
GENOMIC DIVERSITY OF THE CRITICALLY-ENDANGERED ‘ALALĀ 
(CORVUS HAWAIIENSIS) EARLY AND LATE-BOTTLENECK 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

PRESENTED TO THE FACULTY OF THE TROPICAL CONSERVATION BIOLOGY AND 
ENVIRONMENTAL SCIENCE PROGRAM IN PARTIAL FULFILEMENT OF THE 

DEGREE OF MASTERS OF SCIENCE IN TROPICAL BIOLOGY AND ENVIRONMENTAL 
SCIENCE AT THE UNIVERSITY OF HAWAI‘I AT HILO 

 
 
 
 
 

JULY 24 2018 
 
 
 
 
 
 
 
 

By Geneviève Blanchet 
 

Thesis Committee: 
Jolene Sutton, Primary Advisor 

M. Renée Bellinger 
Patrick Hart 

 
 
 
 
 



 i 

ACKNOWLEGEMENTS 
This project would never have been possible without the support and participation of many 
individuals for whom I will be perpetually grateful. First, I would like to acknowledge my 
advisor Dr. Jolene Sutton, my two committee members Dr. M. Renee Bellinger and Dr. Patrick 
Hart who have been extremely supportive throughout my Master’s studies. Dr. Sutton has been 
the best advisor I could have hoped for; with her constant support, availability, feedback and 
guidance, I felt like this project mattered and that we were making a significant contribution for 
‘Alalā conservation. Dr. Bellinger has been an incredible bioinformatics mentor without whom I 
would have probably sobbed my way through grad school, but most importantly, she taught me 
to recognize and trust my potential. I want to thank Dr. Hart for bringing a non-molecular 
perspective to this project and for always reminding us of the importance of the bigger 
conservation picture. I also want to thank everyone in the Conservation Genomic Research 
Group for their feedback, their help in collecting and analyzing data. 
I would like to thank my parents Josée Laurin and Richard Blanchet for trusting their only child 
in making great things very, very, far away from home. They are behind my interest in sciences, 
thank you for making me play outside and teaching me how to identify all the things in nature! 
Also, a special merci for reminding me to eat and take breaks. Of course, I would like to 
recognize the rest of my family, my friends and my partner for their non-stop encouragements 
during the past two years in person, by phone, by mail and by emails!  

Je me souviens 
 
This project was rendered possible by the participation of Robert Fleischer, Anna Kearns and 
Michael Campana from the Smithsonian Conservation Biology Institute (SCBI); Nandadevi 
Cortes-Rodriguez from the Ithaca College; Christian Rutz  from the University of St Andrews; 
Bryce Masuda with the Keauhou Bird Conservation Center (KBCC); Mau‘i Bird Conservation 
Center (MBCC); The ‘Alalā Project; San Diego Zoo Global; Pacific Biosciences of California, 
Inc.; the National Science Foundation; the Tropical Conservation Biology and Environmental 
Science program and the University of Hawai‘i at Hilo, Hawai‘i.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 ii 

ABSTRACT 
Genetic diversity is often reduced in bottlenecked populations, which can lead to problems like 
inbreeding depression and reduced adaptive potential. One example of a bottlenecked species 
that is experiencing negative genetic consequences is the ‘Alalā (Hawaiian crow; Corvus 
hawaiiensis). The ‘Alalā suffered a century-long bottleneck, and became extinct in the wild in 
2002. After decades of captive breeding, 11 individuals were successfully released back into the 
wild in October 2017, representing the first step in a long-term reintroduction effort. To aid this 
species recovery program, we have begun assessing genome-wide diversity in the ‘Alalā. In this 
study, we used a single nucleotide polymorphism (SNP) capture approach to test for loss of 
allelic diversity and heterozygosity between two sets of samples: museum and modern. Museum 
specimens were collected in the early bottleneck period (circa 1890), and modern individuals 
were sampled during years in which the population reached its smallest size (circa 1990). 
Preliminary data analysis suggests no loss in overall genetic diversity – measured as the number 
of single nucleotide polymorphisms (SNPs) per bird – and heterozygosity between groups, but 
genetic structuring is present between museum and modern samples. If these preliminary 
findings are confirmed by our on-going, in-depth analyses, this would suggest that the ‘Alalā 
population was relatively small with low genetic diversity before the bottleneck event, like some 
other island populations. 
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INTRODUCTION 
 
Background  
 
Darwin was the first to document the negative effects of low genetic diversity on populations 
when he performed experiments on self-fertilized plants over several generations (Darwin, 
1876). Genetic diversity correlates with the adaptive potential of species under selection 
(Allendorf et al., 2012). Under the neutral model of genetic drift, the random chance of a 
particular gene variant being passed to the next generation, allele frequencies will fluctuate and 
genetic diversity will eventually be lost. Under natural selection, allele frequency changes are 
tied to selective pressures and can result in fitness differences among individuals. Both can 
contribute to evolutionary potential of a species, as a population’s genetic diversity will 
determine its adaptive potential under selection (Allendorf et al., 2012; Kohn et al., 2006). In 
terms of population conservation, adaptive potential is one of the main drivers of management 
decisions to maintain the population for the long-term. The “long-term” can vary with the 
species’ extinction risk, although no specific time-frame can be applied to any extinction risk 
categories (Allendorf et al., 2012). The World Conservation Union (IUCN) allocates different 
extinction risks based on a species taxa but also defines extinction as a process of chance because 
other factors, like population size, reproductive success, habitat size and geographical location, 
influence the extinction probabilities (Allendorf et al., 2012; IUCN Species Survival 
Commission, 2000). Unfortunately, the genetic history of a population is often unknown, as most 
species are not monitored before they approach a conservation concern status (Olney et al., 
1993). For instance, the Arabian oryx (Oryx leucoryx) was extinct in the wild in 1972 and only 
existed in privately owned and captive breeding populations that did not keep pedigrees (Olney 
et al., 1993). Similarly, the New Zealand Kakapo (Strigops habroptilus) was thought to be only 
found in remote valleys in Fiordland until 1977 when another small population was discovered 
on Stewart Island (Miller et al., 2003). The lack of information on these populations’ breeding 
histories made it difficult for managers to maintain genetic diversity and prevent inbreeding in 
these populations. In order to mitigate this problem, managers used molecular tools to estimate 
the genetic fingerprint of each individual (using minisatellites), to prevent further inbreeding and 
promote breeding between genetically differing individuals (Miller et al., 2003; Olney et al., 
1993). With the advent of next-generation sequencing, the use of genetics to aid conservation 
quickly expanded from conservation genetics to conservation genomics, in which case genomic 
tools are used to query whole genomes (Allendorf et al., 2010).  
 
