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Abstract
We studied variation in the loud barks of free-ranging female chacma
baboons (Papio cynocephalus ursinus) with respect to context, predator type, and
individuality over an 18-month period in the Moremi Game Reserve, Botswana.
To examine acoustic dierences in relation to these variables, we extracted a suite
of acoustic parameters from digitized calls and applied discriminant function analyses. The barks constitute a graded continuum, ranging from a tonal, harmonically rich call into a call with a more noisy, harsh structure. Tonal barks are
typically given when the signaler is at risk of losing contact with the group or when
a mother and infant have become separated (contact barks). The harsher variants
are given in response to large predators (alarm barks). However, there are also
intermediate forms between the two subtypes which may occur in both situations.
This ®nding is not due to an overlap of individuals' distinct distributions but can
be replicated within individuals. Within the alarm bark category, there are signi®cant dierences between calls given in response to mammalian carnivores and
those given in response to crocodiles. Again, there are intermediate variants. Both
alarm call types are equally dierent from contact barks, indicating that the calls
vary along dierent dimensions. Finally, there are consistent, signi®cant dierences among dierent individuals' calls. However, individual identity in one call
type cannot directly be inferred from knowledge of the individuals' call characteristics in the other. In sum, the barks of female baboons potentially provide rich
information to the recipients of these signals. The extent to which baboons discriminate between alarm and contact barks, and classify calls according to context
and/or acoustic similarity will be described in a subsequent paper.
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Introduction
In Darwin's (1872) view, animal signals should be understood as predominant
expressions of emotions (see also Marler 1977a, 1992; Owings & Morton 1998).
However, a number of the vocalizations given by non-human primates are functionally referential, in the sense that listeners can extract quite speci®c information
about objects or events in the environment based solely or largely on a call's acoustic features. In the case of some calls, acoustic structure is strongly correlated with
a speci®c object or event. The alarm call given by vervet monkeys (Cercopithecus
aethiops) in response to mammalian carnivores, for example, is acoustically dierent from the call given in response to eagles (Struhsaker 1967; Seyfarth et al. 1980;
Owren & Bernacki 1988). Moreover, although the rate of delivery and amplitude
of alarm calls in some species may change according to the immediacy of danger,
their overall acoustic structure remains the same (e.g. vervet monkeys, Seyfarth
et al. 1980; ring-tailed lemurs Lemur catta, Macedonia & Evans 1993; Barbary
macaques, Macaca sylvanus, Fischer et al. 1995). In the case of other calls, however, acoustic structure appears to be more closely correlated with the signaler's
aective state, presumably a measure of perceived risk or fear (e.g. rued lemurs,
Varecia variegata, Macedonia 1990; ground squirrels, Spermophilus sp., Owings &
Virginia 1978; Leger et al. 1979).
Current theory suggests that acoustically distinct alarm calls should evolve
when animals confront dierent predator species whose hunting strategies require
dierent modes of escape (Marler 1965, 1967; Cheney & Seyfarth 1990; Macedonia
& Evans 1993). Moreover, in order to reduce ambiguity over long distances, the
calls should be acoustically discrete. According to this view, call function determines both the referential speci®city of each vocalization and the number of calls
within a species' repertoire. The alarm calls of vervet monkeys provide strong support for this hypothesis. Vervets encounter a variety of dierent predators that
hunt in dierent ways and require dierent escape strategies. Presumably as a
result, the monkeys possess several acoustically distinct alarm calls, each of which
elicits a dierent, adaptive response (Struhsaker 1967; Seyfarth & Cheney 1980).
The loud barks given by female baboons, however, present a challenge to this
hypothesis.
Female baboons' loud barks constitute a graded continuum, ranging from
tonal, harmonically rich calls into calls with a more noisy, harsh structure. The
more tonal contact barks (Hall & DeVore 1965; Byrne 1981; Cheney et al. 1996;
Rendall et al. 2000) are typically given when the signaler is at risk of losing contact
with the group or when a mother and infant have become separated. Contact
barks are typically given in bouts. Often, animals climb into trees or up termite
mounds while calling and scanning the area (see Cheney et al. 1996; Rendall et al.
2000 for a more complete description of the context of contact barks).
The harsher variants, ÔharshÕ or Ôshrill alarmÕ barks (Hall & DeVore 1965),
are given in response to large predators such as lions (Panthera leo) and leopards
(P. pardus), as well as to snakes, crocodiles (Crocodilus niloticus), and the sudden
appearance of minor predators such as hyenas (Crocuta crocuta) and wild dogs
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(Lycaon pictus). The most common adult male alarm call is a loud, two-syllable
vocalization, called a wahoo (Hall & DeVore 1965; Byrne 1981). Males also give
wahoos during inter-group encounters, when herding females, and when they have
lost contact with the group. The ®rst part of the call, the ÔwaÕ, is similar to the bark
of females. The second syllable, or ÔhooÕ has a lower amplitude and often a lower
fundamental frequency (J. Fischer, K. Hammerschmidt, D. L. Cheney & R. H.
Seyfarth, unpubl. data). Juvenile and infant baboons also give alarm calls that,
apart from some age-related acoustic dierences such as a substantially higher
fundamental frequency, acoustically resemble the barks of females.
Although some variants of female baboons' alarm and contact barks are relatively easy to distinguish by ear, others are acoustically intermediate and dicult
to assign to a particular category. They therefore challenge the view that functionally dierent calls should be acoustically distinctive. Below, we present a detailed
acoustical analysis of both bark variants. We ®rst explore the acoustic dierences
between contact and alarm barks; we then examine the extent to which alarm
barks given in response to dierent predator types (lions vs. crocodiles) also show
consistent acoustic variation. Finally, we focus on individual variation within and
between contexts, to investigate the problems associated with the simultaneous
recognition of call types and individual identity. Our aim is to formulate hypotheses about the potential information content available to the receivers of these signals. Results of playback experiments to test these hypotheses will be described in
a subsequent paper.

