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Animal vocal communication research traditionally focuses on acoustic and
contextual features of calls, yet substantial information is also contained in
response selectivity and timing during vocalization events. By examining
the spatiotemporal structure of vocal interactions, we can distinguish
between ‘broadcast’ and ‘exchange’ signalling modes, with the former
potentially serving to transmit signallers’ general state and the latter
reflecting more interactive signalling behaviour. Here, we tracked the
movements and vocalizations of wild meerkat (Suricata suricatta) groups
simultaneously using collars to explore this distinction. We found evidence
that close calls (used for maintaining group cohesion) are given as signal
exchanges. They are typically given in temporally structured call–response
sequences and are also strongly affected by the social environment,
with individuals calling more when they have more neighbours and
juveniles responding more to adults than the reverse. In contrast, short
note calls appear mainly in sequences produced by single individuals and
show little dependence on social surroundings, suggesting a broadcast
signalling mode. Despite these differences, both call categories show
similar clustering in space and time at a group level. Our results highlight
how the fine-scale structure of vocal interactions can give important
insights into the usage and function of signals in social groups.

This article is part of the theme issue ‘The power of sound: unravelling
how acoustic communication shapes group dynamics.'

1. Introduction
Understanding the function and potential informational content of animal
calls [1,2] requires examining the acoustic structure of signals and the context
of their production, but also the temporal and spatial dynamics of signal-
ling events. The interactive flexibility of vocal signalling could serve as
an extension of the communication system beyond a fixed signal–function
relationship [3]. Thus, examining the temporal and spatial dynamics of vocal
exchanges can allow us to gain insight into the function of calls and how
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they are used to mediate social interactions, beyond the informational content reflected in their acoustic structure.
Signalling events can lie on a spectrum from single-caller signals to multi-participant vocal interactions [4–6], and can range

from call-and-response exchanges, through duets with complementary roles for each participant, to highly synchronous vocal
choruses [7–9]. Different temporal patterns of signalling events are often driven by different communicational goals, and vary
in their potential for exchanging information with specific individuals. Partially or fully overlapping signalling can be beneficial
as signals can be perceived from a greater distance [10], but receivers often have a reduced ability to recognize individual
signallers [11]. On the other hand, alternating, call-and-response signalling can make it easier for receivers to identify and
localize signallers. Such patterns can be beneficial for mate attraction [12] and generally for maintaining contact with designated
partners [13].

In  a  framework similar  to  the  distinction between solo,  duet  and chorus  songs  in  birds  [14]  or  mammals  [15],  we
can define  signalling events  according to  their  organizational  properties  [10].  We define  ‘signal  exchanges’  as  antiphonal
interactions  between conspecifics  in  which each turn mobilizes  a  co-participant  to  a  ‘response  of  a  particular  type’.
Under  this  condition,  a  signaller  is  likely  to  have an expectation of  a  response  [16]  and a  receiver  is  stimulated to
produce one [17,18]  to  fulfil  the  communicational  goal  of  an interaction.  Consequently,  signal  exchanges  are  likely  to
demonstrate  a  consistent  temporal  structure  [13,19],  and in  many cases,  the  initiation,  response  latency,  duration and
intensity  of  such interactions  may be  dependent  on the  relationship between the  participants  [18].  In  contrast,  we can
define  a  divergent  pattern,  ‘signal  broadcasts’,  as  signalling events  that  are  mainly  driven by an environmental  stimulus
or  internal  state  [20]  and are  not  directly  contingent  on the  perception of  conspecifics’  presence  or  calls.  While  such
events  can be  intensified by social  facilitation [21],  there  is  no response  per  se  to  preceding signals  [6,22]  nor  are  there
necessarily  expectations  for  receivers  to  reply.  Independent  vocal  streams by multiple  individuals  are  therefore  expected
to  result  in  calling bouts  with  weak temporal  coupling between callers  rather  than forming distinct  interactions  with
other  conspecifics.  Examples  of  signal  broadcasts  include solo  songs  and the  rare  examples  of  asynchronous choruses
[23],  as  well  as  other  more  contextually  driven signalling events  such as  alarm calls  [24,25].

Distinguishing between the temporal patterns of signalling behaviour in multi-participant interactions requires constructing
an accurate timeline of call emissions from several individuals (ideally, all members of a social unit) to precisely monitor call
timing. It is also important to have information about the relative positions of conspecifics during signalling events, as signal
relevance is expected to vary between nearby and distant individuals. Finally, pre-existing knowledge on the composition and
function of the species vocal repertoire is needed to assess the dynamics of calling events from informational and contextual
perspectives.

