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Abstract

All species in the genus Macaca produce a set of harmonically rich vocalizations known as
“coos”. Extensive acoustic variation occurs within this call type, a large proportion of which is
thought to be associated with different social contexts such as mother-infant separation and the
discovery of food. Prior studies of these calls have not taken into account the potential contributions
of individual differences and changes in emotional or motivational state. To understand the function
of a call and the perceptual salience of different acoustic features, however, it is important to
determine the different sources of acoustic variation. I present data on the rhesus macaques’ (M.
mulatta) coo vocalization and attempt to establish some of the causes of acoustic variation. A large
proportion of the variation observed was due to differences between individuals and to putative
changes in arousal, not to differences in social context. Specifically, results from a discriminant-
function analysis indicated that coo exemplars were accurately assigned to the appropriate individual,
but vocal “signatures” were more variable in some contexts than in others. Moreover, vocal signatures
may not alwavs be reliable cues to caller identity because closely related individuals sound alike.
Rhesus macaque coos evidently provide sufficient acoustic information for individual recognition and
possibly kin recognition, but are unlikely to provide sufficient information about an external referent.

Marc HAUSER, Animal Communication Laboratory, Department of Zoology, University of
California, Davis, CA, 95616-8761, U.S.A.

Introduction

Vocal signals have the potential to provide extensive information. There are,
however, two fundamental constraints on the information conveyed: the sound-
producing apparatus and the perceptual resolving abilities of the auditory system
(e.g. Nowickt & MARLER 1988; NELSON & MARLER 1990). Recent research on the
vocal communication of nonhuman animals has focused on dissecting the stream
of acoustic information into components that are likely to be correlated with an
individual’s internal state (e.g., aggressnon DABELSTEEN & PEDERSEN 1990) and
features of the socio-ecological environment (e.g., predators: KLump & SHALTER
1984; food: Drrrus 1988; for reviews, see CHENEY & SEYFARTH 1990; HAaUSER &
NELSON 1991). At the core of this research 1s an attempt to make sense of the
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sources of acoustic variation and the relative perceptual salience of different
acoustic features of the signal. This paper examines some of the factors underlying
acoustic variation and attempts to relate such variation to problems of perception.

Acoustic variation has a number of potential sources, including respiratory
activity (e.g., SUTHERS et al. 1972; Hauser & FOowLER 1991), mode of articulation
(e.g., Nowickl & MaRLER 1988; OWREN & BErNACKI 1988; SUTHERS 1990),
developmental stage (e.g., KrooDsMA & MILLER 1982; HAUSER & MARLER 1991),
emotional state {e.g., MORTON 1977, 1982; GOEDEKING 1988), caller identity
(Brooks & FaLLs 1975; Tyack 1986) and social context (e.g., SMITH 1977; NARINS
& CAPrRANICA 1978; NELSON 1985; CHENEY & SEYFARTH 1990; MARLER et al.
1991). If one seeks the meaning or function of a given signal, it is therefore
important to insure that sampling is appropriate and that the acoustic variation
described is perceptually salient to the organism observed.

The purpose of this paper is to establish some of the sources of acoustic
variation for one call type (i.e., “coos”) 1n the repertoire of the rhesus macaque
(Macaca mulatta) and thereby establish a foundation for subsequent perceptual
studies. Analyses were restricted to coos for two reasons. Variation in the
acoustic morphology of this call in closely related species appears to be associated
with different social contexts (GREEN 1975; GRIMM 1976; LILLEHEI & SNOWDON
1978; HoumaNN & HErzOG 1985; Dittus 1988; HOHMANN 1989). In the most
detailed investigation of this problem, GREEN (1975) showed that Japanese
macaques (Macaca fuscata) produce seven different types of coos that can be
distinguished by their characteristic fundamental frequency (Fo) contours. Each
type of coo is associated with different social contexts including mother-infant
separation, dispersal, and consortship. However, GREEN’s analyses did not
consider other potential sources of variation such as that resulting from differ-
ences between individuals or affective state. Thus, it is not possible to evaluate the
significance of the association between social context and acoustic structure. The
same point applies to the other macaque studies, with one exception (LILLEHEI &
SNOWDON 1978).

Second, a number of important perceptual studies on Japanese macaques
(reviewed in MoODY et al. 1990) used insights from field research (GREEN 1975) to
address such issues as species-specific acoustic cues (ZOLOTH et al. 1979; MaY et
al. 1988), hemispheric lateralization (PETERSEN et al. 1984), and categorical
perception (MaY et al. 1989). One of the primary conclusions to emerge from this
work is that for Japanese macaques, but not other closely related species, the
temporal location of the Fo contour’s peak frequency is perceptually the most
salient feature of the call; for the other species tested, the absolute frequency of
the Fo contour was perceptually more salient. To place these results in a more
appropriate comparative context it would be useful to have a better understanding
of the sources of acoustic variation in both Japanese macaques and closely related
macaque species.

Part I of this report provides analyses of an extensive calling bout by one
adult female rhesus macaque in the context of group progression. The purpose of
these restricted analyses is to reveal the extent of acoustic variation that may



Sources of Acoustic Variation in Macaque Calls 31

emerge from one individual within an apparently homogeneous context.
Although such analyses must be treated cautiously, they can be used to gain
insights into the relative stereotypy of a signal, when at least two important
contributors to acoustic variation have been controlled for. In Part II of the
paper, the role of contextual and individual sources of acoustic variation are
explored based on analyses of approximately 550 vocalizations from over 30
different individuals. Thus, these analyses will provide a check on the generality
of the results obtained from the first part of the paper.