Methods
Study Site and Subjects

The study site lies in the Moremi Wildlife Reserve in the Okavango Delta, a
huge inland delta fed by the Okavango river. Yearly rainfall in Angola causes the
Okavango and its tributaries to rise and ¯ood the grasslands. Only slightly elevated patches of woodland, or ÔislandsÕ, which range in size from less than one to
hundreds of hectares, remain uncovered (Hamilton et al. 1976; Ross 1987). During
the ¯ood, the baboons ford the ¯oodplains to travel from one island to the next.
The average size of a baboon troop's home range in the area is 450 ha (range
210±650 ha; Hamilton et al. 1976). The study group, group C, has been observed
more or less continuously for more than 20 years. The matrilineal relatedness of
all natal animals is known. The animals are fully habituated to observers on foot
and can be approached up to 1 m. There are a number of comprehensive studies
on the social behavior (Hamilton et al. 1976; Bulger & Hamilton 1988; Hamilton
& Bulger 1990; Bulger 1993; Silk et al. 1999), as well as on the vocal communication of this population (Cheney et al. 1995, 1996; Palombit et al. 1997; Seyfarth &
Cheney 1997; Cheney & Seyfarth 1999; Rendall et al. 1999). During the period of
this study, group size ranged from 79 to 84 subjects, including 25 mature females.
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Vocal Recordings and Behavioral Observations

We recorded vocalizations ad libitum with a Sony WM TCD-100 DAT recorder and a Sennheiser directional microphone (K6 power module and ME66
recording head with MZW66 pro windscreen) during an 18-month period between
Jan. 1998 and June 1999. Whenever a female within earshot started calling, we
approached that subject and attempted to record her calls. Any information
regarding caller identity, identity of and distance to subjects in the vicinity, predator type, predator behavior, and predator distance were spoken onto the tape. At
®rst, we aimed for an Ôall-occurrences sampling schemeÕ (as far as this is possible in
the ®eld where subjects are often hundreds of meters apart). However, after about
6 mos we suspended recordings of three subjects from whom we had already gathered at least 40 high-quality recordings. For the acoustic analysis, we used only
calls given at a distance of approximately 5±15 m from the microphone because
some acoustic parameters can be in¯uenced by signal transmission over large distances. We measured call amplitude (A-weighting) with a Realistic Sound Level
Meter, Radio Shack, Fort Worth, Texas (accuracy 2 dB(A) at 114 dB(A) SPL).
Only calls whose context could be determined unambiguously were subjected to
acoustic analysis. Calls classi®ed as contact barks were calls that were recorded
when the signaler was visually separated from the group, either alone or with a
small party of other animals, or when she had apparently lost contact with her
infant. Calls classi®ed as alarm barks were recorded when the signaler had apparently detected a predator (see Results).
Data on adult female bark rates were gathered during 64 observational hours
between Jan. and May, 1998 and during 58 observational hours in Apr. and May
of 1999. Data collection began in the early morning when the group left its sleeping
site and embarked on its daily travel. Caller sex and age class was initially decided
by call characteristics; as far as possible a second observer ascertained caller identity. To obtain an estimate of call intervals, we measured the time between calls to
the nearest second, based on the readings from the DAT-recorder. Statistics of call
intervals are based on a total of 449 inter-call intervals from 14 females for contact
barks and from 11 females for alarm barks.

