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Genomic recovery lags behind demographic recovery in bottlenecked populations of the Channel Island fox, Urocyon littoralis
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Abstract 
With continued global change, recovery of species listed under the Endangered Species Act is increasingly challenging. One rare success was the recovery and delisting of the Channel Island fox (Urocyon littoralis) after 90-99% population declines in the 1990s. While their demographic recovery was dramatic, less is known about their genetic recovery. To address genetic changes we conducted the first multi-individual and population-level direct genetic comparison of samples collected before and after the recent bottlenecks. Using whole exome sequencing, we found that already genetically depauperate populations were further degraded by the 1990s declines and remain low, particularly on San Miguel Island which underwent one of the most severe bottlenecks.  The three other islands that experienced recent bottlenecks (Santa Rosa, Santa Cruz, and Santa Catalina islands) showed mixed results based on multiple metrics of genetic diversity.  Previous island fox genomics studies showed low genetic diversity before the declines and no change after the demographic recovery, thus this is the first study to show a decrease in genetic diversity over time in U. littoralis.  Additionally, we found that divergence between populations consistently increased over time, complicating prospects for using inter-island translocation as a conservation tool. The Santa Catalina subspecies is now federally listed as threatened, yet other de-listed subspecies are still recovering genetic variation which may limit their ability to adapt to changing environmental conditions.  This study further demonstrates that species conservation is more complex than population size and that some island fox populations are not yet “out of the woods”.
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Introduction
Since passage of the Endangered Species Act (ESA) in 1973, only 39 out of 2,300 species were delisted due to recovery as of 2017 (U. S. Fish and Wildlife Service, 2017), making recovery of endangered species a rare occurrence.  A report on endangered birds estimated that recovery plans would take an average of 63 years (Suckling, Mehrhoff, Beam, & Hartl, 2016), illustrating that recovery is generally a slow process.  In contrast, the Channel Island fox, Urocyon littoralis, was delisted after spending just 12 years on the federal endangered species list securing the record of the fastest successful recovery for any ESA-listed mammal in the United States (U.S. Department of the Interior, 2016).  Four of the six island fox subspecies were federally listed in 2004 following 90-99% population crashes that occurred in the late 1990s on the northern Channel Islands and Santa Catalina due to hyperpredation and canine distemper virus, respectively (Coonan, Schwemm, & Garcelon, 2010; Coonan, Schwemm, Roemer, Garcelon, & Munson, 2005; Roemer et al., 2001; Timm et al., 2009).  After swift and effective captive breeding programs, the fox populations on the affected islands rebounded to near, at, or above pre-crash population census sizes and therefore were delisted in 2016, except for the foxes on Santa Catalina which were downlisted to threatened.
 While the Channel Island fox demographic recovery has been dramatic, much less is known about their genetic recovery.  Generally, genetic diversity declines alongside population decreases, but often takes longer to recover than does census population size (Allendorf, 1986; Nei, Maruyama, & Chakraborty, 1975). Therefore, we rigorously tested, for the first time, if the island foxes recovered their genetic diversity.  Previously, whole genome sequencing from one individual per island (two from San Nicolas Island) collected before the bottlenecks showed exceedingly low genetic diversity within islands, especially for the two individuals from San Nicolas (Robinson et al., 2016).  Mitogenomes sequenced from samples collected after the bottlenecks suggested that some haplotype diversity was retained despite population declines (Hofman et al., 2015).  And a RADseq study from samples collected after the bottlenecks (Funk et al., 2016) showed low nucleotide diversity but higher observed and expected heterozygosity within islands than that found by Robinson et al. (2016).  A subsequent whole genome study by Robinson et al. (2018) found no statistically significant change in genome-wide heterozygosity between samples collected in 1988 and samples collected 2005-2009 for five of the islands (one individual per island per time period).  In addition, for San Nicholas Island, which is believed to have experienced a bottleneck in the early 1970s (Laughrin, 1980), they found consistently low genetic diversity in samples from 1929, 1988, and 2000 (1-2 individuals per year). While previous work did not detect significant temporal genetic changes, these studies were constrained by minimal sampling pre- and post-bottleneck.
