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Abstract

The federally endangered Cape Sable seaside sparrow (Ammospiza maritima mirabilis) is endemic to the Greater Ever-
glades ecosystem in southern Florida, inhabiting fragmented marl prairies in six individual subpopulations. The subspecies
is threatened by loss of breeding habitat from fire and water management. Genetic information is severely limited for the
subspecies but could help inform decisions regarding subpopulation protections and potential translocations for genetic
rescue. To provide genetic data and inform management efforts, feather samples were collected across five subpopulations
(designated A—E) and protocols were tested to optimize DNA extraction yields. We assessed four mitochondrial DNA markers
(N'=36-69) and 12 nuclear microsatellite loci (N=155) in 108 sparrows. Mitochondrial DNA sequences revealed low haplo-
type diversity, with NADH dehydrogenase-2 haplotypes matching to most other extant subspecies and to the Atlantic coast
subspecies. Nuclear diversity was low compared to other subspecies, but similar across subpopulations. Samples grouped
as one population when analyzed by Principal Component Analysis, Bayesian modelling and genetic distance metrics. Lim-
ited genetic emigration was detected from one putative migrant. Relatedness was significantly different for sparrows in the
most geographically distant subpopulation (A), likely reflecting high self-recruitment and natal site fidelity (P =0.003). The
low to moderate effective population size (Ng=202.4; N;:N-=0.06) and generation time estimates indicated that unique
genetic variation could be lost quickly during stochastic events. The sample sizes were limited, which reduced the power to
comprehensively address recent population size reductions and any subsequent loss of genetic diversity.

Keywords Ammospiza maritima mirabilis - Conservation genetics - Endangered species - Genetic diversity - Microsatellite
DNA - Mitochondrial DNA

Introduction distinct units (ESUs). Measurement of intraspecific genetic

diversity, localized adaptation, and genetic or demographic

The protection of endangered species from population
threats, like habitat loss, is needed to effectively manage
biological resources. To maintain population viability and
evolutionary processes, a number of conservation units are
used to delineate and manage demographically independent
groups, such as distinct population segments (DPSs) under
the United States Endangered Species Act, and evolutionary
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resilience can be used to inform conservation efforts for
imperiled or declining populations (Flanagan et al. 2018;
Ottewell and Byrne 2022; Thompson et al. 2023). Mitochon-
drial and nuclear genetic studies can provide information on
genetic variation, connectivity, population structure, related-
ness, and inbreeding levels to inform conservation efforts.
The seaside sparrow (Ammospiza maritima) species
complex is composed of seven subspecies found in marshes
along the Atlantic and Gulf of Mexico coastlines of the
United States (McDonald 1988). These seven subspecies
were designated by feather plumage, song, and in some
instances, mitochondrial DNA (mtDNA), but past and cur-
rent taxonomic classifications and differentiations are still
being finalized by comprehensive genetic and phenotypic
analyses (Griscom 1944; Kale 1983; Robbins 1983; McDon-
ald 1988; Mila et al. 2007; Remsen 2010; Winker 2010;
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Woltmann et al. 2014; Davis et al. 2021; Enloe et al. 2021;
Ryan and Woltmann 2023). Within the species complex,
only two of the seven subspecies were previously consid-
ered their own species and inhabit freshwater marshes: the
Dusky seaside sparrow (A. m. nigrescens, now considered
extinct) and Cape Sable seaside sparrows (A. m. mirabilis,
considered federally endangered) (McDonald 1988). How-
ever, contaminants, habitat loss and possibly isolation even-
tually resulted in the extinction of the Dusky seaside sparrow
subspecies (Noecker 1998).

The extant federally endangered Cape Sable seaside
sparrow (A. m. mirabilis) is found at the southern edge of
the species range and is endemic to southern Florida and
Everglades National Park (ENP) in Monroe and Miami-
Dade counties. To date, migration or interbreeding of the
Cape Sable seaside sparrow with other populations has not
occurred due to their geographical isolation (Lockwood
et al. 2001). Cape Sable seaside sparrows are restricted to
fragmented, short-hydroperiod freshwater marl prairies and
have a lifespan of about 5 to 6 years (Lockwood et al. 2001).
The marl prairie ecosystem health and appropriate hydro-
periods are necessary for Cape Sable seaside sparrows to
have consistent and productive breeding season conditions
(Sah et al. 2011). However, favorable breeding habitat for the
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Fig.1 a Geographic distribution of U.S. Fish and Wildlife defined
subpopulations, or management units, (A-F) of the Cape Sable sea-
side sparrow throughout the southern Everglades of Florida, USA
near Everglades National Park (ENP) and b haplotype networks for
mitochondrial DNA loci (D-loop and ND2) for all management units
sampled (A-E). Unit F was not sampled due to logistical challenges.
In the haplotype networks, each circle represents a unique haplotype,
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Cape Sable seaside sparrow has been historically altered by
the reallocation of waterflow, fires, hurricanes and introduc-
tions of exotic plant species, leading to inconsistent breeding
years and cryptic population dynamics (Roman et al. 1994;
Platt et al. 2002; Lockwood et al. 2003). While other sea-
side sparrow subspecies may more easily adapt and recover
from altered landscapes, the Cape Sable seaside sparrow
has not shown this pliancy in habitat usage as their habitat
has shifted from short- to long-hydroperiods (Curnutt et al.
1998; Lockwood et al. 2001; Sah et al. 2011).

Currently, characteristics of the Cape Sable seaside
sparrow subspecies and population dynamics have been
estimated by demographic surveys for the six recognized
subpopulations and very limited genetic data (Benscoter and
Romaifiach 2022). The six recognized subpopulations were
designated for management purposes by habitat and demo-
graphic data (Fig. 1a) (U.S. Fish and Wildlife Service 2020;
Virzi and Tafoya 2021). Two previous genetic studies using
mitochondrial (n=35 sparrows) and genome-wide nuclear
analysis (n=2 sparrows) found support for the Cape Sable
seaside sparrow subspecies as a distinct population segment
of the species and the latter observed potentially low genetic
diversity (Nelson et al. 2000; Davis et al. 2021). The mito-
chondrial haplotypes and genome-wide markers grouped the
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with the size of the circle relative to the sample size containing that
haplotype. The proportional slices are related on the subpopulation
where the sparrow was captured. The number of sparrows in each
subpopulation with the given haplotype is noted. The hatch marks
on the lines connecting the haplotype circles identify the number
of mutational differences between respective haplotype sequences.
Colors of units A—E match the subsequent figures in this paper



Conservation Genetics (2024) 25:101-116

103

Cape Sable seaside sparrows closely to the Atlantic coast
clade of the species, although the Cape Sable subspecies
is likely not interbreeding with other subspecies due to the
geographic distance (Nelson et al. 2000; Davis et al. 2021).
Mark-recapture and demographic survey data have indicated
limited dispersal and greatly fluctuating population sizes
among the six subpopulations since the 1990s (Dean and
Morrison 2001; Boulton et al. 2009; Van Houtan et al. 2010;
Gilroy et al. 2012; Virzi and Tafoya 2021; Benscoter and
Romafiach 2022). The Cape Sable subspecies was delimited
through morphometrics, sonography and the geographic iso-
lation of the southern Florida population (McDonald 1988).

