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Spix’s disc-winged bats, Thyroptera tricolor, form small, long-term social groups in which members are
loyal to a patch of forest but move on a daily basis between highly ephemeral roosting sites (partly
unfurled Heliconia leaves). This species has been shown to exchange social calls that facilitate contact
with nearby bats and recruitment to roost sites. During ﬂight, T. tricolor emits ‘inquiry’ calls that
frequently elicit a response from individuals that have already entered a furled leaf. These ‘response’ calls
are then followed by the ﬂying bat entering the occupied leaf roost. In this study, we examined variation
in the structure of inquiry and response calls, and assessed whether calls encode information about
individual or group identity that would allow for acoustic discrimination to occur. We found that both
inquiry and response calls were sufﬁciently consistent within individuals, and divergent between
individuals, to permit separation of individual bats based on call structure. We also found some evidence
for group-speciﬁc signatures, although these were less deﬁned than differences observed between
individuals. While this does not conﬁrm that Spix’s disc-winged bats can discriminate between
individuals and groups based on call information, our results indicate that both call types have a broad
enough parameter space for this to occur.
Ó 2011 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.

Social animals are regularly faced with the challenge of relocating
group members after periods of separation. Communication is one of
the most important mechanisms for maintaining group associations
over time, and signals facilitating group cohesion, or ‘contact calls’,
are common in many avian and mammalian species (Kondo &
Watanabe 2009). If contact calls are variable across individuals
and/or groups, animals can potentially use this discriminating signal
information to identify groupmates (Tibbetts & Dale 2007).
The ability to encode information, such as individual or group
identity, depends upon the characteristics of the communication
signal and its associated information capacity (Beecher 1989;
Searby & Jouventin 2004). For example, if an animal can be
ﬂexible over a wide frequency range for multiple spectral characteristics of an acoustic signal, this creates a broad parameter space
that can be partitioned to create characteristic-speciﬁc signals (i.e.
male and females use different call frequencies). While many
signals encode information with a small number of possible states,
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such as sex or reproductive condition, more complex discriminations, such as group or individual identiﬁcation, are substantially
more difﬁcult since there may be insufﬁcient parameter space to
encode a unique signature for every individual or group in
a population.
Individual and group signatures can be shaped by multiple
underlying factors. Signatures conveying individual identities are
likely to be a result of genetic differences (Scherrer & Wilkinson
1993), while group signatures can be more readily modiﬁed by
social learning. In a variety of taxa, group members have been
shown to converge on a shared group call structure (Farabaugh
et al. 1994; Nousek et al. 2006), and changes in group composition can lead to adjustments in signal design (Boughman 1998).
Bats are an especially interesting group for examining whether
communication signals encode information about individual or
group identity. Bats are highly social animals, with the vast majority
of species living in groups. Furthermore, bats produce a rich
repertoire of communication signals, most of which are acoustic in
nature. The most common acoustic signals of bats are echolocation
calls. While echolocation is primarily used for orientation and prey
detection (Grifﬁn 1958), consistent call structures associated with
sex (Neuweiler et al. 1987; Suga et al. 1987; Siemers et al. 2005) and
age (Jones et al. 1992; Russo et al. 2001; Yoshino et al. 2006) have
been observed. Thus, in some species, echolocation encodes
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information about the sender that can be detected and received by
other bats, although it is unclear whether this is passive or active
information transfer (Wilkinson 1995). Echolocation can also
potentially encode information about social group afﬁliation (Hiryu
et al. 2006) and individual identiﬁcation (Suga et al. 1987). Yet, such
information is unlikely to be useful since most bats alter call
structure substantially in response to local environmental conditions (Kalko & Schnitzler 1993; Obrist 1995), making maintenance
of a signature difﬁcult (Siemers & Kerth 2006).
Unlike echolocation, social signals are not used for orientation,
making the possibility of encoding group or individual signatures
more plausible. Social calls of bats have received substantially less
attention than echolocation, yet when researchers have investigated
this topic they have found that many species produce a diverse
repertoire of calls involved in facilitating a variety of behavioural
interactions (Barclay et al. 1979; Porter 1979; Kanwal et al. 1994;
Pfalzer & Kusch 2003; Melendez et al. 2006; Bohn et al. 2008).
Social call functions include motherepup recognition (Balcombe &