In this study we evaluate genetic diversity across multiple individuals collected pre- and post-bottleneck in each of the six U. littoralis subspecies.  Three aspects of our study that will help us accurately test if genetic diversity has recovered are the use of exome sequencing, multiple diversity metrics, and multi-individual sampling for all islands pre- and post-bottleneck. An exome capture approach was chosen to reduce sequencing human and/or microbial contaminants that can be associated with museum specimens (Bi et al., 2013; Carpenter et al., 2013) and to focus on genic regions and putatively adaptive loci. Genic regions are advantageous in that they have been shown to be better at determining population differentiation than intergenic markers (Gelfman et al., 2012; Hand et al., 2016; Matala, Ackerman, Campbell, & Narum, 2014; Zhan et al., 2015).  Further, by focusing on functional regions in the genome, we hope to shed light on how U. littoralis has escaped detectable inbreeding depression despite having extremely low genetic diversity (Robinson et al 2018).  Given that popular genetic metrics assess different aspects of diversity and therefore respond differently to demographic changes, we employed multiple metrics to better diagnose if U. littoralis has fully recovered.  Here we measure heterozygosity, which is expected to vary with size of the bottleneck and the rate of population growth after the contraction (Nei et al., 1975).  We also measure nucleotide diversity which is expected to be more sensitive than average heterozygosity to bottlenecks due to greater reliance on rare alleles (Nei et al. 1975; Luikart et al. 1998). In addition, we measure the number and length of runs of homozygosity (ROH) which are expected to increase with bottlenecks and decrease with time since bottleneck (Ceballos, Joshi, Clark, Ramsay, & Wilson, 2018).  We also examine divergence, FST, among islands over time, which is expected to increase after a bottleneck due to drift.  Finally, using multiple samples from pre- and post-bottlenecks across all inhabited islands we will be able to calculate population-level statistics and assess variation among individuals. 
We also use this quasi-natural experiment to test if the different bottlenecks left distinct genomic signatures due to the differences in cause, severity, and recovery. For example, we might expect genes related to body size, muscle movement, or sight to be selected for on the northern islands where the cause of the decline was predation.  However, on Santa Catalina Island, we might expect genes related to the immune system to be under selection because the population decline was caused by a disease.
[bookmark: _Hlk90918196]Understanding the genetic response across the subspecies of U. littoralis is necessary to assess each subspecies’ capacity for resilience.  High standing genetic variation is advantageous because selection among existing mutations can happen quicker than waiting for new mutations (Barrett & Schluter, 2008).  While the Santa Catalina Island subspecies is listed as threatened due to ongoing hazards (e.g., disease, human-interaction), the remaining subspecies have similar or lower genetic diversity and do not have protected status. Accurate resolution of the genomic consequences of bottlenecks will be important for understanding how the subspecies may respond to environmental changes. 

Materials and Methods
Sampling, DNA extraction, quantification, and shearing
Pre-bottleneck samples (called historical going forward) were obtained from museum specimens by either scraping dried tissue from bones or cutting a 1x1cm section of skin from the ventral side of a study skin.  Historical samples were processed in an AirClean 600 PCR workstation (Creedmoor, NC, USA) and were extracted before blood samples (described below) to minimize contamination.  Whole genomic DNA was extracted from historical samples following a modified protocol based on previous work (Bi et al., 2013; Mullen & Hoekstra, 2008; Rowe et al., 2011).  Briefly, hair was shaved from the larger tissue samples and then the sample was washed with Sodium Chloride-Tris-EDTA (STE) buffer.  The sample was then submerged in liquid nitrogen followed by hits from a hammer to pulverize the tissue.  If larger pieces persisted, samples were cut on glass microscope slides using UV-treated disposable razor blades.  Samples were then incubated in buffer and Proteinase K at 56°C overnight, with an additional 20μL of Proteinase K added after approximately 4 hours, for a total of 40μL Proteinase K.  QiaQuick columns and DNeasy reagents were used to finish the extraction following the DNeasy Blood and Tissue protocol (Qiagen, Valencia, CA, USA).  Whole genomic DNA was eluted in 100μL of 1:100 diluted AE buffer.
