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Abstract
To maintain group cohesion while coordinating group movements, individuals might use signals to advertise the location of a
route, their intention to initiate movements, or their position at a given time. In highly mobile animals, the latter is often
accomplished through contact calls that are emitted at different rates by group members. Here, we describe and quantify intraand intergroup variation in contact calling rates in Spix’s disc-winged bats (Thyroptera tricolor), a species that employs distinct
inquiry and response calls to coordinate group movements during flight and while announcing roost locations. We evaluate the
extent to which groups are composed of individuals with similar calling rates and estimate variation among and within groups.
Our results show large variation in response calling rates among and within groups, both in terms of calling rates and the
probability of being vocal or not; for example, a large portion (35%) of bats sampled did not produce these signals. For inquiry
calls, we found that variation in calling rates was greater within than among groups, and in contrast to response calls, only a few
individuals (3%) did not produce inquiry calls. Overall, we found support for the existence of intra- and intergroup differences in
the context of contact calling in disc-winged bats, and our results suggest that different mechanisms may promote the evolution
and maintenance of varying calling rates for the two types of calls studied.
Significance statement
Animal communication networks are comprised of individuals with different vocal behaviors. However, we still do not fully
understand the mechanisms that facilitate individual and group variation in vocal behavior and how these differences affect group
cohesion in highly mobile organisms. Here, we describe and quantify contact calling behavior in Spix’s disc-winged bats
(Thyroptera tricolor) and evaluate whether vocal behavior is associated with group membership and call type. We found
consistent individual differences in contact calling rates, as well as among-group variation in calls associated to roost finding.
Our study provides a baseline for generating hypotheses regarding the costs and benefits of contact call production during group
movements.
Keywords Communication . Contact call . Repeatability . Thyroptera tricolor

Communicated by M. Knoernschild
Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00265-020-02837-w) contains supplementary
material, which is available to authorized users.
* Gloriana Chaverri
gloriana.chaverri@ucr.ac.cr
1

Sede del Sur, Universidad de Costa Rica, #4624 Alamedas,
Golfito 60701, Costa Rica

2

Smithsonian Tropical Research Institute, Apartado 0843-03092,
Balboa, Ancón, República de Panamá

3

Department of Biology, Centre for Biodiversity Dynamics (CBD),
Norwegian University of Science and Technology (NTNU),
N-7491 Trondheim, Norway

4

Department of Biological Sciences, State University of New York at
Oswego, Oswego 13041, NY, USA

