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Abstract · Research on avian bioacous�cs in the Neotropics has surged over the last several decades due to increased interest in the large diversity of 
vocal behaviors and vocaliza�on and the broader accessibility of recording equipment and so�ware. Here, we present a synthesis of the current and 
past knowledge of Neotropical bird bioacous�cs. This synthesis is the result of the symposium "Bioacous�cs in the Neotropics", organized for the XI 
Neotropical Ornithological Congress in San Jose, Costa Rica, in July 2019. We covered what we consider the main topics in avian bioacous�cs that have 
been studied in this region over the last 30 years. Our review includes repertoire descrip�ons, geographic varia�on, diversity in vocal behaviors, sea-
sonality, due�ng, gene�c associa�on, and playback experiments. Addi�onally, we present informa�on for what we believe may be the main veins of 
inves�ga�on for the coming future in the Neotropics, considering the large diversity of species that are found in the region and the new inves�ga�ons 
developed in other geographic areas. We expect this review to work as a summary of the current literature and a guide to s�mulate future research 
in important areas within the field of avian bioacous�cs in the Neotropics.

Resumen · Estudio de las vocalizaciones de aves en hábitats Neotropicales: conocimiento actual y pasos futuros
Las inves�gaciones sobre bioacús�ca de aves han aumentado considerablemente en las úl�mas décadas en la región Neotrópical debido a la gran 
diversidad de comportamientos vocales y vocalizaciones, así como por la mayor accesibilidad a equipos de grabación y so�ware. Aquí presentamos 
una revisión del conocimiento pasado y actual sobre la bioacús�ca de aves neotropicales, producto del simposio "Bioacús�ca en el Neotrópico", or-
ganizado para el XI Congreso de Ornitología Neotropical en San José, Costa Rica, en julio de 2019. Cubrimos lo que consideramos son los principales 
temas estudiados en esta región en los úl�mos 30 años, incluyendo descripciones de repertorio, variación geográfica, diversidad en los comporta-
mientos vocales, estacionalidad, duetos, asociación gené�ca y experimentos de playback. Además, presentamos información de lo que creemos pue-
den ser las principales líneas de inves�gación para el futuro venidero en el Neotrópico, debido a la gran diversidad de especies que se encuentran en 
la región y las nuevas inves�gaciones desarrolladas en otras áreas geográficas. Esperamos que esta revisión pueda funcionar como una guía de lo que 
tenemos y lo que necesitamos para impulsar la bioacús�ca de las aves en el Neotrópico.
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INTRODUCTION

Within Neotropical habitats (from northern Mexico to southern Argen�na and Chile, including the Caribbean islands), it is possible to 
find more than 3300 breeding and migratory bird species that breed and survive (Stotz et al. 1996, Stutchbury & Morton 2001). The 
avian richness in this area provides a unique opportunity to study diverse vocal behaviors and conduct compara�ve analyses of behav-
iors associated with ma�ng, territory defense, and other social interac�ons. This is especially true because there is greater diversity of 
unique taxonomic groups compared to northern temperate habitats (Stotz et al. 1996, Stutchbury & Morton 2001). For example, in the 
Neotropics, it is very common to find families in which many species have female song (e.g., antbirds, curassows, euphonias, flycatch-
ers, icterids, parrots, sparrows, woodcreepers, woodpeckers, and wrens; Odom et al. 2014, Odom & Benedict 2018, Riebel et al. 2019). 
In some cases, vocal output is even higher for females (Illes & Yunes-Jimenez 2008, Price et al. 2008) such as in Stripe-headed Sparrows 
Paucea ruficauda and Streak -backed Orioles Icterus pustulatus. Furthermore, males of some neotropical species sing year-round; in 
other species, males sing exclusively during the breeding season to establish territories and a�ract mates (Morton 1996, Kroodsma et 
al. 1996), and while in others, males form year-round pairs with the same mate over several years, sing to obtain extra-pair copula�ons 
during the breeding season (Sandoval et al. 2016). A common vocal behavior in neotropical bird species is due�ng, which is produced 
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mostly by the coordina�on of female and male songs (Hall 
2009), except for five species of the manakin genus Chiroxiphia,
where there are two males displaying duets in leks (Snow 1977). 
It is also common to find bird families (e.g., anis, jays, quails, or 
wrens) in which closely related (i.e., family groups) or unrelated 
individuals help defend year-round territories and/or aid in 
breeding ac�vi�es (Hale 2006, Bradley & Mennill 2009, Rosa et 
al. 2016). Many of these behaviors are coordinated using vocal-
iza�ons such as songs (i.e., choruses: where several individuals 
coordinate solo songs) or calls (see Sandoval & Graham 2024, for 
defini�on of solo songs and calls in this number). 

Understanding the origin and maintenance of such great vo-
cal behavioral diversity in the Neotropics is challenging, espe-
cially because available recordings are scarce for the majority of 
species. For instance, the Macaulay Library of Natural Sounds 
(Cornell Lab of Ornithology) contains one of the largest animal 
audio recording collec�ons in the world, yet most species classi-
fied as occurring in the Neotropics (53.9% of species) have less 
than 30 recordings (mostly songs), while 144 species have no 
recordings at all (Figure 1). Addressing this geographical bias in 
the recordings of different types of vocaliza�ons is essen�al to 
begin developing the descrip�ons of vocal repertoires, analyzing 
and describing diel pa�erns, conduc�ng geographic varia�on 
studies, and performing func�onal analyses of vocaliza�on types 
for Neotropical species. These steps will allow studies of avian 
vocal behavior to move forward and conduct focused experi-
ments and compara�ve phylogene�c analyses, to understand 
the ecological and evolu�onary forces shaping the divergence 
and diversity of vocal characteris�cs.

This review derives from the symposium “Bioacous�cs in 
the Neotropics”, which was organized for the XI Neotropical Or-
nithological Congress in San Jose, Costa Rica, in July 2019. Our 
purpose was to discuss the current knowledge of Neotropical 
avian vocal behavior and assess the importance and poten�al of 
several future research programs. Specifically, our objec�ves 
were to (1) review avian vocaliza�ons in the Neotropics as a 
baseline and (2) iden�fy priori�es for future inves�ga�ons of 
bird species vocaliza�ons. 

METHODS

In this review, we conducted a non-systema�c review of the ten 
inves�ga�ons lines about bird vocaliza�ons in the Neotropics 
that were detected as the main lines of inves�ga�on in the last 
20 years: vocal repertoire descrip�ons, diversity of vocal behav-
iors, duet func�ons, diel varia�on, vocal seasonality, geographic 
varia�on, popula�on dynamics in vocal varia�ons, the use of vo-
caliza�on in taxonomy, sound transmission and playback experi-
ments. These topics were the focus of research presented during 
the “Bioacous�cs in the Neotropics” symposium at the XI 
Neotropical Ornithological Congress in San Jose, Costa Rica, in 
July 2019. Finally, we discuss the importance of maintaining 
these lines of inves�ga�on and poten�al approaches that will in-
crease the impact and knowledge of Neotropical birds’ bioa-
cous�cs based on the recent lines of inves�ga�on developed on 
this topic in the area or topics that are s�ll undeveloped.

BIOACOUSTIC IN THE NEOTROPICS: WHAT DO WE KNOW? 

Quan�ta�ve repertoire descrip�ons. Bird vocal repertoires are 
a complete library of vocaliza�ons produced by a species (Catch-
pole & Slater 2008) and may vary between popula�ons of the 
same species (i.e., dialects or geographic varia�on), seasonally 
(i.e., daily and yearly), or socially (e.g., single, mated individuals, 
or flocks; Catchpole & Slater 2008). To describe vocal reper-
toires, two complementary approaches may be used: quan�ta-
�ve measurements (i.e., frequency, dura�on, and entropy) and 
seasonal varia�on of each vocaliza�on type (i.e., daily and 
yearly; Catchpole & Slater 2008). However, for most Neotropical 
species comprehensive vocal behavior descrip�ons are missing, 

although it is possible to find call and song descrip�ons using 
words or symbols that try to imitate onomatopoe�cally the au-
thor’s percep�on of bird vocaliza�ons (e.g., Hilty & Brown 1986, 
S�les & Skutch 1989, Howell & Webb 1995, Ridgely & Green-
field 2001). 