Acoustic Analysis

First, we visually inspected and sampled calls that were not disturbed by
background noise (i.e. bird song, other animals calling) at a sample frequency of
11 024 Hz using RTS (Engineering Design, Belmont, MA; Beeman 1996) or Cool
Edit (Syntrillium, Phoenix, AZ). Next, we used the SIGNAL sound analysis system (Engineering Design, Belmont, MA; Beeman 1996) to conduct a fast Fourier
transform (1024-pt FFT; time step: 3 ms; frequency range: 4400 Hz, frequency
resolution: app. 11 Hz).
We submitted the resulting frequency time spectra to a custom software program (LMA 8.4) developed by Kurt Hammerschmidt, which extracts dierent sets
of call parameters from acoustic signals (Hammerschmidt 1990). Below, we brie¯y
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describe the underlying principle for the dierent groups of measurements. A list
of the calculated parameters is given in the Appendix.
We ®rst calculated an autocorrelation function for every time segment in a
given call. Depending on the number of peaks and the periodicity of the autocorrelation function, each time segment was classi®ed as noisy (no peaks could be
detected), complex (some peaks could be detected, but they were not periodic), or
tonal (peaks were periodic). We then determined the percentage of time segments
in a given call, which were noisy or complex (the percentage of tonal segments was
not considered in the present analysis). If a time segment was classi®ed as tonal,
we determined the fundamental frequency. We then derived the maximum and the
median value of the fundamental frequency across all time segments within a given
call. Consequently, measures of the fundamental frequency are not available for
all calls.
Secondly, we measured the statistical distribution of the frequency amplitudes
in the spectrum (DFA). These values give the frequency at which the amplitude
distribution in the spectrum reaches the ®rst and second quartile of the total distribution, respectively.
Thirdly, we calculated a set of parameters describing the ®rst three dominant
frequency bands (DFB). The dominant frequency bands are characterized by
amplitudes that exceed a given threshold in a consecutive number of frequency
bins. Note that the numbers of the DFBs count from the lowest frequency up; the
1st DFB is not necessarily the DFB with the highest amplitude. In the tonal barks
of chacma baboons, the 1st DFB corresponds to the fundamental frequency and
the 2nd and 3rd DFB to the ®rst and second harmonics. In addition to the mean
and maximum values for these structural parameters, we estimated the local and
global modulation of the 1st DFB for the entire call. The calculation of the local
modulation is based on the dierences between the course of the dominant frequency band and the smoothed curve. The global modulation estimates the dierences between the course of the DFB and the regression line.
Fourthly, we determined the global energy distribution in the calls. In addition to the frequency range of the frequency amplitude, we calculated parameters
which describe the main energy peaks in more detail. Fifthly, we speci®ed the modulation of the peak frequency (PF), the frequency with the highest amplitude in a
certain time segment. Finally, we determined the call duration. A description of
the various algorithms is given in Schrader & Hammerschmidt (1997).
Additionally, we conducted a Linear Prediction Coecient (LPC) analysis
using SoundScope (GW Instruments, Somerville, MA). LPC analysis is an alternative to fourier transform for describing the spectrum of a signal segment (Owren &
Linker 1995). For this analysis, we selected a 100-ms time segment of a tonal part
of the call with a nearly constant fundamental frequency. We calculated 10 LPCcoecients from a 4098 pt FFT spectrum. In this analysis, we used the frequency
of the peak of the ®rst formant (®ltering frequency). We also determined the dierence in frequency of the ®rst and second formant, and the amplitude ratio between
the ®rst and second formant. However, a second formant could not be determined
for all calls, resulting in a number of cases with missing values. (For a tutorial on
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the sound production of animal vocalizations, see Fitch & Hauser 2000). Lastly,
we inspected spectrograms for indications of the occurrence of non-linear phenomena (Wilden et al. 1998).
Statistical Analysis

We used a discriminant function analysis to identify dierences in vocalizations between contexts and among individuals. Discriminant function analysis
identi®es a linear combination of quantitative predictor variables that best characterize the dierences among groups (Bortz 1993). Variables are combined into one
or more discriminant functions. Variables that fail a tolerance test, i.e. are an
almost linear combination of other variables, do not enter the analysis. The discriminant function analysis establishes n ) 1 discriminant functions, where n is the
number of groups (e.g. contexts or individuals) in the analysis.
The discriminant function analysis provides a classi®cation procedure that,
based on the discriminant function, assigns each call to its appropriate group (correct assignment) or to the other group (incorrect assignment). For external validation, we used a 10-fold cross-validation in which roughly 90% of the data are
selected randomly to calculate the discriminant functions and the remaining 10%
of cases are used for classi®cation. This procedure is iterated 10 times. For smaller
sample sizes, we used the Ôleave-one outÕ classi®cation procedure, in which call
assignment is based on all calls in the analysis with the exception of the one to be
classi®ed.
The amount of correct classi®cation is not aected by repeated measures.
However, it may be in¯uenced by the number of variables in the analysis and the
ratio of the number of variables to the number of cases in the analysis (Bortz
1993). In this analysis, we entered all variables simultaneously. In this way, the discriminant model is essentially based on all information available. However, this
Ôdirect methodÕ is much more susceptible to an unfavorable ratio of the number of
cases in the smallest sample vs. the number of parameters used. Nonetheless,
Pimentel & Frey (1978) advocate the use of the direct method over the stepwise
procedure because the latter relies on the predictor variables alone and discards
potentially meaningful variation in other variables. For follow-up tests of single
acoustic parameters, we used the Wilcoxon signed-rank test when a set of subjects
provided calls in both contexts; otherwise, we used a one-way ANOVA. We applied
a sequential Bonferroni correction (a¢  a/(k ± n + 1), where k is the number of
tests, n is the number of signi®cant tests; Bortz et al. 1990). Statistical analyses
were calculated using the statistical package SPSS 8.0. All tests are two-tailed.
Selection of Calls in the Analyses

