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ABSTRACT 
The spatial interactions of marked study animal<; are often of interest in studies of wildlife 

ecology. All forms of resource selection analysis assume that marked individuals move and select 

resources independently, and this is often violated when animals are social or territorial. I or 

this paper we deal with relocation data collected from a gregarious species, bighorn sheep ( Oiis 

canadensis), and wish to assess the spatial independence of marked animals. Man) commonly 

used methods for quantifying spatial interactions do not include the spatial and temporal details 

of simultaneous relocation data. In their place, we used a modified nearest-neighbor method 

and data from three small herds of bighorn sheep in western Montana to test for independence 

among marked animals. Results suggested that marked ewes within each study area were not 

selecting habitat independently of one another. Consideration of spatial independence can be 

important in a posteriori analysis and interpretation of data, as well a priori consideration of 

necessary sample sizes. 

Key words: bighorn sheep, habitat selection, overlap, O vis canadensis, resource selection, 

spatial independence 

INTRODUCTION 

The spatial interactions of marked study 

animals are often of interest in studies of 

wildlife ecology. In particular, resource 

selection analyses require that study animals 

represent independent samples of space use. 

Animals that attract or avoid each other 

can violate this assumption, and thus lead 

to inflated sample sizes and biased results. 

While a posteriori assessment of sampling 

independence is encouraged, this issue 

should also be raised during a priori study 

planning. Given the often significant costs of 

capturing and monitoring many animals in 

an area, the a priori consideration of spatial 

independence might avoid a frustrating a 

posteriori discovery that 20 sampled animals 

are in fact acting as one. 

Spatial independence is demanded 

across all forn1s of resource selection 
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analysis. A variety of analytic methods are 

available within the broad field of resource 

selection, including chi-squared goodness

of-fit tests and confidence intervals ( eu et 

al. 1974, Byers et al. 1984), ranking methods 

(Johnson 1980), compositional analysis 

(Aebischer et al. 1993), and general linear 

models (Manly et al. 2002). Each of these 

methods has its own set of assumptions, but 

they all require that sampled animals select 

resources independently. We considered this 

assumption when dealing with simultaneous 

radio-telemetr y data from a social species, 

bighorn sheep ( Ovis can ad ens is). It was 

unclear if our study animals were selecting 

resources as a group or as individuals. 

Before pooling data, defining the appropriate 

sample unit for resource selection 

analyses required an assessment of spatial 

independence of marked individuals. 

Many techniques have been used to 

quantify spatial independence, and they can 

broadly be categorized as static (Jorgensen 

1968, Millspaugh et al. 2004) or d) namic 

(Cole 1949, Minta 1992, Millspaugh et 

al. 1998. Dasgupta and Alldredge 2000). 
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Static an alyses of spa
t

ial inde penden ce 

are genera lly a measure of shared space 

use ( often home-range overlap) of two 

animals over a given study period. Dy nam
ic 

methods require s imultaneous relocati
o n 

data and include the spatial and tempo r al 

infonnation of each location in an an aly
sis 

of independence. Simultaneous relocati
o n  

data are often possible in telemet ry stud
ie

s 

w
i
th concentrated teleme try sessions , but t

he 

biologist must determine the maximum tim
e 

interval between locations to consider them 

simultaneous. 

While sta
t

ic analysis techniques are 

growing more s ophisticated and studi
ed 

(Millspaugh et al. 2004 ), we value th
e 

tempora l  information in simultaneous 

relocation data and will focus on dynam
ic 

methods for the remainder of this p ape r. 

Unfortunatel y, most dynamic tests are 
fair

l
y simp le comparisons of the number 

of times marked animals are observe
d 

together or apart .  Cole's (I 949) coefficie
nt 

of association has bee n used sporadically in 

the study of bighorn shee p  to coarse
l
y assess 

group cohesion (Brown 1974, Elenowitz 

1984, Ebert 1993) and is simply a rati
o 

of how often two anima
l

s were observe
d 

together over the total numb
e

r of time
s 

the y were located. More recent test s ar
e 

available (Millspau gh et al. 1998, Dasgu pt
a 

and Alldredge 2000), but the y reduce the 

spatial characteristics of radio- teleme try 

data into categories of "togethe
r

" or "a part . "

This creates arbitrar y cut- of f values for 
defining how close th e animals must be t

o 
be ''togethe r" and categorizes animals that 
are 500 m apart the same as animals 5000 

m apart . It also excludes avoidance as a 

testable form of dependenc e between study 
animals. 