Blood samples were provided by managers or contractors of the islands (see Acknowledgements).  Whole genomic DNA was extracted using a modified protocol (Wong et al., 2007), and the end of the protocol was made to match that of the historical sample extraction.  Briefly, red blood cell (RBC) lysis buffer was added to approximately 200μL of a clotted blood sample. Two bleached, autoclaved, flame-sterilized steel beads (3.175mm) were then added to break open cells when vortexed.  Buffer, Proteinase K, and 10% SDS were added to the disrupted pellet which was then incubated at 56°C overnight.  The remaining steps followed the historical sample extraction, but DNA was eluted in 100μL molecular grade water.
Genomic DNA was quantified using an Invitrogen Qubit 2.0 Fluorometer (Carlsbad, CA, USA).  DNA fragment size was evaluated with an Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA), and samples with many large fragments (>500bp) were sheared using a Covaris S2/E210 Focused-ultrasonicator (Woburn, MA, USA).  Large DNA fragments were sheared to a target size of 200bp with the following parameters: 10% duty cycle, intensity level 5, 200 cycle bursts, frequency sweeping mode, time 60s, and a total of 3 cycles. 
Exome capture and sequencing
We used commercially made exome capture baits (NimbleGen’s SeqCap EZ Developer) based on a previous design (Broeckx et al., 2014) for the genome of the domestic dog, Canis familiaris.  The exome capture protocol was carried out based on NimbleGen SeqCap EZ Library SR User’s Guide (Roche NimbleGen, Madison, WI, USA).  Library preparation was conducted using a KAPA Hyper Prep Kit (KAPA Biosystems, Wilmington, MA, USA) with Truseq LT adapters, and Agencourt AMPure XP beads (Beckman Coulter Inc., Brea, CA, USA).  Briefly, sheared DNA underwent end repair, A-tailing, and adapter ligation followed with dual size selection.  After which, samples were amplified, cleaned, then hybridized to the exome baits overnight.  Captured DNA was washed off and a post-capture amplification step was carried out followed by a clean-up step.  Sample libraries were checked for quality using an Invitrogen Qubit 2.0 Fluorometer (Carlsbad, CA, USA) and a Bioanalyzer.  Four barcoded sample libraries were pooled per one exome capture.  Three amplified and quality checked exome captures were then pooled in an equimolar manner to be sequenced on one Illumina lane.  A total of 24 exome captures were sequenced by 150bp paired-end (PE) reads on 8 lanes of an Illumina HiSeq X at Fulgent Genetics (Temple City, CA, USA).
Sequence processing
[bookmark: _Hlk526759727]Sequences shorter than 75bp were removed, and the remaining reads were trimmed if below a PHRED quality score of 20 using a sliding window of 4 bases; this was done in Trimmomatic v. 0.33 (Bolger, Lohse, & Usadel, 2014).  Trimmed reads passing the quality filters were mapped to the C. familiaris genome (canFam3; UCSC Genome Browser; (Kent, Sugnet, Furey, & Roskin, 2002).  We mapped our reads to the dog genome because there is currently no Urocyon reference genome and previous studies showed that U. littoralis mapped well (> 90% reads mapped to reference with 12.9-23.3x mean coverage per individual) to the C. familiaris genome (Robinson et al. 2016, 2018).  Recent estimates for the divergence of Urocyon and Canis are between 10.4 and 16.3 million years ago (Nyakatura & Bininda-Emonds, 2012; C. Zhao, Zhang, Liu, Yang, & Zhang, 2016).  Reads were mapped using Genomic Short Nucleotide Alignment Program (GSNAP), which is part of the GMAP package, v. 2017-11-15 (Wu & Nacu, 2010), using the following parameters: mismatch = 0.1, indel penalty = 2, coverage rate = 0.76.  Files were converted to BAM format, sorted and indexed using SamTools v. 1.5-10-g3edfa59 (Li et al., 2009).  Duplicate reads were tagged using PicardTools MarkDuplicates.  Mapping metrics were calculated with PicardTools CollectAlignmentSummaryMetrics, on-target reads were calculated with BedTools intersect (Quinlan & Hall, 2010), and depth of coverage was calculated with VCFtools v. 0.1.15 (Danecek et al., 2011). 
