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Abstract We examined the genetic structure of
snowy plovers (Charadrius alexandrinus) in North
America, the Caribbean, and the west coast of South
America to quantify variation within and among
breeding areas and to test the validity of three previ-
ously recognized subspecies. Sequences (676 bp) from
domains I and II of the mitochondrial control region
were analyzed for 166 snowy plovers from 20 breeding
areas. Variation was also examined at 10 microsatellite
loci for 144 snowy plovers from 14 breeding areas. The
mtDNA and microsatellite data provided strong evi-
dence that the Puerto Rican breeding group is geneti-
cally divergent from sites in the continental U.S. (net
sequence divergence = 0.38%; Fst for microsatel-
lites = 0.190). Our data also revealed high levels of
differentiation between sites from South America and
North America (net sequence divergence = 0.81%; Fsr
for microsatellites = 0.253). In contrast, there was little
genetic structure among breeding sites within the
continental U.S. Our results suggest that snowy plovers
in Florida should be considered part of C. a. nivosus
(rather than part of C. a. tenuirostris, where they are
currently placed), whereas snowy plovers from Puerto
Rico should be considered part of C. a. tenuirostris.
Snowy plovers in South America should remain a
separate subspecies (C. a. occidentalis). Although U.S.
Pacific and Gulf Coast breeding areas were not
genetically distinct from other continental U.S. sites,
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demographic isolation, unique coastal habitats, and
recent population declines suggest they warrant special
concern.

Keywords Snowy plover - Microsatellites - MtDNA -
Subspecies - Population structure

Introduction

The U.S. Endangered Species Act (ESA) allows listing
of subspecies and other groupings below the species
level, providing the U.S. Fish and Wildlife Service
(USFWS) and the National Marine Fisheries Service
(NMFS) with a means to target population units in
greatest need of conservation (USFWS 1978). Cur-
rently, approximately one quarter of all ESA-listed
taxa are subspecies, and for birds, 43% of listed taxa
are subspecies (Haig et al. 2006). However, uncertainty
regarding which criteria to use for delineating subspe-
cies hampers subspecies listing and delisting decisions.
Subspecies have been defined based on phenotypic
(e.g., morphological, behavioral, and ecological) and
genetic criteria (Mayr 1942; Amadon 1949; Futuyma
1998; Patten and Unitt 2002; Haig et al. 2004; Zink
2004). In birds, recent controversy over subspecies
delineation has centered on conflicting morphological
and genetic patterns (Zink 1989; Ball and Avise 1992;
Zink et al. 2000; Zink 2004; Phillimore and Owens
2006). Part of this problem stems from reliance on a
single locus with unique properties, mitochondrial
DNA (mtDNA), for identifying subspecies (e.g., Zink
2004; reviewed by Ballard and Whitlock 2004). Pat-
terns from a single locus may not accurately reflect
genetic differences among populations because of
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random genetic effects. Moreover, divergent natural
and/or sexual selection can maintain morphological
differences among populations in the face of ongoing
gene flow, depending on the strength of selection,
migration rates, and the genetic architecture of the
morphological traits in question (Haldane 1931;
Lewontin and Krakauer 1975). Here we use several
independent nuclear markers and mtDNA to test
whether genetic structure corresponds with previously
recognized subspecific boundaries in a threatened
shorebird, the snowy plover (Charadrius alexandrinus).

Snowy plovers are wide-ranging, patchily distrib-
uted, and one of the most controversial threatened
species in the U.S. Concerns largely stem from their
association with beaches on the Pacific and Gulf coasts
which are increasingly developed and used for recrea-
tion (Warriner et al. 1986; Chase and Gore 1989; Page
et al. 1995; Lafferty 2001; Ruhlen et al. 2003). Snowy
plovers are migratory and globally distributed, found in
portions of North and South America and in Europe,
Asia, and Africa (where they are called Kentish
plovers; Cramp and Simmons 1983). Evidence suggests
that the species is declining in Europe (Stroud et al.
2004) as well as North America (Page et al. 1995).
Across the world, they inhabit coastal beaches,
lagoons, salt-evaporation ponds, inland salt flats, and
braided river channels (Wilson-Jacobs and Meslow

1984; Page et al. 1995). Some field studies suggest that
snowy plovers have fairly high fidelity to breeding sites
(Paton and Edwards 1996; Page 2004), although dis-
persal may be high enough to prevent substantial
divergence in allele frequencies.

In the Western Hemisphere, three subspecies of
snowy plovers have been recognized (Fig. 1; American
Ornithologists’ Union 1957) based on differences in
plumage coloration. Cuban snowy plovers (C. a. tenui-
rostris) breed on the Gulf Coast (east of Louisiana), the
Bahamas, the north coast of the Yucatan Peninsula, the
Greater and Lesser Antilles, and the islands off the
north coast of Venezuela. Western snowy plovers
(C. a. nivosus) breed elsewhere in the U.S. and Mexico.
Finally, C. a. occidentalis occurs on the west coast of
South America from southwestern Ecuador through
western Chile. Blake (1977) questioned the validity of
these subspecies and more recent accounts recognize
only C. a. nivosus (including the former C. a. tenuiros-
tris) and C. a. occidentalis (Hayman et al. 1986; Binford
1989; Sibley and Monroe 1990).

The snowy plover population breeding on the Pacific
Coast of the U.S. and Baja California is listed as a
threatened distinct population segment (DPS; USFWS
1996) under the U.S. Endangered Species Act (ESA;
USFWS 1993). Currently, distinctness of this DPS is
under scrutiny. The southeastern U.S. population of

Fig. 1 Map of snowy plover =T
sampling sites included in

current study. Sample site
information is provided in
Table 1. Distributions of
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the snowy plover is also under consideration for listing
under the ESA.

Previous genetic analyses for a limited sampling of
snowy plovers in North America and Puerto Rico
found some support for recognition of two subspecies,
but little support for a distinct Pacific Coast population
of western snowy plovers (Gorman 2000). Support for
subspecies recognition came from nuclear inter-simple
sequence repeat (ISSR) loci (dominant markers),
which identified a genetic discontinuity between
breeding areas west versus east of the Rocky Moun-
tains. Mitochondrial DNA sequence analysis did not
identify this same break, but did find unique haplo-
types in the Puerto Rico population. No detailed
morphological analyses have been conducted for
snowy plovers.

The goal of this study was to examine genetic
structure in snowy plovers in the Western Hemisphere,
including North America, the Caribbean, and South
America, in more detail using additional sites and
individuals, longer mtDNA sequences, and microsat-
ellite loci. Because of high mutation rates, microsatel-
lite loci tend to have a large number of independent
alleles which provides high statistical power for
detecting population structure (Kalinowski 2002).
Thus, our goals were to determine: (1) how many
snowy plover subspecies occur in the Western Hemi-
sphere, and their geographic distributions; (2) whether
Pacific Coast breeding aggregations are genetically
distinct from Great Basin birds; and (3) whether there
are genetic differences between southeastern U.S.
snowy plovers and those further west.

Methods
Subspecies criteria

For the current analysis, we defined a subspecies as a
subset of populations with consistent genetic differ-
ences from other subsets of populations at multiple
independent loci, with genetic differences consisting of
significant variation in microsatellite allele and
mtDNA haplotype frequencies, the presence of unique
alleles or haplotypes, and significant net sequence
divergence. Such genetic differences would indicate
low levels of gene flow among populations, and
therefore greater potential to become full species than
if populations were connected by high levels of gene
flow (Mayr 1942, 1963; Futuyma 1998; Barrowclough
and Vogler 2000; Coyne and Orr 2004). Thus, this
criterion for defining subspecies is in line with the

general idea of subspecies as incipient species (Darwin
1868; Frankham et al. 2002).

Although we define subspecies in terms of genetic
criteria, we acknowledge that heritable phenotypic
traits are equally valid for delimiting subspecies, and
that both types of data should be used to define sub-
species whenever possible. Moreover, we recognize
that our definition is not perfect. For example, popu-
lations in the early stages of speciation may continue to
have high levels of gene flow despite adaptive differ-
ences (Endler 1977). Conversely, populations with low
levels of gene flow and high genetic differentiation may
not have adaptive differences and may never become
reproductively isolated (i.e., full species). Nonetheless,
there are limitations in any subspecies definition and it
is essential to explicitly define the criteria used to
delineate subspecies prior to analysis (Haig et al. 2006).

Sample collection

Blood or tissue samples were collected from 166 indi-
viduals from 20 breeding areas from throughout the
snowy plover breeding range in North America, the
Caribbean, and South America (Table 1; Fig. 1). No
known close relatives (e.g., parent/offspring, siblings,
etc.) were included in the sampling and all samples were
collected during the breeding season prior to immigra-
tion of birds from other sites. Six mountain plover
(C. montanus) samples were also obtained to serve as an
outgroup for phylogenetic analyses. A previous phylo-
genetic analysis of the genus Charadrius suggested that
mountain plovers are a sister species of the clade which
contains snowy plovers and red-capped plovers (C. ruf-
icapillus; Joseph et al. 1999). Therefore, although snowy
and mountain plovers are not sister taxa, they still have a
relatively recent common ancestry.

