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Indigobirds (Vidua spp.) are obligate brood parasites in which imprinting on
heterospecific hosts shapes adult vocal behavior and mating preferences. Adult male
indigobirds mimic the songs and other vocalizations of their respective hosts, which
signals their own host environment to prospective mates and has important implications
for speciation. In this study, we examined variation within and among indigobird species
in the non-mimetic components of their vocal behavior, including both chatter calls and
their impressive repertoires of intricate non-mimicry songs. We test whether indigobird
species in Tanzania (V. chalybeata, V. codringtoni, V. funerea, and V. purpurascens)
differ consistently in general features of their non-mimetic vocalizations, and we test
whether local ecological conditions influence vocal behavior. Indigobird non-mimetic
song repertories are learned from and shared with other males of the same species.
We find that local dialect “neighborhoods” are variable in size among species and
regions, depending on habitat continuity and the distribution of male territories. Despite
the complete turnover of the specific songs comprising non-mimicry song repertoires
from one local dialect to the next, we find significant species effects for more general
measures of non-mimicry songs such as repertoire size and diversity, frequency, song
length, and pace. For some traits, we also found significant regional differences, which
may be mediated by significant relationships between elevation and morphometrics.
Chatter calls were broadly similar across both species and localities, but we found
significant species and region effects for frequency and to a lesser extent pace. We
discuss the possibility that learning and mimicking the vocalizations of different hosts
might influence the production of non-mimetic vocalizations and explain many of the
species differences we detected. Whether these species differences are purely due
to phenotypic plasticity or also reflect genetic divergence in traits influencing sound
production and/or female preferences, they may contribute to reproductive isolation
among nascent and recently evolved indigobird species.
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INTRODUCTION

Songbirds (suborder Passeri) comprise a radiation of ca. 4,000
species with a remarkable diversity of morphological, ecological,
and behavioral traits. As their name implies, songbirds are best
known for their impressive diversity of songs, which are acquired
through imitation during development (age-limited learners) or
throughout their lifespan (open-ended learners) (Brenowitz and
Beecher, 2005). Songbirds vary widely in both the size of their
vocal repertoires and in the frequency and temporal features
of song elements. Sexual selection is often hypothesized as an
important driver of repertoire size (Eens et al., 1991; MacDougall-
Shackleton, 1997; but see Byers and Kroodsma, 2009), whereas
song traits (e.g., length and number of notes, frequency,
modulation) can be shaped by numerous, non-mutually exclusive
factors, including selection for optimal transmission through
different physical environments (Morton, 1975; Nottebohm,
1985; Badyaev and Leaf, 1997), diversifying selection to enhance
species recognition (Miller, 1982; Seddon, 2005), and as a
by-product of selection on morphological traits (Podos, 2001;
Huber and Podos, 2006). Adding to the overall diversity
of songbird vocalizations, many species display geographic
variation. If there are relatively sharp boundaries among
conspecific populations with different song characteristics, these
populations are recognized as having different dialects (Marler
and Tamura, 1962). The formation, evolution, and maintenance
of dialects can be shaped by selection on the songs themselves, the
indirect effects of other evolutionary processes, and/or cultural
evolution and drift, which depend on both the song learning
and dispersal characteristics of a given species (Slabbekoorn and
Smith, 2002; Podos and Warren, 2007).

Indigobirds (Vidua spp.) are obligate brood parasites that
acquire part of their vocal repertoire through imprinting on their
respective host species. Most of the ten recognized indigobird
species are associated with one of the Lagonosticta firefinches,
which have small repertoires of ca. 5–10 songs, alarm calls, and
begging calls (Payne, 1973), but a few indigobird species are
associated with more than one host and/or a host in another
estrildid finch genus (e.g., Payne et al., 2005). Indigobirds
imprint on host songs and calls during development, and
adult males incorporate mimicry of host vocalizations into
their singing (Nicolai, 1964; Payne, 1973; Payne et al., 1998),
thereby advertising their success in having been reared by a
particular host species. This serves as an important mate choice
cue for females, in which imprinting on host vocalizations
appears to guide both mate choice and the selection of nests
to parasitize (Payne et al., 2000). These behaviors result in pre-
mating reproductive isolation among indigobirds associated with
different host species, with important implications for speciation
and host-specific adaptation (Payne, 1973; Sorenson et al., 2003;
Jamie et al., 2020).

While learning and mimicry of host songs has long been
viewed as key to the establishment of behavioral/cultural
reproductive isolation and therefore speciation in indigobirds,
the non-mimetic components of indigobird vocal behavior have
received less attention. All indigobird species produce similar
“chatter” calls comprising rapid sequences of broadband notes

(Payne, 1973). Chatters are most often associated with “comfort”
behaviors like preening and bill wiping, but are also heard at
the beginning of singing bouts, during flight, and when chasing
other males (Payne, 1979). Qualitatively similar across species,
chatter calls may serve as a general “password” (sensu Hauber
et al., 2001) for the recognition of other male indigobirds (i.e.,
to discriminate indigobirds from non-indigobirds), but this has
not been tested experimentally.

