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Molecular Population Genetic Structure in the Piping 
Plover 

By Mark P. Miller and Susan M. Haig, U.S. Geological Survey, Cheri L. Gratto-Trevor, Environment Canada, 
Thomas D. Mullins, U.S. Geological Survey 

Executive Summary 
The Piping Plover (Charadrius melodus) is a migratory shorebird currently listed as Endangered 

in Canada and the U.S. Great Lakes, and threatened throughout the remainder of its U.S. breeding and 
winter range. In this study, we undertook the first comprehensive molecular genetic-based investigation 
of Piping Plovers. Our primary goals were to (1) address higher level subspecific taxonomic issues, (2) 
characterize population genetic structure, and (3) make inferences regarding past bottlenecks or 
population expansions that have occurred within this species. Our analyses included samples of 
individuals from 23 U.S. States and Canadian Provinces, and were based on mitochondrial DNA 
sequences (580 bp, n = 245 individuals) and eight nuclear microsatellite loci (n = 229 individuals). Our 
findings illustrate strong support for separate Atlantic and Interior Piping Plover subspecies (C. m. 
melodus and C. m. circumcinctus, respectively). Birds from the Great Lakes region were allied with the 
Interior subspecies group and should be taxonomically referred to as C. m. circumcinctus

Introduction 

. Population 
genetic analyses suggested that genetic structure was stronger among Atlantic birds relative to the 
Interior group. This pattern indicates that natal and breeding site fidelity may be reduced among Interior 
birds. Furthermore, analyses suggested that Interior birds have previously experienced genetic 
bottlenecks, whereas no evidence for such patterns existed among the Atlantic subspecies. Likewise, 
genetic analyses indicated that the Great Lakes region has experienced a population expansion. This 
finding may be interpreted as population growth following a previous bottleneck event. No genetic 
evidence for population expansions was found for Atlantic, Prairie Canada, or U.S. Northern Great 
Plains individuals. We interpret our population history insights in light of 25 years of Piping Plover 
census data. Overall, differences observed between Interior and Atlantic birds may reflect differences in 
spatiotemporal stability of Piping Plover nesting habitat between regions. 

The Piping Plover (Charadrius melodus) has long been a species of conservation concern 
throughout its range (fig. 1). In Canada, two subspecies of Piping Plover are recognized: C. m. melodus 
in the Atlantic Canada region and C. m. circumcinctus in Ontario and Prairie Canada. Both subspecies 
are listed as endangered under the Species at Risk Act (Department of Justice Canada, 2002; Committee 
on the Status of Endangered Wildlife in Canada, 2003). Pursuant to the U.S. Endangered Species Act, 
the Piping Plover is listed as endangered in the Great Lakes watershed and threatened in the rest of its 
breeding and winter range (U.S. Fish and Wildlife Service, 1985). The U.S. Fish and Wildlife Service 
has approved separate recovery plans for populations breeding on the Atlantic Coast (U.S. Fish and 
Wildlife Service, 1988a, 1996), Great Lakes (U.S. Fish and Wildlife Service, 2003), and Northern Great 
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Plains (U.S. Fish and Wildlife Service, 1988b). Primary threats include nest and chick disturbance 
stemming from habitat degradation associated with human land use and development practices. 
Predation also has been suggested as a pertinent threat (Cuthbert and Roche, 2008). Complete species 
censuses over the past 25 years have documented range expansions, contractions, and local extirpations 
as well as areas where numbers have increased or decreased (Haig and Oring, 1985; Haig and Plissner, 
1993; Plissner and Haig, 2000; Haig and others, 2005; Elliott-Smith and Haig, 2009).  

Despite continued conservation concerns, there has not been a modern molecular genetic study 
carried out to address higher level taxonomic issues or elucidate population patterns and processes. A 
primary topic of need is a formal evaluation of subspecific taxonomic status, where two distinct 
subspecies are currently recognized: C. m. melodus are thought to breed in the Atlantic North America 
whereas C. m. circumcinctus

Methods 

 have been described as Interior breeders (American Ornithologists’ Union, 
1957; Elliott-Smith and Haig, 2004). Subspecific identification of Great Lakes birds has not been 
resolved, although an early allozyme study described them as belonging to the Interior subspecies (Haig 
and Oring, 1988a). From a recovery perspective, clarifying Piping Plover taxonomic issues may be 
important for informing listing and status reviews, establishing management strategies, and prioritizing 
funding under the U.S. Endangered Species Act and the Canadian Species at Risk Act.  

Understanding taxonomy and population structure on multiple geographic and temporal scales 
provides critical details into a species’ status and changes in status that is almost impossible to carry out 
without taking a molecular approach. The genetic affinity of populations is routinely used to determine 
the degree of vulnerability of species at risk or of population segments within species. Thus, in this 
study, we used mitochondrial DNA (mtDNA) sequence analyses to examine taxonomic issues and 
provide a historic perspective on population structure in Piping Plovers. For comparison, we also 
developed and analyzed variable microsatellite markers to provide a more recent assessment of 
population structure issues in Piping Plovers. Our analyses focused on two separate hierarchical levels. 
As a primary level, we separately quantified patterns within Interior and Atlantic birds (that is, putative 
subspecies). This partitioning of individuals was later substantiated by data generated in this study (see 
sections “Results” and “Discussion”). Subsequent analyses also were performed where the data were 
further subdivided to reflect samples from Prairie Canada, U.S. Great Plains, Great Lakes, Atlantic 
Canada, and Atlantic United States (table 1). Although likely not pertinent from an organismal 
perspective, the latter hierarchical level reflected geographical regions encompassed by separate U.S. 
and Canadian recovery plans that have been outlined for Piping Plovers, and therefore provide a basis 
for informing resource managers regarding species status in their local area of charge. Taken together, 
these analyses provide a comprehensive assessment of population genetics for the species and serve as a 
basis for comparison with other measures of population status such as censuses and other demographic 
parameters. 

