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 56 

Lay summary 57 

Many birds sing with their mates, forming duets that could serve many functions. We found that 58 

duetting behavior varied between the two sexes and between the breeding and non-breeding 59 

season. Both females and males answer their mate’s songs in both seasons to defend territories 60 

and maintain contact with each other. Males also answer their mate during the breeding season, 61 

possibly to guard their paternity. Thus duetting functions in both breeding and non-breeding 62 

activities. 63 

 64 
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Abstract 71 

 Females and males of many animals combine their vocalizations into coordinated 72 

acoustic duets. Duets can mediate both cooperation and conflict between partners, and are 73 

common in tropical, sedentary species that may use duets for multiple functions year-round. To 74 

elucidate the full range of duet functions, we need to study the individual-level behaviors that 75 

generate duets throughout the year. We evaluated multiple functions of duetting behavior in 76 

female and male Venezuelan troupials (Icterus icterus) during the breeding and non-breeding 77 

seasons, including territory defense, maintaining contact with a mate, and paternity guarding. In 78 

both sexes during both seasons, song initiation rates were predicted by conspecific solo and duet 79 

rates. However, troupials were more likely to answer their mate to form duets after conspecific 80 

duets than after conspecific solos, supporting a territory defense function of duets. Troupials that 81 

answered their mate to form duets were also more likely to move toward their mate (than duet 82 

initiators and soloists), suggesting that duet participation also functions to maintain contact. 83 

During the breeding season, males were particularly likely to fly toward their mate after 84 

answering to form a duet. This finding may indicate that males answer to guard paternity, 85 

although other predictions of paternity guarding are not supported. Examining individual-level 86 

behaviors during both the breeding and non-breeding season revealed multiple functions of 87 

troupial duets. Our results are consistent with social selection acting on females and males to 88 

maintain contact and territories year-round, and possibly sexual selection on males for functions 89 

tied to the breeding season. 90 

 91 

Keywords: Duet function, bird, song, territory defense, contact maintenance, paternity guard 92 
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Many animals produce elaborate vocal duets in which mated females and males combine 93 

their vocalizations (Farabaugh 1982; Hall 2004; Mann et al. 2009; Logue and Hall 2014; Odom 94 

et al. 2015; Tobias et al. 2016). Duet participation probably serves multiple adaptive functions, 95 

which vary among sexes, species, and the individuals’ role in the duet (Dahlin and Benedict 96 

2014; Hall 2009; Logue and Krupp 2016). Most duet research indicates that duetting benefits 97 

both partners by facilitating territory defense or maintaining contact with a partner (Logue 2005; 98 

Mennill and Vehrencamp 2008; Dahlin and Benedict 2014). Duetting may also emerge from 99 

conflict between pair members if the initiating bird benefits from attracting a replacement or 100 

extra-pair mate, but its mate repels potential rivals by answering (Marshall-Ball et al. 2006; 101 

Seddon and Tobias 2006; Hall and Peters 2009). Thus, it is important to study duets in ways that 102 

allow multiple functions of duets to be detected on the individual-level (Dahlin and Benedict 103 

2014; Logue and Krupp 2016). 104 

When studying duets on the individual-level, it is valuable to consider the selection 105 

pressures that act on each sex. Elaborate traits, like bird song, are most often studied in males 106 

and are thought of as sexually selected to attract or compete for mates (Andersson 1994). 107 

Elaborate female traits are more common than previously thought, however, and may evolve 108 

through broader social or natural selection pressures (Amundsen 2000; Odom et al. 2014). 109 

Because females are often limited by the number of offspring they can produce, female elaborate 110 

traits are more likely to function primarily in territory defense versus mate attraction (West-111 

Eberhard 1983; Lebas 2006; Rosvall 2011; Tobias et al. 2012). Therefore, the specific benefits 112 

that each sex receives from duetting could also differ based on the benefits that females and 113 

males receive from holding a territory (Lebas 2006; Rosvall 2011; Tobias et al. 2012). Studying 114 

sex differences in selection pressures is especially relevant in tropical, duetting species, as many 115 
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of these species hold year-round territories (Stutchbury and Morton 2001; Odom et al. 2016; 116 

Tobias et al. 2016). 117 

Duet evolution is tied to year-round territoriality (Tobias et al. 2016). However, almost 118 

no studies have examined duet function entirely outside of the breeding or pre-breeding season 119 

(exceptions include: Sonnenschein and Reyer 1983; Hall 2000). To understand the full range of 120 

duet functions, it is important to examine duets both during and outside of the breeding season 121 

(Odom et al. 2016). Whereas animals may use duets in contexts pertaining to breeding activities 122 

during the breeding season, they may also use duets in different or broader contexts outside of 123 

the breeding season (West-Eberhard 1983; Tobias et al. 2012).  124 

We conducted behavioral observations of mated pairs of Venezuelan troupials (Icterus 125 

icterus) during both the breeding and non-breeding seasons. Our previous research on troupial 126 

song rates and structure showed that pairs regularly duet in the breeding and non-breeding season 127 

(Odom et al. 2016). In the current study, we assessed which of a suite of variables were related to 128 

duetting behavior.  All our models included sex and season, allowing us to assess whether 129 

duetting behavior differs between females and males or the breeding and non-breeding season. In 130 

addition, we included a variable for vocal role in our analyses. This allowed us to determine if 131 

there are behavioral differences between soloists (birds who sing and are not answered by their 132 

mate) versus duet initiators (birds who sing first in a duet and are answered by their mate), as 133 

well as between birds that answer their mate to form a duet (answerers) versus birds that do not 134 

answer their mate (non-answerers).  135 

We tested three leading hypotheses for the functions of duet participation: (1) territory 136 

defense – duets signal to conspecifics that both pair members are present and prepared to defend 137 

a territory,  (2) maintaining contact – duets help pair members coordinate activities or locate each 138 
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other, and (3) paternity guarding – answering the mate’s song serves as a paternity guard by 139 

signaling to conspecifics that the mate is not available during female fertile periods (Hall 2004; 140 

