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Abstract
Understanding the genomic consequences of population decline is important for pre-
dicting species' vulnerability to intensifying global change. Empirical information about 
genomic changes in populations in the early stages of decline, especially for those 
still experiencing immigration, remains scarce. We used 7834 autosomal SNPs and 
demographic data for 288 Florida scrub jays (Aphelocoma coerulescens; FSJ) sampled 
in 2000 and 2008 to compare levels of genetic diversity, inbreeding, relatedness, and 
lengths of runs of homozygosity (ROH) between two subpopulations within dispersal 
distance of one another but have experienced contrasting demographic trajectories. 
At Archbold Biological Station (ABS), the FSJ population has been stable because of 
consistent habitat protection and management, while at nearby Placid Lakes Estates 
(PLE), the population declined precipitously due to suburban development. By the 
onset of our sampling in 2000, birds in PLE were already less heterozygous, more in-
bred, and on average more related than birds in ABS. No significant changes occurred 
in heterozygosity or inbreeding across the 8- year sampling interval, but average re-
latedness among individuals decreased in PLE, thus by 2008 average relatedness did 
not differ between sites. PLE harbored a similar proportion of short ROH but a greater 
proportion of long ROH than ABS, suggesting one continuous population of shared 
demographic history in the past, which is now experiencing more recent inbreed-
ing. These results broadly uphold the predictions of simple population genetic models 
based on inferred effective population sizes and rates of immigration. Our study high-
lights how, in just a few generations, formerly continuous populations can diverge in 
heterozygosity and levels of inbreeding with severe local population decline despite 
ongoing gene flow.
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1  |  INTRODUC TION

Habitat loss and fragmentation are the greatest threats to biodiver-
sity today (Brooks et al., 2002; Groom et al., 2012; Hanski, 2005, 
2011), in large part because these landscape changes reduce con-
nectivity among populations, causing local population declines and 
concomitant reduction in genetic diversity leading to extirpation 
(Frankham, 2005; Hedrick, 2001; Ouborg et al., 2006). The loss of 
heterozygosity and elevated frequency of deleterious alleles can 
lead to inbreeding depression (Gao & Gao, 2016; Kawamura, 2005; 
Liberg et al., 2005; Lynch et al., 1995), lowered resistance to dis-
eases (Anderson & May, 1986; Pearman & Garner, 2005; Spielman 
et al., 2004; Tarpy, 2003; Whiteman et al., 2006), and increased 
susceptibility to environmental fluctuations (Charlesworth & 
Charlesworth, 1987; Pearman & Garner, 2005), all of which increase 
extinction risk. Furthermore, standing genetic variation within pop-
ulations is required for species to adapt to environmental change by 
providing the raw materials for evolution (Barrett & Schluter, 2008). 
Thus, understanding the genomic consequences of population de-
cline in the wild, especially the pace of genomic changes during early 
stages of decline, is critical for conservation management and for 
predicting the vulnerability of species to habitat loss and intensify-
ing global change.

A prevailing conservation genetics paradigm holds that shrinking, 
isolated populations are more susceptible to genetic drift and sto-
chastic processes that reduce genetic variation and increase homo-
zygosity (Frankham, 2005; Hedrick, 2001; Lynch et al., 1995; Soulé 
& Simberloff, 1986). Additionally, as populations decline, the prob-
ability of inbreeding increases, causing individuals to become more 
genetically similar to one another and often decreasing individual 
fitness (Charlesworth, 2009; Charlesworth & Charlesworth, 1987). 
Despite these theoretical predictions, empirical evidence about 
the scale and pace of genetic changes remains scarce, particularly 
in populations with persistent immigration, such as in structured 
metapopulations, and especially in the early stages of decline as 
connected subpopulations begin to differentiate (Kohn et al., 2006; 
Ouborg et al., 2006).

The Florida scrub jay (Aphelocoma coerulescens; FSJ) is an en-
demic, nonmigratory bird that exists in metapopulations scattered 
across the Florida peninsula (Stith et al., 1996) and currently faces 
severe population decline (Boughton & Bowman, 2011; Coulon 
et al., 2012). FSJs are cooperative breeders that live in family groups 
consisting of breeding pairs, many of which retain a few offspring 
as helpers. The FSJ depends on early successional, fire- maintained 
xeric oak scrub habitat that was once widespread across the pen-
insula but has declined and become fragmented over the last cen-
tury due to anthropogenic habitat conversions to citrus plantations, 
housing developments, and fire suppression. By the early 1990s, the 
state- wide FSJ population had declined by >90%, leaving only about 
10,000 individuals scattered across hundreds of local demes state- 
wide (Boughton & Bowman, 2011; Stith et al., 1996).