McCracken 1992; Knornschild & von Helversen 2008), mate attraction (Behr & von Helversen 2004; Bohn et al. 2009), territory defence
(Barlow & Jones 1997) and indication of distress (Russ et al. 2004) or
aggression (Pfalzer & Kusch 2003; Bohn et al. 2008).
Social calls in bats are also used to maintain contact with adult
conspeciﬁcs and facilitate group cohesion. Encoding information
about individual or group identity should be especially valuable for
contact calls, since potentially costly behavioural decisions by the
receiver are likely to depend upon the identity of the signaller
(Tibbetts & Dale 2007). Yet, we know relatively little about contact
calls in bats, and even less about the information capacity of these
signals. Female greater spear-nosed bats, Phyllostomus hastatus,
produce group-speciﬁc screech calls when exiting a roost and at
foraging sites; these calls attract groupmates to the caller’s location,
which presumably facilitates group foraging (Boughman &
Wilkinson 1998). White-winged vampire bats, Diaemus youngi
(Carter et al. 2008, 2009) and pallid bats, Antrozous pallidus (Arnold
& Wilkinson 2011) are the only species that have been shown to
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exchange consistent, individual-speciﬁc social calls that facilitate
maintenance of contact with conspeciﬁcs. Although contact calls
can be difﬁcult to study since they are often produced by bats
during ﬂight, they have the potential to inﬂuence the social
structure and the behavioural interactions within populations.
We sought to determine whether contact calls produced by
a leaf-roosting bat show group or individual signatures. Spix’s
disc-winged bats, Thyroptera tricolor, are small (3e4 g) insectivores
that roost in furled, tubular leaves, using specialized suction discs
on the wrists and ankles (Riskin & Fenton 2001). Tubular leaf roosts
are highly ephemeral, with leaves unfurling and becoming
unsuitable for bats in 5e60 h (Vonhof et al. 2004). Roosting groups
vary from 2 to 12 individuals (Vonhof & Fenton 2004), and group
stability is very high, with individuals remaining together for up to
22 months (Chaverri 2010). Such stability is especially striking
given that bats must locate new roosts on an almost daily basis.
This species has been shown to exchange social calls that
facilitate contact with nearby bats and recruitment to roost sites.
Flying individuals actively searching for a roost emit ‘inquiry’ calls;
roosting conspeciﬁcs in the area rapidly answer with a ‘response’
call, which is followed by the ﬂying bat entering the occupied leaf
roost (Chaverri et al. 2010). Inquiry calls are simple downward
frequency-modulated (FM) sweeps, while response calls are more
complex, consisting of multiple syllables that together form a signal
with a short upward FM sweep followed by a longer constant
frequency (CF) component (Chaverri et al. 2010; Fig. 1). Furthermore, inquiry calls are emitted individually, with intercall intervals
of several seconds, while response calls are generally produced in
a rapid bout.
Here, we examined variation in the structure of inquiry and
response calls, and assessed whether calls encode identity
information that would facilitate acoustic discrimination. Differentiation between group members and nongroup members could
occur if contact calls have individual signatures, group signatures,
or both. We hypothesized that the contact calls of T. tricolor
primarily encode information about individual identity because (1)
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Figure 1. Depiction of primary sound measurements taken on inquiry calls (a) and response calls (b, c) of Spix’s disc-winged bats. Response calls were analysed at the level of the
call (b) and the syllable (c). For each set (aec), the top graph depicts a spectrogram of the respective acoustic signal, the middle graph is a stylized depiction of the signal waveform,
and the bottom graph is a stylized version of the signal spectrogram. For inquiry calls (a), measures of slope (Smin, med, max) and concavity (Cmin, med, max) are not shown. For response
analyses at the call level (b), measures of syllable number (Syll) are not shown. For response analyses at the syllable level (c), measures of intersyllable interval (ISI) and peak
frequency at call centre (FCpeakS) are not shown.
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groups contain only a small number of individuals, (2) groups are
highly stable, with limited interaction among groups in a roosting
context and (3) groups are spatially separated from each other,
occupying distinct roosting home ranges (Vonhof et al. 2004). As
a result, only a relatively narrow parameter space should be
necessary for all individuals in a group to have a unique signature.
Thus, we predicted that variance in call structure between
individuals would be signiﬁcantly higher than variance within
individuals. We further predicted that group signatures would be
relatively weak in the contact calls of T. tricolor, since social learning
of a group call is redundant if bats can identify the individual
signatures of all group members. Alternatively, high natal
philopatry and strong genetic relatedness within groups (Vonhof
2001; Chaverri & Kunz 2011) may lead to call similarity within
a group if contact calls are genetically determined.
METHODS
Field Trials
Data were collected in March and December 2009, in La Gamba,