To date, no genetic studies have investigated the patterns
of the Cape Sable seaside sparrow subspecies range-wide
genetic diversity, historical relationships, or connectivity
and relatedness among subpopulations, which can all inform
appropriate management strategies (Nelson et al. 2000;
Davis et al. 2021; Radford et al. 2021). Cape Sable seaside
sparrow subpopulations primary threats are loss of breeding
habitat due to high water levels and fire management in the
Greater Everglades. Genetic knowledge could help inform
decisions regarding sparrow subpopulation protections
and the potential for genetic rescue through translocations.
Further, the geographical separation of Cape Sable seaside
sparrows from other subspecies leads us to hypothesize that
the population may have lower genetic diversity levels, simi-
lar to previous studies of an isolated southern population
of Texas seaside sparrows (A. m. cf. sennetti) (Woltmann
et al. 2014, 2019). To inform the management of this endan-
gered and isolated subspecies, this study has two descriptive
objectives to: (1) identify and sequence mitochondrial DNA
markers to address matrilineal genetic diversity and struc-
ture of the recognized subpopulations in Everglades National
Park, and (2) classify and multiplex microsatellite markers to
address fine-scale, contemporary subpopulation connectivity
and relatedness of Cape Sable seaside sparrows.

Study area

Cape Sable seaside sparrows breed in seasonally flooded
marl prairie habitat dominated by subtropical graminoids.
Demographic studies were conducted annually between
April and August of the years 2011 through 2018 by moni-
toring a total of 3418 hectares of dry suitable breeding hab-
itat. In and around Everglades National Park the suitable
habitat areas are referred to as subpopulations A, B, C, D, E
and F for management purposes, but genetic data have not
confirmed this terminology. Hereafter, ‘subpopulations’ will
be referred to as ‘management units’ or ‘units’ to distinguish
them from genetically defined subpopulations. Sparrows
were sampled in management units A, B, C, D and E (not
F due to logistical challenges reaching the site) during the

dry breeding season (March-July). Hereafter, ‘all manage-
ment units’ refers only to units A—E sampled in this study
(Fig. 1a). The geographic areas of the management units
experience variable water allocations leading to extreme
flooding or droughts and changes to vegetation composi-
tion from local fire prescriptions (Lockwood et al. 2003). As
a result, the management units experience significant local
water level differences, including changes in the size of suit-
able habitat and habitat matrix fluctuations leading to the
need for individual management of each unit. The proposed
critical habitat areas of the units encompass suitable breed-
ing habitat and range from 71,294 hectares (unit A) to 4958
hectares (unit F) (U.S. Fish and Wildlife Service 2006). The
marl prairie habitat vegetation composition fluctuates when
areas become wetter or drier due to water reallocation and
prescribed burns, thus changing the proportion of potential
suitable breeding habitat in each unit (Sah et al. 2021).

Methods
Sample collection

Feather samples were collected from juvenile and adult
sparrows between June 2011 and June 2018 and author-
ized under Federal Bird Banding Permit #23166 and Native
Endangered Species Recovery Permit #TE075916 issued by
the U.S. Department of the Interior. These permits ensure
the study plan was approved by the U.S. Department of the
Interior and animals were treated humanely and ethically.
Mist nets were utilized to capture Cape Sable seaside spar-
rows following the protocol described in Bibby et al. (1992).
Each sparrow was given a unique identification band at the
first capture and each recapture was noted to prevent genetic
data from duplicate individuals. Five to eight breast feath-
ers were collected from each bird and all stored dry at room
temperature (Taberlet and Luikart 1999).

DNA extraction and amplification

The calamus tip of the small feathers contained minute num-
bers of cells with limited amounts of DNA. DNA extrac-
tion techniques were tested to maximize the quality and
quantity of DNA for multi-locus studies and a modified
Phenol:Chloroform:Isoamyl Alcohol (PCI) protocol was
selected (Sambrook et al. 1989) with further details pro-
vided in Online Resource Appendix 1 (Table S1). Batches
of five feathers from each sparrow were used in each extrac-
tion to increase DNA yield. The modified PCI protocol
improved the digestion of keratin in the calamus tips by
using Tris-NaCl-EDTA pH 7.5 (1 M Tris-HCI, 5 M NacCl,
0.5 M EDTA) and 1 M Tris-HCl pH 8.0 instead of TE buffer
and added proteinase K (20 mg/mL) and 1 M dithiothreitol
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(DTT) (Sambrook et al. 1989). Glycogen from Blue mussel,
Mytilus edulis (1.25 uL/sample; Sigma-Aldrich, St. Louis,
Missouri) was added and left overnight at — 20 °C prior to
the precipitation of DNA to maximize the chances DNA pel-
let recovery. DNA quality and quantity was assessed using
spectrophotometric absorbance (EPOCH, BioTek Instrument
Inc, Winooski, VT) and DNA quality was assessed by purity
ratios (260/280).

Mitochondrial DNA (mtDNA) was initially assessed by
amplifying 3500 base pairs across five loci: Cytochrome
b (Cytb), control region D-loop, NADH dehydrogenase 2
(ND2), 16S ribosomal RNA (16S) and 12S ribosomal RNA
(12S), using 14 sets of primers (Table S2) (Nelson et al.
2000; Alstrom et al. 2008; Ross and Bouzat 2014; Wolt-
mann et al. 2014; Foran et al. 2015). Primers were screened
on two Cape Sable seaside sparrow egg samples with high
quantities of DNA and optimized on five feather samples for
longer fragment lengths, greater nucleotide diversity, and
clean amplification. The final set of primers amplified on the
sample set were Cytb, D-loop, ND2 and 16S. Mitochondrial
amplification reactions were performed in a gradient ther-
mocycler (MJ Research Inc., Watertown, MA). Each 25 uLL
reaction performed in 96-well microwell plates (Fisher Sci-
entific, Waltham, MA) contained 1 puL of template DNA, 1X
PCR Buffer without MgCl2 (Roche, Mannheim, Germany),
2.5 mM MgCl,, 0.5 U Taq polymerase (Sigma, St. Louis,
MO), 0.5 uM of each primer, and 0.2 mM of each dNTP.
Cycling conditions were as follows: 3 min initial denatura-
tion at 94 °C; 35 cycles, each of 60 s denaturation at 94 °C;
60 s annealing at 57 °C (16S annealing at 49 °C); 60 s exten-
sion at 72 °C; and a 10 min final extension at 72 °C. The
PCR products were visualized on 2-3.5% (wt/vol) agarose
gels in 1X TBE buffer (Tris/Borate/EDTA). All feather sam-
ples that amplified successfully were purified by ExoSap-
IT (Affymetrix, Santa Clara, CA) and incubated at 37 °C
for 30 min then 80 °C for 15 min to inactivate the removal
of unused primers and nucleotides. Purified samples were
sequenced by Eurofins Genomics (Louisville, KY, USA) on
an ABI3700 Sequence Detection System (Applied Biosys-
tems, Foster City, CA).