Following protocols outlined by the American
Ornithologists’ Union (Gaunt and Oring 1997), blood
samples were collected from breeding populations in
Puerto Rico, Florida, Kansas, Texas, Utah, eastern
Oregon, and California (Table 1; Fig. 1). Once snowy
plover nests were located, standard shorebird nest
traps were used to catch adult birds as they returned to
incubate (see Hill and Talent 1990). In order to mini-
mize nest desertion, birds were not trapped unless at
least two eggs had been laid. Birds were marked with a
USFWS aluminum band to ensure that individuals
were not resampled. Blood samples were taken from
the brachial vein using a 27 gauge needle, collected in a
0.25 ml heparinized capillary tube, and transferred to a
2 ml cryogenic vial containing a buffer solution
(100 mM Tris HCI, pH 8.0; 100 mM EDTA, pH 8.0;
10 mM NaCl; 0.5% SDS). Samples were stored at
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Table 1 Sample site information and within population genetic variation for mtDNA control region and 10 microsatellite loci of snowy
plovers in North America, the Caribbean, and South America, organized by subspecies and region

Site code Site location mtDNA Microsatellites
N h s T, N Hg Fis Rs
Charadrius alexandrinus nivosus
Pacific Coast
WA Pacific Co., WA 15 0.79 12 0.0039 15 0.468 0.179 2.35
ORC Coos Co., OR 15 0.90 14 0.0054 15 0.488 0.031 247
HUMB Humboldt Co., CA 4 1.00 6 0.0049 4 0.429 0.077 2.10
MONT Monterey Co., CA 4 0.83 3 0.0022 4 0.539 -0.134 2.40
SB Santa Barbara Co., CA 5 0.80 5 0.0041 0 NA NA NA
SCA San Diego Co., CA 15 0.78 6 0.0028 15 0.474 0.001 2.35
Great Basin
ORSL Lake Co., OR 9 0.56 6 0.0032 9 0.465 0.046 2.45
UT Salt Lake Co., UT 15 0.80 8 0.0038 15 0.479 0.113 2.42
Great Plains
CO Kiowa Co., CO 5 1.00 10 0.0068 0 NA NA NA
KS Stafford Co., KS 15 0.88 11 0.0045 15 0.501 0.166 2.42
OK Alfalfa Co., OK 8 0.96 11 0.0056 8 0.425 -0.032 2.30
West Gulf Coast
X Hidalgo Co., TX 10 0.91 11 0.0057 10 0.518 -0.066 2.49
LA Cameron Co., LA 5 0.40 1 0.0006 5 0.424 -0.095 2.27
Charadrius alexandrinus tenuirostris
East Gulf Coast
FL Escambia, Franklin, Lee, Okaloosa, 15 0.85 6 0.0029 15 0.433 -0.113 2.34
Washington Cos., FL
Caribbean
BERM Bermuda 2 0.00 0 0.0000 0 NA NA NA
BAH Grand Turk Is., Caicos Is., Bahamas 2 1.00 4 0.0059 0 NA NA NA
PR Cabo Rojo NWR, Puerto Rico 13 0.91 15 0.0083 8 0.249 0.103 1.70
HAITI Lake Assuey, Saint-Marc, Haiti 2 1.00 3 0.0044 0 NA NA NA
YUC Yucatan, Mexico 1 NA NA NA 0 NA NA NA
Charadrius alexandrinus occidentalis
South America
PE Sechura, Huacho, Chilica, Pisco, Mejia, Peru 6 1.00 14 0.0078 6 0.426 0.109 211

N is the number of individuals analyzed, 4 is haplotype diversity, s is the number of polymorphic sites, 7, is nucleotide diversity, H is
expected heterozygosity, Fig is the within subpopulation inbreeding coefficient, Rg is allelic richness. NA indicates unavailable data

room temperature until they could be put into per-
manent storage at —-80°C. In Washington, Oregon,
California, Oklahoma, and Texas, heart, pectoralis,
and embryonic tissue samples were collected from
carcasses of individuals that died of natural causes, and
membranes were collected from eggs in Colorado and
Washington. Peruvian tissue samples were provided by
the Louisiana State University Museum of Natural
Science. Toe pad samples were acquired from
specimens at the National Museum of Natural History
from Bermuda, the Bahamas, Haiti, the Yucatan, and
five additional individuals from Puerto Rico. The
Yucatan specimen was collected in 1865, and all other
NMNH specimens were collected between 1927 and
1936. All other samples were collected between 1995
and 2005.

@ Springer

Mitochondrial DNA methods

DNA was obtained from samples using standard phenol/
chloroform extractions as previously described (Haig
et al. 2004). All museum samples were extracted under
clean conditions in our ancient DNA room separate
from PCR products, and negative controls were run with
all PCRs to ensure no contamination. An approximately
1.2 kb fragment of the mitochondrial control region was
obtained using PCR primers 116525 and TS778 (Wen-
ink et al. 1994; Sorenson et al. 1999). Amplifications
were performed using a PTC 100 thermal cycler (MJ
Research, Waltham, Massachusetts, USA). A total
reaction volume of 20 pl was used with the following
concentrations: 10 mM Tris—HCI at pH 8.3; 50 mM
KCl; 0.001% gelatin; 3.5 mM MgCl,; 100 uM for each of
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the dNTPs; 0.2 uM of each primer; 100 ng of template;
and 1.5 U AmpliTaq Gold Polymerase (Perkin Elmer,
Wellesly, Massachusetts, USA). The following param-
eters were used for amplifications: 12 min denaturation
at 93°C, followed by 35 cycles of 30 s at 93°C, annealing
at50°Cfor 30 s, and elongation at 72°Cfor 1 min. A final
10 min period of elongation at 72°C followed the last
cycle. Successful PCR reactions were cleaned and con-
centrated by centrifugation dialysis using Microcon
30,000 MW cutoff filters (Amicon Bioseparations of
Millipore Corp., Beverly, Massachusetts, USA). Due to
a problematic poly C 5" region in the control region,
internal primers SNPLI0 (SATCATGACACGTCAC-
ATGC) and SNPL 200 (CCCTAYCACATATCAC-
CCA) were designed to generate bidirectional DNA
sequence in domains I and II of the control region.
Moreover, because of difficulty amplifying the 1.2 kb
fragment from museum specimens, a shorter fragment
(~700 bp) was amplified using the SNPL9I0 and TS778
primers. Sequences were generated using ABI Prism
Big Dye Terminator Cycle Sequencing chemistry on an
ABI 3100 capillary DNA automated sequencer (377
DNA Sequencer ABI Prism 377XL Collection Soft-
ware) located in the Central Services Laboratory at
Oregon State University. Ambiguities were resolved by
comparing light and heavy-strand sequences or from
overlap of different fragments. Use of avian blood as a
DNA source could allow amplification of nuclear
homologs. However, our amplification of a large frag-
ment (1.2 kb) of the mitochondrial genome as well as
bi-directional sequencing increased the likelihood that
DNA sequences were mitochondrial in origin. Also,
samples containing ambiguous sequence (i.e., double
peaks) were excluded from further analyses. Finally,
there was no relationship between tissue type and
haplotypes which would be expected if amplification of
blood samples were resulting in nuclear homologs.
Initial alignment of DNA sequences was completed
in ClustalX (Thompson et al. 1997). Manual adjust-
ments were then made in MacClade 4.08 OSX (Madd-
ison and Maddison 2000) so as to minimize the number
of changes required across sites. There were two sites at
which all mountain plovers had an insertion (or, alter-
natively, all snowy plovers had a deletion). These two
indels were removed from subsequent analyses. Only
unique haplotypes were included in matrices used for
phylogenetic analyses. Parsimony analyses were
conducted in PAUP* 4.0b10 (Swofford 2000) using a
heuristic search with 100 random addition-sequence
replicates and TBR branch swapping. Nodal support
was assessed through non-parametric bootstrap analysis
using 1,000 bootstrap replicates with 10 random addi-
tion-sequence replicates per bootstrap replicate.

The most appropriate model of sequence evolution
for the likelihood analysis was selected using Akaike’s
information criterion (Akaike 1974) in Modeltest 3.7
(Posada and Crandall 1998). Likelihood analysis was
then conducted in PAUP* 4.0b10 using successive
iterations with starting parameters based on estimates
from the previous tree, a method shown to perform
well (Sullivan et al. 2005). Parameters for the first
iteration were estimated from the most-parsimonious
tree with the best likelihood score. Iterations were
continued until successive searches yielded identical
trees, likelihood scores, and model parameters. Two
replicate Bayesian analyses were conducted with
MrBayes 3.04b (Huelsenbeck and Ronquist 2001). In
each replicate, four Markov chains were used and the
chain was sampled every 100 generations. Markov
chains were run for five million generations. Program
TCS was also used to construct a haplotype network
from control region haplotypes using statistical parsi-
mony (Clement et al. 2000).

