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ABSTRACT OF THE DISSERTATION

Genomic approaches to studying evolution and adaptation in birds

by

Whitney L. E. Tsai Nakashima
Doctor of Philosophy in Biology
University of California, Los Angeles, 2024
Professor Thomas Bates Smith, Co-Chair

Professor Michael Edward Alfaro, Co-Chair

This doctoral dissertation focuses on genomic approaches to study evolution and adaptation in
birds. Recent advances in next-generation sequencing (NGS) technology and analytical tools are
making the production of genomic data more accessible than ever before. As such, the
accumulation of genomic data is occurring at an ever-increasing pace. This genomic data harbors
a trove of information waiting to be unlocked. For birds, an initiative called the Bird 10,000
Genomes Project strives to produce genomes for all living species of birds. This growing

availability of bird genomes is fueling our ability to understand the genetic architecture
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underlying evolutionary and adaptative processes. In my dissertation, I use genomic data and
analytical tools to understand color evolution and genomic signals of climate adaptation in birds.

My first two chapters explore color and visual system evolution in birds. In the first
chapter, I introduce the R package, charisma, for categorizing color from digital images for high-
throughput analyses of color evolution. Current color categorization of digital images often
entails manual classification of color for each image or a single estimate of colors for the entire
group. I present charisma a novel efficient and standardized method to identify biologically
relevant colors in thousands of images. In the second chapter, I explore the evolution of avian
visual system sensitivity. I align and trim SWS1 opsin sequences to predict the visual sensitivity
of 418 bird species across the bird tree of life. I estimate rates and reconstruct ancestral states of
visual system sensitivity. I found that a violet-sensitive visual system is ancestral in birds and
that an ultraviolet-sensitive visual system has evolved at least 18 times across the bird tree of
life.

In the last two chapters of my dissertation, I present a reference genome and investigate
climate adaptation in Yellow Warblers, Setophaga petechia. In my third chapter, I present a
highly contiguous reference genome assembly for Yellow Warbler using HiFi long-read and Hi-
C proximity sequencing technologies. I generated a 1.22 Gb assembly including 687 scaffolds
with a contig N50 of 6.80 Mb, scaffold N50 of 21.18 Mb, and a BUSCO completeness score of
96.0%. This high-quality reference provides a key resource for understanding gene flow,
divergence, and local adaptation and informing conservation management. In my fourth chapter,
I investigate genomic signals of climate adaptation in Yellow Warblers in California. Climate
change is an ongoing threat to biodiversity and species are being forced to respond or face

extinction. This response is dependent on their ability to adapt to rapidly changing environments.
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I use a whole genome sequencing approach to examine genomic signals of local adaptation in
California breeding Yellow Warblers to identify populations most vulnerable to climate change.
Despite low genetic structure in Yellow Warblers breeding in California, I identified unique
genotype-environment associations and 2,972 putatively adaptive single-nucleotide
polymorphisms across 137 individuals. This study highlights the importance of understanding

neutral and adaptive genetic variation in bird populations.
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CHAPTER 1
charisma: an R package to determine discrete color classes for high-throughput analyses of color

evolution



Abstract

Advances in digital imaging and software tools have provided increasingly accessible datasets
and methods for analyzing color evolution. Despite the variety of computational packages
available, most rely on manual identification for individual images, a single-color class
estimation for a large set of images, or an overestimation of color classes. This limits the ability
to analyze large datasets of images, decreases the accuracy of downstream analyses, and is not
representative of biologically relevant color classes. Here, we present charisma, an R package
designed to determine the number and proportions of distinct color classes in an image suitable
for large-scale studies of biological organisms. We show that charisma can quickly and
accurately classify every pixel in an image and validate classifications using known color
swatches. We apply this method to avian color evolution by investigating how color evolves
within a diverse and charismatic group of birds, tanagers in the subfamily Thraupinae. We find
that charisma color classifications are consistent with those made by experts in the field. Our
results demonstrate that using charisma to curate and call colors in images provides a
standardized and reproducible framework for high-throughput color classification. It can be
tailored for datasets collected from different sources to yield reproducible results and is designed

to work with popular color analysis packages.

Introduction

Many of Earth’s organisms’ charismatic coloration and patterning have inspired biologists to
study these traits for over a century (Darwin, 1981; Mayr et al., 1963). Animal colors and
patterns have been shown to have ecologically important functions such as intra- and inter-

specific communication in the form of sexual or social signaling, as well as provide crypsis,



advertisement, or mimicry (Cooney et al., 2019; Feller et al., 2017; Héstad et al., 2005; Irwin,
1994; Rabosky et al., 2016). The evolution of conspicuous coloration and patterning has
historically been studied using genetic and observational approaches (Andersson & Amundsen,
1997; Barlow et al., 2018; Ehrlich et al., 1977; McMillan et al., 1999; Neudecker, 1989). Yet,
advances in digital imaging and novel software tools have provided increasingly accessible
datasets and reproducible methods for quantitative ecological and evolutionary studies of color
and pattern (Berg et al., 2020; Chan et al., 2019; Endler, 2012; Endler et al., 2018; Hemingson et
al., 2024; Maia et al., 2013; Valvo et al., 2020; Van Belleghem et al., 2018; Weller & Westneat,
2019).

Color categorization is one crucial task when analyzing color in a biological context;
however, it is notoriously difficult. Despite the variety of computational packages available,
most require users to input the number of dominant color classes (k) a priori to computing color
metrics (Maia et al., 2019; Van Belleghem et al., 2018; Weller & Westneat, 2019). This involves
a manual identification of & for individual images, a single k estimation for a large set of images,
or a bespoke method for categorizing color (Alfaro et al., 2019; Delhey et al., 2023; Hemingson
et al., 2019; Weller & Westneat, 2019). While these methods are suitable for a relatively small
sample of organisms with low color variation across species or a single study, conducting large-
scale analyses of many clades with high phenotypic diversity remains limited by both time and
reproducibility.

To fill this gap, we introduce charisma, an R package designed to automatically
determine the presence or absence of key color categories in organismal images that can be used
across studies of broad taxa. The charisma package incorporates functions from the R package

recolorize to determine k for organismal images (Weller et al., 2024). Here, we provide a flexible



and reproducible framework to assess discrete color classes in images suitable for large-scale
studies of color and color pattern evolution that can be seamlessly integrated into popular
downstream quantitative analysis workflows in R. We demonstrate the efficacy of our software
by (1) validating charisma using images of known color classes, (2) applying charisma to
standardized images of tanager museum specimens from the subfamily Thraupinae and
comparing charisma classification of tanagers to expert color classification, and (3) analyzing
color evolution in tanagers.

Description

The primary function of charisma is to classify the proportion of 10 discrete color categories in
an image in a standardized, efficient, and reproducible way. For each pixel, the color hue,
saturation, and value (HSV) are harvested and compared to a color look-up table (CLUT). The
default CLUT assigns each pixel to ten discrete color classes: red, orange, yellow, green, blue,
purple, brown, black, gray, and white. We tuned the default CLUT through an iterative process
to have non-overlapping ranges for each color and optimized it using standardized, color-
calibrated photos of bird museum specimens. We have structured charisma so that the CLUT is
easily exchanged for one that is modified based on the needs of the user and the organisms they
are studying. Images passed into the charisma function first undergo preprocessing and noise-
reduction, facilitated by the R package recolorize (Weller et al., 2024). This step is implemented
to reduce the impact of noisy colors and pixels have on downstream color classification in
charisma. The color classification can be run automatically, or users can manually intervene by
merging color categories, replacing colors, and/or using a threshold cutoff for colors with low
proportions of pixels. The final charisma output (Figure 1, Table S1) for each image includes a

diagnostic plot, the number of colors present (k=1-10), a table with presence and absence data for



each color class, a log of all manual interventions performed, and R objects that can easily be
passed through existing evolutionary analysis pipelines, like those in the R package pavo or
evolutionary rates analyses. charisma allows for a highly standardized and reproducible pipeline
for obtaining color data from images of organisms for downstream evolutionary analyses.
Methods

Validation

We validated the performance of charisma and the accuracy of our CLUT by testing known
color datasets. First, we obtained color grids for each of our ten colors from the images on the
Wikipedia "Shades of [Color]" pages (Table S2). These images contain grids of 9-25 color
squares representative of each color, which we used as input in the automated charisma pipeline.
Next, we used color swatches from the PANTONE Matching System (PMS, X-Rite, Carlstadt,
New Jersey), which provides a standardized color reproduction system. We extracted 901 PMS
color swatches (https://www.pantone-colours.com/) and ran them through the automated
charisma pipeline.

Imaging bird museum specimens

We illustrate the utility of charisma for evolutionary color analyses with images of tanagers in
the subfamily Thraupinae (Family Thraupidae). Tanagers in this subfamily have been well-
studied in molecular phylogenetics and color evolution (Burns et al., 2014, 2016; Price-Waldman
et al., 2020; Shultz & Burns, 2017). Previous work has found that lineages within Thraupinae
have the highest rates of plumage complexity evolution (Price-Waldman et al., 2020). The
subfamily Thraupinae also contains the notably colorful genus 7angara making them an
excellent group for testing charisma. We photographed 32 bird museum specimens at the Natural

History Museum of Los Angeles County (Table 1). Specimens were photographed under



consistent conditions using a Nikon D70s with a Novoflex 35mm lens and Natural
LightingNaturesSunlight 30-W full spectrum fluorescent bulbs. Each image included a color
standard and RAW image files were white-balanced before processing. We were solely
interested in plumage coloration and segmented images to remove the background and the
specimen’s bills, legs, tags, and cotton eyes for color analysis.

Bird coloration datasets

To test how well charisma categorized color in our bird museum specimen images, we created
datasets by running the fully automated version of the package and a dataset where we manually
adjusted the images using the charisma functions. For the fully automated datasets, we tested
cutoff threshold values of 5%, 7.5%, and 10%, where any color with a proportion smaller than
these values would be removed from the color classification. We also had a dataset of color
classifications for all members of the family Thraupidae determined by an expert in tanager
coloration (Shultz & Burns, 2017). We adjusted the expert color classifications to include only
colors present in the side view of the specimen image. We also accounted for intraspecific and
subspecific color variations in the specimens. To evaluate our color classification, we compared
our automatic and manual color datasets against our expert datasets using a binary contingency
table (Powers, 2020). Using our expert color dataset as the true colors of the birds, we classified
each charisma color call as a true positive (hit), false negative (miss), false positive (false alarm),
or true negative (correct rejection).

Evolutionary analyses

We used our datasets and a previously published tanager phylogeny (Burns et al., 2014) to
explore rates of color evolution and to reconstruct ancestral color states. Additionally, because

bird coloration is well-studied and the color-producing mechanisms and structures are reasonably



well-known in many species (Hill, 2006; Mason & Bowie, 2020; Stoddard & Osorio, 2019;
Stoddard & Prum, 2011), we also estimate rates and reconstruct ancestral states for color
producing mechanism in birds. We transformed our discrete color data to color-producing
mechanism data by grouping our discrete colors by avian color-producing mechanism, removing
white because this can either be produced by a lack of pigment or feather microstructure:
melanin - black, brown, gray; carotenoid - red, orange, yellow; structural - green, blue, purple
(Hill, 2006). We used the fitDiscrete function in the R package geiger to test the fit of two
models of evolution: the equal rates (ER) model, which assumes equal rates of gains and losses
of a trait, and the all rates different (ARD) model, which assumes different rates of gains and
losses of a trait. We compared the natural log (In) transition rates for each color and each dataset
to determine the potential effects of differing datasets on the evolutionary analyses. We then
selected the best model for each color and mechanism for our manual dataset using the sample
size correct Akaike Information Criterion (AICc). Using the best fitting model, we reconstructed
ancestral states for our manual dataset by estimating posterior probabilities and mapping them
onto the tanager phylogeny using the R package phytools (Burnham et al., 1998; Revell, 2012).
Results and Discussion

Validation

Our color validations demonstrate the ability of charisma to identify colors in an image. Outputs
from the Wikipedia color grids show that for each color grid, most charisma color calls return
the color category of the grid (Figure 2). The most variation in color calls was present in the red
and orange grids, with four colors being called for each. The color with the second highest

proportion called for red and orange was brown. This highlights the difficulty of delineating



between these three color boundaries in HSV color space. We also show that charisma can
quickly and accurately call colors for many colors from the PMS (Figure 3).

