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Abstract Identifying differential population structure within
metacommunities is key toward describing the mechanisms
that maintain biodiversity in natural systems. At both local and
regional scales on the North American Atlantic coast, we
assessed phylogeographic and genetic diversity patterns of six
common salt marsh invertebrates using equivalent sampling
schemes and sequence data from the same mitochondrial
locus. In general, our results suggest little genetic structure
across four previously sampled biogeographic regions and a
slight increase in genetic diversity from northern to southern
areas; however, two of the species (Geukensia demissa and
Uca pugilator) exhibited significant differentiation between
the northernmost populations and other regions, consistent
with a number of previous studies. Although the minimal
genetic structure recovered in this community is consistent
with expectations based on the larval life history of the
species examined, confirmation of this result suggests that
latitudinal shifts in ecological interactions in salt marsh
systems are environmentally driven, rather than due to
heritable adaptation.

Keywords Salt marsh . Phylogeography .Geukensia
demissa .Crassostrea virginica . Ilyanassa obsoleta .Uca
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Introduction

Comparative phylogeography strengthens our inferences
about impacts of evolutionary and environmental forces on
the structure of natural communities (Bermingham and
Moritz 1998). This structure is often associated with
population connectivity patterns that can be used to design
effective management and conservation plans (Moritz and
Faith 1998) and can illuminate how communities are
assembled and how biological associations are developed
in time and space (Avise 2000; Wares and Cunningham
2001). For example, temporal and spatial concordance in
phylogeographic patterns may indicate that the same forces
are at work regulating both species geographic ranges and
community dynamics (Paulay and Meyer 2006).

Concordance of phylogeographic and biogeographic
patterns has been found in coastal rocky intertidal faunas
on the southwest and northeast coastlines of North America
(Dawson 2001; Wares 2002). On the east coast, research in
rocky intertidal and seagrass communities indicates that
complex factors, such as habitat distribution, ocean cur-
rents, and historical events (i.e., glaciation), are involved in
the connectivity and phylogeographic patterns of coastal
animal communities. Wares (2002) synthesized data from
18 species to show that there is a strong tendency for
species to exhibit some form of genetic discontinuity in
population structure along Long Island Sound (LIS). This
transition is concordant with biogeographic transitions
identified previously, particularly the border between Upper
(UV) and Lower Virginian (LV) provinces defined by
estuarine species distributions (Engle and Summers 1999;
Wares 2002).

Description of species distributional patterns has shown
that biodiversity tends to increase from the poles to the
tropics (Chek et al. 2003; Martin and McKay 2004; Kelly
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and Eernisse 2007; Eo et al. 2008). This latitudinal
variation is possibly responding to historical climate shifts
(Taberlet 1998; Hewitt 1996, 2000) and driven by increas-
ingly stable and warm temperatures and suitable habitat
toward the equator that promote speciation and divergence
(Gillooly et al. 2005; Eo et al. 2008). The pattern for higher
diversity in tropical areas is seen not only in the numbers of
species inhabiting an area but also in the genetic diversity
of species. Regression analysis of phylogeographic data for
42 species in North America showed a significant increase
of nucleotide diversity from the north to the south (Taberlet
1998). Similarities between the distribution of species and
genetic diversity are not limited to comparisons across
latitudes. Recently, both empirical and theoretical research
(Vellend 2003, 2005) has shown that similar forces may
shape these two levels of biodiversity in natural ecosys-
tems, even across relatively small spatial scales (see
Robinson et al. 2009).

Attempting to elucidate the general mechanisms for
maintenance of biodiversity is another important goal of
comparative phylogeography (Kelly and Eernisse 2007). In
marine systems, one factor that is likely important in
generating such patterns is the nearshore physical ocean-
ography. Certainly, upwelling and coastal currents drive
patterns of intraspecific diversity and abundance, as well as
species range limits, along the Pacific coast of North
America (Connolly et al. 2001; Byers and Pringle 2006).
The dynamics are more complicated on the Atlantic coast
of North America, as there is a strong southwestward flow
across southern New England and the Mid-Atlantic Bight,
with considerable variance caused by seasonal and climatic
shifts (Lentz 2008). Further south, a northward flow driven
by the Gulf Stream dominates (Domeier 2002); these
circulation patterns could be responsible for establishing
stable population and community structure (Hare et al.
2005). Despite this oceanographically driven structure, the
prevailing belief is that most North American Atlantic coast
marine invertebrates with broadly dispersing larvae form
panmictic populations that are demographically connected
across the entire species range. However, the upstream–
downstream spatial relationship of populations can mask
the fact that not all regions contribute equally to the long-
term diversity of the species, and this needs to be
investigated on the Atlantic coast (Pringle and Wares
2007; Wares and Pringle 2008).