We used all 166 snowy plover sequences for popu-
lation genetic analyses, but did not use outgroup se-
quences (mountain plovers). All mtDNA population
genetic analyses were performed using Arlequin ver-
sion 3.01 (Excoffier et al. 2005). Genetic variation
within sites was estimated using a variety of diversity
statistics, including haplotype diversity (#), number of
polymorphic sites (s), and nucleotide diversity (7).
Tajima’s D was also used to test for population bot-
tlenecks and population expansion (Tajima 1989).
Corrected average percent sequence divergence,
equivalent to net sequence divergence, was also cal-
culated in Arlequin. Genetic divergence among sites
was estimated using F-statistics and analysis of
molecular variance (AMOVA; Excoffier et al. 1992) in
Arlequin version 3.01 which takes into account the
number of mutations between haplotypes. One thou-
sand random permutations were used to test the
probability of observing pairwise ®gr values as large as
or larger than those observed by chance. Pairwise @ gt
values were calculated among all individual sites (with
samples size of four or more individuals) and between
North America (including Caribbean sites) versus
South America, western versus Cuban snowy plovers,
Pacific Coast versus Great Basin, Florida versus the
rest of the continental U.S., and Puerto Rico versus the
rest of North America. The « value for each test was
determined using a sequential Bonferroni adjustment
(Rice 1989). For the AMOVA analysis, we used four a
priori groupings (North America versus South Amer-
ica; western versus Cuban snowy plovers; Pacific Coast
versus Great Basin; and Florida versus the rest of the
continental U.S.). One thousand random permutations
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were also used to test the significance of variance
components. As only two birds were sampled in
southern Florida, these birds were grouped with birds
from the next closest sites in northern Florida for
analyses. Similarly, as only one bird was available from
the most northerly site in Peru and one bird was
available from the most southerly site in Peru, we
grouped all Peruvian samples together.

DNA sequences from this analysis have been
deposited in GenBank under accession numbers
(EF215532-EF215703).

Microsatellite methods

Microsatellite primer sequences were obtained from a
number of sources (Table 2). Initially, 53 primers pairs
previously isolated from eight different species were
tested for cross-species amplification. From these, two
(RBG-29, HrU2) (Primmer et al. 1995; Given et al.
2002) were polymorphic and gave reproducible results.
RBG-29 was later excluded from analyses because of
the presence of non-microsatellite insertion—deletions.
Primers CALEX-10, 19, 32, 35, 39 (developed for
Kentish plovers) were obtained from Kiipper et al.
(2007).

Microsatellite loci C201, C203, C204, and C205 were
obtained from ISSR-suppression-PCR clone libraries
(Lian et al. 2001). Briefly, PCR fragments obtained
from amplifications with primers (CA)s, (AC)7, (AG),
(GA)7, (TC)7, (AT);, (GT); were used for ligation into
a PCR-Script Cam cloning vector (Stratagene) and
were subsequently subcloned and positive clones se-
quenced. From these libraries, 19 microsatellite se-
quences were chosen to design nested PCR primers
(IP1 and IP2) for the determination of unknown
flanking regions. Adaptor-ligated, restricted DNA lib-
aries were constructed with Alul or Haelll digested
DNA fragments ligated to a suppression PCR adaptor
consisting of a 48-mer single-stranded oligonucleotide
(5-GTAATACGACTCACTATAGGGCACGCGTG
GTCGACGGCCCGGGCTGGT-3") and the comple-
mentary 8-mer 3’-end amino capped oligo (5-ACCA
GCCC-NH,-3"). Nested PCR amplifications were
performed using primer pairs AP1/IP1 and AP2/I1P2
and 13 PCR products forming a single band were
sequenced. Primers (IP3) were designed for the newly
defined flanking sequence and characteristics of the
isolated microsatellites were investigated. Four of
these sequences provided reproducible polymorphic
loci and were used for further analysis.

For screening samples, PCR amplifications were
performed in 10 pl reactions using the same conditions
as described previously for mitochondrial amplifica-

@ Springer

tions. Annealing temperatures for primers are shown
in Table 2. Amplification products were analyzed on
an ABI 3100 capillary DNA automated sequencer lo-
cated in the Central Services Laboratory at Oregon
State University. ABI Genescan® analysis software
was used to determine the size of fragments based on
internal lane standard GeneScan 500 [Rox]. ABI
Genotyper® software was used to score alleles accu-
rately. Of the 166 snowy plover samples available, our
10 microsatellite loci amplified successfully in 144
individuals collected between 1995 and 2005. Loci did
not consistently amplify for museum samples collected
between 1865 and 1936 or for individuals collected
recently from Santa Barbara (California) or Colorado,
and therefore were not included in the analysis.

Allele frequencies, exact probabilities for Hardy—
Weinberg proportions, and exact probabilities for
genotypic disequilibrium were calculated using
Genepop version 3.4 (Raymond and Rousset 1995).
Expected heterozygosities were calculated in Micro-
satellite Analyzer (Dieringer and Schlotterer 2003) and
allelic richness was calculated in FSTAT version 2.9.3.2
(Goudet 2001). Allelic richness is an index of the
number of alleles corrected for sample size using rar-
efaction (El Mousadik and Petit 1996). We tested for
an excess of heterozygotes beyond that expected in a
population at mutation-drift equilibrium, indicative of
population bottlenecks, for four groupings of sites
with at least 10 individuals (Pacific Coast = WA,
ORC, HUMB, MONT, and SCA in Fig. 1; Great
Basin = ORSL and UT; Midwest = KS and OK; and
the Gulf Coast = TX, LA, and FL) using program
BOTTLENECK (Cornuet and Luikart 1996).

Genetic divergence among sites was assessed with
F-statistics and AMOVA using Genepop version 3.4
(for calculating overall Fsr) and Arlequin version 3.01
(for calculating pairwise Fsr values and AMOVA), as
described above for mtDNA. We also conducted prin-
ciple components analysis (PCA) using Minitab version
14 as a method of assessing overall genetic similarity
among populations. The largest allele at each locus was
omitted to account for non-independence of alleles
within each locus. We then plotted PC2 versus PC1 and
PC3 versus PC2 to estimate genetic divergence as the
relative linear distance between points representing
each population. Isolation-by-distance among individ-
uals was tested using Mantel tests as implemented in
Alleles In Space (AIS; Miller 2005). The distance mea-
sure used in AIS is analogous to that used by Nei et al.
(1983) for population frequency data, but is instead ap-
plied to pairs of individuals rather than pairs of popu-
lations. Therefore, no a priori assumptions regarding the
geographic delineation of populations are necessary.
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We also used a Bayesian clustering approach
implemented in program STRUCTURE version 2.1
(Pritchard et al. 2000) to estimate the number of
populations (K) in a sample and to assign individuals to
one or more of these populations (k). This approach
groups populations by minimizing deviations from
Hardy—Weinberg equilibrium and linkage equilibrium
between loci within populations. We used the admix-
ture model which assumes gene flow among popula-
tions. The admixture model assigns a proportion of
each individual’s genome to each population (gq,). We
calculated the probability that there are from K =1 to
14 populations (the total number of sites for which
microsatellite data were available). We ran five inde-
pendent simulations for each K, used a burn-in length
of 50,000 and a run length of 10°, and assumed corre-
lated allele frequencies.

Finally, we estimated gene flow (Nm) among pop-
ulations and theta (® = 4Nyu) within populations
using the coalescent approach implemented in pro-
gram MIGRATE (Beerli and Felsenstein 2001). For
this analysis, we grouped sites into six populations
(the same four groupings shown above for the popu-
lation bottleneck analysis plus Puerto Rico and Peru).
For each run of MIGRATE, we used 10 short chains
of 10,000 sampled and 500 recorded trees, followed by
three long chains of 100,000 sampled and 5,000
recorded trees. Four-chain heating was used with
temperatures set to 1, 1.5, 3, and 6 in order to im-
prove sampling of tree space. We conducted this
analysis four times with different random number
seeds. Initial estimates of theta and 4Nm were gen-
erated from Fgt values for the first run, and the
maximume-likelihood estimates from the previous run
were used as the initial estimates of these parameters
for the subsequent three runs to confirm that final
chains converged on the same estimates (as deter-
mined by overlapping 95% confidence intervals).
MIGRATE assumes migration-drift equilibrium.
Estimates from the last run are reported (Table 6).