southwestern Costa Rica. Groups, deﬁned as bats roosting in the
same leaf, were located and captured by searching suitable leaves in
areas where T. tricolor had been found previously. Upon capture,
bats were housed in cloth bags and ﬁtted with numbered metal
wing bands. Basic measurements, including mass, forearm length,
sex, age and reproductive condition, were taken for each individual.
For each group, we found a suitable tubular leaf near the capture
site to perform experimental trials. If a nearby suitable leaf was not
available, we cut an unoccupied tubular leaf from another site and
planted it near the capture site. We conducted all trials in areas
where bats would have enough space for manoeuvrability and
access to the experimental leaf. Two to four condenser microphones (CM16, Avisoft Bioacoustics, Berlin, Germany) mounted on
tripods were placed in the study area and used to record any calls
produced by bats during experimental trials. Microphone recordings were captured on a Dell Latitude laptop using Avisoft’s Ultrasound Gate 416H and Avisoft Recorder software (sampling rate
384 kHz, 16-bit resolution). All protocols for capturing and handling
bats were approved by the Costa Rican government (permit
number R-008-2009-OT-CONAGEBIO) and the North Dakota State
University Institutional Animal Care and Use Committee (Protocol
Number A0928).
Methods for experimental trials differed during the two periods
of data collection. In March 2009 (Chaverri et al. 2010), two
microphones were focused on the experimental leaf (< 5 cm from
leaf surface and oriented towards the leaf) at different heights close
to where the bat would be roosting. A third microphone was placed
on the path between the release site and the leaf. Release sites were
located at approximately 5 m from the experimental leaf. Trials
began by placing one individual from the captured group inside the
leaf (i.e. roosting bat), and then placing a second bat from the same
group in the researcher’s hand at the release site (i.e. ﬂying bat).
The cloth bag with the remaining bats was placed inside a waterproof bag to avoid acoustic interference. Recordings began when
we released the ﬂying bat, and ended when the bat entered the
experimental leaf or after the ﬂying individual left the area and was
not visible for more than 1 min.
In December 2009, microphone positions differed depending
upon whether we were collecting calls from the roosting or ﬂying
bat. When recording the ﬂying bat (inquiry calls), four microphones
were placed at varying distances from the leaf, in an attempt to
capture the calls of the focal individual as it ﬂew around the study
area. Trials began by putting one individual in the experimental leaf
(roosting bat) and placing a circular piece of mesh in the upper
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portion of the leaf to prevent escape. In addition, a cloth bag
housing one to ﬁve other bats was hung from each microphone
tripod. Since bats in a bag produce response calls similar to bats
inside a leaf, these animals served as an additional attractant to
keep the ﬂying individual in the recording area for an extended
period, which allowed us to record multiple inquiry calls per bat.
Bats were released and recorded during ﬂight as described above.
When recording response calls from the roosting bat, we placed
one individual inside the experimental leaf, with the mesh in place
to prevent escape. Two microphones were positioned within 5 cm
from the leaf’s surface and oriented towards the leaf to capture any
calls produced by the roosting bat. We broadcast previously
recorded inquiry calls to the roosting bat through a Dell Inspiron
laptop and an Avisoft Ultrasound Gate Player 116 (product number
70111) attached to an Avisoft speaker magnat (product number
60101) positioned 2 m from the leaf. Playback allowed us to
increase the number of inquiry calls to which an individual was
exposed, and consequently the number of response calls that were
produced and recorded. Upon broadcast of an inquiry call, the bat
was given 30 s to respond; if no response was recorded, an
additional inquiry call was broadcast. If the bat did not respond
after ﬁve inquiry broadcasts, we ceased broadcasting calls for
2 min, then played an additional set of ﬁve calls. If the bat did not
call after 10 inquiry broadcasts, it was considered unresponsive and
removed from the leaf. When bats responded acoustically to the
broadcast, we played an additional inquiry signal 10 s after the bat
ﬁnished a calling bout. We continued this pattern of broadcast for
3e5 min, or until the bat stopped producing response calls.
Recordings were started before the initial inquiry broadcast and
stopped at the end of the trial. Recordings were done with 16-bit
resolution and a 300 kHz sampling rate.
Sound Analysis
For both inquiry and response calls, we selected calls for analysis
that had a high signal-to-noise ratio. For inquiry calls, we often
recorded multiple signals in the same recording period; calls were
generally separated by long periods of silence (10þ s), so we
included multiple calls from the same session in our analysis.
Response calls are also produced in distinct bouts containing
multiple signals. To determine whether calls produced within
a bout were more similar to each other than calls from separate
