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11 Appendix 1 I

1 Objectives of the Study

As of 2023, the endangered Golden-cheeked Warbler, hereafter GCWA) remains a priority
species for conservation under the Endangered Species Act and the IUCN Red List. The
species numbers across the range and on military installations have expanded since their
historic lows, but the overall genetic diversity and connectivity with other populations on
public and private lands are unclear. The species action plan (SAP) lists the identification
of population structure and genetics as a critical assessment component. The last
thorough genetic assessment was carried out over a decade ago. Therefore, a comprehensive
population genetic assessment is critical for informing future species management. To address
these needs, we performed a study with two primary objectives for this study:

Objective 1: To generate a de novo assembly of the GCWA genome using a
combination of short-read and long-read sequencing technologies.

The absence of a reference genome for species such as the GCWA remains one of the barriers
to assessing how genetic variation at few marker loci is representative of whole genome
patterns and whether such patterns are functionally important for the survival and fitness
of individuals. In a nutshell, we often need to associate genetic diversity data with fitness
consequences for the bird. Secondly, the lack of standardized genomic resources makes
it difficult to perform studies that can be compared over time due to changes in molecular
technologies. The availability of a genome reference greatly improves our options for assessing
variation at functionally important regions (such as those involved in immunity or fertility).
Therefore, our first objective in this study was to generate a new reference genome assembly
for the GCWA to enable whole-genome studies of GCWA for the present and future.

Objective 2: Assess the current population genetic diversity, structure, and
demographic history across the range of the GCWA. As the previous study that
characterized demographic history and population structure was published in 2011 [5], with
the samples collected between 2006-2008, that dataset is nearly two decades old. Therefore,
our study aimed to assess the extent of genetic diversity within and between populations
and the degree of genetic differentiation among them, using the genome reference (Objective
1) as the foundational standard for such an analysis.
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Executive Summary of Findings

. Genome Assembly

e We assembled the GCWA genome from a single individual captured at Balcones
Canyonlands National Wildlife Refuge.

e Used a Hybrid Assembly approach to build a new draft genome assembly for
GCWA

e The draft assembly has a total size 817Mbp with high levels of contiguity and
completeness.

. We performed Whole-Genome Sequencing (WGS) on 239 field-sampled GCWA from
across 14 Texas counties, representing 11 sites.

« We performed various population genetic analyses using open-source bioinformat-
ics tools

. We estimated genetic diversity using multiple approaches

o GCWA has a nucleotide diversity  of 0.0014

o« GCWA populations show low levels of heterozygosity, averaging 0.03 across the
species.

e Populations show a high level of inbreeding, with a species average of 0.09 for
inbreeding coefficients.

. We assessed population genetic structure using multiple approaches

» Pairwise Fsr values show high differentiation levels (0.008 to 0.02) among popu-
lations indicating reduced gene flow.

« Hierarchical clustering and ordination analyses indicate a high degree of popula-
tion structuring.

e There was no significant isolation by distance.
. We reconstructed ancient and recent demographic histories

e Ancient (>10Kya) populations of GCWA were much larger than recent demo-
graphic or genetic effective sizes.

» Recent demographic estimates ofN.show small genetic effective sizes across the
range, suggesting recent severe bottlenecks.
. We assessed genome-wide neutrality statistics

e We found an excess of positive Tajima’s D and Fu & Li’s D values, suggesting
recent bottlenecks with ongoing effects on genetic variation.

. Overall, we found low genetic diversity and high population structuring, with ongoing
effects of bottlenecks. The totality of genetic evidence does not indicate a recovery
from population bottlenecks in the 20th century.
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3 Study Design

The GCWA is an endangered songbird species that has long been the face of conservation
in Texas. Over two decades of intensive monitoring and ecological studies have yielded ac-
tionable data for informing the demographic recovery of this species from its historic lows in
the 1990s. Even as continued ecological and modeling approaches may indicate demographic
recovery for some sites, data from the ecological studies do not always present a clear picture
of the recovery and prescriptions for success [40, 3, 46, 29], or an accurate representation
of range-wide trends. For example, populations may decline at sites with less contiguous
habitat patches. A genetic survey will objectively measure local and range-wide population
trends, but details about the genetic status or recovery were unclear before our project.

The most spatially comprehensive genetic assessment was performed over a decade ago
[28]. The most temporally comprehensive genetic assessment was also performed a decade
ago and indicated that contemporary populations had significantly reduced genetic diver-
sity and increased genetic fragmentation compared to a century prior [5, 25]. Athrey et al.
[5] compared genetic data from 100-year-old museum specimens against modern samples to
generate this information. One of the more troubling results from this study was the low
effective population size estimates - a central population parameter of much significance in
conservation biology. The effective population size (Ne) describes the number of individu-
als contributing genetically to the following generations. These declines were so great that
population genetic theory predicts several generations before the lost genetic diversity can
be recovered to historic levels. These initial genetic studies provided much-needed genetic
context to the discussion of GCWA conservation and successfully demonstrated the impor-
tance of such data in endangered species management plans.

There is a critical need to revisit the status of genetic diversity and population genetic
structure and determine how the genetic attributes relate to demographic trends. In this
project, we built on the template of past studies and utilized new genetic tools and technolo-
gies to help make such knowledge a standalone resource, as well as a benchmark for future
monitoring efforts of the species.

Genetic monitoring at regular intervals has been demonstrably valuable in conserving
and managing various species [43, 1]. While assessing genetic diversity at neutral molecular
markers and estimating population size and structure remain priorities, the evolution of af-
fordable next-generation sequencing technology has opened avenues for evaluating adaptive
genetic variation in a conservation context [51, 4]. Furthermore, a consensus is developing in
the scientific community supporting the integration of adaptive potential into U.S. Endan-
gered Species Act decisions [14]. Adaptive potential and adaptive genetic variation (such as
loci important in survival and fitness traits) are important considerations for species that
have experienced past or ongoing population declines. Fortunately, assessing these emergent
necessities is increasingly feasible due to the low-cost sequencing approaches available [14, 2].
In this study, we made these types of assessments available for GCWA.
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3.1 Population Sampling

We sample GCWAs from across the cur-
rent breeding distribution of the species.
We commenced sampling in 2019. While
our original plan was to complete sam-
pling in 2020, we were delayed by a year
due to COVID. We completed our sam-
pling in spring 2021. In addition to the
samples collected for this project, we also
included samples previously collected for
other projects.  Therefore, we collected
282 samples (20 females, 262 males) across
the GCWA breeding range from 2018-2021.
The samples were collected across 14 coun-
ties at Palo Pinto State Park, Fossil Rim
Wildlife Center, Meridian State Park, Fort
Hood, Colorado Bend State Park, Balcones
Canyonlands National Wildlife Refuge, Bal-
cones Canyonlands Preserve, Camp Bullis,
Government Canyon State Natural Area,
Guadalupe River State Park, Garner State

Park, Love Creek Preserve, Kickapoo Cav- éecw;\ samples o
H - GCWA breedingrange | == - o SRR
erns State Park, and from prlvate ranChes In :County A Datum: NAD 1983 UTN Zone 14N

Somervell, Uvalde, Bandera, Kinney, Real,
and Edwards counties (Figure 1). Samples
from these 14 counties represented 11 sites
based on their proximity (eg. Bell/Coryell).

We used conspecific audio playback to
target specific individuals for capture and
attraction to the mist net during the species breeding season (March 5 to May 30). We
banded each bird with a USGS silver band to avoid re-sampling the same individual. We col-
lected blood samples using a PrecisionGlide™ 30-gauge beveled needle to prick the brachial
vein and a capillary tube to collect 15-25uL of blood ( 2-3 drops). We stored the blood
samples in RNAlater™ in a refrigerator (~40°F) until DNA extraction.

Of the 282 total samples collected, 238 were included in the genomic analysis, as the re-

mainder did not yield sufficient quantity/quality DNA for inclusion in genome sequencing.

More details about these samples are provided below, and a complete listing of samples can

be found in Appendix I. This research was conducted under federal bird banding permit

23615, federal scientific permit TE59231C-2, state scientific research permit SPR-0219-028,

and state park scientific study permit 2019-R5-01.

Figure 1: A map of the breeding range of
GCWA, with points denoting the sampling lo-
cations for this study.
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4 Genome Assembly and Sequencing of Population Sam-
ples

4.1 Background

Genome assembly is the process of reconstructing an or-
ganism’s complete genomic sequence from fragmented
Table 1. A summary of the sam- pNA sequences [34]. Using advanced computational
pled counties and the number of 3150rithms, these smaller sequences, called reads, are
GCWA samples collected at each ajigned and merged into longer contiguous sequences

site. known as contigs [20]. The quality of an assembly is
Sites/Counties | Sampled | evaluated based on parameters such as contiguity, com-
Bandera 27 pleteness, and accuracy, which are assessed through met-
Bexar 45 rics like N50, the proportion of conserved genes, and the
Bosque 15 rate of misassemblies. Genome assemblies play a crucial
Coryell/Bell 23 role in population genetic studies by providing a reference
Kendall 27 for variant identification, discovering population-specific
Kinney/Edwards 15 adaptations, and understanding the genetic basis of com-
Palo Pinto 16 plex traits. By comparing genomes across diverse popu-
San Saba 20 lations, scientists can unveil the history of species, track
Somervell 19 migration patterns, and uncover the drivers of genetic
Travis 50 variation [54].
Uvalde/Real 25 Genome assemblies are valuable tools for assessing ge-
Total 282 netic variation, estimating population size, and measur-

ing gene flow, which are crucial aspects of conservation
genetics. By comparing assembled genomes from different individuals within a population,
scientists can identify single nucleotide polymorphisms (SNPs), insertions/deletions (IN-
DELS), and structural variations. These variations can provide insight into the genetic
diversity and differentiation of populations.

In applying genetics to inform the management of species, especially endangered species,
understanding genetic variation, population size, and gene flow is vital for implementing
effective strategies to conserve endangered species and maintain biodiversity. Genome as-
semblies can help identify unique populations, prioritize conservation efforts, and guide future
management and species action plans [42, 14].

4.2 Description of Methods
4.2.1 Genome assembly

A hybrid assembly is an approach in genome assembly that utilizes multiple types of se-
guencing technologies to generate a high-quality assembly [23]. One popular hybrid assembly
approach combines long-read sequencing data from platforms like Oxford Nanopore Tech-
nologies (ONT) with short-read sequencing data from platforms like Illumina. This approach
leverages each technology’s strengths to overcome weaknesses and generate an accurate and
contiguous assembly [30, 49].
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The hybrid assembly process typically involves three main steps: error correction of the
long reads using the short reads, assembly of the corrected long reads, and polishing the
assembly with the short reads. The corrected long reads serve as a backbone for the assembly
and help bridge gaps in the short-read assembly, while the short reads provide high accuracy
and help correct errors in the long-read assembly.

Haslr is a software tool that implements this hybrid assembly approach by first generating
an assembly with the long reads and then using the short reads to correct errors and polish
the assembly [16]. This tool has been shown to produce highly contiguous and accurate
assemblies, with contig N50 values up to 5.5 Mb and error rates as low as 0.01% [23].

The benefits of hybrid assembly with haslr include:

e Improved assembly continuity and accuracy: Hybrid assembly using long and short
reads can help overcome the challenges of each technology and generate a highly con-
tiguous and accurate assembly [15].

e Resolving complex regions: Hybrid assembly can help resolve complex regions of the
genome that are difficult to assemble with short reads alone, such as repetitive regions
and structural variations [32].

» Cost-effective: Hybrid assembly is more cost-effective than long-read sequencing alone
and can generate high-quality assemblies with relatively small short-read sequencing
data [23].

Overall, hybrid assembly is a robust approach for generating high-quality genome assemblies
that are more complete and accurate than assemblies generated with a single sequencing
technology.

We sequenced a single individual male (ASY) captured at the Balcones Canyonlands Na-
tional Wildlife Refuge for the purpose of genome assembly in May 2019. The Texas Institute
for Genome Sciences and Society (TIGSS) on the Texas A&M University campus performed
the library preparation and sequencing for the genome assembly. Following sequencing, the
raw data (.fastq) was checked for adapter content and quality filtered for a minimum base
quality score of Q28. This quality is high enough for assembly purposes, as most assembly
algorithms need the ability to separate base pair variants from sequencing errors during as-
sembly. The quality-filtered short-read data was used for the hybrid assembly generation
step with Haslr.

4.2.2 Whole genome resequencing of population samples

We submitted the whole blood samples collected from the field for full-service genome se-
quencing at the TIGSS lab. This included DNA isolation, library preparation for whole
genome sequencing, and sequencing of the samples. Forty-three samples did not meet the
quality and quantity criteria to generate libraries for sequencing and did not make it past
the quality control step for sequencing. The remainder of the samples were sequenced and
delivered to the Athrey lab for further analysis.

While the sequencing data was of very high quality, with most libraries showing average
quality scores above Q35 (<1 base error per 1000 observations for the base position), we
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followed the best practices for sequence analyses. The raw sequence data were first quality
filtered to trim bases with quality scores <Q30 using the tool trim galore [19]. Following
this, the data were aligned to the draft GCWA assembly using the ’bwa mem’ algorithm for

paired-end data [26]. The aligned reads were then used for subsequent analyses workflows
for population genetic analyses (details below).