The vocal repertoires of male indigobirds also include ca. 10–
20 distinctly different non-mimicry (NM) songs (Payne, 1973),
each comprising a complex series of notes delivered in a highly
consistent manner. Males advertising their territories alternate
between NM songs and host song mimicry (Payne, 1973, 1979).
There is clear evidence that indigobird males learn these complex
NM songs from each other (Payne, 1985; Payne et al., 1998). As
a consequence, neighboring males of the same indigobird species
share broadly overlapping repertoires of NM songs, but the extent
of overlap between conspecific males is negatively correlated with
the geographic distance between their call sites, resulting in a
complete turnover of NM song dialect “neighborhoods” across
the landscape (Payne, 1973, 1985, 1987). However, the size of
dialect neighborhoods, and possible interspecific variation in
neighborhood size, has not been well studied. Indigobirds are
also open-ended song learners, such that their song repertoires
can change over time. Adult males have been observed copying
the songs of neighbors that are frequently visited by females, or
acquiring a completely new repertoire after dispersing outside
of their original dialect neighborhood (Payne, 1985). Thus, the
songs within a dialect neighborhood evolve over time, with
new songs introduced by errors and/or innovation spreading via
cultural transmission (Payne, 1973, 1985). Crucially, sympatric
indigobird species have entirely non-overlapping repertoires of
NM songs, indicating that males learn only from other males
associated with the same host. Thus, dispersing males acquire
songs only from conspecific males and can subsequently attract
conspecific mates. This suggests that juvenile males discriminate
among adult males based on their mimicry of different hosts and
choose as tutors older male indigobirds that mimic the same host
species that raised them.

The multifaceted vocal repertoire of each male indigobird thus
contains three elements — chatter, mimicry of host songs and
other vocalizations, and a complex repertoire of NM songs —
that respectively convey its identity as an indigobird, its host
association, and its membership in a local indigobird dialect
neighborhood. It is important to note that indigobird species
are also distinguished by evolved differences in adult male
plumage and soft parts colors, and in the mimetic mouth
markings of nestlings (Payne, 1973, 2005; Sorenson et al., 2003;
Jamie et al., 2020), traits that clearly have a genetic basis.
Thus, indigobird species may have evolved consistent differences
in certain general features of their chatter calls and/or NM
songs (e.g., frequency and/or temporal traits) even though the
specific sequences of notes characterizing unique NM songs are
not shared among allopatric populations of the same species.
A consistent species difference in frequency, for example, might
reflect the indirect effects of ecological selection on bill and
body size or direct selection on effective signal transmission
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in different environments. Alternatively, differences between
species may be attributable to males being raised in different host
nest environments.

To date, there has been limited analysis of variation in chatter
calls or in the general characteristics of NM songs among
indigobird species. Payne (1973) measured the overall length of
chatter calls and the number of chatter syllables per second in
five species (1–8 localities per species), and found that all species
occupy the same range of variation. Payne (1973) also measured
the length, number of syllables, maximum frequency, and
minimum frequency of NM songs in three species (3 localities
per species), and similarly concluded that indigobird species are
broadly similar in these measures. This result was not evaluated
statistically, however, and a more rigorous analysis could provide
greater insight into potential divergence in vocal behavior.

To further investigate the evolution of indigobird non-
mimetic vocalizations and their potential role in speciation,
we used population-level sampling and appropriate statistical
methods to analyze intra- and interspecific variation in the
chatter calls and NM songs of four indigobird species in Tanzania.
Our sampling allowed more robust measurements of NM song
dialect neighborhood size than in previous studies, and allowed
us to test whether variation in chatter and NM song traits is better
explained by species identity (and therefore host association)
or sampling locality. If species identity better explains variation
in these traits then there may be evolved differences in vocal
behavior among species, or vocalizations may be shaped by plastic
responses to different developmental environments (i.e., being

reared by different host species). Conversely, if locality is the best
predictor of vocal characteristics, then local ecological adaptation
and/or phenotypic plasticity in response to local environmental
conditions may affect the different species in a given region
similarly. Our results find support for both effects in different
aspects of vocal behavior.

MATERIALS AND METHODS

Study Sites and Sampling
Fieldwork was conducted in the United Republic of Tanzania
during April and May of 2008 and 2009. Four species of
indigobirds occur in Tanzania (V. chalybeata, V. codringtoni,
V. funerea, and V. purpurascens), with two morphologically
distinct subspecies of V. chalybeata distributed in the interior
central plateau (V. c. centralis) and “coastal” lowlands (V. c.
amauropteryx) (Payne et al., 1992). Singing male indigobirds
(n = 114) were recorded for ca. 20 min and then captured
using song playback at sites within three political regions: Iringa,
Morogoro, and Ruvuma (Figure 1 and Table 1). Since local
ecology can affect body size (Ashton, 2002), and thus vocal
attributes (see citations below), Table 2 summarizes the average
elevation of call sites as well as temperature and precipitation
during the breeding season (April–June) for each of these regions.
Standard morphological measurements (see below) were taken
for each male. Vidua funerea and V. purpurascens cannot be
reliably discriminated based on morphology (i.e., plumage and

FIGURE 1 | Map showing the geographic distributions of the four indigobird study species in Tanzania adapted from Payne (2010). Numbers indicate sampling
localities, interior gray lines show the boundaries of political regions, and the dashed box shows the location of the inset elevation map.
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TABLE 1 | Locality and sampling information (N = number of recorded males).

