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Abstract
Echo of the Ancients: Evolution of Song in the Avian Family Cettiidae
Jared Goodstadt

The Cettiidae, a family of primarily small, insectivorous, Asiatic and Austronesian, mountain birds have
been the subject of acoustic analysis in the past. However, until this point, an in-depth review of the
songs of the entire family had yet to be undertaken. In an effort to resolve this shortcoming, the songs
of 29 Cettiidae species were examined through the usage of acoustic analysis software, with specific
factors such as bandwidth, frequency, and strophe duration being statistically recorded.
    In total 286 individuals and over 800 strophes were analyzed, with the collected data being displayed
in various PCA plots. These PCA graphs were then compared to both a dated phylogenetic tree
specifically created for this study, and a Mahalanobis distance vs. genetic distance plot, created using
the acoustic data as well as Cytochrome b genetic data.
    Based on these plots, several notable trends could be observed across the entire family. While large
scale divergence from the norm was noted in several pairwise comparisons of species, as well as large
scale conservation within clades such as the island Horornis species, examples of convergent evolution
of their songs was rather scant. It was also noted that despite the strong divergence of certain species,
each genus occupied its own area of multivariate space within the PCAs.
    Strong statistical divergence between island and continental species was also noted in both the PCAs
and the Mahalanobis graph. Meanwhile, the statistical analysis of these species unfortunately provided
no clues as to the ancestral state of their songs. However, a visual analysis of every species song,
mapped on the dated phylogenetic tree, suggested that two distinct linages of simple and complex songs
could be traced back approximately 10 million years. This allows for speculation as to the songs of now
long extinct Cettiidae species as far back as the Miocene.
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Popular Science Summary
Echo of the Ancients: Evolution of Song in the Avian Family Cettiidae
Jared Goodstadt

To the average tourist hiking the mountains of Japan, the song of the Japanese bush warbler, Cettia
diphone, would likely be of little note. A melodious tune perhaps, but little more. To some in the ancient
past however, the song of this species of warbler was praised and revered. Considered a herald of spring,
this simple little birdsong was referenced widely in the literature and poetry of Japan and China. What
both the classical poets and modern hikers fail to realize however, is that the song of Cettia diphone, as
well as the songs of all other warblers in the Cettia family, are ancient, complex, and millions of years
in the making.
    In this thesis, the first overarching analysis of the entire Cettiidae family of birds, 29 species in total,
an attempt was made to study the songs of every species, and unlock the evolutionary mysteries hidden
within their tune. In total 286 songs and over 800 strophes, (i.e., a burst of song separated by other
bursts of song by silent pauses) were analyzed through the use of specifically designed bioacoustics
software. Such an analysis looked at factors such as the frequency, duration, and bandwidth of
individual songs.
    As the amount of data processed was quite large, a standard scatter plot simply was not going to cut
it. Therefore, PCA’s, a process of reducing multiple variables into a smaller number, allowing for easier
plotting, and Mahalanobis distances, a measurement of how different two sets of multi-variables are,
were calculated in order to allow for the creation of numerous graphs. It was these graphs, wherein all
Cettiidae species were compared, which allowed for never before seen patterns within the family to
clearly be revealed.
    These patterns include the realization that a species position within the Cettiidae phylogenetic, or
family, tree can be hypothesized from their songs alone. Moreover, statistically speaking, the songs of
island species were quite distinct from their continental counterparts. Such trends, however, were rather
muddled due to extremely divergent species, whose songs appear far more deviant than one would
expect given the amount of time the species has existed.
    Lastly, through combining a visual review of songs with a dated evolutionary tree, it was possible to
hypothesize as to what the ancestors of all modern Cettiidae species may have sounded like. In doing
so, two distinct lineages were discovered and dated back as far as approximately ten million years. One
of these lineages was concluded to have likely originated from a bird with a very simple song, while
the other originated from a species with a far more complex song. These two trends of simplicity and
complexity were then passed down, with some deviation, to all their descendants up to the present day.
Thus, making modern Cettiidae songs a true reflection of prehistory, and an echo of the past.
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1 Introduction
It has long been known that individual species of passerine birds usually poses unique and identifiable

songs, which set them apart from other species (Alström & Ranft 2003). In many instances, these songs

can act as a kind of avian fingerprint, identifying a species even when the organisms body remains

hidden from view. While in some cases, such as that of Horornis bunnescens and H. acanthizoides,

where physical appearances are very similar, birdsongs can prove vital in distinguishing two species

from one another. As with H. brunnescens and H. acanthizoides, they were originally considered one

species until research into their songs discovered differences pronounced enough to treat them as

different species (Alström et al., 2007).

    However, past research has proven that it is not only possible to separate avian species by their songs,

but also to infer phylogenetic relationships based on vocalizations (Alström & Ranft, 2003). Such

phylogenetic comparisons have been explored for decades, with the songs and calls of avian tribes or

genera such as Stercorariini, Pterodroma, and Picoides being researched in the past in order to draw

phylogenetic conclusions. In these specific cases, it was concluded that two distinct species of

Stercorariini were in fact closely related, a hypothesis later supported by further evidence. As for the

Pterodroma, and Picoides, songs were used to infer special correlation, and were often found to either

corroborate current evidence, or to later be corroborated by independent evidence (Alström & Ranft,

2003). As such the utilization of birdsongs in the analysis of phylogenetic relationships has shown

consistent viability in past research.

    However, one avian family in which such analyses have not yet been utilized to its fullest extent is

the family Cettiidae. A collection of small primarily Asian and Australasian passerine birds, whose

arguably most famous vocal member would be Horornis diphone. Also known as the Japanese Bush

Warbler, the songs of this species gained acclaim and admiration within the medieval Japanese and

Chinese poetic traditions, in which the song was considered an important herald of spring (McKinney,

2006). Yet while the songs of this species and its relatives have been known to us for centuries, no

large-scale song analysis has yet taken place.

    Currently the most relevant study into the songs of this avian family was undertaken by Wei et al. in

2017. However, out of the more than a dozen possible acoustic factors available for analysis, this

specific paper only encompassed two acoustic factors, those being time and frequency, and applying

these factors specifically to latitudinal distribution.

    This then begs the question, what discoveries may be uncovered should a more thorough and all-

encompassing study be conducted then those done before? How might our understanding of this elusive

avian family expand should the songs of every species be compared and contrasted to a level not yet

seen? Similarly, what insight might we gain regarding the overall evolutionary path of this family, and
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the evolution of song overall. Could it be possible, by following the most parsimonious evolutionary

paths, to hypothesize as to the songs of now long extinct Cettiidae species?

2 Aim
The aim of this research is to compile an overarching analysis of the evolution of song in the avian

family Cettiidae. Little research has so far been published attempting to compare and contrast the songs

of each species in this family to all of its phylogenic contemporaries, and as such this paper will attempt

to remove such shortcoming.

    The overall goal of this project is not to answer one single question or hypothesis, but rather to act as

a case study. In order to discover how an in-depth analysis of birdsongs can impact our understanding

of avian evolution. How exactly this analysis affects and interacts with the most up to date Cettiidae

phylogenetic tree must be assessed from multiple angles and with multiple points of focus.

    With the ultimate goal being to answer every question for the entirety of the family in turn, a list of

focus points in order to direct this research was drawn up and is listed as follows.

1. Can phylogenetic relationships be assessed from birdsongs alone?

2. Are there examples of strong divergence, convergence, or conservation within the phylogeny?

3. How has island isolation effected birdsong divergence?

4. How do divergence or convergence rates correlate to evolutionary time?

5. What are the hypothetical ancestral states of Cettiidae songs?

3 Background
3.1 Drivers of Birdsong Evolution

3.1.1 Female Dialect Preference

What can rightly be considered a bird’s song usually differs greatly from its calls. While a call is

generally a short simple vocalization used in the communication of any two avian individuals, songs

are usually longer and more complex, comprised of various parts known as elements, and utilized

mainly, but not exclusively, by the male of the species (Catchpole & Slater 2003). This is due to the

fact that songs have been found to fulfil two predominantly masculine roles in the avian world. These

being the attraction of potential mates, and the challenging of rival males (Catchpole & Slater 2003;

Tietze 2018).

    The exact series of elements, and the frequencies in which they are sung, while varying slightly

between individuals, are unique for every avian species, and act as a means of identification for one’s

own kind (Tietze, 2018). This factor of recognition appears to be exceedingly prominent in females

whose reaction to the males’ song acts as a main driving force in the realm of sexual selection (Danner

et al. 2011). This applies not just to the distinction between songs of closely related species, but also to
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regional dialects between individuals of the same species. These dialects arise naturally through both

genetic and cultural factors and are influenced heavily by the songs a bird is imprinted on as a juvenile.

As most passerine bird species possess learned rather than innate songs, these vocal displays must be

taught to juvenile males at a relatively young age by either the organism’s parents, kin, or other members

of the species. Juvenile males will learn to mimic the adults of its species, and as such any minute

changes in the songs of those around the juvenile have a likelihood of being passed on and accumulated

throughout the generations (Danner et al. 2011; Tietze 2018).

