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RESUMO

Aves defendem territórios utilizando comportamentos custosos, como 
vocalizações e agressividade. Contudo, tais comportamentos favorecem a aptidão 
individual ao garantirem acesso e exclusividade a alimentos, parceiros e sítios 
reprodutivos. Aqui, descrevemos os comportamentos territorial e vocal do 
pula-pula-ribeirinho (Myiothlypis rivularis, Aves: Passeriformes) e testamos a relação 
entre atributos dos territórios (tamanho e disponibilidades de alimentos) e parâmetros 
vocais dos indivíduos. Hipotetizamos que aves com maior qualidade acústica e 
melhores condições corporais defendem territórios menores e com maior massa de 
artrópodes, componentes da dieta do pula-pula-ribeirinho. Entre outubro/2018 e 
abril/2019, anilhamos 23 indivíduos (14 machos e 9 fêmeas) na RPPN Salto Morato - 
Guaraqueçaba, PR. Usando o estimador de densidade kernel, estimamos área 
territorial para nove casais e gravamos 10 e 5,4 h de vocalizações de machos e 
fêmeas, respectivamente. Os territórios variaram de 0,88 a 1,66 ha (média±dp: 
1,25±0,29 ha), ligeiramente maiores do que os de outras espécies de Parulidae. No 
entanto, os territórios de pula-pula-ribeirinho são menores que aqueles de outras aves 
tropicais, especialmente outras que se alimentam de artrópodes. Também 
encontramos massa de artrópodes variando de 0,11 a 0,26 g (média±dp: 0,18±0,06 g) 
nos territórios, pelos quais machos e fêmeas passam a maior parte do tempo emitindo 
chamados, forrageando e se deslocando juntos. Machos emitem cerca de 1,5±0,4 
cantos/min, os quais têm, em média, 13,8±2,3 elementos sonoros, duração de 4,7±0,7 
s, banda de frequência de 2055±167 Hz e frequência de pico de 3465±80 Hz. Esses 
cantos apresentam sibilo inicial com pouca modulação de frequência, seguido de 
trinado. Ainda, para a porção trinada, encontramos uma distribuição triangular entre a 
taxa de trinado e a banda de frequência e modelamos uma reta de regressão negativa 
utilizando os pontos no limite superior da distribuição. Calculamos as distâncias 
ortogonais individuais médias de cada macho em relação a essa regressão que 
variaram entre 0,27±0,18 e 1,13±0,17. Tal relação negativa se deve às limitações do 
próprio aparato vocal, sendo necessário alto investimento energético para aumentar 
ambos os parâmetros simultaneamente. Fêmeas vocalizam com taxa média de 
1,4±0,9 cantos/min e seus cantos apresentaram duração de 2,5±0,3 s, banda de 
frequência de 2262±223 Hz e frequência de pico de 3194±90 Hz. Encontramos 
relação negativa entre a banda de frequência dos cantos das fêmeas e o tamanho de 
seus territórios. Isso sugere uma possível atuação das fêmeas na territorialidade para 
esta espécie. Os parâmetros de canto dos machos, no entanto, não apresentaram 
relação com tamanho de território e disponibilidade de alimentos. É possível que os 
parâmetros acústicos atuem mais como indicadores de qualidade individual, ao invés 
de indicadores de características do território. Com este trabalho, contribuímos com o 
conhecimento dos comportamentos vocal e territorial em Parulidae na Mata Atlêntica 
ao apresentar dados inéditos para pula-pula-ribeirinho. Ainda, apontamos a 
necessidade de pesquisas abordando canto de fêmeas, as quais também podem 
estar envolvidas com a defesa de territórios.

Palavras-chave: aves, bioacústica, Floresta Atlântica, território, vocalização em 
fêmeas.



ABSTRACT

Birds defend territories by engaging in potentially costly behaviors, such as 
vocalizations and aggressive interactions. Nevertheless, those behaviors favor 
individual fitness as they help guarantee access and exclusivity to food, sexual 
partners and nesting sites. Here, we describe territorial and vocal behaviors of the 
riverbank warbler (Myiothlypis rivularis, Aves: Passeriformes), and tested for 
relationships between territory attributes (size and food abundance) and individuals’ 
vocal parameters. We hypothesize that birds with higher levels of vocal performance 
and with larger relative body mass will defend territories that are smaller and contain 
higher masses of arthropods, the main component of riverbank warbler diets. 
Between October 2018 and April 2019, we banded 23 riverbank warblers (14 males 
and 9 females) in the Reserva Natural Salto Morato - Guaraquegaba, PR, Brazil. 
Using kernel density estimator, we estimated territory sizes of nine warbler pairs and 
recorded 10 and 5.4 h respectively of male and female vocalizations. Territories 
varied from 0.88 to 1.66 ha (mean±sd: 1,25±0.29 ha), slightly larger in area than those 
of other Parulidae species, but smaller than those of many other tropical bird species, 
especially insectivorous ones. Arthropod mass varied from 0.11 to 0.26 g (mean±sd:
0.18±0.06 g), and males and females spent most of the time cheep-calling, foraging 
and traveling as pairs. Males sang 1.5±0.4 song/min, their songs comprised 13.8±2.3 
elements, 4.7±0.7 s in duration, and measured 2055±167 Hz in frequency bandwidth 
and 3465±80 Hz in peak frequency. These songs begin with whistle-like notes, with 
low frequency modulation, and then continue with trilled notes. We found a triangular 
distribution between trill rate and frequency bandwidth, and modelled a negative 
regression for its upper-bound limit. We calculated mean individual orthogonal 
distances to the negative regression ranging from 0.27±0.18 to 1.13±0.17. Such 
negative relationships are due to limitations of the vocal apparatus, demanding high 
mechanical investment to simultaneously enhance both parameters. Females 
vocalize at 1.4±0.9 song/min, their songs span 2.5±0.3 s duration, and feature 
2262±224 Hz frequency bandwidths and 3194±90 Hz peak frequencies. We found a 
relationship between female frequency bandwidth and territory size, in which females 
with broader bandwidth songs occupied smaller territories. This suggests a possible 
role for females and their songs in territoriality in this species. However, territory size 
and food availability were not related to male song parameters. It is possible that 
acoustic parameters act mainly as indicators of individual quality, rather than territory 
quality. Overall, this work presents new data on riverbank warbler and contributes new 
knowledge on vocal and territorial behavior for Parulidae in the Atlantic Forest. In 
addition, we highlight the need for further studies focused on female song, which like 
male song could be associated with territory defense.

