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Abstract Diana monkeys produce acoustically distinct calls
to a number of external events, including different types of
predators. In a previous study, we found population-wide
differences in male alarm call production in Taï Forest, Ivory
Coast, and on Tiwai Island, Sierra Leone, mostly likely orig-
inating from differences in predator experience. In Taï Forest,
leopards (Panthera pardus) are common but on Tiwai Island
they have been absent for decades, while the predation pres-
sure from crowned eagles (Stephanoaetus coronatus) has been
similar. To further evaluate the impact of predator experience,
we here analyse the vocal behaviour of female Diana monkeys
in both habitats. Female Diana monkeys produce predator-
specific alarm calls, alert calls and contact calls in response
to predators, suggesting that their calls serve in a broader range
of functions compared to males. Results showed that females
produced the same call types at both sites, despite the differ-
ences in predator fauna. Regarding call usage, leopard alarm
calls were extremely rare on Tiwai Island, but not in Taï Forest,
whereas we found no differences in eagle alarm call produc-
tion. When comparing response latencies, Tiwai females were
slower to respond to both predators compared to Taï females.

Finally, we found no habitat-specific acoustic differences in the
alert and predator-specific alarm calls, but significant differ-
ences in frequency-based parameters of contact calls. Overall,
our results suggest that ontogenetic experience can affect pri-
mate vocal behaviour in both usage and acoustic structure but
that the way in which particular call types are affected may be
closely linked to function.
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Introduction

Flexibility in vocal production and comprehension are key
components of the generative power of human language (e.g.,
Fitch 2005). The evolutionary origins of this flexibility are the
focus of much comparative research. In many taxa, the evidence
for flexibility is better for comprehension than production (birds:
Stephan and Bugnyar 2013; mammals: Townsend et al. 2011).
For signal production, the evidence is comparably scarce, espe-
cially in primates (e.g., Winter et al. 1973; Owren et al. 1993;
Snowdon 2009). One interpretation has been that comprehen-
sion and production are caused by different cognitive abilities
(Seyfarth and Cheney 2003). A related finding is that in many
birds and most mammals there is almost no evidence for vocal
learning in the sense that young individuals acquire their com-
municative competence from interacting with older individuals
(Seyfarth and Cheney 1986). Only a small number of species
are capable of imitating arbitrary acoustic structures and usually
this involves sound production mechanisms other than larynx
(elephants: Poole et al. 2005; Stoeger et al. 2012; marine mam-
mals: Janik and Slater 1997; Schustermann 2008; Fitch 2010).

Given this widespread lack of flexibility in vocal produc-
tion across the animal kingdom, how did humans evolve such
a high degree of vocal control? A productive way to address
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this question has been to discriminate between different levels
of control, notably over signal structure and usage (Janik and
Slater 2000; Seyfarth et al. 2005). Although there is some
empirical evidence for signal modification and behavioural
context in which signals are uttered, the role of ontogenetic
experience under natural conditions remains unclear. Early
research on vervet monkeys has shown that in primates the
acquisition of context-specific signalling is partially driven by
experience, with infants learning to deploy some of their call
types to relevant external events (e.g., Seyfarth and Cheney
1986). However, ontogenetic studies of vocal behaviour are
notoriously difficult to carry out, especially under natural
conditions, and correspondingly little progress has been made
in this area of investigation. An alternative approach is to
study the vocal behaviour of adult individuals that have grown
up in different environments. We have chosen this approach
with a comparative study between two natural habitats of
Diana monkeys, the Taï Forest, Ivory Coast, and Tiwai
Island, Sierra Leone.

In forest guenons (Cercopithecus spp.), a peculiar finding
has been that most species show a remarkable sexual dimor-
phism in their call repertoire and use. Most species live in
groups with only one reproductively active male, who is often
spatially and socially separated from other group members
(Bshary and Noë 1997; Buzzard and Eckardt 2007; Todd et al.
2008; Bouchet et al. 2012). Male vocal behaviour is mainly
restricted to loud alarm calling given to a range of events,
mostly some sort of disturbance (Rowell 1988). These calls
are low-pitched and carry over considerable distances (e.g.,
>800 m for C. diana ; KZ, unpublished data). Guenon long-
distance calls are thought to be multi-functional, serving in
predator avoidance and male–male competition over access to
females (Zuberbühler 2002). Hence, sexual selection is likely
to have affected male calling behaviour, in support of their
general strive to maintain tenure and keep away solitary rival
males seeking to acquire their own group (Wich and Nunn
2002; Zuberbühler 2002). For several species, it has also been
shown that male loud calls convey information about external
events, particularly the type of predator that has been encoun-
tered (Arnold and Zuberbühler 2006), its location
(Zuberbühler 2000a), the identity of the caller (Lemasson
et al. 2010), the caller’s intention to move (Arnold and
Zuberbühler 2008), or the distance to the predator (Papworth
et al. 2008; Murphy et al. 2013).