Variant calling and filtering
Variants were called with FreeBayes v. 1.1.0-54-g49413aa (Garrison & Marth, 2012).  Variants were filtered to remove multi-allelic loci, depth less than 3, and site quality scores less than 20 using VCFtools (--min-alleles 2 --max-alleles 2 --minDP 3 --minQ 20).  For within-population genetic statistics (observed heterozygosity, nucleotide diversity, etc.), we divided the data by island and time period (historical and modern) then removed variants with greater than 10% missing data (VCFtools --max-missing 0.9), excluded variants that significantly deviated from Hardy Weinberg Equilibrium (α=0.05), and pruned variants for linkage disequilibrium (LD) in Plink v. 1.90b4.1 (--indep-pairwise 50 5 0.2; (Chang et al., 2015)).  For between-population genetic analyses, we used the quality filtered dataset including all islands and removed variants with a minor allele frequency less than 0.01 (--maf 0.01) then pruned variants for LD and removed variants with greater than 20% missing data. Additionally, we excluded variants that significantly deviated from Hardy Weinberg Equilibrium for estimates of FST. 
Within-population statistics
Population statistics were calculated from the quality filtered and LD pruned dataset separately by island and time period.  We calculated nucleotide diversity (π) in 100,000bp windows with 10,000bp step size in VCFtools (--window-pi 100000 --window-pi-step 10000).  Observed heterozygosity per individual was calculated using VCFtools --het and per site using --hardy.  We calculated the average per site heterozygosity across the genome using sliding windows of 100Kb with 10Kb steps using the R package “WindowScanR” (https://github.com/tavareshugo/WindowScanR).  Runs of homozygosity were calculated using Plink and the following parameters suggested for low density data (Ceballos, Hazelhurst, & Ramsay, 2018): --homozyg-snp 50 --homozyg-kb 300 --homozyg-density 50 --homozyg-gap 1000 --homozyg-window-snp 50 --homozyg-window-het 2 --homozyg-window-missing 5 --homozyg-window-threshold 0.05.  Tajima’s D was calculated using bins of 100bp (--TajimaD 100).  Kruskal-Wallis and Dunn post hoc tests were used to assess statistical differences between islands, Wilcoxon rank sum tests were used to determine differences between time periods within an island, and generalized linear models were used to test for an interaction between island and time period.  Statistical analyses were performed in RStudio v. 2022.2.3.492 (RStudio Team, 2022) with R v. 4.1.2 (R Core Team, 2021) and the FSA package (Ogle, 2018).  Effective population size per island and time period was calculated in Ne Estimator v. 2.1 (Do et al., 2014) on synonymous SNPs, identified with snpEff v. 4.3r (Cingolani, Platts, et al., 2012) and filtered with snpSift (Cingolani, Patel, et al., 2012), after converting files to Genepop format using PGDspider v. 2-0-4-0 (Lischer & Excoffier, 2012). 
Population differentiation
Population differentiation analyses were conducted on the quality filtered, maf filtered, LD pruned dataset.  We conducted a multidimensional scaling analysis (MDS; --mds-plot -cluster) in Plink and visualized it in RStudio with R.  We tested the results with generalized linear and additive (R package mgcv; (Wood, 2017)) models.  Weighted global population differentiation (Weir & Cockerham, 1984), FST, was calculated using VCFtools (--weir-fst-pop) pairwise by island within time period.  To further evaluate relatedness among samples, we calculated identity-by-descent (IBD) in Plink (--genome).  We created a phylogenetic tree using SNPhylo v. 20140701 (Lee, Guo, Wang, Kim, & Paterson, 2014) which quality filters variants, generates representative sequences from SNPs, and performs multiple alignment using MUSCLE v. 3.8.31 (Edgar, 2004).  A maximum likelihood method was used to estimate phylogenies on the SNPhylo output using DNAML in PHYLIP (Felsenstein, 1989).  The phylogenetic tree was plotted with the R package ggtree (Yu, Smith, Zhu, Guan, & Lam, 2017).