Keywords: Atlantic Forest, bioacoustics, birds, female song, territory.
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1. INTRODUCTION

Many bird species are territorial, exhibiting behavioral patterns such as physical 

confrontations, vocalizations, and visual displays (Maher & Loft, 1995; Tomaz & Alves, 

2009; Szasz et al., 2019). While costly, such as in time and energy expenditure, injury 

risks and exposure to predators, territoriality allows for greater resource acquisition 

(Duca, Guerra & Marini, 2006; Hinsch & Komdeur, 2017). By favoring access to food, 

sexual partners and nesting sites, territoriality increases the overall reproductive 

success of individuals (Duca, Guerra & Marini, 2006; Duca & Marini, 2014).

One of the most noticeable bird behaviors related to territoriality is singing. Bird 

vocal capacities are essential in conspecific communication, especially among 

individuals alerting each other about a defended area (Gil & Gahr, 2002; Szymkowiak 

& Kuczynski, 2017; Nishida & Tagaki, 2018). Two main functions of bird songs are 

associated to these alerts, the exclusivity of territory use (involving intrasexual 

disputes) and mate attraction (llles, Hall & Vehrencamp, 2006; Szymkowiak & 

Kuczynski, 2017; Kaluthota, Medina & Logue, 2019). Songs may signal individual 

qualities, such as the ability to hold good territories, and receivers may assess the 

quality of vocal parameters (e.g. singing tempo: Nishida e Takagi, 2018; song 

repertoire: Yasukawa, Blank & Patterson, 1980; Potvin et at., 2015; Xia, Whei & 

Zhang, 2015; singing rate: Berg et al., 2005; Ritschard & Brumm, 2012; Manica et al., 

2014; Szymkowiak & Kuczynski, 2017). Moreover, elaborated sounds, such as trills 

(Podos, 1997; Janicke et al., 2008; Podos & Patek, 2015), may indicate signaler 

qualities because they demand rapid changes in the configuration of the vocal motor 

apparatus, which can be associated with singer quality or condition (Podos, 1997; 

Vehrencamp et al., 2013). Thus, individual’s “vocal performance”, i.e. the ability to 

maximize song features in the face of intrinsic production constraints (Podos, 1997; 

Gil & Gahr, 2002; Podos & Patek, 2015; Phillips & Derryberry, 2017), can be used by 

both potential partners and competitors to assess individual condition (Vehrencamp et 

al., 2013; Podos & Patek, 2015; Phillips & Derryberry, 2017).

Also important in understanding bird territoriality and communication is the female 

role in these activities, which has been mostly overlooked until recently (Najar & 

Benedict, 2015; Odom & Benedicti, 2018; Riebel et al., 2019). Recent evidences 

indicates that female song is ancestral and common in birds, especially in tropical 

zones (Odom et al., 2014; Najar & Benedict, 2015; Rose et al., 2019; Riebel et al.,
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2019). The scenario is similar for territorial behavior; in many tropical species, females 

are seen to defend territories as much as males, either solitarily towards same-sex 

intruders or in coordination with males (Fedy & Stutchbury, 2005; Gill & Stutchburry, 

2006; Demko & Mennill, 2018). Fortunately, studies on tropical pair-bonding birds and 

female participation in territorial behavior have been appearing with increasing 

frequency in the literature (i.e. Morton, Derrickson & Stutchbury, 2000; Hau, Stoddard 

& Soma, 2003; Tobias e ta i,  2011; Demko & Mennill, 2018). However, we still know 

very little regarding the functions and production mechanisms of female song, 

especially in territorial contexts (Odom & Benedict, 2018; Rose e ta i,  2019).

By focusing here on the riverbank warbler (Myiothlypis rivularis), a widespread 

and resident Parulidae in the Atlantic Forest, a highly endangered biome (Ribeiro et at. 

2009; Vallejos, Padial & Vitule, 2016; Rezende et at., 2018), we aim to contribute to 

behavioral studies of tropical birds. In the riverbank warbler, both males and females 

sing and share year-long territories (Sick, 1997; Najar & Benedict, 2015), as in other 

tropical birds (Fedy & Stutchbury, 2005; Tobias et at., 2011; Duca & Marini, 2014). 

Always associated with rivers, riverbank warbler pairs continuously move and forage 

together on the forest ground, and build their nests in river banks, with both male and 

female engaging in parental care (Sick, 1997). While classified as “Least Concern” on 

the IUCN Red List, riverbank warbler populations are decreasing, mainly due to 

habitat loss (IUCN, 2017). Studies related to this species’ spatial use, crucial for 

prioritizing conservation efforts, have been scarce.

Here, we aim to 1) describe territorial behavior in the riverbank warbler, including 

first descriptions of male and female vocalizations and their territory characteristics 

(size and resources availability), and 2) to test the hypothesis that territory quality 

relates to song quality and scaled body mass (a proxy for individual body condition), 

as predicted by sexual selection theory. We here predicted that individuals singing 

longer songs, with higher peak frequencies (in kHz), frequency bandwidths (in kHz), 

vocal performance, and with larger body mass, should hold better territories (smaller 

and with more arthropod mass, Stenger, 1958; Wagner & Islam, 2015; Newmark & 

Stanley, 2016).
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2. METHODS

2.1. Study area and bird captures

We collected field data from October 2018 to March 2019 (15 days/month) in a

11.3 ha area at the Reserva Natural Salto Morato (RNSM), Guaraqueçaba, PR, Brazil. 