4.3 Results
4.3.1 Assembly Description and Reference Free Metrics

We generated Oxford Nanopore long reads and Illumina short reads (151bp paired-end se-
guencing) on the HiSeq platform. These runs yielded a total of 9.8M Nanopore reads, with
a total throughput of approximately 12x genome coverage. We generated 714M paired-end
reads with Illumina (approximately 70x depth of sequencing). The depth of sequencing
estimates was based on the assumption of 1Gbp genome size, which is conserved in birds.
Our assembly strategy required us to generate a

long-read assembly first, followed by gap-filling, BUSCO Assessment Results

base corrections, polishing, and scaffolding using e

the short-read data. The hybrid Haslr assem-
bly generated an 817.25Mbp long assembly with
2450 contigs greater than 500bp in length. The
longest contig in the assembly is 12.6Mbp, with
an N50 value of 1.518Mbp. The N50 value is the
contig size that describes 50% of the assembled
contigs. Therefore, 50% of the assembled contigs
in this assembly are 1.51Mbp in length or greater. | | | 1 |
The genome has a GC (guanine-cytosine) con- ’ ” e ”
tent of 41.52%, and 1195 of the contigs were

over 50,000bp in length. These numbers com- Figure 2: A graphic showing the BUSCO
pare favorably to other draft genome assemblies, analysis result for the GCWA draft as-
including those for the songbirds sequenced re- sembly. The results showed that we suc-

cently. cessfully reconstructed
Another approach to understanding assembly

completeness is characterizing the recovery of known orthologs from the assembly. We used
the Benchmarking Universal Single-Copy Orthologs (BUSCO) approach [45]to assess the
assembly contiguity and completeness using the AvesDB ortholog database. This analysis
showed that we recovered about 70% of known avian orthologs that are complete, with 30%
of orthologs that are missing from the assembly. This is typical for a draft genome assembly
and shows that the genome assembly can be further improved. For comparison, the chicken
genome assembly has reached a high level of completeness (>95%) twenty years after it was
first sequenced [18].

gowa_busco C:7073 [5:7058, D:14], F:192, M:3579, n:10844

4.3.2 Whole Genome Sequencing (WGS)

Of the 282 GCWA blood samples collected, 239 yielded sufficient DNA quantity to proceed
with next-generation sequencing on the Illumina NovaSeq platform. For each sample, we

8
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generated an average of 15x sequencing coverage (i.e., every base pair was observed on average
15 times). The alignment step produced genome alignments, with an average (across 239
samples) alignment rate of 84%. This number shows a high degree of alignment to the draft
assembly, which is sufficient for further analyses, requiring variant discovery, genotyping, and
determination of haplotypes. We performed these analyses with well-established software
tools.

5 Measures of Genetic Diversity

We assessed genome-wide measures of heterozygosity and the inbreeding coefficient (Fis) to
determine contemporary measures of genetic variation in these populations. Heterozygosity
or gene diversity values are informative about the frequency of heterozygotes, which directly
indicate how diverse a population is. In this case, we used whole-genome estimates of
heterozygosity, which estimate the occurrence of heterozygous genotypes at every variable
locus across the genome. Genome-wide heterozygosity values (<0.1) suggest lower levels
of genetic variation. Another critical measure of a population’s diversity is the inbreeding
coefficient, which estimates non-random mating among relatives within populations. Positive
Fsrvalues indicate an excess of homozygosity (reduced genetic diversity) due to inbreeding,
genetic drift, or founder effects, which can result in negative fitness consequences such as
decreased disease resistance and reproductive success [17]. Negative F;s values indicate an
excess of heterozygotes. Inbreeding can also indicate low gene flow between populations,
leading to genetic differentiation and reduced potential for local adaptation [55].

5.1 Bioinformatics Methods

We used the open-source software tool ANGSD (Analysis Next Generation Sequencing Data)
[24] for most of our genome data analyses. The ANGSD tool (citation) is a widely used soft-
ware package for analyzing next-generation sequencing data in population genetics studies.
ANGSD can generate genotype likelihoods from sequencing data, which are used to estimate
site frequency spectra (SFS), genetic diversity estimates, and pairwise Fsr values. To gener-
ate SFS, ANGSD considers sequencing errors, sample contamination, and other noise sources
in the data. The estimated SFS can then be used to calculate pairwise Fs values between
populations, which measures the degree of genetic differentiation between populations. We
used only sequencing reads with high base quality (Phred score > 30) and Mapping Quality
(minMap > 40) to ensure that only accurate alignments were used for generating genotype
likelihoods. This is especially important, considering we used a draft genome assembly here.
An example code snippet used for generating genotype likelihoods is reproduced below.

$angsd -bam ‘‘$homedir/$population.list’’ \

-GL 1 -doG1f 2 -doMajorMinor 1 -doMaf 1 -doSaf 1\
-out ‘‘$SAMPLE_OUT_DIR/$population’’ \

-P 5 -SNP_pval 1le-6 -C 50 -minMapQ 40 -minQ 30 \
-ref ‘‘$gcref’’
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Table 2: Summary of the sample sizes per population, the population-wise inbreeding coef-
ficients (Fi), and the observed heterozygosity (Ho). Genome-wide averages are presented by
population, and a final species average is presented.

‘ Population Sample Size (N) ‘ Avg. Fis Avg. Ho
Bandera 25 0.097 0.025
Bell/Coryell 23 0.095 0.033
Bexar 42 0.075 0.022
Bosque 15 0.114 0.040
Kendall 25 0.070 0.024
Kinney Edwards 15 0.112 0.041
Palo Pinto 16 0.119 0.034
San Saba 19 0.101 0.035
Somervell 18 0.084 0.030
Travis 15 0.124 0.035
Uvalde/Real 25 0.096 0.025

| Total | 239 | 0.099 (Avg.) | 0.031 (Avg.) |

To estimate the inbreeding coefficient (Fis), we ran ANGSD separately to assess deviations
from Hardy-Weinberg Equilibrium and report values for Fis.

$angsd -bam test.list -HWE_pval_F 1 -GL 1 -domaf 1\
-SNP_pval le-6 -minQ 30 -minMapQ 40 -doMajorMinor 1 -P 30 -out

We estimated nucleotide diversity based on the alignment of an individual high-coverage
sample to the reference genome and variant calling with bcftools mpileup, followed by statis-
tics estimation using bcftools [9].

5.2 Results
5.2.1  Genetic Diversity

We found that the genome-wide nucleotide diversity, r, was estimated as 0.0014, within the
range of values seen in other avian species, such as Ficedula flycatchers (0.0039) [33, 10]
and hooded crows (0.0011) [56]. There are no universally accepted thresholds for T, as it
can vary across the genome due to various evolutionary factors. However, a genome-wide
average value of 0.0014 is on the lower end of the spectrum. For example, recent work on
Tasmanian Silvereye shows an average ™ > 0.11 [44].

Next, we estimated Observed Heterozygosity (Ho) using the SFS data generated from
ANGSD, using the method described in the ANGSD documentation. The western popula-
tions (Uvalde, Bandera, and Kendall) were unique in showing the lowest Ho values among
the 11 populations. These low values of Ho suggest that the populations are likely still re-
covering from past population declines. These values showed that the average heterozygosity
across all populations was 0.031, ranging from 0.02 to 0.04. These values are also much lower

10
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Inbreeding Coefficients (Fis>0.1)
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Figure 3: Relative proportions of inbreeding coefficients across whole genome regions in
GCWA populations. NB: Only proportions of F;s values above 0.1 are plotted.

than usually observed in widespread species, such as the seaside sparrows [11], with an aver-
age Ho of 0.05 or higher. In the Tasmanian Silvereye study [44], species-wide heterozygosity

values were >0.10. As heterozygosity increases gradually in a population after bottlenecks,

it may take tens of generations before new alleles and random mating restore heterozygosity
to pre-decline levels.

5.2.2 Inbreeding

Our WGS analyses revealed that the eleven populations showed consistently positive F;s val-
ues, with a significant proportion of values above 0.25 and a species average of 0.09. These
values are much higher than those reported in other birds. For example, F;s values of 0.02 in
wild Superb Parrots [47] and 0.066 in Island Scrub Jays [7]. This suggests that inbreeding,
due to a prolonged history of low population sizes, has resulted in losses of genetic diversity
in GCWA populations and has not recovered from their bottleneck events. Positive values of
Fis, especially thousands of loci with values >0.25, indicate high homozygosity levels, which
can be traced back to common ancestry due to a historical bottleneck event. Furthermore,
the populations have distinct distributions of F;s values (Figure 3). These differences were
statistically significant (based on contingency analyses, P <1e-04). This result suggests two
things: 1) the populations have distinct recent demographic histories with dif-
ferent levels of inbreeding, and b) the inbreeding and low heterozygosity values across
populations will limit the signature of gene flow or differentiation due to the limited genetic
variation within populations.

Possible causes for high inbreeding coefficients include habitat fragmentation, and geo-
graphic isolation, which can disrupt gene flow [1].

11
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6 Population Genetic Structure

6.1 Estimates of population genetic structure

The fixation index, Fsr, is a widely used statistic in population genetics to quantify genetic
differentiation among populations. Classical studies have used pairwise Fsr values to infer
population structure and evolutionary history. For example, Fs; estimates have been used
to investigate the genetic diversity and population structure of various species [35, 6, 8, 21].
Recently, more advanced methods have been developed to estimate Fs; values from whole-
genome data, such as the Weir and Cockerham estimator and the Hudson estimator.

The range of Fsr values can vary widely depending on the degree of population differen-
tiation. Fsr values can range from 0, indicating no differentiation between populations, to
1, indicating complete differentiation. Significant Fs: values suggest genetic differentiation
between populations may be due to geographic isolation or genetic drift.

Population structure can be inferred from genetic data using various analytical methods,
including hierarchical clustering and principal component analysis (PCA) based on genetic
distances. Hierarchical clustering can group individuals into clusters based on their genetic
similarity, each representing a distinct population. PCA can also be used to visualize the
genetic variation among individuals, with each principal component representing a different
source of variation.

Besides human population studies [50], hierarchical clustering and PCA have also been
used to study the genetic structure of various other species, including crops [38], livestock
[31], and wildlife [14]. Hierarchical clustering and PCA are powerful tools for understanding
population structure and genetic variation based on genetic distances. These methods have
been widely used in population genetics studies and can provide insights into populations’
evolutionary history and genetic diversity across various species.

6.2 Description of Methods

We first used the population-wise genotype likelihood to calculate the folded SFS (-fold 1
option) and then calculated the pairwise Fs; values using the ‘realSFS fst” option in ANGSD.

6.3 Results
6.3.1 Pairwise measures of differentiation

Pairwise measures of Fsr showed relatively high levels of Fs; across all pairs of the sampled
population, ranging from 0.8% to just over 2% (Figure 4).

These values are quite high, considering the relatively short distances spanning the entire
range of the GCWA (<300Km between any two points). Among the sampled locations,
samples from Palo Pinto were notable for showing the greatest levels of differentiation, even
between other sites short distances away (such as Somervell, San Saba, and Bell/Coryell).
Furthermore, these values are higher than those in other highly mobile species. Geraldes et
al.

We also used pairwise genetic distances to characterize the clustering of populations using
both hierarchical clustering and ordination analyses, and figures 5 and 6 show these results.

12
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bellcoryell bexar bosque kendall kinneyedw: palopinto sansaba somervell travis uvalde
bandera 0.011533 0.008467 0.01347 0.011498 0.012311 0.018657 0.013071 0.014068 0.013174 0.009711
bellcoryell 0.009931 0.013541 0.012485 0.014223 0.019261 0.013647 0.014064 0.014116 0.011708
bexar 0.012681 0.009546 0.011795 0.017957 0.011622 0.013032 0.012009 0.008513
bosque 0.014256 0.015239 0.019498 0.01474 0.014396 0.015427 0.01398
kendall 0.013639 0.019651 0.013336 0.014099 0.014147 0.011492
kinneyedwards 0.020535 0.015435 0.015709 0.015215 0.012226
palopinto 0.019875 0.020342 0.020711 0.018936
sansaba 0.01443 0.015119 0.013225
somervell 0.014837 0.014478
travis 0.013552
uvalde
Figure 4: Table of Pairwise Fs values among sampled populations.
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Figure 5: Hierarchical clustering dendrogram showing the grouping of populations based on
genetic similarity.

Both of these show some expected and unexpected patterns. For example, based on hierar-
chical clustering (Figure 5), the Bexar population is the least like other populations (based
on genetic distance and branching pattern). Among the remaining population, the order
of branching shows that Travis clustered with San Saba. In contrast, Bandera clustered
with Kendall, with these dyads showing more similarity to each other than other popula-
tions. Uvalde and Kinney/Edwards (the Western populations) clustered together, whereas
the northern populations (Bell-Coryell, Palo Pinto, Bosque, and Somervell) formed a sub-
cluster. In contrast, the ordination analysis (Figure 6) shows little similarity between most
populations, with notable overlapping populations being 1) Uvalde/Real and Kinney/Ed-
wards, 2) Travis and San Saba, and 3) Bell/Coryell and Bosque, and 4) to a limited extent
Bandera and Kendall. Notable is that Bexar, Palo Pinto, and Somervell are most distinct
from the other populations.
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Figure 6: PCA plot showing the relative overall patterns and similarity of GCWA popula-
tions. NB, the name ‘KinneyEdwards’ is partially cut off in the graphic.

6.3.2 Isolation by Distance

Isolation by distance (IBD) is a pattern commonly observed in population genetics, where
the genetic similarity between individuals or populations decreases as geographic distance
increases. This pattern can be attributed to limited gene flow, genetic drift, and local
adaptation. Isolation by distance has been observed in various species [37, 53].

We tested for IBD using Mantel’s correlation test between the pairwise genetic distance
(Fst/(1-Fsr) matrix against the pairwise geographic distance matrix. This dataset had no
significant IBD (Figure 7), and the regression had a positive (non-significant) slope (0.28).

Reduced genetic variation and increased inbreeding can significantly impact the pattern
of isolation by distance across populations. Inbreeding reduces genetic diversity within pop-
ulations and can lead to increased genetic differentiation between populations, contributing
to stronger isolation by distance [41]. On the other hand, reduced genetic variation within
and between populations can also weaken the pattern of isolation by distance, as there may
be fewer genetic differences to be affected by geographic distance [58, ?, 41].