Comparison of color datasets

Our manual color dataset outperformed the automatic color datasets when compared to our
expert color dataset (Figure 4, S1). While black was classified well across all automatic and
manual datasets, brown and gray had high false alarm rates, and red and orange had high miss
rates in our automatic datasets (Figures 1A, S1). The bases and tips of bird feathers, especially
contour feathers, are often different colors, with the base generally being gray or drabber than the
tip, which frequently has more highly pigmented or structural coloration (Terrill & Shultz, 2023).
In bird museum specimens, overlapping feathers can be misaligned to create artifacts of gray or
brown patches (Figure 1A). These color artifacts may contribute to over-representing brown and
gray in the automatic color datasets. The colors red (2 instances) and orange (1 instance) were
rare in this dataset. When they were present, they were represented by small patches. This may
contribute to the high miss rates in the automatic datasets as the threshold values remove colors
with a small proportion of pixels assigned to them in the image. The manual charisma
classifications show an almost identical color profile to our expert color dataset as evidenced by
the nearly 100% hit and correct rejection rate (Figure 4B). The only differences were a very low
miss rate for blue and a very low false alarm rate for green.

Evolutionary analyses

We compared results from evolutionary rate analyses across our color datasets (Figure S2). We
found that the automatic datasets revealed an elevated rate of evolution for gray across all
models, providing evidence that these color artifacts in bird museum feathers due to misaligned

feathers impact downstream evolutionary analyses. We also find slower rates of evolution of



blue and green in our automatic datasets, which may be due to the higher rate of charisma
missing these color calls in the automated pipeline (Figure 4A, S1). We generally see high
congruence in evolutionary rates between our expert and manual color datasets.

Here, we present the results of our evolutionary analyses using the manual color dataset.
We tested two models of evolution on discrete color categories and colors grouped by color-
producing mechanism. We excluded purple and the melanin-producing mechanism from our
analyses because purple was absent in this dataset and melanin was ubiquitous across all species
(Figure 5). When we compare color evolution using the ER model, brown shows an elevated rate
of evolution compared to all other color categories, and black shows the slowest rate (Figure
6A). Melanin is a structurally robust pigment often deposited in the primary wing and tail
feathers of birds to increase durability and resist abrasion in these high-use feathers (Bonser,
1995). This aligns with our finding that melanin coloration is highly conserved and indicates the
need for structural integrity in bird feathers. For mechanisms, carotenoid coloration showed a
higher rate of evolution than structural coloration. The ARD model shows that green and blue
have elevated rates of gains and losses compared to all other colors (Figure 6B, 6C). Structural
coloration showed a much higher gain rate compared to carotenoid coloration. Pigment-based
color is much more widespread across the avian tree of life than structural color. However,
where structural color is present, there is some evidence for color diversity accumulating faster
than pigment-based color (Maia et al., 2016). The modularity of layering pigments and structure
and the subtle nanometer changes that result in the production of significantly different colors
may allow for this rapid evolution and accumulation of color diversity (Eliason et al., 2015; Maia

etal., 2016).



We found that the ER model was the best-fitting model for every color and color-
producing mechanism except for orange. Using the best-fitting model for each color and
mechanism, we reconstructed ancestral states and mapped them across the phylogeny (Figure 5,
S3). We found that most ancestral nodes had black, brown, yellow, green, and blue color states,
and these were also the most common colors in our dataset. Black, white, brown, and gray are
the most common colors across the bird tree of life (Delhey et al., 2023) and differences in our
findings are likely due to the uniquely colorful nature of birds in the subfamily Thraupinae. The
ancestral state reconstruction demonstrates that rates of evolution are driven mainly by losses of
colors across internal branches of the tree with only a single gain of white on an internal node.
Orange fits the ARD model best with a slightly elevated rate of gain than loss (Figure 6B, 6C).
However, this result for orange is mainly driven by the uncertainty of the presence of orange at
the root of the phylogeny (Figure 5, 6). Interpreting results for orange and red is not
recommended because these colors are only present in two tanagers in our phylogeny. A more
comprehensive sampling of tanagers outside of the subfamily Thraupinae could resolve this.
Conclusions
The R package charisma provides a standardized, reproducible, and flexible framework for
classifying color from digital images. We integrated charisma with the existing color and color
pattern analyses R packages, recolorize and pavo. Here, we used color-calibrated images of bird
museum specimens; however, we built functionality to adjust the default CLUT based on user
needs and their specific image dataset. These datasets could include existing standardized photos
like J.E. Randall’s images of fish (http:// pbs.bishopmuseum.org/images/JER/) or datasets of
non-standardized images like those culled from iNaturalist (iNaturalist, n.d.) or ebird (Sullivan et

al., 2009). We found that artifacts from misaligned feathers in our bird museum specimen image

10



dataset led to the overrepresentation of brown and gray in our automatic color datasets. Thus, we
recommend using charisma to manually adjust image colors to fit the biology of the study
system. The outputs of charisma allow for a seamless transition to downstream evolutionary
analyses, which we demonstrated on tanagers in the subfamily Thraupinae. Ultimately, we

present charisma as a solution for high-throughput organismal color analyses.
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Figure 1. Example of a diagnostic plot output from charisma for the Speckled Tanager,
Ixothraupis guttata. (A) The original color-calibrated input image was segmented to remove the
bills, legs, tags, and cotton eyes. (B) Preprocessed image run through the R package recolorize.
(C) charisma mask with manual color adjustments. (D) Plot showing the proportion of pixels in
the image for each color category present. (E) Input image for analyses in the R package pavo.

(F) Color classes output by charisma with color swatches for each color class.
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Tables

Table 1. Bird museum specimen image list.

Museum Identifier Genus Species Common name

LACM 59610 Tangara arthus Golden Tanager

LACM 39216 Stilpnia cayana Burnished-buff Tanager
LACM 59272 Tangara chilensis Paradise Tanager
LACM 59652 Tangara cyanocephala  Red-necked Tanager
LACM 37716 Stilpnia cyanoptera Black-headed Tanager
LACM 27866 Tangara cyanoventris  Gilt-edged Tanager
LACM 28775 Tangara desmaresti Brassy-breasted Tanager
LACM 16290 Tangara dowii Spangle-cheeked Tanager
LACM 60421 Tangara fastuosa Seven-colored Tanager
LACM 60422 Tangara florida Emerald Tanager

LACM 4843 Ixothraupis guttata Speckled Tanager
LACM 43661 Tangara gyrola Bay-headed Tanager
LACM 29385 Stilpnia heinei Black-capped Tanager
LACM 30414 Tangara inornata Plain-colored Tanager
LACM 37463 Tangara johannae Blue-whiskered Tanager
LACM 59219 Tangara labradorides  Metallic-green Tanager
LACM 4841 Stilpnia larvata Golden-headed Tanager
LACM 29473 Tangara lavinia Rufous-winged Tanager
LACM 32721 Tangara mexicana Turquoise Tanager
LACM 40998 Tangara nigroviridis Beryl-spangled Tanager
LACM 37481 Poecilostreptus palmeri Gray-and-gold Tanager
LACM 29400 Tangara parzudakii Flame-faced Tanager
LACM 53462 Stilpnia preciosa Chestnut-backed Tanager
LACM 43685 Ixothraupis punctata Spotted Tanager

LACM 34880 Chalcothraupis ruficervix Golden-naped Tanager
LACM 16611 Ixothraupis rufigula Rufous-throated Tanager
LACM 50757 Tangara schrankii Green-and-gold Tanager
LACM 53515 Tangara seledon Green-headed Tanager
LACM 29453 Tangara Vassori Blue-and-black Tanager
LACM 43655 Tangara velia Opal-rumped Tanager
LACM 36850 Stilpnia vitriolina Scrub Tanager

LACM 33255 Tangara xanthocephala Saffron-crowned Tanager
LACM 50758 Ixothraupis xanthogastra Y ellow-bellied Tanager
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Supplemental Figures
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Figure S1. Plotted binary contingency table analyses comparing (A) the automated color dataset
generated using charisma with a cutoff threshold of 7.5% to the expert color dataset, and (B) the
automated color dataset generated using charisma with a cutoff threshold of 10% to the expert
color dataset. Blue bars represent correct color calls or non-calls, and red bars represent false
color calls or non-calls. Hit — true positive, Miss — false negative, FA (false alarm) — false

positive, CR (correct rejection) — true negative.
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Figure S2. Comparison of rates of evolution of discrete color categories for each dataset: expert,

manual, and automatic (thresholds 5%, 7.5%, and 10%). (A) ER rates, (B) ARD gain rates, (C)

ARD loss rates.
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Supplemental Tables

Table S1. Example output matrix from running the manual charisma pipeline on bird museum

specimens.

file_name

black white grey brown red orange yellow green blue purple k

Tangara_arthus LACMS59610_charisma_06-19-2024 11.49.17
Tangara cayana LACM39216_charisma_06-19-2024_12.07.11
Tangara_chilensis LACM59272_charisma2_06-19-2024 15.42.40
Tangara_cyanocephala LACM59652 charisma2_06-19-2024 _16.04.56
Tangara_cyanoptera LACM37716_charisma2_06-19-2024_16.19.49
Tangara_cyanoventris LACM27866_charisma_06-19-2024 16.22.03
Tangara_desmaresti LACM28775_charisma_06-19-2024_16.49.22
Tangara_dowii LACM16290_charisma2 06-21-2024_09.49.31
Tangara_fastuosa LACM60421_charisma 06-21-2024_09.52.39
Tangara_florida LACM60422_charisma 06-21-2024_09.58.17
Tangara_guttata LACM4843 charisma2 06-21-2024_10.23.06
Tangara_gyrola LACM43661_charisma_06-21-2024 _10.32.56
Tangara_heinei LACM29385_charisma2 06-21-2024_11.03.17
Tangara_inornata LACM30414 charisma2 06-21-2024 11.21.44
Tangara_johannae LACM37463 charisma2 06-21-2024 15.24.38
Tangara_labradorides LACM59124 charisma_06-24-2024 06.29.17
Tangara larvata LACM4843 charisma2 06-24-2024 06.50.28
Tangara_mexicana LACM32721 charisma_06-24-2024 06.58.13
Tangara_nigroviridis LACM40998 charisma_06-24-2024 07.09.04
Tangara_palmeri LACM37481_charisma_06-24-2024 _07.20.06
Tangara_parzudakii LACM29400 charisma2_06-24-2024 07.51.41
Tangara_preciosa LACMS53462_charisma2_06-24-2024 14.56.31
Tangara_punctata LACM43658_charisma_06-24-2024_15.07.18
Tangara_ruficervix_ LACM34880_charisma_06-24-2024 16.06.32
Tangara_rufigula. LACM16611_charisma_06-24-2024_16.16.36
Tangara_schrankii LACMS50757_charisma_06-24-2024_16.19.53
Tangara_seledon LACMS53515_charisma_06-24-2024 16.22.53
Tangara_vassorii LACM29453_charisma_06-24-2024_16.31.38
Tangara_velia LACM43655_charisma 06-24-2024 16.37.57
Tangara_vitriolina LACM36850_charisma_06-24-2024_16.41.25
Tangara_xanthocephala LACM33255 charisma 06-24-2024 _16.43.24
Tangara xanthogastra LACMS50758 charisma 06-24-2024 16.50.08
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Table S2. Citations and sources for Wikipedia images for charisma validation.