This 2252.8 ha reserve is located in the Lagamar region, which contains the greatest 

continuous Atlantic Forest remnant and is composed of rainforest (Fundação Grupo 

Boticário, 2011). Its climate is classified as humid subtropical, with hot summers and 

without dry seasons, according to the Koppen-Geiger classification (Cfa, Alvares et al.,

2014).

We searched for riverbank warblers using their songs as location cues. When 

located, we captured them with 4-5 mist-nets (2.5 m x 6 ,  10 or 12 m x 32 mm). We 

marked individuals using unique combinations of three plastic colored bands on their 

right tarsus and a numbered aluminum band, provided by the Brazilian birding agency 

(ICMBio/CEMAVE, license number: 44439-1), on the left tarsus. We assigned 

individuals to sex based on the songs they emitted during focal sampling, as females 

and males present distinct songs (RF and LM pers. comm.). We sent samples of 19 

individuals for molecular sexing analysis at Ampligen Lab, and these results matched 

our field determination. For each captured individual, we also measured right tarsus’ 

length with a caliper (to the nearest 0.05 mm) and body mass with a spring scale (0.5

g)-

2.2. Behavioral data, territory size and food availability

We conducted focal sampling on males mainly during the morning, following them 

during 1 h maximum after their first sighting in territories. We were able to sample only 

two to three males per day, mainly due to low density of the species in the study area 

(see results) and the reduced activity of individuals, resulting from atypical high 

temperatures in the summer. Every five minutes, or each time the bird moved farther 

than 5 m, we registered its geolocations using a Global Positioning System (GPS) unit. 

Since individuals sang throughout the whole sampled areas and sometimes engaged 

in conspecific agonistic interactions, both indicators of territorial defense, we 

considered all registered geolocations as delimiting individual territories. During all 

sampling periods, we registered when birds performed the following behaviors: 

singing, emitting cheep calls, foraging, movements by jumping or short flights, and
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vigilance (i.e., when birds stood still and vigorously moved their raised heads to 

observe the surroundings). Calling, foraging and moving often occur simultaneously, 

and, when realized at the same time, we equally divided the recording time between 

these behaviors. We only registered behaviors when birds were in view. We limited 

our searches for birds on known territories to 2 h, moving to sample other territories 

when not locating the bird within this period. We established a total minimum of 30 

geolocations per territory. To define territory boundaries, we used the 95% kernel 

density estimator (KDE), a non-parametric algorithm that delimits utilization 

distributions based on geolocation densities (Worton, 1989; Seaman & Powell, 1996), 

which guarantee keeping only areas actually occupied by birds (Barg et al., 2005). We 

adopted an ad-hoc smoothing parameters ( h ad-hoc) for each territory estimation. To do 

so, we extracted territories’ reference smoothing parameter (href) and repeatedly 

reduced them by 0.10 increments in new KDE performs, until obtaining minimum 

contiguous territory polygons (Kie, 2013). As paired birds were seen together during 

almost all sampling periods, and as both were seen to respond to intruders, we 

assumed the same territory size for the members of a pair. In one case, we observed 

a male substitution in the pair (see results) and, as the female remained in the location 

paired with each male at a time, we considered the areas as two differents territories. 

To calculate territory size we adopted the mean of both areas.

During the last week of our field work, we used two arthropod sampling 

techniques on each territory to access food availability, sampling both open and 

dense vegetation. In open vegetation localities, i.e. composed mainly by vegetation 

with less than ~1.5 m, we sampled actively for arthropods in three randomly selected 

geolocations using a sweep net (15 cm radius). In each selected location, we 

established a 20 m-linear northern transect, in which we sampled arthropods 

sweeping the net 40 times, making 180° movements, perpendicular and near to the 

ground (Nditha et al., 2017). In localities with denser vegetation, in which it was 

impossible to use a sweep net, we used five 400 mL vials half filled with 70° ethanol 

as pitfall traps (Brown, Benson e Bednarz, 2011). To do so, we randomly selected one 

sampled geolocation of each territory to place its first pitfall. We then placed four more 

pitfall traps in each territory, aligned to the cardinal points and 5 m apart from the first 

one (Brown, Benson e Bednarz, 2011). We placed plastic covers 1.5 cm above traps 

to keep debris and large organisms from falling in. We stored arthropods in jars with 

70° ethanol and later submitted samples to a 35°C heated oven for 48 h to complete
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drying (Sample et al., 1993; Nditha et al., 2017). We then calculated the total 

arthropod dry mass for each territory using a digital balance (to the nearest 0.001 g).

2.3. Acoustic data

We recorded birds vocalization using a Marantz PMD661 digital recorder and a 

Sennheiser ME67 directional microphone (sampling rate: 44,1 KHz and resolution: 24 

bits). To ensure that we recorded at least one song per individual, we recorded males 

for 30 min after locating them but before we started our focal sampling. After that, new 

vocal records were made by a second researcher in synchrony with our focal 

sampling, not necessarily in an uninterrupted way. For each male, we selected five 

vocalizations per day of recording, and for each song extracted their duration, number 

of notes in trills, peak frequency, and maximum and minimum frequencies using the 

software Raven Pro 1.5 (Bioacoustic Research Program, 2014). We adopted as 

maximum and minimum frequencies those at -24 dB at the highest amplitude, 

allowing us to exclude background noise and covering about 99.6% of the acoustic 

signal energy (Podos, 1997; Zollinger et al., 2012). Whenever possible, we also 

recorded female songs during focal sampling and extracted song duration, peak 

frequency, and the 5% and 95% minimum and maximum frequencies. By selecting 

frequencies at 5 and 95%, we selected the spectogram interval encompassing 90% of 

the energy from females songs (Chariff, Strickman & Waack, 2010). We opt to use 5% 

and 95% frequencies for female songs due the impossibility to extract frequencies at 

-24 dB at the highest amplitude. For both sexes, we calculated frequency bandwidth 

as the difference between maximum and minimum frequencies.

We defined vocal performance for males songs by calculating the “vocal 

deviation” of trills in each recorded song. To do so, we divided the number of notes in 

trills minus 1 by the time interval between the beginning of first and last trill notes 

(Vehrencamp et al., 2013). We classified trill rate of all males in six 0.2 notes/s bins. 

