for using a  modified version of Pearson’s correlation coefficient (Zar 1998 p 649-651, Fisher 1993, 

p 151, see A ppendix A).

Bias toward locations of past kill sites

Kill sites were located by snow backtracking and ground tru th in g  of Very High Frequency (VHF) 

radio locations. V H F collared wolves were located using a  VHF antennae. Wolf tracks were 

located in the  snow and followed backwards in the snow to  locations visited previously by the 

pack. W hen kills were encountered, the location, prey species, and estim ated kill date  (based on 

s ta te  of decom position and age of wolf tracks) was recorded. W hen wolves were observed near a  kill 

during aerial telem etry flights th e  location of the kill was recorded and then  verified by travelling 

to  th e  location of th e  kill on foot (i.e., ground tru th in g  of VHF locations). Kill site locations
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were recorded for December 2003 - April 2004. Procedures used for identifying kill sites were as 

described by Hebblewhite (2004). I tested  for directed wolf movement for 0-5, 5-10, 10-15, 15-20, 

20-25, and 25-30 days following each kill.

Only G PS d a ta  collected during the  w inter (i.e. wolves 77 and 78) were used to  te s t for a 

movement bias tow ards the location of past kills because snowtracking was only possible in the 

winter. For each kill w ithin a wolf’s territo ry  during the  G PS d a ta  collection period, I used GPS 

d a ta  between 0-5 days after the day of the kill and calculated Q where the bias po in t (Xt<ilt )  >s 

the  location of a  kill m ade 0 - 5  days prior. D ata  from each kill was pooled into one estim ate of the 

directional bias £ for 0-5 days following a  kill. I used the V test (Zar 1998, pG18-620, see A ppendix 

A) to  te s t for a  directional bias tow ards kills m ade during the p ast 30 days. T he d istribu tion  of £ 

was sim ilarly calculated for GPS d a ta  5-10, 10-15, 15-20, 20-25, and 25-30 days after the  kill.

Bias toward the territory boundary

To test for a  bias tow ard the  te rrito ry  boundary, I defined the te rrito ry  boundary  as a  100% 

M inimum Convex Polygon (M CP, M ohr 1947; Kie e t al. 1996) for all d a ta  recovered from the  GPS 

collared wolves. Wolves scent m ark a t the ir te rrito ry  boundary  a t least every 3 weeks (Peters and 

Mech, 1975) and it is not necessary th a t wolves constantly  patro l th e  boundary. I te sted  for biases 

th a t  occurred only when wolves were w ithin one-quarter of the radius of a  circle equal in area to 

th e  100% M CP territory. The one-quarter distance was chosen arbitrarily , b u t choices of one-half 

and one-eighth did not influence th e  results. The bias point for this analysis is defined as the 

nearest point on the 100% M C P territo ry  boundary. I hypothesized th a t wolves will patro l their 

te rrito ry  boundary  by moving perpendicular to  the direction of the  nearest point on the  te rrito ry  

boundary  ( X t ^ t )  ('-e -> moving parallel to  the boundary). For any point ( x t , yt)  there are two 

directions th a t a  wolf could move in to  patro l along the  te rrito ry  boundary. Therefore, wolves 

th a t are patrolling the  te rrito ry  boundary move a t a  90 or 270 degree angle w ith  respect to  the 

direction of the  nearest point the  boundary.

I expected th a t, (t (the difference in direction between the direction of the nearest point on the 

te rrito ry  boundary  and the nex t move) is d istribu ted  as a  m ixture of von Mises distributions. The 

von Mises d istribu tion  is used instead of a  norm al d istribu tion  when the d a ta  is circular and has 

been used to  model anim al movem ents in num erous previous studies (i.e., M oorcroft and Lewis in 

review). T he von Mises d istribution  has a  strength  param eter k , and when k =  0 the von Mises
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distribu tion  is a  uniform  distribu tion  between 0 and 360 degrees. T he von Mises d istribu tion  has 

one o ther param eter j i  which is the m ean of the d istribu tion . Because the  wolves can patro l the 

boundary by m oving in either of two directions, I hypothesized th a t £ was a  weighted mixed of two 

von Mises d istribu tions w ith  m eans of /xi =  90 and fi2 =  270 degrees. Therefore, the  hypothesized 

d istribu tion  of £ is,

9, Ki, k 2) =  ra p  (« i c°s  ( (  -  90)) +  exp («2 cos (C -  27°)) • (4.5)

T he likelihood ra tio  te s t was used to  te s t Eq. (4.5) against a uniform alternative as shown in 

Grim shaw e t al. (2001). T he logarithm ic likelihood for the  uniform  distribu tion , L L 0, is the 

logarithm ic likelihood of B V M ( £ ,  0 ,0 ,0 ) . T he logarithm ic likelihood for Eq. (4.5), L L y , is the 

logarithm ic likelihood of B V M ( £ , q , k i , K 2) where hats denote m axim um  likelihood param eter es

tim ates. T he likelihood ra tio  te s t s ta tis tic  is calculated as,

A =  2(7,L i -  L L 0). (4.6)

This te s t s ta tis tic  follows the s tan d ard  approxim ation of the  x 2 d istribu tion  (Grim shaw et al., 

2001) w ith  3 degrees of freedom.

Bias towards downhill

I hypothesized th a t  wolves move either tow ard or perpendicular to  the  d irection of the  steepest 

downhill slope. T he form er is the  hypothesis th a t  wolves move downhill; the la tte r  is the  hypothesis 

th a t wolves move along contours. I form ulated six com peting hypotheses where each hypothesis is 

expressed as a  von Mises d istribution ,

V M (k, 0  =  exp (k cos(O ) • (4.7)

Each of the  six models are shown in Tab. (4.2) where £ is the d istribu tion  of differences between the 

direction of downhill and the direction of movement. T he m agnitude of the  steepest downhill slope 

is Cf To be consistent w ith  Fortin  c t al. (in press), ©tx is defined as the  direction perpendicular to  

the direction of the  steepest downhill slope th a t  minimizes the difference between the direction of 

the last movem ent and Q f ,  Because all models are not nested, Akaike Inform ation C rite ria  (AIC,
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B urnham  and A nderson 2002) was used to  select the  best model am ong the  six alternatives. AIC 

values are calculated as,

A lC i  =  - 2  L L i  +  2k  (4.8)

(Burnham  and Anderson, 2002) where k is the  num ber of model param eters and L L i  is the log

arithm ic likelihood for model i. The AAIC is the lowest AIC value sub trac ted  from all o ther 

models. A A IC values greater th an  10 indicate strong evidence to  suppo rt the best model (i.e., 

lowest AIC, B urnham  and Anderson 2002). T he d a ta  used for th is analysis was subsam pled a t 30 

m inute intervals. For th is analysis I do not te s t for directed movem ent for the 60 or 120 m inute 

subsam pled data . A t these sam pling frequencies there are large distances between (x i , y t ) and 

(xt+i, Vt+x) such th a t the  elevations a t (x t , y t ) and (x l+i , y t+i) are likely not representative of the 

change in elevation between the  points.

R esults

T he autocorrelation  statistics in Tab. (4.3) show th a t  the  direction of m ovement from the  GPS 

collars sam pling th e  wolves’ locations every 15 m inutes are tem porally  autocorrelated . However, 

when the  d a ta  are subsam pled such th a t there is 30, 60, or 120 m inutes intervals between locations 

the direction of movement was uncorrelated for all wolves except for wolf 77 (subsam pled a t 60 

and 120 m inutes) and wolf 78 (subsam pled a t 120 m inutes). A utocorrelated  d a ta  are excluded 

from all subsequent analyses.

For bias tow ards kills made during the past 30 days, wolf 77 was found to  move back to  past 

kill sites 0-5, 15-20 and 20-25 days old. However, no movem ent biases were detected for wolf 

78. Fig. (4.3) shows the  location of kills and G PS d a ta  used for the  analysis. For all wolves 

and all uncorrelated subsainpling regimes except wolf 78 (subsam pled a t  60 m inutes) and wolf 86 

(subsam pled a t 60 m inutes), I found a significant preference for movement perpendicular to  the 

direction of the nearest point on the  te rrito ry  boundary  (Tab. (4.5)). Fig. (4.4) shows all the G PS 

locations th a t were less than  one-quarter of the  te rrito ry  radius away from the boundary. For slope 

bias, there was strong evidence for movement preferentially in the direction perpendicular to  the 

direction of the steepest downhill slope for all four wolves (Tab. (4,6)).
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Table 4.2: Models for movem ent direction w ith respect to  elevation

Models D escription
V M (  0 ,0 Movement is random  w ith  respect 

to  the downhill direction

V M { k , Q D irected downhill movement

V M (de ,  C) M agnitude of preference for downhill 
depends on the m agnitude of the 
downhill slope

VM(0,Cx) Movement is random  w ith respect 
to  the direction perpendicular to  
the downhill direction

V M ( k ,Cx ) D irected movement perpendicular to  
the direction of downhill

V M (de,  Cx) M agnitude of the  preference for movem ent 
perpendicular to  the downhill direction 
is proportional to  the m agnitude of the 
downhill slope
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Table 4.3: Tem poral autocorrelation results for m ovement directions for 4 different tem poral sub
sam pling regimes

Wolf Subsam pled a t
15 mins 30 mins 60 mins 120 mins

r’aa -0.0008 -0.0009 -0.05 -0.07
No. of obs. 4349 2286 1158 584
Reject Ho? yes no yes yes

r aa -0.004 0.0001 -0.0007 -0.0081
No. of obs. 4062 2242 1141 576
Reject 7/o? yes no no yes

I'aa -0.0013 -0.0018 -0.0006 0.0016
No. of obs. 2241 1236 641 472
Reject H 0? yes 110 110 no

Taa -0.0023 -0.0015 -0.009 -0.0013
No. of obs. 3255 1835 943 708
Reject H q? yes no no no
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Table 4.4: Bias towards kill sites from the previous 30 days.