Quan�ta�ve vocal repertoire descrip�ons o�en use a re-
duced number of recordings, and some�mes focus on a single 
popula�on or geographic area. This is due to several limita�ons 
in the past, including the cost of equipment, memory storage 
capabili�es, analysis so�ware, and the reduced number of 
recordists collec�ng recordings across the geographic areas of 
species distribu�on. For example, the descrip�on of Banded 
Wren Thryophilus pleuros�ctus, Sinaloa Wren T. sinaloa, Happy 
Wren Pheugopedius felix, and Common Pauraque Nyc�dromus 
albicollis song repertoires (Brown & Lemon 1979, Molles & 
Vehrencamp 1999, Sandoval & Escalante 2011) are all based on 
analyses from a single popula�on or geographic area. Currently, 
many of these limita�ons for describing vocaliza�ons have been 
greatly reduced, and researchers are using hundreds of record-
ings to perform quan�ta�ve descrip�ons of vocal repertoires, 
including several recordings from the same individual within 
and between years, to ensure that descrip�ons are based on 
complete repertoires, especially when songs vary within indi-
viduals (Millsap et al. 2011, Sosa-López & Mennill 2014a, San-
doval et al. 2016). 

The most common techniques used to obtain quan�ta�ve 
acous�c data are focal and autonomous recording methods. 
The focal recording method consists of following one individual 
(preferably color-banded) for at least one hour (Sandoval et al. 
2016). Recordings generally start before sunrise to record the 
first vocaliza�on of the day or the dawn songs; for example, 
songs that for some species, including flycatchers or wood-
creepers, are different from the day song (Leger & Mountjoy 
2003, Burt & Vehrencamp 2005, Lein 2007, Moseley & Wiley 
2013). On the other hand, the autonomous recording method 
consists of placing Autonomous Recording Units (ARUs) in the 
center of the territory of the individual or pair of interest and 
allows for con�nuous recordings for 24 h periods or more 
(Blumstein et al. 2011). Addi�onally, some researchers use 
these recorders to complement the vocal repertoire obtained 
with the focal record method or to describe a diel pa�ern (San-
doval et al. 2016).

Quan�ta�ve repertoire descrip�ons are performed in sev-
eral ways, depending on the species vocaliza�ons and the re-
searchers’ main interest. For example, repertoire descrip�ons 
usually focus on a single type of vocaliza�on, such as solo songs. 
Therefore, researchers report the richness of solo songs or the 
elements (i.e., the minimum trace of con�nuous sound) within 
individuals using accumula�on curves to show that the reper-
toire for each recorded individual was appropriately sampled 
(Mennill & Vehrencamp 2005, Sosa-López & Mennill 2014a, 
Harris et al. 2016, Sandoval et al. 2016). This method also allows 
us to describe the varia�on within individuals, between sexes, 
or between popula�ons, and to associate the vocaliza�on func-
�on with the type of vocaliza�on (Kroodsma et al. 2002, Benítez 
Saldívar & Massoni 2018, Price & Yuan 2011, Trejos-Araya & 
Barrantes 2014). Among the majority of studies that use this 
method, the most common measurements are the minimum 
(or lower) frequency, maximum (or higher) frequency, maxi-
mum amplitude frequency (or peak frequency), frequency 
range, and dura�on (Benítez Saldívar & Massoni 2018, Price & 
Yuan 2011, Sandoval & Escalante 2011, Trejos-Araya & Bar-
rantes 2014) of elements or groups of elements called syllables 
or songs. Finally, some authors include diel pa�ern analysis, 
which reports the average number of vocaliza�ons produced 
per hour and all vocaliza�on types produced within the species 
(Koloff & Mennill 2013a, Sandoval & Mennill 2014, Sosa-López 
& Mennill 2014b, Maynard et al. 2015, Pérez-Granados et al. 
2019). For these la�er analyses, it is necessary to collect record-
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ings every hour throughout the day from mul�ple individuals 
(Sandoval et al. 2016).

Diversity of sound produc�on mechanisms. The large di-
versity of bird species that occur in the Neotropics (Stotz et al. 
1996, Stutchbury & Morton 2001) permits the study and com-
parison of the mechanisms used for sound produc�on that are 

not present in other geographic areas, including non-vocal 
sounds using modified wing and tail feathers produced by sev-
eral taxa, including hummingbirds, snipes, flycatchers, and 
manakins (Clark & Prum 2015). However, most of the neotropi-
cal birds produce sounds using a unique vocal organ called the 
syrinx. Within the Neotropical area, three different types of sy-
rinx have been described. Tracheal syrinxes are present only in 

Figure 1. Abundance of Neotropical bird species recordings deposited in the Macaulay Library (Cornell Lab of Ornithology) as of September 2019. Figure shows all 
species grouped together, as well as abundance for three main species groups found in the Neotropics.



115

ORNITOLOGÍA NEOTROPICAL (2024) 35: 112–129

a group of suboscines birds termed tracheophones (i.e., tapacu-
los, antbirds, antshrikes, and woodcreepers). Bronchial syrinxes 
are found in a small number of non-passerine groups, notably 
owls (Strigiformes), cuckoos (Cuculiformes), and some nightjars 
(Caprimulgiformes). The most common syrinx is the tracheo-
bronchial type, present in most songbirds (Warner 1972).

The vocal diversity of oscines is enormous, thrushes, wrens, 
and blackbirds are famous for their improvisa�on and imita�on 
skills, and in some cases, for their vast repertoires. Oscines are 
considered to have the broadest range of acous�c features in 
their vocal repertoires and versa�lity, which may be a�ributed to 
refined neuromuscular control of the vibra�ng membranes 
rather than anatomical complexity (García et al. 2017). The sy-
rinx of oscines can have between six to seven pairs of muscles, 
and notably, the morphology of the syrinx in this clade in general 
is quite similar (Ames 1971, Warner 1972): the basic syringeal 
anatomy of the oscine passerines is shared by all the families of 
this speciose clade (Bap�sta & Trail 1992).

The vocal diversity of non-passerines and suboscines (those 
taxa that do not need an external input to develop their songs) 
also appears to be very diverse, but it is difficult to find species 
with diverse repertoires. Most vocal varia�ons can be found be-
tween species. In Tyrannidae and Pipridae, the spectrum of vo-
caliza�ons runs from notes as simple as those of the broadbills 
to songs as complex as those of oscines; however, in all cases, 
individual repertoires are limited (Bap�sta & Trail 1992). There is 
great diversity in syringeal anatomy among the families of sub-
oscine passerines (García et al. 2017). Although large repertoires 
are not the rule, between species varia�on might be very high. 
In this case, the diversity of sounds is a�ributable to the complex 
syrinx morphology. Non-passerines and suboscines have re-
stricted musculature; they possess between two to four pairs of 
muscles but show remarkable morphological diversity (Ames 
1971) which in suboscines, at least, has been associated with the 
diversity of their vocaliza�ons (García et al. 2017).

Few studies about the syrinx of Neotropical birds are found 
in the literature (Ames 1971, Amador et al. 2008, García et al. 
2017), yet these studies have focused on morphological features 
to propose systema�c rela�onships between clades (Prum 1990, 
Mauricio et al. 2012). Recently, however, there has been some 
interest in the physiology of sound produc�on in Neotropical 
birds, especially in tracheophones and broncheophones, the two 
clades of suboscines (Amador et al. 2008, García et al. 2017). For 
instance, sound genera�on in tracheophones relies on a more 
complex morphology than previously assumed. The presence of 
three vibratory sources (one pair of membranes in the trachea 
and two in the bronchi) gives rise to diverse sound features and 
may have played a determinant role in the diversifica�on of this 
clade (García et al. 2017). In addi�on, sound produc�on and con-
trol of sound frequency in the Great Kiskadee Pitangus sulfura-
tus were inves�gated by recording air sac pressure and vocaliza-
�ons during spontaneously generated songs. In all songs and 
calls recorded, the modula�ons of the fundamental frequency 
were highly correlated with air sac pressure, but not with the 
effect of muscles (Amador et al. 2008). These results suggest 
that the control of the sound frequency of a song is not deter-
mined by neural instruc�ons through syringeal muscles, but is 
directly transduced from pressure through biomechanical prop-
er�es of the membrane folds (Amador et al. 2008). Whereas su-
boscines evolved morphological mechanisms in the absence of 
vocal learning, oscines show much less morphological diversifi-
ca�on of the syrinx but produce similar acous�c effects through 
diverse neuromuscular control (García et al. 2017). We think that 
the study of the morphology of the syrinxes in suboscines and 
the study of the physiology of sound produc�on in most 
Neotropical species will allow us to be�er understand the diver-
sifica�on of bird vocaliza�ons in the Neotropics. 