Logue and Gammon 2004; Mennill and Vehrencamp 2008; Tobias and Seddon 2009). These 141 

hypotheses offer distinct predictions about the birds’ behavior before and after vocalizing. Based 142 

on the territory defense and paternity guarding hypotheses (hypotheses 1 and 3), song answering 143 

should be associated with interactions with extra-pair conspecifics. Territory defense (hypothesis 144 

1) would be supported if troupials duetted in response to other pairs of troupials (e.g., potential 145 

territory competitors), and if song answering were common throughout the year. In contrast, 146 

paternity guarding (hypothesis 3) predicts that a bird is more likely to answer its mate in the 147 

presence of one other troupial (e.g., a potential extra-pair mate), and should be biased toward 148 

males during the breeding season. Based on the maintaining contact hypothesis (hypothesis 2), 149 

we predicted that pair members would move toward each other after a duet. Paternity guarding 150 

(hypothesis 3) could also be associated with reducing distance between pair mates, particularly if 151 

males move toward their mate after they answer during the breeding season.  152 

Our main goal was to determine duet function by assessing which behaviors are 153 

associated with troupials that answer their mate to form duets. We also examined the behaviors 154 

of initiators and non-answerers, especially in contrast to answerers. We had two main sets of 155 

analyses: (1) we tested for behaviors that predict initiating and answering, and (2) we compared 156 

the subsequent behaviors of soloists, duet initiators, answerers, and non-answerers. We discuss 157 

our findings with respect to the current functions of duets and the selection pressures that shape 158 

vocal behavior in females and males. 159 

 160 

 161 



8 
 

Methods 162 

Study species 163 

Troupials are sexually monochromatic, socially monogamous, solitary nesting New 164 

World orioles that regularly sing solos and duets (Jaramillo and Burke 1999; Odom et al., 2016). 165 

Mated pairs maintain year-round territories and both sexes participate in territory defense (KJ 166 

Odom, unpublished data). Female and male troupials both sing long (6-8 s) series of 1-3 167 

alternating notes, which can be combined into simple (one phrase) or more complex (multiple 168 

phrase) note combinations (Odom et al. 2016; Odom 2016). Both female and male troupials 169 

overlap their mate’s songs to form duets. The songs within duets usually overlap considerably, 170 

but both the duration and extent of note overlap can vary among duets within a pair. Male and 171 

female songs are structurally similar, but their song output differs. Males have increased rates of 172 

solo singing before dawn during the breeding season whereas females solo during the day at 173 

slightly higher rates than males year-round. Female and male initiated duets occur at similar rates 174 

in the breeding and non-breeding season, but duet rates overall are highest in the non-breeding 175 

season (Odom et al. 2016). 176 

 177 

Field site and data collection 178 

Fieldwork was conducted in the dry forests of Cabo Rojo National Wildlife Refuge in 179 

southwestern Puerto Rico (17°590N, 67°100W). We recorded troupial behavior over three field 180 

seasons from 16 May – 29 June 2013, 19 May – 01 July 2014, and 17 November – 18 December 181 

2014. The breeding season for troupials in the dry forests of Puerto Rico coincides with the wet 182 

season, which begins in late April to early May. The dry, non-breeding season occurs from 183 

October to April. Therefore, our observations included two breeding seasons and one non-184 



9 
 

breeding season. Our non-breeding research was conducted during the first half of the dry season 185 

to avoid pre-breeding activities. 186 

 All observations were conducted on mated, territorial pairs of troupials. Each season we 187 

observed 13-16 pairs of troupials, most of which we observed all three field seasons. Mate and 188 

territory turnover between seasons resulted in a final sample size of 19 males and 18 females (see 189 

supplementary Table S1 for sample sizes for each analysis). As described in Odom et al. (2016), 190 

all troupials were banded with individual and sex-specific color bands. Sex was assigned in the 191 

field using wing length measurements and later confirmed by breeding behavior and molecular 192 

sexing (Griffiths et al. 1998). For the breeding and non-breeding seasons of 2014, we fitted focal 193 

birds with VHF radio transmitters to aid in locating and identifying individuals (radio transmitter 194 

models Pip Ag386 and Ag393 manufactured by Biotrack). We recorded birds with a Marantz 195 

PMD 661 recorder and Sennheiser ME67 shotgun microphone with K6 power module. All field 196 

methods and protocols were approved by the University of Maryland, Baltimore County IACUC 197 

committee (approval KO010531215). 198 

 199 

Study design 200 

 We conducted multiple one-hour observation sessions for each pair of troupials, in each 201 

field season. We noted all solos and duets by the focal pair as well as any other, non-focal 202 

troupial solos or duets we heard. Troupial songs are loud signals that carry far and duets often 203 

overlap extensively, such that we could unequivocally identify solos and duets 200-300 m away. 204 

Troupial territories are roughly 200 m in diameter, so our audible range seemed reasonable to 205 

detect vocalizing conspecifics that might pose a territorial threat (KJ Odom, unpublished data). 206 