57

Page 2 of 9

Introduction
Social behaviors such as aggression, spacing, gregariousness,
and grooming are unstable phenotypic traits (Lott 1991;
Blomberg et al. 2003; Georgiev et al. 2013; Carter and
Wilkinson 2015) that may vary within and among individuals
and groups across observations (e.g., Gero et al. 2009; Pruitt
and Riechert 2011). Variation in such behaviors may occur in
response to variable ecological, physiological, and developmental conditions (Snowdon and Boe 2003; Réale et al. 2007;
Groothuis and Trillmich 2011; Carter and Wilkinson 2015) or
in response to selective pressures favoring coexistence of different behavioral types within social groups (Dall et al. 2004).
Variation in social behaviors can be expected in species that
coordinate group movements. During group foraging, individuals often maintain cohesion by producing contact calls
(Kondo and Watanabe 2009). In a few species, it has been
reported that some group members are consistently more vocal, while others seldom produce contact calls (Guillette and
Sturdy 2011; Friel et al. 2016). In other species such as the
green woodhoopoes (Phoeniculus purpureus), all group members are equally likely to produce vocalizations during group
movement (Radford 2004). In those cases, continuous emission of contact calls by all group members may function as a
means to announce location and thus remain in contact with
group members. Notwithstanding, when an individual finds
an important resource, for example, a feeding patch or shelter,
or when deciding a specific traveling direction, group cohesion can be affected by a lack of consensus if several group
members vocalize. In such cases, group cohesion and coordination might be more efficiently preserved if only one or a few
individuals vocalize, particularly those that are more experienced or better informed of the location of resource (Couzin
et al. 2005). Thus, we expect individual differences in contact
calling behavior, specifically calling rates, to depend on the
context in which these sounds are used.
In this study, we first describe and quantify contact calling
behavior, focusing on calling rates, in Spix’s disc-winged bats
(Thyroptera tricolor). Second, we estimate differences in calling rates within and among groups to determine if production
of social calls is determined by group membership and/or call
type. Thyroptera tricolor is a highly mobile animal species
that employs acoustic signaling to coordinate group movements during flight and while locating roosts. This species
forms small, cohesive and highly related groups of an average
of five individuals (range = 2–12) that remain together for
several years (Findley and Wilson 1974; Vonhof et al. 2004;
Chaverri 2010; Chaverri and Kunz 2011; Buchalski et al.
2014). In addition, T. tricolor uses a unique roosting resource,
the developing furled leaves of plants such as Heliconia spp.
and Calathea spp. which are suitable as a roosting site for very
short periods of time (approximately 24 h; Vonhof and Fenton
2004). Such an ephemeral resource, which is only used by one
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social group at a time, forces bats to find a new roost daily
while maintaining contact with group members.
Acoustic experiments have shown that T. tricolor uses two
types of calls to maintain contact with roosting bats and other
flying group members (Chaverri et al. 2010). During flight,
bats emit, in addition to echolocation calls, a simple downward frequency modulated acoustic signal termed an inquiry
call (Fig. 1a). This call attracts group members, allowing flying individuals to remain in close contact. When an individual
locates and occupies a suitable furled leaf, it rapidly produces
a series of more complex signals, termed response calls (Fig.
1b). These calls are produced after hearing an inquiry call
emitted by bats flying nearby and provide greater information
capacity than inquiry calls (Gillam and Chaverri 2012). This
exchange of acoustic signals results in group members rapidly
locating and entering the occupied furled leaf (Chaverri et al.
2010, 2013). The inquiry and response calls have individual
signatures that might allow bats to discriminate between the
signals of group and non-group members; however, while bats
preferentially join their own group while searching for roosts,
bats inside furled leaves do not preferentially respond to group
members (Gillam and Chaverri 2012; Chaverri et al. 2013).
Furthermore, Spix’s disc-winged bats exhibit strong individual differences in calling rates, and their vocal behavior is consistent over time (Chaverri and Gillam 2015). For instance,
some bats have not produced response calls (non-vocal bats)
during the time in which they have been studied, while some
individuals consistently produce calls at varying rates (vocal
bats). It has also been found, in both experimental settings and
in the wild, that groups find roosts faster when a vocal bat is
inside, and bats that are more exploratory while searching for
roost-sites produce calls at higher rates (Sagot et al. 2018).
Here, we estimate variation in inquiry and response calling
rates within and among groups of varying sizes of T. tricolor
using a set of complementary analyses. We use a variance
partitioning approach to estimate the proportion of variation
among versus within groups for the two call types. We then
proceed to use randomizations to determine if observed variation in calling rates within groups reflects the variation in the
entire population. Overall, this study aims to determine if there
are group differences in behaviors associated with the maintenance of group cohesion.

Methods
Field and acoustic methods
We collected data on contact calling production for 142 individuals, from 33 different social groups (i.e., bats using the
same roost at the same time), in the Barú Biological Station in
Southwestern Costa Rica, from January 2017 through January
2019. All acoustic trials were conducted during the daytime,
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Fig. 1 Spectrograms showing a an inquiry call and b a response call. c A bout spanning from the emission of the inquiry call (n = 1) until the last
response call (n = 3)