In a previous study, we found population differences in the
sequencing of male Diana monkey loud alarm calls that ap-
peared to have emerged from habitat differences (Stephan and
Zuberbühler 2008). Monkeys living in Taï Forest produced
sequences with fewer call units per sequence to leopards
compared to males living on Tiwai Island. In contrast, no
major differences were found in the males’ responses to
crowned eagles, another major predator. The most plausible
explanation for these differences is that, although the two

habitats are largely identical, they differ in the presence or
absence of leopards, while crowned eagles can be found at
both sites.

In the present study, we focus on the vocal behaviour of
adult female Diana monkeys, which is considerably more
diverse than the males’ and contains calls that function in
group cohesion and contact with other group members, coor-
dination of group movements, social interactions, and preda-
tor avoidance (Hill 1994; Zuberbühler et al. 1997;
Zuberbühler 2000a, b). In contrast to males, female calls are
mainly close-range signals (e.g., Uster and Zuberbühler 2001)
with a complex structural organisation. For instance, contact
calls are composed of various subunits, which are assembled
in rule-governed ways (Candiotti et al. 2012a), possibly to
facilitate individual recognition in a visually difficult habitat
and to convey information about the external event experi-
enced by the caller (Candiotti et al. 2012b). Given our previ-
ous finding in males (Stephan and Zuberbühler 2008), we
were interested in the effects of predation on the alarm calling
behaviour of adult females on Tiwai Island and in the Taï
Forest.

Methods

Study subjects

We recorded vocal responses of a large number of Diana
monkey groups to different playback stimuli on Tiwai Island
(NTiwai=13; February to May 2007) and in Taï Forest (NTaï=
30; July 1994, June 1995, July to November 1996, January to
June 1997 and February 2000). Group compositions were
comparable at both study sites, consisting of one reproductive
male, 8–13 adult females and several juveniles and infants
resulting in 15–25 group members (Oates et al. 1990; Buzzard
and Eckardt 2007). Average home range sizes have been
estimated at around 0.5 km2/group at both sites (Höner et al.
1997; Whitesides et al. 1988). None of the groups were
habituated to human observers, so we selected study groups
from a larger pool of around 50 groups in Taï encountered
over an area of about 100 km2 and of around 15–20 groups on
Tiwai. Individual identification of subjects was not possible
but different groups could be distinguished, mostly by their
location.

Experimental procedure

Every group was only tested once with a particular playback
stimulus. All playback experiments were carried out following
an established protocol (Zuberbühler et al. 1997). Briefly, the
experimenter (Tiwai: CS; Taï: KZ) searched the forest for
monkey groups, locating them via auditory cues and silently
approaching them to a distance of approximately 20 m
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without being detected. Subsequently, the recording and play-
back equipment was positioned, followed by an observational
period of at least 20 min during which the group’s behaviour
was recorded. Additionally, we noted all unusual events that
were likely to impact on subjects’ responses, such as the
appearance of large terrestrial mammals (e.g., bushbuck, dui-
ker), encounters with a neighbouring Diana monkey group,
other monkey species, or chimpanzees. These trials were not
used for subsequent analyses. We also estimated the approx-
imate distance of the male from the group and the group size
before each playback experiment. If no disturbing event oc-
curred, we recorded the group’s vocal behaviour for at least
3 min, after which a playback stimulus was broadcasted and
the monkeys’ vocal responses recorded for at least 10 min.
Playback stimuli consisted of 15 s of crowned eagle shrieks
(N =3 playback stimuli), leopard growls (N =3 playback stim-
uli), male Diana monkey eagle (N =3 playback stimuli) or
leopard alarm calls (N =3 playback stimuli), respectively.