W olf Days after kill Subsampled a t
30 mins 60 mins

0-5 n =  1968 u =  2.19* - -

5-10 n =  2434 u =  -0.10 - -

10-15 n =  2324 u =  0.95 - -

15-20 n =  2677 u =  1.79* - -
20-25 n =  1797 u =  1.77* -
25-30 n =  1337 u =  0.72 - -

0-5 n =  1390 u =  1.17 n =  706 u =  1.38
5-10 n =  1875 u =  0.07 n =  956 u =  0.67
10-15 n =  2243 u =  0.33 n =  1137 u =  0.95
15-20 n =  2677 u =  0.53 n =  1359 u =  1.29
20-25 n =  2674 u =  -0.03 n =  1358 u =  1.30
25-20 n =  2555 u =  0.63 n =  1301 u =  1.28

T he u-statistic  is calculated for the V test. The num ber of observations used for the analysis is n. 
Only uncorrelated movement directions are shown and * denotes a  significant result.
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Figure 4.3: T he location of kill sites found during GPS d a ta  collection period (*) for wolf 77 and 
78. T he histogram  shows the difference between the direction of a kill made 0-5 days ago and the 
d irection in which the wolf moved. Wolf 77 shows a significant bias towards the location of kills 
m ade 0-5 days ago where as wolf 78 does not.
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Figure 4.4: For each wolf, I calculated the  radius of a  circle w ith  the sam e area as each te rrito ry  
100% MCP. GPS locations th a t  were less th an  a quarte r of th is radius away were classified as near 
the boundary (black). All o ther G PS points are shown in grey. The 100% M C P territories are 
shown as grey lines
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Figure 4.5: T he difference between the direction of the next move and the direction of the te rrito ry  
boundary  is'show n as a histogram  for four wolves, p-values are shown for the  likelihood ratio  
test. T he m axim um  likelihood param eter estim ates are: wolf 77, q =  0.64, « i =  0.73, «2 =  1.58, 
wolf 78, q =  0.29, « i =  2.10, «2 =  0.80, wolf 85, q =  0.50, « i =  1.05, k2 =  1.17, and wolf 86, 
q =  0.44, ki  = 1 .2 0 , k2 = 0 .7 4 .
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Table 4.5: Bias perpendicular to the nearest point on the territory boundary.

Wolf Subsam pled a t
30 mins 60 mins 120 mins

77 L L i -2130.8 - -

A 15.0 - -

P <  0.005 - -

78 L L i -832.2 -436.1 _

A 22.7 2.7
P < 0 .0 0 1 > 0 .2 5 -

85 LLi. -1032.5 -526.5 -461.8
A 19.2 20.3 13.8
P <  0.001 <  0.001 <  0.005

86 LLx -860.8 -435.8 -306.2
A 9.72 3.21 12.6
P < 0 .0 1 >  0.25 <  0.01

A utocorrelated subsam pling regim es are not shown. L L \  is the logarithm ic likelihood for Eq. 
(4,5) and A is calculated as shown in Eq. (4.6). The p-value for the y 2 te s t is shown.
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Table 4.6: M ovement direction w ith respect to  the direction of the steepest downhill slope

M odel LL k AIC A AIC
Wolf 77
V M M -2216.5 0 4433.0 1782.2
V M M -2216.5 1 4435.0 1784.2
V M ( d e , 0 -2216.4 1 4434.9 1784.1
V M ( 0 , ^ ) -2216.5 0 4433.0 1782.2
V M M ) -1324.4 1 2650.8 0
V M ( M ) -2216.5 1 4435.0 1784.2
Wolf 78
V M (  0 , 0 -2648.4 0 5296.8 1925.4
■ V M M ) -2648.2 1 5298.4 1927.0
V M (d e ,S ) -2647.1 1 5296.2 1924.8
V M M ) -2648.4 0 5296.8 1925.4

V M M ) -1684.7 1 3371.4 0
V M ( d e ,? x ) -2648.4 1 5298.8 1927.4
Wolf 85

V M M -1841.6 0 3683.2 1688.8
V M M ) -1841.6 1 3685.2 1690.8
V M ( d e , 0 -1841.6 1 3685.2 1690.8
V M (  0 , f x ) -1841.6 0 3683.2 1688.8
V A l ( K , e ) -996.2 1 1994.4 0
V M ( d e , ^ ) -1841.6 1 3685.2 1690.8
Wolf 86
V M M 1020.0 0 2040.0 929.4
V M M ) 1019.1 1 2040.2 929.6
V M ( d e , 0 1019.6 1 2041.2 930.6
V M M * - ) 1020.0 0 2040.0 929.4

V M M + ) 554.3 1 1110.6 0
V M ( d e , ^ ) 1020.2 1 2042.0 931.4

L L  is the  logarithm ic likelihood for each model, k  is the num ber of model param eters and the 
A I C  value is calculated using Eq. (4.8). A A IC is calculated by sub trac ting  the lowest AIC value 
from all o ther AIC values. A description of models is found in Tab. (4.2). Model param eters are 
described in the tex t.
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D iscussion

Wolves move to  hunt and defend te rrito ry  (Mech and Boitani 2003, p 30), Various ecological 

features such as snow depth  (Nelson and Mech, 1986; Fuller, 1989; Hebblewhite, 2005) and distance 

to  roads (W hitting ton  et al., 2004, 2005) influence wolf movement. In this chapter, I found some 

evidence th a t  wolves re tu rn  to  locations of past kill sites, move perpendicular to  the direction of 

the te rrito ry  boundary, and move perpendicular to  the direction of th e  steepest downhill slope. 

O ther results showed th a t  the m easured direction of wolf movement, when locations are sampled 

every 15 m inutes, are tem porally  autocorrelated (Tab. (4.3)). W hen locations are sampled a t 30 

m inute intervals, movement directions are no longer tem porally  autocorrelated  and all analysis 

were perform ed using GPS d a ta  subsam pled a t a 30 m inute intervals or longer. Wolves 77 and 

78 showed autocorrelation  a t th e  60 m inute (wolf 77 only) and 120 m inute subsam pling intervals. 

GPS d a ta  for bo th  these wolves was collected during the  w inter and tem poral autocorrelation in 

movement directions m ay be due to  constraints imposed by deep snow.

Wolf 77 showed a  bias tow ards kills th a t were 0-5, 15-20, and 20-25 days old; however, wolf 78 

showed no bias. These results are not conclusive and several additional factors m ay have influenced 

results. Firstly, the study  area in and near BN P is very m ountainous and there may be a jo in t 

effect of elevation and the location of past kill sites on wolf movement. Secondly, past kill sites 

are described as points in the model, however, if p ast kill sites th a t are sufficiently close m ay be 

perceived as an  area ra the r th an  two d istinct points. Thirdly, th e  location of only a few kill sites 

was known. These kill sites m ay not be representative of th e  d istribu tion  of kill sites for the  study 

period. Additionally, an  overlap between the west boundary  of the wildhorse pack and th e  east 

boundary  of the  Ya H a T inda pack territories is evident from the  GPS d a ta  (Fig. (4.2)). Several 

kills where located w ithin th is region of overlap, and the  wolves m ay have moved differently towards 

kills m ade in the  proxim ity of th e  boundary.

T he four wolves showed evidence of boundary patrolling (Tab. (4.5)) a t the 30 m inute sam pling 

interval. A t longer sam pling intervals this effect becam e less evident, suggesting th a t movement 

was non-directed or influenced by other factors. This result is reasonable as it is unlikely th a t 

more th an  a few hours are spen t m arking the boundary. W hile I found th a t wolves patro l their 

te rrito ry  boundaries, I have not determ ined w hat im pact this would have on wolf space use, which 

is a direction for fu ture research.

However, ju s t as elevation and the te rrito ry  boundary may have influenced the results of the past
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kill site analysis, past kill sites and  elevation may have influenced the te rrito ry  boundary  analysis. 

