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CHAPTER 1. INTRODUCTION:

BIRDSONG IN AN EVOLUTIONARY CONTEXT

The life of a songbird in nature is fraught with adversity. In its first few weeks of life, a
chick is entirely dependent upon adults for protection and sustenance. Parents, meanwhile, must
be utterly dedicated to the task of foraging and provisioning their offspring for several weeks
until their offspring fledge and become independent (Low et al. 2008), buffering them from any
ill effects of environmental scarcity or hostile conditions. Even when young birds become
nutritionally independent, they must continue to develop their ability to forage in order to
consistently sustain high energetic demands while avoiding predation themselves.

Despite the crucial need for nutrition, energy efficiency, and concealment from predators,
juvenile songbirds spend significant time and energy in their first year on an endeavor that does
nothing to promote their own survival: learning to sing. This expenditure of time and energy on
this ornamental trait is instead an investment in their future reproductive success (Nowicki and
Searcy 2004). In many songbird species, song is primarily produced by males, although female
song has recently been found to be more widespread than previously assumed (Odom et al. 2014;
Odom and Benedict 2018; Riebel et al. 2019). Male song has two primary functions, both
important in sexual selection: territory defense, or male-male aggression, and mate attraction
(Catchpole and Slater 2003). When male birds sing, they advertise their presence to nearby
females, who in turn can identify them as conspecifics (Emlen 1972) as well as assess male song
quality to inform their mate choice decisions (Byers and Kroodsma 2009; Nottebohm 1972; Reid

et al. 2004; Robinson and Creanza 2019). Song can also reinforce pair bonding, especially in
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species that engage in duetting behaviors, where females and males sing complementary parts of
a song (Hall 2004).

Because song plays a role in mate choice and pair maintenance, disruptions in the
song-learning process can be detrimental to a learner’s reproductive fitness (Kroodsma and
Byers 1991; S. Nowicki, Searcy, and Peters 2002; Snyder and Creanza 2019). Despite the risk
that poor song learning poses to an individual’s reproductive success, vocal learning has
persisted for ~40 million years in the Oscine suborder of the passerine birds (Order:
Passeriformes). This contrasts with the sister suborder of the oscines, the suboscines, which
generally sing unlearned songs ((Kroodsma and Konishi 1991; Touchton, Seddon, and Tobias
2014), but see (Kroodsma et al. 2013)). For effective communication to take place, a sender must
transmit a signal that is correctly recognized by a receiver; over evolutionary time, deviations in
these signals are generally selected against (i.e. stabilizing selection) since these deviations are
likely to impede recognition (Ryan and Rand 1993). The core function of song in species
recognition might therefore seem incompatible with learning, a comparatively risky and unstable
form of inheritance relative to genes. Despite this risk, vocal learning has been resistant to loss
over evolutionary time; within the Oscine suborder, the ability to learn vocalizations has
apparently never been lost in any of the 4500+ extant species. The result is an extraordinary
diversity of species-specific songs that evolved and diverged in the context of complex
ecological, physiological, and social factors.

The drivers of birdsong evolution on micro- and macroevolutionary scales are thus likely
to be multifaceted, necessitating the integration of diverse concepts, data types, and approaches
to examine both direct observations of individual species and the extraordinary diversity of

vocalizations across the songbird phylogeny. In this thesis, I will present studies that encompass
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both within- and between-species song variation in the context of different selection pressures
and life history strategies. To approach the complex questions of how and why songs evolve, I
draw from several different areas of study that are integral to understanding songbird evolution,
including the composition and complexity of birdsong, the song-learning process,
neurodevelopmental physiology and developmental stress, environmental effects on phenotype
development, and social mating systems. To orient the reader, I give an introduction to these

conceptual frameworks in the subsections that follow.

Structure and function of birdsong

Songs are composed of syllables, which are typically defined as periods of continuous
production of sound, separated by a brief period of silence. Syllables can be composed of
multiple notes, which are defined as continuous sounds on both a time and frequency scale. The
syrinx, the muscular song production organ in the songbird respiratory tract, is split into two
branches, each side of which can be controlled independently along with the corresponding lung
(Schmidt 2008). Due to this unique structure, a bird can produce two distinct sounds
simultaneously, thus enabling complex multi-note syllables (Suthers 1997). A song 'bout' can be
defined as a period of singing that is separated from other such bouts by a period of silence that
is generally much longer than inter-syllable silences. When these bouts are composed of multiple
repetitions of the same syllable sequence, these repeated patterns of syllables are termed phrases
or motifs (Brenowitz, Margoliash, and Nordeen 1997). (Figure 1.1) Songs can vary
intraspecifically and interspecifically on each of these scales. The syllables present in song, the
internal composition of song, and the order of the syllables and the pattern of motifs are all

typically learned (Tchernichovski et al. 2004). Any of these components can contribute to the
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complexity or elaboration of a song, but, generally, song complexity is measured as the number
of unique syllables or songs that a bird uses, also known as its syllable or song repertoire (Slater
2000). Alternatively, complexity can be considered the internal diversity of a bird’s songs by
using the mean number of unique syllables per song as a metric (Read and Weary 1992).
Individual syllables can also vary in complexity based on the number of notes they contain.
Historically, tabulating syllable repertoire and song repertoire has been done subjectively, with a
human visual assessment of syllable similarity and uniqueness, since there is a certain level of

variation within syllable types that are essentially the same (e.g. (Hughes et al. 1998)).

Syllables Notes Phrase/Motif

Frequency (kHz)

Figure 1.1. Spectrogram annotated with elements of a song. Syllables are separated from one
another by periods of silence, but within a syllable there can be multiple notes, each a distinct

pulse of sound at different frequencies. Repeated sets of syllables are called phrases or motifs.

The song features that are associated with higher attractiveness may differ between
species. For example, in swamp sparrows, studies suggest that females prefer males with a
higher rate of syllable production (Ballentine, Hyman, and Nowicki 2004). In zebra finches,
females prefer songs containing syllables with clearly defined harmonics, as opposed to noisier
syllables (Tomaszycki and Adkins-Regan 2005). In several other species, females tend to choose
males with more complex or elaborate songs, potentially because these songs are more difficult

to learn (Byers and Kroodsma 2009; Robinson and Creanza 2019; Soma and Garamszegi 2011)
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In song sparrows, females have been shown to prefer males that learned their songs more
accurately (Lachlan et al. 2014; Stephen Nowicki, Searcy, and Peters 2002). Learning accuracy
is typically assessed by directly measuring song similarity between a tutor’s and pupil’s songs
and includes the percentage of syllables that are copied as well as how closely each copied
syllable matches the original; computational tools for quantifying pupil-tutor song similarity are
broadly used in songbird research (Tchernichovski et al. 2000). Female preference is measured
by several different methods that often differ between species; these measures are also
challenging to compare between lab and field studies, complicating the interpretation of female
preference tests (Byers and Kroodsma 2009; Robinson and Creanza 2019). These different
methods include female choice tests in laboratory settings, with or without estrogen
administration, which can be conducted by tallying copulation-solicitation displays to different
song playbacks and by allowing females to choose which of two song playbacks to trigger or
approach (Baker et al. 1986; Cardoso and Mota 2004; Catchpole, Dittami, and Leisler 1984), as
well as female preference tests in the field, which are generally observational studies in which a
proxy of female choice, such as pairing date or first egg date, is associated with properties of the

male’s song (Krebs, Ashcroft, and Webber 1978; Mountjoy and Lemon 1996; Searcy 1984)

The song-learning process

The understanding of birdsong as a learned behavior in Western science is relatively recent, and
its discovery was rooted in a phenomenon that emerges from learning on a geographically
structured population scale: dialects (Marler 1952). In this case, chaffinch subpopulations were
observed to sing slightly different songs in somewhat spatially separated areas. This is

reminiscent of language dialects in humans, and the observation inspired early birdsong
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researchers to test whether songs were also learned, and thus whether cultural transmission
explained the song dialect patterns that were observed. Because song is learned, it may be
influenced by both genetic and cultural evolutionary pressures. It might therefore exhibit more
complex evolutionary dynamics than genetically inherited traits since its features can be
transmitted obliquely, from any adult, instead of only vertically, from parent to offspring
(Williams 2021).

While plasticity is inherent to learned behaviors, there do exist biological constraints to
song development. First, there are morphological constraints: the types, frequencies, and rates of
notes produced are dependent on the structural features of the beak, the respiratory system, and
the syrinx (Podos and Sung 2020). For example, in Darwin’s finches, beak size and shape is
under selection related to food acquisition, but both the size and shape of the beak influence the
frequency bandwidth and trill rate that a bird is capable of producing (Podos 2001). In addition
to these morphological constraints, many species have an innate auditory song template that
guides juveniles’ naive preference for and attentiveness to conspecific song (Marler et al. 1988;
Marler and Peters 1977; Nelson and Marler 1993; Thorpe n.d.). In the cacophony of the natural
world, the features of a song that cue a juvenile to learn a conspecific song vary between species.
For example, some species, such as song sparrows, are cued by a certain syntactical structure,
while others, such as the closely related swamp sparrow, are attuned to songs that contain
syllables with certain phonetic characteristics (Marler and Peters 1977, 1988). There are also
species that respond to a specific sound at the beginning of their species’ song, such as the
distinct whistles at the start of white-crowned sparrow and golden-crowned sparrow song
(Hudson, Creanza, and Shizuka 2020; Soha and Marler 2000). Some species, such as those in the

family Mimidae, which includes mockingbirds and other mimics, seem to have a comparatively
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permissive innate song template, as evidenced by their tendency to learn a wide range of
heterospecific songs, calls of other animals, and anthropogenic sounds as well as to improvise
and invent syllables (Goller and Shizuka 2018; Hatch 1967; Kroodsma et al. 1997; Love,
Hoepfner, and Goller 2019). In species with more prescriptive innate templates, the template
seems to enable socially isolated juveniles to develop crude songs that still exhibit some
rudimentary elements of typical conspecific song (Baptista and Petrinovich 1984; Kroodsma
1977; Marler and Sherman 1985) and deafened juveniles to make sounds that, while abnormal,
still retain the most basic features of song, such as containing discrete syllables (Love et al. 2019;
Marler and Sherman 1983). Isolated birds inherently improvise or invent the elements in their
songs, but improvisation of syllables, song segments, and song syntaxes has also been observed
in birds of several species, including the sedge wren and the American robin, who were exposed
to conspecific song in laboratory settings(Johnson 2006; Kroodsma et al. 1999). It is not well
understood why a bird developing in a typical social environment might improvise elements of
its song, but one hypothesis is that birds improvise or invent additional song elements when their
tutor’s song has low complexity, thereby increasing the complexity of its own song

(Tchernichovski, Eisenberg-Edidin, and Jarvis 2021).

Song development takes place over several stages that occur during a “song-learning
window,” which may also be referred to as a “critical period” or a “sensitive period” (Marler and
Peters 2010). [N.B. There is variation in the terminology in the literature; while the latter terms
exist in other fields such as human language acquisition, where they have distinct meanings, they
are often used interchangeably in birdsong literature.] This process and the timing and duration
of these stages differs between species and varies based on the duration of the song-learning

window. In many species, song learning begins with a sensory period, during which juveniles
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can begin to memorize songs they are exposed to without actively practicing vocalizations. Upon
hearing and identifying a conspecific song, a juvenile or young adult forms a memory of the
song, termed the “acquired auditory template” (Adret 2004). The sensory period is followed by
the sensorimotor phase, defined as the period in which a juvenile practices singing, initially
producing non-stereotyped “subsong” that is modified through a process of practicing a
vocalization, assessing whether it is closer to matching their memorized song template, and
self-editing, to converge on a song structure. Vocalizations produced in the later part of the
sensorimotor phase are considered “plastic”” song, where the overall structure of a song is stable,
but changes can still occur while the bird continues to practice and converge on a stereotyped
song. Song learning concludes with song crystallization, after which point a bird cannot alter its
song. The timing of these phases varies by species; in some species, such as the zebra finch, the
sensory and sensorimotor periods overlap, while in others they are separated by a significant
period of time. This latter pattern typically occurs in seasonally breeding birds, such as the
white-crowned sparrow, which acquires its song template in its hatch year, but does not begin
practicing its song until the following breeding season (Brainard and Doupe 2002). Additionally,
the age at which crystallization occurs varies widely between species (Kipper and Kiefer 2010;
Rundstrom and Creanza 2021). Zebra finches undergo song crystallization at approximately 90
days post-hatch, and are unable to modify their songs after this point (Tchernichovski et al.
2001). Other species maintain plastic song until one or two years post-hatch. These species that
at some point cease changing their song and maintain a stable song for the rest of their lifetime
have been historically referred to as “closed-ended learners”. A few species do not appear to ever

fully crystallize their songs. These are “open-ended learners.” (Brenowitz 2004)
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Song neurobiology

The neural basis of song learning and production relies on the interdependent interactions
between several nuclei of the songbird brain, collectively termed the “song system.” (Nottebohm
2005) The song system comprises two major, intertwined pathways: the song motor pathway
(SMP) controls the production of sounds and songs, and the anterior forebrain pathway (AFP)
mediates song learning. The robust nucleus of the arcopallium (RA) and Passeriformes-specific
brain region HVC (used as a proper name) are integral in both pathways. The SMP originates
from projection neurons in the HVC that propagate the signal directly into the RA, which then
activates the motor neurons necessary for song production. The AFP is responsible for auditory
processing during song production. This pathway sends real-time feedback to the RA, thus
modulating song production. (Figure 1.2) Song processing for communication and learning
occurs via the ascending auditory pathway, simplified in Figure 1.2 with blue lines. Auditory
signals from the cochlear nucleus (CN) are directed via two pathways, both ultimately ending in
the HVC. While listening to song, the recurrent motor pathway engages several nuclei that are
integral to song production (Mooney 2009). (Figure 1.2) The organization and interconnection
of these pathways broadly resembles that of the human language learning and speech production
pathways (Reiner et al. 2004). This parallels a key behavioral similarity between songbird and
human vocal learning; in both systems, practicing the production of sounds and actively
comparing those produced sounds to the memorized auditory template is essential for effective

learning.
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Figure 1.2: The song system in the songbird brain. Motor and sensory neural activity are
integrated during song learning and production. The song motor pathway, which controls song
production, is shown in red; the anterior forebrain pathway, which mediates song learning, is
shown in black; and a simplified auditory pathway, which connects sounds heard through the ear

to the song pathways via HVC, is shown in blue.

Paralleling the diversity of bird song, songbird neural development and anatomy can vary
widely between species, individuals, and even seasons to reflect life history, individual variation,
or the importance of song production at a given time. The volume of HVC covaries with song
complexity interspecifically; species with simple songs have smaller HVC volume relative to
total brain volume than species with more complex songs (Devoogd et al. 1993). HVC also
varies intraspecifically; non-song-producing females typically have smaller song nuclei than
males of the same species, and song lengths and complexities covary with HVC and RA volume

in males within species. (Gahr, 2004; Garamszegi & Eens, 2004; Wade & Arnold, 2004) The
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volume of and neuron density within key song nuclei also vary within an individual on a
seasonal basis; testosterone induces neurogenesis in the HVC leading up to the breeding season
in seasonal breeders, such as canaries, corresponding to changes in various song metrics
(Brenowitz and Larson 2015; Nottebohm and Nottebohm 1978). This occurs presumably in all
songbird species that breed seasonally (Brenowitz 2004; Brenowitz and Larson 2015). In the
zebra finch, an opportunistic breeder and year-round singer, neurogenesis slows after song
learning has ended, but continues into adulthood, ultimately doubling the number of neurons in
the HVC without increasing the volume (Kirn 2010; Walton, Pariser, and Nottebohm 2012;

Wilbrecht and Kirn 2004).

Sexual Selection

Sexual selection is the part of natural selection that concerns only reproductive fitness, or
the ability to propagate genes into future generations. There are several mechanisms by which
this occurs, but the two main types are intrasexual selection, or competition between members of
the same sex, and intersexual selection, or mate choice. In songbirds, males are typically the sex
that competes and is chosen by females. Song, a trait used in both male-male competition and
mate choice, functions in some ways as an ornament, a biologically frivolous trait that exists
primarily to mediate conspecific social interactions by signaling individual quality to potential
competitors and mates. Many ornamental traits are thought to serve as honest signals of fitness
expressly because they are difficult to develop and maintain, so can only be exhibited by
individuals fit enough to thrive despite them (Zahavi 1975). Individuals are motivated to choose
a fit mate for two main reasons: first, to gain direct benefits, which is resource or action that

gives a fitness benefit to the choosing individual and the pair’s potential brood, such as a high
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quality nest or territory or active and reliable nutrient provisioning during incubation and brood
rearing; second, gain indirect benefits by choosing a mate that will pass on traits that increase the
fitness of offspring. The two main hypotheses for how indirect benefits are secured by choosing
a mate based on the elaborateness of an ornament are “sexy sons” and “good genes.” The “sexy
sons” hypothesis, named such because males are typically the sex that develops ornaments,
supposes that females that prefer males with an elaborate ornament ensure that male offspring
inherit genes that encode that augmented ornament, thereby increasing their future reproductive
fitness, while female offspring inherit a preference for the elaborate trait. This
preference-elaboration cycle can result in a positive feedback loop termed “runaway sexual
selection.” In the most extreme cases, it is predicted that the ornament would become so
detrimental to overall fitness that the species is driven to extinction (Kokko and Brooks 2003).
The “good genes” hypothesis posits that thriving in spite of having a cumbersome or expensive
ornament indicates that a potential mate must have other traits that increase fitness that would be

beneficial for offspring to inherit.

Developmental stress hypothesis

Females in numerous species have been shown to assess male songs and choose mates
based on the quality of those songs (Catchpole 1987; Hasselquist, Bensch, and von Schantz
1996; Lachlan and Slater 1999; Reid et al. 2005). While there is no evidence that high-quality
song provides any direct fitness benefit outside of territory defense, song quality has indeed been
shown in various species to be an honest and reliable signal of male fitness as measured by body
condition, immune system robustness, life span, and percent of offspring and further descendants

surviving to be adults in the population (Pfaff et al. 2007; Reid et al. 2005; Spencer and
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MacDougall-Shackleton 2011; Woodgate et al. 2012). This presents a puzzle: whereas honest
signals typically evolve due to costs associated with making the signal (i.e. the risk of
announcing presence to a predator, metabolic cost of producing signals, etc.), small changes in
song structure and complexity amount to a negligible difference in direct costs of song
production in males, so cost does not explain the evolution of female preference towards the
highest quality versions of their species’ stereotyped song.

The proposed solution to this puzzle of what makes song a costly signal likely hinges on
the song-learning process itself (Searcy and Nowicki 2008). A developing bird must invest a lot
of energetic resources in its neural development to robustly lay the groundwork for high-quality
song learning. Indeed, juvenile exposure to any of nutritional, hormonal, thermal, social, or
parasitic stress has been shown to negatively correlate with song quality in adulthood, likely
because it cannot fully invest in the neural underpinnings of song learning (Anne Kristel Yu
2015; Banerjee et al. 2012; MacDougall-Shackleton and Spencer 2012; Nowicki et al. 2001).
Consistent with this hypothesis, developmental stress is negatively correlated with the volume of
HVC and Area X and neuronal recruitment to HVC (Gil et al. 2006). Further, several studies
have shown that females tend to prefer the songs of males with a less stressful developmental
history (Searcy et al. 2010; Spencer et al. 2005). Thus, it has been suggested that the honesty of
song is maintained by the costs of learning song, especially elaborate song, and that poorer
quality songs accurately signal a more difficult upbringing.

The evolutionary benefit of females accurately detecting a male’s history of
developmental stress remains understudied, but there are two main hypotheses: 1) a stressful
upbringing could be indicative of deficiencies in foraging or other abilities, which could translate

into a reduction in provisioning or other direct benefits from a potential mate, or a reduction in
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indirect benefits if those deficiencies have genetic underpinnings and are inherited by offspring;
2) developmental stress directly impacts health and fitness, so a developmental-stress-affected
potential mate may be more susceptible to infection or early mortality, thus compromising their
reliability as a breeding partner (Spencer and MacDougall-Shackleton 2011). There is a complex
relationship between stress during development and later phenotypes, and birds who experience
acute stressors at certain developmental stages can show either benefits or costs later in life,
depending on the stressor (Wada and Coutts 2021). For example, acute temperature stress during
development can lead to increased thermotolerance, enhancing fitness if the adult is then exposed
to extreme temperatures (Hoffman, Finger, and Wada 2018; Nord and Giroud 2020). However,
extended thermal stress during development increases mortality and decreases hatching success
(Noiva, Menezes, and Peleteiro 2014; Patael et al. 2019; Wada et al. 2015). Similarly, while the
stress response can enhance immune response to a pathogen in the short term, prolonged stress
also significantly impairs immunity and leaves an organism with increased susceptibility to
pathogens (Dhabhar 2009). Chronic stress is associated with shortened telomeres, which can lead
to cellular dysfunction (Epel et al. 2004). While brains show remarkable plasticity and ability to
tolerate injury, prolonged elevation of glucocorticoids, such as occurs during chronic stress,
causes reduced neurogenesis and survival of new neurons in the short term in several model
mammalian species (Joé€ls et al. 2007; Wong and Herbert 2006). Stress during development has
augmented effects that can last well beyond the duration of the stressor, with impaired neuronal
recruitment, particularly in the song system of the songbird brain (Gil et al. 2006). Finally, both
developmental and chronic stress can act to downregulate hormones involved in several stages of
reproduction, which can directly contribute to reduced fertility (Ahmed, Musa, and Sifaldin

2016; Rivier and Rivest 1991; Ubuka, Bentley, and Tsutsui 2013). In sum, there are complex and
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time-dependent effects of stress, but chronic exposure to stressors during development tends to
have negative effects on physiology and fitness as well as on song, and a female’s ability to
detect stress-related song differences could help her choose a mate with a high potential

reproductive output.

Stress and the environment

Understanding how environmental stress during development can affect a bird’s song,
and in turn its future reproductive success, is crucial in light of the shifting landscape of
environmental conditions due to climate change. Environments shape organismal development in
complex ways, and the amount of intraspecific variation that exists due to genetic variation as
opposed to gene-by-environment interactions is difficult to determine. Environment effects are
most significant during an individual’s development, so in species where development happens
over a relatively short time, even transient environmental fluctuations that happen to coincide
with development can have large effects on an organism’s phenotype that can persist into
adulthood. Many of these fluctuations may be adaptive, such as epigenetic temperature
acclimatization (Hu and Barrett 2017). Phenotypic plasticity can thus be evolutionarily
beneficial, since it allows a species to hedge its bets, thriving in an environment that fluctuates
over potentially multi-generational time-periods without losing the genetic architecture that

encodes the potential alternate phenotype that would have a higher fitness in a different climate.

Songbird mating systems

The evolution of different mating strategies is the result of sexual selection in the context

of complex social systems. The vast majority of songbird species (80-90%), typically form
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socially monogamous pair bonds with offspring often receiving biparental care. The rest exhibit

social polygyny, polygynandry, promiscuity, or, rarely, polyandry (Cockburn, 2006). Polygyny, a
mating system in which one male can be mated to several females simultaneously, has evolved
numerous times in birds (Lack 1968; Rhoads 1890). Since polygynous male birds have the
potential to raise clutches of offspring with multiple females, it is expected that there will be
substantially higher variance in the fitness of individual males in polygynous species compared
to monogamous species in which males have only one mate at a time (Emlen and Oring 1977). In
other words, with a roughly equal sex ratio of males to females, a polygynous male could
multiply his potential number of offspring by the number of mates he can attract. Thus, polygyny
could cause differences in reproductive success between males on the order of several hundred
percent. This is substantial, considering that fitness differences of only a few percent have the
potential to shift the evolutionary dynamics in a population (e.g. (Lenski and Travisano 1994;
Levy et al. 2015)). A polygynous mating strategy also leaves more males unpaired than
monogamy; these males could have zero reproductive success unless they were successful in
extra-pair fertilizations (Westneat, D. F., Sherman, P. W., & Morton, M. L. 1990). Since the
stakes are higher to successfully attract one or more mates, the predicted high variance in
reproductive success that is predicted for polygynous species could amplify the role of sexual
selection compared to monogamous species. Females in polygynous species might also receive
fewer fitness benefits from their mates—for example, less help with parental care—which could
influence their mate choice decisions toward showy signals.

Darwin made this connection in The Descent of Man and Selection in Relation to Sex,
stating that polygyny “leads to the same results as would follow from an actual inequality in the

number of the sexes; for if each male secures two or more females, many males will not be able
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to pair; and the latter assuredly will be the weaker or less attractive individuals....That some
relation exists between [polygyny] and the development of secondary sexual characters, appears
nearly certain; and this supports the view that a numerical preponderance of males would be
eminently favourable to the action of sexual selection” ((Darwin 1873), pp. 265-266).

Extra-pair paternity (EPP) is common in Oscine species, and similar to polygyny, may
also drive a variation in reproductive success in males in a population (Griffith, Owens, and
Thuman 2002; Westneat and Stewart 2003). In both monogamous and polygynous species where
extra-pair paternity is common, females will often form a socially monogamous bond with a
single male partner, but seek extra-pair mates (Petrie and Kempenaers 1998). Seeking extra-pair
copulations could act as a bet-hedging strategy that allows females to combine their genotypes
with those of several males, which, in theory, could increase a female’s indirect reproductive
fitness by increasing the genetic diversity or fitness of her offspring (Cordero 1998; Yasui and
Yoshimura 2018). Since sexual selection occurs in the choosing of these extra-pair mates, as has
been shown in several Oscine species (Kempenaers et al. 1992; Wells, Safran, and Dale 2016),
males with less attractive secondary characteristics may be doubly penalized; once in obtaining a
social mate, and again in attaining copulations with already-mated females, but it remains
unclear whether females choose social mates and extra-pair mates by the same criteria.