On Tiwai Island, playback stimuli were stored digitally and
broadcasted with a portable CD player connected to a Nagra
DSM speaker–amplifier. Vocal responses were recorded using
a SonyWM-D6C recorder and a SennheiserME80 directional
microphone. At Taï, the playback stimuli were broadcasted
using a SonyWM-D6C professionalWalkman, connected to a
Nagra DSM speaker–amplifier, while the vocal responses
were recorded with a Sennheiser ME80 microphone and a
Sony TCM-3000 cassette recorder.

Following a playback trial, the area described by a radius of
at least 500 m surrounding the playback location was avoided
for further experiments with the same stimulus for at least
2 weeks to prevent any impact of playbacks on future re-
sponses of neighbouring groups, in case they might have
heard the playback stimulus or the target group’s vocal re-
sponse to it. We excluded trials from further analysis if (1) the
location of the focal male was unknown, (2) more than one
Diana monkey group responded to playback and (3) technical
problems or environmental noise prevented an acceptable
recording quality.

Call analysis

All recordings were digitised using COOL EDIT 2000
(Syntrillium Software Corporation, Phoenix, AZ, USA) and
analysed with PRAAT (5.1.29). We only analysed the first
minute of each vocal response following the beginning of a
playback stimulus, assuming that predator-specific vocal be-
haviour should emerge immediately. Diana monkeys general-
ly prefer to forage in the upper forest canopy (McGraw 2007),
which prevented us from collecting data from individual
females. We therefore analysed the vocal response at the
group level. Although this is not ideal, group sizes were
similar between habitats and from observations on habituated

groups it emerged that predator-specific alarm calls were
usually only given by 1–2 adult females.

To investigate the differences in the vocal behaviour of Taï
and Tiwai females, we extracted several acoustic parameters
from our collection of recorded calls (NTiwai=105, NTaï=145,
after removing all calls with interfering background noise).
We used a customised programme in the PRAAT DSP pack-
age (settings: time step: 0.01 s; expected F0 frequency range:
300–4,000 Hz), with an automatic logger in an output file. The
following frequency parameters were measured: (a) mean
fundamental frequency (mean_F0; Hz), (b) maximum and
minimum fundamental frequency (max_F0 and min_F0;
Hz), (c) range of fundamental frequency (range_F0, Hz), (d)
fundamental frequency at the beginning, middle and end of a
call (start_F0, mid_F0, end_F0; Hz). Furthermore, the following
temporal parameters were extracted: (e) time of maximum and
minimum fundamental frequency (tF0_max and tF0_min; s)
and (f) time at the beginning and end of fundamental frequen-
cy. From the latter, the duration of all calls was calculated (call
length; s), resulting in ten acoustic parameters for each call
that entered the subsequent classification analysis.

Furthermore, the latency of vocal responses was measured,
whichwas defined as the time that passed from the beginning of
a playback to the first call given by any of the group’s females.

Statistical analysis

In order to compare acoustic features of call types recorded in
Taï and on Tiwai, we first conducted two Discriminant
Function Analyses (DFA). Each call was categorised in term
of its ‘habitat’ and ‘type’ as the group identifier. We further
analysed potential differences in classification accuracy within
single call types, using ‘habitat’ as the group binding variable
for each of the four female call types (contact calls, alert calls,
leopard alarm calls, eagle alarm calls) (Fig. 1). This served to
clarify whether habitat-specific differences in the vocal reper-
toire were a general phenomenon or only found for particular
call types. Because of the uneven distribution of recorded calls
between habitats and call types, prior probabilities were calcu-
lated on the basis of group size (either on the number of calls
for each habitat or on the number of calls for each call type).
We used the reclassification method and the more conservative
leave-one-out cross-validation procedure and assessed statisti-
cal significance of correct classification by means of Wilks’
lambda values, F values and two-tailed probabilities (signifi-
cance levels: p =0.05). DFAwas conducted using SPSS v. 20.