In  this  work,  we fulfilled the  above requirements  by collecting simultaneous acoustic  and spatial  tracking data  on
groups of  meerkats  (Suricata  suricatta)  in  their  natural  environment.  To do so,  we deployed collars  on all  or  most
members  of  meerkat  groups that  recorded continuous audio  data  and sampled GPS positions  every second.  We used
this  unique dataset  to  investigate  the  spatiotemporal  structure  of  multi-participant  signalling events  for  different  call
types.  Investigating the  detailed temporal  and spatial  dynamics  of  calling allowed us  to  disentangle  signal  broadcasts
from signal  exchanges,  while  also  linking the  observed patterns  to  the  proposed function of  the  emitted signals  [26].

Meerkats  are  social  mongooses  native  to  southern Africa.  Their  complex social  system,  extensive  vocal  repertoire  and
tractability  of  observation have made them one of  the  most  intensively  studied wild mammalian species  in  the  past
quarter  of  a  century.  Most  of  meerkats’  behaviour  is  accompanied by calling,  and their  vocal  repertoire  has  been well
described in  terms of  acoustic  structure,  size  and contextual  function [27–29].  The two most  frequently  emitted call
types  in  the  meerkat  vocal  repertoire  are  ‘close  calls’ (cc  [29–31])  and ‘short  note  calls’ (sn  [32–34]).  Adult  individuals
emit  close  calls  mainly  during foraging,  at  an average rate  of  6  calls  min–1  [35].  Close  calls  function to  maintain  group
cohesion,  with  higher  individual  call  rates  when meerkats  are  foraging closer  together  [36],  and these  ‘vocal  hotspots’
have been shown to  guide distant  individuals  towards  them [37].  Additionally,  spatially  isolated individuals  (>10  m to
nearest  neighbour)  showed a  tendency to  increase  their  close  call  rates,  perhaps  to  attract  group members  and prevent
further  separation [36].

Short  note  calls  have a  broader  behavioural  context  in  meerkats.  Several  sequential  variations  of  short  notes  are
produced in  a  sentinel  (guarding)  context  and,  dependent  on the  call  subtype,  function as  ‘all-clear’  calming or
low-level  warning signals  [33,38].  Outside  of  the  sentinel  context,  short  notes  are  emitted during meerkats'  morning
sunning behaviour  and are  hypothesized to  have a  bonding and appeasing function [32].  Additionally,  short  notes  have
been observed to  be  emitted during fast,  directed travel  bouts  [34],  which often involve  multiple  individuals  or  the
entire  group.

The aims of  this  study were  twofold:  (i)  to  establish  an analytical  framework for  characterizing different  spatiotem-
poral  patterns  in  multi-participant  signalling events;  and (ii)  to  link these  spatiotemporal  patterns  to  their  function and
the communication goals  of  the  signallers.  Within  the  meerkat  study system,  we expected that  close  calls,  previously
reported as  contact  and separation avoidance  calls,  would form signal  exchanges—structured vocal  interactions  with
neighbouring conspecifics  that  are  affected by social  surroundings  [36,37].  With  regard to  the  short  note  calls,  given
the diverse  behavioural  contexts  in  which they are  produced,  we had no defined predictions  about  short  note  calling
patterns.  However,  the  comparable  frequency of  close  calls  and short  note  calls  in  the  meerkat  vocal  repertoire  allowed
for  a  direct  comparison and exploration of  differences  in  their  spatiotemporal  patterns.
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2. Methods
(a) Field procedures
We collected data  between June and August  in  2017 and 2019 at  the  Kalahari  Research Center,  in  Kuruman River
Reserve,  Northern Cape,  South Africa.  We carried out  six  collar  deployments  (3  in  2017 and 3  in  2019)  in  meerkat
groups of  7–18  individuals,  chosen by the  level  of  habituation (allowing short-range access,  continuous observation
and tag deployment  via  magnetic  clasps  without  capture).  All  procedures  were  approved by ethical  committees  of  the
University  of  Pretoria,  South Africa  (permit:  EC031-17)  and the  Northern Cape Department  of  Environment  and Nature
Conservation (permit:  FAUNA 1020/2016).

(b) Tag design
Tracking collars  consisted of  a  GPS unit  (Gipsy 5,  TechnoSmArt  Europe Srl,  Italy)  with  a  miniature  audio  recorder
(Edic-mini  Tiny+ A77,  TS-Market  Ltd.,  Russia),  mounted on 5  mm wide leather  strap and weather  sealed by two-part
epoxy glue.  We punctured a  small  hole  in  the  epoxy layer  at  the  location of  the  microphone to  enable  sound passage.
The audio  unit  was  positioned below the  chin  of  the  animal  and the  GPS unit  and antenna were  positioned at  the
back of  its  head for  improved reception.  Assembled tags  weighed 22–24 g,  well  below the  accepted threshold of  5%
body weight  of  the  animal  [39].  For  juvenile  meerkats  too small  to  wear  a  GPS/audio  collar,  we instead fitted a  lighter
(8–10 g)  collar  containing the  audio  unit  only.