Salt marsh communities on the east coast of North
America are model systems for studying ecosystem and
community ecology (Bruno and Bertness 2001). Over the
last few decades, for example, research has revealed that a
number of processes that vary latitudinally in other marine
communities (i.e., rocky intertidal and seagrass) can also
affect the diversity and abundance of salt marsh ecosys-
tems. Northern marshes suffer from strong annual erosion

due to winter ice, while southern marsh populations must
endure stronger predatory and physiological transitions
(Bertness 1999). Ecological interactions, such as facilitation
and herbivory (Pennings et al. 2001; Salgado and Pennings
2005), may also vary latitudinally, with stressors increasing
in a southerly direction (Bortolus and Iribarne 1999; Bruno
and Bertness 2001; Silliman and Bertness 2002).

In addition to being model systems for the study of
community and ecosystem ecology, salt marshes are well
suited to test the effects of historical vicariant events and
gene flow on phylogeographic structure and diversity
patterns (Bilton et al. 2002; Haney et al. 2007). Theoretical
models of community assembly and diversity (e.g., Hubbell
2001) require an understanding of whether a community is
structured by barriers or limits to immigration. Marsh
ecosystems can be evaluated on broad biogeographic scales
as well as local scales, since hydrologic and physiological
barriers may exist over small distances in such habitats
(Marko and Barr 2007). Moreover, marshes are ideal
systems to detect clines of gene flow created by physio-
logical barriers, variable coastal circulation, and organism
life cycles (Kelly et al. 2006; Siegel et al. 2003). Despite all
of this potential for marshes as good study systems for
latitudinal and ecotypic variation, there has been relatively
little research comparing genetic diversity and structure
patterns in salt marsh communities. It is not clear, for
example, whether the relatively uniform break between the
UV and LV provinces discussed above (Wares 2002)
influences salt marsh species. If so, considerations of
management and ecology might be necessarily different
between the northernmost Atlantic salt marshes and those
along the southeastern coast of the USA.

For several salt marsh and intertidal species, the typical
Gulf–Atlantic disjunction (Avise 1992) has been recovered
through phylogeographic and population genetic studies (i.e.,
Spartina alterniflora, Blum et al. 2007; Brachidontes
exustus, Lee and O’ Foighil 2005; and Crassostrea virginica,
Hare and Avise 1996). However, little intraspecific diver-
gence has generally been recovered along the Atlantic coast
in salt marsh animals, such as Uca minax (Felder and Staton
1994) and (at a local scale) Uca pugnax (Sanford et al. 2006).
The few examples of strong genetic structure in this
community along this coast tend to be associated with the
major biogeographic transitions at Cape Canaveral (Reeb and
Avise 1990) and Cape Cod (Haney et al. 2007), leaving a
span of nearly 2,000 km of the Atlantic coast with little
apparent structure despite the ecological variation noted
above.

However, it is often difficult to compare results of species
sampled from different locations or with different larval
durations (Marko 2004). Furthermore, sampling variances
among studies also make the integration of this information
challenging for a community (Wares 2002). Here, we
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simultaneously assess the phylogeographic structure and
genetic diversity patterns of six common salt marsh inverte-
brate species (Geukensia demissa, Ilyanassa obsoleta,
Littoraria irrorata, U. pugnax, U. pugilator, and C. virginica)
by looking at two geographic scales: a local scale, using sites
located within the Georgia Coastal Ecosystems (GCE) Long
Term Ecological Research (LTER) domain at Sapelo Island,
Georgia and a regional/latitudinal scale, spanning the Atlantic
coast from Massachusetts to Florida, sampling across four
defined biogeographic regions (Engle and Summers 1999).
This stratified sampling allowed us to investigate not only
whether there are latitudinal genetic diversity patterns in this
community (including concordance with the northern break
noted in other fauna) but also whether patterns of genetic
differentiation are affected by the physiological gradients and
complex coastlines inherent to the estuarine habitats of the
North American Atlantic coast. The results of our inquiry are
intended to establish a baseline understanding of the geo-
graphic breadth of the propagule pool that is involved in
assembly of the coastal salt marsh ecosystem and whether we
expect adaptation or isolation to play a role in generating
structure on local or biogeographic scales.

Materials and Methods

Study System

The salt marsh habitat of the eastern USA has a distribution
from Maine to Florida, with increasing abundance and size of
habitat toward the south (up to 200,000 ha of marsh habitat in
Georgia; Bertness 1999). Figure 1 illustrates the scale of our
study and separates marsh habitats along the US Atlantic
coast into four regions based on the biogeographic survey
and synthesis of Engle and Summers (1999). These regions
include the UV and LV provinces (separated at 39° N
latitude), which are also often differentiated in phylogeo-
graphic surveys of other fauna (Wares 2002), the Georgia–
South Carolina province (labeled Georgia in Fig. 1), and the
Florida province.

Sampling

Figure 1 also illustrates the sampled marsh habitats (circles)
for our study from each of the four provinces. Locations
sampled in each province include UV (Wellfleet, MA,
41.903° N, 70.080° W; Manchester, MA, 43.575° N,
70.715° W; Corson’s Inlet, NJ, 39.211° N, 74.486° W),
LV (Hooper Island, MD, 38.160° N, 76.110° W), and FL
(St. Augustine, FL, 29.880° N, 81.330° W; Cedar Key, FL,
29.140° N, 83.030° W). Details of the Georgia sampling
sites are in Robinson et al. (2009). Because of physiological
and/or sampling constraints, not all species were available

from the same sample locations within each province. For the
purpose of broad-scale phylogeographic analysis, samples of
a given species from each province are grouped together and
not analyzed at the local scale, with the exception of the eight
sites from the GCE-LTER site at Sapelo Island, Georgia,
which are instead grouped by their hydrological position in
the LTER into upstream, midmarsh, and coastal GCE
samples.