We noted which sex soloed, initiated a duet, or answered a duet. Songs for which we were 207 
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unable to assign singing roles were not included in the analyses. We categorized songs as duets if 208 

there was any degree of overlap between the focal pair member’s songs, or if their songs 209 

occurred within one note-length of each other. Individual troupials almost never sing solos in 210 

quick succession, so we are confident in our scoring of solos and duets. Immediately following a 211 

solo or duet, we dictated notes on the focal birds’ behaviors, and on any non-focal troupials 212 

present. All observations were conducted by two observers so that each observer could focus on 213 

one pair member. We conducted three observation sessions within the first four hours after 214 

sunrise each morning and cycled through each pair before re-observing a pair so that all pairs 215 

were observed at least once per week. Observations were balanced, such that each pair was 216 

observed a similar number of times each hour of the morning relative to sunrise. 217 

 When our focal birds soloed or duetted, we gathered the following information about the 218 

event: (1) Occurrence of songs and song type (solo, duet, or none) by other, non-focal troupials 219 

in the two minutes prior to focal singing (troupials can take a minute or more to react to 220 

intrusions, Odom, 2016). (2) Mate distance – the distance between the focal pair members, 221 

estimated to the nearest meter when pair members were within 10 m of each other or to the 222 

nearest 10 m when pair members were greater than 10 m apart. (3) Number of other troupials 223 

present – defined as the number of non-focal troupials seen within 60 m of the focal pair at the 224 

time of, immediately prior to, or immediately following the focal song (troupials regularly 225 

interact with conspecifics within 60 m and we could reliably visually scan up to 60 m). (4) 226 

Immediate behavior – the behavior immediately following song (details below). (5) Reaction 227 

direction with respect to mate – the first direction that each pair member moved with respect to 228 

their mate. If the bird did not move within two minutes we scored no movement. Prior to 229 

conducting observations each season, we practiced estimating distances using measured flagging 230 



11 
 

tied at 1, 5, and 10 m intervals for up to 100 m and during observations estimates were frequently 231 

corroborated between observers. 232 

In the field, we noted all behaviors; however, prior to analysis, we collapsed similar 233 

behaviors into fewer categories and excluded any categories with fewer than 14 instances to 234 

preserve statistical power (models with fewer than 14 instances of a response variable category 235 

failed to converge). We also removed any behaviors from our analyses that did not occur in all 236 

levels of sex, season, and role. This excluded several instances of display and calling behavior, 237 

which were given primarily by initiators, and foraging behavior, of which we had no instances 238 

for female duet initiators; most instances of foraging occurred in non-answerers. The behaviors 239 

included in the final analyses were fly, hop/look up, and perch. We combined hop and look up 240 

into a single category because they are both vigilance behaviors. Hop up involved birds making 241 

several quick, successive jumps to higher branches in the canopy followed by a back and forth 242 

scanning motion of the head. Look up was an abrupt straightening of posture with a vigorous, 243 

sweeping, side-to-side head movement.  244 

 245 

Analysis design 246 

We analyzed troupial singing behavior in two ways. Our predictive behavior analyses 247 

evaluated the focal animals’ singing behavior based on prior behavior and context, whereas our 248 

subsequent behavior analyses evaluated the focal animals’ behavior after one or both members of 249 

the focal pair sang. All models for these analyses are summarized in Table 1. 250 

Predictive behavior analyses - For the predictive behavior analysis, we ran separate 251 

models for initiators and answerers (Table 1). We averaged values for each individual for the 252 

initiator analysis and used the model to predict the number of initiations based on the following 253 
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fixed effects: number of prior solos by nearby non-focal conspecifics (hereafter, “others”), 254 

number of prior duets by others, mate distance, number of others present, sex, season, and role 255 

(soloist or duet initiator). We also included all two-way interactions between sex, season, and 256 

role, and each of the behavioral variables as fixed effects. The answerer analysis included role 257 

(answerer or non-answerer) as a binomial response variable, and the fixed effects prior song 258 

type, mate distance, and number of others, as well as sex, season, and their interactions with the 259 

behavioral explanatory variables. The initiator analysis used a continuous rather than a binomial 260 

response variable because we did not have data for when no focal birds sang to compare to 261 

initiation behavior. 262 

Subsequent behavior analyses – To assess how troupials behave after singing, we treated 263 

each subsequent behavior (immediate behavior and reaction direction to mate) as its own 264 

response variable in a separate univariate model. Each model included sex, role, and season as 265 

well as their interaction terms. Because the subsequent behaviors for each individual of a mated 266 

pair could vary independently (unlike in the predictive models), our subsequent behavior models 267 

included all four possible roles: soloist, duet initiator, answerer, and non-answerer. All analyses 268 

included ID as a random effect, except the predictive initiator analysis, since initiation rate was 269 

averaged by individual. 270 

 271 

Statistical analyses 272 

Prior to analysis, we evaluated the structure of our data to eliminate outliers and 273 

correlated explanatory variables (Zuur et al. 2010). When two variables were correlated, we 274 

included the variable that we expected to be more biologically relevant. When data were missing, 275 
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we omitted the entire case. All scalar explanatory variables were scaled and centered in R (R 276 

Development Core Team 2015). 277 

All models were run using the MCMCglmm package in R (Hadfield 2010a; R 278 

Development Core Team 2015). We chose this package because it allows multinomial response 279 

variables (used in the subsequent behavior analyses) and random effects. MCMCglmm allows 280 

GLMM structures to be carried out in a Bayesian context, so it is subject to many assumptions of 281 

the Bayesian framework (Hadfield 2010 a,b; Kery 2010). All models were run for 360,000 282 

iterations, using a burn in of 10,000 iterations and no thinning for a final sample size of 350,000. 283 