We then selected the song with the highest frequency bandwidth for each bin, and 

plotted a linear regression to define an upper-bond limit for the relationship between 

trill rate and frequency bandwidth (Blackburn, Lawton & Perry, 1992; Podos, 1997). 

Next, we calculated vocal deviation by measuring the orthogonal distance between 

each song and the upper-bond regression, and averaged those values for each male 

to use in subsequent analysis. For vocal deviations above and to the right of the
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regression, we adjusted the upper-bond regression to the song with highest frequency 

bandwidth by adding the residual of this song to its intercept. The upper-bound 

regression represents the performance limit for the emission of trills (Podos, 1997; 

Ballentine, 2009). The closer a song gets to the line, the more successfuly an 

individual manages the tradeoff between producing repeated, short notes and wide 

frequency bandwidths (Podos, 1997; Ballentine, 2009). By contrast, a larger vocal 

deviation indicates a lower vocal performance (Podos, 2001; Janicke etal., 2008).

2.4. Statistical analysis

We tested for within bird consistency in song parameters using repeatability 

analysis (Nakagawa & Schielzeth, 2010). For such, we selected three songs recorded 

between 0600 and 0800 for each bird, and tested for repeatability in song duration 

and peak frequency. For males, we also tested repeatability in vocal deviation. Songs 

selected for repeatability analyses comprised the whole sampling period. We 

performed Spearman correlation analyses between all acoustic parameters of male 

and then female songs, applying Bonferroni’s corrections and considering a = 0.01.

We calculated and tested a Spearman correlation between territory size and 

arthropod dry mass. To test relationships between acoustic parameters and body 

mass with territory size and arthropod dry mass, we constructed General Linear 

Models (GLMs) with Gamma error distribution and log-link function. We implemented 

two model sets for each sex, with territory size and arthropod dry mass as our 

response variables. For females, we used peak frequency, frequency bandwidth and 

song rate as predictors. For males, we used the same variables plus song duration, 

mean vocal deviation and scaled mass index (SMI). To determine SMI, we extracted 

standardized individual values of males’ body mass relative to their mean tarsus 

length (see Peig & Green, 2009 for further details). For females, we did not used song 

duration as predictor due its positive correlation with frequency bandwidth (see 

results). We fitted models making all possible combinations of predictors but 

considering a maximum of two predictors in each model, to avoid overfitting and 

reduce sample size bias. Each model set also included a null model. To assess the 

relative explanatory power of our models and song parameters, we used 

second-order Akaike’s Information Criteria (AlCc), Akaike’s weight (wi) and averaged 

estimates and confidence intervals for each predictor (Burnham, Anderson &
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Huyvaert, 2011). We considered all models with a AAlCc lower than 4 as models with 

substantial support to explain the data (Burnham, Anderson & Huyvaert, 2011).

To determine territory sizes, perform repeatability analysis, GLM and AlCc model 

selection, we used the packages adehabitatHR (Calenge, 2019), rptR (Stoffel, 

Nakagawa & Schielzeth, 2019), stats (R Core Team, 2019) and AlCmodavg 

(Mazerolle, 2019), respectively, in the R 3.6.2 environment (R Core Team, 2019). 

Finally, we drew territory shapes and locations by generating klm files with the rgdal 

(Bivand, Kett & Rowlingson, 2019) R package and applying them using the software 

QGis 3.8 (QGIS Development Team, 2009).

3. RESULTS

We captured and banded 14 males (13 adults, 1 young) and 9 females (7 adults, 2 

youngs). We conducted 9.7 h of focal sampling for 9 adult males, 1.08 ± 0.4 h per bird. 

Subjects spent most of the time (>18%) calling, foraging and moving, with these 

behaviors combined occupying the greatest amount of time for most males (Table 1). 

For males C98604 and C98607, vigilance was the most frequent activity (43.4 and 

31.5%, respectively). Only male C98617 presented singing as their predominant 

behavior (13.3%). Males sang usually while moving and foraging, 7.8 ± 3.8% (1.5 ± 

0.4 songs/min) of the observation time. Females occasionally sang a few seconds 

after males’ songs. In early 2019, during the breeding season, we registered young 

individuals, presenting juvenile plumage, foraging with our focal individuals. As we did 

not observe any agonistic behavior towards young birds, and they spent most of the 

time moving and foraging with subject birds, we assumed these were the focal birds’ 

offspring.
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Table 1. Proportion of time riverbank warbler males engaged in each five behavioral categories during 
focal sampling, related to total observation time._______________________________________________

Male
Effective observation 

time (h)

Proportion of time (%)*

Singing Calling Foraging Moving Vigilance

C98604 0.78 3.8 2.6 4.2 11.7 43.4

C98606 1.39 3.1 20.6 14.5 13.9 0.4

C98607 1.51 6.2 3.3 10.7 12.9 31.5

C98609 0.76 6.6 24.7 8.5 13.6 0.4

C98610 0.78 8.2 4.6 8.1 10.1 14.2

C98614 1.40 11.7 5.3 3.3 10.8 7

C98617 1.15 13.3 2.6 2.4 3.9 0.4

C98619 0.48 5.1 19.9 14.9 24.2 1.3

C98622 1.54 12.6 3.2 1.2 15.6 0.2
* Total proportion of time do not sum 100% because we did not sample other behaviors not listed here.

3.1. Territory size and food abundance

We delimited nine territories, measuring 1.25 ± 0.29 ha and ranging from 0.88 to 

1.66 ha (Table 2, Figure 1). Territories Tr5 and Tr6 correspond to same locality, which 

was occupied subsequently by two different males during the sample period. We 

measured 0.18 ± 0.06 g of arthropod mass in territories, which ranged from 0.11 to 

0.26 g. The largest territory (Tr4) was the one with the lowest arthropod mass, while 

the smallest territory (Tr9) presented the largest arthropod mass. However, a 

correlation between territory area and arthropod abundance was non-significant (r = 

-0.35, p = 0.66, n = 9).