At each site, we collected up to 20 specimens from each
location for each of six species: bivalves G. demissa (average
sample n=15 per location) and C. virginica (average n=20),
gastropods I. obsoleta (average n=17) and L. irrorata
(average n=21), and decapod crabs U. pugnax (average
n=19) and U. pugilator (average n=18). The majority of
these species are intimately associated with the salt marsh
habitat, although some (C. virginica for example) are
ubiquitous members of the nearshore intertidal community
in general. These species were chosen primarily based on
their abundance across this large geographic range. Sample
sizes (in numbers of sequences) for each species are
provided in Table 1. Tissues were individually labeled and
preserved in 95% ethanol.

Data Collection

DNAwas extracted using the Puregene DNA Purification Kit
(Gentra Systems) or a modified cetyltrimethylammonium
bromide isolation protocol (Doyle and Doyle 1987) and

Fig. 1 Map of sampled locations for this study of six salt marsh
invertebrate species. Regional delineations based on biogeographic
results of Engle and Summers (1999). Some species are only sampled
from a subset of indicated sites (see Appendix); for example,
L. irrorata was only recovered from Corson Inlet, NJ in the UV
province and is also the only species included from Cedar Key, FL
(on the Gulf Coast). Samples from the GCE LTER site are grouped
into upstream, midmarsh, and coastal locations as shown
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quantified using a Nanodrop spectrophotometer. Polymerase
chain reaction amplifications were performed on the mito-
chondrial cytochrome c oxidase I (mtCOI) using primers
from Folmer et al. (1994) and standard conditions as in Wares
and Cunningham (2005) with an annealing temperature of
40°C. Amplified products were prepared and sequenced
using an ABI 3730xl automated sequencer and edited using
CodonCode ALIGNER 2.0.4. Sites with a PHRED score
(Ewing and Green 1998) <20 were considered ambiguous
and coded as such. Best-fit substitution models were
determined for each data set using PAUP* 4.0b10 (Swofford
2002) and MODELTEST 3.7 (Posada and Crandall 1998).

Data Analysis

Summary statistics, including the number of alleles,
nucleotide diversity (π), and the standard neutrality test
Tajima’s D, hereafter DT (Tajima 1989), were calculated
using DNASP v.5.0 (Librado and Rozas 2009) for each
species at the regional and site level. It is typically assumed
that under selective neutrality (the gene region has not been
affected by a selective sweep or has other fitness con-
sequences) and demographic equilibrium (population has
had a stable size), DT will be approximately zero.
Significant deviations from neutral expectations were
confirmed using standard coalescent simulation methods,
also implemented in DNASP (1,000 replicates). Population
differentiation statistics were calculated across all sites and
among contiguous biogeographic provinces. In this case,
the Snn “nearest neighbor” statistic of Hudson (2000) is
used because of the high locus variability and modest
sample size of each species data set. Snn is a sequence-
based statistic that measures how often “nearest neighbor”
sequences (haplotypes that are most similar to one another)
are found in the same geographic location. Significance of
the nearest-neighbor statistic was determined via permuta-
tional test (1,000 replicates).

Phylogeographic structure within each species was
assessed via analysis of molecular variance (AMOVA), a
nonparametric test that quantifies variation in and among
populations as well as in and among regional groups of
populations (Excoffier et al. 1992). This approach generates
pairwise estimates of genetic variance among populations
(Fst) as well. Group structure for AMOVA was based on
biogeographic regions established by Engle and Summers
(1999) and implemented in ARLEQUIN 3.11 (Excoffier et al.
2005). All calculations used an appropriate mutational
model to correct for substitution saturation. Serial analysis
of large-scale structure was performed as in Dupanloup et
al. (2002), with each of the three possible province-level
structures imposed on the analysis and the grouping that
resulted in the highest levels of genetic variance among
regions (Fct) chosen for further AMOVA calculations. As

described above, differences among sites within biogeo-
graphic provinces are only analyzed within the GCE region
comparing upstream, midmarsh, and coastal GCE sites via
pairwise Fst.

Results

A total of 687 COI sequences were analyzed from six
invertebrate species from coastal salt marshes (Table 1).
Using likelihood ratio tests to distinguish the best-fit
substitutional models—essential to ensure that mutational
saturation (i.e., at third codon positions) is not masking the
divergence of populations—indicated that four of the six
species were fit by an HKY + Γ model (Hasegawa et al.
1985). The other two species (U. pugnax and I. obsoleta)
were fit by similar models with only small additional
likelihood ratio penalties relative to HKY + Γ, so we chose
this uniform model (with species-specific α parameters) for
tractable analysis in both ARLEQUIN 3.11 and DNASP v.5.0.
Basic diversity measures (π, DT, Snn) for each species
(including data from all regions) are indicated in Table 1.