Dierences between contact and alarm barks
We included in our analysis 100 alarm barks to lions, seven to cheetahs (Acinonyx jubatus), ®ve to leopards, one to wild dogs, 46 to crocodiles, nine to pythons
(Python sebae), eight to hippopotamuses (Hippopotamus amphibius), and one to
a black mamba (Dendroaspis polylepsis). We also recorded 21 barks given to an
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unidenti®ed stimulus. We were reasonably certain that these calls constituted
alarm calls because the callers, a group of females sitting in a tree, all looked into
the same direction and conspicuously peered into the distance. We included these
calls to increase the number of individuals in the analysis. For the analysis of differences between contact and alarm barks, we limited the number of calls per
female in each context to 20; thus, 12 calls given in response to a crocodile and ®ve
calls given in response to a snake were discarded. We aimed to sample calls from
as many bouts as possible. However, in most of the cases we sampled more than
one call from each bout. For females who provided more than 20 calls, we ®rst
sampled all calls recorded from that subject. We then randomly selected 20 calls
from this pool. For females who provided less than 20 calls per context, we
sampled all calls that were of sucient quality. We therefore assume that any
potential eect of order within a call bout was minimized.
In sum, we used 513 calls recorded from 24 females (181 alarm barks from 18
females with a median of 6.5 calls per female; and 332 contact barks from 22
females with a median of 18.5 calls per female; 16 females provided calls in both
contexts). The number of calls per individual ranged from 1 to 20. Four of the
acoustic parameters listed above (F0 maximum, F0 median, formant dispersion,
and formant ratio) could not be determined for every call; there were only 393 of
the 513 calls for which there were no missing values. Since we aimed to keep as
many calls by as many dierent females in the analysis, we ®rst performed a test
run with these 393 calls. We found that the four parameters mentioned did not
play a role in the discrimination of groups. We then reverted to the entire data set
of 513 calls and excluded these four parameters from the analysis.
Interaction of call type and individuality
We examined individual call characteristics and the interaction of call type
and individuality for ®ve females who contributed a similar number calls to both
contexts. Two of the females are sisters (CT and SS), and two are niece and aunt
(LK and NI). Overall, we selected 186 calls for analysis; 18±20 of both alarm and
contact barks per female, respectively, with the exception of CT for whom we only
had 13 alarm barks. As mentioned before, a number of calls had missing values in
four of the parameters (F0 maximum, F0 median, formant dispersion, and formant
ratio). Thus, we ®rst explored whether they played a role in discriminating among
individuals. Since parameters characterizing the fundamental frequency (F0) were
important in distinguishing among individuals, we excluded all calls with this missing value; 179 calls remained in the analysis.
Dierences in relation to predator class
In order to examine possible dierences in the alarm bark given to dierent
classes of predators, we performed a discriminant analysis on 100 alarm barks by
11 females given in response to lions (number of calls per female ranging between
1 and 20), and 46 alarm calls given by eight females in response to a crocodile
(number of calls per female ranging between 1 and 16). In order to determine
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whether either alarm call category was more or less similar to contact barks, we
performed a discriminant analysis on the 46 crocodile alarm calls recorded from
eight females, 46 randomly selected lion alarms recorded from 10 females, and 46
randomly selected contact calls recorded from 12 females.
Results
The Context of Alarm Barks

Most often, we were alerted to the presence of predators in the area by
repeated calling of one or several individuals. In a typical encounter, one or several
individuals would climb into a tree and call repeatedly as they monitored the predator's activity. The number of individuals calling and the behavior of other group
members varied, apparently according to threat urgency. If the predator in question was several hundred meters away, only a few individuals typically gave alarm
calls, while other group members continued to forage on the ground. If the predator had attacked or killed a group member, however, or if a potential predator
suddenly appeared in the midst of the group, the entire group would ¯ee and give
alarm calls.
The presence of lions usually caused the most intense calling. Since 1992, we
have observed one con®rmed and several suspected predations by lions (see also
Busse 1980). Often, after detecting lions, the baboons subsequently altered their
direction of travel. Baboons also gave alarm calls in response to leopards, cheetahs, spotted hyena, and wild dogs. Leopards are a major source of predation in
this population, especially at night (four con®rmed and several suspected incidents). When baboons encountered a leopard during the day, they aggressively
attacked it. We have witnessed over a dozen instances in which a large proportion
of the group gathered around a leopard's lair and mobbed it while screaming and
giving alarm calls. When the leopard attempted to escape, it was chased by individuals of all age/sex classes. We also observed baboons chasing cheetahs. The presence of wild dogs seldom caused much overt anti-predator behavior.
Another serious source of danger are crocodiles. We have observed three
instances when crocodiles attacked baboons as they were drinking from the river
or a large water hole. The alarm calls we were able to record, however, were given
by females foraging in trees at the edge of the river where a crocodile was sunbathing. We also recorded calls given in response to hippopotamuses swimming by
with only small parts of their heads visible above the water's surface. We assume
that the callers mistook these stimuli for crocodiles, but nonetheless kept these
calls in a separate category. Baboons were never observed to give alarm calls in
response to raptors. During the course of the study, members of this particular
group also gave no alarm calls to human observers.
Both contact and alarm barks are loud and can be heard from at least 200 m
away, as estimated by the distance we walked from hearing the animals until we
located them in the ®eld. The sound pressure level for contact barks averages
69 dB (range: 65±71 dB) at 8±12 m, based on the mean values from ®ve females.
Although we have no SPL readings for alarm barks, it is our impression that both
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call types have a similar amplitude. Contact and alarm barks dier in their
frequency of occurrence. In 1998, we noted a mean (SD) call rate of 0.69  2.2
calls/h for alarm barks and 4.5  9.1 calls/h for contact barks. In the 15-day
observation period in 1999, we recorded a mean call rate for contact barks of
7.3  9.5 calls/h, but no alarm barks.
The mean (SD) call interval was 18  7 s for alarm barks and 22  7 s for
contact barks, with a minimum interval across individuals of 7.2  6.4 s for alarm
calls (range 1±17 s), and 8.1  6.2 s (range 1±19 s) for contact barks. For those
eight females that provided interval readings for both categories, a pair-wise comparison yielded no signi®cant dierences for either mean or minimum interval
(exact Wilcoxon signed-ranks test: mean interval n  8, T+ 19, ns; minimum
interval T + 6, 2 ties, ns).
Acoustic Characteristics of Alarm and Contact Barks

