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Abstract

Approximately 20 000 years ago the last glacial maximum (LGM) radically altered the
distributions of many Northern Hemisphere terrestrial organisms. Fewer studies
describing the biogeographic responses of marine species to the LGM have been
conducted, but existing genetic data from coastal marine species indicate that fewer taxa
show clear signatures of post-LGM recolonization. We have assembled a mitochondrial
DNA (mtDNA) data set for 14 co-distributed northeastern Pacific rocky-shore species
from four phyla by combining new sequences from ten species with previously
published sequences from eight species. Nuclear sequences from four species were
retrieved from GenBank, plus we gathered new elongation factor 1-o sequences from the
barnacle Balanus glandula. Results from demographic analyses of mtDNA for five (36%)
species (Evasterias troschelii, Pisaster ochraceus, Littorina sitkana, L. scutulata, Xiphister
mucosus) were consistent with large population expansions occurring near the LGM, a
pattern expected if these species recently recolonized the region. However, seven (50%)
species (Mytilus trossulus, M. californianus, B. glandula, S. cariosus, Patiria miniata,
Katharina tunicata, X. atropurpureus) exhibited histories consistent with long-term
stability in effective population size, a pattern indicative of regional persistence during
the LGM. Two species of Nucella with significant mtDNA genetic structure showed
spatially variable demographic histories. Multilocus analyses for five species were
largely consistent with mtDNA: the majority of multilocus interpopulation divergence
times significantly exceeded the LGM. Our results indicate that the LGM did not
extirpate the majority of species in the northeastern Pacific; instead, regional persistence
during the LGM appears a common biogeographic history for rocky-shore organisms in
this region.
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Introduction

Among the many factors affecting the abundance and
distribution of species, climate change has by far
received the greatest attention (Pielou 1991; Webb &
Bartlein 1992; Gates 1993; Clark et al. 1998; Hewitt 2003;
Lomolino et al. 2006). A vast body of direct historical

Correspondence: Peter B. Marko, Fax: 1 864 656 0435;
E-mail: pmarko@clemson.edu

evidence from the fossil and pollen records clearly dem-
onstrates that many terrestrial species have undergone
large and rapid latitudinal shifts in response to Pleisto-
cene climate change, particularly following the end of
the last glacial maximum (LGM) approximately
20 000 years before present (ybp) (e.g. Huntley & Birks
1983; Cwynar & MacDonald 1987; Bennett et al. 1991;
Gates 1993; Graham et al. 1996; Bennett 1997; Williams
et al. 1998; Hewitt 1999). An abundance of fossil and
pollen data from eastern North America and western
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Europe provide an empirical basis for an ‘Expansion—
Contraction” (EC) model of Pleistocene biogeography
(Provan & Bennett 2008) that describes the geographic
responses of species to past glacial-interglacial climate
changes. Under the basic EC model, most northern
hemisphere cool-temperate species survived in southern
glacial refugia, only re-populating higher Ilatitudes
through range expansions following the LGM (Hewitt
2004). In addition to forming a fundamentally impor-
tant paradigm of Pleistocene biogeography, the EC
model also provides a potentially useful model for
understanding how species assemblages will respond to
climate change in the future (Gates 1993).

Although Pleistocene EC histories are widely docu-
mented on land, few studies have characterized the
recent biogeographic histories of marine species with
the fossil record. Comparable paleontological studies of
marine ecosystems over sufficiently similar intervals are
rare because of the limitations of the record. For exam-
ple, although nearly all fossilizable nearshore marine
species on the west coast of North America are cap-
tured in the Pleistocene (Valentine 1989; Lindberg &
Lipps 1996), the record is primarily composed of depos-
its created during sea-level high-stands associated with
relatively warm interglacials; fossils preserved during
glacial low-stands are largely unavailable due to the
current end-Holocene sea-level high-stand. Existing fos-
sils from cooler climates, that have been exposed by
uplift, yield equivocal results. For example, although
Addicott (1966) provided evidence of southward shifts
of entire biogeographic provinces along the west coast
of North America during the LGM, Valentine & Jablon-
ski (1993) later showed that some eastern Pacific species
responded to Pleistocene climate change in a much
more individualistic manner, resulting in substantial
and unpredictable changes in community composition.

In addition to range changes that can be directly doc-
umented in the fossil record, the EC model also gives
rise to predictions routinely tested with genetic data:
populations in recently colonized northern regions
should retain the genetic signature of distinctly short
demographic histories, consistent with massive popula-
tion expansions following the end of the LGM
(reviewed by Hewitt 2001, 2004; Hewitt & Ibrahim
2001; Emerson & Hewitt 2005). Not surprisingly, inter-
pretations of mitochondrial DNA (mtDNA) studies on
land largely meet the expectations of the EC model for
many northern hemisphere taxa (e.g. Ibrahim et al.
1996; Comes & Kadereit 1998; Taberlet et al. 1998; He-
witt 1999), essentially echoing patterns in the fossil and
pollen records, with some exceptions. Compared to ter-
restrial plants and animals, however, available genetic
data from marine assemblages tend to suggest that the
response to past climate change, particularly to the
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LGM, has been less uniform across taxa with some spe-
cies showing patterns of differentiation and divergence
consistent with long-term regional persistence (e.g.
Hickerson & Ross 2001; Wares & Cunningham 2001;
Marko 2004; Hickerson & Cunningham 2005; Hoarau
et al. 2007). Although a smaller sampling of marine spe-
cies may bias this pattern, the apparent variability in
marine biogeographic histories could also reflect a
fundamental difference in the way climate change is
experienced by coastal marine species, particularly
those living in intertidal habitats. Because of the high
degree of small-scale spatial heterogeneity in thermal
environments experienced by rocky-shore species, sim-
ple climate-driven, latitudinally-related shifts in abun-
dance and geographic range may not always occur, so
that the overall demographic and geographic responses
of rocky-shore assemblages to climate change may in
fact be different from those on land (Helmuth et al.
2002).

To address the question of marine organisms’
responses to late-Pleistocene climate change, we con-
ducted a community-level comparative genetic analysis
of multiple co-distributed rocky-shore species along the
Pacific coast of North America. By combining new
sequences with previously published data, we have
assembled a database of mitochondrial and nuclear
DNA sequences from 14 species spanning four animal
phyla. Rocky-shore communities present an ideal model
with which to investigate the historical ecology of spe-
cies assemblages given that these ecosystems have pro-
vided many rich insights into the responses of
organisms to their local biotic and abiotic environments,
engendering many important conceptual advances in
the field of community ecology (see reviews by Paine
1977, 1994; Paine & Levin 1981; Raffaelli & Hawkins
1999; Menge & Branch 2001). Despite a deep under-
standing of the biotic and abiotic factors influencing the
local abundance and distribution of species on rocky
shores, comparatively little is known about the regional
persistence of these model assemblages over time scales
greater than approximately 30 years and spatial scales
larger than a few meters (Valentine & Jablonski 1993;
Paine & Trimble 2004). If the EC model best
characterizes most species’ biogeographic responses to
past climate change, then we expect the majority of
species should show a strong population genetic
signature of population expansion in the temporal
vicinity of the LGM, as has been often documented on
land (see reviews by Hewitt 1999, 2000, 2004). Our anal-
yses of DNA sequence data from 14 co-distributed
rocky-shore species deviate from this expectation, pro-
viding a novel perspective on the relationship between
climate change and demography in a model marine
community.
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Methods

By gathering new sequences and retrieving previously
published data from GenBank, we assembled a DNA
sequence database for 14 co-distributed rocky-shore
species in the northeastern Pacific (Table 1). The sam-
pling of taxa spans four animal phyla: Echinodermata
(three sea stars), Mollusca (four snails and two bivalves,
one chiton), Arthropoda (two barnacles), and Chordata
(two fish). The samples are from 25 localities between
Kodiak Island, Alaska and Cape Flattery, Washington
(Fig. 1, Table S1). Our study focused on the northern
two-thirds of the species’ ranges (Cape Flattery, Wash-
ington to Kodiak Island, Alaska) because few of the
taxa we considered have been sampled outside this
region (Fig. 1) plus we expected that northern popula-
tions should show the strongest evidence of glacial-
interglacial demographic change.

We collected new mtDNA sequences from ten spe-
cies, creating six entirely novel data sets and supple-
menting four previously existing data sets that typically
had only 1-2 samples from British Columbia and
Alaska (Tables 1 and S1). For nine of the 14 species,
mtDNA data consisted of cytochrome ¢ oxidase-1 (CO1)
sequences, amplified with universal primers (Folmer
et al. 1994). Cytochrome b (CytB) was sequenced from

Littorina sitkana and L. scutulata, a portion of the
mtDNA control region was sequenced for both species
of Xiphister, and the mtDNA for P. miniata consisted of
several mitochondrial transfer RNAs (tRNAs) plus a
small portion (54 bp) of the 5" end of CO1. We collected
a completely new CytB data set for L. sitkana because
previously published sequences (Kyle & Boulding 2000)
form a divergent monophyletic clade with a pseudo-
gene sequence in GenBank that contains stop codons
(Accession No. U46821, Reid et al. 1996). We used the
same primers as the previous Littorina population study
(‘EGB-F" and ‘EGB-R’), but our methods differed in that
we extracted DNA from foot tissue rather than visceral
mass (Kyle & Boulding 1998, 2000), which we have
found to yield little high-quality mtDNA; additionally,
molluscan extractions consisting of gonadal tissue may
not contain exclusively female mtDNA if inheritance is
not strictly maternal. All DNA extraction and mtDNA
amplification protocols followed previously published
methods, which consisted of overnight proteinase K
incubation in 2X CTAB followed by two chloroform
extractions and precipitation with ethanol (see Table 1
for references to sequence sources and methods).