    As a birds song is influenced by the males it immediately encounters during the juvenile phase, these

dialects become confined to specific geographical regions, prevented from spreading by geographic

features such as mountain chains, oceans, or changes in habitat (Danner et al. 2011).

    This can be considered one of the initial stages of speciation within a population, as a study of South

American sparrows in 2011 (Danner et al.) showed that females of the species Zonotrichia capensis

displayed an extremely notable bias towards males possessing their distinct local dialect, often fully

ignoring the advances of males singing a neighboring dialect, even if said dialect was from a region less

than 30 kilometers away. This notable trend in sexual selection artificially separates populations which

possibly have the ability to intermingle under the right conditions, causing genetic isolation and driving

the genetic divergence of a population as less and less interbreeding occurs (Danner et al. 2011).

3.1.2 Female Complexity and Repertoire Preference

As well as showing preferences for their own local dialect, female birds have also been known to show

a preference for both more complex songs, and a wider repertoire of songs from potential mates. With

many bird species, more complex and more varied songs can be seen as a display of virility and

desirability as a mate (Hasselquist et al. 1996). Though said display cannot be seen as a completely

honest indicator of male quality as studies into the correlation between repertoire size and offspring

survival rates have proven inconclusive (Baker et al. 1986; Forstmeier 2004). Such preferences can be

seen as a self-fulfilling cycle in some cases, as it has been shown that juvenile female birds will show

an increased interest in the songs of its parent’s, leading to sexual imprinting. Such imprinting means

that the offspring of individuals with large repertoires and complex songs will likely display a greater

interest towards complexity when choosing their own mate (Verzijden et al. 2012; Tietze 2018).

3.1.3 The Effects of Population Density on Song
Female choice, however, is not the only factor which can affect the evolutionary trajectory of birdsongs,

as the constraints of the natural environment will also determine divergence rates in a species

vocalizations. One such factor is the ratio between the productivity of an environment, and density of

individuals. In areas with high population density and lower overall productivity, males of the species

must exert far more time and energy into finding suitable levels of food and defending their meager but

highly contested territories from the numerous other local males (Scordato 2018).
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    Due to these environment constraints, males in such highly competitive situations have little time or

energy to practice more complex songs, and thus are forced to fall back on more simplified vocalizations

(Irwin 2000). Females within these dense and competitive habitats also appear to react conversely to

the standard desire for complex songs. Instead caring far more about the males ability to provide suitable

resources then the complexity of their repertoire (Scordato 2018). Such issues with the density of

individuals can easily arise on small or isolated islands, where the diversity of species is usually low,

but population density within a species is often quite high (Morinay et al. 2013).

    The exact opposite however is true of less dense, more nutritionally productive environments. Where

the abundance of food and lack of competition allows both females to be more selective in the singing

ability of their mate, and males to expend more energy on expanding their repertoire. In these

environments, the complexity of a males song appears to be a far more significant factor when compared

to the actual productivity of the males territory (Mountjoy & Lemon 1996; Scordato 2018).

3.1.4 The Effects of Environment on Song
Another environmental factor which radically effects the vocalization of avian song is the habitat in

which the organism lives. As various bird species have evolved to inhabit various levels of a forest

canopy, or various densities of foliage in more lush or open environments, their songs have been shown

to change accordingly (Wiley 1991; Nemeth et al. 2002). In open lowland areas, one of the main factors

influencing transmissivity of a song is turbulence caused by the winds characteristic of such

environments (Richards & Wiley 1980).

    In more dense forest and jungle environments on the other hand, wind is not so much of an

influencing factor. Instead, the main environmental constraint on song transmission is reverberation,

the echoing of soundwaves off of the numerous pieces of foliage composing the organisms environment

(Wiley & Richards 1978). The composition of foliage is determined by an organism’s specific locality,

with various species of plants creating differing acoustic effects. In general however, the stems and

leaves of trees and other large plants tend to decrease linearly in connection to canopy height (Nemeth

et al. 2002). This leads to a canopy gradient, in which the acoustics effects of foliage at the highest

reaches of the canopy can prove far different from the lower forest levels. Such factors are compounded

further by the forest floor, in which sound reflection from the ground can further disrupt transmission

due to what’s known as the ground effect (Embleton 1996; Nemeth et al. 2002).

    General environmental altitude, as well as the overall humidity of an environment has also been

shown to effect the frequency and elemental structure of birdsongs. (Nottebohm 1975; Lemon et al.

1981). Thus, it should be noted that all these aforementioned environmental constrains can often lead

to the alteration in a species song. However, to paint an even more complex picture, research suggests

that said alterations are not necessarily to allow for the absolute maximum transmissibility, as a certain

level of vocal degradation acts as an important indicator of distance between individuals (Lemon et al.

1981).
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    All these varying factors work in tandem to affect the evolutionary path of a species song. For

example, species which spend a vast majority of time on or near the ground have been found to reduce

interference from the ground effect through the utilization of lower frequencies. Meanwhile species

which reside higher in the canopy can make more extensive use of trills, as the decreasing size and

density of foliage leads to overall less reverberation effects (Nemeth et al. 2002). The same can be said

of species which inhabit more open environments, as the lack of large foliage allows for a far greater

degree in frequency variation without the added reverberation effects (Nottebohm 1975; Wiley &

Richards 1978).

3.1.5 The Effects of Geographic Isolation on Song
The final notable factor which could greatly impact the evolution and divergence of birdsong is genetic

and geographic isolation. Such isolation, brought about by the discovery of new territory, climatic

change, or tectonic forces, can lead to allopatric speciation, in which the complete separation of a

population from the rest of the species can lead to substantial divergence (Futuyma & Kirkpatrick 2017).

This divergence might be driven via the “founder effect”, where random or unusual genetic or acoustic

differences in a native population can be amplified due to an over representation in the individuals

which first colonized a new ecosystem (Baker et al. 2006; Kivisild 2013).

    The same concept can be applied to so called sky islands, isolated mountain environments separated

from surrounding populations either through geography, or environmental change such as deforestation.

In this instance these mountains act as self-contained environments, with very little to no mingling with

outside populations (Purushotham & Robin 2016). Such environments may themselves be affected by

the founder effect, or later divergence, depending on if isolation was a factor from the beginning or

driven by reductions in habitable territory.

    One offshoot of the founder effect would be the so-called withdrawal of learning. In this scenario the

founders of an island population are comprised mainly of juvenile individuals whose songs have yet to

fully “crystalize” (i.e., to reach its final stage of development). This scenario would then lead to overall

simpler songs made up of more basal song elements (Tietze 2018). Support both for and against this

concept have been found in varying island species, with most species found to have notably simpler

songs compared to the mainland, yet with other species bucking this trend (Baker et al. 2006; Morinay

et al. 2013). There is also speculation that given enough time on an island, a species will begin to regain

more complex elements due to the pressures of sexual selection (Baker et al. 2006).

    A further factor common on islands is the territorial defense hypothesis, which stipulates that on

islands territories are so constrained and individuals so likely to come into contact, that aggressive

interaction is no longer deemed energy efficient (Stamps & Buechner 1985). Due to a selection bias

against aggressive behavior, aggressive elements in birdsongs such as buzzes and trills tend to become

less common within island populations (Morinay et al. 2013).



6

3.2 The family Cettiidae
The number of species within the Cettiidae family is currently up for debate, with varying sources listing

anywhere from 25 to 32 species, as well as numerous subspecies  (Clements et al, 2021;Gill et al.,

2022). The main distinction arises when trying to decide the classification of certain taxa such as

Horornis canturians, which is treated as a distinct species by some, and a subspecies by others (Alström

et al. 2011; Kim et al. 2021). Within the confines of this study Horornis canturians will not be treated

as a distinct species, whereas H. seebohmi is recognized at species rank. In total, the varying species of

Cettiidae can be subdivided into seven genera, based on the taxonomic revision by Alström et al. (2011).

    Horornis   Cettia   Tickellia   Phyllergates   Abroscopus   Tesia   Urosphena

    Of these genera, Horornis proves to be by far the most numerous, containing 12 of the thirty total

species. By contrast, Tesia contains four, Uropshena five, Abroscopus three, Phyllergates one, Cettia

four, and Tickellia, one (Clements et al, 2021;Gill et al., 2022).

     All members of the Cettiidae family are relatively small, ranging in size from 7.5 to 16 centimeters

in length, and are considered primarily insectivorous in nature. Principally the family Cettidae can be

found spread out across east and south Asia, in countries such as China, Korea, Japan, India, Nepal, and

Vietnam, as well as some areas of Austronesia such as Indonesia, Fiji, Palau, and the Solomon Islands.

However, two species within the Cettiidae family have notably strayed far afield from what is widely

considered their ancestral place of origin, with Cettia cetti residing mainly across Europe, Anatolia, and

North Africa, as well as Urosphena neumanni located in modern day Rawanda and the Democratic

Republic of Congo (Fjeldså et al, 2020; Kennerly & Pearson, 2010; del Hoyo et al., 2006).

