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ABSTRACT
Many North American game animals experienced severe population declines during the 19th century due to market hunting. 
However, estimates of the timing and magnitude of these declines often rely on anecdotal evidence, which makes it difficult to 
understand the lasting impacts of hunting pressures versus climate or landscape changes on the genetic diversity of contem-
porary populations. Historical reports suggest the California quail (Callipepla californica) suffered more significant hunting 
pressure in the late 19th century relative to either Gambel's (Callipepla gambelii) or mountain quail (Oreortyx pictus). Genomic 
data can help illuminate the extent to which historical exploitation moulded the genetic health of modern quail populations. We 
compared whole genome sequences from these three quail species to evaluate whether reported differences in hunting pressure 
affected contemporary patterns of genetic diversity. Contrary to our expectations, California quail did not exhibit any evidence 
for population declines until the late 20th century, long after the era of market hunting ended. California quail also exhibited the 
highest levels of genetic diversity across most analyses with evidence for population expansion over the past 500,000 years. In 
contrast, the mountain quail exhibited a long-term population decline beginning in the middle of the last ice age 30–40 thousand 
years ago. The Gambel's quail appears to have suffered a more recent bottleneck in association with a major drought that im-
pacted the desert southwest during the mid-20th century. Gambel's quail also exhibited increased realised genetic load for mild 
and moderately deleterious genetic variants. Together, our results demonstrate that market hunting had little lasting impact on 
the genetic diversity of these quail species, whereas landscape and climate changes have led to fluctuations in effective popula-
tion size (Ne) and the buildup of genetic load.
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1   |   Introduction

The unregulated and illegal hunting of wildlife is a major driver 
of species declines worldwide (Ripple et al. 2016). Historically, 
many North American species suffered dramatic population 
declines due to minimally regulated market hunting during 
the 19th and early 20th centuries. This activity contributed to 
the extinction (e.g., passenger pigeon; Ectopistes migratorius; 
Bucher  1992) or near extinction (e.g., American bison; Bison 
bison; Hedrick  2009) of numerous iconic species and led to 
the passage of landmark conservation legislation at the fed-
eral (Anderson et al. 2018), state, and province levels (Grinnell 
et  al.  1918). Although anecdotal reports suggest that declines 
were widespread across many species of game animals, the 
absence of robust survey data from the 1800s and early 1900s 
makes it difficult to quantify the magnitude of declines and to 
assess what lasting impacts, if any, market hunting may have 
had on these species. Advances in genomic sequencing and 
analysis provide new opportunities to test whether historical 
reports of overexploitation are consistent with a concurrent pop-
ulation genetic bottleneck and long-term negative effects on ge-
netic diversity (Kessler and Shafer 2024).

Historical bottlenecks can influence the genetic health of a 
population in numerous ways that will be important for under-
standing the effective conservation and management of species. 
First, bottlenecked populations with low genetic diversity may 
have a reduced capacity for adaptation to environmental change 
(Willi et  al.  2006; Kardos et  al.  2021). Second, small popula-
tions face an increased risk of recessive deleterious alleles that 
may increase in frequency due to drift and become exposed in 
a homozygous state through inbreeding (i.e., inbreeding de-
pression; Keller and Waller 2002; Dussex, Morales, et al. 2023). 
While inbreeding depression is a well-recognised risk associated 
with small populations, recent work in some mammal species 
suggests that small populations can persist for long periods of 
time without experiencing the negative effects of inbreeding 
(Robinson et al. 2018; Westbury et al. 2018; Robinson, Kyriazis, 
et  al.  2022). Demographic history may provide an important 
context for understanding why some bottlenecked populations 
experience inbreeding depression while others do not. Recent 
theoretical and empirical work has shown that historically large 
populations can harbour higher levels of recessive deleterious al-
leles (i.e., high potential or masked load; van der Valk et al. 2019; 
Kyriazis et al. 2021). Consequently, larger pre-bottleneck popu-
lations may be at greater risk of inbreeding depression following 
a bottleneck.

An ever-expanding toolkit for analysing genomic data provides 
novel opportunities to quantify the chronology of fluctuating ef-
fective population sizes (Ne) through time (Beichman et al. 2018; 
Spence et al. 2018) and to predict the fitness consequences of dif-
ferent mutations (Bertorelle et al. 2022). Though powerful, these 
methods are not without their limitations. Many require ad-
vanced genomic resources (e.g., recombination maps; Browning 
and Browning  2015) that remain inaccessible to many non-
model organisms. Secondly, all methods have specific assump-
tions and timeframes where performance is maximised, and 
this will often necessitate the use of multiple methods to make 
robust inferences. Finally, a lack of accurate estimates of genera-
tion time and mutation rate for most non-model organisms poses 

a significant hurdle for inferring the precise timing or mag-
nitude of demographic events (Salmona et  al.  2017; Robinson, 
Bowie, et al. 2022). Despite these challenges, applying the same 
analyses across different populations or closely related species 
that have experienced contrasting histories of human exploita-
tion can provide further support for demographic inferences 
(e.g., Grossen et al. 2020; Kardos et al. 2023; Mathur et al. 2023; 
Nigenda-Morales et al. 2023). In the present paper, we perform 
comparative genomic analyses on three closely related quail 
species (Family: Odontophoridae) occurring in California to de-
termine the extent to which historical differences in human ex-
ploitation among these species predict patterns of contemporary 
genetic diversity.

Three species of the quail family Odontophoridae are native 
to California: the California quail (Callipepla californica), 
Gambel's quail (C. gambelii), and mountain quail (Oreortyx pic-
tus). The California quail is the most widespread of the three 
species and inhabits a variety of woodland, scrub, and grass-
land environments from southern Oregon to southern Baja 
California (Figure  1; Calkins et  al.  2020). This species forms 
a narrow hybrid zone with its sister species the Gambel's quail 
in southeastern California (Gee 2004; Zonana et al. 2019). The 
Gambel's quail is typically found in more arid deserts and scru-
bland from southeastern California east to Texas and south to 
Sinaloa (Gee et  al.  2020). Mountain quail is the sole member 
of the genus Oreortyx and is found natively in higher elevation 
forested habitats from western Oregon south to northern Baja 
California (Gutiérrez and Delehanty  2020). Introduced popu-
lations exist in Washington state and the native status of birds 
from eastern Oregon and Idaho is unclear.

In addition to ecological differences, the three quail species 
have experienced contrasting histories of human exploitation 
and management. Contemporary numbers of California quail 
may have diminished from historic highs reported during the 
latter half of the 19th century (Leopold 1977). California quail 
were shot and trapped by the hundreds of thousands to supply 
markets and restaurants in San Francisco and other cities in the 
state (Grinnell et al. 1918). The trapping and selling of California 
quail were banned in 1880 and 1901, respectively, and a daily 
bag limit of 25 birds was established in 1901 (Leopold  1977). 
In addition to hunting, landscape transformation and shifting 
agricultural practices in the early 1900s likely contributed to 
further declines in California quail populations (Leopold 1977). 
Leopold (1977) further speculated that anecdotal reports of high 
quail abundance from about 1860 to 1900, if true, may have been 
an anomaly due to an increase of suitable quail habitat via the 
farming practices employed during this period. Nevertheless, ex-
tensive management efforts (e.g., predator control, re-stocking) 
were attempted to restore California quail numbers to levels 
thought to exist in the late 1800s, with habitat improvement 
being the most successful management approach (Emlen and 
Glading 1945; Zornes and Bishop 2009).