To evaluate the effect of the playback stimulus, the habitat
and the interaction between the two factors on the latency of
female responses, we analysed the variable ‘latency to call’
using a generalized linear mixed model (GLMM) with
Gaussian error distribution and an identity-link function with
the variables ‘habitat’ and ‘playback stimulus’ as fixed fac-
tors. To control for group differences, we included ‘group’ as a
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random factor. Additionally, we included a Bonferroni correc-
tion (α <0.0125) to control for repeated pairwise comparisons
of latencies to call within each habitat. Corrected Akaike’s
information criteria (AICc) values were compared to select the
most parsimonious model with the lowest AICc value using
the AICcmodavg package and to control that both factors
impacted on data distribution. The best-fit model included
both fixed factors (‘habitat’ and ‘playback’, AICc=381.489)
whereas both models including only one fixed factor resulted

in higher AICc values (with ‘habitat’ AICc=412.748; with
‘playback’ AICc=422.496), thus confirming the contribution
of both included factors on data distribution. To compare
female responses between habitats, we compared the ‘laten-
cies to call’ and call composition of vocal responses for each
playback type including call numbers in the first minute after
broadcasting each playback stimulus using non-parametric
statistics (two-tailed Mann–Whitney U -tests). These analyses
were conducted using R v. 2.14.1.

Fig. 1 Spectrograms for female
a alert calls, b contact calls, c
leopard alarm calls and d eagle
alarm calls at Tiwai Island and in
Taï forest
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Results

Call repertoire

When analysing habitat-specific differences within par-
ticular call types, we found no differences in the fre-
quency and temporal features of predator-specific alarm
calls and alert calls across habitats, but consistent dif-
ferences in acoustic features of females’ contact calls
between Tiwai and Taï.

The extracted calls were classified more accurately by
using ‘call type’ as the class-defining factor than they were
with ‘habitat’ being the group identifier. In particular, the DFA
classified 62.2 % of cases correctly with ‘habitat’ defining
group membership (dropping to 58.4 % when the more con-
servative leave-one-out cross validation was used). Compared
to this, group membership was correctly predicted in 78.7 %
of cases if using ‘call type’ as group identifier (dropping to
76.5 % when the more conservative leave-one-out cross val-
idation was used). Differences in acoustic parameters of calls
could not be confirmed with ‘habitat’ as group identifier for
any of the extracted parameters (Table 1). One discriminant
function was identified with this group identifier on which
max_F0 (maximum fundamental frequency), range_F0 (range
of fundamental frequency), tF0_min (time of minimal funda-
mental frequency), mid_F0 (fundamental frequency in the
middle of the call) and start_F0 (fundamental frequency at
the onset of call) loaded most (Table 2). High values for
Wilks’ lambda (Wilks’ λ=0.931) and associated non-
significant values (p =0.102) further confirmed that
groups’ means did not differ according to ‘habitat’ in
discriminant function 1. In contrast, there were signifi-
cant differences in all acoustic parameters except fre-
quency range when ‘call type’ was the group identifier
(Table 3). Comparing the groups’ means by the discrim-
inative feature ‘call type’ revealed three discriminant
functions that were used for analysis (for different

contributions of call parameters on each discriminant
function see Table 4). Hence, ‘call type’ rather than
‘habitat’ explained a greater proportion of the variation
in acoustic features among extracted calls.

To further investigate differences between habitats
within single call types, we conducted additional DFA
with ‘habitat’ as group identifier for each call type
separately. Surprisingly, classification accuracy was low
for all call types except for contact calls (conservative
leave-one-out cross validation for alert calls: 50.3 %,
leopard alarm calls: 58.3 %, eagle alarm calls: 57.1 %,
contact calls: 88.9 %), indicating that acoustic parame-
ters of specific call types did not differ between Taï and
Tiwai with the exception of contact calls (see Table 5
for details on significant differences in acoustic param-
eters between groups’ means).

Call rates

Habitat-specific differences in call type presence

Eagle-related stimuli (eagle shrieks and male Diana eagle
alarms) consistently triggered the females’ own eagle alarm
calls in addition to contact calls and general alert calls in Taï
(eagle shrieks: eight of 11 groups; eagle alarms: ten of ten
groups) and on Tiwai (eagle shrieks in seven of seven groups;
eagle alarms: five of six groups). The proportion of groups
uttering at least one eagle alarm call and those that did not utter
any eagle alarm call to eagle-related playbacks did not differ
between habitats (Fisher’s exact text: to eagle shrieks: p =
0.2451; to eagle alarms: p =0.3333).