Fig. 1 shows spectrograms of the barks given by one female in two dierent
contexts: when separated from the group and when she had detected a crocodile.
The spectrograms show that these calls grade from a tonal into a harsh variant
and that there are intermediate forms between the two extremes. As a ®rst test of
the hypothesis that alarm and contact barks are acoustically dierent, we conducted a discriminant function analysis with ÔcontextÕ as the grouping variable.
The average correct assignment was 86.7%; a 10-fold cross validation yielded an
average correct assignment of 82.2%.
There were 12 parameters with a within-group pooled correlation with the
discriminant function > 0.2. We performed pair-wise univariate comparisons of
these parameters for those 16 females that provided calls in both contexts. Table 1
lists the statistics for those variables that showed the highest correlation with the
discriminant function. In general, alarm barks are signi®cantly shorter, higher-

Fig. 1: Spectrograms of one adult female's barks given when she had lost contact to the troop (four
calls to the left) and when she had detected a predator (four calls to the right). Spectrograms depict both
typical variants of the respective context category (tonal vs. harsh bark), but also show that intermediate variants may occur in both contexts
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Table 1: Acoustic parameters that vary signi®cantly between contexts. Mean and SD from
16 females that provided calls in both contexts with results from pair-wise comparison
between contexts (Wilcoxon matched-pairs signed-rank test, n  16), and pooled withingroups correlation with discriminant function
Alarm barks

Contact barks

Parameter

Mean

SD

Mean

SD

z

p

Correlation

Duration [ms]
DFA start [Hz]
Noise [%]
PF jump [ Hz]
DFB local modulation
PF max location
PF max modulation
FLS1 mean peak [ Hz]
PF start [ Hz]
DFB1 trend
FLS1 mean range [ Hz]
DFB max [ Hz]

194
774
62
289
48
0.43
133
901
854
) 0.08
1044
760

46
92
21
107
7
0.08
47
76
106
0.36
230
144

291
569
38
461
57
0.37
211
792
652
) 0.07
906
652

42
70
15
122
6
0.04
63
90
113
0.07
213
80

) 3.516
) 3.464
) 2.947
) 2.999
) 3.361
) 2.741
) 2.999
) 3.154
) 3.464
) 0.983
) 1.655
) 2.637

**
**
*
*
**
*
*
*
**
ns
ns
*

0.623
) 0.491
) 0.356
0.334
0.281
) 0.274
0.273
) 0.258
) 0.254
) 0.248
) 0.231
) 0.20

*p £ 0.017, **p £ 0.001.

pitched, and noisier than contact barks. It appears that non-linear eects also play
a role in the production of barks, as some of the calls exhibit period-doubling,
phase shifts, and biphonation (e.g. the contact bark of LK depicted in Fig. 4), all
features diagnostic of non-linear eects on phonation. However, an inspection of
spectrograms suggested that these features did not map systematically onto the
classi®cation of calls in the analysis.
Fig. 2 presents the frequency distribution of the discriminant coecients.
The ®gure depicts a bimodal distribution of coecients with an overlapping
region. Calls represented at either end of the distribution are most dierent from
each other; they are associated with a high assignment probability to their respective context category. Typical exemplars of both context categories are represented
in the respective peaks of this bimodal distribution. Calls in the overlapping region
exhibit a low assignment probability. Contact barks with a discriminant score of
) 0.5 or smaller were assigned to the category Ôalarm barksÕ, and vice versa.
Individual Dierences

We ®rst checked whether the dierences in the acoustic structure of barks
were due simply to individual variation in call characteristics. However, with the
exception of one individual (SS), the percentage of cases that were misclassi®ed in
the analysis was distributed relatively evenly among subjects: 16 of the 24 females
provided calls that were classi®ed incorrectly. Fig. 3 presents the individual distributions of four of the females in the analysis. For each female, there was a
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Fig. 2: Distribution of discriminant scores. Open bars: alarm barks; black bars: contact barks. Calls
represented at the tail ends of the distribution dier most and can be easily assigned to their actual category. Calls in the overlapping region are indistinguishable to the analysis and have a low assignment
probability to their actual category