Mountain quail were also hunted and trapped for markets, 
and Grinnell et  al.  (1918) reported declines in this species in 
California. However, their secretive nature along with diffi-
culty in reaching their habitats may have saved mountain quail 
from the same level of exploitation as California quail. The va-
lidity of hunting-induced declines in mountain quail has been 
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questioned by others (Gutiérrez and Delehanty 2020), and steep 
mountain quail declines in Idaho are more likely due to land-
scape changes (Brennan and Covington  1994). The Gambel's 
quail, in contrast, does not appear to have experienced a his-
tory of market hunting in California in the late 19th century due 
to the relative inaccessibility of their desert habitats (Grinnell 
et al. 1918). Population declines in Arizona in the first half of 
the 20th century led to the imposition of smaller daily bag limits 
and hunting bans in some years. However, additional research 
suggested that variation in Gambel's quail abundance was im-
pacted primarily by inter-annual variation in precipitation pat-
terns and not by hunting (Brown 2012). In California, all three 
quail species are now sustainably harvested across three hunt 
zones (Figure 1) with a daily bag limit of 10 birds in any combi-
nation of species (Barclay's California Code of Regulations Title 
14, Section § 300).

The different historical changes in abundance observed across 
these three quail species set up a natural experiment for ex-
ploring the impacts of past hunting pressure and landscape 
changes on the genetic variation in these species. Specifically, 
if a history of market hunting contributed to significant de-
clines in genetic diversity, then we expect this to be the most 
evident in California quail relative to the other two species and 
for demographic declines in California quail to have occurred 
in the late 19th century. Alternatively, evidence for low genetic 
diversity and demographic bottlenecks across any quail spe-
cies may point to negative impacts from climate or landscape 
changes in the past few hundred years or at deeper geologi-
cal time-scales. Population-level allozyme (Zink et  al.  1987), 
mitochondrial (Williford, Deyoung, Honeycutt, Brennan, 
Hernández, et al. 2014), and microsatellite data (Gee 2004) exist 
for California and Gambel's quail. However, the population ge-
nomic data needed for robust evaluation of genetic diversity and 

demographic history patterns across these quail species is lack-
ing. We generated whole genome sequence data for 149 individ-
uals sampled from throughout the California distribution of the 
three species and analysed these data to ask the following ques-
tions: (1) What are the patterns of population structure across 
species? (2) Do California quail exhibit lower genetic diversity 
and higher inbreeding relative to other quail species? (3) Do the 
three species exhibit differences in their inferred demographic 
history? And (4) Does a history of hunting or other recent demo-
graphic events impact genetic load in Callipepla quail?

2   |   Methods

2.1   |   Sampling

We extracted high molecular weight DNA from 105 California 
quail, 14 Gambel's quail, 29 mountain quail, and 1 hybrid 
California X Gambel's quail (Appendix S1). For 147 samples, we 
extracted DNA from cryo-preserved tissue (typically liver, kid-
ney or muscle) using a Mag-Bind Blood and Tissue DNA HDQ 
kit (Omega Biotek, Norcross GA). For the other two samples 
representing a California quail subspecies (C. c. catalinensis) 
endemic to the California Channel Islands, we extracted DNA 
from museum specimen toepads using a phenol-chloroform ap-
proach following Benham et al. (2024). See Appendix S2 for ad-
ditional details on library preparation and sequencing.

2.2   |   Read Filtering, Mapping, and SNP Calling

Adapter trimming, read mapping, and genotype calling were 
all performed using the snpArcher pipeline (Mirchandani 
et  al.  2024) with Sentieon's accelerated versions of both 

FIGURE 1    |    (a) Images of the three species of Odontophoridae quail found in California. (b) Native distribution of the three species of quail. 
California quail and mountain quail populations in the northern and eastern part of their distribution were likely introduced there in the last 
150 years (e.g., Washington, Idaho, and Utah). California quail range (salmon), Gambel's quail (light blue), and mountain quail (yellow). (c) Map of 
the three quail hunting zones in California. Points indicate sample locations included in the genome sequencing study for California quail (salmon 
diamonds), Gambel's quail (light blue circles), and mountain quail (yellow triangles). Bird images reproduced with permission from Birds of the 
World and Lynx Edicions (artist: Àngels Jutglar). [Colour figure can be viewed at wileyonlinelibrary.com]
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BWA-MEM and GATK tools (Kendig et al. 2019). Genotyping of 
the two Callipepla quail species (California and Gambel's) was 
performed together using this pipeline. Mountain quail sam-
ples were processed independently to avoid any biases that may 
arise from joint genotyping of species that vary in evolutionary 
distance from the reference genome. We mapped sequence data 
from all three quail species to the highly-contiguous reference 
genome of the California quail (GCA_023055505.1; Benham 
et  al.  2023). We removed sites that failed a set of standard 
GATK hard filtering thresholds (Van der Auwera et  al.  2013) 
defined in the snpArcher workflow. For SNPs, these filters 
were ReadPosRankSum < −8.0, QD < 2.0, FS > 60.0, SOR > 3.0, 
MQ < 40.0, MQRankSum < −12.5, QUAL < 30.

2.3   |   Population Structure Analyses

For population structure analyses, we filtered the final VCF file 
for the Callipepla quail to remove any non-biallelic SNPs, all in-
dels, alleles with a minor allele frequency less than 0.01, SNPs 
with a minimum mean depth < 5X, and SNPs with genotypes 
missing from any individual. SNPs in linkage disequilibrium of 
r2 greater than 0.25 in 2500 snp windows were pruned using the 
bcftools +prune function, which resulted in a final pruned data-
set with 870,464 SNPs. We performed identical filtering steps on 
the mountain quail to produce a dataset with 64,081 SNPs.

We evaluated patterns of structure among quail populations 
using principal components analysis (PCA; number of compo-
nents: 10) implemented in scikit-allel v. 1.2.0 (Miles et al. 2019). 
We performed independent PCAs on the entire Callipepla quail 
data (California and Gambel's), only California quail, and 
only mountain quail. We next used the model-based cluster-
ing approach implemented in Admixture v. 1.3.0 (Alexander 
et al. 2009) to evaluate population structure in Callipepla and 
mountain quail separately. We ran Admixture for K = 1 to 10 
and evaluated model fit using the cross-validation approach 
implemented within Admixture. We visualised Admixture re-
sults as individual pie charts using the make.admix.pie.plot() 
function in the R package Construct (Bradburd et  al.  2018). 
Finally, for the Callipepla dataset we generated Estimated 
Effective Migration Surfaces and estimates of mean diversity 
rates in the program EEMS (Petkova et al. 2016). An input file 
was generated using the bed2diffs function in EEMS. We ran 
three independent runs of the MCMC chain. Each chain started 
from a different random seed and ran for 15 million iterations 
of burn-in followed by 50 million iterations with a population 
grid density of 500 demes. We used the R package rEEMSplots to 
assess model fit and convergence among the three independent 
chains. We also repeated EEMS runs using identical parameters 
for just the California quail dataset.

2.4   |   Genetic Diversity and Inbreeding

For estimates of genetic diversity, inbreeding, and demography we 
generated autosomal SNP datasets by removing all scaffolds that 
exhibited high synteny with the bGalGal1.mat.broiler.GRCg7b 
chicken (Gallus gallus) sex chromosomes (GCA_016699485.1). 
SNPs were filtered similarly to the population structure analy-
ses, but we omitted a minor allele frequency filter and allowed 

for up to 5% of genotype calls to be missing across all individ-
uals. This produced final autosomal datasets with 37,163,489 
SNPs for the Callipepla quail species and 33,021,009 SNPs for 
mountain quail. For each species, we estimated genome-wide 
nucleotide diversity (π), Watterson's theta (θ), and Tajima's D. 
Each of these statistics was estimated in 1 Mb sliding windows 
across all autosomal scaffolds using scikit-allel v. 1.2.0 (Miles 
et  al.  2019). To account for biased diversity estimates due to 
missing data (Korunes and Samuk 2021), we used information 
on callable sites from the genotyping pipeline to mask regions of 
the genome that were inaccessible for genotyping (i.e., missing 
data). This mask was used in scikit-allel to ensure only accessi-
ble sites were used in estimating genetic diversity statistics.