All sample, mtDNA, and microsatellite data are
available from the corresponding author upon request.

Results

Mitochondrial DNA variation

In the final alignment, 99 out of 676 characters were
variable, and 74 were parsimony informative. There
were a total of 57 unique haplotypes for the 166 snowy

plover individuals sequenced and five unique mountain
plover haplotypes out of six individuals sequenced.
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Maximum-parsimony analysis generated 18,899
most-parsimonious trees of 143 steps (CI = 0.727,
RI = 0.902). The best model of sequence evolution
chosen by Modeltest 3.7 was a TrN + I' + I model
(Tamura and Nei 1993 model with two transition
classes and one transversion class, among-site rate
heterogeneity, and invariant sites). The maximum
likelihood analysis only required two iterations to
reach convergence of tree topologies and branch
lengths (Fig. 2). The negative log-likelihood score of
the two final trees was 1,744.93 (estimated base fre-
quencies: A: 0.2439, C: 0.2821, G: 0.1607, T: 0.3133;
rate matrix: A—C: 1.0, A-G: 9.076, A-T: 1.0, C-G: 1.0,
C-T: 17.809, G-T: 1.0; shape parameter for gamma
distribution: 0.6459; proportion of invariant sites:
0.6050).

For the Bayesian phylogenetic analysis, plots of
model parameters and likelihood versus generation
number indicated that stationarity had been reached
by generation 100,000. Moreover, bipartition posterior
estimates obtained from all samples after removal of a
conservative burn-in period of 5,000 (equivalent to
500,000 generations) appeared to converge in pairwise
comparisons between the two runs (using the com-
paretree command in MrBayes). Therefore, the last
4.5 million generations (equivalent to 45,000 sampled
trees) of each of the two runs were combined to yield
90,000 trees for the final Bayesian posterior probabil-
ities (bpp). The 50% majority rule consensus tree of all
Bayesian trees had 12 nodes with greater than 50%
support, all of which were also observed in the maxi-
mum likelihood tree. Bayesian posterior probabilities
for these nodes are shown on the maximum likelihood
tree (Fig. 2).

In all analyses (parsimony, likelihood, and Bayes-
ian), few clades were well supported due to low phy-
logenetic signal in the mtDNA control region. Most
clades also had little association with geography. For
example, the clade containing haplotypes 1-15 includes
14 of the 20 sites analyzed in this study, ranging from
the Pacific Coast of the U.S. to Puerto Rico. Also,
many haplotypes (e.g., haplotypes 14, 31, and 45) were
geographically widespread, spanning the entire North
American continent. However, there were two clades
that were geographically restricted. First, the clade
containing haplotypes 6-9 was restricted to Puerto
Rico, and was very well supported (100% bpp).
Additionally, the clade containing haplotypes 52-57
was restricted to Peru and was also fairly well sup-
ported (79% bpp).

The haplotype network generated in TCS also
reveals that many haplotypes were shared by different
currently recognized subspecies (Fig. 3). Specifically,
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haplotypes 14, 27, 31, 43, and 45 were shared by both
western and Cuban snowy plovers.
haplotype network, like the maximum likelihood phy-

. = Charadrius alexandrinus nivosus
|:| = C. a. tenuirostris

|:| = C. a. occidentalis

Fig. 3 Statistical 95% parsimony network generated by TCS
based on mtDNA control region haplotypes for snowy plovers.
Circle sizes are proportional to the number of individuals sharing
the haplotype. Haplotype numbers are in circles. Shades refer to
the proportion of samples that came from a traditional

However,

the

logeny (Fig. 2), shows a distinct clade for haplotypes
6-9 from Puerto Rico and another distinct clade for
haplotypes 52-57 from Peru.

subspecies designation: western snowy plover (Charadrius
alexandrinus nivosus) haplotypes are in black; Cuban snowy
plover (C. a. tenuirostris) in gray; and South American snowy
plover (C. a. occidentalis) in white. Dashes are inferred
haplotypes
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Corrected average percent sequence divergence
(equivalent to net percent sequence divergence) be-
tween different groupings of snowy plovers is shown in
Table 3. Net sequence divergence between recognized
western and Cuban subspecies was low but statistically
significant. Net sequence divergence between Pacific
Coast and Great Basin birds and between Florida and
other continental U.S. birds was low and not signifi-
cant. In contrast, net sequence divergence was rela-
tively high and statistically significant for the
comparisons between North America versus South
America, western snowy plovers versus South Amer-
ica, Cuban snowy plovers versus South America, and
Puerto Rico versus the continental U.S. The mean
number of pairwise differences between Puerto Rico
and all North American and Caribbean sites was 6.8
(range: 0-14). Moreover, these substitutions were
dispersed throughout the control region, suggesting
that they were independent mutation events. The mean
number of pairwise differences between Peru and

Table 3 Corrected average percent sequence divergence (=net
sequence divergence) between snowy plovers (SNPL) from dif-
ferent groupings at the mtDNA control region

Comparison Average % P
sequence

divergence

Continents and subspecies

North America® vs. South America 0.81 < 0.00001%*
Western vs. Cuban SNPL 0.07 < 0.00001*
Western SNPL vs. South American 0.86 < 0.00001%*
Cuban SNPL vs. South American 0.70 < 0.00001*
Puerto Rico vs. continental U.S. 0.38 < 0.00001*
Within United States

Pacific Coast vs. Great Basin 0.00 0.39
Florida vs. rest of continental U.S.  0.04 0.01
Caribbean

Florida vs. Bermuda 0.17 0.05
Florida vs. Bahamas 0.38 0.01
Florida vs. Puerto Rico 0.45 < 0.00001%*
Florida vs. Haiti 0.02 0.10
Florida vs. Yucatan 1.03 1.00
Bermuda vs. Bahamas 0.44 0.34
Bermuda vs. Puerto Rico 0.68 0.01
Bermuda vs. Haiti 0.00 1.00
Bermuda vs. Yucatan 1.33 1.00
Bahamas vs. Puerto Rico 0.32 0.14
Bahamas vs. Haiti 0.37 0.33
Bahamas vs. Yucatan 0.30 1.00
Puerto Rico vs. Haiti 0.54 0.04
Puerto Rico vs. Yucatan 0.74 1.00
Haiti vs. Yucatan 1.18 1.00

? In the North America vs. South America comparison,
Caribbean sites are included in the North America group

* Significant at o = 0.05 level after sequential Bonferroni
correction
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North America was 9.9 (range: 1-17), and these
substitutions were also dispersed throughout the con-
trol region.

Population genetic analyses of mtDNA sequences
revealed substantial variation among sites at the level
of within population genetic variation as measured by
haplotype and nucleotide diversity (Table 1). Haplo-
type diversity was lowest in Louisiana and Bermuda
and highest in Humboldt County (California), Colo-
rado, Oklahoma, the Bahamas, Haiti, and Peru.
Nucleotide diversity was also lowest in Louisiana and
Bermuda, and highest in Colorado, Puerto Rico, and
Peru. No Tajima’s D values were significant, providing
no evidence for population bottlenecks or expansions.

Population genetic analyses also revealed a non-
random distribution of sequence variation among
populations, despite poor phylogenetic resolution and
a general lack of association of clades with geography.
Pairwise ®g1 values ranged from negative values
between many different pairs of sites up to 0.777
between Louisiana and Monterey Co., California
(Table 4). Pairwise ®gt values between Puerto Rico
and all other sites were large (mean: 0.378; range:
0.284-0.490), as were pairwise ®gr values between
Peru and all other sites (mean: 0.609; range: 0.490-
0.704). Eight pairwise comparisons (53%) between
Puerto Rico and other sites were significant; 11 pair-
wise comparisons (73%) between Peru and other sites
were significant. Pairwise ®gr values between North
versus South America (®st = 0.603), western versus
Cuban snowy plovers (®gt = 0.126), Florida versus the
rest of the continental U.S. (®gr = 0.088), and Puerto
Rico versus other North American sites (g = 0.443)
were all significant, but the pairwise @® g1 value
between Pacific Coast versus Great Basin birds
(® st = -0.003) was not significant.