Table 2. Pairs of male and female riverbank warblers and their respective territory identification, 
number of geolocations, territory size (95% kernel density estimator) and arthropod dry mass.________

Male Female
Territory

label
Number of 

Geolocations Area (ha) Arth. mass (g)
C98609 C98608 Tr1 49 1.57 0.19

C98610 C98611 Tr2 43 0.95 0.11

C98617 C98616 Tr3 36 1.15 0.12

C98614 unbanded* Tr4 41 1.66 0.11

C98604 C98603 Tr5 35 1.03 0.23

C98622 C98603 Tr6 48 1.49 0.23

C98619 C98613 Tr7 68 1.08 0.17

C98606 C98605 Tr8 56 1.47 0.20

C98607 unbanded* Tr9 63 0.88 0.26
* We were not able to capture and mark females paired with C98614 e C98607 males.
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Figure 1. Relative position and area of 9 territories of riverbank warblers in Reserva Natural Salto 
Morato. Polygons were defined using a 95% kernel density estimator.

3.2. Male songs

We recorded 11.15 h of male vocalizations, 10 h of which corresponded to the 

nine males for whom territory size was estimated, and the remaining time of three 

other individuals not banded or lost during sampling. Males sang 1.8 ± 0.2 

songs/minute, each song presenting, in average, 4.7 ± 0.7 s duration, 2055 ± 167 Hz 

frequency bandwidth and 3465 ± 79 Hz peak frequency. Males sing an initial 1.2 ± 0.2 

s whistle composed by a group of short notes separated by short intervals (Figure 2). 

During the whistle, males achieve average frequency bandwidths and peak 

frequencies of 1530 ± 577 Hz and 2999 ± 85 Hz, respectively. Right after the whistle, 

males sing a trill with 11.5 ± 1.9 notes, produced during 3.0 ± 0.5 s, and achieving 

2038 ± 150 Hz and 3476 ± 88 Hz of frequency bandwidths and peak frequencies, 

respectively. Males repeat the same song type (whistle followed by a trill) each time
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they sing. Males’ SMI did not correlated with any song parameter ( r Song duration = 0.20, p 

= 0.30, Tpeak freq = -0.32, p = 0.39, Tfreq bandwidth = -0.37, p = 0.79, Tvocal deviation = 0.43, p = 

0.11 and r SOng rate = 0.30, p = 0.94, n = 9).
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Figure 2. Sound spectograms of riverbank warbler male songs in sampled territories. Songs are 
composed of an initial whistle-liked sound followed by a trill. Identification correspond to males’ bands 
and territories labels.

The distribution of data points plotted as a function of trill rate and frequency 

bandwidths was triangular, resulting in a negative upper-bound regression (y = 

-636.7x + 4632.7, Figure 3a). The male at Tr1 presented the lowest mean vocal 

deviation (0.27 ± 0.18), hence the highest vocal performance, while the Tr8 male 

performed the highest mean vocal deviation (1.13 ± 0.17) and thus the lowest vocal 

performance (Figure 3b).
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Figure 3. (a) Relationship between trill rate and frequency bandwidth of 102 riverbank warbler songs, 
recorded from nine males. Solid line: upper-bond regression for vocal performance. Dashed line: 
upper-bond regression line adjusted for the song with largest residual. Upper-bound regression points 
are circled in black, (b) Mean vocal deviation of male songs presented in (a). Errorbars indicate 
standard deviations. Identification corresponds to territories names.

Males presented high individual consistency in song parameters, with very 

repeatable song duration and frequency bandwidth (Rm song duration = 0.80, Cl = 0.41 to 

0.91, p  < 0.01; Rm freq bandwidth _ 0.78, Cl = 0.46  to 0.92, p < 0.01, n = 27). Even if lower, 

repeatability values for peak frequency and vocal deviation were also significant (Rm 

peak freq = 0.47, Cl — 0 .03  tO 0.81, p = 0.02, Rm vocal deviation = 0.46, Cl — 0 .04  tO 0.74, p = 

0.02, n = 27). We found no correlation between any pairs of male song parameters (all 

p >  0.01, Table 3).
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Table 3. Spearman correlation matrix for song parameter of riverbank warbler males. N = 9.
Song parameters (1) (2) (3) (4)
(1) Song duration -

(2) Peak frequency 0.30 -

(3) Frequency bandwidth 0.25 0.25 -

(4) Vocal deviation 0.20 -0.43 -0.23 -

(5) Song rate -0.22 0.15 -0.20 0.18

3.3. Female songs

We recorded 5.38 h of female songs, comprising all females in Table 1, except 

two (C98605 and C98611), which did not vocalize during our observations. Song rates 

for females were 1.4 ± 0.9 songs/min, and 96.2% of songs were likely recorded in our 

last four sampling months. During this period, we saw fledglings in the study areas. 

Female songs are whistle-like and include many frequency modulations, as well as
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some double voices (Figure 4). These songs lasted 2.5 ± 0.3 s, and were measured of 

2262 ± 223 Hz in frequency bandwidth, and 3194 ± 90 Hz in peak frequency.
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Figure 4. Sound spectrogram of riverbank warbler female songs. Identification corresponds to females’ 
bands and territories labels. We could not capture and band females at Tr4 and Tr9.

Females presented repeatable song duration, frequency bandwidth and peak 

frequency ( R f  song duration _ 0.59, Cl — 0.07 to 0.84, p ^ 0.01, R f  freq bandwidth _ 0.56, Cl — 

0.05 to 0.74, p < 0.01; Rf peak freq _ 0.59, Cl = 0.07 to 0.84, p < 0.01, n = 24). As with 

males, we did not find any significant correlation among female song parameters 

(Table 4). However, while not significant, female song duration and frequency 

bandwidth presented a noticeable correlation of 0.83.