Atlantic Salt Marsh Genetic Diversity and Structure

The highest median community-wide diversity was found in
the GCE samples (Fig. 2), while the lowest values that were
from the UV region. Overall, there is a modest increase in
genetic diversity from north to south at the community level
in three out of six species (G. demissa, C. virginica, and
U. pugnax); however, no trend is observed in the remaining
species (Fig. 2; Table 2).

Phylogeographic structure in this salt marsh community is
minimal. However, the regional pairwise measure of differen-
tiation Snn increased from north to south (Fig. 2; Table 3), but
with no clear trend when individual species are considered.
The only significant pairwise Snn contrasts are between the
UV and LV regions in G. demissa and U. pugilator (noting
that populations of U. pugilator other than in the UV region
appear to be monomorphic at this locus), suggesting some
concordance with previous phylogeography in this region;
but the mean across-species Snn only increases in more
southern contrasts if the taxa with monomorphic data are not
included in the average (Fig. 2).

AMOVAwas applied to each species data set, to determine
in part whether there is significant structure at either local or
regional levels and to identify what regional barriers might
play the most important roles. Table 4 shows that only
U. pugilator exhibits significant regional structure (Fct of
0.91, p<0.05), while both U. pugilator and G. demissa have
elevated overall genetic structure (Fst for G. demissa of 0.10,
p<0.05; Fst for U. pugilator of 0.90, p<0.01). Spatial
AMOVA (grouping contiguous sets of populations to find

Estuaries and Coasts (2010) 33:828–839 831



the strongest value of Fct) suggested no significant pattern
when the FL region was compared to all other regions; when
the GA/FL regions were compared to the UV/LV regions,
only G. demissa and U. pugilator had positive Fct values (Fct

for G. demissa of 0.15, n.s.; Fct for U. pugilator 0.14, n.s.);
when all regions were compared to UV, again only
G. demissa and U. pugilator had positive Fct values, with
the only significant result being for U. pugilator (Fct for
G. demissa of 0.20, n.s.; Fct for U. pugilator of 0.91,
p<0.05). No significant structure was found within the GCE
domain except for a single moderate pairwise Fst (0.11) in
U. pugnax between the GCE coastal and midmarsh sites
(Appendix; Robinson et al. 2009). Some significant pairwise
Fst values are also reported for C. virginica between the FL
population and more northern populations (Appendix).

Demographic patterns in each species were also assessed
using values of DT to test for population expansion and/or
deviations from neutral expectations. Across the entire
sampled range, four of six species presented significant
negative values of DT (Table 1), although at the regional
level, many of these samples were not significantly
different from neutral expectations (Table 2). Samples from
the GCE-LTER locations tended to show more negative DT

values than other regional samples in four of six species
(Table 2).

Discussion

Structure and Community Assembly in the Atlantic Salt
Marsh

Although our results tend to corroborate earlier studies and
biological expectations in showing only limited genetic
structure for these six salt marsh invertebrates, there is
nevertheless substantial deviation from panmixia in this
community. First, there is some indication that at least two
species may exhibit phylogeographic differentiation that is

Fig. 2 Provincial differentiation at mitochondrial COI gene region for six
marsh invertebrate species (Gd G. demissa, Cv C. virginica,
Io I. obsoleta, Li L. irrorata, Ug U. pugilator, Up U. pugnax). For each
regional pairwise comparison, Snn is shown with across-species mean
indicated with dashed line (global Snn for each species in Table 1).
Asterisks denote significant differentiation based on permutational test of
the Snn statistic. In the case of U. pugilator, populations in Virginia,
Georgia, and Florida were monomorphic and so no statistic was
calculated (marked with an a; the expectation of Snn=0.50 is shown
with a dashed bar). In the case of U. pugnax, insufficient data remained
after quality control from the Florida site and so the statistic was not
calculated (marked with a b). Inset box plot is of nucleotide diversity (π)
across all six species by province (see Table 4)

Table 1 Species examined in this study, including information on published estimates of PLD, number of mtCOI sequences analyzed (N) for each
species, GenBank accession numbers, nucleotide diversity (π), Tajima’s D, and values of Snn across species along the studied geographic range