Leopard-related stimuli (leopard growls and male Diana
leopard alarms) reliably triggered alert calls in Taï (leopard
growls: 13 of 13 groups; leopard alarms: nine of nine groups)
and on Tiwai (leopard growls: 11 of 11 groups; leopard
alarms: seven of seven groups). The two habitats did not differ
in the frequency of alert call production (Fisher’s exact text: to

Table 1 Descriptive statistics
and tests of equality of groups’
means for ‘habitats’ as group
identifier for all acoustic parame-
ters that have been included in the
Discriminant Function Analysis

Mean SD Wilks’ λ F1,228 p

Tiwai Taï Tiwai Taï

mean_F0 2606.2 2543.9 679.3 770.1 0.998 0.381 0.537

max_F0 3397.3 3191.4 751.4 768.4 0.983 3.909 0.059

min_F0 1732.1 1702.2 736.4 805.2 1 0.78 0.78

range_F0 1669.6 1489.2 895.7 830.4 0.988 2.657 0.104

start_F0 2357.69 2208.6 868.2 863.5 0.993 1.588 0.209

mid_F0 2881.6 2281.5 816.9 841.5 1 0.034 0.854

end_F0 2302.4 2705.9 874.1 973.9 0.992 1.878 0.172

tF0_max 0.15 0.15 0.07 0.1 1 0.013 0.909

tF0_min 0.16 0.14 0.12 0.13 0.991 1.959 0.163

call length 0.24 0.24 0.13 0.15 1 0.043 0.835
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leopard growls: p =1; to leopard alarms: p =1). Leopard alarm
calls, however, were common in Taï (leopard growls: 12 of 13
groups; leopard alarms: in nine of nine groups) but uncommon
on Tiwai (leopard growls: five of 11 groups; leopard alarms:
three of seven groups). The probability of females producing
at least one leopard alarm call to leopard-related stimuli was
significantly lower on Tiwai than in Taï (Fisher’s exact text: to
leopard growls: p =0.0018; to leopard alarms: p =0.019).

Habitat-specific differences in call numbers

There were significant inter-site differences in the number of
calls uttered during the first minute of playbacks (Fig. 2). To

leopard growls, Taï females produced significantly more leop-
ard alarm calls and significantly more alert calls than Tiwai
females (median leopard alarms: Taï: 7 vs. Tiwai: 0; median
alert calls: Taï: 47 vs. Tiwai: 32; Table 6). The same pattern
was observed for vocal responses to playbacks of male leop-
ard alarm calls (median leopard alarms: Taï: 6 vs. Tiwai: 0;
median alert calls: Taï: 67 vs. Tiwai: 21.5). To eagle shrieks,
Taï females produced significantly more alert calls but not
significantly more eagle alarm calls than Tiwai females (me-
dian eagle alarms: Taï: 5.5 vs. Tiwai: 8; median alert calls: Taï:
9 vs. Tiwai: 1; Table 6). To male Diana eagle alarm calls, there
were no differences in the number of eagle alarms and alert
calls between the two study sites. Contact calls did not differ
between sites in any of the four playback conditions (Table 6).

Latencies of vocal responses

To assess differences in perceived urgency and threat we also
compared how fast females responded to the different play-
backs. Females in both habitats responded rapidly to the
different playback types, although there was a significant
interaction between playback stimulus and study site on re-
sponse latency (GLMM: F3,66=8.403, p <0.0001; Fig. 3). Taï
females responded faster than Tiwai females to all playback
stimuli except for leopard alarm calls (Mann–Whitney
U -tests; Table 7). Afterwards, we split the original data set
according to the significant interaction between call type and
habitat and analysed the impact of playback type on the
latency of female responses for each habitat separately. The
latency to respond varied significantly according to playback
type on Tiwai Island (GLMM: F3,27=4.063, p =0.0101) but
not in Taï Forest (GLMM: F3,39=1.754, p =0.1719).