bouts, we measured the contribution of bat and bout to the
variance of the call characteristics using the restricted maximum
likelihood estimation of variance components (Searle et al. 2009).
Results indicated that most of the variability was attributed to bat
(variance component estimates: bout: 0.001e0.028; bat:
0.300e0.495), so we chose to include multiple calls from the same
bout in our analysis.
Characteristics of both call types were measured using Avisoft
SASLab Pro (Avisoft Bioacoustics). Spectrograms were generated
using a 1024-point fast Fourier transform (93.75% overlap). For the
300 kHz sampling rate we used, this gave a 293 Hz frequency
resolution and 0.21 ms temporal resolution. For inquiry calls
(Fig. 1a), we measured call duration (Durc), minimum frequency at
call start (Fstart), minimum frequency at call end (Fend), minimum
frequency at the position of greatest amplitude in the call (Fpeak)
and median frequency of the entire call (Fmed). Although it would
have been preferable to take other spectral measurements on
inquiry calls, such as maximum frequency, this was not feasible
because of the abundant echoes present in our recordings; even
though echoes did not overlap with the original call, they made it
difﬁcult for Avisoft’s ‘Automated Parameters Measurement’ feature
to detect other parameters, and ﬁltering efforts did not ﬁx this
problem. Despite this, we are conﬁdent that minimum frequency
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measurements are more than sufﬁcient for describing the spectral
structure of these simple, tonal frequency sweeps. For each call, we
also created frequency contours by measuring minimum frequency
every (Durc/50) ms, which partitioned the signal into 49 sections.
From these contours we calculated values of call slope and
concavity. Slope was calculated as (freq at t1  freq at t0)/(t1  t0),
while concavity was calculated as (slope at t1  slope at t0)/(t1  t0),
where t0 is the start time of a given section and t1 is the start time of
the following section. For each inquiry call, we calculated
minimum, maximum and median slope (Smin, Smax, Smed) and
concavity (Cmin, Cmax, Cmed).
Response calls were composed of 6e46 individual syllables, so
we conducted separate analyses at the level of the call and the
syllable (Fig. 1b, c). Although we measured all individual syllables in
a call, the terms below refer to average syllable structure for a given
call, as only these mean values were used in statistical analyses. We
measured syllable duration (Durs), intersyllable interval (ISI) and
peak frequency at four temporal positions in the syllable: start
(FSpeakS), end (FEpeakS), centre (FCpeakS) and maximum amplitude
(FMpeakS). In addition, we measured the minimum frequency of the
entire syllable (FultminS) and the location of FultminS (LocultminS). At
the call level, we assessed the number of syllables (Syll), call
duration (Durc) and minimum, maximum and peak frequency at
the start (FSminC, FSmaxC, FSpeakC) and end (FEminC, FEmaxC, FEpeakC),
the lowest frequency in the entire call (FultminC) and the location of
the FultminC (LocultminC).
Statistical Analysis
To determine whether variation in call structure was attributed
to differences between bats, groups, or both, we ran a nested
one-way MANOVA in SPSS v.17.0 (SPSS, Chicago, IL, U.S.A.). We also
estimated the contribution of each independent variable to the
variance of the call characteristics using the restricted maximum
likelihood method. Before running MANOVAs, we ﬁrst eliminated
correlations among the dependent variables using the principal
components analysis (PCA) extraction method, with varimax
rotation and Kaiser normalization (Jolliffe 2002). Eigenvalues
greater than one were used to determine the number of factors
retained, and rotated scores were saved using the regression
method in SPSS. After running MANOVAs with the retained factors,
we calculated the proportion of variance in call structure accounted
for by individual or group membership using partial h2. Based on
values of signiﬁcance and partial h2 estimated from MANOVA
(which is comparable to R2 in regression analyses; Levine & Hullett
2002) and on the contribution of each independent variable to the
variance in call structure, we decided whether the variation in call
characteristics was primarily due to differences between bats,
groups or both.
We ran a stepwise discriminant function analysis (DFA) in SPSS
and a permuted discriminant function analysis (pDFA; Mundry &
Sommer 2007) in R v.2.11 (The R Foundation for Statistical
Computing, Vienna, Austria), to explain the differences in call
structure between bat (DFA) and group (pDFA) based on the entire
suite of call measurements. We used the permuted version of the
DFA for the analysis of group signatures to account for the fact that
conventional DFAs only allow analysis of one factor at a time,
leading to large numbers of replicated observations per subject
(i.e. group), which could result in pseudoreplication and hence
violation of the assumption of independence (Mundry & Sommer
2007). To increase the power of the tests and to reduce the
disparity in sample sizes, which can lower the effectiveness of the
DFA in distinguishing among categories (McGarigal et al. 2000), in
the analysis of bat signatures, we included only those individuals
for which we had more than 10 calls. Likewise, in the analysis of