Species PLD (days) GenBank Accession number N π DT Snn

Littoraria irrorata ∼30a GQ129492-545 148 0.0039 –2.63** 0.19

Uca pugilator 10–21b GQ129572-679 108 0.0059 0.53 0.42**

Uca pugnax 10–21b GQ129546-571 119 0.0080 −1.87* 0.35**

Geukensia demissa 21–35c GQ282963-995 88 0.013 −1.46 0.28**

Ilyanassa obsoleta 11d GQ129464-491 100 0.008 −1.98* 0.26

Crassostrea virginica 21–30e FJ973634-668 and FJ973670 124 0.0029 −2.52** 0.47

PLD pelagic larval duration

*p<0.05; **p<0.01 (values that represent significant deviation from neutrality, demographic equilibrium, or panmixia)
a Gallagher and Reid 1974
b Christy 2003
cMenzel 1991
d Richmond and Woodin 1996
e Reeb and Avise 1990
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concordant with previous results spanning the UV/LV
boundary around LIS and along the New Jersey coast
(reviewed in Wares 2002; Haney et al. 2007). Both the
bivalve G. demissa and the fiddler crab U. pugilator appear
to harbor strong allele frequency shifts in this region
corroborated with higher and significant values of Snn, Fst,
and Fct (Tables 3 and 4). In the case of G. demissa, there
are a few groups of divergent haplotypes found in the UV
samples that are likely to be driving the signal of
divergence; in the U. pugilator samples, typical haplotype
diversity is found in the UV region (Table 1) but no
haplotype diversity in more southern populations, and the
single haplotype present in the LV, GCE, and FL regions is
not found in our UV sample.

The key feature of these observations is their concordance
with so much previous evidence (Wares 2002) for some sort
of deep differentiation across the LIS region. Genetic
differentiation between the UV and LV regions has been
detected in tidal salt marsh fish species (Cyprinodon
variegatus, Haney et al. 2007), estuarine fish species
(Fundulus heteroclitus, Smith et al. 1998; Paralichthys
dentatus, Jones and Quattro 1999), and marine intertidal
species like Marenzellaria viridis (Bastrop et al. 1998),
Idotea baltica (Wares 2001), Amphithoe longimana (Sotka et
al. 2003), and Gammarus tigrinus (Kelly et al. 2006). This
consistent genetic pattern suggests some ecological relevance
(Schmidt et al. 2008); though the defining environmental
factors that are restricting gene flow may not yet be clear
(Wares 2002), there are too many species and genetic
transitions in this region to ignore as a component of
community assembly. For example, one species with a very
similar phylogeographic pattern to U. pugilator may be the
sheepshead minnow (C. variegatus; Haney et al. 2007). In
this species, there are “northern” haplotypes (north of LIS)
with extremely limited geographic distributions (only found
in the UV region of Engle and Summers 1999), even though
many haplotypes are quite uniformly distributed across
populations to the south. While historical isolation caused
by climate change (i.e., glaciation) may be responsible for
such patterns in part (Maggs et al. 2008), strong environ-
mental gradients associated with the LIS region (Wares
2002; Schmidt et al. 2008) indicate that local adaptation—
with the potential for strong effects on metacommunity
dynamics (Leibold et al. 2004)—could be important in the
northernmost portions of the Atlantic salt marsh ecosystem,
at least for G. demissa and U. pugilator.

In addition to these two examples, the structure of the
salt marsh community overall suggests minor spatial
limitations to gene flow, as the overall nearest-neighbor
statistic Snn deviates significantly from panmixia in three
species (Table 1). Across all six species, the average Snn is
0.33±0.10 (meaning that most closely related haplotypes
have ∼1/3 probability of being recovered from the same

Table 2 Characterization of neutrality and demographic tests
(Tajima’s D) and nucleotide diversity (π) at provincial levels

Species Province DT π

Geukensia demissa UV −0.157 0.0097

LV −0.109 0.0099

GCE all −1.44* 0.012

GCE upstream −0.69 0.011

GCE midmarsh −0.43 0.013

GCE coastal −0.96 0.01

FL −1.18 0.015

Crassostrea virginica UV −1.65 0.0013

LV −1.86* 0.0009

GCE all −2.34** 0.0031

GCE upstream −1.63 0.0022

GCE midmarsh −1.69 0.0054

GCE coastal −2.23 ** 0.0017

FL −1.44 0.002

Ilyanassa obsoleta UV −0.70 0.0085

LV −0.17 0.0073

GCE all −2.00* 0.0078

GCE upstream −1.04 0.0058

GCE mid-marsh −1.60 0.0073

GCE coastal −1.68 0.0088

FL −0.33 0.0088

Uca pugnax UV −0.50 0.0043

LV −1.67 0.0079

GCE all −1.93* 0.0087

GCE upstream −1.04 0.0069

GCE midmarsh −1.91* 0.0075

GCE coastal −1.46 0.0095

FL N/A N/A

Uca pugilator UV −0.76 0.0018

LV N/A 0

GCE all N/A 0

GCE upstream N/A 0

GCE midmarsh N/A 0

GCE coastal N/A 0

FL N/A 0

Littoraria irrorata UV −1.36 0.006

LV −1.62 0.00175

GCE all −2.52** 0.0045

GCE upstream −1.91* 0.003

GCE midmarsh −2.02* 0.005

GCE coastal −2.16* 0.004

FL −1.60 0.004

Provincial samples include UV, LV, GCE, and FL. Insufficient
polymorphism and reduced sequence number in the FL populations of
both Uca species make calculation at that scale inapplicable

UV Upper Virginian, LV Lower Virginian, GCE Georgia Coastal
Ecosystem, FL Florida

*p<0.05; **p<0.01 (significant deviations based on beta-approximation
tests, confirmed with simulation testing)
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sample site), with the expectation for panmixia across six
collection sites of 0.17 (0.25 if you pool the GCE samples;
Robertson and French 2007). The concordance of significant
results between traditional AMOVA/Fst-based approaches
and Hudson’s (2000) Snn statistic indicates, however, that
future work should be focused on two “significantly
structured” invertebrate species and that overall the commu-
nity south of LIS (across the LV, GCE, and FL regions)
seems to behave as a single unit with respect to community
assembly.