The sequences were aligned and analyzed using Geneious
10.0.9 (Biomatters, Inc., Auckland, New Zealand, http://
www.geneious.com) and Mesquite v 3.51 (Maddison and
Maddison 2018). To obtain accurate sequences on the low
yield samples, up to three PCR amplifications and sequenc-
ing attempts were made. Sequencing was completed in both
the forward and reverse directions. The sequence quality was
assessed by eye with bases no less than 80% of the expected
length retained during trimming. Unique haplotypes were
searched using the NCBI BLAST tool to identify matches
to previously published haplotypes (Johnson et al. 2008).

Microsatellite loci were identified by testing primers
developed in related species and subspecies on the extracted
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feather samples from 114 sparrows (Bulgin et al. 2003; Hill
et al. 2008; Poesel et al. 2009; Sardell et al. 2010; Lehmicke
et al. 2012). After identifying suitable amplification suc-
cess and polymorphism, the 18 loci were compiled by simi-
lar annealing temperatures into five different multiplexes
(Table S3). Each 10 pL reaction contained 1 pL of template
DNA, 1X PCR Buffer without MgCl2 (Roche, Mannheim,
Germany), 25 mM MgCl,, 0.5 U Taq polymerase (Sigma,
St. Louis, MO), 1 mg/mL Bovine Serum Albumin, 25 pM
of each primer, and 0.2 mM of each dNTP. Microsatellite
amplification reactions were performed in a gradient thermo-
cycler (MJ Research Inc., Watertown, MA) with the follow-
ing conditions: 5 min initial denaturation at 95 °C; 34 cycles
of 30 s denaturation at 95 °C, 1 min annealing at 62.9 °C
for MP4 and MP5 (MP1 at 55 °C, MP2 at 60 °C, MP3 at
61.8 °C) and 1 min extension at 72 °C; and a 10 min final
extension at 72 °C. The PCR products were visualized in 1%
(wt/vol) agarose gels in 1X TBE buffer (Tris/Borate/EDTA).
The positive DNA fragments of all feather samples were
run on an ABI3130 x1 Genetic Analyzer (Applied Biosys-
tems, Foster City, CA). The alleles were standardized with
GeneScan ROX 500 Size Standard (Applied Biosystems,
Foster City, CA) and scored using Geneious v. 10.0.9. Each
sample and marker combination were analyzed a minimum
of three times to ensure genotype accuracy. The same posi-
tive control sample was analyzed in triplicate on each plate
to assess accuracy across sequencing runs. Each sample was
run in triplicate to provide a consensus final genotype call
with homozygotes determined when all fragment analyses
yielded a homozygote, while heterozygotes were determined
when at least two of three analyses yielded a heterozygote.
If a sample was not clearly homozygous or heterozygous,
three more amplifications were conducted to gain a consen-
sus using the same rules. We calculated observed genotype
error rate by subsetting more than 20% of consensus data
and recording the number of genotypes erroneously assigned
over the total reactions performed. Genotypes were errone-
ously assigned if the allele calls differed from a consensus
genotype in the same plate but were not assessed for samples
requiring additional PCRs.

Mitochondrial and microsatellite genetic diversity
analyses

Mitochondrial DNA sequence polymorphisms were ana-
lyzed using the DNAsp v6.12.03 software (Rozas et al.
2003). Genetic diversity metrics were reported as the num-
ber of haplotypes (H), haplotype diversity (h), number of
variable sites (§), nucleotide diversity (n), and theta by site
and sequence (0). Each parameter was calculated across all
samples for each locus since sample sizes for some man-
agement units were low (n<6). Sequences were not able
to be concatenated or assessed as one long fragment since
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the number of samples sequenced for each locus was highly
variable and would have resulted in a reduced number of
samples for analysis. Loci with multiple haplotypes were
visualized on a simple median joining network (epsilon=0)
in PopART v1.7 software and haplotype frequencies were
reported by management unit (Leigh et al. 2015).

All nuclear microsatellite loci were tested for evidence
of stuttering errors, null alleles, and short allele dominance
in MicroChecker (Van Oosterhout et al. 2004). Departures
from expected genotypic frequencies in Hardy—Weinberg
equilibrium were evaluated in GenAlEx 6.501 (Peakall and
Smouse 2006). Genotypic linkage disequilibrium was evalu-
ated in FSTAT version 2.9.3.2 based on 1320 permutations
to test for non-random associations between alleles of dif-
ferent loci (Raymond and Rousset 1995). Alpha values for
Hardy—Weinberg equilibrium, linkage disequilibrium and
subsequent pairwise comparisons tests were adjusted using
the sequential Holm-Bonferroni method, which ranks p-val-
ues and adjusts the target alpha based on rank values and
the number of total tests to reduce the risk of Type I errors
(Holm 1979; Rice 1989). Polymorphism information content
(PIC) was estimated in CERVUS 3.0 to provide reference
on how informative the loci were when separated into each
individual management unit versus one metapopulation and
values > 0.5 were considered very informative (Kalinowski
et al. 2007).