Methods
Study Area

Observations were conducted from Nov. 1988 to Jun. 1989 and from Aug. to Oct. 1990 on
adult female and adult male rhesus macaques living in one of the 7 social groups (groups L) on the
island of Cayo Santiago, Puerto Rico. Cayo Santiago is a 15-ha island, located off the east coast of
Puerto Rico (see Raw1INs & KESSLER 1987 for a detailed description of the island and its history).
During the period of observation, the population consisted of approx. 1200 to 1400 individuals. The
island consists of two smaller islets, a “small cay” and a “large cay” that are connected by a narrow
isthmus. Three dispensers provide food (Purina monkey chow), onc on the small cay and two on the
large cay. For most of the groups on the island, chow comprises over 50 % of the diet with natural
foliage, fruits (e.g., coconuts) and soil making up the remaining proportion. During periods of
observation, group 1. (approx. 300 to 350 individuals) was the largest group on the island and had
almost exclusive access to chow on the small cay. No other groups were seen on the small cay during
the study although peripheral males were observed feeding on chow from the small cay’s dispenser.

Behavioral and Acoustic Analyses

Data were collected by two observers, one recording data on socio-ecological behavior and the
other tape-recording all vocalizations uttered by the focal animal and those individuals with whom it
interacted. Vocalizations were recorded using a Sony TC-D5M cassette recorder and a Sennheiser
MES88 or MKH816 directional microphone with zepplin windscreen. Observation and tape-recording
occurred at a distance of approx. 0.5—2.0 m.

Behavioral data were collected onto prepared checksheets using a focal-animal sampling
technique; ad libitum data were also collected. Over 1300 h of observation were made during the
study. Focal samples were collected from a total of 12 adult males and nine adult females.
Observations began at approx. 06.00—07.00 h and ended at approx. 14.30—15.00 h. When our focal
animal called, a detailed description of the conditions leading to the call and those ensuing were
provided. Such descriptions included, e.g., records of those individuals within 10 m, nonvocal
displays, type of food eaten, general activity of the focal animal and the group.

Three contexts were explored as potential sources of acoustic variation: group progression (i.e.,
movement), food, and female-infant affiliative interactions; over 80 % of all coos recorded occurred
in these three broad contexts. Group progression was defined as directed movement from one location
on the island to another location. Behavior accompanying such movement was typically striking and
included relatively long bouts of locomotion in one direction together with frequent scanning to sec
which, if any, animals were following.

Calls given in the context of food most frequently involved waiting for chow to be placed in the
dispensers or possession of chow. Less frequently, calls were given to rare and highly preferred food
items such as coconut. To avoid ambiguity, calls were excluded from the analyses if they were
produced as the group was moving toward a corral with food stiil in the dispenser.

The final context included situations where females were attempting to initiate or maintain
contact with an infant, typically their own. Such interactions included attempts to groom or carry, but
not cases where a mother picked up her infant and moved with the group to another location. The
latter was considered ambiguous because it potentially overlapped with the context of group
progression.
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Table 1: Data set for statistical analyses of coos by context and by individual

#of Range of Total# Section
Type of analysis subjects calls/subj. calls of paper
Variation w/in one context
for individual 480 1 — 72 A
Subj. 480 vs. others
in group progression 6 5—27 145 B.1
Individual differences
in context of food 6 8—88 256 B.1
Individual differences
in the context of grp. prog. 5 6—63 137 B.1
Individual differences
in the context of female-
infant associations 6 7—74 134 B.1
Contextual differences 20 5—88 547 B.2

Calls selected for analyses were recorded from individually recognized members of group L.
The initial data set included analyses of 943 coos from 43 individuals (32 adult females and 11 adult
males). The final data set (Table 1), however, was reduced to 547 coos {16 adult females and 4 adult
males) because for some calls the description of the socio-ecological context was relatively poor and,
some analyses required a particular sample or distribution of exemplars across individuals or contexts.
Thus, for example in analyses concerned with individual variation, only individuals with at least five
calls were included.

Acoustic analyses were performed using the Signal digital sound analysis program (BEEMAN
1989) which operates on an IBM-compatible 80386 computer. Because the bandwidth of coos does
not exceed 10 kHz and the fundamental frequency {Fo) range is 200 to 600 Hz in adults, all calls were
low-pass filtered at 100 Hz, high-pass filtered at 10 kHz, and sampled at a rate of 25 kHz; using a
1024-pt fast fourier transform (FFT; with Hanning window), this set-up provided a frequency
resolution of 24 Hz and a temporal resolution of 5 ms. To obtain better frequency resolution for
analyzing the Fo contour, coos were reacquired using a 2000 Hz bandwidth, a sampling rate of 5000
Hz, and a 1024-pt FFT. This set of parameters resulted in a frequency resolution of 5 Hz.