Overall, there is a slight increase in divergence measures
(Snn) from north to south (Fig. 2), with significant divergence
between the UV and LV regions for two species. While the
isolation between the UV and LV regions may be expected
from previous studies (as discussed above), the latitudinal
trend of increasing structure toward southern areas also reflects
a consistent latitudinal diversification pattern that other studies
have recovered (Martin and McKay 2004; Chek et al. 2003;

Kelly and Eernisse 2007; Eo et al. 2008). Other than the UV/
LV split, the only significant pairwise Fst was detected in
C. virginica between Floridian and UV sites (Appendix) and
for some comparisons in the two Uca species (Appendix).
Previous studies on C. virginica have shown strong differen-
tiation across Cape Canaveral (Reeb and Avise 1990; Hare
and Avise 1996, 1998; Hellberg et al. 2002), while the rest of
the Atlantic coast exhibits little structure (Buroker 1983; Reeb
and Avise 1990; Hoover and Gaffney 2005).

We established sampling at both broad regional scales,
discussed above, and among local sites within the GCE
domain, to ensure that local population structure associated
with adaptation to inland habitats (lower salinity), increased
retention for inland populations, or other mechanisms
would not influence our overall assessment of connectivity
in this community. Essentially, no significant patterns were
recovered among the upstream, midmarsh, and coastal GCE
sites (Robinson et al. 2009; Appendix), suggesting that
hydrologic and physiological barriers do not strongly
influence the diversity patterns of the community at larger
scales.

Genetic Diversity in the Atlantic Salt Marsh

North American Atlantic salt marshes bear an interesting
pattern of genetic diversity at the regional level, with the
lowest average community-wide diversity found in the UV
samples (Fig. 2); however, some species did not show any
latitudinal pattern in genetic diversity. This latitudinal pattern
could be a sampling effect, or could be related to predicted
latitudinal effects on genetic diversity—several authors have
proposed an increase in metabolism and, thus, the mutation
rate, in populations at increased temperature exposure (e.g.,
latitudinal shifts; Rand 1994; Martin and Palumbi 1993;
Gillooly et al. 2005). However, the diversity increase from
north to south indicated across these six taxa is slight and

Table 4 Population structure of six species based on AMOVA

Species Source of variation

Among regions Within populations

df % of variation Fct p value df % of variation Fst p value

Geukensia demissa 3 11.02 0.11 0.34 82 89.62 0.1 0.04*

Crassostrea virginica 3 −2.36 −0.03 1.00 108 101.73 −0.01 0.55

Ilyanassa obsoleta 3 −4.49 −0.04 1.00 142 105.91 −0.05 1.00

Uca pugnax 2 −11.58 −0.011 1.00 112 100.41 −0.004 0.07

Uca pugilator 3 91.07 0.91 0.04* 102 9.39 0.9 0.00**

Littoraria irrorata 3 −3.97 −0.039 1.00 142 105.37 −0.01 1.00

Here, the amount of genetic variance between regions (Fct) is indicated as well as variation among populations within regions (Fst). Significance is
determined through permutational analysis (1,000 replicates)

*p<0.05; **p≤0.01

Table 3 Values of genetic differentiation measured by Snn (Hudson
2000) between neighboring biogeographic regions

Species Upper vs Lower
Virginian
populations

Lower Virginian
vs GCE sites

GCE sites
vs Florida

Uca pugnax 0.57 0.75 –

Uca pugilator 1.00** – –

Littoraria irrorata 0.65 0.73 0.62

Crassostrea virginica 0.49 0.66 0.84

Ilyanassa obsoleta 0.62 0.77 0.84

Geukensia demissa 0.77* 0.77 0.70

In the case of U. pugilator and U. pugnax, genetic differentiation
cannot be tested in some regions because of the existence of
monomorphic data in Virginia, Georgia, and Florida populations