Models for immediate behavior required longer runs to reach stationarity, so we ran them for 284 

900,000 iterations, using a burn in of 100,000 iterations, and no thinning for a final sample size 285 

of 800,000. We used vague priors as recommended for our model structure (Hadfield 2010b). 286 

We examined trace plots for all variables of all models to verify that models were well-mixed, 287 

and we used Geweke’s and Heidelberger and Welch’s diagnostics to assess convergence of all 288 

final models (Heidelberger and Welch 1983; Geweke 1992). All final models had Geweke’s 289 

values less than one Z-score (2 standard deviations) and Heidelberger and Welch’s diagnostics 290 

with p-values greater than 0.05, which are consistent with the null hypothesis that the Markov 291 

chain is from a stationary distribution.  292 

 We initially ran full models for all analyses, which included all fixed effects and their 293 

two-way interactions with sex, season, and role, where applicable (full models in Table 1). We 294 

then reduced our models by dropping any two-way interactions that did not contribute 295 

considerably to variation in the full models (see reduced models in Table 1). Variables with a 296 

Bayesian p-value less than or equal to 0.05 were considered to contribute substantially to 297 

variation in each model. 298 
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 299 

Results 300 

Predictive behavior analyses 301 

Troupial singing behavior was influenced by prior singing by other, non-focal troupials 302 

(Table 2, Figures 1 and 2). Song initiation rates increased with both increased prior solo and 303 

prior duet rates by non-focal troupials (Table 2, Figure 1). Answering behavior, more 304 

specifically, was predicted by the type of prior song sung by non-focal troupials: troupials were 305 

more likely to answer their mates after non-focal duets than after non-focal solos (Table 2, 306 

Figure 2a). Sex was also an important predictor of answering. Females and males answered an 307 

approximately equal number of songs to form duets, but males left a greater proportion on their 308 

mates’ songs unanswered than did females (Table 2, Figure 2b).  309 

 310 

Subsequent behavior analyses 311 

After focal troupials sang, their most common subsequent immediate behavior was perch, 312 

followed by fly, and then hop/look up (Table 3, Figure 3 & 4).  Immediate behavior also varied 313 

with sex, season, and singing role. Males were less likely to remain perched than were females 314 

(Figure 3a). Troupials were less likely to remain perched during the breeding than the non-315 

breeding season (Figure 3b). Answerers were more likely to remain perched than duet initiators 316 

and non-answerers (Figure 3c). A significant sex  role interaction indicated that the likelihood 317 

of perching after both initiating or non-answering was higher in males than in females; males 318 

tended to fly more than females after answering or solo singing (Table 3, Figure S1a). A 319 

significant role  season interaction indicated that the likelihood of perching was greater for 320 

answerers compared to non-answerers in the non-breeding season (Table 3, Figure S1b). This 321 
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result appears to be due to a higher incidence of flying after answering, initiating, and solo 322 

singing in the breeding season.  323 

After one or both focal birds sang, focal individuals were more likely to move toward 324 

their mate or stay in the same position rather than move away from their mate (Table 4). 325 

Compared to soloists, answerers were more likely to move toward than away from their mate 326 

(Table 4, Figure 4). Duet initiators were more likely to stay the same distance than move away 327 

from their mate compared to answerers (Table 4, Figure 4). A sex  role interaction indicates that 328 

male duet initiators were more likely to remain in the same position than move away from their 329 

mate compared to female duet initiators (Table 4, Figure 5a). A sex  season interaction 330 

indicates that during the breeding season, males were more likely than females to move toward, 331 

as opposed to away from, their mate (Table 4, Figure 5b).  332 

  333 

Discussion 334 

Our results indicate that troupials participate in duets to defend territories and maintain 335 

contact. We found mixed support for paternity guarding. Below, we discuss the evidence from 336 

our results for each hypothesis. We also examine the differences we observed between female 337 

and male duetting behavior and discuss their implications for selection pressures acting on 338 

female and male song. 339 

 340 

Territory defense  341 

Our results support key predictions of the hypothesis that troupials duet to defend their 342 

territories from other troupials. Both song initiating and answering increased with prior singing 343 

by other, non-focal troupials, but song answering, in particular, increased following duets by 344 
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non-focal pairs. Our findings are consistent with other studies that have concluded that avian 345 

duets function in territory defense (e.g., Hall 2000; Logue and Gammon 2004; Mennill 2006; 346 

Benedict 2010; Templeton et al. 2011; Dowling and Webster 2015). In addition, song answering 347 

behavior was consistent in the breeding and non-breeding season, and duetting is common in 348 

troupials in both seasons (Odom et al. 2016). Thus, we also provide support that song answering 349 

functions in territory defense during both the breeding and non-breeding season.  350 

Our findings also indicate that troupials duet to defend territories specifically from mated 351 

pairs of troupials. Only mated troupials duet and troupials duetted at particularly high rates 352 

following conspecific duets. Similarly, a playback study showed that troupials approach more 353 

rapidly and make more flights toward the playback speaker following duet stimuli compared to 354 

solo stimuli (Odom 2016). Therefore, duets of mated pairs elicit a stronger vocal and physical 355 

response than solos. This may simply be because duets indicate the presence of two birds, but we 356 

suggest this could be because duets specifically indicate the presence of a mated pair (Molles and 357 

Waas 2006; Odom 2016). We did not know the identity of non-focal birds, however, we noticed 358 

many duets came from predictable locations within the territories of other known pairs. 359 

Therefore, we suspect that these other duets were often given by neighboring troupial pairs. 360 