A priori groupings of snowy plover sites were poorly
supported by AMOVA, except for grouping by conti-
nent (Table 5). Grouping of sites by continent (North
versus South America) explained 58.39% of the vari-
ation in haplotype frequencies, although this grouping
was only marginally significant due to the small sample
size available from Peru (P = 0.052). Grouping of sites
by currently recognized western versus Cuban snowy
plovers was statistically significant (P = 0.004) because
of much larger sample sizes in each group, but only
explained 9.79% of the variation in haplotype fre-
quencies. Grouping western sites into Pacific Coast
versus Great Basin groups explained —-3.00% of the
variation (the negative value indicates that haplotype
frequencies tended to be more similar among groups
than they were within groups; P = 0.738). Grouping of
sites into Florida versus the rest of the continental U.S.
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Table 5 Results from analysis of molecular variance (AMOVA) at mtDNA control region and microsatellite loci with snowy plover

sampling sites grouped in different ways

Groups No. of groups Variance components mtDNA Microsatellites
% of variation = P-value % of variation P-value
North America vs. South America 2 Among groups 58.39 0.052 23.84 0.075
Among sites 7.90 0.000%* 3.49 0.000%*
Within sites 33.71 0.000%*  72.67 0.000%*
Western vs. Cuban 2 Among groups 9.79 0.004%** 1.51 0.166
Among sites 14.78 0.000%* 4.05 0.000%*
Within sites 75.43 0.000%*  94.44 0.000%*
Pacific Coast vs. Great Basin 2 Among groups -3.00 0.738 -0.16 0.587
Among sites 7.56 0.022%* 1.04 0.213
Within sites 95.44 0.042%* 99.12 0.233
Florida vs. rest of cont. U.S. 2 Among groups 6.39 0.203 3.06 0.181
Among sites 4.88 0.028* 1.08 0.111
Within sites 88.74 0.005**  95.86 0.007%**

Groupings are North America (including Caribbean sites) versus South America; western snowy plover (C. a. nivosus) versus Cuban
snowy plover (C. a. tenuirostris); Pacific Coast versus Great Basin; and Florida versus rest of continental U.S. * P < 0.05, ** P < 0.01

groups also only explained 6.39% of the variation
(P = 0.203).

Microsatellite variation

Genotypic frequencies conformed to expected Hardy-
Weinberg proportions. Only four of 120 tests for
deviation from Hardy-Weinberg proportions were
statistically significant at the o = 0.05 level which is less
than the six tests expected to deviate by chance. No
loci had a consistent excess of homozygotes as would
be expected if there were null alleles. Moreover, no
tests for linkage disequilibrium were significant at the o
= 0.05 level, indicating all 10 loci were independent.
Overall levels of genetic variation within sites varied
substantially among sites and loci. Average expected
heterozygosity ranged from 0.249 in Puerto Rico to
0.539 at Monterey, California (Table 1). Allelic
richness ranged from 1.70 in Puerto Rico to 2.49 in
Texas (Table 1). The number of alleles per locus
also varied substantially among loci, ranging from two
alleles at C205 to 10 at C204 (Table 2). Of the three
tests for heterozygote excess implemented in program
BOTTLENECK (sign test, standardized differences
test, and Wilcoxon sign rank test), only the Wilcoxon
test was significant (P = 0.02) for the Pacific Coast
population. Thus there was limited evidence for a
population bottleneck in the Pacific Coast population,
and no support for bottlenecks in the other three
populations (Great Basin, Midwest, and Gulf Coast).
The overall Fgr value among all sites was 0.069 and
overall genetic differentiation was statistically signifi-
cant (P < 0.001). Pairwise Fsy values revealed that
significant population structure was largely due to two
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sites, Puerto Rico and Peru, as observed with mtDNA
haplotypes (Table 4). Pairwise Fsr values between
Puerto Rico and all other sites were large (mean: 0.256;
range: 0.169-0.362), as were pairwise Fgp values
between Peru and all other sites (mean: 0.282; range:
0.209-0.362). Eleven pairwise Fsy values (85%) for
comparisons between Puerto Rico and other sites were
significant; eight pairwise Fsr values (62%) for com-
parisons between Peru and other sites were significant.
Additionally, three pairwise Fst values (27%) between
Florida and other sites in the continental U.S. were
significant. Pairwise Fgsp values between North and
South America (Fst = 0.253), western versus Cuban
snowy plovers (Fst = 0.028), Florida versus the rest of
the continental U.S. (Fst = 0.036), and Puerto Rico
versus the continental U.S. (Fsr = 0.190) were all sig-
nificant, but the pairwise Fsr value between Pacific
Coast versus Great Basin birds (Fst = 0.002) was not
significant.

There were two unique alleles at two different loci
in Puerto Rico and four unique alleles at four different
loci in Peru (Appendix Table 7). Moreover, one allele
unique to Puerto Rico (allele 4 at C203) and three
alleles unique to Peru (allele 5 at C203, allele 4 at
CALEX-19, and allele 2 at CALEX-35) were found at
high frequencies, ranging from 0.333 to 0.500.

Similar to mtDNA sequences, a priori groupings of
snowy plover sites were poorly supported by AMOVA
for microsatellite loci except for grouping by continents
(Table 5). Grouping of sites by continent (North versus
South America) explained 23.84% of the variation in
allele frequencies, but was not significant (P = 0.075)
due to the small sample size from Peru. Grouping
of sites by subspecies (western versus Cuban snowy
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plovers) only explained 1.51% of the variation in allele
frequencies (P = 0.166). Similarly, grouping western
sites into Pacific Coast versus Great Basin groups ex-
plained —0.16% of the variation (P = 0.587). Grouping
sites into Florida versus the rest of the continental U.S.
also only explained 3.06% of the variation (P = 0.181).
Principle components analysis revealed high diver-
gence between Peru, Puerto Rico, and all other sites in
the continental U.S. (Fig. 4). Peru was highly separated
from all other sites along the first principle component
axis (PC1), which explained 28.3% of the variation in
allele frequencies and had high negative loadings for
the four alleles unique to Peru. Puerto Rico was pri-
marily separated from other sites along the third
principle component axis (PC3), which explained
12.7% of variation and had high positive loadings for
two alleles unique to Puerto Rico, and to a lesser
extent was separated from other sites along the second
principle component axis (PC2) which explained
13.4% of the variation. Finally, Mantel tests revealed
that a small, but significant proportion of the variation
in genetic distance among individuals was explained by
geographic distance (r = 0.363, P = 0.001; Fig. 5).
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Fig. 4 (a) Principle component (PC)2, which explained 13.4% of
the variation in snowy plover microsatellite allele frequencies,
versus PC1, which explained 28.3% of the variation. (b) PC3,
which explained 12.7% of the variation, versus PC2. Site codes
correspond to the codes used in Table 1 and Fig. 1

Genetic distance

0 1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
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Fig. 5 Genetic distance among individual snowy plovers at
microsatellite loci versus geographic distance calculated in
program AIS (r = 0.363, P = 0.001)

Program STRUCTURE clustered individuals into
three groups with a posterior probability close to 1.0.
Between 88% and 99% of the genomes of individuals
from Puerto Rico and Peru were assigned to one
group, whereas the genomes of individuals from
throughout the U.S. were fairly evenly split between
the other two groups. Thus the two continental U.S.
groups identified by STRUCTURE were not associ-
ated with geography.

Gene flow (Nm) estimates from program MIGRATE
were generally higher among continental U.S. popula-
tions (mean = 1.47; range = 0.54-3.76) than between
U.S. populations, Puerto Rico, and Peru (mean = 0.16;
range = 0.00-0.56; Table 6). The highest Nm estimates
were from the Pacific Coast to other continental U.S.
populations (mean = 3.14; range = 2.55-3.76) and the
lowest Nm estimates were between Puerto Rico and
Peru (mean = 0.07; range = 0.00-0.13). Theta estimates
were higher in the continental U.S. (mean = 0.72;
range = (0.58-0.78) than in Puerto Rico (0.30) or Peru
(0.39; Table 6).

Discussion
Snowy plover subspecies

Our microsatellite and mtDNA data provide strong
evidence that snowy plovers from Puerto Rico, the
west coast of South America, and North America are
genetically distinct from each other, but provide little
evidence for population structure within the conti-
nental U.S. This supports current recognition of three
subspecies of snowy plovers in the Western Hemi-
sphere, but suggests that the geographic boundaries
between western (Charadrius alexandrinus nivosus)
and Cuban (C. a. tenuirostris) subspecies should be
changed. Specifically, the border between western and

@ Springer



1300

Conserv Genet (2007) 8:1287-1309

Table 6 Estimates of theta (© = 4Ny) and gene flow (Nm) with 95% confidence intervals (in parentheses) for snowy plovers estimated

with program MIGRATE

Population i (€] Nm
PAC — i GB - i MW — | GUL - i PR — i PE — i
PAC 0.77 - 0.76 0.54 1.08 0.12 0.03
(0.73-0.82) - (0.67-0.86) (0.44-0.62) (0.97-1.20) (0.09-0.16) (0.01-0.08)
GB 0.78 3.10 - 0.89 1.19 0.56 0.15
(0.66-0.87) (2.78-3.44) - (0.72-1.08) (1.00-1.41) (0.34-0.72) (0.09-0.23)
MW 0.73 3.76 1.00 - 1.21 0.19 0.03
(0.65-0.82) (3.38-4.16) (0.81-1.21) - (1.00-1.45) (0.11-0.28) (0.01-0.08)
GUL 0.58 2.55 0.83 0.78 - 0.20 0.13
(0.53-0.64) (2.30-2.81) (0.70-0.98) (0.65-0.93) - (0.14-0.27) (0.08-0.20)
PR 0.30 0.37 0.03 0.12 0.06 - 0.13
(0.26-0.35) (0.29-0.46) (0.01-0.06) (0.04-0.17) (0.03-0.12) - (0.09-0.19)
PE 0.39 0.41 0.03 0.04 0.28 0.00 -
(0.32-0.48) (0.31-0.54) (0.01-0.07) (0.01-0.08) (0.20-0.38) (0.00-0.01) -