Genetic diversity was estimated by the average num-
ber of alleles per locus (N,), number of private alleles,
or alleles unique to a management unit (Ap), observed
(Hp), and expected (Hg) heterozygosity, all calculated
in GenAlEx 6.501. Allelic richness (Ag), or the number
of alleles corrected for sample size, and inbreeding coef-
ficients (F;g) were calculated in FSTAT version 2.9.3.2
(Goudet 2002). A randomized block ANOVA test was run
in RStudio for each measure of genetic diversity to deter-
mine significant differences among management units,
using loci as the randomized blocks (R Core Team 2019).
If tests found significant differences among the manage-
ment units, a Dunn’s test was performed to evaluate pair-
wise comparisons using the R package ‘dunn.test’ (Dinno
2017; R Core Team 2019). The alpha value for multiple
comparisons was adjusted using the sequential Holm-Bon-
ferroni method (Holm 1979; Rice 1989). Genetic diversity
parameters, N,, Ay, Hy and Hg, were compared to micro-
satellite results from previous studies of other subspecies
to allow for subspecific comparison of genetic diversity.
However, given the low sample sizes in the present study,
the differential markers used among the studies, and the
discordance found between genetic data and current sub-
species delineations, these values are not to be used for
taxonomic descriptions (Woltmann et al. 2014; Roeder
et al. 2021). Although the microsatellite panels across the
various subspecies were slightly to moderately different,

the subspecies comparison was helpful to provide context
for the genetic diversity found within Cape Sable seaside
sparrows (concept reviewed in Leigh et al. (2021)). Tests
were run in Bottleneck software with 10,000 iterations, a
variance of 12 and the two-phase model (TPM) adjusted
to 95% stepwise mutation model (SMM) as suggested for
microsatellites (Piry et al. 1999). A bottleneck was consid-
ered plausible in a management unit if heterozygote excess
was significant in TPM or SMM for the Wilcoxon test and
a mutation-drift equilibrium was shifted under the allele
frequency distribution test.

The generation length and the ratio of effective popula-
tion size (Ng) to total census population size (N; Ng:N),
can both be proxy estimators for how resilient populations
are to stochastic events in the environment (Bird et al.
2020; Hoban et al. 2020). We estimated generation length
by first calculating the age at first breeding for Cape Sable
seaside sparrows using mark-recapture data recorded annu-
ally. As detailed in Virzi and Tafoya (2021), adults and
juvenile sparrows were leg-banded annually on all demo-
graphic study plots, and color-band resighting surveys
were conducted every breeding season daily for at least
3 months over a 10 year period (2010-2019). The aver-
age age of first breeding was calculated by determining
the number of days between each sparrow’s initial band-
ing date as nestlings and the date of first known breeding
(Table S4). We followed methodologies and equations pro-
vided in Bird et al. (2020) using age at first breeding (F),
survival rate (S), and longevity (L) of Cape Sable seaside
sparrows to estimate generation length for the subspecies.
We calculated both the G g and Gy, estimates of genera-
tion length, using an average value of z dependent on F,
and reported the greatest value as generation length (Eq. 1
and 2 in Bird et al. (2020)).

To estimate the rate of genetic loss at the time of sample
collection, we started by calculating the contemporary esti-
mates of N, or the number of sparrows contributing unique
diversity to the next generation, considering all management
units as one metapopulation in NeEstimator v.1.3 using
the linkage disequilibrium method (Peel et al. 2004). The
estimated N was compared to the estimated N reported
from annual range-wide survey data in 2018 to determine
the approximate observed Ng:N ratio, which is consid-
ered inversely proportional to the rate of genetic erosion
and related to the genetic health of a population (Frankham
1995; U.S. Fish and Wildlife Service 2019, 2020; Hoban
et al. 2020). The methodology to estimate total population
size is outlined in U.S. Fish and Wildlife Service (2020)
but briefly, the N estimate was calculated based on point
counts from range wide helicopter surveys, where the num-
ber of observed sparrows was corrected as done in Bass and
Kushlan (1982) and assuming every male is accompanied
by a female (Pimm et al. 2002).
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Management unit connectivity analyses

Divergence and connectivity among management units
were evaluated using various Bayesian, multivariate, and
genetic distance analyses. The admixture model of the
Bayesian program Structure was run specifying a burn-
in period of 50,000 iterations and a total chain length of
100,000 iterations. Twenty replicate Markov chain Monte
Carlos (MCMCs) were examined for each inferred number
of populations (K) between 1 and 11 (Falush et al. 2003).
The best-supported hypothesis was considered as the K
cluster with the highest LnP(K) and the highest AK values
(Evanno et al. 2005; Earl and von Holdt 2012). A pairwise
genetic distance matrix based on allele data among sparrows
was calculated in GenAlEx 6.501 and used to plot a prin-
cipal component analysis (PCA) to spatially illustrate the
differentiation among sparrows using the ‘adegenet’ package
(Jombart 2008; R Core Team 2019). An AMOVA was calcu-
lated in GenAlIEx 6.501 using 9999 pairwise permutations
of the data to evaluate differentiation among individual spar-
rows and subpopulations as well was the effective number
of migrants (Nm) calculated globally. GenAIEx 6.501 was
used to assess genetic differentiation among subpopulations
A, B, C, D and E by comparing magnitudes of genetic dif-
ferentiation with Fgr and comparing genetic differentiation
without sampling bias or heterozygosity influence with Dggrp
(Wright 1951; Jost 2008; Bird et al. 2011). Probabilities of
pairwise comparisons were computed after 9999 permuta-
tions and alphas were adjusted for multiple comparisons
using the sequential Holm-Bonferroni method (Holm 1979;
Rice 1989).

To approximate the relatedness of sparrows within each
subpopulation, mean Queller and Goodnight (1989) (Q-G)
relatedness estimates were computed in GenAlEx with 9999
permutations and 9999 bootstrap repetitions to obtain 95%
confidence intervals and determine statistical significance.
GeneClass2.0 evaluated recent gene flow (up to two genera-
tions in the past), potential dispersal dynamics among sub-
populations and approximate first-generation migrants (Piry
et al. 2004). The L, /L,,,,, test statistic compares the likeli-
hood an individual’s genotype originated from the source
subpopulation (L) to the maximum likelihood that the gen-
otype can be found in any subpopulation (L,,,,) (Paetkau
et al. 2004). We used the prior probability of L=L,/L ..
to determine migrant status with estimations using 10,000
MCMC trials and adjusted the alpha value according to pair-
wise comparisons (adjusted a=0.01) (Paetkau et al. 2004).
A conservative Bonferroni correction was applied if gen-
eflow was high (Nm > 10) among subpopulations (adjusted
a=0.0009). BayesAss 1.3 software was also used to deter-
mine recent migration rates. The MCMC was run through a
Bayesian estimator with one million burn-in steps for stabi-
lization in 10 million iterations and sampling occurred every
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1000 iterations (Wilson and Rannala 2003). The delta values
for allele frequency, migration rate, and the level of inbreed-
ing were tested from 0.10 to 0.65, in 0.5 increments, to mix
the model for each iteration (Wilson and Rannala 2003).