This thesis is broken into two sections based on the methods and types of data used in
each, as well as the evolutionary scale they each cover. The first section consists of two projects
investigating birdsong on the macroevolutionary scale. For these manuscripts, I collected
species-level measurements of three song features that measure in some way song elaboration or
complexity (syllable repertoire, syllables per song, and song repertoire) and two that are metrics

associated with song performance (song duration and inter-song interval). The
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performance-associated metrics were also combined to make two additional metrics, song rate
and continuity. I also collected species-level data on life history traits related to mating systems
in order to assign classifications of socially monogamy or polygyny to 764 species and high or
low rates of extra-pair paternity to 141 species (Chapter 2), as well as data on song learning
window using adult song stability as a proxy metric for 67 species (Chapter 3). I obtained
phylogenetic trees from BirdTree.org, which I used to perform phylogenetic comparative
analyses using these databases. These computational methods combined with trees that were
scaled by evolutionary time allowed me to probe the relationships between mating systems and
song evolution, and learning and song evolution, and ask questions not only regarding how these
traits are correlated in extant species, but also how evolutionary changes in one trait can drive
evolution of the other.

In the second section, I investigate birdsong on a microevolutionary scale by focusing on
populations of two common species, the song sparrow and dark-eyed junco, in a specific
geographic region over a period of 10-15 years. During this period, from June through August
2016, western New York experienced an unprecedented drought that resulted in low vegetation
growth for weeks to months. The area with the highest drought severity, which includes Ithaca,
NY, received only 37% of its normal precipitation in June and July, 2016, after already
experiencing a deficit of rainfall from March through May (64% of the norm). (NE Regional
Climate Center). There was a sharp decrease in plant growth and water availability, which likely
led to food scarcity and dehydration throughout the population. The area surrounding Ithaca,
New York, with its proximity to Cornell University and the Cornell Ornithological Library, has a
high density of bird song recordings obtained by both academics and community bird enthusiasts

over the past few decades, with a sharp increase in recordings in the past five to ten years.
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Since song is culturally transmitted, the fidelity with which it is learned by each
generation is a key factor in its evolution. I posit that the 2016 drought served as a
population-wide environmental stressor and increased the average intensity of stress would
increase across the entire population, which could have theoretically caused an entire cohort to
learn more poorly than normal. I hypothesize that this perturbation in song can be detected in
subsequent years in the populations by analyzing the community-science recordings that are
publicly available on the repositories Macaulay Library and xeno-canto. I test this hypothesis by
analyzing average song features in each recording in both dark-eyed juncos and song sparrows
(Chapter 4), as well as by tracking song sparrow population song composition by considering

individual syllables as units of inheritance (Chapter 5).
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Introduction

Polygyny, a social mating system in which one male can be mated to several females
simultaneously, has evolved numerous times in birds (Lack 1968; Rhoads 1890). Since
polygynous male birds have the potential to raise clutches of offspring with multiple females, it
is expected that there will be substantially higher variance in the fitness of individual males in
polygynous species compared to monogamous species in which males have only one social mate
at a time (Emlen and Oring 1977; Payne 1984). In other words, a polygynous male could
multiply his potential number of offspring by the number of mates he can attract, leading to
differences in reproductive success that could be much larger than the fitness differences of only

a few percent that have been shown to shift evolutionary dynamics in a population (e.g. (Lenski
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and Travisano 1994; Levy et al. 2015)). A polygynous mating strategy also leaves more males
unpaired than monogamy; these males could have zero reproductive success unless they were
successful in extra-pair fertilizations (Westneat, D. F., Sherman, P. W., & Morton, M. L. 1990).
Since the stakes are higher to successfully attract one or more mates, the high variance in
reproductive success predicted for polygynous species could amplify the role of sexual selection
compared to monogamous species.

Extra-pair paternity (EPP) is common in Oscine species and, like polygyny, may affect
the variance of reproductive success in males in a population (Griffith, Owens, and Thuman
2002; Westneat and Stewart 2003). In both monogamous and polygynous species where EPP is
common, females will often form a social bond with a single male partner but also copulate with
other males (Petrie and Kempenaers 1998). Seeking extra-pair fertilizations could act as a
bet-hedging strategy that, in theory, could increase a female’s indirect reproductive fitness, for
example by increasing the genetic diversity or the fitness of her offspring (Cordero 1998; Yasui
and Yoshimura 2018). Since sexual selection can occur when choosing these extra-pair mates
(Kempenaers et al. 1992; Wells, Safran, and Dale 2016), males with less attractive secondary
characteristics may be doubly penalized; once in obtaining a social mate, and again in attaining
copulations with already-mated females. Thus, EPP could potentially increase variance in
reproductive fitness (e.g. (Byers et al. 2004), but see (Lebigre et al. 2012)). On the other hand,
EPP could putatively decrease the variance in fitness in a population, since socially paired males
might invest resources in non-genetically-related offspring due to EPP, and even unpaired males
would have the opportunity to sire offspring via EPP (e.g. (Vedder et al. 2011)). In this context, it
is unclear what kind of association we would expect to find between EPP and learned song. On

one hand, females could potentially diversify their mates by exhibiting a different set of song
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preferences when they seek out extra-pair copulations than when they choose social mates,
thereby placing context-dependent evolutionary pressure on song. Alternatively, high EPP could
cause more frequent opportunities for females to act upon the same preferences displayed for
social mates, which would hypothetically drive song complexity higher.

For songbirds (class: Aves, order: Passeriformes, suborder: Oscine), song is an important
and nearly ubiquitous behavior that has functions in mate choice, intrasexual competition, and
mediating other social interactions (Baptista and Morton 1988; Lachlan and Slater 2003; Liu and
Kroodsma 2006). Birdsong could be a particularly salient target for sexual selection since, as a
learned behavior, it has the potential for rapid change over generations and large variation within
a population. Indeed, songs of male songbirds have been demonstrated to influence mate choice
in several species; female songbirds across multiple passerine families have been shown to
choose mates with larger syllable repertoires, more syllables per song, longer songs, and larger
song repertoires (Byers and Kroodsma 2009; Nowicki and Searcy 2004; Soma and Garamszegi
2011). For example, in the great reed warbler, a polygynous species, females preferred larger
repertoires both when selecting a social mate and when seeking extra-pair copulation and
fertilization (Hasselquist, Bensch, and von Schantz 1996). However, counter-examples have also
been reported; for instance, female collared flycatchers appeared to prefer males that had smaller
repertoires (Hegyi et al. 2010).

These findings suggest a possible link between the mating system of a species and its
song evolution. In particular, a hypothesis has been repeatedly proposed: the intensified sexual
selection in polygynous mating systems should drive the evolution of increased song complexity
(Catchpole 1980; Irwin 1990). Several papers have investigated this hypothesis that mating

system and song evolution are not independent, with mixed results (Searcy and Yasukawa 1995)
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(Table 2.1). For example, a study of nine species of North American wrens found that the
polygynous species had larger song repertoires (Kroodsma 1977). In a meta-analysis of 142
species across several families that did not account for shared ancestry beyond superfamily
classification, Read and Weary (Read and Weary 1992) found that polygynous species have
higher numbers of syllables per song. In contrast, a study of 21 New World blackbird species
found no correlation between song and syllable repertoire sizes and mating system (Irwin 1990).
Further, two studies showed that the two polygynous species of Acrocephalus warblers had
simpler repertoires than the four monogamous species included in the studies (Catchpole 1980;
Leisler and Catchpole 1992). Taken together, these results hint at a possible relationship between
song and mating system, but it does not appear to consistently follow the prediction that
increased sexual selection via non-monogamous mating systems favors more elaborate song
repertoires.

EPP has been previously studied in the context of song characteristics, but mostly within
the scope of a single species. Some studied species show a positive trend: rates of EPP were
higher in males with larger repertoires (great reed warblers (Hasselquist et al. 1996)) or increased
song diversity (reed bunting (Suter et al. 2009)). In contrast, there was no observed correlation
between song characteristics and EPP in the song sparrow (Hill et al. 2010) and a negative
correlation, with greater EPP associated with smaller repertoires, in the sedge warbler (Marshall,
Buchanan, and Catchpole 2007). Further, some studies that tested for a correlation between
repertoire size and rates of EPP found other factors to be predictive instead, such as singing
earlier (blue tit (Poesel et al. 2006)), more consistently (chestnut-sided warbler (Byers 2006)), or
at higher amplitude (dusky warbler (Forstmeier et al. 2002)). On a larger scale, EPP was not

correlated with song complexity in a study of 65 species in which the authors controlled for
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shared ancestry but did not include syllable repertoire data (Garamszegi and Mgller 2004). More

recently, a study across 78 species indicated that within-song complexity (e.g. syllables per song,

song duration) was correlated with rates of EPP occurrence, but between-song complexity (e.g.

song repertoire, syllable repertoire) was not (Hill et al. 2017) (Table 2.1).

Within-song complexity

Citation # Phylogenetic control Song parameters Mate Test Results

species parameters

(Kroodsma 9 One family: Syllable repertoire, Monogamy / Qualitative Polygynous species had longer

1977) Troglodytidae Syllables/song, Song-type Polygyny observation and more complex songs, spent

repertoire, Duration, more bout time singing, and
Continuity switched songs more rapidly

(Catchpole 6 One family: Duration, Complexity Monogamy / Qualitative 2 polygynous species shorter,

1980) Acrocephalidae Polygyny observation simpler, less variable songs

(Catchpole 5 One family: Song repertoire, Variability Monogamy / Qualitative One polygynous species:

and Emberizidae within a population Polygyny observation smaller song repertoire, less

McGregor variation within populations

1985)

(Irwin 1990) 17 One family: Icteridae Syllable repertoire, Song Monogamy / Rank order Agelaius blackbirds and
Analyzes more closely repertoire, Versatility Polygyny cowbirds: versatility associated
related species first (5 with monogamy.
groups: cowbirds, grackles, Orioles/caciques: syll rep
ageline blackbirds, possibly associated with
meadowlarks, polygyny. Grackles: versatility
orioles/caciques) associated with polygyny

(Shutler and 56 One family: Syllables/song, Song Monogamy / Mann- Monogamous species had

‘Weatherhead Parulinae repertoire, Duration, Song Polygyny Whitney higher syllable repertoires

1990) Some analyses within rate, Time singing,
genera Frequency

(Read and 142 Test within superfamilies: Syllables/song, Song Monogamy / Binomial Polygyny associated with lower

Weary 1992) Tyrannoidea, Corvoidea, repertoire, Interval, Polygyny Rank order song rates across all species,
Fringilloidea, Sylvioidea, Duration, Song rate, Sylls/song positively associated
Turdoidea Continuity, Versatility with polygyny across all species

(Garamszegi 65 Phylogenetic control - Syllables/song, Song EPP Generalized least | No correlation between song

and Moller generalized least squares repertoire, Interval, (Continuous) squares models characteristics and EPP

2004) models via software Duration, Song rate, for continuous
Continuous (Pagel, 1997, Continuity, Versatility variables
1999)

(Soma and 26, 24 None (for these data) “Complexity” term EPP (3 Meta-regression No significant correlation

Garamszegi encompassing syllable groups); analysis between song complexity and

2011) repertoire, song repertoire, Monogamy, EPP or mating system

and song versatility Fac.
Polygyny,
Polygyny
(Hill et al. 78 Phylogenetic control - Syllable repertoire, EPP Linear regression | Syllables per song (unique),
2017) PGLS analysis Syllables/ song, Song (continuous); syllable transitions per song,
repertoire, Duration, Monogamy / overall within-song complexity
Versatility, Syll. ”Polygamy” / positively correlated with EPP
transitions/song, Cooperative
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Current 890 Phylogenetic control Syllable repertoire EPP PhylANOVA, Syllable repertoire and song
study (N=120), Syllables/song (Low/High) Brownie, duration evolve faster in
(N=178), Song repertoire (N=142); BayesTraits, polygynous species; Syllable
(N=225), Interval (N=131), Monogamy / PGLS, GLMM repertoire is smaller in species
Duration (N=241), Song Polygyny (see methods) with high EPP
rate (N=126), Continuity (N=764)**
(N=126)*

Table 2.1. Previous comparisons of song and mating system evolution. *Definitions of song
terms tested in this study: Syllable repertoire: average total number of unique syllables an
individual produces. Syllables per song (Syllables/song): average number of unique syllables
used per song. Song repertoire: average total number of unique songs an individual produces.
Intersong Interval (Interval): average length of time separating songs within a period of
consistent singing behavior, measured in seconds. Song duration (Duration): average length of a
song in seconds. (6) Song rate: the number of full song cycles produced per minute, calculated as
60/(Duration + Interval). (7) Song continuity, the proportion of total song performance time
spent producing song, calculated as Duration/(Duration + Interval). Some previous studies used
different terms to refer to the same behavioral trait; see Methods. **Definitions of mating system
terms used in this study: Monogamy/Polygyny: social monogamy vs social polygyny, based on
qualitative or quantitative descriptions. If quantitative, populations with <5% males with
multiple social mates classified as monogamous. EPP: Extra-pair paternity, primarily quantitative
based on genetic parentage testing of chicks in a population. Species with <10% offspring in a
population sired by male who is not the social mate of the female considered to have a low rate

of EPP.

Here, we seek to understand the relationship between mating strategies and song across
the evolutionary history of songbirds through computational and phylogenetically informed

analyses. First, we broaden and deepen the scope of this type of analysis by compiling data from
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many sources on mating system, extra-pair paternity, and numerous song characteristics from
published literature and curated field guides (see Table 2.1 for definitions of these traits).
Gathering data on multiple song metrics enables us to study features of song that have been
traditionally categorized as measurements of song complexity, such as total individual syllable
repertoire, average syllables per song, and individual song repertoire, as well as features that are
often used to measure song performance, such as average song duration, intersong interval, and
computed metrics of song rate and continuity. In contrast to most prior studies, we analyze song
evolution in the context of both mating system (monogamy/polygyny) and rate of EPP. We
perform these analyses while controlling for shared ancestral history using large-scale avian
phylogenies (Jetz et al. 2012) of the Oscine suborder.

Our findings suggest a more complex evolutionary relationship between polygyny and
EPP and sexual selection on song characteristics than previously has been hypothesized. We test
numerous song parameters in this context; in particular, we highlight results from our analyses of
syllable repertoire size, a measure of song complexity that enables comparison across many
songbird families. Contrary to the hypothesis, we find that polygynous birds do not have
systematically larger syllable repertoires than monogamous birds. However, we do find a
significant difference in the rate of song evolution between polygynous and monogamous birds:
syllable repertoire size seems to have evolved significantly faster in polygynous lineages, but this
rapid evolution does not push the syllable repertoire size consistently higher. Instead, we find
that the combination of polygyny and very small repertoires or very large repertoires are both
evolutionarily unstable; polygyny seems to drive the evolution of more moderate-sized
repertoires. Our analyses of extra-pair paternity and song characteristics also yield results that

run counter to expectation: we find that syllable repertoire sizes are significantly larger in species
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with low EPP, and the combination of low EPP and small syllable repertoires is a rare and

seemingly unstable state in evolutionary history.

Results

Assembled Database

Here, we compiled a database of mating systems and song characteristics across the
songbird lineage from published literature and curated field guides (data in Online
Supplementary Data 1, variable description in Table 2.1, full data curation protocol in
Methods); this database includes 764 species with a mating system classification of either social
monogamy or polygyny and 141 species that could be identified as having high or low incidence
of extra-pair paternity. In addition, we catalogued song characteristic data (defined in Table 2.2)
for 352 oscine species: 122 species with syllable repertoire size data, 171 species with syllables
per song data, 217 species with song repertoire size data, 127 species with song interval data,
228 species with song duration data, and 122 species with both song interval and duration data,
allowing calculation of song rate and continuity. In total, the dataset catalogues two mating
strategy traits and seven song traits; 890 species across 79 families have data for one or more of
these traits (Table 2.1). Thirty-nine of these species are suboscines, an outgroup to the oscine
songbirds in which learned song has not been observed; thus, they were not used in the analyses
testing correlation between mating system and song evolution in this study. We used these
species to root our phylogenetic trees and included any with relevant mating system/EPP data in
the calculation of the rates of transition between monogamy and polygyny and between low EPP

and high EPP, which were used in later analyses. When we found multiple measures for the same
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species, we included all of them in our database. If an analysis required a single species measure
for a song feature, we performed the analysis on the median value for each species and repeated
the analysis with minimum and maximum values. If the analysis could accommodate multiple

measures from a species, we included all measures.

Correlations between song characteristics and mating system

To test whether mating system and extra-pair paternity were associated with differences
in song characteristics while controlling for shared ancestry, we used a published phylogeny
containing 9993 avian species (Jetz et al. 2012). Since nearly all extant passerine species are
included in this tree, we were able to perform species-level phylogenetically controlled analyses
on all of our mating system, EPP, and song data. We measured whether closely related species
tended to have similar song characteristics using two different methods, Pagel’s 4 (Pagel 1999)
and Blomberg’s x (Blomberg, Garland, and Ives 2003); all seven song characteristics showed
significant phylogenetic signal with both Pagel’s 4 and Blomberg’s x (Online Supplementary
Table 1).

To compare the distribution of song phenotypes between species with different mating
systems while accounting for the statistical non-independence of closely related taxa, we
performed a phylogenetic ANOVA (PhylANOVA, R package: phytools (Revell 2011), based on
the algorithm in (Garland et al. 1993)). We found that no song characteristic was significantly
different between monogamous and polygynous species after multiple-hypothesis correction for
seven tests with the Holm-Bonferroni method (Figure 2.1, Table 2.3). We then reconstructed the
ancestral states of both mating system and song characteristic and mapped them onto the

phylogenies (Figure 2.2, Online Supplementary Figures 1-6). No tests of correlation between
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mating system and song traits were significant, though we note that our results for syllables per
song and song rate trend in the same direction as the results of Read and Weary (Read and Weary
1992), who found that that polygynous species tended to have a lower song rate and higher mean
syllables per song, which they term “syllable repertoire”. (Figure 2.1).

When testing for correlations between EPP and song characteristics, we find that syllable
repertoire is significantly higher in species with low EPP, even when controlling for multiple
hypothesis testing (Figures 2.1 and 2.3, Table 2.3, Online Supplementary Figures 7-12).
These results did not qualitatively differ with a jackknife resampling test, removing each family
in turn (Online Supplementary Data 2). No other song characteristics significantly differed
between high and low EPP species after correcting for multiple hypothesis testing; we found a
trend toward higher syllables per song in species with low rates of EPP that did not pass the
threshold for significance with the Holm-Bonferroni correction (Online Supplementary Table

2).

Rates of song evolution under different mating systems

Next, we assessed whether song characteristics evolved at different rates during
polygynous versus monogamous periods in evolutionary history using the Brownie algorithm
(O’Meara et al. 2006). This algorithm tests whether a continuous trait evolves at different rates
during the different ancestral states of a discrete trait, for example, whether syllable repertoire
size evolved faster in polygynous or monogamous lineages. First, we estimated the ancestral
states of a discrete mating system trait—here, polygyny vs. monogamy and low vs. high EPP—
and rates of transition across a phylogeny using all oscine and suboscine species for which we

had trait data. Using the resulting estimated rates of transition between these states, we generated
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1000 unique stochastic character maps to simulate the evolutionary history of these ancestral
states on the phylogeny (e.g. Online Supplementary Figure 13) (Bollback 2006; Revell 2011).
We then used the Brownie algorithm to test whether mating system affects the evolutionary rate
of song characteristics by comparing the average log-likelihood of the one-rate model (i.e. null
model: song trait evolution occurs at same rate regardless of mating system) to that of the
two-rate model (i.e. the rate of evolution of a song trait differs in monogamous vs polygynous
states: Online Supplementary Figures 14—15). We did not include runs that failed to converge
within 75,000 iterations in our average log-likelihood.

With this procedure, we find that the rate of syllable repertoire size evolution is higher in
polygynous lineages than monogamous lineages, a relationship that is robust to jackknife
analysis across families and persists when using either the minimum or maximum syllable
repertoire values found in the literature (Figure 2.4A, Table 2.3, Online Supplementary Figure
16, Supplementary Data 3). Thus, polygyny appears to lead to faster evolution of syllable
repertoire size, but not to systematically larger repertoires. This rapid but non-directional
evolution could indicate that stochastic fluctuations of syllable repertoire occurred frequently in
evolutionary history, or that the direction of evolution varies for different ranges of syllable
repertoires, such as polygyny driving syllable repertoire toward either extreme or moderate
values.

With the same type of analysis, we also observed that song duration evolved significantly
faster in monogamous lineages, again without producing an appreciable difference in duration
between monogamous and polygynous species (Figure 2.4B). This result was also mostly robust
to a jackknife analysis: with each family removed in turn, we observed a similar rate distribution,

but with the removal of two families, the difference in rates was no longer significant (Brownie
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Jackknife likelihood-ratio test: Icteridae p=0.066, Fringillidae p=0.053; Online Supplementary
Figure 17, Supplementary Data 3).

We also find that the rate of evolution of syllables per song is significantly higher in
monogamous lineages than polygynous lineages. However, this result was not robust to our
jackknife analysis as it appears to be driven solely by the Mimidae family: when the four mimid
species in this dataset, all monogamous, are removed, we find the opposite result that the rate of
evolution for syllables per song is higher in the polygynous state. EPP did not significantly affect

the rate of evolution of any song trait, including syllable repertoire (Figure 2.4C).

Correlated evolution between song and mating variables

Do changes in syllable repertoire size occur independently of mating behaviors, or are
song changes more (or less) likely in non-monogamous lineages? To detect non-linear
evolutionary trends that might produce the complex patterns of evolutionary rate and direction
observed in Figures 2.1-2.4, we devised a method to test for correlated evolution between
mating strategy and song characteristics across the full range of continuous song trait values by
separating these continuous values into a series of discrete categories. The results of this analysis
to detect correlated evolution (BayesTraits (Pagel 1994; Pagel and Meade 2006)) add a layer of
complexity that helps explain the first two results. When we break down our syllable repertoire
size values into discrete transitions between smaller and larger repertoires, we find evidence for
correlated evolution between mating system and syllable repertoire size (Figure 2.5): the
combination of polygyny and very small syllable repertoires is evolutionarily unstable, with an
ure 2.5A). In addition, polygyny with very large syllable repertoires is also an unstable

combination, with species tending toward smaller syllable repertoires (Figure 2.5C).

41


https://paperpile.com/c/QhQTWt/7NGnA+2WVLU

Interestingly, we found a qualitatively similar pattern of correlated evolution for each of our
studied song characteristics. When combined with polygyny, both very high and very low values
of song characteristics were relatively unstable, with elevated rates of evolutionary transitions
toward more moderate values of syllables per song, song repertoire size, intersong interval, song
duration, song rate, and song continuity (Online Supplementary Figures 18-23).

We also tested for correlated evolution of song characteristics and EPP. Our results
complement our finding that syllable repertoire sizes are larger in species with low rates of EPP:
we find patterns of correlated evolution that suggest that the combination of low rates of EPP and
small syllable repertoires is unstable, with elevated transition rates leaving this state (Figure
2.6). Similarly, there are rapid evolutionary transitions away from the combination of large
repertoires and high rates of EPP. These observations agree with the findings that species with
low rates of EPP have larger syllable repertoires on average. When we tested for correlated
evolution between EPP and other song characteristics, we found a similar pattern with syllables
per song; rates of evolutionary transition were fastest when leaving the combinations of low EPP
with low syllables per song and high EPP with high syllables per song (Online Supplementary
Figure 24). For the remaining song characteristics, we observed either no significant evidence
for correlated evolution with EPP (song repertoire size, song rate) or qualitatively different
patterns from that of EPP and syllable repertoire size (intersong interval, song duration, song
continuity) (Online Supplementary Figures 25-29).

In order to account for variation in tree branch lengths and topology, we repeated
PhylANOVA, Brownie, and BayesTraits analyses using a consensus tree computed from trees

only containing species with genetic data and using multiple individual trees. These results were
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consistent with those performed using our original consensus tree (Online Supplementary

Figures 32-35, and Supplementary Table 3).

Combined effects of mating system and EPP on song evolution

Finally, we sought to test whether there are interacting effects of mating system and EPP
on the evolution of song characteristics. We performed phylANOVAs to test whether there was a
significant difference in song characteristics between the different combinations of mating
system and EPP: Monogamy+LowEPP (N=7), Monogamy-+HighEPP (N=31),
Polygyny+LowEPP (N=6), Polygyny+HighEPP (N=8). Syllable repertoire size was significantly
associated with species’ combined mating system/EPP classification (PhylANOVA p = 0.0265).
This significant result seems to be attributable to the significantly larger syllable repertoires in
the Polygyny+LowEPP group (N=6) compared to the Monogamy+HighEPP group (N = 31)
(PhylANOVA p = 0.045); no other pairwise comparisons were significant (Online
Supplementary Figure 36 and Online Supplementary Table 4). Next, we used PGLS to test
whether song characteristics show a relationship to mating system, EPP, and the interaction
between the two. The PGLS recapitulated the result showing High EPP to be correlated with
lower syllable repertoire, but did not show evidence that the interaction between EPP and mating
system has influenced syllable repertoire (Online Supplementary Table 5). Finally, we
performed a Generalized Linear Mixed Model (GLMM), which allowed us to both test the
interacting effects of mating system and EPP and control for multiple song measures from a
single species when we had more than one published estimate in our database. This GLMM
analysis also reaffirmed our result that EPP significantly predicts syllable repertoire (GLMM p <

0.001), but no other song variable was associated with EPP. Mating system and the interaction
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between mating system and EPP were not significant predictors of any song variable (Online
Supplementary Figures 37 and 38 and Supplementary Table 5). Finally, the GLMM analysis
corroborated the results of our tests for phylogenetic signal: building a linear mixed model with
only phylogenetic relationships (without any mating behavior data) led to reasonable predictions

of most song characteristics (Online Supplementary Figure 39).

Discussion

Here, we assemble a large-scale database of mating system classifications and song
characteristics across songbird species, which promises to be a useful tool for future evolutionary
studies. By extracting information from published sources, including academic journals and
curated field guides, we produce a synthesized database including mating system classification
(polygynous vs. monogamous) for 764 species, EPP classification (high vs. low rates) for 142
species, and at least one song characteristic (out of syllable repertoire size, song repertoire size,
syllables per song, song duration, song rate, song interval, and song continuity) for 360 species
(352 oscine, 8 suboscine) (Online Supplementary Data 1). We synthesize this database with an
avian phylogeny and show that song characteristics have strong phylogenetic signal,
underscoring the importance of controlling for shared ancestry.