Bottleneck and island associated variants
	Association analyses were carried out on the quality filtered dataset, neither pruned for LD nor filtered by maf.  We identified variants that had significantly different allele frequencies between historical and modern samples through association tests in Plink.  The three northern islands (SMI, SRI and SCZ), where bottlenecks were attributed to predation, were analyzed separately from CAT, where the bottleneck was attributed to disease. For historical versus modern samples on the northern islands, we did a 2x2xK Cochran-Mantel-Haenszel (CMH) test (--mh).  Separately, we did a Fisher’s exact test (--assoc fisher) for the historical versus modern samples on CAT.  A CMH test was used to look at associations on the northern islands to account for confounding inter-island differences, but this was not necessary when looking only within CAT, so a Fisher’s exact test was used instead.  Resulting variant p-values were visualized in RStudio.  We visualized the quantile-quantile (qq) plots and estimated the overdispersion (λ) of p-values for each test using gcontrol2 (Devlin & Roeder, 1999) in the R package Gap v. 1.1.22 (J. H. Zhao, 2007).  We then looked up the significant variants using their chromosome and position in the CanFam3 reference genome on the UCSC Genome Browser (Kent et al., 2002) to find potentially corresponding genes.

Results
Exome capture and sequencing
We sequenced 95 exomes of historical (N = 41) and modern (N = 54) U. littoralis and one experimental blank.  These samples were from San Miguel (SMI, N = 17), Santa Rosa (SRI, N = 14), Santa Cruz (SCZ, N = 9), Santa Catalina (CAT, N = 24), San Clemente (SCL, N = 15), and San Nicolas (SNI, N = 16) islands (Table S1; Fig. 1).  For historical samples, the raw total PE counts ranged from 3 million to 162 million reads with an average of over 73 million total PE counts.  For modern samples, we obtained raw total PE counts from over 29 million to over 138 million with an average of over 74 million total PE counts.  Historical and modern sequences mapped to the canine genome with an average of 99.6% reads paired properly (paired reads mapped together in the expected orientation, Table S2).  The average percentage of duplicate reads was 21.6% for historical samples and 16.4% for modern samples.  The average read length was 134bp for historical and 141bp for modern samples.  We found that the average depth of coverage per individual was 8.1 for historical samples and 8.3 for modern samples.  The percentage of reads mapping on-target was 71.4% for historical samples and 83.2% for modern samples.
There were four historical samples, two from SCZ (LANHM-085730, SBMNH-2063) and two from SNI (LANHM-006843, SBMNH-1074), with particularly low read counts and percentages on-target.  Their on-target percentages ranged from 2-4.5% whereas SCZ on average had 77% and 83% for historical and modern with those two samples removed.  Similarly, SNI had an average of 81% and 85% on-target reads for historical and modern with the low coverage samples removed.  The total number of reads for the samples in question were 10-30 times lower than the averages with those samples removed.  Therefore, those samples were excluded from further analyses.
Variant calling and filtering
[bookmark: _Hlk526776581]There was a total of 78,241,936 variants in the unfiltered dataset.  For all the samples combined, the quality filtered dataset had 33,103,753 variants (Table S3).  After splitting datasets by island and time period and filtering out variants with missing data and those in LD, the remaining variants ranged from 21,378 in SCL historical to 86,033 in CAT historical (51,164 ± 22,574.4, mean ± standard deviation).  The dataset used for population differentiation was based on 44,534 variants.  The islands had similar mean estimates of LD ranging from R2 of 0.41 ± 0.37 in historical CAT samples to 0.63 ± 0.36 in modern SCZ samples (Fig. S1). 
Within-population statistics
	Populations known to have experienced recent bottlenecks (SMI, SRI, SCZ, CAT) generally showed signs of decreased genetic diversity.  All recently bottlenecked islands decreased in median nucleotide diversity (Fig. 2A) from historical to modern, save for SRI, which showed an increase.  In the two non-bottlenecked populations, nucleotide diversity over this time period increased. The generalized linear model had significant terms for all island and time period interactions (Table S4). 