If any two of the three factors hypothesized to  influence movement are spatially  indistinct, a  

mechanism causing th e  bias cannot be isolated. For some wolves some of the  M CP territo ry  

boundaries fall along m ountain ranges or valleys (e.g., the north  and east M C P te rrito ry  boundary 

for wolf 77). Yet, wolf 78 shows a  strong  bias tow ards the  te rrito ry  boundary  and the  100% M CP 

te rrito ry  boundary  for th is wolf appears unassociated w ith elevation. Therefore, wolf 78 shows 

evidence of movement parallel to  the te rrito ry  boundary. Wolves 77, 85 and 86 also show evidence 

of movement parallel to  the te rrito ry  boundary, however, th is result m ay be due in p a rt to  the 

association of the te rrito ry  boundary  w ith  m ountain ranges or valleys.

The same GPS d a ta  was used to  define the te rrito ry  boundary  and te s t for a  bias w ith respect 

to  the boundary, there arc two reasons why using the  sam e d a ta  to  define the  te rrito ry  boundary  

would not bias my results. Firstly, the shape of the  M C P te rrito ry  boundary  is influenced by 

only the outer m ost points. Therefore, there are m any com binations of tem porally  sequenced 

points th a t could exist w ithin th e  sam e MCP. Secondly, the vertices of the  M C P te rrito ry  were 

not necessarily visited in order. Therefore, the anim al is no t required to  move from one vertex to  

the next and will not necessarily travel along the M C P te rrito ry  boundary.

Lastly, all of the wolves showed very strong evidence in support of m ovem ent in the  direction 

perpendicular to  th e  direction of th e  steepest downhill slope (Tab. (4.6)). For a continuous surface, 

the gradient in the  direction perpendicular to  the  direction of the  steepest downhill slope is zero 

(Stew art 1999, p 696). Therefore, these results suggest th a t  wolves move along contour lines. 

Again, the im plications of this movem ent stra tegy  on p a tte rn s  of space use by wolves is an area of 

future research.

Future directions

T he earliest m echanistic models for anim al home ranges assum ed th a t  anim als moved w ith a bias 

tow ards a central point (Holgate, 1971; Okubo, 1980), More recently, Lewis and M urray (1993) 

showed th a t home ranges m ay also arise due to  m ovement away from th e  te rrito ry  boundary. 

Both mechanisms give rise to  finite ranges, b u t the use of space w ith in  these ranges is different. 

M oorcroft e t al. (1999) show th a t  the  p a tte rn  of space use th a t arises when the  m agnitude of the 

centralizing tendency is dependent on the  density of foreign scent m arks is more consistent w ith 

coyote GPS collar locations than  a  model w ith a  constan t bias tow ards the  home range center.
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T he results in th is chapter identify new movement strategies th a t are consistent w ith  the 

m easured d istribu tions of directional biases for GPS d a ta  recovered from four wolves in the BNP- 

Ya H a T in d a  region. Zub e t al. (2003), in contrast to  Peters and Mech (1975), found th a t wolves 

scent m ark uniform ly th roughout their territories. Yet, the densities of space use w ithin a  wolf 

te rrito ry  influences scent m ark densities. T he expected space use density, given wolf boundary  

patrolling movem ents can be determ ined using the m ethods shown in M oorcroft e t al. (in review) 

and M oorcroft and Lewis (in review). The effect of contouring movements on p a tte rn s  of space use 

could also be determ ined using these m ethods. U nderstanding the mechanisms th a t  give rise to  the 

observed p a tte rn  of space use is particu larly  relevant to  predator-prey dynam ics where differences 

in p reda to r density can result in  shifts in prey  d istribution  which can in tu rn  im pact vegetation 

(Fortin  e t al., 2005). Furtherm ore, consideration of p redator movements have been no tab ly  absent 

from p ast studies of p redator-prey  dynam ics (Lima, 2002).

W hile useful, th e  numerical m ethods used in M oorcroft e t al. (in review) and M oorcroft and 

Lewis (in review) are com putationally  intensive. T he m ethods described in th is chapter are a  

prelim inary step  th a t  can be used to  identify the  best mechanisms to  te s t in the  sim ulation models 

of M oorcroft and Lewis (in review). In th is  chapter I showed th a t, 1) when wolves are near the 

te rrito ry  boundary, they  exhibit patrolling movements along the boundary edge, and 2) wolves 

move along contour lines perpendicular to  the direction of downhill. I found some evidence of 

a  wolf retu rn ing  to  th e  location of a  kill m ade less th an  30 days prior, however, fu rther studies 

are needed to  identify the frequency and factors which influence re tu rn  movements to  past kills. 

T his chapter, provides a  simple m ethodology for testing  anim al movement hypotheses. These 

hypotheses can be used to  understand  how wolves use space.
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Chapter 5

Concluding Remarks

Wolves (Canis lupus) raise pups and hunt w ith in  the bounds of the ir territories. W hile m ost 

of a  wolf’s life is spent w ithin a  territory, wolves will disperse from the ir na ta l territories. Wolf 

m ovem ents are prim arily for hunting  and te rrito ry  defense w ithin the territory. Wolves disperse 

beyond the  te rrito ry  boundary to  search for m ates or a new pack.

M echanistic models can identify underlying processes th a t give rise to  observed patterns. Fur

therm ore, diffusion models (Okubo and Levin, 2001; M oorcroft and Lewis, in review) have been 

used to  model m am m al dispersal (Skellam, 1951; Caughley, 1970; Clarke, 1971; Lubina and Levin, 

1988) and hom e range movements (Lewis and M urray, 1993; M oorcroft e t al., 1999; M oorcroft and 

Lewis, in review). T he conventional diffusion modelling framework (Fisher, 1937) when param e

terized for wolf recolonizing the  G reater Yellowstone Ecosystem (GYE, Phillips and Sm ith 1997; 

Sm ith 1998; Sm ith e t al. 1999, 2000, 2001; Sm ith and Guernsey 2002; Sm ith  e t al. 2003) predicted 

a  ra te  of recolonization an order of m agnitude faster than  the ra te  of recolonization calculated from 

range m aps from 1997-2002. Slower th an  expected spread rates m ay be caused by Allee effects 

(Lewis and Kareiva, 1993; K ot e t al., 1996; Veit and Lewis, 1996; W ang e t al., 2002).

T he m ost likely mechanism causing an Allee effect in wolves is a  reduced probability  of finding 

m ates a t  low densities. In C hapter 2 , 1 showed th a t when the Allee effect is considered, the predicted 

ra te  of recolonization is consistent w ith  the observed ra te  of recolonization for wolves to  the GYE. 

T he reduced probability  of finding m ates a t low densities influences only the establishm ent of new 

breeding un its and not the growth of established breeding units. M ost models for the  Allee effect 

do no t distinguish between the  establishm ent and subsequent growth of breeding units. Using a
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proof by induction, 1 quantified the expected ra te  of recolonization when wolves have a  reduced 

probability  of finding m ates a t  low densities as a  function of reproduction, pair form ation and 

dispersal param eters.

G PS m easurem ent error will bias the results of m ovement (Johnson e t al., 2002; Jerde and 

Visscher, 2005) and  h ab ita t selection (Frair e t al., 2004) models if no t dealt w ith  properly. In 

C hapter 3, I showed th a t  G PS m easurem ent error gives rise to  a system atic error in m easured 

tu rn ing  angles and directional biases. For an anim al moving a  very sho rt distance w ith  an actual 

tu rn ing  angle equal to  zero degrees, I showed th a t in the  presence of G PS m easurem ent error the 

anim al is m ost likely to  be m easured as tu rn ing  180 degrees. Similarly, an  anim al th a t  is near the 

bias po in t (e.g., th e  den) and moves a  short distance away is m ost likely to  be m easured moving 

tow ards the  bias point. These results are dem onstrated  using bo th  num erical sim ulations and 

m athem atical analysis. In  C hap te r 3, I also determ ined th a t for m easured step  lengths of 50-55 

m, the  actual tu rn ing  angles and directions of movement can be detected in the  presence of GPS 

m easurem ent error when 95% of G PS locations are m easured w ithin 31 m of th e  tru e  location.

G PS collar technology has enabled researchers to  record p a tte rn s  of te rrito ry  space use by 

animals. In C hap ter 4, th is d a ta  is used to  understand  the effect of ecological features on the 

direction of wolf movements. I showed th a t  when sam pled a t 30 m inute intervals wolves moved 

parallel to  te rrito ry  boundary. T his result suggested th a t  wolves patro lled  the boundary  and did 

so for no m ore th an  a  few hours. I also showed th a t  wolves moved preferentially in the  direction 

perpendicular to  th e  direction of th e  steepest downhill slope. Because the distance moved between 

locations was sm all, th is  result likely dem onstrates th a t  wolves move along contour lines. These 

new movement behaviours can be incorporated in fu ture m athem atical models of movement to 

understand  the effects on wolf space use.