In California and Gambel's quail, we evaluated spatial variation 
in genetic diversity using two methods that generate spatially 
interpolated maps of genetic diversity across the sampled dis-
tribution. First, we plotted genetic dissimilarity estimates gen-
erated from the EEMS analysis above. This analysis was only 
performed on California quail. Second, using the same SNP 
dataset used for EEMS estimation, we estimated spatial varia-
tion in nucleotide diversity (π) and heterozygosity (ho) directly 
using windowed-based methods implemented in WinGen 
(Bishop et al. 2023). For WinGen analyses, we set the window 
size parameter to 3 (wdim) and the aggregation factor to 3 (fact); 
estimates of diversity patterns can be sensitive to these parame-
ters, and we further explored the impact of setting wdim to 3, 5, 
7 and fact to 3, 5, 7 for a total of nine parameter combinations.

We quantified tracts of homozygosity in the genomes of the 
three quail species to infer patterns of inbreeding. Long runs-
of-homozygosity (ROHs) can be indicative of inbreeding, with 
longer tract lengths suggestive of very recent bottlenecks and 
inbreeding among individuals, while shorter ROHs could be 
associated with more ancient bottlenecks that have since been 
broken up by recombination (Ceballos et  al.  2018). Different 
methods and sequencing strategies can significantly impact 
ROH inference and interpretation (Silva et al. 2024). To account 
for method-based uncertainty, we evaluated ROH in the three 
quail species using two methods. First, we applied the sliding 
window method implemented in Plink v. 1.9 (Purcell et al. 2007) 
on the autosomal dataset using the following parameter val-
ues: --homozyg-density 50 --homozyg-gap 1000 --homozyg-het 
2 --homozyg-kb 100 --homozyg-snp 50 --homozyg-window-het 
2 --homozyg-window-snp 20 --homozyg-window-threshold 0.05 
--homozyg-window-missing 2. We chose these values based on 
a recent study of ROH in the closely related Montezuma quail 
(Cyrtonyx montezumae; Mathur et al. 2023). Second, we used the 
hidden Markov model approach implemented in BCFtools for 
identifying ROH with allele frequency estimated from the input 
genotype data for all individuals (Narasimhan et al. 2016). For 
both approaches, we parsed ROH tracts into three categories: 
segments > 100 Kb, segments > 500 Kb, and segments > 1 Mb. 
We summed total tract length for ROHs in each of the three size 
classes and divided this number by the total autosomal genome 
length to get an estimate of the total proportion of the genome 
spanned by ROHs (Froh). We used two-way ANOVA analyses to 
quantify significant differences in Froh among species, the two 
analytical approaches, and species*analysis type interactions for 
each segment size class. Statistical analyses were performed in R 
v. 4.2.2 (https://​www.​r-​proje​ct.​org).
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2.5   |   Inference of Demographic History

We performed a series of demographic analyses to test whether 
temporal fluctuations in effective population size for the three 
quail species may be related to human activities in the recent 
past or if population fluctuations were more ancient, likely re-
flecting responses to environmental change (e.g., Pleistocene 
glacial and interglacial cycles). First, we fit a series of demo-
graphic models to a two-dimensional site frequency spectrum 
(SFS) of the Callipepla quail and mountain quail in GADMA2 
(Noskova et  al.  2023). We down projected the autosomal 
Callipepla dataset to all 14 Gambel's and a subset of California 
quail samples (n = 28) to include more balanced numbers of 
individuals between species. We divided mountain quail into 
northern (n = 23) and southern (n = 5) populations based on 
population structure.

Within GADMA2, we used Moments (Jouganous et al. 2017) 
as an engine for local optimisation. For Callipepla quail, we 
initialised the global search with a simple structured model 
(1,1) that allowed for one demographic event in between diver-
gence times of the three populations and we allowed for a final 
model structure of (2,2). We allowed for asymmetric migration 
among all populations, and population size changes that were 
linear, exponential, or sudden. We performed 15 independent 
runs of the global search optimisation in GADMA2 and se-
lected a top model based on the CLAIC criterion implemented 
in GADMA2. Demographic parameter values were estimated 
from the value of theta (4NeμL; where L is sequence length) 
based on a generation time of 2.2 years for California and 
Gambel's quail (Bird et al. 2020) and an estimated germline 
mutation rate of 3.14e-9 estimated for the Montezuma quail 
(Mathur and DeWoody 2021). The total length of sequence (L) 
from which SNPs were called was estimated as total autoso-
mal sequence length × (SNPs in SFS/total SNPs pre-filtering). 
This resulted in a length estimate of 544,915,482 bp. Finally, 
confidence intervals were estimated by running the gadma-
run_ls_on_boot_data function on bootstrapped data followed 
by the gadma-get_confidence_intervals function. Identical 
approaches were used to fit demographic models to the SFS 
of the mountain quail, but with a generation time of 3.3 years 
(Bird et  al.  2020), and total length of sequence estimated 
to be 195,286,868 bp using the same formula as above for 
Callipepla quail.

We estimated population size histories at deeper timescales 
(> 1000 generations ago) for all three quail species using 
SMC++ (Terhorst et al. 2017). We limited analyses to only au-
tosomal scaffolds exceeding 1 Mb in length (n = 108). We used 
a composite likelihood approach for demographic inference 
by designating the five individuals with the highest coverage 
per species as distinguished lineages. We removed ROHs ex-
ceeding 1 Mb to eliminate any erroneous signatures of recent 
bottlenecks. Estimates were performed using the SMC++ 
estimate function with mutation rates and generation times 
identical to GADMA2 analyses above. Both California and 
mountain quail exhibited evidence for population structure, 
and we used the SMC++ split function to estimate divergence 
times and population-specific Ne fluctuations. For California 
quail, we included birds from the extreme northwest (n = 28) 
and southwest (n = 20) of the range and excluded central 

California populations, which contain more mixed ancestry. 
We divided Mountain quail into northern and southern popu-
lations following GADMA analyses above.

We inferred recent demographic changes within the past 200 
generations using GONE (Santiago et al. 2020), a method that 
fits models of Ne variation to the observed spectrum of LD 
among SNPs in the dataset. Although very recent declines 
in genetic diversity may be difficult to detect due to lags be-
tween the onset of decline and genetic erosion (Gargiulo et al. 
2025), the use of linkage information improves the resolution 
of Ne shifts in recent populations. Importantly, GONE has 
been shown to recapitulate known changes in census popu-
lation size in a variety of models (Santiago et al. 2020; Novo 
et  al.  2023) and non-model organisms (Dussex, Kurland, 
et al. 2023; Kessler and Shafer 2024). We use a genome-wide 
average recombination rate of 3.1 cm/mb from the chicken 
genome (Groenen et  al.  2009) and an average mutation rate 
of 3.14e-9 as above. We restricted analyses to the 108 auto-
somal scaffolds that exceed 1 Mb in length as with SMC++ 
above. We excluded individual samples collected before 2000 
to ensure individuals were all sampled from a similar time 
frame. Because GONE can be highly sensitive to population 
structure, we ran analyses on the full California quail dataset 
(n = 99) as well as separate northwest (n = 28) and southwest 
California quail populations (n = 20), and a mountain quail 
dataset that excluded the more divergent southern mountain 
quail lineages (n = 17). We also set the hc parameter to 0.05, 
which mitigates artefacts from population structure by lim-
iting the maximum value of linkage to be considered among 
SNPs. We performed 100 replications where we randomly 
sampled 25,000 SNPs per scaffold to evaluate fluctuations in 
median Ne and confidence intervals.