Results
Mitochondrial and microsatellite genetic diversity

Feather samples were collected from June 2011 to June
2018 in management units A, B, C, D, and E. From DNA
extractions of 178 sparrows, 114 DNA extractions were of
high quality and yield. Extracted DNA using the modified
PCI protocol yielded DNA quantities ranging from 3.1 to
301.8 ng/uL (mean=20.4 ng/uL, standard error =3.6 ng/
pL). DNA from a total of 108 unique sparrows yielded suc-
cessful and quality mitochondrial, microsatellite or both
types of DNA for analyses (sample numbers and manage-
ment units per marker given below). Due to the low quan-
tity and quality DNA, variable numbers of sparrow samples
were sequenced from the years 2011 (n=1), 2014-2017
(n> 12 each year), and 2018 (n=6) (N,,;=94). Samples
successfully amplified for the mtDNA marker fragments of
Cytb (936 basepairs; n=37), D-loop (410 bp; n=68), ND2
(984 bp; n=36) and 16S (484 bp; n=69) (Tables 1, S5,
S6). We provide results for the Cytb and 16S markers online
since sample sizes and genetic diversity were low (Tables
S5, S6). Low differentiation among management units was

Table 1 Sequenced mitochondrial DNA loci for the five Cape Sable
seaside sparrow management units, defined by U.S. Fish and Wildlife
as subpopulations, A-E in Florida, USA, 2011-2018

D-loop ND2
Ny 14 9
ng 20 27
ne 12 0
np 10 0
ng 12 0
Total 68 36
H 3 2
h 0.22 0.06
S 1 1
T 0.00069 0.00006
Bgite 0.00132 0.00025
0 0.42 0.24

sequence

Sample sizes n, for each management unit (A-E) across the loci are
reported and totaled

Genetic diversity metrics include H number of haplotypes, & haplo-
type diversity, S number of variable sites, 7 nucleotide diversity, 8
theta by site and sequence
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identified, and therefore diversity parameters were analyzed
with all units combined (Tables 1, S5). All ND2 sequences
were of Haplotype 1 (GenBank reference MN263900),
except for one sparrow from management unit B exhibited
Haplotype 3 (GenBank reference MN263902); both ND2
haplotypes have been previously published for the species
(Table S6) (Roeder et al. 2021). The D-loop locus also had
one variable site and three haplotypes, dominated by hap-
lotype 1 (86.9%, n=60) across the management units and
uncommon haplotypes in units C and E (Fig. 1b, Table S6).
The D-loop dataset had higher nucleotide diversity with
more nucleotide variation than ND2 (Tables 1, S6). A total
of 11 sparrows had unique haplotypes in Cytb and/or D-loop
loci (Fig. S2, Table S6). Haplotypes were submitted to Gen-
Bank (references OL790020- OL7900027, OL792049) and
all sequences generated for all four markers are provided in
Beaver et al. (2023).

The final microsatellite dataset included a total of 55
sparrows genotyped across 12 loci with <7.5% allelic
data missing overall and a genotype error rate of 0.9%.
The 55 genotyped sparrows include 41 of the 94 sparrows
sequenced for mtDNA and 14 additional sparrows that did
not produce suitable mtDNA sequences. Genotyped spar-
row samples were collected in 2011/2014-2015 (n=1, each
year), 2016 (n=7), 2017 (n=40), and 2018 (n=35). Of the

original 18 multiplexed loci, four loci were removed in the
final dataset due to monomorphism (Asul5) or inconsistent
and poor-quality amplification leading to >25% of samples
missing data (Am12, Am14, ZoleF11). Additionally, two
loci (ZoleG03 and Sosp13) were removed for evidence of
null alleles (Table S3).

The remaining dataset of 12 loci was used in further
analyses and did not show evidence of null alleles, stut-
tering errors or short allele dominance. The management
unit’s sample sizes varied, with < 10 sparrows genotyped
from management units A and D (Table 2). After correcting
alpha using the Bonferroni method, all loci were found to be
in Hardy—Weinberg equilibrium (adjusted «=0.0042) and
there was no evidence of linkage disequilibrium (adjusted
a=0.000758) among any pairwise comparisons of loci. Val-
ues for PIC ranged from 0.63 to 0.74 for individual subpopu-
lations and averaged 0.74 with standard error +0.05 when all
management units were treated as one, indicating loci can be
informative even with low sample sizes for some units. All
genotypes are accessible in Beaver et al. (2023).

Low levels of unique genetic diversity and inbreeding
were observed utilizing microsatellite loci. No significant
differences were found among management units in any
measures of genetic diversity when randomized block
ANOVA tests and Dunn’s tests alphas were adjusted for

Table 2 Averages of genetic diversity metrics of all microsatellite loci and within and across management units, defined by U.S. Fish and Wild-
life as subpopulations, A-E for Cape Sable seaside sparrows in Florida, USA, 2011-2018

Average (total) A B

C D E

Collection years (n) 2011(1),

2014(1), 2015(1),

2017(13) 2017(3), 2018(3) 2017(10), 2018(2)

2016(5), 2016(2), 2017(11)
2017(3)

Nl 11 (55) 9 15 13 6 12

N, 577+0.23 - - - _ _

Ap 4724035 1 6 3 1 6

Ag 4.13+0.21 4.23+0.32 4.45+0.39 4734040  4.85+0.42 4.87+0.36

H, 0.73+0.03 - - - _ _

Hg 0.71+0.02 - - - _ _

Fis 0.02+0.02 - - - _ _

BN )/~ - - - - -

Nc (2018) (3152) 32 1920 144 256 800

Ng 202.4 - - - - -

Ng 95%CI 127.1-456.9 - - - - -

The collection years are followed by the subtotal of samples from that year (n), total number of samples from each subpopulation (N,,;), num-
ber of alleles (N,), number of private alleles (Ap), allelic richness (Ay), number of effective alleles (E,), observed and expected heterozygosity
(Hg and Hg, respectively), and inbreeding coefficients (Fig) are reported with standard errors (). Bottleneck (BN) results are in order (mode
shift/TPM/SMM) for Wilcoxon sign tests indicating (+) significance and (=) no significance (adjusted «=0.005). The census/total population
sizes (N) for each unit are reported from demographic monitoring data (U.S. Fish and Wildlife Service 2020). Effective population size (Ng)
based on the Linkage Disequilibrium estimator is reported for all units together. Dashes indicate genetic diversity metrics and analyses that were
not calculated for individual management units considering the lack of differentiation in prior analyses. Allelic richness and number of private
alleles were calculated for each management unit since the calculation accounts for sample size bias and is an important metric for conservation
efforts, respectively
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Table 3 Genetic diversity parameters reported in this study and from previous studies for microsatellite DNA analyses of seaside sparrow sub-
species compiled by state across the southeastern United States (Ammospiza maritima) (Woltmann et al. 2014; Roeder et al. 2021)