group signatures, we included only those individuals for which we
had at least four calls, and we included groups with a minimum of
three bats. These data selection rules represent a compromise
between maximizing the number of bats and groups in the analyses
and maximizing the number of calls within bats and groups to
make the analyses viable.
Before running the DFAs for both call types (inquiry and
response), we determined whether the assumptions of equality of
varianceecovariance matrices, normality of canonical scores and
multicollinearity were met using methods described in McGarigal
et al. (2000). We assessed the ﬁrst assumption using Box’s M test,
the second by running a KolmogoroveSmirnov test on canonical
scores, and the third by calculating pairwise correlations among
call variables using a Pearson product-moment correlation coefﬁcient. Canonical scores were normally distributed, but the
assumption of within-group equality of covariance matrices was
not met; hence, we used the individual within-group covariance
matrices in the classiﬁcation criterion. Also, because multicollinearity issues were found among discriminant variables, we
tested variables involved in high pairwise correlations (i.e. r  0.7)
using a univariate one-way ANOVA with the grouping variable (i.e.
bat or group) as the main effect. Variables retained for the DFA were
the ones with the largest F value. We also used Cohen’s kappa
(Cohen 1960; Titus et al. 1984) to assess the improvement in
classiﬁcation accuracy over that expected by random assignment,
with values near zero indicating no improvement over chance, and
values near one indicating perfect assignment. Because this
procedure is considered biased when the samples used in calculating the classiﬁcation function are the ones being classiﬁed, we
also used a randomized sample validation to gauge the reliability of
the classiﬁcation criterion and to validate the discriminant
functions (McGarigal et al. 2000). For this, we ﬁrst randomized our
call data and then derived the classiﬁcation functions and
estimated the correct classiﬁcation rate using the classiﬁcation
matrix. We repeated this process 50 times and compared the
random permutation distribution to the correct classiﬁcation rate
of the original data. The difference between the randomized and
the original classiﬁcation rates shows the power of the classiﬁcation functions, with small differences indicating that the classiﬁcation function power may be primarily attributed to sample
biases.
RESULTS
General Behaviour
We found that T. tricolor produced inquiry and response calls
under a variety of experimental conditions. Bats placed inside
leaves readily responded to the inquiry calls produced by conspeciﬁcs and playbacks of inquiry calls. While there was variation in
the tendency of individuals to respond, it was common for bats to
answer an inquiry call rapidly, often responding repeatedly to
a series of inquiry calls that were separated by several seconds. Bats
also produced response calls when hanging in the cloth bag;
despite the artiﬁcial environment, detection of an inquiry call led to
production of response calls. Such patterns of call production
suggest that group formation is important in this species, as individuals continue to produce contact calls even in a partly artiﬁcial
experimental situation.
Inquiry Calls
We analysed 557 inquiry calls from 104 bats and 30 groups.
After PCA, three factors were retained for analysis and explained
69.7% of the total variance. The ﬁrst factor had loadings higher than
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0.70 for components related to duration and call shape (i.e. slope
and concavity), while the second factor had high loadings for
components related to call frequency (Table 1). There was a significant effect of bat and group on inquiry call structure (Table 2), but
bat explained a greater proportion of the variance in call structure
(h2 ¼ 0.3) than group (h2 ¼ 0.23; Table 2). Bat also explained
a greater proportion of the variance in call structure than group for
two of the three factors considered (Table 3).
For the discriminant function analysis on individual signatures,
we analysed 265 inquiry calls from 18 bats, with an average of 14.72
calls per bat (range 10e25). The ﬁnal variables included in the DFA,
after removing variables involved in high pairwise correlations,
were Durc, Fstart, Fend, Fpeak, Smax, Smed, Cmax and Cmed. We found
that 75.1% of calls were correctly assigned to individuals, and
a Cohen’s k of 0.87 indicated that classiﬁcation based on the
discriminating variables was 87% better than chance assignment.
Furthermore, the mean randomized classiﬁcation rate (50 permutations) was 42.49% (range 29.8e50.6), indicating that the
randomized rate was smaller than the classiﬁcation rate from the
original data. Taken together, these results indicate that the
predictive power of the derived discriminant functions was greater
than that of random functions. A stepwise DFA indicated that the
most useful subset of discriminating variables were Durc, Fstart, Fend,
Fpeak, Smax and Cmax. After adding these variables to the model, Smed
and Cmed did not contribute signiﬁcantly to individual separation.
The ﬁrst discriminant function derived from DFA accounted for
44.3% of the total discriminatory power of the eight variables used
in the analysis, and the variable that contributed most to this
function was Durc. The second discriminant function explained
22.7% of the total discriminatory power, and the variable that
contributed most to this function was Fstart. These ﬁndings signify
that individuals can be differentiated based on the structure of
inquiry calls.
For the pDFA on group signatures, we analysed 253 inquiry calls
from 26 bats and seven groups. We analysed an average of 9.73
inquiry calls per bat (range 4e25) and 36.14 inquiry calls per group
(range 27e54). The ﬁnal variables used in the pDFA on group
signatures were the same as the ones retained for the analysis of
individual signatures, namely FMpeakS, Durs, ISI, FSpeakS, FultminS,
LocultminS, Syll, FEminC and LocultminC. Results of the pDFA with 1000
permutations indicated that 18% of calls were correctly assigned to
groups. The proportion of randomized data sets with the number of
correctly classiﬁed calls being at least as large as the average
number of correctly classiﬁed calls of the unrandomized data was
0.09 (which was also the P value for the test). Although there was