Here, we capitalize on this unique opportunity to study two 
neighboring subpopulations that were recently continuous but are 

now experiencing contrasting demographic conditions. An inten-
sively studied subpopulation of FSJs in wild habitat at Archbold 
Biological Station (ABS) in south- central Florida has remained stable 
over 50 years because of consistent land protection and manage-
ment, while a nearby subpopulation within the same metapopula-
tion at Placid Lakes Estates (PLE) has declined precipitously over the 
last decade because of habitat loss to residential housing develop-
ment and fire suppression (Figure 1). We sought to quantify genomic 
changes associated with local habitat loss and sudden population 
decline within a subpopulation still connected by limited gene flow 
to nearby stable populations. Our objective was to understand how 
quickly genomic impacts accumulate as population size and immigra-
tion rate decrease. We used single- nucleotide polymorphism (SNP) 
and pedigree data from each population at two time points, 2000 
and 2008— approximately two generations spanning the early- to- 
late stages of population decline— to quantify changes in levels of 
genetic diversity, inbreeding, and degree of relatedness within and 
between our two focal subpopulations over time.

2  |  MATERIAL S AND METHODS

2.1  |  Study subpopulations

ABS harbors one of the largest and best protected subpopulations 
of FSJs within its 2200 ha of suitable, ecologically managed oak 
scrub. Due primarily to prescribed burning for habitat management, 
the FSJ subpopulation at ABS has remained relatively stable in size 
and trajectory, ranging between 95 and 154 breeders from 1995 
to 2010. Since 1969, a study population within ABS has been color 
banded for individual recognition and familial relationships were 
documented in a population pedigree allowing for accurate ascer-
tainment of immigrants coming into the population (Woolfenden & 
Fitzpatrick, 1984). Every year, all nests within each FSJ family group 
are found and monitored, every territory is mapped, and every nest-
ling is measured, banded, and a blood sample is taken.

Less than 10 km northwest of ABS, another subpopulation of 
FSJs exists within a residential subdivision, PLE (Figure 1b). The 
ABS and PLE subpopulations were continuous and panmictic in 
relatively intact habitat as recently as the 1980s, but habitat loss 
and fragmentation increased within PLE during that decade. These 
subpopulations remain contiguous through Lake Placid Scrub 
(LPS), an unsampled, wildland subpopulation of FSJs that was re-
stored during our sampling period. Banding data confirm that lim-
ited gene flow existed between ABS and PLE during our sampling 
interval. Previous research using microsatellite markers placed 
these subpopulations within the same genetic unit and metapopu-
lation (Coulon et al., 2008), and our current SNP data also confirm 
low divergence between the two populations (FST = 0.008). While 
median natal dispersal in FSJs is typically less than 1 km (Aguillon 
et al., 2017), birds occasionally move farther (Suh et al., 2020). 
During our sampling interval, dispersal of birds from the native 
ABS to the suburban PLE was very rare (N = 3), while dispersal in 
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the reverse direction (suburban to native) was an order of magni-
tude more common (Bowman & Woolfenden, 2001).

Despite their connectivity and close proximity, ABS and PLE are 
experiencing drastically different population trajectories. Beginning 
in the 1980s, oak scrub habitat within PLE existed within a mosaic of 
private ownerships that were being cleared and occupied by humans 
as suburbanization intensified. Annual monitoring in PLE began in 
1991 and continued through 2011. Although some population decline 
likely occurred in the 1980s with the initial onset of development, the 
PLE study tract contained sufficient habitat to support a population 
comparable to, and continuous with, ABS until the 1990s. Field moni-
toring estimated 115 breeders in PLE during 1998, equivalent to ABS 
at that time (Figure 1a). Supplemental feeding associated with the 
suburbs in PLE during the 1980s likely maintained this high breeder 
count. However, after 1990, as the residential development of PLE 
accelerated, suitable habitat steadily disappeared, immigration rates 
into PLE plummeted, and the subpopulation declined precipitously.