Two types of acoustic analyses were performed on the Fo contour of each coo. First, based on
the research of GREEN (1975) with Japanese macaque coos and of STEBBINS and his colleagues on the
perceptual responses of Japanese macaques to natural and synthesized coos (e.g., reviewed in MOODY
& STEBBINS 1989; MOODY et al. 1990), a suite of acoustic features was selected for analysis. The
spectral features (Fig. 1) of the Fo contour were: Maximum frequency (MXF), Minimum frequency
(MNF), Beginning frequency (BF), Middle frequency (MF), Ending frequency (EF), and Frequency
of Peaks (PF) in the contour. The highest frequency (HF) value in the call (frequency of highest
harmonic) was also measured. The temporal features were: Total duration of the call (CD), Duration
from beginning of the call to: (1) Maximum frequency {BMXEF), (2) minimum frequency (BMNF) and
(3) peak frequency (BPF). Six composite features were also measured: Fundamental frequency
bandwidth (FOBW = MXF-MNF), Median fundamental frequency (MEDFO = [MXF+MNF)/2),
Bandwidth (BW = HF-MNF) and the Temporal location of the maximum (MXFLOC), minimum
(MNFLOC) and peak (PFLOC) frequencies (calculated as, e.g., BMNE/CD).

Statistical Quantification

Discriminant-function analysis has been successfully used to distinguish the calls of nonhuman
primates on the basis of individual and contextual variation (e.g., SMITH et al. 1982; SNOWDON et al.
1983; MACEDONIA 1986). This procedure was used with the rhesus macaque coo data set for the same
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Fig. I: Spectrogram of a rhesus macaque coo. 3
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purpose and the specific steps in the analysis were as described by Gouzoures & GouzouLEs (1989)
in their description ot pigtail macaque scream vocalizations. The direct discriminant-function analysis
in Systat (WITKINSON 1985) was used to classify coo exemplars on the basis of context or caller
identity. Before running this analysis, all acoustic parameters measured were first examined for
significant F ratios. Onlv those variables reaching a significance level of at least p < 0.05 were entered
into the model.

The results from the discriminant analysis were then used in two ways. First, chi-square
analyses revealed whether or not the classification of exemplars to contexts or individuals was
significantly greater than chance. Second, the absolute magnitude of the standardized discriminant
tunction coetficient weights were used to establish which predictor variables were most important in
the classification procedure.

A second approach to characterizing the acoustic morphology of a call type (i.e., and thereby
reducing observed variation) s the cross-correlation technique (see CLARK et al. 1987). One advantage
of this technique is that it does not rely on parameter extraction but rather provides a full
representation of the signal. Specifically, each call is described entirely by a frequency-by-time matrix
with each cell representing root-mean-square (RMS) amplitude. The similarity between two calls is
determined by correlating amplitude values of the two frequency-time matrices. One matrix is shifted
relative to the other in successive time increments until the maximum cross-correlation is found. The
result from each comparison is a correlation value (range of +/~ 1.00) which is an estimate of
similarity between two calls. Correlation values are then entered into a multi-dimensional scaling
routine to establish whether significant clusters exist within the matrix.

The cross-correlation technique was used to evaluate the similarity between 70 coos produced
by one adult female during group progression. Two calls from the original set of 72 were excluded
because of the presence of environmental noise that interfered with the tail portions of these calls.
Following CLARK et al. (1987), the matrix of correlation values was statistically analyzed using multi-
dimensional scaling (MDS). Due to limitations of the statistical package (Systat, WILKINSON 1985),
the MDS routine (Guttman-Lingoes coefficient of alienation and two dimensions) was first performed
on one half of the matrix (i.e., 35 calls) and subsequently, on the second half of the matrix (i.e, 35
calls).

Results
Part I: Acoustic Variation Generated by One Individual in One Context

During a period of 87 min, subject 480 (middle-aged adult female) sat on the
small cay within 1—10 m of other group members and called 79 times. All of
these calls were coos. In general, observations suggested that 480’s coos were
directed toward other group members in an attempt to initiate a progression from
the small cay to the large cay. At this time, none of the dispensers on the island

had chow.

Ethology, Vol. 89 (1} 3
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Table 2:  Descriptive statistics on acoustic features of coos given by individual 480 during a group
progression

Variable X SE Cv n Min Max
Max. freq. 495.8 6.7 10.7 72 280 670
Min. freq. 368.2 3.7 8.0 72 315 436
Begin freq. 407.4 3.0 5.9 72 326 438
Mid. freq. 487.6 6.7 10.9 72 280 624
End freq. 368.3 4.4 9.5 72 208 442
Peak freq. 497.0 6.9 10.8 70 280 670
Highest

harmonic freq. 3946.4 83.8 14.2 72 3316 4229
Call duration 459.7 14.2 24.6 72 180 705
Max. freq.

location 0.42 0.02 315 72 0.12 0.99
Min. freq.

location 0.90 0.03 30.6 72 0.00 1.00
Peak freq.

location 0.50 0.02 25.7 70 0.10 .99

The reason 480’s behavior is so interpreted is because of the repeated pattern
of movement exhibited during the period of calling: 480 looked to her group,
then to the large cay, then moved and then looked back toward the group. During
this calling episode, 480 moved approx. 20 m and the only other detectable
activity within a 25-m radius was occasional movement by other group members
toward the large cay or toward 480. Approx. ¥ h after 480’s calling bout, group L
moved to the large cay and 480 was one of the first to arrive.

Fo contours were accurately depicted for 72 coos (i.e., minimal interference
from other calls or background noise; 7 coos rejected for this analysis). The Fo
contours of these calls (Fig. 2) were extremely different. For example, some calls
had a shallow arching contour whereas others began with a rapid frequency rise
and then fell to a significantly lower terminal frequency. These calls were
subjected to univariate acoustic analyses (Table 2). All of the spectral features
analyzed had relatively low coefficients of variation, whereas most of the tempo-
ral features had relatively high coefficients of variation. In particular, measures of
the location of frequency maxima and minima were highly variable even though
these calls were recorded under reasonably constant contextual conditions (i.e.
group progression) and from the same individual.