With this database, we perform phylogenetically controlled analyses to assess whether
mating strategies alter the evolutionary dynamics of learned song. Since polygyny in a species
likely increases the variance in reproductive success and potentially augments sexual selection
pressures (Payne 1984), there is a long-debated hypothesis that polygynous species should
evolve more complex or elaborate songs (Catchpole 1980; Catchpole and McGregor 1985; Irwin

1990; Kroodsma 1977; Lande 1981; Read and Weary 1992; Shutler and Weatherhead 1990). We
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show that, contrary to this prediction, polygynous species overall do not have systematically
larger syllable or song repertoires than monogamous species. However, we find that the rate of
evolution of syllable repertoire size is significantly higher in polygynous lineages, but this rapid
evolution does not consistently push the syllable repertoire toward increased complexity. Instead,
we find that the combinations of polygyny with very small repertoires and polygyny with very
large repertoires are both unstable, and polygyny appears to drive an accelerated rate of song
evolution toward moderate values of syllable repertoires (Figure 2.5).

When we analyze song evolution in the context of extra-pair paternity, we find different
patterns from what has been previously predicted: syllable repertoires are significantly larger in
species with low rates of EPP, and there is correlated evolution that favors transitions to states
combining low rates of EPP with large syllable repertoires and high rates of EPP with small
syllable repertoires. These results are in contrast to the recent analysis of 78 species by Hill ef al.
(Hill et al. 2017), which presented a phylogenetically controlled regression analysis of EPP
percentage and their own measured data from three individual song recordings for each species.
With these quite different methods and data types, they reported a positive association between
EPP and within-song complexity, but not for song or syllable repertoire size, warranting
follow-up studies with more comparable datasets.

Our results generate new questions that necessitate further investigation. First, why do
polygynous species appear to evolve moderate-sized song characteristics? One hypothesis could
be that the amplified sexual selection of polygyny favors repertoire sizes, and perhaps song
characteristics more generally, that strike a balance between being challenging to learn for the
male and requiring a low time investment to assess by the female. Second, why might polygyny

lead to accelerated rates of evolution of syllable repertoire size and song duration? This result
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appears to be linked to our observation that very large and very small repertoires, as well as very
long and very short songs, evolve to more moderate values in polygynous lineages. The
ecological mechanism underlying this rapid evolution remains unclear, but, intuitively, we might
think of this as the effect of combined forces of two repellant states at either extreme end of the
spectrum for a given song characteristic at which selective pressure increases. Third, does EPP
increase or decrease sexual selection pressure, and is this effect different in polygynous versus
monogamous species? Our results indicate that, contrary to predictions, EPP seems to decrease
the intensity of selection for large syllable repertoire, potentially to the point of selecting against
larger syllable repertoires. This result also stands in contrast to our findings regarding mating
system-dependent rates of evolution of syllable repertoire. Taken together, this suggests that EPP
and polygyny do not have uniform effects on sexual selection of song. Thus, their interactions
may produce more complex patterns of selection, leading us to hypothesize that the effects of
EPP on variance in male reproductive success is intrinsically dependent upon the dominant
social mating system of the species. Alternatively, females in monogamous vs polygynous
species may have different preferences in song or differentially value other features relative to
song in social mates versus extra-pair mates. None of our analyses that combined mating system
and EPP yielded significant results for any song characteristic, but this may be due to the
relatively low numbers of species that had a combination of mating strategies other than socially
monogamous with high EPP. This question should be revisited as mating strategy and song data
becomes available for more species.

It is difficult to directly compare song characteristics across bird species that structure
their songs very differently. In order to mitigate these difficulties, we highlight results on syllable

repertoire size as a metric that can be interpreted across the songbird lineage. Other metrics, such
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as syllables per song and song repertoire size, can be influenced both by how a species structures
its song and by how human observers define a ‘unit’ of song, making them less ideal for a large
cross-species analysis. These metrics may be particularly unreliable for species without
stereotyped song bouts, such as Mimid species. Indeed, excluding the Mimidae family from
some analyses led to statistically different results (Mating System + Syllsong: Brownie)
compared to when Mimids are included (Online Supplementary Data 2-3). In addition, for
tractability we encoded both mating system (polygyny and monogamy) and rate of extra-pair
paternity (high EPP and low EPP) as binary traits. However, the mating systems of passerines are
more nuanced than is reflected in this study; for example, rates of polygyny can vary widely
among polygynous species. Additionally, the rarer mating systems of polyandry, polygynandry,
and promiscuity are not reflected in this study.

Further, although song complexity and repertoire size can frequently predict mate choice
in laboratory experiments, mate choice in the wild is complicated by numerous other factors.
Territory quality, particularly in the sense of food availability, might be particularly salient to
potential mates of polygynous males, since the territory might need to support multiple clutches
with less contribution to nest provisioning from the polygynous male. Morphological traits such
as plumage coloration and sexual size dimorphism are also subject to sexual selection and may
play a greater role in mate choice in some species. Song evolution is also made more
complicated by other functions of song that may also be selected upon. Some of these functions,
such as intrasexual aggression and territory defense, may put similar evolutionary pressures on
song as mate choice, but other social functions may not. Finally, the evolution of female song has
been historically understudied, but could be correlated with male song evolution while being

subject to different selective pressures.
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Here, we use phylogenetically controlled computational analyses to demonstrate that
mating system and extra-pair paternity can affect the evolution of song in multiple ways—by
influencing the direction of evolution, the rate of evolution, or the likelihood of transitioning to a
particular state. In contrast to the long-discussed prediction that polygyny should lead to the
evolution of more elaborate songs, these observations suggest more complex, nonlinear
dynamics, indicating that the evolutionary associations between non-monogamous mating and
sexually selected characters should be analyzed in broader contexts and using methods that
incorporate the rate and direction of evolution. In addition, extra-pair paternity had a significant
relationship to song evolution in the opposite direction than has been typically predicted for
non-monogamous mating, suggesting that different types of non-monogamous mating behaviors
can have dramatically different effects on sexual selection. Building upon these complex
dynamics, we propose that EPP and mating system may not influence sexual selection on song

independently from one another; further investigation into their interacting effects is needed.

Methods

Database assembly

To assemble the most comprehensive database of mating systems for passerine birds, we
compiled information from multiple sources. These included curated field guides, previous
studies that investigated mating system evolution, song evolution, or both, and other studies that

we found via targeted searches using Google Scholar and Web of Science, as detailed below.
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Mating system and extra-pair paternity data collection

Birds of North America Online (BNA (Ferer n.d.)) is an online encyclopedia curated by
the Cornell Lab of Ornithology containing profiles of several hundred avian species that reside in
or migrate through North America, including Hawaii. Profiles include life histories compiled
from peer-reviewed literature, field guides, and personal observations of profile authors, as well
as multimedia from Macaulay Library (Cornell University Cornell Lab of Ornithology 2009) and
eBird (Sullivan et al. 2014). Profiles for 329 Oscine and 34 Suboscine species were available,
with varying degrees of documentation. The available search function in BNA only queried
species names, so, in order to generate an initial database, we navigated to each species page and
used the search page function to find the terms “monogamy”’/“monogamous’ and
“polygyny”’/“polygynous” using the character strings “monogam” and “polygyn”, respectively.
This search yielded preliminary mating system data for 291 species. These included passages
that did not qualify to be included in the final dataset in isolation due to ambiguous wording (i.e.

29 ¢¢

“probably monogamous,” “usually monogamous,” etc.). If a citation for a digitally available
peer-reviewed study was provided, we attempted to find the cited source and other primary
literature by searching “(species name)” + “monogam*/polygyn*” (based on each species’ BNA
entry) in Google Scholar and Web of Science, though we did not remove otherwise definitively
classified mating system data for which we could not locate the original source. We searched
more broadly for sources that compiled data on species mating systems using Google Scholar
and Web of Science with the search terms “Passeriformes”/“songbird” + “mating system”/*social
monogam™*”’/“polygyn*”/”extra-pair”.

We supplemented data on mating systems and EPP found in traditional publications with

species descriptions found in Handbook of Birds of the World Online (HBW (del Hoyo et al.
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n.d.)). While not peer-reviewed, HBW is rigorously edited on a yearly basis with a demonstrably
high standard for data, and several other studies (Price and Griffith 2017; Quintero and Jetz
2018; Sayol et al. 2016) have used it as a primary source. We searched for pages using the
following search terms with associated yields: (1) polygyn* AND song NOT "presumably
polygynous" NOT "probably polygynous" = 135 species; (2) monogam™* AND song NOT
"presumably monogamous" NOT "probably monogamous” = 826 species. “We included “song”
as a search term to attempt to limit results to passerine species and manually eliminated search
results from non-passerine species. We read the “Breeding” and “Voice” section of each species
that was returned in the highlighted searches above to gather any available data on mating
system and song characteristics, respectively.

Any species with unambiguous mating system information was included in the final
dataset. We also included species described with the terms “primarily
monogamous/polygynous”. We included species with notes including “apparently” or “appears

monogamous/polygynous” only if there was another corroborating source. We used species

29 ¢c 29 ¢

described as “mostly,” “normally,” “typically,” and “generally monogamous/polygynous” only if
quantitative measurements were also given. Species with “Occasional,” “Opportunistic,” or
“Facultative” polygyny were considered monogamous unless other published studies provided

disputing evidence.

Song data collection

We performed searches in Google Scholar and Web of Science using the queries
generated by the following search terms: [species name] + “syllable repertoire”, “Passeriformes”

+ “syllable repertoire”, and ’songbird” + “syllable repertoire”. We then repeated these search
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queries using “song repertoire” instead of “syllable repertoire”. For all searches, [species name]
was replaced with the the taxonomic and common name of each species for which Birds of North

America yielded mating system data. This was supplemented with values obtained via HBW.

Mating system data classification

There were often multiple sources for a species’ mating system. In the event that sources
disagreed, we used the following procedure to decide which mating system to code in our
database. 1) If any source gave a percentage of the male population that were polygynous,
defined as males with >1 social mates (Hasselquist and Sherman 2001), we used that value with
a threshold of 5% of sampled males exhibiting polygyny to determine the species mating system;
1.e. if <5% of males exhibited polygyny, we classified the mating system as social monogamy; if
>5% of males exhibited polygyny, we classified the mating system as polygyny. We do not
suggest that this threshold value is inherently biologically relevant, but it is consistent with
previous studies (Hasselquist and Sherman 2001; Lack 1968; Mgller 1986; Soma and
Garamszegi 2011; Verner and Willson 1969), allowing us to evaluate our results in the context of
earlier research. 2) If multiple sources provided percentages of polygyny in a population that
yielded conflicting mating system classification, the median value of those percentages was used.
3) If multiple sources provided qualitative data on mating system that were in disagreement,
HBW was used to determine the final mating system classification. [f HBW did not mention
mating system in its entry for a particular species when there was such a discrepancy, the species

was omitted from the dataset.

Extra-pair paternity data classification
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To determine whether a species exhibited high or low incidence of extra-pair mating, we
prioritized sources with genetic parental determination data. A review of extra-pair paternity
studies estimated the cross-species average to be ~11% of offspring per nest to be attributable to
extra-pair mates (Griffith et al. 2002). In line with this estimate and with previous studies (Soma
and Garamszegi 2011), we used a 10% threshold for either extra-pair young or nests containing
at least one extra-pair chick to estimate the frequency of extra-pair paternity in that species
(<10% = low EPP; >10% = high EPP). If a source provided data on both the percentage of
offspring in a population that were genetically unrelated to their social father and the percentage
of nests that contained at least 1 extra-pair young, we used the former metric, which is more
commonly used, to determine species EPP. Either value might be partially determined by cryptic
female mate selection, which is a potentially important mechanism by which females may
influence which males achieve genetic paternity after extra-pair copulation. Rarely, studies have
reported extra-pair mating behavior in terms of observed copulations. We did not include these
values for categorization of EPP in our database due to the rarity of the data and since all species
for which this was reported also had a reported %EPP. If we found multiple studies with unique
%EPP values for a species, we based the classification on the median of all reported %EPP

values.

Controlling for different metrics of extra-pair paternity

When studies report a rate of extra-pair paternity, they typically use one of two metrics.
The first, referred to as “extra-pair young,” (EPY) “extra-pair fertilizations,” (EPF) or just EPP
(as used in this manuscript), refers to the percent of the total young in a population that are not

genetic offspring of their social father. The second is usually referred to as “extra-pair broods”
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(EPB), and represents the percent of broods in a population that have at least one egg/chick that
is not the genetic offspring of their social father. We prioritized EPP/EPF/EPY values and used
EPB values only if the former were unavailable. To test whether the different metrics of EPP
might influence our conclusions, we performed another test using EPP classifications that were
inclusive of EPB values. In this method, if a study reported both EPY and EPB for a single
population, we used the mean of the values as that study’s EPP value, instead of just the
EPY/EPF value. We then used the median of all studies, including studies that only reported
EPB, to obtain the EPP value we used in the 10% threshold classification of the species. Using
this method did not change the result of phylANOVA for EPP and syllable repertoire, the only

test involving EPP that yielded a significant result, nor of any other test.

Song data classification

Nomenclature for song characteristics is variable across sources. For example, in some
sources, “‘syllable repertoire” means the average total number of syllables an individual uses in
song; however, several others, including Read and Weary (Read and Weary 1992), have
considered this term to mean “average number of unique syllables per song.” We checked the
primary source methods whenever possible to ensure we classified each song parameter
correctly. We categorized several measures that have generally been used as proxies of song
complexity, elaborateness, or variety, as follows: (1) Syllable repertoire size (Syll Rep), defined
as the average total number of unique syllables an individual uses across songs. Some studies
also called this ‘song repertoire,” so we read the relevant methods sections for clarification. (2)
Syllables per song (Syll/song), the average number of unique syllables used per song (also

occasionally called syllable repertoire, e.g. (Read and Weary 1992)) (3) Song repertoire size
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(Song Rep), the average total number of unique songs an individual produces. We also
categorized song metrics that have traditionally been used as proxies of song performance, as
follows: (4) Intersong Interval (Interval), the average length of time separating songs within a
period of consistent singing behavior, measured in unit: seconds. (5) Song duration (Duration),
the average length of a song, defined as the number of seconds of consistent singing between
periods of silence; sources may have differed in this definition. (6) Song rate (Rate), the number
of full song cycles produced per minute, calculated as 60/(Duration + Interval). (7) Song
continuity, the proportion of total song performance time spent producing song, calculated as
Duration/(Duration + Interval).

While we included other song characteristics when available, we only actively searched
for species’ syllable repertoires and song repertoires. Several sources and previous studies
provided these other metrics in addition to repertoire or mating system data. Any value we
encountered during this search we recorded in Supplementary Data 1, but the database should
not be considered exhaustive. For values of syllable repertoire obtained from Moore et al.
(Moore et al. 2011), we used only the value from the single study they utilized, since they were
systematic in their selection of data. Occasionally we could infer the syllable repertoire of a
species if we had data for ‘syllables per song’ and the song repertoire was equal to 1.

If any song data was given for any species as a range, we used the median value. If
multiple sources were found for a particular species, we used the median value across sources
and noted in the dataset the minimum and maximum values observed for that species. We
log,,-normalized the data for all song characteristics. Some species, in particular those belonging
to the Mimid family, do not have discrete, stereotyped songs, instead improvising their songs for

an extended, often uninterrupted period of time. Occasionally these species had measured values

54


https://paperpile.com/c/QhQTWt/nv04P

for syllable repertoire, syllables per song, and/or song repertoire in the literature, but more often
they were qualitatively described as “large.” Previous studies on song evolution included these
species in quantitative analyses by assigning an arbitrarily high value to these characteristics
ranging from 100 to 1000, depending on the study (Garamszegi and Meller 2004;
Macdougall-Shackleton 1997; Read and Weary 1992; Soma and Garamszegi 2011). For species
that were assigned ‘large’ or arbitrary repertoires in the literature and had no other quantitative
assessment of repertoire available, we assigned syllable repertoire, song repertoire, syllables per
song, and song duration to have a minimum value of 100, a maximum value of 1000, and a

median value of 500.

Assembling phylogenies

We assembled two phylogenies for use in our analyses: one including only avian species
which had genetic sequence data integrated into the tree and one which also integrated species
without genetic sequence data. For the latter, we obtained 1000 trees, each containing 9993
species from Birdtree.org (Jetz et al. 2012, 2014, n.d.) by randomly choosing one of ten sets of
1000 trees available in the BirdTree data downloads. These trees (HackettStage2 7001-8000)
were built by generating relaxed-clock molecular trees for each of 158 clades, then arranging
these clades on a avian-wide tree using the backbone determined in Hackett et al. (Hackett et al.
2008) (full methods in Jetz et al.(Jetz et al. 2012)). We used consense in Phylip (Feisenstein
1989) to generate a consensus tree that specified how many out of the 1000 input trees supported
each node (full consensus tree in Supplementary Data 4-5). We used the function
consensus.edges (R package: phytools, method: mean.edge) to compute a consensus tree with

branch lengths from the 1000-tree sample. For any nodes that resulted in multifurcation, we used
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function multi2di (R package: ape) to randomly reassign multifurcations as a series of
dichotomous nodes, resulting in a bifurcating tree necessary for trait analyses. The edges
generated through this method are defined by default as having a length of zero, which the
statistical tests below cannot process. We set these edge lengths to an arbitrarily very low value
of 107", (We found no qualitative differences in our results with different values of this branch
length; see Supplementary Information.) For more efficient computation, we used drop.tip
(package: ape) to eliminate species for which we had neither song characteristics nor mating
system data. For subsequent analyses comparing mating system and song characteristics, we
dropped tips of species with no data for a given comparison (see code in Supplementary
Software).(Hackett et al. 2008) We repeated this procedure using a set of 1000 trees with only
the 6670 species for which Jetz et al. (Jetz et al. 2012) had a genetic sequence (HackettStagel
7001-8000). To ensure that results were robust to differences in branch lengths and tree
topography, we repeated all analyses using this Gene Tree, as well as on each of the first 100
trees in HackettStage2 7001-8000 for PhylANOVA and Brownie, and the first 20 trees for

BayesTraits.

Phylogenetic comparative analyses

We used a set of phylogenetic comparative analyses to determine the relationship
between the evolution of mating systems and each song characteristic in turn. First, we
performed an ancestral character estimation (Paradis, Claude, and Strimmer 2004) using the ace
function (R package: ape) for each trait separately. We calculated the ancestral state at each node

for each trait, both continuous (song variables) and discrete (mating system classification,
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extra-pair paternity). We used this to visualize the likelihood that each trait was present at each
ancestral node of the tree.

To assess the phylogenetic signal of each song characteristic, we calculated both Pagel’s 4
(Pagel 1999)and Blomberg’s x (Blomberg et al. 2003) using the function phylosig in phytools
(Revell 2011). For Pagel’s 4, we assessed significance with the included permutation test,
resampling 100,000 times. For each song characteristic, we analyzed all of the species for which
we had data for that characteristic, even if we did not have corresponding mating system data for
that species.

To assess whether bird species had significantly different song characteristics dependent
on their mating strategies, we used the function phylANOVA (R package: phytools (Revell
2011)) to determine whether song traits were significantly different between polygynous and
monogamous species or between species with low EPP and high EPP, controlling for phylogeny.
We also calculated the residuals of the ANOVA (Online Supplementary Figures 40—41).

Next, we used the Brownie algorithm (O’Meara et al. 2006) to assess whether the rate of
evolution of song characteristics was significantly different between polygynous and
monogamous branches of the phylogeny. First, we map the evolution of mating system onto the
phylogeny and test whether evolutionary transitions between monogamy and polygyny occur at
equal rates (Equal Rates (ER) model) or whether the transition from monogamy to polygyny
occurs at a significantly different rate than the transition from polygyny to monogamy (All Rates
Different (ARD) model). To do this, we calculated the rates of evolution of mating system across
the full tree and dataset using ace (R package ape) using both an ER and ARD model to estimate
transition rates. We performed an anova (R package: stats) on the two models to determine

whether the ARD transition rate model was a significantly better fit. We similarly tested the
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transitions between high and low rates of EPP. The ARD model was a significantly better fit for
polygyny (ANOVA p = 6.05x107"; log-likelihood ER = —302.59, ARD = —263.06), and EPP
(ANOVA p =0.0140; log-likelihood ER = —84.49, ARD = —81.47) so we recorded the transition
rates from the ARD model (monogamous to polygynous: 0.0962, polygynous to monogamous:
0.0114; low EPP to high EPP: 0.0407, high EPP to low EPP: 0.0193) and used them to generate
the stochastic character maps (simmaps (Bollback 2006)) for all subsequent Brownie tests. For
each song trait, we generated 1500 simmaps from the subsetted tree and dataset for that mating
system/song trait combination using the rates derived from the full tree.

We then ran brownie.lite (R package: phytools) once per simmap. For each run, this
function calculates the log-likelihood of an ER model (i.e. the song trait evolves at equal rates
regardless of the mating system state the ancestral species occupies) and ARD model (i.e. the
song trait evolves at a rate dependent on an ancestral species’ mating system). To determine
whether the ARD model is a significantly better fit than the ER model, we calculated the average
log-likelihood of the one-rate model and the average log-likelihood of the two-rate model over
our 1500 runs and performed a likelihood ratio test, assessing significance with the function
pchisq in R. For some runs, the Brownian motion run does not converge by the time it reaches
the maximum number of iterations (we used maxit = 75000, increased from a default of 2000). If
the model did not converge or did not finish in the maximum runtime (16 seconds), we discard
these runs from our final analysis and do not include them in the average log-likelihood.

Currently, there is no published method to test for correlated evolution between a discrete
trait and a continuous trait, to our knowledge. We developed a method to utilize the maximum
likelihood test of dependent trait evolution of two discrete traits available in BayesTraits to test

for correlated evolution between mating strategy and song across the full range of continuous
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song trait values. This algorithm calculates whether the rate of evolution of one trait is dependent
on the state of another trait. For example, we can use this algorithm to ask whether an
evolutionary change in mating system alters the likelihood of an evolutionary change in a song
characteristic. BayesTraits compares current species data with simple and complex continuous
Markov models of evolution of discrete traits on a given phylogeny to determine whether the
complex model (i.e. dependent trait evolution) describes the data sufficiently better than the
simple model (i.e. independent trait evolution) to justify accepting the complex model.
BayesTraits reports marginal likelihoods for the complex and simple models (function Discrete
in package btw). We used function LRtest (package: Imtest), which returns the likelihood ratio
statistic (LRstat) and p-value, to perform the likelihood ratio test to determine whether to accept
the complex model of dependent evolutionary rates over the simpler model of independent
evolutionary rates. Since this model requires both traits to be binary, we classified continuous
song characteristics as binary groups (low or high) based on a delineating threshold. Instead of
choosing the threshold arbitrarily, we used R package btw (BayesTraits Wrapper) to perform the
tests using each unique value of the song characteristic data as the threshold, repeating the test
100 times at each threshold. We plotted the p-values over the threshold used for all tests. (Figure
2.5D, 2.6D)

Each repetition of the test analyzed whether the evolution of mating system and song
were correlated by performing a log-likelihood comparison between a continuous-time Markov
model where the traits evolve independently and a model of correlated evolution, in which the
evolution of one trait is dependent on the state of the other trait. BayesTraits Wrapper function
btw returns the computed rates of transition between the four total states and a p-value indicating

whether we can reject the null hypothesis that evolution of the two traits occurred independently.
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The computed transition rates vary dramatically across the range of song trait values, depending
on the threshold delineating the low and high value categories. When the threshold is set as a
lower value, the test effectively evaluates the rate of song trait values switching from very low to
moderate and vice versa. When it is set as a higher value, the calculated rates are the rates of
switching between very high song trait values and medium-low values. To account for this
nuance, we segmented the vector of unique song trait values into bins and calculated the mean
and 95% confidence interval of each state transition rate from all of the runs across all of the
thresholds in each bin. We present the results with the thresholds binned into three groups in the
main text, but also include the analyses with the thresholds divided into two, four, and five

groups in Online Supplementary Figures 42—47.

Accounting for variation in measurements

To account for variation in song characteristic measurements across studies, we repeated
PhylANOVA and Brownie calculations with the minimum and maximum values of each species’
song characteristics obtained from the literature. For these runs, any species for which we had
only one data source for the song trait in question kept that trait value. We replaced the median
values of any species with multiple sources with the minimum and maximum trait values,
respectively, for a total of three runs per song characteristic. We calculated the values for song
rate and continuity in our database based on the median song duration and intersong interval
values in the literature. For both song rate and continuity, the minimum and maximum values
were calculated using the maximum duration and interval values and minimum duration and

interval values, respectively.
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Testing for an interaction between mating system and EPP

We performed a phylogenetic generalized least squares (PGLS) analysis using the
function gls (R package: nlme (Pinheiro et al. 2014)), computing phylogenetic correlation using
the function corBrownian (R package ape). This technique enables us to analyze whether there is
a relationship between song characteristics and multiple variables at once: mating system, EPP,
and the interaction between mating system and EPP.

We also performed a GLMM for each song characteristic using function MCMCglmm (R
package: MCMCglmm (Hadfield 2010)) which allowed us to include all values found in the
literature for each species. For this GLMM, we subsetted the data to include only those species
for which we had both mating system and EPP classifications, which also allowed us to evaluate
the interacting effects of mating system and EPP. We verified the computed model using

posterior predictive checks using functions predict and simulate in the package MCMCglmm.

Controlling for differences between families

To ensure that our Passeriformes-wide findings were robust and not driven by any
particular family, we performed a jackknife analysis in which we reran all analyses on a series of
subsetted datasets with each family removed in turn. We determined the family of each species
based on its classification in the 2017 version of the eBird Clements Integrated Checklist

(Clements 2007).

Testing the effect of multifurcations on our results

The avian phylogeny constructed by Jetz et al. contains numerous multifurcations, which

we observed both in the sample of 1000 trees that we extracted from their tree distribution and in
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the consensus tree we constructed from those 1000 trees. Since a dichotomous, bifurcating tree is
required for phylogenetic comparative analyses, we used the function multi2di (package: ape) to
restructure multifurcated nodes on the consensus tree into randomly organized dichotomous
nodes with arbitrarily small branch lengths between them. Since the bifurcations are assigned
randomly, we repeated the multi2di procedure 10 times with an arbitrary branch length of 10"
and 10 times with an arbitrary branch length of 10*. Then, we repeated our phylANOVA and
Brownie analyses with each of these trees. None of these computed differences led to qualitative

differences in the results of any test.

