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Abstract
Ruffed lemurs (Varecia spp.) exhibit a unique suite of behavioral traits compared to other lemur species, which includes 
their fluid fission–fusion social dynamics, communal rearing of parked litters, and pronounced frugivory in their humid 
rainforest habitats. Given these traits, and the dense rainforests they inhabit, vocal communication may be key to maintain-
ing social cohesion, coordinating infant care, and/or defending their high-quality food resources. Indeed, they are known 
for their raucous ‘roar-shriek’ calls. However, there has been surprisingly little research on vocal communication in Varecia 
species and only two previously published repertoires, both of which were qualitative descriptions of their calls. In this study, 
we quantitatively examined the vocal repertoire of wild black-and-white ruffed lemurs (Varecia variegata) at Mangevo, 
Ranomafana National Park, Madagascar. We characterized 11 call types using 33 bioacoustic parameters related to frequency, 
duration, tonality, and composition. We also used discriminant function analysis and hierarchical clustering to quantitatively 
and objectively classify call types within the black-and-white ruffed lemur vocal repertoire. The repertoire consists of both 
monosyllabic and multisyllabic calls that are individually given or emitted in contagious choruses. Eight of the 11 calls were 
also used in combination or in larger multi-call sequences. The discriminant function analysis correctly assigned call types 
with 87% success, though this varied greatly by call type (1–65%). Hierarchical clustering identified 3–4 robust clusters, 
indicating low clustering structure in the data and suggesting that V. variegata exhibits a graded vocal repertoire. Future 
work should consider the environmental and behavioral contexts in which calls are used to better understand the function 
of these call types and combinations.
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Introduction

Vocal repertoires, including descriptions of calls’ bioacous-
tic structures, provide important insights into the behavior of 
a species. Quantitative descriptions of the bioacoustic prop-
erties of different call types within a primates’ repertoire are 
therefore essential to understanding the behavioral ecology 
of the species (Cheney and Seyfarth 2018; Hammerschmidt 
and Fischer 2019). The bioacoustic properties of a primate’s 
vocal repertoire can be influenced by a myriad of factors 
including (but not limited to) its body size (negative size-
frequency allometry, Bowling et al. 2017), habitat density 
(acoustic adaptation hypothesis, Marten and Marler 1977; 
Wiley and Richards 1978; Ey and Fischer 2009), arousal 
level (Morton’s law, Morton 1977), perceived predation 
pressure (Zuberbühler et al. 1999; Stephan and Zuberbüh-
ler 2008), and social structure (McComb and Semple 2005). 
However, to test the relative importance of each of these 
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factors to shaping a species’ vocal repertoire first requires a 
thorough description and understanding of the vocal reper-
toire’s bioacoustic properties.

Primate vocal repertoires can exhibit great flexibility 
due to variable combinations of call types or syllable types 
within a call sequence (Kershenbaum et al. 2016; Fischer 
et al. 2017; Engesser and Townsend 2019). Animal vocal 
repertoires tend to be organized hierarchically; different call 
types contain syllable types that differ in duration and num-
ber which can be combined in variable ways to form call 
sequences (Kershenbaum et al. 2016; Seyfarth and Cheney 
2018). The acoustic structure of primate calls is thought 
to be fairly constrained and call combinations may be one 
way of creating variation and flexible usage in spite of these 
constraints (Cheney and Seyfarth 2018). Structuring at the 
different scales of a vocal repertoire can result in call combi-
nations and sequences that may contain meaningful informa-
tion about context or caller (Arnold and Zuberbühler 2008; 
Bouchet et al. 2012; Keenan et al. 2013; Inoue et al. 2017; 
Keenan et al. 2020). Within these call combinations, it is 
also common for one call type to transition (i.e., grade) into 
another type, thereby complicating the process of classifying 
calls within a vocal repertoire (Kershenbaum et al. 2016; 
Fischer et al. 2017).

Statistical methods such as supervised or unsupervised 
clustering analyses are commonly used to quantitatively dis-
tinguish call types based off of bioacoustic measurements 
extracted from spectrograms. These methods are advanta-
geous compared to manual classification or enumeration 
because they are thought to be more objective and reduce 
human/observer bias (Fischer et al. 2017). For instance, 
primatologists have commonly used principal component 
analysis (PCA; Microcebus murinus, Leliveld et al 2011; 
Lepilemur sahamalazensis, Mandl et al 2019a; Mirza zaza, 
Hending et al. 2020), discriminant function analysis (DFA; 
Cercocebus atys, Range and Fischer 2004; Cebus capucinus, 
Gros-Louis et al. 2008; Cacajao melanocephalus, Bezerra 
et al. 2010; L. sahamalazensis, Seiler et al. 2015; Gorilla 
gorilla, Salmi et al. 2018) and clustering (Macaca sylvanus, 
Hammerschmidt and Fischer 1998; Papio spp., Hammer-
schmidt and Fischer 2019) to classify vocal repertoires.