Populations at mutation/drift balance gain and lose alleles at equal rates, with no net loss of 
diversity (Allendorf, 1986; Luikart and Cornuet, 1998). Evolutionary forces of drift and selection 
can disrupt the mutation/drift balance and cause changes in allelic richness and frequency over 
generations. During bottleneck events rare alleles are lost quickly, and lower effective population 
sizes will result in an increased rate of loss of heterozygosity and increase the rate of decrease in 
heterozygosity (Cornuet and Luikart, 1996; Luikart and Cornuet, 1998). Empirical data show 
that population bottlenecks generally result in loss of genome-wide diversity, whether neutral or 
functional, which can be detected using genetic or genomic tools. For instance, Lerberg (1992) 
was one of the first to experimentally show the correlation between bottlenecks and the decrease 
in the number of polymorphic loci and allelic diversity in the eastern mosquito fish (Gambusia 
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holbrooki) (Leberg, 1992). In more recent studies, MHC and microsatellites diversity of New 
Zealand passerine species was negatively correlated to the severity of their bottleneck (Ardern 
and Lambert, 1997; Boessenkool et al., 2007; Sutton et al., 2015). The mangrove finch 
(Camarhynchus heliobates), lost half of its allelic richness at 14 microsatellite loci late-
bottleneck (Lawson et al., 2017). Overfishing of marine fish was shown to cause a decline in 
allelic richness over 11,049 loci across species (Pinsky and Palumbi, 2014). However, some 
populations that are small or isolated, or which have previously experienced bottlenecks, may 
already harbor relatively low genetic diversity over the long-term, so that subsequent bottleneck 
events may have little effect in terms of further reducing genetic diversity. For instance, serial 
bottleneck effects from repeated translocations of South Island saddlebacks (Philesturnus 
carunculatus carunculatus) did not correlate with the loss of genetic variation (Taylor and 
Jamieson, 2008). Nevertheless, genetic tools can be used to understand how past events shaped 
the genetic diversity of a modern population, and shed light on the modern genetic construct of a 
population. This is especially important for captive breeding programs, because full siblings do 
not necessarily inherit the same allelic variation from their parents. For example, among full 
siblings, some individuals may be more heterozygous and are more fit than others (Townsend 
and Jamieson, 2013). Genetic tools can also be used to identify genetically dissimilar individuals, 
which can be used to identify genetically optimal choices for potential mating (Huisman et al., 
2016; Kardos et al., 2015). In the kakapo (S. habroptilus), the use of molecular markers to 
identify relationship between population founders and other individuals improved the kakapo 
pedigree for better artificial insemination planning (Bergner et al., 2014).  
 
Molecular Tools 
 
Molecular markers are tools that sample sections of a species genome, which can later be 
compared between samples. Variability in the nucleotide make-up of those sections, or markers, 
between samples can be used to quantify allelic diversity (Allendorf et al., 2012). Molecular 
markers can indicate the level of dissimilarity between potential breeders, with the idea of 
creating more heterozygous offspring to maximize fitness in future generations. Numerous types 
of molecular markers are now available for conservation genetics, but they each convey different 
levels of information. Microsatellites and DNA minisatellites markers can provide valuable 
information on founder events, but they often underestimate the true genome wide 
heterozygosity simply because they do not sample a large proportion, across the entire genome 
(Grueber et al., 2011; Kennedy et al., 2014). On the other hand, genome wide analysis for over 
hundreds or thousands single nucleotide polymorphisms (SNPs) yield a higher power analysis 
compared to other genetic markers, such as micro- and minisatellites, which typically survey less 
than 50 sites (Kardos et al., 2015). For instance, in the red deer (Cervus elaphus) from Scotland, 
SNP derived inbreeding coefficients were a better fitness indicator than inbreeding coefficients 
derived from a complete 40 years long pedigree (Huisman et al., 2016).  
 
With the advancement of molecular techniques that use DNA from museum samples (Hartmann 
et al., 2014) or archaeological sites (Rogers and Slatkin, 2017), it is now possible to acquire data 
on the genetic history of a species or population. The field of historic DNA brings another set of 
tools to conservation genetics, where comparison between historic and modern populations is 
now possible. This information is valuable to understanding the loss of genetic diversity after a 
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bottleneck event for example, and to better inform population management in preserving genetic 
diversity.  
 
The ‘Alalā (Corvus hawaiiensis; Hawaiian crow) went through a century long bottleneck that 
eventually led to the species extinction in the wild in 2002 (U.S. Fish and Wildlife Service, 
2009). In 1970, a captive breeding program for the ‘Alalā was started, and at present captive 
populations are managed by the Maui Bird Conservation Center (Maui Island) and Keauhou Bird 
Conservation Center (Hawaii Island) (Hedrick et al., 2016; U.S. Fish and Wildlife Service, 
2009). Inbreeding depression occurs through low hatching success and poor survival of young in 
the ‘Alalā (Hedrick et al., 2016; Hoeck et al., 2015). However, it is unknown if this inbreeding 
depression was a direct cause of the population bottleneck that occurred in the late 1800s, or if 
the population historically had low genetic diversity (U.S. Fish and Wildlife Service, 2009). 
Previously, mitochondrial, microsatellites (Fleischer, 2003) and Amplified Fragment Length 
Polymorphism (AFLP) (Jarvi and Bianchi, 2006) markers were used to characterize the captive 
population’s genetic diversity, but not the effect of the bottleneck on the population. Now, the 
availability of historic ‘Alalā museum samples and a fully sequenced genome gives us the 
opportunity to assess the effect of the bottleneck on this species. 
 
Objectives and predictions 
 
In this study, we used a genome wide single nucleotide polymorphism (SNP) analysis to test for 
loss in allelic richness and heterozygosity between two sets of samples, museum and modern. 
We used SNPs as our molecular marker because of their high number and their capacity provide 
results with greater power and resolution than older generation markers (e.g., mitochondrial, 
microsatellites and AFLPs) (Fleischer, 2003; Jarvi and Bianchi, 2006). Museum specimens were 
collected in the early-bottleneck period (circa 1890) and modern individuals are from the late-
bottleneck population (circa 1990) when the population size was <20 individuals in the wild 
(1992) (U.S. Fish and Wildlife Service, 2009). Since the captive population was created during 
the late bottleneck event (Fig. 1), we predict a greater proportion of heterozygote positions and 
greater allelic richness (number of alleles) across the museum samples relative to the modern 
samples. We also expected to find a higher pairwise relatedness and inbreeding coefficients in 
modern group compared to the museum, because we hypothesized that inbreeding was greater in 
the modern group during the late bottleneck when a smaller population size inevitably increases 
the probability of breeding between related individuals.  
 