*p<0.05; **p<0.01 (significant differentiation between regions based
on permutational test of the Snn statistic)
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inconsistent, with only two of six species showing what
could be considered a linear increase (Table 2). This
observation coincides with previous work investigating
latitudinal patterns of genetic diversity (Taberlet 1998).
Latitudinal gradients in genetic diversity have been observed
in other US Atlantic coastal species. Bernatchez and Wilson
(1998) assessed the influence of Pleistocene glaciations on
genetic diversity by combining phylogeographic data of
freshwater and anadromous fishes and found a significant
increase in nucleotide diversity from north to south. This
common pattern has also been recovered for other diverse
taxa including Mercenaria mercenaria (Dillon and Manzi
1992), Alosa sapidissima (Bentzen et al. 1989; Nolan et al.
1991; Waldman et al. 1996), F. heteroclitus (Smith et al.
1998), Callinectes sapidus (McMillen-Jackson and Bert
2004), and C. variegatus (Haney et al. 2007). The lower
diversity in the UV region could be attributed to several
factors. First, the UV region was glaciated (Wares 2002), and
postglacial recolonization is often considered to reduce
genetic diversity (Hewitt 1996). Postglacial expansion into
new territory was previously indicated to be an important
driving force in patterns of reduced genetic diversity at the
edges of species ranges in other coastal systems as well as
along the east coast of the USA (Taberlet 1998; Hewitt 2000;
Haney et al. 2007). However, this region does not exhibit the
lowest (nor any significant) regional values of Tajima’s D
(Table 2), and values of DT for the UV region are not
significantly lower than mean observed values for these taxa
(Wares, unpublished data), indicating little additional support
for population expansion as a cause of lower diversity.

Habitat availability and population density may also be
important for shaping latitudinal patterns of genetic
diversity. The pattern of latitudinal variation is only
consistent for G. demissa (Table 2) for which recruitment
success is related to available Spartina substrate (Bertness
and Grosholz 1985; Silliman and Bertness 2002). Salt
marsh habitat, often dominated by Spartina, increases
dramatically from north to south along the US Atlantic
coast (Bertness 1999); this increase in available habitat
could directly affect population sizes in species that depend
on Spartina as substrate for recruitment and an energy
source (Kreeger et al. 1988; Silliman and Bertness 2002). In
addition, positive relationships between community diver-
sity and genetic diversity have been observed for several
systems (Vellend 2003; Cleary et al. 2006), including the
salt marsh communities in Georgia (Robinson et al. 2009).

Analysis of polymorphism data also provides insight
into the demographic histories of these species. Four of the
six species studied here exhibit consistently negative (and
often significant) values for DT (Table 1). Negative values
of DT indicate an excess of rare alleles relative to the
expectation under neutrality and demographic stability
(Tajima 1989). The most negative values were found in

the Georgia samples, which pooled a larger set of samples,
perhaps illustrating the effect of increased sampling on
recovery of rare (perhaps transient) alleles (Wakeley and
Takahashi 2003). Our polymorphism data were objectively
evaluated using standard quality scores (Ewing and Green
1998), so it is unlikely that polymerase error could
contribute significantly to this pattern. Nevertheless, for
all species except for L. irrorata, the effect is not as
extreme in the subpopulations of the Georgia region.
Increased sample size may be more likely to recover
additional rare haplotypes in general, but the consistent
significantly negative pattern across subsamples as well as
pooled samples in the Georgia populations of L. irrorata
are consistent with a population expansion (Pyhäjärvi et al
2007), perhaps associated with the extraordinary density of
habitat in this region (Bertness 1999) and other changes in
the historical ecology of the region.

A Genealogical Perspective on the Atlantic Salt Marsh
and Implications for Policy and Management

The salt marsh community along the US Atlantic coast
overall has only modest phylogeographic structure, with
some important caveats. This suggests that propagules may
recruit to most sites from diverse sources, and thus, the
marsh inhabitants south of LIS behave as a single
community. However, it is important to recognize that in
the face of probable asymmetric dispersal of larvae (Lentz
2008), a number of factors may influence the diversity and
divergence of populations. What appears to be panmixia
may in fact be the effect of a metapopulation dynamic in
which only “upstream” populations truly drive the diversity
of the ‘downstream’ sites (Pringle and Wares 2007; Wares
and Pringle 2008), and larval behavior may play a more
significant role in maintaining self-sustainable populations
(Sanford et al. 2006).

Given the concordant divergence of two of our six
species with previous assessments of isolation across the
LIS region, there is more work needed to determine
whether latitudinal effects such as that of water temperature
on metabolism play a role in latitudinal patterns of diversity
and divergence (Sanford et al. 2006; T.M. Bell and J.P.
Wares, unpublished data). The only way to appropriately
control among multiple species for comparisons under such
hypotheses is to ensure that they are collected, evaluated,
and analyzed in comparable ways (Bermingham and Moritz
1998). For species in this community that have already
been analyzed genetically, our work has confirmed those
results and placed them in the context of the broader
invertebrate community. Knowing that the allelic composi-
tion of these six species is similar across a large geographic
range leads to questions of whether all sites act equally as
larval retentive source populations and whether variation in
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ecological interactions—including recruitment patterns,
competition vs facilitation, and overall abundance—is then
due to locally adaptive or other abiotic features (Haydon et
al. 1994; Bruno et al. 2003). These influences may vary in
strength latitudinally, as expected for a community with
such tight species interactions (Bertness and Callaway
1994; Bruno et al. 2003; Silliman and Bertness 2002).

