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The acoustic structure of calls within call types can vary as function of individual identity, sex, and
social group membership and is important in kin and social group recognition. Belding’s ground
squirrels~Spermophilus beldingi! produce alarm chirps that function in predator avoidance but little
is known about the acoustic variability of these alarm chirps. The purpose of this preliminary study
was to analyze the acoustic structure of alarm chirps with respect to individual differences~e.g.,
signature information! from eight Belding’s ground squirrels from four different lakes in the High
Sierra Nevada. Results demonstrate that alarm chirps are individually distinctive, and that acoustic
similarity among individuals may correspond to genetic similarity and thus dispersal patterns in this
species. These data suggest, on a preliminary basis, that the acoustic structure of calls might be used
as a bioacoustic tool for tracking individuals, dispersal, and other population dynamics in Belding’s
ground squirrels, and perhaps other vocal species. ©2002 Acoustical Society of America.
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I. INTRODUCTION

Acoustic variation and distinctiveness is found in t
vocal communication systems of all nonhuman animal s
cies. The acoustic structure of calls within call types can v
as functions of individual identity, sex, and social gro
membership and is important in kin and social group rec
nition. Many species exhibit acoustic distinctiveness in va
ous temporal and frequency parameters that likely provi
the acoustic basis for individual or kin recognition~Chapman
and Weary, 1990; Rebyet al., 1998a!. In addition, dialects
have been documented in many avian species~Adret, 1986;
Sorjonen, 1987! and some cetacean species~pilot whales:
Taruski, 1976, 1979; orcas: Ford and Fisher, 1983; Fo
1991; bottlenose dolphins: McCowanet al., 1998!. Recent
studies suggest that some primate species exhibit popula
and social group differences in call structure~chimpanzees:
Mitani et al., 1992; Mitani and Brandt, 1994; Marshallet al.,
1999; marmosets: Elowson and Snowdon, 1994! indicating a
possible function for social recognition and/or cohesio
Several studies on avian species have reported dialecta
ferences in the song or calls of different populations, wh
are frequently consistent with differences in geographical
cation ~Wright, 1996; Nelson, 1998!.

Belding’s ground squirrels~Spermophilus beldingi! are
alpine-dwelling, social animals that live in colonies of r
lated adult females and their dependent offspring~Armitage,
1981; Boellstorff and Owings, 1995!. Sons appear to dis
perse from the natal burrow while daughters establish b
row systems adjacent to or overlapping that of their mo
er’s. Adult males establish overlapping territories with tho
of the females before the breeding season and continu
defend these territories after the breeding season has en

Ground squirrels are vocal animals that respond
predators with alarm calls. These alarm calls have been v
ously named chatters, chats, whistles, squeals, chirps,
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trills ~Owings and Virginia, 1978; Owings and Leger, 198
Legeret al., 1984; Owingset al., 1986!. Whistles and chirps
are harmonically structured narrow-band calls that hav
relatively low fundamental frequency~given the body size of
members of this species! between 2.8 and 5.1 kHz. Althoug
the contexts and functions of ground squirrel alarm calls
relatively well known, the extent of acoustic variation
ground squirrel alarm vocalizations and whether such va
tion provides a basis for individual, kin, or group recognitio
remains mostly unexplored~Hare, 1999!. The functions of
chirps and whistles in predator and territory defense sug
that information on individual and social group identi
might be present in these calls. Thus, the purpose of
study was to determine if the alarm chirps~whistles! of Beld-
ing’s ground squirrels contained individual signature info
mation that could provide the basis for individual and k
recognition. To address this goal, this preliminary study
amined the alarm chirps of eight free-ranging adult fem
ground squirrels from four alpine lakes in the French Cany
of the High Central Sierra Nevada for individual differenc
and in relationship to the geographical locations of the
ground squirrel populations.

II. METHODS

A. Subjects and study site

Subjects were eight free-ranging adult female grou
squirrels. All subjects were identified as adults, determin
by body size, and as females due to the proximity of dep
dent offspring. Subjects were recorded from four differe
alpine lakes in the French Canyon region of the High Sie
Nevada, approximately 12 miles west of Pine Creek P
Station near Bishop, CA in the Owens valley. The lakes
which recordings of the eight different ground squirrels we
conducted included Moon Lake (n53), Elba Lake (n53),
1157157/4/$19.00 © 2002 Acoustical Society of America
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TABLE I. List of analyzed acoustic variables and their definitions.

Acoustic parameter Description

Coefficient of frequency modulation
McCowan and Reiss~1995!
McCowanet al. ~1998!

Calculated variable that represents the amount and magnitude of frequency modulation
across a chirp, computed by summing the absolute values of the difference between seq
frequencies divided by 10 000.

Jitter factor
Mitani and Brandt~1994!

Calculated variable that represents a weighted measure of the amount of frequency modulat
calculating the sum of the absolute value of the difference between two sequential freque
divided by the mean frequency. The sum result is then divided by the total number of p
measured minus 1 and the final value is obtained by multiplying it by 100.