Future directions

The m odelling framework in C hap te r 2 could be modified to  investigate the effect of harvest on 

the ra te  of range expansion. D eterm ining th e  level of survivorship necessary for the  population 

to  persist will aid wolf conservation planning and m anagem ent. For the  modelling framework 

presented in C hap ter 2, it is not only the survivorship th a t influences wolf spread ra te , b u t who 

is killed - a  disperser or a  resident. A n understanding of the effect of harvesting dispersing and 

resident wolves on range expansion and retrac tion  could contribu te to  understanding  the effects of
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wolf livestock depredation  and wolf population dynamics.

I showed th a t  removing all G PS observations less th an  50-55 in is travelled between locations 

will remove tu rn ing  angle and directional biases. However, the  tru e  step  length cutoffs were 

much smaller, 16.8 and 15.2 in respectively. Results for num erical sim ulations determ ining the 

relationship between m easured and tru e  step  lengths are shown in Jerde and Visscher (2005). 

However, m athem atical results sim ilar to  those presented in C hap ter 3 for tu rn ing  angles and 

directional biases would com plem ent these results.

U nderstanding factors th a t influence p redator movement will aid fu ture work on predator-prey  

dynam ics. U nderstanding p redato r prey dynam ics in heterogeneous landscapes requires under

standing, 1) how predators and prey respond to  ecological features such as snow, terrain , and 

te rrito ry  boundaries, 2) how predators and prey respond to  each o thers movem ents (e.g., llugie 

and Dill 1994), and 3) how these responses influence space use by bo th  the  p redato r and prey (e.g., 

Lewis and M urray 1993; M oorcroft e t al. 1999; Lewis and M oorcroft 2001). W hile not simple, ad

vances gained from incorporating predator movement in studies of predator-prey  dynam ics will be 

valuable (Lima, 2002).

R esults in th is thesis dem onstrate  how m echanistic models can be used to  understand  observed 

pa tte rn s. I showed th a t density dependent pair form ation for wolves th a t disperse beyond the 

te rrito ry  boundary  influences wolf recolonization rates, th a t  spurious 180 degree tu rn s and strong 

directions biases can arise from G PS m easurem ent error and th a t wolf movem ent w ithin a  te rrito ry  

is influenced by the te rrito ry  boundary  and elevation gradients.
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Appendix A

Fisher’s m odel

Fisher’s model overestim ates th e  ra te  of wolf recolonization to  the GYE. F isher’s model is,

(A .l)

(Fisher, 1937). T he diffusion coefficient D  is calculated as D  — u 1 /ir  (Shigesada and Kawasaki, 

1997) where u  is the  m ean dispersal distance (u =  76.7, Sm ith e t al. 2000). T he reproductive rate  

r  is calculated as the  slope of a  linear regression of N t+i -  N t versus N t , where N t is the  density of 

wolves is Y N P a t  tim e t  (see Tab. (B .l)). We assum e the  area of Y N P is 10,000 km 2 and calculate 

the density of wolves in Y N P from 1996-2002. T he spread ra te  is calculated as c =  \ / r D ,  r  =  1.18, 

D =  1872 km 2/year.

Calculating 'ipcf)

To estim ate I derive a  relationship between iptj) and p  th e  proportion  of dispersers th a t find 

m ates. For GYE wolves p =  0.47 (Sm ith e t al., 2000) for th e  first four years following the  initial 

introduction ( r  =  4). I use th is inform ation to  calculate the  product ip4> for the  pair form ation 

prior and the  pair form ation following dispersal models. For the  pair form ation prior to  dispersal 

model, ip<j) is given by Eq. (2.20). Eq. (2.20) is,

^  I Z ,  dy 

p r h t i f - ° o k (x ) d x '
(A.2)
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where,

I<(x) =  J  ^ e x p { - a \ x  - y \ )  dy. ■ (A.3)
- X I

M aking the substitu tion  u  =  x  — y,

K ( x )  =  ?  /  exp (—q |u |)  du. (A.4)
* Jx+xt

T he integral of Eq. (A.4) is,

K ( x )  =  <

exp(aa:)sinh(cvxt) for x  < Xt,

(1 -  e x p ( - a x t )co sh (ax )) for - x t < x  < x t ,  . (A.5)

exp(—a x )  sinh(aa;t ) for x  > xt-

Let,

/ OO

K ( x )  dx  (A.6)

■OO

Using the resu lt from Eq. (A.5),

a ~~%t r%t
ex p (ax ) s in h ( a i t ) d x +  1 -  e x p ( - a x t) cosh(ax) dx

■op J - X t

+  /  exp(—o x )s in h (a x t)  dx  I 
J  xt /  (A.7)=  i ( 2 e x p ( - a x t ) sinh(a:xt ) +  2a x t +  e x p ( - 2a x t ) -  1) 

a

-  2 x t

S ubstitu ting  Eq. (A.7) for the  denom inator of Eq. (A .2) yields,

,A, V ' A *

2xt

pTfr{ 27x1 ’

EL
7

(A.8)

For GYE wolves, p =  0.47 where r  =  4 (Sm ith et al., 2000). The param eter 7 is estim ated 

using the m ethods in th e  P aram eter E stim ation section of C hapter 2. These values were used 

to  calculate tp<j> =  20.7 for the  pair form ation prior to  dispersal model. For the  pair form ation
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following dispersal model, Eq. (2.22) can be w ritten  as,

T f Xi 'ydy

^ =prS i ^ 2( ^  V (A,9)

where /('(a;) is given by Eq. (A.3). Using the result from Eq. (A.5) where L (x )  is the  denom inator 

of Eq. (A.9),

L ( x ) = ' y 2 f  f  exp(2ax) sinh2(cva;t) dx  +  /  (1 — exp(—aa;£) cosh(cva;))2 dx
\ J - 0 0  J - x ,

-f J  exp(—2a x )sm } i2(a x t )  dx^j , (A .10)

_  7 2 e x p ( - 2o;a:t)(3 +  2a x L +  exp(2a x t )(4a 3:t -  3))
2a

S ubstitu ting  Eq. (A .10) for th e  denom inator of Eq. (A .9) yields,

/ . ■ y .  /-x, 7  dv
W  PT 72 cxp(-2axt )(3+2ait+cxp(2aii )(4ctXi -3)) ’

t= 1 2a

4r a p  s r '  %t
7  exp(—2 a x t )(3 +  2 a x f +  ex p (2 ax t )(4aa;t -  3 )) '

(A. 11)

To estim ate ip<f> I use the  inform ation th a t p =  0.47 and r  =  4. T he param eters 7  and d  were 

estim ated as 0.09 and 0.02 in the  P aram eter E stim ation section of C hapter 2. Furtherm ore, 

1 ^ 2) £31 £4 are equal to  10.4, 45.5, 57.5, and 65.6 respectively, as estim ated in the  Model Valida

tion section. Therefore, t/xp =  39.2 for the  pair form ation following dispersal model.

Finding the spread rate o f Eq. (2.23)

Initial condition 1

I find N t+1 and the  population spread ra te  c for Eqs. (2.14) and (2.15) for two different initial 

conditions. Initia l condition 1 (Fig. (2.3A)) is defined as,

N q { x )  >  N c for — oo <  x  <  xo.

=  0 otherwise. (A. 12)
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Given initial condition 1, the region in space occupied by the  disperser producing population 

is ( - 00, ®t]. Evaluating Eqs. (2.14) and (2.15) in th e  region x  > x t yields,

N t (x) = r N t- i ( x )  + A e x p ( - w a ( x - x t- i ) ) ,  (A .13)

where w  and A  are: w  =  1, A  =  /4  (pair form ation prior to  dispersal, Eq. (2.14) and w  =  2,

A  =  cti/’0 7 2/8  (pair formation following dispersal, Eq. (2.15)). I suppose th a t  solutions for Eq. 

(A .13) have a slope of exp(—w a x )  for x  > x t such th a t,

N i(x )  = B t e x p ( - w a x )  for x  > Xt. (A.14)

S ubstitu ting  Eq. (A. 14) into Eq. (A. 13) yields,

N t+i(x) =  r B t e x p (~ w a x )  + A  e x p (w a x t ) e x p ( —w a x ) ,

' =  e x p ( - w a x ) ,

where,

B t+ i(x ) =  rB t  +  A e x p ( —w a x t ) for x  > x t . (A .15)

Therefore, I show th a t  if N t has a slope of exp(—w a x ) ,  N l+i also has a  slope of e x p ( - w a x ) .  I

look for solutions in the region x  > Xo by solving Eq. (A. 13) for t  =  1, where N q(x ) is described 

by initial condition 1,

N i(x )  =  A exp(w oxo)exp (—w a x )  for xo < x .  (A .16)

Therefore, B \  — A exp(taaxo) and Nt  and N t+i have a slope of e x p ( - w a x )  for all t.