 

MATERIAL AND METHODS  
 
Data collection  
 
‘Alalā DNA was obtained from 23 museum samples (20 unique individuals; 3 replicates) 
collected circa 1888 to 1901 (Table 1), and 24 modern samples (23 unique individuals; 1 
replicate) collected between 1991 and 1993 (Table 2). Replicates samples are individuals that 
were prepared twice with two Illumina indexes in order to assess sequencing quality and errors 
during the downstream analyses. Museum samples were processed in a dedicated historical DNA 
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lab at the Smithsonian Center for Conservation Research. Genomic DNA was extracted via 
phenol chloroform (modified from Sambrook and Russell, 2006). To obtain genome-wide SNP 
information, we relied on target sequence capture using 19,991 SNP baits (MYbaits®, 
MYcroarray®) previously developed for the Aga (Mariana crow; Corvus kubaryi; Fleischer, 
pers. comm.), which diverged from the same corvid ancestor during the Miocene 11 Mya 
(Jønsson et al., 2011). This SNP bait capture approach was used to minimize ascertainment bias 
in the ‘Alalā because 97.88% baits mapped (19,367 mapped baits/19,991 total baits, 57 baits 
with supplementary alignment) in an approximate evenly spaced manner on the ‘Alalā genome 
based on custom script that minimize the number of SNP per contig for the Aga genome 
(Campana, per. comm.). The results should therefore give us a genome wide representation of 
the genetic diversity of each ‘Alalā sample. Each bait was 120 base pairs (bp), meaning that 
approximately 2.8 billon bp total were targeted per individual genotyped. Targeted sites were 
amplified according to manufacturer protocol for library preparation. Paired-end sequencing was 
done on the Illumina MiSeq platform (Illumina, 2016). In total, 27,507,663 reads were obtained 
for museum and modern ‘Alalā, over two Illumina MiSeq experiments (see results).  
 
Initial Bioinformatics (Quality Control) & Mapping of Sequence Reads to the ‘Alalā Genome  
 
The first step of our pipeline (see Supplemental File 1) was to index the existing ‘Alalā genome 
assembly (Sutton et al., In Revision), which was produced from DNA from individual studbook 
#32, named Hō‘ike e kūpono, in the ‘Alalā pedigree (Fig. 1). This genome was generated by 
PacBio® Single Molecular Real-Time (SMRT) sequencing technology, and assembled using the 
PacBio FALCON assembler (Pacific Biosciences of California Inc., 2015). Indexing is the 
process of pattern identification in the genome, and the archiving of these specific patterns into 
an index in a compressed format through the Burrows-Wheeler Transform (BWT) (Langmead, 
2013; Li, 2013). Indexes save time and memory for the following pipeline steps, as the software 
can search indexes faster than long sequence patterns throughout the entire genome (Li, 2013). 
Indexes can also be used as references for where sequences will map onto the genome later in the 
pipeline. We used the INDEX function of BWA-0.7.15 for this step (Li, 2013). 
 
Using a shell script, Fastq reads were trimmed and cropped by the function TRIM of 
Trimmomatic-0.33 (Bolger et al., 2014), which removes the adapters and leading/trailing strands 
that have a quality below 5. Trimming also crops sections that have an average quality per base 
below 20 and reads shorter than 25bp in length (Bolger et al., 2014). The trimmed reads were 
then mapped back onto the indexed reference ‘Alalā genome using the MEM function of BWA-
0.7.15 (Li, 2013). The MEM function uses an algorithm developed specifically for high quality 
queries like the Illumina reads that are between 70bp to 1Mbp in length, which includes the 
length of the ‘Alalā reads (300bp) (Li, 2013). The resulting file format is SAM and needs to be 
converted into the BAM format in order to call SNPs with SAMtools down the pipeline. 
SAMtools-1.2 was used to convert the SAM files into BAM file format (Li et al., 2009).  
 
SNP Identification & Filtering  
 
To initiate SNP identification and filtering, the BAM files’ read-group headers, which are 
different for paired and unpaired (“orphan”) reads, were first changed to be re-assigned to their 
sample identification number in preparation for SNP calls using AddOrReplaceReadGroups from 
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Picard-tools-1.119 (Broad Institute, 2017). This is critical because unpaired reads map back onto 
the genome but not their forward or reverse complementary reads, but still contain valuable 
genetic information and need to be re-assigned to the sample they come from. The BAM files 
were then sorted with SAMtools-1.2 in preparation of the BAM index formation, which stores 
the location of each mapping sites on the indexed genome. Any duplicates were marked but not 
removed using MarkDuplicates from Picard-tools-1.119 (Broad Institute, 2017; Genome 
Research Limited, 2017b). Duplicates were only marked to allow for potential identification 
downstream in the future, and to maximize site coverage before filtering. 
 
MapDamage2 (Ginolhac et al., 2011) was used to rescale the museum BAM files quality score to 
account for DNA damage such as hydrolytic deamination that can be misread by DNA 
polymerase during the preparation of old DNA libraries for high-throughput sequencing (Dabney 
et al., 2013). This increases the quality score of mapped nucleotide and the identification of true 
SNPs versus miss-sequenced SNPs from museum samples. SNP calling was conducted using the 
MPILEUP function of SAMtools-1.3 with aligned reads from both sample groups. Low quality 
mapped reads (< Phred 20) were excluded (this step also accounts for reads that map to multiple 
locations) using SAMtools-1.3.1 (Genome Research Limited, 2017b). We used BCftools-1.2 to 
compile the data in a variant call format (i.e. vcf) file format. BCftools-1.2 was then used to filter 
the vcf raw file with a quality filter of 20 (q20) for bases and to compile summary statistics on 
non-reference allele frequency, SNP number by quality and per sample, substitution types and 
depth distribution (Genome Research Limited, 2017a; Li, 2011) 
 
Genotyping Individuals 
 
Number of mapped reads per each individual was obtained using the Flagstat function of 
SAMtools-1.1 (Genome Research Limited, 2017b). SNP sites across samples were filtered with 
vcftools-0.1.13 to: 1) remove indel sites, 2) keep SNP sites with a minimum mean depth of 5; 3) 
have a minimum allele frequency of 0.10 for all SNPs; 4) retain a pairwise relatedness to self 
>0.75, using the method of Yang et al. (Yang et al., 2010); 5) have zero missing data (max-
missing 1) at any SNP site, where 0 is a site with no data and 1 is a site where there is no missing 
data across all samples (Fig. 2). These filter values were chosen to be conservative in the 
identification of SNP sites, and to minimize the number of SNPs due by chance alignments, and 
sequencing errors. Samples with mean depth < 5 across SNP sites were removed from the 
analysis to increase the confidence in the number of true SNP sites. 