In this pape r, we present an a lternative 

method for quantifying spatia l independenc
e 

with relocation data that has been used 

to detect avoidance behavior between 

carnivores (Keenan 1981, Ma jo r and 

Sherburne 1987, Ar j o and Pletscher 1999). 

The modified nearest -neighbor technique 

tests dependence between two animals as a 

function of the distance between them, and 

we use it to detect dependence in radio-
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METHOD
S 

Stu d

y A
r

e as 

W
e s

tudi

e
d Rocky Mo u n tain bighorn shee

p (0. c. c ana
d

en
s

is) at three sites 
(Be

arm
o

u
t

h, Garris
o

n , and Skalkah o) in 
the Roc k y 

Mo
u ntain s of wes

te rn Montana 

at ele
vat

i

ons of~ 1100-2000 m. The 
Be

armou th (N 46° 43', W 
113° 2

7

') 
he rd 

occu
p

ied parts of the sout
h

e rn  Ga
m et 

Range, 50 k m east of Missoula, Montana. 
Th e Garrison ( N 46° 31 ', W 112° 50') herd 

w a
s loca

t

ed 
in the n ort

h

ea stern foothills 
of the Flint 

Creek Ra
n

ge, 100 km eas
t of 

Missoul a, 
a

nd t
h

e Sk
a

lka
h o (N 46° 10', W 

1 1 3° 5 9 ') h
e

rd was in 
t h e western Sa

pp hire Moun t
a

ins, 75 km 
s out

h 

o
f Mi

ssoula. 

Data Col
l

ec t
i

o
n In March 200 1

, 
we captu

red an d ra
dio

co llare
d 15 

a
d ult fe

m al e  Rocky Mountain 
bi

g
h

orn sheep a t  three s
i

tes using a net-gun fr
om a 

h
e

li co pte
r (Kr

ausman et al. 1
9

85

)
. We att

e
m pt

e
d t

o captu re animals from differen t 
subg roups w

i

t
hi

n each herd, and fin i shed 
w

it h two (Be ar mo u t
h

), seven 
(G

arr i
s on ) 

an d si x (
Sk

a
l

ka h
o

) radio-collare
d anim

a
l s 

p er s
it

e. B e tw een M ar ch 2001 an dAu
g

u
s

t 200 2  

we colle cted 1 0 1
9 

locat
i
ons 

fo
r 

these 15 
ewe

s. We a
ll

o
tte d a minimum 

of 3 day
s between su c c e

ss
i

ve locat
i

ons for 
the same 

an im al 
to e

n sure sui tab l e tempora lindepe
n

d e
n

c
e w ithin 

an in
di

v idual set of 
locations (Swihart and Slade 1985, 

S
wihart et al. 1988, Ebert 19 9 3, 

Mc Nay et al. 1
9 9

4

)
. 

W
e 

sorte d l
oca

ti

on s 
by h

erd a
nd season, 

so an al
y

ses wer e  done for a giv e
n pa

ir o
f ewe

s 
of 

the sam e  her
d 

during the same 
season. Biolog i

c
ally meaningful seasons 

w
ere sel

ect
e

d by fi
nding n ot iceab

l

e shifts 
in habita

t use by ewe s du
r in

g the transiti
o

na
l p

e
r iod s. Fo

r exa
mple, a n otabl

e shi ft 
to war d

s rocky e s cape 
t
err

a
in m

ar

ked 
the 

beginning 
o

f lam
bing sea s on eac

h 
spring. 

The l
am

b ing s ea
s

o n la ste
d 

fr
o

m early May 
thr o ug h l

a
t
e 

July, 
t

h

e 
fa ll 

s ea so n  from ear
l
y 

Aug us t thr
o ugh l

a
t

e 
N

ov
em

b
er, a

n

d 
the 
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winter season from early December through 

late April. Analy is for each season required 

a minimum of 10 pairs of simultaneous 

locations (Arjo and Pletscher 1999). 

The Modified Nearest-Neighbor Test 
The nearest-neighbor test detects 

whether two animals are randomly located 

throughout the landscape in relation to one 

another. Significant results would come 

from animals that are closer together or 

further apart than would be expected from 

random association. It begins with a set of 

''simultaneous" locations for two animals 

over time. For our purposes, "simultaneous" 

meant the two animals were located on the 

same day, roughly within an eight-hour 

period. A distribution of distances is created 

by measuring the distance between the 

two animals for each pair of simultaneous 

locations. On a day when the two animals 

were located together, this distance is 

essentially zero. 