Table 4. Spearman correlation matrix for riverbank warbler female song parameters. N = 6.
Song parameters (1) (2) (3)
(1) Song duration -

(2) Peak frequency 0.26 -

(3) Frequency bandwidth 0.83 0.43 -

(4) Song rate 0.26 0.54 -0.086

3.4. Relationships between song, body mass and territory characteristics

For both sets of models testing how territory characteristics related to male traits, 

the null model had the best fit (Table 5). For arthropod dry mass models, peak 

frequency, song duration, SMI and vocal deviation were included in models with 

support (AAlCc < 4), but their weights were low. This indicates that these variables 

were not related to territory-specific arthropod dry masses. The same outcomes were



18

found for territory size models that included song rate (AAlCc = 1.72, wi = 0.19) and 

duration (AAlCc = 3.16, wi = 0.09). When analyzing predictors’ model-averaged 

estimates and their confidence intervals, we noted that territory size was slightly and 

negatively related to song duration, and slightly positively related to song rate (song 

duration: p = -0.1 ± 0.09, 95% Cl = -0.27 to 0.07, song rate: p = 0.13 ± 0.08, 95% Cl = 

-0.04 to 0.29, Table 6).

Table 5. Linear model selection of male and female arthropod dry mass and territory size in relation to 
male song parameters (duration, frequency bandwidth, peak frequency, vocal deviation and song rate) 
and SMI. For models with AAlCc > 4 see Tables S1 and S2. N = 9.
Sex Response variable Predictors K AlCc AAlCc wi
Males Arthropod dry mass Null 2 -20.34 0.00 0.36

Peak frequency 3 -19.83 0.52 0.28
SMI 3 -17.14 3.21 0.07
Song duration 3 -16.99 3.35 0.07

Territory size Null 2 8.16 0.00 0.43
Song rate 3 9.87 1.72 0.18
Song duration 3 11.31 3.16 0.09
SMI 3 11.37 3.21 0.09

Females Arthropod dry mass Null 2 -9.47 0.00 0.92
Territory size Frequency bandwidth 3 5.47 0.00 0.86

Null 2 9.22 3.74 0.13

Table 6. Model-averaged estimate, standard error (se) and 95% confidence interval (Cl) for each male 
and female riverbank warbler song parameter, calculated from Generalized Linear Model sets.
Sex Response variable Predictor Estimate±se 95% Cl
Males Arthropod dry mass Song duration -0.15 ± 0.13 -0.41 to 0.10

Peak frequency -0.23 ± 0.12 -0.46 to 0.01
Frequency bandwidth 0.01 ± 0.12 -0.22 to 0.25
Vocal deviation 0.06 ± 0.15 -0.23 to 0.34
Song rate 0.04 ± 0.12 -0.20 to 0.27
SMI 0.16 ± 0.13 -0.10 to 0.42

Territory size Song duration -0.10 ± 0.09 -0.27 to 0.07
Peak frequency 0.04 ± 0.09 -0.13 to 0.21
Frequency bandwidth 0.06 ±0.09 -0.12 to 0.23
Vocal deviation 0.00 ±0.09 -0.17 to 0.17
Song rate 0.12 ± 0.08 -0.04 to 0.29
SMI -0.10 ±0.08 -0.26 to 0.07

Females Arthropod dry mass Peak frequency 0.25 ± 0.16 -0.05 to 0.56
Frequency bandwidth 0.13 ± 0.16 -0.17 to 0.44
Song rate 0.23 ± 0.16 -0.08 to 0.53

Territory size Peak frequency -0.13 ± 0.10 -0.34 to 0.07
Frequency bandwidth -0.23 ± 0.10 -0.43 to -0.02
Song rate 0.00 ± 0.10 -0.21 to 0.20

In models of female territory food abundance, we also found that the null model 

had the best fit, with the highest AlCc weight (Table 5). Other models and averaged 

predictor outcomes (Table 6) did not present evidence for relationships between 

response and predictor variables. For female territory size, the model including 

frequency bandwidth was the one with better fit (Table 5). Frequency bandwidth and
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territory size presented a negative relationship (Figure 5, Table 8), indicating that 

females singing songs with larger frequency modulations own smaller territories. 

Beyond this, null model also presented an AAlCc < 4.

Frequency bandwidth (Hz)
Figure 5. Linear regression (standard error represented in the shaded area) of song frequency 
bandwidth versus territory size for female riverbank warblers. Females with larger frequency ranges 
were found in smaller territories.

4. DISCUSSION

Here we provided first descriptions of the riverbank warbler territorial and acoustic 

behaviors, detailing male and female song features and territory characteristics. In 

addition, we tested for relationships between these behaviors and territory size and 

food abundance, considering both sexes separately. We expected that individuals’ 

vocal features that reflect singer quality might signal both territory size and food 

abundance. The only significant relationships we found here is for female songs, in 

which individuals presenting broader frequency bandwidths were seen defending 

smaller territories.

Our results indicate that female riverbank warblers participate in territory 

establishment and maintenance, in part through singing. In one territory, we observed 

a male replacement, with the female remaining in the area and a new male settling in. 

Singing for territory defense and mate attraction has traditionally been considered as 

male bird activity, but recent studies have demonstrated these behaviors are far more 

common in females than was previously assumed (e.g. Brunton et al., 2008; llles & 

Yunes-Jimenez, 2008; Odom et at., 2014; Najar e Benedict, 2015; Rose et at., 2019;
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Riebel et al., 2019). Indeed, female birds sing in several tropical year-round territorial 

species, even when not paired (Fedy & Stutchbury, 2005; Demko & Mennill, 2018; 

Riebel etal., 2019). In the rufous-capped warbler (Basileuterus rufifrons), for example, 

female share territorial defense with males, especially in the non-reproductive season 

(Demko & Mennill, 2018). Tropical systems provide consistent food abundance and 

both sexes could be favored by remaining in given areas during long periods (Slater & 

Mann, 2004). Furthermore, we observed female riverbank warblers singing more 

during our last sampling months, the same period in which we sighted young 

accompanying parents in foraging and movements. Such female behavior could 

indicate they could be acting not only in territorial defense, but also in pair 

maintenance during a critical period of parental care. Singing behavior in females 

appears to be associated with mate attraction and pair cohesion (Slater & Mann, 2004; 

Najare Benedict, 2015; Khon, 2018; Riebel etal., 2019; Rose etal., 2020).