 
Once filtering and SNP calling was completed, a PED file was created using the plink function 
of vcftools-0.1.13 (Danecek et al., 2011). The PED file format contains the genotypes each locus 
retained for each individual and was transferred into the statistical software R 3.3.3 for 
population genetic analyses (R Core Team, 2017). Using the genotypes from the PED file, we 
built a script to extract the allelic frequency as well as the expected and observed heterozygosity 
for each sample in both groups. The inbreeding coefficient FIS was calculated based on the 
observed and expected heterozygosity. FIS differs from the aforementioned pairwise relatedness 
measure; FIS is calculated using the individual’s heterozygosity and its expected heterozygosity 
based on the population’s allele frequencies (Equation 1) (Allendorf et al., 2012);  

 
FIS=1-(Observed individual heterozygosity/Expected population heterozygosity) [1] 
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whereas pairwise relatedness is a comparison between the averaged genomic relationship from 
all SNPs between individuals (Yang et al., 2010). Therefore, negative FIS values are possible if 
the observed heterozygosity of an individual is greater than what would be expected based on the 
population allelic frequency. A rarefaction curve was produced in R 3.3.3 (100 permutations) to 
test our sample sizes power in detecting all SNPs (R Core Team, 2017). This allowed us to 
assess whether our sample size was large enough to detect new allele with confidence.  
 
Population Comparisons  
 
To test for difference in allele frequency and private alleles between the two groups we 
compared the frequency of each allele between sample groups. To statistically test the 
relationship between the two groups’ allelic frequency, a Pearson's product-moment correlation 
was run in R 3.3.3 (R Core Team, 2017) in which the museum and modern allele frequencies 
were independent variables. We compared population’s averages to test for differences in allelic 
richness (number of alleles), heterozygosity and FIS between museum and modern samples using 
two sample t-tests in R 3.3.3 (R Core Team, 2017). To determine if the observed number of 
genotypes were significant given our small museum sample size, we compared our permutation 
results with a rarefaction curve of genotypes for each sample group. The observed number of 
genotypes, detected after randomly re-sampling the modern group to meet the museum sample 
size (n=11), were compared to their 95% confidence intervals for the number of new genotypes 
detected after permutations. To test for genetics structure among samples, we used Principle 
Components Analysis (PCA), implemented with function snpgdsPCA in the R package 
SNPRelate 1.8.0. (Zheng et al., 2012).  

 

RESULTS 
 
Initial Bioinformatics (Quality Control) & Mapping of Sequence Reads to the ‘Alalā Genome 
 
In total, 27,507,663 reads were obtained for 23 museum (mean 579,114 reads r 789,839SD per 
sample; range from 0 to 3 138,173) and 24 modern (mean 651,263 reads r 255,317SD per 
sample; range from 1,741 to 1 058,030) ‘Alalā samples, over two Illumina MiSeq experiments. 
Trimmed and sorted reads mapped across 660,173 variable call sites on the ‘Alalā long-read 
genome. The museum sample group had a maximum of 3,453,912 combined mapping paired and 
unpaired reads (Fig. 3) while the modern sample group had a maximum of 1,111,156 combined 
mapping paired and unpaired reads (Fig. 4). The mapping success of these reads varied from an 
average of 71.04% r 32.46%SD for museum reads to 93.67% r 12.39%SD for modern reads for 
a Phred score of 20, meaning that all reads retained mapped with 99.9% accuracy probability.  
 
SNP Identification & Filtering  
 
The mean depth per sample was increased relative to the total number of variable sites after 
rescaling the quality scores of museum reads with MapDamage2 before performing SNP calls. 
Subsequent to final data filtering (Fig. 2), we retained 11 museum and 22 modern samples that 
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met all of our quality thresholds. Of these, three were replicate samples (2 museums; RCF98-43 
& RCF98-45, and 1 modern; Hulali studbook #40) that had been prepared twice with different 
Illumina indexes. Based on these replicates, the repeatability of museum samples was on average 
74% r 3%SD. This demonstrates that the library preparation for museum samples yielded a high 
amount of data for the samples for which library preparation was successful. The only modern 
replicates (Hulali studbook #40) returned a repeatability of 57%. However, the Hulali replicates 
came from two different sample tubes, which are believed to have been mislabeled from 
different bird sample making it unusable for testing repeatability in the modern sample group 
until re-sequencing results come back. 
MapDamage2 allows us to compare museum DNA to modern DNA with minimum bias, but in 
order to be conservative in our analysis, we only compared SNP sites that had data from all 
retained samples for final analysis, i.e. SNP site was not retained for analysis when at least one 
individual had no reads mapping back to the genome. This strict filtering retained a total of 308 
SNP sites, which were all biallelic (two alleles available in the population for each locus), 
between the museum and modern groups. Pairwise relatedness, as described by Yang et al. 2010, 
increased after rescaling the museum read quality score, bringing individual’s relatedness-to-self 
closer to one, thus suggesting that museum DNA had experienced mutations over time, and that 
rescaling was able to account for many of these mutations for subsequent analysis.  
 
Population Comparisons  
 
Sample Size and Genotypes Detection 
Rarefaction curves of the number of new genotypes (new combination of alleles) detected with 
increasing sample size for the museum and modern group (100 permutations) showed a lower 
detection of genotypes in the museum sample group than in the modern sample group (Fig. 5). 
The modern rarefaction curve reaches a plateau at the maximum sample size (22 individuals) for 
the modern group while the museum rarefaction curve failed to plateau (maximum sample size 
of 11 individuals). This indicates that not all genotypes may have been detected from the 
museum population given our small sample size, but that most of the genotypes available in the 
modern population were detected. However, even after randomly selecting 11 individuals from 
the modern population to correct it to the smaller museum sample size, the total number of 
alleles detected was still significantly smaller for the museum group (590 alleles ±1SD) 
compared to the modern group (608 alleles ±5SD).  
 