We also collected nuclear elongation factor 1-o (EF1)
sequences from the acorn barnacle Balanus glandula (see
Table S1 for localities) using previously published

Table 1 MtDNA sequence data, mutation rates (substitutions per locus per year) and generation times (years) for 14 northeastern

Pacific rocky shore taxa

Base Sequence Mutation rate, Reproductive Maturation
pairs sources per locus* maturity (years) references

Mollusca

Muytilus trossulus 661 1 6.61 x 107° 0.167 8

M. californianus 661 1 6.61 x 107° 0.667 8

Nucella ostrina 607 1,5 6.07 x 107° 1 13

N. lamellosa 586 1,5 5.86 x 107° 4 14

Katharina tunicata 659 1 6.59 x 107° 2 15

Littorina sitkana 433 1 433 x107° 1 16

L. scutulata 480 6 4.80 x 107° 1 16, 17
Arthropoda

Balanus glandula 405 1,2 4.05x 107° 0.5t 9,10

Semibalanus cariosus 659 1 6.59 x 107° 2t 11
Echinodermata

Pisaster ochraceus 543 1,3 5.43 x 107° 5 12

Evasterias troschelii 623 1 6.23 x 107° 5 12

Patiria miniata 370 4 3.70 x 107¢ 2 —
Chordata

Xiphister mucosus 621 7 6.21 x 107° 1 7

X. atropurpureus 457 7 4.57 x107° 1 7

1, Present study; 2, Wares & Cunningham (2005); 3, Harley et al. (2006); 4, McGovern et al. (in preparation); 5, Marko (2004); 6, Kyle
& Boulding (2000); 7, Hickerson & Cunningham (2005); 8, Suchanek (1981); 9, Connell (1970); 10, Hines (1978); 11, Barnes (1989); 12,
Menge (1974); 13, Spight (1982); 14. Spight (1975); 15, Nimitz and Giese (1964); 16, Mastro et al. (1982); 17, Hohenlohe (2002).

*Based on a common 1.0 x 107® per site per year rate.

tValues are estimates of generation times for B. glandula and S. cariosus.

© 2009 Blackwell Publishing Ltd



ROCKY-SHORE PLEISTOCENE DEMOGRAPHY 149

§d " " > ’ %
/ g 60°N —
Cordova, AK (COR) .3 }&
Seward, AK (SEW) \
Yakutat, AK (YAK) g
Homer, AK (HOM) 3 )
by S \.,‘ Juneau (JUN)
Central Alas ka Elfin Cove, AK (ELF) .
J
\ Sitka, AK (SIT)
Kodiak Island, AK (KOD) Southeast
= Alaska Taigudls., AK (TAI)
Wrangell, AK (WRA) < /_ Ketchikan, AK (KET)
View Cove, AK (VC) o e \
L 55°N @ ‘K&: 55°N -
Dunbar Inlet, AK (DUN) s
% Prlnce Rupert BC (RUP)
Rennell Sound, BC (RNL) \ ‘3&
Haida
M by C: , BC (MOR|
Gwaii oresby Camp. ( ) \“g’“
Tanu, BC (TAN) . K -
British ‘
400 km Columbia ‘t; 4
San Josef Bay, BC (SJB) s -
Winter Harbour, BC (WH)
—50°N Campbell River, BC (CAM) N 0°N
Tofino, BC (TOF) [
Bamfield, BC (BAM) K
Port Renfrew, BC (REN) -, é.r
W
. Cape Flattery, WA (FLA) ) g
WaShlngton San Juan Islands, WA (SJI) ot

Fig. 1 Collection sites for 14 rocky shore species. Some collection sites have been subsumed into single names due to the size of the
diagram. See Table 1 for references to previously published sequences and exact localities; sample sizes of individual localities are

provided in Supplementary Table SI.

methods (Sotka ef al. 2004), re-analyzed sequences elec-
tronically retrieved from GenBank from six anonymous
nuclear loci from each of the frilled dogwhelk Nucella
lamellosa and the bat star P. miniata (McGovern et al., in
preparation), and retrieved and analyzed previously
published nuclear o-enolase and o-tropomyosin intron
sequences from the two pricklebacks, X. atropurpureus
and X. mucosus (Hickerson & Cunningham 2005).
Nuclear DNA data were obtained with a combination
of direct sequencing of PCR products and cloning and
re-sequencing of putative heterozygotes. For N. lamellosa
and B. glandula, nuclear insertions and deletions
(“indels’) were uncommon, so heterozygous nucleotide
sites were most often scored in chromatograms gener-
ated from direct sequencing of PCR products followed
by gametic phase determination using the software
PHask 2.1 (Stephens et al. 2001) once a sufficient number
of heterozygotes were cloned to be confident in this
approach; any individuals with putative heterozygous
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base-calls that did not show a very clear double-peak in
both complimentary electropherograms were cloned
and re-sequenced. In contrast, owing to greater indel
variation, most of the alleles from anonymous loci in
P. miniata were cloned and re-sequenced.

Because population genetic analyses typically assume
no intra-locus recombination, we first tested the nuclear
loci for evidence of recombination using IMgc (Woerner
et al. 2007), a program that uses violations of the ‘four-
gamete test’ (Hudson & Kaplan 1985) to identify the
largest data-rich recombination-filtered block of
sequences for each locus. We then used the largest con-
tiguous, and presumably unrecombined, block from
each species for all further analyses. Each mitochondrial
and nuclear data set was next analyzed with ModelTest
version 3.7 (Posada & Crandall 1998) and paupr+ version
4.0 (Swofford 2002) to determine the best-fitting DNA
substitution model and substitution parameters. We
then used Arlequin version 3.11 (Excoffier et al. 2005)
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to calculate standard molecular diversity indices, Taj-
ima’s D, and Fu’s F;; Ramos-Osins & Rozas” R, was
also calculated using DnaSP version 4.10 (Rozas et al.
2003). The significance of empirical values of D, F,, and
R, were tested by comparison of observed values to
null distributions generated from either 10 000 permuta-
tions (Arlequin) or simulations (DnaSP) of the data.
Population genetic structure was characterized by calcu-
lating ®gr with Analysis of Molecular Variance (amMova)
as implemented in Arlequin using the most appropriate
substitution model available and parameter values
inferred with ModelTest. Haplotype networks were
constructed with paup~.

For most species, mtDNA amovas using collection
sites as subpopulations showed a high degree of genetic
homogeneity across sample localities: in nine of 14 spe-
cies, ®dgr was not statistically different from zero.
Because within population variability was of similar
magnitude for these nine species, we treated these spe-
cies lacking any population subdivision as a single unit
for demographic analysis (Lessios et al. 2001). For the
remaining five species that showed significant spatial
subdivision, we used pairwise values of ®gr among
samples to create groups of geographically proximate
samples that showed no significant differentiation (Wa-
ples & Gaggiotti 2006) so that demographic analyses
could be limited to groups of adjacent samples that
lacked any internal subdivision. Although gene flow
among these groupings can potentially bias estimates of
effective population size (N.) upwards, the impact of
gene flow should be minimal because nearly all shared
haplotypes among the groupings were central haplo-
types (i.e. putatively ancestral) within haplotype net-
works. Some mtDNA samples (see Supplementary
Table S1) were too small (<10) to adequately character-
ize sequence diversity (Pluzhnikov & Donnelly 1996),
so we iteratively compared the impacts of including or
excluding small samples plus combining them with
samples from adjacent (<10 km) localities. These addi-
tional analyses had no qualitative impact on any of the
results.

We used two methods to characterize the magnitude
and timing of past changes in population size. First, we
conducted mtDNA mismatch analyses (Rogers & Har-
pending 1992) with Arlequin. Each mismatch distribu-
tion was compared to a distribution expected under a
model of sudden population expansion, and any devia-
tion from the sudden expansion model was evaluated
by calculating Harpending’s (1994) Raggedness Index
(r); the significance of r was assessed with 10 000 para-
metric bootstraps. For each distribution that did not
deviate significantly from the sudden expansion model,
we calculated the intrapopulation coalescence time (i.e.
time since the start of a population expansion) from the

statistic © with the formula t = 2puf, where f is the num-
ber of years since a population expansion and p is the
per locus per year mutation rate. Confidence intervals
for estimates of Tt were obtained using a parametric
bootstrap approach in Arlequin.