Sample Collection   
Following protocols outlined by the American Ornithologists’ Union (Gaunt and Oring, 1997), 

blood or tissue samples were collected from breeding populations throughout the Piping Plover North 
American breeding range (fig. 1). No known close relatives (for example, parent/offspring, siblings, 
etc.) were included in analyses and all samples were collected during the breeding season prior to 
immigration of birds from other sites. Collection dates for birds included in our study are provided in 
appendix 1. 
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Laboratory Methods 

Mitochondrial DNA 
Due to a problematic poly-C 5' region in the control region, internal primers PPL26L 

(CCCCATACTAAATTCTTAGTATGTTTGC) and PPL657 
(CACGGACGAAAATGATGATATATAGC) were designed to generate an approximately 650bp  
bi-directional DNA sequence in domains I and II of the control region. Amplifications were performed 
using a PTC 100 thermal cycler (MJ Research). A total reaction volume of 20 µL was used with the 
following concentrations: 10 mM Tris-HCl at pH 8.3; 50 mM KCl; 0.001% gelatin; 3.5 mM MgCl2

 Microsatellites 

; 
100 µM for each of the dNTPs; 0.2 µM of each primer; 100 ng of template; and 1.5 U AmpliTaq Gold 
Polymerase (Perkin Elmer). The following parameters were used for amplifications: 12 min. 
denaturation at 93°C, followed by 35 cycles of 30 sec. at 93°C, annealing at 50°C for 30 sec., and 
elongation at 72°C for 1 min. A final 10 min. period of elongation at 72°C followed the last cycle. 
Successful PCR reactions were cleaned and concentrated by centrifugation dialysis using Microcon 
30,000 MW cutoff filters (Amicon Bioseparations). Bidirectional DNA sequence was generated in 
domains I and II of the control region with flanking primers PPL26L and PPL657 and internal primers 
TS437L (Wenink and others, 1994) and PPL493H (GGTCTTGAAGCTAGTAACGTAGGA). 
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 
Software) 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. The 
final sequence alignment contained 580bp of data from 245 individuals sampled at 23 U.S. States and 
Canadian Provinces (table 1, fig. 1). 

Microsatellite primer sequences were obtained from a number of sources. Primers CALEX-8, 
13, 35, and 37 (developed for Kentish Plovers, C. alexandrinus) were obtained from the Sheffield 
Molecular Genetic Facilities, University of Bath, UK (Küpper and others, 2007). Microsatellite locus 
C201 was obtained from ISSR-suppression-PCR clone libraries (Lian and others, 2001; Funk and 
others, 2007), and microsatellite markers PPL4, 10, and 11 were isolated using a magnetic bead capture 
enrichment protocol (Glenn and Schable, 2005). 

Sample screening amplifications were performed using a PTC 100 thermal cycler (MJ 
Research). A total reaction volume of 10 µL was used with the following concentrations: 10 mM Tris-
HCl at pH 8.3; 50 mM KCl; 0.001% gelatin; 3.5 mM MgCl2; 100 µM for each of the dNTPs; 0.2 µm of 
each primer; 100 ng of template; and 1.5 U GoTag DNA polymerase (Promega). The following 
parameters were used for amplifications: 3 min. denaturation at 93°C, followed by 35 cycles of 30 sec. 
at 93°C, annealing at 52 - 62°C for 30 sec., and elongation at 72°C for 1 min. A final 10 min. period of 
elongation at 72°C followed the last cycle. Amplification products were analyzed on an ABI 3100 
capillary DNA automated sequencer located in the Central Services Laboratory at Oregon State 
University. ABI Genescan® analysis software was used to size fragments based on internal lane 
standard GeneScan 500 [Rox]. ABI Genotyper® software was used to score alleles sizes. The final 
microsatellite data set contained genotypes from 229 individuals sampled from 23 U.S. States and 
Canadian Provinces (table 1, fig. 1).  
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Data Analyses 

Genetic Diversity Patterns 
The computer program Arlequin 3.1 (Excoffier and others, 2005) was used to quantify genetic 

diversity measures for each geographic region within our hierarchy. Gene and nucleotide diversity 
values were obtained for mitochondrial sequence data whereas observed and expected heterozygosity 
values (HO and HE

Phylogenetic Analysis 

, respectively) were calculated for microsatellite data. At the secondary level, tests 
for deviations from Hardy-Weinberg genotypic proportions were performed using GDA version 1.1 
(Lewis and Zaykin, 2002).  

Four independent approaches were used to characterize phylogenetic relationships among the 
observed mitochondrial haplotypes. First, Arlequin was used to generate a minimum spanning tree. 
Second, computer programs TCS (Clement and others, 2000) and NETWORK (http://www.fluxus-
engineering.com) were used to generate statistical parsimony and median-joining networks, 
respectively. Finally, the program MultiPhyl Online (Keane and others, 2007) was used to generate 
phylogenies based on the maximum likelihood (ML) criterion. For the latter analysis, an appropriate 
model of DNA sequence evolution was identified using the program ModelGenerator (Keane and 
others, 2006) with the AIC2 model selection measure and four discrete Gamma categories. The tree 
search was implemented using the nearest neighbor interchange algorithm and was initialized with a 
simple neighbor-joining tree.  

Genetic Structure 
Patterns of genetic structure were analyzed and quantified in several different ways. Data were 

analyzed using the AMOVA procedure as implemented in Arlequin. In these analyses, ΦST and FST was 
calculated (for mitochondrial and microsatellite data, respectively) to quantify the overall degree of 
differentiation between: (1) Interior and Atlantic groups, and (2) overall degree of differentiation among 
the five geographical regions corresponding to our secondary hierarchical structure. Pairwise values of 
ΦST and FST also were obtained for each combination of the five regions examined. Significance tests 
for all statistics were obtained using a randomization procedure based on 10,000 randomization 
replicates. P-values derived from pairwise tests were evaluated using sequential Bonferroni corrections. 
To facilitate interpretation of the pairwise comparisons, matrices of ΦST and FST values were further 
analyzed using MEGA4 (Tamura and others, 2007) to generate neighbor-joining trees illustrating 
general patterns of dissimilarity among the five regions.  

Spatial genetic structure patterns were analyzed via spatial autocorrelation analyses (Sokal and 
Oden, 1978a, 1978b) using the computer program Alleles in Space (Miller, 2005) to determine if 
isolation-by-distance patterns existed within each dataset. Analyses were performed separately for the 
mitochondrial and microsatellite data, and independent analyses were likewise performed for the 
Interior and Atlantic regions. Ten thousand randomization replicates were used to identify sets of spatial 
distances over which significantly large or small average inter-individual genetic distance patterns 
occurred. Analyses were performed using 20 distance classes. Analysis results were interpreted using 
the general guideline of Epperson (2005), who suggested that inferences from spatial autocorrelation 
analyses are most concrete when the shortest distance class demonstrates significant deviations from 
random expectations. 
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The Bayesian clustering procedure implemented in computer program STRUCTURE version 
2.2.3 (Pritchard and others, 2000) was used to simultaneously infer the number of distinct genetic 
clusters suggested by the microsatellite data, and likewise probabilistically assign each analyzed 
individual to one of the inferred clusters. STRUCTURE analyses were performed using values of K (the 
assumed number of clusters) ranging from 1 to 8. Analyses were performed using an initial burn-in of 
2*106 steps, followed by 1.5*107 Markov-Chain Monte Carlo (MCMC) analysis sweeps. Default 
analysis options including assumption of an admixture model and correlated allele frequencies were 
used, as suggested by the authors (Falush and others, 2003). Ten replicate analyses were performed 
using each value of K. Values of K

Population History and Status 

 that produced the highest average likelihood scores over replicates 
were summarized and visualized using the computer programs CLUMPP version 1.1.1 (Jakobsson and 
Rosenberg, 2007) and DISTRUCT version 1.1 (Rosenberg, 2004), respectively. 