Although troupial territories are relatively stable from year-to-year, we witnessed at least three 361 

territory expansions and take-overs by mated, neighboring troupials during our three field 362 

seasons (KJ Odom, pers. obs.). Thus, even known mated troupials could pose a substantial 363 

territorial threat to established mated pairs.  364 

 365 

 366 

 367 
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Maintaining contact and duet multifunctionality 368 

Troupial duets also appear to help pair members maintain contact. Troupials tended to 369 

move toward their mate after singing. Answerers were more likely to move toward their mate 370 

than soloists, as would be expected if duetting allowed birds to acoustically localize one another 371 

in space. Maintaining contact could benefit pair members in a number of ways and other studies 372 

have also found support for birds duetting to maintain contact with mates (e.g., Mays et al. 2006; 373 

Logue 2007; Mennill and Vehrencamp 2008; Benedict 2010).  374 

Other studies that find support for duets being used to maintain contact also often find 375 

support for other duet functions, such as territory defense (Logue 2007; Mennill and 376 

Vehrencamp 2008; Benedict 2010). While it is recognized that duets in many species are 377 

multifunctional (i.e., duets are used to defend territories and maintain contact), Mennill and 378 

Vehrencamp (2008) suggested specifically that duet function can vary based on context. In 379 

addition, we propose that duets could serve multiple functions in a single duetting event. More 380 

specifically, answering your mate to maintain contact could, in itself, have multiple functions. 381 

For example, encouraging a mate to stay close could aid in territory defense and prevent the mate 382 

from interacting with potential extra-pair mates. Furthermore, such answering could target 383 

multiple receivers (e.g., the mate and other troupials, McGregor 2005; Benedict 2010). We 384 

frequently observed troupials flying together during or immediately following duets, especially 385 

following interactions with non-focal pairs. In these instances, duets may have the dual 386 

advantage of indicating the presence of a united front, while keeping pair members together to 387 

effectively respond to the territorial threat. In this way, duets could be multifunctional within a 388 

single vocal bout.  389 

 390 
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Male song as a paternity guard 391 

Some of our results are consistent with the hypothesis that male troupials guard their 392 

paternity by answering female songs, but some key predictions of that hypothesis were not 393 

supported (Hall 2004; Seddon and Tobias 2006; Hall and Peters 2009). Our most compelling 394 

evidence for paternity guarding is that males, after answering, are especially likely to move 395 

toward their mate during the breeding season. In addition, males are more active than females, 396 

more often flying after answering their mate. These protective male behaviors, although not a 397 

stipulation of vocal paternity guarding, suggests a link between answering and other paternity 398 

guarding behaviors in troupials.  399 

Contrary to other predictions of the paternity guarding hypothesis, we did not find 400 

evidence that males answered their mates at higher rates during the breeding season and male 401 

answering rates were lower overall than were female answering rates (Seddon and Tobias 2006; 402 

Odom et al. 2016). The overlapping structure of troupial duets affords that troupial answering 403 

could be used to mask a partners’ song (Tobias and Seddon 2009). The extent of overlap varies 404 

considerably within a pair, such that troupials could alter their duet structure depending on the 405 

cooperative or conflicting context of a particular duet (Tobias and Seddon 2009). Nevertheless, 406 

we lack sufficient nesting data to confirm whether male troupials answer their mates in paternity 407 

guarding contexts specifically during female fertile periods. Such information is necessary to 408 

confidently conclude that troupials answer as a paternity guard, and would be a valuable addition 409 

to future studies with troupials or other species. There are other breeding and nest defense 410 

activities that occur throughout the breeding season. Male troupials do not participate in nest 411 

building or incubation, so an alternative possibility to paternity guarding is that males are 412 
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contributing more to territory and nest defense while females are occupied with nest building and 413 

incubating. 414 

Mate and paternity guarding are often discussed together in the duet literature, yet there 415 

are differences in the predictions of when each should occur. In both cases, mates overlap their 416 

partners’ songs to signal the mated status of their partner. However, mate guarding should 417 

happen all year in year-round territorial species and both females and males can benefit from 418 

guarding their mate, whereas paternity guarding should occur specifically during the breeding 419 

season by males (Benedict 2008; Hall and Peters 2009). Having a mate even in the non-breeding 420 

season likely safeguards one’s opportunity to breed during the next breeding season and 421 

maintaining the same mate for multiple mating attempts could increase success of subsequent 422 

broods (Bart and Tornes 1989). Thus, we should expect to see mate guarding year-round, but we 423 

found male troupials specifically answer and then move toward their mate during the breeding 424 

season, suggesting this behavior is more likely to guard paternity, however, more information on 425 

the occurrence of male answering specifically during female fertile periods is needed. 426 

 427 

Sex differences in duetting behavior 428 

Female and male troupials differed in their singing and answering behavior, which 429 

indicates that their reasons for singing and answering also differ. Combined with our previous 430 

findings that males sing the majority of their solo songs at dawn during the breeding season and 431 

females solo primarily during the day at consistent rates throughout the year, our results support 432 

the idea that social selection pressures act on elaborate traits of females (Tobias et al. 2012). In 433 

long-lived, year-round territorial species, having access to adequate resources year-round likely 434 

has substantial lifetime fitness benefits (Clutton-Brock 2009; Clutton‐Brock and Huchard 2013). 435 
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Also, females specifically receive little additional benefit from attracting additional mates (West-436 