State Subspecies Na Ar Ho He
Texas cf. sennetti’ 6.07 5.81 0.74 0.70
sennetti® 9.00 8.18 0.84 0.80
Sisheri® 10.07 8.69 0.83 0.83
Louisiana 11.14 8.49 0.84 0.83
11.36 8.40 0.83 0.82
Louisiana/Mississippi 10.43 8.24 0.84 0.82
Mississippi 9.21 8.04 0.80 0.82
Florida Juncicola® 9.07 8.21 0.81 0.81
peninsulae® 9.43 8.16 0.83 0.81
mirabilis® Avg | 577 472 0.73 0.71
macgillivraii® 8.00 6.44 0.77 0.79
Georgia 8.00 6.47 0.79 0.79
7.93 6.40 0.79 0.79
South Carolina 9.13 6.78 0.82 0.80
8.67 6.64 0.81 0.81
8.93 7.05 0.83 0.82
North Carolina 9.87 7.25 0.79 0.83
8.67 6.84 0.79 0.81
Virginia maritima® 9.60 7.12 0.80 0.81
Maryland 9.07 7.28 0.82 0.82
Delaware 9.47 7.09 0.84 0.82
New Jersey 7.20 6.59 0.80 0.79
New York 8.53 6.61 0.81 0.79
Connecticut 9.73 7.03 0.81 0.82

Parameters include number of alleles (N,), allelic richness (Ag), and observed and expected heterozygosity (Hy and Hg, respectively). Values
in cells are formatted with the darkest red indicating the minimum value for that parameter in a gradient to orange, yellow, and the darkest green
indicating the maximum value. Subspecies are annotated with a superscript number that indicates the source publication from which data were
collected. Diversity values provided for Cape Sable seaside sparrow (A. m. mirabilis) averaged over all U.S. Fish and Wildlife defined subpopu-

lations, or management units (Avg)
Results for microsatellite analyses
*Woltmann et al. (2014)

Present study

‘Roeder et al. (2021)

multiple comparisons (adjusted o> 0.005). Overall man-
agement units, the total number of alleles was 5.77 +0.23
(standard error, SE), while. similar levels of allelic richness
were found in each management unit (Table 2). The num-
ber of private alleles was highest in management units B
and E (Ap=06) and lowest for units A and D (Ap=1), with
unit E in the middle (Ap=3). Expected heterozygosity was
0.71 (standard error=0.02) averaged over all management
units (Table 2). Low levels of inbreeding on average were
observed across all management units (F;g=0.02, Table 2).
When compared to data of other subspecies, the Cape Sable
subspecies had the lowest values for three genetic diversity
parameters: number of alleles, allelic richness, and observed
heterozygosity (Table 3). The Cape Sable subspecies had the
second lowest expected heterozygosity values, second to the
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south Texas sparrows (A. m. cf. sennetti), and overall had
similar genetic diversity values to the isolated Texas popu-
lation (Table 3). Bottleneck software found no evidence of
bottlenecks occurring when subpopulations were considered
one population (Piry et al. 1999).

Generation length and age at first breeding was esti-
mated from a total of 18 nestlings that were first captured
and banded from June 2011-June 2019 and recaptured from
May 2012-June 2020 (Table S4). The age at first breeding
(F) for Cape Sable seaside sparrows was estimated between
310 and 710 days old (mean=376.00, SE=20.72). To cal-
culate generation length (G), we used a subspecies-specific
survival rate (S) reported by Boulton et al. (2009) at 0.59
(0.52-0.66), as well as an estimated longevity (L) reported
by Klimkiewicz and Futcher (1989) for seaside sparrows in
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Fig.2 Microsatellite principal
component analysis (PCA)
presenting the first and second
principal components to display
35.95% of the genetic variation
in Cape Sable seaside sparrows,
Florida, USA, 2011-2018.

U.S. Fish and Wildlife defined
subpopulations, or manage-
ment units, are color-coded to
match Fig. 1 and have different
symbols: A (red square), B
(blue dot), C (yellow triangle),
D (green open rhombus) and

E (grey asterisk). Individual
sparrows are represented as
symbols, with ellipses around
95% of the samples. A graphic

Eigenvalues

summary of the eigenvalues is
provided in the top right corner
to explain that the most varia-
tion in the data is found in the
first two principal components
(black bars)

Principal component 2 (11.80% variation)

Florida at 8 years 11 months (8.92 years). Our mean esti-
mate for F was 1.03 years which fell within the grouping of
F=0.5-1.5 provided in Bird et al. (2020) and corresponded
to a 0.142 average z value. We calculated generation length
for all three estimates of the survival rate resulting in an
average generation length of Gg; g=2.35, minimum of
G =2.15, and maximum of Gy ¢=2.67. The estimated

Fig.3 A summary of the U.S. *
Fish and Wildlife defined
subpopulations, or manage-
ment units, intra-unit (A-E)
genetic mean relatedness values ¢
for Cape Sable seaside spar-
row units (open circles) from
Florida, USA, 2011-2018.
Error bars represent standard
deviations. The dashed lines
indicate the upper and lower
bounds of the 95% confidence
interval for each management
unit. Mean relatedness for unit -
A was statistically significant
(P=0.003) and the upper and
lower confidence limits did not

0.10
|

.05

0
/
/

Mean relatedness

-0.05 0.00

-0.10

Principal component 1 (24.15% variation)

effective population size for all samples combined based on
the linkage disequilibrium method was 202.4 sparrows with
a 95% confidence interval of 127.1-456.9 sparrows. Based
on the estimated total population size in 2018 (total 3152
sparrows) and the estimated effective population size with
a 95% confidence interval (202.4 sparrows, 127.1-456.9

include zero as indicated by an I
asterisk (*) above the error bar A

B C D E
Subpopulations
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sparrows), we found the ratio of No:Np=0.06, range
0.04-0.15 (Table 3) (U.S. Fish and Wildlife Service 2020).

Management unit connectivity

Bayesian, multivariate, and genetic distance analyses of
microsatellite DNA reflected the results found with the
mtDNA markers. Structure supported one inferred popu-
lation as the most probable hypothesis with LnP(K) val-
ues greatest for K= 1, which AK cannot compute (Fig.
S1). For reference, the K=2 plot is provided in Fig. S1,
although it was not selected as the most probable number
of populations. The PCA explained 35.95% of the varia-
tion in the data set and showed no discernable differences
among management units as indicated by the overlap of
the 95% ellipses for each subpopulation (Fig. 2). An
AMOVA found the highest variation within individuals
(88%), then among individuals (11%), with a low global
Fgr not statistically significant (Fgr=0.008, P=0.11) and
a high effective number of migrants (Nm =30.72). No
significant differences were found in Fgp or Dggr val-
ues when comparing subpopulations (Table S7; adjusted
a=0.005).