Both datasets were used to evaluate population status with respect to changes in population size 
and the presence of past bottleneck events. Analyses were performed at the highest hierarchical level 
(using Interior and Atlantic birds separately), as well as for each of the five geographical regions 
defined for the secondary hierarchical level. For the mitochondrial sequence data, we tested for evidence 
of a population expansion using mismatch distributions (Rogers and Harpending, 1992; Schneider and 
Excoffier, 1999), Tajima’s (1989a, 1989b) D, Fu’s (1997) FS , and the R2 statistic of Ramos-Onsins and 
Rozas (2002). Tests using mismatch distributions, D, and FS were performed using Arlequin, and P

Results 

-
values were estimated based on comparison of observed values with expectations derived from 10,000 
coalescent-based simulations. The R2 test and its significance were calculated and tested as described 
above using the computer program DnaSP version 4.5 (Rozas and others, 2003). Note that mismatch 
distribution tests use a null hypothesis of a population expansion, whereas the other analyses explicitly 
use a stable population as a null hypothesis. 

Microsatellite data were used to test for recent bottlenecks at each of the hierarchical levels 
described above using the computer program BOTTLENECK (Cornuet and Luikart, 1996). Given the 
low allelic richness and narrow size ranges of observed microsatellite alleles (see section “Results”), 
analyses were performed separately using a strict stepwise-mutational model (SMM) and with the two-
phase model (TPM) based on a TPM variance of 4 (corresponding to an average of an approximately 
two-step repeat motif change when non-stepwise changes occur; DiRienzo and others, 1994) and an 
assumed proportion of 70 percent fixed SMM events. Ten thousand simulation replicates were used in 
analyses. Excess heterozygosity relative to theoretical expectations, an indication of past bottlenecks, 
was evaluated using the Wilcoxon signed-rank test.  

Genetic Diversity Patterns 
In our analyses of mitochondrial sequence variation, 70 unique haplotypes were observed among 

the 245 total individuals analyzed in this study (table 2). Twenty-five unique haplotypes were observed 
among the 96 Interior birds examined, whereas 49 haplotypes were identified among 149 Atlantic 
individuals. Only four haplotypes were shared between Interior and Atlantic groups. Among Interior 
birds, gene diversity and nucleotide diversity corresponded to 0.813 and 0.0030, respectively (table 3). 
Corresponding values were higher for Atlantic birds (gene diversity: 0.917, nucleotide diversity: 
0.0051). Among the five geographical regions described by the secondary hierarchical structure, genetic 
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diversity was highest within the Atlantic U.S. group (gene diversity: 0.961, nucleotide diversity: 0.0056) 
and lowest within the Great Lakes region (gene diversity: 0.596, nucleotide diversity: 0.0020) (table 3). 

Microsatellite markers revealed slightly different trends (table 3). At the highest hierarchical 
level, HO and HE were higher for the Interior (HO: 0.3930, HE: 0.3990) group relative to the Atlantic 
group (HO: 0.2461, HE: 0.2509). Among the five geographical regions, diversity was highest for Prairie 
Canada samples (HO: 0.4063, HE: 0.4098) and lowest for the Atlantic Canada group (HO: 0.2308, HE

Phylogenetic Analysis 

: 
0.2211). The microsatellite data were generally characterized by relatively low allelic richness (table 3). 
Among 40 tests for deviation from Hardy-Weinberg genotypic proportions, four significant results at the 
α = 0.05 level were observed: three from the Prairie Canada group (loci Calex8, Calex37, and Calex35) 
and one from the U.S. Great Plains group (locus Calex37). With the exception of locus Calex8, all 
significant tests suggested heterozygote deficiencies. Within the Prairie Canada group, Calex8 displayed 
a slight but significant excess of heterozygotes (that is, nominally consistent with a population 
bottleneck). 

All four phylogeny reconstruction procedures produced similar results. For simplicity, we 
present only the ML and minimum spanning trees (figs. 2-3). With respect to the ML tree, 
ModelGenerator identified the TrN+I+G model as the correct model of nucleotide substitution 
(nucleotide frequencies: A = 0.259, C = 0.300, G = 0.147, T = 0.295; Gamma parameter = 0.38; 
proportion of invariant sites = 0.84). The final tree had a likelihood score of -1299.091. The primary 
pattern revealed by phylogenetic analyses was the strong differentiation between Interior and Atlantic 
birds. Aside from four shared haplotypes observed between Interior and Atlantic individuals (haplotypes 
1, 2, 18, and 25), the remaining phylogenetic diversity was well-partitioned into clearly separable 
groups (table 2; figs. 2-3). Five of the six haplotypes observed within birds sampled from the Great 
Lakes region were strongly allied with other haplotypes observed within Interior birds (table 2; 
haplotypes 1, 13, 15, 23, 24). The sixth haplotype observed among Great Lakes birds (haplotype 25), 
although shared with a few Atlantic individuals, was nonetheless relatively closely related to other 
Interior haplotypes (figs. 2-3). 

Genetic Structure 
All analyses suggested the presence of strong genetic structure. In comparisons of Atlantic 

versus Interior birds, ΦST and FST (for mitochondrial and microsatellite data, respectively) corresponded 
to 0.473 and 0.104 (P < 0.0001). Likewise, ΦST and FST values generated when analyzing data using 
five regional groups corresponded to 0.426 (P < 0.0001) and 0.098 (P < 0.0001), respectively. 
Furthermore, similar patterns were observed between nuclear and mitochondrial marker data sets when 
comparing all pairwise values of ΦST and FST (fig. 4). In general, pairwise genetic differentiation values 
were smaller for contrasts within either the Interior or Atlantic groups relative to between-group 
contrasts. Genetic distances among Interior regions were also smaller than the genetic distance between 
the Atlantic Canada and Atlantic U.S. regions. However, within the Interior region, significant FST

Spatial autocorrelation analyses gave different results for the Atlantic versus Interior regions 
(fig. 5). Among Atlantic birds, analyses indicated that significant spatial genetic structure existed in 
mitochondrial and microsatellite datasets. Although genetic structure patterns were stronger for the 

 
values were nonetheless observed for contrasts between Prairie Canada and the U.S. Great Plains and 
for contrasts between the Great Lakes and U.S. Great Plains (fig. 4). Consistent with phylogenetic 
analyses, neighbor-joining trees generated from each matrix indicated that birds from the Great Lakes 
region were allied with those from the Interior region (fig. 4). 
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mitochondrial data, both datasets revealed patterns where individuals from the smallest distance class 
displayed pairwise genetic distance values that were significantly smaller than random expectations 
(figs. 5A, 5B). In contrast, analyses of Interior birds revealed no such patterns, as the average genetic 
distances of individuals from the smallest distance class were non-significant (figs. 5C, 5D). Interior 
birds revealed highly variable patterns where significantly large or small values generally were observed 
inconsistently among distance classes in a manner that did not reflect an overall isolation-by-distance 
pattern. 