To determine whether the acoustic variation observed could be statistically
reduced to a subset of call types, as documented by GREEN (1975) for Japanese
macaques, MDS was implemented (Fig. 3A: results from the MDS analyses for
the first set of 35 calls; Fig. 3B: results from the second set of 35 calls). For the
second set of coos, the MDS routine was rerun, after three outlying points were
removed (points in the upper left quadrat of Fig. 3B; they correspond to contour
numbers 54, 55 and 57 in Fig. 2).
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Using the clusters generated by MDS, the contours for each cluster were
entered into an averaging routine to generate “prototypical” contours (Fig. 4).
With the exception of one additional contour-type, the contours generated from
the first set of coos corresponded almost exactly to the contours generated for the
second set. The four prototypical contours can be characterized as follows: (1)
Rapid, short, frequency rise and fall from a central frequency plateau; (II)
Gradual and shallow arching frequency contour; (III) Gradual frequency change
up and down from a central frequency peak; (IV) Gradual frequency change up to
a terminal frequency peak and then a rapid frequency fall.

The prototypical contours were next analysed in light of more detailed notes
on the contexts in which each coo was produced. Four sub-contexts within the
more general context of group progression were extracted for subject 480: (1)
sitting and scanning toward other group members on the small cay and then in the
direction of the group progression to the large cay; (2) sitting and observing other
group members moving in the direction of the large cay; (3) moving alone in the
direction of the large cay; (4) moving with other group members in the direction
of the large cay.

Table 3 reveals the association between prototypical contour-type and sub-
context. These data suggest that during this one calling episode, 480 produced
exemplars with a relatively narrow bandwidth (contours I and 1I) when she was



MaRrc D. HAUSER

W
(o]

>

" v Fig. 4. Prototypical contours based
on averaging routine using clusters

/\ from MDS analyses. Prototypes from
/] A) first set of 35 coos and from

B) second set of 35 coos

Frequency

Time

A N /\

Time

Frequency

sitting and looking at stationary or moving group members. In contrast, calls
with a relatively wide bandwidth (contours III and IV) were produced when she
was moving alone or with other group members.

Part 2: Sources of Acoustic Variation
1. Acoustic Variation due to Differences between Individuals

The previous set of analyses raise two questions. First, is the acoustic
variation exhibited by subject 480 during this one calling bout typical of other
bouts in similar contexts? Second, is the pattern observed for 480 representative
of other individuals in this population and for other contexts?

Regarding the first, it is currently not possible to assess whether the variation
observed during this one bout is comparable to other bouts in the same context
due to a lack of data. Although recordings of subject 480’s coos in the context of
group progression are available, the number of calls per bout is fewer than five.

Table 3: Association between contour type and social context

Social Contour type
context I II I v

Sit and scan toward
other group members 28 9 2 1

Sit and watch other

group members move

toward direction of

group progression 2 2 2 0

Move in direction of
group progression 2 i 8 4

Move in direction of
group progression

with other group
members 0 2 4 3
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To explore the second question, data on coos (n = 144) produced by four adult
females and one adult male in the context of group progression (Table 1) were
statistically compared with subject 480’s coos; each individual was treated as a
single datum by taking the mean value for all calls recorded. Results show that for
three acoustic features (CD, MNFLOC and BW), 480’s group-progression coos
were significantly different (t-tests, p < .05) from those of the other individuals
examined. However, if one compares coefficients of variation for 480’s coos to
those of the other individuals, the magnitude of difference is small. That is, for all
of the other individuals examined, coefficients of variation for spectral measures
ranged between 8-—15% whereas coefficients of variation for temporal measures
ranged between 25—100 %. Thus, coos given in the context of group progression
were highly variable even though 480’s coos in this context were different from
those of the other individuals sampled.

A discriminant-function analysis was carried out on a sample of 110 coos
from four adult females and one adult male (a range of 5—27 calls per individual,
evenly distributed across contexts) to determine whether each call could be
correctly assigned to one of the sub-contexts of group progression: 1) waiting/
anticipating group progression and 2) group progression in progress. The discri-
minant-function analysis model included three variables (CD, MNFLOC and
BW) which, based on inspection of the cross-correlation matrix, failed to show
evidence of multicollinearity or singularity. Results of this analysis indicate that
coos were classified to the appropriate sub-context with only 32 % and 29 %
accuracy, which is not statistically different from chance (p > 0.05). Thus, there
were no detectable differences between coos produced in the context of waiting
for a group progression and those produced during group progression when a
larger sample of individuals is considered. This most likely indicates that the
acoustic variation exhibited by 480’s coos in the two sub-contexts of group
progression reflect an affective or motivational response that is not species-
specific. Rather, such variation either reflects a relatively consistent affective
response to a given social context or, a response that is shared by group members
not considered in the present analyses.

Results showed that 480’s coos in the context of group progression were
different from those of other individuals and overall the acoustic morphology of
this call was highly variable in this particular context. Could such variation be due
to distinct differences between individuals which are independent of the social
context in which they were produced? To determine whether individuals differ in
call structure, three separate discriminant-function analyses were run for the
contexts of food, group progression, and female-infant affiliative associations.