2.6   |   Genetic Load

We specifically explored whether a history of hunting led 
to elevated genetic load within the California quail rela-
tive to Gambel's quail. The California quail reference ge-
nome is not annotated, thus we performed a liftover of gene 
annotations from the chicken genome assembly (bGal-
Gal1.mat.broiler.GRCg7b; GCA_016699485.1) to the quail ge-
nome using liftoff v. 1.6.3 (Shumate and Salzberg  2021). We 
converted the resulting gff file with annotations to a gtf file 
using gffread (Pertea and Pertea 2020). We categorise the ef-
fects and putative impact of each mutation in the quail VCF 
file using SnpEff v. 4.3 (Cingolani et al. 2012). SnpEff classifies 
mutation effects into four categories: modifier (i.e., variants 
downstream or upstream from gene), low (i.e., synonymous 
mutations), moderate (i.e., missense mutations), and high im-
pact categories (i.e., stop, gain and other loss of function muta-
tions). Across these impact categories, we assessed differences 
in deleterious genetic load between quail species. We assumed 
that the allele segregating at a higher frequency in mountain 
quail (n = 29) was ancestral and that the alternate allele was 
derived for downstream analyses. Although identifying the 
true ancestral allele would require comparisons across mul-
tiple taxa, our approach is a frequently used approximation 
for inferring the derived allele (Sánchez-Barreiro et al. 2021; 
Dussex et  al.  2021; von Seth et  al.  2022). After identifying 
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6 of 18 Molecular Ecology, 2025

the ancestral allele using the mountain quail dataset, we re-
polarised the Callipepla vcf file to specify the ancestral moun-
tain quail genotype as the reference allele following (https://​
github.​com/​jesss​tapley/​Set_​ances​tral_​allele_​vcf). The result-
ing vcf file was then filtered using a similar approach to ge-
netic diversity analyses above. We estimated realised genetic 
load as the number of derived alleles found in a homozygous 
state divided by 2× the total number of segregating alleles in 
each impact category (Mathur and DeWoody 2021).

We calculated the Rxy ratio (Do et  al.  2015; Xue et  al.  2015) 
to estimate differences in derived allele frequency between 
California and Gambel's quail across each of the four SnpEff im-
pact classes. Under neutrality, allele frequencies should be equal 
among populations with Rxy equal to 1. Significant differences 
from the neutral expectation can indicate a relative excess (Rxy 
> 1) or reduction (Rxy < 1) in allele frequency within one popu-
lation relative to the other. Here, an Rxy significantly less than 
1 for higher impact sites could be evidence for purging of dele-
terious alleles. We standardised Rxy estimates for each SnpEff 
impact class using the 371,280 intergenic SNPs in the dataset to 
account for the influence of sampling effects, variation in muta-
tion rates, or population substructure (Do et al. 2015; Grossen 
et al. 2020). Finally, to estimate standard errors around Rxy, we 
employed a weighted-block jackknife approach across scaffolds 
where each block was weighted by the number of SNPs follow-
ing Do et al. (2015). We then used standard errors and z-scores to 

estimate p-values based on a normal distribution and expected 
mean of 1.

3   |   Results

3.1   |   Sequencing Results

An average of 65.5 million raw reads was generated per indi-
vidual sample (range: 46.9–181.6 million reads). This included 
an average of 68.5, 60.9, and 56.7 million reads per individual 
for California, Gambel's, and mountain quail, respectively. For 
the majority of Callipepla quail individuals, over 99% of cleaned 
reads mapped to the California quail genome, with only two in-
dividuals exhibiting mapping success below 90%. Mapping suc-
cess for mountain quail was slightly lower but still exceeded 95% 
across all individuals, with an average of 97.1%. Mean depth of 
mapped reads was 12.8× for both the Callipepla quail (range: 
8.4–27.1×) and the mountain quail (range: 9.1–15×).

3.2   |   Population Structure

The principal components analyses (PCA) of Callipepla quail 
showed a primary split between Gambel's and California quail 
along PC1 (5.7% of variance explained; Figure 2a). A single bird 
previously identified as a hybrid between these two species 

FIGURE 2    |    Population structure within three California quail species. (a) Principal components analysis of Gambel's (light blue) and California 
quail (salmon). (b) PCA of California quail only. Different shapes correspond to the four different subspecies occurring in California. (c) PCA of 
mountain quail. Different shapes and colours correspond to mountain quail subspecies included in study. (d) Estimated effective migration surface 
(EEMS) plot of California and Gambel's quail. Darker blue colours correspond to areas of relatively high migration rates and browner areas regions 
with relatively low migration. (e, f) Pie charts based on ancestry proportions estimated for each sampled individual of California and Gambel's 
quail in Admixture. (e) Estimated ancestry proportions for K = 3 with Gambel's quail shown in light blue and northern and southern populations 
of California quail split into salmon and mustard colours. (f) Ancestry proportions for mountain quail at K = 2. [Colour figure can be viewed at wi-
leyonlinelibrary.com]
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based on plumage characters fell out between PC1 clusters of 
the two species. PC2 (2.0% of variance explained) primarily sep-
arated populations of California quail linearly from south (neg-
ative values) to north (positive values). The PCA focusing on 
just California quail individuals showed a limited relationship 
among described subspecies and genetic structure (Figure 2b). 
Rather, PC1 (2.3% of the variance) again revealed clinal variation 
from southwestern to northwestern California populations. All 
four subspecies known to occur in the state are included within 
this clinal variation. An additional cluster comprising birds of 
the C. c. brunnescens subspecies from the eastern San Francisco 
Bay Area (mostly Contra Costa County) was separated from 
the rest of California birds on the PC2 axis (1.9% of variance). 
Finally, PCA of mountain quail revealed three clusters along 
PC1 (5.1% of the variance; Figure 2c): (1) populations of the O. p. 
eremophilus from southern California and a single individual of 
O. p. palmeri from Monterey County; (2) birds of the O. p. pictus 
and O. p. eremophilus subspecies from the Sierra Nevada range; 
and (3) birds of the O. p. palmeri and O. p. pictus subspecies from 
northwestern California. PC2 for mountain quail (4.4% of the 
variance) primarily split out birds from the Sierra Nevada range 
from other populations.

Estimated effective migration surfaces (EEMS; Figure  2d) for 
the Callipepla quail species showed the lowest posterior mean 
migration rates between Gambel's and California quail in south-
eastern California (Figure 2d). Additional regions of low migra-
tion rates were associated with the Sierra Nevada Mountain 
range, the San Francisco Bay area in central California, and 
southwestern California. EEMS analysis of just California quail 
similarly identified areas of low migration associated with the 
Sierra Nevada Mountains and the San Francisco Bay (Figure S1). 
Admixture results for the Callipepla quail supported K = 2 as 
the most likely value of K based on cross-validation analysis, 
with the two clusters corresponding to California and Gambel's 
quail. At K = 3, California quail clusters in northwestern and 
southwestern parts of the state were separated, with declining 
levels of southern California quail ancestry found from south 
to north in the eastern part of California (Figure 2e). At K = 4, 
a fourth cluster in the eastern San Francisco Bay Area emerged 
(green; Figure  S2) in accordance with PC2 for the California 
quail. Admixture results for mountain quail identified K = 1 as 
the most likely number of clusters. However, at K = 2, similar 

patterns of population structure are revealed, with distinct north-
ern and southern mountain quail population clusters and evi-
dence for intermediate ancestry in many of the Sierra Nevada 
birds (Figure 2f; Figure S3). Finally, we also detected significant 
evidence for isolation-by-distance in the California quail based 
on Mantel tests (Mantel r statistic: 0.35; p-value: 1e-04).

3.3   |   Genetic Diversity

California quail harboured the highest levels of autosomal ge-
netic diversity (π: 0.00339, θ: 0.00510) and mountain quail the 
lowest (π: 0.00222, θ: 0.00252; Table  1). Tajima's D was nega-
tive in all three species, potentially indicative of expansions 
following past bottlenecks or selection. Different populations of 
California and mountain quail showed comparable levels of ge-
netic diversity to the species-wide estimate (Table 1).