Solutions to  Eq. (A .13) have an exponential slope for x  > xi  where A  > 0 such th a t,

N t (x)  =  Bt  exp(- w a x )  for x  > X f  (A. 17)

The po in t a t  which the  population s ta rts  the exponential drop is xt  where,

N t ( x t ) = N e. (A .18)
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I calculate Xt from Eqs. (A .17) and (A .18) to  yield,

exp(iu ax t ) = j f - .  (A .19)

I can sub stitu te  Eqs. (A .17) and (A. 19) into equation A.13 to  find the relationship between B t+i 

and Bt  such th a t,

B.+1 -  « > ( l' +  ^ ) '

-  B , ( r  +  A ) ‘ , (A.20)

where B i  =  A exp(w a:ro). S ubstitu ting  Eq. (A.20) into Eq. (A .17), N t is given by the  equation,

A  ' t_1
N t (x)  =  e x p (-w a ( :r  — £ 0)) +  —  j  for x  > Xt- (A .21)

Eq. (A.21) is graphically depicted in Fig. (2.3A). The extent of the  disperser producing population  

is,

Xt+1 = ̂ loS(exp(aXo)£(r + £) )’ (A>22)
and I find the ra te  of population spread is given explicitly in term s of the  model param eters as,

C =  x t+1 - X t  =  T r l o g  ( r + ) • (A .23)
w a  \  A c/

Initial condition 2

I show th a t  the spread ra te  for Eqs. (2.14) and (2.15) is the same for bo th  initial conditions. Initial 

condition 2 (Fig. (2.3)) is defined as,

N q(x ) > N c for - x o  <  x  < xo,

=  0 otherwise. (A .24)

For this in itial condition it is not possible to provide a  general model for different values of w.
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Pair formation prior to dispersal

Evaluating Eq. (2.14) where th e  lim its of in tegration are d ic tated  by initial condition 2 gives 

f j t =  [— Therefore,  Eq. (2.9) where x  > x t yields,

N t+ i(x )  =  r N t (x) +  2 A e x p ( -a x )  s in h (ax t ), (A.25)

where A  =  <Til><jyy'2/4 . I consider solutions to  Eq. (A.25) of the form N t(x )  =  B t exp(—a x ) for 

x  > Xt. S ubstitu ting  N t into Eq. (A.25), the relationship between B t+l and B L is,

B t+i =  r B t +  2J4sinh(o:xt ). (A.26)

I evaluate B \  as,

B \  =  2A sinh(axo) x  > xq , (A.27)

and therefore show th a t N t = B t  exp (—a x )  for all t  where x  > x t . I use Eq. (A .19) (w =  1) to  

calculate the  ex ten t of the  disperser producing population,

Eq. (A.29) can be evaluated th rough cobwebbing (as shown in Fig. (10) in K ot e t al. 1996). The 

cobwebbing diagram  for Eq. (A .29) is shown in Fig. (A .l). The spread ra te  for th is model, 

c =  xt+i  — x t ,  is the vertical distance between the dashed line and the 1:1 line. Note th a t the  

spread ra te  for Eq. (A .29) becomes constan t as t —► oo. T he spread rate , c =  x t+i -  Xt, becomes 

constan t as Xt — > oo,

exp(tta;t+ i ) =  r - rp  +  —  sinh(a:rt ).
C JVC

(A.28)

I su b stitu te  B t — N c exp (ax t)  from Eq. (A .19) to  yield,

log ^?-exp(Qxt ) +  ^ s in h ( o :x t ) ^ (A.29)

1 (  2A ( ex p (a x t)  -  e x p ( - a x t )
c =  hm -  log r  exp ( a x t ) +  -rr- -----    „ ---------

x t->oo a  \  N c V 2
(A,30)
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Figure A .l: F inding th e  ex ten t o f th e  disperser producing population  via cobwebbing. Eq. (A,29) 
(dark line) predicts th e  spatia l ex ten t o f the  disperser producing population x t+\ as a function 
of x t for initial condition 2. T he 1:1 line is shown as a light line. T he vertical distance between 
the  dashed line and the  1:1 line is th e  spread ra te  for a  given value of Xt. This figures shows an 
asym ptotically constan t spread ra te  because th e  two curves are parallel for large x t . The param eter 
values used to  generate this figure are: r  =  1.33, a  =  0.05, A  =  1.1, and N c =  0.247.

86

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



Since e x p ( - a x t)  —> 0 as x t -*  oo,

=  xt1il.no o ^ 10g( eXp(QXt)( r + ^ ) ) ~ a:‘’

=  liin -  log ( r  +  )  ■ (A.31)
x , — oo a  \  4 A rc )

Therefore, Eq. (A.31) yields the sam e resu lt as Eq. (A.‘23) and the spread ra te  for Eq. (2.14) is the 

same for either initial condition.

Pair formation following dispersal

For in itial condition 2, I evaluate Eq. (2.15) as,

N t+i(x) — rN i(x )  +  2 A (ex p (-2ax )(cosh (2aa ;() -  1), (A.32)

for x  <  x t where A  =  (Tijitj)7 2/ 8 . I let N t = B t e x p ( - 2 a x )  and sub stitu te  N t in to  Eq. (A.32). 

Therefore, B t+\ as a  function of B t  is,

B t+i =  rB t  +  2A(cosh(2aa:t) — 1). (A.33)

I evaluate B \  as,

Ui =  2i4(cosh(2a:ro) — 1) where x  > xq, (A.34)

and therefore I show th a t N't =  B t exp(—2a x )  holds for all t where x  > xt .

I use Eq. (A .19) (where w =  2) to  find x l+i for Eq. (A.33),

13 2A
exp(2cva:t+i) =  r - j -  +  —  (cosh(2oa:t ) -  1). (A.35)

Jvc

I sub stitu te  B t =  Afc exp (2ax t ) from Eq. (A .19) into Eq. (A.35) and calculate the ex ten t of the 

disperser producing population, x t+ i as,

X(+i =  ^  log ( r e x p (2 a x () +  ^ ( cosh (2 a x t ) -  l ) j  . (A.36)

Eq. (A .36) can be evaluated by cobwebbbing (see Fig. (A .l)). T he spread rate , c =  a'<+i — xt

becomes constant as x t  —+ oo, therefore th e  asym ptotic spread ra te  is,
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• -  JSS. 5  -  ( ' - » - > + 1  -  0 )  -  -• <A-37>

Since e x p (-2 a a ;t ) -* 0 and exp(2aa;t ) »  A / N c as x t -> oo,

c =  (A -38)

=  lirn log f r  +  \  , (A.39)
x,—oo 2o \  8A'c /

where Eq. (A.38) yields the sam e results as Eq. (A.23) and therefore the population  spread rate  

for Eq. (2.15) does not depend on the initial condition.

V  test

T he V  test (Zar 1998, p  618-620), also referred to  as the Rayleigh te st for a specified m ean (Fisher 

1993, p 151), tests for a  unim odal circular d istribu tion  w ith a specified m ean, /.(. T he te st sta tistics 

were calculated as,

V  =  Rcos(i? -  /i), (A.40)

where i? is th e  m ean direction of movement, R  is the  resu ltan t length of the  m easured angles j?, 

and n  is the  to ta l num ber of observations. T he m ean direction '0 and R  th e  resu ltan t length are 

calculated as,

R  = V X 2 + Y 2, $  =  cos-1

V    £ 1  =  1 y  _ £ ”= i
—  n  ’ 1  ~  n  ’

T he u-statistic  was used to  determ ine significance. T he u-statistic  was calculated  as,

u = v J l ,  (A.41)
V n

and the  critical u value for a  =  0.05, n  =  100 is uo.05,100 =  1.645 (Zar (1998), Table B.35).
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N um erical procedure for selecting a measured locations from  

a distribution of G PS m easurement error

T he distribu tion  of G PS m easurem ent error is k, Eq. (3.1). T he three tru e  locations are (a-J, y j ), 

( i j ,  v l )  and (£3, 2/3)- T he no ta tion  * is used to  denote actual locations, directions, and turn ing  

angles. It resulted  in no loss of generality to  assume th a t the first move is in the x-direction so 

th a t,

(£ l, 2/D =  (0 , 0 ) (£5 , 2/2 ) =  ( / / , 0 ),

where L * is the step  length for the  first move. Since, the step length cutoff is the  step  length th a t 

m ust be exceeded on bo th  steps in order for the  actual tu rn ing  angle to  be detected, th e  distance 

moved between the  second and th ird  location is also L *. I let,

C^3' 2/3) =  ( £ ‘ ( 1 + c0S T i* ) ,L * s in T i* ) .