PAC, Pacific Coast (WA, ORC, HUMB, MONT, and SCA in Fig. 1); GB, Great Basin (ORSL and UT); MW, Midwest (KS and OK);

GUL, Gulf Coast (TX, LA, and FL); PR, Puerto Rico; PE, Peru

Cuban snowy plover subspecies has traditionally been
placed between Louisiana and Florida breeding
populations (American Ornithologists’ Union 1957).
Our data, however, suggest that the division between
these subspecies should be between Puerto Rico and
Florida. Under this recommendation, snowy plovers
from the continental U.S. would be considered C. a.
nivosus and birds from Puerto Rico would be part of
C. a. tenuirostris. Additonal sampling and analyses of
snowy plovers from the Caribbean, central Mexico,
and the islands off the north coast of Venezuela will be
necessary to determine the subspecies identity of these
populations.

There are several lines of support for our subspecies
delineations. First, all pairwise ®gr values for mtDNA
haplotypes between Puerto Rico and continental U.S.
sites and between South America and North America
were large and most were statistically significant
(Table 4). Second, six of the eight haplotypes from
Puerto Rico were unique to the site (frequencies of
haplotypes = 0.08-0.23) and all six of the haplotypes
from Peru were unique to Peru (frequencies = 0.17).
Third, net sequence divergence between individuals
from Puerto Rico and the rest of the continental U.S.
was fairly high (0.38%) and statistically significant, as
was net sequence divergence between Peru and North
America (0.81%; Table 3). However, sampling from
other Caribbean islands was inadequate to determine
their subspecies identity at this point.

The level of sequence divergence between snowy
plovers from Puerto Rico and the continental U.S. and
between the west coast of South America and North
America is in the range of values observed among
recognized avian subspecies for the mtDNA control
region (0.49-2.90%; Fry and Zink 1998; Bhagabati
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et al. 2004). Moreover, Fry and Zink (1998) and
Bhagabati et al. (2004) apparently used gross sequence
divergence which does not remove within group
sequence divergence and which is therefore expected to
be higher than net sequence divergence as used here.
Moreover, pairwise gt values between snowy plovers
from Puerto Rico and snowy plovers from all other sites
(mean = 0.378) and between South and North America
(mean = 0.609) are within the range of values obser-
ved among avian subspecies at the mtDNA control
region (0.036-0.950; Fry and Zink 1998; Valliantoes
et al. 2002; Benedict et al. 2003; Eggert et al. 2004;
Idaghdour et al. 2004; Pitra et al. 2004; Solorzano et al.
2004). These data demonstrate that mtDNA divergence
between Puerto Rico and U.S. snowy plovers and
between South and North America is well within the
range seen in other well-established avian subspecies.
Our microsatellite data also provide strong evidence
that Puerto Rican snowy plovers are genetically dis-
tinct from continental U.S. snowy plovers and that
Peruvian snowy plovers are distinct from North
American snowy plovers. First, as with mtDNA hapl-
otypes, many pairwise Fgr values between Puerto Rico
and continental U.S. sites were significant at micro-
satellite loci and ranged from 0.169 to 0.317. Similarly,
most pairwise Fgr values between Peru and North
American sites were significant at microsatellite loci
and ranged from 0.209 to 0.362. These pairwise Fgr
values between snowy plovers from Puerto Rico and
snowy plovers from the continental U.S. were also in
the middle of the range of values observed among
recognized avian subspecies at microsatellite loci of
0.023-0.571 (Chan and Arcese 2002; Eggert et al. 2004;
Pitra et al. 2004; Jones et al. 2005). As with our
mtDNA data, this shows that microsatellite variation



Conserv Genet (2007) 8:1287-1309

1301

between Puerto Rico and continental U.S. snowy plo-
vers and between South and North America is within
the range of differences seen among well-established
avian subspecies. Additionally, gene flow (Nm) esti-
mated with program MIGRATE was very low among
the continental U.S., Puerto Rico, and Peru (Table 6).
Finally, STRUCTURE identified Puerto Rico plus
Peru as a group distinct from the continental U.S.
STRUCTURE did not separate Puerto Rico and Peru
into two different groups, but this is inconsistent with
the high Fgr values and low Nm estimates between
these two populations, and is likely due to the rela-
tively low power of STRUCTURE to identify popu-
lations (Waples and Gaggiotti 2006) and small sample
sizes from these two sites.

It is important to note that the presence of two
unique alleles in Puerto Rico and four unique alleles
in Peru suggests that the high Fgr values between
Puerto Rico and continental U.S. sites and between
Peru and North America are not simply due to sam-
pling error stemming from the small sample sizes that
were available from Puerto Rico and Peru. Detection
of unique alleles at these sites despite small sample
sizes strongly suggests that these alleles occur at
reasonably high frequencies in these populations.
Further, one of two unique alleles in Puerto Rico and
three of four unique alleles in Peru were at high
frequencies. If there were substantial gene flow
between Puerto Rico and the continental U.S. or
between Peru and North America, there would not be
unique alleles at high frequency in these populations.
Thus, detection of unique alleles despite limited
sample sizes strongly suggests that snowy plovers
from Puerto Rico are divergent from continental U.S.
sites and that snowy plovers from Peru are divergent
from North American sites at microsatellite loci as
well as mtDNA.

In contrast, we found no genetic evidence for rec-
ognizing separate snowy plover subspecies within the
continental U.S. First, no mtDNA clades were re-
stricted to any sites in the western or eastern portion of
the species’ continental U.S. range that might corre-
spond with subspecies breaks (Figs. 2, 3). Second, there
were no significant pairwise ®gp values between
Florida and other sites in the continental U.S. for
mtDNA haplotypes, and only a few significant pairwise
Fgt values between Florida and other sites in the
continental U.S. for microsatellite loci (Table 4).
Moreover, these Fsr values were fairly low (pairwise
Fgt between Florida and other continental U.S. sites at
microsatellite loci was 0.036), yet within the range of
Fsr values observed among populations of other avian
species (range = 0.004-0.350; Caizergues et al. 2003;

Johnson et al. 2003; Randi et al. 2003; Gay et al. 2004).
This low Fgt value indicates that Florida has histori-
cally been connected with other sites in the continen-
tal U.S. by fairly high levels of gene flow. Moreover,
grouping samples by purported subspecies only
explained a small proportion of the variance in
mtDNA haplotype and microsatellite allele frequen-
cies in the AMOVA analyses (Table 5). Gene flow
estimates from program MIGRATE were also rela-
tively high among populations in the continental U.S.
(Table 6). Program STRUCTURE identified two
groups in the continental U.S., but the genomes of
individuals from across the mainland U.S. were evenly
split between these two groups (i.e., there was no
association between these two groups and geography).
This pattern suggests that there is no population
structure in the continental U.S. and that these sites
should be lumped into a single group (Pritchard et al.
2000). These results for continental U.S. snowy plovers
are concordant with a recent mtDNA analysis of
mountain plovers in the U.S. western Great Plains and
Colorado Plateau in which Oyler-McCance et al.
(2005) also found little spatial genetic structure. Simi-
larly, analysis of mtDNA and microsatellite variation
among North American populations of least terns
(Sterna antillarum) revealed low levels of population
differentiation (Draheim 2006).