Posterior mean diversity rates from EEMS showed similar lev-
els of diversity across the California quail distribution, with 
areas of low diversity in the northeastern corner of the state 
and on Catalina Island (Figure  S1). Interpolated estimates of 
π (Figure S4a) and Ho (Figure S4b) from the program WinGen 
also showed lower levels of diversity in regions of northern 
California. Southern California quail appear to show the high-
est levels of diversity, while Gambel's quail exhibit more inter-
mediate levels. Varying the window dimensions (wdim) did not 
meaningfully change WinGen results, but increasing the aggre-
gation factor (fact) tended to show more uniform patterns of di-
versity across California (Figure S5).

Mountain quail samples consistently had a lower proportion 
of the genome in runs of homozygosity (Froh) across all ROH 
size classes and both methods (Plink vs. BCFtools; Figure  3; 
Table  S1). Gambel's quail had slightly higher Froh than 
California quail across size classes and methods, but these dif-
ferences were not statistically significant. BCFtools consistently 
estimated higher Froh across all species and size classes. Within 
California quail, the two individuals sampled from Catalina 
Island (C. c. catalinensis) exhibited some of the highest levels 
of Froh. This was most pronounced in the smallest size class 
where the two C. c. catalinensis individuals had the highest Froh 
(BCFtools Froh100kb = 0.19, 0.20), but were closer to the species 

TABLE 1    |    Genome wide mean estimates of nucleotide diversity (π), Watterson's theta (θwatt.), and Tajima's D for three quail species.

Species Scientific n π θwatt. Tajima's D

Mountain quail Oreortyx pictus 29 0.00222 0.00252 −0.639

North 23 0.00217 0.00232 −0.430

South 5 0.00222 0.00219 −0.181

Gambel's quail Callipepla gambelii 14 0.00253 0.00288 −0.471

California quail C. californica 105 0.00339 0.00510 −1.140

North 48 0.00325 0.00371 −0.531

Central 30 0.00335 0.00411 −0.728

South 27 0.00352 0.00450 −0.840

Note: Within California quail, results for three different populations are also presented. Two populations of mountain quail are presented. Sample size (n) reported for 
each species and population.

 1365294x, 2025, 20, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/m

ec.70093 by U
niv of C

alifornia L
aw

rence B
erkeley N

ational L
ab, W

iley O
nline L

ibrary on [16/10/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



8 of 18 Molecular Ecology, 2025

mean for larger ROH tracts (BCFtools Froh1mb = 0.013, 0.012). 
As ROHs break down over time due to recombination, the prev-
alence of shorter ROHs potentially reflects a founder event as-
sociated with island colonisation rather than recent inbreeding. 
A single female bird from Marin Co. showed high Froh across 
all size classes (BCFtools Froh100kb = 0.18, Froh500kb = 0.15, 
Froh1Mb = 0.10), suggesting that this individual stems from re-
cent inbreeding among individuals in this population.

3.4   |   Demography

We employed a suite of demographic inference methods to 
understand fluctuations in effective population size in the 

three quail species at different timescales. Using GADMA2, 
the best-fit model for Callipepla quail identified an initial di-
vergence between California and Gambel's quail at ~1.53 mil-
lion years ago (Mya; 95% CI: 0.51–2.0 Mya; Figure 4a, Table 2; 
see Figure  S6a for residuals of model fit). Within Gambel's 
quail, Ne shortly after divergence from California was 
~45,000 (CI: 3960–71,598). Ne then expanded to 486,737 (CI: 
180,799–842,996). California quail had a larger Ne of 352,739 
(CI: 97,226–717,665) following divergence from Gambel's 
quail. California quail then underwent a period of exponen-
tial growth after approximately 500 kya to an Ne of 1,251,095 
(CI: 406,595–3,053,961). Migration rates after divergence were 
higher from California to Gambel's quail but became more 
symmetrical towards the present.

FIGURE 3    |    Proportion of genome in runs of homozygosity (Froh) for each of the three quail species. ROH were estimated with BCFtools (white) 
and Plink (grey). (a) Froh for ROH segments > 100Kb (b) Froh for ROH segments > 500 Kb. (c) Froh for ROH segments > 1 Mb. Results of two-way 
ANOVA analysis comparing effects of species, analysis type (BCFtools vs. Plink), and interactions between species and analysis are reported for each 
ROH segment size. Significant results are in bold.

FIGURE 4    |    (a) Schematic of the best-fit demographic history estimated for Callipepla quail in GADMA2. Arrows indicate presence of migration. 
Arrow colour indicates source population of migrants with direction of migration estimated forward in time. (b) Schematic of the best-fit demograph-
ic history estimated for mountain quail. See Tables 2 and 3 for specific parameter estimates. Callipepla and mountain quail Ne are not drawn to the 
same scale. [Colour figure can be viewed at wileyonlinelibrary.com]
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TABLE 2    |    Demographic parameters from GADMA2 for Gambel's and California quail. Includes point estimate and upper and lower confidence 
intervals estimated using the bootstrapping approach.

Parameter Point estimate Lower 95 CI Upper 95 CI

Likelihood −98377.23

Demographic event times

Divergence time (years) 1,526,994 516,230 1,994,356

Onset of expansion (years) 509,162 146,324 670,933

Population sizes

Ancestral NE 486,737 300,656 748,465

Gambel NE1 45,106 3960 71,598

Gambel NE2 352,739 97,226 717,665

Gambel NE3 486,737 180,799 842,996

California NE1 383,694 116,585 1,906,999

California NE2 440,219 267,993 812,189

California NE3 1,251,095 406,565 3,053,961

Migration rates

Cal → Gam (pre-expand) 2.82E-07 2.06E-07 2.41E-07

Gam → Cal (pre-expand) 0 < 0 3.44E-08

Cal → Gam (post-expand) 1.48E-07 1.30E-07 1.62E-07

Gam → Cal (post-expand) 4.11E-07 2.50E-07 3.62E-07

TABLE 3    |    Demographic parameters from GADMA2 for mountain quail. Includes point estimate and upper and lower confidence intervals 
estimated using the bootstrapping approach.

Parameter Point estimate Lower 95 CI Upper 95 CI

Likelihood −2092.56

Demographic event times

Divergence time (years) 1,026,891 612,269 1,449,522

Pop size change (years) 179,196 106,117 255,132

Population sizes

Ancestral NE 549,159 328,732 769,586

North NE1 1,239,574 742,020 1,737,126

North NE2 324,313 194,027 454,887

North NE3 1,534,896 918,256 2,153,641

South NE1 54,868,262 18,751,194 95,305,115

South NE2 2,997,843 1,794,204 4,202,011

South NE3 28,968 17,341 40,596

Migration rates

North → south (pre-179 kya) 5.97E-06 2.57E-06 6.01E-06

South → north (pre-179 kya) 1.43E-06 9.77E-07 2.29E-06

North → south (post-179 kya) 1.37E-06 1.02E-06 2.38E-06

South → north (post-179 kya) 3.60E-06 4.26E-06 9.98E-06
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Within mountain quail, the GADMA2 best-fit model 
(Figure 6b; Table 3; residuals Figure S4b) showed divergence 
between southern and northern populations of this species oc-
curring ~1.03 Mya (CI: 0.61–1.45 Mya). Following divergence, 
southern populations were estimated to have an Ne of over 54 
million (CI: 18.75–95.31 million). Initial population expan-
sion in southern mountain quail was followed by declines 
to an Ne of 28,968 (CI: 17,341–40,596) in the contemporary 

population. In contrast, northern mountain quail populations 
showed an initial contraction from an Ne of 1,239,574 (CI: 
742,020–1,737,126) post-divergence to an Ne of 324,313 (CI: 
194,027–454,887). This was followed by a period of expansion 
beginning 0.18 Mya (CI: 0.11–0.25 Mya) that resulted in a con-
temporary Ne of 1,534,896 (CI: 918,256–2,153,641). Gene flow 
rates between northern and southern mountain quail have re-
mained largely symmetrical since divergence.