    In terms of environment, these birds are found almost exclusively in rugged mountainous ecosystems,

making their homes in thick bamboo groves and other dense forest undergrowth. They have been found

at elevations up to almost 4,000 meters and live primarily in the understory of the forests in which they

reside, rarely rising more than a few meters off the forest floor. The notable exception to this rule is

once again Cettia cetti which resides primarily in meadows and swamps. Though Cettia cetti have been

recorded at elevations of over 2,000 meters during the breeding season (Fjeldså et al, 2020; Kennerly

& Pearson, 2010; del Hoyo et al., 2006).

    As for plumage, a majority of Cettiidae species can be considered rather drab in both coloration and

display, with many species comprised of a simple color scheme of browns, tans, whites, and blacks,

However, Tickellia, Phyllergates, and Tesia are all noted to break this trend, with the members of these

genera sporting stark green, yellow, and red plumages (Alström et al. 2011).

    Of the 30 considered species, all are known to sing regularly with the exception of Abroscopus

schisticeps, which does not appear to have a regularly sung song (Per Alström, pers. comm.). For the

remaining twenty-nine species, a wide variety of frequencies, elements, and song lengths, act to make

each species audibly distinct from every other species.
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Figure 1. Most recent phylogenetic tree for the Cettiidae family, taken from Alström et. al 2011

3.3 Acoustic Analysis
One of the most viable methods to visually represent the intricacies of a birdsong is through the use of

a sonogram. A sonogram is a visual representation of soundwaves whereupon the y axis represents

frequency, and the x axis represents time. The intensity of the plotted data is represented by the physical

darkness of the visualized song, with factors such a song strength and distance from the recorder

affecting this parameter (Charif et al., 2010).
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    Through the utilization of software especially designed for analysis of sonograms, it is possible to

obtain statistical values for a wide range of parameters (Charif et al., 2010). These measurements

highlight the varying aspects of a bird’s song and allow for the quantification of differences between

songs.

3.4 Principal Component Analysis
Due to the fact that numerous variables from numerous species will be analyzed within the confines of

this study, a standard graph for visualizing said data is entirely infeasible. As eight to ten different

attributes are to be analyzed an eight-to-ten-dimensional graph would be required to display the

statistical outcome, and such a graph is impossible to visualize. Therefore, in order to display the

collected data in a useful format, a Principal Component Analysis (PCA) can be used (Jolliffe & Cadima

2016; Björklund 2019).

    A PCA is a statistical technique wherein it is possible to reduce a multidimensional dataset to a more

manageable two or three dimensional plot, while simultaneously minimizing the data lost in such a

radical transfer. This is done through the creation of new variables uncorrelated with the original data

set, with an emphasis on increasing variance to its maximum degree. These new variables are the

principal components, which can then be viewed in a standard graphical format (Jolliffe & Cadima

2016; Björklund 2019).

    Each principal component encapsulates a specific percentage of  variance of the overall dataset, with

each subsequent principal component containing less and less of the variance and therefore becoming

less informative overall (Jolliffe & Cadima 2016). As such, in this study, only the first two or three

principal components will be compared against each other in a graphical format. Utilizing only the

principal components with the highest percentages of the variance will thus allow for the depiction of

as high a ratio of total data as can be considered feasibly possible.

    While some data will always be lost in this system, by utilizing multiple principal components with

relatively high percentages, a satisfactorily accurate graph can be produced.

3.5 Phylogenetic Tree Reconstruction
A phylogenetic tree is a visual representation of the evolutionary path of a group of organisms, from a

common ancestor, up until the present time (or an alternately determined end point). Nowadays,

phylogenetic trees are almost exclusively reconstructed using DNA sequence data, and various model

based methods, such as Maximum Likelihood or Bayesian Inference (Felsenstein 2003; Baum 2008).

Dating of phylogenies is usually based either on the disputed “molecular clock” or based on fossils

which can be used to calibrate the clock. However, bird bones fossilize poorly due to their fragile nature,

so fossilized evidence is scare to non-existent, for many bird phylogenies (Field et al. 2019).
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3.6 Mahalanobis Distances
In statistical terms the Mahalanobis Distance works as an alternative to the Euclidean Distance. That is

to say, it is a method for calculating the shortest possible distance between two points in multivariate

space. However, while Euclidean Distance does not take the correlation of variables into account during

calculations, Mahalanobis Distance does (Ghorbani 2019). As such, this mathematical equation,

represented as D(X, µ) = √( − µ) − 1( − µ), can prove highly useful in identifying true outliers

within a data set in which the variables are strongly correlated to one another (Ghorbani 2019).

    The Mahalanobis Distance is often utilized alongside PCA’s as a complimentary analysis method, as

it has been proven that values of the sum of squares of all the principal components in a PCA will equal

the squared Mahalanobis distance (Brereton 2015; Brereton & Lloyd 2016). As such both PCA’s and

Mahalanobis distance plots can be utilized in order to gain a wider understanding of a data set.

4 Methods
4.1 Data Collection
In order to allow for an overarching analysis of the songs of the Cettiidae family, 29 species of this

family were selected for analysis, i.e. all of the species recognized by Gill et al. (2022) except for

Horornis canturians and Phyllergates heterolaemus (which are frequently treated as subspecies of H.

diphone and P. cucullatus, respectively, and which have very similar songs), and Abroscopus

schisticeps, which appears to lack a proper song. Distinctions were made only at the species level, with

subspecies classification ignored within the confines of this study. Three separate archives were utilized

in this experiment, in order to procure song recordings of each designated species. Firstly, some of the

required recordings were provided from the personal collection of Per Alström. In addition, two outside

sources were utilized in the procurement of recordings, xeno-canto.org and macaulaylibrary.org. Xeno-

canto is a birdsong database which is open to the public and focuses on the collection and sharing of

birdsong recordings under the supervision of the Xeno-canto foundation based in the Netherlands.

Macaulay Library meanwhile is a digital wildlife media archive owned and operated by the Cornell Lab

of Ornithology.

    For each species being analyzed, ten individual recordings were selected. This was done in an attempt

to prevent bias or skewing of the data, as any recording which strongly deviated from the other

recordings of the same species could then be recognized as an outlier instead of the norm. Similarly,

during statistical analysis, outliers would have less of a pulling effect on the data when averaged against

nine other individuals than if the total number of samples per species had been lower.

    To avoid further unwanted biases, each of these ten sound recordings were selected at random from

the total available recordings. However, several key requirements had to be met in order for the file to

be deemed suitable for this experiment. Firstly, multiple recordings which were labeled as coming from
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the same individual bird were only selected once, as the goal was to attain ten different individuals in

contrast to ten different recordings.

    Secondly, the recordings were checked for background interference. This could range from human

speech, to other birds, to traffic, to weather conditions, or any other sound the recorder may have picked

up. If it was determined that background noise was such that it would negatively affect the analysis of

the recording, said recording was discarded and another selected as a replacement.

    Thirdly, an attempt was made to select recordings which contained at least three song strophes. This

was done in order to calculate the mean of an individual bird’s song, and to avoid a skewing in the data

due to a single aberrant strophe. It should be noted however that exceptions to this third rule were

sometimes made, as in the case of Horornis acanthizoides, whose single strophe is so long and drawn

out that recordings containing three strophes proved notably difficult to procure.

    Lastly, as only songs were to be analyzed within this study, recordings comprised mainly or entirely

of calls instead of songs were discarded and replaced.

    In total 286 song recordings were selected for use within this experiment. This falls short of the

expected 290 total songs due to Horornis haddeni possessing less than ten usable recordings in our

sample. This is to be expected, however, as H. haddeni was only scientifically described in the early

2000s (del Hoyo et al., 2006). All 286 recordings were downloaded and their location of origin within

the databases noted.

4.2 Acoustic Analysis
All acoustic analysis was carried out utilizing Raven Pro version 1.6.1 (K. Lisa Yang Center for

Conservation Bioacoustics, 2022). Overall, ten acoustic factors were collected for every analyzed

individual. Meanwhile two additional factors were collected from only one individual per species.

These factors are explained as follows (Charif et al., 2010):

Beginning Time (S) – The starting time of strophe, recorded to allow the analyzed strophes to be later

located if required.

Ending Time (S) – The ending time of a strophe, recorded to allow the analyzed strophes to be later

located if required.

Low Frequency (Hz) – The lowest measured frequency for a given strophe.

High Frequency (Hz) – The highest measured frequency for a given strophe.

Delta Time (S) – The amount of time which passed between the beginning and end time of a given

strophe.

Delta Frequency (Hz) – The frequency range in-between the lowest and highest measured frequency

of a given strophe.

Center Frequency (Hz) – The mean frequency which would separate the total frequency range into

two halves of equal energy.
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Duration 90% (S) – Time 95% and Time 5% are measurements which describe the amount of time

in which 95 and 5 percent of the total energy in the strophe is recorded. Duration 90% therefore is the

timeframe difference between these two intervals.