Like most primates, vocalizations are a critical communi-
cative modality for Malagasy strepsirrhines. Knowledge of 
lemur vocal repertoires has been key to determining habi-
tat preference (Microcebus sambiranensis; Hending et al. 
2017), assessing behavioral contexts of calling behavior 
(V. variegata, Batist et al. 2022), discriminating between 
species (Braune et al. 2008; Méndez‐Cárdenas et al. 2008) 
and understanding mother–infant relationships (M. murinus, 
Scheumann et al. 2017), anti-predator strategies (Lemur 
catta, Bolt et al. 2015; Propithecus spp., Fichtel and Kap-
peler 2011), social cohesion (L. catta, Kulahci et al. 2015), 
establishment and maintenance of dominance hierarchies (L. 

catta, Bolt 2013a), mating (M. zaza, Seiler et al. 2019; L. 
catta, Bolt 2013b), and coordination of group movements 
(Eulemur rufifrons, Sperber et al. 2017; L. catta, Bolt 2020).

Ruffed lemurs (genus Varecia) are well known for their 
vocalizations, particularly their raucous roar-shriek chorus, 
and yet are understudied in the primate vocal communi-
cation literature. Ruffed lemurs are large-bodied, highly 
frugivorous lemurs that inhabit the eastern rainforests of 
Madagascar (Louis et al. 2020). They live in relatively large 
social groups with unusually strong fission–fusion dynam-
ics (FFD), meaning that individuals in a community move 
fluidly between subgroups with variable duration, composi-
tion, and cohesion (Baden et al. 2016; Holmes et al. 2016). 
Moreover, ruffed lemurs have unusual and highly special-
ized infant care. Unlike most other diurnal primates, females 
synchronously give birth to litters of 1–3 altricial infants 
that are parked in nests and communally raised (Morland 
1993; Vasey 2007; Baden et al. 2013; Baden 2019). This 
suite of traits is unique among strepsirrhines, and among pri-
mates more generally. These traits appear to emphasize the 
importance of vocal communication, particularly since their 
dispersed social system within Madagascar’s dense rainfor-
ests can often preclude the use of visual and/or olfactory 
signals. In these contexts, vocalizations have been described 
as ‘grooming-at-a-distance’ (Arlet et al 2015; Kulahci et al 
2015).

The first of two reported ruffed lemur vocal repertoires, 
which was generated from captive research more than three 
decades ago, was initially qualitatively characterized as com-
prising 13 calls that included both individual calls and con-
tagious choruses (Pereira et al. 1989). The vocal repertoire 
was part of a larger summary of the Varecia behavioral rep-
ertoire and as such, was largely descriptive. More recently, 
we investigated call usage in a wild population of black-and-
white ruffed lemurs, wherein we identified 11 calls that can 
be readily distinguished by experienced human observers 
(Batist et al. 2021). However, this again was a largely quali-
tative description as the paper focused more on the behavio-
ral context and demographics of calling behavior. There has 
therefore not yet been a quantitative characterization of the 
acoustic structure of call types, nor a statistical classification 
of the vocal repertoire as a whole.

Moreover, most previous studies have only focused on a 
subset of the V. variegata vocal repertoire, such as predator 
alarm calls (the bark; Macedonia 1990) or the roar-shriek 
loud call (Turner and Harrenstien 1985; Macedonia and Tay-
lor 1985). While all studies have noted that there are loud 
calls which are contagious choruses as well as individually 
given, quieter calls (Petter and Charles-Dominique 1979; 
Turner and Harrenstien 1985; Pereira et al 1988; Alessandra 
et al. 2002), only two have examined their acoustic features: 
one quantified acoustic properties of the roar-shriek loud call 
(Macedonia and Taylor 1985), while the second used vocal 
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tract modelling to analyze formant patterns in four call types 
(Gamba and Giacoma 2006). Though the form and function 
of their calls remains poorly understood, the few studies that 
have previously examined Varecia vocalizations have sug-
gested that some of their loud calls (bark, roar-shriek) exist 
on what has been described as a “response urgency contin-
uum” that is affected by context and an individual’s arousal 
state; this could contribute to variation within and between 
call types (Petter and Charles-Dominique 1979; Pereira et al. 
1988; Macedonia 1990). Batist et al. (2021) provide a full 
description of the behavioral contexts related each call type.