Second, because the genealogical structure of a sam-
ple of alleles or haplotypes contains information about
a population’s demographic history (Felsenstein 1992;
Kuhner et al. 1995, 1998), we also characterized past
changes in N, by generating mtDNA Bayesian Skyline
Plots (BSPs) with Beast version 1.4.8 (Drummond et al.
2005; Drummond & Rambaut 2007). BEasT employs a
Markov chain Monte Carlo (MCMC) sampling proce-
dure that generates a posterior probability distribution
for N, through time based on the temporal distribution
of coalescences in gene genealogies, moving backward
from the present. Because the method used in BEAST
requires the assumption that alleles or haplotypes are
sampled from a single population, we only created
BSPs for species that showed no spatial subdivision. For
each species, we ultimately completed three replicate
MCMC searches, each with 100 million steps, trees and
parameters sampled every 500 steps, and with a burn-
in of 10 million steps. Results from three replicate runs
were then combined and re-sampled with LOGCOMBINER
version 1.4.8 (Drummond & Rambaut 2007) prior to
analysis with Tracer version 1.4.1 (Drummond &
Rambaut 2007). Tracer yields estimates of N.T over
time, where T = generation time. Although age of first
reproduction is known for most of the taxa in our
study, generation times are generally not (but see
Connell 1970 for barnacles). Because we were most
interested in the timing of relative changes in N, for
each species, rather than the absolute values of N, we
reported unadjusted values included N.I' in demo-
graphic reconstructions, but include values of repro-
ductive maturity for each species. Confidence intervals
for N.T were calculated from the posterior probability
distributions using TRACER. For several species, the
genealogical structure of the haplotype networks indi-
cated the possibility that multiple colonization events
involving distinct haplotype lineages may have poten-
tially upwardly biased our estimates of ancestral popu-
lation size, particularly for species with long-lived
planktonic larvae and presumably high gene flow from
southern refugia. We therefore repeated the demo-
graphic analyses for several subclades within species
whose haplotype networks contained more than one
well-represented distinct lineage.

To assess whether the BSP was the most appropriate
model for reconstructing demographic histories, we
compared each BSP to demographic reconstructions
under two simpler models in BEAST: constant population
size and a two-epoch model of expansion growth
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(a period of constant size followed by a period of expo-
nential). The comparisons were conducted with Bayes
Factor Tests in TRACER by importance sampling of the
marginal likelihoods of each of the three models (New-
ton & Raftery 1994; Suchard et al. 2001; Redelings &
Suchard 2005). BEAST runs for the two alternative demo-
graphic models were conducted in the same way as
described above for the BSP. The strength of support
from Bayes Factors was interpreted using guidelines
from Jeffreys (1961).

The currently available version of BEAST cannot gen-
erate demographic reconstructions from multilocus
data. Therefore, we also estimated population diver-
gence times among geographically adjacent samples
of the five species with multilocus sequence data
using the isolation with migration model implemented
in IMA (Hey & Nielsen 2004, 2007). IMa is a coales-
cent-based method that uses MCMC simulations of
gene genealogies to estimate the time of divergence
(), genetic diversities (©;, ©,, and ancestral ©4), and
migration rates (m; and m,) between two populations
assumed to have shared a common ancestor. For each
pair of samples, we first optimized and conducted a
run under ‘MCMC Mode’ using the fully parameter-
ized isolation with migration model (i.e. six parame-
ters: ©, ©,, Op, my, my, ). We next used likelihood
ratio tests implemented in the nested model option in
‘Load Trees Mode’ to compare the likelihood of sim-
pler models (e.g. three parameters: ©; = O, = O,,
my = my, t) to the fully parameterized model. The best
fitting model was then used to infer the divergence
time between samples. For each individual IMA analy-
sis, we initially used broad prior probabilities for
population parameters and then subsequently reduced
the upper limits in repeated runs of the program.
Convergence was assessed by monitoring the effective
sample size, examining parameter trend plots, and,
most importantly, conducting three final replicate
runs, each starting with a different random seed. Rep-
licate runs were inspected for consistency and then
re-sampled using the Load Trees Mode in IMa for
final parameter estimation.

To re-scale results into units of years, we first consid-
ered mutation rates reported in the literature. Given
that the vast majority of mtDNA divergence rate esti-
mates across the phyla we have considered fall within
0.7-2.4%/MY (e.g., Collins et al. 1996; Reid et al. 1996;
Knowlton & Weigt 1998; Wares & Cunningham 2001;
Marko 2002; Hickerson & Cunningham 2005; Lessios
2008), we opted to base our mutation rate on the rela-
tively rapid divergence rate of 2% per MY (equivalent
to a mutation rate of 1.0 x 107® substitutions per site
per year) for all of the taxa. Slower rates have been
inferred for marine taxa, including some of the taxa
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and mtDNA regions in our study (Hart et al. 1997;
Hickerson & Cunningham 2005; Frey & Vermeij 2008),
but conversion of population genetic parameters with
the relatively fast 2% rate was expected to yield conser-
vative results with respect to our conclusions: slower
mutation rates would increase divergence time esti-
mates and make inferred population expansion times
older. With multilocus data sets, IMa only requires
knowledge of the mutation rate for one (i.e. mtDNA)
locus. However, to generate a BSP for EF1 from B. glan-
dula, we assumed that the mutation rate of this nuclear
locus was an order of magnitude smaller than the
mtDNA locus.

Results

Sequence diversity

Summary statistics for mtDNA drift-mutation equilib-
rium tests (D, R,, and F) in Table 2 showed strong
departures from equilibrium expectations in nearly all
of the species, meaning that most species showed sig-
nificant evidence of either past selective sweeps or pop-
ulation expansions. Only L. sitkana and X. mucosus
lacked significant values for any of these statistics, but
this result was probably caused by a near absence of
any haplotype and nucleotide diversity in these two
species (Table 2). Nuclear sequences from five of the
species showed fewer significant values for mutation-
drift equilibrium statistics (Table 3), but at least one
statistic was significant for most loci.

Population structure

Nine of the 14 species in our mtDNA survey showed
an absence of significant spatial genetic structure
whereas five exhibited values of ®gy significantly differ-
ent from zero (Table 2). Although the sea star P. ochrac-
eus showed a significant value of ®gr (P = 0.0275)
across all samples (Table 2), inspection of pairwise val-
ues of Ost among samples showed that only Cordova,
at the northern end of the species” distribution, was sig-
nificantly differentiated from the other samples in our
analysis. Because exclusion of the Cordova sample
caused the global ®gr to drop to 0.008 (P = 0.3429), we
conducted demographic analyses on the Cordova sam-
ple separately and for all of the remaining localities
combined for P. ochraceus (we note here that samples of
P. ochraceus from southern Puget Sound have also been
shown to be differentiated from the San Juan Islands
and from outer coast samples [Harley et al. 2006]; how-
ever, those samples were not included in our analysis
because the sampling of the other 13 species did not
extend as far south into Puget Sound).
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Table 2 MtDNA Sample size (1), nucleotide diversity (n), haplotype diversity (h), Tajima’s D, Fu’s F statistic, Ramos-Osins and
Rozas” R, statistic, ®gy from amova analysis, Harpending’s Raggedness statistic (r), and values of t estimated from a sudden
expansion model (with 90% credibility intervals in parentheses). Boldface indicates statistically significant values. For species with
significant spatial structure (i.e. ®gy), values of r and 1 were calculated for individual sample localities (see Fig. 6). See Supporting
Information for sample localities and sizes

Species n T h D F, R, Dgp r T

Evasterias troschelii 79 0.0007 0.335 -2.31 -12.7 0.037 —0.007 0.167 0.39 (0.13-1.11)
Muytilus californianus 75 0.0062 0.981 -2.61 —63.5 0.021 0.004 0.018 4.14 (2.76-4.73)
M. trossulus 141 0.0057 0.953 -2.34 -96.4 0.021 0.009 0.017 2.36 (1.30-4.52)
Balanus glandula 140 0.0099 0.938 -2.01 -90.1 0.032 0.0003 0.010 2.70 (1.39-5.44)
Semibalanus cariosus 125 0.0033 0.868 -2.24 -54.4 0.022 0.025 0.041 1.49 (1.08-2.99)
Katharina tunicata 74 0.0085 0.833 -0.25 —-5.18 0.095 -0.037 0.039 5.96 (3.55-11.6)
Littorina sitkana 96 0.0003 0.141 -0.87 -0.03 0.029 0.006 0.539 0.14 (0.00-0.87)
L. scutulata 248 0.0021 0.327 -2.19 -11.6 0.018 0.004 0.356 1.78 (0.00-4.14)
Xiphister mucosus 24 0.0005 0.228 0.25 0.67 0.068 0.086 0.347 0.26 (0.08-1.39)
X. atropurpureus 46 0.0279 0.961 0.14 -11.0 0.091 0.296 — —

Pisaster ochraceus 179 0.00104 0.188 2.28 23.9 0.015 0.104 — —

Nucella ostrina 102 0.00155 0.521 -1.83 8.85 0.029 0.259 — —

N. lamellosa 137 0.00328 0.775 —-2.56 —25.5 0.022 0.066 — —

Patiria miniata 181 0.0027 0.706 -1.77 -13.7 0.031 0.265 — —

Table 3 Nuclear DNA sample sizes (1), nucleotide diversity (n), haplotype diversity (h), Tajima’s D, Fu’s F; statistic, Ramos-Osins
and Rozas’ R, statistic, and ®gr from amova analysis estimated from a sudden expansion model (with 90% credibility intervals in
parentheses). Boldface indicates statistically significant values. See sequence sources and Supporting Information for sample localities

Base Sequence
pairs*® sourcet n b h D Fg R, DOgr

Balanus glandula

EF1-o 312 1 167 0.0038 0.503 -2.17 -23.7 0.021 0.260
Nucella lamellosa

A6 448 2 79 0.0018 0.465 -1.78 -2.40 0.035 0.403

A8 254 2 47 0.0069 0.785 —-0.89 -1.00 0.079 0.383

NL4 616 2 50 0.0013 0.600 —-2.00 —-7.00 0.051 0.143

NL13 257 2 59 0.0017 0.431 -2.13 —-0.40 0.105 0.216

NL16 593 2 69 0.0011 0.565 0.04 -0.04 0.106 -0.021

NL23 487 2 67 0.0121 0.755 1.74 5.15 0.164 0.422
Patiria miniata

Al 398 2 45 0.0341 0.934 0.37 -24.4 0.085 0.035

A3 504 2 41 0.0034 0.568 -2.58 -26.8 0.127 0.229

A4 296 2 50 0.0142 0.944 -2.26 -25.8 0.048 0.059

A7 485 2 47 0.0823 0.986 0.43 -20.2 0.120 0.070

B1 374 2 40 0.0590 0.977 -1.39 -23.4 0.048 0.035

C1 557 2 57 0.0263 0.983 0.08 -24.3 0.089 0.032

X. mucosus

a-enolase 474 3 58 0.0005 0.163 -1.06 -1.65 0.073 0.000

a-tropomyosin 527 3 54 0.0001 0.037 -1.09 -1.70 0.135 0.231
X. atropurpureus

o-enolase 312 3 72 0.0053 0.819 -0.41 -1.67 0.092 0.114

a-tropomyosin 352 3 56 0.0034 0.794 —-0.85 -3.12 0.073 0.132

*Number of base pairs in largest non-recombining block of sequences (see Methods).
tAlso see Supporting Information, Table S1.
1, Present study; 2, McGovern et al. (in preparation); 3, Hickerson & Cunningham (2005).