Data Availability

The authors declare that all data supporting the findings of this study are available within the
paper and its supplementary information files. Data are also stored on

GitHub.com/CreanzalLab/MatingBehaviorsAndSongEvolution.

Code Availability

The authors declare that all code used in the analysis of data within this paper are available in the
associated supplementary information files (Supplementary Software). Code is also available at

GitHub.com/CreanzalLab/MatingBehaviorsAndSongEvolution.
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Song Trait IDefinition

Syllable repertoire
Mean total number of unique syllables an individual uses across songs

Syllables per song Mean number of unique syllables used per song
Song repertoire [Mean total number of unique songs an individual produces
[ntersong interval Mean length of time separating songs within a period of consistent

singing behavior (unit: seconds)

Song duration Mean length of a song, measured as the length of time of consistent

singing or discrete songs between periods of silence; sources may have
differed in definition based on the song structure of a studied species
unit: seconds)

Song rate

Number of full song cycles produced per minute

Song continuity

Proportion of total song performance time spent producing song

Table 2.2. Definitions for song characteristics used in this paper. Here, we note the definition
that we used throughout our analyses. Some previous studies have characterized birdsong in
different terms; for example, what we term a ‘syllable’ is also called a strophe, note, element, etc.
Further, Read and Weary (1992) define a ‘syllable repertoire’ as the number of syllables in a
single song, whereas we classified that data as ‘syllables per song’ in our database. When we
gathered song characteristic data from cited sources, we classified these data according to the

definitions given in that source, regardless of the terms used.

63



repertoire|per song |repertoir [interval duration rate continuity
Mating system
# of species 96, 133 145 95 177 91 91
PhylANOVA
p-value 0.25 0.0597 0.063 0.579 0.899 0.0698 0.221
Min; Max 0.342; 0.028; 0.048; 0.35;
0.236 0.084 0.078| 0.76; 0.496 0.952; 0.874/0.696; 0.58 0.16324
Jackknife resampling 7/32 5/32 2/24
None| families| families None None| families Nong
significantf  p<0.05 p<0.05| significant significant p=0.04] significanf]
Brownie
p-value 0.0056] 0.4248] 0.1478 0.4881 0.0075 0.0266 0.3985
Rate higher in: Polygyny| N/A] N/A N/A Monogamy| Polygyny N/A
Min; Max 0.014; 0.042; 0.088; 0.373; 0.465;
0.008 0.159 0.127| 0.007; 0.646 0.024; 0.007 0.535 0.3844
Jackknife resampling 43/45 families
p<0.05, Icteridae
25/25 2/32 None p=0.066, 19/24
families| families| significan| 0/25 families Fringillidae|  families Nong
p<0.05] p<0.05 t p<0.05 p=0.053 p<0.05 signiﬁcantl‘
EPP
# of species 57 67 72 45 64 45 45
PhylANOVA
p-value 0.001 0.02 0.566 0.045 0.329 0.714 0.052
Min; Max 0.004; 0.048; 0.334; 0.772; 0.064;
0.004 0.036 0.656[ 0.098; 0.052 0.22;0.398 0.518 0.053]
Jackknife resampling 24/24 24/25 None 6/17)
families| families| significan| 6/17 families None None| families|
p<0.015]  p<0.05 t p<0.05 significant| significant]  »<0.05
Brownie
p-value 0.1156]  0.2764] 0.3792 0.3650 0.1590 0.5785 0.3898}
Rate higher in: N/A N/A N/A N/A N/A N/A N/Al
Min; Max 0.121; 0.477, 0.532; 0.018; 0.291;
0.166 0.187 0.220] 0.026; 0.408 0.142; 0.075 0.056 0.421
Jackknife resampling None
None None| significan None 1/25 families None Nong
significant|significant t| significant p<0.05] significant|significant]

Table 2.3. Results of phylogenetically controlled analyses of mating behaviors and song

characteristics. We tested whether song characteristics were significantly different between

polygynous and monogamous species and between high and low EPP species (phylANOVA). We

also tested whether song characteristics evolved faster in polygynous versus monogamous

lineages or in high versus low EPP lineages. For each analysis, we assessed the robustness of our
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findings by testing whether the minimum and maximum values of song characteristics from the
literature yielded the same results (Min; Max). In addition, we removed each avian family from
the analysis in turn and repeated the analyses (Jackknife resampling), summarized here but
reported in full in Online Supplementary Data 2-3. If the removal of any family led to
significant results at the 0.05 level, we note the number of families that met this threshold out of

the total number tested.
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Figure 2.1: Differences in song characteristics for different rates of polygyny and extra-pair
paternity. Each plot shows the distribution of song characteristics for species in our database.
The top row (green) compares monogamous and polygynous species, with polygyny defined as
>5% of males taking multiple mates when quantitative data is available, and the bottom row
(orange) compares species with low and high rates of EPP, with a high rate of EPP defined as
>10% of offspring in a population being the product of extra-pair fertilization (see methods for
full classification criteria). Box plots indicate the median (black bar) interquartile range (IQR,
box) and Q1—-1.5*IQR, Q3+1.5*IQR (whiskers) of each distribution, and scatter plots of the data
are shown to the right of each box plot. We compared each pair of distributions with
phylogenetic ANOVA (phylANOVA) tests, which control for shared ancestry. p-values for these

tests are shown above each box plot, with statistically significant results shown in red.
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Figure 2.2: Ancestral character estimation of polygyny and syllable repertoire. At the tips of
the tree, monogamy is indicated by black circles and polygyny is indicated by white circles. At
the nodes of the tree, bars indicate the results of an ancestral character estimation algorithm, with
the black fraction of the bar indicating the percent likelihood that the ancestor at that node was
monogamous. The colors along the branches of the tree indicate the estimated ancestral syllable

repertoire size. The syllable repertoire sizes ranged from 1 to 2400 in these species and were
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log,, transformed for analysis. Asterisks indicate nodes that had less than 70% support across
1000 tree replicates; no node had less than 50% support on this tree. Monogamous and
polygynous species did not have significantly different syllable repertoire sizes (PhylANOVA p

=0.250). Images representing taxa were used or modified from PhyloPic (http://phylopic.org).

Several images are used under Creative Commons licenses, with changes made where indicated:
Sturnidae (credit to Maxime Dabhirel, http://creativecommons.org/licenses/by/3.0/), Estrildidae
(credit to Jim Bendon for photography and T. Michael Keesey for vectorization,
https://creativecommons.org/licenses/by-sa/3.0/), Fringillidae (credit to Francesco Veronesi
(vectorized by T. Michael Keesey), https://creativecommons.org/licenses/by-nc-sa/3.0/),
Emberizidae (credit to L. Shyamal, https://creativecommons.org/licenses/by-sa/3.0/; this image
was also adapted for Parulidae), and Mimidae and Motacillidae (credit to Michelle Site,

https://creativecommons.org/licenses/by-nc/3.0/, both adapted from the original image).
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Figure 2.3: Ancestral character estimation of extra-pair paternity and syllable repertoire.

At the tips of the tree, low (<10%) EPP is indicated by black circles and high EPP is indicated by

white circles. At the nodes of the tree, bars indicate the results of an ancestral character

estimation algorithm, with the black fraction of the bar indicating the percent likelihood that the

ancestor at that node had low EPP. As in Figure 2.2, the colors from red to white along the
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branches of the tree indicate the estimated ancestral syllable repertoire size. Asterisks indicate
nodes that had less than 70% support across 1000 tree replicates; no node had less than 50%
support on this tree. The syllable repertoire sizes ranged from 1.8 to 241 in these species and
were log,, transformed for analysis. We found that species with high EPP had significantly
smaller syllable repertoires than species with low EPP when controlling for phylogeny
(PhylANOVA p = 0.001). Images representing taxa were used or modified from PhyloPic

(http://phylopic.org). Several images are used under Creative Commons licenses, with changes

made where indicated: Sturnidae (credit to Maxime Dabhirel,
http://creativecommons.org/licenses/by/3.0/), Estrildidae (credit to Jim Bendon for photography
and T. Michael Keesey for vectorization, https://creativecommons.org/licenses/by-sa/3.0/),
Fringillidae (credit to Francesco Veronesi (vectorized by T. Michael Keesey),
https://creativecommons.org/licenses/by-nc-sa/3.0/), Emberizidae (credit to L. Shyamal,
https://creativecommons.org/licenses/by-sa/3.0/; this image was also adapted for Parulidae), and
Mimidae and Motacillidae (credit to Michelle Site,

https://creativecommons.org/licenses/by-nc/3.0/, both adapted from the original image).
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Figure 2.4: Analysis of the effect of mating system and EPP on the rate of syllable

repertoire size evolution. (A) Mating system and syllable repertoire: We generated 1000
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stochastic character maps—simulations of the evolutionary history of monogamy and polygyny
mapped onto the phylogeny—and then we tested whether syllable repertoire size evolved at
different rates in monogamous versus polygynous branches of the tree. From all runs that
converged out of 1000 total runs of the Brownie algorithm, we plot the distribution of the rate of
evolution of syllable repertoire size in monogamous lineages (blue) and the rate of evolution of
syllable repertoire size in polygynous lineages (red). Distributions are kernel density plots
generated using the R function density with a Gaussian smoothing kernel. The dashed line
indicates the rate of evolution estimated when syllable repertoire size is assumed to evolve at the
same rate in monogamous and polygynous periods of evolutionary history. We find that syllable
repertoire size evolves significantly faster in polygynous branches (Brownie likelihood-ratio test
p =0.006). (B) Mating system and song duration: The rate of evolution of song duration also
differed, evolving significantly faster in monogamous lineages. (C) EPP and syllable repertoire:
We performed a similar analysis with high and low rates of EPP mapped onto the phylogeny, and
tested whether syllable repertoire size evolved at different rates in periods of high (red) versus
low (blue) rates of EPP. We do not reject the null hypothesis that syllable repertoire size evolved

at the same rate in high-EPP and low-EPP branches of the tree.
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Figure 2.5: Detecting correlated evolution of mating systems and syllable repertoire size.

We tested the correlated evolution of syllable repertoire size and polygyny using BayesTraits,

with syllable repertoire size made binary based on a threshold delineating smaller versus larger

syllable repertoires. Each value of syllable repertoire wais used as the threshold for 100 runs of

BayesTraits per threshold. For each plot, there are eight possible transitions between the four

trait pairs, shown by arrows. (A—C) We generated transition plots by calculating the mean rate

and 95% confidence interval (in parentheses) for each of the eight transitions. (A) When the
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threshold between smaller and larger syllable repertoires is in the lowest third of observed values
(24 unique thresholds >1 and <11 syllables, red arrows), polygyny is unstable with low syllable
repertoires. (B) When the threshold between smaller and larger syllable repertoires is in the
middle third of observed values (24 unique thresholds >11 and <35.1 syllables, yellow arrows),
the transitions between smaller and larger syllable repertoires do not appear to be elevated in
either monogamy or polygyny. (C) When the threshold between smaller and larger syllable
repertoires is in the highest third of observed values (24 unique thresholds >35.1 and <2400
syllables, blue arrows), the combination of large syllable repertoires and polygyny is unstable,
with the highest transition rate pointing to a decrease in repertoire size in the presence of
polygyny. These results were robust to jackknife resampling across families (Online
Supplementary Fig. 30). (D) For each run of BayesTraits, we performed a likelihood-ratio test
to assess whether the model of correlated evolution between mating system and syllable
repertoire size was a significantly better fit to the data than the independent evolution model;

p-values are plotted against the syllable repertoire size values defining the threshold.
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Figure 2.6: Detecting correlated evolution of extra-pair paternity and syllable repertoire
size. We tested for correlated evolution of syllable repertoire size and EPP using the same
procedure as in Figure 2.5. (A) When the threshold between smaller and larger syllable
repertoires is in the lowest third of observed values (16 unique thresholds between 1.8 and 10
syllables, red arrows), low rates of EPP with small syllable repertoires are unstable, and we
observe elevated transition rates either toward larger repertoires or toward higher rates of EPP.

(B) When the threshold between smaller and larger syllable repertoires is in the middle third of
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observed values (16 unique thresholds >10 and <28.4 syllables, yellow arrows), low rates of EPP
are again unstable with small syllable repertoires, and evolutionary transitions toward higher
rates of EPP are elevated. (C) When the threshold between smaller and larger syllable repertoires
is in the highest third of observed values (16 unique thresholds >28.4 and <241 syllables, blue
arrows), the combination of large syllable repertoires and high rates of EPP is unstable, and we
observe elevated transition rates either toward smaller repertoires or toward lower rates of EPP.
We averaged rate values from all runs, regardless of significance. These results were robust to
jackknife resampling across families. In the middle segment, only removing Zosteropidae
qualitatively altered the dominant rates of transition such that there was accelerated evolution
from Low to High EPP regardless of syllable repertoire (Online Supplementary Fig. 31). (D)
For each run of BayesTraits, we performed a likelihood-ratio test to assess whether the model of
correlated evolution between EPP and syllable repertoire size was a significantly better fit to the
data than the independent evolution model; p-values are plotted against the syllable repertoire

size values defining the threshold.
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Introduction

Song is a learned behavior with a complex evolutionary history in the oscine songbirds.
Birds’ songs have multiple functions, including species recognition, territory defense, and mate
attraction (Catchpole and Slater 2003). All species studied in this expansive clade have certain
life stages during which they are more likely to learn and acquire songs, termed sensitive periods
(Brenowitz and Beecher 2005; Marler 1990; Marler and Peters 1987; Rauschecker and Marler
1987). In some species, learning is restricted to a short sensitive period early in life, also called a

‘critical period’ (for example, ~day 25-90 in zebra finches), after which no new song elements
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are acquired (Bohner 1990; Immelman 1969; Nottebohm 1984). Other species appear to delay
song crystallization until some time in adulthood (Dowsett-Lemaire 1979; Kipper and Kiefer
2010; Martens and Kessler 2000); for example, chipping sparrows have been observed to have a
second sensitive period immediately after their first migration, following which the song
crystallizes (Liu and Kroodsma 2006; Liu and Nottebohm 2007). Still other species can continue
to acquire new syllables or songs throughout their lives (Adret-Hausberger, Giittinger, and
Merkel 2010; Espmark and Lampe 1993; Gil, Cobb, and Slater 2001; Hausberger, Jenkins, and
Keene 1991; Mountjoy and Lemon 1995; Price and Yuan 2011). Typically, this spectrum of
variation in the timing of the sensitive period is simplified into a dichotomy of ‘open-ended
learning’ and ‘closed-ended learning.” While these temporal differences in the song-learning
window have been studied for decades, it is unknown how they interact with the evolution of
song. Previous hypotheses have suggested that seasonal factors, such as environmental variation
and breeding season length, play a role in shaping adult song learning (Nottebohm, Nottebohm,
and Crane 1986; Smith et al. 1997; Tramontin et al. 2001). However, evidence from a small-scale
comparative analysis suggests that a longer learning window in a species may be associated with
larger average syllable repertoire sizes (Creanza, Fogarty, and Feldman 2016).

Birdsong is composed of both culturally and genetically inherited features, any of which
may be subject to evolutionary pressures. Two key modes of selection on song might act in
conjunction: female choice can favor certain song characteristics, such as superior repertoire
size, learning quality, or song performance (Beecher and Brenowitz 2005; Gil and Gahr 2002;
Searcy and Andersson 1986; Searcy and Marler 1984), while the inherent metabolic cost of
neuroplasticity should theoretically favor a shorter song-learning window and thus reduce the

opportunity for a bird to alter its song in adulthood (Garamszegi and Eens 2004; Nottebohm et
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al. 1986; Tramontin and Brenowitz 2000). Therefore, while learning in adulthood or elongated
sensitive periods have not been shown to be directly under positive selection (sexual or natural)
or to play an explicit role in female preferences, sexual selection acting on certain song features
could indirectly favor longer or shorter song-learning windows. However, this theorized
connection between sexual selection and adult learning hinges on establishing the evolutionary
relationship between song as the target of sexual selection and the neurobehavioral phenotype of
song learning, which has not yet been done.

Furthermore, sexual selection is hypothesized to be amplified in polygynous social
mating systems and in species with high rates of extra-pair paternity (EPP). A recent large-scale
study found that polygyny drives faster, but non-directional, evolution of syllable repertoire size,
and that syllable repertoire size is negatively correlated with the rate of EPP (Snyder and
Creanza 2019). Because of the evolutionary links between these mating strategies and song
features, higher rates of EPP and polygyny could potentially be associated with longer learning
windows. We therefore investigate the evolutionary relationship between the critical learning
period and mating strategies.

Here, we take a comparative, computational approach to the evolutionary history of open-
and closed-ended song learning. We mined the literature for longitudinal field and laboratory
observations to classify species as exhibiting ‘adult song stability’ or ‘adult song plasticity’. This
classification is a quantifiable proxy for closed- and open-ended learning, as the true length of
the song-learning window is difficult to assess directly in nature; ultimately, we obtained data for
the classification of 67 species. For these species, we also compiled a database of seven
species-level song characteristics that can represent either song complexity (syllable repertoire,

syllables per song, and song repertoire) or song performance (song duration, inter-song interval,
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song rate, and song continuity). We then performed phylogenetically controlled analyses to
evaluate the evolution of song and mating strategies alongside the relative plasticity of song over
time. We find that adult song plasticity has evolved numerous times in bird species. Further, we
find evidence of correlated evolution between the adult song stability and plasticity and social
mating system, with shifts in social mating system occurring more rapidly in lineages with adult
song plasticity. In addition, we find a significant evolutionary pattern: species with plastic songs
generally have larger repertoires than species with stable songs. Specifically, the evolution of
larger syllable and song repertoires appears to drive an evolutionary transition toward

open-ended learning.

Results

In this study, we analyzed the length of the song-learning window using three
classification schemes. First, we classified 67 species as having either adult song plasticity (i.e.
those that change their syllable repertoire after their first breeding season ends) or adult song
stability. Second, when possible, we reclassified the species into three categories: 1) those that
stop changing their song before their first breeding season, 2) those that modify their songs
during their first breeding season but not after, and 3) those that modify their songs after their
first breeding season has ended. This three-state classification was possible for 59 out of the 67
species. Third, for the same 59 species, we used reported estimates of the ages at which song
stabilizes to create a continuous measure of the song-learning window. There were exceedingly
few studies that examined song changes after the second breeding season, so our continuous

metric ranges from zero to two years. We then examined the evolutionary patterns of adult song
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stability and plasticity, as well as their interactions with species-level song characteristics and

mating behaviors.

How has adult song plasticity evolved across clades?

We were first interested in examining the rate of evolution of adult song stability versus
adult song plasticity and when and where evolutionary transitions in these traits occurred on a
phylogenetic tree (Jetz et al. 2012) using ancestral state reconstruction. As with any
reconstruction of evolutionary history, these simulations cannot exactly predict the ancestral
states but aim to approximate them. Furthermore, we note that only a subset of oscine families
could be included in our analysis, and most of the early branching lineages that would be
required to assess the ancestral state for all oscine species could not be included in our dataset.
Ultimately, we could not make a conclusion about ancestral state for the last common ancestor
for the species included in this study, but our results hint that there might have been several early
transitions in this trait, leading to clades that predominantly have adult song stability or plasticity,
coupled with a number of more recent transitions (see pie charts in Figure 3.1A for the predicted
likelihood of each state at each node). We found that a model allowing the transition rate from
song stability to plasticity to be different from the transition rate from plasticity to stability
(all-rates-different model [ARD]) did not fit the data significantly better than a simpler model
allowing for only one rate of transition back and forth between song stability and plasticity
(equal rates model [ER]) (LogLikelihoodgz=-38.22, LogLikelihoodrp=-38.21, p=0.87). At least
14 transitions were required to explain the current binary song-stability states of our subset of

bird species. Explaining the distribution of song plasticity in our subset of species most
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parsimoniously requires at least 9 transitions to adult song plasticity if the last common ancestor
was song-stable and 7 transitions to song stability if the common ancestor was song-plastic.

(Figure 3.1 - figure supplement 1).

Which song traits differ between species with stable versus plastic songs?

We next tested whether song characteristics were affected by the length of the
song-learning window on an evolutionary scale. Intuitively, it makes sense that a species that has
a longer time-window to learn might be able to accumulate a larger repertoire. Indeed, this
relationship is consistent with the pattern of song stability and repertoire size in several clades,
such as the Phylloscopus species (Figure 3.2). However, many individual species do not follow
this prediction: for example, Acrocephalus palustris appears to learn a large repertoire in a single
year (Dowsett-Lemaire 1979), and Philesturnus rufusater modifies its song for multiple years
but maintains a small repertoire (Jenkins 1978). Further, numerous species with adult song
plasticity do not significantly increase their repertoire sizes over time (Eriksen, Slagsvold, and
Lampe 2011; Galeotti et al. 2001; Garamszegi et al. 2005; Nicholson et al. 2007). Thus, an
evolutionary link between adult song plasticity and larger repertoire sizes cannot be assumed.
Using a phylogenetically controlled ANOVA (Garland et al. 1993; Revell 2011), we found that
species with adult song plasticity did possess significantly larger syllable repertoires than species
with adult song stability (Figures 3.1A, 3.3A, Table 3.1). This concurs with a previous analysis
using a smaller dataset (Creanza et al. 2016). Similarly, we found that song-plastic species had
significantly larger song repertoires than song-stable species (Figure 3.3B, Figure 3.1 - figure

supplement 2, and Table 3.1).
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There were no significant differences between song-plastic and song-stable species for
the other song characteristics that we tested: syllables per song, inter-song interval, song
duration, song rate (calculated as 60/(interval + duration)), or song continuity (calculated as
duration/(duration + interval)) (Table 3.1, Figure 3.1 - figure supplements 3-7). When we used
the classification scheme with three states, we could only test for differences in syllable
repertoire, song repertoire, and syllables per song between groups, as there were very few early
song-stable species for which we had data on the other song traits. We found no significant
differences between early song-stable and delayed song-stable species for any tested traits, but
both of these groups had significantly smaller syllable and song repertoires compared to
song-plastic species (Figures 1B, 3C, Tables 3.2 and 3.3). When performing a phylogenetic
generalized least squares (PGLS) analysis using continuous estimates of the duration of song
plasticity, we found similar results; both syllable repertoire and song repertoire were correlated
with duration of song plasticity, such that repertoire size increased with the song-plasticity

duration (Figure 3.3D, Table 3.4).

Do song characteristics evolve at different rates in song-stable or song-plastic species?

Our result that species with adult song plasticity had significantly larger syllable and song
repertoires raised the question of whether song stability versus plasticity also affected the rate of
evolution for any of the song characteristics. To examine this possibility, we used the Brownie
algorithm (O’Meara et al. 2006), which tests whether a model with two rates of evolution for
each song characteristic—one rate for ancestral periods of song stability and another rate for
song plasticity—fits the data significantly better than a model that allows for only one rate of

evolution of each song characteristic regardless of the ancestral states of song stability. Each
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calculation of the two-rate model is based on one stochastic projection of the ancestral traits
across the phylogenetic tree, so we generated 1300 different stochastic simulation maps to use
with Brownie. We plotted the distribution of potential rates (Figures 3.4-5) and compared the
average log likelihood of the two-rate models to the log likelihood of the one-rate model (Table
3.5).

We found that allowing for two different rates of song trait evolution depending on song
stability or plasticity did not lead to a significantly better fit model than using one
Brownian-motion rate for either syllable repertoire size or song repertoire size, even though
syllable repertoires and song repertoires were both significantly larger in species with adult song
plasticity (Figure 3.4A and B and Table 3.5). In contrast, the two-rate model led to a
significantly better fit for syllables per song, song rate, inter-song interval, and song duration
(Figure 3.4C, 5 and Table 3.5), indicating that evolution of these song characteristics was faster
in song-plastic lineages (Figure 3.4C and 5, red traces).

We repeated this analysis with the three-state categorization for syllable repertoire, song
repertoire, and syllables per song; for other song characteristics, we did not have enough species
in the early song stability group. We found that the three-rate model was significantly better than
the one-rate model for syllables per song and song repertoire, but not for syllable repertoire
(Figure 3.4D-F and Table 3.6). However, the three-rate model was only significantly better than
the two-rate model for song repertoire (Table 3.7). Thus, the two-rate model sufficiently
approximates the evolution of syllables per song. We noticed that for both song repertoire and
syllable repertoire, the rate of evolution in delayed song-stable lineages (purple traces in Figure
3.4 D, E) was very similar to the rate in song-plastic lineages (corresponding red traces). We

tested one more set of models where we combined delayed song-stable species with song-plastic
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species to create a “longer learning” group, while early song-stable species were assigned to a
“shorter learning” group. For this comparison of shorter versus longer learning, the two-rate
model was significantly better than the one-rate model for song repertoire and trending in that
direction for syllable repertoire (Figure 3.4 G, H and Table 3.8). The three-rate model was not
significantly better than the longer/shorter-learning two-rate model for either syllable or song
repertoire (Table 3.9). Taken together with our phylANOVA results, this pattern suggests that
species with early song stability evolve their song repertoires and potentially their syllable
repertoires at a slower rate than delayed song-stable and song-plastic species; however, only

song-plastic species directionally evolve towards larger song and syllable repertoires.

Is song stability or plasticity influenced by the evolution of song traits and mating strategies,
or vice versa?

While the Brownie algorithm tested whether adult song plasticity affected the rate of
evolution for song characteristics, it did not address whether the opposite might be true. We used
BayesTraits (Pagel 1994; Pagel and Meade 2006) to test whether the rate and order of
evolutionary transitions in one trait is dependent on the state of another trait. Because the song
features were continuous variables, we binarized them by setting a series of threshold values to
delineate “low” and “high” categories, using each observed song feature value as a threshold in
turn. We then tested whether there was correlated evolution between the binary classifications of
adult song plasticity versus stability and each of the seven song characteristics.