7 Demographic History

7.1 Background

Genetic data can reveal a population’s demographic history by analyzing patterns of genetic
variation and using computational methods to reconstruct historical scenarios. We can esti-
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Figure 7: Isolation By Distance plot. We did not find significant isolation by distance in this
study.

mate critical parameters such as effective population size and migration rates by comparing
the observed genetic data to the expected patterns under different demographic models.
The effective population size (Ne) is the most critical parameter for population demographic
history. Effective population size (Ne) is defined as the size of the ideal population that
experiences genetic drift at the same rate as the census population size [57]. These analyses
can provide insights into the historical events that shaped the genetic diversity of a popu-
lation, such as population bottlenecks, range expansions, or changes in migration patterns.
Accurate inference of demographic history requires careful consideration of factors such as
sample size, selection, and the complex interactions between demographic and evolutionary
processes [12].

Furthermore, from the perspective of management decisions, it would be beneficial to
understand both recent and ancient trends of population size histories. Genetic datasets
allow us to query both these timeframes to illuminate population size histories of ancient or
contemporary populations.

7.2  Description of Methods

Estimating theN.using genetic data is a well-used and documented process, and several
approaches are available to estimate Ne. While many approaches rely on understanding
variance in allele frequencies to reveal the recent population size history, other methods,
particularly coalescent-based methods, explore ancient demographic trends. Methods based
on allele frequencies apply to the former, whereas the Pairwise Sequential Markovian Co-
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alescent (PSMC) [27] is a method that fits the latter category.N.estimators calculate the
long-term average size of the breeding population over the last few generations. PSMC in-
fers the effective population size changes over time based on the distribution of coalescent
times between pairs of sequences, typically thousands of generations ago.

Ne estimates may be influenced by population structure and non-random mating [27,
59]. Various methods exist to estimateN.from single samples, including the Heterozy-
gote Excess method [39], Nomura’s Coancestry method [36], and Waples and Do’s Linkage
disequilibrium-based method [52] from multilocus genotype data. We used these three ap-
proaches to generate N.estimates per population. TheN.estimations used ten independently
sampled datasets of 5000 randomly selected loci without missing data from each dataset. In
contrast, the PSMC method used a whole genome alignment to the reference assembly. It
is important to note that the results of the PSMC analyses, due it the deep time it queries,
apply to the species as a whole. In contrast, contemporaryN.estimators query the recent
demographic histories of individual populations.

7.3 Results
7.3.1 Ancient Demographic history

Analysis of a single whole genome (sampled at Balcones Canyonlands Preserve) was used
for the PSMC analyses. The data were aligned to the draft Haslr assembly using the ‘bwa
mem’ algorithm, and then the resulting alignment (bam file) was used as input for the
PSMC analysis steps. We assumed a generation time of 1 year for the species. The results
show (Figure 8) that between 1Mya to 100kya, the population was stable at relatively large
population sizes of 2x10*. Then, between 100kya to 10kya, the species experienced a steady
expansion in population size, reaching between 8-9x10*. The 10000 years before the present
is the typical boundary for PSMC analyses, as the analyses are based on the coalescence
of individual alleles in the genome to a single ancestor. Therefore, this approach does not
illuminate more recent demographic trends, and we need to rely on other approaches to
understand more recent timescales, such as those presented below.

7.3.2 Effective Population Sizes

Given the recorded history of the GCWA leading to its listing as an endangered species, we
know that the number of breeding pairs had reached a low point in the late 20th century.
While intensive management and habitat protection has helped expand GCWA populations,
continuing efforts must consider the genetic impacts and consequences of the severe bottle-
neck experienced in the 20th century. In their 2011 paper, Athrey et al., [5] used temporal
samples spanning a century to show that the species had significantly reduced genetic di-
versity and low N.estimates. Ten years hence, the present study evaluated these questions
using whole genome data.

In this study, we found that based on three different estimators, each population shows
relatively low N.estimates (Table 3), on par with the results from the 2011 study and mag-
nitudes smaller than the ancient population sizes for this species. Excepting samples from
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Figure 8: The demographic and effective population size history of GCWAs revealed by
PSMC analyses.

Bexar county, all the other locations showN.estimates of 150 or less (based on the coancestry
method). The LD and Heterozygosity based methods were all much lower. Furthermore,
the heterozygosity-based estimates were the lowest of the three estimates, suggesting that
the population has experienced/continues to experience the effects of a prolonged reduction
in population size. As inbreeding accumulates relatively slowly, compared to the rate at
which alleles are lost due to bottlenecks and genetic drift, it is reasonable to interpret the
low heterozygosity, high inbreeding, and low N. values as, together, suggesting prolonged
periods of small effective population size. Furthermore, comparing these estimates to the
temporal N. estimates (based on multiple time points) shows that these genetic population
sizes do not show any signs of expansion; this pattern is not surprising given the inability
of populations to recover quickly from severe bottlenecks. It may take tens or hundreds of
generations for new variation to emerge within the species that can counteract the effects of
inbreeding, if no new or additional factors act to reduce population size or gene flow.

8 Signals of selection

8.1 Neutrality Tests

Tajima’s D [48] and Fu and Li’s D [13] are neutrality statistics that are used as a way of
testing the neutral theory of molecular evolution [22]. Tajima’s D compares observed versus
expected nucleotide diversity, assuming a constant population size and that polymorphisms
are selectively neutral. The statistic ranges between negative and positive, with positive
values indicating higher levels of common variation and low values indicating higher levels
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Table 3: Summary of the estimates of effective population sizes using three different methods
in this study. When available, the numbers from the temporal estimates (MLNe) generated
in the 2011 study are reported alongside. 95% confidence intervals are shown in parentheses
when available.

Population ‘ 2011 study ‘ Ne (Coancestry) ‘ Ne (LD) | Ne (Het) ‘
Bandera 152 (108-191) | 78 (29-103) 5.9
Bell Coryell 140 (73-178) 72 (34-97) 48
Bexar 49 (24-212) 254 (159-361) | 130 (73-161) 6.1
Bosque 82 (41-104) 46 (31-53) 43
Kendall 156 (110-181) | 80 (54-201) 3.9
Kinney Edwards 92 (76-123) 47 (24-77) 2.17
Palo Pinto 98 (66-134) 51 (19-81) 7.75
San Saba 116 (91-133) 59 (41-73) 5.17
Somervell 110 (101-145) 52 (38-89) 4.7
Travis 273 (46-621) 89 (53-99) 49 (23-108) | 347
Uvalde/Real 110 (93-128) 70 (49-103) 48

of rare variation in a given region.

An excess of common variation can indicate balancing selection or recent population
contraction, while an excess of rare variation can indicate directional selection or recent
population expansion. To distinguish between natural selection and demographic change,
many unrelated loci must be sampled. Fu and Li’s D measures the number of singleton
mutations (the number of individuals within a population with a novel and unique mutation)
and compares the difference between these singleton mutations and the total number of
mutations in the population. When the statistic is strongly negative, this indicates an
excess of singleton mutations in the population. This can signal either a selective sweep
where strong directional selection resulted in an overrepresentation of a specific mutation or
a rapid population growth event where individuals are closely related, and mutation rates
have not yet caught up. When the statistic is strongly positive, this indicates an excess of
ancestral variants selected in the past and few unique variants. This can occur either due to
balancing selection or a demographic bottleneck event.

8.2 Description of Methods

As with other analyses, we used the ANGSD package to estimate population-scaled muta-
tion rates 6 and neutrality test statistics. We started with the population-wise genotype
likelihoods, from which we calculated the site frequency spectra (SFS). The folded SFS was
then used to estimate the neutrality statistics using the ‘thetaStat’ function in ANGSD. An
example of the code used for this is reproduced below.

$angsdir/misc/realSFS $population”.saf.idx" -P 10 -fold 1 > $population”.sfs"
$angsdir/misc/thetaStat do_stat $population”.thetas.idx"
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Figure 9: Side-by-side comparison of Tajima’s D estimates among GCWA populations. Y-
axis shows the Tajima’s D values. The positive values of Tajima’s D suggest balancing
selection or a demographic bottleneck. In contrast, negative values suggest directional selec-
tion or population expansion Sites with estimates >2 are highlighted in red to show extreme

values, and negative values are shown in green.

8.3 Results

All eleven GCWA populations show excess positive values for Tajima’s D and Fu and Li’s
D statistics (Figures 9 and 10), with Bexar, Kendall, Somervell, and Uvalde/Real coun-
ties showing the highest values and suggesting acute levels of recent population contraction.
Both these estimators analyze different but dependent components of genetic variation in
the same population. Therefore, the concordance between these two differing metrics for
mutational processes in populations suggests common factors influencing these genetic pa-
rameters. Viewing these measures with other information, such as heterozygosity, Fis values,
and N. estimates, is essential to determine whether balancing selection or population decline
is explanatory.

O Inferences

The totality of evidence generated and considered here leaves little doubt that genetic pop-
ulation size and genetic diversity estimates remain small for the GCWA. The population
differentiation data show that the differentiation among GCWA populations is high for a
species with such a limited regional distribution and without major geophysical barriers to
movement. Furthermore, the high inbreeding coefficients provide insights into the extent and
duration of these population declines. Inbreeding accumulates rather slowly in populations,
as it takes several generations before non-random mating between relatives increases; the
estimates observed here point to small effective sizes over several generations.

Reversing these trends may take much longer than we might expect. We can use the

Wright-Fisher model to estimate the time (in generations) needed for a population to re-
cover from such levels of inbreeding (from 9% to 2%), accounting for the current average
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Figure 10: Comparison of Fu and Li’s D statistic values among GCWA populations. Fu and
Li’s D values are on the Y-axis. The positive values of Fu & Li’s D suggest balancing selection
or a demographic bottleneck. In contrast, negative values suggest directional selection or
population expansion Sites with estimates >2 are highlighted in red to show extreme values,

and negative values are shown in green.

heterozygosity of 0.03 and an average effective size of 150. This can be calculated using the
formula T = (In(0.5) / In(1 - F)) / (2N.- H), Where T is the time in generations, N. is the
effective size, H is the observed heterozygosity, and F is the inbreeding coefficient. Using the

values generated in this study, we can estimate the number of generations required, T, to
be about 104 generations. Based on the timing of the bottleneck events in the 20th century,
we are likely in the first half, or at best, in the middle of the recovery. It is important to
remember that continued recovery assumes the maintenance and expansion of current effec-
tive sizes. Therefore, approaches to expand the total demographic population size and, by
extension, the effective population sizes and connectivity among these populations must be
central in future management plans for this species.
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11  Appendix I

Golden-cheeked Warbler Population Genomics

Table 4: Sample Table

Sample ID Location County
2830.17850.5169 Love Creek Preserve Bandera
2830.17851.5170 Love Creek Preserve Bandera
2830.17857.S171 Love Creek Preserve Bandera
2830.17859_-M_61_S175 Love Creek Preserve Bandera
2830.17862_S176 Love Creek Preserve Bandera
2830.17863.S177 Love Creek Preserve Bandera
2830.17864.5178 Love Creek Preserve Bandera
2830.17865.5179 Love Creek Preserve Bandera
2830.17866_5180 Love Creek Preserve Bandera
2830.17867_S181 Hatfield Ranch Bandera
2830.17868.5182 Hatfield Ranch Bandera
2830.17869.5183 Hatfield Ranch Bandera
2830.17871.5185 Hatfield Ranch Bandera
2830.17872_5186 Hatfield Ranch Bandera
2830.17873.5187 Hatfield Ranch Bandera
2830.17874.5188 Hatfield Ranch Bandera
2830.19028.S217 Hatfield Ranch Bandera
2830.19029.S1 Hatfield Ranch Bandera
2830.19030.S2 Hatfield Ranch Bandera
2830.19031.S3 Hatfield Ranch Bandera
2830.19196_S44 Love Creek Preserve Bandera
2830.19197_S45 Love Creek Preserve Bandera
2830.19198_S46 Love Creek Preserve Bandera
2830.19199._S47 Love Creek Preserve Bandera
2830.19200.548 Love Creek Preserve Bandera
2760.11891 S50 Camp Bullis Bexar
276011892 S51 Camp Bullis Bexar
2760.11893.S52 Camp Bullis Bexar
2760.11897.S132 Government Canyon SNA Bexar
2760.11898.S133 Government Canyon SNA Bexar
2760.11899 5245 Government Canyon SNA Bexar
2790.35292 5218 Government Canyon SNA Bexar
2790.35293.5219 Government Canyon SNA Bexar
2790.35294 5237 Government Canyon SNA Bexar
2790.35304_S227 Camp Bullis Bexar
2790.35305.5228 Camp Bullis Bexar
2790.35306_S229 Camp Bullis Bexar
2790.35307_S230 Camp Bullis Bexar
Continued on next page
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Sample ID Location County
2790.55303.S226 Camp Bullis Bexar
2830.17815.5149 Government Canyon SNA Bexar
2830.17816.S150 Government Canyon SNA Bexar
2830.17817.S151 Government Canyon SNA Bexar
2830.17881.S189 Camp Bullis Bexar
2830.17882.S190 Camp Bullis Bexar
2830.17883.S191 Camp Bullis Bexar
2830.17884.5192 Camp Bullis Bexar
2830.17885.S193 Camp Bullis Bexar
2830.17886.S194 Camp Bullis Bexar
2830.17887_S195 Camp Bullis Bexar
2830.17888.S196 Camp Bullis Bexar
2830.17889.S197 Camp Bullis Bexar
2830.17890.S198 Camp Bullis Bexar
2830.17891.S199 Camp Bullis Bexar
2830.17892_S200 Camp Bullis Bexar
2830.17893.5201 Camp Bullis Bexar
2830.17894_5202 Camp Bullis Bexar
2830.19110.S60 Government Canyon SNA Bexar
283019111 S61 Government Canyon SNA Bexar
2830.19113.562 Government Canyon SNA Bexar
2830.19114 S63 Government Canyon SNA Bexar
2830.19121 S70 Government Canyon SNA Bexar
2830.19122 S71 Government Canyon SNA Bexar
2830.19130.S79 Government Canyon SNA Bexar
2830.19131.S80 Government Canyon SNA Bexar
2830.19132. 581 Government Canyon SNA Bexar
2830.19134.582 Government Canyon SNA Bexar
2830.19135.S83 Government Canyon SNA Bexar
283017818 S152 Meridian State Park Bosque
283017819 S153 Meridian State Park Bosque
2830.17820.S154 Meridian State Park Bosque
2830.17900.S207 Meridian State Park Bosque
2830.19019.S208 Meridian State Park Bosque
283019144 591 Meridian State Park Bosque
283019145 592 Meridian State Park Bosque
2830.19146.S93 Meridian State Park Bosque
2830.19147_S94 Meridian State Park Bosque
283019148 S95 Meridian State Park Bosque
283019149 S96 Meridian State Park Bosque
2830.19150.S114 Meridian State Park Bosque
283019151 S115 Meridian State Park Bosque