Fig. 3: Distributions of discriminant scores for four females. Open bars: alarm barks; black bars: contact barks. The four distributions show that the ®nding made for the entire set of calls across all callers
also holds at an individual level
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Fig. 4: Spectrograms of calls of the same four females whose individual distribution of discriminant
coecients is presented in Fig. 3. According to the outcome of the discriminant function analysis, these
calls represent typical exemplars of their respective context categories
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relatively even distribution of calls along the discriminant function. Female SS's
calls also showed a bimodal distribution, but relative to the group distribution, her
calls were shifted towards a more contact bark-like structure. This was due mainly
to the fact that her calls were generally of longer duration than any other female's.
Fig. 4 shows spectrograms of calls from the same four females. These calls had a
high assignment probability to their respective context category; that is, they were
represented in the tail end of the distribution of discriminant coecients. The spectrograms illustrate that, despite appreciable individual variation, the same acoustic
characteristics distinguished dierent individuals' alarm and contact barks.
When we examined dierences between individuals across contexts, the
average correct assignment to individual was 86.9% (Ôleave-one-outÕ validation:
69.3%). The analysis established four discriminant functions. The parameters with
the highest correlation with these functions are listed in Table 2. We then performed the discriminant function analysis separately for each context category, to
check whether parameters decisive for discriminating individuals remained the
same across dierent call categories. The average correct assignment for the ®ve
females was 98.9% (Ôleave-one-outÕ validation: 71.4%) for alarm barks and 100%
(Ôleave-one-outÕ validation: 60%) for contact barks. Table 2 also provides the
parameters most suitable for discriminating among individuals within context
categories.
Fig. 5 shows the individual distributions for the two parameters, call duration and the mean central frequency. For alarm barks, call duration is especially
useful in discriminating female SS from all the other four females in the analysis.
However, call duration also varies signi®cantly between four other pairs of females
(one-way ANOVA with Bonferroni corrected post hoc comparison, p < 0.05). For
contact barks, call duration diers signi®cantly only between SS and all other
females. For the distribution of the mean central frequency, in contrast, there is no
such correspondence between individual values across the two call types. Although
some acoustic characteristics transferred across call types, others did not. ConseTable 2: Parameters that showed the highest correlation with the discriminant functions
established to discriminate among individuals when alarm and contact barks were combined or when they were analyzed separately
Discriminant function
Call Category

Function 1

Function 2

Function 3

Function 4

Alarm and
contact barks

Call duration
FLS1 range

PF trend
DFB max mod

Range mean
DFB number

PF max
DFA1 max

Alarm barks
only

Call duration
Consistency

Central frequency
DFA1 start

F lw max range
PF start

F0 max only
FLS2%

Contact barks
only

Range mean
DFB number

Central frequency
DFB2 mean

PF trend
Call duration

DF1 local
mod FLS2%
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Fig. 5: Distribution of two acoustic parameters, call duration and central frequency, between contexts
and among individuals. Whereas call duration shows the same relative distribution in both contexts, the
distribution of the central frequency among individuals diers signi®cantly between contexts

quently, it was dicult to predict individual identity in one call type from knowledge of the characteristics in the other.
Dierences in the Alarm Barks Given to Dierent Predator Types

When we examined the calls for dierences in relation to dierent classes of
predators, we obtained an average correct assignment of 84.9% (cross-validated
set: 70.4%). The most decisive parameters for discriminating between calls given
to lions and calls given to crocodiles were all related to the ®rst dominant
frequency band: local modulation (F  14.6; p 6 0.001), maximum frequency
(F  11.6; p < 0.01), and global modulation (F  12.9; p < 0.01; one-way ANOVA
on individual means with n  19, df  1, 17). Calls given in response to crocodiles
were more strongly modulated and the peak of the ®rst dominant band was
higher.
We next examined whether either alarm call category was more or less similar
to contact barks. Fig. 6 shows a plot of the discriminant scores for the three
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Fig. 6: Distribution of the discriminant scores for lion alarms (n), crocodile alarms (h), and contact
barks (*; n  46 for each category) along the two canonical discriminant functions established to discriminate among the three categories. Group centroids are represented by black circles. The plot illustrates
that alarm barks given in response to lions as opposed to crocodiles are dierent from each other and
both dierent from contact barks