Table 1
Call component loadings for the three factors retained during PCA for inquiry calls of
Spix’s disc-winged bats, with the percentage of variance explained by each factor
after varimax rotation
Call component

Durc
Fstart
Fend
Fmed
Fpeak
Smin
Smax
Smed
Cmin
Cmax
Cmed
Variance

Factor
1

2

3

0.708
0.239
0.346
0.008
0.069
0.806
L0.741
0.138
0.936
L0.922
0.110
33.09

0.187
0.709
0.704
0.893
0.725
0.113
0.150
0.110
0.029
0.024
0.012
21.86

0.282
0.525
0.238
0.312
0.080
0.351
0.222
0.908
0.131
0.179
0.247
14.74

Bold values indicate the highest loading associated with a particular component (see
Methods for a description of call components).
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Table 2
Summary statistics of the one-way MANOVAs with the three and ﬁve retained
factors (for inquiry and response calls of Spix’s disc-winged bats, respectively) as
dependent variables and bat and group as the independent variables
Call type

Variable

Wilk’s l

F

ndf, ddf

P

h2

Inquiry

Bat
Group
Bat
Group

0.33
0.45
0.25
0.45

2.65
4.71
8.82
11.81

222,
87,
75,
30,

<0.001
<0.001
<0.001
<0.001

0.30
0.23
0.23
0.22

Response

1353
1350
1972
1646

Partial h2 values, which are comparable to R2 values in measuring effect size,
indicate signiﬁcant effects of bat and group for both inquiry and response calls.

no signiﬁcant discriminability in inquiry call structure among
groups, the borderline signiﬁcance of this test indicates that group
signatures may be biologically signiﬁcant, but are clearly weaker
than the observed individual signatures.
Response Calls
We analysed 618 response calls from 34 bats and 14 groups. Five
factors were retained for analysis after PCA and they explained
82.6% of the total variance. The ﬁrst two factors had high loadings
for components related to call and syllable frequencies, while the
last three factors had high loadings primarily for temporal
characteristics of both calls and syllables (Table 4). There were
signiﬁcant and comparable effects of bat (h2 ¼ 0.23) and group
(h2 ¼ 0.22) on response call structure (Table 2), although bat
explained a greater proportion of the variance in call structure than
group for all ﬁve factors considered (Table 3).
For the DFA on individual signatures, we analysed 618 calls from
34 bats, with an average of 18.18 calls per bat (range 10e34). The
ﬁnal variables used in the analysis, after removing variables
involved in high pairwise correlations, were FMpeakS, Durs, ISI,
FSpeakS, FultminS, LocultminS, Syll, FEminC and LocultminC. The classiﬁcation matrix showed that 86.2% of calls were correctly assigned,
and a Cohen’s k of 0.74 indicated that classiﬁcation based on the
discriminating variables was 74% better than chance assignment.
The mean randomized classiﬁcation rate (50 permutations) was
41.65% (range 36.4e44.8), indicating that the randomized rate was
smaller than the classiﬁcation rate from the original data. Overall,
these ﬁndings indicate that discrimination of individuals via
response call structure is possible based on the measured variables.
The most useful subset of discriminant variables, based on
a stepwise DFA, were Syll, FultminS, FEminC, FMpeakS, Durs, ISI, FSpeakS
and LocultminS. Thus, after accounting for the separation attributed
to the former variables, LocultminC did not contribute signiﬁcantly to
individual separation. The ﬁrst discriminant function derived from
DFA accounted for 30.3% of the total discriminatory power of the
eight variables used in the analysis, and the variable that