Allelic Richness and Frequency 
As all retained 308 SNP sites were biallelic, the total number of alleles was 616 between the two 
sample groups. Of these, 591 (95.94 %) were shared between the modern sample group or 
95.02% ±0.22SD after sample size correction. The museum sample group had 4 private alleles 
±1SD and the modern group had 26 private alleles ±2SD after correction for sample size. The 
frequency of each allele was correlated between the museum and modern group, meaning that 
alleles present in high frequency in one population was also found in high frequency in the other 
and vice versa (Fig. 6). The allele frequency in the museum and modern group followed a strong 
significant positive correlation (Pearson's product-moment correlation: r=0.884, df = 614, p-
value < 2.2e-16) (Fig. 7). The mean allele frequency in the museum group was 0.500 r 0.302SD, 
0.500 r  0.270SD in the modern group, and the overall mean allele frequency is 0.500 r  
0.272SD across all samples combined (Table 3). Average allelic frequencies did not vary 
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significantly between samples groups (Welch Two Sample t-test: t = 0, df = 1215.5, p-value = 1). 
 
Heterozygosity 
Based on allele frequency across all 308 SNP sites (Table 3), the expected heterozygosity (He) 
for the samples in the museum population was statistically lower than the observed 
heterozygosity (HO), where He= 0.3185 r 0.156SD < Ho=0.454 r 0.291SD (Welch Two Sample 
t-test: t = 7.1853, df = 469.13, p-value = 2.654e-12). The modern expected heterozygosity was 
also statistically lower than the observed heterozygosity where He=0.35430 r 0.110SD < 
Ho=0.488 r 0.233SD (t = 9.1069, df = 438.03, p-value < 2.2e-16) (Table 4; Fig. 8). Since all 
retained SNP sites have only up to two alleles, the highest expected heterozygosity was 0.5 for 
both sample groups (Table 4). Observed heterozygosity was similar between sample groups with 
0.454 r 0.291SD and 0.488 r 0.233SD for the museum and modern group respectively (Welch 
Two Sample t-test: t = -1.6118, df = 585.7, p-value = 0.1075) (Fig.9). Based on observed 
heterozygosity, the average inbreeding coefficient FIS for the museum population is not 
significantly different than the modern population with -0.3479 and -0.3777 respectively Welch 
Two Sample t-test (Welch Two Sample t-test: t = 0.7103, df = 449.87, p-value = 0.4779). 
Negative FIS values indicate that observed heterozygosity is higher than expected. 
 
Population structure 
The principal component analysis (PCA) based on the allelic variants at each SNP site showed 
moderate genetic structure among the samples (Fig. 10). Museum samples mostly clustered 
together in a single group with seven modern samples, and the remaining modern samples cluster 
into a second group Replicate samples 45_S13 & 45_S23 and 43_S11 & 43_S22 cluster close to 
each other indicating that samples with similar genetic makeup group together. 
 
 

DISCUSSION 
 
The ‘Alalā population went through a century long bottleneck during the late 1800s, leading to 
the establishment of the current captive population from only 9 genetic founders (U.S. Fish and 
Wildlife Service, 2009). With conservation implications, the availability of historic ‘Alalā 
samples make them the ideal study species to test the effect of bottlenecks on population genetic 
diversity as well as the baseline genetic diversity going into the captive breeding program. The 
goal of this project was to test for loss in allelic richness and heterozygosity across the ‘Alalā 
genome between museum samples collected in the early years of the bottleneck event, and a late-
bottleneck modern population. We demonstrated that the modern sample group had more private 
alleles (n=25) than the museum sample group (n=0), although the rarefaction shows that not all 
alleles might have been detected in the museum group. However even after correcting for sample 
size, we detected less genotypes in in the museum group. The average allele frequency was not 
significantly different between the two groups. Observed heterozygosity was significantly higher 
than the expected heterozygosity within both sample groups, and was not significantly different 
between sample groups. Excess in heterozygosity is characteristic of small bottlenecked 
populations, which indicates that both the museum and modern sample groups showed the effect 
of a bottleneck (Cornuet and Luikart, 1996; Luikart and Cornuet, 1998). Therefore, based on our 
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results, the museum population was already experiencing the effects of a bottleneck in the late 
1800s.  
 
Sequencing Quality and SNP identification  
 
Ancient DNA methods have been refined to yield sequencing quality approximately equal to 
those of modern DNA sequencing, as our results show higher sequencing yield and mapping 
success than the modern sample sequencing for 11 samples (Fig. 2-3). DNA damages can occur 
over time, which we were now able to account for in our analysis (Dabney et al., 2013; Ginolhac 
et al., 2011). Still, 12 museum samples had to be discarded from our analysis because they did 
not yield enough data, which is expected when working with ancient DNA. Nucleic acids 
become unstable after the death of an organism and degrade due to hydrolysis and oxidation, 
which can make DNA amplification unsuccessful. Contamination by fungus and bacteria in the 
ancient sample or in laboratory settings is also very frequent and can lead amplification of the 
contaminant’s DNA in larger proportion than the sample’s DNA (Willerslev and Cooper, 2005). 
Therefore, ancient DNA degradation and contamination are expected to decrease amplification 
and interfere with the mapping success on a reference genome. The mapping success of our 
modern reads was high, except for two samples that were excluded (Fig. 4). After filtering, the 
‘Alalā genome coverage from both museum and modern groups represented by 308 SNP baits 
equates to approximately 36,960 bp. The two museum replicates retained in our analysis have 
similar relatedness and cluster together in the PCA plot (Fig. 10), as should be expected from 
comparing the same individual with itself. This supports the fact that MapDamage2 significantly 
improved the quality scaling of museum reads and that we can be confident in our SNP 
comparison between populations (Ginolhac et al., 2011). In addition, no SNP site with missing 
data was retained in our analysis to minimize the bias of miscalled SNP due to sequencing error.  
 
After applying the strictest filtering to the 660,173 variable SNP sites, 308 sites were retained for 
our analysis. Although the number of sites analyzed were reduced by filtering, this analysis 
provides the most dense coverage of the ‘Alalā genome to date, in terms of number of markers. 
Fleischer and colleagues (Fleischer, 2003) tested for genetic diversity in the ‘Alalā at 5 
microsatellites loci and 46 mitochondrial DNA control regions, while Jarvi and Bianchi (Jarvi 
and Bianchi, 2006) analyzed 255 loci from Amplified Fragment Length Polymorphism (AFLP). 
This means that our analysis has more power in detecting genetic variation across the ‘Alalā 
genome as we surveyed more sites than previous research studies.  