Bandwidth 90% (HZ) – Frequency 95% and frequency 5% are measurements which describe the

frequency intervals in which 95 and 5 percent of the total energy in the strophe is recorded. Bandwidth

90% therefore is the frequency difference between these two intervals.

Average Entropy (Bits) – The Entropy for each frame in a given strophe is calculated and then

averaged against all other frames. This measurement thus describes the amount of disorder for a typical

spectrum within a strophe.

    The two additional factors are as follows

Element number – The average number of elements which comprise a single strophe.

Longest element length (S) – The Delta Time for the longest element within a single strophe.

    Upon opening the sound file within Raven Pro, the windows preset Sonogram appearance was

selected to allow for a standardized visual depiction of the song in a sonogram format. The following

three parameters of the sonogram remained consistent for all 286 song recordings:

Contrast – 92 Focus -132 Rate – 1.0

    Brightness meanwhile was adjusted for each recording analyzed, so as to allow for a proper view of

the song in the sonogram format. In an effort to maintain consistency, however, increases or decreases

in the sonograms brightness were undertaken in intervals of five, with most sonograms possessing a

brightness of 40, 45, or 50. That being said however, a brightness of 35, 55 or further extremes were

sometimes required in order to fully view the complete strophe. The goal of these adjustments was to

highlight the strophe in its entirety, while removing background noise, thus creating a clear picture as

to the sonographic shape and constraints of the strophe. As adjusting the brightness could positively or

negatively affect the values of the parameters being analyzed, each recording was therefore labeled with

the brightness value utilized in its analysis.

    For each sound recording, minus the aforementioned exceptions, three strophes were highlighted and

analyzed. The values of each parameter in all three strophes were then averaged in order to find the

mean parameter values for that specific individual. Similarly, once all ten individuals had their mean

parameters calculated, these parameters were then averaged against each other in order to create

approximate mean values for the species as a whole.

4.3 Principal Component Analysis
With all the statistical values collected for each individual and each species, this vast quantity of data

then had to compared in a graphical format in order to begin extrapolating conclusions from the dataset.

However, as eight parameters were measured for each individual, beginning and end time not included,
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it was not possible to display this data in the classical graphical sense. It was therefore concluded that

a Principal Component Analysis (PCA) would be utilized to explore the data (Björklund 2019).

    This PCA was conducted utilizing the programing software R studio version R i386 4.1.2 (RStudio

Team, 2020). PCA’s comprised of Principle Components one, two, and three were utilized, as principal

components four through eight had variance percentages so low as to be deemed not useful in this case.

    The values displayed in the subsequent PCA plots were then divided according to species, clade, or

habitat, and separated via color, shape, or both.

4.4 The addition of Elements and Longest Element Length
In addition to the eight standard elements discussed above, and utilized on every analyzed sound file,

two additional factors were taken into account but were not utilized for every individual. These were

the number of elements in a single strophe, as well as the time interval in seconds of the longest element

in the strophe. These statistics were only taken once per species, from a selected individual and a

selected strophe which was considered to be standard and overall representative of the species as a

whole. For example, if most strophes contained three elements, but a few strophes contained four, a

three-element strophe would be chosen as it would thus be considered the norm and not the deviation.

These factors were then added to the preexisting eight factors for the selected individuals, and a separate

PCA was then created, taking these two new factors into account.

4.5 Sonogram Visual Analysis
While so far, all analyses of these songs have been quantitative, qualitative analysis also took place.

This was conducted by, similar to the elements and longest elements selection, finding what could be

considered a standard sonographic representation of a strophe for any given species.

    This standard strophe was then visually recorded, with an emphasis on finding strophes that were

clear, easily discernable, and with as little background interference as possible. These 29 sonograms

were then lined up side by side, so as to allow for a visual analysis. Factors such as repeating patterns,

shared elements, and shared frequency and time were looked at to identify useful data which would not

have otherwise been noticed using statistics alone.

 4.6 Dated Phylogenetic Tree Creation
The DNA fragments utilized in the creation of this dated phylogenetic tree include Cytochrome b, a

mitochondrial protein coding gene extremely common in the realm of phylogenetic analysis, as well as

nuclear G3P, Myo, and ODC introns (Seddigh and Darabi, 2018). All of these were used previously in

the Cettiide phylogeny of Alström et al, (2011). A vast majority of the genetic data used in this tree’s

creation came from the 2011 study, and were downloaded from GenBank, with some recently published

sequences also added from GenBank. Upon the retrieval of said data, the Bayesian analysis software

Beast 2.6.7 was selected in order to run a calibrated phylogenetic analysis (Bouckaert et al., 2019).
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    This process was initiated with the linking of the various genetic fragments, partitioned on a per-

fragment basis, with each fragment’s best-fitting substitution model selected via a separate molecular

analysis software, MEGA11 (Tamura et al., 2021).

    As for the calibration of the molecular clock, two calibration points were selected from Oliveros et

al. (2019) to act as the basis for this specific model. These being the calibrations of the most recent

common ancestor of Abroscopus albogularis and Tesia cyaniventer, at approximately 11.8 million years

ago (Mya), and the split between the entire Cettiidae family and its sister species, Scotocerca inquieta,

at approximately 15.3 Mya. With a confidence interval of 95 percent in both cases these numbers are

considered the mean of a log normal distribution within the respective ranges of 8.0 – 15.6 Mya and

12.1 – 18.6 Mya (Oliveros et al., 2019).

    Utilizing these calibration points for the molecular clock and the aforementioned genetic data the

phylogenetic model was subsequently run in BEAST (Bayesian Evolutionary Analysis Sampling Tree).

This model utilized the Bayesian Inference method to create what could be considered the statistically

best supported phylogenetic tree. In doing so, a Markov Chain Monte Carlo (MCMC) of 20,000,000

steps was applied, with sampling set for every 2,000th step. Within BEAST, the MCMC output was

checked for proper convergence through the use of the Tracer 1.7 software package (Rambaut et al.,

2018). Proper convergence was only considered to have been reached if an ESS value greater than 200

and no clear trends in the posterior traces could be shown and verified.

    The final step in the creation of the phylogenetic tree was a summarization of the posterior sampling

of trees and node ages. This was undertaken via the usage of TreeAnnotator 2.6.6, a summarization

software working in tandem with BEAST. Due to the lack of reliability in the initial trees produced

through the software’s mathematical process, the first 10% of steps were discarded as burn-in and

ignored.

4.7 Mahalanobis Distance VS Genetic Distance Creation
The same fragment of Cytochrome b utilized in the previously mentioned phylogenetic analysis, was

used to compute pairwise genetic distances between species. Genetic distances were computed in

MEGA11 using a TN93 substitution model (Tamura et al. 2021).

    The statistical divergence between vocalizations was assessed using pairwise Mahalanobis distances

between species, calculated with the use of the HDMD R package. The correlation between the pairwise

genetic and Mahalanobis distances was then displayed within R studio through the use of a scatter plot

with a fitted linear regression. To allow for a better visualization of the data, Mahalanobis distances

were log-transformed. Species for which either song or genetic data were missing, such as Urosphena

subulata, were not included.
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5 Results
5.1 Total Species PCA: PC1 vs. PC2

Figure 2. PCA displaying the divergence of every species studied compared to every other, with the direction of
the divergence most highly effected by the acoustic factor attributed to that direction along the X/Y axis.

For the main PCA, PC1 was plotted along the X axis, and PC2 along the Y axis, with in total 69.91

percent of the total variance being represented. This was the highest percentage achievable within the

confines of this PCA. The factors which had the strongest influence on PC1 included Delta Frequency,

Bandwidth 90, and Average Entropy. PC2 meanwhile was more heavily affected by High, Low, and

Center Frequency, Delta time, and Duration 90.

    In this specific PCA, Frequency, Entropy, and Bandwidth have the strongest pulling effect on the

various datapoints. Delta Time and Duration 90, however, are minimalized in this case, and their effects

on the data set are not as well presented. This can lead to a slight misinterpretation of the data, especially

for species where the length of their song is their main defining and distinctive factor. For example,

Horornis brunnescens has an extremely unique song highly distinct from other members of the Cettiidae

family. However, due to the fact that time is the largest determining factor in this case, and since the

effects of time are minimized here, the true extent of differentiation of this species is rather poorly

represented.

    What we see in this PCA is two distinct variations in species grouping. In the case of Abroscopus

albogularis for example, each of the ten individuals sit closely clustered together on the graph, with

very minimal variation between individuals. For other species, such as Cettia cetti, a wide variation in

individuals can be seen along both the X and Y axis.

    Also worthy of note is the fact that the densest cluster of datapoints can be found below 0 along the

Y axis. Being that this axis is highly affected by frequency, it can therefore be assumed that a majority
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of individual songs actually falls below the overall average calculated within the PCA. At the same

time, a majority of datapoints also fall below 0 along the X axis, affected primarily by Delta Frequency,

Bandwidth 90, and Average entropy, more or less equally.