Color Title Author(s) License Source
https://commons.wikimedi
Black "Shades of Black" Tony Mach CCo a.org/w/index.php?curid=3
1335075
https://commons.wikimedi
Blue "Shades of the color blue" Booyabazooka Public Domain a.org/w/index.php?curid=9
35752
Booyabazooka, https://commons.wikimedi
Brown "Brown icon" Mizunoryu, Public Domain a.org/w/index.php?curid=1
Badseed, Jacobolus 0511178
https://commons.wikimedi
Green "Color icon green" Booyabazooka CCBY-SA 3.0 a.org/w/index.php?curid=3
364583
Mizunoryu https://commons.wikimedi
Gray "Gray icon" ’ Public Domain a.org/w/index.php?curid=1
Badseed, Jacobolus
0509947
"Brown and orange https://commons.wikimedi
Orange Booyabazooka Public Domain a.org/w/index.php?curid=3
squares as color sample"
364585
' Mizunoryu, . ' https://cgmmons.wikirgedi
Purple "Purple icon" Badseed. Jacobolus Public Domain a.org/w/index.php?curid=1
0509867
https://commons.wikimedi
Red "5x5 color square for red" ThunderBrine CCBY-SA 4.0 a.org/w/index.php?curid=1
10954343
https://commons.wikimedi
White "Color icon white" Badseed Public Domain a.org/w/index.php?curid=3
529704
https://commons.wikimedi
Yellow "Color icon yellow" Badseed Public Domain a.org/w/index.php?curid=3

512367
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CHAPTER 2

Evolution of visual system sensitivity in birds
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Abstract

Color vision in birds is considered highly conserved evolutionarily and can be categorized into
two main classes: violet-sensitive (VS) and ultraviolet-sensitive (UVS). The visual system
sensitivity classes can be inferred for most bird species by sequencing the short-wavelength-
sensitive opsin (SWS1). Due to previous limitations in sequencing costs and the availability of
genomic data for many bird species, analyses exploring the phylogenetic distribution of visual
system sensitivity have been limited to less than 100 species. Here, we use genomic data and a
resolved phylogeny of all bird species to conduct the most comprehensive investigation into
visual system sensitivity evolution in birds to date. We aligned and trimmed SWS1 sequences to
the amino acid tuning sites that predict lambda max for each species to infer visual system
sensitivity. We tested three models of evolution and determined that a model where transition
rates from VS to UVS are different from transition rates from UVS to VS. We recovered SWS1
sequences from 418 species, including at least one representative from 85% of all avian orders
and 67% of all avian families. We found that the most recent common ancestor of birds likely
had a VS visual system. Our analyses show that transitions from a VS to UVS have occurred at
least 18 times in the evolutionary history of birds and that there are few transitions from UVS to

VS.

Introduction

The visual system in vertebrates is highly conserved, but subtle changes and spectral fine-tuning
of the system can lead to variations in visual perception between organisms (Bowmaker, 2008).
The avian eye uses a lens to focus light on a retina containing two photoreceptor cell types. Rods

detect dim light and function in peripheral and night vision, while the cones are the
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photoreceptors that respond to bright light and are used in color vision. Each cone has an
associated visual pigment and the protein component of this pigment, called an opsin, determines
its spectral sensitivity to different wavelengths of light (Hart & Hunt, 2007; Yokoyama et al.,
2000). Birds possess tetrachromatic color vision with cones that are long, medium, short, and
ultraviolet wavelength sensitive (Hart, 2001; Osorio & Vorobyev, 2008). The addition of a fourth
single-cone type in their eyes facilitates this expanded color range, and the visual system can
either be classified as violet-sensitive (VS) or ultraviolet-sensitive (UVS) depending on the
amino acid sequence of the short-wavelength-sensitive opsin (SWS1).

The amino acid sequence of the SWS1 opsin in birds has been shown to accurately
predict a VS and UVS visual system (Borges et al., 2015; Carvalho et al., 2007; Hauser et al.,
2014; Odeen & Hastad, 2003; Yokoyama et al., 2000). This shift in visual system sensitivity is
determined by the amino acids at sites 86, 90, and 93 in the SWS1 opsin sequence (Shi &
Yokoyama, 2003; Wilkie et al., 2000; Yokoyama et al., 2000). This provides a simple prediction
of bird visual system sensitivity and makes for a powerful tool for understanding the evolution of
avian color perception (Hauser et al., 2014).

The increasing availability of genomic data and a resolved phylogeny of all bird species
allows for large-scale comparative studies of the evolution of the avian visual system (Feng et
al., 2020; Jetz et al., 2012; Prum et al., 2015). While previous studies have investigated visual
system sensitivity across the avian tree, sampling has been limited to one or a few individuals in
an order or family even though recent evidence suggests that shifts between VS and UVS can
occur at this level (Borges et al., 2015; Friedman & Remes, 2015; Odeen et al., 2011). By

scanning the SWS1 opsin of all genome-enabled bird species for evidence of VS or UVS system,
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we conduct the most comprehensive assessment of bird visual system sensitivity and reveal how
it has evolved across the avian tree of life.

Methods

Predicting visual system sensitivity

To predict the visual system sensitivity of each bird species, we queried the National Center for
Biotechnology and Information (NCBI) for all available whole genome and SWS1 opsin
sequences. We used Geneious Prime and MEGA X (Kumar et al., 2018) to align and trim SWS1
opsin sequences to nucleotide positions 252-282. We translated the DNA sequences to amino
acids 84-94. We then used the spectral tuning sites at amino acids 86, 90, and 93 to predict
lambda max values and estimate a VS or UVS visual system for each species (Table S1).
Evolution of visual system sensitivity

We used our SWS1 opsin dataset and a previously published time-calibrated phylogeny of birds
(Jetz et al., 2012) to map visual system sensitivity across the avian tree of life. We used the
fitDiscrete function in the R package geiger to test the fit of three different models of evolution:
equal rates (ER), all rates different (ARD), and symmetric (SYM) (Pennell et al., 2014). We
compared models using sample size corrected Akaike Information Criterion (AICc). We also
tested the following transformations to test models where rates vary across the tree: no
transformation, Early-burst (EB), lambda, kappa, and delta (Harmon et al., 2010; Pagel, 1999;
Pennell et al., 2014). We selected and used the best-fitting model to reconstruct ancestral states
by performing 100 stochastic character maps using a Bayesian approach with Markov Chain
Monte Carlo (MCMC) in the R package phytools (Bollback, 2006; Burnham & Anderson, 2003).
Results

Predicting visual system sensitivity
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We queried 610 genome and SWS1 sequences for the SWS1 amino acid tuning sites. We
eliminated Bobolink (Dolichonyx oryxivorus) from our analyses because previous work showed
a conflict between having a VS or UVS visual system either because the Bobolink expresses two
SWS1 opsin pigments or because it has a mutated SWS2 opsin pigment that closely resembles
the VS SWS1 opsin (Beason & Loew, 2008). Removing sequences of the same species resulted
in genome sequences from 128 species and SWS1 opsin sequences from 377 species (505 total).
We recovered the tuning sites for 430 species (85%) with data for 53 species (13%) coming from
genome sequences and 374 species (87%) from SWS1 opsin sequences. Removing species for
which we could not predict visual system sensitivity, we were left with a final dataset of 418
species. This dataset included visual system sensitivities for 35 of 41 bird orders (85%), 169 of
251 bird families (67%), and 418 of 11,017 bird species of the world (4%).

Evolution of visual system sensitivity in birds

Our analysis of visual system sensitivities from 418 species indicates that the ARD model best
fits our data, where gains and losses differ in rate (Table 1). The ARD model reveals that the
evolution from a VS to a UVS visual system occurs faster than from a UVS to a VS visual
system. The ARD kappa transformation, where character divergence is related to the number of
speciation events between two species, best fits our data (Table 2). However, interpretation under
the kappa transformation is difficult because we have incomplete sampling across our tree (67%
of bird families and 4% of all bird species). Thus, we used the ARD model without
transformation to reconstruct ancestral states.

Discussion

We found that a VS visual system is likely to be ancestral in birds (Figure 4). Our results indicate

that UVS may have evolved independently in the visual system of birds up to 18 times, which is
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more than previous analyses of visual system sensitivity in birds (Borges et al., 2015; Odeen &
Hastad, 2013). The bird families in which we recovered visual system sensitivity for the most
species included Laridae (28 of 100 species, 12 of 23 genera), Maluridae (16 of 32 species, 4 of
6 genera), Parulidae (16 of 115 species, 7 of 18 genera), Thraupidae (13 of 384 species, 13 of
107 genera), and Ptilonorhynchidae (12 of 27 species, 7 of 8 genera). The UVS visual system has
evolved in all species sampled from the Casuaridae, Tinamidae, Pteroclidae, Trogonidae,
Momotidae, Strigopidae, Cacatuidae, Psittacidae, Menuridae, Orthonychidae, Callaeidae,
Melanocharitidae, and Vireonidae families. Only three families have both VS and UVS visual
systems present: Laridae, Maluridae, and Thamnophilidae.

Across the Charadriiformes, the UVS visual system is rare. However, our results indicate
two independent evolutionary events of UVS in the Laridae family. We find the evolution of
UVS in the White Tern, Gygis alba, and another in the group containing noddies and gulls
represented by 16 species in our phylogeny. The retinas of birds are at risk of photodamage due
to exposure to UV radiation and birds with VS visual systems filter UV more effectively than
those with UVS visual systems (Carvalho et al., 2011). In general, UV radiation at the water’s
surface is high, increasing the risk of photodamage, which may be why UVS is rare in seabirds
(Losey et al., 1999). Although fish are known to exhibit UV coloration (Losey et al., 1999),
many seabirds feed on this prey, indicating that the UVS visual system is not necessary to locate
fish. Therefore, birds in the family Laridae may have evolved the UVS visual system to adapt to
their omnivorous foraging habits and to enable foraging in both terrestrial and coastal areas
(Hastad et al., 2005).

The avian order Caprimulgiformes contains four families of mostly nocturnal birds

(Caprimulgidae, Nyctibiidae, Steatornithidae, and Aegothelidae) as well as swifts (Apodidae)
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and hummingbirds (Trochilidae). Birds in this order proved difficult to recover amino acid
tuning site data from genetic sequences. Of 17 sequences, we recovered tuning sites and
predicted visual system sensitivity for just six species (35%) in this order. In previous studies,
only partial sequences of the SWS1 opsin were recovered, revealing a VS visual system in all
species in this order (Feng et al., 2020; Odeen & Hastad, 2010). However, multiple studies have
shown that hummingbirds can perceive and distinguish UV colors well (Herrera et al., 2008;
Stoddard et al., 2020). One possibility is that these partial sequences may reflect a mutated
SWS2 opsin instead of a true SWS1 opsin and that birds in this order lost the SWS1 opsin
(Beason & Loew, 2008). Owls are also known to be missing the SWS1 opsin and given that
hummingbirds may have evolved from a nocturnal ancestor, it is possible that they lost this
visual pigment and have evolved a novel pathway to achieve UVS (Feng et al., 2020; Hoglund et
al., 2019). This would not be the first time hummingbirds developed a novel sensory pathway, as
this has also been shown in the sweet taste receptor in hummingbirds (Toda et al., 2021).