Continued on next page




Golden-cheeked Warbler Population Genomics

Table 4 — continued from previous page

Sample ID Location County
283019152 S116 Meridian State Park Bosque
283019153 S117 Meridian State Park Bosque
2830.19173.S22 Ft Hood Coryell/Bell
2830.19174.S23 Ft Hood Coryell/Bell
2830.19175.S24 Ft Hood Coryell/Bell
2830.19176_S25 Ft Hood Coryell/Bell
2830.19177_S26 Ft Hood Coryell/Bell
2830.19178.S27 Ft Hood Coryell/Bell
2830.19179.S28 Ft Hood Coryell/Bell
2830.19180.S29 Ft Hood Coryell/Bell
2830.19181 S30 Ft Hood Coryell/Bell
2830.19182 S31 Ft Hood Coryell/Bell
2830.19183.S32 Ft Hood Coryell/Bell
2830.19184 S33 Ft Hood Coryell/Bell
2830.19185.S34 Ft Hood Coryell/Bell
2830.19186.S247 Ft Hood Coryell/Bell
2830.19187_S35 Ft Hood Coryell/Bell
2830.19188.S36 Ft Hood Coryell/Bell
2830.19189 S37 Ft Hood Coryell/Bell
2830.19190.S38 Ft Hood Coryell/Bell
2830.19191 S39 Ft Hood Coryell/Bell
2830.19192 5S40 Ft Hood Coryell/Bell
2830.19193.541 Ft Hood Coryell/Bell
2830.19194 542 Ft Hood Coryell/Bell
2830.19195.543 Ft Hood Coryell/Bell
2760.11884 S110 Guadalupe River State Park Kendall
276011885 .S111 Guadalupe River State Park Kendall
2760.11886.S112 Guadalupe River State Park Kendall
2760.11887.S113 Guadalupe River State Park Kendall
276011888 5223 Guadalupe River State Park Kendall
2760.11890.S49 Guadalupe River State Park Kendall
2760.11900.S134 Guadalupe River State Park Kendall
2830.17801_S135 Guadalupe River State Park Kendall
2830.17827_S161 Guadalupe River State Park Kendall
2830.17828.S162 Guadalupe River State Park Kendall
2830.17829.S163 Guadalupe River State Park Kendall
2830.17830.S164 Guadalupe River State Park Kendall
2830.19102 S53 Guadalupe River State Park Kendall
2830.19103.S54 Guadalupe River State Park Kendall
2830.19104_S55 Guadalupe River State Park Kendall
2830.19105.S56 Guadalupe River State Park Kendall
2830.19106_S57 Guadalupe River State Park Kendall
Continued on next page
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Table 4 — continued from previous page

Sample ID Location County
2830.19107_S58 Guadalupe River State Park Kendall
2830.19108_S59 Guadalupe River State Park Kendall
283019115 S64 Guadalupe River State Park Kendall
2830.19116.S65 Guadalupe River State Park Kendall
2830.19117_S66 Guadalupe River State Park Kendall
283019118 .S67 Guadalupe River State Park Kendall
2830.19119 S68 Guadalupe River State Park Kendall
2830.19120.S69 Guadalupe River State Park Kendall

2830-19020_S209
2830.19021.S210
2830.19022_S211
2830.19023.5212
2830.19024_S213
2830.19025.5214
2830.19026.S215
2830.19027_S216
2830.19159.5123
2830.19160.S124
2830.19161.S125
2830.19162_S126
2830.19163.5127
2830.19164.5S128
2830.19165.5129
2830.17821.S155
2830.17822_S156
2830.17823.5157
2830.17824_5S158
2830.-19037_S9
2830-19038_S10
283019039511
2830.19040_S12
283019041513
283019042 514
2830.19043_S15
2830191545118
2830.19155.5119
2830.19156_S120
2830.19157.S121
2830.19158.5122
255.99667_S107
255.99668_5108
255.99669_5244

Kickapoo Caverns State
Kickapoo Caverns State
Kickapoo Caverns State
Kickapoo Caverns State
Kickapoo Caverns State
Kickapoo Caverns State
Kickapoo Caverns State
Kickapoo Caverns State

Park
Park
Park
Park
Park
Park
Park
Park

Kickapoo Cavern State Park
Kickapoo Cavern State Park
Kickapoo Cavern State Park
Kickapoo Cavern State Park

Dobbs Run Ranch

Dobbs Run Ranch

Dobbs Run Ranch

Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park
Palo Pinto State Park

Colorado Bend State Park
Colorado Bend State Park
Colorado Bend State Park

Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Kinney/Edwards
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
Palo Pinto
San Saba
San Saba
San Saba

Continued on next page
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Table 4 — continued from previous page

Sample ID Location County
255.99670_S109 Colorado Bend State Park San Saba
2830.17844_S167 Colorado Bend State Park San Saba
2830.17845.5168 Colorado Bend State Park San Saba
2830.19136_S84 Colorado Bend State Park San Saba
2830.19137_S85 Colorado Bend State Park San Saba
2830.19138_S86 Colorado Bend State Park San Saba
2830.19140.S87 Colorado Bend State Park San Saba
2830.19141.S88 Colorado Bend State Park San Saba
2830.19142.S89 Colorado Bend State Park San Saba
2830.19143.S90 Colorado Bend State Park San Saba
2830.19166_S16 Colorado Bend State Park San Saba
2830.19167_S17 Colorado Bend State Park San Saba
2830.19168.518 Colorado Bend State Park San Saba
2830.19169.S19 Colorado Bend State Park San Saba
2830.19170.S20 Colorado Bend State Park San Saba
2830.19172.S21 Colorado Bend State Park San Saba
255.99657_S100 Fossil Rim Wildlife Center Somervell
255.99658_S5242 Fossil Rim Wildlife Center Somervell
25599659 S101 Cahopa Ranch Somervell
25599661 S102 Cahopa Ranch Somervell
2790.35295.5238 Cahopa Ranch Somervell
2790.35297_S220 Cahopa Ranch Somervell
2790_35298_S221 Fossil Rim Wildlife Center Somervell
2790_35299_5240 Fossil Rim Wildlife Center Somervell
2790_35300_S241 Fossil Rim Wildlife Center Somervell
2830.17825.S159 Cahopo Ranch Somervell
2830.17826.S160 Cahopo Ranch Somervell
2830_17842_S165 Marsh Ranch Somervell
2830.17843.5166 Marsh Ranch Somervell
2830.17895.S203 Marsh Ranch Somervell
2830.17896_S204 Marsh Ranch Somervell
2830.17897_S205 Marsh Ranch Somervell
2830.17898_S206 Marsh Ranch Somervell
2830_17899_S246 Marsh Ranch Somervell
255.99662_S222 BCNWR (Victoria tract) Travis

255.99663.5103 BCNWR (Victoria tract) Travis

25599664 _S104 BCNWR (Victoria tract) Travis

255.99665_S105 BCNWR (Victoria tract) Travis

255.99666_S106 BCNWR (Victoria tract) Travis

2790.35242.032319.S239 | BCP Travis

2790.35288.5234 BCNWR (Victoria) Travis

2790.35289_S235 BCNWR (Victoria) Travis

Continued on next page
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Sample ID Location County
2790-35290_S99 BCNWR (Victoria) Travis
2790-35291 S236 BCNWR (Victoria) Travis
2790_35308_5231 BCNWR (Victoria) Travis
2790.35309.5232 BCNWR (Victoria) Travis
2790.35310.S233 BCNWR (Victoria) Travis
2790.35322_S97 BCP Travis
2830.17701.S98 BCNWR (Victoria) Travis
2830.17802_S136 Shield Ranch Real
2830.17803_S137 Shield Ranch Real
2830.17804_S138 Shield Ranch Real
2830.17805_S139 Shield Ranch Real
2830.17806_S140 Shield Ranch Real
2830_17807_S141 Shield Ranch Real
2830.17808_S142 Garner State Park Uvalde
2830.17809.S143 Garner State Park Uvalde
2830.17810.S144 Garner State Park Uvalde
2830.17811.S145 Garner State Park Uvalde
2830.17812_S146 Garner State Park Uvalde
2830.17813.S147 Garner State Park Uvalde
2830.17814.S148 Garner State Park Uvalde
2830.19032_S4 Garner State Park Uvalde
2830.19033.S5 Garner State Park Uvalde
2830.19034_S6 Garner State Park Uvalde
2830.19035_S7 Garner State Park Uvalde
2830.19036_S8 Garner State Park Uvalde
2830.19123.S72 Shield Ranch Real
2830.19124_S73 Shield Ranch Real
2830.19125.S74 Shield Ranch Real
2830.19126_S75 Garner State Park Uvalde
2830.19127_S76 Garner State Park Uvalde
2830.19128.S77 Garner State Park Uvalde
2830.19129.S78 Shield Ranch Real
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	11 Appendix I I 
	1 Objectives of the Study 
	1 Objectives of the Study 
	As of 2023, the endangered Golden-cheeked Warbler, hereafter GCWA) remains a priority species for conservation under the Endangered Species Act and the IUCN Red List. The species numbers across the range and on military installations have expanded since their historic lows, but the overall genetic diversity and connectivity with other populations on public and private lands are unclear. The species action plan (SAP) lists the identification of population structure and genetics as a critical assessment compo
	Objective 1: To generate a de novo assembly of the GCWA genome using a combination of short-read and long-read sequencing technologies. 
	The absence of a reference genome for species such as the GCWA remains one of the barriers to assessing how genetic variation at few marker loci is representative of whole genome patterns and whether such patterns are functionally important for the survival and fitness of individuals. In a nutshell, we often need to associate genetic diversity data with fitness consequences for the bird. Secondly, the lack of standardized genomic resources makes it diﬃcult to perform studies that can be compared over time d
	Objective 2: Assess the current population genetic diversity, structure, and demographic history across the range of the GCWA. As the previous study that characterized demographic history and population structure was published in 2011 [5], with the samples collected between 2006-2008, that dataset is nearly two decades old. Therefore, our study aimed to assess the extent of genetic diversity within and between populations and the degree of genetic diﬀerentiation among them, using the genome reference (Objec
	1) as the foundational standard for such an analysis. 

	2 Executive Summary of Findings 
	2 Executive Summary of Findings 
	1. Genome Assembly 
	• 
	• 
	• 
	We assembled the GCWA genome from a single individual captured at Balcones Canyonlands National Wildlife Refuge. 

	• 
	• 
	Used a Hybrid Assembly approach to build a new draft genome assembly for GCWA 

	• 
	• 
	The draft assembly has a total size 817Mbp with high levels of contiguity and completeness. 


	2. We performed Whole-Genome Sequencing (WGS) on 239 field-sampled GCWA from across 14 Texas counties, representing 11 sites. 
	• We performed various population genetic analyses using open-source bioinformatics tools 
	-

	3. We estimated genetic diversity using multiple approaches 
	• 
	• 
	• 
	GCWA has a nucleotide diversity π of 0.0014 

	• 
	• 
	GCWA populations show low levels of heterozygosity, averaging 0.03 across the species. 

	• 
	• 
	Populations show a high level of inbreeding, with a species average of 0.09 for inbreeding coeﬃcients. 


	4. We assessed population genetic structure using multiple approaches 
	• 
	• 
	• 
	Pairwise FST values show high diﬀerentiation levels (0.008 to 0.02) among populations indicating reduced gene flow. 
	-


	• 
	• 
	Hierarchical clustering and ordination analyses indicate a high degree of population structuring. 
	-


	• 
	• 
	There was no significant isolation by distance. 


	5. We reconstructed ancient and recent demographic histories 
	• 
	• 
	• 
	Ancient (>10Kya) populations of GCWA were much larger than recent demographic or genetic eﬀective sizes. 
	-


	• 
	• 
	Recent demographic estimates ofNeshow small genetic eﬀective sizes across the range, suggesting recent severe bottlenecks. 


	6. We assessed genome-wide neutrality statistics 
	• We found an excess of positive Tajima’s D and Fu & Li’s D values, suggesting recent bottlenecks with ongoing eﬀects on genetic variation. 
	7. Overall, we found low genetic diversity and high population structuring, with ongoing eﬀects of bottlenecks. The totality of genetic evidence does not indicate a recovery from population bottlenecks in the 20th century. 