In the context of food (Table 4A), the coos (n = 256) of five adult females
and two adult males were correctly classified with between 35 to 88 % accuracy,
which is significantly greater than chance (i.e., 14 %). In the context of group
progression (Table 4B), the coos (n = 137) of five adult females were correctly
classified with between 33—88 % accuracy which is, in general, greater than
chance (1.e., 20 %). Finally, in the context of female-infant associations (Ta-
ble 4C), the coos (n = 134) of six adult females were correctly classified with
between 71—100 % accuracy which is significantly greater than chance (i.e.,
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17 %). Based on inspection of standardized discriminant-function coefficient
weights, three variables (MXF, MNF, and HF) accounted for most of the
differences between individuals.

A majority of misclassified cases were assigned to close kin (Table 4). For
example, when subject 845 produced coos in the context of female-infant
associations, 78 % of the calls recorded were correctly identified as her own
productions whereas 17 % were assigned to her close kin. These results suggest
that individuals could be recognized by voice alone even though classification
mistakes might be made between close kin.

Table 4:  Discriminant-function analysis on coos produced in different social contexts:
classification by individuals

A. Context = food
% Corr. % Class.

ID NA 405 480 660 845  A94  DI4  F24 class. kin
405 14 13 0 1 5 0 0 0 39 15
480 38 0 31 1 1 3 11 3 35 13
845 1 0 0 7 0 0 0 0 88 0
A94 4 0 0 1 3 6 1 0 40 17
D14 12 0 8 0 1 1 28 0 56 16
F24 7 0 0 0 0 0 0 12 63 —_

B. Context = group progression
% Corr. % Class.

ID NA 405 480 660 709 845 class. kin
405 2 14 0 0 0 3 73 16
480 4 0 53 3 3 0 84 —
660 2 0 1 22 0 0 88 —
709 8 0 2 1 7 0 39 —
845 2 2 0 0 0 2 33 33

C. Context = female-infant affiliative associations

% Corr. % Class.

ID NA 405 660 709 845 A94 H8o class. kin
405 0 23 0 0 0 0 0 100 0
660 0 0 12 0 3 2 0 71 —
709 0 0 0 4 0 1 0 80 —
845 1 8 0 2 58 5 0 78 17
A9%4 0 0 0 1 1 9 0 82

H80 0 0 0 0 0 0 7 100 —

NA: Calls that could not be assigned to any of the focal subjects sampled in this analysis.

Kin relationships: 405 is the mother of adult female 845 and the grandmother of adult female A94; 845 is the aunt
of A94; 480 is the mother of adult male D14 who transferred out of his natal group one year prior to the current
study and is currently a peripheral male.
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It would be interesting to determine whether individuals retain their vocal
“signatures” across contexts. This analysis is currently not possible, however,
because only two individuals are represented in each of the three social contexts
evaluated.

2. Acoustic Variation Due to Different Social Contexts

Are coos given in different contexts acoustically distinct, as suggested by
research on closely related macaque species? To address this question, data on
coos, given in known contexts and produced by 13 adult females and three adult
males, were analysed for contextual differences. Using a discriminant-function
analysis on a total of 282 calls (neq = 169, Nyroup progression = 113), 66 % of food
coos were correctly classified and 79 % of group-progression coos were correctly
classified (p < C.001). The standardized discriminant-function weights revealed
that the call’s bandwidth (BW) was the only variable to contribute significantly to
the contextual differences, with food coos exhibiting a significantly greater BW
than group progression coos.

How is the accuracy of the above classification affected by the addition of
other contexts? The only context for which there was a sufficient sample size was
affiliative associations between females and infants (n = 146). Results from the
discriminant-function analysis indicated that classification accuracy was poor,
even though the variables entered into the model were the same as when food and
group-progression coos were evaluated. Specifically, coos were assigned to the
context of food with 28 % accuracy, group progressions with 46 % accuracy and
female-infant associations with 32 % accuracy. 49 % of all calls examined could
not be assigned to any of the contexts entered into the model. A chi-square
analysis for classification accuracy was not statistically significant (p > 0.05).
Thus, 1t appears that the addition of other contextual parameters increases the
overall acoustic variation within coos and thereby increases the difficulty of
correctly assigning a particular call to a particular context.

Discussion

Summary of Results

Observations of all macaques species studied to date have suggested that the
“coo” is a structurally variable call and that such variation is closely associated
with the context in which it 1s given (ROWELL & HINDE 1962; GREEN 1975; GRIMM
1976; LiLLEHEI & SNOwDON 1978; HoHMANN & HEerzoc 1985; Ditrus 1988;
INOUE 1988; HOHMANN 1989; MasaTaka & Fujita 1989). Moreover, perceptual
studies on Japanese macaques have shown that the temporal location of the
fundamental-frequency peak is the most salient acoustic parameter in the classifi-
cation of coos. In contrast, differences in absolute frequency were more impor-
tant for other, closely related species (reviews in PETERSEN & Jusczyk 1984;
Moony & STeBBINS 1989; MooDy et al. 1990).

Results presented here reveal that rhesus macaque coos are acoustically
variable, even when one factors out variation due to individuals and to gross-level
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changes in context. Specifically, coos given by one adult female during group
progression showed relatively high coefficients of variation with regard to the
temporal location of different spectral features. Within the general context of
group progression, however, more subtle differences in the social conditions
eliciting coos emerged and these appeared to be associated with different proto-
typical contours. In particular, coos with a narrow bandwidth were associated
with the caller’s attempt to initiate group movement whereas coos with a wide
bandwidth were more frequently associated with the caller’s actual movement
during group progression.

Data on a larger sample of individuals failed to support the finding of
significant sub-contextual variation during group progression. Thus, changes in
frequency modulation and bandwidth appear to represent an 1nd1v1dually distinc-
tive response to the contextual variation associated with group progression. Such
variation may, however, be the result of fairly consistent and context-dependent
changes in arousal that are shared by individuals not sampled in the present study.