In Passeriformes, UVS has evolved at least once in the Suboscines and up to ten times
within the Oscines. In the Suboscine antbird family, Thamnophilidae, the Black-crowned
Antshrike, Thamnophilus atrinucha, was the only individual to exhibit a UVS visual system. An
earlier study of antbirds found them to have only a VS visual system and hypothesized a link
between low UV-reflecting plumage and VS visual system (Seddon et al., 2010). However, our
study agrees with a more recent study showing the presence of the UVS visual system in this
group (Dell’ Aglio et al., 2018). Further investigation into the antbirds and the Suboscines may
reveal more transitions between the VS and UVS visual systems. In Oscine passerines, UVS has
evolved multiple times and the fairy-wrens in the genus Malurus (family Maluridae) present an

interesting case in which the UVS visual system has evolved up to four times in a single genus.

35



This is the only example of visual system sensitivity shifting within a single genus to date and
has been associated with shifts in plumage changes in this genus (Odeen et al., 2012). However,
although birds in the Infraorder Passerides experience similar shifts in plumage coloration from
drab to colorful, the UVS visual system is ubiquitous across this Infraorder suggesting another
driver of visual system sensitivity fixation in this group.

Continued genomic investigation into the visual system sensitivities of all birds will
likely result in the discovery of more independent evolutions of the UVS visual system and cases
where VS and UVS visual systems are present within families and even genera. Using results
from this study with the growing body of literature on color diversity in birds will allow for
future studies investigating the link between the visual system sensitivity, color production, and

life history of birds.
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Figure 1. Phylogenetic distribution of VS and UVS visual systems across the bird tree of life.

The branch color represents the Bayesian posterior probability of VS (red) or UVS (blue) visual
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system. Groups that have evolved a UVS visual system are highlighted, and the key is ordered

starting with the Family Casuariidae at the beginning of the non-Passeriformes.
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Tables
Table 1. Rates and AICc weights for the Equal Rates, All Rates Different, and Symmetric

models of evolution.

ER ARD SYM
VS-UVS Rate 0.003245  0.004772  0.003245
UVS-VS Rate 0.003245 5.263E-17  0.003245
AICC weight 0.01 0.98 0.01

Table 2. Rates and AICc weights for the All Rates Different model of evolution with

transformations: Early Burst, lambda, kappa, and delta.

ARD ARD ARD ARD
ARD (Early | mbda) (kappa)  (delta)
Burst)
VS-UVS Rate 0.004772  0.000265 0.00426 0.0238  0.004101
UVS-VS Rate 5.263E-17 4.438E-17 3.39E-17 1.48E-15 2.61E-17
AICC weight 0.05 0.02 0.04 0.86 0.02
AICC weight (without
kappa transformation) 0.37 0.17 0.31 NA 0.15
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Supplemental Materials

Table S1. Amino acid tuning sites for predicting VS and UVS visual system.

Visual
86 90 93 System References
A C T UVS Bowmaker et al., 1997
Hart & Bennett, 2000, Hart & Cuthill, 2007, Das et
al., 1999, Beason & Loew, 2008, Bowmaker et al.,
C C T [OAVA 1997, Hart et al., 1998
F C M UVS Hart et al., 2016
F C M UVS  Odeen & Hastad, 2003
F S T UVS Hunt et al., 2007
I C I UVS  Odeen & Hastad, 2003
M C T UVS Maier & Bowmaker, 1993
A S T VS Beason & Loew, 2008
C S T VS Carvalhoet al., 2007
C S T VS Porter et al., 2015
C S I VS Odeen et al., 2012
S S A% VS Hart et al., 1998, Okano et al., 1992, Hart, 2002
S S | VS Jane & Bowmaker, 1988
Bowmaker et al., 1997, Hart, 2004, Bowmaker &
T VS Martin, 1985
S T VS Hastad et al., 2005
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A highly contiguous genome assembly for Yellow Warbler (Setophaga petechia)
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Abstract

The Yellow Warbler (Setophaga petechia) is a small songbird in the wood-warbler family (Parulidae) that exhibits phenotypic and ecological
differences across a widespread distribution and is important to California’s riparian habitat conservation. Here, we present a high-quality de
novo genome assembly of a vouchered female Yellow Warbler from southern California. Using HiFi long-read and Omni-C proximity sequencing
technologies, we generated a 1.22 Gb assembly including 687 scaffolds with a contig N50 of 6.80 Mb, scaffold N50 of 21.18 Mb, and a BUSCO
completeness score of 96.0%. This highly contiguous genome assembly provides an essential resource for understanding the history of gene

flow, divergence, and local adaptation in Yellow Warblers and can inform conservation management of this charismatic bird species.

Key words: California Conservation Genomics Project, Parulidae

Introduction

The Yellow Warbler (Setophaga petechia) is a widespread song-
bird species distributed from Alaska to northern South America
(Fig. 1). The species complex comprises up to 43 subspecies in
four distinct subspecies groups that display notable diversity
in phenotype and ecology across their range (Browning 1994;
Klein and Brown 1994; Wilson and Holberton 2004; Salgado-
Ortiz et al. 2008). This phenotypic diversity and the presence
of both migratory and resident populations have encouraged
investigation into the history of adaptation, divergence, and
gene flow in this species (Gibbs et al. 2000; Milot et al. 2000;
Chaves et al. 2012; Chavarria-Pizarro et al. 2019; Machkour-
M’Rabet et al. 2023). Additionally, as a widespread migratory
bird species, the Yellow Warbler inhabits variable environ-
mental conditions across its range, allowing for the investiga-
tion into the influence of climate on geographic variation and
genomic capacity to adapt to climate change (Bay et al. 2018;
Chen et al. 2022; DeSaix et al. 2022).

In California, Yellow Warblers are listed as a Species of Special
Concern (Shuford et al. 2008) and have experienced notable

declines over the last 50 years (Sauer et al. 2014). Previous ge-
nomic work indicates that the inability to adapt to climate change
may play a role in population declines in California (Bay et al.
2018). California wetlands and riparian corridors are crucial
stopover and breeding habitats for Yellow Warblers and other
species of migratory birds. In the last century, 90% to 95% of
historic wetland and riparian habitats have been lost, and those
that remain are threatened by development and climate change
(Dahl 1990; Krueper 1996; Poff et al. 2012). As indicators of
healthy riparian habitat, understanding how California Yellow
Warbler populations adapt to dramatic changes in their environ-
ment will inform conservation action and help mitigate habitat
loss in other vulnerable and threatened riparian species, like the
California Red-legged Frog (Rana draytonii), the Riparian Brush
Rabbit (Sylvilagus bachmani riparius), and the Valley Elderberry
Longhorn Beetle (Desmocerus californicus dimorphus) (Collinge
et al. 2001; Davidson et al. 2001; Heath and Ballard 2003;
Phillips et al. 2005).

The evolutionary and conservation genomics studies needed
to address these questions increasingly rely on low-coverage,
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M Breeding

[0 Migrating

[l Non-breeding

Fig. 1. Geographic variation and distribution of Yellow Warblers (Setophaga petechia). A) The Northern (aestiva) group includes migratory subspecies
with chestnut streaking on the breast. Northern subspecies breed in North America and winter in Central and northern South America. Photo taken by
R. S. Terrill at Piute Ponds, Los Angeles, CA, USA. B) The Mangrove (erithachorides) group includes resident subspecies with a characteristic chestnut
head. Mangrove subspecies inhabit mangroves along the coasts of Central and northern South America yearround. Photo taken by R. S. Terrill on Isla
Holbox, Quintana Roo, MX. C) The Galapagos (aureola) and Golden (petechia) subspecies groups include resident subspecies with a chestnut cap and
thick breast streaking except for S. p. ruficapilla from Martinique which exhibits the Mangrove phenotype. Populations of the Galapagos subspecies are
found on the Galapagos Islands and Cocos Island off Costa Rica and Golden subspecies are found on the islands of the Caribbean. Photo taken by

W. L. E. Tsai on Isla Cozumel, Quintana Roo, MX. D) Map of species distributional abundance (Fink et al. 2022). Shaded colors indicate seasonal shifts
in distributions: yearround (purple), breeding (red), migrating (yellow), and non-breeding (blue).

whole genome sequencing (WGS), which requires a high-
quality reference genome for alignment. Reference genome
assemblies provide a map of the structural features and or-
ganization of the genome and the choice of reference ge-
nome assembly for WGS studies can impact evolutionary
inferences like demographic history and genetic diversity
(Gopalakrishnan et al. 2017). Currently, there are four genome
assemblies generated with short-read sequencing technology
for the genus Setophaga. There is one Yellow-rumped Warbler
(S. coronata) chromosome-level assembly (Toews et al. 2016),
two Kirtland’s Warbler (S. kirtlandii) scaffold-level assemblies
(Feng et al. 2020), and the existing draft genome assembly
for Yellow Warbler has a length of 1.26 Gb, a total of 18,414
scaffolds, and a scaffold N50 491.7 kb (Bay et al. 2018). The
use of an interspecific reference genome assembly can lead to
many errors and biases, including lower mapping ability (espe-
cially in regions with higher evolutionary rates) and inaccurate
gene order (Prasad et al. 2022). The high number and relatively
short scaffold length of the existing Yellow Warbler genome
assembly could hinder the identification of structural variants
often maintained between and within species and are impor-
tant in adaptive evolution, speciation, and generating mor-
phological diversity (Lamichhaney et al. 2016; Wellenreuther
and Bernatchez 2018; Mérot et al. 2020). Additionally, ref-
erence genome assemblies generated solely from short-read
sequencing technology fail to resolve lengths and placement

of repeat regions, such as transposable elements or telomeres,
leading to gaps in avian genome assemblies (Peona et al. 2021).
This highlights the need for a high-quality, species-specific ref-
erence genome for WGS studies.

Here, we present a new genome assembly for the Yellow
Warbler generated as part of the California Conservation
Genomics Project (CCGP) consortium (Shaffer et al. 2022). We
used high-molecular-weight (HMW) genomic DNA (gDNA)
extracted from a vouchered, female bird collected in California
and leveraged Pacific Biosciences (PacBio) HiFi long-read
and Dovetail Genomics Omni-C proximity sequencing
technologies. This produced a high-quality genome assembly
that will allow us to better understand evolutionary processes
like phenotypic variation and migration and conduct conserva-
tion genomics studies to inform conservation initiatives.

Methods

Biological materials

‘We sampled heart, liver, muscle, and other tissues from a female
Yellow Warbler collected using mist nets near Stephen Sorensen
Park (34.60549°N, 117.8306°W) in Los Angeles County,
California on 25 September 2020. This migrant Yellow Warbler
can presumably be assigned to Setophaga petechia brewsteri
based on collection date and locality (Browning 1994) and was
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collected with approval from the following entities: California
Department of Fish and Wildlife Scientific Collecting Permit
(#5C-000939), US Fish and Wildlife Services Scientific
Collecting Permit (MB708062-0), and US Geological Survey
Banding Permit (22804-B). Tissue samples were retrieved and
flash-frozen in liquid nitrogen, and the first muscle tissues were
frozen within 2 min of specimen collection. A voucher spec-
imen and tissue are deposited at the Natural History Museum
of Los Angeles (LACM Bird #122168, KLG4550, LAF9440).
Additional tissues for this individual are housed in the CCGP
tissue repository at the University of California, Los Angeles
under identification YEWA_CCGP3.