SMC++ results indicated that all three species had similar Ne at 
about 1 million generations ago (Figure 5). This was followed by 
an expansion in Ne within California quail that peaked at an Ne 
of over 1.4 million around 5000 years ago. Gambel's quail exhib-
ited shallower increases in Ne to a maximum of roughly 400,000 
around 40–50 thousand generations ago followed by a tapering 
of Ne towards the present. Finally, mountain quail exhibited the 
lowest Ne of the three species for much of the past with peaks in 
Ne around 100,000 generations ago (330 Kya) and again at ~12,000 
generations ago (~40 Kya). Analysis of northwestern and south-
western California quail identified a similar increase in Ne to sin-
gle population analysis; however, Ne peaked at ~1.2 million at an 
earlier time of 60–70 thousand years ago (Figure S7). Following 
peak Ne, California quail split into northern and southern pop-
ulations, which both declined to an Ne of ~60 to 80 thousand. 
Southern and northern mountain quail populations underwent 
different trajectories following divergence from one another ~37 
Kya (Figure S7). While both populations initially declined, north-
ern mountain quail began a population expansion to an Ne of 
over 200,000 after about 4000 generations (13,000 years) ago. The 
southern population continued to decline to an Ne of 19,000.

GONE found mountain quail to exhibit the highest and most 
constant Ne in the past 150 generations (Figure  S8) compared 
to the other two species. California and Gambel's quail showed 

FIGURE 5    |    Estimates of population size history of the three quail 
species estimated using SMC++. Estimates of California (red), Gambel's 
(blue), and mountain quail (yellow) effective population size (Ne) fluc-
tuations prior to 1000 generations ago. [Colour figure can be viewed at 
wileyonlinelibrary.com]

FIGURE 6    |    (a) Recent changes in effective population size among the two Callipepla quail species estimated in GONE. Years before present are 
in black and generations before present in grey. Shading around solid line represents the 90th percentile confidence intervals based on 100 replicates 
of the GONE analysis. (b) California quail was also divided into two populations from northwestern California (yellow) and southwestern California 
(red) and compared with the rangewide analysis of the species (grey). [Colour figure can be viewed at wileyonlinelibrary.com]
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lower Ne (< 100,000) relative to other methods. Gambel's quail 
maintained a stable Ne of roughly 40,000 for much of the past 
400 years before experiencing a severe drop in Ne at 65 to 70 years 
ago and then some recovery towards the present (Figure  6a). 
California quail Ne steadily increased over the past 300 years fol-
lowed by a steep decline ~30 years ago. Southern and northern 
California quail each exhibited similar patterns to the range-
wide estimates, but with a trend of increasing Ne over the past 
300 years largely occurring in northwest California (Figure 6b).

3.5   |   Genetic Load

Within coding regions of California and Gambel's quail, 
SnpEff annotations identified 32.3% of the variants to be non-
synonymous and 66.85% to be synonymous. A total of 459, 9568, 
19,655, and 14,301 SNPs were identified to have high (function 
altering), moderate (missense), low (synonymous), and modi-
fier (non-genic) impacts, respectively. Across moderate, low, and 
modifier classes, Gambel's quail had a significantly elevated re-
alised genetic load relative to California quail; however, there 
was no significant difference between the two species in the 
high impact category (Figure 7). Estimates of Rxy for California 
versus Gambel's quail showed no difference in the derived al-
lele frequency for modifier SNPs, but California quail did show 
a significantly reduced frequency of low and moderate derived 

deleterious alleles (Table  4). High impact sites also showed an 
Rxy less than one (0.85), but this was not statistically different 
from 1.

4   |   Discussion

We took a comparative approach to test whether California quail, 
a species thought to have been severely impacted by market 
hunting in the late 19th century, showed lower levels of genetic 
diversity and evidence for historic bottlenecks relative to other 
quail species. We found little evidence for this scenario. Rather, 
we found that California quail Ne remained relatively stable in 
recent times following large increases in Ne that likely occurred 
before the last glacial maximum (Figures 4a, 5, and 6a). Second, 
California quail diversity was higher than either Gambel's or 
mountain quail (Table 1). Third, evidence for very recent declines 
in Ne (Figure 6b) occurred well after the era of market hunting 
ended. By exploring patterns of contemporary genetic diversity 
within the context of historical demography, we provide evidence 
that landscape and climate changes likely played the most signif-
icant roles in shaping genetic diversity in the quail of California 
both pre-historically and within the last century.

4.1   |   Patterns of Population Structure in the Quail 
of California

Within Callipepla quail, the best-fit demographic model showed 
a primary split between California and Gambel's quail approxi-
mately 1.53 million years ago (Figure 4a; Table 2). This estimate 
falls among previous divergence time estimates for this species 
pair based on mitochondrial and nuclear intron datasets (Zink 
et al. 2000; Stein et al. 2015) and closely matches estimates from 
a phylogeny of all Odontophoridae quail (Hosner et al. 2015). The 
timing also overlaps with divergence time estimates for other 
desert-coastal taxa that come into secondary contact in southern 
California. For instance, the woodrats Neotoma lepida and N. 
bryanti diverged ~1.6 Mya (error: 1.1–2.1 Mya) based on mtDNA 
(Patton et al. 2007). Two species of Dryobates woodpeckers di-
verged 0.37 to 1.2 Mya based on RADseq data and a generation 
time of 1 year (Manthey et al. 2019). Rough concordance of di-
vergence times suggests that taxa diverged in response to shared 

FIGURE 7    |    Differences in derived homozygous alleles for different impact levels. The realised load represents the total number of derived homo-
zygous alleles divided by 2× the number of segregating sites in each impact category. p-values from t-tests: ***p < 0.0001, ns, non-significant. [Colour 
figure can be viewed at wileyonlinelibrary.com]

TABLE 4    |    Rxy results comparing California to Gambel's quails 
for different mutation impact classes as scored by SnpEff. These 
classes include high (function altering mutations), moderate (missense 
mutations), low (synonymous mutations), and modifier (non-genic 
mutations).

SnpEff impact Rcal,gam SE z-score p

High 0.855 0.0959 1.51 0.06

Moderate 0.914 0.0265 3.14 0.0008

Low 0.860 0.0179 7.87 1.84e-15

Modifier 0.968 0.0255 1.25 0.104

Note: Neutral expectation is for Rxy to equal 1. Values significantly less than 1 
indicate a reduced frequency of derived alleles in California relative to Gambel's 
quail.
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ecological and geological processes. However, these divergence 
times significantly post-date some of the major geological events 
that occurred in the region, such as the formation of the lower 
Colorado River over 4 to 5 million years ago (Crow et al. 2021).