2.2  |  Sample availability and genotyping

We genotyped existing blood samples from individuals in ABS and 
PLE in the years 2000 and 2008. We sampled only breeders to 
avoid biasing genetic estimates by including individuals known or 
suspected to be closely related (e.g., from within the same nuclear 
family). In 2000, we have samples from 45 breeders at ABS and 24 
breeders at PLE. In 2008, we obtained samples from 178 breeders in 
ABS and 41 breeders in PLE.

Blood was obtained from the brachial vein in each bird's wing 
via needle prick and DNA was extracted for subsequent genotyping 
at Geneseek (Neogen, Inc.) using a custom- designed Illumina iSelect 

BeadChip covering 15,416 genome- wide SNPs (Chen et al., 2014, 
2016). SNP quality control (Gentrain score > 0.7, SNP and individ-
ual call rate > 95%) and pedigree validation were performed using 
GenomeStudio (Illumina), PLINK (Purcell et al., 2007), and PedCheck 
(O'Connell & Weeks, 1998) resulting in a dataset of 11,737 auto-
somal SNPs in Hardy– Weinberg equilibrium used in our runs of 
homozygosity analyses. Z- linked and SNPs with high linkage dis-
equilibrium were then pruned in PLINK (options - - indep- pairwise 50 
5 0.2), resulting in a final dataset of 7834 autosomal SNPs for 288 
breeding individuals.

2.3  |  Heterozygosity, inbreeding, and relatedness

Because cryptic population structure within ABS and PLE may influ-
ence downstream analyses exploring the genetic attributes of our 
study populations, we first searched for genetic clusters within the 
populations using principal component analysis (PCA; Figure S1) 
performed with the R package SNPRelate (Zheng et al., 2012). We 
found no evidence of hidden structure within our subpopulations 
and proceeded with subsequent genetic analyses. Because genetic 
drift is expected to impact allele frequencies in small, declining pop-
ulations more than in large, stable ones, we plotted the observed 
changes in allele frequencies in ABS and PLE from 2000 to 2008 (Δp) 
and compared the variances (Figure S2). We also ran simulations to 
explore the magnitude of changes in allele frequencies between ABS 
and PLE prior to the year 2000 with varying population sizes and 
increasing isolation between the two subpopulations (see Figure S3 
and Supplemental Methods).

We contrasted levels of genetic diversity, inbreeding, and re-
latedness of breeders between subpopulations and across the 

F I G U R E  1  (a) Change in the number of breeders recorded in ABS (green) and PLE (yellow) from 1995 to 2010. Samples for this study 
collected in 2000 and 2008— indicated with dotted lines— incorporate early and precipitous late stages of the population decline in PLE. 
(b) Thiessen polygons around sampling localities in 2000 and 2008. Green and yellow polygons represent sampled localities in ABS and PLE, 
respectively. Gray polygons denote unsampled but extant territories within the metapopulation, including LPS denoted with dark gray
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sampling periods using PLINK (options - - het, - - ibc, - - homozyg, 
and - - genome), and tested for significance using the Wilcoxon 
rank- sum test in R (R Core Team, 2015; Wickham, 2009). We es-
timated mean site- based heterozygosity per individual in PLINK, 
defined as the number of heterozygous loci out of the total loci 
genotyped in that individual. Because we genotyped our samples 
using Illumina BeadChips, it is important to note that our study 
represents heterozygosity only at this subset of known SNP loca-
tions and is not the average per- nucleotide heterozygosity across 
the entire genome.

To estimate levels of inbreeding for each individual, we used 
PLINK's designation of FIII (Purcell et al., 2007; Yang et al., 2011), as 
it has been shown to have a strong correlation with pedigree- based 
inbreeding coefficients (Chen et al., 2016; Huisman et al., 2016). We 
also used the proportion of the genome in runs of homozygosity 
(FROH) because FROH is correlated with homozygous mutation load 
and thus is informative for studies of inbreeding depression (Kardos, 
Åkesson, et al., 2018a). We also estimated the number and lengths 
of runs of homozygosity (ROH) across the genome. The lengths 
of ROH, contiguous tracts of homozygosity arising from consan-
guineous mating which are broken up over time by recombination 
(Franklin, 1977), are particularly useful for anchoring the timing of 
inbreeding events. While shorter ROH could arise from background 
relatedness or linkage disequilibrium, longer ROH (on the order of 
several megabases)— as predicted for the early stages of population 
decline at PLE— reveals more recent inbreeding events (Pemberton 
et al., 2012; Thompson, 2013). Below, we briefly describe our ROH 
investigation.