Table 3
Contribution of each independent variable, bat and group, to the variance of the
three and ﬁve retained factors (for inquiry and response calls of Spix’s disc-winged
bats, respectively) using the restricted maximum likelihood estimation of variance
Call type

Factor

Inquiry (N¼557)

1
2
3

Response (N¼618)

1
2
3
4
5

Variance component estimates
Bat (N[104)
0.10
0.29
0.28
Bat (N[34)
0.33
0.31
0.29
0.20
0.29

Group (N[30)
0.23
0.05
0.12
Group (N[14)
0.18
0.09
0.02
0.10
0.03
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Table 4
Call component loadings for the ﬁve factors retained during PCA for response calls of
Spix’s disc-winged bats, with the percentage of variance explained by each factor
after varimax rotation
Call component

Syll
LocultminC
Durc
FultminC
FSpeakC
FSminC
FSmaxC
FEpeakC
FEminC
FEmaxC
Durs
ISI
FSpeakS
FEpeakS
FCpeakS
FMpeakS
FultminS
LocultminS
Variance

Factor
1

2

3

4

5

0.001
0.001
0.035
0.891
0.944
0.942
0.929
0.091
0.079
0.108
0.119
0.118
0.710
0.637
0.659
0.676
0.628
0.143
30.08

0.032
0.079
0.025
0.208
0.077
0.093
0.046
0.955
0.946
0.934
0.071
0.300
0.614
0.673
0.668
0.660
0.686
0.105
26.50

0.978
0.001
0.972
0.026
0.067
0.053
0.064
0.039
0.033
0.050
0.147
0.266
0.123
0.094
0.128
0.133
0.129
0.067
11.15

0.047
0.766
0.002
0.070
0.124
0.085
0.147
0.041
0.070
0.038
0.344
0.236
0.029
0.217
0.108
0.090
0.176
0.777
8.37

0.119
0.012
0.004
0.019
0.015
0.014
0.028
0.019
0.003
0.058
0.747
0.633
0.017
0.023
0.076
0.064
0.073
0.100
6.51

Bold values indicate the highest loading associated with a particular component (see
Methods for a description of call components).

contributed most to this function was FSpeakS. In addition, the
second discriminant function explained 20.8% of the total
discriminatory power, and the variable that contributed most to
this function was ISI.
For the DFA on group signatures, we analysed 437 response calls
from 22 bats (mean ¼ 19.86, range 10e34) and seven groups
(mean ¼ 62.43, range 33e108). The ﬁnal variables used in the pDFA
on group signatures were Durs, ISI, FCpeakS, LocultminS, Durc, FultminC,
LocultminC, FEminC and FMpeakS. Results of the pDFA with 1000
permutations indicated that 26% of calls were correctly assigned to
groups. The proportion of randomized data sets with the number of
correctly classiﬁed calls being at least as large as the average
number of correctly classiﬁed calls of the unrandomized data was
0.07 (P value). Although there was no signiﬁcant discriminability
in response call structure among groups, as for inquiry calls, the P
value was sufﬁciently small to indicate that groups may show
biologically signiﬁcant differences in call structure, but these
differences are clearly less well deﬁned than the observed
individual signatures.
DISCUSSION
We examined individual and group variation in the structure of
T. tricolor inquiry and response calls, which are involved in maintaining contact with conspeciﬁcs and forming roost groups
(Chaverri et al. 2010). Results of our analyses support our hypothesis that both inquiry and response calls are sufﬁciently consistent
within individuals and divergent between individuals to permit
separation of bats based on call structure. Furthermore, we found
some evidence of group-speciﬁc call structures and, as we
hypothesized, these signatures appear to be less deﬁned than
individual signatures. While this does not conﬁrm that the bats
themselves can discriminate among individuals and groups based
on call information, our results certainly suggest that both call
types have a broad enough parameter space for this to occur.
Our ﬁndings are part of a growing body of literature documenting that contact calls not only function in mediating group
formation, but also regularly encode information about group and/
or individual identity. Contact calls that contain individual