5.2 Total Species PCA: PC1 vs. PC3

Figure 3. PCA displaying the divergence of every species studied compared to every other, with the direction of
divergence most highly effected by the acoustic factor attributed to that direction along the X/Y axis. In this
instance Delta Time and Duration 90 have a profound effect on the Y axis.

The secondary PCA composed for this analysis possessed PC1 along the X axis, comprised of Delta

Frequency, Average Entropy, and Bandwidth 90 in the negative direction, and Center Frequency and

low frequency in the positive direction. PC3, situated along the Y axis meanwhile consisted of Delta

Time and Duration 90 in the negative direction, and High Frequency in the positive direction. When

compared to the previous PCA in figure 2, Delta Time and Duration 90 now have a much greater weight,

and thus affect the plot accordingly. Here we can see the two main species which differ substantially

from the family in terms of time: Horornis acanthizoides and H. brunnescens. Both species can be seen

to be substantially deviated from the group along this axis.

    However, it is also possible to register the species which deviate substantially along the X axis to

either the positive or negative end. Along the positive portion of the X axis, substantially affected by

Center Frequency and Low frequency, Urosphena subulata, U. squameiceps, and U. whiteheadi all

show significant deviation from the center. This can then be compared to the negative portion of the X

axis, where Cettia cetti deviates substantially from the norm, effected primarily via Average Entropy,

Delta Frequency, and Bandwidth.
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5.3 Island vs. Continental PCA

Figure 4. PCA in which every species has been divided into one of three groups depending on geographic range:
continental, island, and non-Asiatic species (west).

Following the creation of the PC1/PC2 plot, the species identification markers were removed, with each

species instead being labeled according to the geographical location in which they were found. In this

case, species which inhabit either solitary islands, such as Horornis parens, parts of islands, such as

Urosphena whiteheadi, or island chains, such as Horornis vulcania, were all classified under the Island

group. Purely continental species such as Horornis flavolivacae, as well as species which inhabit both

islands and the continental Asian mainland, such as Uropshena squameiceps, were labeled as

continental species. Two, species, Cettia cetti, and Urosphena neumanni were classified into their own

separate group labeled west, due to their geographical locations far afield from every other Cettiidae

species, located in Europe and East Africa respectively.

    Upon the transposition of this categorical system onto the prefabricated PCA a clear pattern emerges

distinguishing the Island and Continental species from each other. With some exception it is possible

to draw a straight diagonal line from point (-0.2, 0.15) to point (0.1, -0.2) in which a vast majority of

island species will fall on the negative side of this line, and continental species will fall on the positive

side of this line. This diagonal line forms an almost 90-degree angle with the factors of Center and Low

Frequency, meaning that these two factors likely act as the most influential forces along this line.

    The only large-scale exception to this general rule comes from the species Urosphena subulata and

Urosphena whiteheadi, both of which are plotted in the upper right quadrant of the graph and are

separated from the other island species by almost every other continental species. This however is to be
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expected as both species are believed to be closely related to Urosphena squameicepes, a continental

species which diverges greatly in terms of center and low frequency.

5.4 Clade PCA

Figure 5. PCA in which each species is divided into one of the seven genera proposed in Alström et al. (2011)
(see Fig. 1)

This subsequent alteration of the PC1/PC2 plot involved separating the varies species into the seven

distinct genera identified by Alström et al. (2011). In doing so, it became clear that the genera Tickellia,

Abroscopus, and Phyllergates all fell along the positive portion of the X axis, and were more or less

separated from the other clades along this direction. Genus Urosphena also remained largely distinct

and apart from the other clades, with the exceptions of the sister pair Urosphena pallidipes and U.

neumanni, which are widely separated from each other along both axes. The genera Horornis, Cettia

and Tesia however are heavily mixed together with only slight variation being readily obvious. For

example, Tesia appears generally lower along the Y axis than Cettia, while both clades are

simultaneously intermixed along this axis with Horornis.
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5.5 Elements and Length PCA

Figure 6. PCA including both the number of elements and longest element length into the calculations. Only one
individual from each species was chosen for this PCA.

This PCA is comprised of a PC1 and PC2 distinct from the previous figures due to the addition of the

Element Number and Element Length factors. Thus, PC1 consists mainly of Average Entropy,

Bandwidth, and Delta frequency in the negative direction, and Low Frequency, Center Frequency, and

Longest Length in the positive direction. PC2 meanwhile, consists of High frequency, Number of

Elements, Duration 90, and Delta Time. This PCA shows the extreme divergence present in several

species due to the number of or longest length of their song elements. The most extreme of which would

be Horornis acanthizoides, which has been plotted in the lower right-hand corner of the graph,

practically as far away from the other twenty-eight species as possible along the Y axis. This can be

attributed to the extreme number of elements found within this species song, which although varying

among individuals as well as among individual strophes, can exceed four hundred elements.

    Horornis brunnescens also can be found quite diverged from the other species, though not as

extremely as H. acanthizoides. This being due to their relatively large number of elements as well as

the long lengths present in some of the individual elements.

    Also, within this PCA plot, Cettia cetti, as well as Urosphena subulata, U. squameiceps, and U.

whiteheadi were also found to be mildly or substantially divergent. Either along the X axis, as is the

case for Cettia cetti, or along the Y axis, as is the case for the Urosphena species.
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5.6 Dated Phylogenetic Tree

Figure 7. A dated phylogenetic tree showing both the phylogenetic relationships between Cettiidae species and
the approximate dates of most recent common ancestry in millions of years.

    Using the first dated phylogenetic tree for this family, it is now possible to correlate the divergent

evolution of the Cettiidae family to approximate dates in prehistory. While there is a factor of error in

either direction, the dates listed above represent the peak of the bell curve, and thus can be considered

relatively accurate statistically speaking.

    The Cettiidae family has its origin during the mid-Miocene, branching off from its sister clade

approximately 15 million years ago (based on Oliveros et al., 2019). Many of the initial divergence

events would then take place during the late Miocene, ranging in age from 11.8 to 5.86 million years

ago. It is during this time that the five oldest single-species lineages first evolved, those being of Cettia

cetti, Cettia major, Abroscopus supercililaris, Phyllergates cucullatus, and Tickellia hodgsoni.

    Meanwhile, the remainder of species divergences occurred during the Plio-Pleistocene, with an initial

burst in species radiation dated to approximately 4.9 to 3.5 million years ago. This was then followed

by the radiation of a majority of the island species, many of which diverged approximately 2 to 3 million

years ago during the Pliocene-Pleistocene transition. The most recent divergences occurred 1.7 to 1.5

million years ago, during the Pleistocene and involve the divergences of Horornis haddeni and H.
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ruficapilla in the Pacific, as well as H. brunnesciens and H. acanthizoides on the Asian continent, and

H. vulcanius and H. flavolivaceus between the continent and Indonesia. The split between H. vulcanius

and H. flavolivaceus was the most recent in the entire family.

    It should be noted however that H. fortipes is likely misplaced within this phylogenetic tree. This

assertion is based off the previous phylogenetic trees of Alström et al. (2011) as well as an analysis of

the sonograms (see more below). It has therefore been deemed likely that H. fortipes is in reality the

sister species to both H. acanthizoides - H. brunnescens, and H. flavolivaceus - H. vulcanius. As such

it is deemed more likely that H. fortipes originated closer to approximately 5 million years ago, rather

than the 4 million years suggested by the current tree.

5.7 Mahalanobis Distances (Vocalization) vs. Genetic Distances

Figure 8. Graphical comparison of genetic distance vs Mahalanobis distance (vocalization), in logarithmic form.
A trendline was added to show the directional movement of the data with a line equation of
y = 12.09x + 37.66.

A B
Figure 9. Same graph as in Figure 8. (A) The left hand side of the graph is composed almost entirely of the
interactions between island species of the genus Horornis, all of which are contained within the blue circle. (B)
Several Tesia pairings appear to fall inbetween the two main groupings within the graph, these being: Green-
everetti /cyaniventer, Red- olivea / cyaniventer, Blue- everetti / superciliaris.
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A B
Figure 10. Same graph as in Figure 8. (A) The pairings of flavolivaceus - vulcanius in red and acanthizoides -
brunnescens in blue show the strongest Mahalanobis distance while displaying the lowest genetic distance. (B)
The pairings of pallidipes - squameiceps in blue, neumanni - squameiceps in red, and pallidipes - neumanni in
orange, showing a lack of divergence from the trendline of the graph.

A B
Figure 11. Same Graph as in Figure 8. (A) A comparison of Cettia cetti to all other members of the Cettia genus,
with cetti - castaneocoronata in red, cetti - brunnifrons in blue, and cetti - major in green. (B) The four outliers
with the lowest Mahalanobis distance in comparison to genetic distance. Red- Tesia cyanventer / Horornis
flavolivaceus, Blue-Horornis ruficapilla / Abroscopus albogularis, Green- Tesia Everetti / Abroscopus
supercilaris, Pink- Horornis ruficapilla / Phyllergatescucullatus.
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Several notable result can be obtained by this graphical comparison of Mahalanobis distance

(vocalization) and genetic distance. First of all, a shallow trend can be observed, in which it can be seen

that as genetic distances increase, Mahalanobis distances also tend to increase.