In particular, although females on Tiwai have not previous-
ly encountered leopards, they responded faster to leopard-

Table 2 DFA structure matrix representing pooled within-groups corre-
lations between discriminating variables and the standardized canonical
discriminant functions that entered analysis for ‘habitat’ being the group
identifier

Discriminant function 1

max_F0 0.481

range_F0 0.397

tF0_mid 0.341

mid_F0 0.334

start_F0 0.307

mean_F0 0.15

min_F0 0.068

call_length 0.051

end_F0 0.045

tF0_max −0.028

The variables are ordered by absolute size of correlation within function.
The extracted discriminant function(s) accounted for 100 % of the
variance

Table 3 Descriptive statistics and tests of equality of groups’ means for ‘call type’ being the group identifier for all acoustic parameters that have been
included in the Discriminant Function Analysis

Mean SD Wilks’ λ F1,226 p

Contact call Alert call Leopard alarm Eagle alarm Contact call Alert call Leopard alarm Eagle alarm

mean_F0 2644.6 2869.6 2102.5 1009.8 558.2 462.8 624.7 370.7 0.45 91.893 <0.001

max_F0 3233.5 3557.8 2905.4 1958.2 573.6 510.1 822.5 939.8 0.627 44.801 <0.001

min_F0 1788.6 1972.2 1308.3 366.6 574.7 712.4 409.6 160.5 0.632 43.824 <0.001

range_F0 1458.4 1589.3 1597.1 1591.6 716.7 891.4 928.7 937.1 0.996 0.325 0.808

start_F0 2114.6 2618.8 1758.7 1008.9 709 725.7 712.8 639.8 0.669 37.282 <0.001

mid_F0 2968.3 3106.1 1994.2 833.7 693.9 710.8 703.5 306.3 0.661 38.634 <0.001

end_F0 2323.8 2555.9 2191.3 873.3 664.3 624.9 895 553.5 0.488 79.144 <0.001

tF0_max 0.13 0.14 0.26 0.14 0.05 0.05 0.18 0.12 0.845 13.818 <0.001

tF0_min 0.13 0.14 0.24 0.17 0.11 0.1 0.17 0.13 0.907 7.689 <0.001

call length 0.21 0.23 0.27 0.39 0.13 0.08 0.22 0.23 0.876 10.68 <0.001

Significant p values are indicated in bold
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related stimuli than to eagle shrieks (pairwise comparison:
leopard–eagle: β =−6.247, SE=2.173, df =27, t =−2.875,
p =0.0078; leopard alarm–eagle: β =−10.96, SE=2.402,
df =27, t =−4.563, p =0.0001), a pattern not observed in Taï
(pairwise comparison: leopard–eagle: β =1.103, SE=0.779,
df =39, t =1.4145, p =0.1651; leopard alarm–eagle:
β=−0.279, SE=0.8552, df =39, t =−0.3266, p =0.7456).
Tiwai females also responded faster to male alarm calls than
to corresponding original predator cues (pairwise comparison:
leopard–leopard alarm: β =−4.7127, SE=2.173, df =27,
t =−2.169, p =0.0391; eagle–eagle alarm: β =−8.575,
SE=2.5, df=27, t=−3.429, p =0.002). Again, this pattern was
not observed in Taï (pairwise comparison: leopard–leopard

alarm: β =1.382, SE=0.825, df =39, t =1.675, p =0.1019; ea-
gle–eagle alarm: β =−0.5817, SE=0.8313, df =39, t =−0.699,
p =0.4882).

For comparisons of the latencies to respond within habitats,
the critical p value after Bonferroni correction was 0.0125.

Discussion

Our results show that two populations of Diana monkeys
differed significantly in their vocal behaviour and that these
differences were best explained by differences in predation
pressure between both habitats. We found no acoustic differ-
ences in alert calls and predator-specific alarm calls, but
significant differences in call rates and call latencies. This
suggests that the acoustic structure of female alarm and alert
call is not affected by habitat differences. However, habitat-
specific differences were observed in the latencies and fre-
quencies of call production, suggesting that learning plays a
role and that ecological factors can shape the vocal behaviour.
In particular, Taï females who have considerable experience
with leopards called more and responded faster than Tiwai
females, who presumably had no previous experience with
leopards.

Interestingly, these effects were not general, but limited to
their leopard alarm calls and alert calls and did not affect the
other call types. The strongest differences were observed to
leopard growl playbacks. Tiwai females produced significant-
ly fewer alert calls and leopard alarm calls and calls were
emitted significantly later compared to Taï females. We as-
sume that, with no prior experience with leopards, Tiwai
females responded to leopard growls as an unspecific, loud
and unknown disturbance, which triggered a slower, relatively
weak and unspecific response. An alternative explanation is
that calling behaviour of Tiwai females is the result of differ-
ent individual backgrounds. The approximate life span of