Nucleic acid extraction, library preparation, and
sequencing

We extracted HMW gDNA from 30 mg of flash-frozen heart
tissue. We homogenized the tissue by grinding it in a mortar
and pestle in liquid nitrogen. We lysed the homogenized
tissue at room temperature overnight with 2 ml of lysis buffer
containing 100 mM NaCl, 10 mM Tris-HCI pH 8.0, 25 mM
EDTA, 0.5% (w/v) SDS, and 100 pg/ml Proteinase K. We
treated the lysate with 20 pg/ml RNAse at 37 °C for 30 min.
We cleaned the lysate with equal volumes of phenol/chloro-
form using phase lock gels (Quantabio, MA; Cat # 2302830).
We precipitated the DNA from the cleaned lysate by adding
0.4x volume of SM ammonium acetate and 3x volume of
ice-cold ethanol. We washed the pellet twice with 70% eth-
anol and resuspended it in elution buffer (10 mM Tris, pH
8.0). We measured DNA purity using absorbance ratios
(260/280 = 1.87 and 260/230 =2.29) using a NanoDrop
ND-1000 spectrophotometer. We quantified DNA yield (30
pg) using a Qubit 2.0 Fluorometer (Thermo Fisher Scientific,
MA). We verified HMW gDNA integrity on a Femto pulse
system (Agilent Technologies, CA), where 80% of the DNA
was found in fragments above 120 kb.

According to the manufacturer’s instructions, we
constructed the HiFi Single Molecule, Real-Time (SMRT)
library using SMRTbell Express Template Prep Kit v2.0
(PacBio, CA; Cat. #100-938-900). We sheared HMW gDNA
to a target DNA size distribution between 15 and 20 kb and
concentrated it using 0.45x of AMPure PB beads (PacBio; Cat.
#100-265-900). We performed the enzymatic incubations
as follows: removal of single-strand overhangs at 37 °C for
15 min, DNA damage repair at 37 °C for 30 min, end re-
pair at 20 °C for 10 min, A-tailing at 65 °C for 30 min, li-
gation of overhang adapter v3 at 20 °C for 60 min, ligase
inactivation at 65 °C for 10 min, and nuclease treatment at
37 °C for 1 h. We purified and concentrated the library with
0.45x Ampure PB beads for size selection to collect fragments
greater than 7 to 9 kb using the BluePippin/PippinHT system
(Sage Science, MA; Cat #BLF7510/HPE7510). The HiFi li-
brary averaged 15 to 20 kb. It was sequenced at UC Davis
DNA Technologies Core (Davis, CA) using two 8M SMRT
cells, Sequel II sequencing chemistry 2.0, and 30-h movies
each on a PacBio Sequel II sequencer.

We used the Omni-C™ Kit (Dovetail Genomics, CA) for
Omni-C proximity sequencing according to the manufacturer’s
protocol with slight modifications. First, we ground muscle
tissue (Sample YEWA_CCGP3; LACM Bird #122168,
KLG4550, LAF9440) with a mortar and pestle while cooled
with liquid nitrogen. Subsequently, chromatin was fixed in place
in the nucleus. We passed the suspended chromatin solution
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through 100 pm and 40 pm cell strainers to remove large de-
bris. We digested fixed chromatin under various conditions of
DNase I until a suitable fragment length distribution of DNA
molecules was obtained. We repaired chromatin ends, ligated a
biotinylated bridge adapter, and performed proximity ligation
of adapter-containing ends. After proximity ligation, crosslinks
were reversed, and the DNA was purified from proteins.
We treated purified DNA to remove biotin that was not in-
ternal to ligated fragments. We generated a next-generation
sequencing library using an NEB Ultra I DNA Library Prep
kit (New England Biolabs, MA) with an Illumina-compatible
y-adapter. Then, we captured biotin-containing fragments
using streptavidin beads. We split the post-capture product
into two replicates before PCR enrichment to preserve library
complexity, with each replicate receiving unique dual indices.
The library was sequenced at the Vincent J. Coates Genomics
Sequencing Lab (Berkeley, CA) on an Illumina NovaSeq 6000
PE150 (Illumina, CA). Based on a genome size of 1.26 Gb (Bay
et al. 2018), we targeted 126 million base pair reads (100 mil-
lion read pairs per Gb genome size).

Nuclear genome assembly

We assembled the Yellow Warbler genome following the
CCGP assembly pipeline Version 4.0, as outlined in Table 1,
which lists the tools and non-default parameters used in the
assembly. The pipeline uses PacBio HiFi reads and Omni-C
data to produce high-quality and highly contiguous genome
assemblies, minimizing manual curation. We removed rem-
nant adapter sequences from the PacBio HiFi dataset using
HiFiAdapterFilt (Sim et al. 2022). Then, we obtained the
initial phased diploid assembly using HiFiasm (Cheng et al.
2022) with the filtered PacBio HiFi reads and the Omni-C
dataset. We aligned the Omni-C data to both assemblies fol-
lowing the Arima Genomics Mapping Pipeline (https:/github.
com/ArimaGenomics/mapping_pipeline) and then scaffolded
both assemblies with SALSA (Ghurye et al. 2017, 2019).

We generated Omni-C contact maps for both assemblies
by aligning the Omni-C data with BWA-MEM (Li 2013),
identified ligation junctions, and generated Omni-C pairs
using pairtools (Goloborodko et al. 2018). We generated a
multi-resolution Omni-C matrix with a cooler (Abdennur
and Mirny 2020) and balanced it with hicExplorer (Ramirez
et al. 2018). We used HiGlass [Version 2.1.11] (Kerpedjiev
et al. 2018) and the PretextSuite (https://github.com/wtsi-
hpag/PretextView; https:/github.com/wtsi-hpag/PretextMap;
https://github.com/wtsi-hpag/PretextSnapshot) to visualize
the contact maps and then we checked the contact maps
for major misassemblies. In detail, if we identified a strong
off-diagonal signal and a lack of signal in the consecutive
genomic region in the proximity of a join made by the scaf-
folder, we dissolved it by breaking the scaffolds at the co-
ordinates of the join. After this process, no further manual
joins were made. Some remaining gaps (joins generated by
the scaffolder) were closed using the PacBio HiFi reads and
YAGCloser (https://github.com/merlyescalona/yagcloser).
Finally, we checked for contamination using the BlobToolKit
Framework (Challis et al. 2020). Given the similar contiguity
metrics and fragmentation of both assemblies, we decided to
tag the assemblies as primary and alternate, where primary
is the one that overall is more complete, has better BUSCO
(Benchmarking Universal Single-Copy Orthologs) scores and
better k-mer completeness.
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Table 1. Assembly pipeline and software used for assembly of the Yellow Warbler genome.

Purpose Software? Version
Assembly

Adapters HiFiAdapterFilt Commit 64d1c7b

K-mer counting Meryl (k =21) 1

Estimation of genome size and heterozygosity ~ GenomeScope 2

De novo assembly (contiging) HiFiasm (Hi-C Mode, —primary, output p_ctg.hap1, p_ctg.hap2) 0.16.1-r375
Scaffolding

Omni-C data alignment Arima Genomics Mapping Pipeline Commit 2e¢74ca4

Omni-C Scaffolding

SALSA (-DNASE, -i 20, -p yes) 2

Gap closing YAGCloser (-mins 2 -f 20 -mcc 2 -prt 0.25 -eft 0.2 -pld 0.2) Commit 0e34c3b
Omni-C contact map generation
Short-read alignment BWA-MEM (-5SP) 0.7.17-r1188
SAM/BAM processing samtools 111
SAM/BAM filtering pairtools 0.3.0
Pairs indexing pairix 0.3.7
Matrix generation cooler 0.8.10
Matrix balancing hicExplorer (hicCorrectmatrix correct —filterThreshold -2 4) 3.6
Contact map visualization HiGlass 2.1.11
PretextMap 0.1.4
PretextView 0.1.5
PretextSnapshot 0.0.3
Genome quality assessment
Basic assembly metrics QUAST (--est-ref-size) 5.0.2
Assembly completeness BUSCO (-m geno, -l aves) 5.0.0
Merqury 2020-01-29

Contamination screening
Local alignment tool

BLAST+ (-db nt, -outfmt '6 gseqid staxids bitscore std' , -max_target_seqs 1, 2.1

-max_hsps 1, -evalue 1e-25 )

General contamination screening

BlobToolKit (PacBlo HiFi Coverage, NCBI Taxa ID = 123631, 2:3:3
BUSCODB = aves)

Software citations are listed in the text
*Options detailed for non-default parameters.

Genome assembly assessment

We generated k-mer counts from the PacBio HiFi reads using
meryl (https://github.com/marbl/meryl). The k-mer database
was then used in GenomeScope2.0 (Ranallo-Benavidez et al.
2020) to estimate genome features, including genome size,
heterozygosity, and overall repeat content. To obtain general
contiguity metrics, we ran QUAST (Gurevich et al. 2013).
To evaluate genome quality and functional completeness, we
used BUSCO (Manni et al. 2021) with the Aves ortholog da-
tabase (aves_odb10) containing 8,338 genes. Base level ac-
curacy (QV) and k-mer completeness were assessed using
the previously generated meryl database and merqury (Rhie
et al. 2020). We further estimated genome assembly accuracy
via BUSCO gene set frameshift analysis using the pipeline
described in Korlach et al. (2017). Measurements of the size of
the phased blocks are based on the size of the contigs generated
by HiFiasm on HiC mode. We follow the quality metric no-
menclature established by Rhie et al. (2021), with the genome
quality code x.y.P.Q.C, where x =loglO[contig NGS50];
y = log10[scaffold NG50]; P = log10 [phased block NG50];
O = Phred base accuracy QV (quality value); C = % genome
represented by the first “»” scaffolds, following a known kar-
yotype of 2n =80 for Yellow Warbler [Bird Chromosome

Database, Chromosome number data V3.0/2022—(Hobart
1991; Degrandi et al. 2020)]. Quality metrics for the notation
were calculated on the primary assembly (bSetPet1.0.p).

Mitochondrial genome assembly

We assembled the mitochondrial genome of Yellow Warbler
from the PacBio HiFi reads using the reference-guided pipe-
line MitoHiFi (Allio et al. 2020; Uliano-Silva et al. 2021).
We used the mitochondrial sequence of Kirtland's Warbler
(NCBI:NC_051027.1) as the starting reference sequence.
After completion of the nuclear genome, we searched for
matches of the resulting mitochondrial assembly sequence in
the nuclear genome assembly using BLAST + (Camacho et al.
2009) and filtered out contigs and scaffolds from the nuclear
genome with a percentage of sequence identity >99% and size
smaller than the mitochondrial assembly sequence.

Results
Sequencing data

The Omni-C and PacBio HiFi sequencing libraries generated
85.3 million read pairs and 2.7 million reads, respectively.
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Fig. 2. Visual overview of genome assembly metrics. A) K-mer

spectra output generated from PacBio HiFi data without adapters

using GenomScope2.0. The bimodal pattern observed corresponds

to a diploid genome. K-mers covered at lower coverage and lower
frequency correspond to differences between haplotypes, whereas

the higher coverage and higher frequency k-mers correspond to the
similarities between haplotypes. B) BlobToolKit Snail plot showing a
graphical representation of the quality metrics presented in Table 2 for
the Setophaga petechia primary assembly (bSetPet1.0.p). The plot circle
represents the full size of the assembly. From the inside-out, the
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central plot covers scaffold and length-related metrics. The central light
gray spiral shows the cumulative scaffold count with a white line at

each order of magnitude. The red line represents the size of the longest
scaffold; all other scaffolds are arranged in size-order moving clockwise
around the plot and drawn in gray starting from the outside of the central
plot. Dark and light orange arcs show the scaffold N50 and scaffold NS9O
values. The outer light and dark blue ring show the mean, maximum, and
minimum GC vs. AT content at 0.1% intervals (Challis et al. 2020). C)
Omni-C contact map for the primary genome assembly generated with
PretextSnapshot. Omni-C contact maps translate proximity of genomic
regions in 3D space to contiguous linear organization. Each cell in the
contact map corresponds to sequencing data supporting the linkage (or
join) between two such regions. Scaffolds are separated by black lines
and higher density corresponds to higher levels of fragmentation.