signatures have been found in a wide variety of birds and
mammals, including dolphins (Sayigh et al. 2007), nonhuman
primates (Cheney et al. 1996), parakeets (Cortopassi & Bradbury
2006) and corvids (Kondo et al. 2010), among others. In some
cases, contact calls contain information about group and individual
identity (Crockford et al. 2004; Nousek et al. 2006), with different
call features encoding separate information about social afﬁliation.
Such information is likely to be important in mediating social
interactions within groups, and future work focused on how
animals use signature information to make behavioural decisions
will inform us about the multiple functions of contact calls.
Call Structure
We found that certain signal characteristics were especially
important for separating individuals. For inquiry and response calls,
both spectral and temporal factors were involved in discrimination.
This same pattern of encoding individual identity with speciﬁc
combinations of spectral and temporal cues has been shown in
many mammals, ranging from bats (Scherrer & Wilkinson 1993;
Bohn et al. 2007) to humans (Lavner et al. 2000; Anward 2002),
among others. Peak frequency (Fpeak) was the dominant spectral
characteristic deﬁning individual signatures in both inquiry and
response calls. This is not surprising, as Fpeak is relatively consistent
across calls compared to other variables that are frequently
adjusted to ﬁt environmental conditions (i.e. Fmin) or become
degraded due to atmospheric attenuation (i.e. Fmax).
Evolution of Contact/Recruitment Calls
Spix’s disc-winged bats form small (Vonhof & Fenton 2004),
highly stable social groups (Chaverri et al. 2010) that are loyal to
a very small patch of forest (0.18 ha home range; Vonhof et al.
2004). This social structure may explain why the inquiryeresponse calling system shows stronger differences between
individuals than between groups. If bats are able to remember the
distinctive signals of the few individuals in their group, there would
be less need for individuals to learn a call encoding a distinct group
identity marker. If the individual signature is known, the ﬂying bat
is identiﬁed as a group member; if the signature is not known, the
ﬂying bat is identiﬁed as a nongroupmate. Hence, individual
signatures would be important for mediating intragroup interactions, while the weaker group signatures could be useful for
classifying individuals ranging over wide areas to speciﬁc groups.
While social learning of group-speciﬁc call structures has been
shown in bats (Boughman 1998), similarities observed among
group members could be solely explained by call convergence due
to the high levels of offspring retention within groups and high
genetic relatedness among group members (Vonhof 2001; Chaverri
& Kunz 2011). Further studies documenting (1) the link between
call structure and genetic relatedness and (2) the impact of social
learning on group signatures are necessary to better understand
this system.
On the contrary, the social ‘screech’ calls of greater spear-nosed
bats exhibit group-speciﬁc, but not individual speciﬁc, signatures,
and these group calls are socially learned instead of genetically
determined (Boughman 1998). Yet, from an information capacity
standpoint, this group coding makes sense; P. hastatus roost in caves
that can contain more than 800 bats, and during emergence, the
period when screech calls are most commonly produced, large
numbers of conspeciﬁcs are exiting the roost over a short time
(Boughman & Wilkinson 1998). Even if the parameter space to create
individual signatures were available, it is unlikely that a bat could
retain the hundreds of associations between identity and call
structure that makes individual identiﬁcation possible. Alternatively,

E. H. Gillam, G. Chaverri / Animal Behaviour 83 (2012) 269e276

associating call structure with group identity would be substantially
more plausible because of the reduced number of groups and
associated signatures (Wilkinson & Boughman 1998).
The ability to discriminate individuals and groups based on the
structure of their inquiry calls may be especially beneﬁcial from an
evolutionary perspective. Thyroptera tricolor groups show high
relatedness due to strong all-offspring philopatry, leading to the
presence of multiple generations in a single group (Vonhof 2001).
As a result, helping groupmates may increase an individual’s
inclusive ﬁtness (Hamilton 1964). Roosting bats that respond to the
inquiry call of a ﬂying bat are advertising the location of a usable
leaf, and the ﬂying bat can use this information to locate a roost
more quickly. This may result in a reduction of predation risk and
energy spent during ﬂight, increasing ﬁtness for ﬂying individuals.
If roosting bats recognize group from nongroup members, and
selectively respond to the former, they would increase the chances
of survival and reproduction of a close relative, thus deriving
indirect ﬁtness beneﬁts.
Our results indicate that Spix’s disc-winged bats have the
potential to encode individual and group identiﬁcation into the
inquiry and response calls involved in contacting conspeciﬁcs and
forming roosting groups. In the future, it will be necessary to
conduct experimental playback trials using both call types to
determine whether bats actually have the ability to make such
discriminations. As we delve deeper into this interesting communication system, we hope to better understand the role social calls
play in maintaining stable social groups despite the extreme
ephemerality of leaf-roosting habitats and the associated daily
movement between leaves.
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