While it is often easier to record calls in captivity, 
because of the more controlled environment, captive groups 
may exhibit different vocal repertoires than their wild coun-
terparts due to lack of predation pressure, smaller social 
groups, and limited space (Turner and Harenstein 1985; 
Zimmerman 1995). It is therefore important to have a com-
plete picture of the vocal repertoire, including data from cap-
tive and wild groups, to facilitate research including explicit 
hypothesis testing and conservation efforts moving forward.

Here, we aim to quantitatively describe the bioacoustic 
properties of the ruffed lemur vocal repertoire in a wild 
population and validate our qualitative vocal descriptions 
with statistical classification and clustering methods. The 
present study has three main objectives: (1) to comprehen-
sively characterize the acoustic structure of V. variegata 
call types using a suite of variables related to duration, fre-
quency and tonality; (2) to describe the sequences derived 
from combinations of the different call types within the V. 
variegata vocal repertoire; and, recognizing that qualitative 
classifications can still be subjective and difficult to inter-
pret, (3) conduct statistical classification methods to com-
pare their performance to our qualitative classifications and 
to more objectively determine the clustering structure of the 
repertoire.

Methods

We collected data for this study from May through August 
2019 at Mangevo, a site within Ranomafana National 
Park (Figure S1). The park is a 435  km2, mid-elevation 
(600–1200 m) sub-humid forest in southeastern Madagas-
car (Wright et al. 2011). Mangevo is home to the long-term 
Ranomafana Ruffed Lemur Project, which began in 2005. 
There are two habituated black-and-white ruffed lemur 
communities at Mangevo, which had 31 radio-collared 
individuals at the time of the study (see Glander 1993 and 
Baden et  al. 2016 for collaring protocol). The research 
herein adheres to the American Society of Primatologists’ 
Principles for the Ethical Treatment of Primates and was 
approved by Hunger College’s Institutional Animal Care and 
Use Committee (IACUC; protocol: AB-RuffedLemur-2.22). 

Research permits for this project were issued by Madagascar 
National Parks (permit #109).

We conducted 50 dawn-to-dusk focal follows of targeted 
individuals, located daily via radio-telemetry (resulting 
in ~ 375 observation hours). We targeted each individual 
as a focal animal at least once, and no more than twice, to 
ensure comprehensive sampling and avoid bias. The same 
individual was never the focal on consecutive days (there 
were often weeks between sampling), nor were members 
of the same subgroup. We continuously recorded vocaliza-
tions from all individuals within auditory range (not just 
the subject of focal sampling) using an AudioTechnica shot-
gun microphone (with windscreen) and a Tascam DR-07 
recorder, at a sampling rate of 44.1 kHz with 16-bit accu-
racy in mono format (WAV file format). Calls were recorded 
semi-continuously when the focal individual was in an active 
behavioral state (e.g., not asleep). For each acoustic record-
ing we also noted the call type, calling individual, subgroup 
ID, date, and time. It was not possible to identify individual 
contributions to choruses because of the dense vegetation, 
dispersion of calling individuals, and difficulty in individu-
ally identifying animals (radio-collars were sometimes 
blocked and some individuals did not have a collar). After 
annotating our Varecia calls within the recordings, we were 
left with 940 call clips.

Data analysis

Only call clips with a high signal-to-noise ratio (i.e., callers 
close to observers/the microphone, no background inter-
ference of other animals, rain, etc.) were used for analy-
ses (Table S1). We determined this through detailed visual 
and aural inspection by two people. This resulted in a final 
dataset of 688 call clips. Audio recordings were stored as 
WAV files in the recorder’s SD card and then uploaded into 
RavenPro (Cornell Lab of Ornithology) to be digitized into 
spectrograms and waveforms. Spectrograms were created 
using 512-point fast Fourier transformations (FFT) with a 
Hanning window function, resulting in a temporal resolution 
of 0.01 s, and a frequency resolution of 86.1 Hz. Prior to 
statistical analysis, we qualitatively classified each record-
ing as one of 11 call types based on visual inspection of the 
spectrogram and listening to the call (Fig. 1; see Batist et al. 
2021 for details). Call types were named and identified based 
on our own and previous repertoires (Pereira et al. 1988; 
Batist et al. 2021). While there were 688 call clips used in 
total, the sample size varied widely between call types (mean 
63, range, 10–244; Table 2). We conducted all statistical 
analyses in R.