	Half of the bottlenecked islands, SMI and SRI, showed a significant decrease in individual observed heterozygosity (Fig. 2B) from historical to modern time periods (PSMI = 0.001, PSRI = 0.034). For the remaining two bottlenecked islands, CAT showed a non-significant decrease while SCZ showed a non-significant increase. For the two islands not known to have undergone a recent bottleneck, a significant decline in observed heterozygosity between the two time periods was detected in SNI (P = 0.001) while a marginally non-significant decline was detected in SCL (P = 0.06).  Average heterozygosity calculated in 100Kb windows (Fig. S2) shows that heterozygosity patterns were generally consistent across the genome (Fig. S2).  We conducted a generalized linear model with observed heterozygosity and year collected (Table S4, Fig. S3) and found significant year terms for each of the four bottlenecked islands (PSMI = 1.5x10-9, PSRI = 0.02, PSCZ = 0.046, PCAT = 0.03), and half of the non-bottlenecked islands (PSCL = 0.91, PSNI = 4.3x10-7).  This analysis by year (Fig. S3) demonstrates that a decline in heterozygosity began before the 1990s bottlenecks in SMI, CAT and SNI. A similar analysis could not be conducted for nucleotide diversity because it was estimated from individuals collected over multiple time years.   
[bookmark: _Hlk74049785]We found relatively few ROH in our samples with the most being in CAT individuals, but a few also in SMI, SRI, and SNI (Fig. S4A, B).  A Wilcoxon rank sum test showed a significant increase in the number of ROH and average length of ROH between historical and modern samples in SMI (P = 0.0066 and P = 0.0071, respectively).  There was no significant difference in the number or average length of ROH on SRI, CAT or SNI. The other islands (SCZ and SCL) had too few ROH to do statistical analyses.  We did find a positive relationship between number of ROH and length of ROH on CAT in both historical and modern samples (R2 = 1.0 and 0.97, respectively; Fig. S4C).   
	Estimates of average Tajima’s D for modern samples were found to be negative in half of the bottlenecked populations – SMI and CAT (Table S5). For historical samples, we found negative Tajima’s D estimates on CAT and SNI.  We found finite estimates of the effective population sizes for only three islands and only for CAT did we get paired historical and modern estimates using the LD method (Table S6).  For CAT foxes the historical estimate was 33.3 (95% CI: 32-33) which increased in modern samples to 62 (95% CI: 61-63).  We found two other historical effective population estimates; SCL was 26.2 (95% CI: 25-27.5) and SNI was 12 (95% CI: 11.5-12.6).  
Population differentiation
	Bottlenecked islands showed temporal differentiation, but greater differentiation was found among islands.  The multidimensional scaling analysis largely recapitulates geography (Fig. 2C).  The northern and southern island groups separated along component C1, while C4 largely pulled apart historical and modern samples within an island.  When we used a binomial generalized linear model that included C1-C4, and island as factors, C4 and SRI were significant (PC4 = 0.009, PSRI = 0.047; Table S4).  To test for spatial autocorrelation, we then conducted a generalized additive model by adding latitude and longitude as a smoothness term, which was not significant (P = 0.459).  Pairwise comparisons of Weir and Cockerham’s population differentiation (FST) showed all the 15 island comparisons got more divergent over time (Fig. 3, Table S7).  The IBD analysis of pairwise samples were all either "other related" or unrelated.  There were no pairs of samples deemed full siblings, half siblings, or parent-offspring, although within island pairs were more related than inter-island pairs (Fig. S5).  The maximum likelihood tree continued to show separation by island and time period (Fig. 4).  The southern samples formed a single cluster while northern samples fell into two additional clusters. Samples from the same island generally clustered together, although two CAT samples formed a clade sister to (CAT and SNI), and samples from SMI and SRI clustered together. 
Bottleneck and expansion associated variants
We conducted association tests separately for the northern islands and CAT since the cause of the decline was the same across the three northern islands but different from the cause of the decline on CAT.  The northern Channel Islands and CAT showed overdispersion in significance values from the association tests, λ = 1.65 and λ = 1.64, respectively (Fig. S6A, B).  We found 5 variants, after a Bonferroni adjustment, that significantly changed between historical and modern samples; many of them were associated with genes involved in cell regulation.  There was one significant variant between historical and modern samples among the northern Channel Islands (Fig. S6C, Table 1), and it is found in the gene EIPR1, which is involved in protein transport (Topalidou et al., 2016).  On CAT there were 4 significant variants that changed over time (Fig. S6D, Table 1). Two of these were found in SIRT1 and 40S ribosomal protein, which are involved in transcription and translation (Gerhart-Hines et al., 2007; Rahman & Islam, 2011).  A third significant variant was found in the CDC42BPA gene (often called MRCKα), which is a serine/threonine-protein kinase involved in the regulation of the cytoskeleton and cell migration (Wilkinson, Paterson, & Marshall, 2005).  The remaining variant between historical and modern foxes on CAT was associated with the von Willebrand factor A domain containing the 5B1 (Vwa5b1) gene, which is linked to a plasma glycoprotein involved in platelet adhesion (Perkins et al., 1994).  The change in allele frequencies for each significant SNP can be found in Table 1.  Three of the five variants were filtered out during LD pruning and were therefore not used to calculate population statistics.  