To quantify  the  relative  spatial  error  of  our  GPS tags,  we measured the  distance  between pairs  of  tags  when they
were  placed at  the  same location (stationary error)  and when they were  moved together  along the  same track (moving
error)  at  the  field  site.  The median (+  interquartile  range)  relative  error  was  3.4  m (2.0–5.0  m)  for  stationary tags  and
1.0  m (0.7–1.5  m)  for  moving tags.

(c) Tag deployment duty cycle and retrieval
Audio recorders were programmed to record at 8 kHz, 16-bit and GPS sample rate was set to 1 fix s–1. All units were
programmed to activate daily for 3 h (electronic supplementary material, table S1), during times when meerkats engage in
group foraging, out of which 1 (middle) h of audio was analysed. For detailed deployment times and dates, see electronic
supplementary material, table S1. For detailed collar design and deployment procedures, see Averly et al. [40].

Nine animals that could not be collared, including one individual per group that already wore a radio collar for locating the
group in the field, were recorded by a human observer in a continuous follow session. The focal-follow audio was recorded
using a Marantz PMD-661 solid-state digital recorder (Marantz, Japan) and a directional Sennheiser ME66 microphone with
K6 power module (Sennheiser electronic GmbH, Germany), sampling rate 44.1 kHz, 16-bit. The microphone was placed on a
telescopic boom pole and held at ~30 cm from the focal animal. A GPS receiver was attached to the end of the microphone,
functioning in the same mode as the units in the collar tags.

(d) Synchronization of audio recordings
To ensure the accurate synchronization of audio files collected by different audio recorders, which could suffer from internal
clock drift, we used a ‘talking-clock’ Android app (Talk! Stopwatch & Timer), which itself was synchronized with UTC time
using a GPS clock. The app was programmed to produce a ‘ping’ and announce the time through a speaker every 90 s, and
the speaker was carried by one of the observers in the group to ensure all meerkat collars recorded the sound. Meerkats are
generally habituated to the presence of humans and occasional sounds from electronic devices such as radios, and they showed
no visible response to the synchronization pings. Synchronization pings were later retrieved from the recorded audio and their
known time stamp (UTC) was used for calculating the corrected time stamp of the recorded meerkat calls. The time stamp
correction was done separately for each recorder unit to ensure accurate synchronization despite potentially different rates of
clock drift.

(e) Audio data processing
The recorded audio files were reviewed in Adobe Audition, build 13.0.8.43 (Adobe Inc., San Jose, CA, USA). Spectrograms
were generated using a non-overlapping Blackman-Harris windowed samples 0.032 s (256 samples) resulting in spectrograms
with a frequency resolution of 31.25 Hz every 0.032 s. Call types were identified and categorized manually by visual–auditory
inspection based on a previously established library of meerkat vocal repertoire [34] and labelled using the Adobe Audition
markers function. The call identification was done by six trained assistants and verified for consistency by V.D., B.A. or
L.L. Subsequent verification of inter-observer consistency was performed. 2.1% of the labelled audio material was randomly
selected, anonymized and assigned to a different observer for repeated labelling. The original call classification and the
verification results were tested for inter-observer agreement by calculating Cohens’ Kappa coefficient [41]. With a sample of
1504 calls that were labelled by two independent labellers, the calculated Kappa scores indicated substantial agreement between
labellers (Kappa = 0.72, z = 44.7). Kappa calculations were done in R, v. 4.3.1 [42] (package irr v. 0.84.1 [43]).
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(f) Identifying focal and non-focal callers
Since  wearable  audio  tags  often record calls  of  nearby conspecifics,  the  identified and labelled vocalizations  were
marked as  focal  (call  produced by the  animal  wearing the  audio  tag)  or  non-focal  (call  produced by a  near  neighbour).
The distinction between focal  and non-focal  calls  was  based on manual  amplitude comparison by a  human labeller  and
on automated comparisons  of  both  spectral  and temporal  features  of  the  calls.  See  electronic  supplementary  methods
for  further  details.

(g) GPS positioning
To increase  the  reliability  of  the  GPS data,  all  fixes  taken 60  s  before  and 60  s  after  a  lost  signal  instance,  or  with
fewer  than five  satellites  detected,  were  omitted from the  dataset.  Likewise,  instances  of  biologically  unlikely  speeds
(more  than 10  m between two fixes)  were  omitted.  Coordinates  were  converted from WGS84 to  UTMS34 [44]  for
convenience  of  spatial  analyses.