Consistent with other analyses, STRUCTURE suggested that the most likely partitioning of the 
data exists for the K

Population History and Status 

 = 2 case (fig. 6A). When visualized, proportions of individual genomes assigned to 
each cluster generally suggested that the two clusters corresponded to separate Interior and Atlantic 
groups (fig. 6B). Likewise, and consistent with phylogenetic analyses, individuals from the Great Lakes 
region (Michigan and Wisconsin) were primarily assigned to the cluster associated with Interior birds. 

With one exception, insights obtained from mitochondrial data were inconsistent across the four 
separate analysis types performed (table 4). Mismatch distribution analyses and Fu’s FS statistic 
generally tended to suggest evidence of population expansions, whereas Tajima’s D

Discussion 

 and the R2 statistic 
suggested population stability. The primary exception to this pattern was the Great Lakes region, where 
all four analyses provided evidence for an expanding population. Tests for the signature of past 
population bottleneck events (microsatellite data), in contrast, provided relatively clear statistical 
patterns. All analyses performed on Interior birds and the three separate partitions of those data detected 
bottlenecks (table 4). In contrast, no evidence for bottleneck events was identified among Atlantic 
individuals. 

Subspecies Status 
Our combined analyses of mitochondrial DNA sequence data and eight nuclear microsatellite 

loci provided numerous insights into the taxonomic status of Piping Plover subspecies, and likewise 
provided information regarding genetic structure and historical patterns within different hierarchical 
units. With respect to subspecific taxonomic patterns, previous allozyme-based genetic data (Haig and 
Oring, 1988a) were unable to provide support for the presence of separate Interior and Atlantic 
subspecies that had been proposed based on the geographical distribution of breast-band patterns 
(Moser, 1942; American Ornithologists’ Union, 1945). However, our use of more modern and variable 
genetic information systems and analyses of a substantially larger data set than Haig and Oring (1988a) 
illustrated strong differentiation between Interior and Atlantic birds (table 2, figs. 2, 3, 4, and 6). This 
pattern is highly consistent with prior field-based observations that suggested little migration of 
individuals between regions (Haig and Oring, 1988b), and consequently, provides strong evidence in 
support of separate Atlantic and Interior subspecies (C. melodus melodus and C. m. circumcinctus, 
respectively; American Ornithologists’ Union, 1957). Among 70 unique haplotypes detected (table 2), 
only four (5.3 percent) were shared between what were otherwise monophyletic groups. Furthermore, if 
we assume that “Atlantic” haplotypes are those that were observed solely or in the majority among 
Atlantic individuals (with the complement being true for “Interior haplotypes” and Interior birds), then 
93 percent of the Atlantic birds differ from 99 percent of Interior birds (table 5). This pattern exceeds 
the well-known “75 percent rule” for defining subspecies (Amadon, 1949; Patten and Unitt, 2002; Haig 
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and others, 2006). Likewise, given the large ΦST and FST values observed between Interior and Atlantic 
groups (fig. 4), our data also meet the subspecies definition of Funk and others (2007), who defined a 
subspecies as “… a subset of populations with consistent genetic differences 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.” Our data also illustrated that birds from the Great Lakes 
region are strongly allied with the Interior group, and should be taxonomically referred to as C. m. 
circumcinctus. Note that genetic evidence for two Piping Plover subspecies contrasts with weak genetic 
differentiation among U.S. Snowy Plovers (C. alexandrinus; Funk and others, 2007). Given the strong 
patterns of differentiation observed between C. m. melodus and C. m. circumcinctus

Regional Genetic Structure 

, we suggest that 
future research evaluating adaptive divergence or reproductive isolation of subspecies may be 
informative.  

Differential genetic structure patterns were observed within subspecies. Within the Interior 
group (Prairie Canada, U.S. Great Plains, Great Lakes), pairwise ΦST and FST values (for mitochondrial 
and microsatellite data, respectively) were markedly lower than comparable values generated for 
contrasts between Atlantic Canada and the Atlantic U.S. (fig. 4). This pattern may reflect higher 
individual gene flow (reduced breeding site fidelity) of Interior birds relative to birds from the Atlantic 
region. However, despite producing lower pairwise values, significant FST values were nonetheless 
observed in the Interior region for two of the three pairwise contrasts (fig. 4). This result suggests that 
the Interior subspecies does not represent a single panmictic entity. Field observations appear to 
corroborate this idea, as over 20 years of bird banding studies have never identified Great Lakes birds 
breeding west of Lake Superior (or vice versa) (J. Dingledine, USFWS, and F. Cuthbert, University of 
Minnesota, personal communication). Consequently, long-distance gene flow, when it occurs, may be 
episodic and insufficient to maintain demographic connectivity of regions. 

Spatial genetic structure patterns (fig. 5) were also in agreement with pairwise ΦST and FST

Genetic Diversity, Population Status, and History 

 
values, as Atlantic birds show evidence of isolation-by-distance patterns. In this case, our data suggest 
that dispersal, when it occurs, generally is associated with movement to relatively proximal breeding 
territories. In contrast, Interior birds showed no overt spatial genetic structure signals. This pattern is 
consistent with the reduced genetic differentiation among Interior subregions (fig. 4), and may reflect 
reduced breeding site or natal fidelity when previously occupied sites are unavailable because they are 
flooded, dry, overgrown with vegetation, or otherwise disturbed due to human activities. Overall, 
differences observed between Interior and Atlantic birds may reflect variation in habitat stability 
between regions. Atlantic regions may provide more reliable, long-term habitat for Piping Plovers that is 
less likely to demonstrate extreme spatiotemporal variability. In contrast, the Interior region of North 
America experiences substantial temporal climatic variation that may cause flooding or complete 
desiccation of alkali lakes and other wetlands in an area (Espie and others, 1998; Haig and others, 
2005). Further, anthropogenically controlled variable water/flooding regimes on the Missouri River may 
periodically force dispersal of many birds nesting in the Great Plains if habitat becomes unavailable due 
to inundation, vegetation encroachment, or other habitat disturbances (North, 1986; Schwalback and 
others, 1993, as cited in Espie and others, 1998). 

Piping Plover genetic diversity appeared to be comparable to the range of values observed in two 
Snowy Plover subspecies sampled from the continental U.S. and Caribbean (Funk and others, 2007). 
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Snowy Plovers also are a species of conservation concern although only one Distinct Population 
Segment is ESA-listed for the species (U.S. Fish and Wildlife Service, 1993). For example, 
mitochondrial control region nucleotide diversity in our five regions (table 3) ranged from 0.0020 to 
0.0056 (mean = 0.0044) compared with a range of 0.0006 to 0.0083 at the same locus in Snowy Plovers 
(mean = 0.0042). Average expected microsatellite heterozygosity within each region (table 3; range: 
0.2211-0.4098, mean = 0.3334) likewise fell within the range of values observed for Snowy Plovers 
(range = 0.249 - 0.539, mean = 0.453). The slightly higher average value observed for Snowy Plovers 
likely reflects differences in allelic richness of the microsatellite loci investigated in this study and by 
Funk and others (2007). Among eight microsatellite loci examined here, numbers of alleles ranged from 
2 to 5 (mean = 2.875) across our full dataset. In contrast, an average of 4.8 alleles per locus (range = 2 
to 10) were present among the 10 loci examined by Funk and others (2007). 