Three of the five species with nuclear sequence data mtDNA results. For example, the prickleback X. muco-
showed significant values of ®gr at most loci, and the sus showed no significant spatial differentiation at any
results were largely consistent with corresponding locus. For P. miniata, however, only one nuclear locus

© 2009 Blackwell Publishing Ltd



ROCKY-SHORE PLEISTOCENE DEMOGRAPHY 153

3 0271
0.6 1
0.16
E. troschelii M. californianus
> > 0.12
g 04+ : g
o ; o
& ' &
A o
e 1 L 0.081
R, T =0.39 (0.13-1.11) T=4.14 (2.76-4.73)
02} ! 31 150 years 313 316 years
: (10 433-89 085) (208 774-357 791)
v 0.04
i
[}
! 3
]
| ] ) ) ) ) ) 0 ) ) ) L N ) )
0 2 4 6 8 10 12 14 0 2 4 6 8 10 12 14

Pairwise nucleotide differences

Pairwise nucleotide differences

Fig. 2 Exemplar maximum-parsimony mitochondrial DNA haplotype networks, corresponding mismatch distributions (observed
values: closed circles, solid lines; expected values: open circles, dashed lines), and approximate intrapopulation coalescence time (1)
for the sea star Evasterias troschelii and the mussel Mytilus californianus. Confidence intervals for T were estimated with a parametric
bootstrap approach in Arlequin. Each branch in the networks represents one inferred mutational step; slashes across branches indi-
cate additional mutations. The smallest circles within each network correspond to a single haplotype copy.

showed significant differentiation in comparison to a
large and highly significant value of ®gr from the
mtDNA. Although smaller values of ®gr from nuclear
data were expected given the four-fold difference in N,
between nuclear and mitochondrial markers, the sam-
pling of each nuclear locus in P. miniata (<10 sequences
at some locations) may also not have been sufficiently
large to detect spatial subdivision in a species with
long-lived planktonic larvae (Pluzhnikov & Donnelly
1996). The barnacle B. glandula showed the greatest dis-
crepancy between patterns of spatial mtDNA and
nuclear subdivision given that the mtDNA data showed
no spatial structure (®sp=0.0003) but nuclear EF1
showed a large and statistically significant value of ®gr
(dst = 0.260). Subdivision at EF1 was uniform across
the region, with many significant pairwise values of
®sr but no obvious clines or breaks as reported in
California (Sotka et al. 2004).

MtDNA haplotype networks and mismatch analyses

Among species that showed no significant mtDNA pop-
ulation structure, two contrasting mtDNA haplotype

© 2009 Blackwell Publishing Ltd

networks are shown in Fig. 2 along with their corre-
sponding mismatch distributions for the sea star Evaste-
rias troschelii and the California mussel Mytilus
californianus. Both consist of one relatively common
haplotype at the centre of the network with either a few
(E. troschelii) or many (M. californianus) rare haplotypes
that differ from the central haplotype by one to five
base pair differences. Fig. 2 thus illustrates the relation-
ship between the network structure and the shape of
the corresponding mismatch distributions. For example,
because most individuals of E. froschelli possess the
haplotype at the centre of the network, the modal num-
ber of differences among haplotypes is zero. In contrast,
the network for M. californianus has many more haplo-
types, including several that differ from the most com-
mon haplotype by >4 bp changes. Therefore, the
mismatch distribution is shifted to the right for M. cali-
fornianus, consistent with a relatively older demographic
expansion.

Both E. troschelli and M. californianus had smooth and
unimodal mismatch distributions (Fig. 2), a pattern con-
sistent with a single demographic expansion in the past.
Based on values of Harpending’s r, neither distribution
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represented a significant departure from a model of
sudden demographic expansion (Table 2). However,
the confidence intervals for estimates of the intrapopu-
lation coalescence time (1) did not overlap (Fig. 2),
indicating that demographic expansions in the two
species happened at significantly different times.
Conversion of t into years reveals that although the
inferred time for the start of a population expansion in
E. troschelii of 31 150 years (or 31.2 kyr) was not signifi-
cantly greater than the LGM 20 kyr ago, the sudden
expansion start time in M. californianus (313 kyr) was
significantly older than the LGM. Some of the other
species” mtDNA haplotype networks were variants on
the two networks in Fig. 2, but others were more com-
plex, consisting of two or three common haplotypes
with an abundance of closely related but rarer haplo-
types (Fig. 3). Nevertheless, the sudden expansion
model could not be rejected for any of the other 12
species (Table 2).

The shapes of mismatch distributions varied consider-
ably among the other 12 species (Fig. 4), indicating a
diversity of histories, albeit each consistent with a
demographic expansion at some time in the past. In
addition to E. troschelii, four other species’ mismatch
distributions (L. sitkana, X. mucosus, P. ochraceus, &
L. scutulata) showed a large peak at the origin (Fig. 4),

T . Nucella ostrina
Littorina sitkana

Xiphister
mucosus

RO

Patiria
miniata

Clade 1

Clade 2

Xiphister
atropurpureus

Katharina
tunicata

Clade 1

Clade 2

Pisaster ochraceus

Semibalanus
cariosus

reflecting that for each of these species, most individu-
als possessed the same haplotype across the roughly
2000 km stretch of coastline that we sampled. Two of
these species with modal mismatch values of zero
(P. ochraceus & L. scutulata) also showed small second-
ary peaks created by the presence of a small number of
relatively divergent haplotype lineages. For P. ochraceus,
the secondary peak was generated by the presence of a
single divergent lineage found only at Sitka and Cor-
dova, whereas the secondary peak for L. scutulata was
caused by the presence of a divergent clade with haplo-
types present at several sites near Bamfield, Cape Flat-
tery, and Sitka. The mismatch distribution for the
genetically differentiated Cordova sample of P. ochrac-
eus (not shown) was similar to that for all of the other
samples combined, and although differentiated from all
samples to the south, the Cordova sample also showed
a similar intrapopulation coalescence time (t = 0.459,
CIL: 0-0.660, r = 0.369, P = 0.957) to the other samples
from this species (t =0.592, CI: 0.455-0.814, r = 0.131,
P =0.245). In addition to M. californianus, four species
(S. cariosus, M. trossulus, B. glandula, and K. tunicata)
showed non-zero peaks in their mismatch distributions
(Fig. 4).

After re-scaling t with the mutation rates in
Table 1, the time since the start of a population

Littorina
scutulata

Nucella
lamellosa

Clade 1

Mytilus trossulus

Clade 3

Clade 2

Balanus glandula

Clade 2
Clade 1

Fig. 3 Maximum-parsimony mitochondrial DNA haplotype networks for twelve rocky-shore northeastern Pacific species. Each
branch in the networks represents one inferred mutational step; slashes indicate additional mutations. The smallest circles within

each haplotype network correspond to a single haplotype copy.
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Fig. 5 Population expansion start times (in thousands of years or kyr) and corresponding confidence intervals inferred from mito-
chondrial DNA for species lacking spatial mitochondrial DNA structure. Confidence intervals calculated with a parametric bootstrap
approach in Arlequin. Closed circles represent expansion start times inferred from the complete haplotype data set for each species.
Open circles represent the youngest expansion start time inferred from any individual clade; numbers inside the circles correspond
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expansion in each spatially unstructured species var-
ied from a low of 16.2 kyr in L. sitkana to a high of
452 kyr in K. tunicata (Fig. 5). Expansion times for
five species (L. sitkana, X. mucosus, L. scutulata, E.
troschelii, & P. ochraceus) are relatively close to the
end of the LGM, with confidence intervals for four
overlapping with the LGM (Fig. 5). However, for the
other five species (S. cariosus, M. trossulus, M. californi-
anus, B. glandula, & K. tunicata), population expansion
times substantially pre-dated the LGM; the lower
bounds on the confidence intervals for these estimates
were all older than the LGM (Fig. 5). For species that
possessed more than one distinct haplotype lineage,
expansion times for individual clades were younger,
but not inconsistent with the dates inferred from the
complete haplotype data sets (Fig. 5). Among the four
species which showed significant spatial genetic struc-
ture (N. ostrina, N. lamellosa, P. miniata, and X. atro-
purpureus), regional mismatch analyses for groups of
adjacent samples that showed no genetic differentia-
tion yielded a diversity of population expansion start
times, the majority of which pre-dated the LGM
(Fig. 6). For two of these species (N. lamellosa &

576
1501 = = =

100t

501

Start of expansion (kyr ago)

LGM -

v

? e

N. ostrina), the population expansion times for the
northernmost samples were both consistent with a
large post-LGM demographic expansion.