(h) Data analysis
From the  time-synched audio  streams,  we reconstructed a  time series  of  each call  produced by each individual,  its  start
and end time (synchronized to  UTC time)  and its  call  type (see  table  1).  As  some calls  comprised several  distinct  units
(notes)  given in  quick succession (with  less  than 0.1  s  of  silence  between units)  each such sequence  was regarded as  a
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Figure 1. Transition matrices for (a) self-reply call pairs (in which two sequential calls were emitted by the same individual) and (b) non-self-reply call pairs (in which
sequential calls were emitted by different individuals). The values in the tiles represent the relative association between initiation call type (x) and the response call
type (y) while accounting for the total number of transitions with initiation call type (x). The colours denote over- (orange) or under- (purple) representation of each
call pair combination. The values correspond to p estimation significance levels (i.e. pbin > 3: p < 0.001; > 2: p < 0.01; > 1.3: p < 0.05; if < 1.3: NS). The script was
adapted from Gries [52].

Table 1. Call-type categories used, their abbreviation codes, proposed function and sample sizes in the dataset.

call category call code function/emission context comprising call types number of identified calls

close call cc group cohesion, foraging [36,37] cc and hybrid cc 47 083

short note sn appeasing, sentinel, sunning [32,33] sn and hybrid sn 15 048

social call soc begging, general social interaction [34,45] soc and hybrid soc 3143

aggression call agg physical conflict [34] agg and chat 1807

move call mo movement speed, sentinel [46] mo and hybrid mo 1650

alarm al predator alarm [33,47] aerial and terrestrial al 1605

lead call ld movement initiation [34,48] ld and hybrid ld 459

unknown ukn unidentified calls 248

4

royalsocietypublishing.org/journal/rstb 
Phil. Trans. R. Soc. B 379: 20230188



single  call  in  the  analysis  of  call-type transitions  and caller  sequences.  The analyses  looking at  spatiotemporal  dynamics
and clustering of  calls  were  performed on the  note  level.  To simplify  analysis  and reduce the  ambiguity  of  call-type
identification,  the  labelled call  types  were  collapsed into  the  seven most  prevalent  categories  emitted by adult  meerkats.
Intermediate  calls,  which were  identified by labellers  as  hybrids  between two call  categories  (5% of  the  dataset),  were
assigned to  the  call  category that  was  more  abundantly  represented in  the  meerkat  repertoire.  Calls  that  could not  be
reliably  assigned to  any of  the  categories  were  marked as  unknown.  Overall,  the  dataset  used here  includes  a  total  of
71 043  calls  over  the  course  of  26  h  of  full-group tracking data  (electronic  supplementary  material,  table  S1).

(i) Call category transitions in vocal sequences
As an initial  step,  we first  established whether  sequentially  emitted calls  form stable  combinations  and which call
categories  in  the  meerkat  vocal  repertoire  are  frequently  emitted together.  To do so,  we examined the  transition
probabilities  between the  seven call  categories  defined for  this  study.  To determine the  relevant  time frame of  call
transitions  in  meerkats  we generated a  distribution of  all  inter-call  interval  times.  In  90% of  cases,  for  any given
call  the  next  call  was  produced within  2.31  s  ((median =  0.656  s;  IQR =1  s)),  so  as  a  precaution towards  excluding
temporally  independent  signalling events,  the  upper  10% of  the  call  transition times  (>2.31  s)  were  omitted from
subsequent  analysis.  To examine the  occurrence  of  different  call-category pairs  we adopted the  multiple  distinctive
collocation analysis  (MDCA) described in  Bosshard et  al.  [49]  and used it  for  quantifying ‘collocations’ (grammatical
constructions)  in  human [50]  and animal  [51]  communication.  Briefly,  the  method calculates  binomial  probabilities  for
every possible  call  category combination (accounting for  sample  size)  and log-transforms them for  estimation of  under-
or  over-representative  combinations  (the  greater  the  value,  the  stronger  the  association between call  categories  in  the
combination).  As  described in  the  literature,  the  method assesses  the  association between sequential  call  pairs  produced
by one individual.  Here,  we adapted the  method to  also  assess  the  association strength between call  pairs  when
produced by two different  callers  and repeated the  MDCA analysis  with  two subsets  of  the  data:  (i)  both calls  in
the  pair  were  produced by the  same individual  (self-reply)  and (ii)  the  calls  in  the  pair  were  produced by different
individuals  (non-self-reply).