Consistent with our phylogenetic and genetic structure analyses, our evaluations of population 
status and history suggested differences between Interior versus Atlantic Piping Plovers (table 4). For 
example, microsatellite analyses indicated that each of the three Interior subregions (and all Interior 
birds combined) show evidence of past genetic bottleneck events, whereas no such patterns were 
observed among Atlantic birds. Note that tests based on the stepwise mutational model (SMM) tend to 
be highly conservative relative to those based on the two-phase model (TPM) (Cornuet and Luikart, 
1996). Consequently, given the significance of both SMM and TPM-based analyses, our data provide 
compelling evidence for past bottlenecks within the Interior region. In contrast, tests for population 
expansions based on the mitochondrial sequence data provided inconsistent results among analysis 
variants and geographical regions (table 4), with the two most powerful tests (FS

Historical records and prior census data (Haig and Oring, 1985; Haig and Plissner, 1993; 
Plissner and Haig, 2000; Haig and others, 2005; Elliott-Smith and Haig, 2009), however, tend to 
corroborate the general inferences provided by our analyses. For example, in the mid-1980s, less than 
2000 Piping Plover breeding pairs were estimated to exist in North America (Haig and Oring, 1985), 
with only approximately 17 pairs inhabiting the Great Lakes region (U.S. Fish and Wildlife Service, 
1985; Haig and Oring, 1988b). These estimates are thought to reflect severe population declines that 
began in the early 1900s (Haig and Oring, 1985, 1988b), and are likely to be the basis for our detection 
of significant bottleneck events among Interior birds. However, available data do not allow us to 
provide more explicit temporal estimates, nor do they allow us to determine if the same (or different) 
bottleneck events influenced all Interior regions. Furthermore, data from four International censuses 
over 15 years suggest that population increases have occurred in the Great Lakes region. Between 1991 
and 2006, the number of birds counted in the Great Lakes during censuses increased by 175 percent 
(from 40 to 110 birds; Haig and Plissner, 1993; Elliott-Smith and Haig, 2009). This increase is likely 
due to intense predator management and habitat protection (Wemmer, 2000). Consequently, our data 
may be illustrating the genetic repercussions of a population expansion and recovery process that 

 and R2; Fu, 1997, 
Ramos-Onsins and Rozas, 2002) generally providing conflicting results. Of all analyses performed, only 
the Great Lakes subregion illustrated consistent evidence for an expanding population (table 4).  

The timing and intensity of influential historical events can be difficult to infer based solely on 
genetic data. For example, detection of bottlenecks depends on the interplay of a multivariate 
combination of statistical and population parameters that primarily include: (1) size of the pre-
bottleneck population, (2) size of the post-bottleneck population, (3) duration of the bottleneck event, 
(4) number of sampled individuals for analyses, and (5) number of loci examined (Cornuet and Luikart, 
1996; Luikart and others, 1998). Likewise, the power of tests for population expansions primarily 
depend on: (1) expansion rate, (2) elapsed time since the expansion event, (3) sample size, and (4) 
degree of variability among the set of observed sequences (Fu, 1997; Ramos-Onsins and Rosas, 2002).  
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followed a prior bottleneck event among Great Lake birds. In contrast, Prairie Canada and the U.S. 
Great Plains only show consistent evidence for a prior bottleneck: no evidence for population 
expansions was obtained from the genetic data. This finding also is consistent with census data, which 
suggests that increases in Prairie Canada and the U.S. Great Plains have been modest (3,467 birds in 
1991 compared to 4,662 in 2006; Haig and Plissner, 1993; Elliott-Smith and Haig, 2009). Though 
apparently on a positive growth trajectory, these other regions may not be increasing at sufficient rates 
to facilitate population expansion detection by genetic data. Alternately, given the relatively recent 
collection dates of the birds analyzed (appendix 1), more time may be required for the molecular genetic 
signal of the recent expansions to become manifest. 

In contrast to Interior birds, Atlantic populations illustrated no evidence of genetic bottlenecks or 
population expansions. If our hypothesis regarding the relative stability of Atlantic versus Interior 
habitats is correct (see section “Regional Genetic Structure”), then Atlantic birds may not have 
experienced historical population reductions or bottlenecks of the magnitude seen by Interior birds. 
Furthermore, census data (Haig and Plissner; 1993; Elliott-Smith and Haig, 2009) indicate that the 
Atlantic Canada population has changed little from 1991 to 2006 (513 birds in 1991 and 457 in 2006), 
suggesting relatively stable current population sizes. Moreover, although the Atlantic U.S. population 
appears to have almost doubled in size (1,462 birds were observed in 1991 and 2,855 in 2006), the 
overall census size within the region was always relatively large. For example, when comparing 
smallest census numbers, the Atlantic U.S. population has been more than 20 times larger than the Great 
Lakes population (Haig and Plissner, 1993; Elliott-Smith and Haig, 2009). Also, although the overall 
Atlantic U.S. population is currently increasing, it has decreased in some local areas. Thus, the 
molecular genetic signal of the expansion may not yet be detectable within the genealogy of Piping 
Plovers from the region. Absence of a consistent signal (table 4) may reflect an initially diverse 
population prior to expansion, result from inclusion of samples from locations where sub-regional 
declines have been noted, or indicate that the rate of population growth (relative to the initial population 
size) is insufficient to allow for detection of the current expansion event. 

Conclusions 
Results of our research (1) provide molecular genetics-based confirmation for the existence of 

two distinct Piping Plover subspecies (C. m. melodus and C. m. circumcinctus
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), (2) suggest that Atlantic 
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Table 1.  Sample sizes and collection locations for genetic analyses of Piping Plovers. 
 

 
 

Locations 
Sample size  

(mitochondrial) 
Sample size  

(microsatellite) 
Interior 96 92 

Prairie Canada 29 27 
Alberta 7 6 
Saskatchewan 19 18 
Manitoba 3 3 

U.S. Great Plains 50 51 
Montana 4 5 
North Dakota 20 20 
South Dakota 19 20 
Nebraska 6 5 
Minnesota 1 1 

Great Lakes 17 14 
Wisconsin 1 1 
Michigan 16 13 

Atlantic 149 137 
Atlantic Canada 69 67 

Quebec 20 20 
Newfoundland 2 1 
New Brunswick 6 6 
Prince Edward Island 20 20 
Nova Scotia 21 20 

Atlantic U.S. 80 70 
Maine 6 6 
Massachusetts 1 2 
Delaware 2 2 
Maryland 17 16 
Rhode Island 3 2 
New York 20 19 
New Jersey 22 17 
North Carolina 9 6 

Total 245 229 
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Table 2.  Geographical locations where 70 unique Piping Plover haplotypes were detected. Only haplotypes 1, 2, 
18, and 25 were shared between Interior and Atlantic birds.  