We identified ROH segments and calculated FROH using our en-
tire dataset of 11,737 autosomal SNPs that passed quality filters 
(see Supplemental Methods). We used a sliding window approach 
in PLINK (option - - homozyg) and did not do linkage disequilibrium 
pruning for this analysis as it often reduces detection of ROH and 
thus biases estimates of FROH (Meyermans et al., 2020). To account 
for the low density of our BeadChip markers along the genome (av-
erage distance between adjacent SNPs ~85.5 kb; Figure S4), we ad-
justed the required minimum ROH length and average SNP density 
per ROH (see Supplemental Methods). Given our SNP sparsity and 
these parameters, we only had the ability to detect large (≥1 Mb) 
ROH. To account for different sample sizes, we performed 1000 it-
erations in which we randomly subsampled 24 and 41 individuals 
from ABS (to match the sampling in PLE) for the years 2000 and 

2008, respectively. We then compared the mean number of ROH 
segments discovered in the ABS subsample to our observed PLE es-
timates (Figure S5). We also accounted for sampling disparities in 
ROH lengths by reporting these estimates as relative proportions 
within each subpopulation.

Finally, we also detected ROH using a model- based method 
implemented through the program BCFtools/RoH (Narasimhan 
et al., 2016)— as opposed to the genotype counting method im-
plemented by PLINK— and compared our results across the two 
methods. We found consistent significant trends for every analysis 
across the two programs, suggesting that our defined PLINK thresh-
olds for ROH detection gave equivalent results to model- based 
models. Thus, all ROH results henceforth are reported using our 
PLINK results. For details on our ROH analyses and comparison of 
results between the methods, see Figures S4, S5, and Supplemental 
Methods.

To assess degree of relatedness, we calculated pairwise identity 
by descent (IBD; Purcell et al., 2007) and compared mean IBD within 
and between subpopulations in 2000 and 2008. We also quantified 
the proportion of specific relationship classes (parent– offspring, 
full siblings, half siblings, avuncular, grandparent– grandchild, and 
first cousins or greater) in each subpopulation (see Supplemental 
Methods). We defined pairwise IBD bins for each relationship class 
based on the range of observed pairwise IBD values for known re-
lationships in the pedigree, with the minimum considered pairwise 
IBD of 0.09 corresponding to the lower end of observed pairwise 
IBD for known first cousins. See Supplemental Methods for more 
details on our relatedness analyses.

3  |  RESULTS

3.1  |  Mean site- based heterozygosity and 
inbreeding levels

We compared mean site- based heterozygosity between subpopula-
tions and across our sampling interval. As predicted, birds in ABS 
were more heterozygous than birds in the collapsing PLE subpop-
ulation in both 2000 and 2008 (Table 1; Wilcoxon rank- sum test: 
W = 729.5, p = 0.009, and W = 4689, p = 0.002, respectively). We 
detected no significant temporal change in mean site- based het-
erozygosity when comparing within either subpopulation between 

TA B L E  1  Mean values for genetic attributes for ABS and PLE in 2000 and 2008

Variable
ABS 2000 
(N = 45)

PLE 2000 
(N = 24)

ABS 2008 
(N = 178)

PLE 2008 
(N = 41)

ABSvPLE 2000 
(N = 69)

ABSvPLE 2008 
(N = 219)

Site- based 
heterozygosity

0.323 (0.001) 0.317 (0.002) 0.322 (0.006) 0.316 (0.001)

Inbreeding (FIII) −0.006 (0.003) 0.009 (0.005) −0.006 (0.001) 0.014 (0.005)

Inbreeding (FROH) 0.005 (1.0 × 10−4) 0.008 (0.002) 0.006 (6.2 × 10−4) 0.012 (0.003)

Relatedness 
(pairwise IBD)

0.026 (0.002) 0.041 (0.004) 0.028 (4.8 × 10−4) 0.034 (0.002) 0.024 (0.001) 0.024 (3.4 × 10−4)

Note: Standard errors presented in parentheses.
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2000 and 2008. Therefore, we pooled our samples and found that 
ABS was still significantly more heterozygous than PLE (Figure 2a; 
Wilcoxon rank- sum test: W = 8761, p = 1.00 × 10−4). Consistent with 
our heterozygosity results, the larger apparent effective size of the 
ABS population compared to PLE is also reflected in the lower vari-
ance in changes in SNP allele frequencies (from 2000 to 2008) in 
ABS compared to PLE (Figure S2).