In the lowest third of syllable repertoire thresholds, adult song plasticity with small
syllable repertoires was an evolutionarily unstable state, with rapid transitions primarily towards

a song-stable state and secondarily towards larger repertoires (82% of runs significant in this
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range, Figure 3.6). In the middle third of syllable repertoire thresholds, song-stability with
smaller syllable repertoires is an evolutionarily stable attractor state, with high rates of transition
observed from large to small syllable repertoires in song-stable species and from plasticity to
stability with a small syllable repertoire. These rate differences are highly significant (100% of
runs significant in this range). In the highest third of syllable repertoire thresholds, adult song
stability with a large syllable repertoire is an evolutionarily unstable state, transitioning primarily
towards adult song plasticity (86% of runs significant in this range, Figure 3.6). We found
similar trends when using two, four, and five bins for the song characteristic threshold values,
with subtle differences. When using four or five bins, we still observe that song stability with
larger syllable repertoires is an unstable combination. However, for the highest bin of threshold
values, the transition rates are faster when changing to song plasticity, whereas for the
second-highest bin, we observe faster transition rates toward repertoire size increases (Figure 3.6
- figure supplement 1). To rule out the possibility that syllable repertoire size evolution is faster
in species with larger repertoire sizes regardless of learning program, we tested the rates of
evolution of syllable repertoire size across monophyletic species pairs in our dataset. We found
that lineages with larger syllable repertoire sizes do not systematically undergo faster or slower
syllable repertoire size evolution (Figure 3.1 - figure supplement 8).

At low song repertoire threshold values, song plasticity with a small repertoire is an
evolutionarily unstable state; there is rapid transition away from this combination, predominantly
trending towards song stability but also transitioning secondarily to a larger song repertoire, with
very high significance (100% of runs significant in this range). At moderate song repertoire
thresholds, the highest rate is observed for species with small repertoires transitioning from song

plasticity to song stability, also with very high significance (100% of runs significant in this
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range). At high song repertoire thresholds, the primary shift is from song stability to song
plasticity in species with large song repertoires (89% of runs significant in this range) (Figure
3.7). When analyzing the results using five bins, transitions in the upper range of song repertoire
values becomes more nuanced; in the highest bin, song stability with a larger song repertoire is
very unstable, but is relatively stable in the second-highest bin. In the lower four bins, the
dominant transition is from plastic to stable song with smaller song repertoires (Figure 3.6 -
figure supplement 1). The results for syllables per song show some general trends that are
complicated by the strong effect of the mimid species (see results of jackknife analysis below).
We did not find evidence for correlated evolution between adult song stability or plasticity state
and any of the other song characteristics (Figure 3.6 - figure supplements 2-6).

In addition, it has been proposed that polygyny and extra-pair paternity (EPP) may
increase sexual selection pressures on sexually selected traits, including song (Emlen and Oring
1977; Payne 1984), and increased selection pressure due to polygyny was theorized to accelerate
the evolution of song learning in a mathematical model (Aoki 1989). We tested for correlated
evolution between adult song plasticity versus stability and both social mating system (polygyny
vs. monogamy) and extra-pair paternity (low vs. high EPP), with the caveat that many species in
our dataset lacked mating behavior classifications (57 species with social mating system data, 41
with EPP data). We did not find evidence for correlated evolution between song stability and
EPP. There was, however, evidence for correlated evolution between polygynous/monogamous
mating systems and song plasticity (100% of runs significant), with elevated rates of transition

between polygyny and monogamy in the song-plastic state (Figure 3.6 - figure supplement 7).
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Do our results depend on the particular values or families included in analyses?

In many cases, there were multiple studies that gave different estimates for a given song
trait in one species, so we used the median values across studies for our main analysis. To test
whether our results depended on the particular values we used, we repeated the PhyJANOVA and
Brownie analysis using either the maximum or minimum values reported in the literature. This
did not significantly alter our PhylANOVA results for any song feature when species were split
into song-stable and song-plastic groups (Table S1), though when the early song-stable,
delayed-song stable, and song-plastic dataset was used, using the maximum values for song
repertoire led to non-significant results (Table S2-3). When species were split into those with
adult song plasticity and adult song stability, the Brownie analysis suggested that syllables per
song was evolving significantly faster in song-plastic lineages when we used the median value,
but using the minimum values led to non-significant results (Table S4). When species were split
into three states (early song stability, delayed song stability, and song plasticity), we found that
the three-rate model was not better than the one-rate model when the minimum values for song
repertoire were used, while the three-rate models for syllable repertoire became significant when
either the maximum or the minimum values were used (Table S5).

In our dataset, 24 songbird families were represented by 1 to 11 species each. This meant
that families had unequal influence on the outcomes of the analyses. We performed a jackknife
analysis to examine whether our results were affected by excluding individual families
represented by 4 or more species in the full dataset. Exclusion of individual families did not
significantly alter any of the phylANOVA results (Tables S6-11). In general, exclusion of

individual families did not affect the Brownie results (Tables S12-17) or the BayesTraits results
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(Figure 3.6 - figure supplements 8-9, Figure 3.7 - figure supplement 1). However, there were
several notable exceptions, detailed below.

In several cases, removing a single family altered the significance of our findings.
Removal of the Muscicapidae (3 species) from the Brownie analysis of inter-song interval
created a two-rate model that did not fit the data significantly better than the one-rate model
(Table S13). For song duration, removal of Fringillidae (3 species) led to a two-rate model that
was not significantly better fit than the one-rate model (Table S14). Removal of Mimidae (4
species) from the Brownie analysis of syllables per song drastically changed the results, such that
the two-rate model was no longer significantly better fit than the one-rate model (Table S15). All
of the included Mimidae species are song-plastic, so these data suggest that mimids may be
driving the fit of the two-rate model for syllables per song. In addition, removal of Mimidae from
the BayesTraits analysis of song plasticity and syllables per song altered the observed trends. At
low threshold values of syllables per song, song-plasticity with low syllables per song is an
unstable state, with high rates of transition towards either higher syllables per song or towards
song stability (77% of runs significant in this range); however, when mimid species are removed,
gaining more syllables per song in the song-plastic state becomes far more likely. At moderate
values of syllables per song, there are elevated rates of transition both towards more syllables per
song and towards fewer syllables per song in song-plastic species (100% of runs significant in
this range); there is a comparable trend when mimid species are removed. At high threshold
values, more syllables per song with song-stability is an unstable state (63% of runs significant in
this range, Figure 3.6 - figure supplement 2); however, with mimids removed, more syllables
per song with song plasticity becomes the most unstable state (Figure 3.6 - figure supplement

9).
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Due to the strong effect that the inclusion of Mimidae had on the Brownie analysis of
syllables per song, we performed a second jackknife analysis, in which each of the four mimid
species was removed in turn. Exclusion of Toxostoma rufum or Dumetella carolinensis had little
effect on the results (Table S18), leading to significant support for the two-rate model. However,
exclusion of Mimus polyglottos (p=0.074) or of Mimus gilvus (p=0.509) led to a two-rate model
that did not fit the data significantly better than the one-rate model (Table S18). Therefore, we
concluded that the two Mimus species drove the estimated evolutionary rate of syllables per song
in song-plastic species to be much greater than in song-stable species, and that faster evolution
for syllables per song may not necessarily be a universal trend for song-plastic species.

Members of Mimidae are renowned for their vocal mimicry, frequently exhibiting
improvisation and invention of syllables beyond simple imitation, and thus they lack the
generally stereotyped song structure shown in other oscine families. Furthermore, mimids often
have periods of continuous singing with minimal repetition of elements and irregular syllable
spacing. Thus, quantification of song duration or number of syllables per song for mimids could
be highly susceptible to listener perception (Wildenthal 1965). Therefore, though we
acknowledge that mimids are an important case study in extended learning durations, our results
for the evolutionary rate of syllables per song might be more meaningful across all bird species
when mimids are excluded, in which case we find the rate of evolution of syllables per song is be

independent of adult song plasticity.

Discussion

Previously, it was unknown whether the song-learning window evolved in concert with

song features associated with sexual selection, as predicted by a computational model of song
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learning (Creanza et al. 2016). This is a critical missing piece of the puzzle of song learning
evolution, as previous evidence has suggested that sexual selection only acts upon the features of
song and not the length of the song-learning window or maintenance of the song-learning
pathways in the brain. Here, we performed phylogenetically controlled analyses to assess the
interactions between the length of the song-learning window—using adult song stability versus
plasticity as a proxy—and the evolution of song characteristics. Interestingly, we noted that
several evolutionary events relatively early in passerine evolution accounted for much of the
diversity in the song-plasticity period in our sample of species. Our results predict that a bird’s
ability to modify its song as an adult not only affects the characteristics of its own song but also
may interact with the evolution of larger repertoire sizes, since sexual selection for large
repertoires could drive evolution of increased song plasticity.

We found two key trends in the trait correlation (phylANOVA) and evolutionary rate
(Brownie) analyses. First, song plasticity affected the direction of evolution in traits that can be
considered metrics of song complexity (syllable and song repertoire size, Figure 3.1 and 3.3,
Table 3.1), leading to larger repertoires in species with adult song plasticity. Further, species with
early song stability evolved their repertoires at a slower rate than species with longer learning
(delayed song stability and song plasticity, Table 3.5), but song-plastic species did not evolve
their repertoires at a faster rate than species with early or delayed song stability combined (Table
3.6-9). Thus, while repertoires only evolve directionally in song-plastic species (Table 3.2-3),
our results suggest that extended learning through the first breeding season allows for faster, but
not directional, evolution of repertoire size. It is possible, then, that delayed song learning allows
individuals to modify their songs after migration and thus adapt their song to their new

surroundings once they establish a territory, without necessarily corresponding with sexual
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selection for larger repertoires. This ability for an individual to adapt to a new local song might
be beneficial, particularly when species have local dialect structure; however, this would not lead
to directional evolution for any particular song feature. Second, song plasticity increased the rate
of evolution primarily in traits that can be considered metrics of song performance (song
duration, intersong interval, and song rate Figure 3.5, Table 3.2). While these
performance-related song traits evolved faster in song-plastic lineages, this rapid evolution did
not lead to significant differences in those song characteristics compared to song-stable lincages.
A possible explanation may be that increases in repertoire size necessitate changes to song
structure, but multiple structural aspects of song can be altered to accommodate these changes.
Thus, there is no overall pattern of directional evolution in these other song characteristics.
Alternatively, bird species may be required to adapt to increasing repertoire sizes while
maintaining species-specific constraints imposed by innate aspects of song structure or female
preferences for different performance characteristics. In the latter case, if information about
innate characteristics and female preferences are known, it may be possible to predict how song
traits will change in response to increasing repertoire sizes and greater adult song plasticity.

With our analyses of correlated evolution, we aimed to detect whether the state of the
repertoire size or adult song stability versus plasticity consistently changes first in evolutionary
history, facilitating a change in the other trait. Overall, our results suggest that there is not a
consistent order of evolutionary transitions (Figure 3.6-7). For example, song stability with very
large syllable or song repertoires, and song plasticity with very small syllable or song repertoires
both formed evolutionarily unstable states, with high evolutionary rates of transition in both
repertoire size and song-learning window. However, we do note that the fastest rates of transition

in our analyses were those switching between song-stability and song-plasticity to leave those
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unstable states. This trend suggests that the magnitude of a species’ repertoire may be more
likely to drive the evolution of learning window than vice versa (Figure 3.6-7). This is consistent
with the idea that selection acting upon song features could indirectly place selective pressures
on the learning window. We propose several hypotheses that could explain these evolutionary
dynamics: 1) it may be disproportionately costly to maintain song plasticity when syllable or
song repertoire sizes are very small, perhaps because the benefit of extra time to learn does not
outweigh the metabolic cost of maintaining plasticity, or 2) species with small syllable or song
repertoires may have highly stereotyped songs which are selected for based on accuracy of
learning and consistency of song production, favoring males that only learn from their fathers or
early-life neighbors. Alternatively, in species where females prefer larger repertoires, 3) it may
simply require more time to learn a large song or syllable repertoire than is available with a short
learning window, or 4) learning large repertoires may require too much energy devoted to song
practice during the crucial period of development before and during fledging, favoring birds that
can learn for longer periods. Further research into the physiological or reproductive costs of song
plasticity is needed.

Beginning with Darwin (Darwin 1872), numerous researchers have proposed that
polygynous mating systems could lead to amplified sexual selection (Emlen and Oring 1977,
Payne 1984). The elevated rates of transition that we observed between social mating systems in
song-plastic lineages suggest an interesting hypothesis for further investigation: perhaps having a
plastic song-learning program facilitates evolutionary transitions in mating systems.

Our results provide key evidence that sexual selection upon song characteristics might
indirectly act upon the song-learning window. We do not fully understand the mechanisms

underlying the maintenance or reopening of the song learning window in adulthood, but genetic,
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environmental, hormonal, and social factors are likely contributors (Eales 1985, 1987; Kroodsma
and Pickert 1980; Morrison and Nottebohm 1993; Nottebohm 1969). For example, when zebra
finches were reared in isolation, their sensitive periods were lengthened. These isolated birds
maintained both gene expression profiles associated with song learning in the song system and
high levels of neuronal addition to the HVC (a key region in the song system of the songbird
brain) for longer than birds reared with an adult male tutor (Kelly et al. 2018; Wilbrecht et al.
2006), linking the neural underpinnings of song learning to the length of the song-learning
window (Brenowitz and Beecher 2005; Nordeen 1997; Nordeen and Nordeen 1990; Nottebohm
1992). Furthermore, a positive association between HVC volume and song repertoire size has
been demonstrated both intraspecifically (in song sparrows, (Pfaff et al. 2007)) and
interspecifically (Devoogd et al. 1993). In light of our findings that adult song plasticity
correlates with an increase in song repertoire size, there is a logical prediction that extended song
learning may be associated with increased HVC volume across species. This is an important
avenue for future research.

Although our data set includes species from 24 different songbird families, many families
are not represented due to a lack of data about song stability. It will be important to expand this
dataset in future studies. It would also be interesting to explore the evolutionary interactions
between adult song plasticity and mimicry of heterospecific sounds, which has been observed in
Mimidae and numerous other clades across the songbird lineage (Goller and Shizuka 2018).
With our current dataset, we could not adequately explore the effects of mimicry on the evolution
of song learning outside of the mimids, but the repeated evolution of mimicry makes it a
particularly interesting topic for follow-up studies on the length of the song-learning window. In

addition, different song metrics that are tailored to mimicry would be important in studying the
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evolution of vocal mimics and the dynamics of their unique vocal patterns. Furthermore, there is
increasing interest in the importance of female song in species, which is more common than
previously thought (Langmore 1998; Odom et al. 2014). Our dataset includes numerous species
wherein females are known to sing at least occasionally (Langmore 1998), but the length of the
song-learning window in females has not been assessed in any of these species. There is,
however, some evidence that female birds can modify their song preferences in adulthood (Nagle
and Kreutzer 1997). Thus, it remains an open question whether song plasticity affects the
evolution of female song in the same way it affects male song, and whether species with adult
song plasticity in males also have adult song plasticity in females.

Our findings shed new light on the broader subject of song evolution, specifically the
evolution of the process of song learning. We hypothesize that sexual selection on certain aspects
of song could in turn alter the selection pressures on the length of the song-learning window.
Here, we perform phylogenetically controlled analyses across 67 songbird species to assess the
evolutionary interactions between song characteristics and song plasticity in adulthood. With
these analyses, we show the first evidence for this evolutionary relationship. Adult song stability
versus plasticity is evolutionarily dependent upon the properties of the song itself: large syllable
and song repertoires appear to drive the evolution of adult song plasticity and thus open-ended
song learning. This provides context for the remarkable interspecific variation in song-learning
windows across the songbird lineage and suggests an evolutionary mechanism by which sexual

selection might have influenced the evolution of songbird brains.
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Methods

Data collection

It is difficult to precisely measure the length of the song-learning window in both field
and lab studies. In field studies, if a bird is recorded singing a new song element in its second
year, researchers often cannot rule out the possibility that it learned that element during its first
year but did not incorporate it into its song until later (Marler and Peters 1981; Vargas-Castro,
Sanchez, and Barrantes 2015). Likewise, if a bird learns a new element in its second year but
elects not to produce it, a recordist would be unlikely to capture it. In contrast, raising birds in
the laboratory with known song exposure enables researchers to assess when a bird learned a
particular song element (Chaiken, Bohner, and Marler 1994; Marler and Peters 1988; Nelson
1998; Nottebohm 1969) but also raises questions about whether the lab-reared birds are
exhibiting their normal behaviors (Baptista and Petrinovich 1984; Kroodsma and Pickert 1984).
In addition, these lab-rearing procedures have only been performed in a handful of species. In
this paper, we examined studies that include longitudinal measures of adult song stability versus
plasticity (e.g. (Nordby et al. 2002)) to determine whether song is modified across time as a
proxy for the length of the song learning window.

We performed a literature search to gather information on the stability or plasticity of
male song in oscine species. Studies with information about learning style were found via
Google Scholar using the following search terms: [species name] or [common name] in
combination with “open-ended,” “close-ended,” ‘“closed-ended,” “age-limited,” ‘“‘crystal*,”
“adult learning,” and “song changes.” We used three strategies to assign the song stability
classification for a species. We first defined a species as having adult song stability (‘song-stable

species’) if the literature indicated that males did not modify their songs after the first breeding
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season. Species in which males modified their syllable repertoires after their first breeding
season were classified as having adult song plasticity (‘song-plastic species’). This strategy was
meant to approximate the dichotomy of open- and closed-ended learners often used in the field.
We made two exceptions to this for the species Cacicus cela and Phoenicurus ochruros, in which
males do not gain their mature plumage until their second breeding season and may therefore be
delayed in reaching sexual maturity relative to other bird species (Draganoiu et al. 2014; Trainer
and Parsons 2002). Because these birds cease modifying their repertoires before reaching their
second breeding season with mature plumage, they were considered song-stable (Dataset S1).
Additionally, past research defined Melospiza lincolnii as an “open-ended improviser.” It is
unclear whether improvisation throughout the lifespan is equivalent to learning throughout the
lifespan, however it does fit our definition for adult song plasticity. For the main analysis, we
considered this species to have adult song plasticity, but we repeated the main analysis with this
species reclassified as having adult song stability. This reclassification produced a negligible
effect on our results (Tables S19-20). For our second strategy, we separated song-stable species
into two sub-groups: early song-stable (species that cease modifying their songs before the first
breeding season) and delayed song-stable (species that modify their songs during their first
breeding season but not after). There was not enough information to make this determination for
some species, so our dataset was reduced to 59 species. We used these same 59 species to
generate a continuous measure of song stability for our third strategy. Because no information
was available about the prevalence of song changes beyond the second breeding season for most
of the species in our dataset, this measure only ranges from 0 to 2 years, and all song-plastic
species were assigned a value of 2. Furthermore, it was not clear exactly when most of the

delayed song-stable species stopped learning, so they were given a value of 1.33, at which point
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the first breeding season should have ended. The two species mentioned above that display
delayed song and plumage maturation were assigned a value of 2.

To gather data on the song characteristics, we performed a literature search via Google
Scholar and Web of Science using the search terms “Passeriformes” or [species name] in
combination with “syllable repertoire” or “song repertoire.” This yielded a mix of primary
sources and studies that had previously aggregated repertoire size data. We also gathered data
from the curated field guides Birds of North America (Rodewald 2015) and Handbook of Birds
of the World (del Hoyo et al. n.d.). We did not perform explicit searches for any of the other
included song characteristics, but we collected this data whenever we encountered it. Song
characteristic nomenclature is variable across studies, so, when possible, we read the methods of
the primary sources to ensure the authors used the same definitions for song characteristics that

we did.

We utilized the following definitions for song characteristics:

Syllable repertoire: the mean number of unique syllables sung per individual

Syllables per song: the mean number of unique syllables per song

Song repertoire: the mean number of unique songs produced per individual

Song duration: the mean length of a song, delineated by pauses or beginnings of a repeated
motif (seconds)

Intersong interval: the mean pause length between songs (seconds)

Song rate: the mean number of songs produced per minute (calculated value; Rate =

60/(Duration + Interval))
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Continuity: the fraction of singing time spent actively producing song (calculated value;

Continuity = Duration/(Duration + Interval))

For three species with song-learning window data, syllable repertoire size estimates were
not available in the literature, so we estimated these repertoire sizes from published sources or
song recordings. For Philesturnus rufusater (Table S21), Jenkins (Jenkins 1978) coded songs
into different types and gave the song repertoire types of each male studied in Table 2 of that
paper.Information from one male was missing from this table. We deduced the repertoire of the
missing male by first looking at Table 1 from that paper (Jenkins’s Table 1), which showed that
16 males had a repertoire size of one song. Only 15 of the males in Jenkins’s Table 2 had a
repertoire size of one song. Thus, the missing male had a repertoire size of one song. We then
compared the bands of males present in Jenkins’s Table 2 to the territory map in Figure 7 of that
paper, and A_ RW was the only male missing from Jenkins’s Table 2. A RW was located in the
DC region of Jenkins’s Figure 7, so we assigned that as his repertoire. Jenkins notes that
neighboring males share song types, so the only other song A RW could have known instead of
DC was ZZ, which has the same number of unique syllables as DC. For Geospiza fortis (Table
S22) and G. scandens (Table S23), we used recordings from the Macaulay Library at the Cornell
Lab of Ornithology (Anon 2009) to estimate the syllable repertoire size and syllables per song.
For G. fortis, we also used the sonogram examples present in (Grant, Rosemary Grant, and Grant
1996).

When the song repertoire for a species equalled one, we assumed that its syllable
repertoire was equal to its number of syllables per song. In many cases, there were multiple

studies that gave different estimates for a given song variable in one species. To handle these
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discrepancies, we created three datasets (Dataset S2). For one, the main dataset, we used the
median value across studies. For the second dataset, we always used the minimum value reported
in the literature, and for the third, we used the maximum value reported in the literature. We
log-normalized all song trait data. The three datasets revealed similar results; analyses using the
maximum and minimum literature values are presented in Tables S1-SS5.

We also catalogued data on mating behavior at the species level. In particular, we
assembled binary classifications of social mating system (monogamy vs polygyny) and
extra-pair paternity (low EPP vs high EPP). We considered a species to be monogamous or

polygynous when a source unambiguously categorized that species’ social mating system, i.e. we

29 <¢ 29 ¢¢

did not assign a social mating system to species labeled “probably,” “usually,” “mostly,”

2 (13

“normally,” “typically,” and “generally monogamous/polygynous,” etc. unless quantitative
measurements were also provided. When quantitative data were available, species were defined
as polygynous when at least 5% of males have more than one social mate, as in (Snyder and
Creanza 2019). A review of extra-pair paternity studies estimated an average of ~11% of
offspring per nest were attributable to extra-pair mates across species (Griffith, Owens, and
Thuman 2002). In accordance with this estimate and with previous studies that used a binary
classification of EPP (Snyder and Creanza 2019; Soma and Garamszegi 2011), we used a 10%
threshold for either extra-pair young or nests containing at least one extra-pair chick to estimate

the frequency of extra-pair paternity in that species (<10% = low EPP; >10% = high EPP,

Dataset S2).
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Assessing the evolutionary history of adult song plasticity

To predict the rate of transition between adult song stability and adult song plasticity, we
used the ace function from the R package Phytools and a phylogeny from Jetz et al. (Jetz et al.
2012). We note that this phylogeny has broad coverage of oscine songbirds but is based on
limited genetic data, so the topology could change as more avian genomes are sequenced (Jarvis
et al. 2014; Lamichhaney et al. 2015) With this tree, we tested whether an all rates different
(ARD) model fit the data significantly better than the equal rates (ER) model using an ANOVA.
We then used the better-fit equal rates model to generate 10000 trees with make.simmap
(Phytools). This function uses the rate from ace and a phylogenetic tree with annotated tips to
create stochastic simulation maps for the potential evolutionary transitions between the
song-stable and song-plastic states. We found the predicted ancestral state for each of these
10000 simulations and used countSimmap (Phytools) to count the total number of transitions that
occurred in each map. The minimum number of predicted evolutionary transitions across these
10000 simulations was considered to be the most parsimonious; we also compared this to a

manual count of evolutionary transitions starting from either ancestral state.

Detecting differences in song characteristic evolution in song-stable vs. song-plastic species

To test whether there were significant differences between song-stable species and
song-plastic species for the song traits, we performed a phylogenetically controlled ANOVA
(phylANOVA, Phytools) for each song characteristic. We repeated this analysis with the subset
of species we classified into early song-stable, delayed song-stable, and song-plastic. Because
there was a limited number of early song-stable species in this dataset, we only performed this

re-analysis for song traits that had data for at least 9 early song-stable species (syllable repertoire
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size: 9 species with early song stability, song repertoire size: 9 species, and syllables per song: 10
species). In this paper, we visualize the predicted ancestral traits on the phylogenetic tree with
color and pie graphs, however, the raw values are available in Figure 3.1 - source data 1. To test
for correlations between song characteristics and the continuous values for the duration of song
plasticity, we performed a phylogenetic generalized least squares (PGLS) analysis. We used the
function gls (R package: nlme), with the “correlation” parameter lambda computed using the
function corPagel (R package: ape).