Species Host Political
region

Locality Coordinates N

Vidua
chalybeata

Lagonosticta
senegala

Iringa Iringa 7.78◦ S, 35.70◦ E 18

Morogoro Mang’ula 7.87◦ S, 36.90◦ E 16

V. codringtoni Hypargos
niveoguttatus

Morogoro Mhenda 7.20◦ S, 36.93◦ E 4

Ruvuma Peramiho 10.60◦S, 35.35◦ E 17

V. funerea L. rubricata Iringa Iringa 7.78◦S, 35.70◦E 14

Ruvuma Peramiho 10.60◦S, 35.35◦ E 19

V. pupurascens L. rhodopareia Morogoro Mikumi 7.39◦ S, 36.98◦ E 9

Ruvuma Peramiho 10.60◦S, 35.35◦ E 17

TABLE 2 | Elevation, temperature, and precipitation data for sampled regions
during the indigobird breeding season.

Ave. high Ave low Ave

temp (◦C) temp (◦C) precip (mm)

Region Ave.
elevation
(m)

April May June April May June April May June

Iringa 1588 24 24 23 15 14 12 57 10 1

Morogoro 431 30 28 27 20 19 16 198 79 19

Ruvuma 974 26 25 24 18 14 12 115 14 1

Climate data from www.climatedata.eu for the cities of Iringa, Morogoro, and
Songea representing the Iringa, Morogoro and Ruvuma regions, respectively.

soft parts colors and morphometrics are all similar) in this part
of East Africa, but can be differentiated by their mimicry of the
unique songs of their respective hosts. Therefore, for the analyses
presented here, individual males were assigned to species based
on their host mimicry (i.e., host association).

Sharing of Non-mimicry Song
Repertoires
The negative correlation between the extent of overlap in
NM song repertoires between conspecific male indigobirds and
geographic distance between their call sites has been quantified
only for V. chalybeata (Payne, 1973, 1985), We tested the
generality of this relationship by correlating geographic distance
and repertoire sharing between all pairs of conspecifics within
each political region. The latitude-longitude of each call site was
recorded with a Garmin eTrex global positioning system (GPS),
and the distances among call sites were calculated using the
earth.dist function (fossil package) in R v41. Song recordings for
all individuals were visualized using Raven Pro v1.3 (Charif et al.,
2008), and the first 100 NM songs were assigned to a song type
(song type 1, 2, and 3, etc.) based on the different order and
composition of syllables. NM songs are strikingly different from
the clear whistles and calls of host species vocalizations that are
well cataloged (see Payne, 1996), and each NM song is repeated
in essentially identical form over the course of months not only by
an individual male but also neighboring males that share the same

1www.r-project.org

songs (Payne, 1973). A sample of 100 songs is adequate to detect
most or all of the distinct songs in each individual’s repertoire
(Payne, 1973; DaCosta, personal observation). Songs of nearly
identical composition but with minor differences (e.g., a different
number of introductory chatters or omission of a terminal note)
were assigned to the same song type. Within each region, the
similarity of NM song repertoires for each pair of conspecifics
was quantified using the Jaccard index (Jaccard, 1901):

Jij =
Sij

Ri + Rj − Sij
,

where, the index Jij varies from 0 to 1, Sij is the number of shared
song types, and Ri and Rj is the repertoire size of individuals i and
j, respectively.

Body Size, Bill Size, and Call Site
Elevation Measurements
The size and shape of a bird’s body and bill affect its production
of sound, and the evolution of these morphological traits can
impose constraints on the frequency and pace of notes (Ryan
and Brenowitz, 1985; Podos, 2001; Bertelli and Tubaro, 2002;
Huber and Podos, 2006; Gillooly and Ophir, 2010). Body size
may also be a sexually selected trait that indicates individual
quality (Andersson and Iwasa, 1996), and in some birds it is
positively correlated with repertoire size (Kipper et al., 2006;
Hesler et al., 2012). We therefore measured body and bill size
attributes of each individual and tested whether morphology
significantly explains variation in NM song characteristics and
repertoire size (see below). For each individual, JMD measured
mass, wing length, tail length, tarsus length, bill length, bill width,
and bill depth. Since many of these variables were correlated they
were collapsed using a principal component analysis (PCA) in R
(prcomp function).

Song characteristics may also vary with habitat if signals are
optimized for transmission in the local acoustic environment
(Morton, 1975; Nottebohm, 1985; Badyaev and Leaf, 1997).
Indigobird males perch and sing at or near the tops of trees
in relatively open habitats, so we did not measure structural
aspects of the vegetation at each territory, but did record
elevation above sea level for each call site using a GPS.
Elevation, which is correlated with temperature and precipitation
in Tanzania (Table 2), was used as a proxy for ecological
differences among regions.