    As seen in Figure 9, the island species of the genus Horornis create their own distinct cluster

consisting of low genetic distance and moderately high Mahalanobis distances. This trend is universal

amongst the islander Horornis species. The islander Tesia species Tesia everetti, as well as the

continental Tesia olivea also show a larger Mahalanobis distance in relation to genetic distance,

occurring isolated in between the two main clusters within the graph.

    The strong song divergence between the sister species pairs Horornis flavolivaceus - H. vulcanius,

and H. acanthizoides - H. brunnescens over an extremely short period of time is clearly visible (Figure

10). At the same time however, the genus Urosphena which possess various songs which could be

considered highly divergent, are found to have not strayed very far from the projected average stated

by the graph. That is to say, it is quite unexpected that despite diverging between 8 and 5 million years

ago, and appearing extremely vocally distinct, the range of both their Mahalanobis distances and genetic

distances fall well within the expected trend for the family as a whole.

    Another species which while appearing extremely divergent, can be seen as more or less on track

with the familial trendline is Cettia cetti (Figure 11). Although audibly and on sonograms clearly

divergent from the other members of its genus, it appears to show a relatively standard amount of

deviation when the age of genetic divergence is taken into account.

    As for the outliers seen in part B of Figure 11, none of the pairings of Tesia cyaniventer / Horornis

flavolivaceus, H. ruficapilla / Abroscopus albogularis, T. everetti / A. supercilaris, and H. ruficapilla /

Phyllergates cucullatus are closely related.
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5.8 Sonograms

Figure 12. Sonograms of all Horornis species, note that for H. acanthizoides and H. brunnescens the X axis is
substantially more compressed than in the other graphs, since their songs are much longer than the others. Many
of the island species are also displayed with a narrower frequency window due to their generally lower frequency
compared to the continental species.
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Figure 13. Sonograms of the Tickellia, Phyllergates, and Abroscopus genera.

Figure 14. Sonograms of the Cettia genus. Note that the notes with the “transversely barred” appearance at the
end of Cettia brunnifrons are often excluded from the song.
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Figure 15. Sonograms of the Tesia genus.

Figure 16. Sonograms of the Urosphena genus.

    As can be seen in Figures 13, 14, and 15 there are relatively strong trends of conservation both within

individual genera and between sister genera. Meanwhile, Figure 16 displays the strong variation within

the Urosphena genus, with two distinct groupings of high pitched simple songs, and lower pitched

complex songs. Within the Horornis genus in Figure 12, a further split can be seen between the
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conserved simple songs of the island species, and more complex songs of the primarily continental

species.

6 Discussion
6.1 Analysis of Phylogenetic Affiliation
While it is up to individual interpretation as to whether a perceived affiliation can be considered

significant, it is the opinion of this study that it is in fact both possible and reliable to associate birdsongs

and phylogenetic affiliations in this instance. This can be readily seen in figure 5 where each clade can

be found in its own distinct region of the graph, forming graphical areas where other members of the

same clade would be hypothesized to exist had their data not been available for this study.

    However, as with most things in nature, this cannot be considered a perfect system, with extreme

divergence in certain species causing them to differ greatly from what can be considered standard for

their clade. Two notable examples of this are Horornis acanthizoides and Urosphena neumanni, with

the former appearing far higher and the later appearing far lower than the rest of their clade along the

Y axis. Should only their song be utilized to assume phylogenetic affiliation, then divergent species

such as these would find themselves drastically misplaced within the phylogenetic tree.

    However, such divergence does not seem to be an issue with regards to Urosphena subulata, the only

species within this study which has not been analyzed phylogenetically. While currently placed in the

genus Urosphena (Clements et al. 2021; Gill et al. 2022), its exact relationship to the other members of

that genus is not yet known. However, it is believed that the closest related species to U. subulata are

U. whiteheadi and U. squamicepes. This hypothesis is highly supported by this study, as U. subulatae,

U. whiteheadi, and U. squamicepes are all closely affiliated to each other in Figures 2, 3, 5 and to a

lesser extent Figure 6.  It should also be noted that within Figures 2 and 3, U. subulatae can be found

in-between the two aforementioned closely related species. However, DNA is needed to concretely

determine the most likely position of this species in the tree.
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Figure 17. Speculation as to the exact placement of Urosphena subulatae in the phylogenetic tree.

6.2 Song Divergence
As can be seen in Figure 8 and 10A, rates of divergence are highly variable both between sister species

and within the Cettiidae family as a whole. Some species appear to have deviated extremely rapidly,

such as Horornis flavolivaceus and H. vulcanius, which underwent substantial acoustic divergence in

only approximately 1.5 million years, which is quite fast compared to the other Horornis species. In

contrast, other species remained far more conserved, see section 6.3 below.

    Other species which were found to have deviated markedly from what could be considered the

statistical norm include Horornis acanthizoides, Horornis brunnescens, and Cettia cetti. Of these

divergent species none appears to deviate as substantially and as quickly as Horornis acanthizoides,

whose single strophe is much longer than any other analyzed species. One individual whose song was

utilized in this experiment possessed a single strophe more than a minute in length. This divergence in
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time can be readily seen in Figure 3, where Delta Time has a pronounced effect on the Y axis of the

graph.

    The same can be said of H. brunnescens, which is the sister species to H. acanthizoides, and which

until recently was classified as a subspecies instead of a separate species (Alström et al., 2007). Like its

sister species, H. brunnescens stands out primarily in the aspect of strophe time. It is for this reason that

on PCA’s such as Figure 2, where Delta Time is one of the least important factors in determining

position, H. brunnescens appears far more standard than its clear divergence suggests. It is only when

PCA factors such as Delta Time, Number of Elements, and Element Length are given far more weight

that the divergence of H. brunnescens becomes clear (Figure 3 and 6).

    What can be considered most striking about this divergence is the rapidity at which it occurred.

Branching off approximately 4 to 5 million years ago, from what has been deemed more likely, the H.

flavolivaceus / H. vulcanius lineage, these two species show a much more rapid change in their songs

when compared to all other species in the Horornis genus. In fact, the Horornis genus can be seen as

relatively conservative in song, with many songs sharing similar elemental characteristics despite

diverging long before H. brunnescens and H. acanthizoides.

    Not only did these two species rapidly diverge from the other members of the Horornis genus, but as

can been seen in Figure 10, they also greatly diverged from each other in a short period of time,

approximately 1.7 million years ago, during the Pleistocene. While not the most recent split in the

Horornis genus, it is the most divergent when the shortness of time is considered. It is hard to explain

such a drastic and rapid change in song. The two species are parapatrically (adjacently) distributed,

without any known contact, with H. acanthizoides along the eastern rim of the Tibetan Plateau, and H.

brunnescens throughout the Himalayas (Alström et al. 2007). Accordingly, there is no foundation for

reinforcement of prezygotic isolation (Liou & Price 1994), and since the songs appear to be consistently

different throughout the wide range of each species (Alström et al., 2007) there is no signature of

reproductive character displacement.  As population separation via natural barriers such as mountains

have been shown to cause divergence in vocalizations, and female birds have been shown to display a

preference for extremely local dialects, it is possible that the initial geographic separation between east

and west, probably in combination with strong sexual selection for complex songs, has triggered the

extreme divergence between these taxa (Danner et al. 2011; Purushotham & Robin 2016).

    The other most obvious species with regards to divergence is Cettia cetti. As has been mentioned

before in the previous sections, Cettia cetti has strongly diverged from other members of the Cettiidae

family in nearly every way. It is the only member of the family to occur in the Western Palearctic, as

well as the only member of the family to reside in lowland swamps. Along with these geographical and

ecological differences, Cettia cetti also diverges strongly in terms of its song. With strong Bandwidth

90, Average Entropy, and Delta Frequency deviations, Cettia cetti finds itself almost completely alone

on the far-left side of Figure 2, dragged in the negative direction along the X axis. However, unlike

Horornis brunnescens and H. acanthizoides, Cettia cettia diverged from the rest of its clade almost 8.6
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million years ago. With such a long expanse of time separated from the other Cettiidae species, it can

be considered quite reasonable for such large-scale divergence to take place. This assumption is further

corroborated by Figure 11, where the pairings of Cettia cetti and the other members of the Cettia genus

can be seen as possessing relatively standard degrees of divergence due to the large lengths of time

involved in their genetic separation.

6.3 Song Conservation
As can be seen in figure 12, the islander Horornis species, of the Cettiidae family can be considered

relatively well conserved, with all species within this group producing songs which start with some

form of drawn-out element of rather uniform frequency. There are inter-specific differences between

these various elements, in terms of length, frequency, and whether or not they are complete or broken,

but none the less this long introductory note is universal within this group.