Another distribution of distances was 

created by randomly pairing the same set 

of locations without considering time. For 

example, animal A's location on day 3 

might be paired with animal B's location on 

day 12. These random pairs were selected 

with replacement; we used a sample size 

of 500 randomly selected pairs to get a 

distribution of 500 distances. We used the 

non-parametric Mann-Whitney U to test for 

differences between these 2 distributions: I) 

distances between simultaneous locations 

of two ewes, and 2) distances between the 

same set of locations randomly paired with 

replacement. P-values provide a measure 

of statistical significance, or consistency, 

when testing independence but do not 

necessarily relate to the magnitude of 

the difference (Anderson et al. 2000). To 

consider biological significance, we also 

calculated the median separation distances 

and effect sizes (mean distance between 

randomly paired locations - mean distance 

between simultaneous locations) for each 

herd/season. 

We applied this test to ewes from 

three herds with sample sizes of 2, 7, and 6 

radio-collared ewes, resulting in 1, 21, and 

15 possible ewe-pairs/herd, respectively. 

We considered the di tribution and range of 

effect sizes and P-value to a e the degree 

of independence at the herd It.!\ el. 

RE ULT

We found a lack of independence 

betv,een bighorn ewes within all three herds 

(Table I). Median separation distance 

\\ere small, ranging from 0 to 570 m, and 

all effect siLes were po iti\e, 111dicating 

that ewes were consistent(} closer together 

than random expectations. A single ewe

pair was anal}/ed for the Beam1outh herd; 

effect si7es were large, and P-values were 

low across <;easons (Table I). 1 his suggests 

dependence in the movements and resource 

selection of these tv.o ewes. 'I \\enty-one 

combinations of ewe-pair<;.'season from 

the Garrison herd a(<;o shO\\ed large effect 

izes and low significance values Cl able I): 

these seven radio-collared ewes evidently 

lacked independence in their movements. 

Fifteen possible combinations of ewe-pairs/ 

season in the Skalkaho herd produced a 

wider range of P-values, though effect Sl/e 

were consistently positive (Table 1 ). Lach 

ewe was dependent on at lea t one other 

ewe/season, and we found no e\ idence of 

segregation between groups of e\\eS. We 

concluded that these kalkaho sheep lacked 

independence in their movements and 

should be analyzed as a herd instead of as 

individuals. 

DI cu JO

We detected dependence among 

individuals in all three herds of bighorn 

sheep using nearest-neighbor analyses It 

is inappropriate to consider data for each 

ewe as an independent sample of mO\ ement 

or habitat use. Instead of 15 independent 

samples of individual use, we have three 

independent sample of herd use. 

Limited solutions are a\ailable \\hen a 

lack of independence has been detected in 

a set of data. In terms of resource selection. 

we considered two methods of defining the 

sample unit. Analyses like the chi-square 

goodness-of-fit test ( eu et al. 1974) and 

general liner models (Mani} et al. 2002) 

define the relocation as the ample unit. 
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In these cases, w
e suggest data be pooled, 

sw
itching the sam

ple unit fr
om

 the locations 
of individuals to the location of groups. 
In this w

ay, a group of five radio-collared 
anim

als in the sam
e place w

ould be recorded 
as a single location, and a single radio
collared anim

al in a different place w
ould 

be another group location (a group of one). 
This approach has been used in past studies 
of gregarious anim

als like bighorn
 sheep 

(G
ionfr

iddo and K
rausm

an 1986, A
ndrew

 et 
al. 1999). 