To compare levels of inbreeding between our subpopulations 
and across the sampling interval, we estimated inbreeding coef-
ficients FIII and FROH. We found that FIII was significantly lower in 
ABS than PLE in both 2000 and 2008 (Table 1; Wilcoxon rank- sum 
test: W = 757, p = 0.003 and W = 5253, p = 5.83 × 10−6, respec-
tively), again consistent with predictions based on rapid population 
decline in PLE. Because we detected no significant changes in FIII 
across 2000 and 2008 for either subpopulation, we again com-
pared the FIII statistic between ABS and PLE as pooled samples 
(Figure 2b; Wilcoxon rank- sum test: W = 9765, P = 1.91 × 10−8). FROH 

was significantly lower in ABS than in PLE for both years (Table 1; 
Wilcoxon rank- sum test: W = 285.5, P = 0.03 in year 2000 and 
W = 2668.5, P = 0.042 in 2008), and the two inbreeding statistics 
were significantly correlated (Figure S6; Pearson's correlation test: 
r = 0.57, P = 2.2 × 10−16).

As another assessment of the degree of inbreeding, we com-
pared the number of ROH across subpopulations and sampling 
years. Overall, we found ROH on 28 of the 32 chromosomes in 
which we had SNP markers available (Figure S7). In 2000, we re-
corded 82 and 63 ROH segments in ABS and PLE, respectively. In 
2008, we saw an increase to 328 and 104 segments in ABS and PLE. 
We accounted for the greater number of individuals in ABS than PLE 
(especially in 2008) by subsampling ABS to match our PLE sample 
sizes and instead compared the distribution of ROH counts gener-
ated for the subsample of ABS to the observed estimates in PLE. The 
mean number of ROH segments found in our subsampled ABS dis-
tribution was 43.84 ± 0.19 for 2000 and 79.59 ± 0.32 in 2008, which 
is consistently lower than the number of ROH detected in PLE for 
either year (Figure S5; Wilcoxon rank- sum test: W = 0, P = 0.041 in 
year 2000 and W = 6, P = 0.043 in year 2008).

Because we expected more recent inbreeding events and, 
thus, longer ROH associated with habitat loss and fragmentation 
in PLE, we investigated the distribution of lengths of ROH <5 Mb 
and ≥5 Mb for both subpopulations and sampling periods. We se-
lected this 5 Mb division based on similar empirical studies of in-
breeding (Bosse et al., 2012; Humble et al., 2020). Short ROH such 
as those arising from background relatedness or linkage disequi-
librium typically measure tens of kilobases in length (Pemberton 
et al., 2012). Therefore, we suspect that our cut- off at 5 Mb, while 
arbitrary, truly reflects long ROH occurring from recent shared 
parentage. For this analysis, we did not subsample ABS to correct 
for sampling disparities but instead compared the ROH lengths as 
proportions within each subpopulation (Figure 3). The majority of 
segments were <5 Mb, with similar proportions across ABS and 
PLE. However, for ROH ≥5 Mb, the proportions in PLE were larger 
than in ABS across both years, consistent with our predictions for 
a continuously declining subpopulation in PLE. Specifically, these 
proportions were 0.18 in ABS and 0.24 in PLE in the year 2000 
(Pearson's Chi- square test: X2 = 1.07, df = 1, p = 0.30), and 0.22 
compared to 0.32 in 2008 (Pearson's Chi- square test: X2 = 4.04, 
df = 1, p = 0.04). Notably, the longest segment (nearly 25 Mb), and 
hence the most recent inbreeding event, was found in PLE in 2008. 
Finally, as with site- based heterozygosity and FIII, we detected no 
significant changes in ROH lengths from 2000 to 2008 within ei-
ther subpopulation.

3.2  |  Relatedness and identity by descent

As population size declines and consanguineous matings increase, 
individuals are expected to become more related to one another 
over time. We assessed the degree of relatedness within ABS and 
PLE and across our sampling periods using a pairwise IBD approach. 