Population Comparisons  
 
Allelic Richness 
Because our museum sample size was reduced from 23 to 11, we did not expect to detect all 
potential alleles in the museum population, which was confirmed by the museum genotype 
rarefaction curve. However, the museum rarefaction curve is of smaller slope than the modern’s, 
which may indicate that the museum group may not have as many different genotypes as the 
modern population, but more individuals are needed to confirm the this. Further analysis with 
excluded museum samples are needed to bring up the museum sample size and confirm if there 
is in fact a difference in genotype diversity between the two sample groups.  
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Keeping the sample size difference in mind, the modern group had more private alleles (n=25) 
than the museum group (n=0). It is possible that the lack of private allele in the museum group 
was caused by our small museum sample size. However, when we corrected our modern sample 
size to meet our museum’s, the number of genotype detected was still significantly lower for the 
museum group. This seem to indicate that the museum samples did carry less genetic diversity 
than the modern group. This difference in allelic richness could be caused by the relatedness 
between the museum samples. There is little information available on the relatedness of the 
museum ‘Alalā and most of them were collected from the same sites (Table 1), which may 
indicate that they were closely related and reduced our chance of detecting museum private 
alleles. Moreover, the captive population founder came from a different area than the museum 
samples, which could indicate that we sampled from two populations with dissimilar allelic 
diversity (Fleischer, pers. comm., 2018). Nevertheless, these finding did not meet our prediction 
of lower allelic richness in the modern population compared to the museum population. It was 
expected that the allelic richness loss would decreased due to the severity of the bottleneck, 
similar to the New Zealand passerine birds where the genetic loss at the MHC locus was the 
greatest with the largest bottleneck (Sutton et al., 2015). In a similar study on the mangrove finch 
comparing historical DNA to modern DNA, the allelic diversity for 14 microsatellite markers 
was almost half those of the historical specimens after bottleneck (Lawson et al., 2017).  

Nevertheless, sequential population bottlenecks have also been shown to have little impact on the 
allelic richness of a y of a species in terms of allelic richness and heterozygosity. In the New 
Zealand South Island saddleback, there was no significant loss of genetic diversity observed after 
three sequential translocations (Taylor and Jamieson, 2008). Comparative study between historic 
and modern samples of the South Island saddleback revealed a decrease of 75% in allelic 
richness (number of alleles) from a historic bottleneck, leaving the modern population with only 
common alleles (Taylor et al., 2007). As a result, the three sequential translocations of the 
modern saddleback population did not significantly decrease the genetic diversity of the species 
due to the fact that rare alleles were already lost (Taylor and Jamieson, 2008). In the 
domesticated species of Old Kladruber horses (Equus ferus caballus), historical bottlenecks and 
inbreeding lead to a reduction in allelic richness and heterozygosity. Consequently, after 15 years 
of conservation, comparative studies on the allelic richness/frequency do not show change in the 
genetic diversity of these horse populations (Janova et al., 2013). In South Australia, fire prone 
environments have bottlenecked the Mallee Emu-wren (Stipiturus mallee) bird population over 
multiple decades by reducing their habitat size. Due to the species poor dispersal ability, 
populations also decreased in size successively after each fire, which has decreased the allelic 
richness and heterozygosity of this species to the point where there is no difference between 
populations anymore (Brown et al., 2013). These studies support the idea that a first bottleneck 
or founder event can shape the population’s future genetic diversity before subsequent 
bottlenecks can have any effect. It is likely that the founder event of the ‘Alalā population on the 
Hawaiian Island played a role in decreasing the species’ genetic diversity to the point where the 
late 1800s bottleneck event had a limited effect. Previous molecular researches using 
microsatellites and mitochondrial DNA (mtDNA) in the ‘Alalā also support the idea that the 
historic population had undergone a bottleneck prior to the late 1800s one (Fleischer, 2003; 
Hedrick et al., 2016). Fleischer (2003) noted that the ‘Alalā’s genetic history resembled the 
Nēnē’s (Branta sandvicensis); i.e. a mtDNA diversity decline happened before human settlement 
to Hawai‘i and before their most recent 1800s Nēnē bottleneck (Paxinos et al., 2002). A great 
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prehistoric genetic diversity decrease followed by a more recent bottleneck event could be a 
recurring pattern in Hawaiian bird species and may be worth investigating in species where 
historic samples are available.  

Allele Frequency and Heterozygosity 
The late 1800s bottleneck did not seem to have an effect on allele frequency over time. In fact, 
the modern population has was an excess of heterozygosity observed in both the museum and 
modern populations (Fig. 8), which supports the idea that allele frequency did not vary 
significantly from early to late-bottleneck event (Allendorf, 1986). Excess in heterozygosity is 
also an indicator of immigration or of a bottleneck effect on small populations (Allendorf et al., 
2012). Since the ‘Alalā population was only found on Hawai‘i island, the excess of 
heterozygosity can only be explained by a bottleneck effect. After a bottleneck event, rare alleles 
are lost rapidly while the allele frequency and heterozygosity are not immediately reduced. 
Therefore, the observed heterozygosity is higher than expected based on the allele number in the 
population and the population size (Cornuet and Luikart, 1996; Luikart and Cornuet, 1998). An 
excess of heterozygosity was expected in the modern population since it was from the late-
bottleneck event but not necessarily in the museum population. These findings indicate that the 
early-bottleneck (museum) population was most likely small and already underwent the effect of 
the bottleneck in the late 1800s; i.e. loss of rare alleles. The founder event and the late 1800s 
bottleneck can have both contributed to the loss in allelic richness in the museum population, but 
only the analysis of pre-bottleneck samples could tell us how much of an impact each event had 
on the ‘Alalā population prior to the late 1800s bottleneck. Given that there was an excess of 
heterozygosity in both sample groups, the inbreeding coefficient FIS were negative for both 
populations and were not significantly different. 
 
Population Structure 
Although we did not observe a significant change in allelic richness and heterozygosity between 
the early and the late-bottleneck populations, structure between the groups is indicated by the 
PCA (Fig. 10). Population structure is mainly explained by the private alleles in the modern 
population. The absence of these alleles in the museum population clusters them together. 
Additionally, structure between the two populations is explained by the allelic frequency 
variation between the two groups at a few loci (Fig. 6). Interestingly, there is clustering of 
modern individuals into two groups, one of which is clustering with the museum samples. This is 
most likely due to the variation in allele frequency across individuals in the modern population. 
As aforementioned, the difference in locality origin for museum and modern sample may also 
explain this structuring as microgeographic structuring rather than population structuring before 
and after bottlenecks (Fleischer, pers. comm.).  
 