The latter yielded 40.87-fold coverage (NS5O read length
17,523 bp; minimum read length 41 bp; mean read length
17,110 bp; maximum read length of 54,497 bp). Based on
PacBio HiFi reads, we estimated a genome assembly size of
1.14 Gb, 79.39% sequence uniqueness (20.61% repeat con-
tent), 0.245% sequencing error rate, and 1.16% nucleotide
heterozygosity rate using Genomescope2.0. The k-mer spec-
trum based on PacBio HiFi reads shows (Fig. 2A) a bimodal
distribution with two major peaks at 19- and 39-fold cov-
erage, where peaks correspond to heterozygous and homozy-
gous states of a diploid species.

Nuclear genome assembly

The final assembly consists of two haplotypes tagged as pri-
mary and alternate (bSetPet1.0.p and bSetPet1.0.a). Both
genome assembly sizes are similar but not equal to the
estimated value from Genomescope2.0 (Fig. 2A). The pri-
mary assembly (bSetPet1.0.p) consists of 687 scaffolds span-
ning 1.22 Gb with contig N50 of 6.8 Mb, scaffold N50 of
21.18 Mb, longest contig of 53.52 Mb, and largest scaffold
of 66.28 Mb. The alternate assembly (bSetPet1.0.a) consists
of 530 scaffolds, spanning 1.24 Gb with contig N50 of
8.3Mb, scaffold N50 of 21.18 Mb, largest contig 40.02 Mb
and largest scaffold of 74.56 Mb. The Omni-C contact maps
suggest highly contiguous primary and alternate assemblies
(Fig. 2C and Supplementary Fig. S1B). The primary assembly
has a BUSCO completeness score of 96.0% using the Aves
gene set, a per-base quality (QV) of 62.34, a k-mer complete-
ness of 84.95, and a frameshift indel QV of 41.54. In compar-
ison, the alternate assembly has a BUSCO completeness score
of 93.5% using the same gene set, a per-base quality (QV) of
62.79, a k-mer completeness of 81.57, and a frameshift indel
QV of 40.43.

During manual curation, we identified 13 misassemblies
requiring breaking nine joins on the primary assembly and four
on the alternate assembly. We were able to close a total of five
gaps, three on the primary and two on the alternate assembly.
We removed two contigs, one per assembly, corresponding to
mitochondrial contaminants. Detailed assembly statistics are
reported in Table 2, and a graphical representation of the pri-
mary assembly in Fig. 2B (see Supplementary Fig. S1A for the
alternate assembly). We have deposited both assemblies on
NCBI (see Table 2 and Data Availability for details).

Mitochondrial genome assembly

We assembled a mitochondrial genome with MitoHiFi. The
final mitochondrial assembly has a size of 16,809 bp. The
base composition of the final assembly version is A = 30.19%,
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Table 2. Sequencing and assembly statistics and accession information for the primary and alternate assemblies of the Yellow Warbler

(Setophaga petechia) genome.

Bio Projects and Vouchers

CCGP NCBI BioProject PRJNA720569
Genera NCBI BioProject PRJNA765861
Species NCBI BioProject PRJNA777222
NCBI BioSample SAMN29044059, SAMN29044060
Specimen identification LACM:Birds122168
NCBI Genome accessions Primary Alternate

Assembly accession JANCRA000000000 JANCRB000000000

Genome sequences

GCA_024362935.1

GCA_024372515.1

Genome sequence

PacBio HiFi reads Run 1 PACBIO_SMRT (Sequel II) run: 2.7M spots,
46.9G bases, 35.6Gb downloads
Accession  SRX16742538
Omni-C [llumina reads Run 1 ILLUMINA (Illumina NovaSeq 6000) run:

85.3M spots, 25.8G bases, 8.6Gb

Accession  SRX16742539, SRX16742540
Genome Assembly Quality Metrics ~ Assembly identifier (Quality code?) bSetPet1(6.7.P6.Q62.C)
HiFi Read coverage® 40.87X
Primary Alternate
Number of contigs 971 776
Contig N50 (bp) 68,07,045 83,68,636
Contig NG50° 72,19,428 89,24,963
Longest Contigs 5,35,26,829 4,00,27,624
Number of scaffolds 687 530
Scaffold N50 2,11,88,473 2,11,88,473
Scaffold NG50° 2,17,69,140 2,04,09,353
Largest scaffold 6,62,88,485 7,45,62,066
Size of final assembly 1,22,23,85,128 1,24,97,65,916
Phased block NG50° 73.91.252 93,25,426
Gaps per Gbp (# Gaps) 232(284) 197(246)
Indel QV (Frame shift) 41.54557 40.4344848
Base pair QV 62.3497 62.7988
Full assembly = 62.5709
k-mer completeness 84.9555 81.57
Full assembly = 99.2811
BUSCO completeness (aves) 7 = (@5 S5 De | Me
P¢ 96.00% 95.30%  0.70% 0.60%  3.40%
A 93.50% 92.50%  1.00% 0.60%  5.90%
Organelles 1 complete mitochondrial sequence CM044545.1
*Assembly quality code x.y.P.Q.C derived notation, from Rhie et al. (2021). x = log10[contig NG50]; y = log10[scaffold NG50]; P = log10 [phased block

NGS50]; O = Phred base accuracy QV (Quality value); C =

% genome represented by the first “n” scaffolds, following a known karyotype for S. petechia

of 2n =80 (Bird Chromosome Database, Chromosome number data V3.0/2022; Hobart 1991; Degrandi et al. 2020). Quality code for all the assembly

denoted by primary assembly (bSetPet1.0.p).

*Read coverage and NGx statistics have been calculated based on the estimated genome size of 1.14 Gb.
<BUSCO Scores. Complete BUSCOs (C). Complete and single-copy BUSCOs (S). Complete and duplicated BUSCOs (D). Fragmented BUSCOs (F). Missing

BUSCOs (M).
4(P)rimary and (A)lternate assembly values.

C=31.77%, G =14.19%, T = 23.85%, and consists of 22
unique transfer RNAs and 13 protein-coding genes.

Discussion

Here, we present a highly contiguous genome assembly for
the Yellow Warbler with two pseudo haplotypes. Our genome

assemblies meet thresholds for proposed quality standards
for vertebrate and avian genomes (Jarvis 2016; Kapusta
and Suh 2017; Rhie et al. 2021). Compared to the existing
Setophaga genomes, the primary Yellow Warbler genome as-
sembly presented here has the highest BUSCO completeness
(96.0% of Aves orthologs present) and the highest contig
NS5O (6.8 Mb). Although the Yellow-rumped and Kirtland’s
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Warbler genome assemblies have higher scaffold N50 values,
our Yellow Warbler genome assembly has the fewest gaps
greater than 5 N’s (284 compared to 49K to 67K in other
Setophaga genome assemblies), which highlights the improve-
ment gained when using long-read sequencing technology in
combination with short reads for more contiguous and com-
plete genomes.

The reference genome presented here provides an essential
resource for evolutionary research and conservation efforts in
California and beyond. Future range-wide genomic analyses
will facilitate investigations into the history of gene flow and
divergence between the various subspecies groups in this
complex (Browning 1994; Chaves et al. 2012; Machkour-
M’Rabet et al. 2023). This system-wide genomic context lends
itself to investigations into the genetic basis underlying both
phenotypic diversity and the evolution of migration (Toews
et al. 2016; Franchini et al. 2017; Delmore et al. 2020;
Aguillon et al. 2021; Caballero-Lopez et al. 2022).

Future landscape genomic analyses investigating environ-
mental associations with genomic variation could identify
loci important for local adaptation in this widespread spe-
cies (Bay et al. 2018; Forester et al. 2018; Chen et al. 2022).
Using this framework with future climate models will allow
for predictions of how Yellow Warblers may adapt to fu-
ture climate change and identify both populations that are
likely to persist in and vulnerable to future climate change
regimes, which will guide local conservation implementation
(Fitzpatrick and Keller 2015; Shaffer et al. 2022). This will be
especially important for California populations experiencing
population declines and dwindling breeding habitat, which
could benefit from direct conservation and management
efforts (Heath and Ballard 2003; Shuford et al. 2008). Overall,
the Yellow Warbler genome presented here provides a key re-
source for investigating phenotypic and ecological evolution
and conservation in this charismatic migratory bird species.

Supplementary material

Supplementary material is available at Journal of Heredity
Journal online.
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Figure S1. Visual overview of genome assembly metrics for alternate assembly (bSetPet1.0.a). A)
BlobToolKit Snail plot showing a graphical representation of the quality metrics presented in
Table 2. The plot circle represents the full size of the assembly. From the inside-out, the central
plot covers scaffold and length-related metrics. The central light gray spiral shows the cumulative
scaffold count with a white line at each order of magnitude. The red line represents the size of the
longest scaffold; all other scaffolds are arranged in size-order moving clockwise around the plot
and drawn in gray starting from the outside of the central plot. Dark and light orange arcs show
the scaffold N50 and scaffold N90 values. The outer light and dark blue ring show the mean,
maximum, and minimum GC versus AT content at 0.1% intervals (Challis et al. 2020). B) Omni-
C contact map for the alternate genome assembly generated with PretextSnapshot. Omni-C contact
maps translate proximity of genomic regions in 3D space to contiguous linear organization. Each
cell in the contact map corresponds to sequencing data supporting the linkage (or join) between 2
such regions. Scaffolds are separated by black lines and higher density corresponds to higher levels
of fragmentation.

61



CHAPTER 4
Climate-associated genomic variation in California breeding Yellow Warblers (Sefophaga

petechia)

62



Abstract

The protection of wildlife populations and species in the face of climate change requires an
understanding of their responses to environmental changes to inform conservation decisions.
Recent work integrating environmental and genomic data across the breeding range of Yellow
Warblers found that the inability to adapt to climate change might already play a role in Yellow
Warbler declines in California. However, due to the broad scale of this study, we know less
about how climate-associated genetic variation is distributed across smaller geographic areas in
California, which is crucial for conserving populations. Here, we performed low-coverage whole
genome sequencing of 137 California breeding Yellow Warblers and analyzed their population
genetic structure and genotype-environmental associations. We found little evidence for
population genetic structure in Yellow Warblers breeding in California. Despite this low genetic
structure, we identified 2,972 putatively adaptive SNPs associated with climate with the top
environmental variables related to precipitation and vegetation. When we map these associations
across California, we identify populations harboring unique genotype-environment associations
that can be prioritized for conservation. These findings highlight the importance of
understanding both neutral and adaptive genetic variation when considering conservation

prioritization.

Introduction

The positive impact of conservation decisions relies on our ability to be informed by predictions
of species’ responses to environmental change to mitigate the effects of unprecedented climate
change affecting the planets’ wildlife populations. Drastic variations in temperature and

precipitation can create a mismatch between the environment and an organism’s climatic
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tolerance. In response, species can adapt to new climate regimes, shift their range to more
suitable environments (Pinsky et al., 2013), experience population declines, or face extinction
(Urban, 2015). This response is determined by species’ ability to adapt to rapidly changing
environments.