as this is the period during which bats are actively searching
for roost sites if they become flushed from their roost sites
(Chaverri et al. 2010). Each sampling day, we looked for social groups by locating furled leaves that can potentially be
used as roosting sites by T. tricolor (Vonhof and Fenton 2004).
Once a roost was located, we captured all the bats within the
furled leaf and placed them into a cloth holding bag. We
sexed, aged, and determined reproductive condition for all
bats captured. All adults were fitted with transponders (Mini
HPT8; Biomark Inc., ID, USA), injected subcutaneously in
the mid-dorsal area for individual identification.
A total of 42 individuals from 11 social groups were
sampled for inquiry call production within a small portable flight cage (3 × 3 × 2 m). To record inquiry calls, we
released a single bat and kept the rest of the group in a
cloth bag in a cool shaded area, at least 10 m away from
the cage to avoid acoustic interference during test trials.
We allowed bats to fly for a maximum of 5 min while
recording them; after this period, we captured them using
a hand net. Inquiry calls emitted by flying bats were recorded with an Avisoft condenser microphone (CM16,
Avisoft Bioacoustics, Berlin, Germany) through Avisoft’s
UltraSoundGate 116Hm onto a laptop computer running
Avisoft-Recorder software (sampling rate 500 kHz, 16-bit
resolution). We repeated this process for all group members. We performed 113 recording sessions of inquiry
calling behavior. Few bats (8) were sampled only once;
the remaining individuals (34) were sampled for up to five
times (Supplementary Fig. S1).

For response calls, we ran trials with a total of 141 individuals from 33 social groups. During trials, we placed individual
bats within a tubular structure made of either a natural leaf
blade or transparent plastic; in both situations, bats remained
safely attached to the interior’s smooth surface. Because bats
only produce response calls after an inquiry call has been
emitted (Chaverri et al. 2010), we broadcasted previously recorded inquiry calls to elicit and record response calls to the
bats inside the tubular structure. These inquiry calls were collected from five individuals flying within a large flight cage
(3 × 4 × 9 m) for a total of 1 min; none of these individuals
were later included in our response calling trials. The aforementioned inquiry signals were used so that all test subjects
were exposed to the same stimulus, an unrelated and unfamiliar set of conspecifics, as bats within social groups are generally unrelated to bats in neighboring groups (Buchalski et al.
2014). A total of 67 inquiry calls were identified in the 1-min
recording; hence, while we present data on the number of
response calls per minute, we are referring to the number of
calls produced in response to these 67 inquiry calls. We broadcasted this set of inquiry calls through an Avisoft
UltraSoundGate Player to a broadband loudspeaker
(Ultrasonic Omnidirectional Dynamic Speaker Vifa, Avisoft
Bioacoustics, Berlin, Germany) to single bats placed inside
the tubular structure. To prevent the bats’ escape, we placed
a circular piece of mesh in the upper portion of the leaf; this
does not affect their calling behavior as previous studies suggest that a bat’s behavior is consistent among trials with and
without the mesh (Sagot et al. 2018; GC unpublished data).
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We placed the microphone near the entrance of the furled leaf,
and we recorded response calls onto a laptop computer following the same procedure for recording inquiry calls. We
broadcasted the 1-min recording of inquiry calls for 1, 5, or
10 min. We performed 234 recording sessions of response
calling behavior. For the response call trials, most bats were
sampled only once (63%), and 37% of individuals were sampled for up to four times (Supplementary Fig. S1). After each
trial, we provided mealworms (Tenebrio molitor) and water to
all the individuals.
We analyzed recordings for both trial types in SASLab Pro
(Avisoft Bioacoustics, Berlin, Germany). It was not possible
to record data blind because our study involved focal animals
in the field, and the person analyzing the data and the person
that collected the data on the focal animals were the same. For
each inquiry call trial, we measured the number of calls produced per minute, which was estimated based on the number
of calls produced during the period in which the bat was flying
in the flight cage. For each response call trial, we measured the
average number of response calls produced per minute or the
number of calls produced in response to the 67 inquiry calls
(see previous paragraph). These two different estimates of
calling behavior are suitable to understand individual differences within social groups, as previous studies have found that
average calling rates are highly repeatable (i.e., individual
differences are maintained over time) in T. tricolor (repeatability for inquiry calling rates, 0.46 [95% CI = 0.25–0.68]; repeatability for response calling rates: 0.49 [0.39–0.70];
Chaverri and Gillam 2015). Also, we used different measures
of calling rates as inquiry calls are emitted spontaneously by
bats during flight without the need to first broadcast other
signals, whereas response calls are only emitted by bats after
hearing an inquiry call.