Eberhard 1983; Lebas 2006; Rosvall 2011). Thus, females should use their songs primarily to 437 

defend territories (Tobias et al. 2012). Conversely, male singing and duetting behavior 438 

contributed to both socially and sexually selected behaviors, including defending year-round 439 

territories and protecting paternity (Andersson 1994; Tobias et al. 2012). These findings are 440 

consistent with an ancestor in which both females and males sang for territory defense, but where 441 

song has become co-opted in males to also attract mates and defend paternity. Thus, these 442 

behaviors may have arisen from broader selection pressures in both sexes. These results 443 

emphasize the importance of considering the evolutionary pressures selecting for duet 444 

participation in males and females independently (Hall 2009; Logue and Krupp 2016).  445 

 446 

Differences in singing role 447 

 We found differences in duetting behavior between answerers and non-answerers, as well 448 

as answerers and initiators (including soloists and duet initiators), which we discuss above as 449 

lending support to our hypotheses. However, we found very little difference in the singing 450 

behavior between soloists (birds who sing and are not answered by their mates) and duet 451 

initiators (birds who sing and are answered by their mates). This may be because it is the 452 

answering bird that is chiefly responsible for creating a duet (Mennill 2006; Hall 2009; Logue 453 

and Krupp 2016). Thus, we might not expect much of a difference between the behavior of 454 

initiators, whether they are answered or not. In a previous study, we did see differences in song 455 

structure among duet initiators, soloists, and answerers (Odom et al. 2016). Therefore, it seems 456 

prudent to design analyses that allow for these roles to be examined independently (Logue and 457 

Krupp 2016). 458 
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 459 

Conclusions 460 

Both female and male troupials answer their mates to form duets to defend territories and 461 

maintain contact in the breeding and non-breeding season, but males may also answer their mate 462 

during the breeding season in paternity guarding contexts. Troupial answering to form duets is 463 

therefore multifunctional, and its function varies with sex and season. We suggest that song 464 

answering to form duets may have evolved beyond solo singing (Odom et al. 2015) because 465 

duets can uniquely benefit both females and males in multiple and different ways. Our results 466 

emphasize the importance of taking into account the individual benefits that each sex receives 467 

from answering their mate to form duets, and using methods that allow the multifunctionality of 468 

duets to be examined both within and outside of the breeding season (Mennill and Vehrencamp 469 

2008; Tobias et al. 2012; Logue and Krupp 2016). 470 

 471 
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Figure captions: 574 

 575 

Figure 1. Troupial initiation rates are predicted by prior song rates of other, non-focal troupials. 576 
The number of songs initiated by focal troupials increases with number of (a) prior solos and (b) 577 
prior duets by conspecifics (Table 2). Values are raw counts for each bird. 578 

 579 

Figure 2. Troupial answering behavior is predicted by prior songs by other, non-focal troupials 580 
and sex: a) troupials are more likely to answer their mate to form a duet after conspecific duets 581 
than after conspecific solos; b) female troupials answer a larger proportion of their mate’s songs 582 
to form duets than males, who leave a large portion of their mate’s songs unanswered. 583 

 584 

Figure 3. Immediate behavior of troupials following focal songs show that (a) males are less 585 
likely to perch than females, (b) troupials are less likely to perch in the breeding than the non-586 
breeding season, and (3) duet initiators and non-answerers are less likely to perch than 587 
answerers. 588 

 589 

Figure 4. Reaction direction with respect to mate varied with singing role, such that answerers 590 
were more likely to move toward their mate than soloists, and duet initiators were more likely to 591 
stay the same distance from their mate compared to answerers.  592 

 593 

Figure 5. Reaction direction to mate varied with Sex x Role and Sex x Season interactions: a) 594 
male duet initiators were more likely to stay the same distance from their mate than female duet 595 
initiators, especially compared to answerers; b) during the breeding season, males are more 596 
likely to move toward their mate than females. 597 

 598 

Figure S1. Immediate behavior following focal songs was influenced by Sex x Role and Season 599 
x Role interactions: a) the likelihood of perching after initiating or non-answering was higher in 600 
males than females; b) the likelihood of perching was greater for answerers compared to non-601 
answerers in the non-breeding season. 602 

  603 
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Figure 3. 606 
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Figure 4.  609 
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Figure 5.  612 

 613 

  614 

Male Female 

Away No change Toward 

a) 

b) 



30 
 

Figure S1. 615 
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Table 1. All full and reduced models analyzed for both the predictive and subsequent behavior analyses, including all response variables 
included in each model. Interactions are specified by *. 

Analysis Dataset Response variable 
Model 
version Explanatory variables 

Predictive 
behavior  

Initiators Initiation rate       
(averaged by individual) 

Full Prior solos by others + Prior duets by others + Mate distance + Number of 
others + Sex + Role (Soloist or Duet initiator) + Season + Prior solos*Sex 
+ Prior duets*Sex + Mate distance*Sex + Number of others*Sex + Prior 
solos*Role + Prior duets*Role + Mate distance*Role + Number of 
others*Role + Prior solos*Season + Prior duets*Season + Mate 
distance*Season + Number of others*Season 

   
Reduced Prior solos by others + Prior duets by others + Mate distance + Number of 

others + Sex + Role + Season 
 

Answerers Role (Answerer or  
Non-answerer) 

Full Prior song type by others + Mate distance + Number of others + Sex + 
Season + Prior song type by others*Sex + Mate distance*Sex + Number 
of others*Sex + Prior song type by others*Season + Mate 
distance*Season + Number of others*Season 

   
Reduced Prior song type by others + Mate distance + Number of others + Sex + 

Season      

Subsequent 
behavior  

All Roles 
(Soloists,  
Duet initiators, 
Answerers, and 
Non-answerers) 

Immediate behavior Full Sex + Role + Season + Sex*Role + Role*Season + Sex*Season  
Reduced Sex + Role + Season + Sex*Role + Role*Season 

 
Reaction direction to mate Full Sex + Role + Season + Sex*Role + Role*Season + Sex*Season   

Reduced Sex + Role + Season + Sex*Role + Sex*Season 
 

Reaction direction to other Full Sex + Role + Season + Sex*Role + Role*Season + Sex*Season 
    Reduced Sex + Role + Season + Role*Season 
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Table 2. Predictive behavior models. Reduced model results for explanatory variables that may predict whether a troupial (1) 
initiates singing, or (2) answers versus does not answer their mate’s song to form a duet. Variables that contribute substantially to 
variation in each model are in bold (based on a Bayesian p-value < 0.05).   