In analyses like Johnson's (1980) 
ranking m

ethod or com
positional analysis 

(A
ebischer et al. 1993) w

here the anim
al, 

and not the relocation, is the sam
ple unit, a 

solution is less evident. If there are m
ultiple 

social groups of dependent anim
als, (but the 

groups rem
ain independent), then the sam

ple 
unit m

ight becom
e the social group. This 

could require m
uch data, as in the case of 

our three herds of bighorn
 sheep; w

e have 
three independent populations, and N

 = 3. 
Befo

re pooling these data, w
e 

considered the difference betw
een statistical 

dependence and biological dependence 
(M

illspaugh et al. 1998). For exam
ple, in 

studies of obligatory cooperative hunters, 
such as A

frican hunting dogs (L
y
c
a

o
n

p
ic

tu
s), the appropriate sam

ple is the 
pack, and data fr

om
 individuals w

ithin 
a pack should be pooled. Radio-collared 
elk (C

erv
us ela

p
h

u
s) that converge on a 

patch of scarce w
inter range m

ay show
 a 

lack of statistical independence, w
hen in 

fa
ct, each elk m

ade an independent choice 
to be there. Biologically, one m

ight still 
consider each elk an independent sam

ple 
(M

illspaugh et al. 1998). In
 the case of 

bighorn sheep, researchers m
ight argue that 

ew
es congregate on steep, cliffy

 habitat 
during lam

bing season because it is the 
best habitat, not because of dependence. 
Each ew

e m
ay m

ake an independent 
choice to be there. H

ow
ever, social groups 

are a consistent, year-round behavior 
of bighorn

 sheep (G
eist 1971), and w

e 
observed a lack of independence across 
all seasons; this suggested both statistical 
and biological dependence. W

e do not, 
how

ever, believe that bighorn
 data fr

om
 

Table 1. Median separation distances (m), effect sizes (m) and Mann-Whitney U Test probability values for modified nearest-neighbor tests of spatial 
independence between bighorn sheep ewes ofBearmouth (n = 2), Garrison (n = 7), and Skalkaho (n = 6), Montana, 2000-2001. All possible ewe-pairs 
within each herd were tested. Separation distance is the median distance between simultaneous locations of ewes. Effect size per ewe-pair= (mean 
distance between randomly paired locations - mean distance between simultaneous locations). 

s 
Winier 

Site Median Median p p p 
separation (m) effect size (m) ( ) ( ) I ) 

Bear mouth 1 290 1153 01 570 373 
Garrison 21 150 518 1 27 149 852 
Skalkaho 15 313 622 1 357 472 441 



a g
i

ven 
site should always be pooled due 

to lack o f inde
p

endence. Festa-Bianchet 

( 1986 ) foun d that thre e distinct pop ulations 

o
f big

ho rn ewes used a single area during 

differen
t times of the year. A test of spatial 

i
n

dep
e n de nce with such data would re veal 

inde
p

e nde nce between g roups, and prevent 

the lo
s

s of information by pooling data 

ac ro ss inde
p
endent study animals. 

Da sg u p
ta and Alldredge (2000) ad justed 

the Ne
u 

et al. ( 197 4) method of analysis 

t o  incorp o rate dependency. Unfortunately, 

th
e

ir d epe nde ncy parameter reduces 

s
p

a t iall
y 

c ontinuous location data into 

gro
u p

s of " t o
g

ether" or "apart," and is a 

l
ess 

sen
sitiv e tes

t 
than that p resented in this 

p
a

per. Ho we ver , 
their goa

l 
of accounting 

for de
p

ende n c y in resource selection 

an
aly

ses is a 
p

rom ising one. The y include 

th
e 

de
gree of ind ep endenc e as an additiona

l 

pa ram eter 
in the chi- squar e goodness-of- fi t 

t es
t fo

r re sourc e selection. We encourage 

d
eve

lo p
me n t of such a t e chnique for more 

re c
en t resour c e  selection anal ys es like 

co
m p

ositional anal ysi s or generalized linear 

m o
deling. 

S
patial in de pendenc e is an im portan

t 

assumption 
in the study of resource 

sele ction b
y 

animals. When simulta n eous 

data 
a

r e colle cted
, 

it is prudent to make 

fu ll 

use of a
l

l the sp
atia l and tem pora

l 
inf

onn a tio n available in such data. We 

rec
om me

n d  the modified nearest- n eig hbo r 

t
es

t 

a
s a d

yn a mi c  analysi s of inde pendenc e 

b
e

tw een stud y animals. Although we have 

foc
u

se d o n a pos
t

er
i o

r
i detection of spatia

l 
i
n dep

ende n ce

, 
th

i
s is an issue that should be 

c
ons

id e
re d a priori in future studies. Before 

exp
en

ding 
gr ea t effort and resources into 

ma
r kin g 

depe n den t animal
s, 

we encourag e 

researchers 
to take into account the biolog

y 

an
d be h avior of the stud y specie s. Both 

a 

pr
i

or
i an d a poster i o ri consideration of th

is 

i
ssu e  w

i ll im p rov e the reliabili ty of results. 
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