(j) Caller transitions in vocal sequences
Calls  produced as  part  of  signal  exchanges  should show evidence  of  caller  transition (i.e.  individuals  calling after
others  have called)  within  a  relatively  short  time period.  To assess  whether  close  calls  (cc)  are  likely  to  appear  in
structured call-and-response signal  exchanges,  and more  generally,  how commonly caller  transitions  occur  in  meerkats
across  different  call  categories,  we calculated the  proportions  of  self-reply  and non-self-reply  call  pairs  in  our  data.
Given the  strong tendency for  calls  to  be  followed by calls  of  the  same category in  the  meerkat  repertoire  (figure
1),  we assessed the  rate  of  self-reply  versus  replies  to  others  (non-self-reply)  for  homogeneous call  pairs  representing
the  five  call  categories  that  appeared most  frequently  in  our  dataset  (cc–cc:  34 428  pairs;  sn–sn:  7213  pairs;  soc–soc:
1112 pairs;  agg–agg:  669  pairs;  and al–al:  739  pairs),  thus  allowing robust  inference.  Move (mo)  and Lead (ld)  calls
were  excluded due to  the  low sample  sizes  of  homogeneous call  pairs  for  these  categories  (284  and 51  occurrences,
respectively).  We calculated the  probability  of  caller  transition between consecutive  calls  of  the  same category as  the
proportion of  non-self-reply  events  across  all  consecutive  call  pairs  of  that  category.  To test  for  differences  between
the  calculated non-self-reply  proportions  across  call  types,  we performed a  Pearson’s  chi-squared test  and a  post  hoc
pairwise  comparison with  Bonferroni  correction for  multiple  testing.

To further investigate the caller transition dynamics of sequential signalling events beyond call pairs, we focussed only on the
two most abundant call categories (close calls and short notes), which together represented 87% of the calls in our dataset. The
other categories were omitted due to their relative scarcity in our data (table 1). Keeping the maximal inter-call interval at 2.31 s,
we extracted all sequences of 2–3 calls of the same category where all callers were within a 10 m radius of the initial caller. This
distance threshold was chosen based on the maximal range at which calls were likely to receive responses (see §k). Within these
sequences, we then recorded the identities of callers. The first caller in a sequence was designated caller A. The next caller was
designated as B (if different from the first caller) and the third caller was designated as caller C (if different from both first and
second callers). We also included sequences where no third call was produced within the maximal inter-call interval (denoted
here as ‘stop’). Based on these sequences, we calculated the relative proportions for the possible caller combinations of 1–3 callers
(A–A–stop, A–A–A, A–A–B, A–B–stop, A–B–A, A–B–B and A–B–C). To assess whether the proportions derived from the data are
different from randomly produced calls, we compared the resulting proportions to a null distribution of caller sequences based
on permuting the times of calls. For details see electronic supplementary material, figure S2.

(k) Spatiotemporal dynamics of vocal exchanges
Calls produced as part of a signal exchange are likely to be temporally structured, and potentially more distance-dependent, in
comparison to broadcast signals. To investigate the temporal and spatial properties of dyadic call interactions, we measured the
rate at which individuals produced calls at different times both leading up to and following calls from their conspecifics, when
located at different distances away from them. To estimate typical call–response patterns as a function of the spatial separation,
we aggregated data from all pairs of individuals and all calls of the relevant category. First, we identified all instances in which
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an individual (which we designate as the caller) gave a call (the focal call) and created time series (with t = 0 as the time when
the focal call was given) that included the call rates of other nearby individuals (designated as potential responders). Potential
responder call rates were binned based on the distance to the caller (0–2, 2–5, 5–10 and 10–50 m), and we used a kernel-based
method to quantify the rate of calling of potential responders both before and after the focal call. Because we lacked GPS data
for juvenile meerkats, this analysis only included calls produced by adults and subadults large enough to wear a collar.

In a similar analysis to the one described above, we also investigated whether call–response patterns in each time series
differed depending on the age (adult versus juvenile) of both the caller and the potential responder. In this case, we did not subset
the data based on distance between caller and responder, since distance information was not available for juvenile meerkats.

For further details on the analytical approach, see electronic supplementary material, figure S1.

(l) Clustering of calls in space and time
The structure of vocal exchanges can have consequences not only for the individuals directly involved in the exchange, but
also for the overall acoustic landscape experienced by group members. This landscape may in turn shape group-level outcomes
such as cohesion maintenance and movement decisions [37]. In addition to characterizing the spatiotemporal dynamics of call
exchanges at the individual-to-individual level, we therefore also quantified the overall clustering of calls in space and time at
an aggregate level. To do so, we first calculated, for every pair of calls in the dataset of a given category (close call or short note),
the distance between the caller and the responder at the time of the first call, as well as the time delay between the calls. This
analysis therefore excluded any calls for which GPS data were not available (for example, juvenile calls). We then counted the
number of pairs of calls that were observed within a given range of distances apart and time delays (i.e. a spatiotemporal bin).
We then normalized the number of pairs within each spatiotemporal bin by the total number of pairs of calls in the same time
delay range across all distances. This normalized value, which we refer to as K, can be interpreted as the extent to which calls
are spatially clustered over a given spatial scale, at a given time delay.