I determ ined the  distance between the  tru e  and m easured locations, f(,t (where i is index no ta tion  

for each ite ra tion  of the  code), by generating a random  G PS error using the inverse cum ulative 

m ethod (Haefner 1996, p 217-218). I choose a random  num ber p ,i( from a uniform  distribution  

between 0 and 1 and calculated the  num erical cum ulative density function of K ( r ) =  2nrk(r) .  I 

determ ined as the  minimum value of r  where K ( r )  > Pitt- The locations £ 1 , £2 , 2/i> and 2 /2 were 

calculated as,

£1 = £ l  +  r i ,ic o s£ iti, 2/1 =  2/1 + r< ,is in e i,i ,

£ 2  = £2 + r,,2 Cosei,2 , 2 /2  = 2 /2  + r*,2 sinet,2 , (A.42)
£3 =  2:3 +  r<, 3 cos Cj, 3, 2/3 =  2/3 + r «,3sinci,3,

A sim ilar procedure was used for the  directional bias sim ulations where only two m easured locations 

were draw n from the  d istribution  of GPS m easurem ent error.

A nalytically  determ ining the distributions of m easured turn

ing angles and directions

Each m easured location is a  random  variable drawn from a d istribution  of GPS m easurem ent 

error. To determ ine the expected d istribution  of m easured turn ing  angles, I use several change

89

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



of variables to  move from distribu tions of GPS error in location to  d istributions of G PS error in 

angles. For the function f(x )  and the  change of variables x  =  w (y ), where and D  is th e  range of 

the  transform ation,

g ( y u - , V n )  = J  -  J  f { w i ( V u - i V n ) , - , w n ( y i t . . . , y n ) ) \J \d y i . . .d y„ ,  (A.43)

D

(Bain and Engelhardt 1997 p 206-7) where x  =  ( x \ ,X 2, ..., x n ), y  — (y 1, 1/2, ■ ■■, Un) and where \J\ is 

the determ inant of the  Jacobian m atrix ,

J  =

Ox 1 
Oyi

Oxi
By 1

dx„ 
By 1

Bx  1 
By 2

Ox,
By,,

dXr,
8yn '

(A.44)

Turning angles

The tu rn ing  angle is defined as r t =  0t+i -  6t . W ith  no loss o f generality, I  let 0t* =  0 such th a t  

Tt ~  Ot+i- On the first move the anim al moves a  distance of L j . T he restric tion  th a t — L^^i  

(from th e  Numerical sim ulation section) is relaxed for greater generality and, therefore, I let the 

actual distance moved on the second step  be L't+1. I let the  actual locations of the  anim al be,

(x t>yi) = (o>o),
(x t+ 2 , y t+ 2 ) =  (L*t +  L*t+1 cos0*t+1 , L*t+1 sin 0*+1).

(* r+ i.»?+ i) —

I define a  m easurem ent error function f t th a t  describes the probability  density for a m easured 

location (X i ,y t ). Functions in th is  section are indexed as r  to  indicate th a t  these functions are 

steps in the procedure to  calculate the  d istribu tion  of m easured tu rn ing  angles. In th is section a 

G aussian d istribution of error is used for analytic tractability . I  define the G PS error d istribu tion  

as a bivariate Gaussian distribu tion  w ith a x =  a y and covariance p  =  0,

r  v 1 f  (X t + V t ) \
 2^ ~ J - (A.45)
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T he probability  density function for th e  m easured location a t t  +  1 is,

,  , 1 (  ((a-,+ i -  L *t )2 +
fr,i+i(xi+i<yt+i) =  2^ 2. exp ( —   ~2j i  “  ] ' (A.46)

and finally the probability  density function a t t +  2 is,

/  , s 1 (  (* t+2 -  (L*t + L 'l+ j co s0i+1))2 +  (Vt+i ~  L *t+ 1 sin<9t*+1)2 \
7 r t t + 2 ( * l + 2 , » l + 3 )  =  2 ^ 2  e x P  ^ -------------    ~ 2 ^ ~ --------- ’----------------:----------------‘--------- )  ■

(A.47)

T he probability  of any three successive locations (x t ,y t) ,  (®t+ii3/t+:r) and  (x t+2, yt+2) is,

3 t  =  f T A x t ’Vt)fT,t+i(xt+i,yt+i)fT,t+2(x t+2,yt+2) (A.48)

I use the  change of variables,

Ut-i-i — Xt+'2 aTf+i, Ut — *^t+i X ty

vt+i = yt+2 -  yt+ii vt = 2/44-1 ~ Vti

in Eq. (A.48) such th a t,

( l i t  -  U l + 1 ) 2  -  U t U i + i  +  ( V t  +  V i + i f  -  V t V i + i  +  C l

(A.49)

gr ( u t ,u l + u v u v t+i)-= Xc ^ 2a \  exP 3cr2
(A.50)

where,

cj =  L i (Z/t — 2ut ~~ Ut+1)

+  L*t+x[L*l+l -  u t+ i +  (L i  -  u t -  2u t+1)cos/x -  (vt +  2ut+1)sin /z],

I change to  polar coordinates where,

u t =  L t cos 0i , i>£ =  L ( s in 0 £,

u £+i =  A(+i cosl?t+i t't+ i, =  A£+i s in ^ t+ i,
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and make the  substitu tion  r t =  6t+1 -  0t (as shown in Eq. (A.43)) sucli th a t,

f 2 n  f ° c  f oo L  L  (  L 2 +  L 2 +  L t L (+1COSrt +C2\  J T  Jr J n

WT,) = /o I  L   a^1'   )  ‘ ,+‘ ‘ }

wliere,

cjj =  Aj?(Aj -  2At cos0t -  L t+i cos(rt 4- 9t ))

+  Lt*+1(Lt*+1 -  cos(0t - /i) -  2Lt+i cos(Tt +  0t - /i) +  cos/x).

I was no t able to  solve Eq. (A.51) and instead find solutions for the  special case A* =  Aj+1 =  0 

when the  anim al does no t move between locations.

S p e c ia l  ca se : L \  =  J^ +1 =  0

For the special case L \  =  At’+1 =  0, c2 =  0 in Eq. (A.51) such th a t,

/* 2 tT /* 0 0  / ’OO r

1 1  I
exp — ------- 1 dAt+1 d0t ,

127r2cr4 

L t +  L t+ i +  AtAt+ 1 c o s n "

,00 /.oo r r 3ff2 A (A.52)
—  I  I
~  Jo Jo  C ttu 4

f  A2 +  L (+1 +  L tLt+\ c o s r t^  J r  J r
exp I ------------------ — 2----------------  I d L t d L l+1 ,

In tegration  on the  plane (Lt, L t+i) is perform ed over the first quadran t. Changing to  polar coor

dinates, Li  =  R  cos/J, Ai+i =  12sin/3, where |.1| =  12, such tha t,

i / \ r ^2 f° °  f l 3 cos/3sin/3 /  122 (1  +  cos f3s in P cosn ) \  ...
K o i n ) = l  I  6 * 7  * *  ( --------------- i P ------------ ) d R d l3 ’

1 ,»r/2
=  ■ . /  cos /? sin P (A.53)

67Tff4 y0
r  Z’ 122(1 +  cos/? sin/? cos r t ) '

Using another change of variables (e.g. see Eq. (A.43)),

d R  d0.

/2 2 ( 1 +  c o s 0 s i n / ? c o s r t )  , 212(1 +  c o s P s i n p c o s r ( )

------------ 3 7 -------------■ d ” -----------------3 7 -------------d R
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1 Z'*/2 /  3 a 2 V
h T,o (rt) -  67ro.2 J o cos ̂  sin  ̂  y  l  +  cos ̂  sin cos r« J

1 r°°
- J ^  T)exp ( - 77) dr? d/3,

3 r * /2 cos/?sin/3 
— 4tt 70 ( 1 + c o s /3 s in /? c o s r t )2

Let,

/ir,o(n) = . 1  ^  
47r d x '

where a; =  — cos7y and,

dFTi 0 
dx - L

ff/ 2 cos // sin

( 1 - x  cos P sin /3)2

d 1
dx  1 — x  cos P sin p

'7r/2 1
;cos/3sin/3

dP,

dP,

dp.