Statistical analyses
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Variance partitioning approach
To understand the relative contribution of groups and individuals on variation of inquiry and response contact
calling rates, we used mixed effect models. We estimated
the amount of variation associated to among-group differences, as well as differences within groups among individuals, by fitting random intercepts for individual identity (n = 141 individuals) and group identity (n = 33 social
groups). Moreover, because multiple studies have found
that age and sex can predict variation in vocal behavior
(e.g., Baptista and Petrinovich 1986; Kipper and Kiefer
2010), in our models, we fitted these factors as fixed
effects. Age was treated as a categorical variable, and bats
were classified as either adults or subadults; the former
classification is based on signs of previous reproductive
activity (Racey 1988; Chaverri and Vonhof 2011).
We estimated repeatability of group calling behavior as the
ratio between the variance explained by the random effect
group and the total phenotypic variance (Nakagawa and
Schielzeth 2010). For the response calls, we calculated the
residual variance following Nakagawa and Schielzeth
(2010). We assumed a Gaussian error distribution for call rate;
thus, we applied a square root transformation on call rate to
approximate normality in the residuals. In many instances,
individuals did not emit response calls, leading to zero inflation. Thus, we analyzed probability of responding as a binary
trait. We fitted a generalized linear model, where we modeled
the probability of responding or not in a given recording. We
fitted the models in the R package lme4 (Bates et al. 2015) to
estimate a posterior distribution of the parameter estimates
using the R package arm (Gelman and Hill 2006). We present
the mean and 95% confidence intervals of these posterior
distributions. We used log-likelihood ratio tests to determine
the statistical significance of the random effects (Pinheiro and
Bates 2000).

Coefficient of variation
Randomization approach
To estimate differences in variation between inquiry and response calling rates among individuals, we computed the
within-group coefficient of variation (i.e. intragroup variation
in call emission rates) based on the maximum number of inquiry and response calls registered per individual in any trial.
We performed a two-way ANOVA with coefficient of variation as the dependent variable and call type (inquiry and response), group size (ranging from 3 to 6 bats for response calls
and 3 to 4 for inquiry calls), and the interaction as factors. We
only used these group sizes because we had at least 3 replicates (i.e., separate groups with the same number of individuals) for them in our data set. For this analysis, we worked on
a total of 9 groups and 31 individuals for inquiry calling trials
and 28 groups and 119 individuals for response calling trials.
We performed all analyses in R 3.0.2.

To determine if variation in call rate of inquiry and response calls within social groups reflects the overall variation in the population, we used a randomization approach. For this, we randomly permutated the number of
calls produced by all the individuals per group size (ranging from 3 to 6 bats for response calls and 3 to 5 for
inquiry calls; see sample size in methods section
“Coefficient of variation”) and assigned them to randomly
created groups of the same size. This procedure was replicated 1000 times for each group size, using the mean
number of calls produced by individuals across recording
sessions. We then compared the mean and standard deviation in calling rates between observed and randomly created groups.

Behav Ecol Sociobiol

(2020) 74:57

Page 5 of 9

Data availability
The datasets analyzed during the current study are available in
the Figshare repository (https://doi.org/10.6084/m9.figshare.
9916127.v2).

Results
Variation in calling rates
The average number of bats found within social groups
was 4.27 (±SD = 1.26, range = 2–7). Bats emitted an average of 5.98 inquiry calls (± 5.38, 0–25) and an average of
18.57 response calls per minute (±32.97, 0–159). We found
that the overall coefficient of variation in calling rates was
greater for response calls (CVinquiry, 62.13; CVresponse,
116.96). The two-way ANOVA showed a significant effect
of call type on the coefficient of variation (F1/31 = 10.56,
p = 0.002) but no differences in CV among-group sizes
(F 3/31 = 1.08, p = 0.37) nor in the interaction between
group size and call type (F1/31 = 2.15, p = 0.15; Table 1
Therefore, individuals within groups produced response
calls at very different rates compared with inquiry calls,
with many individuals producing few or no response calls
and others producing more than 100 per minute (Fig. 2).
Also, we found significant differences between the proportion of vocal (i.e., produced at least one call during any
trial) and non-vocal (i.e., did not vocalize in a trial) bats
for both inquiry and response calling (Chi2 = 17.08, df = 1,
P < 0.001); only a few (i.e., 3%) bats were non-vocal during inquiry calling trials, whereas a larger portion of individuals (i.e., 35%) did not produce response calls (Fig. 3).