Table 4 DFA structure matrix representing pooled within-groups corre-
lations between discriminating variables and the standardized canonical
discriminant functions that entered analysis for ‘call type’ being the group
identifier

Discriminant function

1 2 3

mean_F0 0.797 0.292 −0.121
mid_F0 0.739 0.267 0.186

max_F0 0.552 0.184 −0.396
min_F0 0.55 0.204 −0.059
end_F0 0.522 0.101 −0.156
tF0_max −0.05 −0.629 −0.267
start_F0 0.477 0.273 −0.681
tF0_min −0.081 −0.396 −0.501
call length −0.257 0.145 −0.335
range_F0 −0.005 −0.014 −0.221

The variables are ordered by absolute size of correlation within function.
Largest absolute correlation between each variable and any discriminant
function are indicated in bold. The extracted discriminant function(s)
accounted for 78.1 % of the variance

Table 5 Descriptive statistics
and tests of equality of groups’
means between habitats for con-
tact calls for all acoustic parame-
ters that have been included in the
Discriminant Function Analysis

Significant p values are indicated
in bold

mean SD Wilks’ λ F1,52 P

Tiwai Taï Tiwai Taï

mean_F0 2,850.7 2,523.3 512.3 555.3 0.918 4.6 0.036

max_F0 3672 2,975.5 256.4 552.7 0.65 28 <0.001

min_F0 1,848.7 1,753.7 598.4 566.5 994 0.335 0.565

range_F0 1,860.7 1,221.7 739.2 595.5 0.811 12.1 0.001

start_F0 2,501.6 1,886.9 781.4 558.2 0.821 11.3 0.001

mid_F0 3,307.8 2,768.7 495.2 675.7 0.844 9.6 0.003

end_F0 2,460.4 2,243.4 811.2 613.6 0.977 1.2 0.271

tF0_max 0.17 0.11 0.06 0.03 0.745 17.8 <0.001

tF0_min 0.16 0.07 0.12 0.07 0.844 9.6 0.003

call length 0.29 0.16 0.07 0.06 0.504 51.2 <0.001
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Diana monkeys has been estimated to about 20 years in the
wild (Kappeler and Pereira 2003). Hence, it might well be that
some of the older Tiwai females had some experience with
leopards during infancy. It may have been that leopards were
occasionally crossing the Moa River surrounding Tiwai

Island, before going locally extinct on the adjacent main land
due to poaching and habitat fragmentation. If this was the
case, then these individual differences should be reflected
more explicitly on a population level over time with propor-
tionally more females contributing to groups’ vocal responses

Fig. 2 Composition of the vocal
behaviour of female Diana
monkeys at a Tiwai Island and b
in Taï forest after listening to
playbacks of original predators
(leopard growls: NTaï=13,
NTiwai=11; and eagle shrieks:
NTaï=11, NTiwai=7) and
corresponding male alarm calls
(leopard alarm calls: NTaï=9,
NTiwai=7; and eagle alarm calls:
NTaï=10, NTiwai=6). Differently
coloured proportions within
stacked bars indicate the median
call number per group for
different call types. White parts :
alert calls; light grey parts : eagle
alarm calls; dark grey parts :
contact calls; black parts : leopard
alarm calls

Table 6 Median number of calls and statistical comparisons of call rates between the females of Taï forest and Tiwai Island in the first minute after the
beginning of a playback (Mann–Whitney U-tests)

Playback N Call type

Eagle alarm Leopard alarm Alert call Contact call

Median U p Median U p Median U p Median U p

Leopard growl NTiwai=11 0 75.0 1.0 0 36.0 0.031 32 25.0 0.004 0 62.0 0.495

NTaï=13 0 7 47 0

Eagle shriek NTiwai=7 8 30.5 0.172 0 42.0 0.636 1 18.5 0.02 11 38.5 0.443

NTaï=11 5.5 0 9 13

Leopard alarm NTiwai=7 0 44.0 1.0 0 14.0 0.012 21.5 12.0 0.007 0 26.5 0.152

NTaï=9 0 6 67 0

Eagle alarm NTiwai=6 5.5 13.0 0.181 0 24 1 3 12.5 0.142 3 10 0.081

NTaï=10 7.5 0 5.5 18

Significant differences for each call type are indicated in bold
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that had no leopard experience. Accordingly, it may be possi-
ble that leopard alarm calls will completely vanish from the
repertoire of Tiwai females in the coming years.