Bayesian demographic reconstructions

Among species that showed no spatial mtDNA genetic
structure, mtDNA Bayesian Skyline Plots (BSPs) were
generally consistent with the results from the mismatch
analyses. Among the five species whose expansion
times from mismatch analyses were broadly consistent
with LGM recolonization (Fig. 5), BSPs for E. troschelii
and P. ochraceus showed very large (>10 fold) increases
in N, over the last 20 kyr (Fig. 7). However, the BSP for
L. scutulata (Fig. 7) showed a much less dramatic
increase in N, towards the present than either P. ochrac-
eus or E. troschelii despite a modal mismatch value of
zero for L. scutulata (Fig. 4). A BSP for L. scutulata based
only on Clade 2 (see Fig. 3) also lacked any clear signa-
ture of recent growth, but did show a relatively short
coalescent history (Fig. 8). For two other species with
very low mtDNA diversities (L. sitkana & X. mucosus),
BSPs were also similarly uninformative (not shown in

295 322 499 374
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Fig. 6 Regional population expansion start times (in thousands of years or kyr) and corresponding confidence intervals inferred
from mitochondrial DNA for species that exhibited significant spatial mitochondrial DNA. Abbreviations are as in Fig. 1 except:
SE AK, southeast Alaska; BC, British Columbia; NBC, Northern BC (north of Vancouver Island); WA, Washington; WHG,
western Haida Gwai; EHG, eastern Haida Gwai. The grey rectangle corresponds to the period of time since the last glacial

maximum (LGM).

© 2009 Blackwell Publishing Ltd



ROCKY-SHORE PLEISTOCENE DEMOGRAPHY 157

109 LGM
7 8 2 7
Evasterias troschelii 10 r\ R Pisaster ochraceus 10 Littorina scutulata
108 Expansion g/ Ty
B BSP 107 7
w0
Q
< 108
10— 105 105 Constant size
----- BSP
104
80 60 40 20 0 120 100 80 60 40 20 0 350 300 250 200 150 100 50 0
e 1012
108 ";- B . Semibaéas:us cariosus 108 Mytilus trossulus m. "a’(’;'::"s ’:a':‘"s'lll:
-~ 100t £ Expansion
~ 107 107 -
Q
2 108
108 108
106
10° 109
150 125 100 75 50 25 0 250 200 150 100 50 0 300 250 200 150 100 50 0
107 . .. B. glandula (EF1)
| Constant size
----- BSP
e
Z‘D 108
108 """ Katharina tuni.cata J 108 108
Constant size Constant size
----- BSP
250 150 50 0 700 550 400 250 100 0 800 600 400 200 100 0

Time before present (kyr)

Fig. 7 Bayesian demographic reconstructions (N.T, where N, = effective population size and T = generation time) over time (in
thousands of years or kyr) inferred with Beast for species lacking spatial mtDNA genetic structure. All reconstructions are based on
mitochondrial DNA except for elongation factor 1-o (EF1) from Balanus glandula. Solid lines (black and grey) represent reconstruc-
tions using demographic models favoured by Bayes Factor tests (see Table 4); dashed lines correspond to Bayesian Skyline Plots
(BSP) not supported by Bayes factor tests. The scales of both axes vary among plots. The grey rectangle corresponds to the period of

time since the last glacial maximum (LGM).

Fig. 6); presumably, these three low diversity data sets
have too few mutations to estimate rates of gene coales-
cence and thus provide little information about rates of
change in N..

In contrast, BSPs for five species (S. cariosus, M.
trossulus, M. californianus, B. glandula, & K. tunicata)
were not consistent with post-LGM expansions,
instead showing evidence of either older episodes of
population growth or demographic stability (Fig. 7).
Although EF1 in B. glandula showed a large and sig-
nificant value of ®gy, we plotted the demographic
reconstruction for EF1 because, like the mtDNA BSP
for this species, the EF1 BSP showed evidence of a
relatively ancient increase in N, (Fig. 7). Although the
mutation rate we used for EF1 lacks an empirical
basis, the EF1 BSP showed no evidence of a recent
demographic expansion, even if we assumed that the
mutation rate was the same as for the mtDNA (i.e.

© 2009 Blackwell Publishing Ltd

an order of magnitude larger). BSPs for individual
clades within species that possessed more than one
distinct haplotype lineage were generally consistent
with those based on complete data sets, in that none
showed patterns of growth clearly consistent with
LGM expansion (Fig. 8).

Bayes Factor (BF) tests (Table 4) for three species
(M. trossulus, S. cariosus, & P. ochraceus) showed that
the BSP fit the mtDNA data better than the other
simpler demographic models considered. For one spe-
cies’ mtDNA (E. troschelii), the BSP and expansion
models were both a better fit to the data than the
constant size model. Although neither the expansion
model nor the BSP was a substantially better fit over
the other for E. troschelii (Table 4), both reconstruc-
tions were consistent with LGM-expansion (Fig. 7).
Not the model was
favoured for three species that showed relatively flat

surprisingly, constant size
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Fig. 8 Bayesian demographic reconstructions (N.T, where N, = effective population size and T = generation time) over time inferred
with BEasT for species lacking spatial mtDNA genetic structure. All reconstructions are based on individual mitochondrial DNA subc-
lades in Fig. 3. Solid lines (black and grey) represent reconstructions using demographic models favoured in Bayes Factor tests (see
Table 4); dashed lines correspond to Bayesian Skyline Plots (BSP) not supported by Bayes factor tests. The scales of both axes vary
among plots. The grey rectangle corresponds to the period of time since the last glacial maximum (LGM).

BSPs (K. tunicata, B. glandula, & L. scutulata). The
expansion model alone was strongly favoured for one
species with extremely low nucleotide diversity (L. sit-
kana), but both the constant size model and the
expansion model were each a significantly better fit
than the BSP for both X. mucosus and M. californianus
(Table 4). For nuclear EF1 sequences from B. glandula,
BF tests indicated that, as with the mtDNA from this
species, constant size was the best-fitting demographic
model given the data.

Overall, in cases where the best-fitting demographic
model was a simpler alternative to the BSP, the recon-
struction based on the simpler model generally exhib-
ited a similar shape to the BSP (Fig. 7). Not
surprisingly, for M. californianus, the BSP was an inter-
mediate reconstruction relative to the expansion and
constant size reconstructions. Also, even though BSPs
for both COI and EF1 from B. glandula showed evidence
of a large pre-LGM demographic expansion, the con-
stant size model received the most support from BF
tests for both loci.

Multilocus population divergence times

The majority of multilocus population divergence
times for three (P. miniata, B. glandula, & X. atropurpu-
reus) of five species significantly predated the LGM
(Table 5). The only two adjacent samples among these
three species that showed a divergence time less than
20 kyr are the View Cove and Dunbar Inlet samples
of P. miniata, which are separated by less than
100 km in southeast Alaska (Fig. 1). In N. lamellosa,
although most of the MLEs for population divergence
times substantially predated the LGM, the lower
bound on the confidence interval overlapped broadly
with the LGM in nine out of ten comparisons. In
X. mucosus, the lone pair of samples from this region
showed a relatively recent post-glacial split, consistent
with previously published analyses. Even when using
a slower mtDNA rate for this species from a biogeo-
graphic calibration (Hickerson & Cunningham 2005),
the divergence time broadly overlapped with the
LGM (not shown).

© 2009 Blackwell Publishing Ltd



ROCKY-SHORE PLEISTOCENE DEMOGRAPHY 159

Table 4 Bayes Factor tests comparing demographic models for 10 northeastern Pacific rocky shore species lacking spatial mtDNA
structure. Bayes Factors correspond to row by column comparisons. All comparisons are based on mtDNA data except for B. glandula
nuclear elongation factor 1 alpha (EF1) sequences. Boldface corresponds to the best fitting demographic model(s)

Bayes Factorst

Ln

Species Model P(model) SE BSP Constant size Expansion

Evasterias troschelii BSP —2781.8 0.061 — 3.43* 0.524
Constant -2783.1 0.052 0.292 — 0.153
Expansion —2781.2 0.055 1.909 6.54* —

Muytilus trossulus BSP -1760.3 0.092 — 12.8* 15.5%*
Constant -1762.9 0.128 0.078 — 1.21
Expansion -1763.1 0.14 0.064 0.828 —

M. trossulus Clade 1 BSP -1332.6 0.1 — 3.25% 1.0 x 10113+
Constant -1333.7 0.086 0.308 — 3.1 x 10"
Expansion -1592.8 0.12 0 0 —

M. trossulus Clade 2 BSP -1084.9 0.063 — 76.2%* 1.92
Constant -1089.2 0.059 0.013 — 0.025
Expansion —-1085.5 0.054 0.521 39.7%* —

M. trossulus Clade 3 BSP —1041.6 0.046 — 11.0%* 4.89*
Constant —1044.0 0.044 0.091 — 0.444
Expansion —-1043.2 0.048 0.204 2.25 —