To test whether adult song stability or plasticity affected the rate of evolution for the song
characteristics, we used the function brownie.lite (R package: phytools). This function first
calculates a one-rate model of evolution for a song characteristic using a phylogenetic tree and
the current states of the tips for that song trait. This one-rate model assumes that change in the
value of the song characteristic is random across evolutionary time and can be approximated by
Brownian motion. Next, a model is generated wherein two different rates are calculated; this
two-rate model assumes that the evolution of the song characteristic has one rate in the
song-stable state and a different rate in the song-plastic state. This model requires estimations for
the ancestral states of song stability for each branch of the phylogeny. To create these estimates,
we used the function ace to calculate the rate of transition between the song-stable and
song-plastic states for the full dataset. We then used these transition rates to generate 1300
different stochastic simulation maps (make.simmap) for the subset of species that had data for
each song trait. For the Brownie analysis, we tested whether the two-rate model fit the data
significantly better than the one-rate model by performing a chi-square test on the mean log
likelihoods of the two models. We repeated this analysis for the set of species we classified as

early song-stable, delayed song-stable, and song-plastic for traits for which we had data on at

108



least 9 early song-stable species. We compared the three-rate model to the one-rate model. We
also reran the two-rate model in this reduced data set by combining the early and delayed
song-stable groups and testing whether the three-rate model was better than the two-rate model.
Because the delayed song-stable trace peaked at a similar position to the song-plastic trace for
syllable and song repertoire size (Figure 3.4D-E), we also compared the three-rate model to
another version of the two-rate model, in which one group was early song-stable (shorter
learning), and the other was delayed song-stable and song-plastic combined (longer learning).
We used BayesTraits to test for correlated evolution between song stability and song
characteristics, or, in other words, whether the rate and direction of evolutionary transitions of
one trait are dependent on the state of another trait, and whether an order of transition events can
be inferred. Specifically, we tested the hypothesis that an evolutionary change in song stability
increases the likelihood of an evolutionary change in certain song variables or mating behaviors,
or vice versa. BayesTraits compares two models of discrete trait evolution for a pair of binary
traits and a given phylogenetic tree: 1) an independent model (i.e. the evolution of one trait does
not depend on the other trait) and 2) a dependent model (i.e. the evolutionary transitions of each
trait depend on the state of the other trait, suggesting correlated evolution). Using the maximum
likelihood method, BayesTraits reports marginal likelihoods for the computed dependent and
independent models (function Discrete in package btw [BayesTraitsWrapper]), allowing us to
determine whether the dependent model describes the data significantly better than the
independent model. We used function LRtest (package: Imtest) to perform the likelihood ratio
test. Since this model requires both input traits to be binary, we classified the continuous song
characteristics as binary groups (“low” or “high”) based on a delineating threshold. Instead of

choosing the threshold arbitrarily, we used each unique value of the song characteristic data as
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the threshold and repeated the analysis 100 times at each threshold. This method of using a
spectrum of thresholds to delineate the “low” and “high” value categories resulted in transition
rates that varied dramatically depending on where the threshold was placed. In essence, when the
threshold is set as a value in the bottom third of the unique trait values present in the data, the
analysis evaluated the rate transition from low to moderate and larger values for a song trait and
vice versa. When the threshold is set as a value in the upper range of the unique trait values
present in the data, the analysis calculates the rates of transition from higher song trait values to
medium and lower values. To account for this nuance, we binned the threshold data into two to
five bins, with three bins as the default: low (bottom third of unique trait values), medium
(middle third) and high (top third). We then calculated the mean of each state transition rate in
each bin. In addition to the song characteristics, we also analyzed song stability versus social
mating system (i.e. social monogamy or polygyny) and rate of EPP. These analyses were

performed for 1000 runs each.

Jackknife Analysis

Some families of birds were well represented in our sample, while others were only
represented by one or two species. To test whether any well-represented family significantly
skewed our results, we removed each family that was represented by four or more species in the
full dataset in turn, and repeated the phylANOVA, brownie.lite, and BayesTraits analyses.
Jackknife analyses were only performed when significant results were obtained in the main
analysis. Thus, all song traits except continuity were tested in the phylANOVA and brownie.lite
jackknife analysis, while only syllable repertoire, song repertoire, and syllables per song were

tested in the BayesTraits jackknife analysis. Each Brownie analysis was run on 1300 unique
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stochastic character maps, and each BayesTraits analysis was repeated 20 times. We determined
the family of each species based on its classification in the 2017 version of the eBird Clements
Integrated Checklist (Clements 2007). The family Locustella was combined with
Acrocephalidae, as Acrocephalidae was paraphyletic when Locustella was considered to be a
separate family. The Mimidae family alone had a large effect on the syllables per song metric, so
we performed another jackknife analysis with phylANOVA and brownie.lite by removing each

mimid species in turn.

Correction for Multiple Testing

We used a Holm-Bonferroni correction to control for testing multiple hypotheses with the
same data (Holm 1979). This correction is appropriate for data wherein the outcome of one test
is likely to be related to the outcome of another test, as was likely to be the case for song

characteristics.
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Tables

Song Trait Song-Stable Song-Plastic F-Value

Corrected @ p-Value

Syllable Rep 1.8807 3.946 41.5064
Song Rep 1.1055 3.8688 33.8334
Syll Song 1.2556 2.2962 9.2658
Duration 0.7736 1.2927 2.0783
Continuity  -1.3453 -1.0286 2.1537
Interval 1.6075 1.218 1.3879
Song Rate 1.8969 2.0971 0.6079

0.0071
0.0083
0.01
0.0125
0.0167
0.025
0.05

<0.001*
<0.001*
0.094
0.42
0.474
0.567
0.713

Table 3.1: PhylJANOVA results for all song traits when birds are divided into species with

adult song stability or adult song plasticity. Song traits are sorted from most to least

significant. Song-Stable and Song-Plastic columns show means. Corrected o indicates the

threshold for significance with the Holm-Bonferroni correction. * denotes traits with

significantly different groups.

Song Trait  Early Delayed Plastic F-Value

Corrected o p-Value

Syllable Rep 1.6436 2.0062 3.946  17.1099
Song Rep 0.6788 1.4819  3.8688 12.88
Syll Song 1.2852 1.2467  2.2962 3.6877

0.0071
0.0083
0.01

0.003*
0.011*
0.252

Table 3.2: PhylJANOVA results for all song traits when birds are divided into early song

stability, delayed song stability, and song plasticity. Song traits are sorted from most to least

significant. Early, Delayed, and Plastic columns show means. Corrected a indicates the threshold

for significance with the Holm-Bonferroni correction. * denotes traits with significantly different

groups.
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Song Trait State 1 State 2 T-Value p-Value
Syllable Rep Plastic Delayed 4.8995  0.012*
Syllable Rep Early  Plastic  4.6091  0.003*
Syllable Rep Early  Delayed 0.6872  0.659
"Song Rep  Plastic Delayed 4.0268  0.044%
Song Rep Early  Plastic 4.3074  0.015*

Song Rep Early  Delayed 1.0444  0.55

Table 3.3: Post-hoc pairwise phylANOVA tests for significant song traits when birds are
divided into early song stability, delayed song stability, and song plasticity. * denotes traits

with significantly different groups.

Song Trait Slope  Std Error A T-Value Corrected @ p-Value
Syllable Rep  0.9067 0.2449  0.8913 3.7021 0.0071 <0.001*
Song Rep 1.1013 0.3123  0.8316  3.5263 0.0083 <0.001*

Syll Song 0.3701 0.2224  0.4699 1.6642 0.01 0.1029
Interval 0.4221 0.2646  0.8823 1.5953 0.0125 0.1215
Continuity  -0.2135  0.1439  0.8832 -1.4838 0.0167 0.1486
Duration 0.3702 0.2569 1.0163  1.441 0.025 0.1578
Song Rate -0.2113 0.25 0.7307 -0.8453 0.05 0.4048

Table 3.4: Results of PGLS analysis between song characteristics and continuous song
stability. Test performed on the natural log scale values of song characteristics. A is the value by
which off-diagonal elements in the Brownian motion model are multiplied to make the
correlation structure. Corrected o indicates the threshold for significance with the
Holm-Bonferroni correction. Song traits are sorted from most to least significant. * denotes

significant slopes.
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Song Trait ~ One Rate

Two Rates p-Value

Syll Song -110.6482
Song Rate -43.4397
Interval -45.2842
Duration -71.2042
Continuity — -25.6471
Syllable Rep -120.2983
Song Rep -113.5829

-100.7673  <0.001*
-38.4938 0.002*
-40.5004 0.002*
-66.3122 0.002*
-24.7285 0.175
-120.0695  0.499
-113.3706  0.515

Table 3.5: Brownie results for song traits when birds are divided into species with adult

song stability or adult song plasticity. For Tables 3.5-9, rate columns show mean log

likelihood. Song traits are sorted from most to least significant. * denotes traits where the more

complex model fit the data significantly better than the simpler model.

Song Trait One Rate

Three Rates p-Value

Syll Song -97.8349
Song Rep -100.812
Syllable Rep -107.3206

-86.3206 <0.001*
-97.7647 0.014*
-105.5895 0.063

Table 3.6: Brownie results for song traits when birds are divided into early song stability,

delayed song stability, and song plasticity.

Song Trait Two Rates

Three Rates p-Value

Song Rep -100.691
Syllable Rep -107.1332
Syll Song -86.3125

-97.7148 0.015%
-105.5532 0.075
-86.3447 1
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Table 3.7: Brownie results for song traits when birds are divided into either song stability
(early and delayed) and song plasticity (Two Rates) or early song stability, delayed song

stability, and song plasticity (Three Rates).

Song Trait ~ One Rate Two Rates p-Value
Song Rep -100.812  -97.9918 0.018*
Syllable Rep -107.3206 -105.8488  0.086

Table 3.8: Brownie results for song traits when birds are divided into shorter learning

(early song stability) and longer learning (delayed song stability and song plasticity).

Song Trait Two Rates Three Rates p-Value
Syllable Rep -105.8156  -105.5532 0.469
Song Rep -97.9372 -97.7148 0.505

Table 3.9: Brownie results for song traits when birds are divided into either shorter
learning (early song stability) and longer learning (delayed song stability and song
plasticity) (Two Rates) or early song stability, delayed song stability, and song plasticity

(Three Rates).
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Figure 3.1: Syllable repertoire size is larger in species with adult song plasticity even when

controlling for phylogeny. These phylogenies show the calculated evolution of natural-log

transformed syllable repertoire size and either (A) stable and plastic song stability states or (B)

early song-stable, delayed song-stable, and song-plastic states. Dots at the tips of branches

represent the current song-stability state. Pie charts represent the likelihood that the common
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ancestor at that node was in each song-stability state. Dark purple colors represent small syllable
repertoires while white represents large repertoires. For the sake of visualization, the color range
was truncated based on the distribution of the data, such that the lowest value was the 25th
percentile minus the range of the 25th to 50th percentile and the highest value was the 75th

percentile plus the range of the 50th to 75th percentile. See Table 3.1 for PhylANOVA results.
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Figure 3.2: Comparison of song stability state and song examples in Phylloscopus species. P.
collybita, a species with adult song stability, has a smaller syllable repertoire size than P.
trochilus and P. fuscastus, two species with adult song plasticity. Colors of branches and nodes
correspond with Figure 3.3. Sonograms were generated from recordings obtained from

xeno-canto.org: XC340281 recorded by Tom Wulf (P, fuscatus), XC414221 recorded by Frank
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Lambert (P. collybita), and XC402265 recorded by Hans Matheve (P. trochilus). Sonograms are
used only to demonstrate comparative repertoire size from one individual for each species and

were stretched horizontally to fit the allotted space.
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Figure 3.3: Distribution of repertoire sizes in species with different song stability states. (A)

shows the distribution of syllable repertoires and (B) shows the distribution of song repertoires

when species are broken into two groups based on song stability. (C) shows the distribution of

syllable repertoires when species are broken into three groups based on song stability. Boxes

indicate the 25th, 50th, and 75th percentile. The lower whisker is either the minimum value or

the 25th percentile minus 1.5 times the interquartile range, whichever was larger. The upper




whisker is either the maximum value or the 75th percentile plus 1.5 times the interquartile range,
whichever was smaller. Dots are the raw values as a scatter plot. Solid dots are within the range
of the box and whiskers, while open dots are outliers. (A-B) Species with adult song plasticity
had significantly larger syllable and song repertoires. See Table 3.1 for full PhylJANOVA results.
(C) Species with adult song plasticity had significantly larger syllable repertoires than early song
stable and delayed song stable species, but there was no significant difference between early and
delayed song stable species (p=0.659). See Tables 3.2 and 3.3 for full PhylJANOVA results. (D)
shows the continuous relationship between syllable repertoire size and song stability when song

stability is truncated at 2 years due to lack of data in subsequent years.
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Figure 3.4:

Distributions of rates for natural-log transformed song traits related to

complexity. The boxes at the top illustrate how we grouped the species for each model. Column

1 (A-C): Blue traces are song-stable, while red traces are song-plastic. Column 2 (D-F): Blue

traces are early song-stable, purple traces are delayed song stable, and red traces are song-plastic.

Column 3 (G-H): Blue traces are early song-stable, while red traces are delayed song-stable and
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song-plastic combined. The black line shows the rate value for the one-rate model in all columns.
Asterisks indicate that the rate of evolution of that song characteristic significantly differed
between groups. Lowercase zeta () indicates the multi-rate model that best fit the data while
using the fewest number of rates. In the case of syllable repertoire, the multi-rate models were

not significantly better than the one-rate model. See Tables 3.5-9 for chi-square test results.

123



A Song duration * C Intersong interval *
— Adult song stability — Adult song stability
o — Adult song plasticity - — Adult song plasticity
w_ ~—
) )
2 58-
S 8- g
L] @ O]
) 1)
S S
o
597 5
o @
Q Q9]
£ EY
5 Q- ]
ZA z g
N \.
o o— J
T 1 T T T T T T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Rates Rates
B Song continuity D Song Rate
o
37 — Adult song stability = — Adult song stability
— Adult song plasticity N — Adult song plasticity
S
2 2
S, S 8-
© O ®
2 ¥ 2
3 ;||
a9 Q
0 87 O 84
© -l
-0 P
887 3
€ E o]
= o 3 0
P4 S P4
. A\
T T T | T T T T | T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 0.20
Rates Rates

Figure 3.5: Distributions of rates for natural-log transformed song traits related to
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Figure 3.6: Analysis of correlated evolution between adult song stability/plasticity and
syllable repertoire size. We repeated the BayesTraits test using each value of the continuous
song trait as the threshold delineating the larger and smaller syllable repertoire groups. We
performed a total of 100 runs per threshold. We pooled the results of all of the runs into three
groups based on whether the threshold was in the lowest, middle, or highest third of the unique
trait values. Within these groups, we computed the mean percentage of runs that were significant

at p < 0.05 at each threshold. (A-C) Rate of transition plots when the lowest (red), middle
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(yellow), and highest (blue) thirds of the unique syllable repertoire values in the dataset were
used as the threshold. Rates are the average across all runs when the threshold denoting
small/large repertoire sizes was defined as each value within each segment. Arrows are labeled
with the mean rate and the 95% confidence interval. Arrow weights are scaled to the mean rate
values. (D) P-values from the 100 runs per threshold, plotted against threshold. Colored bars

denote low, middle, and high threshold segments. Blue line denotes p = 0.05.
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Figure 3.7: Analysis of correlated evolution between adult song stability/plasticity and song

repertoire size. Labeling is the same as in Figure 3.6
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CHAPTER 4.
CULTURAL SIGNATURES OF PUNCTUATED ENVIRONMENTAL CHANGE:
MEASURING THE EFFECTS OF POPULATION-WIDE STRESS ON SONG
DISTRIBUTION IN DARK-EYED JUNCOS AND SONG SPARROWS
Kate T. Snyder', Maria Sellers’, Nicole Creanza'
! Department of Biological Sciences, Vanderbilt University, Nashville, TN USA 37204

A modified version of this chapter is available as a preprint on bioRxiv with doi:
10.1101/2022.12.03/519005

Introduction

The natural world is punctuated by catastrophic events that can dramatically change
natural selection pressures, altering the course of a species’ evolution (Price et al. 1984; Donihue
et al. 2020). The documented examples of these short-term phenomena on a population scale are
characterized by unusually high mortality rates after all individuals are subjected to extremely
hostile conditions, where those individuals that exhibit certain adaptive traits disproportionately
survive to pass on their genes to the next generation (B. R. Grant and Grant 1993; P. R. Grant
and Grant 2011; Brown and Brown 1998). These studies have centered on traits that are assumed
to be genetically determined and not plastic in adulthood; however, recent research has shown
that gene-by-environment interactions can have significant outcomes on phenotypes, which
could theoretically also drive a species’ evolution, since natural selection primarily acts on
expressed phenotypes. There are several potential mediators of phenotypic change based on
interactions between organisms and their environments, including epigenetic modifications,

microbiome composition, and learned or conditioned behaviors (Sepers et al. 2019; Henry et al.
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2021; Caspi et al. 2022). These factors can all be affected by the physical and social
environment, especially those experienced during development, in potentially long-lasting ways
that can be adaptive, conditionally adaptive in a given environment, or maladaptive (Boyce,
Sokolowski, and Robinson 2020; Brass et al. 2021; Gienapp et al. 2017; Regan et al. 2022).
Birdsong is a learned behavior that is extremely diverse across the 4000+ species that
exhibit it in the songbirds (suborder: Oscine, Order: Passeriformes). Learning duration varies
between species, with some species learning only in the first year of life, after which they do not
modify their songs (termed “closed-ended learners”), and others learning for several years or
throughout their lifetimes (“open-ended learners”). Song evolution is influenced by sexual
selection, as it primarily functions in mate attraction, species identification, and territory defense.
Songs are composed of syllables, defined as periods of continuous sound that are separated by a
short period of silence. The diversity of song is typically characterized using a set of metrics that
include measurements of pitch, frequency modulation, duration, spectral entropy, and syllable
diversity. One key metric is “syllable repertoire,” or the total number of unique syllables an
individual produces. The average syllable repertoire within a species ranges from 1 (e.g. in the
chipping sparrow (Marler and Isaac 1960)) to over 2000 (in the brown thrasher (Kroodsma and
Parker 1977)), and is considered a metric of song complexity and learning capacity (Robinson,
Snyder, and Creanza 2019; Creanza, Fogarty, and Feldman 2016). The song preferences of
females vary widely between species, but in laboratory and field studies across several species, it
has been found that females tend to prefer more complex songs, as measured by a male’s syllable
repertoire, number of unique syllables per song, or number of unique songs (Catchpole, Dittami,

and Leisler 1984; Searcy 1984; Reid et al. 2004).

136


https://paperpile.com/c/UXvqnA/6Qbt+kFN7+lVf7
https://paperpile.com/c/UXvqnA/8HHl+pshy+OfTo+tJfP
https://paperpile.com/c/UXvqnA/8HHl+pshy+OfTo+tJfP
https://paperpile.com/c/UXvqnA/GI2x
https://paperpile.com/c/UXvqnA/MqhQ
https://paperpile.com/c/UXvqnA/MqhQ
https://paperpile.com/c/UXvqnA/w1nO+4qpl
https://paperpile.com/c/UXvqnA/w1nO+4qpl
https://paperpile.com/c/UXvqnA/oCfK+7ZBl+aLTk
https://paperpile.com/c/UXvqnA/oCfK+7ZBl+aLTk

Birdsong is an energetically costly behavior, requiring significant investment in
specialized neural development and time dedicated towards practicing song (Nowicki and Searcy
2004). Stress during development has been shown to impair song learning ability in several
species, using song learning accuracy or song complexity as proxy metrics (Brumm, Zollinger,
and Slater 2009; MacDougall-Shackleton and Spencer 2012). The developmental stress
hypothesis posits that birdsong is an honest indicator of fitness because females can gain
accurate information about a male’s developmental environment by assessing song quality,
enabling them to choose a mate that had a non-stressful upbringing (Nowicki and Searcy 2004).
The conditions causing stress, such as food availability and parasite load, are usually assumed to
vary across a population, with some birds experiencing little stress during development, and
attractive song characteristics are favorably selected by females. However, certain extreme
environmental events might effectively apply stress to an entire population simultaneously,
which could result in an entire generation of birds with impaired song learning.

Genetically determined phenotypes in a population are constantly undergoing minor
changes as individuals exhibit varied success from year to year, but major shifts in population
phenotype happen far more rapidly under extreme conditions (Price et al. 1984). Could a similar
phenomenon occur in a culturally transmitted phenotype such as song that does not give a
selective advantage under the environmental change? Specifically, if a stressor was applied
across an entire breeding songbird population simultaneously, such that virtually all juveniles
experienced impaired learning, would there be a detectable perturbation in population song in the
next breeding season? If these juveniles’ songs became the models for future generations, could
such a punctuated stressor ultimately induce a lasting change in the populations’ songs? We

predict that ecosystem-level stressors may cause population-level changes to bird song as entire
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cohorts that experience developmental stress subsequently learn their songs imperfectly. Further,
if these individuals become the song tutors for future generations, these altered songs could
theoretically spread in the population and become an established dialect.

While the biological effect of developmental stress upon the song quality of individuals
has been well studied, the cultural effect of an environmental stressor applied to an entire natural
population has not, to our knowledge, been investigated. We have identified an ecological
opportunity through which to attempt to observe the effects of such a phenomenon. From June
through November 2016, New York State, which typically has a humid climate, experienced a
severe drought. The most severely affected region, central-western New York State, including
Ithaca and the surrounding area, spent over two months under the classification of “Extreme
Drought” [Information from the Drought Monitor (Svoboda et al. 2002), accessed via
https://droughtmonitor.unl.edu/NADM/Home.aspx]. Air temperatures in 2016 in this region were
also higher than normal, around the 90th percentile relative to the previous 60 years (Sweet et al.
2017). These combined factors had significant effects on vegetation, using agriculture losses as a
proxy metric; in the most heavily impacted region, New York Drought Region VII, which
encompasses Tompkins, Cayuga, Onondaga, Schuyler, Seneca, Yates, Ontario, Livingston, and
Wyoming counties, farms reported average non-irrigated crop losses ranging from 45% loss of
field crops to 69% loss of fruit crops (Sweet et al. 2017). Incidentally, this area is also a hotspot
for songbird recordings: the area surrounding Ithaca, New York, which is home to Cornell
University, the Cornell Lab of Ornithology, and the Macaulay Library of Natural Sounds, has a
high density of publicly available bird song recordings obtained by both academics and
community bird enthusiasts over the past few decades, with a sharp increase in recordings in the

past five to ten years.
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While there does not seem to be robust analysis or systematic documentation of effects
on passerines during this drought, research on passerine species from other drought events can
provide some predictions as to the potential effects. In many species, including song sparrows,
reproduction and reproductive physiology is negatively affected by the absence of water
(Wingfield et al. 2012; Prior, Heimovics, and Soma 2013; Kozlovsky et al. 2018). This extends
to decreases in nesting behavior and egg-laying (Langin et al. 2009). Drought leads to
physiological stress and mortality in individuals by reducing the availability of plant and
arthropod biomass that serve as food sources for many bird species, as well as through
dehydration (Langin et al. 2009; Boag and Grant 1984). These effects may be most pronounced
in specialist species, but generalists are also affected negatively by lack of water availability and
tree and plant mortality (Roberts et al. 2019).

Here, we present analyses of the songs of two focal species, the dark-eyed junco (Junco
hyemalis) and the song sparrow (Melospiza melodia), recorded in central-western New York
State between 2006 and 2019. We analyze these recordings obtained from publicly accessible
repositories with a specific prediction that the population distributions of certain song features
will shift from before the 2016 drought to after the drought. We hypothesize in particular that
metrics of song complexity in song sparrows will shift towards simpler song, since song
complexity has previously been shown to negatively correlate with metrics of stress in song
sparrows (Schmidt et al. 2012). We predict that there will also be a larger variance in these
feature distributions after the drought, since recordings after 2016 are likely to represent a mix of
individuals that learned their songs prior to 2016, individuals that learned their songs during

drought period, and individuals that may have learned their songs from the drought-year birds.
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Methods
Site Selection

In the summer of 2016, a large area of New York State experienced a drought that was
unprecedented in recorded history for the region. This provided a unique opportunity for a
natural experiment to study the effects of environmental stress on birdsong on a population-wide
scale. Tompkins County, home to the Cornell Lab of Ornithology, was classified as being under
drought conditions from late June until well into November of that year, with over two months
spent under the classification of “Extreme Drought.” Using the ample community-science
birdsong recording data available in this area, collected before, during and after the drought, we
quantify features of the songs of individual species to assess whether the drought had a
detectable effect on songs in the affected populations. We compare the songs from the drought
area with songs in a control region of approximately similar land area. The control regions were
selected by finding the area with the next highest density of recordings after western New York
from the pool of available recordings on Macaulay Library and xeno-canto. We assessed the
density of recordings for each target species and both time periods, 2006-June 2016 (before
drought) and 2017-2019 (after drought) and selected the regions that were not impacted or were
less severely impacted by the 2016 drought and that had the greatest number of available
recordings before and after the drought period. For both species, we only considered regions in
the eastern half of the continental U.S. since there are well-documented differences in song
dialects and singing behavior between east and west coast populations of song sparrows (Hughes
et al. 1998), and different dark-eyed junco subspecies are present in the West (Ferree 2013).
Since no regions outside of western New York had at least 20 recordings for dark-eyed juncos

from 2006-2016, we chose the dark-eyed junco control region based on the abundance of
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recordings from 2017-2019, and, of those options, chose the region that did not also experience
severe drought during 2016. (Figures S4.1A-B) For song sparrows, only one potential control
area had relatively dense recording availability both before and after 2016, and it had

experienced moderate drought during 2016. (Figures S4.1C-D)
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Recording Locations

Song sparrow

® Dark-eyed junco

Figure 4.1. Maps of drought severity and recording locations. (A) Map from U.S. Drought
Monitor (Svoboda et al. 2002) from September 2016 showing the severity and geographic extent
of the drought in western New York. (B) Map of songs for song sparrows and dark-eyed juncos
in our analyses. The red box encompasses the recordings of both song sparrows (orange) and
dark-eyed juncos (purple) in the drought region. For a similarly sized control region that did not
experience a drought, we found the densest sampling of song sparrow recordings in northern
New Jersey and southern New York and Connecticut and of dark-eyed junco recordings in

eastern New York, Vermont, New Hampshire, and western Massachusetts.
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Species Selection Criteria

We selected song sparrows and dark-eyed juncos as target species based on several
factors related to 1) feasibility of study, 2) likelihood of drought impact on individuals, and 3)
likelihood that any drought-associated impact of song could be detected in years following the
drought. Regarding the feasibility of study, we considered the number of song recordings
available and song structure. In early 2017, we retrieved metadata for all audio recordings from
Tompkins County, New York which were tagged as containing “song” in the Macaulay Library
online repository. We excluded any species with less than 100 recordings. We also eliminated
any species that sing continuously, or that do not have a clear separation between song bouts to
facilitate consistent song analysis using our acoustic analysis program, Chipper (Searfoss, Pino,
and Creanza 2020). Drought-associated impacts on song within a population would be diluted by
high rates of immigration or emigration, so we sought species for which there is limited dispersal
or at least some evidence of philopatry, so that adult birds recorded in a location are likely to
have hatched near that location. We also focused on species that do not modify their song
repertoires after their first breeding season (i.e. “closed-ended” learners), since we hypothesized
that effects of the drought on song learning could be less pronounced in “open-ended” learners,
who can continue to modify their song in subsequent breeding seasons (Brenowitz and Beecher
2005). Based on these criteria, we selected the dark-eyed junco (Junco hyemalis) and the song
sparrow (Melospiza melodia), the two songbird species with the most recordings in the drought
area, both of which are closed-ended learners and show evidence of philopatry (Weatherhead and
Forbes 1994; Liebgold, Gerlach, and Ketterson 2013), suggesting that there would be continuity

in population makeup in the area from before to after the drought.
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Environmental limitations to food sources may have been a major contributor to
developmental stress during the drought (Huberty and Denno 2004; White 1984). The 2016
drought has been shown to have had a large detrimental effect on agricultural vegetation and
wild vegetation alike (Sweet et al. 2017). The diet of Junco hyemalis is composed primarily of
plant matter, which comprises 76% of their diet, 62% of which is seeds, and they have been
known to supplement their diet with insects on occasion (Del Hoyo et al. 1992). Although the
diet of Melospiza melodia is also primarily composed of plant matter for most of the year, during
the breeding season their diets rely more heavily on animal food sources, such as beetles,
butterflies, and small gastropods (Del Hoyo et al. 1992).