Future Directions 
 
The ‘Alalā species is thought to have diverged from its last common ancestor in the 
Pacific/Palaearctic at end of the Miocene a little over 7.5 Mya (Jønsson et al., 2012). Their exact 
time of arrival to Hawai‘i has yet not been investigated. Nevertheless, a founder event likely 
brought a limited amount of genetic diversity to the island and the ‘Alalā population has most 
likely stayed isolated and small since. The fact that the ‘Alalā may have harbored low genetic 
diversity before the latest bottleneck event could explain why we did not find significant genetic 
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variation between early and late-bottleneck populations. Indications of a bottleneck event in the 
ancestors of the current ‘Alalā population was also found in previous studies using mtDNA, 
microsatellites and AFLP (Fleischer, 2003; Hedrick et al., 2016; Jarvi and Bianchi, 2006). This 
was also found to be true in other island species like the New Zealand South Island saddleback 
(Taylor and Jamieson, 2008) and the Hawaiian Nēnē (Paxinos et al., 2002). The heterozygosity 
excess in the museum population show that it was already undergoing the effect of a bottleneck. 
However, because the oldest ‘Alalā samples currently available date circa 1890, it is not possible 
to this day to confirm if the first founder event, the late 1800s bottleneck or a combination of 
both resulted in the genetic diversity of the early-bottleneck ‘Alalā population. Therefore, the 
next step for understanding the genetic history of the ‘Alalā population would be to perform 
genetic analysis on pre-bottleneck ‘Alalā samples, similar to what has been done with the Nēnē’s 
paleontological remains (Paxinos et al., 2002).   
 
The dataset used for this thesis was the most conservative with very strict filtering. When dealing 
with ancient DNA, it is possible that strict filtering may remove true SNP sites even after 
rescaling it for DNA damage because of the sequencing variability between sites. Therefore, 
subsequent analysis comparing datasets with more relaxed filters is needed, along with deeper 
sequencing to fill data gaps. A high minor allele frequency threshold filters out putative 
sequencing errors, but also SNP sites that represent low-frequency alleles, the very ones that are 
predicted to be lost during a bottleneck (Allendorf, 1986). Resequencing of museum replicates 
that were excluded because of their poor quality should help us determine which filter 
combination is ideal to identify the highest number of true SNPs across the ‘Alalā genome. In 
this study, most replicates were removed because of their low sequencing quality, making it 
difficult to use them to calibrate the filters for the entire dataset, and is one of the reason why we 
chose to use the most conservative set of filters. Ideally, replicates’ SNP number, allele 
frequency and heterozygosity should be close to identical because they come from the same 
individuals, and should yield the same sequencing results. Linkage disequilibrium between SNPs 
also needs to be investigated in future analyses. Linkage disequilibrium will only allow one SNP 
per mapping site. This will ensure that the observed SNP diversity is representative of the entire 
genome and not of a cluster of regions only.  
 
Although the effect of the late 1800s bottleneck was not completely resolved during the span of 
this project, we gained valuable baseline information on the genetic diversity of the ‘Alalā 
population going into the captive breeding program circa 1990. These data can now be compared 
to the current captive population to assess the effect of captive breeding, random genetic drift 
and adaptation to captivity shaped the population’s genetic diversity in the last 25 years. Allelic 
richness and heterozygosity comparison with samples from recently born ‘Alalā individuals 
could help us determine if the population is still experiencing loss of overall allelic diversity 
(bottleneck). Subsequent work using the same Aga SNP baits could also compare genome wide 
diversity in the more current population (e.g. circa 2015-2018) to the late-bottleneck population 
to evaluate how successful the conservation breeding program has been at maintaining diversity 
(Hedrick et al., 2016). Based on the assumption that the genetic diversity of the ‘Alalā was low 
after the founder event and remained the same through the latest bottleneck, management 
decisions should be centered on preserving the remaining genetic diversity of the ‘Alalā 
population. Breeding between individuals that have high genetic dissimilarity and individuals 
harboring rare alleles should be prioritized for breeding. Therefore, genotyping of potential 
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breeders is currently in progress as the next step in the conservation of the ‘Alalā. Molecular 
comparison between potential breeders that are full siblings will be focused on as they may not 
have inherited the same allele from both parents, which can make one sibling harbor higher 
allelic richness than the other and be more suitable for breeding. If breeding is not possible or is 
unsuccessful, gamete collection should be arranged for individuals harboring rare alleles and/or 
high allelic richness.  
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TABLES 
 
Table 1. Museum sample identification number (ID), museum accession numbers, collection date 
and location. Transcriptions of the Smithsonian museum notes from each bird. Missing 
information is noted as N/A unless noted as “unknown” in the museum’s notes.  
Sample ID Museum Accession Number Collection Date Location 
RCF98-08 BM1925.2.16.146 1888 Hawai ‘i I. 
RCF98-09 BM97.10.28 1896 Kona 3000’ 
RCF98-10 RMNH #1 1888 1888 Pu‘u Anahulu, HI 
RCF98-11 BM1925.2.16.147 1887 or 1888 Hawai ‘i I. 
RCF98-12 MNHN5414A#460 1877 N/A 
RCF98-13 BPBM4250 4 Dec 1901 Kapahulu, Kau, Hawai‘i 
RCF98-14 BPBM5043 1891 Kona 
RCF98-15 BM97.10.28.1 March 1896 Kona 3000’ 
RCF98-16 BPBM 231 March 1896 Kona 3000’ 
RCF98-42 CamMZ-27/Cor/5/gg/2 June 1887 Kona, Hawai‘i 
RCF98-43 CamMZ-27/Cor/5/gg/7 March 1888 Pu‘u Anahulu, Kona, HI 
RCF98-44 CamMZ-27/Cor/5/gg/1 March 1888 Kona Hawai‘i, “Pic An” 
RCF98-45 CamMZ-27/Cor/5/gg/8 7 July 1887 Kaawaloa, Kona 
RCF98-46 CamMZ-27/Cor/5/gg/4 March 1986 Kona Hawai‘i, 3000’ 
RCF98-47 CamMZ-27/Cor/5/gg/3 March 1986 Kona Hawai‘i, 3000’ 
RCF98-48 CamMZ-27/Cor/5/gg/5 March 1888 Pu‘u Anahulu, Kona, HI 
RCF98-49 CamMZ-27/Cor/5/gg/6 March 1888 Pu‘u Anahulu, Kona, HI 
RCF98-52 Liverpool-1984.2.547 Unknown-old unknown 
RCF98-53 Liverpool-T16484 March 1888 Pu‘u Anahulu 
RCF99-17 BM1925.2.16.148 <1900 Hawai‘i 
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Table 2. Modern sample names, sample ID, studbook number and birth date. 