Due�ng.  Avian vocal duets  exhibit a  broad taxonomic dis-

tribu�on; duets have been described for over 400 species and 
are present in 40% of all bird families (Hall 2009). Furthermore, 
avian vocal duets exhibit considerable varia�on with respect to 
complexity, coordina�on, and spectrotemporal structure 
(Dahlin & Benedict 2014). Given that due�ng involves vocal in-
terac�ons between two individuals, hypotheses focusing on the 
func�on of due�ng have been divided into two main cate-
gories: coopera�ve and conflict between partners (Hall 2004, 
2009). To date, most studies have been conducted on oscines, 
resul�ng in the duets of many suboscine and non-passeriform 
birds being overlooked (but see Wright & Dorin 2001, Koloff & 
Mennill 2013b).

Territory defense is the best-supported hypothesis for the 
func�on of vocal avian duets (Hall 2004, 2009). Due�ng ap-
pears to be par�cularly common in sedentary species because 
mated pairs exhibit longer pair bonds in the absence of migra-
�on, and the coopera�ve nature of due�ng may aid in the year-
round defense of resources and territories (Logue & Hall 2014, 
Mikula et al. 2020). Mul�ple studies using song playback exper-
iments have demonstrated the coopera�ve nature of duets and 
supported this improved territory defense hypothesis by 
demonstra�ng that pairs respond more intensely to duets than 
to solo songs, both physically and vocally (Mennill 2006, San-
doval et al. 2018). Addi�onally, vocal duets may serve other co-
opera�ve func�ons, including maintaining contact (Cobb 1897) 
and ensuring reproduc�ve synchrony (Dilger 1953). This first hy-
pothesis may be important for species that live in habitats with 
dense vegeta�on (Mennill & Vehrencamp 2005); although, as 
Hall (2004) noted, this hypothesis does not appear to be a wide-
spread func�on of due�ng. 

Some playback studies have revealed that each sex appears 
to target aggression towards same-sex conspecifics, sugges�ng 
that mate-guarding may serve as an important func�on for 
due�ng (Mennill 2006, Dahlin & Wright 2012, Koloff & Mennill 
2011, Odom & Omland 2017, Sandoval et al. 2018). These ob-
serva�ons highlight the poten�al conflicts between partners 
that may arise as a result of due�ng. Specifically, mated pairs 
may duet as a means of guarding their mates (Stokes & Williams 
1968) or, in the case of males, to protect paternity (Sonnen-
schein & Reyer 1983). Playback studies have found that tropical 
birds use duets, o�en in conjunc�on with physical responses, to 
guard their mates (Hall 2000); in par�cular, males, may use 
duets to guard their mates from rival males (Levin 1996, Seddon 
& Tobias 2006, Tobias & Seddon 2009a, Diniz et al. 2018). The 
low rates of extra pair paternity found for due�ng tropical birds 
in comparison to non-due�ng tropical birds support the idea 
that tropical birds may use duets to protect their paternity (Hay-
dock et al. 1996, Cramer et al. 2011, Douglas et al. 2012). By 
comparison, other studies found no evidence that birds use 
duets or physical behaviors to guard mates (Gill et al. 2005, Hall 
et al. 2015). Therefore, these contradic�ons in duet func�ons 
require further inves�ga�on in Neotropical species.

Daily singing ac�vity. Animal vocaliza�on pa�erns are 
ubiquitous behaviors that are well known for their varia�on 
throughout the day (Staicer et al. 1996). Most animals that vo-
calize or produce sound to communicate vary their communica-
�on daily, and the op�mal pa�ern depends on the ecological 
characteris�cs of the species. The labile nature of acous�c be-
havior allows individuals to adjust their behavior to match so-
cio-ecological condi�ons and op�mize their fitness benefits. 
This plas�c response to daily environmental varia�on results in 
what we refer to as a singing rou�ne. Such singing rou�nes of 
organisms are shaped by how the costs and benefits of per-
forming a behavior change across the day, and daily changes in 
the cost—benefit rela�onship may vary due to fluctua�ons in 
temperature, light levels, and interac�ons with other con-
specifics and heterospecifics (McNamara et al. 1987, 1994, 
Hutchinson 2002).
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 For most birds, this plas�c response to daily varia�on con-
sists of high song output in the early morning (dawn chorus), 
with output decreasing towards midday (Catchpole & Slater 
2008). Our empirical understanding of daily singing rou�nes is 
largely based on studies focusing on the dawn chorus (e.g., the 
start of the singing rou�ne) of temperate birds, especially oscine 
birds (Mace 1987, Thomas et al. 2002). Less is known about 
dawn chorus in the tropics (Staicer et al. 1996, Berg et al. 2006, 
Chen et al. 2015), and almost nothing is known about the singing 
rou�ne throughout the rest of the day (e.g., Sosa-López & Men-
nill 2014b). For example, some flycatchers, greenlets, and vireos 
can sing throughout the day, a behavior that may be used to 
avoid acous�c compe��on. This implies that there is a bias in 
our understanding of daily singing rou�nes because studies have 
focused on only one part of the dawn chorus and because there 
are a substan�al number of suboscine and non-passerine taxa 
residing in the tropics that have a high diversity of morphology, 
foraging modes, and behavioral adapta�ons that have resulted 
in daily singing rou�nes that have not been studied.

The phylogene�c diversity of life history strategies in 
Neotropical communi�es provides a unique opportunity to 
study the factors affec�ng bird singing rou�nes using compara-
�ve analyses. Studies in tropical communi�es can be used to test 
different hypotheses regarding the factors shaping the �me 
singing rou�nes of birds. The most comprehensive analyses of 
the dawn chorus of Neotropical species to date comes from data 
from a tropical forest in Ecuador, involving 57 species from 27 
families of birds (Berg et al. 2006). This study showed that most 
of the studied species sang during the dawn chorus and that for-
aging height was the best predictor of the �me of first song for 
passerine birds. Their results showed that canopy birds sang ear-
lier than birds foraging closer to the forest floor. For passerine 
birds, eye size also predicted �me of first song, with larger eyed 
birds singing earlier, although this was only the case a�er con-
trolling for body mass, taxonomic group, and foraging height. 
However, the general trend partly supports the results of 
Thomas et al. (2002), in which birds with larger eyes sang earlier 
than birds with small eyes. It is o�en thought that ambient noise 
may affect dawn chorus pa�erns (Hart et al. 2015), comparisons 
of the dawn chorus across an urbaniza�on gradient found that 
noise levels did not impact the �ming of the peak of the singing 
ac�vity or the first song in the morning (Marín-Gómez & Mac-
Gregor-Fors 2019).

Most studies in the Neotropics and elsewhere, conducted 
on the factors affec�ng singing rou�nes, have focused only on 
the �me species start singing, probably because the start �me 
and the peak of singing can be easily measured. However, the 
dawn chorus is just part of the singing rou�ne, and ignoring the 
interes�ng plas�c adjustment of singing rou�nes throughout the 
day provides an incomplete picture of birds’ plas�c adjustments 
to daily fluctua�ons of socio-ecological condi�ons. We can gain 
a be�er understanding of dawn chorus in general if we apply 
new sta�s�cal tools to the study of daily pa�erns of singing in 
the Neotropics. If we study singing behavior in tropical commu-
ni�es within a reac�on norm framework, we can have accurate 
sta�s�cal descrip�ons of the signing rou�nes of interac�ng 
species, es�mate its phylogene�c signal, and test the ecological 
factors affec�ng the different components of the singing rou�ne. 
A nonlinear reac�on norm will allow capturing the peak of the 
singing output and the preceding increase or subsequent decline 
in the singing output. This approach will improve our under-
standing of the ecological factors and phylogene�c constraints 
that shape the diversity of singing strategies found in the 
Neotropics.