    The same also applies to H. fortipes, which as previously mentioned is believed to be the sister species

to H. acanthizoides - H. brunnescen and H. vulcanius - H.flavolivaceus, contrary to the dated

phylogenetic tree. If this is the case, and H. fortipes indeed branched off prior to the other continental

species, then it can be hypothesized that the long beginning note of H. fortipes may be homologous to

the initial elements of H. brunnescens, H. acanthizoides, and H. vulcanius. That is to say, that the initial

element within the songs of these three species may be a reflection of the more conserved element

present within the song of H. fortipes.

    There is one deviation from this norm however, and that is Horornis flavolivaceus, one of the newest

members of the Horornis genus, only evolving approximately 1.6 million years ago. In general,

however, there appears to be a large-scale conservation of this beginning element both through space

and time, with even the most divergent songs appearing to possess homologous traits.

    Also worthy of note is the fact that the main difference separating these island Horornis species

acoustically is the element or elements present at the end of their strophe. This displays an apparent

pattern in which the introductory elements of a strophe have been conserved, with the main area of

divergence only occurring to the final elements within the strophe.

    Meanwhile the genera Tickellia, Phyllergatus, and Abroscopus respectively, can all be considered to

represent a single relatively conserved group. These three genera are successive sister groups on the

phylogenetic tree, and their songs could possibly be considered a conserved representation of the actual

state in this clade. This can best be seen in Figure 5, where these three genera form an independent

cluster along the positive direction of the X axis, as well as Figure 13 where they all show short, simple

“straight” song elements.

    The Tesia can also be considered moderately conserved, though this stems more from the visual

sonographic representations of the strophes as opposed to the statistical analysis. As can be seen in

Figure 5, the Tesia mix quite strongly with the Horornis clade, producing no clear graphical delineation

between the two.
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    There is also the apparent conservation noted in Figure 11B. As shown by this graph there is apparent

conservations within the phylogenetic tree which shows far less divergence than would be considered

normal for the family. However, in all reality, it is likely that these results cannot accurately be called

conservation. This is because all four pairings, Tesia cyanventer / Horornis flavolivacea, H. rufficapilla

/ Abroscopus albugularus, Tesia everetti / Abroscopus superscilaris, and H. rufficapilla / Phyllergates

cuculatus all involve species which are only distantly related on the phylogenetic tree. Accordingly, the

similarity seems to be due to evolutionary convergence in the measured variables. However, as can be

seen from the sonograms in Figure 12 – 16, the similarities between these pairs of species are restricted

to the limited number of measured variables, and is not reflected in the appearances of the sonograms

or by the auditory impression of the songs. This highlights the limitations of song analyses based on a

small number of variables (see further below).

6.4 Island vs Continental Species
As can be seen in Figure 4 a clear and pronounced delineation takes place between the continental and

island species of Cettiidae. This splitting of the data occurs both along the X and Y axis of the data,

approximately following a sloping 45° angle from the upper left to the bottom right-hand corner of the

graph. This places the slope of this delineation nearly perpendicular to the factors of Center Frequency

and Lower Frequency, with High Frequency also having an effect though to perhaps a lesser extent.

    While the exact cause of this trend is not known at this time, this arrangement suggests a notable

pattern of divergence between continental and island groups with relation to these two factors. While it

is true that many of the species within the island group are closely related phylogenetically and rather

recently diverged, the inclusion of both Horornis vulcanius and the island Tesia species seems to

suggest that more is at play than simply a phylogenetic similarity. Thus it would be possible, with the

exception of Urosphena subulata and U. whiteheadi, to estimate a species geographic range simply by

looking at which side of this delineating line the species fall across.

    A similar split can also be seen in Figure 9A, where nearly all the island pairings can be seen located

on the far-left side of the graph, distinct from the continental species by a well-defined margin. This

location within this graph suggests that while many of the continental species experienced greater song

divergence overall, it was the island species which possess the greatest song divergence in the shortest

amount of time. Worthy of note however is that this rapid divergence is primarily in their separation

from other island species, and not their continental counterparts.

    As to what both these delineations means, it appears that on average, continental species experience

more deviation from the familial standard in the factors of high, low, and center frequency, than their

island relatives. Conversely, island species appear far more conserved in all the factors related to

frequency. However, the high rates of rapid divergence shown in Figure 9 suggests that other acoustic

factors acted to strongly differentiate species from one another, and in a relatively short period of time.
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    This then begs the question, what could have caused such high and rapid divergence between island

species while maintaining a relatively conserved and simplified song structure overall?

    Firstly, all except three of the island species belong to the genus Horornis, with all but one of these

Horornis species (H. vulcanius) originating from a single node in the phylogenetic tree approximately

4.1 million years ago during the Pliocene. With many of these species being closely related, it could be

considered unsurprising that they would form a natural cluster within both graphs (Alström et al. 2011).

However, while there may be a possible ancestral component related to this trend in Figure 4, the wide-

ranging effects geographic isolation has on bird evolution and birdsong divergence cannot be

overlooked or understated (Stamps & Buechner 1985; Baker et al. 2006; Morinay et al. 2013).

    Before exploring possible evolutionary causes however, it is vital to note that thanks to the newly

created dated phylogenetic tree, it is now possible to show that not all the species of modern-day island

birds evolved on true islands, disconnected from the mainland. For while islands such as Fiji, which

appeared in the Eocene, and the Philippines which emerged in the Miocene, have remained permanently

disconnected from the Asian mainland, the same cannot be said of the islands of Indonesia (Fjeldså et

al., 2020). In fact, for large stretches of time beginning in the Miocene and continuing until the last

glacial maximum, dramatic changes in sea level left much of Sundaland, comprising modern day

Malaysia and the Greater Sunda Islands, connected to mainland Asia (Fjeldså et al., 2020).

    As such, this draws into question as to whether the Indonesian species of Horornis vulcanius,

Urosphena whiteheadi, Tesia everetti, and T. supercilaris should really be considered island species,

having evolved on what was once the continent. However, by at least the beginning of the Pleistocene

2.6 million years ago, and possibly beginning earlier, Sundaland experienced wide reaching climactic

changes. The interior of the landmass became dry, leading to the expansion of savannah like conditions,

while forcing the forest biotas into northeastern Borneo and the coasts of Sumatra and Java (Lim et al.,

2017; Fjeldså et al., 2020). These environmental changes occurred shortly after many of the Indonesian

species first began to diverge according to the dated phylogenetic tree.

    This partitioning of the forest biota due to climate change represents the modern ranges of the

Indonesian Cettiidae species. This could therefore lead to the conclusion that the more widespread

ancestors of the modern taxa became trapped in these pockets of mountain forests, separated from other

members of their species or clade via the savannah biota which acted essentially as an ocean of grass

between habitats. As none of these Indonesian species are migratory, it can largely be assumed that

once the scattered forests were cut off from one another during the Pleistocene, that very little genetic

exchange occurred between pockets (Wei et al., 2017). It is however possible, though rather unlikely,

that past migratory abilities have since been lost.

    Assuming this in not the case, while divergence for several species such as Tesia everetti had already

begun by this point, likely driven by factors such as female dialect preference, it can be assumed that

this isolation via environment greatly impacted the rate of evolutionary divergence. For this reason
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these scattered pockets of mountain forests should be treated much the same way as so called sky

islands, separated simply by topography or ecology rather than water (Purushotham & Robin 2016).

    With this clarification, it is now possible to return to what caused the overall shift in song patterning

for these island species.

    This includes the “founder effect” and the “withdrawal of learning” hypothesis, both of which could

have had substantial effects on isolated and recently colonized islands such as Fiji and Palau. In these

instances, juvenile birds without fully crystalized songs would act as the initial colonizers of these

islands, leading to rapid vocal divergence from the initial outside population (Kivisild 2013; Tietze

2018). The founder effect would also support the apparent simplicity of many islander songs as can be

seen in their sonograms. As the founder population is likely to be composed largely of individuals with

uncrystallized songs, i.e. juvenile individuals whose songs have yet to fully crystalize, the end result is

often in simpler songs overall (Baker et al. 2006; Lachlan et al. 2013).

    However, it has often been seen that in some instances an initial trend towards simpler repertoires

will become counteracted by sexual selection pressures, thus, eventually leading to a return of

complexity in the songs of island species (Morinay et al. 2013; Potvin & Clegg 2015). This does not

appear to be the case in the Cettidae. Thus, while the founder effect and withdrawal of learning may be

responsible for the initial divergence for island species, the question still stands as to what exactly

caused a dampening in song complexity over the following extended period of isolation.

    While the population densities of island Cettiidae species are not known to us, it is generally assumed

that populations on islands are generally higher than on the continent due to the confining limitations

of the island environment (Morinay et al., 2013; BirdLife International, 2022). It is this increased

density which may explain the apparent simplicity of many island songs, as organisms in more dense

environments often are forced to simplify their repertoire due to energy constraints (Scordato 2018).