Fine-scale analyses utilizing relatedness values provided
evidence for the overall connectivity among management
units and potential skewed migration routes between dif-
ferent units. The within management unit average Q-G
relatedness values were significantly higher than expected
values for units A and B (Fig. 3; P=0.003 and 0.012,
respectively) (Queller and Goodnight 1989). However,
since we have small sample sizes and the confidence limit
includes zero, there is a possibility that significant related-
ness is not present in management unit B. GeneClass2.0
identified one individual as having genotypes that signifi-
cantly differed from their recorded management unit of
origin (P =0.008; adjusted a«=0.01). The one sparrow
identified as a putative migrant was found in management
unit B with the highest likelihood of migrating from unit
E (Lyome/Lmax =4.1). No individuals were identified as
putative migrants when using the conservative Bonferroni
correction (adjusted «=0.0009). Another sparrow identi-
fied as a putative migrant was first captured as a nestling
in 2012 at management unit B and was recaptured in unit
D two years later, but feather samples were only collected
during recapture and genetic matching was not possible.
Efforts were made to estimate recent migration rates among
subpopulations using BayesAss 1.3, but the delta parameter
for the F-statistic was not able to be calculated within the
range of acceptance (20-60%) or within the recommended
range for delta parameters (< 0.45); likely an artefact of the
limited samples sizes (Wilson and Rannala 2003; Wolt-
mann et al. 2014).
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Discussion

This is the first study to assess the unique diversity across the
Cape Sable seaside sparrow management units and provide a
comprehensive genetic profile indicating a panmictic popu-
lation, although sample sizes were limited. This is also the
first seaside sparrow genetic diversity study to date, to assess
other mtDNA markers (i.e., Cytb, D-loop, 16S) along with
ND2, which indicated low diversity of matriarchal ancestry
in the Cape Sable seaside sparrow subspecies. The nuclear
microsatellite analyses (e.g., Bayesian, multivariate, distance
statistics) consistently identified all management units as one
metapopulation with overall low genetic diversity. The man-
agement units east of the Shark River Slough (B, C, D and
E) are likely to be more interconnected with each other than
the A unit to the west based on relatedness and migration
estimates by genetic analyses and mark-recapture observa-
tions. Cape Sable seaside sparrow management units (pre-
viously referred to as ‘subpopulations’) are managed sepa-
rately and therefore, some baseline genetic diversity metrics
were provided at the management unit level for future com-
parisons (e.g., private alleles or unique genetic diversity to
each management unit and relatedness).

Comparison of genetic diversity to other subspecies

The two ND2 haplotypes in the Cape Sable seaside sparrow
management units A and B matched Haplotype 1 found in
almost every subspecies previously sampled, and Haplotype
3 from unit B was found in populations of Scott’s seaside
sparrows (A. m. peninsulae) along the Gulf of Mexico coast
and MacGillivray’s (A. m. macgillivraii)/Northern (A. m.
maritima) seaside sparrows along the Atlantic coast (Wolt-
mann et al. 2014; Roeder et al. 2021). Among 36 Cape Sable
seaside sparrows, we observed a lower ND2 haplotype fre-
quency than that found in other Florida subspecies, such
as two haplotypes among 11 Wakulla seaside sparrows (A.
m. juncicola), and three haplotypes among 12 Scott’s sea-
side sparrows (Woltmann et al. 2014). The low numbers of
mtDNA haplotypes may indicate low historic diversity from
post-glaciation dispersal of the species or loss of haplotypes
during isolation and population size reduction events (Zink
and Dittmann 1993; Roeder et al. 2021). For completeness,
more and better-quality Cape Sable seaside sparrow DNA
samples are needed to sequence the ND2 locus from the C,
D, E and F subpopulations to examine the genetic diversity
more comprehensively. Of the sequenced mtDNA loci, only
the ND2 locus is published in other subspecies to allow for
comparison.

Cape Sable seaside sparrows had the lowest relative aver-
age nuclear genetic diversity compared to other subspecies
(although note the use of different microsatellite panels
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and lack of locus-specific information for other subspecies;
Davis et al. 2021; Roeder et al. 2021). The results in the
present study are supported by a species-wide RAD-Seq
study finding the lowest subspecies diversity in two Cape
Sable seaside sparrow samples compared to other subspecies
(Davis et al. 2021). Both Davis et al. (2021) and this study
have low samples sizes (< 10 sparrows in some groupings)
leading to potential bias in datasets, however, due to poor
quality DNA vyield, these studies provide the only genetic
profiles published to date. The Cape Sable seaside sparrows
have the lowest genetic diversity values in most metrics
reported within the species’ complex and may be important
to consider in management activities, especially in light of
the rapid extinction of the Dusky Seaside sparrow (A. m.
nigrescens) (Avise and Nelson 1989; Zink and Kale 1995;
Woltmann et al. 2014; Davis et al. 2021).

Comparison of genetic data to annual
mark-recapture-survey observations

Observed trends in demographic surveys can provide con-
text for genetic data on migration and relatedness across
management units. The observed genetic connectivity from
subpopulation E to B is supported by leg banding mark-
recapture events documented between 2007 and 2017 with
dispersal from subpopulation B to C, B to D, C to B, D
to B and F to B, and frequent dispersal activity from sub-
population E to C (Virzi et al. 2018; Virzi and Tafoya 2020,
unpublished data from T. Virzi). Frequent and recent immi-
gration can increase the subpopulation size and potentially
reduce genetic relatedness values, likely reflected in the val-
ues we found in management unit D as a result of the influx
of immigrants observed in recent years (Virzi and Tafoya
2020). Conversely, high self-recruitment, natal site fidelity
and a lack of immigration can all increase relatedness values.
This was observed in the geographically distant manage-
ment unit A, where mark-recapture data documented high
self-recruitment between 2008 and 2020, and no dispersal
events (Virzi and Tafoya 2020). Even though the maximum
known distance of sparrow dispersal is> 30 km, which is
enough to connect all subpopulations in a stepwise pattern,
these long-distance dispersal events have not been observed
in the current survey efforts over the past 10 years (Van
Houtan et al. 2010; Virzi and Tafoya 2020). Since the most
important protection of Cape Sable seaside sparrows from
catastrophic events was identified as maintaining breeding
populations across a wide geographic area (U.S. Fish and
Wildlife Service 2020), the potential loss of management
unit A due to low immigration and geographic separation is
important to consider.