Seasonality vs. non-seasonality. The study of bird songs ini-
�ally focused on variables related to the temporal and spectral 
structure of the song, the syntax, repertoires, dialects, and the 
effect of habitat on the structure of the song (Morton 1975, Mar-
ler 2004). However, few studies have concentrated on aspects 

related to the produc�on of songs at broad �me scales (e.g., an-
nual and supra-annual) and their rela�onship with clima�c cy-
cles, especially the seasonality of rainfall (Chiver et al. 2015). 
When and how o�en birds sing in the Neotropics are ques�ons 
that s�ll have no answer for most Neotropical birds, and 
present interes�ng topics to further explore; the produc�on cy-
cles of songs and their rela�onship with clima�c seasonality re-
main rela�vely unknown within the Neotropics (Stutchbury & 
Morton 2001). In temperate regions, seasonality is higher and 
determines a great part of the annual cycle of birds that breed 
at high la�tudes. The tropics are characterized by lower season-
ality, and thus a large propor�on of species are residents year-
round (Stutchbury & Morton 2001, Chiver et al. 2015). The 
study of the annual cycles of birds has focused on understand-
ing the periods of molt and reproduc�on, and on assessing the 
temporal interac�on between them (Payne 1969, Johnson et al. 
2012). Vocal ac�vity plays an important role in territory estab-
lishment, territory defense, and mate a�rac�on, and seasonal 
changes in vocal ac�vity can therefore be related to the breed-
ing phenology of birds (Pérez-Granados et al. 2019); however, 
li�le a�en�on has been given to this crucial part of the annual 
cycle in tropical birds (Chiver et al. 2015). We do not know if the 
energy expenditure of singing is comparable to that invested in 
moving, mol�ng, or reproducing, but singing is �me-consuming 
and may entail other costs, such as an increase in the risk of be-
ing predated. Studies on acous�c communica�on, social, and 
sexual selec�on would benefit from understanding the costs 
that birds accrue when singing over longer �me frames (Krams 
2001, Gil & Gahr 2002). Further, energy expenditure may be 
affected by gradients in the degree of seasonality within tropi-
cal forests and combined these factors can determine seasonal 
pa�erns in vocal ac�vity, which has not been not previously 
studied. It has been shown that within the tropics there is vari-
a�on in the level of seasonality depending on the type of habi-
tat, forest stratum, or foraging guild (Levey & S�les 1992). Sec-
ondary forest, border, or canopy species are subject to much 
more seasonal clima�c condi�ons than birds that live in the un-
dergrowth of mature forests (Levey 1988).

Among tropical birds, some species sing seasonally: �na-
mous (Negret et al. 2015, Pérez-Granados et al. 2019), curas-
sows (Cuervo et al. 1999, Baldo & Mennill 2011), robins (Stutch-
bury et al. 1998), ant-tanagers (Chiver et al. 2015), brush-
finches, and tyrannulets (OL unpubl. data; Figure 2) only sing at 
certain �mes of the year, especially during the dry season just 
before the reproduc�ve season begins. Other more territorial 
species such as antbirds (Wikelski et al. 2000) and wrens (Topp 
& Mennill 2008) sing throughout the year, although it has been 
shown that they have some seasonality in vocal ac�vity (Odom 
et al. 2016). Vocal ac�vity appears to be related to changes in 
precipita�on and photoperiod (Wikelski et al. 2000, Topp & 
Mennill 2008). Based on these observa�ons, two types of an-
nual vocal ac�vity strategies could be defined: seasonal and 
non-seasonal (Figure 2). 

With the development of ARUs, new opportuni�es to 
record and a new research front known as sound landscape 
ecology have arisen (Farina & Piere� 2012). Furthermore, the 
use of ARUs allows large datasets to be recorded with less effort 
(Kirschel et al. 2011, Buxton et al. 2013). Analyzing these 
datasets can be problema�c because of the large volume of 
data collected. For this reason, some research groups have part-
nered with computer programmers and engineers to develop 
automa�c recogni�on algorithms to process the greatest 
amount of informa�on in shorter amounts of �me (Aide et al. 
2013, Ducre�et et al. 2020).

Geographic varia�on. The analysis of geographic varia�on 
focuses on describing vocal varia�ons within a species across its 
natural geographic range (Gould & Johnston 1972). Based on 
current inferences, bird diversity is underes�mated in the 
Neotropics (Milá et al. 2012), and the implementa�on of vocal 
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geographic varia�on studies is of special relevance. Further-
more, the use of vocaliza�ons helps iden�fy new bird species 
(e.g., Lara et al. 2012, Seeholzer et al. 2012, Hosner et al. 2013), 
and to evaluate the taxonomic status of many others. This indi-
cates that vocaliza�ons are key to understanding of Neotropical 
avian diversity (e.g., Chesser et al. 2012, 2013, 2019, Remsem et 
al. 2019, Krabbe et al. 2020).

The study of geographic vocal varia�on also offers useful op-
portuni�es to elucidate the origins of acous�c signal divergence 
and its rela�onship with reproduc�ve isola�on and specia�on 
(e.g., Demko et al. 2019). Varia�on in vocal a�ributes may arise 
from mul�ple evolu�onary processes: (1) through random ge-
ne�c or cultural muta�ons between isolated popula�ons of 
learning taxa (cultural and gene�c dri�; Podos et al. 2004) as it is 
thought to occur in Nigh�ngale-Thrush Catharus frantzii where 

gene�c and vocal divergence are highly correlated (Or�z-
Ramírez et al. 2016); (2) through diverse mechanisms of sexual 
selec�on driven by female choice or male-male compe��on 
(reviewed by Podos et al. 2004), such as in Rufous-collared 
Sparrows’ females Zonotrichia capensis that respond with 
higher intensity to their natal dialect in comparison to a dialect 
from an allopatric popula�on (Danner et al. 2011); and (3) 
through environmental factors (such as habitat structure) influ-
encing varia�on of vocaliza�ons by constraining sound trans-
mission (sensory-drive hypothesis; Tobias et al. 2010a, 
Slabbekoorn & Smith 2002), as has been found in the vocaliza-
�ons of Yungas Manakins Chiroxiphia boliviana with acous�c 
traits adapted to the changing habitat structure along an eleva-
�onal gradient, enhancing sound transmission (Villegas et al. 
2018). Thus, geographic varia�on in vocaliza�ons may arise due 
to neutral processes and/or as a response to different selec�on 

Figure 2. Pa�erns of song produc�on measured as number of bouts per minute (mean, first and third quar�le, and 95% of confidence intervals) in ten species of 
montane tropical birds, from January to August. On the le� panel, non-seasonal birds that sing year-round; on the right panel, seasonal birds.
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pressures (Wilkins et al. 2013), and its assessment is useful for 
understanding the factors driving the evolu�on of vocaliza�ons 
in the Neotropics (Shy 1983).

Pa�erns of acous�c and gene�c divergence. Pa�erns of vo-
cal divergence among popula�ons have been used to delimit 
species boundaries (Isler et al. 1998, Halley et al. 2017). For ex-
ample, the Gray-faced Petrel Pterodroma gouldi, Choco Screech-
Owl Megascops centralis, Socorro Parakeet Psi�acara brevipes, 
Blue-black Grosbeak Cyanoloxia cyanoides, Yucatan Gnatcatcher 
Poliop�la albiventris, and Cabanis' Ground-Sparrow Melozone 
cabanisi are currently treated as different species based on their 
vocaliza�ons, morphology, and gene�c traits (Davis 1972, How-
ell & Webb 1995, Sandoval et al. 2014, García et al. 2016, Krabbe 
2017, Wood et al. 2017). Given the strong role that song plays in 
mate acquisi�on and reproduc�ve success (Catchpole & Slater 
2008), many studies have looked the parallel between the evolu-
�on of culture and gene�c divergence (Or�z-Ramírez et al. 
2016). Specifically, it has been proposed that birds use songs for 
assorta�ve ma�ng, and that song dialects in conjunc�on with 
mate preferences for songs may reduce gene flow and promote 
gene�c divergence among popula�ons (MacDougall-Shackleton 
& MacDougall-Shackleton 2001). Although acous�c and gene�c 
pa�erns appear to be linked for tropical species that do not learn 
their songs (Isler et al. 2006), there is limited support for the idea 
that culture affects gene�c divergence for species that learn 
their songs, because song learning is influenced by many factors, 
including environmental or selec�on pressures (Handford & 
Lougheed 1991, Or�z-Ramírez et al. 2016). In contrast, Danner 
et al. (2017) found a link between dialect and gene�c divergence 
for popula�ons of Rufous-collared Sparrows, while Price & 
Lanyon (2004) found that acous�c data accurately es�mated the 
molecular phylogene�c rela�onship for the Green Oropendola 
Psarocolius viridis, sugges�ng that song carries a phylogene�c 
signal for this species.

Although acous�c and gene�c pa�erns o�en exhibit similar 
pa�erns of divergence, the rela�onship between these two vari-
ables is complex. Despite that acous�c and gene�c pa�erns 
might evolve independently for song-learning species, gene flow 
appears to play a role in the geographic pa�erns of acous�c vari-
a�on, as demonstrated in a long-term study of parrots. Wright et 
al. (2005) found that post-dispersal song-learning of local calls by 
immigrants explained the pa�erns of geographic varia�on de-
spite ongoing pa�erns of gene flow across dialect boundaries. 
Further, Graham et al. (2017) also found a rela�onship between 
dispersal and acous�c varia�on. They analyzed acous�c and ge-
ne�c data to show that dispersal is sex-biased for Rufous-and-
white Wrens and that song-sharing differences between males 
and females likely arise as a result of contras�ng pa�erns of dis-
persal. Studies of Gray-breasted Wood-Wren subspecies that are 
gene�cally dis�nct yet capable of hybridizing found that ecolog-
ical niche segrega�on appears to explain acous�c differences be-
tween Gray-breasted Wood-Wren popula�ons, and the resul�ng 
acous�c divergence may have facilitated reproduc�ve isola�on 
between these subspecies (Dingle et al. 2008). 