	3 Study Design 
	3 Study Design 
	The GCWA is an endangered songbird species that has long been the face of conservation in Texas. Over two decades of intensive monitoring and ecological studies have yielded actionable data for informing the demographic recovery of this species from its historic lows in the 1990s. Even as continued ecological and modeling approaches may indicate demographic recovery for some sites, data from the ecological studies do not always present a clear picture of the recovery and prescriptions for success [40, 3, 46
	-

	The most spatially comprehensive genetic assessment was performed over a decade ago [28]. The most temporally comprehensive genetic assessment was also performed a decade ago and indicated that contemporary populations had significantly reduced genetic diversity and increased genetic fragmentation compared to a century prior [5, 25]. Athrey et al. 
	-

	[5] compared genetic data from 100-year-old museum specimens against modern samples to generate this information. One of the more troubling results from this study was the low eﬀective population size estimates -a central population parameter of much significance in conservation biology. The eﬀective population size (Ne) describes the number of individuals contributing genetically to the following generations. These declines were so great that population genetic theory predicts several generations before th
	-
	-

	There is a critical need to revisit the status of genetic diversity and population genetic structure and determine how the genetic attributes relate to demographic trends. In this project, we built on the template of past studies and utilized new genetic tools and technologies to help make such knowledge a standalone resource, as well as a benchmark for future monitoring eﬀorts of the species. 
	-

	Genetic monitoring at regular intervals has been demonstrably valuable in conserving and managing various species [43, 1]. While assessing genetic diversity at neutral molecular markers and estimating population size and structure remain priorities, the evolution of affordable next-generation sequencing technology has opened avenues for evaluating adaptive genetic variation in a conservation context [51, 4]. Furthermore, a consensus is developing in the scientific community supporting the integration of ada
	-
	-

	3.1 Population Sampling 
	3.1 Population Sampling 
	Figure
	We sample GCWAs from across the current breeding distribution of the species. We commenced sampling in 2019. While our original plan was to complete sampling in 2020, we were delayed by a year due to COVID. We completed our sampling in spring 2021. In addition to the samples collected for this project, we also included samples previously collected for other projects. Therefore, we collected 282 samples (20 females, 262 males) across the GCWA breeding range from 2018-2021. The samples were collected across 1
	-
	-
	-
	-
	-
	-

	Figure 1: A map of the breeding range of 
	from these 14 counties represented 11 sites 
	GCWA, with points denoting the sampling lo-
	based on their proximity (eg. Bell/Coryell). 
	cations for this study. 
	We used conspecific audio playback to 
	target specific individuals for capture and attraction to the mist net during the species breeding season (March 5 to May 30). We banded each bird with a USGS silver band to avoid re-sampling the same individual. We collected blood samples using a PrecisionGlide30-gauge beveled needle to prick the brachial vein and a capillary tube to collect 15-25µL of blood ( 2-3 drops). We stored the blood samples in RNAlaterin a refrigerator (∼40F) until DNA extraction. Of the 282 total samples collected, 238 were inclu
	-
	TM 
	TM 
	0
	-



	4 Genome Assembly and Sequencing of Population Samples 
	4 Genome Assembly and Sequencing of Population Samples 
	-

	4.1 Background 
	4.1 Background 
	Genome assembly is the process of reconstructing an or
	-

	ganism’s complete genomic sequence from fragmented 
	Table 1: A summary of the sam-
	DNA sequences [34]. Using advanced computational 
	pled counties and the number of 
	pled counties and the number of 
	algorithms, these smaller sequences, called reads, are 

	GCWA samples collected at each 
	GCWA samples collected at each 
	aligned and merged into longer contiguous sequences 

	site. 
	Figure
	Bandera 
	Bandera 
	Bandera 
	27 

	Bexar 
	Bexar 
	45 

	Bosque 
	Bosque 
	15 

	Coryell/Bell 
	Coryell/Bell 
	23 

	Kendall 
	Kendall 
	27 

	Kinney/Edwards 
	Kinney/Edwards 
	15 

	Palo Pinto 
	Palo Pinto 
	16 

	San Saba 
	San Saba 
	20 

	Somervell 
	Somervell 
	19 

	Travis 
	Travis 
	50 

	Uvalde/Real 
	Uvalde/Real 
	25 

	Total 
	Total 
	282 


	known as contigs [20]. The quality of an assembly is evaluated based on parameters such as contiguity, completeness, and accuracy, which are assessed through metrics like N50, the proportion of conserved genes, and the rate of misassemblies. Genome assemblies play a crucial role in population genetic studies by providing a reference for variant identification, discovering population-specific adaptations, and understanding the genetic basis of complex traits. By comparing genomes across diverse populations, 
	-
	-
	-
	-

	Genome assemblies are valuable tools for assessing genetic variation, estimating population size, and measuring gene flow, which are crucial aspects of conservation 
	-
	-

	genetics. By comparing assembled genomes from diﬀerent individuals within a population, scientists can identify single nucleotide polymorphisms (SNPs), insertions/deletions (INDELS), and structural variations. These variations can provide insight into the genetic diversity and diﬀerentiation of populations. 
	-

	In applying genetics to inform the management of species, especially endangered species, understanding genetic variation, population size, and gene flow is vital for implementing eﬀective strategies to conserve endangered species and maintain biodiversity. Genome assemblies can help identify unique populations, prioritize conservation eﬀorts, and guide future management and species action plans [42, 14]. 
	-


	4.2 Description of Methods 
	4.2 Description of Methods 
	4.2.1 Genome assembly 
	4.2.1 Genome assembly 
	A hybrid assembly is an approach in genome assembly that utilizes multiple types of sequencing technologies to generate a high-quality assembly [23]. One popular hybrid assembly approach combines long-read sequencing data from platforms like Oxford Nanopore Technologies (ONT) with short-read sequencing data from platforms like Illumina. This approach leverages each technology’s strengths to overcome weaknesses and generate an accurate and contiguous assembly [30, 49]. 
	-
	-

	The hybrid assembly process typically involves three main steps: error correction of the long reads using the short reads, assembly of the corrected long reads, and polishing the assembly with the short reads. The corrected long reads serve as a backbone for the assembly and help bridge gaps in the short-read assembly, while the short reads provide high accuracy and help correct errors in the long-read assembly. 
	Haslr is a software tool that implements this hybrid assembly approach by first generating an assembly with the long reads and then using the short reads to correct errors and polish the assembly [16]. This tool has been shown to produce highly contiguous and accurate assemblies, with contig N50 values up to 5.5 Mb and error rates as low as 0.01% [23]. 
	The benefits of hybrid assembly with haslr include: 
	• 
	• 
	• 
	Improved assembly continuity and accuracy: Hybrid assembly using long and short reads can help overcome the challenges of each technology and generate a highly contiguous and accurate assembly [15]. 
	-


	• 
	• 
	Resolving complex regions: Hybrid assembly can help resolve complex regions of the genome that are diﬃcult to assemble with short reads alone, such as repetitive regions and structural variations [32]. 

	• 
	• 
	Cost-eﬀective: Hybrid assembly is more cost-eﬀective than long-read sequencing alone and can generate high-quality assemblies with relatively small short-read sequencing data [23]. 


	Overall, hybrid assembly is a robust approach for generating high-quality genome assemblies that are more complete and accurate than assemblies generated with a single sequencing technology. 
	We sequenced a single individual male (ASY) captured at the Balcones Canyonlands National Wildlife Refuge for the purpose of genome assembly in May 2019. The Texas Institute for Genome Sciences and Society (TIGSS) on the Texas A&M University campus performed the library preparation and sequencing for the genome assembly. Following sequencing, the raw data (.fastq) was checked for adapter content and quality filtered for a minimum base quality score of Q28. This quality is high enough for assembly purposes, 
	-
	-


	4.2.2 Whole genome resequencing of population samples 
	4.2.2 Whole genome resequencing of population samples 
	We submitted the whole blood samples collected from the field for full-service genome sequencing at the TIGSS lab. This included DNA isolation, library preparation for whole genome sequencing, and sequencing of the samples. Forty-three samples did not meet the quality and quantity criteria to generate libraries for sequencing and did not make it past the quality control step for sequencing. The remainder of the samples were sequenced and delivered to the Athrey lab for further analysis. 
	-

	While the sequencing data was of very high quality, with most libraries showing average quality scores above Q35 (<1 base error per 1000 observations for the base position), we 
	Our assembly strategy required us to generate a 
	Our assembly strategy required us to generate a 
	Our assembly strategy required us to generate a 

	long-read assembly first, followed by gap-filling, 
	long-read assembly first, followed by gap-filling, 
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	base corrections, polishing, and scaﬀolding using 

	the 
	the 
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	The 
	hybrid 
	Haslr 
	assem
	-
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	an N50 value of 1.518Mbp. The N50 value is the 

	contig size that describes 50% of the assembled 
	contig size that describes 50% of the assembled 

	contigs. Therefore, 50% of the assembled contigs 
	contigs. Therefore, 50% of the assembled contigs 

	in this assembly are 1.51Mbp in length or greater. 
	in this assembly are 1.51Mbp in length or greater. 
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	The genome has a GC (guanine-cytosine) con
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	followed the best practices for sequence analyses. The raw sequence data were first quality filtered to trim bases with quality scores <Q30 using the tool trim alore [19]. Following 
	g

	this, the data were aligned to the draft GCWA assembly using the ’bwa mem’ algorithm for 
	paired-end data [26]. The aligned reads were then used for subsequent analyses workflows for population genetic analyses (details below). 


	4.3 Results 
	4.3 Results 
	4.3.1 Assembly Description and Reference Free Metrics 
	4.3.1 Assembly Description and Reference Free Metrics 
	We generated Oxford Nanopore long reads and Illumina short reads (151bp paired-end sequencing) on the HiSeq platform. These runs yielded a total of 9.8M Nanopore reads, with a total throughput of approximately 12x genome coverage. We generated 714M paired-end reads with Illumina (approximately 70x depth of sequencing). The depth of sequencing estimates was based on the assumption of 1Gbp genome size, which is conserved in birds. 
	-

	completeness is characterizing the recovery of known orthologs from the assembly. We used the Benchmarking Universal Single-Copy Orthologs (BUSCO) approach [45]to assess the assembly contiguity and completeness using the AvesDB ortholog database. This analysis showed that we recovered about 70% of known avian orthologs that are complete, with 30% of orthologs that are missing from the assembly. This is typical for a draft genome assembly and shows that the genome assembly can be further improved. For compar

	4.3.2 Whole Genome Sequencing (WGS) 
	4.3.2 Whole Genome Sequencing (WGS) 
	Of the 282 GCWA blood samples collected, 239 yielded suﬃcient DNA quantity to proceed with next-generation sequencing on the Illumina NovaSeq platform. For each sample, we 
	Of the 282 GCWA blood samples collected, 239 yielded suﬃcient DNA quantity to proceed with next-generation sequencing on the Illumina NovaSeq platform. For each sample, we 
	generated an average of 15x sequencing coverage (i.e., every base pair was observed on average 15 times). The alignment step produced genome alignments, with an average (across 239 samples) alignment rate of 84%. This number shows a high degree of alignment to the draft assembly, which is suﬃcient for further analyses, requiring variant discovery, genotyping, and determination of haplotypes. We performed these analyses with well-established software tools. 




	5 Measures of Genetic Diversity 
	5 Measures of Genetic Diversity 
	IS) to determine contemporary measures of genetic variation in these populations. Heterozygosity or gene diversity values are informative about the frequency of heterozygotes, which directly indicate how diverse a population is. In this case, we used whole-genome estimates of heterozygosity, which estimate the occurrence of heterozygous genotypes at every variable locus across the genome. Genome-wide heterozygosity values (<0.1) suggest lower levels of genetic variation. Another critical measure of a popula
	We assessed genome-wide measures of heterozygosity and the inbreeding coe
	ﬃ
	cient (F
	F
	decreased disease resistance and reproductive success [17]. Negative F

	excess of heterozygotes. Inbreeding can also indicate low gene flow between populations, leading to genetic diﬀerentiation and reduced potential for local adaptation [55]. 
	5.1 Bioinformatics Methods 
	5.1 Bioinformatics Methods 
	We used the open-source software tool ANGSD (Analysis Next Generation Sequencing Data) 
	[24] for most of our genome data analyses. The ANGSD tool (citation) is a widely used software package for analyzing next-generation sequencing data in population genetics studies. ANGSD can generate genotype likelihoods from sequencing data, which are used to estimate ST values. To generate SFS, ANGSD considers sequencing errors, sample contamination, and other noise sources ST values between populations, which measures the degree of genetic diﬀerentiation between populations. We used only sequencing reads
	-
	site frequency spectra (SFS), genetic diversity estimates, and pairwise F
	-
	in the data. The estimated SFS can then be used to calculate pairwise F

	An example code snippet used for generating genotype likelihoods is reproduced below. 
	$angsd -bam ‘‘$homedir/$population.list’’ \ -GL 1 -doGlf 2 -doMajorMinor 1 -doMaf 1 -doSaf 1\ -out ‘‘$SAMPLE_OUT_DIR/$population’’ \ -P 5 -SNP_pval 1e-6 -C 50 -minMapQ 40 -minQ 30 \ -ref ‘‘$gcref’’ 
	Table 2: Summary of the sample sizes per population, the population-wise inbreeding coefficients (Fi), and the observed heterozygosity (Ho). Genome-wide averages are presented by population, and a final species average is presented. 
	-

	Population 
	Population 
	Population 
	Sample Size (N) 
	Avg. FIS 
	Avg. Ho 

	Bandera 
	Bandera 
	25 
	0.097 
	0.025 

	Bell/Coryell 
	Bell/Coryell 
	23 
	0.095 
	0.033 

	Bexar 
	Bexar 
	42 
	0.075 
	0.022 

	Bosque 
	Bosque 
	15 
	0.114 
	0.040 

	Kendall 
	Kendall 
	25 
	0.070 
	0.024 

	Kinney Edwards 
	Kinney Edwards 
	15 
	0.112 
	0.041 

	Palo Pinto 
	Palo Pinto 
	16 
	0.119 
	0.034 

	San Saba 
	San Saba 
	19 
	0.101 
	0.035 

	Somervell 
	Somervell 
	18 
	0.084 
	0.030 

	Travis 
	Travis 
	15 
	0.124 
	0.035 

	Uvalde/Real 
	Uvalde/Real 
	25 
	0.096 
	0.025 


	Figure
	239 
	0.099 (Avg.) 0.031 (Avg.) 
	IS), we ran ANGSD separately to assess deviations IS. 
	To estimate the inbreeding coe
	ﬃ
	cient (F
	from Hardy-Weinberg Equilibrium and report values for F

	$angsd -bam test.list -HWE_pval_F 1 -GL 1 -doMaf 1\ -SNP_pval 1e-6 -minQ 30 -minMapQ 40 -doMajorMinor 1 -P 30 -out 
	We estimated nucleotide diversity based on the alignment of an individual high-coverage sample to the reference genome and variant calling with bcftools mpileup, followed by statistics estimation using bcftools [9]. 
	-


	5.2 Results 
	5.2 Results 
	5.2.1 Genetic Diversity 
	5.2.1 Genetic Diversity 
	We found that the genome-wide nucleotide diversity, π, was estimated as 0.0014, within the range of values seen in other avian species, such as Ficedula flycatchers (0.0039) [33, 10] and hooded crows (0.0011) [56]. There are no universally accepted thresholds for π, as it can vary across the genome due to various evolutionary factors. However, a genome-wide average value of 0.0014 is on the lower end of the spectrum. For example, recent work on Tasmanian Silvereye shows an average π > 0.11 [44]. 
	Next, we estimated Observed Heterozygosity (Ho) using the SFS data generated from ANGSD, using the method described in the ANGSD documentation. The western populations (Uvalde, Bandera, and Kendall) were unique in showing the lowest Ho values among the 11 populations. These low values of Ho suggest that the populations are likely still recovering from past population declines. These values showed that the average heterozygosity across all populations was 0.031, ranging from 0.02 to 0.04. These values are al
	-
	-
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	Proportion 
	100 
	75 
	Inbreeding 
	Artifact

	F_High F_Mid 
	Figure

	50 
	25 
	0 
	Bandera Bell Bexar Bosque Kendall Kinney Palo Pinto San Saba Somervell Travis Uvalde 
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	Figure 3: Relative proportions of inbreeding coeﬃcients across whole genome regions in IS values above 0.1 are plotted. 
	GCWA populations. NB: Only proportions of F

	than usually observed in widespread species, such as the seaside sparrows [11], with an average Ho of 0.05 or higher. In the Tasmanian Silvereye study [44], species-wide heterozygosity 
	-

	values were >0.10. As heterozygosity increases gradually in a population after bottlenecks, it may take tens of generations before new alleles and random mating restore heterozygosity to pre-decline levels. 