Haplotype AB SK MB MT ND SD NE MN WI MI QB NF NB PI NS ME MA DE MD RI NY NJ NC Total
1 1 7 1 2 6 9 1 1 10 2 40
2 2 2 1 6 4 1 1 2 4 23
3 2 2
4 1 1 2
5 1 1
6 3 2 5
7 1 1
8 1 1
9 3 3
10 1 1
11 1 1
12 1 1 2
13 1 1 2
14 3 3
15 2 1 1 4
16 1 1
17 2 2
18 1 1 1 3
19 1 1
20 1 1
21 1 1
22 2 2
23 1 1 2
24 1 1
25 1 1 3 1 6
26 11 1 3 7 9 2 2 2 1 38
27 7 4 11
28 2 2
29 1 1
30 2 2
31 1 1
32 2 2
33 1 1
34 1 1
35 1 1 4 6
36 1 1 2 3 7
37 4 1 2 7
38 1 2 1 2 6
39 1 1
40 1 1
41 1 1
42 1 1
43 1 1
44 1 1
45 1 1 2
46 5 5 10
47 1 1
48 1 1
49 1 1
50 2 2
51 1 1
52 2 2
53 2 1 3
54 3 3
55 1 1
56 1 1
57 1 1
58 1 1
59 1 1
60 1 1
61 1 1
62 1 1
63 1 1
64 1 1
65 2 2
66 1 1
67 1 1
68 1 1
69 1 1
70 1 1

Total 7 19 3 4 20 19 6 1 1 16 20 2 6 20 21 6 1 2 17 3 20 22 9 245

Atlantic U.S.
Prairie 

Canada
Northern Great 

Plains
Great 
Lakes Atlantic Canada
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Table 3.  Genetic diversity measures for mitochondrial and microsatellite data sets observed at two hierarchical 
levels for Piping Plovers.  

 
[Na, average number of alleles per locus; HO, observed heterozygosity; HE

Region
Number of 
haplotypes

Gene 
diversity

Nucleotide 
diversity Na HO HE

Interior 25 0.813 0.0030 2.500 0.3930 0.3990
Atlantic 49 0.917 0.0051 2.375 0.2461 0.2508

Subregion
Prairie Canada 11 0.867 0.0039 2.500 0.4063 0.4098
U.S. Great Plains 15 0.829 0.0028 2.250 0.3607 0.3857
Great Lakes 7 0.596 0.0020 2.125 0.3839 0.3882
Atlantic Canada 16 0.765 0.0032 1.875 0.2308 0.2211
Atlantic U.S. 38 0.961 0.0056 2.250 0.2417 0.2622

Mitochondrial Microsatellite

, expected heterozygosity] 

 
 
 

Table 4.  Demographic analyses for Piping Plovers designed to infer the presence of population expansions 
(mitochondrial data) and bottleneck events (microsatellite data).  

 

Grouping
Mismatch distribution 

(P-value)1 D (P-value)2 Fs (P-value)2 R2 (P-value)2
SMM         

(P-value)3
TPM        

(P-value)3

All Interior 0.406 -1.5889 (0.024) -20.3129 (<0.001) 0.0437 (0.062) 0.027 0.010
Prairie Canada 0.734 -0.6021 (0.314) -3.6942 (0.026) 0.0993 (0.282) 0.027 0.010
U.S. Great Plains 0.278 -1.1642 (0.110) -8.9296 (< 0.001) 0.0678 (0.113) 0.027 0.010
Great Lakes 0.932 -1.5655 (0.044) -3.4771 (0.001) 0.0911 (0.009) 0.027 0.027
All Atlantic 0.453 -1.1343 (0.107) -26.4361 (<0.001) 0.0526 (0.143) 0.594 0.469
Atlantic Canada 0.004 -0.2662 (0.454) -7.5245 (0.001) 0.0931 (0.446) 0.313 0.313
Alantic U.S. 0.148 -0.9277 (0.187) -26.3295 (<0.001) 0.0662 (0.203) 0.594 0.344

1H0:  Population has experienced a recent, detectable population expansion.
    Rejection of H0 provides evidence for population stability
2H0:  Population has been demographically stable.
    Rejection of H0 may reflect population expansions
3 H0:  Population has not experienced a bottleneck
    Rejection of H0 suggests a prior bottleneck event
Consistent with expansion
Consistent with bottleneck

Mitochondrial data Microsatellite data
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Table 5.  A 2 x 2 contingency table illustrating the numbers and percents of Atlantic vs. Interior birds that harbored 
either an “Atlantic haplotype” or “Interior haplotype”. “Atlantic haplotypes” were defined as those observed 
solely or in the majority among Atlantic individuals (with the complement being true for “Interior haplotypes” and 
Interior birds). 

 

Atlantic Birds Interior Birds Total
Atlantic Haplotypes 139 (93%) 1 (1%) 140
Interior Haplotypes 10 (6%) 95 (99%) 105
Total 149 96 245  
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Figure 1. Collection locations of Piping Plovers analyzed in this investigation. Shaded U.S. states or Canadian 
provinces highlight general geographical regions. Symbols reflect specific collection locations (Circles: Interior 
group; Squares: Atlantic group). See table 1 for additional sample size information. 
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Figure 2.  Minimum spanning tree illustrating relationships of 70 unique haplotypes detected among 245 Piping 
Plovers. Locations where haplotypes were observed are shown in table 2. Asterisks indicate four haplotypes 
that were shared between Interior and Atlantic birds (haplotypes 1, 2, 18, and 25). 
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Figure 3. Maximum likelihood tree illustrating relationships of 70 unique haplotypes detected among 245 Piping 
Plovers. Locations where haplotypes were observed are shown in table 2. Asterisks indicate four haplotypes 
shared between Interior and Atlantic birds (haplotypes 1, 2, 18, and 25). 
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Figure 4. Pairwise ΦST (panel A) and FST (panel B) values observed from all pairwise comparisons of the five 
geographical regions examined for Piping Plovers. Actual statistics are contained within the lower off-diagonal 
elements, whereas congruent P-values are listed in the upper off-diagonal elements. Significant P

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

-values after 
sequential Bonferroni correction are in bold italic type. Neighbor-joining trees to the right of each matrix 
illustrate relative dissimilarity of the regions based on the pairwise matrices. 

A

B Prairie Canada
Great Lakes

U.S. Great Plains
Atlantic Canada

Atlantic U.S.

0.01

Prairie Canada
Great Lakes

U.S. Great Plains
Atlantic Canada

Atlantic U.S.