To characterize the acoustic properties of calls (Obj. 1), 
we annotated and labeled calls within recordings by draw-
ing bounding boxes around them (using Raven). We set a 
minimum of half a second duration between calls for us to 
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Fig. 1  Sample spectrograms for each of the 11 V. variegata call types 
classified in this study: A bark, B chatter, C growl, D hum, E mu, F 
pulsed rah, G quack, H roar, I roar-shriek, J squeal, K wail. X-axes 

(time) and Y-axes (frequency/pitch) are varied for each spectrogram 
to best exemplify the acoustic structure of each call type
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consider them as separate. We then extracted 33 acoustic 
measurements from each annotation (call) using the war-
bleR package (Table S2; Araya-Salas and Smith-Vidaurre, 
2017). These measurements included those related to tem-
poral, spectral, tonal, and power properties and provided 
a comprehensive quantitative characterization of call types 
(Table 1). Calls were split into two call categories: individ-
ual calls (a single individual emitting the call) or choruses 
(multiple individuals calling simultaneously; Table 1). Calls 
were also split into two syllabic categories: monosyllabic or 
multisyllabic (Table 1). Monosyllabic calls are those with 
one held note, whereas multisyllabic calls contain serially 
repeated elements in a sequence. We scaled the dataset of 
acoustic variables due to the different units and scales used 
for each; this scaled dataset was then used for subsequent 
statistical analyses. We conducted a PCA to reduce dimen-
sionality and collinearity across the acoustic measurements. 
We also extracted the loadings of each variable onto the 
principal components to assess which variables were most 
explanatory for conducting the PCA (Table S3).

To analyze call combinations and sequences (Obj. 2), we 
used recordings that contained multiple call types and noted 
which call types were present in combinations and the num-
ber of times a call was repeated in sequences. We focused 

on two call types that consistently comprised call sequences: 
roar-shriek and bark. Sample size for these call types was 
larger than it was in other analyses because signal-to-noise 
ratio did not need to be accounted for in marking whether a 
different call type was given before or after the call of inter-
est. We were not extracting bioacoustics measurements, just 
qualitatively noting call types within a sequence. We then 
calculated the proportion of barks and roar-shrieks, respec-
tively, that were preceded or followed by a different call type 
within three minutes.

Finally, we used classification (DFA) and clustering (hier-
archical) methods to compare their performance to our quali-
tative classifications (the 11 call types) and to more objec-
tively determine the clustering structure of the repertoire 
(Obj. 3). First, we conducted a DFA (MASS R package) to 
determine how well call types could be distinguished statis-
tically (Ripley et al 2013). We ran separate DFAs using the 
raw dataset of bioacoustic variables and the principal com-
ponents (PC) dataset to compare how these inputs affected 
the DFA results.

Further, we used Ward’s hierarchical clustering from the 
‘stats’ package (hclust function; Kaushik and Mathur 2014). 
Hierarchical clustering algorithms aim to build a hierarchy 
of clusters without necessarily having a fixed number of 

Fig. 1  (continued)
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clusters (Kaushik and Mathur 2014). Agglomerative hier-
archical methods sequentially combine similar clusters 
until there is one cluster containing all data points (Kaushik 
and Mathur 2014). This method results in a dendrogram of 
nested clusters that resembles a taxonomic phylogeny. In the 
dendrogram, branch length corresponds to the Euclidean dis-
tance between any two clusters (Kaushik and Mathur 2014). 
To assess the optimal number of clusters we used the com-
prehensive NbClust function (NbClust R package), which 
simultaneously tests a dataset against > 20 different methods 
and indices (including gap statistic, silhouette values, etc.; 
Charrad et al. 2014). The function outputs a table show-
ing how many of the methods supported certain numbers of 
clusters. We then ran the clustering analysis on the top two 
optimal numbers of clusters. We again conducted this analy-
sis on both the raw and the principal components datasets, 
to determine how these inputs affected the cluster outcomes.