Overall, the minimal genetic structure of this sample of the
salt marsh community might appear a disappointing result.
However, the elements that make the Atlantic salt marsh
community of great interest to researchers evaluating latitudi-
nal and stress-related changes in species interactions across
distant study sites (Bortolus and Iribarne 1999; Bruno and
Bertness 2001; Pennings et al. 2001; Silliman and Bertness
2002; Salgado and Pennings 2005) make it important that we
assess the degree to which these changes are due to the
interaction of regionally distinct gene pools or are driven by
species–species and species–environment interactions. As an
example, the intertidal habitats of the northwestern Pacific
Ocean also exhibit differing ecological dynamics among
species at different latitudes, with Pisaster ochraceus acting
as keystone predator (Paine 1974) north of Cape Blanco
(42° N) and interactions limited by recruit density south of
this region (Connolly et al. 2001). The shift in density is
oceanographically driven, with profound effects on the
ecological interactions among species, and there is little to
no evidence for genetic differences among populations north
and south of Cape Blanco (e.g., Sanford et al. 2003; Sotka et
al. 2004, Wares and Castañeda 2005; Harley et al. 2006; Ort
and Pogson 2007). While our assessment of the potential for
local adaptation in this study is not complete, our results
suggest a similar situation to that seen on the Pacific coast for
Atlantic salt marshes. Any latitudinal variation in interactions
that exist may be driven by the environment rather than the
genetic composition of populations. It is important to note
that gene flow among populations does not preclude
adaptation to local conditions; however, isolation, either in
time or space, greatly facilitates the process. At least two
species show support for a well-recognized pattern (Wares
2002; Haney et al. 2007) of phylogeographic discontinuity
between the UV and LV biogeographic regions, indicating
that the interaction between evolutionary and ecological
dynamics across this coastal habitat is nevertheless complex.
Future work should continue to focus on the mechanisms that
maintain the genetic differentiation across Long Island Sound
(Wares 2002) and the impact of abiotic gradients on
ecological interactions in this model system.
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Appendix. Pairwise Fst Values by Species

Triangular matrix of pairwise Fst values for COI in
C. virginica populations. Significant p values (p<0.05 and
p<0.01) are indicated with one or two asterisks, respectively.

Population Massachusetts
(UV)

Virginia
(LV)

GCE
coastal

GCE
midmarsh

GCE
upstream

Virginia 0.02

GCE coastal −0.024 0.018

GCE midmarsh −0.04 −0.011 0.0053

GCE upstream −0.026 0.02 0.0072 0.008

Florida 0.07* 0.06 0.021 −0.05 −0.005

Triangular matrix of pairwise Fst values for COI in
G. demissa populations. Significant p values (p<0.05 and
p<0.01) are indicated with one or two asterisks, respectively.

Population Massachusetts
(UV)

Virginia
(LV)

GCE
coastal

GCE
midmarsh

GCE
upstream

Virginia 0.05

GCE coastal 0.21** −0.073
GCE midmarsh 0.16** −0.1 −0.018
GCE upstream 0.28** −0.03 0.0008 0.0013

Florida 0.19* −0.1 −0.051 −0.04 −0.026

Triangular matrix of pairwise Fst values for COI in
I. obsoleta populations. Significant p values (p<0.05 and
p<0.01) are indicated with one or two asterisks, respectively.

Population New Jersey
(UV)

Virginia
(LV)

GCE
coastal

GCE
midmarsh

GCE
upstream

Virginia 0.05

GCE coastal −0.135 −0.058
GCE midmarsh −0.158 −0.048 0.0047

GCE upstream −0.06 0.0054 −0.035 −0.02
Florida −0.03 0.0048 −0.083 −0.09 −0.038

Triangular matrix of pairwise Fst values for COI in
L. irrorata populations. Significant p values (p<0.05 and
p<0.01) are indicated with one or two asterisks, respectively.

Population New Jersey
(UV)

Virginia
(LV)

GCE
coastal

GCE
midmarsh

GCE
upstream

Virginia 0.04

GCE coastal −0.12 −0.053
GCE midmarsh −0.014 −0.039 0.0032

GCE upstream −0.059 0.0058 −0.033 −0.019
Florida −0.037 0.0077 −0.076 −0.089 −0.034
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Triangular matrix of pairwise Fst values for COI in
U. pugnax populations. Significant p values (p<0.05 and
p<0.01) are indicated with one or two asterisks, respectively.

Population Massachusetts
(UV)

Virginia
(LV)

GCE
coastal

GCE
midmarsh

GCE
upstream

Virginia −0.04
GCE coastal −0.01 0.083

GCE midmarsh −0.13 −0.03 0.11**

GCE upstream 0.0036 −0.0059 0.02 0.05

Florida N/A N/A N/A N/A N/A

Triangular matrix of pairwise Fst values for COI in
U. pugilator populations. Only a single haplotype was found
in all samples south of LIS, so Fst is not calculated.
Significant p values (p<0.05 and p<0.01) are indicated with
one or two asterisks, respectively.

Population Massachusetts
(UV)

Virginia
(LV)

GCE
coastal

GCE
midmarsh

GCE
upstream

Virginia 0.85**

GCE coastal 0.88** –

GCE midmarsh 0.88** – –

GCE upstream 0.9** – – –

Florida 0.83** – – – –
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