Combining these examples demonstrate the importance of 
studying songs and gene�c pa�erns together. Analyzing acous�c 
and gene�c data together can provide greater insight into the di-
versity, ecology, and evolu�on of tropical birds as well as test 
long-standing hypothesis at broader scales. For example, Tobias 
et al. (2010a) used song and gene�c data to examine signal di-
vergence of avian communi�es across an ecological gradient. 
Their analysis of 17 species pairs from bamboo and terra-firme 
forests, revealed that acous�c adapta�on, and not gene�c diver-
gence, plays an important role in the evolu�on of song. This 
study emphasizes how ecological differences drive acous�c di-
vergence, which may lead to reproduc�ve isola�on over �me, 
thus playing an important role in the diversifica�on of many 
tropical birds.

Species defini�on. Inside the tropics, most species’ taxon-
omy remains unclear due to the limited number of samples for 
each species throughout their geographic range (Isler et al. 
1998, Hayes & Sewlal 2004). In recent years, however, avian tax-
onomy has been analyzed with a broader approach that in-
cludes gene�c data, morphological analysis, niche modeling, 
and behavioral data (Tobias et al. 2010b). Avian vocaliza�ons 
are one of the most widely used behavioral traits, especially the 
analysis of solo song characteris�cs, because vocaliza�ons are 
used for ma�ng, and differences between popula�ons may be 
indica�ve of reproduc�ve isola�on (Emlen 1972, Catchpole & 
Slater 2008). Quan�ta�ve and qualita�ve analyses of vocaliza-
�ons can provide evidence for rela�onships between taxa. The 
qualita�ve method visually compares the structural aspects of 
vocaliza�ons and decides whether the observed differences are 
enough to suggest biological divergences among popula�ons, 
such as in the solo song of Common Pauraque or duet structure 
of wrens (Thurber 2003, Mann et al. 2009). The quan�ta�ve 
method uses measurements of frequency (i.e. lowest, highest, 
and maximum amplitude), dura�on, rate, pace, or inflec�ons, 
and compares vocaliza�ons with sta�s�cal approaches (e.g., 
discriminant func�on analysis, linear models, similarity indices, 
poten�al for individual coding scores, or pairwise diagnosability 
index) to objec�vely quan�fy the observed differences (San-
doval et al. 2018, Benedict & Najar 2019). In most cases, these 
analyses are conducted by combining different recording re-
sources such as recordings from internet databases (i.e., xeno-
canto) with sound libraries (e.g., Maculay Library, Borror Labo-
ratory of Bioacous�cs, Colección de Sonidos Ambientales-In-
s�tuto Humboldt, Laboratorio de Bioacús�ca Universidad de 
Costa Rica), and the researchers’ own recordings (Millsap et al. 
2011, Areta & Pearman 2013, Sandoval et al. 2014, Sosa-López 
& Mennill 2014a). The recording sources are combined to 
broadly cover the distribu�on range of the taxa and to increase 
the sample size for comparisons. The use of different recording 
sources may be problema�c when MP3 and WAV files are com-
bined in the analysis; this approach needs to be avoided be-
cause it is known that both files produce different measure-
ments for frequency parameters (Araya-Salas et al. 2019).

Another way that vocaliza�ons help us understand taxo-
nomical rela�onships and the specia�on process is using play-
backs, to test whether acous�c differences (both qualita�ve 
and quan�ta�ve observa�ons) in allopatric popula�ons of the 
same species may act as a ma�ng barrier (Freeman et al. 2017). 
These experiments compare the response of individuals (males 
or females) to songs from their same popula�on to the re-
sponse of individuals to songs from other popula�ons (Freeman 
et al. 2017). A greater response to songs from the same popula-
�on supports the hypothesis that birds discriminate divergent 
song characteris�cs between popula�ons, and that these re-
sponse differences are indica�ve of ongoing species divergence. 
Conversely, a response of similar intensity to songs from the 
same and different popula�ons has been used to reject the hy-
pothesis that birds discriminate divergent song characteris�cs, 
or that these behavioral response differences are indica�ve of 
ongoing species divergence (Caro et al. 2013). This interpreta-
�on is somewhat problema�c because several "good" species 
respond with the same aggressiveness to other species’ songs 
(e.g., Brenowitz 1982, Tobias & Seddon 2009b). Consequently, 
the results of these experiments need to be interpreted care-
fully and combined with other evidence to support species 
recogni�on. For example, several studies have found that while 
a popula�on discriminates between both vocal s�muli, another 
does not (e.g., Henicorhina or Catharus species) making the 
process of specia�on less apparent (Dingle et al. 2010, Jones et 
al. 2019).

Finally, all studies on this topic include different amounts 
and types of measurements to compare vocaliza�ons within 
the taxa of interest, and currently there is no framework in 
place to determine how many differences are necessary (both 
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minimum and maximum), and which differences in vocaliza�ons 
are most important to suggest that the analyzed taxa are differ-
ent. This is important because increasing the number of mea-
surements usually increases the probability of detec�ng differ-
ences between taxa even when they are not biologically signifi-
cant. Therefore, a reduced number of measurements may be 
more op�mal for iden�fying divergent taxa.

Acous�c transmission. Although many hypotheses have 
been developed in temperate systems and environments, the 
Acous�c Adapta�on Hypothesis was first developed and tested 
in a tropical system (Morton 1975). Morton (1975) proposed 
that an animal’s acous�c signal should be op�mized for trans-
mission through the environment it lives and communicates in, 
especially signals used for long-range communica�on, which ex-
perience greater a�enua�on and degrada�on the further they 
transmit through the environment. Habitat specializa�on and 
adapta�on has likely played a role in the evolu�on of the acous-
�c signals of tropical birds and may explain pa�erns of geo-
graphic varia�on (Handford & Lougheed 1991, Tobias et al. 
2010a, Slabbekoorn & Smith 2002). Given the large number of 
species found in the tropics, it is hypothesized that acous�c 
space may be limited and that there is a greater poten�al for sig-
nal overlap (Hart et al. 2015, Tobias et al. 2014, Robert et al. 
2019), this has been called the acous�c niche hypothesis (Krause 
1993). Further anthropogenic changes to habitat and increased 
urbaniza�on in the tropics alter acous�c environments 
(Slabbekoorn & Peet 2003). Finally, the func�on of the acous�c 
signal may dictate the transmission proper�es and characteris-
�cs of avian acous�c signals. Given the important effects that en-
vironmental factors including temperature, humidity, ambient 
noise, and habitat have on the acous�c proper�es of avian vocal-
iza�ons, it is important to test the transmission proper�es of 
these vocaliza�ons. In par�cular, transmission studies allow for 
the possibility to test the physical proper�es of songs and calls 
and to test hypotheses about how habitat and environment act 
on avian vocaliza�ons.

With the diversity of habitats present in the tropics it is no 
surprise that songs o�en vary across habitats. Handford & 
Lougheed (1991) found that the spectro-temporal characteris-
�cs of Rufous-collared Sparrow songs from birds living in open 
habitats (i.e., grassland, desert, and puna habitats) were differ-
ent from birds living in closed habitats (i.e., chaco, alder wood-
land, and forest habitats); birds living in open habitats produced 
shorter, faster-trilled songs with a narrower bandwidth, whereas 
birds from closed habitats produced songs with a slower trill. 
Slower-trilled, low frequency, tonal songs are characteris�c of 
birds that live in closed habitats, as Morton (1975) and Ryan & 
Brenowitz (1985) found in their comparisons of avian communi-
�es living in forests to those living in open habitats. Experimental 
studies using song playback show that these spectro-temporal 
characteris�cs reduce the effects of degrada�on and a�enua�on 
on long-range communica�on within the natural habitats of 
birds (Barker et al. 2009).