Observations at annual surveys suggest that management
unit A has undergone multiple population bottlenecks, which

can quickly eliminate unique genetic diversity and decrease
the number of breeding sparrows in a population, further
reducing genetic variation. Although no bottlenecks were
detected by genetic analyses, demographic bottlenecks were
suspected. Total population size declines were detected dur-
ing annual surveys beginning in the early 1990s after water
pattern changes (Curnutt et al. 1998) and also in 2018 when
the total population size in management unit A declined by
75% after Hurricane Irma, leaving a single female likely
responsible for successful breeding each subsequent season
(Virzi and Tafoya 2020). Furthermore, recent wildfires in
management unit A (e.g., the Guava Fire in 2020) likely
resulted in unsuccessful breeding seasons of sparrows as
the landscape recovered (La Puma et al. 2007; Virzi and
Tafoya 2021). It is important to note that the observed demo-
graphic bottlenecks refer to the total population size and do
not detail how the breeding population was impacted (rela-
tionship between breeding, Ng and total population size, N
discussed below).

Genetic diversity and conservation implications
for Cape Sable

Deficient levels of contemporary geneflow between manage-
ment units can increase the likelihood of inbreeding, and
lead to the need for genetic rescue through management
interventions (Zink and Kale 1995; Pimm et al. 2006). Previ-
ous studies of fragmented and small populations suggest that
implementing genetic rescue based on available genetic data
can lead to improved conservation outcomes (Hufbauer et al.
2015; Ralls et al. 2020). Population units with high levels of
inbreeding (F;g>0.1) may warrant management intervention
(e.g., translocations or augmentation) (Ralls et al. 2020).
Inbreeding coefficients reported here represent a snapshot at
the time of sample collection (prior to 2017-2018) but may
need to be re-evaluated given the change in environmental
conditions in more recent years (further discussed in the
‘Future efforts’ section).

The ability to estimate population vulnerability and
resiliency to stochastic events is crucial when assessing the
application of potential management interventions. The gen-
eration length has never been published explicitly for Cape
Sable seaside sparrows but could serve as a proxy to estimate
population resiliency. The generation length reported here
(2.15-2.67 years) is similar to most bird species assessed in
Bird et al. (2020). Based on the life history parameters used
to calculate generation length (e.g., age of first reproduction,
maximum longevity and annual adult survival), population
trends for the Cape Sable seaside sparrows can be adequately
assessed within the 10 year period for precautionary threat
assessment used by the International Union for Conservation
of Nature (IUCN) Red List criterion A (IUCN 2012).
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The ratio of breeding population size (or Ng) to total pop-
ulation size (or N) can be used as an indicator of genetic
loss since neutral loci can lose genetic variation at a rate of
1/(2 X Ng) per generation on average (Hoban et al. 2020).
The overall ratio observed for Cape Sable seaside spar-
rows was less than the average for stable wild populations
(Ng:N-=0.1) suggesting limited genetic diversity, however,
the 95% confidence interval does include the stable range
(Ng:N=0.04-0.14) (Frankham 1995; Palstra and Ruzzante
2008; Hoban et al. 2020, 2021; Laikre et al. 2021). Hoban
et al. (2021) state, “Ne > 500 is an appropriate, well-accepted
threshold for maintaining genetic diversity in diverse
organisms” and “Ne > 5000 is a useful threshold for guid-
ing genetic diversity conservation”. As observed through
annual mark-recapture events, Cape Sable seaside spar-
rows have experienced fluctuating population sizes (argued
the most impactful factor, Frankham 1995; Vucetich et al.
1997), lower female survival rates, strongly male-skewed sex
ratios and overlapping generations, all of which can decrease
the breeding population size (Nott et al. 1998; Jenkins et al.
2003; Boulton et al. 2009; Virzi et al. 2018). Conversely, an
increase in population census size and subsequent breeding
population sizes, can lead to additional genetic mutation or
immigration events which could increase genetic diversity
among management units. By supporting more consistent
breeding and population growth, a larger census population
size could help to prevent genetic diversity loss during sto-
chastic events (Nott et al. 1998; Pimm and Bass 2002; Jen-
kins et al. 2003; Ross et al. 2003; Basier et al. 2008; Boulton
et al. 2009). By assessing the breeding population size and
inbreeding levels, the population health can be monitored
to avoid the need for taking dire genetic rescue efforts, as
occurred with the extinction of the Dusky seaside sparrow
(A. m. nigrescens), the closest geographic population to the
Cape Sable seaside sparrow (Avise and Nelson 1989; Hill
1993; Zink and Kale 1995; Baalsrud et al. 2014).

Future efforts to advance Cape Sable seaside
sparrow research

Past habitat alterations and water management have dis-
rupted Cape Sable seaside sparrow management units and
likely influenced genetic diversity. Since all six manage-
ment units are in low-lying areas of southern Florida,
rising sea levels and saltwater intrusion are the highest
predicted challenges for the future (Virzi et al. 2018).
Management unit B is the farthest south, closest to the
ocean, and is projected to be the first vulnerable to salt-
water intrusion by the U.S. Army Corps of Engineers
(U.S. Fish and Wildlife Service 2019; Benscoter et al.
2021; Romaiach et al. 2023). Management unit B also
has the largest surface area and the highest level of unique
genetic diversity (equal to unit E), potentially containing
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a preponderance of the current genetic diversity present
for this subspecies. The management unit relationships
we describe could inform efforts to increase population
resiliency prior to the potential effects of sea level rise
and other climate change impacts (Roberts et al. 2019;
Romaiiach et al. 2023).

Future genetic monitoring of the subspecies could
benefit from exploring other sampling techniques (e.g.,
Cambrone et al. 2022) since limited DNA was extracted
from a restricted number of small feathers. A limitation
of this study is that nuclear microsatellites are neutral loci
and therefore, natural selection or local adaptation cannot
be identified using these markers (Dauphin et al. 2020;
Han et al. 2020). Future efforts could employ high density
genome-wide nuclear assessments [e.g., single nucleotide
polymorphisms (SNP) methods] to assess the contempo-
rary genetic vulnerability and adaptation of sparrows in
each management unit and to investigate temporal changes
in genetic diversity prior to, and after, population declines
or translocations (Miller et al. 2012; Dresser et al. 2017,
Card et al. 2018). However, the DNA quality and quantity
from sparrow feathers extracted here using here optimized
and modified methods, precluded RADseq analyses of
SNPs in a separate study except for two samples (Davis
et al. 2021). Obtaining quality blood samples, as used in
previous seaside sparrow genetic studies, is difficult for
this endangered sparrow but could assist with SNP analy-
ses or improve the quality and quantity of mitochondrial
and microsatellite data (Woltmann et al. 2014; Carroll
et al. 2018; Davis et al. 2021; Enloe et al. 2021). The first
neutral nuclear genetic diversity profile for the subspe-
cies provided here can serve as a baseline comparison for
future studies. Maintaining or increasing diversity in the
endangered Cape Sable seaside sparrow population can
help to encourage resiliency in the changing Greater Ever-
glades ecosystem environment.
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