M. californianus BSP -1634.3 0.124 — 0.018 0.013
Constant -1630.3 0.117 55.261** — 0.695
Expansion -1630.0 0.108 79.513%* 1.44 —

Balanus glandula BSP -1446.9 0.133 — 0 1.52
Constant -1426.7 0.169 5.8 x 107+ — 8.9 x 10%**
Expansion —1447.3 0.194 0.656 0 —

B. glandula Clade 1 BSP -1162.2 0.054 — 5.319* 4.271*
Constant -1163.9 0.062 0.188 — 0.803
Expansion -1163.6 0.052 0.234 1.245 —

B. glandula Clade 2 BSP -1809.1 0.147 — 0 0.047
Constant -1799.1 0.131 2.2 x 10%** — 1.0 x 103
Expansion -1806.0 0.143 21.402 0.001 —

B. glandula EF1 BSP -722.1 0.196 — 0 0.013
Constant -713.2 0.071 7.47 x 103+ — 93.6**
Expansion =717.7 0.086 79.806 0.011 —

Semibalanus cariosus BSP -1364.3 0.08 — 15.4%* 176.7***
Constant -1367.0 0.113 0.065 — 11.5
Expansion -1369.4 0.093 0.006 0.087 —

S. cariosus Clade 1 BSP -1067.7 0.075 — 4.78* 3.91
Constant -1068.9 0.069 0.288 — 0.838
Expansion -1068.7 0.071 0.343 1.194 —

S. cariosus Clade 2 BSP -1096.2 0.083 — 3.446* 4.286*
Constant -1097.9 0.067 0.489 — 1.607
Expansion -1098.4 0.077 0.304 0.622 —

Katharina tunicata BSP -1202.1 0.077 — 0.221 0.817
Constant -1200.6 0.072 4.52% — 3.69%
Expansion -1201.9 0.081 1.224 0.271 —

K. tunicata Clade 1 BSP -1057.2 0.057 — 0.34 0.509
Constant -1054.1 0.047 4.94* — 3.50*
Expansion -1056.5 0.051 1.964 0.667 —

K. tunicata Clade 2 BSP -1013.7 0.054 — 0.048 0.088
Constant -1010.7 0.046 20.7** — 1.82
Expansion -1011.3 0.054 4.0 x 1047 0 —

Littorina sitkana BSP -9154 0.056 — 0.077 0
Constant -912.8 0.053 13.0** —
Expansion -616.5 0.025 6.1 x 1012 4.7 x 10128 —
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Table 4 Continued

Bayes Factorst

Ln

Species Model P(model) SE BSP Constant size Expansion

L. scutulata BSP —958.2 0.118 — 0.046 1.40
Constant -955.2 0.098 21.6** — 30.2%*
Expansion -958.6 0.112 0.713 0.033 —

L. scutulata Clade 2 BSP —-885.8 0.175 — 0 0.001
Constant -876.6 0.09 1.0 x 10%# — 11.6%
Expansion -879.0 0.096 865.4%** 0.086 —

Xiphister mucosus BSP -577.4 0.036 — -23.19 -22.94
Constant -524.0 0.029 23.2%* — 0.254
Expansion -524.6 0.030 22.9%* -0.254 —

P. ochraceust BSP -969.8 0.065 — 6.54* 3.74*
Constant -971.7 0.07 0.153 — 0.571
Expansion -971.1 0.073 0.267 1.75 —

tStrength of Bayes Factor evidence based on Jeffreys (1961): * = substantial; ** = strong; *** = decisive.
fCordova sample excluded.

Table 5 Best-fitting models and resulting multilocus estimates of theta (0), migration (m), and population divergence times (T, in
thousands of years or kyr, with 90% highest posterior density or HPD intervals in parentheses) inferred with the program IMa for
adjacent populations of northeast Pacific marine species. Boldface values of T indicate lower 90% HPD exceeded the end of the last
glacial maximum (20 kyr).”?” indicates that the upper bound on the posterior probability distribution did not drop to zero; in these
cases, the lower bound was taken as the point at which the left side of the distribution dropped to zero

Best-fitting model O, 0, Oa my "y T (kyr)
Nucella lamellosa
KOD vs. COR O, O, Op, my =my =0 0.961 0.192 0.965 0 0 45.3 (6.2-173)
COR vs. SIT 01, Oy, Op, my =mp =0 0.330 94.4 1.94 0 0 72.8 (17.6-194)
SIT vs. JUN 0Oy, Oy, Op, my =my =0 7.20 0.78 1.44 0 0 191 (63.6-417)
JUN vs. WRA O, O, Op, my =my =0 0.610 28.6 0.814 0 0 51.0 (3.0-315)
WRA vs. KET 01, Oy, Op, my =my =0 256 642 1.26 0 0 54.3 (1.3-187)
KET vs. RUP 01, Oy, Op, 11y = 11y = 0 >250 >250 1.09 0 0 13.7 (0.2-53.4)
RUP vs. SJB O =0, =04, my, my=0 1.090 1.090 1.090 3.6 0 13.5 (0.2-38.3)
SJB vs. CAM 0O, Oy, Op, my =my =0 0.565 0.484 1.082 0 0.2 14.8 (1.1-47.6)
CAM vs. 9J1 01, Oy, Op, my, my =0 0.691 2.210 1.734 0.9 0 106 (97.0-112)
SJB vs. BAM 01, Oy, Op, my =my =0 0.616 0.478 1.043 0 0 98.0 (35.9-213)
BAM vs. SJI 01, @y, Op, my, 1y = 0 0.040 1.013 2.012 0.1 0 1.2 (0-104)
Patiria miniata
VC vs. DUN O =0,=0,4,my, m=0 3.58 3.58 3.58 5.33 0 25.8 (10.3-41.6)
DUN vs. WIN O = Oy = Oy, my, My 6.90 6.90 6.90 0.004 1.68 282 (77.5-?)
WIN vs. AP O = O, = Oy, my, My 7.80 7.80 7.80 0.750 0.050 105 (63-155)
Balanus glandula
COR vs. SIT 01, Oy, Op, my =mp =0 64.4 523 12.9 0 0 147 (77.0-265)
SIT vs. JUN 0., @), Op, m; =11, = 0 96.2 151 6.77 0 0 125 (49-212)
JUN vs. RUP 01, ©,, Op, my = my 18.1 16.0 1.78 30.3 30.3 233 (102-369)
RUP vs. REN B, Oy, Op, My =my =0 57.9 845 7.18 0 0 331 (209-461)
REN vs. SJI 01, ©,, Op, my = my 168.7 634.6 6.91 49.1 49.1 282 (168-434)
X. mucosus
SIT vs. SJI 01, O, Op, 11y = 115 0.296 0.365 0.237 1.21 121 0 (0-37.3)
X. atropurpureus
SIT vs. HG O = Oy = Op, my, My 3.16 3.16 3.16 0.165 0.165 238 (21.2-?)
HG vs. CAM 01, ©y, Op, my, my =0 7.31 2.75 1.53 2.02 0 622 (323-2)
CAM vs. SJI 01 = Oy = Op, my, My 2.25 2.25 2.25 0.743 0.743 239 (39.3-?)
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Discussion

Classification of species’ histories

Based on the results from demographic analyses, we
classified each species as exhibiting a recent biogeo-
graphic history consistent with either LGM persistence
or post-LGM recolonization (Table 6). For most species,
congruent results across analyses pointed to the same
inferred history. For example, drift-mutation equilib-
rium statistics, mismatch analysis, and Bayesian demo-
graphic reconstructions for E. troschelii all yielded
results consistent with a recent and large population
expansion (more than a 10 fold increase in N,) in the
temporal vicinity of the LGM, whereas for M. californi-
anus, results from all analyses indicated a demographic
history lacking similarly consistent and clear evidence
of a large demographic expansion that would be
expected with a post-LGM recolonization history
(Figs 2 and 6). For M. californianus, even though the
expansion and constant size models both received
strong support over the BSP (Table 4), the relatively
modest change in N, over the last 20 kyr in the expan-
sion reconstruction (Fig. 7), combined with the weight
of evidence across all other analyses, led us to favour
LGM persistence for this species. A recent multilocus
population genetic study also arrived at a similar con-
clusion, that M. californianus shows no evidence of a
large post-LGM population expansion (Addison et al.
2008).

Four other species, M. trossulus, S. cariosus, B. glandu-
la, and K. tunicata, all showed results consistent with
LGM persistence. Additional analyses of these species

(e.g. mtDNA divergence times between adjacent popu-
lations) were also consistent with LGM persistence (not
shown). Demographic reconstructions based on nuclear
EF1 sequences (Fig. 7) and multilocus population diver-
gence times also supported LGM persistence for B. glan-
dula, the same conclusion from an earlier study of
mtDNA that included only sites at Bamfield, the San
Juan Islands, and Juneau (Wares & Cunningham 2005).
In sharp contrast, both L. sitkana and X. mucosus were
easily categorized as exhibiting patterns of variation
consistent with post-LGM recolonization and expansion
given a near absence of mtDNA diversity; two nuclear
genes also supported a history of post-LGM recoloniza-
tion for X. mucosus (Table 3, also see Hickerson &
Cunningham 2005). Although the lower bound on the
confidence interval for the start of a population expan-
sion for P. ochraceus (from the mismatch analysis) did
not quite overlap with the LGM (Fig. 5), the modal
number of differences among haplotypes was zero
(Fig. 4) and the BSP for this species yielded a pattern
highly consistent with a large (~50 fold) post-LGM
population expansion (Fig. 7).