Measurements for Non-mimicry Songs
and Chatter Calls
Non-mimicry songs were visualized and measured in Raven Pro.
The first 100 NM songs recorded from each individual were
assigned to a song type based on syllable composition (see above).
The repertoire size of each male was calculated as the number of
distinct song types observed in this sample (see Supplementary
Figure 1 for an example). The repertoire diversity of each male
was quantified using the Shannon-Wiener index (Shannon, 1948;
Wiener, 1948):

H
′

= −

s∑
i=1

piln(pi),
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FIGURE 2 | Relationship between pairwise distance between call sites and non-mimicry song sharing (Jaccard index) for indigobird males in eight populations. Each
species (A–D) was sampled from two of three regions: Iringa, Morogoro, and Ruvuma. Mantel r = Mantel coefficient; ∗∗Q-value < 0.01.

where, s is the number of distinct song types and pi is the
proportion of the ith song type in the sample. We subsampled 25
NM songs (every fourth song) for analyses of song characteristics.
Introductory chatter notes often precede NM songs, and were
included in song measurements only if they were found in
every occurrence of a particular song type. For each song in
the subsample, we applied a filter to remove low and high
frequency background noise (below 500 and above 12,000 kHz,

respectively) and then measured center frequency (the frequency
that divides the song into two intervals of equal energy),
maximum frequency (the frequency of highest energy), overall
song length (in seconds), number of syllables, and pace (number
of syllables per second). For each variable, measurements from
the 25 songs were averaged to generate a single measurement
of these traits for each individual. Some of these variables were
highly correlated, so we summarized the data using a PCA.
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FIGURE 3 | Morphological variation of male indigobirds relative to elevation of their call sites. (A) The first two principal components of a PCA including
measurements of mass, wing length, tail length, tarsus length, bill length, bill width, and bill depth. Variables with loadings > 0.4 (+) or < −0.4 (−) for each
component are reported in the corresponding axis label. (B,C) Linear regressions for each of the first two morphology principal components with elevation as the
explanatory variable. Lines show the least square regression line. Symbols and colors are used to denote different species and regions, respectively.

Chatter calls were also measured using Raven Pro with
the same filter to remove background noise. The following
characteristics from the first five chatter calls of each male were
measured and averaged: center frequency, maximum frequency,
overall length of the chatter, number of notes, and pace. These
variables were also summarized with a PCA.

Statistical Analyses
All statistical tests were conducted in R v4. Within each species
and geographic region, we tested for a correlation between
pairwise measurements of geographic distance between call sites
and song sharing (Jaccard index) by fitting a linear regression
model in R (lm function). The significance of these regressions
was quantified using a Mantel test (Mantel, 1967) with 1,000
permutations of the data in R (mantel function). PCAs to
condense correlated song and morphometric variables were run
with scaled variances (scale = TRUE) in R (prcomp function).
For each of the first three principal components from the
NM song PCA, we ran linear models (lm function) in R
with the following factors: species identity, sampling region,
morphology PC1, morphology PC2, and elevation. The anova
and etaSquared functions were used to generate P-values and
η2 values for each factor. Similar linear models were run for

the chatter principal components. For each linear model in
which species or region was a significant factor, we used a
Tukey-Kramer post hoc test (TukeyHSD function; Tukey, 1953;
Kramer, 1956) to assess the significance of pairwise comparisons
of species/regions. Across all Mantel, linear model, and linear
regression analyses, we controlled the false discovery rate
associated with multiple hypothesis testing by adjusting P-values
into Q-values using the method of Benjamini and Hochberg
(1995) in R (p.adjust function).

RESULTS

In pairwise comparisons of conspecifics within each region,
sharing of NM songs was negatively correlated with the
geographic distance between call sites, albeit with somewhat
variable patterns among different species and localities
(Figure 2). In Iringa and Morogoro, conspecific V. chalybeata
males > 5 km apart had completely different repertoires (i.e.,
Jaccard index = 0) and were thus members of different dialect
neighborhoods, whereas males within ∼2.5 km of each other
typically shared 50–100% of their repertoires (Figure 2A).
A similar pattern was observed for V. codringtoni males in

Frontiers in Ecology and Evolution | www.frontiersin.org 6 October 2021 | Volume 9 | Article 725979

https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles


fevo-09-725979 October 18, 2021 Time: 15:47 # 7

DaCosta and Sorenson Indigobird Non-mimetic Vocalizations

TABLE 3 | Linear model results for different measures of variation in the general
characteristics of indigobird non-mimicry songs.