It may be that female riverbank warblers songs reflect territory quality. One of our 

main findings is that frequency bandwidth of female song is related negatively to 

territory size, with those expressing wider frequency ranges defending smaller 

territories. Thus, these females could be defending territories of higher quality. High 

frequency bandwidth is expected to be more costly to produce because it depends on 

birds’ capacity to adjust the configuration of their upper vocal tract and beak gape 

(Podos, 1997; Riede et al., 2006; Cramer, 2013). Despite that several studies 

demonstrated that high-quality territories tend to be smaller and richer in resources (e. 

g. Stenger, 1958; Wagner & Islam, 2015; Newmark & Stanley, 2016), we found no 

relationship between territory size and arthropod masses neither between food 

abundance and female song parameters. We suggest that territory quality in riverbank 

warblers could relate to the abundance of other resource not sampled here, such as 

nest site and shelter availability or percentage of areas covered by rivers. Considering 

that females have large reproductive costs (llles & Yunes-Jimenez, 2008), the 

evolution of their song traits could be linked to intrassexual competition (Geberzahn, 

Goymann & ten Cate, 2010), e.g. favoring those with better resource-holding capacity. 

In the Parulidae, species with singing females evolved several times (Najar e Benedict,

2015). Emergent potential relationships between female birds’ territorial and singing 

behaviors highlights the need for further attention by researchers, because it could 

provide background to better understand their evolution (Fedy & Stutchbury, 2005; 

Demko & Mennill, 2018; Odom & Benedict, 2018).
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We found that male riverbank warblers sing songs with two distinct segments, 

whistles and trills, which are very similar to those of its nearest related species, the 

buff-rumped warbler (M. fulvicauda) (Escalante, 2013). In this later species, each 

segment carries distinct information in inter-individual communication (Escalante,

2013). Initial whistles vary between males, indicating it could be linked to individual 

recognition and pair maintenance (Escalante, 2013; Aubin et al., 2004). Song features 

that enable intraspecific recognition tend to occur at the beginning of vocalizations in 

territorial species with stereotyped songs, because territory defense depends on rapid 

recognition by neighbors and intruders (Elfstrom, 1990; Aubin et al., 2004). This has 

been shown for another Parulidae with a stereotyped song, the white-browed warbler 

(M. leucoblephara), in which individuals seem to recognize each other through 

frequency and amplitude modulation in the first half of their songs (Aubin et al., 2004). 

The second segments, trills, might allow song to transmit well through environmental 

noise, because this suffer least degradation by wind in open lands (Wiley, 1991; 

Podos, 1997; Graham etal., 2016). This is especially important for riverbank warblers 

due its association with rivers and preference for foraging in open areas. Trills could 

also be associated with individual quality information (Podos, 1997; Vehrencamp etal., 

2013; Podos & Patek, 2015; Phillips & Derryberry, 2017). And furthermore, singing 

could be associated with other behaviors, composing a multimodal communication 

system which enables information transfer even in the presence of river noise. This 

seems to be the case for buff-rumped warblers, as males of this species coordinate 

singing with steady vertical tail movements (Escalante, 2013); we noted similar tail 

movement in riverbank warblers.

The structure of trills of male riverbank warblers revealed a constraint on acoustic 

production, as individuals singing with faster note repetitions presented narrower 

frequency ranges. This pattern has already been demonstrated for several species 

producing trills (e.g. Podos, 1997; lies, Hall & Vehrencamp, 2006; Janicke et al., 

2008). The main explanations for this involve mechanical limitations during 

vocalization, since singing demands motor, respiratory and nervous structures 

coordination in order to achieve specific song patterns (Gil & Gahr, 2002; 

Vehrencamp et al., 2013). Note repetition during trills involves rapid air pulses and 

syrinx movements, while frequency modulation requires mainly syrinx and beak 

movements (Hartley & Suthers, 1987; Podos, 1997; Podos, 2001; but see Porzio etal., 

2019a,b for different, even an opposite, patterns in non-trilled vocalizations). The
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tradeoff between trill rate and trill frequency bandwidth, and the ability to maximize 

both are all potentially indicative of signaler capacity (Podos, 1997; Draganoiu, Nagle 

& Kreutzer, 2002).

We found no relationship between male vocal properties on the one hand, and 

territory food abundance or size on the other. One possibility is that, in reproductive 

contexts, male song traits are more relevant for assessing individual than habitat 

attributes. Female canaries (Serinus canaria) and swamp sparrows (Melospiza 

georgiana), for example, prefer males with larger bandwidths and song rates 

(Draganoiu, Nagle & Kreutzer, 2002; Ballentine, Hyman & Nowicki, 2004), while male 

banded wrens (Tryophilus pleurostictus) and swamp sparrows become more 

aggressive when facing conspecifics with high-performance songs (llles, Hall & 

Vehrencamp, 2006; DuBois et al., 2011). This pattern has been found even in 

non-passerines, as brown skua (Stercorarius antarcticus) males with higher 

performance calls presented higher reproductive success (Janicke et al., 2008). 

However, other studies have shown that song features could indicate territory quality. 

In the bull-headed shrike (Lanius bucephalus), in addition to indicating male quality, 

singing tempo was a good indicator of territorial food quality (Nishida e Takagi, 2018). 

In the red-winged blackbird (Agelaius phoeniceus) males with larger song repertoires 

owned larger territories and, accordingly, were preferred by females (Yasukawa, 

Blank & Patterson, 1980). Other studies demonstrated such relationships (i.e. 

Rashotte et al., 2001; Berg et al., 2005; Ritschard & Brumm, 2012; Manica et al.,

2014). In our study, although the statistical evidence was weak, song duration and 

singing rate presented slight negative and positive relationships, respectively, with 

territory area. Given the low density of riverbank warblers in our study area (~1.5 

ind/ha, Fratoni and Manica unpublished data), we used fewer than 10 replicates in 

each model set and believe that a larger sample size would better elucidate this 

pattern (or lack thereof).