Dataset Variable Levels compared  
Posterior 
means 

Lower 
95% CI 

Upper 
95% CI 

Effective 
sample 
size 

Bayesian 
p-value 

Initiation rate Prior solos by others - 0.48 0.23 0.75 103444 < 0.001 

 Prior duets by others - 0.30 0.06 0.54 129144 0.016 

 Mate distance - 0.13 -0.14 0.42 62360 0.356 

 Number of others - 0.01 -0.27 0.29 71604 0.933 

 Sex Female - Male -0.11 -0.64 0.42 83318 0.673 

 Role Duet initiator - Soloist 0.13 -0.40 0.67 84160 0.627 

 Season Non-breeding - Breeding -0.24 -0.76 0.28 80370 0.363 

        

Answerers vs 
Non-answerers 

Prior song type by other Duet - None 54.58 -41.08 152.64 33507 0.252 

 Duet - Solo 110.76 5.66 221.12 19080 0.031 

 Mate distance - 24.80 -3.75 55.61 28185 0.088 

 Number of others - 18.46 -9.75 47.70 32985 0.191 

 Sex Female - Male 152.16 48.53 258.99 10530 0.003 
  Season Non-Breeding - Breeding 9.60 -49.73 70.57 54270 0.746 
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Table 3. Subsequent behavior models – Immediate behavior. Final model for immediate behavioral 
response of troupials to focal songs based on sex, singing role, and season. Levels listed below are with 
respect to the following levels – Immediate behavior: fly, Sex: female, Role: answerer, and Season: non-
breeding. Variables that contribute substantially to variation in the model are in bold (based on a Bayesian 
p-value < 0.05).    

Explanatory 
variable Levels 

Posterior 
means 

Lower 
95% 
CI 

Upper 
95% 
CI 

Effective 
sample 
size 

Bayesian 
p-value  

Hop/Look up -2.57 -4.60 -0.61 1241 0.003 

Perch 1.78 0.91 2.65 9315 < 0.001 

Sex Hop/Look up: Male -0.88 -3.20 1.42 1617 0.448 

 Perch: Male -1.87 -3.02 -0.76 9439 0.001 

Role Hop/Look up: Duet initiator 0.04 -2.67 2.75 1363 0.974 

 Perch: Duet initiator -1.28 -2.39 -0.17 8155 0.022 

 Hop/Look up: Soloist 0.93 -1.34 3.26 1526 0.433 

 Perch: Soloist -0.60 -1.64 0.45 8041 0.259 

 Hop/Look up: Non-answerer -0.62 -3.40 2.14 1499 0.664 

 Perch: Non-answerer -2.38 -3.56 -1.23 8633 < 0.001 

Season Hop/Look up: Breeding -0.78 -2.92 1.44 1431 0.458 

 Perch: Breeding -2.23 -3.16 -1.30 8086 < 0.001 

Sex * Role Hop/Look up: Male-Duet initiator -0.82 -4.45 2.59 1046 0.653 

 Perch: Male-Duet initiator 2.27 0.95 3.58 7988 < 0.001 

 Hop/Look up: Male-Soloist -0.22 -2.81 2.38 1945 0.862 

 Perch: Male-Soloist 1.12 -0.12 2.37 8565 0.076 

 Hop/Look up: Male-Non-answerer 1.47 -1.35 4.42 1826 0.312 

 Perch: Male-Non-answerer 1.79 0.44 3.13 8789 0.008 

Role * Season Hop/Look up: Duet initiator-Breeding -0.57 -3.85 2.68 1159 0.719 

 Perch: Duet initiator-Breeding -0.07 -1.34 1.17 8199 0.907 

 Hop/Look up: Soloist-Breeding 0.72 -1.83 3.26 1800 0.567 

 Perch: Soloist-Breeding 1.11 -0.07 2.29 8524 0.064 

 Hop/Look up: Non-answerer-Breeding 0.63 -2.11 3.36 1858 0.648 

  Perch: Non-answerer-Breeding 1.79 0.54 3.07 8905 0.005 
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Table 4. Subsequent behavior models – Reaction direction with respect to mate. Final models for the 
direction focal troupials moved with respect to their mate following focal songs. Levels listed below are 
with respect to the following levels – Reaction direction: away, Sex: female, Role: answerer, and Season: 
non-breeding. Variables that contribute substantially to variation in each model are in bold (based on a 
Bayesian p-value < 0.05).     