Response variable Effect η2 F-value P-value Q-value

Repertoire size Species 0.26 18.54 <0.0001 <0.0001

Region < 0.01 0.32 0.73 0.88

Morphology PC1 < 0.01 0.16 0.69 0.87

Morphology PC2 < 0.01 0.43 0.52 0.73

Elevation < 0.01 0.003 0.96 0.96

Repertoire diversity Species 0.18 8.34 <0.0001 0.0003

Region 0.01 2.51 0.09 0.18

Morphology PC1 < 0.01 0.009 0.93 0.96

Morphology PC2 < 0.01 1.90 0.17 0.29

Elevation 0.02 2.72 0.10 0.20

PC1 (+song length, Species 0.21 15.34 <0.0001 <0.0001

+no. syllables, –max Region 0.02 8.43 0.0004 0.002

frequency, and Morphology PC1 < 0.01 0.09 0.77 0.88

–center frequency) Morphology PC2 < 0.01 0.07 0.79 0.88

Elevation 0.04 6.22 0.01 0.04

PC2 (+center frequency, Species 0.11 13.47 <0.0001 <0.0001

+no. syllables, +max Region 0.06 2.84 0.06 0.14

frequency, and Morphology PC1 < 0.01 0.24 0.63 0.84

+song length) Morphology PC2 < 0.01 1.64 0.20 0.33

Elevation 0.02 3.31 0.07 0.16

PC3 (+pace) Species 0.19 32.96 <0.0001 <0.0001

Region 0.06 18.59 <0.0001 <0.0001

Morphology PC1 < 0.01 2.15 0.15 0.27

Morphology PC2 < 0.01 0.004 0.95 0.96

Elevation < 0.01 0.11 0.74 0.88

Traits that contributed most (i.e., loadings > 0.4 or < −0.4) to each PC axis
are indicated in parentheses below the respective PC. Positive and negative
loadings mean that larger PC values are associated with larger or smaller trait
values, respectively. P- and Q-values < 0.05 are shown in bold. F-value numerator
degrees of freedom for each test: species = 3, region = 2, morphology PC1 = 1,
morphology PC2 = 1, elevation = 1. Denominator degrees of freedom equals 105
for each test.

Ruvuma, with males separated by over 7 km not sharing
any songs (Figure 2B). In contrast, both V. funerea and
V. purpurascens had large dialect neighborhoods in Ruvuma,
with conspecific males 15–20 km apart often sharing over 50%
of their NM song repertoires (Figures 2C,D). Limited sampling
and/or dispersion of individuals resulted in non-significant
trends in the remaining comparisons. A single V. chalybeata
male at Iringa was the only individual we sampled that did
not share any songs with nearby males, resulting in Jaccard
indices of zero for several pairwise comparisons with nearby
males (Figure 2A).

Our analysis of morphological traits revealed significant
effects of elevation (Figure 3). Overall body size, as captured by
PC1 (39.8% of variation explained and positive loadings on all
five morphometric traits), increased with elevation (P < 0.001;
Figure 3B). PC2 (33.9% of variance explained), with positive
loadings for bill length (loading = 0.51) and bill width (0.50),
and a negative loading for tail length (−0.48), captured variation
in bill size and tail length relative to overall body size and
was also significantly correlated with elevation (P < 0.001).
Thus, indigobirds from the lower elevation Morogoro region

are smaller on average, but have relatively large bills and short
tails. We used PC1 and PC2 scores for morphology as factors
in linear models exploring variation in NM song and chatter
attributes (see below).

Across all analyses of variation in NM songs, species identity
was the most, and often only, significant predictor of variation
(Table 3). Vidua purpurascens had significantly smaller and
less diverse repertoires as compared to the other three species,
whereas V. chalybeata and V. codringtoni had the largest and
most diverse repertoires (Figure 4). We summarized other
measures of variation in NM songs using PCA (Figure 5A).
PC1 reflected differences in song length, number of syllables,
maximum frequency, and center frequency with respective
positive and negative loadings as follows : 0.52, 0.50, −0.51,
and −0.47. Variation in PC1 scores was best explained by
species identity (F3,105 = 15.34, Q-value < 0.0001), followed by
sampling region (F2,105 = 8.43, Q-value = 0.002) and elevation
(F1,105 = 6.22, Q-value = 0.04) (Table 3). Differences among
species in PC1 scores (Figure 5B) indicate that V. purpurascens
has longer songs with more syllables, which are sung at
lower frequencies, whereas V. codringtoni has shorter songs
delivered at higher frequencies. A smaller but significant regional
effect was due to differences between Morogoro and Iringa
(Figure 5B). For PC2 (31.9% of the variance explained with
positive loadings on center frequency, number of syllables,
maximum frequency, and song length), species identity was
the only significant factor in the linear model (Table 3). As
with PC1, V. purpurascens had the highest PC2 scores, whereas
V. chalybeata had the lowest (Figure 5C). Because the same
variables contribute to both PC1 and PC2, these axes are
difficult to understand intuitively; results for the individual
variables are shown in Supplementary Figure 2. Both species
identity and sampling region were strongly significant predictors
of variation in PC3 scores (Table 3), which captured pace
(positive loading of 0.93). Among species, V. chalybeata and
V. codringtoni sang the fastest and slowest songs, respectively,
and songs were faster in Morogoro as compared to other
regions (Figure 5D).