Within California quail, prior allozyme research suggested a weak 
divergence between Baja California and California populations 
(Zink et al. 1987). We also found support for genetic structure in 
southwestern California as well as distinct clusters in northwest-
ern California and in the eastern part of the San Francisco Bay 
Area. Patterns of genetic structure based on PCA and Admixture 
analyses were coincident with areas of reduced gene flow in the 
EEMS plots (Figure  2d). In contrast, populations from central 
coastal California (south of San Francisco Bay to the Los Angeles 
area) and eastern California appear to have mixed ancestry 
with evidence for southern California ancestry extending as far 
north as the Oregon border in the northeastern part of the state. 
Similarly, Zink et al. (1987) found northeastern California quail 
clustering with quail from Baja California. These patterns may 
simply reflect the presence of isolation-by-distance and ongoing 
gene flow among populations (Table 2). Alternatively, southern 
ancestry extending into northern populations may stem from 
historical efforts of increasing quail populations through restock-
ing. Restocking efforts occurred primarily in southern California 
during the 1930s and included birds imported from Baja California 
(Leopold 1977). Genetic studies have documented an impact of 
restocking and translocation efforts on the population structure 
and integrity in wild populations of other gamebirds, such as 
mallards (Anas platyrhynchos; Lavretsky et al. 2020), wild turkey 
(Melagris gallopavo: Seidel et al. 2013), and red-legged partridge 
(Alectoris rufa; Barbanera et al. 2010), and this may have contrib-
uted to the apparent panmixia of northern bobwhite (Colinus vir-
ginianus; Whitt et al. 2017). Future work that expands sampling 
into Baja California and includes historical samples from before 
the 1930s will be important for determining the extent to which 
past management efforts impacted observed patterns of contem-
porary population structure.

We present the first population level genetic sampling of moun-
tain quail. Despite the different habitats occupied by California 
and mountain quail, we found similar patterns of population 
structure with two primary genetic clusters corresponding 
to birds from (1) southern California and (2) northwestern 
California. Birds from the Sierra Nevada also form a distinct in-
termediate cluster with evidence for extensive mixed ancestry 
between northern and southern populations. A single individ-
ual from Monterey County, CA also clustered with the southern 
group. In general, the presence of northwestern, southern, and 
eastern clades in California and mountain quail is broadly con-
sistent with phylogeographic patterns in a variety of California 
species (Calsbeek et al. 2003; Burns et al. 2007). Our results sug-
gest that these western quail species exhibit higher levels of pop-
ulation structure than observed in the scaled quail (Callipepla 
squamata; Williford, Deyoung, Honeycutt, Brennan, and 
Hernández 2014) and northern bobwhite (Williford et al. 2015). 
Data from these species are based primarily on mitochondrial 
datasets; however, genomic sequencing may be necessary to 
uncover some of the more subtle patterns of genetic structure 
observed in other North American gamebirds (Oh et  al.  2019; 
Sonsthagen et al. 2022; Mathur et al. 2023). Genetic clusters did 
not align perfectly with any of the subspecies of California or 

mountain quail, indicating that the subspecies described on the 
basis of phenotypes may require revision with the available ge-
nomic analyses presented here. This is not unexpected as past 
authors have considered some of these quail subspecies desig-
nations to be dubious and arbitrarily delineated with respect to 
geography (Grinnell and Miller 1944).

4.2   |   Differences in Genetic Diversity and  
Demographic History Among Quail Species

Among the three species, California quail exhibited the highest 
levels of genome-wide genetic diversity and mountain quail had 
the lowest (Table  1). Genome-wide and interpolated patterns 
of genetic diversity also pointed to slightly higher diversity in 
California relative to Gambel's quail (Figure S2). Diversity es-
timates for all three species fall within the range of genome-
wide diversity estimates from other recently studied North 
American Galliformes (0.001–0.0064; Oh et al. 2019; Sonsthagen 
et al. 2022; Luna et al. 2023). However, estimates of Watterson's 
theta were much higher than values derived from different pop-
ulations of Montezuma quail (0.0004–0.00056), a species with 
relatively low genome-wide heterozygosity relative to other 
bird species (Mathur and DeWoody 2021; Mathur et al. 2023). 
Although Froh estimates differed between BCFtools and Plink 
methods, both approaches showed similar overall trends. Froh 
were lowest in mountain quail across the two methods we used 
and different ROH tract lengths (Table S1). None of the species 
had many ROH tracts > 1 Mb in length, suggesting a lack of re-
cent inbreeding. Estimates of Froh (regardless of approach) were 
lower than estimates from all populations of Montezuma quail 
and much lower than estimates from the small, isolated cen-
tral Texas population of Montezuma quail (Froh> 200kb = 0.16; 
Mathur et al. 2023).

Estimates of historical demography showed consistent temporal 
patterns that can help explain differences in genetic diversity 
among species. Although the patterns obtained from different 
analytic methods were broadly consistent, specific point esti-
mates of Ne and divergence times were not. This likely reflects 
methodological differences among approaches. For instance, 
GADMA2 accounts for gene flow among populations, which 
would explain why it inferred mountain quail populations to split 
approximately 1 million years ago versus 37 kya. Many of these 
specific estimates should also be interpreted with caution given 
the uncertainty surrounding estimates of mutation rate and 
generation times for these non-model taxa (Salmona et al. 2017) 
and small sample sizes for some taxa (e.g., southern mountain 
quail; Robinson et al. 2014). Caveats aside, both GADMA2 and 
SMC++ indicated that California quail experienced a signifi-
cant population expansion over the past 500,000 years from an 
Ne in the range of ~175,000 (SMC++) to ~383,000 (GADMA2) to 
an Ne of well over a million. Gambel's quail also showed similar 
results between methods with estimates of Ne from GADMA2 
broadly overlapping estimates from SMC++ and both showing 
smaller Ne relative to California quail.

We found more discordant results among methods for moun-
tain quail. SMC++ showed some fluctuations in Ne for moun-
tain quail throughout the Pleistocene with peaks tending to fall 
in the middle of glacial periods (e.g., ~35–45 kya) and troughs 
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within interglacials (e.g., 115–130 kya; Past Interglacials 
Working Group of PAGES 2016). Throughout these time periods 
SMC++ identified a consistently lower Ne relative to the other 
quail species as seen in genetic diversity patterns (Figure  5). 
In contrast, both GADMA2 (Figure 4b) and GONE (Figure S8) 
indicate an Ne in the millions for northern populations of 
mountain quail. The greater discordance in Ne estimates for 
mountain quail could reflect smaller sample sizes, especially 
for southern mountain quail. Depending on the demographic 
history, large sample sizes may be required to infer historical 
fluctuations in Ne (Robinson et  al. 2014). This issue could ex-
plain the likely erroneous inference of a historic Ne for south-
ern mountain quail in the 10s of millions. Mapping sequencing 
data to a more divergent reference genome can also bias pop-
ulation genomic and demographic inferences (Armstrong et al. 
2020; Thorburn et  al. 2023). For instance, aligning to a more 
distant reference genome reduced numbers of rare variants and 
led to lower estimates of Ne in SMC++ for grey foxes (Urocyon 
cinereoargenteus; Akopyan et  al.  2024). Despite differences in 
Ne estimates, both SMC++ and GADMA2 agree on contrast-
ing population trajectories following divergence with northern 
mountain quail expanding and southern mountain quail con-
tracting. The mountain quail fossil record provides support for 
these demographic trends with Pleistocene fossils identified as 
mountain quail found near Chihuahua, Mexico (putatively iden-
tified as Oreortyx), southern New Mexico, Idaho, and California 
(Wetmore  1932; Harris  1978; Messing  1986; Gutiérrez and 
Delehanty 2020). These fossils point to a historically more ex-
tensive mountain quail distribution with inferred Ne declines in 
southern mountain quail possibly capturing the effects of this 
historic range contraction. Ultimately, improved inferences of 
mountain quail demographic history will likely require greater 
sampling throughout the species distribution and generation of 
a mountain quail reference genome. Accurately inferring demo-
graphic history and genetic diversity for mountain quail will be 
particularly important given the difficulties of collecting accu-
rate census data for this species (Gutiérrez and Delehanty 2020; 
Brunk et al. 2023).