Because meerkats form a moving group that is also, in itself, clustered in space and time, we wanted to compare this value
to a null expectation of the level of clustering expected if there were no vocal interactions. To generate this null expectation,
we created artificially shuffled datasets in which the audio data from each meerkat were randomly combined with the GPS
data from another. This permutation preserves the spatial distribution of meerkats and the individual calling sequences, but
breaks the link between calling behaviour and spatial configuration. Using these permuted datasets (n = 100 permutations), we
recalculated the clustering metric K at each spatiotemporal bin as described above, then calculated the mean value of K for each
bin across all permutations. Finally, we took the log ratio of the real data and the permuted data for each spatiotemporal bin.
Positive values of the log ratio represent increased clustering relative to the null over a given spatiotemporal scale, whereas
negative values represent decreased clustering relative to the null. This analysis thus gives us insight into whether, and over
what spatial scales, ‘hotspots’ of calls emerge and how long these hotspots persist [37].

(m) Call rate as a function of the movement speed and number of nearby neighbours
To give further insight into the social context in which calls were given, we investigated for both close calls and short note
calls how the mean call rate varied with individual speed and the number of nearby conspecifics. If calls are given as part of
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a signal exchange, the rate of calling would be predicted to show dependence on the number of nearby neighbours. Moreover,
with increasing speed, the rapidly changing social surroundings might require more frequent updates on the identity and the
location of neighbours, thus driving up contact call rates.

For each individual, we first computed its close call rate and short note call rate over time, using a 10 s rolling window. To
enable comparisons between individuals with different baseline call rates, we standardized the call rates for both call types by
calculating z scores for each 10 s window using the formula x − μσ , with x being the raw call rate in a given window, µ being the
mean call rate across all time windows and σ being the standard deviation. We next computed each focal individual’s speed
by taking its displacement over the same 10 s window and dividing by the time elapsed, as well as the number of individuals
within 5 m of the focal individual. To reduce bias from any missing data or the combination of multiple contexts, we only
included times when at least five individuals in the group were tracked. Also, since meerkats only emit close calls in the
foraging context we only included times when at least half of the group members were foraging (had given a close call in the
past minute). We also excluded any data from times when alarm calls had been heard from any member of the group in the past
minute.
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After subsetting to relevant contexts and normalizing call rates as described above, we then assessed the relationship
between call rates, speed and nearby neighbours for both call types. For each speed bin (divided into 10 bins based on quantiles
of the speed distribution), we computed the mean normalized close call and short note rates across all instances in which a
speed in that range was observed. Similarly, we also computed mean normalized call rates as a function of the number of nearby
neighbours (bins = 0, 1, 2, 3 and 4 or more neighbours).

To assess whether patterns were consistent across individuals, we computed these means both within each individual and
across all individuals. Individuals for which less than 2 h of data were available were excluded from the individual-level
computations (leaving n = 27 individuals included in this analysis).

All data processing, analysis and plotting was performed in R v. 4.3.1 [42].

3. Results
The dataset used in the current analysis includes audio recordings from 38 individual animals (21 males and 17 females) from
three different meerkat groups, collected over 26 days (1 h/d). This dataset consists of 71 043 calls that were assigned to seven
call categories or annotated as unknown (table 1).

(a) Call-type transitions in vocal sequences
The overall combinatorial structure of meerkat vocal repertoire represented by the probabilities of sequential emission of
various call types demonstrates that homogeneous (same type) call pairs are strongly over-represented for most call types, and
in both self-reply and non-self-reply sequences (figure 1).

Move (mo) calls are a noticeable exception in the self-reply sequences. Individuals frequently produced move–lead (mo–ld)
call combinations, however, the reverse call order (lead–move) appeared only rarely. In the non-self-reply dataset, lead calls are
not immediately followed by calls of other individuals, short note (sn) calls are likely to both precede and follow alarm (al), lead
(ld) and move (mo) calls above random chance, but the overall number of these events is relatively low (3.5% from the total
call-pair data).