groups. The ®rst discriminant function separates the contact calls from the two
alarm call categories, and the second function separates the alarm call categories.
Parameters that correlate with the ®rst discriminant function are call duration, distribution of the frequency amplitude (®rst quartile) at start, and peak frequency
at start. Parameters that correlate with the second function are the maximum
modulation of the 1st dominant frequency band, the maximum frequency of the
1st dominant frequency band, and the global modulation of the 1st dominant frequency band, replicating the ®ndings of the previous analyses. The group centroids
of both alarm call categories are equidistant from the group centroid of the contact
calls. That is, although there are signi®cant dierences between the alarm barks
given in response to lions as opposed to crocodiles, these calls vary along a dierent dimension to that of alarm and contact barks. In other words, they are dierent from each other, and both are dierent from contact barks.
The sample sizes for alarm calls given in response to cheetahs, wild dogs, hippos, and especially snakes and leopards were too small to perform an analysis that
controlled for individual dierences in the calling. We therefore did not attempt an
analysis of these calls. However, compared to contact barks, their acoustic characteristics fell well within the range of alarm barks.
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Discussion
The barks of female baboons vary along a number of dierent acoustic
dimensions. The acoustic parameters that characterize contact barks are signi®cantly dierent from those that characterize alarm barks. However, there are also
intermediate variants that fall in between prototypical cases of either call type. The
occurrence of such intermediate variants is not due simply to a smearing of distinct
characteristics across a large number of individuals, but can be replicated within
individuals. Within the alarm bark category, there are slight but signi®cant dierences between calls given in response to lions and those given in response to crocodiles. Again, however, each alarm bark type shows intermediate variants that
resemble the other type. Finally, there are consistent, signi®cant dierences among
dierent individuals' calls. As a result, the calls potentially provide rich information to the recipients of these signals.
Individual dierences in calls have been shown for a variety of species, and a
number of playback studies have shown that these dierences are perceptually salient (Rendall et al. 1996; Owren et al. 1997; Cheney & Seyfarth 1997; Hammerschmidt & Fischer 1998a). Using linear prediction coecient (LPC) analysis,
Rendall et al. (1998) suggested that individuality is predominantly caused by differences in the ®lter function of the vocal tract. In this study, individual dierences
were present, but could not be documented in the parameters derived from LPC
analysis. This might be due to the fact that we used a lower number of coecients
than in Rendall et al.'s study. Nonetheless, our results suggests that individuality
can be expressed through a wider variety of acoustic features than those solely
related to the ®lter characteristics of the vocal tract (see also Hammerschmidt &
Todt 1995).
An inspection of spectrograms showed that some barks exhibited intermittent
sub-harmonics, the appearance of a second independent frequency (ÔbiphonationÕ), or sudden transitions from linear to chaotic dynamics. Such phenomena
indicate underlying non-linear dynamic eects in sound production (Wilden et al.
1998). The general phenomena that characterize non-linear systems (periodic doubling/halving, and chaotic oscillation) are also well known in human vocalizations
(Herzel et al. 1995). The communicative signi®cance of these phenomena, however, remains unclear. As a result, in the analysis reported here, we retained the
phenomenological approach to delineate call characteristics. A previous study on
Barbary macaques suggests that results obtained with this method appear to correspond well with the animals' own classi®cation of calls (Fischer 1998). In the
future, it will be important to extend our understanding of the mechanisms underlying vocal production in order to link acoustic features more clearly to physiological measures (see Fitch & Hauser 1995; Fitch & Giedd 1999).
The fact that contact and alarm barks are acoustically graded and sound alike
is puzzling from a functional perspective. Theory suggests that calls serving markedly dierent functions should show marked acoustic dierences, especially when
they are broadcast over large distances (Marler 1965, 1967). According to this
hypothesis, alarm barks should be unambiguously distinct from contact barks.
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Vervet alarm calls, for example, are not only acoustically distinct from each other,
but also form such vocalizations as inter-group calls (Cheney & Seyfarth 1988,
1990).
One possible explanation is that the barks of female baboons express the
same general aective state. Within this general aective state, however, group
separation and predator encounters evoke slightly dierent forms of excitement or
fear, which are related to the acoustic variation between contact and alarm barks.
The variation in acoustic structure between contact and alarm barks complies with
the predictions of Morton's emotional±structural rules: alarm calls, presumably
being linked to a higher arousal, are generally shorter, noisier, and higher-pitched
(Morton 1977). However, this view begs the question of why two very dierent
contexts should evoke similar sorts of aective states, particularly when, in other
species ± for example Barbary macaques (Hammerschmidt & Fischer 1998b) ±
those same contexts have resulted in the evolution of dierent calls.
Models stressing the emotional component in animal signals have largely
ignored the cognitive processes underlying the caller's assessment of a given situation. Along with expressing emotion, the baboons' alarm and contact barks may
also be viewed as re¯ecting the caller's mental representation of speci®c events in
the external world (Cheney & Seyfarth 1990). It is to be hoped that future research
will help to unveil the interplay between cognitive and motivational components
on vocal production. Of speci®c interest is the question of whether these factors
act independently on vocal production or whether cognitive processes trigger distinct emotional states that are linked to vocal production. Certainly, the results of
playback experiments on several species are consistent with the view that calls
evoke mental representations of speci®c events in listeners, who respond accordingly (Seyfarth et al. 1980).
Despite encountering high levels of predation, chacma baboons apparently
use a call system that allows some slack or ambiguity in the acoustic structure of
vocalizations. Baboons' responses appear to depend not just on signal content, but
also on context and other cues in their environment. This suggestion supports the
results of Rendall et al. (1999), who showed that call structure, the context in
which the call was presented, and caller identity all in¯uenced baboons' responses
to dierent grunt types. It seems possible that the barks of female baboons constitute a more ancestral form of call system that has not been subjected to as much
selection pressure as the vervet's alarm calls. The supposition that both context
and acoustic structure in¯uence receivers' responses may also help to explain why
baboons' lion and crocodile alarm barks are only slightly dierent acoustically,
even though the two classes of predators ± and the escape responses they require ±
are markedly dierent. Perhaps the presence of both aerial and ground predators,
which often require qualitatively dierent escape responses, plays a crucial role for
establishing structurally distinct alarm calls. This view is supported by the ®nding
that such distinct alarm calls have evolved independently in birds, squirrels, and
primates (Marler 1977b; Klump & Shalter 1984).
Theories concerned with the evolution of referential signals often use the vervet monkey's relatively discrete alarm calls as a model (Marler 1977a, b; Cheney &
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Seyfarth 1990). It seems increasingly likely, however, that vervets and other
members of the genus Cercopithecus may be atypical among non-human primates
in possessing such discrete vocalizations (Struhsaker 1967; Marler 1973; Seyfarth
et al. 1980; ZuberbuÈhler et al. 1999). The fact that vervets, which live in relatively
open habitats, have a rather discrete repertoire, and the observation that baboons'
long distance calls are acoustically graded, challenge the hypothesis that there is a
simple relationship between the morphology of a species' vocal repertoire and its
physical and social environment. It is noteworthy that the vocal repertoires of
chimpanzees (Pan troglodytes) and gorillas (Gorilla gorilla) are acoustically graded
(Marler 1976; Seyfarth et al. 1994; Mitani et al. 1996). There is as yet no evidence
that any of the great apes' calls serve a referential function ± at least not in the
ways that many vervet monkey calls do. Baboons, along with many other species
possessing relatively graded vocal repertoires (e.g. macaques), may therefore provide a better model for the evolution of human speech than do vervets. At the very
least, baboon vocalizations provide intriguing comparative data that may force us
to rethink previous hypotheses about signal design and evolution.
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Appendix: Acoustic Parameters Used in the Analysis
Parameter