Gorman (2000) argued that the Rocky Mountains
separate western and Cuban snowy plover subspecies
based on genetic variation at ISSR loci, although her
mtDNA data did not support this. In our study, we
found no genetic evidence for such a break for mtDNA
or microsatellite loci despite our larger sample sizes
and the high statistical power of microsatellites for
detecting population structure. However, we suggest
that Gorman’s data are more consistent with gradual
isolation by distance than with a distinct genetic
break occurring across the Rocky Mountains. First,
Gorman’s multivariate analysis of ISSR allele fre-
quencies (Fig. 5 in Gorman 2000) indicates some
overlap between populations east and west of the
Rocky Mountains along axis 1 and complete overlap
along axis 2. Second, she found highly significant iso-
lation-by-distance at ISSR loci (Fig. 6 in Gorman
2000), suggesting that genetic differences on either side
of the continent are due to geographic distance rather
than subspecific breaks. Therefore, we argue that there
is little support for two different subspecies of snowy
plovers in the continental U.S. based on genetic data.
Moreover, apparent lack of phenotypic differences
among regions within the continental U.S. supports this
(Blake 1977; Hayman et al. 1986; Binford 1989; Sibley
and Monroe 1990).
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Pacific Coast versus Great Basin snowy plovers

We found no evidence that Pacific Coast snowy plovers
(Washington, Oregon Coast, Humboldt County,
Monterey County, Santa Barbara County, and south-
ern California; Fig. 1) are genetically distinct at neutral
loci from Great Basin snowy plovers (Summer Lake
and Abert Lake, Oregon, and Great Salt Lake, Utah).
First, no mtDNA clades were restricted to Pacific
Coast or to Great Basin sites (Fig. 2). Second, there
were no significant pairwise ® g or Fgr values between
Pacific Coast sites and Great Basin sites for mtDNA or
microsatellites, respectively (Table 4). Moreover,
pairwise ®gt and Fgt values between Pacific Coast and
Great Basin snowy plovers for mtDNA and microsat-
ellites, respectively, were still insignificant after lump-
ing all Pacific Coast sites into one population and all
Great Basin sites into another population. Therefore,
lack of statistical significance between these two re-
gions is not due to low statistical power. Additionally,
none of the variance in mtDNA haplotype or micro-
satellite allele frequencies was explained by grouping
samples into Pacific Coast and Great Basin groups in
the AMOVA analysis (Table 5). Gene flow estimates
between the Pacific Coast and the Great Basin were
also the highest observed in this study (Table 6). Thus,
all analyses indicate that there is no population sub-
structure between Pacific Coast and Great Basin snowy
plovers.

Lack of genetic differentiation is not unexpected
within and between Pacific Coast and Great Basin
breeding aggregations based on field studies docu-
menting long-distance dispersal among sites (Stenzel
et al. 1994; Page et al. 1995; Page 2004). While rela-
tively high breeding site fidelity has been reported in
these areas (Paton and Edwards 1996; Page 2004),
within a single breeding season birds from the central
California coast have been observed as far south as San
Diego County (615 km) and inland at Summer and
Abert Lakes, Oregon, in the western Great Basin
(660 km; Stenzel et al. 1994). Between seasons, birds
from central California have moved as far north as
Washington (1,140 km). Additionally, natal and
breeding dispersal has been observed from the Cali-
fornia coast inland to Abert Lake (Page 2004). It is
difficult to document the extent of this population ex-
change because no Great Basin sites are intensively
monitored for banded birds.

We emphasize that only a few dispersers per gen-
eration are necessary to homogenize gene pools
between breeding habitats (Wright 1931; Slatkin 1985,
1987; Mills and Allendorf 1996). Therefore, lack of
significant genetic differences between Pacific Coast
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and Great Basin populations of snowy plovers does not
necessarily mean that there is a high level of movement
between these areas from a demographic standpoint.
Although a few individuals are sufficient to prevent
genetic differentiation among populations, a few indi-
viduals are not sufficient to maintain demographic
connectivity. For example, if a Pacific Coast population
of snowy plovers went extinct, a few immigrants from
the Great Basin may not be sufficient to recolonize the
empty habitat patch. For example, currently empty
patches of Pacific Coast habitat are not being recol-
onized so there is no reason to suspect it will happen in
the future when habitat is more fragmented.

Florida versus other continental U.S. sites

We also found little evidence that snowy plovers from
the southeastern U.S. (Florida) are genetically distinct
from snowy plovers in the rest of the continental U.S.
First, no mtDNA clades were restricted to Florida
(Fig. 2). Second, there were few significant pairwise
®dgr and Fgt values between sites in Florida and other
continental U.S. sites for mtDNA and microsatellites,
respectively, and low mean pairwise ®gr and Fgr
values indicated fairly high levels of gene flow
(Table 4). Pairwise ®st and Fgst values between Flor-
ida and all other sites grouped into a single population
were statistically significant for mtDNA and micro-
satellites, respectively, due to increased statistical
power, but the fairly low values for this comparison
(®st for mtDNA: 0.088; Fst for microsatellites: 0.036)
suggest substantial levels of gene flow. Additionally,
only a small proportion of the variance in mtDNA
haplotype and microsatellite allele frequencies was
explained by grouping sites into Florida versus the rest
of the continental U.S. in the AMOVA analysis
(Table 5). The Gulf Coast was also connected to other
continental U.S. populations by fairly high levels of
gene flow (Table 6). All analyses, therefore, indicated
that there is minimal population substructure between
snowy plovers in Florida versus the rest of the conti-
nental U.S. We are unaware of any data on snowy
plover dispersal for the southeastern U.S., but based on
the observations of long-distance dispersal among
snowy plover breeding areas in the western U.S. cited
above, lack of genetic differentiation is also not
unexpected between Florida and other continental
U.S. sites. Once again, we emphasize that lack of
significant genetic differences between snowy plovers
from Florida and elsewhere in the continental U.S.
does not necessarily indicate a high level of movement
between these areas from a demographic standpoint,
nor absence of adaptive genetic variation.
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Conservation implications

Our data provide strong evidence that snowy plovers
from Puerto Rico are genetically distinct from snowy
plovers in the continental U.S., and suggest that
Puerto Rico snowy plovers should be recognized as
part of a distinct subspecies. In 1989, there were at
most 20 breeding pairs of snowy plovers in Puerto
Rico (Lee 1989) and no known large populations in
the Caribbean. The current status of snowy plovers
in Puerto Rico is unknown because of a lack of more
recent monitoring data, but likely it has not im-
proved substantially. This suggests that this popula-
tion is at high risk of extinction due to demographic
and potentially genetic factors. Genetic variation
within this population was also low according to
microsatellite heterozygosity and allelic richness
which are relatively insensitive to sample size varia-
tion among sites (Table 1). MtDNA nucleotide
diversity was high in Puerto Rico due to the pres-
ence of divergent haplotypes at this site (Table 1),
but low heterozygosity at 10 independent microsat-
ellite loci indicates substantial inbreeding nonethe-
less. Island populations tend to have lower levels of
genetic variation than mainland populations due to
isolation, small population size, and/or founder ef-
fects, thereby increasing extinction risks (Frankham
1997, 1998). Genetic distinctness, extremely small
population size, and low genetic variation of the
Puerto Rico snowy plovers all suggest that this
population should be a high conservation priority.

Management of Pacific Coast snowy plovers should
take into consideration the high genetic connectivity
between Pacific Coast and Great Basin breeding re-
gions. While these regions are connected by sufficient
gene flow to homogenize gene pools (which may only
require a few individuals per generation), they may
continue to function as demographically independent
populations, particularly given their unique habitats,
low dispersal rates (Page 2004), and population de-
clines (Page et al. 1991). The likely adaptive genetic
variation between Pacific Coast and Great Basin snowy
plovers in habitat choice and life histories is important
to conserve to allow adaptation to future environ-
mental changes. These differences may not be detect-
able in patterns of neutral variation at mtDNA and
microsatellite loci (McKay and Latta 2002).

Our data do not support recognition of southeastern
U.S. snowy plovers as a separate genetic unit.

However, they are listed as threatened by the state of
Florida and endangered by the state of Alabama be-
cause of population declines, habitat degradation due
to development, increasing recreational use of beach
habitat, and vulnerability to catastrophic events, par-
ticularly hurricanes (Chase and Gore 1989; Gore 1996;
Sprandel et al. 1997). As with Pacific Coast and Great
Basin snowy plovers, there may be adaptive differences
between southeastern U.S. snowy plovers, which use
coastal habitats, and interior snowy plovers that may
not be detected with neutral genetic markers.

Conclusions

Our mtDNA and microsatellite data provide strong
evidence for continued recognition of three subspecies
of snowy plovers (C. a. nivosus, C. a. tenuirostris, and
C. a. occidentalis) in the Western Hemisphere, but
suggest changing the geographic boundary for
C. a. nivosus and C. a. tenuirostris. Additionally, we
found no genetic differences between Pacific Coast and
Great Basin snowy plovers, but note that there may
still be limited dispersal between these populations
from a demographic standpoint, as well as adaptive
differences. Similarly, because of likely demographic
independence and to preserve potential adaptive vari-
ation, we suggest that southeastern U.S. snowy plovers
warrant conservation concern, despite minimal genetic
differentiation from other continental U.S. breeding
areas at neutral loci.

Our approach of combining multiple markers and
placing genetic data in the context of field data should
also be useful for better defining subspecies and
developing conservation priorities for Kentish/snowy
plovers in Europe, Asia, and Africa which are also in
decline due to many of the same factors affecting
snowy plovers in North America and the Caribbean.