F I G U R E  2  Boxplots for (a) average site- based heterozygosity 
(p = 1.1 × 10−4) and (b) mean inbreeding coefficient FIII 
(p = 1.9 × 10−8) for ABS and PLE pooled across both years. The 
bottom, bolded middle, topmost lines of the boxes represent the 
first quartile, mean, and third quartile, respectively. Individuals 
represented as black and gray points for 2000 and 2008, 
respectively
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Consistent with predictions for a large, stable population, individu-
als in ABS had lower average pairwise IBD values than individuals 
in PLE in either year, although this comparison was only statistically 
significant for 2000 (Figure 4a; Table 1; Wilcoxon rank- sum test: 
W = 152,700, p = 8.51 × 10−4). Across the sampling interval, we found 
no significant difference in pairwise IBD in ABS (W = 7,817,034, 

p = 0.89). Pairwise IBD decreased slightly from 2000 to 2008 in PLE, 
presumably driven either by a bump in immigration into this sub-
population during our sampling interval or by sampling stochasticity 
(Table 1; Wilcoxon rank- sum test: W = 97,115, p = 8.27 × 10−5). This 
decrease explains the more comparable levels of pairwise IBD be-
tween ABS and PLE in 2008.

F I G U R E  3  Proportion of ROH lengths in ABS and PLE using 11,737 SNPs. (a) Because recombination events break up ROH over time, 
runs shorter than 5 mb indicate linkage disequilibrium or inbreeding events in the distant past, while (b) ROH longer than 5 mb reveal more 
recent inbreeding

(a) (b)

F I G U R E  4  (a) Average pairwise identity by descent (IBD) of individuals in ABS and PLE in 2000 and 2008. The bottom, bolded middle, 
topmost lines of the boxes represent the first quartile, mean, and third quartile, respectively. Consistent with a large, stable population, 
mean IBD was lower within ABS than PLE for both years, although this was only statistically significant in 2000. As expected, mean pairwise 
IBD relatedness between subpopulations (ABSvPLE) was lower than within subpopulation comparisons for either year. (b) Proportions of the 
closest pairwise relationships (those with shared IBD ≥0.09 indicating first cousins or greater) within each subpopulation for 2000 and 2008. 
Thresholds for pairwise IBD bins for each relationship class were based on pairwise IBD values of known relationships in the pedigree. The 
high relatedness class (IBD ≥0.40) includes parent– offspring and full sibling pairs; the moderate relatedness class (IBD ≥0.18– 0.40) includes 
half sibling, avuncular, and grandparent– grandchild pairs; and the other close relatedness class includes first cousin pairs (IBD ≥0.09– 
0.18). As expected, ABS had a smaller overall proportion of close relationships than PLE in both years. PLE also had a significantly larger 
proportion of the high and moderate relatedness classes than ABS for both years. Across the sampling interval, the overall proportions did 
not significantly change in ABS (from 0.041 to 0.055) but decreased in PLE (from 0.115 to 0.063), driven primarily by first cousin pairs. This 
decrease in close relationship pairs within PLE reflects the decline in pairwise IBD observed from 2000 to 2008
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To better understand the degree of relatedness between sub-
populations, we generated all possible draws of one ABS and one 
PLE bird and estimated the shared IBD of these inter- subpopulation 
pairs in both 2000 and 2008. We then compared the results of these 
new analyses to our previous calculations of pairwise IBD among 
individuals within each respective subpopulation. In 2000, aver-
age between- subpopulation IBD (ABSvPLE) was lower than values 
observed within each subpopulation (Table 1), although this differ-
ence was only statistically significant for PLE (Figure 4a; Wilcoxon 
rank- sum test: W = 1,193,600, p = 0.08 for ABS and W = 369,640, 
P = 2.22 × 10−5 for PLE). A similar trend was also observed in 2008, 
although the comparison is now only significant for ABS (Wilcoxon 
rank- sum test: W = 197,130,000, p = 2.26 × 10−16 for ABS, and 
W = 9,880,600, p = 0.31 for PLE). In general, birds across the two 
subpopulations were less related to each other than birds within 
each subpopulation.