The two focal species for our study have notable variation in song complexity. The
dark-eyed junco has a relatively simple and consistent song, typically consisting of one syllable
sung repetitively, whereas the song sparrow sings many songs composed of multiple syllables.
Dark-eyed juncos have small repertoires of around 4 songs on average, and have been known to
sing the same song up to 120 times in a row before switching to a new song (Cardoso et al. 2009;
Williams and MacRoberts 1977; Newman, Yeh, and Price 2008). Song sparrows, on the other
hand, typically cycle between 5-13 different song types, often singing several renditions of one

type before switching to the next (Wood and Yezerinac 2006).

Obtaining Recordings

Two citizen-science recording libraries, Macaulay Library and Xeno-canto, provided
most of the recordings for this study. We utilized the search engines of these digital databases
with the search terms “Junco hyemalis” and “Melospiza melodia” with the filters “Location =

New York, United States" and “Sounds = Song.” From these digital databases, we were able to
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obtain a total of 203 recordings for dark-eyed juncos, and 564 recordings for song sparrows from
within the two analysis regions from 2006-2019. After examining each recording, we discarded
any that misidentified the species, only contained calls, were noted in the recording metadata to
contain juvenile or plastic song, or had excessive background noise. In cases where multiple
recordings existed from the same recordist on the same date and at the same time or location, we
used only one recording in order to avoid double-counting individual birds who may have been
recorded more than once, unless it was clearly noted in the remarks that the recordings were of
different individuals.

We supplemented these recordings with ones recorded in the field by one author (KTS) in
July 2017. During this trip, KTS visited several publicly accessible locations in Tompkins
County, within the region that had experienced the heaviest drought during 2016. This added an
additional 8 dark-eyed junco and 7 song sparrow recordings that were usable. Recordings from
before 2006 through June 2016 were categorized as before the drought. Anything recorded from
July 2016 through December 2016 was considered to have occurred during the drought, and thus
removed from analysis. Any recordings from 2017 or later were defined as after the drought.
Due to the sparseness of recordings in public repositories from earlier years, we did not include

any recordings prior to 2006.

Processing Song Recordings
Many of the recordings collected contained multiple song bouts from the same bird. For
the purposes of this study, we define a bout as a continuous period of syllable production within

the recording that is visibly separate from other periods of song. Within these bouts, syllables are
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separated from one another by silence, and discrete pulses of signal that are not separated by

silence are termed notes (Figure 4.2).

/\/\/\J\AV\/\J\/\I\/\‘/\
- T~
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Figure 4.2: Example spectrogram of a single bout of dark-eyed junco song with parts of the
song highlighted. Syllables are periods of signal separated by silences. Within these syllables,

notes are the discrete pulses of signal that are not separated from one another by silences.

Individual bouts were extracted from recordings using Audacity version 2.4.2 and
exported as separate WAV files with sampling rate set to 44100 Hz. Due to inherent differences
between species song, different bout-selection protocols were implemented for juncos and song
sparrows. Since dark-eyed juncos repeat the same song type many times in a row, most of the
recordings in community-science databases are of a single song type (Cardoso et al. 2009;
Williams and MacRoberts 1977). If there were multiple distinct song types in a single recording,
we collected at least one bout of each type, but otherwise, we collected up to three bouts per
recording, preferentially choosing ones that were least affected by background noise. Song
sparrows, in contrast, cycle between song types more frequently (Wood and Yezerinac 2006). In

order to obtain the greatest possible variation in songs, we parsed out every available bout from

song sparrow recordings.
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Syllable Segmentation in Chipper

Bouts were segmented into discrete syllables by a researcher blind to the region and year
of each recording using the open source software Chipper (Searfoss, Pino, and Creanza 2020).
Chipper uses a Fast Fourier Transform to generate a spectrogram from the WAV file of each song
bout and then predicts syllable boundaries using fluctuations in the signal amplitude. The user
can first implement high-pass and low-pass filters to reduce background noise and then modify
the predicted syllable boundaries by adjusting parameters such as the signal-to-noise threshold,
the minimum silence duration required to distinguish between syllables, and the minimum
duration of syllables. Song bouts were discarded if they had a signal-to-noise ratio that made it
difficult to reliably detect syllable boundaries. In addition, any files that had birds singing in the
background that interfered with the song of the bird of interest in the recording were removed.
Since dark-eyed juncos generally sing a repeated syllable, we could extract syllable properties
even when only a subset of the song bout was usable; these files were excluded from analyses of
two song features, number of syllables and bout duration.

The resulting spectrogram of each song is stored as a matrix in which (at a sampling rate
0f 44100 Hz) every row represents ~43 Hz and every column represents 0.317 milliseconds
(Searfoss, Pino, and Creanza 2020). The value in each element of this matrix represents the
signal intensity at that frequency and time; each element in the matrix becomes a pixel in the
spectrogram image (e.g. Figure 4.2). After the user adjusts the signal-to-noise threshold, signal
intensities above this value are retained in a binary spectrogram where ‘1’ or ‘0’ indicates that
signal is present or absent at that frequency and time.

Chipper also executes an additional stage of noise reduction by measuring each note,

defined as an area of continuous sound across the time and frequency axes, and discarding any
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that have an area in pixels less than a user-specified noise threshold. Chipper allows the user to
empirically determine this average noise threshold (the minimum area in pixels that a note must
be in order to not be discarded as noise) as well as an average syllable similarity threshold (the
percent overlap that determines whether two syllables are considered the same or different). To
assess these thresholds, we selected ~80-100 single-bout files for each species and manually set
the noise threshold and syllable similarity threshold for each file. Across these test files, the
average noise threshold for song sparrows was 59.1 pixels, and the average similarity threshold
was 47.3% syllable overlap. The average noise threshold for dark-eyed juncos was 142 pixels,
and the average similarity threshold was 29% syllable overlap. We used these average values as
the thresholds in subsequent analyses. Occasionally, a syllable would only contain notes with
areas below the noise threshold; we manually checked these recordings to decide whether the

songs should be re-analyzed with different parameters or discarded.

Song analysis

After syllable segmentation, we used Chipper to measure a slightly different set of song
features for dark-eyed juncos and song sparrows, choosing metrics that were more likely to be
meaningful based on the structure and features of each species’ song. For both species, we
measured bout duration, total number of syllables, number of unique syllables, total number of
notes, number of notes per syllable, mean syllable duration, standard deviation of syllable
duration, rate of syllable production (calculated as the number of syllables divided by the
duration of the song bout), degree of syllable repetition (calculated as the number of syllables
divided by the number of unique syllables), overall frequency range, average maximum

frequency of syllables, and average minimum frequency of syllables. For dark-eyed juncos,
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which generally sing multiple repetitions of the same syllable, we also measured the mean
syllable stereotypy, defined as the mean syllable overlap value for syllables that were deemed to
be repetitions of the same syllable. For song sparrows, which generally sing both short and long
syllables, we also measured the duration of the shortest syllable and the duration of the longest
syllable. Features that describe duration are measured in milliseconds, and features that describe
frequency are measured in Hertz.

For each focal species and song feature, we used a set of Shapiro-Wilk tests to assess the
distribution of our song-feature data before and after the drought in both the drought region and
the control region. When at least one group in each comparison was not normally distributed
(Table S2), we log-transformed the song-feature data. If the log-transformed values for that song
feature were still not normally distributed, we analyzed the song features using non-parametric
statistical tests, i.e. using a Wilcoxon rank-sum test instead of a #-test to compare data before
versus after the drought in both the drought region and the control region, with a
Holm-Bonferroni correction for multiple hypotheses. We also assessed the homogeneity of
variance before versus after the drought in both regions using Brown-Forsythe tests. All
statistical analyses were implemented in R with custom code, available at

github.com/CreanzalLab/Birdsong_DroughtStress.

Results
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Dark-eyed junco song analysis

We analyzed 403 dark-eyed junco bouts from 175 unique recordings in total (Table S1).
We discarded 28 of our original 203 recordings; these were either recorded during the drought (5
recordings), recorded slightly outside the drought region, or had no analyzable song due to
excessive noise or poor signal-to-noise ratio. In the drought region, we analyzed 46 recordings
(131 bouts) from before the 2016 drought and 73 recordings (199 bouts) from after. From the
control region, where the drought was less severe or absent, we analyzed 8 recordings (11 bouts)
from before 2016 and 48 recordings (62 bouts) from after 2016.

Using Chipper, we segmented these dark-eyed junco song bouts into syllables and
measured thirteen properties from each: bout duration, number of syllables, number of unique
syllables, total number of notes, degree of syllable repetition (equal to the total number of
syllables divided by the number of unique syllables per bout), mean number of notes per
syllable, rate of syllable production, mean syllable duration, standard deviation of syllable
duration, mean syllable stereotypy, frequency range, average maximum frequency of syllables,
and average minimum frequency of syllables.

If a recording had multiple bouts, we took the mean value of each song feature across
bouts so that each recording would be weighted equally in the comparison. For both the drought
region and the control region, no song features were significantly different before vs. after the
2016 drought (Figure 4.3, Table S4.2). In addition, we did not reject the null hypothesis that

each song feature had equal variance before versus after the drought (Table S4.2).
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Figure 4.3. Song feature distributions within dark-eyed junco populations before and after
the 2016 drought. Each boxplot shows dark-eyed junco mean song-feature values per recording:
(A) number of notes per syllable, (B) number of syllables, (C) degree of repetition (number of
syllables divided by the number of unique syllables), (D) number of unique syllables, (E) mean
syllable duration, and (F) rate of syllable production.No dark-eyed junco song feature
significantly differed in median or variance when we compared recordings before versus after the
drought. Note that we log-transformed song features when they were not normally distributed
(all panels except C). The midline of each boxplot represents the median, with the boxes
representing the interquartile range (IQR). The whiskers are 1.5 * IQR. These specifications also

apply to the box plots in Figure 4.6.
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The dark-eyed junco sings a relatively simple song characterized by a single syllable
repeated multiple times. We sought to visualize a ‘typical’ song from each of the four groups:
before and after the drought from the drought region and before and after the drought from the
control region. We identified the most representative bout for each group by first rescaling the
song features with the largest differences from before to after the drought for each bout—the
number of notes per bout, bout duration, and degree of repetition—so that their values would be
comparable to one another (base R function ‘scale’). We calculated the average value for each
scaled feature among the bouts in each recording, and found the median value of each feature
across recordings within each group. (Figure 4.4). We then identified and plotted the
spectrograms of the bouts that were the smallest Euclidean distances from the point located at the

median value of the three song features for each group (Figure 4.5).
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Figure 4.4. Visualizing dark-eyed junco song features. For every analyzed dark-eyed junco

bout, we visualized the two song features with the largest differences before versus after the
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drought, number of notes and bout duration, in both A) the drought region and B) the control
region (Table S4.2), though these differences did not reach statistical significance with a
Holm-Bonferroni correction. The yellow shapes indicate the median value of both of these song
features.

A Drought Region, Before Drought

N

I

S -, - ) - - - —-— ) -~ - - -
¥ A A TATATATATA TA TATA TA TA
>

EO ML 210612, bout 3 100 ms

B Drought Region, After Drought

<

I

X 1Ny "

= | \ A" / Y / AT A1
C

3

o

Eo ML 61076321, bout 2 100 ms

C Control Region, Before Drought

T

30 \ \ \ S T S L A

5 e e e e e e e e e e e e
§O ML 29488741, bout 1 100 ms

Frequency (kHz)

] ML 148244941, bout 1

Figure 4.5. Spectrograms from representative dark-eyed junco songs. The songs that were
closest to the median values of the three song features that showed the greatest difference before

versus after the drought—the total number of notes, bout duration, and degree of repetition—are
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shown for each region. The groups that these songs represent did not significantly differ from

one another in any of the measured song features.

Song sparrow song analysis

We analyzed 1556 song sparrow bouts from 295 unique recordings in total (Table S4.3).
We discarded 269 of our original 564 recordings; numerous recordings were submitted by the
same recordist (or a group of recordists in the same location) on the same day, and we eliminated
all but one from our sample unless we could confirm that the recordings were different birds
based on the information provided by the recordists. In addition, we eliminated songs that were
either recorded during the drought (7 recordings), recorded slightly outside the drought region, or
had no analyzable song due to excessive background noise or poor signal-to-noise ratio. In the
drought region, we analyzed 37 recordings (409 bouts) from before the 2016 drought and 159
recordings (745 bouts) from after. From the control region, where drought conditions reached
only moderate severity, we analyzed 16 recordings (72 bouts) from before 2016 and 83
recordings (330 bouts) from after 2016.

For each of the fifteen song features we analyzed for song sparrows, we calculated the
mean value across bouts in each recording and compared recordings before versus after the 2016
drought in both the drought and control regions. In the drought region only, three song features
were significantly different after the 2016 drought: the number of syllables (p < 2.6x10%), the
number of notes per syllable (p < 5.9x10*), and the degree of repetition (p < 5.0x107°) (Figure
4.6, Table S4.3). However, as with the dark-eyed junco, we did not reject the null hypothesis that

each song feature had equal variance before versus after the drought (Table S4.3).
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Figure 4.6: Song feature distributions within song sparrow populations before and after the
2016 drought. Each boxplot shows song sparrow mean song-feature values per recording: (A)
number of notes per syllable, (B) number of syllables, (C) degree of repetition (number of
syllables divided by the number of unique syllables), (D) number of unique syllables, (E) mean
syllable duration, and (F) rate of syllable production. The number of notes per syllable, number
of syllables, and degree of repetition (A-C) were significantly different from before to after the
drought in the drought region only, with Bonferroni-Holm correction for multiple hypothesis
testing. In the drought region, the difference in the rate of syllable production from before to
after the drought had a Wilcoxon rank-sum test p = 0.0074, but was not significant after

Bonferroni-Holm correction for multiple hypothesis testing. The number of unique syllables was
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normally distributed (Shapiro-Wilk test p > 0.05) in both time periods and did not need to be

log-transformed. (Table S4.3)

(Marler and Peters 1987). Many of their syllables are composed of multiple notes, and they cycle

Song sparrows sing a relatively complex song, particularly for closed-ended learners

through their syllable repertoire of approximately 35-38 syllables by singing different song types

containing overlapping subsets of their syllable repertoire. To capture this variation, we analyzed

as many bouts as possible from each individual recording. Bout-level data from the two song

features that showed the strongest temporal difference in the drought region, the number of notes

per syllable and the number of syllables per number of unique syllables, are shown in Figure 4.7.

To visualize a ‘typical’ song bout from each region and each time period, we rescaled the three

significantly different song features so that they would be comparable with one another, and we

found the song bout that was closest to the median value of all three features (Figure 4.8).
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Figure 4.7. Visualizing song sparrow song features. For every analyzed song sparrow bout, we
visualized the two song features with the largest differences before versus after the drought,
number of notes per syllable and degree of repetition (Table S4.3), both of which were
significantly different in the two time periods in the drought region (A) but not in the control
region (B). After the drought, song sparrow songs on average had less syllable repetition and

more notes per syllable. There were no significant differences in the control region.
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Figure 4.8. Spectrograms from representative song sparrow songs. These songs were closest

to the median rescaled values of the three song features that showed significant differences
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before versus after the drought in the drought region, as in Figure 4.7. Compared to before the
drought, song sparrow songs after the drought had significantly more notes per syllable, fewer
total syllables per bout, and a lower degree of repetition. Here, the ‘median’ song from before the
drought has 21 syllables and 10 unique syllables, with a degree of syllable repetition of 2.1; the
‘median’ song after the drought has 18 syllables and 10 unique syllables, thus a degree of

syllable repetition of 1.8.

Discussion

Here, we analyze community-science birdsong recordings from two common species of
songbird, the dark-eyed junco and the song sparrow. In particular, we compare the time period
before and after a severe drought in western New York, and compare these results to songs from
control regions, in which drought was absent or only moderate, over the same time period
(Figure 4.1). Because physiologically stressful conditions during development can disrupt
song-learning on an individual level, we hypothesized that a population-wide stressor could have
measurable effects on the song distribution of a population. For dark-eyed juncos, a species that
generally sings a simple song of one repeated syllable, we observed no significant changes in any
measured song feature in either the drought region or the control region. In the song sparrow, a
species that has a relatively large syllable repertoire and produces complex multi-note syllables,
we observed significant differences in song features related to both syllable complexity (notes
per syllable) and song complexity (number of syllables, degree of repetition) in the drought
region, but not the control region. Specifically, song sparrows after the drought sang songs with
more notes per syllable, less repetition, and fewer syllables overall. It is notable that we see these

significant effects in the species with more complex songs, since we hypothesized that species
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with complex songs would be more sensitive to the potential stress-associated learning
disruption. However, the behavioral consequences of the changes we observed are not
completely clear; more notes per syllable after the drought is suggestive that syllables in the later
group might be more complex, whereas fewer overall syllables per bout could suggest reduced
song complexity. The reduction in the degree of repetition after the drought (Figure 4.6C) is less
straightforward, but when taken in concert with the trends towards longer average syllable
durations and a lower rate of syllable production (Figures 4.6E, F), it may indicate that the shift
occurs most prominently in the trill section that exists in most song sparrow songs, in which a
single syllable is rapidly repeated on average 7-9 times (Borror 1965): a smaller number of
syllable repetitions in the trill would decrease the overall degree of repetition and, if the trill was
approximately the same duration, the rate of syllable production in the trill. We performed a
follow-up analysis to check whether this interpretation is borne out in the data by obtaining for
each bout the number of times the most-repeated syllable type was produced in that bout. We
averaged these values across all bouts within each recording to obtain, for each recording, the
“mean number of repetitions of the most-repeated syllable type per bout” and found that this was
significantly lower after the drought in the drought region only (Figure S4.2). This provides
further evidence that trills may have meaningfully changed due to the drought, becoming either
shorter in duration or slower in the rate of syllable production. Notably, a lower rate of syllable
production could be indicative of poorer performance: though the characteristics that determine
trill quality haven’t been studied intraspecifically in song sparrows, trills, especially ones that
cover large frequency ranges, are considered to be physically difficult to perform across species,
and thus a higher rate of trill production is considered to be indicative of higher quality or greater

skill (Podos 1997). There is evidence from several other species that trill rate is important in
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female choice, territory defense, and intrasexual conflict (Ballentine, Hyman, and Nowicki 2004;
Cramer 2012; Caro et al. 2010; Searcy et al. 2010). Further, there is some evidence that rate of
syllable production may be affected by developmental history in swamp sparrows, a close
relative of song sparrows (Searcy et al. 2010).

Song sparrows have a long study history in the field of songbird neuroethology, providing
additional context for these observations. There have been several lab-based song-preference
studies in wild-caught song sparrows that have found that females exhibit stronger preferences
for familiar song types than unfamiliar types (O’Loghlen and Beecher 1997; O’Lochlen and
Beecher 1999; Hernandez et al. 2009) and for larger song repertoires (Searcy 1984). In field
studies, males with larger song repertoires held territories longer and experienced greater
reproductive success (Hiebert, Stoddard, and Arcese 1989), as well as had a higher probability of
mating in their first breeding year (Reid et al. 2004), although other studies have not found such
relationships between song repertoire and reproductive success in the field (Searcy 1984).
Studies investigating stress and song in song sparrows have shown that treatment with
corticosterone, the hormone that mediates the stress response in birds, or food restriction during
development did not lead to a difference in trill rate or song-type stereotypy but did lead to
smaller syllable and song repertoires (Schmidt et al. 2013). Further, adult assays of stress
reactivity found a negative correlation between the magnitude of the acute stress response and
song complexity as a combined measure of syllable and song repertoires (Schmidt et al. 2012).
Together, these findings suggest that, in song sparrows, metrics of song complexity, such as song
repertoire, may be both more biologically meaningful and more responsive to early-life stress

than metrics of song performance, like the rate of syllable production.
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The high baseline level of complexity of song sparrow songs may prevent us from
drawing solid conclusions about biological causes and consequences of any shifts in song using
only mean song feature values across recordings, since, for example, dramatic changes in syntax
or syllable composition could occur but not be reflected in the average values we analyzed.
However, the observed shifts in certain features may hint at more nuanced changes happening in
song or syllable structure. Future analysis of individual syllable types could probe these facets of
song in greater depth.

There are several ways in which this study system and site may not be ideal for assessing
song changes on a population scale. As with all community-science-based analyses, we lack
metadata that would be useful in interpreting our analyses, such as the age of the bird in the
recording. One potential challenge of studying severe environmental stress is that members of a
population might conserve resources by reducing their reproductive output, for example by
abandoning nest-building activities or failing to provision chicks. In the context of this study, this
would mean that there would be very few juveniles developing during the height of the drought,
and thus a minimal effect on the represented songs in the following years. However, the timing
of the drought might have mitigated this challenge; since the drought did not reach its highest
level of severity until mid-summer, many species would likely have already bred and raised
chicks to at least fledgling age, increasing the likelihood that enough juveniles were exposed to
drought stress to significantly affect population song.

To detect shifts in song that could potentially be linked to impaired learning due to the
drought, as opposed to occurring due to normal stochasticity in population song, we compared
the drought region to a control region; however, the best-sampled control regions we could find

still had much smaller numbers of recordings than the drought region, reducing our power to
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detect any potential shifts in the songs in these control regions. Further, the only reasonably
well-sampled potential control regions also experienced abnormally dry and moderate drought
conditions, respectively, during 2016, since this drought was a regional phenomenon that
affected much of the northeast United States.

Song in a population could shift significantly after an environmental stressor for reasons
other than impaired learning. First, if there was heightened mortality in the population, songs
could undergo a bottleneck effect akin to the stochastic loss of genetic diversity after extreme
population reduction. In such a case, we might expect to see a narrower distribution of one or
more of the song features after the reduction in population diversity that occurs during this type
of bottleneck event. We did not observe such a shift in variance in any song features.
Alternatively, if song features were correlated with another trait that was under selection pressure
during drought conditions, for example body size, there could be indirect effects on song
independent of learning ability. Second, a drought could induce individuals to emigrate from the
region in pursuit of more hospitable conditions, or to not return to it after migration. If these
individuals did not return in the following year once drought conditions had abated, others may
disperse into those territories, changing the region’s song distribution by changing the members
of the region. Third, adult songs, despite being crystallized and thus not expected to radically
change, could theoretically be different during drought conditions, for example if the ambient
temperature and humidity altered airflow through the syrinx or sound transmission through the
air (Pandit, Bridge, and Ross 2022). In this case, juveniles perceiving those song differences
could hypothetically learn the song as perceived through that “filter”” and propagate it to future

pupils.
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Other systems may prove more robust for testing the hypotheses and approaches we
propose here. An ideal study system would likely be a long-term field study on a isolated or
island population where historical data exist on rates of mortality and recruitment per year,
especially during years when a stressful environmental event occurs, ample historical recordings
of songs from years prior to the environmental stressor, and environmental data including water
availability and a survey of available nutrient sources. If the species predominantly exhibits
high-fidelity vertical learning, or learning from parent to offspring with little improvisation on
the part of the pupil, having data on parentage and identity-linked song recordings would allow
for comparisons between songs of the tutor and pupil directly. By measuring the similarity
between these songs, it would be possible to more directly attribute any changes in song to
mistakes in learning and track the frequency of mistakes over stressful and non-stressful years.

Studying a learned behavior, such as song, in the context of population-wide evolutionary
pressures is particularly interesting since the resulting cultural evolutionary dynamics could be
significantly more rapid than genetic evolution. Even without selection for a novel song type, the
combination of drift and oblique transmission—from an adult to an unrelated juvenile—could
lead to fixation of novel song variants far more rapidly than possible with a genetic mutation.
Whether or not transient learning deficits in a subset of a population could induce a persistent
shift in song, and therefore influence the long-term trajectory of the population, likely would
depend on several factors.

Here, we present a study of the songs of two well-recorded species in a region that
experienced a severe drought compared to a region that did not, and we observe a suite of song
changes before versus after the time of the drought in only the species with the more complex

song. If the trends we observed in the three years since the drought were to persist and a
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population’s song underwent a lasting change, there could be significant implications for
conservation, particularly in the face of climate change that is likely to make severe weather
events more common. If these changes were particularly salient in a given species’ song—for
example, if the song changed in features that are important for mate choice—a population’s song
could theoretically become unattractive to a sister population that maintained the typical
ancestral song. This would suggest a potential side effect of anthropogenic climate change that
has not been studied: that the sublethal experiences of individuals could impact the development
of behaviors that are culturally transmitted to future generations, leading to an increase in
reproductive isolation by sexual selection of this trait that is both plastic and sensitive to hostile

conditions (Mendelson and Safran 2021).
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CHAPTER 5
CONCLUSIONS: INTERACTIONS BETWEEN SONG, SEXUAL SELECTION, LEARNING,
AND ENVIRONMENT AND RECOMMENDATIONS FOR THE FUTURE OF BIRDSONG

RESEARCH

Birdsong is among the most complex and diverse auditory signals that exist in biology.
The overarching goal of this thesis was to demonstrate how birdsong has reached this profound
diversity via the consistent interaction of two key factors: sexual selection and learning. I have
approached this task with diverse studies that probe the extremes of evolutionary history for this
clade, from predicting the song properties of the most recent common ancestor of Oscine
songbirds to exploring whether detectable changes in song patterns emerge within a single
population as a result of individuals coping with an adverse environment through the stress
response, an even more ancient physiological adaptation.