To avoid acous�c overlap, birds may alter the frequency, and 
�ming of their songs. Within the tropics, cicadas are present 
across many forest habitats and produce loud broadband vocal-
iza�ons that may overlap with the acous�c signals of other 
species within forest communi�es. Hart et al. (2015) found that 
many birds alter the �ming and frequency of their songs to avoid 
being overlapped by cicada vocaliza�ons; birds either stopped 
singing or produced vocaliza�ons at frequencies that did not 
overlap with cicada vocaliza�ons. Similarly, birds that live in ur-
ban areas may have their songs masked by anthropogenic noise 
sources (Kunc & Schmidt 2019). Villarreal et al. 2024 found that 
Southern House Wrens living in urban areas avoided song over-
lap from anthropogenic noise sources by increasing the mini-
mum and dominant frequency of their songs to avoid overlap. 
Subtle differences in the spectro-temporal characteris�cs of bird 
song among popula�ons may reflect ambient noise differences 

among popula�ons and contribute to pa�erns of geographic 
song varia�on (Graham et al. 2018).

Although many birds produce acous�c signals designed for 
long-range transmission, others may use quiet acous�c signals 
for close-range communica�on. Sandoval et al. (2015) found 
that the duets and solo songs of White-eared Ground-sparrows 
showed similar pa�erns of song a�enua�on and degrada�on, 
and thereby facilitate communica�on at similar distances. Fur-
ther analysis of the calls of this species (Piza & Sandoval 2016) 
revealed that the chip calls, used for close-range communica-
�on, experience greater a�enua�on and degrada�on than the 
tseet calls, which are used for long-range communica�on when 
birds are outside of visual contact. Other studies (e.g., effect of 
perch height in antbird songs and so� songs of thrushes) have 
revealed similar pa�erns about the rela�onship between func-
�on and sound propaga�on (Nemeth et al. 2001, Vargas-Castro 
et al. 2017). 

Playback experiments. The most common technique used 
to understand the func�on of communica�on are playback ex-
periments. These experiments simulate several events of com-
munica�on between individuals of the same species or be-
tween individuals of different species, and allow to control vari-
ables that can confound in situ communica�on interac�ons 
(Smith 1996, Catchpole & Slater 2008). These types of experi-
ments also provide the opportunity to create and simulate indi-
vidual interac�ons that would be difficult to record in the wild 
within short �me periods (Smith 1996, Catchpole & Slater 
2008). For example, playback experiments in the Neotropics 
have been used to measure territorial intrusion effects and the 
effect of seasonality on territory defense (Morton et al. 2000, 
Sandoval 2011, Sosa-López et al. 2017, Demko & Mennill 2018); 
to understand the response by individuals to the vocaliza�ons 
of opposite sex individuals inside territories (Fedy & Stutchbury 
2005, Illes & Yunes-Jimenez 2008, Sandoval et al. 2018); to 
measure the effect of coordina�on in territory defense (Logue 
& Gammon 2004, Marshall-Ball et al. 2006, Kovach et al. 2014); 
or to simulate the presence of predators (Mo�a-Junior & San-
tos-Filho 2012, Sandoval & Wilson 2012). In these cases, the ex-
periments provided informa�on about the ul�mate and proxi-
mate causes of the acous�c varia�on between signals and their 
func�ons.

Playback experiments can be split according to the number 
of speakers used —single or mul�ple speaker experiments— or 
by the number of s�muli used in non-interac�ve and interac�ve 
experiments (Dabelsteen & McGregor 1996, Smith 1996, Dou-
glas & Mennill 2010). The single-speaker playback experiments 
have been used to test differences in response to call rates, an-
alyze territorial defense using solo songs and duets that are pro-
duced in close proximity, or the effect of predator vocaliza�ons 
(Fedy & Stutchbury 2005, Illes & Yunes-Jimenez 2008, Mo�a-Ju-
nior & Santos-Filho 2012, Sandoval & Wilson 2012, Koloff & 
Mennill 2013b, Sandoval et al. 2018). The mul�ple-speaker ex-
periments have been used mostly with two-speaker design 
when researchers are interested in tes�ng the response of ter-
ritorial species to simulated intrusions of other pairs, when 
both individuals are separated more than 1 m apart, such as 
with the Chestnut-backed Antbirds Myrmeciza exsul and the 
Rufous-and-white Wren Thryophilus rufalbus (Mennill 2006, 
Fishbein et al. 2018). This experiment reproduces more natural 
s�muli than a single-speaker playback, because it accounts for 
the separa�on of the pair members during duet produc�on and 
allows the receivers to respond differently to each sex during 
territory defense (Douglas & Mennill 2010). 

Most of the playback experiments inside the Neotropics 
have been non-interac�ve, meaning that the s�muli do not vary 
according to the behavior of focal individual or pair (Douglas & 
Mennill 2010). This is because it is easier to perform a playback 
experiment and allow for a more controlled replica�on given 
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that rate, type, and amplitude are presented in the same way to 
all the receivers. However, some effort has been conducted to 
perform interac�ve playbacks, especially in the last decade. With 
the emergence of new so�ware and more portable equipment, 
which allow for the recording and visualiza�on of the responses 
of the receivers' in-situ, it is possible to reproduce the corre-
sponding vocaliza�ons required by the experiment goal (Douglas 
& Mennill 2010). This technique has been used mostly for 
due�ng species such as Black-bellied Wrens (Logue & Gammon 
2004). Contrary to the non-interac�ve experiment, this ap-
proach has the advantage of more accurately replica�ng the in-
terac�ons of species in the wild and allows for simulated escala-
�on and de-escala�on of interac�ons (Dabelsteen & McGregor 
1996, Smith 1996, Douglas & Mennill 2010).

PRIORITIES FOR FUTURE RESEARCH 

Based on the discussion at the symposium, we have summarized 
some priori�es for future research (Table 1). Our priori�za�on 
includes several specific topics, goals, and ac�ons for future re-
search on bioacous�cs of Neotropical birds.

Record more birds. To achieve the goal of improving our 
knowledge about vocal behavior for Neotropical birds (i.e., 
quan�ta�ve descrip�on of vocaliza�ons and repertoire, analysis 
of geographic and individual varia�on, or changes through �me), 
it is necessary to increase the number of available recordings. 
This is because less than 45% of all Neotropical species are well 

represented in sound archives, although this percentage is 
based on the number of recordings that have been made pub-
lic. It is likely that this percentage would increase if other ar-
chives also made their recordings public. In the future, this dis-
cipline would benefit from researchers deposi�ng the record-
ings used in publica�ons inside sound archives, and the cata-
logue number for these recordings should be included in all 
publica�ons. These small steps will increase our knowledge in 
this field and provide recordings for future inves�ga�ons

Understand song varia�on at different levels of organiza-
�on. Vocaliza�ons could mediate the accelera�on of the evolu-
�onary process, but they can also be a source of phenotypic sta-
sis (Huey et al. 2003; Duckworth 2008). To understand why and 
when vocaliza�ons will increase or decrease the rate of pheno-
typic evolu�on, it is necessary to understand their varia�on. In 
the Neotropics, the rich species diversity is matched by similarly 
rich diversity in song characteris�cs and vocaliza�on types. Phe-
notypic varia�on is hierarchically structured in different levels 
of biological organiza�on and so is the varia�on in vocaliza�on 
features. Varia�on in vocaliza�on features may occur among-
species, within-species among-popula�ons, and within-popula-
�ons among-individuals. In the case of characters that are re-
peatedly expressed throughout the life of an individual (labile 
characters), such as vocaliza�ons, varia�on can also exist 
within-individuals among-expressions (Westneat et al. 2015).

Over the last couple of decades, there have been repeated

Table 1. Summary of priori�es for future research in the Neotropics. Included are the goal of each area of research and different sugges�ons on how to contribute to 
these topics.
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calls for integra�ng both the among- and within-individual levels 
of varia�on in behavior in an evolu�onary context (Nussey et al. 
2007, Dingemanse & Wolf 2010). The need to integrate different 
levels of phenotypic varia�on to understand evolu�onary pro-
cesses has been clear since Darwin and Wallace, who connected 
among-species and among-individual varia�on through the 
process of natural selec�on (Darwin 1859). Recently, interac-
�ons between other levels have received more interest, such as 
individual varia�on in the consistency of behavioral expression 
and in its plas�city (Araya-Ajoy et al. 2015). In the context of 
song produc�on, signal consistency is key to accurate informa-
�on transmission and thus can be a trait under selec�on (Brad-
bury & Vehrencamp 2011). To study the evolu�onary ecology of 
such process it is necessary to quan�fy the varia�on among indi-
viduals in how much within-individual varia�on they express. 
The Neotropics provide unique opportuni�es for compara�ve 
studies about how the different levels of varia�on can vary be-
tween species, as there are many coexis�ng species within habi-
tats. There are some key outstanding ques�ons in behavioral 
evolu�on that can only be studied in tropical ecosystems. For in-
stance, what factors determine the amount of among-individual 
varia�on in the vocaliza�ons of interac�ng species? Are there 
more plas�c species than others and why? How do species’ in-
terac�ons affect the varia�on in acous�c space that individuals 
can use? Are species with varia�on in song expression more phy-
logene�cally related?