Coos produced during group progression were acoustically different from
those produced in the context of food. However, a discriminant-function analysis
on coos given in the context of food, group progression and female-infant
affiliative interactions showed that the acoustic variation in this call type is so
great that coos cannot be reliably classified into discrete contexts based on call
morphology alone. Because these three contexts represent over 80 % of the
situations in which rhesus on Cayo Santiago produce coos, it is unlikely that
other contexts will show acoustically distinct structural properties.

Although it was not possible to accurately classify coos by context it was
possible to assign coo exemplars correctly to the appropriate individual. Thus,
coos appear to provide sufficient information for individual recognition, a result
that supports data on a variety of other nonhuman primates (e.g., MARLER &
HosserT 1975; WaSER 1977; LILLEHEI & SNOWDON 1978; SymMES et al. 1979;
SNOWDON et al. 1983; MACEDONIA 1986). What makes the results presented here
different from previous studies is that the accuracy of classification by individual
appeared to be affected by contextual variation and by the number of kin in the
data set. Specifically, coos given in the context of female-infant associations were
assigned to the appropriate individual with greater accuracy than coos given in the
context of food or group progression. This suggests that the extent of acoustic
variation between tokens of one individual’s coos depends on the nature of the
context eliciting the call and that some contexts, such as mother-infant separation,
may select for greater stereotypy with regard to individual signatures. In addi-
tion, the discriminant-analysis procedure most often misclassified coo exemplars
to a close relative, thereby indicating that kin sound alike.

The Potential Information in Rhesus Macaque Coos

As mentioned, none of the studies of macaque coo vocalizations have taken
into account the relative contribution of contextual and individual variation. The
only exception is LILLEHEI & SNOWDON’s (1978) study on stumptail macaques
which focused on a small sample of infants and yearlings. [ have argued, based on
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the results presented here and those emerging from other studies (e.g., LILLEHEI &
SNOWDON 1978; SMITH et al. 1982; SNOWDON et al. 1983), that such variation
should be considered in order to evaluate properly the information contained in a
call and its associated function. Given this claim, what can one conclude about
rhesus macaque coos?

Analyses presented here suggest that for rhesus monkeys on Cayo Santiago,
no statistically significant association exists between the acoustic variation in coos
and the contexts that appear to elicit them. Consequently, coos do not appear to
provide sufficient acoustic information for listeners to discern the external
referent of the call. Results from the discriminant-function analysis, however, do
suggest that there is sufficient acoustic information for caller identity to be
classified reasonably accurately. In addition, of the individuals examined, the
coos of close kin were acoustically similar. Thus, it may only be possible to
establish that a given coo exemplar belongs to one matriline or another. Such
information would be useful if the primary function of rhesus macaque coos is to
maintain contact with kin or individuals who have recently been involved in
affiliative social interactions.

The conclusions on individual- and kin-specific acoustic features should be
treated with some caution. Specifically, the ability to recognize individuals by
their calls will be affected by the number of individuals considered and thus the
perceptual and memory constraints of the species in question. In general, most
studies looking at individual signatures, including the present study, have sam-
pled a small number of individuals (e.g., LILLEHEI & SNOWDON 1978; 6 stumptail
macaques; MACEDONIA 1986; 8 ringtailed lemurs). Thus, it is currently unclear
whether the classification accuracy of the discriminant-function analysis would be
as high with a larger sample of subjects.

Acoustic Variation and the Study of Perception

The results discussed in this paper are directly relevant to two sets of data on
the perception of coos by macaques: 1) psychophysical experiments claiming that
Japanese macaques are sensitive to peak position in the fundamental frequency
contour (reviews in PETERSEN & Jusczyk 1984; MooDy & STEBBINS 1989; MaY et
al. 1990) and 2) cross-fostering experiments which claim that the food coos of
Japanese and rhesus macaques are perfectly discriminable and thus provide young
with species-specific models for vocal learning (MasaTaka & Fujta 1989).

Psychophysical experiments have shown that rhesus macaques, in contrast
to Japanese macaques, attend less closely to the peak position of the fundamental
than to variation in the absolute frequency of coos. This result, viewed in the
context of the data presented here, provides a potentially more complete descrip-
tion of the perceptual system of macaques. That is, because the shape of the
fundamental frequency contour of rhesus coos is highly variable, it is unlikely to
represent a particularly salient feature in species recognition. In Japanese maca-
ques, however, this contour appears to be associated with different social contexts
and thus provides a salient feature for species recognition. It will now be
important for studies to establish whether species-specific cues are associated with
the coos of different macaque species.
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Results presented by Masataka & Fujira (1989) suggest that the maximum
frequency of the first harmonic (i.e., Fo) is sufficient to discriminate cross-
fostered Japanese and rhesus macaque food coos. Although they do not present
data on adult coos, they assume, based on the cross-fostering results, that each
species’ coo provides a species-specific model for vocal learning. However, the
data set presented in this paper shows that for rhesus macaques on Cayo Santiago,
the maximum frequency of the Fo contour is highly variable, with an overall
coefficient of variation of 53 % (n = 20 adults, 547 calls) and a range of 400 Hz.
This variation, which exceeds the difference between species discussed by
Masataka & Fujita (1989), makes the possibility of a species-specific acoustic
marker for coos less likely (OwreN et al. 1991).