Description

Fo max [Hz]
FO median [Hz]

Maximum value fundamental frequency
Median value fundamental frequency across all time
segments
Frequency at which the distribution of frequency
amplitudes reaches 1st quartile at the beginning of the call
Mean across time segments
Maximum value in all time segments
Frequency at which the amplitude distribution reaches
the second quartile, mean across time segments
DFB1 at the beginning of the call
Maximum value in all time segments
Mean across all time segments
Number of times the original curve crosses the average
Max dierence between original DFB and average
Slope of the trend (i.e. the linear regression determined
by least squares method)
Maximum dierence between regression function and
actual value of the DFB
Mean across all time segments for 2nd dominant
frequency band
Percentage of time segments with a third dominant
frequency band
Dierence between 1st and 2nd dominant frequency
band at start
Mean dierence between 1st and 2nd dominant
frequency band
Mean number of dominant frequency bands detected in
call
Amplitude ratio between DFB1 and DFB2 (DFB1/DFB2)
Maximum frequency range of 1st FLS
Mean frequency range of 1st FLS
Highest peak of the 1st FLS
Mean value of peaks of the lst FLS across all time
segments
Percentage of time segments in which a second FLS
could be detected
Maximum dierence between highest and lowest
frequency
Mean dierence between highest and lowest frequency
across all time segments
Frequency with the highest amplitude at start of call
Mean of the frequencies with the highest amplitude
across all time segments
Frequency of the maximum amplitude of a call
Relative position of maximum in the call; ranges between
0 and 1
Number of times the original curve crosses the average

DFA1 start [Hz]
DFA1 mean [Hz]
DFA1 max [Hz]
DFA2 mean [Hz]
DFB1 start [Hz]
DFB1 max [Hz]
DFB1 mean [Hz]
DFB1 local modulation
DFB1 max modul. [Hz]
DFB1 slope [Hz/s]
DFB trend dierence [Hz]
DFB2 mean [Hz]
DFB3%
DFB start dierence [Hz]
DFB mean dierence [Hz]
DFB number
DFB ratio
FLS1 max range [Hz]
FLS1 mean range [Hz]
FLS1 max peak [Hz]
FLS1 mean peak [Hz]
FLS2%
Range max [Hzl
Range mean [Hz]
PF start [Hz]
PF mean [Hz]
PF max [Hz]
PF max location
PF modulation

54

J. Fischer, K. Hammerschmidt, D. L. Cheney & R. M. Seyfarth

Parameter

Description

PF max modulation [Hz]

Max dierence between the actual value of the PF and
the average
Max dierence of the PF in two consecutive time
segments
Slope of the trend (regression line) of the PF values of
the time segment
Percentage of time segments in which no harmonic
structure could be detected
Percentage of time segments with a complex structure
Relative location of the max dierence of the PF
between two adjacent time segments
Time from onset to end of call
Frequency of the peak of the ®rst formant
Dierence between F1 and F2
Amplitude ratio between F1 and F2 (F1/F2)

PF jump [Hz]
PF slope
noise [%]
complex [%]
Max jump location
duration [ms]
Formant 1 [Hz]
Formant dispersion [Hz]
Formant ratio