We found that riverbank warbler territories are larger than those in other Parulidae 

(i.e. Morse, 1976; Barg et al., 2005; Ruiz-Sanchez, Renton & Rueda-Hernandez, 

2017). However, the riverbank warbler presents slightly smaller territory areas than 

the congeneric flavescent warbler (M. flaveola) (Duca & Marini, 2005). Regarding 

other insectivorous Atlantic birds, territories smaller than 5 ha are expected (Duca & 

Marini, 2005; Duca, Guerra & Marini, 2006; Mathias & Duca, 2016; Ribon & Marini,

2016), as we found here. In addition, when compared to other tropical birds of the



23

same size, riverbank warbler territories tend to be smaller (i.e. Greenberg e Gradwhol, 

1986; Terborgh et al., 1990; Marini e Cavalcanti, 1992). Comparing across tropical 

rainforest biomes, riverbank warblers also meet the expectation that Atlantic birds 

defend smaller territories than Amazonian ones (e.g. Terborgh et al., 1990; Stouffer, 

2007; Vargas, Sanchez & Avalos, 2010). As a caveat, most territory delimitations uses 

Minimum Convex Polygons (MCP), a method sensible to geolocations number and 

outlier records (Borger et al., 2006). By using KDE, we adopted an estimation method 

that considers individual space utilization distribution (Worton, 1989; Seaman e 

Powell, 1996; Barg et al., 2005). These differences must to be considered when 

comparing across studies.

In summary, our data on riverbank warbler song and territoriality contributes to our 

understanding of these behaviors in a remarkable Parulidae of the Atlantic Forest. 

Male territory defense and pair maintenance is likely mediated by their songs, which 

contain an initial segment related to intraspecific recognition plus a second-segment, 

that might convey information about individual quality. In addition, repeatability 

analysis showed a consistency of males and females in song production through time, 

which could be essential for the maintenance of partners and territories, specially for a 

paired year-round territorial species. While we did not find any relationships between 

male song parameters and territory characteristics, we encourage their further 

investigation, given the tendencies in our results. We also highlight our findings on 

female riverbank warbler song, which is also likely associated to territory defense. It is 

possible that song frequency bandwidth reached by females could be a reliable 

indicator of territory area. We support the call for sampling designs that focus on 

females, to achieve better understanding of tropical birds’ singing behavior and its 

contexts.
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6. SUPPLEMENTARY MATERIAL

Table S1. Linear model selection of male arthropod dry mass in territories and territory size in relation 
to male song parameters (duration, frequency bandwidth, peak frequency, vocal deviation and song 
rate) and SMI. Only models with AAIC > 4 are shown. N = 9.______________________________________
Response variable Predictors K AlCc AAlCc wi
Arthropod dry mass Vocal deviation 3 -16.27 4.07 0.05

Song duration + SMI 4 -15.63 4.71 0.03
Song rate 4 -15.61 4.73 0.03
Frequency bandwidth 4 -15.55 4.80 0.03
Peak frequency + vocal deviation 4 -13.35 7.00 0.01
Song duration + peak frequency 4 -13.35 7.00 0.01
Peak frequency + SMI 4 -13.28 7.07 0.01
Peak frequency + song rate 4 -13.24 7.10 0.01
Peak frequency + frequency bandwidth 4 -13.01 7.33 0.01
Song duration + vocal deviation 4 -10.55 9.80 0.00
Song duration + frequency bandwidth 4 -10.27 10.08 0.00
Song rate + SMI 4 -10.11 10.24 0.00
Vocal deviation + SMI 4 -9.95 10.40 0.00
Frequency bandwidth + SMI 4 -9.95 10.40 0.00
Song duration + song rate 4 -9.92 10.43 0.00
Frequency bandwidth + vocal deviation 4 -9.17 11.18 0.00
Vocal deviation + song rate 4 -9.12 11.22 0.00
Frequency bandwidth + song rate 4 -8.42 11.93 0.00

Territory size Frequency bandwidth 3 12.61 4.46 0.05
Peak frequency 3 12.65 4.50 0.05
Vocal deviation 3 12.95 4.80 0.04
Song rate + SMI 4 14.48 6.33 0.01
Frequency bandwidth + song rate 4 15.60 7.44 0.01
Song duration + frequency bandwidth 4 16.03 7.87 0.01
Song duration + song rate 4 16.45 8.29 0.01
Vocal deviation + song rate 4 16.91 8.75 0.01
Peak frequency + song rate 4 16.98 8.83 0.01
Song duration + peak frequency 4 17.10 8.95 0.01
Song duration + SMI 4 17.71 9.55 0.00
Vocal deviation + SMI 4 17.85 9.69 0.00
Frequency bandwidth + SMI 4 18.39 10.23 0.00
Song duration + vocal deviation 4 18.48 10.33 0.00
Peak frequency + SMI 4 19.55 10.39 0.00
Peak frequency + vocal deviation 4 19.61 11.45 0.00
Peak frequency + frequency bandwidth 4 19.69 11.54 0.00
Frequency bandwidth + vocal deviation 4 19.78 11.62 0.00

Table S2. Linear model selection of female territory sizes in relation to song parameters (song duration
and peak frequency) and territory arthropods mass. Only models with AAIC > 4 are shown. N = 6.
Response variable Predictors K AlCc AAlCc wi
Territory arthropods Peak frequency 3 -3.44 6.04 0.04
mass Song rate 3 -2.45 7.03 0.03

Frequency bandwidth 3 -0.48 8.99 0.01
Peak frequency + song rate 4 26.10 35.57 0.00
Peak frequency + frequency bandwidth 4 26.55 36.03 0.00
Frequency bandwidth + song rate 4 26.99 36.46 0.00

Territory size Peak frequency 3 17.31 11.84 0.00
Song rate 3 19.21 13.74 0.00
Peak frequency + frequency bandwidth 4 34.77 29.29 0.00
Frequency bandwidth + song rate 4 35.13 29.66 0.00
Peak frequency + frequency bandwidth 4 45.85 40.37 0.00