Sources of variation in contact calling
Males produced more inquiry and response calls than females (Table 2). However, age did not affect the production of inquiry or response calls. We found consistent
group differences in inquiry calling rate (σ2 = 0.20 [95%
CI = 0.08, 0.40]; p = 0.02) and response calling behavior
(σ2=1.57 [0.92, 2.34]; p < 0.01). Group repeatability for
Table 1 Coefficient of variation (CV) for inquiry and response calling
rates within groups of varying sizes
Group size
3
4
5
6

CV inquiry

CV response

82.80
41.46

125.04
140.65
106.02
96.15
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inquiry calling was 0.13 (95% CI = 0.05, 0.23) and for
response calling rate was 0.15 (0.09, 0.22). We also found
that within each group, individuals produced inquiry calls
at different rates, and those differences were maintained
over time (σ2 = 0.48 [0.30, 0.71]; p < 0.01). We found the
same pattern in response calling behavior (σ2 = 0.97 [0.76,
2.34]; p < 0.01). Individual repeatability for inquiry calling was 0.31 (0.22, 0.39) and for response calling was
0.09 (0.07, 0.12). In summary, we found that 31 and 9%
of the variation in inquiry and response calling rates, respectively, are associated to individual differences, while
13 and 15% of the variation in inquiry and response calling rates are explained by differences among groups.
These results show that individuals within groups differ
in their vocal behavior (i.e., there are individuals that
consistently call more than others) and that there are
among-group differences in vocalization rates (i.e., there
are groups that call more than others) (Table 2).

Randomization tests
For inquiry calls, group variation in calling rates did not differ
from randomly created groups after accounting for group size
(t2.02 = − 0.231, p = 0.838, Fig. 4). Similarly, variation in response calling rates in randomly created groups did not differ
from observed variation (t3.20 = 0.752, p = 0.503). These results show that variation in inquiry and response calling rates
within groups is similar to the variation observed in the entire
population, yet there is a wider dispersion of within-group
variation in real data, which suggests that calling rates are
similar in some groups but very different in others (Fig. 4).

Discussion
In this study, we show that Spix’s disc-winged bats exhibit within- and among-group variation in contact calling
rates; our results thus corroborate and extend previous
findings by Chaverri and Gillam (2015) on variation in
contact calling behavior in T. tricolor. More specifically,
we confirm that call rates differ among individuals for
inquiry and response calls, and we additionally demonstrate among-group differences for inquiry and response
calls. Interestingly, our results point to different mechanisms promoting the appearance and maintenance of vocal behavior for the two types of calls studied. The results
of our randomizations and the variance partitioning approach confirm both within- and among-group variation
in both inquiry and response calling rates. However, the
coefficient of variation suggests that there is more withingroup variation in response calling rates than for inquiry
calling rates. In summary, our results demonstrate a small
variation in inquiry calling rates within and among groups
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Fig. 2 Mean number of inquiry
(upper panel) and response (lower
panel) calls emitted per individual
according to age (A, adults; SA,
subadults) and sex. Error bars
indicate the minimum and
maximum number of calls. We
present data for individuals that
we tested at least twice

and a larger variation in response calling within and
among groups, both in terms of calling rates and the probability of being vocal or not.
In T. tricolor, groups seem to be composed of a mixture of
vocal and non-vocal individuals in the context of response
calling, where many bats do not produce this type of acoustic
signal. Having a mix of vocal and non-vocal individuals in
response calling behavior can potentially promote coordination of social groups, by facilitating informed decisions and
consensus on the location of suitable roosts (Couzin et al.