Discussion
Our population-wide U. littoralis exome study showed that genetic diversity decreased, in most bottlenecked populations, in contrast to the only other study that compared pre- and post-bottleneck samples, which did not find differences (Robinson, Brown, Kim, Lohmueller, & Wayne, 2018).  Generally, our MDS showed that the fox samples changed in genetic composition over time.  Notably, SMI, which experienced one of the most severe bottlenecks and remains relatively small (Table 2), consistently lost genetic diversity as shown by decreased heterozygosity and nucleotide diversity and the presence of runs of homozygosity only in modern samples.  In addition, SMI shows particularly dramatic increases in divergence from the other five other islands over time.  SRI, which underwent a similarly severe bottleneck but rebounded to a larger population size, also showed decreased heterozygosity and increased divergence from other islands, but showed an increase in nucleotide diversity and no change in the number or length of ROH.  The two islands with less severe population crashes, SCZ and CAT, had inconsistent signals of decreased genetic diversity for the metrics tested.  Nucleotide diversity decreased and divergence between islands increased over time in SCZ foxes, which was consistent with our predictions, but they showed no significant decrease in heterozygosity and had no ROH.  CAT foxes tended to decrease in diversity over time as indicated by a decrease in nucleotide diversity, and an increase in divergence between other islands.  However, CAT foxes neither showed a significant decrease in heterozygosity nor did the number of ROH change over time.  SCZ and CAT populations had more individuals remaining after the crash than the other two northern islands, and the foxes were not extinct in the wild during the captive breeding program like the other two northern populations, which may contribute to this difference.  Moreover, these results are consistent with (Nei et al., 1975) indicating that heterozygosity is less sensitive to bottlenecks, which also underscores the severity of the crashes on SMI and SRI. Our finding of a decline in genetic diversity over time in U. littoralis, which was not detected in previous work (Robinson et al., 2018), may be due to our increased sample size.  We found individual variation of observed heterozygosity within an island for each time slice indicating the error incurred if only one individual is sampled.
Consistent with previous studies (Funk et al., 2016; Robinson et al., 2016), we found SNI to have the lowest nucleotide diversity of all the islands, especially in historical samples, and we also found CAT to have the highest nucleotide diversity.  Unlike previous studies, we found CAT to have lower observed heterozygosity than all other islands. The discrepancies between our results and previous studies could be due to the regions examined; this study is based on exome regions whereas previous studies included more intergenic regions due to whole genome sequencing and restriction site-associated sequencing. Our finding of low exome heterozygosity on CAT is consistent with previous work showing that CAT foxes have the highest incidence of congenital skeletal defects (Robinson et al., 2018).  Heterozygosity on CAT appeared to be declining before the recent bottleneck, and foxes on SNI, a population that is not known to have undergone a recent bottleneck, also showed a multi-decadal decline in heterozygosity.  Our negative Tajima’s D estimates for both islands in historical samples were consistent with the declines in heterozygosity, which could suggest purifying selection (or population growth) in these populations prior to the 1990s.  While individuals on SNI had low genetic diversity for some of the metrics, we found that they had intermediate levels of heterozygosity compared to other islands.  Our results suggest that functional genetic variation has not flatlined in SNI foxes, which may contribute to the population’s apparent avoidance of inbreeding depression (Ralls, Sunnucks, Lacy, & Frankham, 2020; Robinson et al., 2018) and continued success.  Recent studies on the U. littoralis microbiome highlights another potential avenue for adaptation despite low genetic diversity (Adams, Becker, & Edmands, 2021; DeCandia, Brenner, King, & VonHoldt, 2020).  Future work would benefit from demographic modeling on the historical and modern samples from this study, especially with SNI samples to investigate potential bottlenecks around the 1970s and forward-in-time simulations to assess if diversity observed in this study would be predicted under simulated bottlenecks.  