Significant population structure over large spatial
scales in itself suggests long-term regional persistence,
so not surprisingly, among four species that showed
significant population genetic structure, two (P. miniata,
& X. atropurpureus) yielded evidence from both mtDNA
(Fig. 6) and multilocus data (Table 5) supporting long-
term demographic stability and LGM persistence. The
gastropod N. lamellosa showed both highly variable
population expansion start times (Fig. 6) and interpop-
ulation divergence times, with only the northernmost
locality exhibiting clear evidence of a post-LGM expan-

Table 6 Ecological attributes, life history features, and demographic histories inferred from population genetic analyses for 14 rocky

shore species

Species Trophic Mode* Shore position* Developmentt Coast Inferred History
Muytilus trossulus suspension mid to subtidal planktonic both persistence

M. californianus suspension mid to subtidal planktonic outer persistence
Balanus glandula suspension mid to high planktonic both persistence
Semibalanus cariosus suspension mid to subtidal planktonic both persistence
Pisaster ochraceus predator mid to subtidal planktonic outer recolonization
Evasterias troschelii predator low planktonic inner recolonization
Patiria miniata scavenger low to subtidal planktonic outer persistence
Nucella ostrina predator mid benthic outer spatially variable
N. lamellosa predator low to subtidal benthic both spatially variable
Katharina tunicata grazer mid to subtidal planktonic both persistence
Littorina sitkana grazer mid to high benthic both recolonization

L. scutulata grazer mid to high planktonic both recolonization
Xiphister mucosus omnivore mid to subtidal benthic outer recolonization

X. atropurpureus omnivore mid to subtidal benthic both persistence

*Data from O’Clair & O’Clair (1998); tData from Strathmann (1989).
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sion. Private and highly divergent haplotypes were
found at several localities for N. lamellosa (also see
Marko 2004), a pattern consistent with the persistence
of multiple high latitude refugia, and although most of
the MLEs for population divergence times exceeded the
LGM (Table 5), the confidence intervals for these esti-
mates were very large, most overlapping with the
LGM. We therefore categorized N. lamellosa as having a
spatially variable or potentially unresolved demo-
graphic history. For N. ostrina, although three of four
population expansion start times do not overlap with
the LGM (Fig. 6), the mismatch analysis for most of the
samples across southeast Alaska was consistent with a
post-LGM expansion (Fig. 6). Nevertheless, the highly
variable results for N. ostrina also indicated to us that,
like N. lamellosa, N. ostrina potentially shows a more
complicated pattern suggestive of a spatially variable
glacial history in the northern half of its geographic
range, potentially reflecting the persistence of these two
species in several isolated northern refugia.

The gastropod L. scutulata, showed the greatest incon-
sistencies among analyses. Although most individuals
possessed the same haplotype, the mtDNA mismatch
distribution for this species was weakly bimodal,
similar to P. ochraceus, but in contrast to P. ochraceus, BF
tests provided support for a model of constant popula-
tion size for L. scutulata over the last 300 kyr (Fig. 7).
Even after excluding the divergent Clade 1, the pre-
ferred demographic model for L. scutulata in BF tests
was the constant size model. However, given the rela-
tively short history of coalescence in the BSP for Clade
2, we believe the unexpected results from the Bayesian
demographic reconstructions for L. scutulata reflect a
lack of information in the data about the rate of haplo-
type coalescence. Therefore, for several of the low-
diversity data sets we have considered (i.e. L. sitkana,
X. mucosus, & L. scutulata), the sudden expansion model
implemented in mismatch analyses may provide a more
accurate model with which to reconstruct these species
recent demographic histories. Until more data demon-
strate otherwise, we have classified L. scutulata as hav-
ing undergone a recent demographic expansion, likely
the result of post-LGM recolonization.

LGM community response on northeast Pacific rocky
shores

Given the classifications above, our population genetic
analyses of 14 ecologically prominent, co-distributed,
and interacting species were not consistent with the
expectation that most species have only recently recol-
onized the northeastern Pacific. Although patterns of
mtDNA diversity, mtDNA mismatch analyses, and
Bayesian demographic reconstructions for some taxa

(such as the prickleback X. mucosus, the gastropod
L. sitkana, and the sea stars P. ochraceus and E. troschelii)
showed large post-LGM demographic expansions that
would be expected as a consequence of recent recolon-
ization from southern refugia, just as many species
(such as B. glandula, M. trossulus, M. californianus, and
K. tunicata) show inferred demographic histories lacking
obvious signatures of massive post-LGM expansion and
recolonization (Table 6). Our results contrast with those
on land in this region, where mtDNA and fossil data
are typically interpreted as showing patterns consistent
with large post-LGM population expansions (e.g. Cwy-
nar & MacDonald 1987; Conroy & Cook 2000; Clarke
et al. 2001; Dembolski & Cook 2001; Nielson et al.
2001).

Although all 14 species showed some evidence of
demographic expansions at some point in the past, the
most striking result that emerged from our study is the
apparent long-term demographic stability in several
species over the last 150 kyr, a period of time roughly
spanning the end of the glacial Illinois/Riss Stage, fol-
lowed by the maximum of the relatively warm
Sangamon/Riss-Wiirm interglacial (~120 kyrbp), the
relatively cold Wisconsin/Wiirm glacial maximum
(~20 kyrbp), returning again to the relatively warm
interglacial conditions of today (Gates 1993; and refer-
ences within). Although several earlier studies (Wares
& Cunningham 2001, 2005; Marko 2004; Hickerson &
Cunningham 2005) similarly concluded that patterns of
genetic diversity in some northeastern Pacific rocky-
shore species were not consistent with post-LGM recol-
onization, our wider survey of 14 species, combined
with increased sampling of the northern half of species’
ranges, indicated that LGM persistence may be a com-
mon biogeographic history among members of this
community. Pre-LGM population expansions inferred
from Bayesian reconstructions of demographic histories
have also been reported from coastal marine species in
the northeastern Atlantic (Provan et al. 2005; Jolly et al.
2006; Hoarau et al. 2007; Derycke et al. 2008), indicating
that events pre-dating the LGM have been more
important in shaping the demographic histories of
rocky-shore species elsewhere.

There are three important caveats to these conclu-
sions. First, the diversity of demographic histories that
we have reported could reflect the stochastic and highly
variable nature of patterns of coalescence among single
gene genealogies. Coalescent theory, as well as some
multilocus empirical studies, clearly demonstrates that
population genetic inferences from single loci can be
misleading (for recent reviews see Edwards & Beerli
2000; Arbogast et al. 2002; Brumfield et al. 2003). There-
fore, population genetic inferences based only on
mtDNA must always be treated with some caution (Ba-
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zin et al. 2006) given that the variability of demographic
histories apparent in our results (e.g. Fig. 7) could
reflect, to some degree, the high variability of the coa-
lescent. However, analyses of multilocus data for five
species were consistent with the basic pattern found
with mtDNA: three of those species (B. glandula,
P. miniata, & X. atropurpureus) showed interpopulation
divergence times that are significantly and uniformly
older than the LGM (Table 5). The Bayesian demo-
graphic reconstruction for B. glandula based on nuclear
EF1 also showed no evidence of post-LGM recoloniza-
tion, although the large discrepancy in ®gr between
COI and EF1 and the potential role of selection is noted,
which will be the focus of a forthcoming paper.

Uncertainty in mutation rates is a second important
caveat to our primary conclusion that regional persis-
tence was as common a history as post-LGM recolon-
ization. Although numerous mtDNA divergence rate
estimates at the phylum and class level are available
for all of the taxa we considered, we used the conser-
vative approach of applying a relatively fast mutation
rate based on a divergence rate of 2%/MY to render
our conclusions conservative with respect to finding
more evidence supporting LGM range expansions.
Nevertheless, our conclusions about the exact timing of
demographic changes could be in error if the actual
mutation rates of the taxa considered here were sub-
stantially larger than our 2%/MY-based rate. Slightly
faster rates have been reported for some marine taxa
(e.g. Lessios et al. 1999; Wares & Cunningham 2001),
but nearly all involved biogeographic calibrations,
which tend to overestimate mutation rates (Marko
2002; Lessios 2008). Moreover, very high mutation
rates would be required for several species” histories to
be compatible with recent population expansions. For
example, in order for the start of the population
expansions in M. californianus, B. glandula, and K. tuni-
cata inferred from mismatch analyses (Fig. 4) to all fall
within the vicinity of the LGM, the actual mtDNA
mutation rate in these taxa would have to be more
than an order of magnitude greater (i.e. equivalent to
an unprecedented 20%/MY divergence rate). Other
species histories, such as those for S. cariosus, M. tross-
ulus, N. ostrina, and N. lamellosa, could be potentially
interpreted as compatible with the EC model if muta-
tion rates were only two to three times greater. How-
ever, even a doubling of the mutation rate across all
taxa (i.e. equivalent to a relatively large divergence
rate of 4%/MY) would still leave one-third of the spe-
cies” with demographic histories inconsistent with large
post-LGM expansions. Therefore, we think that varia-
tion in mutation rates alone likely cannot account for
the relatively deep demographic histories among many
of the taxa considered here.