Inves�gate pa�erns of acous�c and gene�c divergence. As 
with many of the topics covered in this review, studies incorpo-
ra�ng gene�c and acous�c data need to encompass more 
species and families. In par�cular, more studies are required for 
those species that inherit their vocaliza�ons. Species that inherit 
their vocaliza�ons offer natural systems to test whether birds 
use song for assorta�ve ma�ng. Further studies of contact 
zones, where two or more species come into contact and hy-
bridize, would be also valuable. For species that learn their 
songs, do they learn elements from both parental species and 
produce a hybrid song(s), or do they only learn the song(s) of 
one of the species? This would be especially informa�ve in 
species that inherit their songs, as it would help to determine 
song’s heritability. Advances in genomic technology may help to 
determine the genes that are associated with song develop-
ment; combining genomic methods with the focal recording 
methods explained above will allow for further insights into the 
rela�onship between acous�c and gene�c divergence.

The study of calls. Given the broad diversity of bird species 
in the Neotropics, the study of calls —including their quan�ta-
�ve descrip�on and associa�on with func�on— could help us 
understand the evolu�on of calls, and test which forces act on 
their evolu�on, including habitat characteris�cs, call func�on, 
morphology, or phylogeny. Addi�onally, it is important to en-
courage studies that analyze the percep�on of calls by receivers, 
because this will help to elucidate the dynamics of interspecific 
learning and which variants of the same call are necessary to 
produce different responses. Furthermore, it is necessary to 
quan�ta�vely study all calls, especially distress calls or calls used 
during mobbing; how similar these calls are between species re-
mains unknown. Importantly, we do not know which vocal char-
acteris�cs are used by the species to recognize their own species 
from others. Finally, studying calls will give us the opportunity to 
study more species outside of oscines (the group focused on 
most frequently for bioacous�c studies) because both non-
passerines and suboscine species have a large repertoire for 
these types of vocaliza�ons (Cortopassi & JW Bradbury 2006, 
Baldo & Mennill 2011, Isler & Maldonado-Coelho 2017).

Audi�on and neurobiology. Hearing abili�es have only 
been measured in approximately 50 of the 10,000 species of ex-
tant birds (Dooling et al. 2000). On average, for the few bird 
species studied, they hear best between about 1 and 5 kHz 
(Dooling 2004). However, some species like fruiteaters and 

bushfinches vocalize at around 8 kHz, and must hear best out-
side of the average range described. Of the 50 species where 
hearing abili�es have been described, only two Neotropical 
species are found: the oilbird and the barn owl (Konishi & Knud-
sen 1979, Knudsen 1981). On many of the basic measures of 
hearing, the different bird species that have been tested are re-
markably similar (Dooling 1982). Nevertheless, with such diver-
sity present in the Neotropics we would expect to find differ-
ences in hearing abili�es across different taxa. Hearing can be 
studied using techniques such as behavioral test, auditory 
brainstem response (ABR) and distor�on products of autoa-
cous�c emissions (DPOEs). Behavioral studies require months 
of animal training, and work best with animals in cap�vity 
(Crowell et al. 2015). The non-invasive auditory brainstem re-
sponse (ABR) represents a good approach, and researchers are 
increasingly turning to ABR to obtain es�mates of hearing sen-
si�vity, and of auditory system func�on and development 
(Crowell et al. 2015). Recently, DPOEs have been used to study 
moths and bats and produced very good results (Mora et al. 
2013, Wetekam et al. 2019), but very few bird studies have used 
this novel technique (Xia et al. 2016). Why should we study the 
hearing of tropical birds? Predators, for example, use their ears 
to search for prey, and studying audi�on in predators will give 
us a be�er understanding of how this selec�ve force has 
shaped the song structure of many songbirds in tropical habi-
tats.

Decoy experiments. It is known that mul�-component sig-
nals elicit be�er responses than single-component signals (Can-
dolin 2003), and available research suggest that receivers’ per-
cep�on might play an important role in the ecology and the 
evolu�on of signals (reviewed in Rowe 1999; Candolin 2003). 
Studies on signal recogni�on, ma�ng, or male-male interac�ons 
indicate that percep�on plays an important role in evolu�onary 
mechanisms such as prema�ng barriers (reviewed in Rowe 
1999; Candolin 2003). However, most studies on Neotropical 
bird species focus on only a single divergent signal (usually vo-
caliza�ons or plumage), and few studies have tested mul�-
modal signals in other parts of the world (e.g., Baker & Baker 
1990, Pa�en et al. 2004, Uy et al. 2009, Greig et al. 2015). 
Specifically, experiments using a combina�on of both taxider-
mic mounts and playbacks, are strong tools to evaluate the im-
portance of behavioral isola�on in the early stages of avian spe-
cia�on. The use of decoys in experiments has also been useful 
to understand the use of signals under aggressive and social 
contexts (e.g., Baker et al. 2012, Linhart et al. 2013, Barne� et 
al. 2014), but very few of these studies were carried out in the 
Neotropics. For instance, Gill et al. (2008) used a combina�on 
of song playbacks and decoys to test hypotheses using single fe-
males, single males, and paired individuals’ decoys in Buff-
breasted Wrens Thryothorus leuco�s. Further, the use of decoys 
in combina�on with acous�c playbacks could be informa�ve to 
understand mechanisms of use of mul�modal signaling in natu-
ral noise condi�ons, and to test whether birds use similar mech-
anisms to deal with noise in urban se�ngs (i.e., use of songs 
and plumage under urban noise condi�ons). 

Urban bioacous�cs. Urban area cover will increase in the 
future due to the movement of people from rural areas to ci�es 
(McDonald et al. 2008). This will reduce and fragment the natu-
ral habitats inside and around ci�es, imposing new or increasing 
the current challenges for acous�c communica�ons; these chal-
lenges include more anthropogenic noise, light pollu�on, 
changes in habitat structure, and arrival or departure of species 
(McDonald et al. 2008, Biamonte et al. 2011, Seto et al. 2012, 
Lepczyk et al. 2017). Therefore, studying how urban develop-
ment is affec�ng acous�c communica�on in our region is cri�-
cal as many ci�es exhibit large species richness (i.e., non-
passerines, sub-oscines, and oscines). Further, many vocaliza-
�ons outside of solo songs (e.g., calls, duets, choruses, and 
dawn songs), are produced year-round (MacGregor-Fors & Es-
cobar-Ibáñez 2017). Urban bioacous�cs has been developed 
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over the last few years inside the Neotropics. Similar to studies 
in the rest of the world, the focus is mostly on the effect of an-
thropogenic noise in male solo songs characteris�cs, such as fre-
quency and dura�on, and mainly in passerine species (Redondo 
et al. 2013, Mendes et al. 2017, de Magalhães Tolen�no et al. 
2018). For that reason, we need to begin studying the effect in 
other groups that inherit their songs, including furnariids, fly-
catchers, and pigeons, and in groups that learn their songs, in-
cluding hummingbirds and parrots, which are common inside 
ci�es (Leveau & Zuria 2017). We also need to study the effect of 
noise on other vocaliza�ons, such as the duets and calls pro-
duced by urban species for territorial and social communica�on 
(Méndez et al. 2021). Specifically, analyses of repertoire length 
and the propor�on of low- and high-frequency vocaliza�ons are 
necessary. Given that not all popula�ons of the same species ap-
pear to respond in the same way to changes anthropogenic 
noise (Juárez et al. 2021), we encourage compara�ve studies 
that include several popula�ons of the same species under 
different levels of anthropogenic noise to understand this urban 
factor in a broad sense.

Sound-scape analysis. New audio technology allows for the 
deployment of ARUs that can collect tons of data over long peri-
ods of �me, in remote areas and in many places at the same �me 
(Deichmann et al. 2018). ARUs have already proved to be effi-
cient and can complement other methods (e.g., point counts, 
transects, focal recordings), notably in loca�ons with reduced 
visibility (Aide et al. 2013). The amount of informa�on collected 
by ARUs over a short �me, however, can be very hard to process 
manually (Aide et al. 2013, Sueur et al. 2014, Ulloa et al. 2016, 
Gasc et al. 2017). Although bioacous�cs is a discipline that fo-
cuses on recording focal individuals in rela�on to specific behav-
iors, rarely does this field connect with other levels of ecological 
complexity like community, landscape, or ecosystem (Sueur et 
al. 2014). However, with the recent development of ARUs, new 
disciplines have arisen. Two examples are soundscape ecology
(Pijanowski et al. 2011), defined as “the collec�on of biological, 
geophysical, and anthropogenic sounds that emanate from a 
landscape and which vary over space and �me”, and ecoacous-
�cs, defined as “a discipline that studies sound along a broad 
range of spa�al and temporal scales in order to tackle biodiver-
sity and other ecological ques�ons” (Sueur et al. 2014). Given 
that bird vocaliza�ons have been widely studied in different con-
texts and are well known, the contribu�ons provided by 
Neotropical habitats can help in the improvement of soundscape 
databases, interpreta�on of soundscape metrics (Aide et al. 
2017), and valida�on of soundscape theories (Gasc et al. 2017). 