4.3   |   Historical Impact of Market Hunting in 
California Quail

Unregulated market hunting in the 1800s severely impacted 
many wildlife populations in North America. This era of over-
exploitation was recently linked to significant demographic 
bottlenecks in North American deer populations (Odocoileus 
spp.; Kessler and Shafer  2024). Although the California quail 
was also heavily hunted during the late 1800s with anecdotal 
evidence for population declines, we did not detect an imprint 
of historical market hunting on the genomes of California 
quail. Leopold  (1977) hypothesised that the superabundance 
of California quail observed in the late nineteenth century 
may have been an anomaly. In this scenario, California quail 
likely followed a similar trend to northern bobwhite where the 
early European settler agricultural model of small open fields 
bordered by brush rows adjacent to fallow fields covered in 
forbs provided highly suitable food and cover for quail. This 
led to a population boom in these quail species that was heav-
ily exploited by market hunters. Subsequent declines followed 
the expansion of industrial agricultural techniques, such as 

extensive monoculture and herbicide use, that eliminated quail 
habitat. Our GONE analyses provide some support for this hy-
pothesis, with the Ne of California quail trending upward after 
300 years ago before plateauing in the early 1900s. This was 
followed by a steep decline about 30 to 60 years ago depending 
on the population (Figure  6). In principle, this steep decline 
might reflect a lag between a bottleneck imposed by hunting 
and the detection of that bottleneck in genetic data (Gargiulo 
et al. 2025). However, we think this is unlikely since previous 
simulation and experimental studies with GONE show a good 
concordance between the timing of bottlenecks and their in-
ferred timing from genetic data (Novo et al. 2023; Kessler and 
Shafer 2024). Instead, we suggest that the recent declines could 
reflect negative responses by quail to urbanisation, agriculture, 
or drought in the past few decades (Crooks et al. 2004; Shultz 
et al. 2012; Iknayan et al. 2022). Although it can be difficult to 
draw firm conclusions from citizen science data given varying 
time frames of analysis and different methodologies, Christmas 
Bird Count records suggest that some declines in California 
quail may have occurred from the 1960s through the 1980s 
(Brennan and Covington 1994). These declines were not evident 
in Breeding Bird Atlas trends from a similar time frame (Church 
et al. 1993). Very recent population trend estimates (2007–2021) 
from the eBird database point to declines in abundance in the 
Central Valley and northeastern parts of California but also pro-
vide evidence for increases in northwestern and southwestern 
California (Fink et al. 2022). Methodological artefacts could also 
contribute to inferences of a recent decline in California quail 
Ne. GONE makes Ne inferences based on the distribution of LD 
among SNPs, with long-range LD most informative for recent 
Ne fluctuations. Population structure and admixture can all im-
pact these LD patterns and result in the inference of recent steep 
declines. In our analyses, we tried to mitigate these artefacts by 
subsetting populations and reducing the LD bins considered. 
Analysis of historical DNA (Benham and Bowie 2023) will be 
vital for confirming recent trends in quail genetic diversity and 
discerning the potential anthropogenic drivers of these declines.

4.4   |   Evidence for and Consequences of a 
Bottleneck in Gambel's Quail

Within Gambel's quail, GONE analyses point to a relatively re-
cent (60–70 years ago) and severe bottleneck (Figure  6a). The 
steep decline in Ne for Gambel's quail began in the 1940s and 
was followed by an apparent recovery after about 1980. Severe 
bottlenecks occurring in populations with historically higher Ne 
are expected to lead to increased levels of realised genetic load 
as previously masked deleterious variants become exposed in 
a homozygous state (Dussex, Morales, et  al.  2023). Consistent 
with this expectation, Gambel's quail exhibits significantly ele-
vated realised load relative to California quail across all impact 
categories except for the highest deleterious load (Figure 7). Rxy 
ratios also supported a reduced capacity for Gambel's quail to 
purge mutations with low (synonymous) to moderate (missense) 
impacts. A similar trend was evident for high impact (function 
altering) mutations, but this was not significantly different 
from the neutral expectation of Rxy = 1 (Table  4). These pat-
terns resemble other species that experienced historical bottle-
necks, such as the alpine ibex (Capra ibex; Grossen et al. 2020) 
and Montezuma quail (Mathur and DeWoody  2021; Mathur 
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et al. 2023), where the population experiencing the bottleneck 
exhibits elevated realised load in mildly deleterious variants but 
not in higher impact loss of functional sites. However, Rxy pat-
terns in Gambel's quail contrast with species such as alpine ibex 
(Grossen et al. 2020) and mountain gorilla (Gorilla beringei; Xue 
et al. 2015), which do show an Rxy < 1 for the most deleterious 
mutations and not other classes. This indicates that Gambel's 
quail may not have as effectively purged these most deleterious 
alleles. This could be because the bottleneck was not as severe as 
other species or Gambel's quail may have started with relatively 
large populations compared to k-selected life-history species 
such as gorilla. Additionally, prior to a bottleneck, highly dele-
terious mutations are expected to be in mutation-selection bal-
ance with an equilibrium frequency (μ/s) that is independent of 
Ne. Consequently, California and Gambel's quail may be equally 
effective in purging the most deleterious mutations but exhibit 
differences in eliminating mildly deleterious mutations where 
purging is Ne dependent.

The timing of the inferred bottleneck is temporally concordant 
with a dry period that impacted desert regions throughout the 
southwestern United States between the mid-1940s and the 
mid-1970s (Hereford et al. 2006). This drought was documented 
throughout much of the Gambel's quail distribution in the desert 
southwest and has been inferred to be the severest drought of the 
past 400 years in New Mexico (Swetnam and Betancourt 1998). 
Productivity of arid region quail has been strongly linked to pre-
cipitation patterns (Gee et al. 2020), and a series of low productiv-
ity years in Arizona were recorded in association with drought 
in the 1940s (Brown 2012). Breeding Bird Survey data (Church 
et al. 1993) and eBird data (Fink et al. 2022) provide some ev-
idence for negative population trends in the Gambel's quail. 
Expanded genomic sequencing from throughout the range of 
Gambel's quail will be of critical importance for understanding 
the impacts of past and current climate and landscape changes 
on Gambel's quail genetic diversity. Given the potential declines 
in genetic diversity and elevated realised genetic load, determin-
ing whether these declines were associated with drought will be 
important given future projections of increased incidence and 
severity of drought conditions in the southwestern United States 
(Cook et al. 2015).

5   |   Conclusions and Management Implications

Unregulated hunting, poaching, and overharvesting of wild pop-
ulations can severely impact the genetic health of populations. 
These impacts have been documented in historically exploited 
megafauna such as alpine ibex (Grossen et al. 2020), white rhi-
noceros (Ceratotherium simum; Sánchez-Barreiro et  al.  2021), 
sea otters (Enhydra lutris; Beichman et al. 2021), and fin whales 
(Balaenoptera physalus; Nigenda-Morales et  al.  2023). Genetic 
diversity in quail, however, does not seem to have been impacted 
by historic exploitation related to market hunting. One reason 
for these differences could be that quail never suffered as severe 
a bottleneck as other exploited animals, and declines to very few 
individuals may be necessary to observe significant declines in 
genetic diversity over these short time scales. Additionally, the 
contrasting life histories between quail and long-lived, long-
generation, and low reproductive output species could con-
tribute to greater resilience in quail. The quail species studied 

here have relatively short generation times of < 3 years, which 
is less than 61% of bird species (Bird et al. 2020), naturally suf-
fer high predation rates (Zornes and Bishop 2009), and can be 
highly productive with clutch sizes averaging 9–12 eggs (Calkins 
et al. 2020; Gee et al. 2020). Regardless, our population genomic 
results are consistent with California quail populations gen-
erally being robust to hunting and predation pressure. On the 
other hand, demographic analyses spanning contemporary and 
geological time scales point to climate change significantly im-
pacting genetic diversity in these three quail species. This sug-
gests that future management efforts should be aimed primarily 
at mitigating the negative impacts of drought, urbanisation, and 
industrialised agricultural practices.
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