Frequency variability index
Mitani and Brandt~1994!

Calculated variable that represents the magnitude of frequency modulation across a chirp, com
by dividing the variance in frequency by the square of the average frequency of a chirp and
multiplying the value by 10.

Minimum frequency Lowest frequency attained by chirp, measured in Hz
Maximum frequency Highest frequency attained by chirp, measured in Hz
Mean frequency Calculated as a average frequency across chirp
Frequency range Calculated as maximum frequency minus minimum frequency
Maximum frequency/Mean frequency Calculated as maximum frequency divided by mean frequency
Mean frequency/Minimum frequency Calculated as mean frequency divided by minimum frequency
Frequency at peak amplitude Frequency at which the peak amplitude occurs in the chirp
Minimum frequency location Location of minimum frequency in chirp, given as percentage of duration
Maximum frequency location Location of maximum frequency in chirp, given as percentage of duration
Duration Temporal distance of chirp, measured in ms
Location of peak amplitude Location at which the peak amplitude occurs in the chirp, given as a % ofduration
Start slope Slope of the initial third of the chirp contour
Middle slope Slope of the middle third of the chirp contour
Finish slope Slope of the final third of the chirp contour
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Alsace Lake (n51), and L Lake (n51). Each lake exhib-
ited rocky montane terrain with intermittent evergreen tre
grass, and brush. Mountain passes, ranging from 0.7 to
km in distance and 152–305 m in altitude~which ranged
from 3048 to 3505 m!, separated each of the lakes.

B. Vocal recordings

One to three adult female ground squirrels from each
the four lakes were acoustically recorded on one of four d
using an Audio-Technica AT4071 directional micropho
~frequency response to 20 kHz! and a Sony D-10 Pro DAT
Recorder~frequency response to 24 kHz!. For this prelimi-
nary study, each lake was visited only once and recordi
were conducted from 1 to 3 h ateach site. To ensure that w
recorded different individuals at each of the lakes, recordi
were conducted near the burrow systems of individuals
cated at distinct locations around each lake. Each voca
tion was individually identified by observing the animals v
calizing during call production~recordings were conducte
within 6 m of each subject!. The context of alarm calling for
each individual was to presence of human observers as B
ing’s ground squirrels from this remote region are not hab
ated to humans. A total of 358 vocalizations were collec
from the eight adult female ground squirrels at four alp
lakes during the study period~Moon: 93, 105, 14 vocaliza
tions from three individuals, respectively, Elba: 67, 43,
vocalizations from three individuals, respectively, Alsace:
vocalizations from one individual, L Lake: 19 vocalization
from one individual!. With the exception of one individua
~Elba 3!, multiple calling bouts (n.2), which were defined
by an intersignal duration of at least 1 min, were record
from each individual subject.
1158 J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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C. Acoustic analyses

All vocal recordings were digitized onto a Micron Pe
tium Computer using a Sound-Blaster soundcard~sampling
rate up to 44.1 kHz! and Cool Edit Pro Signal Analysis soft
ware ~sampling rate of 44.1 kHz and using 1024-point FF
with a Hamming filter!. Acoustic files were filtered for back
ground noise using standard parametric filtering in Cool E
Pro on the Micron computer and cued for subsequent dig
analysis.

The chirps recorded from each individual were me
sured using a modified version of the Contour Similar
Technique~for detailed descriptions of this technique, s
McCowan, 1995; McCowan and Reiss, 2001!. After call
digitization and measurement were completed, several s
sequent calculations were conducted. Several summ
acoustic variables defining various call spectral, tempo
amplitude, and contour parameters~e.g., minimum fre-
quency, maximum frequency, mean frequency, freque
range, duration, frequency, and location of the peak am
tude! were calculated from these measurements~see Table I
for a list of analyzed parameters!.

D. Statistics

The outcomes and covariates of the statistical tests w
continuous in structure. Thus, discriminant function analy
and fixed effects linear regression were the statistical m
ods of choice~Pinheiro and Bates, 2000!. Continuous vari-
ables were tested for normality. Because most variables
quired transformation, principal component analysis w
conducted on the raw variables. All final statistical tests w
conducted on the principal component values, which w
B. McCowan and S. L. Hooper: Letters to the Editor



TABLE II. Percent correct classification from the discriminant analysis on the alarm chirps of individual Belding ground squirrelsa from four high Sierra lakes.

Individual % correct

No. of cases classified into group Comparison to random assignment~as ‘‘expected’’!