In conclusion, this study supports the view, espoused by others, that several
potential sources of acoustic variation exist (GREEN & MARLER 1979). Conse-
quently, it is important to use an appropriate sampling regime. Of course,
understanding the sources of acoustic variation only provides the first step in an
analysis of vocal communication. Perceptual research is a necessary follow-up for
understanding the complexities of call meaning and the mechanisms underlying
species-specific auditory biases.

Acknowledgements

[ thank ]J. BERARD and M. KESSLER for their assistance during my fieldwork on Cayo Santiago
and for access to the long-term data; E. PEARSON, L. STEFFEY and P. TEIXIDOR for data collection and
help with acoustic analyses; SIGNAL for a long work-out; G. BARLOW, K. BEEMAN, H. GOUZOULEs,
S. GOUZOULES, P. MARLER, D. NELSON, M. OWREN, and C. SNOWDON for their comments on the
data and manuscript. This research was supported by a grant from the National Geographic Society
(4251-90) awarded to the author and P. MARLER; the author was also supported by an NIH post-
doctoral fellowship (PNS HD07213-02) during the period of this research.

Literature Cited

BEEMAN, K. 1989: Signal User’s Guide. Engineering Design, Belmont.

BROOKS, J. & FALLS, B. 1975: Individual recognition by song in white-throated sparrows. III. Song
features used in individual recognition. Can. J. Zool. 53, 1749—1761.

CHENEY, D. L. & SEYFARTH, R. M. 1990: How Monkeys See the World. Chicago Univ. Press,
Chicago.

CLARK, C., MARLER, P. & BEEMAN, K. 1987: Quantitative analysis of animal vocal phonology: an
application to swamp sparrow song. Ethology 76, 101—115.

DABELSTEEN, T. & PEDERSEN, S. B. 1990: Song and information about aggressive responses of
blackbirds, Turdus merula: evidence from interactive playback experiments with territory
owners. Anim. Behav. 40, 1158—1168.

DitTus, W. G. 1988: An analysis of toque macaque cohesion calls from an ecological perspective. In:
Primate Vocal Communication. (ToDT, D., GOEDEKING. P. & SYMMEs, D., eds.) Springer-
Verlag, Berlin, pp. 31—50.

GOEDEKING, P. 1988: Vocal play behavior in cotton-top tamarins. In: Primate Vocal Communica-
tion. (ToDT, D., GOEDEKING, P. & SYMMES, D, eds.) Springer-Verlag, Berlin, pp. 133—144.

GouzoULEs, H. & GOUZOULES, S. 1989: Design features and developmental modification of pigtail
macaque, Macaca nemestrina, agonistic screams. Anim. Behav. 37, 383—401.

GREEN, S. 1975: Variation of vocal pattern with social situation in the Japanese monkey (Macaca
fuscata): a field study. In: Primate Behavior. Vol. 4. (ROSENBLUM, L. A, ed.), Acad. Press,
New York, pp. 1—102.



Sources of Acoustic Variation in Macaque Calls 45

— — & MARLER, P. 1979: The analysis of animal communication. In: Handbook of Bchavioral
Neurobiology. Vol. 3. (MARLER, P. & VANDENBERGH, ]. G., eds.) Plenum Press, New York,
pp. 73—158.

GRIMM, S. J. 1976: The vocal communication of pigtail macaques (Macaca nemestrina). J. Zool. Lond.
152, 361—373.

Hauser, M. D. & Fowrer, C. 1991: Fundamental frequency declination is not unique to human
speech: Evidence from nonhuman primates. J. Acoust. Soc. Am., in press.

— — & MARLER, I’. 1991: How do and should studies of animal communication affect interpreta-
tions of child phonological development? In: Phonological Development. (FERGUSON, C.,
MENN, L. & STOEL-GAMMON, C., eds.) York Press, Inc., Maryland, in press.

— — & Nu1son, ). A. 1991: ‘Intentional’ signaling in animal communication. Trends Ecol. Evol.

6, 186—189.

HoHMANN, G. 1989: Vocal communication of wild bonnet macaques (Macaca radiata). Primates 3Q,
325—345.

— — & Herzos, M. O. 1985: Vocal communication in liontailed macaques. Folia primatol. 45,
148—178.

INOUE, M. 1988: Age gradations in vocalizations and body weight in Japanese monkeys (Macaca
fuscat). Folia primatol. 51, 76—86.

Krump, G. & SHALTER, M. 1984: Acoustic behavior of birds and mammals in the predator context. Z.
Tierpsychol. 66, 189—226.

KrooDsMA, D. E. & MILLER, E. H. 1982: Acoustic Communication in Birds. Vols. 1, 2. Acad. Press,
New York.

Lieenen R A & SNOWDON, C. T. 1978: Individual and situational differences in the vocalizations
of voung stumptail macaques. Behaviour 65, 270—281.

MACEDONIA, J. M. 1986: Individuality in a contact call of the ringtailed lemur (Lemur catta). Am. J.
Primatol. 11, 163—179.

MaRLER, P. & HOBBETT, L. 1975: Individuality in a long-range vocalization of wild chimpanzecs.
Z. Tierpsychol. 38, 97-—109.

— —, Evans, C. S, & Hauskr, M. . 1991: Animal vocal signals: Reference, motivation, or both?
In: Nonverbal Vocal Communication. (ParoUsSEK, H. ed.) Cambridge Univ. Press, Cam-
bridge, in press.