Results

Acoustic structure of vocal repertoire

For our first objective (Obj. 1), we qualitatively classified 
each recording as one of the 11 call types distinguished by 
experienced observers (Fig. 1). Summary statistics for the 
33 bioacoustic measurements related to duration, frequency 
and tonality used for each call type can be found in Table 1 
(see supplementary materials for audio clips of each call 
type). We ran a PCA to reduce dimensionality and collin-
earity and provided a preliminary visualization of the vocal 
repertoire based off spectrographic measurements. We cal-
culated the Kaiser-Meyer Olkin criterion to assess the qual-
ity of the PCA, which yielded a value of 0.82, indicating that 
PCA is appropriate for the dataset. We found that n = 6 PCs 
cumulatively explained 90% of the variance (PC1 = 40.3%, 
PC2 = 24.4%, PC3 = 11.9%, PC4 = 5.6%, PC5 = 5.0%, 
PC6 = 3.2%). Frequency-related variables loaded highly 
onto PC1 while time-related variables loaded highly onto 
PC2 and entropy-related variables loaded highly onto PC3 
(Table S3). PC4 had high values from skew and kurtosis, 
and PC5 had a very high value for dominant frequency slope 
(Table S3). When plotting the PCs, call types did not seem 
to occupy distinct spaces (Fig. 2).

Call combinations and sequences

Of the 11 call types we identified (above), three were only 
ever given in isolation (hum, mu, roar). The remaining 
eight call types were given both on their own and as part 
of larger sequences of call types. For example, the roar 
call type consisted of a single roar syllable given on its 
own, but also given repeatedly in roar-shrieks. Pulsed rahs a  Th
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consisted of a rah syllable repeated in a series, but also sin-
gly and serially in roar-shrieks. Further, pulsed rahs were 
given both by a single individual and in choruses (i.e., 
the level of contagion was variable). Wails were given 
as standalone calls, but were also found in roar-shrieks 
and quacks. Stand-alone wails were often emitted before 
or after barks. Quacks were similar to roar-shrieks, but 

were given individually whereas roar-shrieks were given 
as choruses.

Ruffed lemurs used many of their call types in combina-
tion. For example, roar-shrieks were often preceded (76%) 
or followed (49%) by other calls (Figs. 3a, b, 4). Barks, 
chatters, and squeals typically preceded roar-shrieks, while 
wails only ever followed. Roar-shrieks typically comprised 

Fig. 2  Results of a principal components analysis on the Varecia call 
types, with the first principal component (that explains the most vari-
ation) represented on the x-axis, against PC2 ( A) and PC3 (B) on the 
y-axis. The bottom panel is a biplot that visualizes which bioacoustic 

parameters contributed to the call type differentiation. The closer a 
call type is to a variable, the more important that variable was in the 
PCA
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two syllables, roar and shriek, but occasionally included 
rahs and wails (discussed below). The shriek syllable 
resembled chatter syllables, such that a chattering indi-
vidual would sometimes add a roar suffix and stimulate the 
rest of the subgroup to transition into a roar-shriek chorus 
(Fig. 3a). Barks were also often used in sequences, with 
31% preceded by another call type and 21% followed by 
another call (Fig. 4).

In addition to classifying whole calls, we also classi-
fied syllable types within four multi-syllabic calls: growl, 
roar-shriek, bark, and quack (Table 1). The growl always 
consisted of two consecutive syllables: a hum-like growl 
syllable followed by a huff syllable (Fig. 1c). The bark 
always comprised two syllable types (bark and wail), but 
their sequence order and repetition patterns varied. Roar-
shrieks contained up to four syllable types: roar, shriek, 

Fig. 3  Spectrograms illustrating 
examples of V. variegata call 
combinations and sequences. 
Arrows indicate start of each 
call type. A chatter to roar-
shriek to pulsed rah; B growl to 
bark to roar-shriek to growl; C 
squeal to chatter to roar-shriek

A)

B)

C)
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wail and rah. Because roar-shrieks were contagious calls, 
roars and shrieks were sometimes emitted simultaneously 
within a single syllable (‘roar + shriek’ syllable). Among 
recorded roar-shriek syllables, 24% were roars, 31% were 
shrieks, 21% were simultaneous roars and shrieks, 17% 
were rahs and 8% were wails. Syllables within a roar-
shriek chorus were a composite of multiple individuals' 
calls, making it impossible to differentiate between callers. 
Finally, the quack comprised six syllable types: quack, 
breath, rah, roar, shriek and wail (the four roar-shriek syl-
lables plus two unique to quacks: quack and breath). Rahs 
(35%), shrieks (19%) and breaths (18%) were the most 
used syllable types, with wail being the least used (5%).