Finally, we focused on only the closest pairwise relationships 
(those with shared IBD ≥0.09 indicating first cousins or greater), as 
these likely contribute the most to the degree of relatedness in each 
subpopulation. As expected, ABS had an overall smaller proportion 
of close relationships than PLE in both years (Figure 4b; Pearson's 
Chi- squared test: X2 = 9.89, df = 1, P = 1.6 × 10−3). Notably, PLE had 
a significantly higher proportion of relationship pairs within the high 
(parent– offspring and full sibling) and moderate (half sibling, avun-
cular, and grandparent– grandchild) relatedness classes than ABS in 
both years (Figure 4b; Pearson's Chi- squared test: X2 = 29.08, df = 1, 
p = 6.92 × 10−8). From 2000 to 2008, the overall proportions of 
close relationships did not significantly change in ABS (from 0.041 
to 0.055; Pearson's Chi- squared test: X2 = 3.34, df = 1, p = 0.06) but 
decreased in PLE (from 0.115 to 0.063; Pearson's Chi- squared test: 
X2 = 8.05, df = 1, p = 4.6 × 10−3). This decrease in PLE is driven by a 
reduction in first cousin pairs across the sampling period (Figure 4b; 
from 0.07 to 0.02; Pearson's Chi- squared test: X2 = 17.56, df = 1, 
P = 2.79 × 10−5) and likely contributed to the overall lowered pair-
wise IBD in 2008 observed previously within this subpopulation.

4  |  DISCUSSION

We leveraged a unique opportunity to test empirically a prevailing 
conservation genetics paradigm within a metapopulation context, in 
a bird species known to be highly sensitive to human disturbance and 
residential development (Chen et al., 2016; Coulon et al., 2012). Our 
results reveal how quickly genomic impacts can accumulate during 
rapid population decline, even in the presence of ongoing gene flow. 
In just a few generations after the onset of residential development, 
the declining population (PLE) already exhibited lower site- based 
heterozygosity and higher levels of inbreeding, ROH, and related-
ness than did the intact population occupying native habitat located 
only a few kilometers away (ABS). That we detected no significant 
changes in heterozygosity or inbreeding in either subpopulation 
across an 8- year sampling interval indicates that genetic differ-
ences had already arisen by the year 2000 between these recently 

continuous subpopulations. Despite a decrease in overall pairwise 
IBD in PLE across our sampling period, plausibly driven by sampling 
stochasticity or far dispersing immigrants from diverged popula-
tions that entered PLE within our 8- year interval, PLE still had a 
significantly larger proportion of the high and moderate relatedness 
classes than ABS for either year, suggestive of ongoing inbreeding.

The relative length distributions of ROH provide further in-
sight into the demographic histories of our subpopulations. ROH 
are useful estimators of inbreeding in natural systems because 
FROH is correlated with homozygous mutation load and their length 
distributions can be used to approximate levels of inbreeding de-
pression across populations within a species (Kardos, Nietlisbach, 
& Hedrick, 2018b; Stoffel et al., 2021). Longer ROH are expected 
to harbor more deleterious alleles with larger average effects on 
fitness than shorter ROH where purifying selection has had more 
time to purge maladaptive mutations (Stoffel et al., 2021; Szpiech 
et al., 2013). ROH lengths can also reveal demographic histories of 
populations (Grossen et al., 2020; Kardos, Åkesson, et al., 2018a; 
Ralph & Coop, 2013). Consistent with expectations for a recently 
declining population, we found higher proportions of ROH ≥5 Mb 
in PLE 2008 than in ABS, indicative of recent inbreeding associated 
with habitat loss and fragmentation in this subpopulation. FROH was 
also higher in PLE for both sampling periods, possibly reflecting a 
risk of more severe inbreeding depression and mutational load in this 
subpopulation. Notably, we recorded similar proportions of shorter 
ROH <5 Mb between ABS and PLE, consistent with these being one 
continuous population of shared demographic history in the past 
that has now begun to diverge in levels of inbreeding with recent 
local population decline.