Therefore, tak ing  the  antiderivative yields,

/•7T/2 1

-Pr,o(a:) =  /  ,----------- ,, ■ ^  d/3-y0 1 — X cos /3 sin p

I apply  th e  s tan d ard  change of variables z =  ta n  p,  such th a t

cos P sin P
cos/3 sin/3 =

sin/J 
COM (3

2 “  1 +  z2 ’COS2 P +  sin P r , ( sinj3't
l + { c OSp )

S ubstitu ting  Eq. (A.58) into Eq. (A.57) where dP =  d z /{  1 +  z 2) yields,

dzr°°  1
r ,o ( f f )  =  /  1 x z  TJO -1 i+21 1

/»oo

X 1

, * +  Z2 ’ 1+z2 * ^  2
00 1 dz

xz 11  ,2 T+zS 1 t  •»
/•°° dz  _  r  

~  Jo Z 2 -  XZ  +  1 -  7o

-  /do

dz

Z ^ -X Z  +  l  yn (* — f ) .+ 1 — i r

00 dz

(1 - xi )
Z — &X + 1
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Finally, let,

<p = dz  =  \ / l  —

F' t ,o ( x )  —
dtp1 f ° °

/i _ *1 J  -&== <P2 + 1
V1 4

tan  0

7r +  2 tan '

\/4  -  x 2

(A.61)

rfFT|o
dx

2 ( c l = f ^  +  T i b ? )  x ( 7r +  2 ta n ~ 1 ( ^ ) )

^ ^ ( I ' . +  l S )  ( 4 - x 2)3/2

8 -  x  ( 2x -  \ /4 ^ ~ x s (ti +  2 ta n -1  ( 73= ? ) ) )

(x2 — 4)2 “

S ubstitu ting  Eq. (A.62) into Eq. (A.54) and re-substitu ting  x =  — c o s t i ,

(A.62)

(A.63)

K M  =  £
3 dFT< o 

471 dx

24 — 3cosT t ^ 2 c o s r t +  \/4  -  c o s r t ( tt +  2 ta n -1 ( (/^-cosSt,) ) )  
= K,o(T‘) = ----- ------- -----------—T—:----“72------------------- -i---471 (cos2 Tt — 4)

(A .64)

(A.65)

Directional bias

T he directional bias is defined as Ct =  ©t — #<• I let 0 ?  =  7i such th a t (J* =  7i — djr. On the first step 

the anim al moves a distance of L*t . T he distance between the the  actual location of the  anim al a t 

tim e I and the bias point is iWt*. I let the ac tua l locations of the anim al and bias point be,

(xt*,yt*) = (Q.O), '= = W,0), (x*,^) = (0,Mt*).
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The distribution  of m easurem ent error for each of the anim als ac tual locations are Eqs. (A.45) 

and (A.46). There is no m easurem ent error abou t the  bias point. T he probability  of any pair of 

locations (x t ,y t) ,  ( x t+\,y i+ i)  is =  f t f t+ i .  I use the  change of variables,

u i =  x l+i - x t ,  vt =  yi+i -  y u

w t =  - x t , z t =  M t -  y t ,

where Wt and z t are the x  and y  displacem ents. T he product of Eqs. (A.45) and (A.46) w ith the 

change of variables is,

Ih M  -  exP +  W ~  ^  +  w  ~  *  +  " ? )  ■ (A.66)

I use another change of variables,

ut =  L t cos 6t vt =  Lt  sin Ot

iu, =  M t cos ©t zt =  M t s in © £

where |J |  =  L tM t  and Ct =  ©t _  Ot such th a t,

f 2n f co L M  ( l ?  + 2 M 2 _  2L M  cos<t +  Ca +  Ci\  ^
Jo Jo W eXH ~  ----------2 ^ ---------------  j d L t d M t d O t ,  (A.67)

where,

c3 = L${Li - 2 L t c o s O t + 2ftIt cos(Q + 6t)),
 ̂A .uO  )

c4 = M t*(2Mt* +  2 L t sin 0t -  4 M t s in « t +  0t )),

I was not able to  solve Eq. (A.67) and instead find solutions for M t* =  L* =  0.

S p e c ia l case : M .t* =  L \  =  0

I find analytic solutions for the d istribu tion  of the directional biases for the special case where the

anim al is located a t the bias point and does not move between locations such th a t Co and c4 are
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equal to  zero in Eq. (A.51). Therefore,

p 2 ir poo poo

h(, o(Ct) =  /  /
Jo Jo Jo

L t M t 
47r2cr4

r a p  +  d L i i M i  m u  (A .0 B )

I consider L t and A/t as two coordinates and integration on the plane is perform ed over

the first quadran t. Changing to  po lar coordinates, L t =  A cos/3, M t =  /? s in 0 ,where |J |  =  R,  such 

th a t,

■ ' 1 r 12 . .  f ° °  /  R 2( 3 - c o s 2(5- 2 cosCt s in 2 /? ) \ . .
ft<;°(Ct)-■ 2 ^ 4  J  cos/3sm /3 ^  f t3 exp ^  J  d R  d0. (A,70)

I make another change,

fZ2 ( 3 - c o s  2 / ? - 2  cos Ct sin 2y3) A!(3 -  cos2 ,(?-2cos(C t)sin(2/3))
^ =  ------------------- 4 ^ --------   1 r f? ? = ---------------------- 2 ^ ---------------------

■I, !  f / a f ° °  4 cos/3sin0  77e x p ( - 7 ? )  d i?  .

I’'0 * tt ,/o 7o (3 -  c o s 2 /J -  2 cos Ct sin 2/?)2

_  4 r " / 2 cos 0  sin 0  d0
n  Jo  (3 -  cos 2/? -  2 cos 0  sin 2f3)2

^ .o (C t) =  £  ^  . . . . . .  (A.72)

Let,

7r da;

where x  =  2cos£t and,

^ c .o  _  r /2 cos/? sin/? : , .
da; “  7o (3 — cos 2P — x  sin 2/3)2 1 '

C"'2 d 1

-  /do da; 2(3 — cos 20 — x  sin 20)
d0 ,

where d/da: can be taken out of th e  integral because the last integral is convergent for all x  between 

— 1 and 1.

f " ’W  =  I "  2 ( 3 - c o s 2 j - » s t a 2 S )  V '  (AJ4)
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Using the double angle formula,

3 — co s2/3 — x s in 2/3 =  3(cos2 /3 +  sin2 P) -  (cos2 P -  sin2 /?) -  2 x cos/?sin/?, 

=  2(cos2 /3 +  2 sin 2 P +  a: cos/3 sin/3),

Furtherm ore,

2 (cos2 P + 2 sin2 0  + x  cos p s 'm p )  =
2 (2 z 2 — x z  +  1)

1 +  Z2 ’
(A.75)

where z =  tan/3  and the steps used to  find Eq. (A.75) are shown in Eq. (A.58). S ubstitu ting  Eq. 

(A.75) into Eq. (A .74) and com pleting the square and factoring the  denom inator yields,

Finally, let,

i r°° dz
“  8  J 0

YI _1.2 10 V
V 2 16

+ 1

<p =
/ l  _  ’

V 2 10

(A..76)

* C .o (* ) =
2 1 0 '  

1

dip 
<P2 + 1 '

tan  1 (p

7T +  2 t a n  1 %/§̂ ? 

4 \/8  -  as2
(A.77)

dx

16 -  2a;2 +  7ra\/8 -  a:2 +  2 x \/8  -  x 2 ta n  1 (girp?)

4 (a;2 — 8)2 ’ ’

16 -  a; ^2rc -  7r\/8 -  a:2 -  2 \/8  -  a:2 ta n -1  (  ) )

' : : 4 (x2 -  8)2
(A.78)
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S ubstitu ting  Eq. (A .78) into Eq. (A.72) and re-substitu ting  x  =  2 c o s ( t ,

h ( t  \ -  4 dF<'°
^ ' o(Ct) "  n ~ d T

(A.79)

1 6 - 4 cosCi ^ 2 cosCt -  -\/2 -  cos2 Ct ^  +  2 ta n  1 ^ ^ -c o s^ C t) ) )

— 7r(4cos2 Ct -  8)2

Testing for correlation betw een two directions

I tested  for tem poral autocorrelation  in  movement directions using a modified version of Pearson’s 

correlation coefficient (Zar 1998 p  649-651, Fisher 1993, p 151, see A ppendix A). T he correlation 

coefficient was,
n—1 n
£  E  sin(aj' -  ak ) sin(fy -  bk) 

r - =  " ' +t <A-80) 
£  2  sm2( a j - a * ) £  £  s in ( 6 j - i , fc)

j —lfc=i+l j=z\k=i+l

(Fisher and Lee, 1983), where a,j =  9t , bj =  9t+i and n  is the to ta l num ber of (9t , 9t+i) pairs 

ex tracted  from the  G PS data. Here, the quantity  a , -  a*, is the difference between each element 

of a and all o ther elements where j  < k. I tested  for the tem poral au tocorre la tion  in movement 

angles for each wolf and each subsam pling regime using the com putational version of Eq. (A.80),

4 ( Y £ c i c t )  ( E s i k )  -  ( E ci s2)  ( t s i c 2) )
J  W l  J  W  1 W l  , }  (A.81)

\
(Zar 1998 p 649-651, Fisher 1993, p l51 ) where c.\ =  cos(f?t ),C2 =  cos(0f+<),si =  sin(0t),S2 =  

sin(0t+ j) ,c 2i =  cos(20t) ,c 22 =  cos(20t+ i), s2i =  sin(20t) , s 22 =  sin(20t+ i). For values of r„« close 

to  zero, 6t and 9t+ i are uncorrelated. I tested  w hether r aa is significantly different from zero for 

q  =  0.05. For all wolves and all subsam pling regimes, n  »  25; therefore, the  appropria te  te s t for 

Hq • raa =  0 was perform ed as in F isher (1993, p 152 - for n  < 25 a  different te s t for significance 

is suggested). If p  <  0.05, r aa is significantly different from zero and 9t and 0t+ i are correlated.
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Appendix B

Supplemental Data

D ata  sources are Phillips and Sm ith (1997), Sm ith (1998), Sm ith e t al. (1999), Sm ith e t al. (2000), 

Sm ith e t al. (2001), Sm ith and G uernsey (2002) and Sm ith et al. (2003) all of which are available 

online a t,

h ttp ://w w w .nps.gov /yell/natu re /an im als/w o lf/w o lfup .h tm l.
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Table B .l: N um ber of wolves in Y N P 1996-2002.