A comparable analysis of chatter calls revealed no species or
regional differences in overall length or number of syllables, the
variables contributing most to PC1 (39.8% of variance explained),
but a few differences were detected for other measures of chatter
call variation (Table 4 and Figure 6). As captured by PC2
(33.9% of variance explained), chatter calls in V. funerea were
significantly lower in frequency than in the other three species,
whereas chatter calls in the Morogoro region were of significantly
higher frequency (Figure 6C). Finally, V. codringtoni produced
chatters with a significantly slower pace than in V. chalybeata and
V. purpurascens (Figure 6D).

DISCUSSION

The complexity of indigobird vocal behavior is both a
consequence and important catalyst of their evolutionary
diversification as host-specific obligate brood parasites. As shown
in earlier work (Payne et al., 1998, 2000), imprinting on host
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FIGURE 4 | Variation in (A) size and (B) diversity of non-mimicry song repertoires among indigobird species and sampled regions. Populations of the same species
are grouped on the X-axis; boxplots are color-coded by sampling region. Species labeled with different lowercase letters (above brackets) differed significantly
(adjusted P < 0.05) in post hoc tests. There were no significant differences among regions in these two measures.

FIGURE 5 | Variation in general characteristics of non-mimicry songs between indigobird species and sampled regions. Song length, number of syllables, pace,
center frequency, and maximum frequency measurements were collapsed via a principal component analysis (A). Variables with loadings > 0.4 (+) or < −0.4 (−) are
indicated for each principal component. Variation among species and regions in the first three PC axes is shown in panels (B–D). Significant differences between
species (adjusted P < 0.05) are indicated by different lowercase letters above the brackets for each species. Similarly, regions labeled with different lowercase letters
were significantly different in post hoc tests.
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TABLE 4 | Linear model results for measures of variation in the general
characteristics of indigobird chatter calls.

Response Variable Effect η2 F-value P-value Q-value

PC1 (+chatter length, +no. Species 0.03 2.53 0.06 0.14

syllables) Region 0.04 3.25 0.04 0.11

Morphology
PC1

<0.01 1.11 0.30 0.44

Morphology
PC2

<0.01 0.01 0.93 0.96

Elevation <0.01 0.002 0.96 0.96

PC2 (−center frequency, Species 0.05 8.53 <0.0001 0.0003

−max frequency) Region 0.03 13.39 <0.0001 <0.0001

Morphology
PC1

<0.01 0.61 0.44 0.64

Morphology
PC2

<0.01 0.35 0.56 0.76

Elevation 0.02 2.48 0.12 0.23

PC3 (+pace) Species 0.13 5.08 0.003 0.008

Region 0.06 1.79 0.17 0.29

Morphology
PC1

<0.01 0.19 0.66 0.86

Morphology
PC2

<0.01 0.08 0.78 0.88

Elevation 0.05 7.02 0.009 0.03

Traits that contributed most (i.e., loadings > 0.4 or < −0.4) to each PC axis
are indicated in parentheses below the respective PC. Positive and negative
loadings mean that larger PC values are associated with larger or smaller trait
values, respectively. P- and Q-values < 0.05 are shown in bold. F-value numerator
degrees of freedom for each test: species = 3, region = 2, morphology PC1 = 1,
morphology PC2 = 1, elevation = 1. Denominator degrees of freedom equals 105
for each test.

vocalizations by young indigobirds shapes the vocal behavior
of males as well as the mate and host preferences of females.
In theory (Gavrilets, 2003), these features of indigobird social
behavior are sufficient to account for reproductive isolation of
indigobirds associated with different hosts, facilitating rapid,
sympatric speciation when a new host is colonized (Sorenson
et al., 2003). This reproductive isolation is imperfect (Payne
and Sorenson, 2004; Balakrishnan et al., 2009), however, and
indigobird species have diverged in other traits that are
clearly under genetic control, including male plumage and
soft part colors and mimicry of the intricate nestling mouth
markings of their respective hosts (Payne, 2005; Jamie et al.,
2020). These traits likely reinforce reproductive isolation. This
study poses the question of whether indigobirds may have
also diverged in measurable aspects of their vocal behavior
(perhaps associated with divergence in female preferences, which
would be difficult to test). While it was already known that
indigobirds’ chatter calls are broadly similar and that their
complex repertoires of NM songs evolve through cultural
evolution and are highly labile over space and time, previous
work has not rigorously tested for possible differences in
more general measures of indigobird vocalizations (e.g., average
repertoire size, song length, frequency, and pace). While any
observed differences between species in these traits could
be due to either genetic divergence, cultural evolution, or
developmental effects (e.g., different host nest environments),

the lack of such differences would allow genetic divergence
to be ruled out.