Evolutionary adaptation plays an important role in species persistence and has recently
been incorporated into predictive models to understand the genomic potential of species to adapt
to changing environments (Capblancq et al., 2020; Fitzpatrick & Keller, 2015). Integrating
environmental and genomic data into future species distribution models can approximate the
genomic capacity of species to adapt to changing environments. Widely distributed species that
experience variable environmental and selective pressures are more likely to harbor the genomic
variation needed for climate adaptation (Bay et al., 2018; DeSaix et al., 2022; Razgour et al.,
2019). Indeed, these range-wide studies confirm intraspecific genomic variation associated with
climate, which may provide the raw material needed for adaptation under climate change
regimes. However, the resolution of these studies is typically not at the geographic scale local
managers need to make informed conservation decisions.

California wetlands and riparian corridors are crucial stopover and breeding habitat for
migratory birds. They also provide important ecosystem services like water quality
improvement, flood protection, and groundwater recharge (Naiman et al., 2010). In the last
century, 90-95% of historic wetlands and riparian habitats have been lost, and those that remain
are threatened by development and climate change (Dahl, 1990; Krueper, 1996; Poff et al.,
2012). Statewide, several types of riparian habitats exist with variable environmental conditions,
however, we do not know how putatively adaptive genetic variation is distributed across these

smaller environmental gradients and riparian fragments, which are particularly crucial for
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management. Thus, a fine-scale approach to studying this variation is needed to better inform
statewide conservation decisions.

The Yellow Warbler (Sefophaga petechia) is a widespread migratory songbird species
that breeds in the riparian habitats of California. The breeding range of this species extends from
Alaska to northern Mexico and the wintering range from Mexico to northern South America. The
Yellow Warbler is an ideal species to study climate-associated genetic variation in California
riparian ecosystems because it is a focal riparian species, obligate riparian breeder, and because
conservation management for this species will benefit and protect other riparian species and
habitats (Dybala et al., 2017; Heath & Ballard, 2003; Shuford et al., 2008). Although many
populations of Yellow Warblers throughout North America are stable, populations in California
have experienced declines over the last half century, resulting in their listing as a Species of
Special Concern in California (Shuford et al., 2008). Previous work has shown that the inability
to adapt to climate change might play a role in these California declines (Bay et al., 2018). While
range-wide climate-associated genetic variation has been identified, it is unclear how much
putatively adaptive variation exists in California and how it is distributed across the landscape.
As California is the region where Yellow Warblers are experiencing the most severe declines,
understanding the distribution of climate-associated genetic variation across the state is crucial
for conserving these populations. Here, we use whole genome sequencing of Yellow Warblers
breeding in California to (1) investigate population genetic structure in California, (2) identify
environmental variables associated with genetic variation, and (3) map adaptive environments in
Yellow Warblers across California.

Methods

Sampling and low-coverage whole genome sequencing
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We collected new sequence data for 31 blood, 106 feather, and eight tissue samples for 145
Yellow Warblers sampled across California (Figure 1, Table 1). Samples were collected during
the breeding season (May-August) between 1996 and 2020. We extracted DNA from all samples
using the Qiagen DNeasy Blood & Tissue Kit. For feather samples, we cut the tip of the calamus
for extraction. We modified the protocol for maximum yield by adding DTT, incubating pre-
warmed Buffer AE on the column filter prior to elution, and increasing elution volume. For
blood and tissue samples, we followed the manufacturer’s protocol. We prepared whole genome
libraries using a modified Illumina Nextera XT protocol optimized for low-coverage whole
genome sequencing from low-concentration samples (Schweizer et al., 2021). We performed a
Dual-SPRI bead cleanup on pools of 5-8 samples to restrict the fragment distribution of libraries
to 300-600bp. We quantified samples using a Qubit Fluorometer and Bioanalyzer and pooled all
samples at equimolar ratios in a single pool. We sequenced the pooled libraries on three lanes of
an I[llumina NovaSeq 6000 PE150.

Mapping and variant calling and filtering

We performed read mapping and called single-nucleotide polymorphisms (SNPs) using the
snpArcher workflow (Mirchandani et al., 2024). Briefly, we trimmed adapter sequences using
fastp (Chen et al., 2018) and aligned sequencing reads to a Yellow Warbler reference genome
(Tsai et al., 2024) using bwa mem (Li & Durbin, 2009). We called individual variants and
performed joint genotyping to produce a multi-sample VCF (variant call format) file using
Sention Haplotyper and Genotyper (Kendig et al., 2019). We filtered out indels and non-biallelic
SNPs and discarded low-quality variants using vcftools with the following filters: genotype

quality<30, depth<5, and missing data <10%. We further filtered our SNP dataset using a custom
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filtering and visualization pipeline using the R packages SNPfiltr (DeRaad, 2022) and vcfR
(Knaus & Griinwald, 2017).

Population genetic structure

We pruned SNPs for linkage disequilibrium (LD; 1d.threshold = 0.2) and used the R package
adegenet (Jombart, 2008) to run principal components analysis (PCA) and ADMIXTURE
(Alexander et al., 2009) to estimate ancestry and characterize potential population genetic
structure. We executed ADMIXTURE for k-values 1-10 and used the cross-validation procedure
to determine the best k. For visualization of genetic analyses and running environmental
analyses, we grouped individuals into 10 populations based on California ecoregions (Cleland et
al., 2007).

Environmental variables

We obtained environmental data from publicly available databases for each sampling location
(Table 2). We included a total of 33 environmental variables, including climate variables from
WorldClim (Hijmans et al., 2005), physical variables related to vegetation, land cover, and
geography from the Global Land Cover Facility (Sexton et al., 2013; USGS, 2018), and variables
related to human use or influence (de Sherbinin et al., 2002; Elvidge et al., 2017).
Genotype-environment associations

We filtered our SNP dataset to retain only SNPs with minor allele frequency >10% because rare
alleles are more likely to result in false positives. We ran 100 bootstrapped trees on our filtered
SNPs across our 10 populations in California using the R package randomForest (Breiman,
2001). Then, we tested which environmental variables best explained genetic variation in our
dataset using a gradient forest analysis run in the R package gradientForest (Ellis et al., 2012).

To visualize the gradient forest model for Yellow Warblers breeding in California, we generated
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100,000 random points across the state and extracted BIOCLIM values for each point. We used
the gradient forest model to transform environmental variables into genetic importance values
and used a PCA to summarize these values. To visualize the different adaptive environments
across California, we assigned colors based on the top three principal components, where similar
colors correspond to similarity in genomic association to environmental variables.

Results

Sequencing, variant calling, and variant filtering

Our NovaSeq lanes output 8.5 billion read pairs with an average of 58.5 million reads per sample
and an average depth of coverage of 7x. We identified 104,929,592 SNPs across the genome.
Discarding low-quality SNPs and low-coverage individuals resulted in a final dataset of 473,912
SNPs and 137 individuals across our 10 populations.

Population genetic structure

Following LD pruning, we were left with a dataset of 44,601 SNPs for running our population
genetic analyses. The PCA revealed little to no clustering structure based on population or
collecting locality (Figure 2A). Along the PC1 axis, some samples from the Central California
Coast, Mojave Desert, and Southern California Coast are differentiated. Two samples were
separated from all other samples on PC2 and were located about 100 miles apart in adjacent
ecoregions: Klamath Mountains and Southern Cascades. However, these patterns only hold for
some individuals from each ecoregion and are not representative of all samples from each
population. The cross-validation procedure for ADMIXTURE indicated k=1 as the best k-value
for our dataset. Additionally, plotting genetic clusters for k=2 across our 10 populations in
California suggests no evidence for population genetic structure (Figure 2B, 2C).

Genotype-environment associations
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After filtering SNPs, we ran our gradient forest analysis for 36,748 SNPs across 10 populations
in California. The gradient forest analysis revealed 2,972 SNPs associated with our 33
environmental variables and provided a ranked list of all variables based on the relative
predictive power (Figure 3A). The top eight environmental variables related to precipitation and
physical land properties like vegetation and latitude: (1) precipitation of the driest quarter, (2)
canopy tree cover, (3) normalized difference in vegetation index (NDVI), (4) annual
precipitation, (5) latitude, (6) precipitation of the coldest quarter, (7) precipitation seasonality,
and (8) mean temperature of the wettest quarter.

After removing points with no associated environmental variables (e.g. points in bodies
of water or too close to the coastline), we visualized environmentally associated genetic variation
across 96,280 random points in California (Figure 3B, 3C). We found strong differences in
genomic variation associated with climate across different habitat types in California. This
includes differences between montane regions, the Central Valley, and the southeastern deserts.
Additionally, the eastern edge of the Sierra Nevada Mountains may harbor unique genomic
variation associated with climate.

Discussion

Using neutral and adaptive SNPs, our population genetic analyses suggest high gene flow among
Yellow Warblers breeding in California. As a long-distance migratory bird species, these results
suggest that these populations have the ability to change their breeding sites annually. However,
previous work has shown Yellow Warblers to have high breeding site fidelity (Knopf &
Sedgwick, 1992; Studd & Robertson, 1989). Three subspecies of Yellow Warbler have been
shown to occur in California: S. p. brewsteri along the coast, S. p. morcomi in the interior, and S.

p. sonarana in the Sonoran Desert (Browning, 1994). However, S. p. brewesteri and S. p.
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morcomi are not consistently distinguishable (Patten et al., 2003), a finding that our genomic
results support. S. p. sonorana only breeds in California along the lower Colorado River on the
California-Arizona border and is of particular conservation concern (Shuford et al., 2008). This
historically small breeding range has been significantly reduced, and our recent sampling of the
region may not have captured these breeding individuals. Including more extensive sampling and
historical samples of this subspecies in future genetic studies could help to determine genetic
differentiation in this priority species.

We found evidence of unique genetic variation associated with climate in California
breeding Yellow Warblers by investigating a smaller dataset of potentially adaptive SNPs. The
top variables associated with genetic variation related to precipitation, vegetation, and latitude
(Figure 3A). As in previous findings, our results indicated that adaptation to precipitation may be
important for Yellow Warblers (Bay et al., 2018). Additionally, we find that adaptation to
vegetation may be specific to Yellow Warblers breeding in California. Riparian habitats are
characterized by specific vegetation composition and structure and have particular water
requirements (Stromberg & Patten, 1990). As an obligate riparian breeder in California, nest
success depends on the availability of riparian-associated species like alder, willow, and
cottonwoods (Dybala et al., 2017; Shuford et al., 2008).