	5.2.2 Inbreeding 
	5.2.2 Inbreeding 
	IS values, with a significant proportion of values above 0.25 and a species average of 0.09. These IS values of 0.02 in wild Superb Parrots [47] and 0.066 in Island Scrub Jays [7]. This suggests that inbreeding, due to a prolonged history of low population sizes, has resulted in losses of genetic diversity in GCWA populations and has not recovered from their bottleneck events. Positive values of FIS, especially thousands of loci with values >0.25, indicate high homozygosity levels, which can be traced back 
	Our WGS analyses revealed that the eleven populations showed consistently positive F
	-
	values are much higher than those reported in other birds. For example, F

	the populations have distinct distributions of FIS values (Figure 3). These diﬀerences were statistically significant (based on contingency analyses, P<1e-04). This result suggests two things: 1) the populations have distinct recent demographic histories with different levels of inbreeding, and b) the inbreeding and low heterozygosity values across populations will limit the signature of gene flow or diﬀerentiation due to the limited genetic variation within populations. 
	-

	Possible causes for high inbreeding coeﬃcients include habitat fragmentation, and geographic isolation, which can disrupt gene flow [1]. 
	-




	6 Population Genetic Structure 
	6 Population Genetic Structure 
	6.1 Estimates of population genetic structure 
	6.1 Estimates of population genetic structure 
	ST, is a widely used statistic in population genetics to quantify genetic ST values to infer ST estimates have been used to investigate the genetic diversity and population structure of various species [35, 6, 8, 21]. ST values from whole-genome data, such as the Weir and Cockerham estimator and the Hudson estimator. 
	The fixation index, F
	di
	ﬀ
	erentiation among populations. Classical studies have used pairwise F
	population structure and evolutionary history. For example, F
	Recently, more advanced methods have been developed to estimate F

	The range of FST values can vary widely depending on the degree of population diﬀerentiation. FST values can range from 0, indicating no diﬀerentiation between populations, to 1, indicating complete dierentiation. Significant FST values suggest genetic diﬀerentiation between populations may be due to geographic isolation or genetic drift. 
	-
	ﬀ

	Population structure can be inferred from genetic data using various analytical methods, including hierarchical clustering and principal component analysis (PCA) based on genetic distances. Hierarchical clustering can group individuals into clusters based on their genetic similarity, each representing a distinct population. PCA can also be used to visualize the genetic variation among individuals, with each principal component representing a diﬀerent source of variation. 
	Besides human population studies [50], hierarchical clustering and PCA have also been used to study the genetic structure of various other species, including crops [38], livestock [31], and wildlife [14]. Hierarchical clustering and PCA are powerful tools for understanding population structure and genetic variation based on genetic distances. These methods have been widely used in population genetics studies and can provide insights into populations’ evolutionary history and genetic diversity across various

	6.2 Description of Methods 
	6.2 Description of Methods 
	We first used the population-wise genotype likelihood to calculate the folded SFS (-fold 1 ST values using the ‘realSFS fst’ option in ANGSD. 
	option) and then calculated the pairwise F


	6.3 Results 
	6.3 Results 
	6.3.1 Pairwise measures of diﬀerentiation 
	6.3.1 Pairwise measures of diﬀerentiation 
	ST showed relatively high levels of FST across all pairs of the sampled population, ranging from 0.8% to just over 2% (Figure 4). 
	Pairwise measures of F

	These values are quite high, considering the relatively short distances spanning the entire range of the GCWA (<300Km between any two points). Among the sampled locations, samples from Palo Pinto were notable for showing the greatest levels of diﬀerentiation, even 
	between other sites short distances away (such as Somervell, San Saba, and Bell/Coryell). Furthermore, these values are higher than those in other highly mobile species. Geraldes et al. 
	We also used pairwise genetic distances to characterize the clustering of populations using both hierarchical clustering and ordination analyses, and figures 5 and 6 show these results. 
	Figure
	ST values among sampled populations. 
	Figure 4: Table of Pairwise F

	Hierarchical Clustering Dendrogram 
	Genetic Distance0 40 80 bexar palopintosomervell 
	sansaba travis bandera kendall kinneyedwards uvalde bellcoryell bosque 
	Figure 5: Hierarchical clustering dendrogram showing the grouping of populations based on genetic similarity. 
	Both of these show some expected and unexpected patterns. For example, based on hierarchical clustering (Figure 5), the Bexar population is the least like other populations (based on genetic distance and branching pattern). Among the remaining population, the order of branching shows that Travis clustered with San Saba. In contrast, Bandera clustered with Kendall, with these dyads showing more similarity to each other than other populations. Uvalde and Kinney/Edwards (the Western populations) clustered toge
	-
	-
	-

	Ordination Plot 
	bosque bellcoryell travis sansaba eyedwards uvalde somervell bandera kendall PC20 10
	−20 −10 
	palopinto bexar 
	−40 −20 0 20 
	PC1 
	Figure 6: PCA plot showing the relative overall patterns and similarity of GCWA populations. NB, the name ‘KinneyEdwards’ is partially cut oﬀ in the graphic. 
	-


	6.3.2 Isolation by Distance 
	6.3.2 Isolation by Distance 
	Isolation by distance (IBD) is a pattern commonly observed in population genetics, where the genetic similarity between individuals or populations decreases as geographic distance increases. This pattern can be attributed to limited gene flow, genetic drift, and local adaptation. Isolation by distance has been observed in various species [37, 53]. 
	We tested for IBD using Mantel’s correlation test between the pairwise genetic distance ST/(1-FST) matrix against the pairwise geographic distance matrix. This dataset had no significant IBD (Figure 7), and the regression had a positive (non-significant) slope (0.28). 
	(F

	Reduced genetic variation and increased inbreeding can significantly impact the pattern of isolation by distance across populations. Inbreeding reduces genetic diversity within populations and can lead to increased genetic diﬀerentiation between populations, contributing to stronger isolation by distance [41]. On the other hand, reduced genetic variation within and between populations can also weaken the pattern of isolation by distance, as there may be fewer genetic diﬀerences to be aﬀected by geographic d
	-




	7 Demographic History 
	7 Demographic History 
	7.1 Background 
	7.1 Background 
	Genetic data can reveal a population’s demographic history by analyzing patterns of genetic variation and using computational methods to reconstruct historical scenarios. We can esti
	-

	Figure
	Figure 7: Isolation By Distance plot. We did not find significant isolation by distance in this study. 
	mate critical parameters such as eﬀective population size and migration rates by comparing the observed genetic data to the expected patterns under diﬀerent demographic models. The eﬀective population size (Ne) is the most critical parameter for population demographic history. Eﬀective population size (Ne) is defined as the size of the ideal population that experiences genetic drift at the same rate as the census population size [57]. These analyses can provide insights into the historical events that shape
	-

	Furthermore, from the perspective of management decisions, it would be beneficial to understand both recent and ancient trends of population size histories. Genetic datasets allow us to query both these timeframes to illuminate population size histories of ancient or contemporary populations. 

	7.2 Description of Methods 
	7.2 Description of Methods 
	eusing genetic data is a well-used and documented process, and several approaches are available to estimate Ne. While many approaches rely on understanding variance in allele frequencies to reveal the recent population size history, other methods, particularly coalescent-based methods, explore ancient demographic trends. Methods based on allele frequencies apply to the former, whereas the Pairwise Sequential Markovian Co
	eusing genetic data is a well-used and documented process, and several approaches are available to estimate Ne. While many approaches rely on understanding variance in allele frequencies to reveal the recent population size history, other methods, particularly coalescent-based methods, explore ancient demographic trends. Methods based on allele frequencies apply to the former, whereas the Pairwise Sequential Markovian Co
	Estimating theN
	-

	eestimators calculate the long-term average size of the breeding population over the last few generations. PSMC infers the eﬀective population size changes over time based on the distribution of coalescent times between pairs of sequences, typically thousands of generations ago. 
	alescent (PSMC) [27] is a method that fits the latter category.N
	-


	Ne estimates may be influenced by population structure and non-random mating [27, efrom single samples, including the Heterozygote Excess method [39], Nomura’s Coancestry method [36], and Waples and Do’s Linkage disequilibrium-based method [52] from multilocus genotype data. We used these three apeestimates per population. TheNeestimations used ten independently sampled datasets of 5000 randomly selected loci without missing data from each dataset. In contrast, the PSMC method used a whole genome alignment 
	59]. Various methods exist to estimateN
	-
	-
	proaches to generate N
	apply to the species as a whole. In contrast, contemporaryN


	7.3 Results 
	7.3 Results 
	7.3.1 Ancient Demographic history 
	7.3.1 Ancient Demographic history 
	Analysis of a single whole genome (sampled at Balcones Canyonlands Preserve) was used for the PSMC analyses. The data were aligned to the draft Haslr assembly using the ‘bwa mem’ algorithm, and then the resulting alignment (bam file) was used as input for the PSMC analysis steps. We assumed a generation time of 1 year for the species. The results show (Figure 8) that between 1Mya to 100kya, the population was stable at relatively large population sizes of 2x10. Then, between 100kya to 10kya, the species exp
	4 
	4 


	7.3.2 Eﬀective Population Sizes 
	7.3.2 Eﬀective Population Sizes 
	Given the recorded history of the GCWA leading to its listing as an endangered species, we know that the number of breeding pairs had reached a low point in the late 20th century. While intensive management and habitat protection has helped expand GCWA populations, continuing eﬀorts must consider the genetic impacts and consequences of the severe bottleneck experienced in the 20th century. In their 2011 paper, Athrey et al., [5] used temporal samples spanning a century to show that the species had significa
	-
	-
	versity and low N

	In this study, we found that based on three diﬀerent estimators, each population shows eestimates (Table 3), on par with the results from the 2011 study and magnitudes smaller than the ancient population sizes for this species. Excepting samples from 
	relatively low N
	-

	Figure
	Figure 8: The demographic and eﬀective population size history of GCWAs revealed by PSMC analyses. 
	eestimates of 150 or less (based on the coancestry method). The LD and Heterozygosity based methods were all much lower. Furthermore, the heterozygosity-based estimates were the lowest of the three estimates, suggesting that the population has experienced/continues to experience the eﬀects of a prolonged reduction in population size. As inbreeding accumulates relatively slowly, compared to the rate at which alleles are lost due to bottlenecks and genetic drift, it is reasonable to interpret the e values as,
	Bexar county, all the other locations showN
	low heterozygosity, high inbreeding, and low N
	temporal N




	8 Signals of selection 
	8 Signals of selection 
	8.1 Neutrality Tests 
	8.1 Neutrality Tests 
	Tajima’s D [48] and Fu and Li’s D [13] are neutrality statistics that are used as a way of testing the neutral theory of molecular evolution [22]. Tajima’s D compares observed versus expected nucleotide diversity, assuming a constant population size and that polymorphisms are selectively neutral. The statistic ranges between negative and positive, with positive values indicating higher levels of common variation and low values indicating higher levels 
	Tajima’s D [48] and Fu and Li’s D [13] are neutrality statistics that are used as a way of testing the neutral theory of molecular evolution [22]. Tajima’s D compares observed versus expected nucleotide diversity, assuming a constant population size and that polymorphisms are selectively neutral. The statistic ranges between negative and positive, with positive values indicating higher levels of common variation and low values indicating higher levels 
	Table 3: Summary of the estimates of eﬀective population sizes using three diﬀerent methods in this study. When available, the numbers from the temporal estimates (MLNe) generated in the 2011 study are reported alongside. 95% confidence intervals are shown in parentheses 

	when available. Population 2011 study Ne (Coancestry) Ne (LD) Ne (Het) 
	Bandera Bell Coryell Bexar Bosque Kendall Kinney Edwards Palo Pinto San Saba Somervell Travis Uvalde/Real 
	Bandera Bell Coryell Bexar Bosque Kendall Kinney Edwards Palo Pinto San Saba Somervell Travis Uvalde/Real 
	Bandera Bell Coryell Bexar Bosque Kendall Kinney Edwards Palo Pinto San Saba Somervell Travis Uvalde/Real 
	49 (24-212) 273 (46-621) 
	152 (108-191) 140 (73-178) 254 (159-361) 82 (41-104) 156 (110-181) 92 (76-123) 98 (66-134) 116 (91-133) 110 (101-145) 89 (53-99) 110 (93-128) 
	78 (29-103) 72 (34-97) 130 (73-161) 46 (31-53) 80 (54-201) 47 (24-77) 51 (19-81) 59 (41-73) 52 (38-89) 49 (23-108) 70 (49-103) 
	5.9 4.8 6.1 4.3 3.9 2.17 7.75 5.17 4.7 3.47 4.8 


	of rare variation in a given region. 
	An excess of common variation can indicate balancing selection or recent population contraction, while an excess of rare variation can indicate directional selection or recent population expansion. To distinguish between natural selection and demographic change, many unrelated loci must be sampled. Fu and Li’s D measures the number of singleton mutations (the number of individuals within a population with a novel and unique mutation) and compares the diﬀerence between these singleton mutations and the total

	8.2 Description of Methods 
	8.2 Description of Methods 
	As with other analyses, we used the ANGSD package to estimate population-scaled mutation rates θ and neutrality test statistics. We started with the population-wise genotype likelihoods, from which we calculated the site frequency spectra (SFS). The folded SFS was 
	-

	then used to estimate the neutrality statistics using the ‘thetaStat’ function in ANGSD. An 
	example of the code used for this is reproduced below. 
	$angsdir/misc/realSFS $population".saf.idx" -P 10 -fold 1 > $population".sfs" $angsdir/misc/thetaStat do_stat $population".thetas.idx" 
	Figure
	Figure 9: Side-by-side comparison of Tajima’s D estimates among GCWA populations. Y-axis shows the Tajima’s D values. The positive values of Tajima’s D suggest balancing selection or a demographic bottleneck. In contrast, negative values suggest directional selec
	-

	tion or population expansion Sites with estimates ≥2 are highlighted in red to show extreme values, and negative values are shown in green. 