In Chapter 2, I showed, using non-monogamous mating systems as a proxy, that
increased sexual selection does not drive species inexorably towards more elaborate songs via
Fisherian runaway, but instead influences song evolution within a more complex reality of more
subtle factors, such as differing rates of evolution, that together lead to instability in song
elaboration over evolutionary time. In Chapter 3, I elucidated the identity and effect of one of
these other factors, the length of the song-learning window. I demonstrated that extended song
plasticity and song elaboration coevolve in a pattern of mutual reinforcement; either combination
of one without the other is likely to have been evolutionarily unstable. However, the evolutionary
processes and selection pressures that we suppose have acted upon these two features are

distinct. Song elaboration is not genetically hard-wired, but is instead the product of cultural
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transmission and perhaps a genetic predisposition in the form of an innate song template, and the
emergent behavior of a complex song is the feature that is actually exposed to sexual selection.
On the other hand, the learning window is genetically encoded, with apparently little variation
within species; however, there is no evidence that learning window itself is under sexual
selection. An extended learning window might be directly selected against under natural
selection if there are costs, for example metabolic costs, associated with it, but we can reasonably
conclude that learning window evolution is otherwise driven by selection pressures on song.
Sexual selection could thus indirectly drive learning window in either direction; positively, if
song complexity is favored, or negatively, for example if songs lost recognizability due to
excessive drift in features over an extended learning period. Indeed, our findings hinted at this
pattern that sexual selection on song drives the extension of adult song plasticity.

While Chapters 2 and 3 were based on cross-species analyses to elucidate past
interactions of these traits, in Chapter 4, I focused on the micro-evolutionary patterns of song
change on the population scale. Any trend that occurs in evolution necessarily emerges after
traveling through a long line of successive and perpetually changing, fusing, and splitting
populations. This study was an endeavor to capture a snapshot of accelerated evolution in action
in a novel way. This was based on a proposal that emergent behaviors may be linked over several
scales: that hostile conditions change physiology, which responds adaptively to the proximate
threat, but at a cost of potentially maladaptive side effects like impaired learning. This suggests
another mechanism by which the environment may influence evolution: by influencing learning,
and therefore, indirectly, learned behaviors. Interactions with biotic and abiotic factors in the
environment form the basis of natural selection in its simplest form, survival against the

elements. This proposed mechanism acts on evolution based on individuals’ ability to thrive
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against the elements and therefore gain opportunities to reproduce, linking environment to sexual
selection. Chapter 4 attempts to shed light on a single connection in this web of interacting

phenomena, from environmental pressure to song, a behavior not directly linked to that pressure.

The Future of Large-scale Song Analysis

An essential part of this body of work is the use of birdsong recordings collected by
community scientists and made freely and publicly available. These are most central to our work
in Chapter 4, where community science song recordings are the primary data we used in the
analyses. Additionally, I contributed recordings of my own for these analyses. While there are
song recordings available from before 2017, the density of available recordings is generally quite
low for any given species except near a few hotspots, so sampling to detect song differences over
space is largely ineffective.

However, the number and geographic distribution of recordings has increased
significantly in recent years, so future studies will be much more likely to be able to ask nuanced
questions about population songs, dialects, song dispersal, and cultural transmission, as well as
questions about changes over time on yearly or even monthly scales. For example, where certain
migratory populations and species overwinter remains enigmatic for the vast majority of
populations, despite this being extremely biologically relevant for these species. As community
science sightings and recordings become more common in the Global South, two questions may
become answerable: 1) Which species continue to sing in their overwintering grounds? 2) Where
are the overwintering grounds of populations and species?

It is possible that there is more diversity in song learning between species than is

currently known because there are several axes of song variation that are not well characterized
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in large numbers of species, for example, syntax, the fraction of syllables that are shared, and the
fraction of whole songs that are shared locally. In song sparrows, it has been shown that in an
Eastern U.S. population, songs are composed of syllables acquired from multiple tutors, while in
a Western U.S. population, birds tend to learn each song entirely from one individual tutor
(Hughes et al. 1998). What might drive these differences in learning tendencies? In the future,
analysis of song structures in a geographic context could help determine whether various species
typically inherit entire songs or develop songs composed of syllables from several tutors, or if
patterns of acquisition vary within species. With enough species-level data, comparative methods
may help uncover conditions that drive learning tendencies or identify trends of song feature
evolution that emerge from different patterns of song acquisition.

While determining certain life history traits, such as social or sexual mating systems, and
species-typical learning mechanisms on a species level still require intensive field studies on
each species, ideally across multiple populations, determining song characteristics of species
may be achievable through analysis of community science recordings. This will allow for greater
sample sizes and therefore more robust studies using phylogenetic comparative methods in the
future. Further, several methods of phylogenetically-controlled trait comparison can account for
variation within species. Aggregating values across many regions will allow this functionality to
be used to a greater extent. Certain metrics of song will be easier to calculate than others using
community science recordings. For example, the number of unique syllables per song, song
duration, and inter-song interval for an individual are all easy to calculate with even brief
recordings. Syllable repertoire and song repertoire sizes would require longer recordings than are
often contributed by community scientists, but recordings of single birds that are over 30 or 60

minutes in duration do exist, and these may be sufficient for many species with relatively small
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repertoires (Garamszegi et al. 2005; Peshek and Blumstein 2011). An important caveat is that
this may bias sampling towards species with smaller repertoires, species that sing for longer
periods of time in one location, and species that have smaller inter-song intervals. Further, in
several species, it is common for individuals to alternate singing with a neighbor, which could be
easily mistaken as a single bird in a recording; in these cases, it will be important that the number
of individuals represented in the recording is noted in the recording metadata.

If the upward trend in song recording contribution by community scientists continues, at
some point recordings in certain areas may be frequent enough that unique recordings cannot be
reliably assumed to be different individual birds. For studies that treat individual recordings as
unique birds in analyses, as I did in Chapter 4, this may result in oversampling prolific singers or
birds that happen to occupy a territory that is accessible and regularly traversed by humans, such
as a public park, hiking trail, or school campus. I encountered this when sampling from the
Ithaca, NY region; while I had already been treating recordings that were collected by the same
recordist on the same day as the same bird unless explicitly noted in the recording remarks, I
found that I had missed cases where different recordists clearly recorded the same bird on the
same day. In one case, four recordings by four different recordists were collected on the same
day, coordinate location, and nearly the same time; unsurprisingly, inspection of the
spectrograms revealed practically indistinguishable songs, and these were virtually guaranteed to
be from the same bird. This seemed quite predictable once I saw the name of the location:
Sapsucker Woods, the nature reserve adjacent to and affiliated with the Cornell Lab of
Ornithology. After this finding, I re-checked the recordings I was using and discarded all but one
of any group of recordings that were collected on the same date and location, unless the recordist

explicitly noted that the individuals in the recordings were confirmed different individuals — an
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immensely beneficial piece of metadata that prevented the preemptive removal of valuable
samples from the study. To ensure the utility and reliability of community science recordings in
scientific inquiry in the future as repeated sampling inevitably becomes more common,
establishing a norm or a designated metadata field for recordists to note whenever recordings are
known to be of different individuals or a single individual would be immensely beneficial.

Alternatively, if song analysis could eventually lead to the identification of individuals
based on song recordings alone, possibly through minute differences in timbre and harmonics
that correspond with physiological differences rather than strictly cultural ones, the issue of
unintentional overrepresentation of the same individual bird across multiple recordings could be
ameliorated. If this individual-identification ability is developed, it would also open up
significant possibilities for studying other elements of avian biology. For example, knowledge on
dispersal and philopatry is extremely limited, since the main way that these phenomena are
investigated is through capture-recapture techniques, and, to a much lesser extent, through
geotagging and remote sensing. It may be possible to effectively scan large databases of passive
audio recordings for vocal matches to specific individuals to determine whether the individual is
present in an area in which it was previously detected, or even whether it is present in other
regions. It is possible that this type of analysis could also utilize recordings of calls, as opposed
to songs alone, to detect vocal signatures that characterize particular individuals.

Community science song recordings also have significant potential to enable follow-up
studies to the work in Chapters 2 and 3. Certain hypotheses that follow naturally from the work
in Chapters 2 and 3 were unable to be tested due to a lack of data for a sufficient number of
species to perform a robust, phylogenetically controlled analysis. For example, the different

effects on the evolution of song complexity by social non-monogamy vs. sexual non-monogamy
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(extra-pair paternity, EPP) would benefit from the follow-up of testing the interacting effects of
these two traits. However, there were gaps in the data, and not all species with both a social
monogamy vs social polygyny classification and a low-EPP vs high-EPP classification also had
published values for song feature values. Species that have previously been understudied,
especially species in the Global South, may be able to be documented by local community
scientists, without researchers from elsewhere traveling to record song data themselves. More
can and should be done to empower residents across geographies to take the lead in collecting

and analyzing birdsong data from species that are locally significant.

Defining Meaningful Syllable Boundaries: A Neuroscientific Approach

A common thread across all of my chapters is the finding that the uniqueness of syllables
is an important measure of song complexity and diversity. However, the methodology behind
calculating syllable repertoire remains highly subjective. While compiling data for use in my first
two chapters, and again surveying journal articles while designing the methods for my
within-population analyses, I informally noted a consistent pattern; whenever unique syllables
are determined, especially—but not exclusively—in field studies, the methods typically say little
more than “syllables were enumerated by hand” or “unique syllables were determined visually”
(e.g. (Vargas-Castro, Sanchez, and Barrantes 2012)). To make these approaches more robust, a
common option has historically been to have multiple individuals perform the same syllable
classification task. However, a common outcome appears to be that there are discrepancies in
results when the tasks are done separately, and it is very difficult for individuals to reach the
same conclusions without discussion and coordination. Some computational methods exist that

do a decent job of grouping syllable types into clusters. Sound Analysis Pro does this for zebra
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finch song fairly well in the context of an ontogeny, where there is typically gradual change in a
syllable type for several days or weeks (Tchernichovski et al. 2000). These software tools tend to
work best in lab settings, in single species, within the same animal or even the same song.
Challenges of computational syllable sorting and matching include variable noise that may mean
quieter parts of syllables get tossed, harmonics (vibrations at multiples of the fundamental
frequency), quality and signal-to-noise ratio differences, and time warping of syllables or trailing
echoes, making overlaying syllables or matching based on feature values measured over small
slices of time either not accurate or even more computationally intensive.

Very few studies that have multiple individuals perform this pattern-identification and
discrimination task on the same recordings also publish the results of the participants separately,
so it is not known what the potential margin of error is for these metrics in any given study.
However, at least for syllable repertoire and the number of unique syllables per song, variation
across studies and across individual birds within studies can be quite large. Little has been
determined about how robust or persistent any differences between populations may be, or why
those differences may exist. In Chapters 2 and 3, to account for these differences, we repeated all
of our tests using the minimum and maximum values per population reported in prior studies for
each species. The positive takeaway is that, despite species feature values frequently varying by
up to 50% between studies, the patterns of how these features relate between species tend to be
broadly maintained; all significant results we obtained regarding the correlated evolution of
syllable repertoire and social mating system or learning window remained significant when
repeating the test using the minimum and maximum values for each species instead.

The fact remains that studies of syllable diversity continue to be highly subjective and

will continue to be as long as we leave syllable discrimination decisions up to individual
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observers, especially without any guidelines. It would be beneficial to reach a consensus with a
set of criteria to consider when deciding whether two syllables or syllable groups should be
considered the same. However, while this might go some way towards reducing the variability of
findings across individual observers, this still does not address another fundamental issue with
this methodology: an inherent bias towards human perception of patterns. For any consensus we
might reach regarding how much variation is permissible within syllable types — or how much
constitutes a different type altogether — how do we know that our classifications are biologically
relevant to the birds themselves? What amount of variation in birdsong syllables is ethologically
meaningful?

This would require an experiment to probe a bird’s perception and an ability to measure a
response that can indicate some kind of discrimination. The three main types of behavioral
experiments that can be used to assess song discrimination are female preference tests,
stimulating male aggression with simulated territory incursion, and tutoring; however, none of
these are likely to provide interpretable results when discriminating between subtly different
stimuli. Any behavioral experiment would first require sample songs. While the question is about
the differences between individual syllable types, birds would not engage in song-triggered
behaviors if provided with only one syllable, or one syllable repeated in a way inconsistent with
the species’ typical song structure. Instead, songs that are essentially identical except for one
syllable would need to be used. The choice of test syllable will determine the types of variation
that can be tested, but some examples: from a complex multi-note syllable, remove one of the
notes; shift a syllable up or down in pitch; apply a time warp to the syllable to compress or
stretch it, preferably without changing the timing or rhythm of the rest of the song, which could

influence a bird’s overall perception independent of the test syllable. All of these are examples of
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small variations that could be considered negligible by a human completing a syllable sorting
task. In a female choice test, a female would be presented with two perches or keys at opposite
ends of a cage that, when landed upon or pecked, would trigger the playback of one of two
songs. The song which is triggered the most is interpreted to be the more attractive song (Fuyjii et
al 2022). In a male aggression test, playback speakers are brought into the field, generally to the
edge of a male’s territory, and an observer measures how closely the male approaches a speaker
as it plays a series of different conspecific songs, with pauses to prevent habituation; closer
approaches to the speaker are used as a measure of the male’s aggressiveness and thus the song’s
quality. However, songs used in these are typically much more different than one nuance of a
syllable (e.g. (Derryberry 2007). Finally, tutoring a juvenile would involve tutoring with
playback. One approach would be to tutor birds with the same song sets as in the female choice
or male aggression tests. If the juveniles end up producing only one of the test syllables, it may
mean they perceived the difference and chose to learn the syllable each preferred. But, unless
there is a directional preference, it would be difficult to confidently make conclusions. A second
approach would be to tutor many juveniles with the same song or live tutor, track the
development of each syllable, and compare all of the individual syllables that came from one
common syllable after crystallization. The variation in that syllable in the juveniles might
indicate an amount of variation that can exist within one syllable type; however, that assumes
that the juveniles attempted to learn accurately (i.e. did not improvise upon the syllable) and did
not learn poorly - neither of which can be ruled out.

Researchers in the field may be able to take advantage of a unique feature of songbirds.
Males that are anesthetized exhibit neural activity in the song system nuclei LMAN, Area X,

mLD, and HVC when exposed to conspecific song, and these signals can be reliably measured
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with electrophysiology techniques. Fascinatingly, the amplitude of this signal increases
significantly and activity spikes occur roughly in synchrony with each syllable of the playback
when exposed to a highly specific stimulus: the bird’s own song (Poirier et al. 2009; Solis and
Doupe 1999). The response is evoked in juveniles when they hear a playback of their tutor’s
song, but in adulthood, the response to the tutor’s song weakens while the response to hearing a
playback of a bird’s own song becomes robust. This highly specific gating mechanism could be
exploited to essentially tap into a bird’s perception to deduce whether it can tell the difference
between its own unaltered song and its song but with one syllable artificially modified. Since a
bird is not expected to become habituated to its own song, many repeated measurements of
multiple test syllable modifications can be performed within a single session, which is not

possible with any of the other behavioral discrimination tests.

Concluding Remarks

In sum, this body of work sheds light on key factors and forces in the evolution of
birdsong. In addition, I propose a new avenue of study to examine the role of environmental and
ecological factors on learning and learned behaviors, with broad potential impacts in the field of
cultural evolution. I further provide a proof-of-concept study using community science data to
investigate the effects of population-scale environmental stress and offer initial findings that will
hopefully motivate further studies of this kind. I hope that I have laid the groundwork for future
endeavors to succeed in showing a snapshot of evolution of a learned behavior by probing the
effects of extreme climatic events, paralleling the earlier work of giants in the field of

evolutionary biology.
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Supplementary Tables

APPENDIX

Number of unique
recordings- dark-eyed junco

Drought Region

Control Region

2006-June 2016 (Pre-drought)

131 bouts from 46 recordings
(45 ML, 1 XC)

11 bouts from 8 recordings
(8 ML)

July 2016-Dec 2016 (During)

14 bouts from 5 recordings
(5 ML)

0

2017-2019 (Post-drought)

199 bouts from 73 recordings
(64 ML, 1 XC, 8 self)

62 bouts from 48 recordings
(47 ML, 1 XC)

Table S4.1A: Distribution of recordings of dark-eyed juncos in the drought and control

regions.

Number of unique
recordings- song sparrow

Drought Region

Control Region

2006-June 2016 (Pre-drought)

409 bouts from 37 recordings
(34 ML, 3 XC)

72 bouts from 16 recordings
(1 ML, 15 XC)

July 2016-Dec 2016 (During)

9 bouts from 4 recordings (4
ML)

9 bouts from 3 recordings (2
ML, 1 XC)

2017-2019 (Post-drought)

745 bouts from 159
recordings (148 ML, 4 XC, 7

self)

330 bouts from 83 recordings
(74 ML, 9 XC)

Table S4.1B: Distribution of recordings of song sparrows in the drought and control

regions.
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Brown- Brown-
[Shapiro- [Shapiro- [Shapiro- p-value [p-value [Holm-Bon [Significant |[Holm-Bon [Significant [Forsythe test  [Forsythe test
[Wilk 'Wilk [Wilk Shapiro- Before |Before [ferroni A fter ferroni After for ‘unequal for 'unequal
Before, |After, Before, |Wilk After, |vs After, |vs After, [Threshold, |Bonferroni |Threshold, [Bonferroni, variance, variance,
Before vs Before vs
Log [Drought [Drought |Control |Control Drought [Control |Drought Drought [Control  |Control After, Drought |After, Control
Song Feature transformed [Region |Region |Region |Region [Region |Region [Region Region Region Region Region Region
verage minimum
frequency of syllables [No 0.975 10.724  0.287 .240 0.788  [0.849 .0250 FALSE 0.0250 [FALSE 0.653 0.192
overall frequency range [No .537  |0.879  [0.879  ]0.448 0.603  [0.198  [0.0100 FALSE 0.0063 [FALSE 0.165 0.213
lnumber of notes per
kyllable Yes 0.050 10.479  [0.178 .045 0.040  [0.898 .0033 FALSE 0.0500 [FALSE 0.032 0.527
Inumber of unique
kyllables Yes 5.25E-09|3.37E-090.016  |2.40E-06 [0.534 ]0.754  ]0.0071 FALSE 0.0250 [FALSE 0.269 0.846
hverage maximum
frequency of syllables [Yes .062  [0.779  [0.295 |0.176 0.879 [0.727  [0.0250 FALSE 0.0167 [FALSE 0.360 0.863
[mean syllable duration [Yes 0.051 0.016 0.986 [0.064 0.890  [0.204  [0.0500 FALSE 0.0083 FALSE 0.842 0.969
ktandard deviation of
kyllable duration Yes .014  10.889  [0.829  10.099 0.348  [0.194  [0.0063 FALSE 0.0071 [FALSE 0.072 0.644
ate of syllable
production Yes .075  10.004  |0.961 .021 0.207  [0.146  [0.0056 FALSE 0.0063 FALSE 0.599 0.414
total number of
kyllables Yes 0.380  [0.010  0.542 .938 0.069  [0.060 .0042 FALSE 0.0056 [FALSE 0.259 0.846
Imean syllable
ktereotypy Yes 0.053  [9.86E-05]0.972  10.027 0.702  [0.034  [0.0083 FALSE 0.0050 [FALSE 0.252 0.379
degree of syllable
epetition [No 552 10332 0.160  ]0.123 0.098  [0.015  [0.0045 FALSE 0.0045 [FALSE 0.417 0.255
total number of notes  [Yes 0.793  [0.754 0.625  0.006 0.005 0.005  [0.0029 FALSE 0.0042 FALSE 0.966 0.639
bout duration Yes .579  10.087 0.684 .006 0.015  [0.004 .0031 FALSE 0.0038 [FALSE 0.908 0.153

Table S4.2. Statistical analysis of dark-eyed junco songs. When all Shapiro-Wilk tests were
not significant, indicating normality, we compared song features using a t-test. Otherwise, we
log-transformed and used a Wilcoxon rank-sum test. We corrected for multiple hypothesis testing
with a Holm-Bonferroni correction. No song features were significantly different before vs. after
the drought in either the drought or control region.
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Brown- [Brown-
Forsythe test ~ |[Forsythe test
Shapiro- [Shapiro- [Shapiro- |[Shapiro- |p-value |p-value |[Holm- Significant |Holm- Significant |for unequal for unequal
Wilk [Wilk 'Wilk (Wilk Before |Before |Bonferroni |After Bonferroni |After variance, variance,
[Before, |After, Before, |After, |vs After, |vs After, [Threshold, [Bonferroni|Threshold, |Bonferroni|Before vs [Before vs
[Log [Drought [Drought |Control |Control [Drought |Control [Drought Drought |Control Control |After, Drought [After, Control
Song Feature transformed [Region [Region |Region [Region [Region |Region [Region Region Region Region Region Region
degree of syllable 5.00E-0
repetition Yes 452 273 0.093  [0.447 |5 0.059  [0.0036 TRUE 0.0036 FALSE 0.107 0.062
lnumber of notes per
kyllable [Yes 0.491 3.13E-05[0.278  0.048  [0.0006 ]0.267  ]0.0038 TRUE 0.0050 FALSE 0.753 0.481
total number of
yllables [No .695 .105 0.505  [0.501 ]0.0026 [0.020 ]0.0042 TRUE 0.0033 FALSE 0.551 0.359
rate of syllable
production Yes .043 571 0.860 [0.282  0.0074 [0.061 ]0.0045 FALSE  [0.0038 FALSE 0.038 0.619
Imean syllable duration [Yes 0.989 .861 0.717 [0.233  ]0.0199 [0.089 0.0050 [FALSE  |0.0045 FALSE 0.086 0.284
hverage minimum
frequency of syllables [Yes 0.510 .017 0.238  [0.534 ]0.1030 [0.341 ]0.0056 FALSE  [0.0071 FALSE 0.098 0.537
ktandard deviation of
kyllable duration Yes 0.985 .093 0.307 [0.102 ]0.1788 [0.270  ]0.0063 FALSE  [0.0056 FALSE 0.048 0.859
bout duration [Yes 0.012  K.73E-04]0.240 [0.279 [0.2164 0.406 ]0.0071 [FALSE  ]0.0125 FALSE 0.325 0.335
duration of the longest
kyllable Yes .026  [7.36E-05]0.306  [0.013  ]0.2402 [0.372 ]0.0083 FALSE  [0.0083 FALSE 0.096 0.848
total number of notes  [Yes 0.207 321 0.643  [0.255 ]0.3965 [0.808 0.0100 [FALSE  ]0.0500 FALSE 0.182 0.263
overall frequency range|Yes 2.61E-04|1.49E-06/0.384  10.001  [0.5581 ]0.328 0.0125 FALSE  [0.0063 FALSE 0.954 0.184
duration of the shortest
kyllable Yes 0.267 .683 0.289  [0.592 ]0.5730 [0.087 ]0.0167 FALSE  [0.0042 FALSE 0.409 0.492
hverage maximum
frequency of syllables [Yes 0.188 .005 0.340  [0.068 ]0.8469 [0.763  0.0250 [FALSE  ]0.0250 FALSE 0.522 0.661
number of unique
kyllables Yes .031 .638 0.884  [0.110  ]0.9474 0.381 ]0.0500 FALSE ~ [0.0100 FALSE 0.634 0.361

Table S4.3. Statistical analysis of song sparrow songs. When all Shapiro-Wilk tests were not
significant, indicating normality, we compared song features using a t-test. Otherwise, we
log-transformed and used a Wilcoxon rank-sum test. We corrected for multiple hypothesis testing

with a Holm-Bonferroni correction. Three song features were significantly different before vs.

after the drought in the drought region, and no song features differed in the control region.
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Supplementary Figures

Junco recordings (XC and ML) + circles with radius = 1 numiz;)ints
containing at least 20 recordings 2006-2016
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Figure S4.1A: Dark-eyed junco recordings publicly available on Macaulay Library or
xeno-canto recorded between 2006 and 2016. Of all regions centered on each value of
(Longitude, Latitude) ranging from 70W through 89W and 30N through 47N, the plotted, filled
circle regions are the only regions that contain at least 20 recordings. The four circles shown here
all include part of Tompkins County, NY.
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Junco recordings (XC and ML) + circles with radius = 1
containing at least 20 recordings 2017-2019
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Figure S4.1B: Dark-eyed junco recordings publicly available on Macaulay Library or
xeno-canto recorded between 2017 and 2019. Of all regions centered on each value of
(Longitude, Latitude) ranging from 70W through 89W and 30N through 47N, the plotted, filled
circle regions are the only regions that contain at least 20 recordings. Inlaid table shows the exact
counts for each circle and the (Longitude, Latitude) center of the plotted circle.
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Pre-drought song sparrow recordings (XC and ML) + circles with radius = 1 numPoints
containing at least 20 recordings 2006-2016 70
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Figure S4.1C: Song sparrow recordings publicly available on Macaulay Library or
xeno-canto recorded between 2006 and 2016. Of all regions centered on each value of
(Longitude, Latitude) ranging from 70W through 89W and 30N through 47N, the plotted, filled
circle regions are the only regions that contain at least 20 recordings.
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Post-drought song sparrow recordings (XC and ML) + circles with radius = 1
containing at least 100 recordings 2017-2019
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Figure S4.1D: Song sparrow recordings publicly available on Macaulay Library or
xeno-canto recorded between 2017 and 2019. Of all regions centered on each value of
(Longitude, Latitude) ranging from 70W through 89W and 30N through 47N, the plotted, filled

circle regions are the regions that contain at least 100 recordings.
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Figure S4.2: Distributions of average counts of the most-repeated syllable per bout per
recording within song sparrow populations before and after the 2016 drought. For each
bout, we found the most repeated syllable type based on the syllable type assignment from the
Chipper analysis, counted the number of times the most repeated syllable was produced, and
averaged those counts across all bouts sampled from a given recording. Overall, in recordings
after the drought, the most-repeated syllable type per bout was repeated fewer times on average
(t-test p = 0.007).
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