The lack of buzzes, trills, and other aggressive song characteristics in the Cettiidae island species also

supports the density hypothesis. While such features are found in continental species such as Horornis

brunnescens and Abroscopus albogularis, whose territories overlap with several other Cettiidae species,

the same cannot be said of the island species. This is common of organisms inhabiting densely packed

environments, in which constant aggressive behavior would prove too exhausting to maintain due to a

lack of resources and territory (Morinay et al. 2013; Scordato 2018).

    In all likelihood, and much like nearly all areas of evolutionary biology, the factors which led to a

rapid, but simplified divergence of island Cettidae species is complex and multifaceted. With multiple

variables exerting influence on birdsong evolution simultaneously, further research is required before

any final conclusions can be drawn.

6.5 Urosphena genus
    Of the seven clades pre-established in the Cettidae family by Alström et al. (2011), those of clade 7,

the Urosphena genus (Fig. 1), can be considered the most widely divergent in relation to the other
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species within their own clade (5,6, and 7 in Fig. 1). While three species, Urosphena squameiceps, U.

subulata, and U. whiteheadi form a notable cluster in the upper right-hand quadrant of Figure 5, the

remaining two species, U. pallidipes and U. neumanni, are extremely divergent from the rest of the

clade.

    The deviation with regards to Urosphena neumanni should not be considered especially surprising,

as it is the only species of Cettiidae to reside solely in the African continent, and as such has become

evolutionarily isolated from the other members of the family for almost six million years. Such isolation

in a notably different ecosystem would likely explain the divergence in this case.

    However, upon closer inspection the question could be raised as to what could reasonably be

considered the norm for the Urosphena genus. For while both U. pallidipes and U. neumanni can be

considered embedded into the larger Cettiidae cluster formed towards the center of the graph in Figures

2 and 5, the remaining three species group together far outside what can be considered the familial

norm. This can likely be attributed to a strong divergence in the factors of low and center frequency,

which likely would have been shared amongst their common ancestor 4.9 million years ago. However,

until genetic material from U. subulata can be added into the phylogenetic tree, such connections are

primarily based on morphological studies (Kennerley & Pearson 2010).

    Despite the seemingly strong divergence both in relation to other clades as well as within their own

genus, as can be seen in Figure 10B, the amount of vocal divergence experienced by the Urosphena

species cannot be considered far from what would be expected given their age of evolutionary

divergence. As such, despite being strongly vocally divergent overall, this genus is well within the range

one would expect given their evolutionary age. This sits in stark contrast with other highly divergent

species such as Horornis acanthizoides and H. brunnescens, which strongly diverged far more rapidly

in evolutionary time.

6.6 Hypothetical Reconstruction of Ancestral Songs
In the final section of this report a visual review of the sonograms will be utilized in order to hypothesize

as to the ancestral state of songs at various nodes along the phylogenetic tree. While it is impossible to

accurately reconstruct the songs of now extinct bird species, theoretical speculation is still possible.

Such a speculation would focus on the broad overall appearance of the ancestor’s theoretical song,

without delving too far into specifics which cannot be accurately predicted.

    As can be seen in Figure 18 below, in which the dated phylogenetic tree and selected sonograms were

combined for ease of visualization, the songs of the Cettiidae family can be subdivided into five main

groups. The first of these groups includes the islander Horornis species, which possess relatively simple

songs beginning with a long drawn-out note. This drawn-out note is then followed by a series of species-

specific elements. As every island species follows essentially the same pattern, it is most parsimonious

to assume that this long drawn-out note is an ancestral state, and can be traced back to the connecting

node of all of these species approximately 4.1 million years ago (but see below).
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    The second clade contains the remainder of the Horornis genus, i.e. H. flavolivaceus, H.vulcanius,

H.brunnescens, H. acanthizoides, and H. fortipes. The songs of this clade are markedly more complex

than those of the island Horornis species, containing trills, occasional strong frequency fluctuations,

and extremely long elements or series of elements. Despite this however, with H. fortipes shifted to the

most ancestral node of this clade, a pattern emerges in which an ancestral song much more similar to

the islander species undergoes sudden and rapid divergence. Should this be the case, and the much more

complex songs of this clade contain homologous features to the more simple songs of the island species,

then the presence of this initial long note could theoretically be pushed back along the phylogenetic tree

to the initial branching of the genus Horornis, approximately 5.9 million years ago.

    The third group comprises Tickellia, Phyllergates, and Abroscopus. This group is marked by simple

songs composed of short repeated simple “straight” elements with a small bandwidth, and in most

species varying pitch within the strophes. As all three genera share a similar overall structure despite

extremely long periods of genetic divergence, it can be assumed that this comprises an ancestral state.

The most recent common ancestor of all four genera can be hypothesized to have had a relatively

straight simple song, possibly with long drawn-out elements but more likely composed of short,

repeated elements, with minimal variation in factors such a frequency. This hypothetical song structure

can be dated to approximately 10.2 million years ago.

    The fourth group is comprised of the genera Cettia, Tesia, and two of the species of Urosphena. This

large clade is comprised almost exclusively of species with complex songs featuring short elements and

rapid frequency changes, alternating between high and low frequencies. The fifth group is comprised

of only three species of Urosphena, although the phylogenetic position of U. Subulate has not been

tested by molecular markers. This group is recognized by straight elements extremely high in frequency

and without the extreme frequency modulations common in group 4. As group 5 is the much smaller

group, it is most parsimonious to assume that the songs within this clade are the deviation instead of the

norm, branching of approximately 8.2 million years ago.

    As such, the complex alternating pattern of elements can be theoretically traced as far back as the

node between the initial split between Urosphena, Tesia, and Cettia, approximately 10.4 million years

ago.

    Unfortunately, it is impossible to speculate any further back along the phylogenetic tree, as the

deepest node, in which the main dichotomy of the Cettiiade family split is followed by two nodes

drastically different in hypothetical song structure. With the speculative ancestral song of the Horornis,

Tickellia, Phyllergatus, and Abroscopus genera considered likely comprised of simple straight

elements, and the ancestral song of Urosphena, Tesia, and Cettia comprised of complex dynamic

elements, there is no indication which state deviated from the ancestral origin. As such, without further

data to support either side being the original state, the speculation as to ancestral songs should be ended

at this point.
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Figure 18. A representative of the song of each species was added to the dated phylogenetic tree to allow for ease
of analysis.

6.7 Limitations of this study
The limited number of variables analyzed in this study is a constraint. Bird songs and the science behind

vocalization and acoustic reception and recognition is extremely complex, and as such the full intricacy

of such concepts are difficult to capture statistically. This may lead certain conclusions to be overlooked,

or even create conclusions with are not entirely accurate or trustworthy. One example of this can be

seen in Figure 11B, in which extremely distantly related species were shown to have extremely low

levels of vocal divergence. In most cases, this idea was not supported by the PCA, nor by simple visual

analysis of the sonograms. Instead, what this appears to be is a false correlation caused by the limited

data available. As it is inherently difficult to quantify complex bird songs, convergence between the

selected variables, despite the species being audibly, visually, and phylogenetically distinct, could cause

two species to appear far more similar statistically than is truly the case.

    Clearly further research is recommended in order to refute or corroborate the numerous finds

presented within this report.

7 Conclusion
    Through an overarching analysis of the songs of the entire Cettiidae family, several notable trends

have been discovered. Firstly, as can be seen in Figure 5 each genus of Cettiidae, while strongly

disbursed and with some overlap, appears to inhabit a more or less specific space within the PCA. This

would make it theoretically possible to hypothesize an organism’s place within the phylogeny without

the utilization of genetic data. However, based purely on acoustic data, some heavily divergent species

such as Urosphena neumanni, would have been placed well outside the Urosphena genus.
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    Secondly, it was concluded that cases of both divergence, as in the cases of species such as Horornis

acanthizoides and H. brunnescens, and conservation, as in the case of the island Horornis species, were

prevalent. Cases of convergences, however, appeared to be far less numerous, with the few instances of

apparent convergence noted likely due to the limitations of the data.

    As for the island species themselves, a clear statistical delineation appears present when compared

to primarily continental species. This statistical split can be seen in Figures 4, 9, and 12, and could be

caused by numerous factors. These include but are not limited to, the founder effect and island

population density, however further research is clearly required in order to reach a conclusion.

    It was also found that, as predicted, an increase in evolutionary time often leads to greater divergence

in song, as indicated by greater Mahalanobis distances. This, however, is not always the case, as highly

divergent species such as Horornis acanthizoides and H. flavolivaceus, break this generalized trend.

    Finally, through the use of visual analysis of sonographic images, and the usage of parsimony

criterion, hypothetical ancestral songs were speculated, tracing back the lineage of songs to roughly ten

million years ago. It was concluded that around this time, there were likely two distinct species which

were the ancestor of all modern Cettiidae. One of these species likely possessed a simple straight song,

possibly with some form of ending element. In contrast, the second species possessed a much more

complex song with a wide variety of shifts in frequency. It was this dichotomy which led to the clear

split between simple and complex songs seen in Figure 18.
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Appendix
Sonographic Data for every analyzed individual can be found at the following

link

sonogram%20data.xl
sb
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