Our maximum likelihood tree diverged from the topology of previous studies (Robinson et al., 2018, 2016) in a few instances. Two individuals from CAT grouped as sister to a clade containing individuals from CAT and SNI. Also, all but one of the SMI individuals formed a clade within SRI, with the one divergent SMI individual grouping as sister to the rest of SMI and SRI.  These results could indicate possible movement of animals between islands.  Movement of foxes between islands is a rare event, but there is anecdotal evidence that it has happened in the modern era.  The three misplaced samples are also historical samples, and their placement could be due to sample degradation (Axelsson, Willerslev, Gilbert, & Nielsen, 2008). While DNA damage can be high in ancient samples and our historical samples were collected in the 1900s, samples collected even within 20 years have been found to be degraded (Allentoft et al., 2012; Burrell, Disotell, & Bergey, 2015; Sawyer, Krause, Guschanski, Savolainen, & Pääbo, 2012; Zimmermann et al., 2008).    Despite this possible evidence of inter-island migration in the past, our FST results clearly show that island populations are becoming more genetically divergent over time. This result, combined with evidence that island populations harbor divergent microbiomes (Adams et al., 2021) complicates proposals for using inter-island translocation for conservation purposes (e.g. Funk et al., 2016).
Overdispersion of significant values and differential variants identified on the bottlenecked islands suggest a systematic difference across the genome between time periods and may point to specific underlying physiological responses induced by the population crashes.  The only highly significant variant between historical and modern samples on the northern islands was in the gene EIPR1, which is involved in protein transport in endosomes and the Golgi apparatus (Topalidou et al., 2016).  Specifically, the EIPR1 gene is part of the endosome-associated recycling protein (EARP) complex and is important in the endocrine and nervous system because it is necessary for the regulation of dense-core vesicles, which contain molecules such as peptide hormones and neurotransmitters (Topalidou et al., 2016).  On CAT, two significant variants identified were involved in transcription and translation; SIRT1, is a deacetylase that is involved in many cellular aspects including transcriptional regulation (reviewed in (Rahman & Islam, 2011), and the other was the 40S ribosomal protein.  SIRT1 has been shown to be associated with various metabolic pathways (Gerhart-Hines et al., 2007) and environmental stress response (Takikawa et al., 2016) particularly in anti-inflammatory response (Schug et al., 2010).  While we did not find evidence of selection in the genes that we had originally predicted to be important (those related to body size, muscle movement, and sight on the northern islands and the immune system on Santa Catalina Island), we did identify novel candidates that appear to respond differently to population declines driven by different mechanisms.  
This study demonstrates that a multi-individual population-level study can provide nuance to the understanding of genetic consequences following severe population bottlenecks in U. littoralis.  In contrast to Robinson et al. (2018), we found significant differences between time periods within islands, with particularly large drops in genetic diversity on the two islands that experienced the largest population declines.  Theoretically, in the absence of migration, genetic diversity should increase in a population at a rate inverse to that of the mutation rate (Nei et al., 1975). Using the dog mutation rate of 10-8 per generation (Freedman et al., 2014; Lindblad-Toh et al., 2005) and an assumed generation time of one year (Coonan et al., 2010), it would take ~108 generations, or one hundred million years for the island foxes to recover their genetic diversity.  This time frame suggests that we would not expect the genetic diversity of the populations that experienced a decline to have recovered, however all island populations were delisted, except for CAT.  Our study suggests that the genetic diversity in CAT foxes may be lower than previously thought, which in addition to persistent anthropogenic threats supports its continued listing under the Endangered Species Act.  Further, the dramatic demographic recovery on CAT has produced high fox densities that are likely to increase disease transmission (Sanchez & Hudgens, 2015).    
Broadly, our study supports the notion that population genetics metrics respond differently to changes in demography and that using multiple metrics to assess genetic recovery is advisable.  In our study, heterozygosity provided a more conservative metric of the genetic consequences of bottlenecks than did nucleotide diversity.  Moreover, the northern Channel Islands were delisted from the federal endangered species list because their census population sizes rebounded to pre-crash numbers, yet our results showed a lag in genetic diversity recovery, especially in SMI, suggesting that the island foxes may still struggle with long-term adaptation. 
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