Male indigobirds have large repertoires of intricate NM
songs, which they share and presumably learn from local
conspecifics, whereas the NM song repertoires of different
indigobird species inhabiting a local area are entirely non-
overlapping. Our results confirm the complete turnover of within
species repertoires across short distances, resulting in landscapes
filled with relatively small dialect neighborhoods, but also show
that there is considerable variation in this pattern among species
and localities. For example, V. funerea and V. purpurascens both
occurred at relatively high density in the Ruvuma region, where
their respective host species appear to be more evenly dispersed
across the landscape than in other regions (DaCosta, personal
observation). This presumably leads to higher connectivity of
these local populations and more interaction among competing
males, as evidenced by conspecific males > 15 km apart still
sharing at least half their songs. In contrast, V. codringtoni
males establish territories adjacent to riparian thickets, which
provide the preferred nesting habitat of their host (Hypargos
niveoguttatus), and are unevenly distributed in the region. This
results in lower connectivity among V. codringtoni call sites
and smaller dialect neighborhoods; males > 7 km apart were
associated with different river drainages and did not share songs.
Similarly, in the Iringa and Morogoro regions, song sharing
between conspecifics often dropped to zero with distances greater
than ∼5 km. This may be due to greater patchiness of suitable
habitat for host species in these regions, leading to lower
connectivity between call sites of their respective indigobirds.

Despite some variation, NM song dialect neighborhoods of
all indigobirds are quite small on a regional scale, such that
cultural transmission is unlikely to account for any consistent
differences in NM song characteristics between indigobird
species. Nonetheless, our analyses revealed significant species
effects for all of the general measures of NM song variation
we considered (Table 3 and Figures 4, 5). The NM song
repertoires of V. purpurascens were the smallest and least diverse,
but comprised longer songs with more syllables. Conversely,
V. chalybeata and V. codringtoni had larger, more diverse
repertoires featuring shorter songs with fewer syllables. Vidua
funerea was intermediate for NM song repertoire size and for
principal components that included song length and frequency
measures (Figure 5). The apparent negative correlation between
repertoire size and song length suggests a tradeoff between these
traits, perhaps because the volume of brain nuclei involved in
song learning or production imposes constraints on the overall
complexity of the full repertoire (Devoogd et al., 1993). Particular
NM song types are associated with courtship (Payne and Payne,
1977; Payne, 1979), and sexual selection in combination with
this constraint may contribute to differences among species. For
example, if female V. purpurascens prefer longer songs, this could
result in smaller repertoires for this species. Sampling region was
also a significant factor explaining variation in PC1 (song length,
number of syllables, center frequency, maximum frequency)
and PC3 (pace), with birds from Morogoro delivering shorter,
lower frequency songs at a faster pace (i.e., syllables/second)
(Figure 5). Call sites in Morogoro were at lower elevations,
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FIGURE 6 | Variation in chatter calls between indigobird species and sampled regions. Chatter length, number of syllables, pace, center frequency, and maximum
frequency measurements were collapsed via a principal component analysis (A). Variables with loadings > 0.4 (+) or < –0.4 (–) are indicated for each principal
component. Variation among species and regions in the first three PC axes is shown in panels (B–D). Significant differences between species (adjusted P < 0.05)
are indicated by different lowercase letters above the brackets for each species. Similarly, regions labeled with different lowercase letters were significantly different in
post hoc tests.

and indigobirds in this region were of smaller body size, but
with relatively large bills and short tails (Table 2 and Figure 3).
These results support a role for local ecology in shaping
morphometrics and in turn NM song characteristics, but for both
of these principal components species identity explained a larger
proportion of the variance. Moreover, species identity was the
only significant factor in analyses of PC2 scores, as in analyses
of repertoire size, and repertoire diversity. Thus, these results
indicate consistent differences between indigobird species in NM
song characteristics even though distant populations of the same
species share no specific songs in common.

Despite the recent diversification of indigobird species, these
differences might reflect divergent evolution of NM songs in
much the same manner as indigobird species have diverged in
other traits that likely play a role in mate choice and species
recognition (i.e., plumage and soft parts colors). Alternatively,
species differences in NM song attributes may reflect the
phenotypic effects of being reared by different host species. In
addition to possible effects on body size, learning, and mimicking

the songs of a particular host species, a critical component of
the social and breeding behavior of indigobirds (Payne, 1973,
1979; Payne et al., 2000), might influence the characteristics
of the indigobird’s NM songs. For example, males reared by
hosts with small repertoires may have greater neural capacity
available for acquiring and memorizing large repertoires of NM
songs, and/or indigobirds associated with hosts that produce
songs with particular characteristics (e.g., high frequency or rapid
delivery of notes) might develop neural circuits that favor NM
songs with similar attributes. Qualitative assessments provide
some support for these possibilities. The red-billed firefinch
(Lagonosticta senegala) has the smallest repertoire among the host
species in Tanzania (Payne et al., 1992), and individual males of its
indigobird parasite (V. chalybeata) had relatively large repertoires
of NM songs (Figure 4A). Among the hosts of the indigobird
species we sampled, the Peter’s twinspot (Hypargos niveoguttatus)
produces vocalizations with the highest frequencies, and the
NM songs of their indigobird parasite (V. codringtoni) also tend
to be higher in frequency as compared to other indigobirds
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(Figures 5B,C). Jameson’s firefinches (Lagonosticta rhodopariea)
produce unusually rapid alarm calls with notes delivered at
rates of 22+ per second (Payne, 1996). Males of the indigobird
parasitizing this species (V. purpurascens) mimic these alarm calls
precisely, and their NM songs have a fast pace in Morogoro
but not in Ruvuma (Figure 5D). A rigorous test of whether
learning and mimicking the vocalizations of particular hosts
shapes indigobird NM songs in predictable ways should include
quantitative analyses of both host and parasite song recordings
from multiple localities, and sampling of all ten indigobird species
and their respective hosts to increase the power of the analysis.