2005). Efficient roost finding based on informed decisions
may be achieved by following vocal individuals that
disproportionally contribute to the location of these resources;
in support of this, previous studies show that individuals
which produce more response calls tend to be more

Table 2 Estimates for the mixed effect models to study the sources of
variation in contact calling behavior

Fixed effects (β)
Intercept
Age (subadult)
Sex (male)
Random effects (σ2)
Individual
Group
Residual
Repeatability (R2)
Individual
Group
Fig. 3 Percentage of individuals that were vocal (produced at least one
call) or non-vocal (did not produce a call) for inquiry and response calling
trials

Inquiry calls

Response calls

1.68 (1.23, 2.15)

− 0.47 (− 1.11, 0.18)

0.21 (− 0.56, 0.96)
0.70 (0.01, 1.36)

0.51 (− 0.76, 1.76)
1.28 (0.56, 2.03)

0.48 (0.30, 0.71)
0.20 (0.08, 0.40)
0.87 (0.66, 1.14)

0.97 (0.76, 2.34)
1.57 (0.92, 2.34)
–

0.31 (0.22, 0.39)
0.13 (0.05, 0.23)

0.09 (0.07, 0.12)
0.15 (0.09, 0.22)

Inquiry calls were modeled assuming a Gaussian error distribution, while
response calls were modeled assuming a binomial error distribution. We
present the mean and the 95% confidence intervals in parenthesis
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Fig. 4 Average variation (represented by the standard deviation, SD) in the number of inquiry and response calls produced per minute in randomized and
observed social groups

exploratory and locate more roosts on a daily basis (Sagot
et al. 2018). However, having many vocal bats may counterintuitively make the group less efficient because there can be
conflicts in the process of decision-making (i.e., which roost
to go to), especially when there is more than one suitable roost
available within the group’s home range. Indeed, Couzin et al.
(2005) found that accuracy of group movements toward the
preferred direction increased asymptotically as the proportion
of informed individuals increased, but as group size became
larger, the relationship was increasingly nonlinear because
individuals might not reach consensus.
We also observed variation in inquiry calling rates, yet
unlike response calls whereupon many individuals did not
vocalize, most bats sampled in our study produced some inquiry calls during our trials. Inquiry calls are emitted by bats to
maintain contact with group members during flight (Chaverri
et al. 2010, 2013; Gillam and Chaverri 2012; Montero and
Gillam 2015), suggesting that each bat benefits by consistently producing these signals. Many studies show that information transfer becomes less efficient as groups become more
dispersed (Sueur et al. 2011). Thus, having a larger number of
individuals vocalizing during group movements may decrease
uncertainty and increase social coordination (Bousquet et al.
2011).
Individual differences in both inquiry and response
calling rates might be associated with available energy
reserves. It has been shown that call production is energetically intense for bats (e.g., Speakman et al. 1989;
Ophir et al. 2010; Dechmann et al. 2013); correspondingly, Spix’s disc-winged bats in low body condition/weight
or in energetically demanding periods, such as during

lactation, are also less likely to produce contact calls
(Chaverri and Gillam 2015; Sagot et al. 2018). Other potential sources of variation in calling rates, including differences in the ratio of males to females, juveniles to
adults, or relatedness among group members, should also
be addressed in further studies, particularly since a large
portion of the variation in inquiry and response calling
rates (56 and 76%, respectively) was unexplained by individual or group differences. Understanding the sources
of variation in calling behavior will provide important
insights into the mechanisms generating different vocal
phenotypes within and among groups.
In this study, we found support for the existence of intraand intergroup differences in contact calling rates in discwinged bats. While our current results and those of previous
studies (i.e., Chaverri and Gillam 2015) suggest that individuals behaved in a specific manner over multiple trials, we
cannot conclude that individuals maintain their vocal behavior
throughout their lifespan nor have we looked at the role of
reproductive condition and resource availability in contact
calling rates. In the future, we intend to more closely monitor
individuals and measure short- and long-term trends in contact
calling rates to explore the role of learning, individual condition, energy limitation, and relatedness in contact call variability, to elucidate the mechanisms facilitating the evolution of
phenotypic variation in the context of social communication.
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