	8.3 Results 
	8.3 Results 
	All eleven GCWA populations show excess positive values for Tajima’s D and Fu and Li’s 
	D statistics (Figures 9 and 10), with Bexar, Kendall, Somervell, and Uvalde/Real counties showing the highest values and suggesting acute levels of recent population contraction. Both these estimators analyze diﬀerent but dependent components of genetic variation in the same population. Therefore, the concordance between these two diﬀering metrics for mutational processes in populations suggests common factors influencing these genetic paIS values, e estimates, is essential to determine whether balancing se
	-
	-
	rameters. Viewing these measures with other information, such as heterozygosity, F
	and N



	9 Inferences 
	9 Inferences 
	The totality of evidence generated and considered here leaves little doubt that genetic population size and genetic diversity estimates remain small for the GCWA. The population diﬀerentiation data show that the diﬀerentiation among GCWA populations is high for a species with such a limited regional distribution and without major geophysical barriers to movement. Furthermore, the high inbreeding coeﬃcients provide insights into the extent and duration of these population declines. Inbreeding accumulates rat
	-

	Reversing these trends may take much longer than we might expect. We can use the Wright-Fisher model to estimate the time (in generations) needed for a population to recover from such levels of inbreeding (from 9% to 2%), accounting for the current average 
	-

	Figure
	Figure 10: Comparison of Fu and Li’s D statistic values among GCWA populations. Fu and Li’s D values are on the Y-axis. The positive values of Fu & Li’s D suggest balancing selection or a demographic bottleneck. In contrast, negative values suggest directional selection or 
	Figure 10: Comparison of Fu and Li’s D statistic values among GCWA populations. Fu and Li’s D values are on the Y-axis. The positive values of Fu & Li’s D suggest balancing selection or a demographic bottleneck. In contrast, negative values suggest directional selection or 


	population expansion Sites with estimates ≥2 are highlighted in red to show extreme values, and negative values are shown in green. 
	heterozygosity of 0.03 and an average eﬀective size of 150. This can be calculated using the formula T (ln(0.5) / ln(1 -F)) / (2Ne · H), Where T is the time in generations, Ne is the eﬀective size, H is the observed heterozygosity, and F is the inbreeding coeﬃcient. Using the values generated in this study, we can estimate the number of generations required, T, to be about 104 generations. Based on the timing of the bottleneck events in the 20th century, we are likely in the first half, or at best, in the m
	≈ 
	-

	tive sizes. Therefore, approaches to expand the total demographic population size and, by extension, the eﬀective population sizes and connectivity among these populations must be central in future management plans for this species. 
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	Table 4: Sample Table 
	Sample ID 
	Sample ID 
	Sample ID 
	Location 
	County 

	2830 17850 S169 
	2830 17850 S169 
	Love Creek Preserve 
	Bandera 

	2830 17851 S170 
	2830 17851 S170 
	Love Creek Preserve 
	Bandera 

	2830 17857 S171 
	2830 17857 S171 
	Love Creek Preserve 
	Bandera 

	2830 17859 M 61 S175 
	2830 17859 M 61 S175 
	Love Creek Preserve 
	Bandera 

	2830 17862 S176 
	2830 17862 S176 
	Love Creek Preserve 
	Bandera 

	2830 17863 S177 
	2830 17863 S177 
	Love Creek Preserve 
	Bandera 

	2830 17864 S178 
	2830 17864 S178 
	Love Creek Preserve 
	Bandera 

	2830 17865 S179 
	2830 17865 S179 
	Love Creek Preserve 
	Bandera 

	2830 17866 S180 
	2830 17866 S180 
	Love Creek Preserve 
	Bandera 

	2830 17867 S181 
	2830 17867 S181 
	Hatfield Ranch 
	Bandera 

	2830 17868 S182 
	2830 17868 S182 
	Hatfield Ranch 
	Bandera 

	2830 17869 S183 
	2830 17869 S183 
	Hatfield Ranch 
	Bandera 

	2830 17871 S185 
	2830 17871 S185 
	Hatfield Ranch 
	Bandera 

	2830 17872 S186 
	2830 17872 S186 
	Hatfield Ranch 
	Bandera 

	2830 17873 S187 
	2830 17873 S187 
	Hatfield Ranch 
	Bandera 

	2830 17874 S188 
	2830 17874 S188 
	Hatfield Ranch 
	Bandera 

	2830 19028 S217 
	2830 19028 S217 
	Hatfield Ranch 
	Bandera 

	2830 19029 S1 
	2830 19029 S1 
	Hatfield Ranch 
	Bandera 

	2830 19030 S2 
	2830 19030 S2 
	Hatfield Ranch 
	Bandera 

	2830 19031 S3 
	2830 19031 S3 
	Hatfield Ranch 
	Bandera 

	2830 19196 S44 
	2830 19196 S44 
	Love Creek Preserve 
	Bandera 

	2830 19197 S45 
	2830 19197 S45 
	Love Creek Preserve 
	Bandera 

	2830 19198 S46 
	2830 19198 S46 
	Love Creek Preserve 
	Bandera 

	2830 19199 S47 
	2830 19199 S47 
	Love Creek Preserve 
	Bandera 

	2830 19200 S48 
	2830 19200 S48 
	Love Creek Preserve 
	Bandera 

	2760 11891 S50 
	2760 11891 S50 
	Camp Bullis 
	Bexar 

	2760 11892 S51 
	2760 11892 S51 
	Camp Bullis 
	Bexar 

	2760 11893 S52 
	2760 11893 S52 
	Camp Bullis 
	Bexar 

	2760 11897 S132 
	2760 11897 S132 
	Government Canyon SNA 
	Bexar 

	2760 11898 S133 
	2760 11898 S133 
	Government Canyon SNA 
	Bexar 

	2760 11899 S245 
	2760 11899 S245 
	Government Canyon SNA 
	Bexar 

	2790 35292 S218 
	2790 35292 S218 
	Government Canyon SNA 
	Bexar 

	2790 35293 S219 
	2790 35293 S219 
	Government Canyon SNA 
	Bexar 

	2790 35294 S237 
	2790 35294 S237 
	Government Canyon SNA 
	Bexar 

	2790 35304 S227 
	2790 35304 S227 
	Camp Bullis 
	Bexar 

	2790 35305 S228 
	2790 35305 S228 
	Camp Bullis 
	Bexar 

	2790 35306 S229 
	2790 35306 S229 
	Camp Bullis 
	Bexar 

	2790 35307 S230 
	2790 35307 S230 
	Camp Bullis 
	Bexar 
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	Sample ID 
	Sample ID 
	Sample ID 
	Location 
	County 

	2790 55303 S226 
	2790 55303 S226 
	Camp Bullis 
	Bexar 

	2830 17815 S149 
	2830 17815 S149 
	Government Canyon SNA 
	Bexar 

	2830 17816 S150 
	2830 17816 S150 
	Government Canyon SNA 
	Bexar 

	2830 17817 S151 
	2830 17817 S151 
	Government Canyon SNA 
	Bexar 

	2830 17881 S189 
	2830 17881 S189 
	Camp Bullis 
	Bexar 

	2830 17882 S190 
	2830 17882 S190 
	Camp Bullis 
	Bexar 

	2830 17883 S191 
	2830 17883 S191 
	Camp Bullis 
	Bexar 

	2830 17884 S192 
	2830 17884 S192 
	Camp Bullis 
	Bexar 

	2830 17885 S193 
	2830 17885 S193 
	Camp Bullis 
	Bexar 

	2830 17886 S194 
	2830 17886 S194 
	Camp Bullis 
	Bexar 

	2830 17887 S195 
	2830 17887 S195 
	Camp Bullis 
	Bexar 

	2830 17888 S196 
	2830 17888 S196 
	Camp Bullis 
	Bexar 

	2830 17889 S197 
	2830 17889 S197 
	Camp Bullis 
	Bexar 

	2830 17890 S198 
	2830 17890 S198 
	Camp Bullis 
	Bexar 

	2830 17891 S199 
	2830 17891 S199 
	Camp Bullis 
	Bexar 

	2830 17892 S200 
	2830 17892 S200 
	Camp Bullis 
	Bexar 

	2830 17893 S201 
	2830 17893 S201 
	Camp Bullis 
	Bexar 

	2830 17894 S202 
	2830 17894 S202 
	Camp Bullis 
	Bexar 

	2830 19110 S60 
	2830 19110 S60 
	Government Canyon SNA 
	Bexar 

	2830 19111 S61 
	2830 19111 S61 
	Government Canyon SNA 
	Bexar 

	2830 19113 S62 
	2830 19113 S62 
	Government Canyon SNA 
	Bexar 

	2830 19114 S63 
	2830 19114 S63 
	Government Canyon SNA 
	Bexar 

	2830 19121 S70 
	2830 19121 S70 
	Government Canyon SNA 
	Bexar 

	2830 19122 S71 
	2830 19122 S71 
	Government Canyon SNA 
	Bexar 

	2830 19130 S79 
	2830 19130 S79 
	Government Canyon SNA 
	Bexar 

	2830 19131 S80 
	2830 19131 S80 
	Government Canyon SNA 
	Bexar 

	2830 19132 S81 
	2830 19132 S81 
	Government Canyon SNA 
	Bexar 

	2830 19134 S82 
	2830 19134 S82 
	Government Canyon SNA 
	Bexar 

	2830 19135 S83 
	2830 19135 S83 
	Government Canyon SNA 
	Bexar 

	2830 17818 S152 
	2830 17818 S152 
	Meridian State Park 
	Bosque 

	2830 17819 S153 
	2830 17819 S153 
	Meridian State Park 
	Bosque 

	2830 17820 S154 
	2830 17820 S154 
	Meridian State Park 
	Bosque 

	2830 17900 S207 
	2830 17900 S207 
	Meridian State Park 
	Bosque 

	2830 19019 S208 
	2830 19019 S208 
	Meridian State Park 
	Bosque 

	2830 19144 S91 
	2830 19144 S91 
	Meridian State Park 
	Bosque 

	2830 19145 S92 
	2830 19145 S92 
	Meridian State Park 
	Bosque 

	2830 19146 S93 
	2830 19146 S93 
	Meridian State Park 
	Bosque 

	2830 19147 S94 
	2830 19147 S94 
	Meridian State Park 
	Bosque 

	2830 19148 S95 
	2830 19148 S95 
	Meridian State Park 
	Bosque 

	2830 19149 S96 
	2830 19149 S96 
	Meridian State Park 
	Bosque 

	2830 19150 S114 
	2830 19150 S114 
	Meridian State Park 
	Bosque 

	2830 19151 S115 
	2830 19151 S115 
	Meridian State Park 
	Bosque 
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	Sample ID 
	Sample ID 
	Sample ID 
	Location 
	County 