Generally, chatter calls were more similar across both species
and sampled regions as compared to NM songs (Table 4 and
Figure 6). Species identity was a significant factor explaining
variation in PC2 and PC3 scores, whereas sampling region was
significant only for PC2. One notable species difference was
a slower pace of chatter calls in V. codringtoni (Figure 6D),
mirroring the slower pace of its NM songs (Figure 5D) and
suggesting the possibility of a common underlying mechanism.
Nonetheless, our findings are consistent with the conclusion of
Payne (1973) that chatter calls are broadly similar across species,
supporting the hypothesis that chatter may represent an innate
signal or password (sensu Hauber et al., 2001) that allows young
male indigobirds to recognize and associate with other indigobird
males, and then, using host song mimicry to identify conspecifics,
select appropriate tutors for acquiring their NM songs. While an
alternative mechanism by which male indigobirds could acquire
the appropriate local dialect is not obvious, we note that the above
scenario has not been experimentally tested.

Our analyses revealed consistent differences among
indigobird species in general features of their non-mimetic songs
despite the fact that conspecifics, including those in relatively
close geographic proximity (e.g., 5–20 km) and those in different
regions, may have entirely different repertoires of specific
songs (i.e., sequences of notes), and despite the influence of
significant environmental effects likely mediated through effects
on body size and relative bill size. Divergent selection on female
preferences and/or male sound production might contribute
to the observed differences, but we speculate that phenotypic
plasticity and, more specifically, the effects of learning and
mimicking the songs of different hosts likely explains most of the
differences we observed. Notably, V. funerea and V. purpurascens
are broadly syntopic at Ruvuma but are associated with different
hosts and have NM song repertoires that differ significantly in
the length and pace of songs (Supplementary Figure 2) as well
as repertoire size and diversity (Figure 4). Notably, allopatric
populations of V. funerea and V. purpurascens are similar to
their respective conspecific Ruvuma populations in repertoire
size and diversity. The two populations at Ruvuma, however,
are morphologically and genetically indistinguishable (DaCosta,
2014), which is not typically the case for sympatric indigobird
species. Thus, genetic divergence between these populations
is unlikely as an explanation for the observed differences in
song traits. Regardless of the relative contributions of genetic
divergence and phenotypic effects, the species differences in song
traits documented in this study may contribute to reproductive
isolation among nascent and recently evolved indigobird species.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

ETHICS STATEMENT

The animal study was reviewed and approved by Boston
University Institutional Animal Care and Use Committee.

AUTHOR CONTRIBUTIONS

JD and MS conceived and designed the study, collected
indigobird vocalization recordings, and wrote the manuscript. JD
conducted data analyses. Both authors contributed to the article
and approved the submitted version.

FUNDING

This work was supported by the National Science Foundation
grant DEB 0640759 with the approval of the Tanzania
Wildlife Research Institute and the Tanzania Commission for
Science and Technology.

ACKNOWLEDGMENTS

David Moyer, Neil Baker, and Liz Baker provided indigobird
locality information and valuable logistical support in Tanzania.
Elia Mulungu provided field assistance during data collection.
Two reviewers provided helpful comments on an earlier version
of the manuscript.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
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Supplementary Figure 1 | Repertoire of non-mimicry vocalizations from a
representative Vidua purpurascens male from the Ruvuma region. (A) Sampling of
100 non-mimicry songs recovered a repertoire size of 14 songs. Numbers above
songograms show the number of times each song appeared in the sample of 100.
(B) Three representative chatters to display characteristics of the calls and
variation in length.

Supplementary Figure 2 | Variation in measured characteristics of non-mimicry
songs before variables were condensed with a principal component analysis.

Supplementary Figure 3 | Variation in measured characteristics of chatter calls
before variables were condensed with a principal component analysis.

Supplementary File 1 | DaCostaSorenson_measurements.xlsx. Measurements
of morphological, non-mimicry song, and chatter characteristics for each
indigobird (n = 114) sampled in the study.
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Supplementary File 2 | DaCostaSorenson_song_sharing.xlsx. Jaccard index
calculations of non-mimicry song sharing among conspecific indigobirds, with a
separate worksheet for each region.

Supplementary File 3 | DaCostaSorenson_PCA_results.xlsx. Results (rotations,
importance of components, and eigenvalues) for PCA analyses of morphology,
chatter, and NM songs.
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