May, B., MoobY, D. & STreBINS, W. C. 1988: Significant features of Japanese macaque communica-
tion sounds: a psychophysical sutdy. Anim. Behav. 36, 1432—1444.

— — & —-— 1989: Categorical perception of conspecific communication sounds by Japanese
macaques, Macaca fuscata. J. Acoust. Soc. Am. 85, 837—847.

MasaTAKA, N. & Funita, K. 1989: Vocal learning of Japanese and rhesus monkeys. Behaviour 109,
191—199.

Mooby, D. B. & StespiNs, W. C. 1989: Salience of frequency modulation in primate communica-
tion. In: The Comparative Psychology of Audition. (DOOLING, R. J. & HuLSE, S. H., cds.)
Lawrence Erlbaum As., New Jersey, pp. 353—378.

— —, — — & May, B. 1990: Auditory perception of communication signals by Japanese monkeys.
In: Comparative Perception: Complex Perception. (STEBBINS, W. C. & BERKLEY, M. A, eds.)
Wiley & Sons, New York, pp. 311—344,

MORTON, E. S. 1977: On the occurrence and significance of motivational-structural rules in some bird
and mammal sounds. Am. Nat. 111, 855—869.

— — 1982: Grading, discreteness, redundancy, and motivational-structural rules. In: Acoustic
Communication in Birds, Vol. 1. (KrRooDsMA, D. E. & MiLLER, E. H., eds.) Acad. Press,
New York, pp. 183—212,

NarIns, P. M. & Carranica, R. R. 1978: Communicative significance of the two-note call of the
treefrog Eleutherodactylus cogui. . Comp. Physiol. 127, 1—9.

NELSON, D. A. 1985: The syntactic and semantic organization of pigeon guillemot (Cepphbus
columba) vocal behavior. Z. Tierpsychol. 67, 97—130.

— — & MARLER, P. 1990: The perception of birdsong and an ecological concept of signal space. In:
Comparative Perception. Vol. 2: Complex Signals. (STEBBINS, W. C. & BERKLEY, M. A, eds.)
Wiley & Sons, New York, pp. 443—478.

NOWICKI, S. & MARLER, P. 1988: How do birds sing? Music Percep. 5, 391—426.



46 MaRrc D. HAUSER, Sources of Acoustic Variation in Macaque Calls

OWREN, M. ]. & BErRNAcKI, R. 1988: The acoustic features of vervet monkey (Cercopithcecus
aethiops) alarm calls. J. Acoust. Soc. Am. 83, 1927—1935.

— —, DETHIER, ]., SEYFARTH, R. M. & CHENEY, D. L. 1991: Vocal development in cross-fostered
Japanese and rhesus macaques. Proc. 13th Int. Soc. Primatol. Tokyo Univ. Press, Tokyo, in
press.

PETERSEN, M. R. & JUSCZYK, P. 1984: On perceptual predispositions for human speech and monkey
vocalizations. In: The Biology of Learning. (MARLER, P. & TERRACE, H. S., eds.) Springer-
Verlag, Berlin, pp. 585—616.

— — ZOLOTH, S. R., BEECHER, M. D., GREEN, S., MARLER, P., MOODY, D. B. & STEBBINS, W. C.
1984: Neural lateralization of vocalizations by Japanese macaques: Communicative signifi-
cance is more important than acoustic structure. Behav. Neurosci. 98, 779—790.

Rawrins, R. & KESSLER, M. 1987: The Cayo Santiago Macaques. Suny Univ. Press, New York.

RoweLL, T. E. & HINDE, R. A. 1962: Vacal communication by the rhesus monkey (Macaca mularta).
Symp. Zool. Soc. Lond. 8, 91—9%6.

SmiTH, H. J., NEWMAN, J. D., HorFFMaN, H. J. & FETTERLY, K. 1982: Statistical discriminations of
individual squirrel monkeys (Saimiri sciureus). Folia primatol. 37, 267—279.

SMITH, W. J. 1977: The Behavior of Communicating. Harvard Univ. Press, Cambridge.

SNOWDON, C. T., CLEVELAND, J. & FRENCH, J. A. 1983: Responses to context- and individual-
specific cues in cotton-top tamarin long calls. Anim. Behav. 31, 92—101.

SUTHERS, R. A. 1990: Contributions to birdsong from the left and right sides of the intact syrinx.
Nature 347, 473—477.

— —, THoMas, S. P. & SUTHERS, B. J. 1972: Respiration, wingbeat and pulse emission in an
echolocating bat. ]. Exp. Biol. 56, 37—48.

WILKINSON, L. 1985: Systat User’s Guide. Evanston.

SymMEs, D., NEwMAN, J. D., TALMAGE-RIGGS, G. & LIEBLICH, A. K. 1979: Individuality and
stability of isolation peeps in squirrel monkeys. Anim. Behav. 27, 1142—1152.

TyAacK, P. 1986: Whistle repertoires of two bottlenosed dolphins, Tursiops truncatus: mimicry of
signature whistles? Behav. Ecol. Sociobiol. 18, 251—257.

WASER, P. 1977: Individual recognition, intragroup cohesion and intergroup spacing: evidence from
sound playback to forest monkeys. Behaviour 60, 28—74.

ZoLoTH, S. R., PETERSEN, M. R., BEECHER, M. D., GREEN, S., MARLER, P., MooDy, D. B. &
STEBBINS, W. C. 1979: Species-specific perceptual processing of vocal signals by monkeys.
Science 204, 870—873.

Received: January 11, 1991
Accepted: May 7, 1991 (G. Barlow)