	2830 19152 S116 
	2830 19152 S116 
	Meridian State Park 
	Bosque 

	2830 19153 S117 
	2830 19153 S117 
	Meridian State Park 
	Bosque 

	2830 19173 S22 
	2830 19173 S22 
	Ft Hood 
	Coryell/Bell 

	2830 19174 S23 
	2830 19174 S23 
	Ft Hood 
	Coryell/Bell 

	2830 19175 S24 
	2830 19175 S24 
	Ft Hood 
	Coryell/Bell 

	2830 19176 S25 
	2830 19176 S25 
	Ft Hood 
	Coryell/Bell 

	2830 19177 S26 
	2830 19177 S26 
	Ft Hood 
	Coryell/Bell 

	2830 19178 S27 
	2830 19178 S27 
	Ft Hood 
	Coryell/Bell 

	2830 19179 S28 
	2830 19179 S28 
	Ft Hood 
	Coryell/Bell 

	2830 19180 S29 
	2830 19180 S29 
	Ft Hood 
	Coryell/Bell 

	2830 19181 S30 
	2830 19181 S30 
	Ft Hood 
	Coryell/Bell 

	2830 19182 S31 
	2830 19182 S31 
	Ft Hood 
	Coryell/Bell 

	2830 19183 S32 
	2830 19183 S32 
	Ft Hood 
	Coryell/Bell 

	2830 19184 S33 
	2830 19184 S33 
	Ft Hood 
	Coryell/Bell 

	2830 19185 S34 
	2830 19185 S34 
	Ft Hood 
	Coryell/Bell 

	2830 19186 S247 
	2830 19186 S247 
	Ft Hood 
	Coryell/Bell 

	2830 19187 S35 
	2830 19187 S35 
	Ft Hood 
	Coryell/Bell 

	2830 19188 S36 
	2830 19188 S36 
	Ft Hood 
	Coryell/Bell 

	2830 19189 S37 
	2830 19189 S37 
	Ft Hood 
	Coryell/Bell 

	2830 19190 S38 
	2830 19190 S38 
	Ft Hood 
	Coryell/Bell 

	2830 19191 S39 
	2830 19191 S39 
	Ft Hood 
	Coryell/Bell 

	2830 19192 S40 
	2830 19192 S40 
	Ft Hood 
	Coryell/Bell 

	2830 19193 S41 
	2830 19193 S41 
	Ft Hood 
	Coryell/Bell 

	2830 19194 S42 
	2830 19194 S42 
	Ft Hood 
	Coryell/Bell 

	2830 19195 S43 
	2830 19195 S43 
	Ft Hood 
	Coryell/Bell 

	2760 11884 S110 
	2760 11884 S110 
	Guadalupe River State Park 
	Kendall 

	2760 11885 S111 
	2760 11885 S111 
	Guadalupe River State Park 
	Kendall 

	2760 11886 S112 
	2760 11886 S112 
	Guadalupe River State Park 
	Kendall 

	2760 11887 S113 
	2760 11887 S113 
	Guadalupe River State Park 
	Kendall 

	2760 11888 S223 
	2760 11888 S223 
	Guadalupe River State Park 
	Kendall 

	2760 11890 S49 
	2760 11890 S49 
	Guadalupe River State Park 
	Kendall 

	2760 11900 S134 
	2760 11900 S134 
	Guadalupe River State Park 
	Kendall 

	2830 17801 S135 
	2830 17801 S135 
	Guadalupe River State Park 
	Kendall 

	2830 17827 S161 
	2830 17827 S161 
	Guadalupe River State Park 
	Kendall 

	2830 17828 S162 
	2830 17828 S162 
	Guadalupe River State Park 
	Kendall 

	2830 17829 S163 
	2830 17829 S163 
	Guadalupe River State Park 
	Kendall 

	2830 17830 S164 
	2830 17830 S164 
	Guadalupe River State Park 
	Kendall 

	2830 19102 S53 
	2830 19102 S53 
	Guadalupe River State Park 
	Kendall 

	2830 19103 S54 
	2830 19103 S54 
	Guadalupe River State Park 
	Kendall 

	2830 19104 S55 
	2830 19104 S55 
	Guadalupe River State Park 
	Kendall 

	2830 19105 S56 
	2830 19105 S56 
	Guadalupe River State Park 
	Kendall 

	2830 19106 S57 
	2830 19106 S57 
	Guadalupe River State Park 
	Kendall 
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	2830 19107 S58 
	2830 19107 S58 
	Guadalupe River State Park 
	Kendall 

	2830 19108 S59 
	2830 19108 S59 
	Guadalupe River State Park 
	Kendall 

	2830 19115 S64 
	2830 19115 S64 
	Guadalupe River State Park 
	Kendall 

	2830 19116 S65 
	2830 19116 S65 
	Guadalupe River State Park 
	Kendall 

	2830 19117 S66 
	2830 19117 S66 
	Guadalupe River State Park 
	Kendall 

	2830 19118 S67 
	2830 19118 S67 
	Guadalupe River State Park 
	Kendall 

	2830 19119 S68 
	2830 19119 S68 
	Guadalupe River State Park 
	Kendall 

	2830 19120 S69 
	2830 19120 S69 
	Guadalupe River State Park 
	Kendall 

	2830 19020 S209 
	2830 19020 S209 
	Kickapoo Caverns State Park 
	Kinney/Edwards 

	2830 19021 S210 
	2830 19021 S210 
	Kickapoo Caverns State Park 
	Kinney/Edwards 

	2830 19022 S211 
	2830 19022 S211 
	Kickapoo Caverns State Park 
	Kinney/Edwards 

	2830 19023 S212 
	2830 19023 S212 
	Kickapoo Caverns State Park 
	Kinney/Edwards 

	2830 19024 S213 
	2830 19024 S213 
	Kickapoo Caverns State Park 
	Kinney/Edwards 

	2830 19025 S214 
	2830 19025 S214 
	Kickapoo Caverns State Park 
	Kinney/Edwards 

	2830 19026 S215 
	2830 19026 S215 
	Kickapoo Caverns State Park 
	Kinney/Edwards 

	2830 19027 S216 
	2830 19027 S216 
	Kickapoo Caverns State Park 
	Kinney/Edwards 

	2830 19159 S123 
	2830 19159 S123 
	Kickapoo Cavern State Park 
	Kinney/Edwards 

	2830 19160 S124 
	2830 19160 S124 
	Kickapoo Cavern State Park 
	Kinney/Edwards 

	2830 19161 S125 
	2830 19161 S125 
	Kickapoo Cavern State Park 
	Kinney/Edwards 

	2830 19162 S126 
	2830 19162 S126 
	Kickapoo Cavern State Park 
	Kinney/Edwards 

	2830 19163 S127 
	2830 19163 S127 
	Dobbs Run Ranch 
	Kinney/Edwards 

	2830 19164 S128 
	2830 19164 S128 
	Dobbs Run Ranch 
	Kinney/Edwards 

	2830 19165 S129 
	2830 19165 S129 
	Dobbs Run Ranch 
	Kinney/Edwards 

	2830 17821 S155 
	2830 17821 S155 
	Palo Pinto State Park 
	Palo Pinto 

	2830 17822 S156 
	2830 17822 S156 
	Palo Pinto State Park 
	Palo Pinto 

	2830 17823 S157 
	2830 17823 S157 
	Palo Pinto State Park 
	Palo Pinto 

	2830 17824 S158 
	2830 17824 S158 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19037 S9 
	2830 19037 S9 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19038 S10 
	2830 19038 S10 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19039 S11 
	2830 19039 S11 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19040 S12 
	2830 19040 S12 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19041 S13 
	2830 19041 S13 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19042 S14 
	2830 19042 S14 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19043 S15 
	2830 19043 S15 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19154 S118 
	2830 19154 S118 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19155 S119 
	2830 19155 S119 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19156 S120 
	2830 19156 S120 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19157 S121 
	2830 19157 S121 
	Palo Pinto State Park 
	Palo Pinto 

	2830 19158 S122 
	2830 19158 S122 
	Palo Pinto State Park 
	Palo Pinto 

	255 99667 S107 
	255 99667 S107 
	Colorado Bend State Park 
	San Saba 

	255 99668 S108 
	255 99668 S108 
	Colorado Bend State Park 
	San Saba 

	255 99669 S244 
	255 99669 S244 
	Colorado Bend State Park 
	San Saba 
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	255 99670 S109 
	255 99670 S109 
	Colorado Bend State Park 
	San Saba 

	2830 17844 S167 
	2830 17844 S167 
	Colorado Bend State Park 
	San Saba 

	2830 17845 S168 
	2830 17845 S168 
	Colorado Bend State Park 
	San Saba 

	2830 19136 S84 
	2830 19136 S84 
	Colorado Bend State Park 
	San Saba 

	2830 19137 S85 
	2830 19137 S85 
	Colorado Bend State Park 
	San Saba 

	2830 19138 S86 
	2830 19138 S86 
	Colorado Bend State Park 
	San Saba 

	2830 19140 S87 
	2830 19140 S87 
	Colorado Bend State Park 
	San Saba 

	2830 19141 S88 
	2830 19141 S88 
	Colorado Bend State Park 
	San Saba 

	2830 19142 S89 
	2830 19142 S89 
	Colorado Bend State Park 
	San Saba 

	2830 19143 S90 
	2830 19143 S90 
	Colorado Bend State Park 
	San Saba 

	2830 19166 S16 
	2830 19166 S16 
	Colorado Bend State Park 
	San Saba 

	2830 19167 S17 
	2830 19167 S17 
	Colorado Bend State Park 
	San Saba 

	2830 19168 S18 
	2830 19168 S18 
	Colorado Bend State Park 
	San Saba 

	2830 19169 S19 
	2830 19169 S19 
	Colorado Bend State Park 
	San Saba 

	2830 19170 S20 
	2830 19170 S20 
	Colorado Bend State Park 
	San Saba 

	2830 19172 S21 
	2830 19172 S21 
	Colorado Bend State Park 
	San Saba 

	255 99657 S100 
	255 99657 S100 
	Fossil Rim Wildlife Center 
	Somervell 

	255 99658 S242 
	255 99658 S242 
	Fossil Rim Wildlife Center 
	Somervell 

	255 99659 S101 
	255 99659 S101 
	Cahopa Ranch 
	Somervell 

	255 99661 S102 
	255 99661 S102 
	Cahopa Ranch 
	Somervell 

	2790 35295 S238 
	2790 35295 S238 
	Cahopa Ranch 
	Somervell 

	2790 35297 S220 
	2790 35297 S220 
	Cahopa Ranch 
	Somervell 

	2790 35298 S221 
	2790 35298 S221 
	Fossil Rim Wildlife Center 
	Somervell 

	2790 35299 S240 
	2790 35299 S240 
	Fossil Rim Wildlife Center 
	Somervell 

	2790 35300 S241 
	2790 35300 S241 
	Fossil Rim Wildlife Center 
	Somervell 

	2830 17825 S159 
	2830 17825 S159 
	Cahopo Ranch 
	Somervell 

	2830 17826 S160 
	2830 17826 S160 
	Cahopo Ranch 
	Somervell 

	2830 17842 S165 
	2830 17842 S165 
	Marsh Ranch 
	Somervell 

	2830 17843 S166 
	2830 17843 S166 
	Marsh Ranch 
	Somervell 

	2830 17895 S203 
	2830 17895 S203 
	Marsh Ranch 
	Somervell 

	2830 17896 S204 
	2830 17896 S204 
	Marsh Ranch 
	Somervell 

	2830 17897 S205 
	2830 17897 S205 
	Marsh Ranch 
	Somervell 

	2830 17898 S206 
	2830 17898 S206 
	Marsh Ranch 
	Somervell 

	2830 17899 S246 
	2830 17899 S246 
	Marsh Ranch 
	Somervell 

	255 99662 S222 
	255 99662 S222 
	BCNWR (Victoria tract) 
	Travis 

	255 99663 S103 
	255 99663 S103 
	BCNWR (Victoria tract) 
	Travis 

	255 99664 S104 
	255 99664 S104 
	BCNWR (Victoria tract) 
	Travis 

	255 99665 S105 
	255 99665 S105 
	BCNWR (Victoria tract) 
	Travis 

	255 99666 S106 
	255 99666 S106 
	BCNWR (Victoria tract) 
	Travis 

	2790 35242 032319 S239 
	2790 35242 032319 S239 
	BCP 
	Travis 

	2790 35288 S234 
	2790 35288 S234 
	BCNWR (Victoria) 
	Travis 

	2790 35289 S235 
	2790 35289 S235 
	BCNWR (Victoria) 
	Travis 
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	2790 35290 S99 
	2790 35290 S99 
	BCNWR (Victoria) 
	Travis 

	2790 35291 S236 
	2790 35291 S236 
	BCNWR (Victoria) 
	Travis 

	2790 35308 S231 
	2790 35308 S231 
	BCNWR (Victoria) 
	Travis 

	2790 35309 S232 
	2790 35309 S232 
	BCNWR (Victoria) 
	Travis 

	2790 35310 S233 
	2790 35310 S233 
	BCNWR (Victoria) 
	Travis 

	2790 35322 S97 
	2790 35322 S97 
	BCP 
	Travis 

	2830 17701 S98 
	2830 17701 S98 
	BCNWR (Victoria) 
	Travis 

	2830 17802 S136 
	2830 17802 S136 
	Shield Ranch 
	Real 

	2830 17803 S137 
	2830 17803 S137 
	Shield Ranch 
	Real 

	2830 17804 S138 
	2830 17804 S138 
	Shield Ranch 
	Real 

	2830 17805 S139 
	2830 17805 S139 
	Shield Ranch 
	Real 

	2830 17806 S140 
	2830 17806 S140 
	Shield Ranch 
	Real 

	2830 17807 S141 
	2830 17807 S141 
	Shield Ranch 
	Real 

	2830 17808 S142 
	2830 17808 S142 
	Garner State Park 
	Uvalde 

	2830 17809 S143 
	2830 17809 S143 
	Garner State Park 
	Uvalde 

	2830 17810 S144 
	2830 17810 S144 
	Garner State Park 
	Uvalde 

	2830 17811 S145 
	2830 17811 S145 
	Garner State Park 
	Uvalde 

	2830 17812 S146 
	2830 17812 S146 
	Garner State Park 
	Uvalde 

	2830 17813 S147 
	2830 17813 S147 
	Garner State Park 
	Uvalde 

	2830 17814 S148 
	2830 17814 S148 
	Garner State Park 
	Uvalde 

	2830 19032 S4 
	2830 19032 S4 
	Garner State Park 
	Uvalde 

	2830 19033 S5 
	2830 19033 S5 
	Garner State Park 
	Uvalde 

	2830 19034 S6 
	2830 19034 S6 
	Garner State Park 
	Uvalde 

	2830 19035 S7 
	2830 19035 S7 
	Garner State Park 
	Uvalde 

	2830 19036 S8 
	2830 19036 S8 
	Garner State Park 
	Uvalde 

	2830 19123 S72 
	2830 19123 S72 
	Shield Ranch 
	Real 

	2830 19124 S73 
	2830 19124 S73 
	Shield Ranch 
	Real 

	2830 19125 S74 
	2830 19125 S74 
	Shield Ranch 
	Real 

	2830 19126 S75 
	2830 19126 S75 
	Garner State Park 
	Uvalde 

	2830 19127 S76 
	2830 19127 S76 
	Garner State Park 
	Uvalde 

	2830 19128 S77 
	2830 19128 S77 
	Garner State Park 
	Uvalde 

	2830 19129 S78 
	2830 19129 S78 
	Shield Ranch 
	Real 