Explanatory 
variable Levels 

Posterior 
means 

Lower 
95% 
CI 

Upper 
95% 
CI 

Effective 
sample 
size 

Bayesian 
p-value  

No change 1.48 0.49 2.48 2848 0.002 

Toward mate 1.73 0.83 2.66 2434 < 0.001 

Sex No change: Male -1.22 -2.78 0.32 2815 0.120 

 Toward mate: Male -0.62 -1.97 0.73 2818 0.367 

Role No change: Duet initiator -1.33 -2.48 -0.24 2618 0.019 

 Toward mate: Duet initiator -0.93 -1.96 0.11 2691 0.079 

 No change: Soloist -0.61 -1.57 0.34 2465 0.201 

 Toward mate: Soloist -1.13 -2.05 -0.20 2380 0.014 

 No change: Non-answerer -0.58 -1.67 0.50 2552 0.292 

 Toward mate: Non-answerer -1.04 -2.11 0.01 2643 0.052 

Season No change: Breeding -0.07 -0.78 0.65 3253 0.863 

 Toward mate: Breeding 0.07 -0.63 0.75 3069 0.841 

Sex * Role No change: Male-Duet initiator 2.11 0.46 3.79 2359 0.014 

 Toward mate: Male-Duet initiator 0.42 -1.10 1.96 2663 0.589 

 No change: Male-Soloist 0.03 -1.59 1.64 2478 0.975 

 Toward mate: Male-Soloist -0.14 -1.62 1.32 2726 0.855 

 No change: Male-Non-answerer 0.54 -1.08 2.16 2476 0.512 

 Toward mate: Male-Non-answerer 0.04 -1.48 1.54 2676 0.956 

Sex * Season No change: Male-Breeding 0.07 -0.96 1.11 3148 0.907 

 Toward mate: Male-Breeding 0.99 0.00 1.97 3056 0.049 
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Table S1. Number of individuals and number of observations for each sex included in each analysis. 

Analysis Dataset Season Sex 
Number of 
individuals 

Number of 
observations 

Predictive behavior  Initiators Breeding Male 15 81  
 Female 16 118   
Non-breeding Male 12 77   

 Female 12 85   
     

Answerers Breeding Male 16 104 

   Female 15 76 

  Non-breeding Male 11 79 

   Female 12 77 

      
Subsequent 
behavior 

Immediate behavior Breeding Male 16 184  
 Female 16 199   
Non-breeding Male 12 136   

 Female 12 149   
     

Reaction direction to mate Breeding Male 16 180  
 Female 16 192   
Non-breeding Male 12 154   

 Female 12 159   
     

Reaction direction to other Breeding Male 16 91  
 Female 15 120   
Non-breeding Male 11 84 

      Female 11 80 
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Table S2. Full model results for interaction terms not included in the reduced models (those interaction terms that did not contribute 
considerably to the final models based on a Bayesian p-value < 0.05). Levels listed below are with respect to the following levels –Sex: 
female, Role: answerer, Season: non-breeding, Immediate behavior: fly, and Reaction direction: away. 

Analysis Dataset Levels  
Posterior 
means 

Lower 
95% 
CI 

Upper 
95% 
CI 

Effective 
sample 
size 

Bayesian 
p-value  

Predictive behavior model 
– Initiation rate 

Initiators Prior Solo – Sex: male  -0.19 -0.82 0.44 89648 0.56  

 Prior Duet – Sex: male  -0.24 -1.06 0.58 73281 0.57  

 Mate Distance – Sex: male  0.27 -0.47 1.01 53831 0.47  

 Number of others – Sex: male -0.65 -1.42 0.12 79385 0.10  

 Prior Solo – Role: soloist  -0.39 -1.03 0.26 75453 0.24  

  Prior Duet – Role: soloist  0.33 -0.48 1.15 80385 0.43  

  Mate Distance – Role: soloist  -0.01 -0.73 0.69 47015 0.96  

  Number of others – Role: soloist -0.37 -0.94 0.22 53231 0.21  

  Prior Solo – Season: breeding 0.47 -0.18 1.13 75075 0.16  

  Prior Duet – Season: breeding -0.31 -0.89 0.28 96389 0.29  

  Mate Distance – Season: breeding -0.22 -1.02 0.59 67724 0.59  

  Number of others – Season: breeding 0.00 -0.60 0.59 61081 0.99  

          
Predictive behavior model 
– Answerer vs Non-
answerer 

Answerers 
vs non-
answerers 

Prior song type by others: duet – Sex: male 67.88 -151.65 290.82 49359 0.54  
Prior song type by others: solo – Sex: male -55.28 -206.71 93.89 55249 0.47  
Mate Distance – Sex: male  7.72 -69.11 82.21 55445 0.84  

 Number of others – Sex: male 28.53 -39.32 97.09 52322 0.41  

 Prior song type by others: duet – Season: breeding -19.06 -235.00 200.40 48957 0.86  

 Prior song type by others: solo – Season: breeding 7.23 -144.10 159.95 52558 0.93  

  Mate Distance – Season: breeding -37.73 -114.31 40.20 54834 0.33  

  Number of others – Season: breeding -6.97 -73.43 59.00 55890 0.84  

          
Subsequent behavior – 
Immediate behavior 

All roles Hop/Look up: Sex: male – Season: breeding -1.63 -3.77 0.54 1587.2 0.14  

 Perch: Sex: male – Season: breeding -0.21 -1.14 0.71 9540.3 0.66  

          
Subsequent behavior – 
Reaction direction to mate 

All roles No change: Role: initiator – Season: breeding -0.03 -1.66 1.58 2365 0.97  

 Toward mate: Role: initiator – Season: breeding 0.03 -1.48 1.54 2418 0.96  

 No change: Role: soloist – Season: breeding 0.93 -0.57 2.43 2476 0.22  

 Toward mate: Role: soloist – Season: breeding -0.43 -1.85 0.95 2614 0.55  

  No change: Role: non-answerer – Season: breeding 0.85 -0.73 2.45 2510 0.29  

  Toward mate: Role: non-answerer: Season: breeding -0.68 -2.18 0.79 2565 0.37  
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