(b) Caller transitions in vocal sequences
Analysis of caller transitions across the five most common call types showed that close call pairs (cc–cc) demonstrate a caller
exchange pattern, with 80% of sequential call pairs showing the participation of two individuals (figure 2). The other four call
types show predominantly self-reply transitions, i.e. cases in which two consecutive calls are produced by the same individual.
The chi-squared test showed significant between call type differences in self-reply/non-self-reply proportions: χ2 = 6432.2, d.f.
= 4, p-value < 0.001. A pairwise comparison showed that cc–cc caller transition proportion is significantly different from all
other tested call types (sn–sn, al–al, agg–agg and soc–soc), with all pairwise corrected p values < 0.001 (electronic supplementary
material, table S2).
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Figure 5. Comparison of call clustering to null expectations based on meerkat positions for close calls (a) and short note calls (b). Colour represents the log ratio of
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Expanding the dyadic caller transition analysis to longer sequences of calls shows that close calls (cc) frequently involved
caller exchange between two or three individuals (A–B–C, A–B–stop and A–B–A patterns, figure 3a) but with only a small
proportion of sequences being produced as repetitions by the same caller (A–A–A and A–A–stop patterns). The overall
proportion of cc call sequences that involved caller transition (A–B–A, A–B–stop and A–B–C) was significantly over-represented
in comparison to the random expectation (p = 0.002, electronic supplementary material, figure S2a). Short note calls (sn), in
contrast, were often emitted by the same caller as sequences of two or three calls (A–A–stop and A–A–A patterns) in a row, and
caller exchanges were strongly under-represented (A–B–C, A–B–stop and A–B–A patterns, figure 3b, electronic supplementary
material, figure S2b), supporting the notion of weak temporal contingence on the calls of other conspecifics.

(c) Spatiotemporal dynamics of responses to conspecific calls
Comparison of the spatial and temporal properties of individual vocal responses to conspecific close calls supports the idea
that these calls are emitted as part of a temporally structured call-and-response pattern (figure 4a, top). Conspecifics within 0–5
m of a focal caller showed an increased call rate at a characteristic time lag of approximately 400 ms, resulting in symmetrical
peaks in close call rate before and after the focal call. The symmetrical pattern results from our inclusion of all possible
combinations of callers and responders in our analysis. In other words, the peak after the focal call (approximately +400 ms)
demonstrates signalling events where the conspecific called after the focal caller, whereas the peak before (approximately −400
ms) demonstrates events where the conspecific called before the focal caller.

In contrast to close calls, short note calling events demonstrate a different pattern, with a central peak in call rate at time
0. This pattern indicates simultaneous calling behaviour by both focal individuals and their neighbours without a clear call-and-
response temporal structure, potentially stimulated by a general environmental or social context (figure 4a, bottom). The spatial
relevance of both close calls and short note calls is similar, as indicated by reduction in the call rates of neighbours beyond
the 5–10 m range (i.e. vocal hotspots) and the flattening of the curves (i.e reduced interaction, see electronic supplementary
material, figure S1).
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The age class of individuals taking part in the close call interactions had an effect on the emerging call-and-response patterns
(figure 4b, top), with juveniles more likely to respond to adults than the reverse (time of peak >0). In contrast, there were no
clear age-related temporal patterns for short note calls (figure 4b, bottom). Across both types of calls, juveniles also called at an
overall higher rate than adults (figure 4b; note y-axis limits).

(d) Clustering of calls in space and time
At an aggregate level, close calls and short note calls showed similar spatiotemporal clustering patterns (figure 5). Both types
of calls were locally clustered compared to null expectations at a distance of up to 5–10 m, and these clusters persisted over
relatively long (>30 min) timescales.

(e) Call rate as a function of the movement speed and number of nearby neighbours
Individual close call and short note call rates showed a strong dependence on movement speed, albeit on different scales.
Close call rates increased at medium movement speeds (below ~10 m/min) but plateaued and potentially decreased during
faster movements (figure 6a). Short note call rate, in contrast, remained below the baseline during slow and medium movement
speeds but dramatically increased for fast movements (above ~10 m/min, figure 6b). The number of conspecific neighbours
within a 5 m radius had an overall positive effect on individual close call rate, with a gradual increase as a function of the
number of neighbours (figure 6c). Short note call rate, on the other hand, showed little variation as a function of the number of
neighbours (figure 6d).

4. Discussion
Examining the structure of signalling events in meerkats shows that the two most common call categories, close calls and short
note calls, follow different temporal patterns. Close calls, which function to maintain group cohesion [37], seem to be emitted as
part of interactive ‘call-and-response’ signal exchanges. They show a high probability of caller exchange, with symmetrical peaks
indicating temporally structured call–response patterns as well as dependence on the presence and the age class of nearby
conspecifics. In contrast, short notes seem to be emitted as part of context-driven signal broadcast events. Short note call rates are
independent of the number of nearby conspecifics, are mainly produced in sequences by single individuals and do not show
temporal structuring typical of call–response patterns. Despite these differences, both call types show similar spatial response
ranges. On the collective level, this results in the formation of vocal hotspots for both types of calls—clusters of vocalizations
emerging on a local scale (5–10 m) and persisting for up to 30 min.