© 2009 Blackwell Publishing Ltd

The third caveat to our main conclusions is that high
gene flow since the LGM may have erased the signature
of recent recolonization, particularly for species with
planktonic larvae. In particular, the example of L. scutu-
lata highlights admixture of distinct lineages as a poten-
tial confounding factor in our analyses. Admixture will
upwardly bias estimates of N,, and this bias is expected
to be greatest for species with high gene flow, in which
several deeply divergent haplotype lineages may have
recolonized northern regions from southern refugia.
Although we cannot rule out the hypothesis that gene
flow following the LGM was so high that it has com-
pletely obscured all detectable traces of recent popula-
tion growth, we attempted to reduce the bias of lineage
admixture for species with planktonic larvae by re-ana-
lyzing individual clades with the expectation that if N,
was overestimated simply by combining distinct lin-
eages, each individual clade should show a clearer
demographic signature consistent with LGM recoloniza-
tion (e.g. Wares & Cunningham 2001). Although the
Bayesian demographic reconstructions do show shorter
coalescent histories for some clades (e.g. Clade 2 in
S. cariosus, Clade 2 in M. trossulus), the pattern of long-
term stability in N, inferred from complete data sets is
largely retained in other clades within the same species
(e.g. Clade 1 in S. cariosus, Clades 1 & 3 in M. trossulus),
indicating that demographic histories consistent with
LGM persistence in species with planktonic larvae are
probably not just an artefact of lineage admixture.

Assuming the aforementioned caveats did not intro-
duce a massive source of bias in our analyses, how can
the regional persistence of taxa across glacial-intergla-
cial climates be explained? Biophysical modelling of
rocky-shore species has highlighted the fact that body
temperature is not a simple function of climate, but is
instead determined by a complex interaction between
organism and environment, modified by local weather,
shoreline position, wave exposure, and the timing of
aerial exposure during low tides (Helmuth et al. 2002,
2006a; Gilman et al. 2006; Pincebourde et al. 2008).
These models reveal the existence of a highly variable
thermal mosaic of body temperatures experienced
within the geographic ranges of rocky-shore species that
can be more important than large-scale climate varia-
tion in determining species’ distributions (Helmuth
et al. 2006b). Although our analyses do not allow actual
reconstruction of changes in species geographic ranges,
the demographic histories that we have inferred for the
northern ranges of 14 rocky-shore species are broadly
consistent with the idea that large-scale changes in past
climate did not necessarily cause simple, latitudinally-
related changes in abundance and distribution across
the entire community. The apparent demographic sta-
bility of some species across recent glacial-interglacial
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cycles suggests some taxa may possess eurythermal
physiologies, and may thus serve as significant biotic
indicators for characterizing the impacts of global
warming on the abundance and distributions of rocky-
shore species in the northeastern Pacific.

Although heat tolerance is better characterized than
cold tolerance for most intertidal taxa (e.g. Tomanek &
Somero 1999; Helmuth & Hofmann 2001; Sorte & Hoff-
mann 2005), available cold tolerance data for the species
included in our study are consistent with the histories
we have inferred from genetics. Given that sea surface
temperatures on the outer coast of southeast Alaska,
British Columbia, and Washington dropped by ~4 °C
during the last glacial (Moore et al. 1980; Fields et al.
1993), a regional decline in the keystone predator P. och-
raceus during the last glacial is consistent with the
observation that P. ochraceus is rendered inactive in Ore-
gon when sea surface temperatures drop by 3-5 °C dur-
ing periods of coastal upwelling of cold water to the
surface (Sanford 1999). In contrast, M. trossulus, which
showed patterns consistent with LGM demographic sta-
bility, can withstand freezing temperatures (Seed 1976;
Suchanek 1978; Braby & Somero 2006). Barnacles, which
also showed inferred histories of LGM stability in our
study, are also legendary for their tolerance to both
severe heat and cold (Southward 1964; Crisp & Ritz
1967; Cook & Lewis 1971; Wethey 2002; Berger & Emlet
2007).

Indirect effects are also potentially important (Hewitt
2004). Most notable in this regard are the contrasting
histories of the keystone sea star predator P. ochraceus
and its preferred mussel prey M. californianus. Experi-
ments have shown that the absence of P. ochraceus on
rocky shores allows the competitively dominant M. cali-
fornianus to outcompete and exclude other low-shore
and shallow subtidal macroinvertebrates and algae
(Paine 1966, 1976; Menge et al. 1994), potentially lead-
ing to a shift to an alternative stable state in community
composition due to the inability of P. ochraceus to suc-
cessfully attack large M. californianus (Paine & Trimble
2004). Our analyses indicated that although M. californi-
anus probably persisted in British Columbia and south-
east Alaska during the LGM, our analyses also
suggested P. ochraceus was probably effectively absent
from the region. An absence of P. ochraceus during the
LGM would be expected to cause a substantial shift in
the overall community structure of the lower shore,
leading to the potential competitive exclusion of other
low shore species. Viewed from another perspective,
however, the absence of P. ochraceus on the lower shore
may have been an important factor in the regional per-
sistence of M. californianus, allowing this competitively
dominant species to exist low on the shore (and poten-
tially subtidally, see Paine 1976) where stressful aerial

exposure times are greatly reduced (Stillman & Somero
1996; Stillman 2003). This hypothesis seems plausible
given that M. californianus is susceptible to freezing
(Suchanek 1978, Suchanek 1985) and therefore could
have only persisted in low-shore/subtidal habitats dur-
ing glacial climates. Similarly, the recovery of M. trossu-
lus populations after severe freezing events in Alaska is
also strongly dependent on predation by Nucella (Car-
roll 1994; Carroll & Highsmith 1996), and the likely
reduced prevalence of N. ostrina, N. lamellosa (this
study), and N. lima (Cox & Marko unpublished) at
the northern end of their current range (Fig. 6) may
have similarly facilitated high latitude persistence of
M. trossulus during the LGM.

Ecological and life history attributes

Considering only those species that show a clear history
of either LGM persistence or post-LGM recolonization,
the majority of species (6 of 7) with histories of LGM
persistence can be found in the lowest region of the
intertidal or shallow subtidal. However, if species are
grouped as either inhabiting low shore habitats or not
(using habitat classifications from O’Clair & O’Clair
1998), a two-tailed Fisher Exact Test applied to a 2 x 2
contingency table for the variables shore height
(low/subtidal vs. or mid/high) and inferred biogeo-
graphic history is not significant (P = 0.523) because
three of four expansion species also live on the low
shore (Table 6). Similarly, even though most of the spe-
cies for which a history consistent with persistence was
inferred have planktonic larvae (6 of 7), larval develop-
mental mode (planktonic vs. benthic) was not signifi-
cantly associated with inferred history in a 2x2
contingency table (P = 0.523). Habitat breadth (species
inhabiting both inner and outer coastal habitats vs. one
or the other) also showed no significant relationship
with inferred history compared to species (P = 0.558).
Finally, even though all of the suspension feeders
showed inferred histories of LGM persistence, only a
marginally insignificant relationship (P = 0.081) was
inferred from a 2 x 2 contingency table in which sus-
pension feeders’ histories were compared to all other
feeding modes combined. Therefore, we found no
strong statistical support for any single trait in explain-
ing species’ inferred histories. Nevertheless, some
trends merit future consideration given that 6 of 7 (Sign
Test P = 0.0625) species that showed clear population
genetic signatures of regional persistence possess plank-
tonic larvae and live in low shore habitats, traits that
have been previously identified as important in deter-
mining species’ fates during past changes in climate
(Wares & Cunningham 2001; Marko 2004). Suspension
feeders may also have been more likely to persist in
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cooler climates (compared to benthic carnivores and
herbivores), possibly due to the greater physiological
costs and potential impairment of mobile lifestyles in
colder climates (e.g. Sanford 1999), but the evidence for
this in our analyses remains weak. We also considered
diet breadth (see Hickerson & Cunningham 2005) as a
potential explanatory factor, but few species in our
study could be confidently classified as true diet spe-
cialists (O’Clair & O’Clair 1998). The relatively wide
diets of most species and thus the lability of trophic
interactions within this particular community may in
fact play important roles in food web stability under
changing environmental conditions (Paine 1980).

Conclusions

Unlike many mtDNA-based studies of terrestrial
organisms (Hewitt 2004), our analysis of mtDNA
sequences from 14 species indicates that regional per-
sistence across the LGM is not a rare history among
rocky-shore marine species of the northeast Pacific.
The results suggest that the dramatic and frequent cli-
mate changes of the Pleistocene (particularly the transi-
tion from the LGM to the present interglacial), may
have had less frequent community-wide impacts on
the demographic and biogeographic histories of coastal
marine species, at least in the northeastern Pacific.
Although demographic inferences from genetic data do
not reveal the actual spatial distribution of populations
in the past, regional persistence over relatively long
periods may have also created fewer episodes of geo-
graphic isolation caused by climate-driven fragmenta-
tion of species’ ranges (e.g. Lovette 2004). Although
recent genetic evidence indicates that some terrestrial
species persisted in cryptic northern refugia (Stewart &
Lister 2001; Provan & Bennett 2008), most of these taxa
still show patterns of genetic diversity indicative of
recent large population expansions (e.g. Tremblay &
Schoen 1999; Abbott et al. 2000; Golden & Bain 2000;
Anderson et al. 2006; Loehr et al. 2006). Future work
investigating to what extent the apparently wide vari-
ability in demographic histories revealed in our study
reflects actual demographic variation among species —
vs. the variability of the coalescent — will be funda-
mentally important for understanding the basic ques-
tion of whether co-distributed species respond to
environmental change in an individualistic manner
(Valentine & Jablonski 1993) or as cohesive and dis-
tinct assemblages (Fields et al. 1993).
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