Classification and clustering analyses

The DFA on the raw dataset correctly classified call types 
87.8% of the time, while DFA using the PC dataset had a 
classification accuracy of 86.2%. As such, for clarity and 
concision, we only present results from the raw dataset (but 
see Figure S2). The call types that were most often mis-
classified were the roar (60% missed), wail (64%) and quack 
(50%), while the DFA was most accurate with chatters and 
barks, (1 and 2% missed, respectively; Table 2). The clas-
sification accuracy seems to be related to the sample size 
of each call type, as wails, roars and quacks had the lowest 
sample sizes and also the highest percentage of mis-classi-
fications; barks and chatters had the highest sample sizes 
and the lowest percentage of mis-classifications (Table 2). 

Fig. 4  The percentage of roar-shrieks (a) and barks (b) beginning with (before) or ending with (after) a different call type

Table 2  Summary of classification results from the discriminant function analysis (DFA) of V. variegata call types (i.e., predicted call type vs 
actual call type)

Columns 3–5 provide the results from the DFA based on the raw dataset, while columns 6–8 provide the results from the DFA based on princi-
pal components (PCs)

Total 
no. of 
calls

No. of wrongly 
classified-raw 
data

Wrongly 
classified-raw 
data (%)

Most confused with-raw 
data

No. of wrongly 
classified-PCs

Wrongly 
classified-
PCs (%)

Most confused with-PCs

Bark 146 3 2.1 Multiple 8 5.5 Squeal, wail
Chatter 244 3 1.2 Squeal 2 0.8 Quack, squeal
Growl 47 9 19.1 Hum 9 19.1 Hum, mu
Hum 72 6 8.3 Growl 8 11.1 Bark, growl
Mu 21 4 19.0 Growl 4 19.0 Growl
Pulsed rah 21 7 33.3 Bark 8 38.1 Growl
Quack 10 5 50.0 Bark, roar-shriek 5 50.0 Roar-shriek
Roar 20 12 60.0 Growl, hum, mu 14 70.0 Mu
Roar-shriek 39 7 17.9 Bark 7 17.9 Quack
Squeal 54 21 38.9 Bark 22 40.7 Bark, hum
Wail 14 9 64.3 Bark, hum 8 57.1 Multiple
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The top two linear discriminants (LDs) combined for 81% 
proportion of trace. The DFA and PCA plots showed some 
general clusters consisting of 1) mu + growl + hum, 2) pulsed 
rah + roar, 3) bark + wail + squeal, 4) roar-shriek + quack, 
and 5) chatter (Fig. 5, S3). The variables that loaded highest 
on the LDs were similar to those that loaded highly onto 
the PCs; frequency-related variables were prominent in the 
first few LDs while time-related variables were high in the 
subsequent LDs (Table S3, S4).

Results from the NbClust analysis using raw data showed 
nine methods proposing three clusters as best; the next best 
consensus was a four-cluster solution (proposed by five 
methods). When using the PCs as input, eight methods pro-
posed four clusters as best and four methods proposed three 
clusters. The agglomerative coefficient, a measure of clus-
tering structure in a dataset (range, 0–1), was 0.97 for the 
raw data and 0.96 for the PC data. Our very high coefficient 
confirms the conclusions of the other clustering analyses in 
describing the dataset as difficult to cleanly partition. We 
conducted the clustering algorithm and then extracted the 

cluster assignments for a three- and four-cluster solution 
(as supported by the NbClust analysis) to identify which 
call types were predominantly assigned to which clusters 
(Table 3, Figure S3). Cluster assignments were very similar 
using raw data and PCs, so we only present assignments 
for the raw data for concision (Table 3). Like in the DFA, 
growls, mus and hums consistently clustered together, but 
were consistently grouped with roars in hierarchical clus-
tering (Table 3). Chatters and barks were each roughly in 
their own cluster, with squeals split between those clusters 
(Table 3). Pulsed rahs, quacks, and roar-shrieks clustered 
together as well, similar to the DFA, though this was more 
apparent in the three-cluster solution (Table 3).

Discussion

In this study, we characterized the acoustic structure of the 
V. variegata vocal repertoire using a suite of parameters 
related to time, frequency, tonality, and composition (Obj. 