0.01

Prairie Canada
U.S. Great Plains
Great Lakes

Atlantic Canada
Atlantic U.S.

0.05

Prairie Canada
U.S. Great Plains
Great Lakes

Atlantic Canada
Atlantic U.S.

0.05

Mitochondrial 1 2 3 4 5

    Prairie Canada (1) - 0.108 0.074 <0.0001 <0.0001

    U.S. Great Plains (2) 0.018 - 0.057 <0.0001 <0.0001

    Great Lakes (3) 0.040 0.038 - <0.0001 <0.0001

   Atlantic Canada (4) 0.493 0.534 0.532 - <0.0001

    Atlant ic U.S. (5) 0.476 0.519 0.480 0.203 -

Microsatellite 1 2 3 4 5

    Prairie Canada (1) - 0.009 0.355 < 0.0001 < 0.0001

    U.S. Great Plains (2) 0.022 - 0.008 < 0.0001 < 0.0001

    Great Lakes (3) 0.003 0.038 - < 0.0001 < 0.0001

 Atlantic Canada (4) 0.151 0.145 0.174 - < 0.0001

   Atlant ic U.S. (5) 0.121 0.102 0.117 0.062 -
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Figure 5. Results of spatial autocorrelation analyses based on pairwise genetic and geographical distances 
between individual Piping Plovers for (A) mitochondrial data generated from the Atlantic region, (B) 
microsatellite data generated for the Atlantic region, (C) mitochondrial data generated from the Interior region, 
and (D) microsatellite data generated from the Interior region. Dashed lines on each plot indicate average inter-
individual genetic distances observed among all individuals in each dataset. Points marked with asterisks 
indicate values that are significantly larger or smaller than random expectations at the α = 0.05 level. Cases 
where significant results are observed at the shortest class likely represent true significant spatial structure 
(Epperson, 2005). 
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A

B

Figure 6. STRUCTURE analysis of microsatellite data for Piping Plovers. Panel A: Evaluation of 10 replicate runs 
for values of K ranging from 1-8 suggested that the K

 

 = 2 solution (two separate genetic clusters) was the 
most likely solution. Panel B: Individual cluster membership coefficients suggested that genetic structure was 
strongly divided between the Interior and Atlantic groups. 
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Appendix 1. Collection Years and U.S. State or Canadian Province of Each 
Piping Plover Used in Mitochondrial or Microsatellite Analyses. Collection years 
are unknown for 15 specimens included here but are less than 20 years old. 
 

Genetic Mitochondrial Microsatellite Year State or 
sample ID data data Collected Province 

SK1 y y 1997 Saskatchewan 
SK2 y y 1997 Saskatchewan 
SK3 y y 1997 Saskatchewan 
SK4 y y 1997 Saskatchewan 
SK5 y n 2002 Saskatchewan 
SK6 y y 2002 Saskatchewan 
SK7 y y 2002 Saskatchewan 
SK8 y y 2002 Saskatchewan 
SK9 y y 2002 Saskatchewan 
SK10 y y 2002 Saskatchewan 
SK11 y y 2002 Saskatchewan 
SK12 y y 2002 Saskatchewan 
SK13 y y 2002 Saskatchewan 
SK14 y y 2002 Saskatchewan 
SK15 y y 2002 Saskatchewan 
SK16 y y 2001 Saskatchewan 
SK17 y y 2002 Saskatchewan 
SK18 y y 2002 Saskatchewan 
SK19 y y 2002 Saskatchewan 
     
AB1 y y 2001 Alberta 
AB2 y y 2001 Alberta 
AB3 y y 2001 Alberta 
AB4 y y 2001 Alberta 
AB5 y n 2001 Alberta 
AB6 y y 2001 Alberta 
AB7 y y 2001 Alberta 
     
MB1 y y 1999 Manitoba 
MB2 y y 2000 Manitoba 
MB3 y y 2000 Manitoba 
     
MT1 y y 1995 Montana 
MT2 y y 1995 Montana 
MT3 y y 1995 Montana 
MT4 y y 2008 Montana 
MT5 y y 2008 Montana 
     
NE1 y y - Nebraska 
NE2 y y - Nebraska 
NE3 y y - Nebraska 
NE4 y y 1996 Nebraska 
NE5 y y - Nebraska 
NE19 y n 1996 Nebraska 
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ND1 y y 1995 North Dakota 
ND2 y y 1994 North Dakota 
ND3 y y 1992 North Dakota 
ND4 y y 1993 North Dakota 
ND5 y y 1995 North Dakota 
ND6 y y 1995 North Dakota 
ND7 y y 1995 North Dakota 
ND8 y y 1995 North Dakota 
ND9 y y 1995 North Dakota 
ND10 y y 1995 North Dakota 
ND11 y y 1995 North Dakota 
ND12 y y 1995 North Dakota 
ND13 y y 1996 North Dakota 
ND14 y y 1995 North Dakota 
ND15 y y 1995 North Dakota 
ND16 y y 1995 North Dakota 
ND17 y y 1995 North Dakota 
ND18 y y 1995 North Dakota 
ND19 y y 1995 North Dakota 
ND20 y y 1995 North Dakota 
     
SD1 y n 1993 South Dakota 
SD2 y y 1988 South Dakota 
SD3 y n 1988 South Dakota 
SD4 y y 1988 South Dakota 
SD5 y y 1988 South Dakota 
SD6 y y 1988 South Dakota 
SD7 y y - South Dakota 
SD8 y y 1995 South Dakota 
SD9 y y 1995 South Dakota 
SD10 y n 1995 South Dakota 
SD11 y n 1995 South Dakota 
SD12 y y 1995 South Dakota 
SD13 y n 1995 South Dakota 
SD14 y n 1995 South Dakota 
SD15 y n 1995 South Dakota 
SD16 y n 1995 South Dakota 
SD17 y y 1996 South Dakota 
SD18 y y - South Dakota 
SD19 n y - South Dakota 
SD20 y y 1996 South Dakota 
SD21 n y 1994 South Dakota 
SD22 n y 1994 South Dakota 
SD23 n y 1994 South Dakota 
SD24 n y 1994 South Dakota 
SD25 n y 1994 South Dakota 
SD26 n y 1994 South Dakota 
SD27 n y 1994 South Dakota 
SD28 n y 1994 South Dakota 
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MN1 y y 1994 Minnesota 
     
WI1 y y 2001 Wisconsin 
     
MI1 y n 1991 Michigan 
MI2 y y 1993 Michigan 
MI3 y y 1993 Michigan 
MI4 y y 1994 Michigan 
MI5 y y - Michigan 
MI6 y y 1999 Michigan 
MI7 y y 1999 Michigan 
MI8 y n 1999 Michigan 
MI9 y y 1992 Michigan 
MI10 y y - Michigan 
MI11 y y - Michigan 
MI12 y y - Michigan 
MI13 y y 1994 Michigan 
MI14 y n 1992 Michigan 
MI15 y y 1992 Michigan 
MI16 y y 2001 Michigan 
     