Signal exchange and signal broadcast offer different potential for identifying and localizing neighbours, and may therefore
be linked to different communicational goals and signal functions. Characterizing the temporal structure of signalling events
can thus give additional insights into call function and usage beyond what can be gained through analysing acoustic structure
and behavioural context.

In the case of meerkat close calls, previous studies have shown that they are individually distinctive [53] and socially
facilitated, and that they function to maintain group cohesion and avoid separation [36,37]. However, beyond mediating the
risk of separation [36,37], a signal exchange pattern offers the possibility for more detailed mapping of the social surroundings.
By reducing signal overlap and mobilizing receiver responses, a signal exchange pattern can facilitate individual identification
and localization [11,12]. Such social mapping could be valuable for mediating proximity with particular conspecifics. Strongly
bonded individuals might prefer to stay together [54] or, conversely, individuals might avoid proximity to certain group
members [55]. Frequently mapping one’s social surroundings could be especially crucial during foraging. For example, contact
calls of pied babblers (Turdoides bicolor) [55] and green woodhoopoe (Phoeniculus purpureus) [56] have been shown to increase
spacing during foraging, possibly minimizing food competition. As meerkats normally do not share food and dominants have
been observed displacing subordinates from high-value foraging holes [57], a similar competition avoidance function of close
calls might be expected. Previous findings do not support close calls as a general mechanism for repelling neighbours in
meerkats because they do not avoid proximity with individuals producing contact calls [36]. Nevertheless, meerkats have been
shown to respond differently to the close calls of dominant females under conditions of heightened risk of aggression [29],
indicating the potential for more selective social monitoring.

The rate at which information on social surroundings needs to be updated should vary as a function of the complexity of
the social landscape [58] and how frequently it changes. Having more, constantly moving near-neighbours inevitably increases
an individual’s uncertainty about its immediate social surroundings. Further, rapid individual movement increases the rate at
which social surroundings are potentially changing. A higher rate of contact call exchange [53,59], as shown here in meerkats,
could help overcome these challenges by providing more frequent updates on the positions and identities of the neighbours.

Contact calls, while predominantly allowing individual recognition [59], do not necessarily exhibit signal exchange charac-
teristics [60] as the reunification function can be achieved by other means. For example, chacma baboon (Papio ursinus) females
respond to infant separation calls by retrieving the vocalizing young rather than by responding vocally [60]. Nevertheless,
the same type of signal can demonstrate different temporal patterns depending on the spatial scale considered, with potential
functional implications. In meerkats, close calls are structured as signal exchanges at a small scale, perhaps driven by the need
for periodic updates on the presence and identity of neighbours [29,61]. At a large scale, the temporal structure becomes less
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pronounced. At this scale, close calls have been shown to function as an indicator of the group’s core, allowing individual
animals to track and follow the group's movement path [37]. As the primary motivation of isolated individuals is to re-join the
group, detailed social mapping may be less relevant.

Unlike close calls, short note calling events do not show evidence of structured signalling exchanges, there are no clear
sender–receiver pairs and individuals do not seem to demonstrate consistent changes in their calling patterns due to their social
environment. As such they are more likely to be a broadcast signal transmitting a signaller’s response to an external event or an
indication of its behavioural state, addressed broadly to any receiver.

The sharp increase in short note emission at high movement speeds is a potential marker for a shift in individuals’ behaviou-
ral state from foraging to running. Vocalizations commonly accompany transitions between movement states in social animals
[62,63], advertising motivation and trajectory of movement [18] and aiding in group navigation during fast travel (e.g. nocturnal
flights of bird flocks [64]). While the function of short note emission during movement in meerkats has not been investigated
so far, it is possible that these calls might serve as a mechanism for maintaining group cohesion while moving quickly. A high
call rate might then arise because individuals need to transmit more frequent orientation markers when changing position
rapidly than when moving at a slow pace. The lack of signal exchange patterns in short note sequences could indicate a lower
requirement for detailed social monitoring, since unlike during foraging, the potential for competition while on the move is
low and coordination of travel is likely to be the main driver behind the signalling event. Alternatively, fast movement might
introduce aerobic constraints on vocal production because gait and breathing cycles could be phase locked [65]. As call rate
becomes coordinated with stride cycles [66,67] animals might have limited capacity for adjusting their call timing to the calls of
conspecifics and maintaining call-and-response patterns.

Whereas our results support that meerkats produce short notes as broadcast signals during rapid movement, an earlier
study demonstrated that the same calls emitted while sunning at the burrow show overlap avoidance and a signal exchange
pattern [32]. This contrast highlights how characterizing the structure of multi-participant vocal interactions can give insight
into the multi-faceted nature of vocal signals. The same signal in different contexts can show different temporal patterns, likely
corresponding with shifts in communicational goals and functions.
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