Year N um ber of wolves
1996 20
1997 38
1998 80
1999 83
2000 90
2001 122
2002 138
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Table B.2: Year of formation for GYE wolf packs.

Pack nam e D ate formed Formed naturally Year 1
Rose Creek M arch 29, 1995 No n /a
M ollie’s Pack (C rystal Ck) M arch 31, 1995 No n /a
Yellowstone D elta (Soda B utte) M arch 31, 1995 No n /a
Leopold Pack Jan , 1996 Yes 1996
D ruid Peak Apr, 1996 No n /a
Chief Joseph A pr, 1996 No n /a
Nez Perce A pr, 1996 No n /a
Lone S tar Apr, 1996 No n /a
Thorofare Apr, 1996 Yes n /a
W ashakie 1996 Yes 1997
Sheep M tn  (Cf Joseph II) early  1996* Yes 1996
Teton 1998 Yes 1999
Sunlight M arch, 1998** Yes 1998
Gros Ventre (Jackson Trio) 1998 Yes 1999
Swan Lake 2000*** Yes 2001
Absaroka 2000*** Yes 2001
B eartoo th 2000*** Yes 2001
Taylor 2000*** Yes 2001
Gravelly 2000*** Yes 2001
Mill Creek 2000*** Yes 2001
Tower early  2001A Yes 2001
Cougar Creek 2001 Yes 2002
Freezeout 2001 Yes 2002
Pinedale 2001 Yes 2002
M eeteetse 2001 Yes 2002
Big P iney 2001 Yes 2002
Red Lodge 2001 Yes 2002
Buffalo Fk 2002 Yes 2003
Geode 2002 Yes 2003
Agate 2002 Yes 2003
G reybull R 2002 Yes 2003
G reen R 2002 Yes 2003
Bechler 2002 Yes 2003

Year 1 is th e  year of the first A pril after pack form ation
* Formed due to  a  split of Chief Joseph Pack. D ate of first disassociation with m ain pack 
** Paired too late to  reproduce
*** Evidence th a t this date  is th e  correct d a ta  o f pair form ation is in the  2001 Y N PW P  annual 
report
A Formed due to  a  split of the  Rose Creek Pack. D ate of split reported  in 2001 annual report.
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Table B.3: Disperser production and pack size of GYE wolves

Pack size 
at yr start

Number of 
dispersers 
produced 
during yr

Pack name and year Method of 
Estimation

2 0 Crystal Ck, 1997 inferred
5 0 Soda Butte, 1997 inferred
5 2 Druid, 1997 documented
10 1 Rose Ck, 1997 documented
2 0 Thorofare, 1997 inferred
2 0 Washakie, 1997 inferred
8 0 Crystal Ck, 1998 inferred
8 : 1 Soda Butte, 1998 documented
8 0 Cf. Joseph I, 1998 inferred
3 0 Cf. Joseph II, 1998 inferred
7 : 1 Druid, 1999, documented

22 4 Rose Ck, 1999 documented
13 0 Leopold, 1999 documented
16 1 Crystal Ck, 1999 documented
11 2 Cf. Joseph, 1999 documented
3 0 Gros Ventre, 1999 inferred
7 2 Soda Butte, 1999 documented
6 1 Sheep Mt, 1999 documented
2 0 Sunlight, 1999 inferred
2 0 Teton, 1999 inferred
11 2 Leopold, 2000 documented
13 1 Crystal Ck, 2000 documented
8 1 Cf. Joseph, 2000 documented
13 1 Nez Perce, 2000 documented
5 0 Grox Ventre, 2000 inferred
13 2 Leopold, 2001 documented
22 1 Nez Perce, 2001 inferred
4 0 Mollie’s, 2001 inferred
5 0 Absaroka, 2001 inferred
3 0 Beartooth, 2001 interred
18 5 Rose Ck, 2001 documented*
37 9 Druid, 2002 documented*
2 1 Tower, 2002 documented
14 4 Leopold, 2002 documented
6 2 Mollies’s, 2002 documented
11 4 Cf. Joseph, 2002 documented
18 3 Nez Perce, 2002 documented
16 1 Yellowstone Delta, 2002 documented
12 5 Teton, 2002 documented

* Pack split. D ocum ented m eans th a t  progress reports specify the  num ber of dispersers produced 
in th e  tex t. Inferred applies to  observations of zero dispersers only and m eans th a t th is years 
pack size is equal to  last years pack size plus pup production and known usurptions and minus 
known m ortalities. Therefore as the  fate of all pack m em bers is known, no m em bers of the pack 
have dispersed.
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Table B.4: Reason for pack size disperser observation non-inclusion in Table B.3

1. P ack  w as released  from  an  acc lim a tio n  p en  less th a n  1 year  ago
Rose Creek, Crystal Creek, and Soda Butte (1995), Druid, Chief Joseph, Nez Perce, and Lonestar 
(1996).

2. U S F W S  in terven tion
Nez Perce (1998 -  recaptured), Chief Joseph II (1997 -  supplemental feeding)

3. F ate  o f  all p rev iou s years pack m em b ers unknow n
Leopold and Rose Creek (1998), Nez Perce (1999), Druid, Soda Butte, Sheep Mountain, Chief 
Joseph, Washakie, Sunlight and Rose Creek (2000), Druid, Swan Lake, Chief Joseph, Yellowstone 
Delta, Teton, Taylor, Gravelly and Sheep Mountain (2001), Rose Creek, Swan Lake, Cougar Creek, 
Sunlight, Beartooth and Grey Bull River (2002).

4. L ast years pack size  +  kn ow n rep ro d u ctio n  -f u su rp tion  - know n m o rta lity  ex ceed s  th is  
rep o rted  years pack size
Teton, Sheep Mountain, Soda Butte and Druid (2000)

5. E x a ct num ber o f  pack m em b ers in  p rev io u s year un know n  
Sunlight and Gros Ventre (2002)

6. P ack  w as first form ed le s s  th an  a  y ea r  ago
Freezeout (2001), Green River, Slough Creek, Geode, Bechler and Agate (2002)
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Table B.5: Pack sizes in the first 3 years for naturally formed packs

Pack name
1 year

Pack size after 
2 years 3 years

Leopold 5 9 13
Washakie 6 0 0
Sheep Mountain 3 9 7
Teton 6 4 12
Sunlight Basin 2 9 10
Swan Lake 8 8 16
Absaroka 8 9 4
Taylor Peaks 3 4 4
Gravelly Range 3 0 0
Tower 2 2 0

This d a ta  represents all the natu ra lly  formed packs where pack size is known exactly for the  first 
three years.
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Appendix C

This appendix  contains figures of the G PS d a ta  used for the analysis in C hap ter 4. All of the d a ta  

shown was collected a t a  15 m inute sam pling frequency. F u rther details of the collar success ra te  

can be found in Tab. (4.1)
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40 K ilom eters

Figure C .l: T he G PS d a ta  for wolf 77. Projection: UTM  (Universal T rans M ercator), D atum : 
NAD 1983, zone 11. UTMs for the bo ttom  left corner are 555963 Easting, 5716158 N orthing, and 
for the top  right corner, 608462 E asting and 5756294 N orthing
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0 10 20 30 40 Kilometers

Figure C.2: T he G PS d a ta  for wolf 78. P rojection: UTM  (Universal T rans M ercator), D atum : 
NAD 1983, zone 11. UTMs for the  bo ttom  left corner are 568668 Easting, 5709044 N orthing, and 
for the top right corner, 638224 E asting  and 5762157 N orthing
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Figure C.3: T he G PS d a ta  for wolf 85. Projection: UTM  (Universal T rans M ercator), D atum : 
NAD 1983, zone 11. UTM s for the bottom  left corner are 563696 Easting, 5680970 N orthing, and 
for the top  right corner, 627381 E asting and 5729570 N orthing

108

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



0__________________ 10__________________20_________________ 30__________________40 K ilom eters / \

N

Figure C.4: T iie G PS d a ta  for wolf 86. Projection: UTM  (Universal Trans M ercator), D atum : 
NAD 1983, zone 11. UTM s for th e  bottom  left corner are 555276 Easting, 5717506 N orthing, and 
for the top  right corner, 608516 E asting  and 5758364 N orthing
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