NS1 y y 2001 Nova Scotia 
NS2 y y 2002 Nova Scotia 
NS3 y y 2002 Nova Scotia 
NS4 y n 2003 Nova Scotia 
NS5 y y 2003 Nova Scotia 
NS6 y y 2000 Nova Scotia 
NS7 y n 2001 Nova Scotia 
NS8 y n 2004 Nova Scotia 
NS9 y y 2000 Nova Scotia 
NS10 y y 2002 Nova Scotia 
NS11 y y 2002 Nova Scotia 
NS12 y y 2002 Nova Scotia 
NS13 y n 2003 Nova Scotia 
NS14 y y 2000 Nova Scotia 
NS15 y y 2003 Nova Scotia 
NS16 y y 2003 Nova Scotia 
NS17 y y 2004 Nova Scotia 
NS18 y y 2004 Nova Scotia 
NS19 y y 2003 Nova Scotia 
NS20 y y 2003 Nova Scotia 
NS21 y y 2004 Nova Scotia 
NS22 n y 2004 Nova Scotia 
NS23 n y 2004 Nova Scotia 
NS26 n y 2004 Nova Scotia 
     
NF1 y n 2004 Newfoundland 
NF2 y y 2000 Newfoundland 
     
NB1 y y 2001 New Brunswick 
NB2 y y 2003 New Brunswick 
NB3 y y 2004 New Brunswick 
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NB4 y y 2004 New Brunswick 
NB5 y y 2004 New Brunswick 
NB6 y y 2004 New Brunswick 
     
PEI1 y y 1994 Prince Edward Island 
PEI2 y y 1994 Prince Edward Island 
PEI3 y y 1994 Prince Edward Island 
PEI4 y y 1994 Prince Edward Island 
PEI5 y y 1994 Prince Edward Island 
PEI6 y y 1995 Prince Edward Island 
PEI7 y y 1994 Prince Edward Island 
PEI8 y y 1994 Prince Edward Island 
PEI9 y y 1994 Prince Edward Island 
PEI10 y y 1995 Prince Edward Island 
PEI11 y y 1994 Prince Edward Island 
PEI12 y y 1995 Prince Edward Island 
PEI13 y y 1994 Prince Edward Island 
PEI14 y y 1995 Prince Edward Island 
PEI15 y y 1994 Prince Edward Island 
PEI16 y y 1995 Prince Edward Island 
PEI17 y y 1994 Prince Edward Island 
PEI18 y y 1994 Prince Edward Island 
PEI19 y y 1994 Prince Edward Island 
PEI20 y y 2005 Prince Edward Island 
     
QB1 y y 1995 Quebec 
QB2 y y 1995 Quebec 
QB3 y y 1995 Quebec 
QB4 y y 1995 Quebec 
QB5 y y 1995 Quebec 
QB6 y y 1995 Quebec 
QB7 y y 1995 Quebec 
QB8 y y 1995 Quebec 
QB9 y y 1995 Quebec 
QB10 y y 2006 Quebec 
QB11 y y 2005 Quebec 
QB12 y y 2005 Quebec 
QB13 y n 2004 Quebec 
QB14 y y 2004 Quebec 
QB15 y y 2004 Quebec 
QB16 y y 2003 Quebec 
QB17 y y 2001 Quebec 
QB18 y y 2001 Quebec 
QB19 y y 2000 Quebec 
QB20 y y 1999 Quebec 
QC21 n y 2001 Quebec 
     
ME1 y n 1994 Maine 
ME2 y y 1999 Maine 
ME3 y y 1999 Maine 
ME4 y y 1996 Maine 
ME5 y y - Maine 
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ME6 y y - Maine 
ME7 n y - Maine 
     
MA1 y y 1999 Massachusetts 
MA2 n y - Massachusetts 
     
DE1 y y 1996 Delaware 
DE2 y y 1996 Delaware 
     
MD1 y y 1995 Maryland 
MD2 y y 1994 Maryland 
MD3 y y 1994 Maryland 
MD4 y y 1994 Maryland 
MD5 y y 1994 Maryland 
MD6 y y 1994 Maryland 
MD7 y y 1997 Maryland 
MD8 y y 1997 Maryland 
MD9 y y 1996 Maryland 
MD10 y y 1998 Maryland 
MD11 y y 1998 Maryland 
MD12 y y 1998 Maryland 
MD13 y y 1998 Maryland 
MD14 y y 1996 Maryland 
MD15 y y 1996 Maryland 
MD16 y y 1996 Maryland 
MD17 y n 1996 Maryland 
     
RI1 y y 1995 Rhode Island 
RI2 y y 1995 Rhode Island 
RI3 y n 1995 Rhode Island 
     
NY1 y y 1996 New York 
NY2 y y 1996 New York 
NY3 y y 1996 New York 
NY4 y y 1996 New York 
NY5 y y 1996 New York 
NY6 y y 1996 New York 
NY7 y y 1996 New York 
NY8 y y 1997 New York 
NY9 y y 1997 New York 
NY10 y y 1997 New York 
NY11 y y 1997 New York 
NY12 y y 1997 New York 
NY13 y y 1997 New York 
NY14 y n 1997 New York 
NY15 y y 1997 New York 
NY16 y y 1997 New York 
NY17 y y 1997 New York 
NY18 y y 1997 New York 
NY19 y n 1997 New York 
NY20 y y 1997 New York 
NY21 n y 1997 New York 
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NJ1 y y 1995 New Jersey 
NJ2 y y 1995 New Jersey 
NJ3 y y 1995 New Jersey 
NJ4 y y 1995 New Jersey 
NJ5 y y 1995 New Jersey 
NJ6 y y 1995 New Jersey 
NJ7 y y 1995 New Jersey 
NJ8 y y 1996 New Jersey 
NJ9 y y 1992 New Jersey 
NJ10 y y 1992 New Jersey 
NJ11 y y 1992 New Jersey 
NJ12 y y 1992 New Jersey 
NJ13 y n 1994 New Jersey 
NJ14 y y 1995 New Jersey 
NJ15 y y 1995 New Jersey 
NJ16 y y 1995 New Jersey 
NJ17 y y 1991 New Jersey 
NJ18 y y 1992 New Jersey 
NJ19 y n 1995 New Jersey 
NJ20 y n 1996 New Jersey 
NJ21 y n 1996 New Jersey 
NJ22 y n 1997 New Jersey 
     
NC1 y y 1995 North Carolina 
NC2 y y 1995 North Carolina 
NC3 y n 1994 North Carolina 
NC4 y y 1995 North Carolina 
NC5 y y 1995 North Carolina 
NC6 y y 1995 North Carolina 
NC7 y n 1995 North Carolina 
NC8 y n 1995 North Carolina 
NC9 y y 1996 North Carolina 
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