Given that PLE already displayed lower heterozygosity and ele-
vated inbreeding than ABS by our sampling period in 2000, despite 
exhibiting a census size comparable to ABS in 1998 (Figure 1a), PLE 
likely was experiencing genetic consequences of population decline 
well before the process was evident in our field monitoring in 1990s. 
Suburban supplemental feeding during the 1990s helped maintain 
high observed counts of FSJs in PLE; however, if these individuals 
were unsuccessful at establishing territories in the fragmented en-
vironment and ultimately failed to breed, the effective population 
size would have been much smaller than the census population size 
estimated with count data. Furthermore, previous work already doc-
umented higher rates of egg hatching failure and fledgling mortal-
ity within PLE as compared to ABS during the 1990s (Bowman & 
Woolfenden, 2001). Finally, even a small degree of habitat fragmen-
tation has been shown to drastically impede movement of FSJ within 
a subpopulation due to their limited dispersal (Coulon et al., 2012). 
This limited dispersal would reduce overall admixture and facilitate 
pockets of high inbreeding associated with local population struc-
ture. Together, these studies coupled with our genomic findings 
suggest that birds in PLE probably began losing heterozygosity 
and increasing inbreeding with the onset of suburbanization in the 
1980s, a decade before we captured any signals of population de-
cline in our demographic monitoring. Our study emphasizes the im-
portance of understanding the genomic consequences of declining 
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populations— even while they still appear to be robust— as a critical 
consideration for conservation management.

Although we know that ABS and PLE began as segments of one 
large, continuous population, we cannot eliminate the possibility that 
PLE already harbored less heterozygosity than ABS even before the 
onset of housing development in the 1980s. Analysis of additional 
historic samples could capture population dynamics from before the 
beginning of habitat loss, providing a more complete understanding 
of population demographics at that time. Meanwhile, our study doc-
umented the surprising speed at which habitat fragmentation can 
result in reduced genetic health of local subpopulations of FSJs. Our 
simulations also confirmed that the magnitude of changes in allele 
frequencies between the two subpopulations prior to the year 2000 
were plausible given the magnitude of changes in population sizes 
and increased isolation between the two subpopulations (Figure S3). 
Although we were unable to detect very short ROH given the in-
herent sparsity of our SNP array, the relative length distributions 
of ROH for each subpopulation are still informative for contrasting 
inbreeding dynamics. Recently, we obtained high- coverage whole- 
genome sequences from ABS and PLE from before the population 
crash, data which will help gain a more complete understanding 
of the genomic trajectories within these subpopulations in future 
studies.

Recent studies focused on population decline in other popula-
tions, such as in the Channel Island fox and Alpine ibex (Grossen 
et al., 2020; Robinson et al., 2016, 2018), underscore the role of 
past demographics in either accumulation of deleterious variation 
or purging of that variation from the genome. These studies suggest 
populations with repeated bottlenecks in the past may have purged 
deleterious recessive variation to the point that they are much less 
susceptible to inbreeding depression, leading some to emphasize 
the importance of quantifying deleterious variation for conserva-
tion purposes (Teixeira & Huber, 2021). However, populations that 
have not faced recurrent bottlenecks are expected to show a strong 
correlation between reduced genome- wide diversity and increased 
inbreeding depression, retaining the maintenance of genetic diver-
sity as a useful strategy for conservation (Kardos et al., 2021; Ralls 
et al., 2020). Reduced genetic diversity has been associated with 
reduced egg hatchability and juvenile survival in the FSJ (Chen 
et al., 2016), establishing the utility of metrics of genome- wide ge-
netic diversity in this system. Therefore, in this case, neutral varia-
tion likely serves as a useful proxy of incipient genetic risks imposed 
by loss of heterozygosity, especially in the context of comparing 
formerly connected subpopulations that are becoming increasingly 
fragmented and depopulated.

Our results highlight how quickly genomic impacts can accu-
mulate during rapid anthropogenic population decline, even in the 
presence of ongoing gene flow. Habitat loss and fragmentation 
have been shown to deteriorate genetic diversity at the greatest 
magnitude relative to other modes of range contraction (Rogan 
et al., 2021). Therefore, we emphasize the importance of conser-
vation intervention in the early stages of population decline, espe-
cially given the severity and speed associated with habitat loss and 

fragmentation. Furthermore, gene flow from even depauperate and 
inbred subpopulations (like PLE) are critical for the persistence of 
seemingly stable, large subpopulations (like ABS), especially in the 
FSJ (Chen et al., 2016). We underscore the importance of maintain-
ing these small subpopulations and increasing connectivity between 
contiguous subpopulations for vulnerable species in a metapopula-
tion context. Our study exemplifies how consideration of all aspects 
of a population's genetic attributes, from immigration to the propor-
tion of closely related individuals, should be evaluated for a compre-
hensive understanding of the genomic dynamics for conservation 
decisions.
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