Although females uttered the same number of eagle alarm
calls in both habitats to eagle-related playbacks, we found
Tiwai females to emit fewer alert calls to eagle shrieks com-
pared to Taï females. Similarly, we found differences in the
latencies to respond to eagle-related stimuli, with Tiwai fe-
males responding significant later than Taï females and Tiwai
females also responding significant later to eagle shrieks than
to all other playbacks. We can think of two explanations for
these findings. First, it is possible that the hunting strategies of
crowned eagles differ at the two sites in some relevant way,
leading to different anti-predator strategies in the monkeys.
Shultz and Thomsett (2007) suggested that crowned eagles
could change their hunting strategy from solitary hunting by
stealth and ambush to pursuit and cooperative hunting. Alert
calls alone, unlike eagle alarm calls, are not predator-specific

and thus do not allow group members to infer eagle presence
and to adjust their anti-predator behaviour appropriately.
However, these calls are considerably more conspicuous and
allow predators to locate calling individuals more easily than
by contact calls, which function to maintain group cohesion
and to coordinate group movement. This might explain the
Tiwai female responses with same calling rates for close range
contact calls and eagle alarm calls but with reduced alert call
rates.

Second, differences in call rates might be due to local
traditions caused by social learning. However, additional play-
back experiments are needed to address this more specifically
(e.g., Seyfarth and Cheney 1990). In particular, it has then to
be clarified why and how learning would impact on the
adjustment of frequency parameters as for contact calls but
on call rates for specific alarm calls.

Regarding contact calls, we found significant habitat-
specific differences in frequency-related acoustic features.
These gradual changes of acoustic parameters have been
rarely found in primates so far (Janik and Slater 2000) and
suggest some undocumented flexibility and potential for
learning on the signaller. Interestingly, this has been found in
a call type that has important social functions and is used in
call exchanges between group members (Candiotti et al.
2012b). The mechanisms that lead to such subtle production
learning are not really understood. Future studies will need to
address the degree to which individuals have voluntary con-
trol over the acoustic features of these social calls.

In conclusion, our results show that different call types in
female Diana monkeys’ vocal repertoire are likely to be af-
fected by ecological factors, i.e., predation. This further high-
lights the importance of predator experience on alarm calling
behaviour and vocal flexibility in primates (Gil-da-Costa et al.
2003; Fichtel and Kappeler 2011). However, our data are
somewhat inconsistent with the current notion that primate

Fig. 3 Latencies (s) of female
vocal responses in Taï Forest
(white boxes) and at Tiwai Island
(grey boxes) for each playback
stimulus. The bottom of the box
indicates the first, the top of the
box the third quartile. The
horizontal line within the box
represents the median. Whiskers
include values that amount to 1.5
times the height of the box.
Circles indicate outliers that do
not fall in the inner fences
(whiskers). Asterisks indicate
extreme outliers and represent
values more than three times the
height of the box

Table 7 Comparison of latencies to respond to single playback stimuli
between females in Taï Forest and at Tiwai Island (Mann–Whitney U-
tests)

Playback N Mean latency (s) U p

Leopard growls NTiwai=11 6.82 108 0.037

NTaï=13 3.71

Eagle shrieks NTiwai=7 13.07 60 0.024

NTaï=11 2.61

Leopard alarms NTiwai=7 2.11 38 0.536

NTaï=9 2.33

Eagle alarms NTiwai=6 4.49 50.5 0.029

NTaï=10 2.03

Significant differences in latency to respond for each playback stimulus
are indicated in bold
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alarm-calling behaviour is completely ‘hardwired’ and unaf-
fected by ontogenetic experience (Schel and Zuberbühler
2009). However, the factors that impact on monkeys’ alarm
calling behaviour might be relatively complex, as indicated by
different responses to eagle shrieks in the present study.
Differences in predator behaviour, alarm calling by other
species, or within group effects might provide potential ex-
planations and grounds for further investigation.

When comparing our results to the previously reported
effects on males’ vocal behaviour (Stephan and Zuberbühler
2008), we found that males showed differences in how indi-
vidual call units were arranged into sequences, while females
mainly differed in how they used their vocal repertoires. How
these differences between the sexes relate to general differ-
ences in the function of vocal behaviour and in the underlying
cognitive processes remains to be investigated.
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