We show that analyzing selective SNPs reveals patterns of genetic variation not present
when doing traditional population genetic analyses based mostly on neutral genetic diversity.
Our results reveal unique genetic variation associated with climate across Yellow Warblers
breeding in California (Figure 3B, 3C). While we see unique genotype-environment associations
in the Central Valley and Southeastern Desert, the regions exhibit fairly uniform associations

represented by similar colors from the PCA. In comparison, regions like the Klamath Mountains,
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Southern Cascades, and the eastern edge of the Sierra Nevada Mountains harbor variation in
environmental associations, which may provide more tolerance to future climate threats (Bay et
al., 2018; DeSaix et al., 2022). Our results also demonstrate that increasing sampling across a
finer scale can provide more resolution and uncover unique associations between genomes and
environment that were not present when investigating broader scales (Bay et al., 2018; Ruegg et
al., 2018). This higher resolution could be important for on-the-ground conservation actions.
Traditional measures to prioritize conservation resources include approaches that are
based on current metrics of an area: population abundance or diversity, phylogenetic diversity,
species gains or losses, or more recently genetic diversity, variation, or uniqueness. While useful,
these measures cannot inform conservation for the future, and do not assess the ability of species
to adapt to rapidly changing climate conditions or the ability to survive under future climate
change regimes. It has become increasingly clear that genomic analyses are important to wildlife
conservation (Cassin-Sackett et al., 2019; Fiedler et al., 2022; Larison et al., 2021; Romanov et
al., 2009; Shaffer et al., 2022; Smith et al., 2020). Using genomic resources to understand how
species adapt to climate change today can help us predict where they will most likely persist
(Capblancq et al., 2020; DeSaix et al., 2022; Fitzpatrick & Keller, 2015). Leveraging these
methods and more traditional measures to prioritize species conservation can help protect
organisms today and ensure they have the genetic variation necessary to adapt to future climate

conditions.
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Figure 1. Map of California Yellow Warbler samples (N = 137). Details about sample localities
and populations are available in Table 1. Dots outlined in black indicate the centroid for each
population. For the Mojave Desert population, the Nevada samples were excluded from the

centroid calculation to ensure the centroid remained in California.
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Figure 2. (A) PCA plot of PC1 and PC2 for 137 Yellow Warblers using 44,601 SNPs with
loadings marked on axes. (B) Mapping of k=2 genetic clusters for ADMIXTURE plot. Pie charts
represent the percentage of individuals assigning to each genetic cluster. (C) ADMIXTURE plot

for k=2.
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Figure 3. (A) Gradient forest analysis output of ranked importance of environmental variables.
(B) Map of gradient forest transformed environmental variables from the PCA (C) representing
environmental adaptation in California. Dots represent population centers. (C) PCA of PCI1 and
PC2 for gradient forest transformed climate variables. Dots represent PC scores associated with
populations and colors are associated with genotype-environment correlations for 96,280 random
points across California. Arrows show the direction and magnitude of association with

adaptation to the top three ranked environmental variables.
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Tables
Table 1. Sampling locations of California breeding Yellow Warbler individuals used for low-

coverage whole genome sequencing and analyses.

Sample ID Ecoregion based population Latitude Longitude

96N0188 Central California Coast 36.285556  -121.841944
96N0190 Central California Coast 36.285556  -121.841944
96N0194 Central California Coast 36.285556  -121.841944
96N0199 Central California Coast 36.285556  -121.841944
96N0201 Central California Coast 36.285556  -121.841944
96N0203 Central California Coast 36.285556  -121.841944
MVZ 183139  Central California Coast 37.872066  -122.255028
1I0N11158 Central California Coast 35.894167 -121.073611
11NO156 Central California Coast 35.894167 -121.073611
12N1643 Central California Coast 35.894167 -121.073611
13N0642 Central California Coast 35.894167 -121.073611
13N0673 Central California Coast 35.894167 -121.073611
02N8&8193 Central California Coast 37.618643  -121.201948
99N8683 Central California Coast 38.06152  -122.405227
99N8684 Central California Coast 38.06152  -122.405227
9INE6RS Central California Coast 38.06152  -122.405227
07N14020 Klamath Mountains 40.517222  -123.350556
06N4712 Klamath Mountains 40.643333  -122.959722
07N14023 Klamath Mountains 40.6575 -122.959722
09N15228 Klamath Mountains 40.674722  -123.283889
07N33734 Klamath Mountains 40.693333  -122.855833
08N16831 Klamath Mountains 40.693333  -122.855833
20N001066 Klamath Mountains 40.6956 -122.8404
20N001070 Klamath Mountains 40.6956 -122.8404
20N001071 Klamath Mountains 40.6956 -122.8404
07N14018 Klamath Mountains 40.720833  -122.804444
07N31230 Klamath Mountains 40.720833  -122.804444
08N16426 Klamath Mountains 40.745278  -123.066389
08N32339 Klamath Mountains 40.745278  -123.066389
20N001072 Klamath Mountains 40.7601 -122.786
20N001073 Klamath Mountains 40.7685 -122.7818
95N0105 Klamath Mountains 41.293056  -123.546944
09N1349 Klamath Mountains 40.5342 -124.083
MVZ 190222  Northern California Interior Coast Ranges 40.29614 -122.17913




97N5610
97N5611
97N5614
97N5616
97N5631
02N8253
02N8248
02N8250
96N0028
96N0029
96N0025
01N0064
01N0070
01N0073
01N0076
01N0079
MVZ 188751
MVZ 182486
01N0706
01N0707
MVZ 182275
07N14024
08N32307
MVZ_190666
04N0856
04N0857
05N4606
05N4612
05N4614
06N0831
07N1029
08N20367
10N1144
01N7131
01N7134
01N7135
01N7139
01N7140
01N7141
01N7142

Northern California Interior Coast Ranges
Northern California Interior Coast Ranges
Northern California Interior Coast Ranges
Northern California Interior Coast Ranges
Northern California Interior Coast Ranges
Northern California Interior Coast Ranges
Northern California Interior Coast Ranges
Northern California Interior Coast Ranges
Northern California Interior Coast Ranges
Northern California Interior Coast Ranges
Northern California Interior Coast Ranges
Southern Cascades

Southern Cascades

Southern Cascades

Southern Cascades

Southern Cascades

Southern Cascades

Southern Cascades

Southern Cascades

Southern Cascades

Southern Cascades

Southern Cascades

Southern Cascades

Southern Cascades

Modoc Plateau

Modoc Plateau

Modoc Plateau

Modoc Plateau

Modoc Plateau

Modoc Plateau

Modoc Plateau

Modoc Plateau

Modoc Plateau

Mono

Mono

Mono

Mono

Mono

Mono

Mono

39.356631
39.356631
39.356631
39.356631
39.356631
40.4915
40.493611
40.493611
40.931
40.931
40.9954
40.298085
40.298085
40.298085
40.298085
40.298085
40.3096634
40.3498
40.444497
40.444497
40.565523
40.64862
40.64862
40.45349
41.47
41.47
41.47
41.47
41.47
42.025556
42.025556
42.025556
42.025556
37.93444444
37.93444444
37.93444444
37.973056
37.973056
37.973056
37.973056

-122.511355
-122.511355
-122.511355
-122.511355
-122.511355
-122.4928
-122.478611
-122.478611
-122.4751
-122.4751
-122.418
-121.4455
-121.4455
-121.4455
-121.4455
-121.4455
-121.4323141
-121.6267
-121.4033
-121.4033
-120.756963
-121.425621
-121.425621
-121.86354
-120.54
-120.54
-120.54
-120.54
-120.54
-122.100278
-122.100278
-122.100278
-122.100278
-119.0677778
-119.0677778
-119.0677778
-119.111111
-119.111111
-119.111111
-119.111111
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0IN7143
01N7144
00N6660
05N6341
05N6342
10N 14754
O0N6653
04N7529
09N17715
20N001055
20N001056
20N001060
20N001061
20N001062
08N02682
09N 12590
09N12593
10N12178
20N001049
20N001050
20N001051
20N001048
20N001046
20N001047
20N001053
97N5409
01N0720
03N4118
03N4119
10N 14690
20N001042
20N001044
20N001045
20N001043
01N7627
18N03562
05N9774
06N9208
05N6593
05N6656

Mono

Mono

Mono

Mono

Mono

Mono

Mono

Mono

Mono

Mono

Mono

Mono

Mono

Mono

Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Southeastern Great Basin
Sierra Nevada Foothills
Sierra Nevada Foothills
Sierra Nevada Foothills
Sierra Nevada Foothills
Sierra Nevada Foothills
Sierra Nevada Foothills
Sierra Nevada Foothills
Sierra Nevada Foothills
Mojave Desert

Mojave Desert

38.04
38.04
37.704444
37.704444
37.704444
37.704444
37.755556
37.755556
37.755556
38.8086
38.8086
38.8096
38.8096
38.8096
37

37

37

37

37.246
37.2462
37.2467
37.2468
37.2478
37.2478
37.2488
37.3723
36.799167
36.799167
36.799167
36.799167
35.7151
35.7151
35.7151
35.717
35.728889
35.668
35.673889
35.673889
34.733056
34.733056

-119.141944
-119.141944
-119.751944
-119.751944
-119.751944
-119.751944
-119.751944
-119.751944
-119.751944
-120.378
-120.378
-120.3772
-120.3772
-120.3772
-116.73
-116.73
-116.73
-116.73
-118.58607
-118.5855
-118.5844
-118.58617
-118.5866
-118.5866
-118.5826
-117.9852
-118.599444
-118.599444
-118.599444
-118.599444
-118.4478
-118.4478
-118.4478
-118.434
-118.169167
-118.305
-118.299444
-118.299444
-114.488333
-114.488333
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15N3720
16N4454
17N03254
17N03255
17N03261
O0N5232
OON5233
O0N5237
04N7366
286020669
290045578
290045579
290045582
291003281

SDNHM 52371
SDNHM 51967

286020602
287073491
291003212
291003282
291003356
10N11305
13N1239

Mojave Desert
Mojave Desert
Mojave Desert
Mojave Desert
Mojave Desert
Mojave Desert
Mojave Desert
Mojave Desert
Mojave Desert
Southern California Coast
Southern California Coast
Southern California Coast
Southern California Coast
Southern California Coast
Southern California Coast
Southern California Coast
Southern California Coast
Southern California Coast
Southern California Coast
Southern California Coast
Southern California Coast
Southern California Coast
Southern California Coast

35.556584
35.556584
35.556584
35.556584
35.556584
36.138854
36.138854
36.138854
34.171944
32.558727
32.558727
32.558727
32.558727
32.558727
32.8176194
33.09098
33.267029
33.267029
33.267029
33.267029
33.267029
33.627778
34.048611

-115.470638
-115.470638
-115.470638
-115.470638
-115.470638
-114.426125
-114.426125
-114.426125
-114.283333
-117.106403
-117.106403
-117.106403
-117.106403
-117.106403
-117.1913356

-116.99688
-117.37134
-117.37134
-117.37134
-117.37134
-117.37134

-117.563889
-118.812222
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Table 2. Environmental variables used for gradient forest analyses.

Abbreviation Environmental variable description

BIO1 Annual Mean Temperature

BIO2 Mean Diurnal Range

BIO3 Isothermality

BIO4 Temperature Seasonality

BIOS Max Temperature of the Warmest Month
BIO6 Min Temperature of the Warmest Month
BIO7 Temperature Annual Range

BIOS Mean Temperature of the Wettest Quarter
BIO9 Mean Temperature of the Driest Quarter
BIO10 Mean Temperature of the Warmest Quarter
BIO11 Mean Temperature of the Coldest Quarter
BIO12 Annual Precipitation

BIO13 Precipitation of the Wettest Month

BIO14 Precipitation of the Driest Month

BIO15 Precipitation Seasonality

BIO16 Precipitation of the Wettest Quarter

BIO17 Precipitation of the Driest Quarter

BIO18 Precipitation of the Warmest Quarter
BIO19 Precipitation of the Coldest Quarter
CANOPY Canopy Tree Cover

NDVI Normalized Difference in Vegetation Index
LAT Latitude Coordinates in decimal degrees, WGS84 Projection
SLOPE Slope of Land in degrees

LONG Longitude Coordinates in decimal degrees, WGS84 Projection
ELEV Elevation in meters

TWI Topographic Wetness Index

CA_HII Human Influence Index

IMPERV Impervious Structures

GEOL Geology of California

ASPECT Direciton of Slope in degrees

LANDCOVER Land Cover Layer
NI _VIIRS Nighttime Lights
POP Human Population Size in people/square kilometer
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