 
 
 
 
 
 

Sample Names Sample ID Studbook Number Birth Date 
Umi AC1_S1_L001_ 7 1973-05-01 
Mana AC2_S2_L001_ 17 1978-04-19 
Lanakila AC3_S3_L001_ 75 1992-05-27 
HiwaHiwa AC4_S4_L001_ 36 1993 
Hulali.a AC5_S5_L001_ 40 1993-04-29 
Hulali.b AC6_S6_L001_ 40 1993-04-29 
Makani AC7_S7_L001_ 70 1996-06-19 
Hiapo AC8_S8_L001_ 74 1997-05-31 
Kahuli CH10_S18_L001_ 79 1997-06-15 
Uila CH11_S19_L001_ 68 1996-05-27 
Lehua CH12_S20_L001_ 81 1997-07-06 
Noe CH13_S21_L001_ 58 1998 
Kelii CH14_S22_L001_ 26 1981-05-16 
Konaku CH15_S23_L001_ 71 1996-06-21 
Malama CH16_S24_L001_ 161 2010-05-06 
Hoike CH1_S9_L001_ 32 1989-05-24 
Kalani CH2_S10_L001_ 27 1981-05-18 
Lokahi CH3_S11_L001_ 38 1993 
Kolohe CH4_S12_L001_ 25 1991 
Luukia CH5_S13_L001_ 13 1977-05-15 
Hulu CH6_S14_L001_ 80 1997-07-04 
Kehau CH7_S15_L001_ 41 1993 
EleEle  CH8_S16_L001_ 69 1996-05-31 
Hoapili CH9_S17_L001_ 37 1993 
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Table 3. Allele frequency table for museum, modern and combined sample groups. 
 Min Freq. 1st Qu. Median Mean 3rd Qu. Max 
Museum 0.0000  0.2222  0.5000  0.5000  0.7778  1.0000  
Modern 0.02381  0.23810  0.50000  0.50000  0.76190  0.97620 
Combined 0.1000  0.2167   0.5000  0.5000  0.7833   0.9000  
 
 
Table 4. Expected heterozygosity for the museum, modern, and combined sample groups based 
on allele frequency. 
 Min 1st Qu Median Mean 3rd Qu Max 
Museum 0.0000   0.1975    0.3457  0.3185  0.4522  0.5000  
Modern 0.04649  0.27780  0.36280  0.35430  0.45920  0.50000 
Combined 0.1800   0.2550   0.3394   0.3519   0.4550   0.5000 
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FIGURES 
 

 
Figure 1. ‘Alalā pedigree of the current captive population. Symbols filled in blue are the modern samples used in this research. Bird 
studbook numbers are labeled below each individual (see Table 1 for studbook # and name ID). Dotted lines were drawn to indicate 
individuals that are present more than once in the pedigree, single solid lines indicate family relationship, and horizontal double solid 
lines indicate mating between individuals. Males are represented by squares, females by circles and unsexed individuals as diamonds. 
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Figure 2. Diagram of the bioinformatics data filtering steps. 
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Figure 3. Number of mapped reads onto the reference ‘Alalā genome from the museum sample 
group. Blue (bottom) represents the number of unpaired forward reads (R1), the orange (middle) 
represents the number of paired reads (R12), and the gray (top) represents the unpaired reverse 
reads (R2). Samples with a total mapped read number d100,000 were excluded from the 
analysis, subsequently samples with minimum mean depth <5 across sample sites were also 
excluded from the rest of the analysis. Fifteen of the twenty-three samples passed our cutoff of 
100,000 reads per sample. 
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Figure 4. Number of mapped reads onto the reference ‘Alalā genome from the modern sample 
group. Blue (bottom) represent the number of unpaired forward reads (R1), the orange (middle) 
represents the number of paired reads (R12), and the gray (top) represents the unpaired reverse 
reads (R2). Each sample passed our cutoff of 100,000 reads per sample. 
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Figure 5. Rarefaction curve fore the number of new genotype sampled with increasing sample 
group size for modern (top) and museum (bottom) sample groups (100 permutations). The 
modern rarefaction curve is coming to a plateau at the maximum sample size of 22 for the 
modern group; indicating that the modern sample group size was sufficient to sample close to all 
genotypes available in the modern population. The museum rarefaction curve did not reach a 
plateau at the maximum sample group size of 11 for the museum group. The museum small 
sample group size was not sufficient to detect all the different genotypes in the museum 
population. The museum rarefaction curve is not as steep as the modern rarefaction curve, 
indicating an overall lower number of genotypes in the museum population than in the modern 
population.  
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Figure 6. Allele frequency for each allele (n=616) in the museum population (top/red) and modern population (bottom/black). Missing 
alleles in the museum population are shown as missing bars. Mean allele frequency in the museum group is 0.4369 r0.272SD and 
0.4369r0.2427543SD in the modern group, and the overall mean allele frequency is 0.43690r0.2443862SD across all samples 
combined (museum and modern group joined). Average allele frequency did not vary significantly between the two populations 
(Welch Two Sample t-test: t = 0, df = 1215.5, p-value = 1). 
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Figure 7. Scatter plot of a Pearson’s product-moment correlation between the museum and modern allele frequencies. Each dot 
represents the frequency of each alleles in the museum and modern group. The box plots show the median (middle line of box plot), 
1st and 3rd quartiles (lower and upper sides of the boxplot), and minimum and maximum observed allele frequency in each population 
(bottom and top whiskers). The solid red line represents the lowess smoother line that show the strong positive correlation between the 
two variables (df = 614, p-value < 2.2e-16, Pearson’s r value of 0.884, 95% CI: 0.865-0.900). 
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a. 

b.  

 
Figure 8. Observed and expected heterozygosity for the a) museum population and b) the modern 
population. Observed heterozygosity (Hobs) is significantly higher than the expected 
heterozygosity (Hexp) in both sample groups (Museum: t = 7.1853, df = 469.13, p-value = 
2.654e-12; Modern: t = 9.1069, df = 438.03, p-value < 2.2e-16). 
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Figure 9. Observed heterozygosity in the museum and modern group. The box plots show the 
median (middle line of box plot), 1st and 3rd quartiles (lower and upper sides of the boxplot), 
minimum and maximum observed heterozygosity in each population (bottom and top whiskers) 
Average observed heterozygosity is not significantly different between the two sample groups 
(Welch Two Sample t-test: t = -1.6118, df = 585.7, p-value = 0.1075). 
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Figure 10. Principal component analysis plot based on 308 SNP variants for all samples. 
Museum (MUS) samples are in red and modern (MOD) samples are in black. Museum sample 
ID (Table 1) and modern sample names (Table 2) are labeled next to their respective point.  
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