Fig. 5  Results of a discriminant function analysis on the Varecia call types, with the first linear discriminant (LD) represented on the x-axis, 
against LD2 (A) and LD3 (B) on the y-axis

Table 3  Cluster assignments for 
each V. variegata call type when 
running Ward’s hierarchical 
clustering on the raw 
bioacoustic data with different 
numbers of clusters

Cluster (#) Bark Chatter Growl Hum Mu Pulsed rah Quack Roar Roar-shriek Squeal Wail

3 clusters
 1 52 0 1 6 0 14 7 3 38 11 0
 2 94 0 46 66 21 7 0 16 0 20 12
 3 0 244 0 0 0 0 3 1 1 23 2

4 clusters
 1 52 0 1 6 0 14 3 3 14 6 0
 2 94 0 46 66 21 7 0 16 0 20 12
 3 0 244 0 0 0 0 3 1 1 23 2
 4 0 0 0 0 0 0 4 0 24 5 0
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1 and 2) and used statistical clustering methods to validate 
both these and our earlier qualitative call type classifications 
(Obj. 3). We identified 11 call types that differed in both 
caller context (four individually given calls, seven conta-
gious choruses) and syllabic structure (four mono-syllabic 
calls, seven multi-syllabic calls). Within the multi-syllabic 
calls, we further differentiated between call types compris-
ing a single repeated syllable (chatter, pulsed rah) versus 
those comprising multiple syllable types (bark, growl, 
quack, roar-shriek, squeal). Pereira et al. (1988) described 
13 call types (huff and bray call types were not found dur-
ing our study), but did not discuss other “levels” within the 
repertoire hierarchy such as syllables or call combinations. 
It is important to note that Pereira et al. (1988) was a cap-
tive study while ours was conducted in the wild, and these 
discrepancies could be a result of this.

Results from the DFA somewhat corroborated our manual 
call assignments; overall accuracy was ~ 90%, but this varied 
greatly among calls and seemed highly dependent on the 
sample size of each call type. Our subsequent naïve (without 
assigning a priori call type labels) hierarchical clustering 
analysis indicated a low cluster structure within our data-
set, with the optimal number of clusters somewhere in the 
range of 3–4. The clusters identified in the vocal repertoire 
contained multiple call types, and multiple call types were 
assigned into more than one cluster, illustrating that calls can 
be considered quantifiably variable and the vocal repertoire 
exhibits gradation. In datasets with considerable gradation 
within and between clusters, an optimal number of clus-
ters (call types) may not exist, no matter which clustering 
algorithm is applied. Varecia variegata appears to exhibit 
gradation within its vocal repertoire, particularly between 
calls that are close in acoustic structure and/or may be given 
frequently in combination. Such graded continuums (e.g., 
bark and wail; roar-shriek, roar and pulsed rah) are con-
sistent with previous studies of ruffed lemurs (Petter and 
Charles-Dominique 1979; Pereira et al. 1988; Macedonia 
1990), as well as several other lemur species (E. macaco, 
Gosset et al. 2000; multiple species-Scheumann et al. 2007; 
Indri indri, Baker-Médard et al. 2013; L. sahamalaza, Mandl 
et al. 2019a, 2029b). These call types were coincident with 
stressful contexts such as subgroup fission or fusion, pres-
ence of a predator, or inter-individual aggression (Batist 
et al. 2021); we therefore hypothesize that the gradation of 
V. variegata calls and sequences may be the result of varying 
arousal levels based on such contexts.

The 11 call types we qualitatively discerned were based 
off of previous literature, and in large part from local guides 
and research technicians from the Ranomafana area who 
have decades of observational experience. Nevertheless, 
three call types (roar, quack, wail) were consistently misi-
dentified by DFA, calling their validity as distinct call types 
into question. We attribute this to small sample size, as calls 

with the lowest sample sizes (quack: n = 10, wail: n = 14, 
roar: n = 20) also had the highest percentage of mis-classifi-
cations, whereas those with the highest sample sizes (chat-
ter: n = 244, bark: n = 146) had the lowest percentage of mis-
classifications. Increased sampling in the future would allow 
this hypothesis to be tested. However, some calls are simply 
not given frequently, so it can be difficult to increase sample 
sizes in these cases without extended periods of monitoring. 
For example, the quack is given rarely, usually during the 
short mating season (Batist et al. 2021). It is of course also 
possible that humans are detecting acoustic similarities or 
differences across call types that are meaningless to lemurs.