Alsace1 Elba1 Elba2 Elba3 Moon1 Moon2 Moon3 L1 TotalN Fisher’s exact p

Alsace1 83 10 0 0 1 0 0 1 0 12 13.9 ,0.0001
Elba1 54 0 25 7 1 12 1 1 0 47 33.8 ,0.0001
Elba2 51 5 7 32 3 5 8 3 0 63 32.9 ,0.0001
Elba3 80 0 0 1 4 0 0 0 0 5 19.2 ,0.0001
Moon1 45 0 15 9 1 42 25 1 0 93 57.2 ,0.0001
Moon2 64 0 12 18 0 8 67 0 0 105 90.8 ,0.0001
Moon3 79 0 1 0 1 1 0 11 0 14 14.7 ,0.0001
L1 100 0 0 0 0 0 0 0 19 19 25.9 ,0.0001

358

aAll factors in the order F1, F2, F3, F4 were entered into the discriminant function.
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tested for and confirmed normality. Covariates included
dividual, calling bout, and ‘‘time of day’’ of the recording
‘‘Time of day’’ and ‘‘calling bout’’ were insignificant for all
analyses and thus removed from the models. All statist
tests were conducted using programmable S-Plus statis
software on a Pentium or Pentium II PC.

III. RESULTS

A. Principal components of ground squirrel chirp
vocalizations

Principal component analysis on the chirp calls of t
eight adult female Belding’s ground squirrels generated
statistically independent components. Eigenvalues of the
four components met Kaiser’s criterion of 1.00. These fo
components accounted for 82% of the variation in the or
nal data set. Factor 1 represents measures of spectral s
~e.g., coefficient of frequency modulation, maximum fr
J. Acoust. Soc. Am., Vol. 111, No. 3, March 2002
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quency location, and minimum frequency location! and am-
plitudinal emphasis~e.g., the frequency and location of pea
amplitude!, as well as mean frequency and minimum fr
quency of chirps. Factor 2 represents another measur
spectral shape including the frequency range, jitter fac
maximum frequency/mean frequency, and the start slop
chirps. Factor 3 represents the duration and the freque
variability index. Factor 4 represents the middle and fin
slopes as well as the mean frequency/minimum frequenc
chirps.

B. Individual differences in ground squirrel chirps

Belding’s ground squirrels showed individual distin
tiveness in the acoustic structure of their alarm chirps. Cro
validation discriminant analysis revealed that each individ
could be reliably distinguished based upon the acou
structure of their calls~see Table II, Fig. 1!. The variables
irrels.
FIG. 1. ~a! Mahalanobis distance generated from the discriminant function analysis between the alarm chirps of individual Belding’s ground squ~b!
Dendrogram of Mahalanobis distance between the alarm chirps of individuals.
1159B. McCowan and S. L. Hooper: Letters to the Editor



ac
di
e
if

i-
ep
2

ns
r

2

b
ls
re

an
r

vo
n
s
he
ie

e
th
t

ch
ti
sa
ec
e
ria
m

io
ne
m
rv

,
ld
d
e

-

J.

ri-

on-

v.

av-

dol-

ion’

hins

-

ol.

-

nt,
e

d

:
ad-
tion,

i-
.

’’
that contributed most to individual distinctiveness were f
tors 1 and 2, although all factors were entered into the
criminant function. Fixed effects linear regression confirm
the discriminant function analyses. Factor 2 significantly d
fered (F7,350542.5, p,0.0001) for each pairwise compar
son at the 0.05 level using the Bonferroni method exc
Alsace1-Elba3, Alsace1-L1, Elba3-L1, Elba2-Moon
Moon1-Moon2. Factor 1 significantly differed (F7,350

591.3,p,0.0001) for three of the insignificant compariso
above: Alsace1-Elba3, Alsace1-L1, Elba3-L1 and facto
significantly differed (F7,350530.2, p,0.0001) for the re-
maining two insignificant comparisons: Elba2-Moon
Moon1-Moon2.

In addition, a dendrogram generated from Mahalano
distances from the discriminant analysis of individua
alarm calls revealed that individuals from Elba Lake we
more similar acoustically to individuals at Moon Lake th
to each other, suggesting that acoustic similarity may rep
sent a measure of genetic relatedness in this species~Fig. 1!.

IV. DISCUSSION

Our preliminary results suggest that the alarm chirp
calizations of adult female Belding’s ground squirrels co
tain individual signature information which likely provide
the basis for individual and kin recognition, as found in t
vocalizations of several avian and mammalian spec
~Chapman and Weary, 1990; Rebyet al., 1998a!. It is more
likely that the acoustic differences found in this study ar
result of genetic and not social influences, although
mechanisms underlying this acoustic variation will need
be evaluated in subsequent studies. Despite the me
nism~s!, however, it might be possible to use this acous
variation to track individuals and thus population disper
patterns in this species using a noninvasive bioacoustic t
nique. Application of quantitative bioacoustic techniqu
might reveal subtle and important features of acoustic va
tion and patterns in free-ranging populations of many ma
malian species~Reby et al., 1998b!. Therefore, we might
effectively use bioacoustics as a tool for tracking populat
dispersal and dynamics, and possibly as a measure of ge
diversity, in other more threatened and endangered mam
lian species, and thus in wildlife management and conse
tion.
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