Two approaches can be implemented when analyzing the 
large datasets collected using ARUs. On one hand, automa�c 
recogni�on and classifica�on methods can be applied to large 
acous�c datasets to detect, recognize, and classify bird sounds 
(Ulloa et al. 2016). This approach may allow researchers to mon-
itor spa�al (e.g. eleva�onal shi�s in avian distribu�ons, Campos-
Cerqueira et al. 2017) and temporal changes in vocal ac�vity of 
birds, in rela�on to different aspects of their behavior at broader 
scales (Ulloa et al. 2016, Campos-Cerqueira & Aide 2016); it al-
lows for the deep study of the phenological pa�erns of songs of 
birds (Buxton et al. 2016; Pérez-Granados et al. 2019) and may 
help to understand its rela�onship with other vital aspects in the 
life of birds such as reproduc�on and mol�ng (Wikelski et al. 
2000). It also may be useful to assess species presence, abun-
dance, and evaluate the consequences of current species man-
agement for conserva�on prac�ces (Campos-Cerqueira & Aide 
2016, Shonfield & Bayne 2017). On the other hand, characteriz-
ing the acous�c bird community using acous�c indices might be 
an alterna�ve to species iden�fica�on (Sueur et al., 2014), al-
though its use needs to be careful (Sandoval et al. 2019). Instead 
of focusing on individual species or sets of species, acous�c in-
dices aim to describe the general structure of the soundscape; 
being a mathema�cal summary of the distribu�on of acous�c 
energy across �me and frequency, they can be used to es�mate 

and describe the diversity of sounds in a recording (Sueur et al. 
2014, Sandoval et al. 2019), or in aggrega�ons of recordings 
(Aide et al. 2017, Herrera-Montes 2018). Many types of acous-
�c indices have been developed and tested in different habitats, 
and have been found to reflect the diversity, abundance, com-
posi�on and vocal ac�vity of avian communi�es (Piere� et al. 
2011, Gasc et al. 2017, Sandoval et al. 2019). These indices re-
vealed, for example, that the soundscape of a tropical forest has 
changes through �me and is very heterogeneous in space (Aide 
et al. 2017). These temporal changes are probably linked to en-
dogenous factors that rule out the acous�c �me ac�vity of ani-
mal species (i.e., diel pa�erns of ac�vity), to the ver�cal stra�-
fica�on of singing communi�es or guilds, to horizontal varia-
�ons in the distribu�ons of species, and to vegeta�on spa�al 
heterogeneity (Rodriguez et al. 2014). However, these studies 
have also revealed that tropical soundscapes are sensi�ve to 
background noise, to varia�on in the distance of the animals to 
the sensor, and the rela�ve sound amplitude or calling rate of 
the signaling animal (Gasc et al. 2015).

CONCLUSIONS

This review indicated that most bird species in the Neotropics 
lack quan�ta�ve descrip�ons of vocaliza�ons, including com-
parisons between popula�ons and across their distribu�ons. 
These are basic steps to begin asking more experimental and 
func�onal ques�ons, or even to help understand the taxonomy 
of several species and groups in the region. This review also 
showed that most studies have been conducted on oscine 
species, although the great diversity of species that occurs 
within this area provides us with raw material (a large richness 
of sub-oscines and nonpasserines species) to study, and 
broaden our understanding of avian vocal communica�on. 
Thus, researchers should aim not only to con�nue recording 
male solo songs, but to also include in their studies descrip�ons 
of female vocal traits and other types of vocaliza�ons. Future 
steps will be guided by the development of new technologies 
that are cheaper and thus more accessible for researchers and 
students in this region, but also by collabora�ons between re-
searchers throughout the region. Although there is less infor-
ma�on published about bioacous�cs in the Neotropics, we 
have the poten�al to provide more robust and new informa�on 
on bird communica�on, given that most species in the Neotrop-
ics behave in different ways compared to the species used as 
model organisms in temperate regions.
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Screening large audio datasets to determine the �me and space dis-
tribu�on of screaming piha birds in a tropical forest. Ecological Infor-
ma�cs 31: 91–99. h�ps://doi.org/10.1016/j.ecoinf.2015.11.012

Uy, JA, RG Moyle & CE Filardi (2009) Plumage and song differences mediate 
species recogni�on between incipient flycatcher species of the 
Solomon Islands. Evolu�on 63: 153–164. h�ps://doi.org/10.1111/
j.1558-5646.2008.00530.x

Vargas-Castro, LE, L Sandoval & WA Searcy (2017) Eavesdropping avoidance 
and sound propaga�on: the acous�c structure of so� song. Animal 
Behaviour 134: 113–121. h�ps://doi.org/10.1016/j.anbe-
hav.2017.10.008

Villarreal, M, G Barrantes & L Sandoval (2024) Song frequency shi�s in an 
urban bird species op�mize acous�c transmission inside noisy urban 
areas. Ornitología Neotropical 35: 80–86. h�ps://doi.org/10.58843/
ornneo.v35i2.1363

Villegas, M, JG Blake, KE Sieving & BA Loiselle (2018) Vocal varia�on in Chi-
roxiphia boliviana (Aves; Pipridae) along an Andean eleva�onal gradi-
ent. Evolu�onary Ecology 32: 171–190. h�ps://doi.org/10.1007/
s10682-018-9934-7

Warner, RW (1972) The anatomy of the syrinx in passerine birds. Journal of 
Zoology 168: 381–393. h�ps://doi.org/10.1111/j.1469-7998.1972.t-
b01353.x



129

ORNITOLOGÍA NEOTROPICAL (2024) 35: 112–129
Westneat, DF, J Wright & NJ Dingemanse (2015) The biology hidden inside 

residual within-individual phenotypic varia�on. Biological Review 90: 
729–743. h�ps://doi.org/10.1111/brv.12131

Wetekam, J, C Reissig, JC Hechavarria & M Kössl (2019) Auditory brainstem 
responses in the bat Carollia perspicillata: threshold calcula�on and 
rela�on to audiograms based on otoacous�c emission measurement. 
Journal of Compara�ve Physiology A 206: 95–101. h�ps://doi.org/
10.1007/s00359-019-01394-6

Wikelski, M, M Hau & JC Wingfield (2000) Seasonality of reproduc�on in a 
neotropical rain forest bird. Ecology 81: 2458–2472. h�ps://doi.org/
10.1890/0012-9658(2000)081[2458:SORIAN]2.0.CO;2

Wilkins, MR, N Seddon & RJ Safran (2013) Evolu�onary divergence in acous-
�c signals: causes and consequences. Trends in Ecology and Evolu�on
28:156–166. h�ps://doi.org/10.1016/j.tree.2012.10.002

Wood, J, HA Lawrence & RP Scofield (2017) Morphological, behavioural, and 

gene�c evidence supports reinstatement of full species status for the 
Grey-faced Petrel, Pterodroma macroptera gouldi (Procellariiformes: 
Procellariidae). Journal of the Linnean Society 179: 201–216. h�ps://
doi.org/10.1111/zoj.12432

Wright, TF & M Dorin (2001) Pair duets in the Yellow-naped Amazon 
(Psi�aciformes: Amazona auropalliata): responses to playbacks of 
different dialects. Ethology 107: 111–124. h�ps://doi.org/10.1046/
j.1439-0310.2001.00632.x

Wright, TF, AM Rodriguez & RC Fleischer (2005) Vocal dialects, sex-biased 
dispersal, and microsatellite popula�on structure in the parrot Ama-
zona auropalliata. Molecular Ecology 14: 1197–205. h�ps://doi.org/
10.1111/j.1365-294X.2005.02466.x

Xia, A, X Liu, PD Raphael, BE Applegate & JS Oghalai (2016) Hair cell force 
genera�on does not amplify or tune vibra�ons within the chicken 
basilar papilla. Nature Communica�ons 7: 1–12. h�ps://doi.org/
10.1038/ncomms13133