Nevertheless, there was a fair amount of consistency in 
which call types clustered together or were frequently mis-
assigned (e.g., pulsed rah and roar; growl, mu and hum; chat-
ter on its own, etc.). Observer classification is still important, 
as evidenced by the poor performance of naïve/unsupervised 
clustering methods, but has now been supported by statisti-
cal classification analyses. New classification methods, such 
as neural networks, are emerging rapidly, which present 
opportunities for more complex and nuanced analyses mov-
ing forward, with larger sample sizes (Gamba et al. 2015, 
Valente et al. 2020, Pozzi et al. 2013; Turesson et al. 2016; 
Valente et al. 2019; Romero-Mujalli et al. 2021; Ravaglia 
et al. 2023).

There were also call combinations separate from these 
spectra (e.g., growl and bark; squeal and roar-shriek). In 
addition to being used in isolation, the vast majority of calls 
identified were frequently combined or used in sequences. 
Many primate species use call combinations or sequences, 
which is thought to be a reflection of vocal production and 
developmental constraints; primates can overcome these 
highly conserved (bioacoustically speaking) call types by 
flexibly combining a smaller number of call types into 
sequences and combinations that expand their vocal rep-
ertoire (Hammerschmidt and Fischer 2008; Fischer 2017; 
Cheney and Seyfarth 2018). Modifications to a call's tem-
poral characteristics are assumed to be less constrained 
than changes in frequency-related features, so variability is 
thought to come from gradual changes in syllable repetition, 
inter-syllable duration, and so on (Engesser and Townsend 
2019). Call rate and duration can also correlate with caller 
arousal, with high-arousal callers producing calls at a faster 
rate and with a longer duration (Schamberg et al. 2018). We 
were not able to operationalize a measure of arousal in this 
study, but this is an intriguing idea for future study (as in 
Fichtel et al. 2001).

Ours was only a 3-month study, so we cannot claim to 
have recorded all V. variegata call types, nor captured the 
full seasonal variation in calling behavior. This study period 
covered only the mating and early gestational phases within 
their reproductive cycle; the presence of infants during other 
times of the year may alter the vocal repertoire characterized 
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herein. Future work should investigate how acoustic struc-
ture changes developmentally given what we know about 
the relationship between body size and bioacoustics (nega-
tive size-frequency allometry; Bowling et al. 2017). Further, 
the eastern Malagasy rainforests exhibit extreme seasonality 
which may also affect call structure. This seasonality drives 
fruit abundance and distribution, and acoustic structure has 
been shown to vary according to food type in some other 
primates (Clay and Zuberbühler 2009; Kalan et al. 2015).

It is also important to note that what humans perceive as 
a different sound or an important acoustic distinction may 
not be perceived the same by ruffed lemurs. Our auditory 
morphology, neurobiology, and perception systems are, 
obviously, very different. Humans may not detect subtle 
differences that could be informative in classifying calls. 
Future experimental work will be necessary to better under-
stand vocal perception in ruffed lemurs. Individually given 
calls may show more variation if they encode information on 
individual identity in the call. We also do not know whether 
call variation actually encodes meaningful information. 
Future studies should focus on examining if call combina-
tions or sequences are related to context or caller identity 
(i.e., evidence for semantic communication, as in Arnold 
and Zuberbühler 2006 [putty-nosed monkeys], Coye et al. 
2018 [Campbell’s monkeys]; Candiotti et al. 2012 [Diana 
monkeys]; Schamberg et al. 2016 [bonobos]; Berthet et al. 
2019 [titi monkeys]).

The active acoustic monitoring (AAM) described here 
differs from the more recently developed passive acous-
tic monitoring (PAM), in which specialized recorders are 
deployed in an ecosystem to record sound autonomously 
using a user-specified configuration of sampling parameters. 
Despite providing complementary information, these two 
approaches – active and passive acoustic monitoring – are 
typically used independently. For instance, data produced by 
AAM provides details of a species’ vocal repertoire that are 
crucial for optimizing PAM settings, determining recorder 
configurations and schedules, and strategically identifying 
deployment sites. Additionally, AAM recordings can be uti-
lized to train machine learning models for automated pro-
cessing of larger PAM datasets. Nevertheless, there have 
been comparatively few studies using PAM with primates 
and even fewer which have done so with lemurs (but see 
Markolf et al. 2022; Ravaglia et al. 2023). The combination 
of acoustic monitoring methods is an exciting and promising 
avenue for future research and we encourage primatologists 
to consider these methods to further both basic and applied 
research.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s10329- 023- 01083-8.
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