ESA protection of subspecies highlights the impor-
tance of defining geographic boundaries for subspecies
of conservation concern. However, it can be difficult
due to differences in opinion on what criteria to use
and when data are conflicting. In this study, mtDNA
and microsatellite data were concordant, suggesting
that there are three subspecies of snowy plovers within
the Western Hemisphere. Regardless, using multiple
types of data and explicitly defining subspecies criteria
prior to analysis will increase confidence in subspecies
identification and conservation prioritization.
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Appendix
Table 7 Microsatellite allele frequencies by locus and sampling site for snowy plovers, with alleles unique to single sites indicated
in bold
Site Allele
1 2 3 4 5 6 7 8 9 10
Locus: C201
WA 0.167 0.000 0.800 0.033
ORC 0.333 0.000 0.667 0.000
HUMB 0.000 0.000 1.000 0.000
MONT 0.125 0.000 0.625 0.250
SCA 0.267 0.000 0.700 0.033
ORSL 0.278 0.000 0.667 0.056
UT 0.100 0.000 0.867 0.033
KS 0.233 0.000 0.700 0.067
OK 0.188 0.000 0.750 0.062
TX 0.400 0.000 0.500 0.100
LA 0.000 0.100 0.900 0.000
FL 0.200 0.000 0.733 0.067
PR 0.000 0.000 1.000 0.000
PE 0.500 0.000 0.500 0.000
Locus: C203
WA 0.000 0.067 0.300 0.000 0.000 0.033 0.567 0.033
ORC 0.067 0.000 0.267 0.000 0.000 0.000 0.567 0.100
HUMB 0.000 0.250 0.625 0.000 0.000 0.000 0.125 0.000
MONT 0.000 0.000 0.375 0.000 0.000 0.125 0.500 0.000
SCA 0.000 0.067 0.333 0.000 0.000 0.000 0.567 0.033
ORSL 0.000 0.000 0.167 0.000 0.000 0.000 0.778 0.056
uT 0.033 0.067 0.333 0.000 0.000 0.000 0.533 0.033
KS 0.100 0.000 0.433 0.000 0.000 0.000 0.433 0.033
OK 0.000 0.000 0.625 0.000 0.000 0.000 0.250 0.125
TX 0.100 0.050 0.250 0.000 0.000 0.000 0.550 0.050
LA 0.000 0.200 0.400 0.000 0.000 0.000 0.300 0.100
FL 0.000 0.200 0.567 0.000 0.000 0.000 0.100 0.133
PR 0.000 0.000 0.062 0.438 0.000 0.000 0.500 0.000
PE 0.000 0.000 0.000 0.000 0.500 0.000 0.500 0.000
Locus: C204
WA 0.000 0.367 0.033 0.100 0.400 0.033 0.000 0.067 0.000 0.000
ORC 0.000 0.133 0.000 0.100 0.533 0.133 0.000 0.067 0.033 0.000
HUMB 0.000 0.500 0.000 0.000 0.000 0.250 0.000 0.250 0.000 0.000
MONT 0.000 0.250 0.000 0.000 0.500 0.250 0.000 0.000 0.000 0.000
SCA 0.000 0.233 0.000 0.133 0.500 0.067 0.000 0.067 0.000 0.000
ORSL 0.000 0.278 0.000 0.167 0.333 0.056 0.000 0.000 0.111 0.056
UT 0.000 0.100 0.067 0.267 0.400 0.167 0.000 0.000 0.000 0.000
KS 0.000 0.133 0.000 0.200 0.467 0.200 0.000 0.000 0.000 0.000
OK 0.000 0.062 0.000 0.188 0.312 0.188 0.188 0.062 0.000 0.000
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Table 7 continued
Site Allele
1 2 3 4 5 6 7 8 9 10
X 0.000 0.050 0.050 0.200 0.550 0.150 0.000 0.000 0.000 0.000
LA 0.000 0.000 0.000 0.100 0.700 0.200 0.000 0.000 0.000 0.000
FL 0.000 0.167 0.033 0.033 0.633 0.033 0.000 0.033 0.067 0.000
PR 0.000 0.000 0.000 0.812 0.188 0.000 0.000 0.000 0.000 0.000
PE 0.083 0.000 0.083 0.583 0.250 0.000 0.000 0.000 0.000 0.000
Locus: C205
WA 0.200 0.800
ORC 0.133 0.867
HUMB 0.375 0.625
MONT 0.250 0.750
SCA 0.333 0.667
ORSL 0.167 0.833
uT 0.167 0.833
KS 0.233 0.767
OK 0.000 1.000
TX 0.300 0.700
LA 0.200 0.800
FL 0.200 0.800
PR 0.812 0.188
PE 0.833 0.167
Locus: CALEX-10
WA 0.433 0.433 0.133
ORC 0.333 0.500 0.167
HUMB 0.375 0.375 0.250
MONT 0.500 0.500 0.000
SCA 0.267 0.700 0.033
ORSL 0.389 0.500 0.111
uT 0.333 0.667 0.000
KS 0.367 0.600 0.033
OK 0.188 0.812 0.000
X 0.350 0.650 0.000
LA 0.600 0.400 0.000
FL 0.333 0.667 0.000
PR 0.250 0.750 0.000
PE 0.250 0.750 0.000
Locus: CALEX-19
WA 0.000 0.000 0.733 0.000 0.267
ORC 0.000 0.000 0.633 0.000 0.367
HUMB 0.000 0.000 1.000 0.000 0.000
MONT 0.000 0.000 0.750 0.000 0.250
SCA 0.000 0.000 0.800 0.000 0.200
ORSL 0.000 0.000 0.889 0.000 0.111
uT 0.000 0.000 0.733 0.000 0.267
KS 0.033 0.067 0.700 0.000 0.200
OK 0.000 0.000 0.750 0.000 0.250
X 0.000 0.000 0.850 0.000 0.150
LA 0.000 0.000 0.900 0.000 0.100
FL 0.000 0.000 0.867 0.000 0.133
PR 0.000 0.000 0.938 0.000 0.062
PE 0.000 0.000 0.417 0.417 0.167
Locus: CALEX-32
WA 0.000 0.300 0.333 0.367 0.000
ORC 0.067 0.300 0.167 0.467 0.000
HUMB 0.000 0.250 0.625 0.125 0.000
MONT 0.000 0.000 0.500 0.500 0.000
SCA 0.000 0.367 0.167 0.467 0.000
ORSL 0.000 0.500 0.278 0.222 0.000
uT 0.033 0.300 0.267 0.400 0.000
KS 0.000 0.333 0.233 0.433 0.000
OK 0.000 0.438 0.188 0.375 0.000
X 0.000 0.300 0.400 0.300 0.000

@ Springer



1306 Conserv Genet (2007) 8:1287-1309

Table 7 continued

Site Allele
1 2 3 4 5 6 7 8 9 10
LA 0.000 0.400 0.300 0.300 0.000
FL 0.000 0.533 0.133 0.333 0.000
PR 0.000 0.000 0.250 0.688 0.062
PE 0.000 0.000 1.000 0.000 0.000
Locus: CALEX-35
WA 0.067 0.000 0.400 0.533
ORC 0.067 0.000 0.300 0.633
HUMB 0.000 0.000 0.375 0.625
MONT 0.250 0.000 0.250 0.500
SCA 0.167 0.000 0.133 0.700
ORSL 0.167 0.000 0.278 0.556
uT 0.167 0.000 0.400 0.433
KS 0.033 0.000 0.433 0.533
OK 0.000 0.000 0.562 0.438
X 0.200 0.000 0.300 0.500
LA 0.000 0.000 0.400 0.600
FL 0.200 0.000 0.467 0.333
PR 0.000 0.000 0.000 1.000
PE 0.000 0.333 0.333 0.333
Locus: CALEX-39
WA 0.000 1.000 0.000
ORC 0.033 0.967 0.000
HUMB 0.000 1.000 0.000
MONT 0.000 1.000 0.000
SCA 0.100 0.900 0.000
ORSL 0.000 1.000 0.000
uT 0.067 0.933 0.000
KS 0.033 0.933 0.033
OK 0.000 1.000 0.000
X 0.050 0.900 0.050
LA 0.100 0.900 0.000
FL 0.000 1.000 0.000
PR 0.000 1.000 0.000
PE 0.000 1.000 0.000
Locus: HrU2
WA 0.267 0.733 0.000 0.000
ORC 0.267 0.667 0.000 0.067
HUMB 0.375 0.625 0.000 0.000
MONT 0.375 0.500 0.000 0.125
SCA 0.333 0.667 0.000 0.000
ORSL 0.333 0.611 0.056 0.000
uT 0.500 0.467 0.000 0.033
KS 0.367 0.633 0.000 0.000
OK 0.250 0.688 0.000 0.062
X 0.550 0.450 0.000 0.000
LA 0.100 0.900 0.000 0.000
FL 0.167 0.767 0.067 0.000
PR 0.125 0.875 0.000 0.000
PE 0.000 0.250 0.750 0.000
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